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A Review of Pseudorabies Virus Variants: Genomics,
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Abstract: Pseudorabies virus (PRV), the causative agent of Aujeszky’s disease, has a broad host range
including most mammals and avian species. In 2011, a PRV variant emerged in many Bartha K61-
vaccinated pig herds in China and has attracted more and more attention due to its serious threat to
domestic and wild animals, and even human beings. The PRV variant has been spreading in China for
more than 10 years, and considerable research progresses about its molecular biology, pathogenesis,
transmission, and host–virus interactions have been made. This review is mainly organized into four
sections including outbreak and genomic evolution characteristics of PRV variants, progresses of PRV
variant vaccine development, the pathogenicity and transmission of PRV variants among different
species of animals, and the zoonotic potential of PRV variants. Considering PRV has caused a huge
economic loss of animals and is a potential threat to public health, it is necessary to extensively explore
the mechanisms involved in its replication, pathogenesis, and transmission in order to ultimately
eradicate it in China.

Keywords: pseudorabies virus; variant strain; genomics; vaccination; transmission; zoonosis

1. Introduction

Pseudorabies Virus, also called Aujeszky’s disease virus or Suid alphaherpesvirus
1, belongs to genus Varicelloviru, Alphaherpesvirinae subfamily within the family Her-
pesviridae, and is a double-strand linear DNA with 143 kb and can encode more than
70 proteins [1]. PRV was first documented as the causative pathogen of Aujeszky’s dis-
ease in 1902 by a Hungarian veterinarian [2]. Different clinical symptoms of pigs can be
induced dependent on their housing stages: infected piglets always show fatal and central
nervous system disorders, fattening pigs have respiratory symptoms with low mortality,
and pregnant sows have abortions with the death of the fetuses [3].

The first case report of PRV in China could be traced back to 1947 in a domestic cat [4].
After that, PRV circulated in many swine herds of China due to the lack of an available PRV
vaccine. The Bartha vaccine strain, attenuated through many passages of a virulent strain in
culture cells and embryos, was introduced into China in the 1970s, and it provided an ideal
protection effect to the early prevalent strains (classical strains) in China [5–7]. In late
2011, PRV occurred in many Bartha K61-vaccinated swine herds [8]. After viral isolation
and genome sequencing, the results showed that the newly emerging PRV clustered in
an independent branch from the previously isolated strains in China [9,10]. To differentiate
it from the classical strains isolated before 2011 in China, the newly isolated PRV was
designated as a PRV variant.

Though pigs are the only reservoir of PRV, it can infect many species of animals,
including sheep, dogs, foxes, tigers, bears, etc. [11,12]. Previously, experimental studies in
nonhuman primates showed that rhesus monkeys and marmosets are susceptible to PRV
infection, while other higher-order primates, such as chimpanzees and humans are not
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susceptible to PRV infection [13]. Most recently, more than 20 human severe pseudorabies
encephalitis cases were reported [14]. All these patients infected with PRV variants had
close contact with pigs which suggested pigs might be the etiological source of PRV for
human infection. So, it is time to pay attention to the public threat induced by PRV variants
and the transmission of it between different species of animals and human beings.

In this review, we will briefly summarize the studies of PRV variants from the aspects
of its outbreak, genomic characteristics, vaccine development, transmission in different
animals, and its significance for public health.

2. The Outbreaks and the Genomic Evolution of PRV Variants

In late 2011, a large-scale occurrence of severe disease with anorexia, neurologic
symptoms, high fever, and respiratory distress in piglets, and a high percent of abortion in
sows happened in many swine farms of China. Pathological examination showed gross
lesions in the lungs, and yellow-white necrosis in the kidneys. Through multiple kinds of
diagnostic methods, including ELISA, PCR, viral isolation, immunohistochemical staining,
and gene sequencing, the PRV variant was finally recognized as the causative pathogen for
these severe clinical diseases [8,15].

After viral isolation and sequencing, there is a large sequence divergence in newly iso-
lated PRV strains from previously classical PRV strains. Here, we constructed a maximum
likelihood (ML) phylogenetic tree of 39 strains (Supplemental Table S1) of PRV full-length
sequences which have been extracted from NCBI. The results showed that all PRV strains
can be phylogenetically clustered into two groups. All foreign strains out of China were
clustered into the same group, and nearly all strains isolated from China are located in
an independent group with them (Figure 1A). Interestingly, the PRV GD1802 strain, isolated
in China in 2018, is clustered into the same group with the strains from foreign countries.
We infer that the GD1802 strain might be delivered into China from foreign countries
through the introduction of pigs. In addition, when compared with classical strains, such as
Ea and Fa, PRV strains isolated after 2011 are located in a relatively dependent branch with
them. The gC gene is a major gene which has been commonly used for the phylogenetic
analysis of PRV due to its high variability [16,17]. We also analyzed gC gene sequences of
these reported PRV strains. As shown in Figure 1B, the gC-based phylogenetic tree reveals
that PRV can be phylogenetically divided into two groups, designated as genotype I and
genotype II, and genotype II can be further divided into two clades, clade 2.1 and clade 2.2.
Clade 2.1 mainly comprises the strains isolated before 2011, and nearly all PRV variants are
located at clade 2.2.

Recombination contributes a lot to the genomic divergence of many viruses, such as
African swine fever virus [18], porcine reproductive and respiratory syndrome virus [19],
classical swine fever virus [20], porcine circovirus [21], and porcine epidemic diarrhea
virus [22]. As for PRV, the recombination between different strains has been reported
in vivo and vitro [23,24]. So, it is interesting to explore whether the evolution of PRV in
China also has a relationship with recombination. As shown in Figure 1B, we found that
there are four Chinese-origin strains located at the genotype I cluster, including SC, HLJ-
2013, JSY13, and GD1802 strains. Except for GD1802, which might be introduced abroad,
the other three strains all have a relationship with recombination. Ye et al. found that
SC was a recombinant of an endemic Chinese strain and a Bartha-vaccine-like strain [25];
Bo et al. found that the JSY13 strain was a recombination of the PRV variant JSY7 strain
and the Bartha K61 vaccine strain [26]; Liu et al. found that the HLJ-2013 strain is probably
a recombination of three origins: a yet unknown parent strain, a European-origin strain, and
a Chinese-origin strain [27]. Besides these, Huang et al. found that the FJ62 variant strain
was the recombination between the PRV genotype I strain from wild boar and genotype
II strain from domestic pig [28]. These reports demonstrated that recombination plays
an important role in the evolution of PRV in China.
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It was reported that the virulence of PRV variants were higher than the classical strains
which were isolated before 2011. So, whether there is a difference in the major virulence-
determining genes between PRV variants and classical strains warrants investigation. There-
fore, we analyzed gI and gE genes, which are major virulence-determining genes of PRV [29].
The phylogenetic analysis showed that all PRV strains can be divided into two classes, as
shown in Figure 2A (gI) and Figure 2B (gE). Compared with PRV from foreign countries or the
classical strains isolated in China, there are some typical mutations, insertions, and deletions
in the several virulence-determining genes, and non-coding sequences of PRV variants, such
as two Aspartate (Asp, D) insertions in gE protein [26,30,31].
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The biological functions and meanings of these insertions or deletions in PRV variant
strains are yet to be explored. Previously, a study showed that the exchange of gB genes
contributes to an immunogenic difference between PRV variant JS-2012 and Bartha-K61,
which indicated the gB protein of the PRV variant has the ability to evade the neutralization
antibody induced by the Bartha strain [32]. The gC gene, a main host receptor binding
protein of PRV, can bind to heparan sulfate proteoglycans in the extracellular matrix.
Whether the mutations in the gC gene influence the cell entry stage of PRV and viral
transmission among different kinds of tissues, animals, and even human beings is rarely
studied. As the PRV variant is more virulent than classical PRV strains, whether the
mutations in TK, gI, and gE virulence-determining genes are related to the increased
virulence of PRV variants also needs to be addressed in the further studies.

3. PRV Variant-Based Vaccines Are on the Way

As the PRV variant has been circulating in many Bartha K61-immunized pig farms,
researchers tried to explore whether the Bartha K61 strain could provide full protection
against PRV variants. An et al. used the PRV variant HeN1 strain to challenge the Bartha
K61-immunized pigs and sheep, the results showed that HeN1-challenged pigs showed
fever and loss of appetite, while no deaths were found; the experiment on sheep showed
that the Bartha K61 strain provided full protection against PRV classical SC strain, but
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two out of four Bartha K61-immunized sheep challenged with the PRV variant HeN1
strain had clinical signs and died [15]. Luo et al. challenged the Bartha K61-immunized
sheep with the PRV variant TJ strain and found that the Bartha K61 vaccine cannot provide
complete protection [33]. These experiments demonstrated that the Bartha K61 vaccine can
hardly provide full protection against the PRV variant.

Besides the imported Bartha K61 vaccine strain, there are several other licensed PRV
live attenuated and inactivated vaccine strains that are based on the PRV strains isolated in
China. One of them is the SA125 strain, which is a gE/gI/TK gene-deleted strain based on
the cattle-origin Fa strain, and it is the first licensed PRV vaccine in China [34]. Another is
the PRV gE/gI/TK gene-deleted HB-2000 strain, which is based on the Ea strain. Besides
these two live attenuated vaccines, there is another licensed PRV HB-98 inactivated vaccine
which deletes TK/gG genes based on the Ea strain. The existence of the gE gene in the
HB-98 vaccine makes it impossible to differentiate the immunized from field strain-infected
pigs [35]. Now, there is no direct evidence whether these licensed Chinese-origin PRV
strains have better protection than the Bartha K61 vaccine strain to the PRV variant.

The PRV variant has been circulating in China for more than 10 years, and many
vaccine candidates that are based on PRV variants have been reported by different research
groups. Wang et al. deleted the gE gene of a PRV variant TJ strain and used it to immunize
pigs; the pigs had no clinical signs when they were challenged with a PRV variant strain [36].
Wang et al. constructed a TK and gE gene-deleted PRV variant, AH02LA, which could
stop the viral shedding, and no clinical signs were observed after being challenged with
the PRV variant. By contrast, Bartha K61-immunized pigs showed some mild clinical
signs and had viral shedding [37]. Wang et al. used the bacterial artificial chromosome
(BCA) manipulation method to construct a PRV variant AH02LA gE gene-deleted strain
and found it can provide complete clinical protection against the challenge of the PRV
variant [38]. Besides the above-mentioned experimental vaccines, several other PRV variant-
based vaccine candidates which have double or triple deletions of TK, gE, or gI genes, also
showed complete protection against the challenge of PRV variants [39–41]. Till now, there
are two licensed PRV variant-based vaccines. One is the PRV C strain, a gI/gE/Us9/Us2
naturally deleted strain that was isolated in China in 2011 and licensed in 2017 [42]. Another
is a gE-deleted inactivated vaccine (HN1201-∆gE), which was certificated in 2019 and could
induce a high neutralization antibody titer against both PRV classical and variant strains.

Despite the inactivated and live attenuated vaccines, several other types of vaccines
including a subunit vaccine and nucleic vaccine, could also be the alternative for the
development of an effective PRV variant vaccine. Among 11 glycoproteins PRV encoded,
gB, gC, and gD are the main immunogenetic antigens that can induce neutralization
antibodies [7,43]. Previously, Wang et al. used the baculovirus system to express the
PRV variant gB protein and challenged the immunized pigs with PRV variant HN1201
strain. The results showed that the gB-based vaccine can provide full protection for the
PRV variant [44]. In another report, gB, gC, and gD proteins of the PRV variant were
separately expressed using the baculovirus expression system working as subunit vaccine
candidates. Pigs were then immunized with each single protein twice and challenged with
the PRV variant HNLH strain. The results showed that the survival rates of gB-, gC-, and
gD-vaccinated pigs were 100%, 50%, and 87.5%, respectively [45].

A DNA vaccine can mimic the natural infection in which the immunized antigens
could be presented in both major histocompatibility complex classes I and II settings [46].
Previously, E.M.A. van Rooij et al. vaccinated pigs with the plasmids expressing the main
immunogenetic antigens gB, gC, and gD, then challenged the immunized pigs with PRV.
The results showed that plasmid DNA encoding gB induced the strongest cell-mediated
immune responses, whereas plasmid DNA encoding gD induced the strongest neutralizing
antibody responses [47]. Furthermore, Hyun A Yoon et al. compared the intramuscular
(i.m.) and intranasal (i.n.) immunization routes by immunizing mice with the plasmid that
encoded gB. The results showed that immunization can induce the mucosal immunity via
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the i.n. route. However, it only induced a low IgG response which cannot protect the mice
against the challenge of PRV [48].

A messenger RNA (mRNA)-based vaccine that encodes the immunogenetic antigen of
pathogens provides a new vaccine developing platform for multiple viruses [49,50]. As PRV
can encode several immunogenetic antigens that can induce the neutralization antibodies,
mRNA might be a candidate for PRV vaccine development. Jiang et al. developed a PRV-XJ
variant strain gD gene-based mRNA vaccine which was formulated via mRNA encapsu-
lated in the liposomes. Compared with the DNA vaccine that encoded PRV gD protein in
a recombinant plasmid pVAX-gD, both mRNA and pVAX-gD plasmids induced a high
neutralization antibody titer and antigen-specific B and T cell response in mice. Finally, the
PRV variant challenge experiment was performed, and the results showed that one mouse
in ten which was immunized with the mRNA vaccine died, whereas there was no death in
the pVAX-gD plasmid-vaccinated group [51]. These results demonstrated that multiple
types of vaccines besides inactivated and live attenuated vaccines, show protection against
the challenge of PRV, and gB and gD proteins play an important role among these major
immunogenetic proteins.

Despite many reports showing that the Bartha K61 vaccine cannot provide full pro-
tection against PRV variants, there are still several studies showing that Bartha K61 can
provide complete protection to pigs against the PRV variant [7]. Previously, Zhou et al. used
and then challenged Bartha K61-immunized growing pigs with the PRV variant XJ5 strain.
The results showed that all immunized/challenged pigs survived, while the unimmunized
pigs all died [52]. Another report also showed that Bartha K61-immunized pigs had no
death under the challenge of the PRV variant AH02LA strain [53]. Although there were
some mild clinical signs in immunized/challenged growing pigs, no death was found in
the above two studies, which demonstrates that the Bartha K61 vaccine strain can provide
protection for pigs against the PRV variant challenge. However, as the PRV variant could
lead to the deaths of newborn piglets, further experiments still need to be conducted to
confirm whether piglets are resistant to the challenge of the PRV variant because they are
Bartha K61-immunized or because they got maternal antibodies form the immunized sows.

4. The Pathogenicity of PRV Variant to Different Species of Vertebrates

Although the natural reservoir for PRV is the pig, the first case of PRV was reported
in cattle, and the disease was described as “mad itch” [54]. PRV has a broad host range,
infecting most mammals and even some avian species. PRV infection can cause different
clinical signs dependent on the stages of housing pigs. Besides pigs, PRV infection in
other species of animals is always fatal due to the neurologic invasion. Till now, it has
been reported that there are about 19 species of animals that can be naturally infected by
PRV including domestic/wild pigs [55,56], sheep [57], cats [58], coyotes [59], foxes [60],
rats [61], deer [62], bears [63], rabbits [64], dogs [65], horses [66], bats [67], wolves [68],
raccoons [69], mice [70], ferrets [71], panthers [72], cattle [73], and chickens [74] (Figure 3).
Domestic and wild pigs are the reservoirs for PRV, all other species of animals will die after
several days upon the onset of PRV. In the last decade, several animal species including
dogs, bovine, mink, foxes, goats, and wolves were found dead due to the infection of PRV
variants [75–79]. It is reasonable to infer that some other animal species could be susceptible
to PRV variants. The wide host range of PRV can also be demonstrated by its incubation
in multiple kinds of cells, such as PK15 cells (Porcine kidney), Vero cells (Green monkey
kidney cells), HEp-2 (Human Epithelioma cells), DF-1 cells (Chicken embryo fibroblasts
cells), and many other cells. This demonstrates that PRV can bind with its receptor in the
surface of these cells, which suggests that PRV might have the possibility to infect multiple
kinds of animals.
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Besides natural infection, the experimental infections of PRV were also conducted to
confirm the susceptibility of different animals, such as domestic pigs [80], wild boars [81],
sheep [82], calves [73], dogs [83], cats [84], blue foxes [85], raccoons [86], horses [66], and
chickens [74]. The clinical signs after infection mainly include fever, depression, pruritus,
self-mutilation, anorexia, neurologic deficits, etc. The viral challenge experiments demon-
strated that PRV can be introduced through multiple kinds of routes, including intracranial,
intradermal, intramuscular, intranasal, intraocular, intraperitoneal, intratracheal, intra-
venous, and even foot pads [87]. The animal experiments of PRV can also be performed
in some laboratory animals, including mice [88], rats [89], rabbits [90], dogs [90], guinea
pigs [91], and rhesus macaques [92]. Due to the wide host range and easy manipulation,
PRV can be handled as the model to study many characteristics of herpesvirus, such as
molecular biology, pathogenesis, neuroinvasion, and transneuronal spread.

Sometimes the transmission of PRV among different species of animals will lead to
the change of PRV pathogenicity. Previously, R E Shope found that PRV was attenuated
after passaging through a guinea pig brain [91]. In addition, T F Müller et al. found that
PRV strains of wild swine origin might be less virulent than those of domestic pigs [81].
This phenomenon might be explained by the insertions or deletions of multiple segments
among different strains, in order to adapt to their host animals.

PRV is an air-borne pathogen. Furthermore, food, water, and excrement can also
be intermediate vectors of PRV [93]. The infected pigs or semen are the main origins
for PRV infection in swine farms. As for other species of animals, the direct contact of
contaminated equipment, or consumption of the infected animals are the main sources for
their infection [94]. Thereafter, it is important to keep the animals away from swine farms,
especially mice, cats, dogs, etc., in case they are infected with PRV and transmit it to other
animals. Furthermore, pig products or byproducts, such as head or offal tissue, which
might be polluted by PRV must be kept away from other animals, since they could directly
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contact or consume them. Finally, surveillance of PRV not only in pigs, but also in other
species of animals should be performed, in order to keep PRV out of the susceptible herds.

5. The Zoonotic Potential of PRV Variants

It has been known that PRV has a wide host range, and the duplication and translocation
of sequences from the left end of the genome to the UL-US junction plays an important role for
the growth of PRV in different hosts [95]. It was reported that Nectin-1, a host cellular receptor
that can bind with PRV glycoprotein gD, plays an important role in PRV entry. Previous
studies reported that PRV gD glycoprotein showed a similar binding ability to human nectin-1
protein [96]. Not only human nectin-1, the protein that comes from bats, dogs, cats, cows,
sheep, and several other animals also showed conserved functional amino acids binding with
PRV gD, which provides evidence of cross-species infection for PRV [14].

The first case report of humans infected with PRV was in 1914, in which two laboratory
technicians were infected with PRV after they were exposed to an infected cat. Afterwards,
several PRV cases in humans were reported after they came into contact with cast, dogs,
cows, or other domestic animals (Summarized in Table 1). The typical symptoms of these
cases mainly include pruritis, pain, fever, swelling, sweating, dysphagia, and aphthous
stomatitis. Though these PRV infected cases were reported, the etiological confirmation
was not convincing due to the lack of a definitely etiological and serological diagnosis.

In 2017, a swine herder suffered from an eye disease in China. Through next-generation
sequencing (NGS), real-time PCR, and phylogenetic analysis, the PRV variant was recognized
as the causative agent of the disease [97]. This is the first PRV case in humans reported in China.
In the following years, several other PRV infection cases in human beings were reported in
China (Table 1). Different from the clinical symptoms reported from other countries, the
clinical signs of Chinese patients in these cases were mainly encephalitis and endophthalmitis.
Of note, almost all PRV infected patients have contact with swine or other PRV-susceptible
animals. Among these incidences, a milestone case attracted our attention because one PRV
variant, designated hSD-1/2019, was firstly isolated from the cerebrospinal fluid of a PRV-
infected patient [98]. This is the first case in the world where PRV was successfully isolated
from humans, which proved that humans are susceptible to PRV.

Table 1. PRV infection cases in humans.

Year Numbers Symptoms Contacted Animals Ref.

1914 2 Swelling, reddening, intense itching Cat [99]
1940 2 Pruritis, erythema, and pain around the wound Dog [99]
1963 2 Throat pain, weakness in the legs, Dog [99]

1983 1 Pain in togue, hypersalivation, dysphagia,
headache, arthralgia Cat [100]

1986 2 Tension in the mouth, nose, and throat;
perception of strange smells and taste Cat, or other domestic animals [100]

1992 6 Pruritus in the palms, lower and upper arms,
shoulders, and back Cow [101]

2017 1 Endophthalmitis, fever, headaches Pig [97]
2018 4 Encephalitis Pig [102]
2019 5 Encephalitis Pig [103]
2019 1 Encephalitis Pig [104]
2019 1 Encephalitis, fever, headache, seizure unknown [105]
2019 1 Encephalitis Pig [106]
2020 1 Encephalitis Pig [107]
2020 6 panencephalitis Pig [108]
2021 1 Retinitis Pig [109]
2021 1 Encephalitis, retinal vasculitis, fever Pig [110]
2021 1 Encephalitis, Endophthalmitis Pig [111]
2022 2 Encephalitis, seizures, endophthalmitis Pig [112]
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Of note, the cases of humans infected with PRV have been increasing rapidly in China
since 2017. Coincidentally, PRV variants have been the dominant strain in Chinese pig
farms since then. Whether PRV variants are more sensitive to humans than the classical
PRV warrants further investigation. Among these PRV-infected patients, most of them were
reported as having swine-related occupations or had close contact with other infected ani-
mals. Furthermore, several patients have injuries to their fingers or other places. Therefore,
it is necessary to carry out skin protection for people who have close contact with swine.
Till now, all infected humans recovered completely, and the clinical and neurological signs
disappeared, though sometimes the clinical signs last for one to several months. No patients
died from PRV infection in the above cases. However, similar to other herpesviruses, PRV
can induce latent and lytic replication in pigs, and the infected pigs will carry PRV for
a long time. Whether the recovered patients still carry PRV is unknown.

6. Discussion and Perspectives

In this review, we summarized the biological characteristics of PRV variants, which
have antigenic variation and a higher virulence compared with classical PRV strains in
China. Since 2011, PRV variants have become the dominant strains in China and caused
huge economic losses for the swine industry. There is still dispute over whether the Bartha
K61 vaccine can provide full protection against the PRV variant [52,113]. However, PRV
variants happened in many Bartha K61-immunized swine farms, and the phylogenetic
analysis showed that PRV variants have a large sequence divergence with the Bartha
K61 strain. Therefore, more effective vaccines based on local PRV variants need to be
developed. Moreover, multiple kinds of vaccines, including a live attenuated vaccine,
inactivated vaccine, subunit vaccine, DNA vaccine, and mRNA vaccine have the potential
to provide full protection for pigs against PRV variants. Upon the design of PRV vaccines,
it is necessary to follow the strategy of DIVA, which has helped to eradicate PRV in
many countries [114].

The serological detection of PRV gE antibodies is always used to evaluate the status of
PRV field strain infection, due to the application of gE-deleted PRV vaccines. One study
reported that PRV positive rates have decreased to 18.12% in 2020 from 38.20% in 2018 after
screening 19,292 pig serum samples by using PRV gE ELISA [115]. Another report analyzed
the gE antibodies from 256,326 serum samples, which were collected from 29 provinces in
China from 2011 to 2021. The results showed that the average positive rate was 29.87% [31].
Zheng et al. collected 4708 pig serum samples from Henan province during 2018–2019 and
found the positive rate of gE antibodies was 30.14% (1419/4708) [116]. Lin et at. collected
a total of 18,138 serum samples from 808 PRV-vaccinated pig farms during 2016–2020 in
Hunan province and detected the presence of gE-specific antibodies. The results showed
that 23.55% (4271/18,138) of the samples were positive for PRV gE-specific antibodies [117].
All these results demonstrate that the infection of the PRV field strain is still very common
in Chinese swine farms, though nearly all of them have used PRV vaccines. Therefore, strict
biosecurity measures, feeding strategies, daily managements, diagnostic methods, and
effective vaccination should be jointly performed in swine farms to decrease the infection
of the PRV field strain.

Right now, with the increased number of human cases caused by PRV infection, the
exact mechanisms involved in its transmission from animals to human beings are still
unknown. One explanation is that the “one health” concept is recognized by more and
more researchers, and the interdisciplinary communication is more frequent than before, so
the human cases with encephalitis and neurological symptoms, which might be induced by
PRV, could be jointly diagnosed by doctors and veterinarians. Another possibility is that the
evolution of the PRV variant makes it more susceptible to humans as PRV entry-related pro-
teins gD or gC might have a higher binding ability to its receptor in human cells than before.
In contrast, a study showed that 455 persons who participated in heroic self-incubation
with PRV via intracutaneous and subcutaneous methods showed no clinical signs, which
demonstrated that the infection of PRV in humans was occasionally asymptomatic [99]. We
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hypothesize that the infection of PRV in humans might be related to the immune system of
people, and immunocompromised patients might be more susceptible to PRV. Till now, the
only consolatory thing is that there is no human-to-human PRV transmission case. More
studies about the mechanisms evolved in the transmission of PRV from infected animals to
humans still need to be explored.

Due to the lack of effective PRV variant vaccines, many researchers have focused on
exploring the available compounds that can inhibit the proliferation of PRV in vitro and
in vivo. Among them, two kinds of compounds attract people’s attention. One is traditional
Chinese herbal medicines, which have a long history of anti-virus effects, but their cellular
targets and working mechanisms are unclear. For example, Germacrone, which is extracted
from Rhizoma Curcuma, was able to inhibit the proliferation of PRV in the early phase
of the PRV replication cycle [118]. Another kind is synthetic chemical compounds, which
have a relatively clear cellular target and whose functions are comparatively clear. For
example, it was demonstrated that meclizine, a class of H1-antihistamine, could inhibit
the replication of PRV at its entry and release stages [119]. The exploration of anti-PRV
compounds will contribute to the therapy of PRV infection, especially for the infection of
human beings.

Because of the existence of multiple non-essential genes, PRV can be engineered
as the vector to express foreign antigens derived from other pathogens. For example,
Qiu et al. used PRV as the vector to express the GP5 protein of porcine reproductive
and respiratory syndrome virus, and the recombinant virus provided an ideal protection
against the challenge of PRRSV [120]. Other proteins, such as the HA gene of the H3N2
subtype of swine influenza virus, and the S protein of porcine epidemic diarrhea virus, were
also expressed by PRV, which provided protection to the immunized pigs [121,122]. The
advantage of these vectored vaccines are that they provide protection against the infections
of other pathogens besides PRV.

In conclusion, as the PRV variant has caused a huge economic loss for the pig industry
in China and is a potential threat to public health, it is necessary to pay more attention to
the detection and isolation of the PRV variant in different animals, in order to study its
epidemiological characteristics. At the same time, it is urgent to develop more safe and
efficient DIVA vaccines based on the PRV variants. Furthermore, it is also important to
deeply explore the interactions between the PRV infection and host responses, which will
not only help to clarify the mechanisms involved in PRV proliferation and pathogenesis, but
also contribute to the development of PRV vaccines and antiviral drugs. Most importantly,
since PRV has the possibility to infect human beings, researchers need to pay more attention
to its cross-species transmission and screen the patients that are suspected of being infected
by PRV, especially those who have swine-related occupations.
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Abstract: Pseudorabies virus (PRV), the causative agent of Aujeszky’s disease, is one of the most
important infectious pathogens threatening the global pig industry. Like other members of alpha-
herpesviruses, PRV establishes a lifelong latent infection and occasionally reactivates from latency
after stress stimulus in infected pigs. Latent infected pigs can then serve as the source of recurrent
infection, which is one of the difficulties for PRV eradication. Virus latency refers to the retention of
viral complete genomes without production of infectious progeny virus; however, following stress
stimulus, the virus can be reactivated into lytic infection, which is known as the latency-reactivation
cycle. Recently, several research have indicated that alphaherpesvirus latency and reactivation is
regulated by a complex interplay between virus, neurons, and the immune system. However, with
those limited reports, the relevant advances in PRV latency are lagging behind. Therefore, in this
review we focus on the regulatory mechanisms in PRV latency via summarizing the progress of PRV
itself and that of other alphaherpesviruses, which will improve our understanding in the underlying
mechanism of PRV latency and help design novel therapeutic strategies to control PRV latency.

Keywords: pseudorabies virus; latency; miRNA; chromatin; immune regulation

1. Introduction

Pseudorabies virus (PRV) is a member of Alphaherpesvirinae under the family Her-
pesviridae that can infect a broad host range of mammals, such as ruminants, carnivores,
and rodents. PRV infection mainly causes neurological symptoms and acute death in its
non-natural hosts, while causes respiratory disease and reproductive failure in adult pigs
and neurological symptoms in piglets, respectively [1]. Recently, it was reported that PRV
was isolated from acute encephalitis cases in humans, implying the potential risk of PRV
infection from pigs to humans [2]. Although eradication of PRV by the vaccination-DIVA
testing strategy has been performed in the United States and several other countries, PRV
remains an important pathogen in pig industry in many countries. Particularly, a PRV
variant has been reported in China since 2011, which has caused huge economic losses to
the Chinese pig industry, making it more difficult for PRV control and eradication [3–5].

Alphaherpesviruses, including human herpesvirus (HSV) 1 and 2, varicella zoster
virus (VZV), bovine herpesvirus 1 (BHV-1), and pseudorabies virus (PRV), use either lytic
or latent infection strategy to infect their hosts. The replication processes and mechanisms
involved in their lytic infection have been reasonably well understood [1]. But for latent
infection of PRV and other alphaherpesviruses, it is mainly known that the typical feature
of virus latency is the existence of viral genome for long periods but no virus progeny
production in the infected hosts. After stressful experiences, the virus can be re-engaged in
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lytic infection, a process known as reactivation [1]. These stressors for PRV reactivation
include but not limited to concomitant disease, long-distance transport, poor animal hus-
bandry, and treatment with immunosuppressive agents such as dexamethasone. Those
mechanisms involved in PRV latency establishment, latency maintenance, and reactivation
from latency remain largely undefined. This review will address features of PRV and
other alphaherpesviruses latency with a focus on the potential contribution of viral latency
transcripts and viral proteins, viral non-coding RNAs, host immune system, and chromatin
epigenetics to virus latency-reactivation cycle.

2. The Viral Latency-Associated Transcripts in PRV and Other Alphaherpesviruses Latency

During PRV lytic infection, transcription of the viral lytic genes is temporally ordered
and known as gene transcription cascade. Viral lytic genes can be subdivided into three
classes of successively expressed transcripts, named immediate-early genes, early genes
and late genes, respectively [1]. Among them, IE180 and EP0 are important regulatory
genes during PRV replication. IE180 gene (homolog of HSV-1 ICP4), the only genuine
immediate-early gene of PRV, is located in the IRS and TRS repeats and present in two
copies in the genome. IE180 is essential for viral replication in tissue culture, as it is required
for the efficient transcription of viral early and possibly late genes. EP0 is transcribed with
early kinetics and functionally homologous to HSV-1 ICP0. It is able to activate several
viral genes expression such as IE180, UL23, and US4. Although EP0 is dispensable for viral
replication in cell cultures, the viral titers in vitro and virulence in vivo of EP0-defected
PRV are significantly reduced [1]. In contrast, when PRV enters a latent infection state, its
genome is primarily retained in neurons of the trigeminal ganglion (TG) [6], expression
of viral lytic genes is completely inhibited and transcription is restricted to a small region
of the viral genome that is named the latency-associated transcript (LAT) locus [7]. The
LAT is located at the strand complementary to the EP0 and IE180 genes and overlaps
the internal repeat sequence of PRV genome [8–10]. As reported, various sizes of LATs
transcribed from the LAT region can be detected during PRV latency in the infected swine
TG [6,11]. The 8.4 kb large latency transcript (LLT) is the largest transcript in the LAT locus,
which is then spliced into different sizes to yield a 4.6 kb intron [9,12]. Although the LLT
transcript has the potential of encoding proteins (exon 1 and 2), there is no evidence of any
protein product in PRV latent infection. In the 4.6 kb region, a cluster of 11 miRNA genes
is identified by deep sequencing in porcine dendritic cell and in PK-15 cell line infected
by PRV, which suggests a role of the 4.6 kb intron as a primary miRNA precursor [13,14]
(Figure 1). Additionally, transcription from the LAT locus can occur either in latent or lytic
infection, but a different set of transcripts is expressed in the lytic infection [15].
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In HSV-1, its LAT is also expressed during acute and latent infection, and viruses
lacking LAT do not establish latency as efficiently as wild-type HSV-1 and exhibit delayed
reactivation [16–18], suggesting that the LAT is involved in HSV-1 latency establishment
and facilitates HSV-1 reactivation from latency. In VZV, although a latency-associated
transcript that lies antisense to the viral transactivator gene 61 (ORF61) predominates
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during virus latency [19], transcripts from 12 VZV genes (e.g., ORF63) are identified
in human ganglia removed at autopsy. But it is difficult to ascribe these as transcripts
present during latency as virus reactivation may occur in the post-mortem time period
in the ganglia [20]. Although the transcription of several LATs and relevant genes in
alphaherpesviruses latently infected neurons is evident, their functions in virus latency
and reactivation are still not clear.

3. Viral Non-Coding RNAs in PRV and Other Alphaherpesviruses Latency

Most herpesviruses produce various non-coding RNAs such as LAT-encoded miRNAs
during virus latency. Several HSV-1 miRNAs have been found to reduce the expression
of viral lytic regulatory proteins ICP0 and ICP4, suggesting that the viral miRNAs may
facilitate establishment and maintenance of viral latency by post-transcriptional regulation
of viral lytic gene expression [21]. As for PRV, previous studies found that the intron region
of LLT functioned as a primary miRNA precursor, which encodes a cluster of 11 miRNA
genes [13,14]. To assess the importance of this miRNA cluster in establishment of PRV
latency in swine, Mahjoub et al. generated a PRV mutant with a 2.5-kb portion deletion
in the LLT intron harboring 9 miRNA genes. This mutant displayed almost identical
acute infection properties to those of parental PRV in vitro and in vivo. It also successfully
establishes latency in vivo, demonstrating that these miRNAs are nonessential for PRV
infection and latency establishment in TG. However, massive host gene upregulation is
found in TG during miRNA-deleted PRV latency, and several biofunctions including those
related to cellular immune response and dendritic cells migration are impaired during
this process [12]. These findings supported a function of PRV LAT-encoded miRNAs in
the modulation of host response for maintaining a latent state. However, the role of these
miRNAs in PRV reactivation from latency has not been explored, hence further studies are
needed to determine whether these miRNAs play a role in the process of PRV reactivation.

Similarly, initial study on HSV-1 has found that LAT-encoded miRNAs can be detected
in latently infected TGs, and the LAT promoter mutants lacking miRNA expression can
still replicate normally and establish wild-type levels of latency, suggesting that these viral
miRNAs might be dispensable for HSV latency and reactivation [22]. However, further
study focusing on the individual miRNA function has found that single miRNAs might play
important roles in HSV-1 latent infection. The miR-H2, one HSV-1 LAT-encoded miRNA
molecule, is found antisense to the ICP0 gene and appears to reduce ICP0 expression [21]. To
further examine the importance of miR-H2 in HSV-1 latency-reactivation cycle, researchers
used a codon redundancy strategy to construct a miR-H2 disrupted mutant without any
changes in the overlapping ICP0 gene [23]. Compared to its parental virus, ICP0 protein
was much more expressed during infection, confirming that miR-H2 downregulated HSV-1
ICP0 gene expression. Ocular infection in mice showed that miR-H2 mutant increased
neurovirulence as judged by mouse survival experiment. Intriguingly, this miR-H2 KO
mutant is reactivated significantly earlier than its parental strain in the mouse explant TG
reactivation model, indicating that the miR-H2 is involved in reducing HSV-1 neuroinvasion
and maintaining HSV-1 latency [23,24].

Besides encoding multiple miRNAs in LAT, two small noncoding RNAs (sncRNAs) are
also encoded in HSV-1 LAT region. The two sncRNAs (sncRNA1 and sncRNA2) are 62 and
36 bp in length, respectively, presenting antiapoptotic activity in vitro [25,26]. Furthermore,
expression of these sncRNAs by transient transfection assays inhibits cell apoptosis and
virus productive infection in vitro [27]. Additionally, these two sncRNAs were able to
induce beta interferon promoter activity and cell survival in vitro [28]. All of these results
suggest that sncRNAs play important roles in HSV-1 productive infection in vitro, while its
role in virus latency and pathogenesis in vivo is not clear. Recently, researchers constructed
a recombinant HSV-1 lacking the 62-bp sncRNA1 region in wild-type strain McKrae using
dLAT2903 (LAT-minus) virus and compared this mutant virus with its parental virus
and McKrae in vitro and in vivo. The replication kinetics of sncRNA1 mutant virus were
similar to that of dLAT2903 and McKrae. Meanwhile, ocular virus titers, eye disease, and
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levels of latency and reactivation were similar in mice infected with either McKrae or the
mutant virus. However, absence of sncRNA1 significantly decreased the ocularly infected
mice survival and led to virus increased virulence [29]. These suggest that sncRNA1 has
a protective function during acute ocular infection, although the presence of sncRNA1
sequence has no significant effect on virus latency or reactivation. Yet it remains to be
determined whether PRV encodes the similar sncRNAs in LAT region and how these
potential sncRNAs function in virus latency.

4. The Viral Proteins Directly and Indirectly Participated in Alphaherpesviruses Latency

Several viral proteins can play important roles in alphaherpesviruses neuroinvasion.
For years, studies upon these proteins have highlighted their potential functions in virus
latency and reactivation process directly and indirectly (Table 1). For example, thymidine
kinase (TK) is an important virulence gene of alphaherpesviruses. The relationship between
TK activity and HSV-1 virulence has been characterized in a mouse model. Following
corneal inoculation, the TK (+) strain produced high central nervous system (CNS) titers
and established latency in 78% of surviving mice. In contrast, the TK (−) strain did not
invade the CNS or establish latency [30]. In another study, the HSV-1 TK (−) mutant
(F)A305 showed reduced neurovirulence and failed to establish latency in mice, but was
able to establish latency in rabbits [31]. Contrary to the above studies, Coen et al. found
that TK (−) mutants established latent infections in mouse TG, but were severely impaired
for acute replication in TG and failed to reactivate from ganglia upon cocultivation with
permissive cells [32]. It is indicated that TK appears to be necessary for HSV-1 reactivation
and unnecessary for latency establishment.

Table 1. The viral proteins participated in alphaherpesviruses latency as described in this study.

Viral Genes Viral Proteins Virus Proposed Function

UL23 Thymidine kinase (TK) HSV-1 Necessary for HSV-1 reactivation and unnecessary for
latency establishment

HSV-2 Important but nonessential for latency or reactivation
BHV-1 Probably unnecessary for latency-reactivation cycle
PRV Crucial for the latent PRV reactivation

US8 gE HSV-1/PRV/BHV-1
Important for efficient virus latency establishment and

reactivation in neurons due to its capacity for promoting
virus neuroinvasion

US9 11K HSV-1/PRV Affect virus reactivation due to its critical role in promoting
virus anterograde transport in neurons

EP0 EP0 HSV-1/PRV Crucial for the latency and reactivation

IE180 IE180 PRV Has important roles in PRV reactivation; Important for swiching
from latency to reactivation state

ORF1 ORF1 BHV-1 Might be important for the virus latency and reactivation

ORF2 ORF2 BHV-1
Inhibits apoptosis; interferes with Notch1-mediated

transactivation of ICP0; probably inhibit virus productive
infection and promote virus latency

To determine the ability of HSV-2 TK (−) strain to establish latency and reactivate
in vivo, an intranasal or ocular infection model in rabbits was used [33]. The results showed
that the TK (−) strain can replicate and shed virus in the eye after intranasal or ocular
infection, and can cause acute keratitis and establish TG latency. Moreover, 30% of rabbits
initially infected in the eyes reactivated following drug-induced immunosuppression
with latently infected control rabbits uniformly reactivated. The study shows that the TK
gene is important but not essential for latency or reactivation in this model [33]. In the
relevant studies of BHV-1, a TK (−) strain was initially found to be incapable of establishing
latency in rabbits following intranasal infection [34]. However, later it was demonstrated
that after intranasal infection, latent infection established by a BHV-1 TK (−) strain was
reactivated by dexamethasone [35]. Similarly, an experiment was conducted to examine
the neuroinvasiveness of PRV TK (−) mutant in pigs. Results showed that mutations in
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TK gene were associated with reduced virus virulence and replication in peripheral target
tissues, and also reduced migration to the olfactory and trigeminal pathways [36]. In
addition, TK defective vaccine strain of PRV established latency in swine TG, however,
dexamethasone treatment failed to reactivate the latent TK-defected PRV in all ten pigs.
In contrast, the PRV TK (+) strain can be reactivated from 54 of 55 latently infected pigs
following dexamethasone treatments [37]. All above suggests the effectiveness of the
dexamethasone treatments experiment for PRV reactivation, and the crucial role of TK gene
in the latent PRV reactivation process.

Homologous proteins of PRV gE are found in all members of the alphaherpesvirinae,
suggesting a conserved biological function of this protein. Studies have revealed that
homologous proteins of gE among alphaherpesviruses including PRV, HSV-1, and BHV-1
are not required for replication of these viruses in cell culture. In addition, the gE proteins of
PRV and HSV-1 can induce cell fusion and promote the spread of virus from cell-to-cell [38].
VZV lacking gE also shows significant restriction in cell-to-cell spread and reduced yield of
infectious virus production [39]. More importantly, gE is a critical virulence determinant of
the alphaherpesviruses. Deletion of gE from HSV-1, PRV, and BHV-1 drastically decreases
HSV-1 neurovirulence in mice, results in PRV virulence and spread reduction in the nervous
system and abolishes BHV-1 virulence in calves, respectively [38]. These findings provide
strong evidence that the gE protein plays important roles in cell-to-cell spread, invasiveness,
and virulence of alphaherpesviruses. Moreover, gE plays a role in alphaherpesviruses
(e.g., PRV, HSV-1, and BHV-1) latency. The gE-deleted strain of these viruses can stay
latency in TG, while the ability to replicate in all levels of host neurons were significantly
reduced, so gE-deleted mutants establish latency in neurons less efficiently, and therefore
are less likely to be reactivated than wild-type virus [38]. Further studies upon HSV-1 and
PRV demonstrated that membrane proteins gE, gI, and US9 promote their anterograde
transport. Anterograde transport is a process that the reactivated virus particles return to
epithelial tissues by fast axonal transport moving from the neuron cell body to axon termini,
which plays a key role in HSV-1 and PRV reactivation from latency. Virus transport in the
anterograde direction contains at least two processes: (1) The anterograde transport in axons
from cell body to axon termini, (2) virus egress from axon termini and subsequent virus
spread into epithelial cell [40]. It has been shown that all gE-, gI-, and US9- mutants of HSV
and PRV have substantial defects in anterograde transport. However, gE/gI formed protein
complexes and exerted major effects in spread of virus from axon termini to epithelial cell,
whereas US9 only participated in axonal events due to its lack of extracellular domain.
gE/gI and US9 in both HSV and PRV act primarily in the cytoplasm to promote virus
assembly and virus particles sorting into axons, which also supports the observations that
HSV gE-/US9- and PRV US9- mutants are transported normally in axons but defected in
anterograde transport [40].

In addition, the EP0 gene of PRV is a homolog of HSV-1 ICP0, which has been reported
to be involved in the reactivation of HSV-1. Upon deletion of EP0 in PRV genome, the latent
viral DNA level in swine TG is reduced and subsequently the reactivation of virus is also
inhibited [1,41]. In a similar study, an EP0-deficient mutant was able to establish latency
in mouse TG, but latent virus cannot be reactivated in explant reactivation assays [42].
Inactivation of the EP0 gene inevitably results in a mutation of LLT, which is located on
the complementary DNA strand of EP0. Therefore, it is uncertain whether the EP0 or LLT
mutation might play a role in regulating the latency and reactivation state, but at least it
suggests that the EP0 gene locus is crucial for PRV latency and reactivation in TG. The
IE180 protein is a major regulator of global gene expression of PRV. Research has found
that during PRV reactivation, IE180 is readily expressed and might play important roles in
PRV reactivation [43]. Furthermore, IE180 forms protein–DNA complex at the transcription
start site of LAT, and therefore suppresses the activity of PRV LAT promoter by interacting
with a TATA box within the promoter, which might be important for swiching from latency
to reactivation state [44].
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In addition, a 2.0-kb RNA transcribed from PRV LLT was found to carry polyadeny-
lation signal (AATAAA) during virus lytic infection and therefore could be translated.
The RNA contains two potential exons capable of encoding a 20-kDa ORF1 and a 47-kDa
ORF2. The putative ORF1 protein presents 44% homology to the apoptosis repressor ARC,
36% homology to a protein kinase C substrate, and 30% homology to a serine/threonine
protein kinase. In contrast, the predicted ORF2 protein has no homology among any known
proteins [15]. It would be interesting to determine if either putative protein is actually
expressed, and plays crucial roles during a productive or latent infection. Unfortunately,
in recent years no further advances have been made on the roles of LLT-encoded pro-
teins in PRV latency. However, a series of relevant progress have been obtained in BHV-1
(Table 1). Like other alphaherpesviruses, BHV-1 latency related (LR) gene, a gene similar to
PRV LAT, is abundantly expressed in latently infected neurons [45]. Two potential open
reading frames (ORF 1 and 2) are located in the BHV-1 LR gene [46]. In exploring the
role of ORF1 and ORF2 in virus latency, researchers have constructed a BHV-1 mutant
with three stop codons at the N-terminus of ORF2, which resulted in ORF2 expression
abolishment and ORF1 expression reduction [47,48]. This mutant failed to reactivate from
latency following dexamethasone treatment [49], suggesting that protein expression within
the LR gene is important for virus latency and reactivation. Moreover, BHV-1 ORF2 can
participate in multiple cellular processes to regulate virus latency-reactivation cycle. For
example, abolishment of ORF2 expression in the above BHV-1 mutant induces higher levels
of apoptosis in infected neurons, which is considered an important cellular process in
regulating the latency-reactivation cycle [50,51]. In addition, Notch family members are
membrane-tethered transcription factors that regulate neuronal maintenance, development,
differentiation, and development of nearly all non-neuronal cells [52]. Notch1 activates
the BHV-1 immediate early transcription unit 1 and ICP0 early promoters as a cellular
transcription factor and enhances BHV-1 productive infection. ORF2 is able to interact with
the components (Notch 1 and 3) of the Notch signaling pathway in a yeast two-hybrid
screen, and therefore consistently interferes with Notch1–3-mediated transactivation of
cellular promoters [53,54]. Furthermore, distinct domains in ORF2 are crucial for interfering
with Notch1-mediated transactivation of the ICP0 early and glycoprotein C promoters.
Given the important regulatory role of ICP0 (EP0) in both virus latent and lytic infection
cycles, the interference effect of ORF2 might inhibit virus productive infection and promote
latency establishment [55]. So far, however, no proteins similar as ORF1 and ORF2 in
BHV-1 have been identified in PRV LAT. Hence, future studies could focus on roles of PRV
LAT-associated proteins in the regulation of PRV latency-reactivation cycle.

5. Immune Regulation of PRV and Other Alphaherpesviruses Latency

The latency-reactivation cycle of alphaherpesviruses is considered to be tightly regu-
lated by a subtle and an incompletely understood interplay between the virus, the neuron,
and the immune system [56]. Moreover, it is becoming increasingly evident that both
innate and adaptive immunity play important roles in the initial control of herpesviruses
infection and latency establishment [57]. In host innate immunity, type I interferons (IFNs)
containing IFN-α and -β-mediated immune responses serve as the front line of host defense
against virus infection. Activation of the type I IFN pathway is transduced via Janus kinases
(JAKs) and may result in the initiation of inflammatory response and expression of antiviral
genes such as IFN-stimulated genes (ISGs). IFNs have been reported to play important
roles in limiting alphaherpesviruses replication and spread [58–60]. Furthermore, IFN-α
has been demonstrated to drive both HSV-1 and PRV into a latency-like quiescent state in
in vitro cultures of porcine TG neurons [61]. IFN-α treatment results in suppression of the
immediate-early protein ICP4 of HSV-1 or its counterpart IE180 in PRV, which might be a
key step for type I IFNs in promoting the establishment of alphaherpesviruses latency [61].
In addition, a recent investigation highlighted the regulatory role of type I IFNs signaling
in the relationship between HSV-1 genomes and the nuclear environment during latency
establishment. It showed that without IFN-α treatment, HSV-1 infection led to the forma-
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tion of replication compartment genome pattern (the lytic infection pattern) in the nucleus
of ~91% neurons. However, IFN-α treatment favored the multiple latency-like pattern
(the latent infection pattern), with 82% neurons showing this pattern. Moreover, nearly
all HSV-1-infected TG neurons harvested from type I IFN receptor KO mice showed the
formation of replication compartment pattern irrespective of treatment with IFN-α. Hence,
the type I IFNs favors the formation of latency-like genome pattern in HSV-1-infected
neurons [62]. Nevertheless, HSV-1 has evolved strategies to inhibit type I IFNs signaling.
Its LAT transcript was shown to delay IFN-α and -β expression during acute infection.
Further studies found that JAK-1 and -2, as well as several downstream effectors of the JAK
pathway, were also downregulated in a LAT-dependent manner during HSV-1 latency [63].
Recently, studies indicated that PRV has developed multiple strategies to antagonize the
type I IFNs-mediated innate immunity via several viral proteins, ranging from inhibiting
pattern-recognition receptors induced type I IFNs production to antagonizing the IFN
signaling pathway and neutralizing the antiviral functions of ISGs [64–68]. This feature
might confer PRV the ability of reactivation from latency in neurons.

Peripheral neurons are the main sites for alphaherpesviruses latency, virus latency
involves a precise interaction between the virus and neuron immunity. Research shows
that sympathetic neurons can be cultured as a pure population with the treatment of nerve
growth factor (NGF). Meanwhile, latency can be established in primary sympathetic neu-
rons cultured in presence of NGF. Furthermore, the phosphatidylinositol 3-kinase (PI3-K)
pathway triggered by NGF-binding to the TrkA receptor tyrosine kinase (RTK) is crucial in
maintaining HSV-1 latency by using a primary neuronal culture system. The PI3-K p110α
catalytic subunit is specifically required to activate 3-phosphoinositide-dependent protein
kinase-1 (PDK1) and maintain virus latency. Depletion of PDK1 results in HSV-1 reacti-
vation. Thus, the RTK/PI3-K/PDK1-signaling is a critical host element that regulates the
HSV-1 latent-lytic switch [69]. In addition, PRV also establishes a reactivatable, quiescent
infection in neurons cultured in modified Campenot tri-chambers. Further study shows
that several host factors including protein kinase A (PKA) and c-Jun N-terminal kinase
(JNK) in cell bodies prevent establishment of quiescent infection and promote productive
replication of axonally delivered virus genomes. Treatment with forskolin (a potent adeny-
late cyclase activator) on cell bodies activates both PKA and JNK and therefore results in
virus productive infection. However, virus lytic infection can completely lost when PKA
and JNK activities are inhibited [70]. Therefore, PKA and JNK signals significantly affect
the switch of PRV latent and lytic infection.

In host adaptive immunity, the γδ T cells play a protective role in the immunosurveil-
lance against alphaherpesviruses infection. Study upon HSV-1 infection in TCRγδ- or
TCRαβ-deficient mice have shown that γδ T cells limit HSV-1-induced epithelial lesions
and protect mice from HSV-induced lethal encephalitis, which is resulted from the γδ

T cell-mediated arrest of virus replication and neurovirulence [71]. Furthermore, γδ T
cells and macrophages are able to infiltrate into the TG in HSV-infected mice, and then
several cytokines in inhibiting HSV-1 replication, for example IFN-γ, TNF-α and IL-12,
are expressed, suggesting a direct role of γδ T cells in controlling virus replication [72].
Moreover, several studies indicate that CD4+ and CD8+ T cells might play crucial roles in
restricting HSV-1 infection [73,74], and a study using two different pathogenic strains of
HSV-1 showed that the high pathogenic strain induced a stronger CD4+ and CD8+ T-cell
response in the draining lymph nodes and latently infected TG. It was proposed that greater
viral gene expression by the high pathogenic strain during latency might result in a larger
T-cell infiltrate in both the cornea and the TG [75]. Further studies found that CD8+ T
cells inhibited HSV-1 replication in peripheral ganglia and prevented HSV-1 reactivation
without destroying the infected neurons [76,77]. It was also reported that CD8+ T cells
might prevent HSV-1 reactivation from latency at least in part through the secretion of
IFN-γ [57]. First, IFN-γ mRNA and protein were consistently detected in latently infected
ganglia [78]. Subsequently, treatment with IFN-γ could block HSV-1 reactivation from
latency on cultures of latently infected TG in the early reactivation process [79]. Lastly,

23



Viruses 2022, 14, 1386

although knockout of IFN-γ and IFN-γR from mice failed to affect HSV-1 replication and la-
tency establishment in TG, the incidence of stress-induced reactivation in mutant mice was
significantly higher than in control mice, suggesting the crucial role of IFN-γ in inhibiting
HSV-1 reactivation from latency [80].

As described above, ICP0 is a crucial transactivator that is required for efficient HSV-1
reactivation from latency. The cyclin-dependent kinase (cdk) is required for the post-
translational modifications necessary for ICP0 transactivating activity [81]. Study has
indicated that IFN-γ could induce production of the cdk inhibitors, which might block
HSV-1 reactivation from latency probably by inhibiting ICP0 transactivating activity [81,82].
Additionally, expression of viral proteins is not completely silent but sporadically expressed
at low levels during HSV-1 latency, which can be then recognized by ganglion-resident
HSV-1-specific CD8+ T cells. In a recent study, several HSV recombinants that have different
viral promoters driving expression of the immunodominant gB epitope (gB498–505) were
constructed. They induced equivalent ganglionic CD8+ T-cell responses but contained
altered gB-CD8s (CD8+ T cells that recognize gB498–505) immunodominance during latency.
The results indicate that the selection of epitope promoter could influence CD8+ T-cell
population hierarchies and their function. Since CD8+ T cells can influence lytic/latent
cycles in reactivating neurons, it is convinced that improving their ganglionic retention and
function may offer a strategy in vaccine design to reduce virus reactivation [83]. In addition,
CD8+ T cells can be exhausted during viral chronic infection, which is characterized by
reduced memory potential, sustained expression of inhibitory receptors, and poor effector
function [84,85]. Moreover, successful reactivation of the latently infected HSV-1 from TG
was assumed to be partly dependent on the exhausting CD8+ T cells [86,87]. Furthermore, it
was found that HSV-specific CD8+ T cells from symptomatic patients were phenotypically
and functionally exhausted, and the exhaustion receptors (PD-1, LAG-3, TIGIT, and TIM-3)
were up-regulated on HSV-specific CD8+ T cells. Moreover, blocking of LAG-3 and PD-1
synergistically restored anti-viral CD8+ T-cell responses, reduced HSV-1 reactivation from
latency, and prevented UV-B irradiation induced recurrent ocular herpetic infection and
disease in latently infected mice [88].

The role of CD4+ T cells in regulating HSV-1 latency is another area that needs to
be explored. One recent study demonstrated that lack of CD4+ T cells during the initial
programming of HSV-specific CD8+ T cells caused transient partial exhaustion of CD8+ T
cells characterized by elevated PD-1 levels and hence reduced the ability to control HSV-1
latency in sensory ganglia. This finding demonstrates that CD4+ T cell is important for
generation of a memory CD8+ T-cell population, which provides immune surveillance for
HSV-1 latency [89]. A recent study also found that HSV-1 infection triggered the activation
of regulatory T cells (Treg cells). In an HSV-1 ocular infection model, researchers observed
a strong correlation between the level of Treg cells and virus infectivity [90]. Furthermore,
depletion of Treg cells largely limited HSV-1 latency establishment. Stress-induced HSV-1
reactivation was tightly dependent on enhanced Treg cell functions, which can suppress
the immune surveillance by CD8+ T cells and permit viral replication. Taken together, Treg
cell may serve as a key target for controlling HSV latency and reactivation [90].

As for PRV, the relevant study upon immune modulation of its latency-reactivation
cycle is obviously lagged behind and mainly accompanied by PRV vaccine research. As
is known, modified live vaccines have been successfully used to control PRV infection
for many years [91]. However, vaccination with various live attenuated strains did not
induce complete inhibition of a latent PRV infection; meanwhile, live vaccine strains are
able to establish latency themselves [91,92]. Furthermore, the target neurons cannot be
superinfected with the wild-type virus once latently infected by a preceding live vaccine
strain [93]. In addition, although the significance of CD4+ T cells in protective immunity
against PRV infection was demonstrated in a murine model [94], the potential role of T cell
and its secreted cytokines in PRV latency-reactivation cycle still needs to be determined.
Taken together, it is suggested that the immune response induced by modified live vaccines
might play important roles in controlling wild-type PRV latency.
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6. Chromatin Regulation of Alphaherpesviruses Latency

Chromatin epigenetics, the regulation of nucleosomes and chromatin structure on the
genome, is an important determinant of cellular transcription, replication, and differentia-
tion. Recently, several studies have found that chromatin plays an important role in the
regulation of alphaherpesviruses latent and lytic infection [95] (Figure 2). During HSV-1 la-
tency, the viral DNA persists as an episome assembled in nucleosomal chromatin structure
in sensory neurons of peripheral ganglia [96,97]. Additionally, chromatin immunoprecipi-
tation (CHIP) assay shows that HSV lytic gene promoters are complexed with modified
histones associated with heterochromatin during latency establishment, and transcription
of the LATs promotes the formation of heterochromatin on viral lytic gene promoters [98,99].
Furthermore, the viral genome is enriched for several chromatin modifications, includ-
ing the histone H3 lysine 9 trimethyl (H3K9me3), H3K9 dimethyl (H3K9me2), and H3
lysine 27 trimethyl (H3K27me3) modifications [98–100], and H3K27me3 is a major form of
heterochromatin on the viral genome [99] (Figure 2). During lytic infection, there are no
histones present in the virion before infection [101,102]. Once the viral DNA enters the cell
nucleus, host cell could assemble chromatin on the naked viral DNA to silence incoming
genes, as is observed for transfected DNA [103]. However, there are few nucleosomes on
viral genome during virus replication period as demonstrated by nuclease-digestion assays.
It is found that viral DNA replicates and accumulates in replication compartments that
involves disruption of the host chromatin [104,105]. Moreover, several viral proteins are
involved in reducing viral DNA chromatin. VP16, the virion transactivator protein, has
been found to recruit the chromatin-modifying co-activators and underrepresentation of
histones at immediate-early gene promoters in addition to recruiting transcription factors
to immediate-early gene promoters [106]. VP16 defective mutant also showed increased
heterochromatin association with viral lytic promoters [106]. Therefore, VP16 plays an
important role in reducing total chromatin levels on immediate-early genes during lytic
infection. Meanwhile, ICP0 expression during HSV lytic infection results in an increase
in euchromatin formation at the lytic genes and a decrease in total histone in association
with immediate-early and early gene promoters [107]. ICP0 defective mutant shows in-
creased heterochromatin association with viral lytic promoters [108], indicating that ICP0
contributes to both histone removal at HSV lytic genes and modifications on histones
assembled on viral DNA during lytic infection.

For that of PRV, Zhang et al. establishes a detection method combined CHIP with
qPCR to determine the chromatin status of PRV in host cell during lytic infection. The
results show that PRV genome is associated with histone H3 and several segments of the
genome are presented as chromation state [109]. In addition, IE180 is able to potentiate the
activity of the major late promoter in a reconstituted chromatin assembly system. Function
of IE180 requires the simultaneous action of transcription factor IID (TFIID) and results
in the formation of stable preinitiation complexes within nucleosome-assembled DNA.
Meanwhile, in order to stimulate subsequent transcription, IE180 is required from the onset
of nucleosome assembly and it is uncapable of reversing nucleosome-mediated repression
once this repression established [110]. These results indicate that IE180 stimulates TFIID
binding to promoters and competes with nucleosomes during chromatin reconstitution.
However, the potential regulation mechanisms of chromatin in PRV latency are still unclear,
which need to be further explored in the future.
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Figure 2. Chromatin can play important roles in regulation of alphaherpesvirus latent and lytic
infection. During latent infection of neuronal cells, the virus capsid is transported to the nuclear pore
where viral genome is released into the nucleus. When the genome enters the nucleus, it can be rapidly
circularized and complexed with histones. Then the LAT is expressed and it promotes the association
of heterochromatin marks on the viral genome (left panel). During lytic infection of epithelial cells,
the virus capsid is also transported to the nuclear pore where the viral genome is released into the
nucleus. In the nucleus, viral genome rapidly circularizes and becomes associated with histones.
Then VP16 can decrease histone association with viral IE genes and increase euchromatin marks on
the remaining histones. ICP0 can be expressed and it promotes the same processes as VP16 on the
viral genome (right panel).

7. Conclusions and Prospects

Modified live vaccines against PRV have been successfully used for many years in
pig industry. Consistent with this, PRV in pigs has been well controlled and eradicated by
the use of vaccination in the United States and many European countries. However, the
genetically different PRV variants have emerged in China since late 2011, which makes
PRV control more difficult [3–5]. Additionally, PRV establishes a lifelong latent infection
in peripheral nervous system in pigs, which is similar as other alphaherpesviruses. Vacci-
nation with various live attenuated strains always fail to induce complete inhibition of a
latent PRV infection. After stress stimulus, the latently infected PRV is able to reactivate,
shed, and spread in susceptible pigs. Therefore, understanding the mechanisms behind
PRV latency-reactivation cycle is important for the control and eradication of PRV infection.

Nevertheless, the relevant advances in PRV latency are largely lagged behind com-
pared to other alphaherpesviruses such as HSV-1. An important reason is that PRV latency
cannot be stably established in the mouse model due to the severe lethality (~100%) of
PRV in mice. Therefore, studies upon PRV latency in vivo have to be conducted in pigs,
which make the relevant study more expensive and unmanageable. Hence, to establish
more convenient and stable animal model for PRV latency research, specific gene-edited
transgenic mice suitable for PRV latency and reactivation might be an important direction
to promote the related research in future. Although most studies on PRV latency and
reactivation involve animal models, in vitro models have been developed to provide a
more convenient approach for understanding the molecular biology of PRV latency. Most
of the in vitro models use dissociated neuron cultures to establish a quiescent infection,
and the isolated neurons usually need to be pretreated with IFN or replication inhibitors to
block the initial productive infection. Recently, Koyuncu et al. used a modified Campenot
tri-chambers to physically separate axons from their cell bodies. By culturing primary
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neurons derived from the superior cervical ganglia of rat embryos in these chambers, they
successively established reactivatable quiescent infections by PRV without treatment of any
replication inhibitor or cytokine [70,111]. This technique provides an important reference
tool for the relevant study of PRV latent infection in vitro.

In addition, referring to the related research progress of HSV-1 and other alphaher-
pesviruses, researchers can explore the mechanisms of PRV latency and reactivation from
aspects of PRV-encoded regulatory miRNA, LAT-encoded unknown regulatory proteins
(e.g., the analogues of BHV-1 ORF2), other viral proteins involved in virus latency or
reactivation, both innate and adaptive host immune regulation and chromatin epigenetics
on viral genome. It is convinced that the continuous discovery of PRV latency mechanisms
will contribute to proposing novel therapeutic methods for PRV control in future.
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Abstract: Pseudorabies virus (PRV) can infect most mammals and is well known for causing substan-
tial economic losses in the pig industry. In addition to pigs, PRV infection usually leads to severe
itching, central nervous system dysfunction, and 100% mortality in its non-natural hosts. It should be
noted that increasing human cases of PRV infection have been reported in China since 2017, and these
patients have generally suffered from nervous system damage and even death. Here, we reviewed the
current prevalence and variation in PRV worldwide as well as the PRV-caused infections in animals
and humans, and briefly summarized the vaccines and diagnostic methods used for pseudorabies
control. Most countries, including China, have control programs in place for pseudorabies in do-
mestic pigs, and thus, the disease is on the decline; however, PRV is still globally epizootic and an
important pathogen for pigs. In countries where pseudorabies in domestic pigs have already been
eliminated, the risk of PRV transmission by infected wild animals should be estimated and prevented.
As a member of the alphaherpesviruses, PRV showed protein-coding variation that was relatively
higher than that of herpes simplex virus-1 (HSV-1) and varicella-zoster virus (VZV), and its evolution
was mainly contributed to by the frequent recombination observed between different genotypes or
within the clade. Recombination events have promoted the generation of new variants, such as the
variant strains resulting in the outbreak of pseudorabies in pigs in China, 2011. There have been
25 cases of PRV infections in humans reported in China since 2017, and they were considered to be
infected by PRV variant strains. Although PRV infections have been sporadically reported in humans,
their causal association remains to be determined. This review provided the latest epidemiological
information on PRV for the better understanding, prevention, and treatment of pseudorabies.

Keywords: pseudorabies virus; epidemiology; variation; pig; human pseudorabies encephalitis

1. Introduction

Pseudorabies virus (PRV), the causative agent for Aujeszky’s disease, belongs to the
family Herpesviridae, subfamily Alphaherpesvirinae, and genus Varicellovirus [1]. Similar
to other members of the Varicellovirus, PRV is neurotropic and can establish latent infection
in the peripheral nervous system [2,3]. Pigs are the natural hosts of PRV, showing neuro-
logical disorders in newborn piglets and reproductive failure in sows after infection [4].
Worldwide attempts to control PRV infection in pigs have been ongoing for decades by
attenuated marker vaccines with virulence-associated gene deletion and respective sero-
logical diagnostic tests [5]. However, long-term immune pressure could promote PRV
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variation for immune escape, creating new challenges for the future prevention and control
of pseudorabies. Moreover, PRV infection in humans has been reported recently, and the
number of cases has been increasing since 2017, but the causative association and the
pathogenic mechanism remain unclear. In addition to its pathogenicity, PRV has been
widely studied as an ideal model for investigating herpesviruses’ molecular biology and
pathogenic mechanism [6]. It has also been utilized as a living tracer in neural circuits and
a promising oncolytic virus [7]. Therefore, it is of significant importance to understand the
current clinical prevalence and variation in PRV for the better understanding, prevention,
and control of pseudorabies and the appropriate application of PRV.

2. Epidemiology of PRV
2.1. The Prevalence of PRV in the World

PRV infection was first defined as “mad itch” in bovines in America in 1813 [8], and
PRV was successfully isolated about 100 years later [9]. With the global development of
the pig industry, pseudorabies caused by PRV firstly broke out in pigs worldwide during
the 1970s–1980s and was a pandemic for decades (Figure 1A). Currently, PRV is mainly
circulating in domestic pigs in Argentina, Bosnia and Herzegovina, China, Croatia, Cuba,
France, Hungary, Italy, Mexico, Papua New Guinea, Poland, Portugal, Spain, and the
United States of America, according to OIE reports from 2019 to 2021 [10]. Due to efficient
vaccination and eradication measures, pseudorabies in domestic pigs has been eliminated
in Germany, the United Kingdom, Ireland, South Korea, Sweden, Colombia, Denmark,
New Zealand, and many other countries. However, it is difficult to maintain the elimination
status, as indicated by second outbreaks of pseudorabies in Argentina in 2019 and France
and Mexico in 2020 [10].

In the countries or districts in which pseudorabies has eliminated in domestic pigs,
virus transmission from infected wild boars is a critical threat for these domestic pigs.
Therefore, serological investigations in wild boars have been conducted in many countries
to monitor the transmission risk (Figure 1B). In Italy, the PRV prevalence in wild boars
varied from 4% to 30% because of the different densities of wild boar populations, and
30.39% of 1425 sera samples collected from wild boars between 2011 and 2015 in northwest
Italy were positive for PRV antibodies [11]. An overall nationwide PRV seroprevalence
of 12.09% was detected from 108,748 sera samples from wild boars in Germany from
2010 to 2015 [12]. The PRV seroprevalence rate of wild boars in Switzerland is the lowest
among those recorded in Europe, with samples collected between 2008 and 2013 having a
seroprevalence of 0.57% [13]. In the United States, 8498 sera samples were collected from
wild boars in 35 states from 2009 to 2012, among which the samples from 25 states had a
total positivity rate of 18% [14]. The above data indicate a high prevalence of PRV in wild
boars and a risk of transmission to domestic pigs. Therefore, routine measures, including
fencing and disinfection, should be taken in the epizootic areas with pseudorabies to
prevent direct transmission from contact between wild boars and domestic pigs or indirect
transmission mediated by people and hunting tools. Moreover, it has been proposed to
reduce PRV prevalence in wild boars by controlling the density of wild boars [11] and the
reactivation and spillover of latent PRV. In summary, for the pig farms in most countries, it
is essential to ensure a sufficient biosafety distance between domestic pigs and wild boars
and to ensure appropriate control of pseudorabies prevalence in wild boars.

34



Viruses 2022, 14, 1463Viruses 2022, 14, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. The prevalence of pseudorabies worldwide: (A) epidemic history of PRV worldwide. The 
red explosion shape represents outbreaks of pseudorabies. (B) The reported surveillance of PRV 
infection in wild boars, as illustrated by PRV gE antibody positive rate. (C) Epidemic history of PRV 
in China. The red explosion shape represents outbreaks of pseudorabies. (D) The positivity rate of 
PRV gE antibody and PRV gE nucleotide sequences detected in nationwide samples in China from 
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alence after 1990. However, by the end of 2011, another PRV outbreak occurred from var-
iant PRV strains, even in the pig farms with routine immunization. Since then, the PRV 
prevalence rate in China has raised sharply and remains high in some provinces (Table 1). 

PRV gE sequences and antibodies in samples collected nationwide from 2012 to 2021 
were detected to monitor the prevalence of pseudorabies in pigs in China. Since the com-
mercial PRV vaccines are all strains with gE gene deletion, the gE antibody is considered 
to be an indicator of infection caused by wild strains. Additionally, the detection of the gE 
sequence indicates the presence of the virus in pigs. gE antibody prevalence has increased 
rapidly since the occurrence of variant strains in 2011, and it peaked at 39.92% (3733/9350) 
in 2016, when the positive rate of gE specific sequence was as high as 14.06% (399/2837). 
Subsequently, the PRV gE antibody and sequence positivity rate gradually decreased to 
15.38% (5971/38,821) and 1.52% (53/3503) in 2021, respectively, probably attributed to by 

Figure 1. The prevalence of pseudorabies worldwide: (A) epidemic history of PRV worldwide. The
red explosion shape represents outbreaks of pseudorabies. (B) The reported surveillance of PRV
infection in wild boars, as illustrated by PRV gE antibody positive rate. (C) Epidemic history of PRV
in China. The red explosion shape represents outbreaks of pseudorabies. (D) The positivity rate of
PRV gE antibody and PRV gE nucleotide sequences detected in nationwide samples in China from
2012 to 2019.

2.2. The Prevalence of PRV in China

Pig farms in China have suffered from large-scale outbreaks of pseudorabies since the
1970s (Figure 1C). The natural attenuated vaccine strain Bartha-K61 was imported in 1979,
and several attenuated strains developed from local classical PRV strains such as Ea and Fa
were also utilized to control the pandemic, leading to a remarkably reduced prevalence
after 1990. However, by the end of 2011, another PRV outbreak occurred from variant PRV
strains, even in the pig farms with routine immunization. Since then, the PRV prevalence
rate in China has raised sharply and remains high in some provinces (Table 1).

PRV gE sequences and antibodies in samples collected nationwide from 2012 to
2021 were detected to monitor the prevalence of pseudorabies in pigs in China. Since the
commercial PRV vaccines are all strains with gE gene deletion, the gE antibody is considered
to be an indicator of infection caused by wild strains. Additionally, the detection of the gE
sequence indicates the presence of the virus in pigs. gE antibody prevalence has increased
rapidly since the occurrence of variant strains in 2011, and it peaked at 39.92% (3733/9350)
in 2016, when the positive rate of gE specific sequence was as high as 14.06% (399/2837).
Subsequently, the PRV gE antibody and sequence positivity rate gradually decreased to
15.38% (5971/38,821) and 1.52% (53/3503) in 2021, respectively, probably attributed to by
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the development and application of vaccines based on the variant strains (Figure 1D). The
updated variant vaccine strains and the decreased prevalence supported the importance
of the high genomic identity between vaccine strains and field strains. However, several
provinces in China still show a serious epidemic situation of pseudorabies, with gE antibody
prevalence varying from 7.50% to 62.74% (Table 1). Although pseudorabies in domestic
pigs in China is currently under control, it is necessary to monitor the variation in PRV
strains and to accelerate the current elimination programs.

Table 1. The gE antibody positivity rate in different provinces in China.

Region
gE Positive Rate (gE Positive Samples/Total Samples)

Reference
2016 2017 2018 2019

Beijing 33.66% (662/1966) / 20% (4/20) / [15,16]
Chongqing 1.6% (11/702) 9.4% (60/637) 7.5% (60/798) 11.5% (53/460) [17]

Fujian 37.37% (111/297) 26.11% (53/203) 27.32% (50/183) / [18]
Guizhou 1.89% (27/1480) 16.85% (538/3192) 16.85% (538/3192) 8.5% (92/1078) [19]

Guangdong / / 33.60% (1084/3226) / [16]
Guangxi 22.87% (854/3734) 23.71% (996/4200) 20.60% (766/3718) / [16,20]
Henan 26.21% (3513/13,404) 28.82% (4755/16,497) 25.31% (3000/11,854) 26.69% (3460/12,963) [21]
Hebei / / 62.74% (367/585) 50.05% (5245/10,479) [16,22]

Heilongjiang 15.36% (474/3086) 15.50% (539/3478) 11.64% (318/2731) / [23]
Hubei / / 13.21% (123/931) / [16]
Hunan 24.4% (344/1410) 23.2% (349/1504) 44.64% (1011/2265) / [24]
Jiangxi 40.1% (362/902) 34.6% (318/919) 27.41% (1769/6455) / [16,25]

Qinghai 28.17% (131/465) 19.75% (157/794) / / [26]
Shandong 57.8% (2909/5033) 50.4% (2476/4915) 55.2% (2072/3753) / [27]
Sichuan / / 32.49% (952/2930) /

[16]Yunnan / / 17.07% (306/1793) /
Tianjin 40.43% (970/2399) 37.02% (2219/3793) 51.59% (1957/3793) / [28]

/ Data not provided in the reference.

3. Genotyping and Variation in PRV
3.1. Genotyping of PRV

Different PRV strains differ in biological characteristics even though they are in one
serotype. The restriction fragment length pattern (RFLP) was used in PRV genotyping [29],
especially in RFLP based on BamHI. BamHI-RFLP divides the PRV strains into genotypes I-
IV [30–32]. BamHI-mPCR is a method that combines BamHI-RFLP with the highly sensitive
multiplex PCR. It can be applied to PRV genotyping in samples with a low DNA content
without virus isolation [33]. Genotyping based on the gC gene and genomes has been
increasingly applied in the development of sequencing technology. The gC gene is one
of the most variable regions in the genome [34]. Based on the phylogenetic analysis of
729 global gC sequences, PRV can be divided into two genotypes with Chinese isolates in
genotype II and with isolates from other places in genotype I. The most recent common
ancestor of the two genotypes was divided into two genotypes and evolved separately
around A.D. 1013 [35]. PRV strains in genotype I can be divided into six subtypes, and
subtype 1.6 includes Chinese isolates that are closely related to Bartha-k61 [35]. Genotype
II can be divided into two subtypes. Subtype 2.1 contains Chinese classical strains isolated
in the 1990s, and subtype 2.2 mainly consists of the variant strains isolated after 2011 [36].
In addition, tandem short sequence repeats (SSRs), a class of nucleic acids motifs, might be
another molecular basis for PRV genotyping in future studies. SSRs exist in almost 20%
of the PRV genome. The changes in length in the SSRs have been associated with DNA
binding site efficiency, transcription regulation, and protein interactions [37]. Therefore,
the differences in SSR length between strains might explain the differences in the biological
characteristics of different PRV strains in the same serotype.

36



Viruses 2022, 14, 1463

3.2. The Evolution of PRV Based on Natural Mutation-Selection

Alphaherpesvirinae genomes are relatively stable with minor variation in the sequences
among strains. The average rate of protein-coding variation in PRV was 1.6%, which is
higher than the 1.3% of herpes simplex virus-1 (HSV-1) and the 0.2% of varicella-zoster virus
(VZV) [37]. The mean substitution rate of the PRV genome is 4.82 × 10−5 substitutions per
site annually [35]. Furthermore, Bayesian skyline coalescent reconstruction illustrated that
the relative genetic diversity of genotype I remained unchanged, while in genotype II, the
diversity decreased from 2004 to 2010 and increased sharply from 2010 to mid-2012 and
was maintained at a high level in 2016 [36]. The time points of the diversity changes in
genotype II are consistent with those of pseudorabies control and epidemic in China.

Natural mutation-selection could contribute to the diversity changes in the PRV
strains in genotype II. Positive selection has been detected in the amino acid residues at
site 43/75/505/834/848/908/922 of gB, site 348/575/578 of gE, and site 59/75/194 of
gC but not in gD [36,38,39]. In addition, site 929/934 of gB, site 495/540 of gE, and site
59/75/76/191 of gC are involved in the adaptive evolution after cross-species transmission.
The amino acid residue at site 59 of gC participates in positive selection and adaptive
evolution, the function of which is related to the viral adsorption process [36]. The variation
in the gB, gE, and gC proteins in Chinese variants of PRV may facilitate escaping from the
host immune response and adapting to the new host after cross-species transmission.

The genetic diversity supported by SSRs might also promote PRV evolution. SSRs have
been found in all herpesviruses. Their length varies in different strains of PRV and HSV-1,
and a few SSRs diversity can be detected, even during the PRV plaque purification. In the
SSR analysis of Kaplan, Becker, Bartha, and other strains, it was observed that SSRs existed
in both coding and non-coding sequences, promoters, and open intergenic sequences,
mainly in the IR-US-TR region. Furthermore, 62% of the SSRs in PRV, including most of
the SSRs in the coding region, contain triplet-based repeats, such as 3-mer, 9-mer, 27-mer,
etc. These triplet-based SSRs not only contribute to genetic diversity but also remain the
original frame of the coding sequence [37]. These subtle changes, such as changes in SNPs
and SSR length, support genetic diversity and promote PRV evolution.

3.3. Frequent Recombination between PRV Strains Significantly Contributes to Virus Evolution

The frequent inter- and intra-genotype recombination of PRV has been reported
(Table 2). Recombination between the field strains is important for PRV evolution since
alphaherpesviruses have DNA polymerases with high proof-reading activity and exonucle-
ase activity [40]. There was a high recombination rate in vivo after co-inoculating different
PRV strains in sheep and pigs [41,42]. In another report, a South Korean isolate (Yangsan)
was located between genotype I and genotype II in the phylogenetic tree base on UL21
when located in genotype II in the phylogenetic trees based on US2, gD, and US9, which
suggested recombination between genotypes I and II in UL21 [35]. Similarly, inter-clade
recombination between genotypes I and II was detected in gB of PRV FJ-W2, FJ-ZXF, and
FJ62 [38,43]. There was a recombination analysis of 29 full-length genomes, and more
than four of the seven methods showed that almost all of the PRV strains demonstrated
recombination. It was suggested that intra-clade recombination was more frequent than
inter-clade recombination. Moreover, Chinese variant strains such as HeN1 and Qihe547
may have originated from the recombination between the isolates in genotype I and the
vaccine isolates in genotype II (such as Ea and Fa) [36].

In addition, recombination between the field isolates and vaccine strain Bartha-K61
has been frequently detected. JSY13, which was isolated in Jiangsu in 2018, has been
found to be a natural recombinant strain between Bartha-K61 in genotype I and JSY7
in genotype II. The recombination involves the genes UL42, UL19, UL18, and UL10 [44].
Moreover, the earlier isolates in genotype II such as SC and LA may have originated from
recombination between the foreign isolates (such as Bartha-K61) and the early epidemic
PRV in China [36]. Consistently, it has been reported that SC is a recombinant strain
between the Chinese early local PRV isolate and the vaccine strain Bartha-K61 [45]. In our
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recombination analysis based on 55 PRV genomes, a total of 23 recombination events were
identified, with 16 events observed between Bartha-K61 and the Chinese strains [39]. The
vaccine strain Bartha-K61 has been widely used to control porcine pseudorabies in China
for decades. These recombination events, especially those between vaccine strains and
field strains, suggest that long-term immunity has dramatically contributed to the variation
and evolution of PRV, which may explain the pseudorabies variant outbreak in China in
late 2011.

Table 2. The reported recombination events of PRV.

Strain Isolation Country Recombination Pattern Recombination Site Reference

Yangsan South Korean genotype I and genotype II UL21 [35]
FJ-W2, FJ-ZXF Fujian, China genotype I and genotype II gB [38]

FJ62 Sichuan, China genotype I (Wild boar) and genotype II gB [43]

JSY13 Jiangsu, China genotype I (Bartha) and genotype II (JSY7) UL42, UL19,
UL18, UL10 [44]

SC China genotype I (Bartha) and genotype II gC [45]
HeN1, Qihe547 China genotype I and genotype II (vaccine strains) /

[36]SC, LA China genotype I and genotype II (early strains) /
ZJ01 China genotype I and genotype II /

/ Data not provided in the reference. The gene names were shown in italics.

4. PRV Infections in Animals and Potentially in Humans
4.1. PRV Infections in Pigs and Other Animals

Pigs are the natural host and reservoir of PRV. Infected newborn piglets can show neu-
rological symptoms on the second day after birth, including screaming, ataxia, opisthotonos,
and padding, and mortality can be as high as 100%. In contrast, infected fattening pigs
generally show temporary temperature elevation, respiratory symptoms, and low mortality
with occasional neurological symptoms. Moreover, PRV infection causes severe reproduc-
tive disorders, including orchiditis and epididymitis in boars and pregnancy failure in
sows [46,47]. Additionally, PRV can establish latency in the peripheral nervous system of
the tolerated pigs after infection. Latent infection is characterized without virus replication
and clinical symptoms. After latency, virus reactivation can be triggered by certain factors
that interfere with host immunity [6], resulting in virus spillover and disease outbreaks.
Thus, latency in pigs is a major risk and an obstacle in the late stage of PRV elimination.
Future research on the virus latency is critical for establishing PRV-free domestic pig herds.

PRV is also infectious to many other mammals, including ruminants, carnivores,
and rodents, and is characterized by severe itching and central nervous system (CNS)
dysfunction with 100% mortality [48]. PRV infections in non-natural hosts are generally
experimental infections or natural infections likely associated with pigs. Natural infections
in farmed cattle have been reported worldwide and are related to contact with infected
pigs [49,50]. Infected cattle show mad itch, epilepsy, and paralysis [51]. In 2018, nine cattle
were infected by the Chinese variant PRV strain SDLY-China-2018. The infected cattle
were raised very close to the pigs positive for the gE antibody, suggesting possible virus
transmission from pigs to cattle [49]. In addition, an outbreak of pseudorabies was reported
in a flock of 160 ewes housed next to PRV-infected pigs under virus spillover, and 5 cats on
this farm were also infected by PRV [52]. Moreover, it has been observed that PRV cannot
be horizontally transmitted between infected sheep and healthy sheep [53].

In companion animals, cats and dogs can be infected by PRV through contact with
infected pigs, and hunting dogs are more susceptible due to frequent contact with wild
animals [54,55]. These dogs died shortly after showing neurological symptoms [56].

PRV infections in wild animals have also been widely reported, including in wild
boars [57], foxes [58], wolves [59], brown bears [60], black bears [61], Florida cheetahs [62],
lynx [63], and raccoons [64]. In the experimental infection of raccoons and pigs, PRV
transmission did not occur between raccoons but did occur between raccoons and swine
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via contact or predation [64], which was similar to the transmission pattern between sheep
and pigs. In 2014, a mink farm in northern China suffered from PRV infection due to
feeding raw pork contaminated PRV, resulting in diarrhea, neurologic signs, and 80–90%
mortality [65].

According to the above virus transmission patterns of pig–cattle, pig–sheep, pig–cat,
pig-dog, and wild boar–hunting dog, it is likely that pigs are the core reservoir for the PRV
cross-species transmission. However, PRV infection in non-reservoir animals is different
from that in pigs. Under natural infection conditions, these non-natural hosts develop
itching, severe neurological symptoms, and even death, while there is no latent infection.

4.2. Potiential PRV Infections in Humans

It is controversial whether PRV can infect humans for the past one hundred years. No
PRV-specific neutralizing antibody has been detected in 455 individuals with suspicious
symptoms or occupations that put them at risk for infection, and no symptoms have been
observed in volunteers injected with PRV at doses of 103.4 TCID50 (intradermal) or 106.1

TCID50 (subcutaneous) [66]. These results indicate that humans are not susceptible to PRV
infection, or at least not to the PRV strain used. However, in 1914, two laboratory workers
had their hands injured during contact with a PRV-infected cat and developed itching and
swelling of the wound. As a result, PRV infection was suspected [66]. Moreover, three
human cases have been reported in Europe, showing positive responses to PRV-specific
neutralizing antibodies and neurological symptoms such as dysphagia, paresthesia, and
tinnitus [67]. From 1914 to 1992, there were 17 reported cases of suspected PRV infection,
and these patients developed pruritus, weakness, and pain (Table 3).

Table 3. Suspected case reports of human infection with PRV between 1914 and 1992.

Case Year Occupation Contact History Clinical Symptoms Antibody
Detection

Pathogen
Detection Outcome Reference

1 1914 Lab
technician A laboratory cat

with pseudorabies

Swelling, reddening, and
intense itching of the

wound and the
surrounding area

/ / Survived
[66]

2 1914 Lab
technician / / Survived

3 1940 Lab
technician

Got injured during
contacting with a
dog infected with

PRV

Pruritus, erythema, pain,
and aphthous stomatitis

/ / Survived
[68]

4 1940 Lab
technician / / Survived

5 1963 Animal
handler

A dog infected
with PRV following

an outbreak of
pseudorabies on a

pig farm

Severe throat pain and
weakness in the legs

/ / Survived

[66]6 1963 Animal
handler / / Survived

7 1963 Veterinary / / Survived
8 1963 Nightwatchman / / Survived

9 1983 Tourist in
Denmark

Indirect contact
with

a sick cat

Anorexia, weight loss,
headache, arthralgia Neutralizing

antibody
Titer:

1:8–1:16

/

Survived [67]
10 1986 Tourist in

France
Close contact with

cats and other
domestic animals

Dysphagia, experienced
strange smells and taste

/

11 1986 Tourist in
France /

12–17 1992
Six workers
on a cattle

farm

Direct contact with
PRV infected cattle

Pruritus of the palms that
spread onto the arms and
shoulders and lasted for

several days

/ / Survived [69]

/ Data not provided in the reference.

Since 2017, 25 more human cases of PRV infection have been reported. These cases
were diagnosed by detecting PRV-specific antibodies with enzyme-linked immunosorbent
assay (ELISA) and PRV nucleotides with PCR or metagenomic next-generation sequencing
(Table 4). Notably, the PRV strain hSD-1/2019 was isolated from the cerebrospinal fluid sam-
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ple of one patient, providing direct etiological evidence for PRV infection in humans [70].
Among the 25 cases, 100% of patients showed high fever and neurological symptoms; 56%
showed severe visual impairment, including acute retinal necrosis, vitreous opacity, and
blindness; and 16% of the patients died. In addition, 95% of the survivors suffered from
severe sequelae, including visual impairment, vegetativeness, cognitive impairment, and
memory loss. The CNS dysfunction related to PRV infection in these human cases has been
defined as pseudorabies encephalitis (PRE) [71].

All 25 of these patients had a contact history with pigs or pork, indicating the impor-
tance of the infected pigs in human infection with PRV. However, more evidence is needed
to support viral transmission from pigs to humans. Currently, it is believed that there are
no reported cases of human–human transmission since the contacts of the patients have
remained healthy. According to our investigation, the gB antibody-positive rates were
40.91% and 45.95% in the contacts of the two patients, while the gE antibodies were all
negative [72]. Moreover, a retrospective investigation of 1335 serum samples from patients
with encephalitis in 2012, 2013, and 2017 showed gB antibody positivity rates of 12.16%,
14.25%, and 6.52%, respectively [73]. Therefore, the positivity rates of the gB antibody in
the associated populations were unable to be ignored, and gE antibody seroconversion
could be an essential basis for diagnosis.

Table 4. Case reports of human infection with PRV between 2017 and 2021.

Case Year Occupation Contact History Clinical Symptoms Antibody
Detection Nucleotide Outcome Reference

1 2017 Swineherder Sewage spilled into
eyes

Fever, headache, visually impaired,
endophthalmitis gB antibody + Survived [74]

2 2017 Pork dealer Cut hand by a meat
cleaver

Fever, headache, consciousness
disorders, seizures, retinitis,
encephalitis PRV antibody-

positive in
three patients

+ Survived

[71]3 2017 Cook / Fever, headache, seizures,
consciousness disorders + Died

4 2017 Pig butcher / Fever, headache, seizures,
consciousness disorders + Survived

5 2018 Pig butcher / Fever, seizures, consciousness
disorders, retinitis + Survived

6 2018 Veterinary

Hands were
punctured by a
knife used for the
autopsy of dead
swine

Fever, headache, seizures,
respiratory failure, disturbance of
consciousness, encephalitis

gB antibody
gE antibody + Survived [75]

7 2018 Swineherder Needlestick injury Fever, seizures, consciousness
disorders, encephalitis

neutralizing
antibody + Survived [76]

8 2018 Pig butcher Finger hurt by a
pig

Fever, headache, visual
disturbances, convulsions

/

+ Survived

[77]
9 2018 Pig butcher Hand injury before

hospitalization

Fever, memory loss, consciousness
disorders, convulsions, respiratory
failure

+ Survived

10 2018 Swineherder Hand injury before
hospitalization

Fever, extremity tremors,
respiratory failure, vision loss + Survived

11 2018 Porker cutter Hand injury at
work

Fever, convulsions, respiratory
failure + Survived

12 2018 Porker cutter No injury Fever, extremity tremors,
respiratory failure, vision loss + Survived

13 2011 Pork dealer / Fever, psychotic behavior, seizures Died

[78]
14 2018 Pig butcher / Fever, seizures, consciousness loss,

retinal necrosis + Died

15 2018 Swineherder / Fever, seizures, cognitive decline,
respiratory failure, blindness + Survived

16 2018 Driver / Fever, seizures, consciousness loss + Survived

17 2019 Pork dealer Contact with pork
with injured fingers

Fever, seizures, consciousness
disorder, encephalitis

PRV antibody
positive + Survived [79]
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Table 4. Cont.

Case Year Occupation Contact History Clinical Symptoms Antibody
Detection Nucleotide Outcome Reference

18 2018 Veterinary / Fever, headache, memory loss,
seizures, consciousness disorders

gB antibody
gE antibody
Neutralizing
antibody

+ Survived

[70]19 2019 Pig butcher Hand injury
Fever, headache, respiratory failure,
memory loss, seizures,
consciousness disorders

+ Survived

20 2019 Pig butcher Finger injury
Fever, headache, respiratory failure,
memory loss, seizures,
consciousness disorders

+ Survived

21 2019 Pig butcher /
Fever, headache, consciousness loss,
seizures, bilateral retinal
detachment, encephalitis

/ + Survived [80]

22 2020 Swineherder / Fever, coma, endophthalmitis / + Survived [81]

23 2021 Housewife / Fever, headache, seizures, coma,
respiratory failure

/ + Survived [82]24 2021 Swineherder / / + Died

25 2021 Pig butcher Hand injury at
work

Fever, consciousness loss, seizures,
respiratory failure / +

discharged
with
ventilator
support

[83]

/ Data not provided in the reference. + Nucleotide sequences were detected positive in the cases.

Comparing the cases listed in Tables 3 and 4, it seemed that the infectivity and infection
characteristics of PRV in humans have significantly changed. The cases reported between
1914 and 1992 were diagnosed by clinical symptoms and contact history. The patients had
contact with infected cats, dogs, or cattle and showed cold-like symptoms such as fever,
sore throat, limb weakness, and itching in most cases (Table 3). With the development of
detection technology, the diagnostic basis has become more detailed. The cases reported
after 2017 were diagnosed by PRV-specific antibodies and nucleic acid. Infected pigs and
contaminated pork were the common contact history. The patients generally started with
influenza-like symptoms that quickly developed into neurological symptoms within five
days, with some even dying or experiencing disability at the end of the disease (Table 4).
Thence, the possible virus source in these cases and the virulence of the PRV strains might
have changed. The PRV strains resulting in infection in patients have been reported to
be phylogenetically closer to the PRV variant strains currently circulating in Chinese pig
populations [70,74,76]. The variant strains isolated in China after 2012 have been sequenced
and found to be quite different from foreign strains and Chinese classical strains such as
Ea, Fa, LA, and SC. Based on genome sequencing of the variant stains TJ, HNX, and ZJ01
and a comparative analysis with the classical strains, VP1/2 (UL36), ICP22 (US1), and
ICP4 (IE180) are the most variable proteins, and gE (US8), gB (UL27), gC (UL44), and gD
(US6) are the main variable glycoproteins [84–86]. PRV gE is a crucial virulence factor
related to the anterograde transport of viral particles in neurons [87] and is one of the genes
commonly deleted in live attenuated vaccine strains. The experimentally constructed rLA-
ZJ01/gEI developed by replacing the gE and gI of LA with the gE and gI of ZJ01 was more
pathogenic to piglets than LA, implying that the changes in the gE and gI proteins partially
contribute to the enhanced virulence of ZJ01 [86]. gB and gC are the core proteins required
for the invasion of all herpesviruses and also the major immunogenic proteins [88]. PRV
BJB that was reconstructed by replacing the gB of Bartha-K61 with the gB of JS-2012 showed
increased protective efficacy against JS-2012 than Bartha-K61 [89]. Therefore, changes in
these proteins are associated with the different biological characteristics of the PRV variant
strains. It would be interesting to investigate the transmission and infection of PRV variant
strains to humans based on these variations.

Additionally, to assess the risk of PRV infection in humans, it is vital to analyze whether
all of the PRV variant strains or only specific PRV strains can infect humans. However, it
is difficult to identify the general characteristics of PRV strains that infectious to humans
since only one human-originated PRV strain has been isolated. In the phylogenetic analyses
based on the gE and gC sequences of 54 PRV strains isolated from domestic pigs (44), dogs
(9), and bovine (1) in Italy, most of the PRV strains from pigs, three of the strains from dogs
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working on pig farms, and PRV from bovine were closely related in the same clade, while
five strains isolated from hunting dogs were highly close to the PRV strains from wild
boars [90]. Therefore, it is presumed that the contact degree between different susceptible
hosts was one of the critical points accounting for PRV cross-species transmission.

In fact, Nectin-1, Nectin-2, and HveD have been confirmed to mediate PRV infection
in human and mouse cells [91]. Nectin-1 is highly conserved in mammals. Swine nectin-1
and human nectin-1 share 96% identity in amino acids, and they can both mediate the entry
of HSV-1, herpes simplex virus-2 (HSV-2), PRV, and bovine herpesvirus 1 (BHV-1) [92,93].
PRV gD has been shown to bind swine nectin-1 and human nectin-1 with similar affinity,
and the key residues of the interaction interface are conservative, providing structural
evidence for PRV infection in humans [94]. However, there may be more ligands and
receptors since it has been found that PRV can still infect Chinese hamster ovary cells, even
without gD receptors [95]. PRV mutants without gD can be cultured and passaged to reach
a high virus titer through cell-to-cell transmission [96]. Through porcine genome-wide
CRISPR/Cas9 library screening, sphingomyelin synthase 1 (SMS1) was identified to be
critical for PRV mutants without the gD gene to infect porcine kidney cells. When SMS1
was knocked out in the cells, the infection efficiency of PRV mutants without the gD gene
decreased by 90%. This indicates that SMS1 plays a crucial role in PRV infection when the
gD-mediated invasion pathway is blocked [97].

Moreover, HVEM mRNA and membrane-bound proteins have been shown to be
expressed in the human adult retinal pigment epithelial cell line-19 (ARPE-19) [98], corneal
fibroblasts cells [99], trabecular meshwork cells [100], conjunctival epithelial cells [101], and
corneal epithelial cells [102]. Neutralizing antibodies or interfering RNA against HVEM
could significantly reduce the entry of HSV-1 to these cells. Furthermore, previous studies
have shown that HVEM can promote HSV-1 replication in mouse eyes [103,104]. Obviously,
HVEM is associated with HSV-1 infection and pathogenicity in the eyes, so the common
visual impairment in patients infected with PRV might be correlated to HVEM.

5. Vaccines and Diagnosis Methods for Pseudorabies

PRV infection in domestic pigs has been well controlled and even eliminated in
many countries using vaccines and diagnostic tests, supporting the effectiveness of the
DIVA concept. DIVA means the differentiation infected from vaccinated animals through
the use of marker vaccines and respective serological diagnostic tests. After classically
attenuated live vaccines developed by passaging, such as Bartha-K61, live virus vaccines
lacking the major virulence-determining genes were developed by genetic engineering.
The deletion of one or more genes targeting the gE, gI, TK, and gG genes are the typical
choices [105–108]. Currently, based on homologous recombination, CRISPR/Cas9, bacterial
artificial chromosome (BAC), and other genetic engineering technologies, gene-deletion
strains can be rapidly constructed and assessed [108].

It should be noted that vaccine strains ought to be constructed based on the epizootic
strains in the field to ensure the highest protection efficacy and reduce virus variation
caused by recombination. Before 2011, pseudorabies in China had been well controlled
by vaccination with Bartha-K61 and other vaccines constructed based on local classical
strains. However, since late 2011, PRV variant strains have caused pseudorabies outbreaks
in China. It has been reported that the variant strains are more virulent than the classical
strains and that the classical vaccines can no longer provide sufficient protection against the
variant strains [4,84]. The live attenuated vaccines based on variant strains such as SMX,
TJ, ZJ01, and HN1201 were developed and showed adequate protection against the variant
strains [107,109–111]. Therefore, it is necessary to monitor the changes of field strains
continuously and to periodically construct new vaccine candidates. Field strains should be
isolated from the wild boars in the countries in which pseudorabies has been eliminated in
domestic pigs. Additionally, more detailed PRV typing methods are required to distinguish
the differences among PRV strains and to select strains for vaccine development.
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Meanwhile, diagnostic tests together with PRV gene-deletion vaccines are essential
for applying DIVA. The indirect ELISA targeting of the gB and gE antibodies is one of
the most widely applied serological approaches for differential diagnosis [5]. In addition,
diverse molecular biological approaches targeting PRV genes have been established, such
as PCR, real-time PCR, nano PCR, loop-mediated isothermal amplification (LAMP), and
droplet digital PCR [108]. The sensitivity and specificity of these diagnostic approaches
will undoubtedly be further improved. For areas with a low prevalence of pseudorabies,
sensitivity is the primary concern of the diagnosis so that sporadically infected pigs can be
diagnosed and eliminated. Timely diagnosis is vital for reducing the losses caused by the
virus spreading among the pig population. Therefore, easy-to-operate, accurate, and on-site
testing are required to develop new diagnostic methods. One of the difficulties among
the current pseudorabies diagnostic technologies is that they cannot detect PRV during
latency. In the final stage of pseudorabies eradication programs, infected pigs should be
culled, while latently infected pigs cannot be detected using existing methods. They will
be excluded through herd updating on the farms if there is no viral activation. However,
many risk factors are associated with viral reactivation on pig farms. Therefore, developing
specific methods to detect latently infected pigs is particularly important for the future
prevention, elimination, and eradication of pseudorabies.

6. Conclusions

PRV is an important pathogen for pigs and other animals. As an alphaherpesvirus
showing a relatively high rate of protein-coding variation, it is necessary to monitor the
epidemiology and variations of this virus. In this review, we summarized PRV prevalence
in China and worldwide, how PRV evolution was contributed to by natural selection
and recombination, and PRV infections in animals and humans. All of this information
facilitates future research and the control of pseudorabies. PRV elimination in the swine
population should be further accelerated with better vaccines and diagnostic approaches.
PRV can potentially infect humans, and further investigation is warranted.
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Abstract: Pseudorabies (PR), also called Aujeszky’s disease (AD), is a highly infectious viral disease
which is caused by pseudorabies virus (PRV). It has been nearly 200 years since the first PR case
occurred. Currently, the virus can infect human beings and various mammals, including pigs,
sheep, dogs, rabbits, rodents, cattle and cats, and among them, pigs are the only natural host of
PRV infection. PRV is characterized by reproductive failure in pregnant sows, nervous disorders in
newborn piglets, and respiratory distress in growing pigs, resulting in serious economic losses to
the pig industry worldwide. Due to the extensive application of the attenuated vaccine containing
the Bartha-K61 strain, PR was well controlled. With the variation of PRV strain, PR re-emerged and
rapidly spread in some countries, especially China. Although researchers have been committed to
the design of diagnostic methods and the development of vaccines in recent years, PR is still an
important infectious disease and is widely prevalent in the global pig industry. In this review, we
introduce the structural composition and life cycle of PRV virions and then discuss the latest findings
on PRV pathogenesis, following the molecular characteristic of PRV and the summary of existing
diagnosis methods. Subsequently, we also focus on the latest clinical progress in the prevention and
control of PRV infection via the development of vaccines, traditional herbal medicines and novel
small RNAs. Lastly, we provide an outlook on PRV eradication.

Keywords: pseudorabies virus; pathogenesis; infection; prevention and control

1. Introduction

Pseudorabies (PR), as known as Aujeszky’s disease, was first described in America
as early as 1813 and has spread nearly globally since the early 1980s [1]. Its etiological
agent is pseudorabies virus (PRV), which has a wide range of hosts; among them, pigs
are the natural host and reservoir of the virus. It displays different symptoms at distinct
growth phases after being infected with PRV, including the reproductive failure of sows,
fatal encephalitis and 100% mortality of newborn pigs, and respiratory distress and growth
block of young pigs [2]. For other susceptible animals (ruminants, carnivores and rodents),
PRV generally ends with death [3]. In addition, PRV infection might cause endophthalmitis
and encephalitis in human beings. Some studies determined the specific sequences of
PRV in the patients’ tissues using metagenomic next-generation sequencing, and a human-
originated PRV strain hSD-1/2019 was isolated from the cerebrospinal fluid of a patient
with acute encephalitis [4–9]. Over the years, PRV infection has brought a huge economic
loss to the pig industry worldwide and is a serious threat to the health of humans. Although
the disease was transiently controlled globally as the result of the use of the glycoprotein
E (gE)-negative vaccine Bartha-K61 from Hungary in 1961, PR re-emerged and rapidly
spread with a variation of PRV, and the traditional vaccine only offers partial protection
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against the variant stains [10,11]. Several studies suggest that the PRV variant strains were
more virulent to animals and humans than the classical strains [3,5,12]. Moreover, PRV can
build a lifelong latent infection in the host’s peripheral nervous system, and infected pigs
can potentially be a source of reinfections once the latent viral genome is reactivated. The
infection characteristics of PRV variant strains have led to the fact that PR is once again
circulating in almost the whole world. It raised scientists’ awareness of the serious threat
posed by PRV and encouraged researchers to develop effective interventions.

PRV is an enveloped, linear double-stranded DNA herpes virus belonging to the
Varicellovirus genus of subfamily Alphaherpesvirinae in the family Herpesviridae [13]. Its
infection generally starts by viral replication in the epithelial cells of the nasal and oropha-
ryngeal mucosa and then spreads to the peripheral nervous system neurons innervating
the infected epithelium. Viral particles travel via retrograde transport to the sensory and
autonomic peripheral ganglia, where a latent lifelong infection is established [14–16]. Upon
reactivation, viral replication occurs, and particles spread in the anterograde direction
along the sensory nerves back to the mucosal surfaces where the infection initiated. This
makes adult pigs and piglets typically exhibit symptoms of respiratory disease and acute
neurological disease, respectively [17]. Additionally, PRV infection can also spread via a
cell-associated viremia in peripheral blood mononuclear cells from the primary replication
site to target organs such as the pregnant uterus, and then secondary replication ensues in
the endothelial cells of the pregnant uterus, which can result in vasculitis and multifocal
thrombosis, usually leading to abortion [18,19].

Currently, there are no effective means for eliminating PR in the pig population, so the
diagnosis, prevention and control of PR are particularly important for the pig industry. In
this review, we briefly describe the structure of PRV virions and the viral life cycle. Then,
we discuss recent advances in understanding the pathogenesis of PRV infection and its
molecular characteristics. Subsequently, the current PRV diagnosis methods are summed
up, and we also highlight the latest progress in the prevention and control of PRV infection,
including the development of vaccines, Chinese herbal medicines and novel small RNAs.
Finally, we look forward to the prospects of PRV eradication in the future.

2. The Virion Structure, Genome Structure and the Life Cycle
2.1. The Virion Structure

PRV mainly contains two subtypes (I and II). Similarly to other Herpes virions, PRV
virions (Figure 1) are approximately 225 nm in diameter and consist of four morphologically
distinct structural components, including a linear double-stranded DNA genome, an
icosahedral protein capsid, a protein tegument layer, and a lipid envelope containing viral
glycoproteins [2,20–22]. The double-stranded DNA genome of ~145 kb in length, which
can encode more than 70 proteins, is encapsulated in an icosahedral capsid. The tegument
is a collection of approximately 12 proteins organized into at least two layers, one of which
interacts with envelope proteins, while the other is closely associated with the capsid.
The envelope is a lipid bilayer infused with transmembrane proteins, many of which are
modified by glycosylation.

2.2. Genome, Gene Content and Role in Viral Replication

Alphaherpesvirus genomes have a partial colinear arrangement of genes encoding
similar functions. Based on the overall arrangement of repeat sequences and unique
regions, the herpesvirus genomes can be divided into six classes, designated by the letters
A to F [23]. The PRV genome belongs to the D class and is a linear, double-stranded
and sense viral DNA genome of approximately 145 kb, with a 74% content of G + C. It
is also characterized by two unique regions, which are the unique long region (UL) and
unique short region (US), and the US region is flanked by the internal and terminal repeat
sequences (IRS and TRS, respectively) of 15 kb in length (Figure 2) [2]. The sequence and
gene arrangement of the entire PRV genome are known, and a map of the likely transcript
organization, well supported by experimental data, has been established. Recombination
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between the inverted repeats can produce two possible isomers of the genome, with the
US region in opposite orientation, and two isomers are both infectious. PRV has three
origins of replication, with one of OriL located in the UL region and the others (OriS)
located in the inverted repeats [24,25]. In addition, the full-length genome of PRV contains
73 different genes encoding a total of 70~100 proteins, which are mainly the capsid proteins,
envelope proteins, tegument proteins and various enzymes. Half of them are nonessential
proteins for PRV replication [2]. The PRV genes can be divided into three types based on
their different functions: structural genes, virulence genes and regulatory genes. They can
also be divided into immediate-early genes, early genes and late genes according to the
transcription sequence of PRV invading host cells [26].
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The PRV genome consists of the unique long region (UL) and unique short region (US), which is
flanked by the internal (IRS) and terminal (TRS) repeat sequences. The genes represented by gray
boxes locate in the UL, including gB, UL41, gC, TK, gH, UL21 and gL; the genes represented by white
boxes locate in the US, including gG, gD, gI and gE.

Some major genes are associated with the process of PRV infection. PRV thymidine
kinase (TK), namely the UL23 gene, plays a decisive role in the virulence of the virus. It
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was primarily described as being related to the replication and neuro-invasiveness of PRV
in the central nervous system and is also involved in re-activating the virus during the
latent infection period [27]. The lack of the TK gene significantly reduces the ability of
replication and transmission in nerve cells without affecting its immunogenicity [28]. As
one of the virulence genes, gE, located in the US region, is not essential for viral replication
and has no effect on viral immunogenicity. gE glycoprotein can promote the fusion of PRV
and cells and mediate the spread of the virus between cells. PRV without the gE gene can
only infect the primary trigeminal nerve and sympathetic nerve regulating nasal mucosa,
but not the secondary ganglion and sympathetic neurons [29]. In the processes of PRV
invading and spreading into the nervous system, gE and gI proteins generally exist in a
complex, which is often distributed in the cell membrane of infected cells and in the virus
envelope [30]. gI protein is a membrane protein that can not only promote the secretion
of gE protein in the endoplasmic reticulum to ensure its correct glycosylation, but also
facilitate the transmission of the virus between cells [31]. Furthermore, gI glycoprotein
can also cooperate with gC protein in the release process of the virus. The gC protein
plays a role in the first step of PRV replication, that is, the adhesion process to cells. It
can initiate virus attachment to cells by binding to heparan sulfate (HS) proteoglycans
and also participate in the process of virus release from cells [32,33]. The sequence of
the gB gene is more conservative than other genes, and gB glycoprotein is an important
structural protein of the virus envelope. Both gB glycoprotein and the gH/gL complex can
jointly promote the fusion of cell membrane and virus envelope when the virus invades
cells [34]. gB protein is a typical class III post-fusion trimer that binds membranes via its
fusion loops (FLs) in a cholesterol-dependent manner [35]. gD glycoprotein accelerates
the rapid fusion between the PRV capsule membrane and the cytoplasmic membrane of
target cells and boosts the fusion of gB/gH/gI complex [36]. Yet, it cannot participate in
virus spread between cells, which is not essential for viral replication. Compared with
herpes simplex virus (HSV), the gD protein of PRV can only bind to the cell surface receptor
Nectin-1 at sites N77, I80, M85 and F129, with a binding ratio of 1:1, and the binding site
F129 plays an important role in invading cells [37]. The gG gene locates in the US region.
The gG protein belongs to a larger complex, which is synthesized, secreted and released
by infected cells, but virus particles do not contain this glycoprotein [36]. Furthermore,
gG protein has very good immunogenicity and can effectively stimulate the organism to
produce antibodies [38]. At the same time, gG protein can bind to chemokines produced by
the organism, leading to the immune escape of the virus. IE180 gene encodes 1460 amino
acids with a protein of ~153 kDa in molecular mass, and it is the only immediate early
gene in PRV that can be transcribed independently. The accumulation of IE180 protein can
start the transcription of other genes, and it is highly similar to some regions of herpes
simplex virus type I ICP4 protein, which is complementary to both proteins in some of
their functions [39]. The IE180 3′UTR end sequence can form a G-quadruplex structure and
inhibit gene transcription [39]. The G-quadruplex ligand small molecule TmPyP4 (meso-
Tetrakis (N-methyl-4-pyridiniumyl) porphyrin) can stabilize this structure and further
inhibit the early proliferation of PRV [40]. Additionally, IE180 gene transcription locates at
the beginning of the PRV replication cycle, which is of great significance for PRV replication,
suggesting that the IE180 gene may also become an important target for the development
of anti-PRV drugs. As one of the non-essential genes for virus replication, the EP0 gene,
located in the UL region, can encode 1230 amino acids and has an early protein of about
45 ku. It can transactivate the immediate early gene IE180. The replication ability of PRV
without the EP0 gene in cells is weakened, but it does not affect the virulence. EP0 protein
can interact with IE180 protein to activate the transcription of the TK and gG genes; besides,
it is located in the nucleus, and the nuclear entry of EP0 protein is co-regulated by Ran
protein and input proteins α1, α3 and β1 [41]. The UL21 gene, located in the UL region, is
a non-essential gene for PRV replication, and the protein encoded by UL21 belongs to the
tegument proteins. The proliferation ability of PRV without the UL21 gene is reduced, but
can be restored on pUL21 compensatory cells [42]. Exogenous pUL21 can inhibit the NF-kB
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pathway, with a positive correlation, and its carboxyl end can interact with cytoplasmic
dynamic protein Roadblock-1, which further influences the nerve infectivity of PRV [42].
The UL41 gene is an essential gene for virus replication and encodes host closure protein
(named as vhs), with a molecular weight of about 40 ku. The vhs protein has ribonuclease
activity both in vivo and in vitro, and can degrade the mRNA of host cells and inhibit gene
expression. The vhs protein can also cleave the downstream region of internal ribosome
entry site (IRES), and the translation initiation factors eIF4H and eIF4B can significantly
increase the RNase activity of recombinant PRV vhs against capped RNA [43,44].

2.3. The Life Cycle of PRV

The process by which PRV virions enter host cells is primarily initiated by the binding
of virions to the surface molecules of host cells and the fusion of the virus and host cell
membranes (Figure 3). PRV virions first attach to cells by the interaction of gC with heparan
sulfate proteoglycans in the extracellular matrix. PRV gD then binds to specific cellular
receptors to stabilize the virion-cell interaction. Finally, PRV gB, gH and gL mediate the
fusion of the viral envelope and the cellular plasma membrane to allow penetration of
the viral capsid and tegument into the cell cytoplasm, and tegument proteins in the outer
layer quickly dissociate from the capsid following their fusion [45,46]. Then, the capsid
interacts with dynein for transport along microtubules from the cell periphery to the nuclear
pore [45,47]. After capsid docking at the nuclear pore, the PRV DNA is released into the
nucleus from intact capsids [45,47].

For the viral transcription and cascade, the immediate-early IE180 transcript is detected
within 40 min of infection, and its protein is synthesized up until 2.5 h post-infection (hpi).
The IE180 protein regulates the early gene expression related to replication. The early EP0
transcript is detected at 2 hpi, and its expression in vivo activates gene expression from
PRV promoters, such as IE180, TK and gG, which have the characteristics of transcription
activators. Other regulators of gene expression also participate in viral transcription,
including UL54, UL41, and UL48, and among them, UL54 and UL41 are likely to encode
potent regulators of both viral and cellular gene expression. UL41 encodes the vhs protein,
which is responsible for the virion host shut-off of cellular protein synthesis. UL48 encodes
the tegument protein VP16, which enhances the expression of viral immediate-early genes
in newly infected host cells [48].

Upon entry into the host nucleus, the linear viral DNA genomes assume a circular
form and are quickly repaired of nicks and misincorporated deoxyribonucleotides [2]. The
circular genomes serve as the template for DNA synthesis, and the initial theta replication
mechanism quickly switches towards a rolling-circle mechanism of DNA replication. The
latter process produces replicated DNA in the form of long linear concatemeric genomes
that serve as the substrate for genome encapsidation [49,50]. In this process, many of
the enzymes encoded by PRV also participate in viral DNA replication, such as UL52,
UL42, UL30, UL29, UL9, UL8, and UL5. Several enzymes encoded by PRV genomes can
be involved in nucleotide metabolism, for example, dUTPase (UL50), thymidine kinase
(UL23) and two-subunit ribonucleotide reductase (UL39/UL40). The viral genome also
encodes a uracil DNA glycosylase (UL2) as well as an alkaline nuclease (UL12), which
both serve in viral DNA repair, recombination and DNA concatemer resolution [27,51,52].
When the viral genome completes transcription, translation and DNA replication, the
capsid protein automatically enters the nucleus of the cell to form the basic assembly
unit of the capsid and assembles into the nucleocapsid in the nucleus of the cell. After
assembly, PRV nucleocapsids cross the inner and outer nuclear membrane by budding and
fusion, respectively, following release into the cytoplasm, and then are formed into the
mature enveloped virions and released to the outer cell by budding for the next round of
infection [53–55].
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Figure 3. The replication cycle of PRV. After adsorption (1) and penetration (2), capsids are transported
to the nucleus (3) via interaction with microtubules (MT) (4), docking at the nuclear pore (NP) (5)
where the viral genome is released into the nucleus. In the nucleus, DNA replications occur (6). The
capsid proteins are transported to the nucleus and are assembled around a scaffold (7), and then
are assembled into a nucleocapsid with the insertion of the genomic DNA (8). The nucleocapsid
leaves the nucleus by budding at the inner nuclear membrane (INM) (9), followed by fusion of
the envelope of these primary virions located in the perinuclear space (10) with the outer nuclear
membrane (11). Final maturation then occurs in the cytoplasm by the secondary envelopment of
intra-cytosolic capsids via budding into vesicles of the trans-Golgi network (TGN) (12) containing
viral glycoproteins, resulting in an enveloped virion within a cellular vesicle (13). After transport to
the cell surface (14), vesicle and plasma membranes fuse, releasing a mature, enveloped virion from
the cell (15).

3. Occurrence and Development of PRV Infection

PRV can cause respiratory disease, neurological disorders and abortion in pigs. Its
transmission mainly occurs through direct contact between oral and nasal secretions but
can also occur by aerosols, transplacental contact and blood [56,57]. In this work, we
reviewed the main steps in the pathogenesis of PRV in pigs (Figure 4).

3.1. PRV Primary Replication in the Upper Respiratory Tract

After PRV enters a natural host, it firstly replicates by an infection foci manner in
the epithelial cells lining the upper respiratory tract (URT), including nasal septa, tonsils,
nasopharynxes, trachea and lungs [14,17,58,59]. In vivo, viral DNA was detected in the
nasal mucosa, tonsils and lungs of 2-week-old piglets starting 24 hpi, and PRV-induced
plaques can be observed in the epithelium of porcine nasal mucosa explants after 24 hpi
in ex vivo experiments [17,60,61]. Primary PRV infection in multiple tissues of porcine
URT causes the destruction and erosion of epithelium, with slight respiratory symptoms
consisting of sneezing, coughing, dyspnea and nasal discharge after 3 to 6 days post-
inoculation (dpi), which normally disappear quickly [59,62]. Besides, viral shedding can be
detected in nasal secretions starting from 1 to 14 dpi [63].
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Figure 4. Schematic representation of the pathogenesis of PRV in pigs in different stages of growth.
(1) Primary viral replication in the epithelial cells (ECs) of the upper respiratory tract: PRV first
infects epithelial cells, with a viral spread and shedding, and then crosses the basement membrane
(BM) and lamina propria by using single infected leukocytes to reach the blood circulation and
draining lymph nodes. Lastly, PRV entry occurs at nerve endings of the peripheral nervous system
and diffuses retrogradely to trigeminal ganglia (TG). (2) PRV replication in the draining lymph nodes
and cell-associated viremia. (3) Establishment of PRV latency in the trigeminal ganglia (TG) neurons.
(4) Secondary replication in target organs (the pregnant uterus and the central nervous system (CNS)):
the secondary replication in the ECs of the pregnant uterus can lead to vasculitis and multifocal
thrombosis, with an abortion of sows, and in newborn piglets, sudden death usually occurs in the
absence of clinical signs.

3.2. PRV Replication in the Draining Lymph Nodes and Viremia

After respiratory epithelium infection, PRV can pass the basement membrane (BM) by
infected leukocytes to penetrate the connective tissues and further reach the bloodstream
and the draining lymph nodes [61,64]. The process of viral invasion into lamina propria
through BM is mediated by the activity of trypsin-like serine protease excreted by the
virus [65]. PRV antigens or DNA are both detected in the inguinal lymph nodes of pigs
starting from 24 hpi to 48 hpi, and the virus can persist for 35 days in pharyngeal lymph
nodes [66–69]. PRV infection is also amplified in the draining lymph nodes, and infected
leukocytes are discharged into the blood circulation through the efferent lymph. Hence,
PRV induces cell-associated viremia in peripheral blood monocytes and promotes its
transmission in pigs [18,70]. Meanwhile, viremia also occurs in cell-free form after PRV
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infection and can be regularly detected between 1 dpi and 14 dpi [18]. Cell-associated
viremia is considered a prerequisite for the dissemination of PRV to the pregnant uterus
in pigs.

3.3. PRV Entry into the Peripheral Nervous System (PNS) Neurons and Spread to the Central
Nervous System (CNS)

Upon primary replication of respiratory epithelium in adult pigs after PRV primary
infection, it enters PNS’ nerve endings, which contain those coming from the sensory
trigeminal ganglia (TG) and olfactory bulb, and other facial, parasympathetic, sympathetic
nerve neurons that innervate the epithelium [71,72]. PRV particles can be transported
retrogradely to sensory and autonomic peripheral ganglia. Generally, the herpesviruses
are able to establish a reactivable, latent infection in their hosts. PRV can also set up a
lifelong potential infection in PNS neurons of pigs, whereas the infected pigs cannot display
any clinical symptoms after recovering from the respiratory disease [15,16,63,73,74]. After
stress-induced reactivation, viral replication happens in the PNS ganglia, and virions spread
in the anterograde along the nerves to the mucosal surfaces where the infection initiated,
further causing mild respiratory signs in adult pigs upon viral reactivation [75]. In addition,
PRV barely propagates to the CNS in the retrograde direction to result in the encephalitis
of adult pigs, but its latent period and reactive cycles in pigs cause the infectious virus
to fall off and spread to uninfected pigs, which is conducive to viral accumulation in pig
populations. Intriguingly, the herpesviruses of human beings and other animals, such as
varicella-zoster virus (VZV) and bovine herpesvirus type 1 (BHV-1) have a similar way of
spreading to invade PNS neurons [76,77].

3.4. Secondary Replication in the Swine Pregnant Uterus

Once in the blood circulation, PRV-infected monocytes can cross the endothelial cells
(EC) barrier of the maternal blood vessels to reach the pregnant uterus of sows via adhesion
and fusion of these monocytes with EC, further transmitting PRV [78]. The adhesion
molecules on the surface of EC and leukocytes play a significant role in the infection of
the vascular endothelium, and the secondary replication in the EC of the pregnant uterus
can lead to vasculitis and multifocal thrombosis, with an abortion of a sow [18,79,80]. The
EC infection in the vasculature of the pregnant uterus is usually mediated by intercellular
contact between infected monocytes and EC [78]. The occurrence of abortion may depend
on the hormonal activity and immune status of sows during pregnancy. In fact, it has
been proved that the expression of adhesion molecules on EC is induced by cytokines
and hormones in the local environment during pregnancy [81–83]. These cytokines may
accelerate the adhesion of infected monocytes to the endothelial cells.

Upon the intranasal, intra-uterine, and intra-fetal inoculations of vaccinated pregnant
sows, PRV antigen can be detected in vaginal and sacral ganglia [84]. An extensive EC
infection can lead to the fetal membranes shedding in early pregnancy, resulting in a virus-
negative fetal abortion or fetal reabsorption in sows. Little uterine vascular pathology may
cause transplacental infection and the abortion of virus-positive fetuses in the second and
third trimester of gestation or a stillborn pig [59,85]. A fetus with viral abortion generally
displays several lesions, such as necrosis of the liver, spleen and lungs, and PRV strains can
be isolated from the above organs [19,86].

3.5. PRV Infection in Suckling and Weaned Piglets

PRV infection usually brings more severe lethality to piglets than to adult swine and
sows [59]. In newborn piglets, sudden death usually occurs in the absence of clinical signs.
Instead, before the death of suckling pigs, some signs are found in infected pigs, including
fever, vomiting and CNS symptoms, which consist of coordination problems, hindquarter
weakness, convulsions and paralysis. It is worth noting that the mortality rate of newborn
and suckling pigs is close to 100%. In weaner pigs, clinical signs are similar to those of
suckling pigs, with a mortality rate of 5% to 10%. Nevertheless, pigs of any age cannot have
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itching. Infectious viruses can be isolated from brain tissue samples of piglets naturally
infected with PRV [64]. The severity of symptoms diminishes with age, as adult pigs have
a more effective immunity than piglets.

3.6. PRV Infection in Humans

In the past century, the viewpoint of PRV infecting humans has been controversial due
to the absence of unequivocal etiology or serological diagnosis [87]. The first case of humans
with suspected PRV infections was reported in 1914, and they were previously in contact
with PRV-infected cats. Subsequently, several patients with PRV infection were reported
after long-term exposure to PRV-susceptible animals (pigs, cats, dogs). These patients
mainly displayed pruritus, headache, fever, swelling, sweating, dysphagia, aphthous
ulcer, altered mental status, seizure and coma [4–8]. Notably, Chinese patients mainly
showed encephalitis and endophthalmitis, and most of them were working on pig farms
and had injuries to their fingers or other places on their bodies. In addition, the first
human-originated PRV strain, designated hSD-1/2019, was isolated and identified from
the cerebrospinal fluid (CSF) of PRV-infected patients worldwide, which provided direct
evidence of PRV infection in human beings [5]. In terms of the PRV infectious pathway
in humans, it has yet been unclear. However, from the perspective of animal research,
it was supposed that PRV might not only affect the brain, but also affect other human
organ systems, further causing serious consequences. Although these patients all survived
until hospital discharge, and clinical symptoms disappeared, it was unclear whether the
recovered patients still carry PRV owing to the long-term latent period of PRV in pigs.
Therefore, it is necessary to ensure thorough skin protection in humans, particularly those
who have been in close contact with pigs.

4. Genetic Evolution of PRV

Currently, PRV strains in the world can be divided into two genotypes, I and II. The
genotype I strains are mainly prevalent in Europe, America and parts of China, while
the majority of genotype II strains are isolated from Asia, particularly China [88]. The
latter has undergone mutations caused by host immune pressure over a long period of
time and evolved into novel PRV variant strains, which then led to the co-prevalence of
both variant and classical strains, which again poses great threats to the swine industry in
China [89]. Because gB, gC and gD glycoproteins are major immune-related proteins and
gE is a significant virulence protein, these four gene sequences are often used to analyse
PRV’s genetic evolution [90,91]. To investigate the genetic characteristics of PRV strains
from various countries and species, phylogenetic trees based on the complete length of gE,
gC, gB and gD gene sequences were constructed using MEGA software (version 7.0) by the
neighbor-joining method with 1000 bootstrap replicates [92]. The results showed that these
PRV strains were grouped into two genotypes as expected (Figure 5). The genotype I group
is composed of European–American PRV strains, but the genotype II group is formed by
Asiatic strains (China and Japan), and among them, Chinese PRV variant strains were
clustered in one subgroup. Findings revealed that PRV genotype II strains had become
dominant prevalent strains instead of genotype I in China, which is in agreement with
previous studies [88,90,93]. This finding again explains why Bartha strains (genotype I)
did not provide full protection against variant PRV strains (genotype II). In addition, PRV
strains isolated from other animals are randomly distributed in two genotypes (Figure 5).
Combined with previous research [94], this suggests that PRV strains isolated from animals
and human beings may have a similar ancestor to those of pigs.
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15 April 2022). The hosts, countries, years, names and GenBank accession numbers of the reference
strains employed in this phylogenetic tree are labeled. Black circles and red triangles represent
vaccine strains and recombinant strains, respectively.

In mutation analysis of PRV variant strains, He et al. found that the average amino
acid (aa) differences of the Qihe547 variant strain are 4.94%, 1.16% and 0.46% compared
with PRV strains of genotype I and the classical and variant strains of genotype II, respec-
tively [88]. Compared with genotype I strains, PRV genotype II strains present high genetic
mutations in internal and terminal repeat regions, and nucleotide insertions, deletions and
mutations are commonly observed in the different PRV genes [95]. For example, there
are two insertions of discontinuous six nucleotides at sites 142–144 (GAC) and 1488–1490
(CGA) in the gE gene of PRV strains in genotype II [96,97]. In Sun’s study, PRV strains in
genotype II are found to have three aa deletions (75VPG77) in the gB protein and seven aa
insertions (63AASTPAA69) in the gC protein [98]. Interestingly, two aa deletions (288SP289)
have been identified in the gD protein of Chinese PRV variant strains by comparison
with classical Chinese strains [99]. Furthermore, inter-clade and intra-clade recombinant
events can accelerate the evolution of the PRV genome and alter viral virulence, which
has been demonstrated in several studies [88,90,100]. In Zhai’s study, two inter-clade
recombinant PRV strains (FJ-W2 and FJ-ZXF) were reported, and their gE, gC and gD
genes were assigned to genotype II, whereas gB genes belong to genotype I [90]. Subse-
quently, Huang et al. analyzed the genetic evolution of the primary immune-related gene
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sequences of PRV variants, and the results showed that the gB gene of the PRV variant
strain FJ62 isolated from piglets in Sichuan, China, is identical (100%) to the MY-1 strain
(No. AP018925) from a wild boar in Japan, with low sequence homologies (98.4–98.5%) of
Chinese PRV strains. However, its gC, gD and gE genes have high sequence similarities
of 99.5%, 99.9%, and 99.9%, respectively, demonstrating that PRV variant strain FJ62 may
appear from a recombinant event of PRV strains of genotypes I (Japan) and II (China)
spanning different countries [91]. In another report, PRV HLJ-2013 was isolated from pigs
in Heilongjiang province of China belonging to genotype II, and its genome sequences
are derived from three viruses (including a yet unknown parental virus, the European
viruses and the same ancestor of all Chinese strains) based on the phylogenetic trees of both
protein-coding genes and non-coding regions [100]. The recombination analysis showed
that there are six recombinant events in SC strains (No. KT809429) belonging to genotype
II, and among these events, HLJ-2013 is predicted to be the major parent of the SC strain,
with a minor parent of Bartha [100]. Additionally, Tan et al. also found that a naturally
recombinant event might occur in the genome of the HN-2019 strain isolated from a sick
piglet in Hunan of China, between the PRV classical strain and the HB-98 vaccine strain,
which again confirmed the presence of a recombinant event in PRV [101].

5. Diagnostic Methods

At present, serological technologies and molecular biology methods have become the
common diagnostic approaches for PRV detection (Figure 6) because traditional clinical and
pathological diagnostic methods cannot accurately diagnose PR. Two common methods
are used to verify the PRV infection based on PRV-specific antibodies and nucleic acids,
respectively, which have their own features (Table 1).

5.1. Serological Approaches for the Detection of PRV Antibodies

Due to the extensive use of PRV gE-deleted vaccines worldwide, gE as the marker anti-
gen has become widely used in serological approaches, and many PRV gE antibodies have
been developed to quickly and effectively differentiate infected from vaccinated animals
(DIVA). gB antibodies based on serological methods can also be used for monitoring the
immune level induced by vaccine immunization. Up to date, various serological methods
can be used for the detection of PRV antibodies, such as the direct-immunofluorescence
method (DFM), indirect immunofluorescence assay (IFA), serum neutralization test (SNT),
enzyme-linked immunosorbent assays (ELISA), blocking immunoperoxidase monolayer
assay (b-IPMA), latex agglutination test, agar diffusion test, particle concentration fluores-
cence immunoassay (PCFIA) and immunochromatographic strip [1,93,101–109]. Among
them, ELISA remains the most common method in the clinical detection of PRV antibodies
because it has high specificity and sensitivity compared with other screening assays. There
are three single commercial serum antibody ELISAs, including the gB blocking ELISA
(gB bELISA), gI blocking ELISA (gI bELISA) and gE indirect ELISA (gE iELISA) [110]. To
make detection more convenient, competitive ELISAs (cELISA) targeting the gB or gE
antibody have been developed and extensively applied in China [111–114]. Interestingly, a
novel serological technology based on the blocking fluorescent lateral flow immunoassay
takes less time for PRV detection and is sensitive to differentiate wild PRV-infected and
vaccinated pigs, whereas a commercial gE-ELISA kit is not [102]. Subsequently, another
new detection method, dual fluorescent microsphere immunological assay (FMIA), was
developed for detecting PRV gE and gB IgG antibodies simultaneously, and it also has
accuracy for gE detection with high sensitivity (92.3%) and specificity (99.26%) compared to
a commercial gE/gB ELISA kit, with less time and cost expenses [115]. Furthermore, both
the immunochromatographic assay and liquid chip technology methods also exhibit higher
sensitivity than that of cELISAs [116]. Hence, blocking fluorescent lateral flow immunoas-
say, FMIA, immunochromatogragphic assay and liquid chip technology are expected to
become new clinical laboratory diagnostic methods for detecting PRV antibodies, although
these methods are not universal thus far.
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Figure 6. Flowchart of common diagnostic methods for PRV infection. Two types of common
methods are used to verify the PRV infection based on the PRV-specific antibodies and nucleic acids.
Among them, serological approaches for the detection of PRV infection include the enzyme-linked
immunosorbent assays (ELISA), indirect immunofluorescence assay (IFA), serum neutralization
test (SNT), direct-immunofluorescence method (DFM) and blocking immunoperoxidase monolayer
assay (b-IPMA). Molecular biology approaches include polymerase chain reaction (PCR), real-time
PCR (RT-PCR), TaqMan real-time PCR (qPCR), nano PCR, droplet digital PCR (ddPCR), real-time
recombinase-aided amplification (RT RAA), loop-mediated isothermal amplification (LAMP), real-
time fluorescent detection (real-time RPA assay), duplex fluorescence melting curve analysis (FMCA),
next-generation sequencing (NGS), probe-based fluorescence melting curve analysis (FMCA), real-
time recombinase-aided amplification assay (RT RAA) and third-generation sequencing (TGS).

Table 1. Comparison of diagnostic methods of PRV infection.

Molecular Serology

Test type Viral Antibody

Description Nucleic acid amplification test to
detect viral DNA

Detects the presence of IgA,
IgM/IgG antibodies against PRV

Platform technology PCR, RT-PCR, LAMP, qPCR,
ddPCR, FMCA ELISA, SNT, IFA, IPMA, DFM

Sample type Brains, Hearts, livers, spleens,
lungs, kidneys and lymph nodes Plasma, serum, whole blood

Result turnaround time <5 h 15–30 min

5.2. Molecular Biology Approaches for the Detection of PRV Infection

To further improve the sensitivity and specificity of PRV detection, molecular biology
methods targeting the specific sequences of PRV genes, including the gE, gI, gC, gD, gB,
and gG genes, have been established (Table 2), such as polymerase chain reaction (PCR),
real-time PCR (RT-PCR), TaqMan real-time PCR (qPCR), nano PCR, droplet digital PCR
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(ddPCR), real-time recombinase-aided amplification (RT RAA), loop-mediated isothermal
amplification (LAMP), and duplex fluorescence melting curve analysis (FMCA) [117–131].
Generally, PCR and RT-PCR are the most frequently used approaches to quickly detect PRV
infection or distinguish between the PRV wild-type and vaccine strains [124]. In particular,
multiplex PCR assays have also been developed for simultaneously detecting PRV and
other pathogens, for example, porcine circovirus 3 (PCV3), porcine circovirus 2 (PCV2),
porcine parvovirus (PPV) and porcine cytomegalovirus (PCMV), and Torque teno sus
virus 1 and 2 [118,132–136]. In addition, the novel high-throughput sequencing, next- and
third-generation sequencing (NGS and TGS) methods are used to survey the transcriptome
of PRV, and the existence of PRV can be detected in patients by NGS, which is the most
powerful and supersensitive assay [6,137]. Nevertheless, high-throughput sequencing is
not suitable for wide-range clinical detection owing to its high cost [6]. Compared with
conventional PCR, the LAMP assay is more sensitive, specific, rapid and cost-effective, so
it is more suitable for PR diagnosis in the field, with a huge potential application in the
prevention and control of PRV [122].

Table 2. List of molecular diagnostic methods of PRV infection.

Name of Diagnostic Assay Sensitivity Target Gene Turnaround Time Samples Used References

Conventional polymerase chain
reaction (PCR) —— gE gene Result in <5 h Various tissue [119,121]

Duplex droplet digital PCR
(ddPCR) assary 4.75 copies/µL Both gE and gB genes Result in <2 h Lung, brain, liver

and spleen [124]

SYBR green I-based duplex
real-time PCR assay 37.8 copies/µL gE gene Result within

50 min

Hearts, livers, spleens,
lungs, kidneys, brains

and lymph nodes
[118]

Real-time recombinase-aided
amplification assay (RAA) Three 50% TCID50 gE gene Result in 75 min Lung, lymph node,

tonsil and spleen [125]

Triplex real-time PCR

0.5 TCID50 for classical
strains, 0.2 TCID50 for

variant strains and 0.05
TCID50 for

vaccine strains

gE and gI genes Result within 1 h PRV strains [127]

Probe-based fluorescence melting
curve analysis (FMCA)

1 × 100 copies
per reaction gC and gE genes Result in <2 h PRV strains [120]

Loop-mediated isothermal
amplification (LAMP) assay 10 copies per sample gE and gG genes Result in <2 h PRV strains and clinical

tissue samples [122]

Duplex nanoparticle-assisted
polymerase chain

reaction (nanoPCR)
6 copies/µL gE gene Result in 80 min

The recombinant
plasmids

pET30a-PRV-gE and
pUC57-PBoVNS1

[128]

Real-time quantitative
PCR (RT-qPCR)

Oral fluid of 53% and
nasal swab of 70% gB gene Result in <1 h Oral fluid and

nasal swab [129]

Metagenomic next-and
third-generation sequencing

(mNGS/TGS)
—— Short- and long-read

sequencing —— Brains [137]

Real-time fluorescent detection
(real-time RPA assay) 100 copies per reaction gD gene Result within

20 min Tissue [130]

Lateral flow dipstick (RPA
LFD assay) 160 copies per reaction gD gene Result within

20 min Tissue [130]

Magnetic beads-based
chemiluminescent assay 100 µmol/5 pM —— Result in 20 min Serum samples [131]

5.3. Other Approaches for the Detection of PRV Infection

In addition to the above methods, direct detection of pathogens is another effective
candidate, which also greatly facilitates the vaccine design to prevent PR. The methods
mainly include virus isolation and subsequent laboratory diagnosis, involving serology,
molecular biology and electron microscopy. Virus isolation (VI) is considered the “gold
standard” for pathogen diagnosis, and a large number of PRV strains from different hosts
have been successfully isolated, though this method is only applicable to professional
laboratories [138,139]. Because the traditional diagnostic methods (VI identification and
animal experiments), serological diagnostic approaches and molecular biological methods
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have some limitations, such as complicated operation and high technical requirements, and
are time-consuming, a paper biosensor doped with Fe3O4@SiO2–NH2 and multi-walled
carbon nanotubes (MWCNTs) for the rapid detection of PRV has been developed [140]. In
this assay, Fe3O4@SiO2–NH2 can provide magnetic response characteristics, and MWCNTs
are able to increase the electrical conductivity [140].

6. The Prevention of PR

To better prevent and control PR, numerous efforts have been made for the devel-
opment of effective means to control PRV infection, mainly including vaccines and other
novel viral inhibitors.

6.1. Main Vaccines against PRV Infection

As a great challenge, PRV has been prevalent in pig farms worldwide for nearly two
hundred years. Vaccination is one of the most effective ways to prevent disease and min-
imize the economic losses caused by PR [10]. Most PRV vaccines are live gene-modified
virus vaccines (Table 3). The initial live gene-modified vaccines (attenuated Bartha-K61
strain and PRV Bucharest strain) are usually obtained from extensive passaging of vir-
ulent field isolates in cell cultures from 1961, which, following the wide application in
pig herds, and effectively controlled PR worldwide [141]. In China, a live gene-modified
vaccine (attenuated Bartha-K61 strain) was imported from Hungary in the 1970s and
was widely inoculated in pig farms, with effective control of PR [12,142]. With further
understanding of PRV genetics and molecular biology, gE protein has become regarded
as the important swine neurovirulence factor [143]. TK is also essential for virus repli-
cation in nonmitotic tissues (neurons), and other proteins are considered the factors of
viral replication, such as gI, Us9, Us2, gC, gG and PK proteins [144]. Therefore, the genes
encoding these proteins can be deleted to mediate viral attenuation, especially the gE
gene. In fact, TK-negative stains (∆TK) is the first genetically modified live vaccine and
was licensed for application in 1985 [27]. Subsequently, other gene deletion vaccines also
generated by various technologies, such as gE gene deletion and double-gene gE/TK
deletion of the NIA3 strain, double-gene gD/gI deletion of the NIV-3 strain, double-gene
TK/gG deletion of the virus strain, triple-gene TK/gE/gI deletion of the BUK strain and Fa
strains, four-gene gD/gG/gI/gE deletion of the PrV(376) strain, and a triple-gene-deleted
(gE/gI/TK) vaccine generated based on the PRV Fa strain licensed in 2003, which was
regarded as the first genetically modified vaccine against PR in China [145–150]. However,
since 2011, PR outbreaks caused by emerging PRV variants have occurred in Chinese
pig herds which were immunized with the Bartha-K61 strain, indicating that the classi-
cal attenuated PRV vaccine cannot provide complete protection for swine [111,151–153].
With the rapid development of biotechnologies and in-depth understanding of the bio-
logical functions of PRV encoding genes, some gene-modified vaccines and other types
of vaccines have also been generated based on emerging virulent PRV strains. As ideal
target genes, the gE, gI, TK, Us9, Us2, gC, gG and PK genes can be deleted to develop
genetically engineered vaccines against re-emerging PR, particularly gE, gI and TK genes.
Therefore, similar to single- or multiple-genes deletion of classical PRV strains, some novel
gene-modified vaccines based on the variant PRV strains have been generated in recent
years, but only two types of vaccines have been licensed thus far, including the gE-gene-
deleted inactivated vaccine on the basis of the PRV HeN1201 strain isolated from 2019 and
another natural four-gene-deleted (gI/gE/Us9/Us2) vaccine based on the PRV C strain in
2017 [29,154,155]. There are other candidates, including killed and live attenuated vaccines
based on the variant PRV strains, and the latter can be generated by homologous DNA
recombination, clustered regularly interspaced palindromic repeats (CRISPR)/associated
(Cas9) system and bacterial artificial chromosome (BAC) [155–158]. Thus far, the gene-
modified vaccine of PRV based on the variant PRV strains contains a double-gene deletion
of the ZJ01 strain (vZJ01-∆gE/gI), the PRV-XJ strain (rPRVXJ-delgI/gE-EGFP), and the
AH02LA strain (PRV B-gD&gCS), three-gene deletion based on the HN1201 strain (vPRV
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HN1201 TK-/gE-/gI-), the TJ strain (rPRVTJ-delgE/gI/TK), the NY strains (rPRV NY-
gE-/gI-/TK-), the GX strain (rGX∆TK/gE/gI), the XJ5 strain (rPRV/XJ5-gE-/gI-/TK-)
and the ZJ01 strain (rZJ01-∆TK/gE/gI), four-gene deletion of the PRV-GDFS (PRV GDFS-
delgI/gE/US9/US2) and ZJ01 strains (rZJ01-∆gI/gE/TK/UL13), and five-gene deletion
of HN1201 (rHN1201TK−/gE−/gI−/11k−/28k−), which have been proved to be effective in
preventing PR caused by mutant strains [29,155–165]. Considering the safety of these
candidate strains in field applications, further clinical trials must be conducted.

Table 3. Overview of genetically modified live PRV strains for vaccination in pigs.

Gene-Deleted
Vaccines Vaccine Strains Progenitor Strains Deleted Gene Technology Used Authorization References

Single
gene-deleted

vaccine

Omnivac BUK TK gene Natural losses Licensed [27]
2.4N3A NIA-3 (field strain) gE gene HR Licensed [166]

PRV(LA-AB) AH02LA (field strain) gE gene BCA Not available [167]
HN1201∆gE
(inactivated) HN1201 (field strain) gE gene HR Licensed [154]

rPRVTJ-delgE TJ (field strain) gE gene HR Not available [11]

Double
gene-deleted

vaccine

Omnimark Omnivac (BUK) TK and gIII genes Natural losses Licensed [145]
Begonia 2.4N3A (NIA-3) TK and gE genes Natural losses Licensed [168]

NIA3-783 2.4N3A (NIA-3) TK and gE genes HR Licensed [146]
Tolvi field strain TK and gpX genes HR Licensed [169]

D1200/D560 NIA-3 gD and gI genes HR Not available [148]
AD-YS400 Yangsan (field strain) TK and gE genes HR Not available [170]

JS-2012-∆gE/gI JS-2012 (field strain) gE and gI genes HR Not available [171]
gE-TK-PRV TNL (field strain) TK and gE genes HR Not available [172]

vZJ01∆gE/gI (inactivated) ZJ01 (field strain) gE and gI genes BCA Not available [157]
PRV (PRV∆TK&gE-AH02) AH02LA (field strain) TK and gE genes HR Not available [173]

Triple
gene-deleted

vaccine

6C2 Field strain TK, gE and gI genes HR Not available [174]
SA215 Fa (classical strain) gE, gI and TK genes HR Licensed [175]

rSMX∆gI/gE∆TK Field strain TK, gE and gI genes HR Not available [176]
rPRVTJ-delgE/gI/TK- rPRVTJ-delgE (TJ strain) TK, gE and gI genes HR Not available [29]

vPRV HN1201 HN1201 (field strain) TK, gE and gI genes HR Not available [158]
gE-/gI-/TK- PRV HeN1 (field strain) TK, gE and gI genes CRISPR/Cas9 Not available [177]

rPRV NY-gE−/gI−/TK− NY (field strain) TK, gE and gI genes HR and
CRISPR/Cas9 Not available [155]

201715 (field strain) gE, gC and TK genes CRISPR/Cas9 Not available [178]
rPRV/XJ5-gE−/gI−/TK− XJ5 (field strain) gE, gI and TK genes HR Not available [159]

rGX∆TK/gE/gI GX (field strain) TK, gE and gI genes Not available [165]

Four
gene-deleted

vaccine

PrV (376) PrV (376) gD, gG, gI and gE genes Not available [147]
—— C (field strain) gI, gE, Us9 and Us2 genes Natura losses Licensed [179]
PRV

GDFS-delgI/gE/US9/US2 GDFS (field strain) gI, gE, Us9 and Us2 genes CRISPR/Cas9 Not available [161]

rZJ01-∆gI/gE/TK/UL13 ZJ01 gI, gE, TK and UL13 genes CRISPR/Cas9 Not available [29]

Five gene-deleted
vaccine

PRV
rHN1201TK−/gE−/gI−/11k−/28k− HN1201 (field strain)) TK, gI, gE, 11k and 28k

genes BCA Not available [164]

Note: HR is the homologous DNA recombination; BCA is the bacterial artificial chromosome; CRISPR/Cas9 is the
clustered regularly interspaced short palindromic repeats/Cas9.

Additionally, the large genome of PRV can serve as vaccine vectors for expressing
exogenous antigens without affecting its infectivity and immunogenicity [180]. Several
live PRV-based vector vaccines encoding significant antigens of other animal pathogens
have been generated and represented in the previous overview [181]. Similar to the
gene-modified vaccine, gG, gI, gE, and TK genes generally are used to insert exogenous
sequences [182–184]. At present, varied foreign genes encoding protective antigens of other
pathogens have been successfully inserted into the large genome of PRV, including the PPV
VP2 gene, classical swine fever virus (CSFV) E2 gene, the Brucella melitensis Bp26 gene, and
some genes of the African swine fever virus which include CP204L (p30), CP530R (pp62),
E183L (p54), B646L (p72) and EP402R (CD2v) [116,183–188]. Generally speaking, most
PRV recombinant vaccines have not yet been licensed so far, although these vaccines can
effectively prevent multiple infectious diseases simultaneously. Surprisingly, recombinant
targeted Bacillus subtilis vaccine expressing PRV gC and gD proteins can effectively induce a
mucosal immune response against this disease in recent study [189], and efficient protection
provided by a gD-based subunit vaccine against PRV variant infection in pig models was
also confirmed [190].

For China, many researchers have developed diverse types of anti-PRV vaccines,
mainly including inactivated vaccines, live attenuated vaccines and live PRV-based vector
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vaccines, and most of them can produce high levels of neutralizing and gB antibodies, with
effective protection against PRV. Furthermore, these candidate vaccines also follow the
distinction between the infected and vaccinated animals (DIVA), which is beneficial to PR
eradication in China. Different types of vaccines have different advantages. The inactivated
vaccine is highly safe for vaccinated animals without viral virulence reversion, but it is
generally less effective than both live vaccines [10]. Notably, two live vaccines display
disadvantages, for example, their safety in pigs and non-target animals. Some studies
reported that vaccination with a gene-modified PRV strain could lead to PR in sheep with
severe clinical signs, as well as adult red foxes, and also pose a potential threat to the health
of dogs [191–193]. In general, lengthy testing should be conducted on genetically modified
live vaccines [167].

6.2. Chinese Herbal Medicines as Potential Anti-PRV Drugs

Chinese herbal medicine has a history spanning thousands of years and has been
extensively applied in the treatment of various diseases of human beings, such as atheroscle-
rosis, sepsis, diabetes, cancers, chronic kidney disease and anti-SARS-CoV-2 (COVID-19)
infection [194–200]. Some researchers have also found that Chinese herbal medicine can
improve some animal diseases [201–204]. Sinomenine, a comment agent in Chinese herbal
medicines, can decrease the incidence and severity of certain LPS-induced toxicities, for ex-
ample, cell adhesion, systemic inflammation and multiple organ dysfunction [201]. Ginger
extracts can relax and vasoprotect porcine coronary arteries [203]. With the international
recognition of traditional Chinese herbal medicine in disease treatment, this medicine has
gradually gained comprehensive attention. In light of the tremendous impact of PR on
the swine industry, some scientists have also committed to looking for inhibitors against
PRV infection (Table 4) [205–209]. As a natural phenolic compound, resveratrol (trans-3, 4,
5-trihydroxystilbene; Res) has a variety of properties, such as immunomodulatory, anti-
inflammatory and antiviral activities, and especially, its antiviral activities against PRV
infection have been fully recognized in numerous examinations [209,210]. Based on these
bioactivities, it appears that Res can inhibit the proliferation in PRV-infected piglets and
protect rotavirus-infected piglets by reducing the inflammatory response and enhancing im-
mune function [211]. In vitro, Res effectively inhibits PRV replication in a dose-dependent
manner, with a 50% inhibition concentration of 17.17 µM, and its inhibition of PRV-induced
cell death and gene expression may be related to IκB kinase degradation [211]. The ability
of Res anti-PRV and immune-adjuvant was also corroborated in both mice and pigs, and
Res could inhibit the replication of ASFV in vitro [142,186,212]. Taken together, these tradi-
tional Chinese herbal medicines have great potential value on the inhibitive ability of PRV
infection, and they need to be further studied to be promoted to be an effective choice for
animals or human beings against PRV challenge.

In addition to Res, other types of compounds with anti-PRV activity have been identi-
fied to be effective in vitro, such as kaempferol, panax notoginseng polysaccharides, germa-
crone, plantago, quercetin, isatis indigotica, radix isatidis, marine Bacillus S-12–86 lysozyme,
diammonium glycyrrhizin, vanadium-substituted Heteropolytungstate, graphene Oxide,
ivermectin and phosphonoformate sodium, whereas some of them cannot be verified
for the inhibition of viral replication in vivo (Table 4) [99,213–221]. As a novel anti-PRV
drug, quercetin is a natural product that has anti-oxidant, anti-bacterial, anti-cancer and
anti-viral activities [216,222]. In the latest research, it was found that quercetin can indeed
reduce the extent of PRV infection in virus-infected cells in a concentration-dependent
manner, suggesting that quercetin mainly holds back the entry of PRV into the host cell by
preventing its adsorption to the cell surface [216]. In addition, it is important for a viral
infection that quercetin is able to insert into the substrate-binding pocket of PRV gD protein
on the PRV surface and connect the N-ring and spiral alpha3 by hydrogen bonding [216].
The anti-PRV activity of quercetin has been demonstrated in mice, indicating that mice
inoculated with quercetin can resist the lethal challenge of PRV and decrease the viral loads
in the brain [216]. Although quercetin has a powerful therapeutic property against PRV
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infection both in vitro and vivo, it still needs long-term validation before it can be widely
applied in veterinary clinics.

Table 4. Overview of compounds with anti-PRV infection activity.

Source Mechanism 50% Effective
Concentration

50% Cytotoxic
Concentration PRV Strain In Vitro In Vivo References

Resveratrol (Res)
The inhibition of viral
proliferation, IκB kinase
activation

17.17 ± 0.35 µM Above 262.87 µM Rong A strain Yes Yes [142,209,211]

Kaempferol The inhibition of
viral proliferation

25.57 µM of 50%
inhibited
concentration

No mention Ra strain Yes Yes [213]

Panax notoginseng
polysaccharides

The inhibition of viral
adsorption and replication No mention No mention PRV XJ5 strain Yes No [214]

Germacrone The inhibition of
viral proliferation

54.51 µM for Vero
cells and 88.78 µM
for LLC-PK-1 cells

233.5 µM for Vero
cells and 184.1 µM
for LLC-PK-1 cells

Variant PRV
and PRV
vaccine strain
Barth K61

Yes No [206]

Plantago

The inhibition of viral
attachment and penetration;
decreasing ROS (reactive
oxygen species) production

No mention No mention PRV XJ5 Yes No [215]

Quercetin The inhibition of
viral adsorption

2.618 ± 0.673 µM
of 50% inhibited
concentration

Above 599 µM HNX strain Yes Yes [216]

Isatis indigotica The inhibition of
viral proliferation 11 µg/mL 299 µg/mL TNL strain Yes No [217]

Radix isatidis
The inhibition of viral
proliferation; killing
virus directly

The inhibition rate
of viral replication
by 14.674–30.84%

No mention Min A strain Yes No [207]

Marine Bacillus
S-12–86 lysozyme

The inhibition of viral
proliferation; killing
virus directly

0.46 mg/L 100 mg/L Min A strain Yes No [218]

Diammonium
glycyrrhizin Killing virus directly No mention Above 1250

µg/mL Bartha K-61 Yes No [219]

Vanadium-
substituted
Heteropolytungstate

Killing virus directly 3.5–5.0 mg/L 400–420 mg/L Bartha strain Yes No [220]

Graphene Oxide Killing virus directly No mention No mention HNX strain Yes No [223]

Ivermectin
The inhibition of viral DNA
polymerase UL42 in entering
the nucleus

No mention No mention No mention Yes Yes [208]

Phosphonoformate
sodium

Inhibition of viral
DNA polymerase

Nearly 60 µg/mL
of 50% inhibited
concentration

No mention Kaplan Yes No [221]

6.3. Novel Small RNAs

Owing to the characteristic of targeting mRNA degradation, small RNAs are ex-
tensively used for searching gene functions and are also considered a novel therapeutic
approach that effectively inhibits viral replication and interferes in protein synthesis, includ-
ing small interfering RNAs (siRNAs) and microRNAs (miRNAs) [224–226]. In a previous
study, it was proved that the PRV processivity factor UL42 is critical for viral replication
and can improve the catalytic activity of the DNA polymerase, suggesting that it may be
a latent drug target for antiviral treatment against PRV infection [2]. To verify this guess,
three siRNAs (siR-386, siR-517, and siR-849) directed against UL42 were synthesized and
defined their anti-PRV activities in cell culture, and the results showed that these three
siRNAs induce great inhibitory effects on UL42 expression after PRV infection and impair
viral replication [227]. miR-21 is one of the earliest miRNAs to be discovered, and it is
associated with the immune response, viral replication, cell apoptosis and cancer [228–230].
In Huang’s study, it demonstrated that miR-21 plays a crucial role in the immune response
to PRV infection and can directly target interferon-γ inducible protein-10 (IP-10) to inhibit
PRV replication in PK15 cells [230]. Subsequently, the detailed function of a large latency
transcript (LLT) miRNA cluster was further studied, and PRV-encoded prv-miR-LLT11a
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appeared during initial downregulation and following upregulation in PK15 cells with
PRV-infection, suggesting that it may have obviously repressed viral replication [231].
However, their potential mechanism remains unclear so far, which needs deeper research.

7. Conclusions and Future Perspectives

It has been nearly 200 years since PR was first discovered in 1813 in America, and
PRV infection has become one of the most important pathogens leading to reproductive
failure of pregnant sows, nervous disorders in newborn piglets, and respiratory distress in
growing pigs [2]. Although few countries have eradicated PR from their swine populations
due to the application of gE-deleted PRV vaccines and the DIVA strategy, PR is still
prevalent in most countries, especially in China, which has resulted in huge economic
losses to the swine industry during the past several decades [157]. With continuous
exploration, the roles of the various components, pathogenesis, diagnosis method and
prevention of PRV are being developed in depth. In the past decades, the infected host
of PRV has ranged from various animals to human beings, including pigs, dogs, cats,
cattle, sheep, goats, captive mink, wild foxes, captive foxes, wolves and lynxes [232]. PRV
infection invades the peripheral nervous system in pigs with the occasional invasion of the
central nervous system after primary infection at mucosal surfaces [15]. For its diagnosis,
different types of detection technology have been generated, such as serological approaches,
molecular biology approaches, and other approaches (VI and the paper biosensor doped
with Fe3O4@SiO2–NH2 and MWCNTs). As one of the serological assays, ELISA is most
widely used in detecting the infection of PRV wild strains due to its sensitive and rapid
features [1]. It is worth nothing that PRV infection in humans is confirmed by high-
through sequencing technology, which is time-consuming and expensive [6,138]. Thus,
these problems should be the focus of future efforts.

In terms of the prevention and control of PR, vaccination with the Bartha-K61 strain is
the most common method, and PR is well controlled worldwide. However, PR re-emerged
at the end of 2011 in Chinese pig herds which were vaccinated with the Bartha-K61 strain,
and it was demonstrated that re-emerging PR is caused by variant PRV strains, suggesting
that the commercial vaccine containing the Bartha-K61 strain cannot provide full protection
against the variant PRV challenge [111]. With continuous research, various types of vaccine
candidates have been created, such as inactivated vaccines, live gene-deleted vaccines, live
attenuated recombinant vaccines, DNA vaccines and subunit vaccines, though the last two
types of vaccines are rarely used in the clinical prevention of PRV. At present, PRV vaccines
that are widely used in pig farms are mainly the licensed live attenuated gene-deleted
vaccines, but they may appear to cause viral virulence reversion and influence the safety
of vaccinated pigs. Another disadvantage is that these commercial attenuated vaccines
can lead to various susceptibility and immune responses in some species (goat, dog and
mink) [99]. Therefore, it is very necessary to develop safer vaccines with efficient protection
against PRV infection in the future.

In conclusion, the current study and clinical progress data on PR prevention and
control are optimistic, and we believe that we can achieve the goal of eradicating PR
worldwide in the near future.
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Abstract: Pseudorabies virus (PRV) can cause neurological, respiratory, and reproductive diseases in
pigs and establish lifelong latent infection in the peripheral nervous system (PNS). Latent infection is
a typical feature of PRV, which brings great difficulties to the prevention, control, and eradication
of pseudorabies. The integral mechanism of latent infection is still unclear. Latency-associated
transcripts (LAT) gene is the only transcriptional region during latent infection of PRV which plays
the key role in regulating viral latent infection and inhibiting apoptosis. Here, we review the
characteristics of PRV latent infection and the transcriptional characteristics of the LAT gene. We also
analyzed the function of non-coding RNA (ncRNA) produced by the LAT gene and its importance in
latent infection. Furthermore, we provided possible strategies to solve the problem of latent infection
of virulent PRV strains in the host. In short, the detailed mechanism of PRV latent infection needs to
be further studied and elucidated.

Keywords: pseudorabies virus; latent infection; latency-associated transcripts; non-coding RNA

1. Introduction

Pseudorabies virus (PRV) belongs to the family Herpesviridae, subfamily Alphaherpesviri-
nae, and the Varicellovirus genus [1]. The PRV genome is 142 kb of linear double-stranded
DNA with 70 different coding genes and one latency-associated transcript (LAT) site. It con-
sists of a unique long region (UL), a unique short region (US), internal repetitive sequences
(IRS), and terminal repetitive sequences (TRS) [2]. The natural host of PRV is pigs, but it can
infect most mammals, including cattle, sheep, cats, dogs, mink, and rodents [3–9]. There
are significant differences in PRV infection between natural and non-natural hosts [10,11].
In natural hosts, PRV can cause neurological, respiratory, and reproductive diseases and
establish latent infection in the peripheral nervous system (PNS) of surviving pigs, but
death in adult pigs is uncommon [11–14]. In non-natural hosts, PRV infection is char-
acterized by severe pruritus, a short duration of disease, and rapid death [10,11]. The
mortality rate of non-natural hosts is up to 100%, and consequently latent infection rarely
occurs [10,11,15]. However, under laboratory conditions, PRV can establish activatable la-
tent infection in non-natural hosts, which is of great significance in the study of herpesvirus
latent infection [16–19].

PRV has been eradicated or controlled through the use of gene-deficient vaccines
and differentiating infected from vaccinated animals (DIVA) strategy in many countries.
However, since 2011, the emergence of mutant strains of PRV has made pseudorabies come
back in China, one of the world’s largest pig breeding countries [20–24]. Tong et al. found
that PRV mutant strain JS-2012 caused earlier clinical symptoms and higher mortality
compared to PRV classic strain SC in 15, 30, and 60-day-old pigs [25]. In protection assays,
the Bartha-K61 vaccine provided 100% protection against classic strain, but only partial
protection against JS-2012 strain or HeN1 strain [25–27].The mutant strains have been
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prevalent in pig farms immunized with PRV vaccine, which shows that the existing PRV
vaccine cannot prevent infection caused by the new PRV mutant strains [20,22,25–27]. In
recent years, human infections of PRV have been increasingly reported. From 2018 to 2022,
more than 20 cases of human PRV infection have been found [28–39]. Liu et al. isolated
and identified a human PRV strain hSD-1/2019 which had high pathogenicity to mice and
pigs [28]. Most of the patients infected with PRV are workers related to the pig industry,
and they are directly or indirectly infected with PRV through conjunctiva, skin wounds,
and syringe stab wounds. PRV is not only costly to the pig industry but also a serious threat
to humans. Therefore, the eradication of PRV should be accelerated all over the world.

Latent infection is the major impediment to eradication of PRV. PRV can establish
latent infection in the PNS of pigs. During the latent infection of PRV, no clinical symptoms
and infectious virions exist in pigs. When stimulated by stressors, the latent virus can be
reactivated, and then productive infection occurs. According to the investigation of pig
farms, PRV was in a state of latent infection most of the time and latent virions were prone
to reactivation in winter and spring [40]. Interestingly, although reactivated virions were
detected in pigs, no clinical symptoms were observed. These virions were excreted into the
environment, resulting in the spread of PRV and the infection of other susceptible animals.
Therefore, controlling latent infection plays an important role in the eradication of PRV.

The integral mechanism of latent infection is still unclear. The LAT gene is the only
active gene during the latent infection. It can transcribe a variety of non-coding RNAs
(ncRNAs) which are involved in the establishment, maintenance, and reactivation of viral
latent infection, as well as the inhibition of productive infection and anti-apoptosis [41].
Here, we mainly summarized the characteristics of PRV latent infection, the transcription
and function of the LAT gene, so as to provide new perspectives for future research on PRV
latent infection.

2. The Characteristics of PRV Latent Infection

During the natural infection of pigs, PRV replicates in the epithelial cells of the nasal
mucosa and invades sensory nerve endings by membrane fusion. The virus particles enter-
ing the axon terminals are retrogradely transported to the neuron nucleus [42,43]. Then, the
capsid docks near the nuclear foramen, PRV genome is released, and the tegument protein
VP16 activates the immediate early gene IE180 of PRV to form a productive infection [1].
During latent infection, the expression of immediate early genes (IE gene) is affected by
many factors, such as VP16, Oct-1 (a member of the Oct protein family), HCF (a cellular
protein), and LAT [44]. In sensory neurons, Oct proteins (except Oct-1) can prevent the
formation of VP16/Oct-1/HCF complexes, thus inhibiting the transcription of IE genes [44].
Moreover, in the nucleus, the viral genome binds to the nucleosome and further inhibits the
expression of IE180 during latent infection [41]. IE180 is a potent transcriptional activator
which is required for efficient transcription of early (E) gene and late (L) gene of PRV, so it is
essential for viral replication [1]. The expression product of IE180 can bind to the promoter
of LAT and inhibit the transcription of LAT genes [45]. Therefore, when the IE180 gene
is silenced, IE180-mediated transcription of E gene and L gene is restricted, while LAT
gene transcriptional activity is enhanced. Thus, LAT gene is the only transcriptional region
during latent infection [46].

The PRV genome mainly exists in the nerve tissue, especially in the trigeminal ganglion,
which is the most reliable tissue for detecting latent PRV during latent infection [47]. The
olfactory bulb and medulla oblongata can also contain the latent genome. The PRV latent
genome is mainly confined to the nucleus in the form of linear and unintegrated, and a small
number of latent genomes exist in the form of ring [47]. The positive cells of latent infection
are distributed in different regions of the neural tissue in the form of aggregation [47].
In latently infected neurons, the number of PRV genome is stable and is not related to
the length of the latency period [47]. Latent infections are generally stable but can be
reactivated under stress, such as restraint, exposure to cold, or transport [47,48].
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Latent infection requires the co-regulation of viruses, neurons, and the host immune
system [49,50]. When the three are balanced, the virus can establish a latent infection in
the host. The conditions for the establishment of latent infection are as follows: firstly, the
viral genome enters the nucleus of neurons, and the vast majority of genes are restricted
for transcription and translation. Secondly, in order to avoid latent genome loss, the
virus takes certain measures to promote the survival of infected cells and evade host
immunity [51]. For example, LAT has an anti-apoptotic effect and can prolong the survival
time of neurons [41]. Finally, latent viruses can monitor and manipulate the environment
of host cells for reactivation.

3. Transcriptional Characteristics of LAT Gene
3.1. Transcriptional Region and Sizes of the LAT Gene

The study of latent viral gene expression is restricted because less than 1% of ganglion
neurons contain latent viral genomes [47]. Among the latently infected neurons, Rock et al.
detected DNA and mRNA of the virus by in situ hybridization, which proved that the
PRV genome has transcriptional activity during the latent infection [46]. Researchers soon
discovered that mRNAs produced during latent infection were transcribed from a region
between 0.69 and 0.77 map units of the PRV genome [52]. This region is about 11 kb, which
covers the early protein 0 (EP0) gene and IE180 gene, and the transcriptional direction is
opposite to that of the IE180 and EP0 genes [53–55]. These mRNAs are collectively referred
to as LATs, including various sizes of mRNA, in which 0.95 kb, 1.0 kb, 2.0 kb, 8.0 kb, and
8.4 kb mRNA are generally detected [52,56,57]. The mRNA of 8.4 kb (some refer to 8.5 kb)
is called large latency transcript (LLT) [52,55,57,58]. Through in situ hybridization analysis
of LATs, it was found that LATs were mainly confined to the nucleus of neurons and a
small part of them existed in the cytoplasm [44,46].

3.2. The Structure and Function of LAT Promoter

The structure of the LAT promoter (LAP) overlaps with the promoter of UL1-3.5 gene
cluster in the opposite direction [57]. LAP contains 2 TATA boxes, 3 CAAT boxes, and
2 GC boxes, which is a dual regulatory promoter. The first latent activation promoter
(LAP1) contains the first TATA box and three CAAT boxes, and the second latent activation
promoter (LAP2) contains the second TATA box and two GC boxes. LAP1 is the basic
promoter of LAT gene expression during PRV latent infection. It initiates transcription of
LAT in nerve tissue and produces LLT with 4.6 kb intron [58]. LLT starts at 34 nucleotides
downstream of the first TATA box in LAP1 and can be spliced into different sizes of RNAs.
The whole nucleotide sequence of 2.0 kb mRNA is contained in the LLT, and it lacks the
intron of 4.6 kb. However, the LAT of 2.0 kb is regulated by LAP2, which starts at about
243 bp downstream of the LLT transcription initiation site and ends at the junction of
BamHI fragments 8′ and 8 [52]. Whether in latent or lytic infection, nerve or non-nerve
cells, in vivo or in vitro, LAP2 has no specific activity, and it is responsible for regulating
the transcription of 1.0 kb, 2.0 kb, and 8.0 kb LATs [52,58]. When LAP2 and LAP1 coexist,
LAP2 can enhance the activity of LAP1 [57].

LAP1 mediates the transcription of LLT [58]. The nerve cells were infected by the
recombinant PRV strain with a deletion of the LAP1 region in vitro. The mRNA of 2.0 kb
and 8.0 kb could be obtained from the infected nerve cells, but the LLT of 8.4 kb could not
be detected. The recombinant strain could establish latent infection in the pigs, but the LLT
of 8.4 kb could not be detected in trigeminal nerve. Therefore, LAP1 is the key promoter of
LLT, and LLT is not required for the establishment of PRV latent infection [58]. The role of
LLT needs to be further understood in PRV latent infection.

LAP is neuron-specific in vivo [59,60]. Taharaguchi et al. established a transgenic
mouse line containing LAP linked with the chloramphenicol acetyltransferase (CAT)
gene [60]. The expression level of the CAT gene in different tissues of transgenic mice was
evaluated by enzyme-linked immunosorbent assay (ELISA). It was found that CAT was
almost exclusively expressed in nerve tissue, and the expression level was the highest in the
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trigeminal nerve [60]. The expression of CAT in trigeminal ganglion neurons was further
verified by in situ hybridization. In the absence of viral proteins, LAP is not only active but
also neuron-specific, indicating that LAP may be regulated by neuronal transcription fac-
tors, and is independent of viral proteins. However, in the studies by Ou and Taharaguchi
et al., it has been shown that the inhibition of LAP by IE180 is caused by the formation of a
stable complex of IE180, cellular protein(s), and the IE180 binding site located on LAP, sug-
gesting that LAP can be regulated by viral and host protein(s) [45,60,61]. In order to further
understand the molecular regulatory mechanism of LAP, the host protein that regulates
the neuron-specificity of LAP needs to be discovered. In the study of Taharaguchi et al.,
there were significant differences in the expression level of the CAT gene in different neural
tissues, suggesting that LAP activity varies in different neuronal environments, which may
be related to the differences of neuronal transcription factors and neuronal morphology in
various nerve tissues [60,62]. It has been proved that dexamethasone can activate latent
infection of PRV [48,63]. When transgenic mice were treated with dexamethasone, it was
found that dexamethasone did not affect LAP-mediated CAT transcription and translation.
We speculate that dexamethasone induced viral reactivation may be irrelevant to LAP [60].
Therefore, it is important to analyze the interaction between LAP, viral protein, and host
protein for the study of PRV latent infection.

4. The Role of LAT Gene in Latent Infection

Non-coding RNA (ncRNA) molecules are small and have various regulatory functions
in virus replication, virus persistence, immune escape, and cellular transformation [64].
Compared with proteins, the regulation of latent infection by ncRNAs is more desirable:
first, the LAT gene is the only gene with transcriptional activity during latent infection, with
can transcribe a variety of ncRNAs, but does not produce bioactive proteins [65–70]; second,
ncRNAs lack antigenicity and are more likely to evade host cellular immunity [64]; third,
the rich functions of ncRNAs are suitable for the regulation of latent infection [64]; finally,
compared with proteins, the regulatory function of ncRNAs is mild, and the regulatory
mode is ideal in the setting of latent infection [71]. Therefore, the ncRNA is of great
significance for the research of PRV latent infection. The LAT gene can transcribe several
different types of ncRNAs, such as microRNA (miRNA), small RNA (sRNA), long non-
coding RNA (lncRNA), and short non-coding RNA (sncRNA), etc. [65–70]. At present,
studies on PRV latent infection are mainly focused on miRNA, and few reports on other
ncRNAs. PRV LAT can transcribe many kinds of ncRNAs just like that of Herpes simplex
virus type 1 (HSV-1). PRV EP0 and IE180 are homologues of HSV-1 ICP0 (infected cell
polypeptide 0) and ICP4 (infected cell polypeptide 4), respectively [72]. The ncRNAs
produced by HSV-1 LAT, such as miR-H2 and miR-H6, can inhibit the expression of ICP0
and ICP4 [73,74]. The ncRNAs transcribed by PRV LAT can target EP0 and IE180 mRNAs.
Based on the structural similarity of homologous proteins, we speculate that some ncRNAs
transcribed by PRV may have functions analogous to those of HSV. HSV’s research on LAT
ncRNA is more abundant than PRV’s. Therefore, we will analyze the function of PRV LAT
ncRNAs combined with HSV to comprehensively elucidate their role in latent infection.

4.1. MicroRNAs Transcribed by the LAT Gene and Host Cell

MicroRNA (miRNA) is about 20–24 nucleotides (nt) in size and has a variety of
important regulatory functions [75]. It can regulate target mRNA by altering its stability or
inhibiting its transcription. With the development of sequencing technology, the miRNAs
of most herpesviruses have been identified, including PRV. However, the specific function
of PRV miRNAs in the process of PRV infection is still unclear.

Alphaherpesvirinae has been shown to transcribe a variety of miRNAs which are usually
clustered in the viral genome. The viral miRNAs are limited to LAT sites or adjacent
regions and can be transcribed by each strand of the genome [72]. Anselmo et al. identified
five viral miRNAs (prv-miR-LLT 1 to prv-miR-LLT 5) in PRV-infected porcine dendritic
cells (DCs) by deep sequencing [76]. These miRNAs are all transcribed by the intron of
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LLT [76]. The sizes of prv-miR-LLT 1, prv-miR-LLT 2, prv-miR-LLT 3, and prv-miR-LLT
5 are between 21 and 23nt. Prv-miR-LLT 4 is a mature miRNA with a size of 18nt. Using
gene target analysis of miRNAs (prv-miR-1,2,3,4,5), it was found that the possible targets
of Prv-miR-LLT 1-5 located in LLT, EP0, and IE180. Based on Anselmo’s study, Wu et al.
identified 11 viral miRNAs (prv-miR-LLT 1 to prv-miR-LLT 11) in porcine epithelial cell line
(PK-15) infected with PRV by the same method [77] (Figure 1). Gene target analysis showed
that prv-miR-LLT 1 and prv-miR-LLT 9 could target IE180 and LLT, and prv-miR-LLT 2
could target EP0 and LLT. It was also found that 11 viral miRNAs could target 235 host
genes. GO enrichment analysis showed that these 235 host genes are involved in apoptosis,
host immune response, cell metabolism, and virus replication [77]. These results suggest
that viral miRNAs can play an important role in regulating the interaction between virus
and host.
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and the location of prv-miR-LLT 1-11 in the LLT intron.

Although these viral miRNAs were detected during productive infection of PRV,
they were produced by LAT and could regulate the latent infection of the virus. As a
member of the Alphaherpesvirinae subfamily, the viral miRNA of PRV may have similar
functions to that of HSV. MiRNAs of HSV can regulate viral latent infection by down-
regulating the expression of IE genes or E genes [73,78]. In HSV-1 infected cells, LAT,
as the primary miRNA precursor, can transcribe various miRNAs. Among them, HSV-1
miR-H2 can inhibit the expression of ICP0 through targeting its mRNA [73]. ICP0 is an
effective activator of virus reactivation, so miR-H2 inhibits the expression of ICP0, thereby
hindering virus reactivation [73,79]. When interfering with the transcription of HSV-1
miR-H2, reverse consequences will occur, including the increase of ICP0 expression, viral
reactivation, and the neurovirulence of HSV [74]. Therefore, miR-H2 can regulate the
conversion between latency and reactivation of the virus. In addition, HSV-1 miR-H6
can inhibit the expression of ICP4. The LAT gene of herpes simplex virus type 2 (HSV-2)
can also produce many different miRNAs, among which miR-I and miR-II can reduce the
expression of the neurovirulence factor ICP34.5, and miR-III can block the expression of the
ICP0 gene [78,80]. MiRNAs not only regulate the latent infection, but also the productive
infection. Timoneda et al. detected 8 miRNAs transcribed by LLT intron in PRV infected
pigs. The expression of these viral miRNAs was obviously changed at different times
of acute infection and significantly increased only in the early stage of virus infection.
Thus, the authors speculated that the 8 miRNAs could be involved in the establishment of
productive infection of the virus [65]. Another interesting phenomenon was also observed.
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The 20 viral miRNAs detected from PK15 cell line by using Illumina deep sequencing were
derived from the open reading frame (ORF), IRS, and TRS regions of the PRV genome [81].

Host miRNAs, like viral miRNAs, can participate in the regulation of virus infection.
Many studies have shown that PRV infection can affect the expression of miRNAs in host
cells [76,77,81,82]. Members of the miR-146 family can regulate host inflammatory and
immune responses [83,84]. In PRV infected mouse neuroblastoma cells, miR-146b-5p was
significantly up-regulated after PRV infection, which could promote PRV replication and
negatively regulate type I interferon response [82]. Furthermore, other host miRNAs can
also target multiple viral genes such as miR-1249-3p, miR-6538, miR-466k, and miR-714 to
regulate the PRV infection [82].

4.2. Other Non-Coding RNAs Transcribed by LAT Gene

Long non-coding RNA (lncRNA) has the function of regulating gene expression [67].
In latently infected ganglia, the LAT gene of HSV can express different sizes of lncRNAs.
They can accumulate in the nucleus of latently infected neurons to induce the formation
of facultative heterochromatin, promote lytic gene silencing, and evade the host immune
response [66,70]. PRV can up-regulate the expression of host lncRNAs in infected cells,
thus promoting the replication of itself [85].

Peng et al. identified two ncRNAs in the first 1.5 kb LAT region of HSV which were
different from the typical miRNA structure [86]. They possessed the feature of sRNA, so the
two ncRNAs were called LAT sRNA1 and sRNA2.The first 1.5 kb LAT region of HSV plays
an important role in suppressing productive infection, resisting apoptosis, maintaining
latent infection, and ensuring a high rate of viral reactivation [87,88]. According to the
complementary pairing of the two sRNAs with ICP4 mRNA and the position of their
corresponding DNA sequence, it is speculated that sRNA1 and sRNA2 could inhibit the
translation of ICP4 mRNA and apoptosis. Shen et al. confirmed this speculation [69]. ICP4
is essential for productive infection and viral reactivation. The LAT sRNA2 can inhibit
the translation of ICP4 mRNA, so the functions of the latter can be affected in regulating
the virus infection. LAT sRNA1 has a stronger ability to suppress productive infection
than sRNA2, but it has no significant effect on the expression of ICP0 or ICP4 protein. It is
predicted that LAT sRNA1 may target mRNA of VP16 and UL8 to inhibit the production of
regulatory proteins necessary for viral replication. Single point mutations in LAT sRNA1
and sRNA2 can reduce the ability of LAT to inhibit apoptosis [69]. Therefore, sRNA1 and
sRNA2 take an important role in the anti-apoptotic effect of LAT.

In some studies, LAT sRNA1 and sRNA2 are named LAT sncRNA1 and LAT sncRNA2,
respectively. LAT sncRNA1 and sncRNA2 can regulate the signal pathway of retinoic acid-
induced gene I (RIG-I) to improve cell survival [68]. Herpesvirus entry medium (HVEM) is
a cell surface protein that mediates the attachment and entry of HSV into cells. HVEM can
regulate the cellular immune response and inhibit apoptosis. In latently infected neurons,
LAT can up-regulate the expression of HVEM through the interaction of LAT sncRNA1
and sncRNA2 with the HVEM promoters, thereby promoting cell survival and helping the
virus escape host immunity [89].

4.3. LAT Encoding Protein in Latent Infection

Open reading frames (ORFs) are DNA sequences that are capable of encoding proteins.
Eight potential ORFs exist in the first 1.5 kb LAT of HSV-1. Introducing point mutations
into the ATG of ORFs can reduce the activity of LAT in inhibiting apoptosis [90]. Although
no bioactive LAT encoding protein was detected in latently infected neurons, its biological
function was confirmed in vitro [91]. HSV-1 LAT encoding protein can restore the repli-
cation level of the ICP0 gene-deficient strain in vitro and improve the growth level of the
virus in vivo. Therefore, it was implied that the LAT encoding protein might have functions
similar to ICP0 in the reactivation of virus latent infection [91,92].
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5. Effect of Pseudorabies Vaccine on Virus Latent Infection

The PRV vaccine could not prevent the establishment of latent infection of wild-type
strains. As early as 1981, it was reported that latent infection of PRV still existed in pig
farms vaccinated with live attenuated PRV vaccine [93]. Since then, a large number of
studies have confirmed that the clinical symptoms and mortality of infected pigs can be
reduced by active immunization of the inactivated vaccine, live attenuated vaccine, and
subunit vaccine or passive immunization of maternal antibody, but latent infection of the
virulent PRV strain cannot be prevented in the PNS of the host [18,26,94–98]. Inoculation
with the PRV vaccine cannot prevent the virulent strain from establishing latent infection in
host pigs, but it can reduce the amount and time of virus excretion after the virulent strain
reactivated [99].

Live attenuated PRV vaccines can also establish latent infections in PNS of pigs like
virulent strains [100]. The latent infection of the PRV gene deletion vaccine can affect that
of wild-type strains, and there is a significant negative correlation between them [101].
By increasing the level of latent infection of the gene deletion vaccine, we can reduce
or eliminate that of wild-type PRV in the host. However, one problem that needs to be
considered is genetic recombination. Virus recombination is affected by the dose of the
inoculated virus, the time interval between the two viruses, the distance between marker
mutations, genetic homology, virulence, and latency [102–104]. Homologous recombination
often occurs among the same Alphaherpesvirinae [104]. The PRV gene deletion vaccine may
recombine with the wild-type virus strain to produce a highly virulent variant strain, or
a variant strain that cannot be differentiated by serological method [105]. To avoid this,
the biosafety of live attenuated vaccines must be carefully evaluated. The LAT gene is
a nonessential factor for the establishment of viral latent infection, but it plays a pivotal
role in the reactivation of the virus [58]. Mahjoub et al. obtained a PRV mutant with
9 LAT miRNAs deletions. This mutant could establish latent infection, but it could not be
reactivated [106]. In HSV, the deletion of LAT fragments can affect the reactivation rate, the
virulence, and the ability of anti-apoptosis [74,107,108]. The specific molecular mechanism
of LAT still needs to be explored. LAT plays a key role in regulating the conversion between
virus latency and reactivation, inhibiting apoptosis to prolong the survival time of neurons.
Perhaps we could take some measures to modify the LAT gene to develop a non-reactivated
PRV vaccine.

6. Conclusions and Perspectives

In this review, we summarize the characteristics of PRV latent infection, the transcrip-
tional characteristics and functions of LAT gene, and the effects of PRV vaccine on the
establishment of latent infection of virulent PRV strains. Studying LAT ncRNA can provide
a new perspective for elucidating the molecular mechanism of PRV latent infection. We can
also take some effective measures to control the latent infection of wild-type PRV in pigs,
such as developing effective vaccines or drugs to inhibit the establishment or reactivation
of latent infection of wild type PRV. During latent infection of PRV, no infectious virions
are produced, but the genome of the virus can be detected in the host. However, latent
infection of the virus can be detected by serology, in situ hybridization, tissue co-culture,
polymerase chain reaction (PCR), fluorescence quantitative PCR, and real-time recombinant
enzyme-assisted amplification [46,109–113]. Similar to the PRV virulent strain, the PRV
gene deletion vaccine can also establish latent infection in the PNS of pigs. When pigs
are inoculated with two vaccines of different gene deletions, genetic recombination may
occur between them, and then new strains may be produced. Therefore, only one gene
deletion vaccine is recommended in the same pig farm or the same animal individual to
avoid genetic recombination between vaccine strains [102,103].

The LAT gene is closely related to latent infection. The latent infection of the PRV
gene deletion vaccine was negatively correlated with that of wild-type PRV strains, and
the LAT gene could affect the reactivation rate of the virus. Therefore, we can modify the
LAT gene to develop a genetic engineering vaccine to restrict the latent infection of PRV
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wild-type strain in pigs. The ncRNAs transcribed by the LAT gene play an important role
in the process of viral latent infection. Therefore, RNA interference and RNA silencing
are applied to these ncRNAs to regulate the latency and reactivation of PRV. At present,
there is little research on the ncRNA of PRV LAT. Therefore, in order to further understand
the molecular mechanism of PRV latent infection, we can emphasize the study of ncRNAs
produced by PRV LAT.

PRV can be transmitted from pigs to humans, threatening human health [28–39].
PRV infection can cause fever, headache, endophthalmitis, and acute encephalitis [28–39].
Antiherpes drugs such as valaciclovir, penciclovir, and phosphonoformate can control the
symptoms of patients, but the visual and nerve damage caused by PRV is irreversible. PRV
can establish reactivatable latent infection in mice [16,114,115]. Humans are non-natural
hosts like mice, so it is possible for PRV to establish reactivatable latent infection in the
body, resulting in irregular recurrence of the disease. Therefore, the subsequent progress of
PRV-infected patients should be tracked in the long-term to evaluate the probability. If the
molecular mechanism of latent infection is clear, some specific targets may be found, and
then relevant drugs can be developed to block the latency and reactivation of PRV.
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Abstract: The non-specific innate immunity can initiate host antiviral innate immune responses
within minutes to hours after the invasion of pathogenic microorganisms. Therefore, the natural
immune response is the first line of defense for the host to resist the invaders, including viruses,
bacteria, fungi. Host pattern recognition receptors (PRRs) in the infected cells or bystander cells
recognize pathogen-associated molecular patterns (PAMPs) of invading pathogens and initiate a
series of signal cascades, resulting in the expression of type I interferons (IFN-I) and inflammatory
cytokines to antagonize the infection of microorganisms. In contrast, the invading pathogens take
a variety of mechanisms to inhibit the induction of IFN-I production from avoiding being cleared.
Pseudorabies virus (PRV) belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, genus
Varicellovirus. PRV is the causative agent of Aujeszky’s disease (AD, pseudorabies). Although the
natural host of PRV is swine, it can infect a wide variety of mammals, such as cattle, sheep, cats,
and dogs. The disease is usually fatal to these hosts. PRV mainly infects the peripheral nervous
system (PNS) in swine. For other species, PRV mainly invades the PNS first and then progresses to
the central nervous system (CNS), which leads to acute death of the host with serious clinical and
neurological symptoms. In recent years, new PRV variant strains have appeared in some areas, and
sporadic cases of PRV infection in humans have also been reported, suggesting that PRV is still an
important emerging and re-emerging infectious disease. This review summarizes the strategies of
PRV evading host innate immunity and new targets for inhibition of PRV replication, which will
provide more information for the development of effective inactivated vaccines and drugs for PRV.

Keywords: pseudorabies virus; innate immune response; type I interferons; apoptosis; autophagy

1. Introduction

Virus infection induces host innate immune responses, which play an important and
decisive role in determining the outcome of the infected host, inducing acute infection death
or establishing persistent infection in mammals. The host can establish an antiviral status
based on innate immunity systems to antagonize the invasion of the virus by identifying
the components of invading virus through pattern recognition receptors (PRRs), which
activate signaling pathways to produce type I interferons (IFN-I) [1]. The released IFN-I
binds IFN receptors (IFNAR1 and/or IFNAR2) to activate the transduction of downstream
JAK-STAT signaling pathway, eventually leading to the expression of a variety of interferon-
stimulated genes (ISGs). Accumulating data showed that the ISGs could achieve many
cellular outcomes, including antiviral defense, antiproliferative activities, and stimulation
of adaptive immunity [2–4].

In the process of host resistance to virus invasion, recognition of PAMPs by host PRRs
is the first step of innate immunity [5]. For RNA virus, viral RNA is often recognized
by a variety of PRRs, including endosomal Toll-like receptor 3 (TLR3), cytosolic retinoic
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acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), and
LGP2/DHX58 sense viral RNA, NOD-like receptor protein 3 (NLRP3), nucleotide-binding
oligomerization domain containing 2 (NOD2) [6,7]. For DNA virus, Toll-like receptor
9 (TLR9), cyclic GMP-AMP (cGAMP) synthase (cGAS), DAI (DLM-1/ZBP1), absent in
melanoma 2 (AIM2), and IFN gamma-inducible protein 16 (IFI16) act as the main PRRs
that recognize viral DNA [8,9]. PRRs then recruit a series of important signal transduction
molecules, such as myeloid differentiation primary response gene 88 (MyD88), mitochon-
drial antiviral-signaling protein (MAVS), intracellular stimulator of IFN genes (STING).
These proteins then transfer the different signals to the downstream molecules in different
signaling pathways, which eventually lead to activation and translocation of several tran-
scription factors, including NF-κB, interferon regulatory factor 3 (IRF3), and IRF7 into the
nucleus to induce the expression of IFN-I and proinflammatory cytokines [10–12].

PRV, a member of alpha-herpesvirus, is the pathogen of Aujeszky’s disease. Domestic
pigs and wild boars are considered the natural host of the disease, but the disease also
threatens most mammals [13–16]. The persistence of PRV infection is recognized only in
the family Suidae due to establishing the latent infection. Acute and lethal infection in
Suidae occurs in piglets. For other species, PRV mainly invades the PNS first but then
progresses to the CNS, which leads to acute death of the host with serious clinical and
neurological symptoms [17]. Although humans infected with PRV do not cause death,
it causes strong neurological symptoms [18,19]. Recently, as an important emerging and
re-emerging infectious disease, PRV cases have been frequently reported. Therefore, PRV is
still an important pathogen in agriculture. Previous studies have shown that PRV is an ideal
model for studying virus escape from host immune responses in different species [17,20].
The virus is also used as a "live" tracer of a neuronal pathway because it has a significant
tendency to infect synaptically connected neurons [21].

IFN-I and tumor necrosis factor (TNF) play a central role in host antiviral immunity.
However, excessive production of IFN-I and TNF will cause harmful immune effects.
Therefore, IFNs, TNF, and activation of their downstream are strictly regulated. On the
other hand, PRV has evolved various mechanisms to inhibit the induction of IFN-I from
avoiding being cleared by the active antiviral innate immunity. Accumulated evidence has
shown that several alpha-herpesvirus-encoded proteins can antagonize host antiviral innate
immune responses by inhibiting IFN-I production, blocking downstream IFN signaling, or
regulating the specific ISGs [22–26].

Recently, increasing reports indicate that PRV has evolved various mechanisms to
antagonize host immune responses for efficient infection. This review summarizes the im-
mune escape strategies of PRV, including inhibition of IFN-I production and IFN signaling,
modulation of inflammatory responses, regulation of apoptosis, and autophagy. These
important research advances summarized in this review will help readers understand the
latest PRV immune escape strategies, which will help PRV researchers design new effective
vaccines and develop new antiviral drugs to prevent and control PRV.

2. PRV Virion

All herpesvirus virions have similar virus particle size (200–250 nm) and structure,
containing a double-stranded DNA (dsDNA) genome. In morphology, the complete PRV
virions are round or oval, with 150–180 nm diameter. PRV virions are composed of four
structural components (Figure 1): the central core containing the viral genomic DNA
is packaged in the nucleocapsid; the capsid is embedded by tegument composed of a
protein matrix; the envelope is a lipid membrane containing several viral glycoproteins.
Previous studies showed that the structural components of mature virus particles are
composed of nearly half of PRV gene products [17]. Like VZV, the PRV genome has
two unique regions (UL and US). The US region is flanked by the internal and terminal
repeat sequences. Most PRV proteins have orthologs in other alpha-herpesvirus. Generally,
each gene’s name and its corresponding PRV protein can refer to the location of the
homologous protein in the region of the HSV-1 genome [17]. In Figure 1, some PRV-
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encoded proteins are listed that partially make up viral particles. However, not all proteins
are shown in the figure. It should be noted that some HSV viral proteins are multifunctional
proteins involved in antiviral innate immunity. For example, Huang et al. reported that
HSV-1 VP22 counteracts the cGAS/STING-mediated IFN production by inhibiting the
enzymatic activity of cGAS [27]. Maruzuru et al. reported that HSV-1 VP22 interacts with
AIM2 and prevents its oligomerization [28]. Deschamps et al. reported that HSV-1 UL46
blocks STING-mediated IFN production signaling pathways by eliminating STING and
IFI16 [29]. However, whether the homologs of PRV are functionally equivalent to these
HSV-1 tegument proteins in immune evasion is still unclear.
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Figure 1. Structure and associated proteins of pseudorabies virus (PRV) virion. (a) Structure diagram
of PRV virion. (b) CryoEM image of PRV virions, adapted from [30]. (c) 3D reconstruction of the
PRV virion at 4.9 Å, colored radially, adapted from [30]. The left and right halves of the capsid are
rendered at a contour level (CL) of four and two times standard deviations above the mean density
(σ), respectively. The white box and the black dashed box demark a hexon and a vertex region
containing five CATCs, respectively [30]. (d) Distribution of some proteins.

3. PRV Entry

The entry of PRV virions into cells is mediated by several viral glycoproteins [31]. The
attachment process of PRV virions is mediated by the interaction between glycoprotein gC
and heparan sulfate proteoglycans in the extracellular matrix of the permissive cells. PRV
gD is also involved in viral entry by stabilizing the virus-cell interaction. Subsequently,
PRV gB, gH, and gL mediate the viral membrane fusion process by fusing the envelope
of virions with the plasma membrane, resulting in the penetration of virus capsid and
envelope into the cytoplasm [32]. After membrane fusion, PRV capsid binds to microtubule-
like structures to be transported to the nuclear pore [33]. Subsequently, the envelope
proteins (UL11, UL47, UL48, and UL49) are rapidly separated from the capsid. Finally,
intracellular PRV genomic DNA is released from the morphologically intact capsid into the
host nucleus and replicated. In this process, DNA located in the nuclear triggers the host
antiviral immune responses and transmits the signals to the cytoplasm.

4. Viral DNA Are Recognized by DNA Sensors

It is well known that sensing viral DNA and activating its downstream cascades play
core roles in host antiviral innate immunity. At present, more than 20 DNA sensors have
been identified. TLR9, AIM2, cGAS, and IFI16 are reported for recognizing viral DNA.
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TLR9 is the first identified DNA sensor to recognize endogenous damaged or exogenous
pathogenic DNA on the endoplasmic membrane, especially the CpG DNA motif of un-
methylated bacteria [34]. AIM2 and IFI16 are the two most intensive studied AIM2-like
receptors (ALRs) family members [35]. AIM2 recognizes double-stranded viral DNA and
then is assembled into AIM2 inflammasome to activate inflammatory response [36]. AIM2
binds double-stranded DNA through its hematopoietic IFN-inducible nuclear protein (HIN)
domain, then recruits downstream caspase-1 and adaptor apoptosis-associated speck-like
protein (ASC) by pyrin domain (PYD) to assemble AIM2 inflammasome, resulting in the
release of mature IL-1
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5.1. cGAS

During PRV infection, cGAS senses cytosolic PRV DNA to synthesize cGAMP and then
activate the STING/TBK1/IRF3 signaling pathway to produce IFN-I [48]. Histone deacety-
lases (HDACs) are epigenetic regulators that regulate the histones, chromatin conformation,
protein-DNA interaction, and even transcription. Recently, Guo et al. found that genetic
and pharmacological inhibition of HDAC1 significantly influences PRV replication in that
the inhibition of HDAC1 induces DNA damage response, resulting in the release of dam-
aged DNA into the cytosol, then activates cGAS and the downstream STING/TBK1/IRF3
signaling pathway [61]. Walters et al. found that the US3 gene of PRV is conserved in
HSV-1 and varicella-zoster virus (VZV). US3 is a serine/threonine (S/T) kinase. HDAC2 is
hyperphosphorylated in cells infected with PRV and PRV lacking US3 kinase. However,
specific chemical inhibition of class I HDAC activity increases the plaquing efficiency of
PRV lacking US3 kinase, whereas only minimal effects are observed with wild-type viruses,
indicating that PRV US3 kinase activity is required for HDACs to reduce viral genome
silencing and allow efficient viral replication [62].

5.2. STING

STING, an evolutionarily conserved transmembrane protein [63], plays a central role
in antiviral immunity by activating its downstream TBK1-IRF3 axis [64]. A variety of
viruses has evolved many strategies to target STING, resulting in the inhibition of innate
immune responses. For example, HSV ICP34.5 interacts with STING and prevents its
transport from the endoplasmic reticulum to Golgi, inhibiting host innate immunity [65].
PRV UL46 gene is a late gene that encodes viral phosphoproteins 11 and 12 (VP11/12).
Recently, PRV UL46 has been shown to induce phosphorylation of ERK1/2, which is not
involved in impairing the integrity of the nuclear envelope [66]. Xu et al. found that PRV
UL46 is a nucleocytoplasmic shuttling tegument protein. UL46 interacts with EP0, UL48,
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and STING [67]. However, whether these interactions affect STING-mediated host innate
immune responses remain unknown.

5.3. TBK1

Tank binding kinase 1 (TBK1) is a serine/threonine kinase involved in various bio-
logical processes, including innate immune response, autophagy, and cell growth [68]. In
the long-term struggle between host and virus, as a key adaptor protein of multiple signal
pathways [69–71], TBK1 has become the target of many hosts’ immune regulatory factors
and viral proteins.

PRV UL13 is a protein serine/threonine kinase, which can be packaged into the
tegument of PRV virions. Lv et al. found that peroxiredoxin 1 (PRDX1), a member of
antioxidant enzymes, binds to TBK1 and IκB kinase ε (IKKε) to regulate IFN-I production
positively. Studies have shown that UL13 interacts with and promotes antiviral regulator
PRDX1 degradation via the ubiquitin-proteasome pathway in a kinase-dependent manner,
thereby inhibiting the host’s innate immune response [49].

5.4. UL13, UL24, US3, and gE Target IRF3/IRF7

IRF3 plays a key role in the induction of IFN-I production. As the central factor of
antiviral response, IRF3 is targeted by many viral proteins through ubiquitination and
phosphorylation. PRV has evolved a variety of antiviral strategies to antagonize IRF3
function. Recently, LV et al. found that PRV protein kinase UL13 inhibits IFN-I production.
by enhancing the ubiquitination and degradation of IRF3 [50]. Bo et al. showed that
PRV UL13 phosphorylates IRF3 and disrupts the interaction between IRF3 and the IRF3-
responsive promoter, thereby inhibiting cGAS-STING signaling [51].

UL24 protein is a conserved protein in the herpesvirus family, required for viral growth.
HSV-1 UL24 is a nucleolar protein, and the endonuclease motif of UL24 is required for viral
diffusion [72,73]. HSV-1 UL24 inhibits cGAS-STING-mediated NF-κB promoter activity,
dependent on the region containing 74 to 134 aa within HSV-1 UL24. Mechanistically,
HSV-1 UL24 binds to NF-κB subunits p65 and p50 via the Rel homology domains (RHDs),
which reduces the tumor necrosis factor-alpha (TNF-α)-mediated nuclear translocation of
p65 and p50 [74]. Liu et al. showed that PRV UL24 promotes IRF7 degradation through
the ubiquitin-proteasome pathway, resulting in antagonizing cGAS-STING-mediated the
production of IFN-I [52].

US3 is a conserved serine/threonine kinase in all herpes viruses. It plays an important
role in virus replication. It has been reported that PRV US3 is mainly involved in the nuclear
export of viral capsids, which is related to the pathogenicity of the virus in vivo [75]. On
the other hand, PRV US3 induces cytoskeleton changes in PRV-infected cells [76,77] and
has different effects on various host defense mechanisms. Xie et al. demonstrated that PRV
US3 inhibits IFN-I production by degrading IRF3. The results showed that PRV US3 could
inhibit host antiviral innate immunity by targeting various host defense mechanisms [56].
CREB-binding protein (CBP/p300) is a histone acetyltransferase, which has been proved
to play an important role in transcriptional regulation. Previous studies showed that
CBP/p300 could interact with IRF3, NF-κB, p53, and other transcription factors [78,79].
Lu et al. found that PRV glycoprotein gE suppresses IFN-β production by targeting IRF3
and promotes CBP/p300 degradation [58].

Recently, several studies have confirmed that PRV has also evolved a variety of
immune escape strategies in plasma cells, such as dendritic cells (pDCs). pDCs play a
central role by producing many IFN-I in the antiviral immune response [80]. Lamote et al.
showed that the lack of gE could enhance the phosphorylation of foreign signal-regulated
kinase 1/2 (ERK1/2) in PDCs, thereby inducing high levels of IFN-I in pDCs. gE/gI
glycoprotein complex was identified as an inhibitor of pDCs activity [81].
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5.5. NF-κB Signaling Pathway

NF-κB family members play important roles in many biological processes, such as
immunity, inflammation, and cell proliferation. The NF-κB transcription factor can be
activated by various cell stimulants. NF-κB interacts with key adaptor proteins, which
eventually leads to induce the expression of IFN-I and proinflammatory cytokines to
execute its antiviral function [82–84]. PRV proteins can inhibit the transduction of the
NF-κB signaling pathway in the process of infection. Wang et al. demonstrated that PRV
UL24 promotes p65 degradation through the ubiquitin-proteasome pathway to eliminate
TNF-α-mediated activation of NF-κB [53]. Recently, Romero et al. demonstrated that
PRV infection induces DNA damage response (DDR), which then activates NF-κB via a
peculiar “inside-out” nucleus-to-cytoplasm signal. The DDR-NF-κB signaling axis requires
the expression of viral proteins but is initiated before active PRV replication. However, late
PRV proteins inhibit NF-κB-dependent gene expression [85].

6. PRV Infection Inhibits IFN Signaling Pathway

The secreted IFN-I binds to IFNAR1 and/or IFNAR2 to activate JAK1 and Tyk2, which
then phosphorylates STAT1 and STAT2 and forms a trimer together with IRF9, called IFN
stimulating gene factor 3 (ISGF3). ISGF3 then binds to IFN stimulating response element
(ISRE) in the nucleus and initiates the transcription of hundreds of ISGs [86]. Some of
these ISGs-encoding proteins are directly involved in antiviral response. Of course, the
JAK-STAT signaling pathway plays an important role in inhibiting PRV replication and
transmission. On the contrary, PRV has evolved various immune escape strategies against
the JAK-STAT signaling pathway. Here, we list the key adaptor proteins in the JAK-STAT
signaling pathway and summarize the immune escape strategies of PRV observed in the
past five years (Table 1 and Figure 3).
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IFNAR2 on the cell surface and initiates the transcription of hundreds of antiviral factors ISGs through
the JAK-STAT signal pathway. PRV-encoded multiple proteins can target various steps involved in
this process.

6.1. UL50 Regulates IFNARs

IFN-I binds IFNARs (IFNAR1 and/or IFNAR2) is the initial step of the JAK-STAT
signaling pathway. As the important membrane receptors, IFNARs play important roles in
the immune process of the host. Consistently, patients with IFNAR1 deficiency are prone to
severe COVID-19 [87], indicating that IFNAR1 plays a central role in host innate immunity.
Previous studies showed that IFNAR1 is necessary for IFN signaling transduction, while

95



Viruses 2022, 14, 547

IFNAR2 is necessary for STAT binding and activation. Shemesh et al. proposed that IFNAR2
is a platform for STAT activation. Interestingly, tyrosine phosphorylation of IFNAR2 may
enhance JAK-STAT signal transduction by promoting the separation of activated STAT and
IFNAR2 [88].

PRV has evolved an immune escape strategy by targeting IFNARs. Zhang et al.
found that PRV UL50, a dUTPase, has the function of inhibiting the JAK-STAT signaling
pathway. PRV UL50 degrades IFNAR1 through the lysosomal pathway to prevent STAT1
phosphorylation induced by IFN-I [59]. However, PRV UL50-mediated inhibition effect
does not depend on its dUTPase activity. Its functional region for inhibiting the JAK-STAT
signaling pathway corresponds to 225 to 253 aa in its C-terminal region.

6.2. PRV Infection Degrades JAK1 and Tyk2

Yin et al. found that PRV infection can lead to the degradation of JAK1 and Tyk2
through proteasome [89], inhibiting STAT1 phosphorylation and finally interfering with
JAK-STAT signal transduction. However, the early viral protein EP0 does not relate to this
inhibition, suggesting that other PRV proteins might recruit other E3 ligases to execute its
degradation function.

6.3. US3 and UL42 Regulate ISRE

ISGF3 complex binding to the ISRE promoter is a crucial link in the JAK-STAT signal-
ing pathway, leading to the induced expression of hundreds of ISGs. Bclaf1 (Bcl-2 related
transcription factor 1) was originally found as a binding protein of adenovirus E1B 19k
protein [90]. Bclaf1 exerts its functions in various biological processes, including apoptosis,
cancer process, and autophagy [90–93]. Recently, Qin et al. reported that Bclaf1 is an
important regulator in IFN signaling during PRV infection. Bclaf1 enhances the phospho-
rylation of STAT1 and STAT2 in response to IFNα. Additionally, Bclaf1 facilitates ISGF3
complex binding with ISRE, improving efficient gene transcription by directly interacting
with ISRE and STAT2. The two strategies actively regulate the induction of IFN production
induced by PRV. Subsequently, they found that US3 of PRV and HSV-1 can degrade Bclaf1
through proteasome pathway to resist its antiviral response [57]. In addition, Zhang et al.
found that PRV UL42 competes with ISG factor 3 (ISGF3) by binding to ISRE to inhibit the
transcription of the related ISGs. The four conserved DNA binding sites of PRV UL42 are
necessary for its inhibitory effect on the JAK-STAT signaling pathway [60].

6.4. UL24 Regulates ISGs

ISGs can be induced and released in an IFN-dependent or independent manner
during PRV infection. ISGs help the host build their antiviral status to block viral invasion.
Several viruses have evolved strategies to target these ISGs to establish various immune
evasion directly. For example, oligoadenylate synthase (OAS), an ISG family member,
produces 2’–5′ oligoadenylate to trigger viral RNA degradation by recruiting/binding
RNase L. It has been reported that oligoadenylate synthase-like (OASL) protein plays a
role in regulating host innate immunity by inhibiting cGAS-induced IFN production and
enhancing RIG-I-mediated IFN induction, respectively. Recently, Chen et al. showed that
OASL promotes RIG-I-mediated IFN expression, resulting in the induction of ISGs to inhibit
PRV proliferation. Of note, PRV UL24 reduces the transcription of OASL, thereby damaging
the RIG-I signal pathway and antagonizing the antiviral effect of OASL [54]. Chen et al.
recently reported that ISG20, a member of the ISGs, can upregulate the expression of IFN-
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Inhibit the transcription of ISG20 

cGAS-STING pathway 
NF-κB signaling pathway 

IFN signaling pathway 
IFN signaling pathway 

[52] 
[53] 
[54] 
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US3 Degradation of IRF3 
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[56] 
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gE Degradation of CBP/p300 NF-κB signaling pathway [58] 
UL50 Degradation of IFNAR1 IFN signaling pathway [59] 
UL42 Competes with ISG factor 3 (ISGF3) by binding to ISRE IFN signaling pathway [60] 

to resist PRV infection. Further studies found that PRV UL24 inhibits the transcription
of ISG20, which weakens the antiviral function of ISG20 [55]. Recently, IFN-inducible
transmembrane proteins (IFITM1, 2, 3) are found to work as important host self-restriction
factors, possessing a broad spectrum of antiviral effects. Xie et al. IFITM2 are crucial
for controlling PRV infection by interfering with cell binding and entry [94]. However,
Wang et al. found that knockdown of IFITM2 and IFITM3 expression don’t influence
PRV infection. Knockdown of IFITM1 expression using RNA interference enhances PRV
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infection while overexpression of IFITM1 has the opposite effect, indicating that IFITM1
is required to inhibit PRV entry [95]. Whether PRV proteins antagonize the functions of
IFITMs has not been reported.

7. Inhibition of Intrinsic Antiviral Immunity by PRV

As a specific part of innate immunity, intrinsic antiviral immunity directly restricts
viral replication and assembly. Unlike PRRs indirectly inhibit viral infection by inducing
interferons and other antiviral molecules, intrinsic antiviral immunity factors recognize
specific viral components and directly prevent virus replication without induction of
antiviral gene expression [96,97]. The nuclear domain 10 (ND10) complex consists of three
key components, namely, promyelocytic leukemia antigen (PML), speckled protein of
100 kDa (Sp100), and human death domain-associated protein 6 (hDaxx) [98,99]. Yu et al.
found that promyelocytic leukemia nuclear bodies (PML-NBs) inhibit PRV infection by
directly engaging in the repression of viral gene transcription [100]. Everett et al. found
that PRV EP0 induces a reduction in the SUMO-modified forms but not the other isoforms
of PML. PRV EP0 also causes a reduction in the numbers of hDaxx foci and also in their
apparent fluorescence intensity [101]. A previous study showed that HSV-1 ICP0 also
induces degradation of PML and Sp100 [102,103], suggesting that herpesvirus has evolved
strategies to destroy the ND10 complex to inhibit intrinsic antiviral immunity.

Recently, a study demonstrated that cholesterol 25-hydroxylase (CH25H) catalyzes
the conversion of cholesterol to 25-hydroxycholesterol (25 HC), which inhibits the growth
of PRV in vitro subject to its inhibitory effect on PRV attachment and entry [104]. Li et al.
found that p53, a key cellular transcription factor, positively regulates viral replication and
pathogenesis, providing a novel target for intrinsic host cell immunity during PRV infec-
tion [105]. However, whether PRV proteins inhibit their antiviral function is still unknown.

8. Regulation of Inflammatory Responses by PRV

Inflammatory cytokines, such as interleukin 1β(IL-1β) and IL-18, play roles in clearing
various invading pathogens [106]. The host’s inflammatory response is regulated by a
multiprotein complex called the inflammasome. An inflammasome comprises a sensor
protein, ASC, and an inflammatory pro-caspase-1 [107]. Nod-like receptors (NLRs), AIM2-
like receptors (ALRs), and pyrin can be used as a sensor protein, the starting point of
inflammasome assembly [107]. For example, as an NLRP3 inflammasome, NLRP3 recruits
ASC and pro-caspase-1, resulting in pro-caspase-1 self-cleavage to form active caspase-1
(p10/p20 tetramer). Active caspase-1 cleaves the pro-IL-1
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and IL-18 [107].
Previous studies demonstrated that PRV infection activates several inflammasomes [108].

Laval et al. found that PRV infection primes peripheral nervous system (PNS) neurons to an
inflammatory state regulated by TLR2 and IFN-I signaling and induces a lethal inflamma-
tory response in vitro and in vivo [109,110]. Ye et al. found that PRV infection can activate
NLRP3-mediated inflammatory responses and significantly increase the pathogenicity of
PRV in infected mice [111]. Sun et al. found that PRV infection upregulates the expression
level of NLRP3, pro-caspase-1, GSDMD, pro-IL-1β, and pro-IL-18, resulting in activation of
NLRP3-mediated inflammatory responses and pyroptosis by cleaving GSDMD [112].

Many studies demonstrated that some drugs could reduce the inflammatory responses
induced by PRV. Liu et al. confirmed that luteolin reduces the inflammatory levels in
leukemia cells and mouse macrophage (RAW264.7) during PRV infection, which is mani-
fested in inhibiting their expression levels of proinflammatory mediators, inflammatory
cytokines, and their regulatory genes, iNOS and COX-2 [113]. Vitamin A [114], Dunaliella
salina alga extract [115], β-carotene [116], Resveratrol [117], and Ethyl acetate fraction of
flavonoids from Polygonum hydropiper L [118] have been shown to regulate the inflamma-
tory response induced by PRV.
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9. Regulation of Apoptosis, Autophagy, ER Stress, and Stress Granules by PRV
9.1. Apoptosis

Apoptosis, also named programmed cell death, is characterized by cell shrinkage,
membrane blebbing, the formation of apoptotic body, and nuclear DNA fragments, which
can maintain the homeostasis of host cells [119,120]. As a cellular defense mechanism,
apoptosis plays an important role in preventing virus transmission and diffusion in the
early stage of virus infection [121], while apoptosis enhances virus replication and egress
in the later stage of viral infection.

Several studies demonstrated that PRV infection induces apoptosis. Cheung et al.
found that PRV infection undergoes apoptosis with several apoptotic characteristics, in-
cluding the externalization of membrane phospholipid phosphatidylserine, the activation
of caspase 3, cellular DNA degradation, and morphological changes of the nucleus [122].
Lai et al. confirmed that PRV infection induces expression of proapoptotic Bcl family
proteins in PK15 cells in a dose- and time-dependent manner and trigger apoptosis. PRV
infection can cause oxidative stress and free radicals, cause DNA damage, and trigger
apoptosis [123]. Further studies found that caffeine, a known DNA damage inhibitor, can
protect cells from PRV-induced apoptosis. Antioxidant N-acetyl-L-cysteine can prevent the
production of reactive oxygen species (ROS) in cells and protect DNA from cutting.

Interestingly, Alemañ et al. pointed out that obvious pathological changes were
observed around PRV-infected neurons, but the morphological or histochemical evidence
of apoptosis was not observed. However, apoptosis was easily detected among infiltrating
immune cells around PRV-infected neurons [124]. Therefore, they concluded that the
apoptosis of trigeminal ganglionic neurons might be blocked during PRV acute infection,
while the apoptosis of infiltrating immune cells is observed during PRV infection, indicating
an important mechanism of immune evasion for the PRV. Yeh et al. found that PRV
infection increases the expression levels of TNF-α and its receptor. The inhibitors of p38
and JNK/SAPK can significantly reduce the numbers of PRV infection-induced apoptosis,
and the expression up-regulation of TNF-α was also inhibited in this process. So they
proposed that TNF-α mediates apoptosis via the activation of p38 MAPK and JNK/SAPK
signaling during PRV infection [125].

PRV has evolved many strategies to block the apoptotic signaling pathway in the
long-term struggle between the virus and the hosts. For example, PRV US3 can block PRV-
induced apoptosis. Chang et al. demonstrated that PRV-induced apoptosis in swine-testicle
(ST) cells could be inhibited by US3 in the late stage of infection, depending on its enzyme
activity [126]. Chang et al. subsequently confirmed that PRV infection could increase the
expression of anti-apoptotic signaling molecules, including Akt, PDK-1, and IκBα in the
trigeminal ganglion. Inhibiting the Akt and NF-κB pathways in the early stage of PRV
infection can promote cell death [126]. A long isoform US3 of PRV can protect ST cells from
PRV- or staurosporine-induced apoptosis. The study also pointed out that US3 is located on
the mitochondrial and played an important role in inhibiting PRV-induced apoptosis [127].
Consistent with these results, a PRV-∆US3, a recombinant virus with deletion of US3 gene,
induced more apoptosis cells, and the virus titers were lower than wild-type PRV infection.
Q-VD-OPh, a broad-spectrum caspase inhibitor, inhibited apoptosis of ST and HEp-2 cells
induced by PRV-∆US3 or WT PRV [128].

9.2. Autophagy

Autophagy is a conserved lysosomal degradation process involved in a mechanism
for cells to maintain homeostasis [129], which the host can use to antiviral and recover
damaged organelles [130]. In some cases, autophagy is necessary for cells to antagonize
viral replication. It has been reported that intracellular autophagosomes can be activated to
target and degrade some viral proteins during HSV-1 infection [131]. Concerning HSV-1,
many studies revealed its escape strategies and the potential protective effects of autophagy
during infection [132,133]. However, VZV lacks these specific genes encoding proteins
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interfering with autophagy, suggesting that in some cases, VZV may be able to exploit
autophagy for its replication [134,135].

The relationship between PRV replication and autophagy has been reported. Previous
studies showed that PRV infection induces autophagy in vitro through the classical Beclin-
1-ATG7-ATG5 pathway, resulting in increased PRV replication [71]. Xu et al. reported
that PRV infection induces transformation of light chain 3 (LC3-I) autophagosomes in
mouse neuron 2A (N2a) cells [136], indicating that PRV infection can induce autophagy in
this cell line completely. It is an obvious paradox that PRV infection-induced autophagy
enhances viral replication in that autophagy antagonizes viral replication as part of the host
immune response [131]. Based on their results, Sun et al. put forward a new viewpoint
on the relationship between autophagy and PRV replication. They found that PRV can
induce autophagy in the early stage of infection. Upon PRV replication, several PRV-
encoded proteins inhibit the level of autophagy, leading to an increase in the titer of PRV.
Mechanistically, US3 protein reduces the PRV-infected cells’ autophagy level by activating
the AKT/mTOR pathway. In other words, PRV infection has a dual effect on the autophagy
process of host cells [137].

Bcl2-associated athanogene 3 (BAG3) is first identified as BCL-2 binding protein,
belonging to the BAG protein family [138], which has a highly conserved BAG domain
at the C-terminal [138,139]. Lyu et al. found that BAG3 is involved in the autophagy
process during PRV infection, negatively regulating virus replication. Recently, a study
showed that overexpressed UL56 induces BAG3 degradation by using its C-terminal [140].
However, BAG3 degradation was not observed in the wild-type PRV (WT) or a PRV-∆UL56
recombinant virus with deletion of the UL56 gene; therefore, whether the occurrence of
BAG3 degradation mediated by UL56 in the PRV infection process needs further study.

Based on the progress of PRV infection-induced autophagy, some therapeutic targets
and drugs against PRV infection have been reported. Xing et al. found that PRV infection
inhibits the AKT/mTOR signaling pathway while Platycodon grandiflorus polysaccharide
(PGPS) upregulates the mTOR signaling pathway [141]. The findings showed that PGPS
could inhibit viral replication by promoting autophagy. Recently, Ming et al. assessed some
deubiquitinases (USPs) inhibitors’ inhibitory effect on PRV replication [142]. Among them,
USP14 inhibitor b-AP15 exhibits the most dramatic. Consistently, replenishment of USP14
in USP14 null cells restored viral replication. Inhibition of USP14 induces the K63-linked
ubiquitination of PRV VP16, where USP14 directly binds to ubiquitin chains on VP16
through its UBL domain during the early stage of viral infection. Mechanistically, b-AP15
induces VP16 degradation through SQSTM1/p62-mediated selective autophagy, which
is related to the EIF2AK3/PERK- and ERN1/IRE1-mediated signaling pathways [142].
Interestingly, pretreatment of mice with b-AP15 activates ER stress and autophagy, resulting
in inhibition of PRV infection in vivo [142]. These results showed that USP14 might be a
potential therapeutic target to treat alpha-herpesvirus-induced infectious diseases.

9.3. ER Stress

The endoplasmic reticulum (ER) is involved in protein synthesis, folding, transporta-
tion, and secretion. It has been reported that intracellular stress states will be sensed by
ER, such as heat shock, viral and bacterial infection, hypoxia, and misfolded or unfolded
proteins to activate the unfolded protein response (UPR) to restore ER and cell homeosta-
sis [143]. During viral infection, the accumulation of viral proteins can cause stress in the
ER and trigger the unfolded protein response (UPR) to restore ER homeostasis [144]. Yang
et al. reported that the expression of glucose-regulated protein 78 (GRP78), as a marker of
ER stress, is upregulated in the early stage of PRV infection, indicating that PRV infection
induces ER stress and unfolded protein response (UPR). In addition, the IRE1-XBP1 and
eIF2α-ATF4 pathways are activated during PRV infection [145]. Whether PRV proteins
regulate ER stress is still unknown. Upon HSV-1 infection, HSV-1 UL41 protein suppresses
the IRE1/XBP1 signaling pathway of the UPR via its RNase activity. Ectopic expression of
HSV-1 UL41 decreases the expression of XBP1 and blocks XBP1 splicing activation induced
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by the ER stress inducer thapsigargin. Compared with HSV-1, the HSV-1 mutant lacking the
UL41 gene did not induce the decreased XBP1 mRNA induced by thapsigargin [144]. Only
ATF6 activation is detected during early infection while the activity of the eIF2alpha/ATF4
signaling is increased at the final stage of HSV-1 replication, suggesting that HSV-1 disarms
the unfolded protein response in the early stages of infection. HSV-1 may use ICP0 as a
sensor to modulate the cellular stress response [146].

9.4. Stress Granules Formation

The formation of stress granules (SGs) is also involved in antiviral innate immune
responses. In the case of virus infection, host cells may turn off the synthesis of intracellular
protein translation by forming stress particles to resist virus replication [147]. SGs formation
is related to inhibiting the host’s protein translation [148,149]. SGs contain a variety of
components, such as untranslated mRNA, eukaryotic translation initiation factors (such as
eIF4E, eIF4G, eIF4A, eIF2), and T-cell intracellular antigen 1 (TIA-1) and two markers of
SGs: TIA-1-related protein (TIAR) and Ras GTPase activating protein-binding protein 1
(G3BP1) [147]. Phosphorylation of eIF2α (eIF2α-p) is also a landmark event in the formation
of SGs [150]. eIF2α-p may lead to the retention of many translation initiation complexes
in the cytoplasm and eventually induce the formation of SGs [151]. Xu et al. found that
SGs induced by sodium arsenate (AS) and DL-Dithiothreitol (DTT) are blocked when the
phosphorylation of eIF2α kinases double-stranded RNA-activated protein kinase (PKR) is
significantly inhibited during PRV infection, suggesting that PRV-encoded protein itself
or by recruiting some host factors to inhibit the formation of SGs, which will benefit PRV
replication [152].

10. Conclusions and Prospects

PRV had caused great loss in the livestock industry. As an emerging and re-emerging
infectious disease, it still poses a great threat to animal and human health. Like other herpes
viruses, PRV can establish latent infection in specific tissues, which can lurk in the host’s
nervous system for a long time. However, the detailed mechanisms are still not understood.
Virus clearance in the body is closely related to the immune state of the host, especially
innate immunity. Therefore, an in-depth understanding of the immune evade mechanism
of PRV will benefit the development of effective PRV vaccines and antiviral drugs.

In this review, we summarized several strategies of PRV to escape the host’s innate
immunity by disrupting important adaptor proteins in different signaling pathways, which
are related to IFN production, IFN signaling pathway, inflammasome activation, apoptosis,
autophagy, and ER stress. Although several PRV proteins have been reported to inhibit
host innate immunity, the specific mechanisms for some proteins have not been clarified.
For example, PRV EP0 could inhibit IFN response in primary cells, but it does not have this
function in the nonhost cells [153]. PRV EP0 executes the different antiviral functions in
different hosts is still unknown. In addition, HSV-1 ICP0, a homologous of PRV EP0, is an
important protein involved in resisting host innate immunity [23,154]. Whether PRV EP0
has the same function is still unknown, which needs to be further investigated.

Although we have listed many natural immune escape strategies for PRV, compared
with HSV-1 and VZV, the research on the regulation of host innate immunity by PRV needs
to be further studied, such as NLR signaling pathway and inflammation. For example,
AIM2 is a key DNA sensor for recognizing viral DNA upon DNA virus infection. PRV can
infect swine and induce a strong inflammatory response. However, there is no AIM2 and
its homolog in swine. Other host proteins maybe work as viral DNA sensors. We found
that vimentin interacts with viral DNA and NLRP3, involved in the NLRP3 inflammatory
response. Therefore, we proposed a new model that vimentin senses viral DNA and then
recruits NLRP3 inflammasome to induce inflammatory responses in PRV-infected pigs.
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Abstract: Pseudorabies virus (PRV) is a contagious herpesvirus that causes Aujeszky’s disease and
economic losses worldwide. Liver X receptors (LXRs) belong to the nuclear receptor superfamily
and are critical for the control of lipid homeostasis. However, the role of LXR in PRV infection has
not been fully established. In this study, we found that PRV infection downregulated the mRNA
and protein levels of LXRα and LXRβ in vitro and in vivo. Furthermore, we discovered that LXR
activation suppressed PRV proliferation, while LXR inhibition promoted PRV proliferation. We
demonstrated that LXR activation-mediated reduction of cellular cholesterol was critical for the
dynamics of PRV entry-dependent clathrin-coated pits. Replenishment of cholesterol restored the
dynamics of clathrin-coated pits and PRV entry under LXR activation conditions. Interestingly,
T0901317, an LXR agonist, prevented PRV infection in mice. Our results support a model that PRV
modulates LXR-regulated cholesterol metabolism to facilitate viral proliferation.

Keywords: pseudorabies virus; Liver X receptors; clathrin-coated pits; viral entry

1. Introduction

Pseudorabies (PR), also called Aujeszky’s disease, is a highly infectious disease caused
by the PR virus (PRV), which is a member of the subfamily Alphaherpesvirinae of the
family Herpesviridae. The genome of PRV is approximately 143 kb encoding at least
70 open reading frames [1]. PRV can infect a wide variety of mammals, including pigs,
sheep, and cattle, causing severe clinical symptoms and death [2]. Although scientists have
been trying to develop diagnostic approaches and vaccines in recent years, PR remains an
important infectious disease that is prevalent in many countries. Several recent reports
have suggested that PRV can cause human endophthalmitis and encephalitis [3–5]. These
findings indicate that PRV infection is a potential public health risk and not limited to the
swine industry. Therefore, new methods are urgently needed to prevent PRV infection.

The liver X receptors (LXRs), a family of transcription factors in the nuclear receptor
superfamily, are ligand-activated transcription factors and pivotal regulators of cholesterol
and lipid metabolism [6,7]. Two LXR subtypes, LXRα and LXRβ, have been identified.
While LXRβ is expressed ubiquitously, LXRα is expressed highly in the liver, spleen,
intestine, heart, and macrophages [8]. Ligand binding to LXR results in the formation of a
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heterodimer between LXR and the retinoid X receptor (RXR). The LXR/RXR complex then
binds to the LXR-response elements in the promoter, initiating the transcription of target
genes [9,10]. The natural ligands of LXR have been identified as oxysterols, such as 22(R)-
hydroxycholesterol (22R-HC). LXR plays important roles in lipid metabolism. A number of
small molecules of LXR agonists and reverse agonists, such as LXR-623, T0901317, GW3965,
and SR9243, have been developed to treat lipid disorders and atherosclerosis in clinical
trials [11].

Lipids are essential components for cellular and viral membranes. It has been revealed
that lipids are required for the entire life cycle of a virus, including attachment, entry,
genome replication, assembly, and release [12]. LXR is required for efficient replication
of a number of viruses, including Newcastle disease virus (NDV) [13], human immun-
odeficiency virus (HIV) [14], hepatitis C virus (HCV) [15], hepatitis B virus (HBV) [16],
murine gammaherpesvirus 68 [17], coxsackie B3 virus [18], and chikungunya virus [19].
However, the role of LXR in regulating PRV replication has not been documented. Here,
we examined the effects of LXR on PRV replication. We demonstrated that LXR activa-
tion, which led to reduced cellular cholesterol levels, suppressed PRV proliferation. LXR
agonists, such as T0901317, dramatically decreased PRV entry via interference with the
cholesterol-dependent dynamics of clathrin-coated pits (CCPs). Our data suggest that LXR
agonists have potential as antivirals for the control of PRV infection.

2. Materials and Methods
2.1. Mice

We purchased female 6–8-week-old BALB/c mice from the Center of Experimental
Animal of Zhengzhou University (Zhengzhou, China). Mice were housed in a specific
pathogen-free animal facility at Henan Agricultural University. Animal experiments were
performed in accordance with protocols approved by the Use of National Research Center
for Veterinary Medicine (Permit 20180521047).

2.2. Cells, Viruses, and Plasmids

Porcine kidney epithelial PK-15 (CCL-33, ATCC), porcine alveolar macrophages
3D4/21 (CRL-2843, ATCC), and human cervical cancer HeLa (CL-82, ATCC) cells were
grown in monolayers at 37 ◦C under 5% CO2 in DMEM (Gibco, Waltham, MA, USA)
supplemented with 10% FBS (Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin
sulfate (Sangon, Shanghai, China). Virus titers were determined by the 50% tissue culture
infective dose (TCID50) assay, which was calculated with the Reed–Muench method.

The virulent PRV isolate QXX (PRV-QXX) was kindly donated by Yong-Tao Li from
the College of Veterinary Medicine, Henan Agricultural University [20]. The recombinant
PRV strain of PRV-GFP, derived from the PRV Hubei strain with the TK gene replaced by a
GFP expression cassette from the pEGFP-N1 plasmid, was kindly donated by Han-Zhong
Wang from Wuhan Institute of Virology, Chinese Academy of Sciences [21].

Full-length porcine AP2B1 cDNA was cloned into the mCherry-N1 expression plasmid
using the BamHI and KpnI restriction sites.

2.3. Chemicals and Antibodies

Cholesterol, T0901317, GW3965, LXR-623, and SR9243 were ordered from MedChem-
Express (Monmouth Junction, NJ, USA). Filipin complex and 22-R-hydroxycholesterol were
ordered from Sigma-Aldrich (St. Louis, MO, USA). Anti-LXRα, anti-LXRβ, anti-AP2B, and
anti-β-actin were ordered from Proteintech (Rosemont, IL, USA); anti-ABCA1 was ordered
from Novus Biologicals (Littleton, CO, USA); Alexa-Fluor-488-conjugated goat anti-mouse
IgG, Alexa-Fluor-568-conjugated goat anti-mouse IgG, and Alexa-Fluor-568-conjugated
goat anti-rabbit IgG were ordered from Thermo Fisher Scientific (Waltham, MA, USA).
Antiserum against PRV glycoprotein gB and gE was generated by immunization of mice
with purified recombinant gB and gE.
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2.4. Cell Viability Assays

PK-15 cells were seeded at 1 × 104 per well in 96-well plates. On the next day, the
medium was changed to DMEM/10% FBS supplemented with various concentrations of
LXR agonists for 24–48 h. CCK-8 (10 µL, DingGuo, Beijing, China) was then added to each
well, and the cells were incubated for 3 h at 37 ◦C. Absorbance was detected at 450 nm with
a microplate reader (Varioskan Flash; Thermo Fisher Scientific).

2.5. Flow Cytometry Assay

For green fluorescent protein (GFP) reporter assays, PK-15 cells were infected with
PRV-GFP [multiplicity of infection (MOI) = 0.01] for 36 h. Cells were digested with trypsin-
EDTA (Gibco), collected by centrifugation, and suspended in PBS. The percentage of
GFP-positive cells was measured by flow cytometry on a Beckman CytoFLEX instrument
(Brea, CA, USA). All data were analyzed with CytExpert software 2.0.

2.6. Immunoblotting Analysis

Cells were collected by centrifugation and lysed in RIPA buffer (Beyotime, Shanghai,
China) in the presence of protease and phosphatase inhibitor cocktail (MedChemExpress).
The protein concentration was determined by a BCA Protein Assay Kit (DingGuo). Equiva-
lent amounts of total protein (30 µg) were subjected to SDS-PAGE for immunoblotting. The
target proteins were detected with specific primary antibodies and appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies. Visualization was performed with
Luminata Crescendo Western HRP Substrate (Millipore, Billerica, MA, USA) on a GE AI600
imaging system.

2.7. Cell Surface Biotinylation Assay

Cells were incubated in ice-cold PBS-CM (0.1 mM CaCl2, 1 mM MgCl2) in the presence
of 1 mg/mLEZ-Link NHS-biotin (Thermo Fisher Scientific) for 30 min at 4 ◦C. After
two washes with ice-cold PBS-CM, cells were cultured in medium containing 10 mM
glycine for 30 min at 37 ◦C. Cytosolic and membrane fractions were prepared as previously
described [22]. Briefly, the cells were homogenized by passing through a #7 needle 30 times
in 0.5 mL of homogenization buffer (10 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM MgCl2,
5 mM sodium EDTA, 5 mM sodium EGTA, 250 mM sucrose) supplemented with protease
and phosphatase inhibitors (MedChemExpress) and centrifuged at 1000× g at 4 ◦C for
7 min. The pellet, containing the crude nuclear fraction, was discarded, and the supernatant
was centrifuged at 12,000× g at 4 ◦C for 15 min. The resulting supernatant was the cytosol,
and the pellet containing the membrane fraction was dissolved in lysis buffer (10 mM
Tris-HCl [pH 6.8], 100 mM NaCl, 1% SDS, 1 mM EDTA, 1 mM EGTA) supplemented with
protease and phosphatase inhibitors (MedChemExpress). Each fraction was incubated with
NeutrAvidin-agarose (Thermo Fisher Scientific) and rotated for 2 h at 4 ◦C. After three
washes with homogenization buffer (10 mM HEPES pH 7.4, 10 mM KCl, 1.5 mM MgCl2,
5 mM EDTA, 5 mM EGTA, 250 mM sucrose), biotinylated proteins on NeutrAvidin–agarose
were eluted with SDS-PAGE sample buffer and subjected to immunoblotting analysis.

2.8. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using TRIzol Reagent (TaKaRa, Shiga, Japan) and then
reverse-transcribed with a PrimeScript RT reagent Kit (TaKaRa). qRT-PCR was performed
in triplicate using SYBR Premix Ex Taq (TaKaRa). Data were normalized to the expres-
sion of the control gene encoding β-actin. The relative expression changes were calcu-
lated by the The 2−∆∆CT method. Quantification of the genome copy number of PRV
was performed as previously described [23]. Primers used for qRT-PCR analysis were
as follows: porcine β-actin-Fw: 5′-GCACAGAGCCTCGCCTT-3′, porcine β-actin-Rv: 5′-
CCTTGCACATGCCGGAG-3′; porcine Lxra-Fw: 5′-CGTCCACTCAGAGCAAGTGT-3′,
porcine Lxra-Rv: 5′-CAGATCTCAGAGAGCAGCGG-3′; porcine Lxrb-Fw: 5′-
ACGCTACAACCACGAGACAG-3′, porcine Lxrb-Rv: 5′- CGGTGGAAGTCATCCTTGCT-
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3′; porcine Abca1-Fw: 5′-ATGGATCACTGCCCCAGTTC-3′, porcine Abca1-Rv: 5′-
ATGTCCGCGGTGTTCTGTTT-3′; porcine Abcg1-Fw: 5′-GTGTACTGGATGACGTCGCA-3′,
porcine Abcg1-Rv: 5′-CGAAGCTGACGAAGAACCCT-3′; PRV gB-Fw: 5′-
CTCGCCATCGTCAGCAAPRV-3′, PRV gB-Rv: 5′-GCTGCTCCTCCATGTCCTT-3′; mouse
β-actin-Fw: 5′-CCCCATTGAACATGGCATTG-3′, mouse β-actin-Rv: 5′-
ACGACCAGAGGCATACAGG-3′; mouse Lxrα-Fw: 5′-CTGATTCTGCAACGGAGTTGT-3′,
mouse Lxrα-Rv: 5′-GACGAAGCTCTGTCGGCTC-3′; mouse Lxrb-Fw: 5′-
GCCTGGGAATGGTTCTCCTC-3′, mouse Lxrb-Rv: 5′-AGATGACCACGATGTAGGCAG-3′.

2.9. RNA Interference (RNAi)

Cells were transfected with the indicated siRNAs (GenePharma, Shanghai, China)
using Lipofectamine RNAiMAX Reagent (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. The medium was replaced with DMEM containing 10% FBS
at 8 h post-transfection. The knockdown efficacy was assessed by immunoblotting analysis
at 48 h post-transfection. The siRNA sequences were as follows: negative control (NC):
5′-UUCUCCGAACGUGUCACGU-3′; siLXRα: 5′-CCCACGGAUGCUAAUGAAAUU-3′;
siLXRβ: 5′-UCCCGCGAAUGCUGAUGAAUU-3′.

2.10. Fluorescence Recovery after Photobleaching (FRAP)

HeLa cells were transfected with the AP2B1-mCherry plasmid for 24 h. After 8 h of
pre-treatment with the indicated compound, the cells were bleached at maximum laser
intensity for 30 s in a region of 7× 7 µm2 and then imaged for 5 min at 37 ◦C. CCP dynamics
was defined by the fluorescence recovery of AP2B1-mCherry, which was performed on a
Zeiss LSM 800 confocal microscope.

2.11. Histological Analysis

Animal tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The
paraffin blocks were sectioned (7 µm) for hematoxylin-eosin staining.

2.12. Statistical Analysis

All data were obtained from three independent experiments for quantitative analyses
and expressed as the mean ± standard error. All statistical analyses were performed with a
two-tailed Student’s t test. Significant differences relative to the corresponding controls
were accepted at * p < 0.05. For mouse survival studies, Kaplan–Meier survival curves were
generated and analyzed for statistical significance.

3. Results
3.1. PRV Infection Inhibits LXRα and LXRβ Expression In Vitro and In Vivo

To determine the role of LXR in PRV infection, we evaluated the expression of LXR
under PRV challenge in vitro. Cells were infected with PRV-QXX for 0–24 h, and cells were
processed to measure the mRNA and protein levels of LXRα and LXRβ. PRV infection
caused a reduction in Lxra and Lxrb mRNA in PK-15 and 3D421 cells (Figure 1A,B). Consis-
tent with the mRNA levels, LXRα and LXRβ protein levels in PK-15 and 3D421 cells were
all downregulated in response to PRV infection (Figure 1C,D). These results suggested that
PRV inhibited LXRα and LXRβ expression in vitro.
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Figure 1. PRV infection downregulates LXR expression. (A,B) PK-15 (A) and 3D4/21 (B) cells were
infected with PRV-QXX (MOI = 0.1) for 0–24 h. The mRNA levels of Lxra and Lxrb were assessed
by qRT-PCR analysis. * p < 0.05, ** p < 0.01, *** p < 0.001. (C,D) PK-15 (C) and 3D4/21 (D) cells
were infected with PRV-QXX (MOI = 0.1) for 0–24 h. LXRα, LXRβ, and PRV gE were assessed
by immunoblotting analysis. (E) Mice were mock infected or intranasally infected with PRV-QXX
(5 × 103 TCID50/50 µL per mouse) for 3 days. The mRNA levels of Lxra and Lxrb in the lung were
assessed by qRT-PCR analysis (n = 4 per group). * p < 0.05. (F) Mice were treated as in G. LXRα,
LARβ, and PRV gE in the lung were assessed by immunoblotting analysis (n = 4 per group).

We verified whether PRV reduced LXR expression in vivo. Mice were mock infected
or intranasally infected with PRV-QXX for 3 days, and the lungs were assessed for mRNA
and protein levels of LXRα and LXRβ by qRT-PCR and immunoblotting analysis. PRV
infection resulted in a >two-fold decrease in Lxra and Lxrb mRNAs as compared to that in
mock-infected lungs, as well as the protein levels of LXRα and LXRβ (Figure 1E,F). These
data indicated that PRV infection suppressed LXR expression both in vitro and in vivo.

3.2. Inhibition of LXR Increases PRV Infection

We aimed to determine whether LXR was involved in PRV infection. SR9243 is an
inverse agonist of LXR that induces LXR–co-repressor interaction and downregulates LXR-
mediated gene expression [24]. As expected, treatment of PK-15 cells with SR9243 inhibited
the transcription of LXR target genes, such as Abca1 and Abcg1 (Figure 2A). The mRNA
levels of PRV gB in SR9243-treated cells were significantly higher than those in control
cells (Figure 2B). This indicated that SR9243 promoted transcription of PRV genes. PRV
gE expression was enhanced in an SR9243 dose-dependent manner (Figure 2C). We next
detected the multiplication of PRV progeny virus in response to SR9243 using a viral titer
assay. PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1.0) and treated with SR9243
(0–10 µM) for 24 h. SR9243 significantly promoted the production of PRV progeny virus
(Figure 2D). To gain further insight into the effect of SR9243 on PRV infection, we assessed
the growth kinetics of PRV under SR9243 treatment. TCID50 assay of viral titer indicated
that SR9243 enhanced the production of the PRV progeny virus at 8 h post-treatment
(Figure 2E). We also determined whether knockdown of LXRα and LXRβ improved PRV
infection. Simultaneous interference LXRα and LXRβ expressions increased the production
of PRV progeny virus (Figure 2F,G). These data demonstrated that inhibition of LXR
benefited PRV infection.
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Figure 2. LXR inverse agonist SR9243 promotes PRV proliferation. (A) PK-15 cells were treated with
SR9243 (0–10 µM) for 24 h. Abca1 and Abcg1 mRNA was assessed by qRT-PCR analysis. * p < 0.05,
** p < 0.01, *** p < 0.001. (B) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously
treated with DMSO or SR9243 (10 µM) for 0–24 h. PRV gB mRNA was assessed by qRT-PCR analysis.
* p < 0.05, ** p < 0.01, *** p < 0.001. (C) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and
simultaneously treated with SR9243 (0–10 µM) for 24 h. PRV gE was assessed by immunoblotting
analysis. (D) PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1) and simultaneously treated
with SR9243 (0–10 µM) for 24 h. Viral titers were assessed by a TCID50 assay. * p < 0.05, ** p < 0.01,
*** p < 0.001. (E) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously treated
with SR9243 (10 µM) for 2–24 h. One-step growth curves of PRV-QXX were assessed using a TCID50

assay of viral titers. * p < 0.05, ** p < 0.01. ns, no significance. (F) PK-15 cells were transfected with
NC and siLXRα/β for 48 h. LXRα and LXRβ were assessed by immunoblotting analysis. (G) PK-15
cells were transfected with NC and siLXRα/β. At 24 h post-transfection, cells were infected with
PRV-QXX (MOI = 1) for another 24 h. Viral titers were assessed by a TCID50 assay. ** p < 0.01.

3.3. Activation of LXR by Their Agonists Inhibits PRV Infection

To confirm the negative role of LXR in PRV replication, we utilized four agonists of
LXR (LXR-623, T0901317, 22R-HC, and GW3965) [25]. We first performed cell viability
assays to examine the cytotoxicity of LXR agonists, and 20–60 µM of LXR-623 and T0901317
was harmful to PK-15 cells at 36–48 h post treatment (Figure 3A). 22R-HC (20 µM) and
GW3965 (10 µM) showed cytotoxicity at 24–48 h post treatment (Figure 3A). LXR-623,
T0901317, 22R-HC, and GW3965 resulted in decreased PRV-GFP proliferation, as indicated
by flow cytometry analysis of GFP-positive cells (Figure 3B). We verified the inhibitory
effect of LXR agonists on PRV infection by a viral titer assay. PK-15 cells were infected
with PRV-QXX (MOI = 0.1 and 1) and treated with LXR-623 (0–6 µM), T0901317 (0–6 µM),
22R-HC (0–6 µM), and GW3965 (0–3 µM) for 24 h. Multiplication of the PRV progeny virus
decreased with an increased concentration of LXR agonists (Figure 3C). PRV gB and gE
expression was inhibited by LXR agonists (Figure 3D). The growth kinetics of PRV assessed
by TCID50 assay of viral titer indicated that LXR agonists decreased the production of PRV

112



Viruses 2022, 14, 514

progeny virus at 8 h post-treatment (Figure 3E). These data suggested that LXR played a
negative role in PRV infection.
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Figure 3. LXR agonists inhibit PRV infection. (A) PK-15 cells were treated with LXR-623, T0901317,
22R-HC, and GW3965 at indicated concentrations for 24–48 h. Cell viability was assessed with
CCK-8 cell counting assays. * p < 0.05, ** p < 0.01, *** p < 0.001. (B) PK-15 cells were infected with
PRV-GFP (MOI = 0.01) and simultaneously treated with LXR-623 (0–6 µM), T0901317 (0–6 µM), 22R-
HC (0–6 µM), and GW3965 (0–3 µM) for 36 h. GFP-positive cells were analyzed by flow cytometry.
* p < 0.05, ** p < 0.01, *** p < 0.001. (C) PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1) and
simultaneously treated with LXR-623 (0–6 µM), T0901317 (0–6 µM), 22R-HC (0–6 µM) and GW3965
(0–3 µM) for 24 h. Viral titers were assessed by a TCID50 assay. * p < 0.05, ** p < 0.01, *** p < 0.001.
(D) PK-15 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously treated with DMSO,
LXR-623 (6 µM), T0901317 (6 µM), 22R-HC (6 µM), and GW3965 (3 µM) for 24 h. PRV gB and gE
were assessed by immunoblotting analysis. (E) PK-15 cells were infected with PRV-QXX (MOI = 0.1)
and simultaneously treated with LXR-623 (6 µM), T0901317 (6 µM), 22R-HC (6 µM) and GW3965
(3 µM) for 2–24 h. One-step growth curves of PRV-QXX were assessed using a TCID50 assay of viral
titers. ** p < 0.01. ns, no significance.
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3.4. Activation of LXR Inhibits PRV Entry

Next, we sought to determine which stage of viral life cycle was influenced by LXR
agonists and inverse agonists in a time-of-addition assay. We examined whether activation
of LXR could influence PRV attachment to cells. We pretreated PK-15 cells with LXR
agonists for 8 h, and infected cells with PRV-QXX combined with LXR agonists for 1 h at
4 ◦C. After three washes with ice-cold PBS, we analyzed viral attachment by quantification
of the PRV genome copy number by qRT-PCR analysis. LXR-623, T0901317, 22R-HC, and
GW3965 did not affect PRV attachment to cells (Figure 4A). We next performed a viral
entry assay by quantification of the PRV genome copy number in cells. qRT-PCR analysis
indicated that LXR agonists inhibited PRV entry (Figure 4B). We also assessed PRV entry
by immunoblotting analysis of PRV gE. PRV gE was decreased in cells treated with LXR
agonists, which further indicated that LXR agonists inhibited PRV entry (Figure 4C).
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(6 µM), T0901317 (6 µM), 22R-HC (6 µM) and GW3965 (3 µM) for 8 h at 37 ◦C. Cells were incubated
with PRV-QXX (MOI = 0.1) combined with DMSO, LXR-623 (6 µM), T0901317 (6 µM), 22R-HC
(6 µM), and GW3965 (3 µM) for 1 h at 4 ◦C. After three washes with ice-cold PBS, the viral genome
was isolated. PRV genome copy numbers on cells were assessed by qRT-PCR analysis. (B) PK-15 cells
were pretreated with DMSO, LXR-623 (6 µM), T0901317 (6 µM), 22R-HC (6 µM), and GW3965 (3 µM)
for 8 h at 37 ◦C. Cells were incubated with PRV-QXX (MOI = 0.1) combined with DMSO, LXR-623
(6 µM), T0901317 (6 µM), 22R-HC (6 µM), and GW3965 (3 µM) for 1 h at 4 ◦C. After three washes
with ice-cold PBS, cells were cultured in prewarmed medium containing DMSO, LXR-623 (6 µM),
T0901317 (6 µM), 22R-HC (6 µM), and GW3965 (3 µM) for 2 h at 37 ◦C. PRV genome copy numbers
in cells were assessed by qRT-PCR analysis. *** p < 0.001. (C) PK-15 cells were treated as in (B).
PRV gE in cells was assessed by immunoblotting analysis. (D) PK-15 cells were pretreated with
DMSO and SR9243 (10 µM) for 8 h at 37 ◦C. Cells were then incubated with PRV-QXX (MOI = 0.1)
combined with DMSO and SR9243 (10 µM) for 1 h at 4 ◦C. After three washes with ice-cold PBS, the
viral genome was isolated. PRV genome copy numbers on cells were assessed by qRT-PCR analysis.
(E) PK-15 cells were pretreated with DMSO and SR9243 (10 µM) for 8 h at 37 ◦C. Cells were incubated
with PRV-QXX (MOI = 0.1) combined with DMSO and SR9243 (10 µM) for 1 h at 4 ◦C. After three
washes with ice-cold PBS, cells were cultured in prewarmed medium containing DMSO and SR9243
(10 µM) for 2 h at 37 ◦C. PRV genome copy numbers in cells were assessed by qRT-PCR analysis.
*** p < 0.001. (F) PK-15 cells were infected and treated as in (E). PRV gE in cells was assessed by
immunoblotting analysis.
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In addition, we used LXR inverse agonists to examine whether SR9243 could promote
PRV attachment and entry. qRT-PCR analysis indicated that SR9243 had no inhibitory effect
on PRV attachment to cells, but it could promote PRV entry (Figure 4D,E). Immunoblotting
analysis of PRV gE indicated that SR9243 increased gE in SR9243-treated cells, suggesting
that SR9243 boosted PRV entry (Figure 4F). These results demonstrated that LXR was
related to PRV entry.

3.5. PRV Infection Increases Cellular Cholesterol Content That Is Inhibited by LXR Activation

Cholesterol is critical for PRV entry [26], so we examined cellular cholesterol content
by filipin staining in PRV-infected and T0901317-treated cells. PRV infection significantly
increased cellular cholesterol content (Figure 5A). However, activation of LXR by T0901317
abrogated PRV-induced enhancement of cellular cholesterol, which was restored by choles-
terol replenishment (Figure 5A). This phenomenon was verified by quantification of cellular
cholesterol (Figure 5B). We examined whether cholesterol replenishment rescued PRV entry
during LXR activation. qRT-PCR indicated that PRV genome copy number in T0901317-
treated PK-15 cells was gradually increased with the concentration of cholesterol (Figure 5C).
Exogenous supplementation of cholesterol in T0901317-treated PK-15 cells restored the
internalization of PRV gE, as indicated by immunoblotting analysis (Figure 5D). These data
suggested that LXR influenced cellular cholesterol to inhibit PRV entry.

1 
 

 

Figure 5. Activation of LXR decreases cellular cholesterol to inhibit PRV entry. (A) PK-15 cells were
infected with PRV-QXX (MOI = 0.1) and simultaneously treated with DMSO, T0901317 (6 µM), and
T0901317 (6 µM) + cholesterol (0.003 µg/mL) for 0–12 h. Cholesterol was detected by filipin staining
(left). Quantification of the relative fluorescence intensity of filipin is shown on the right. *** p < 0.001.
ns, no significance. Scale bar: 10 µm. (B) PK-15 cells were treated as in (A). Quantification of cellular
cholesterol was performed by biochemical determination. ** p < 0.01, *** p < 0.001. ns, no significance.
(C) PK-15 cells were incubated with PRV-QXX (MOI = 0.1) for 1 h at 4 ◦C and then in medium
containing T0901317 (6 µM) and cholesterol (0, 0.0003, 0.001, and 0.003 µg/mL) as indicated for
2 h at 37 ◦C. PRV genome copy numbers in cells were assessed by qRT-PCR analysis. ** p < 0.01,
*** p < 0.001. (D) PK-15 cells were infected and treated as in (C). PRV gE in cells was assessed by
immunoblotting analysis.
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3.6. T0901317 Inhibit CCP Dynamics through Reducing Cellular Cholesterol

Our previous study suggested that Niemann–Pick C1 deficiency attenuates PRV entry
by decreasing cholesterol abundance and by inhibiting CCP dynamics [26]. Therefore,
we examined whether LXR agonists acted via a similar mechanism. To corroborate the
role of T0901317 in CCP dynamics, FRAP analysis was carried out with live-cell confocal
microscopy imaging. Following the 20-s bleaching laser pulse, AP2B1-mCherry fluores-
cence rapidly recovered to about 50% of its initial value at approximately 180 s in control
cells, while T0901317-treated cells did not show recovery of AP2B1-mCherry fluorescence
(Figure 6A,B). Exogenous cholesterol was able to complement the inhibitory effect of
T0901317 on the recovery of AP2B1-mCherry fluorescence (Figure 6A,B). Additionally,
using a cell surface biotinylation assay, we confirmed that T0901317 had no effect on the
interaction between PRV virions and AP2B1, but inhibited viral entry, which could be
restored by the addition of cholesterol (Figure 6C). These data demonstrated that activation
of LXR blocked PRV entry by interfering with cholesterol-dependent CCP dynamics.
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Figure 6. T0901317 blocks CCP dynamics-dependent viral entry. (A) HeLa cells were transfected
with AP2B1-mCherry plasmid for 24 h followed by treatment with DMSO, T0901317 (6 µM) and
T0901317 (6 µM) + cholesterol (0.003 µg/mL) for a further 8 h. The CCP dynamics were assessed
by FRAP analysis. Scale bar: 1 µm. (B) Quantification of the relative fluorescent intensity of AP2B1
puncta in the FRAP region over time from (A) (n = 10). ** p < 0.01. (C) PK-15 cells were incubated
with PRV-QXX (MOI = 0.1) for 1 h at 4 ◦C and then in medium containing DMSO T0901317 (6 µM)
and T0901317 (6 µM) + cholesterol (0.003 µg/mL) at 37 ◦C. The internalization of PRV gE and AP2B1
was assessed by cell surface biotinylation assay after viral entry for 15 min.

3.7. T0901317 Prevents PRV Infection In Vivo

To determine whether LXR agonists can be used as antivirals in vivo, we examined
the protective effect of T0901317 against PRV infection. Mice were intraperitoneally in-
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jected with T0901317 twice every 2 days before the PRV challenge. Mice were intranasally
infected with PRV-QXX for 10 days. We observed that all mice died at 4 days post-infection
in the vehicle-treated group (Figure 7A). However, 92% of mice (10/12) survived in the
T0901317-treated group (Figure 7A). Analysis of PRV gE by immunoblotting and immuno-
histochemistry showed that T0901317 decreased PRV gE expression in lungs, suggesting
that T0901317 inhibited PRV proliferation in vivo (Figure 7B,C). Less infiltration of inflam-
matory cells was observed in the lungs in T0901317-treated mice than in vehicle-treated
mice (Figure 7D). All the results indicated that activation of LXR prevented PRV infection
in vivo.
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Figure 7. T0901317 inhibits PRV infection in vivo. (A) Mice were intraperitoneally injected with
vehicle or T0901317 (30 mg/kg) on days 4 and 2. On day 0, the mice were mock infected or intranasally
infected with PRV-QXX (5 × 103 TCID50/50 µL per mouse). The survival rate was monitored daily
for 10 days (n = 12 per group). *** p < 0.001. (B) PRV gE, LXRα, and LXRβ in the lungs were assessed
by immunoblotting analysis at 3 days post-infection (n = 3 per group). (C) PRV gE in the lungs
was assessed by immunofluorescence at 3 days post-infection (n = 3 per group). Scale bar: 100 µm.
(D) The lung injury was assessed by H&E staining at 3 days post-infection (n = 3 per group). Scale
bar: 100 µm.

4. Discussion

Viruses can manipulate lipid metabolism to facilitate their replication [27]. During
infection, some viruses induce changes in cell membrane structures or utilize lipid synthetic
enzymes to build a suitable microenvironment for different stages of the infection [12]. LXR
controls cellular lipid homeostasis [28]. Oxysterols are endogenous ligands of LXR [29],
and they promote HBV gene expression through activation of LXR [30]. Murine gammaher-
pesvirus 68 infection increases LXR expression, and there is not a corresponding increase
in LXR target genes [17]. NDV infection activates LXR and its downstream lipogenic
gene expression [13]. In this study, we found that PRV infection downregulated LXR
expression both in vitro and in vivo, and LXR activation inhibited PRV infection. Our
data indicated that different viruses used LXR for optimal replication through diverse
mechanisms throughout their entire life cycle. Other physiological functions of LXR may
be required for virus replication, as well as their roles in lipid metabolism.

It has been demonstrated that synthetic LXR agonists restrict replication of NDV [13],
HCV [15], vector-borne flaviviruses [31], chikungunya virus, and HIV [14], by altering
cholesterol homeostasis. Recent evidence suggests that activation of LXR can induce choles-
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terol 25-hydroxylase (CH25H) mRNA and protein expression [32]. 25-hydroxycholesterol
(25HC) is the enzymatic product of CH25H and exerts broad antiviral functions by inhibit-
ing viral entry [33,34]. We have indicated that porcine CH25H acts as a host restriction factor
on PRV infection by 25HC [33], so we speculated that LXR-activated CH25H expression
may be responsible for inhibiting PRV infection.

Cholesterol is a critical component that determines membrane fluidity and architecture.
For some viruses, cholesterol plays an essential role in the process of virus entry into cells,
such as PRV [33], foot-and-mouth disease virus [35], and human rhinovirus type 2 [36], and
depletion of cholesterol significantly inhibits viral entry and infection. Our data indicated
that PRV enhanced cellular cholesterol levels, which were abrogated by LXR agonists. We
further demonstrated that LXR activation decreased cellular cholesterol levels to inhibit
PRV entry-dependent CCP dynamics, which could be rescued by cholesterol replenishment.
Our study demonstrated a mechanism by which PRV disturbed LXR expression to promote
viral entry through modulation of cholesterol homeostasis. This is in accordance with
our previous report that cholesterol is critical for CCP dynamics in PRV entry [26]. These
data provide novel insights into the prevention and control of diverse viruses that require
cholesterol-regulated CCP dynamics for viral entry.

5. Conclusions

Viruses hijack cellular metabolism for their optimal replication. A better understanding
of the interaction between virus and cellular metabolism will provide insights into an
antiviral strategy. Lipids are the key component of cellular membrane compartments that
participate in viral replication. We previously reported that Niemann–Pick C1-mediated
intracellular cholesterol transport is essential for CCP dynamics and for viral entry. Here,
we reported that PRV modulated cholesterol metabolism by downregulating the expression
of LXR to assist viral entry through clathrin-mediated endocytosis. Therefore, our data
further validated that cholesterol-regulated CCP dynamics are pivotal for PRV infection,
suggesting that pharmacological reduction of cellular cholesterol levels has the potential to
prevent PRV infection.
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Abstract: The present study generated nectin1-mutant mice with single amino acid substitution and
tested the anti-pseudorabies virus (PRV) ability of the mutant mice, with the aim to establish a model
for PRV-resistant livestock. A phenylalanine to alanine transition at position 129 (F129A) of nectin1
was introduced into the mouse genome to generate nectin1 (F129A) mutant mice. The mutant mice
were infected with a field-isolated highly virulent PRV strain by subcutaneous injection of virus. We
found that the homozygous mutant mice had significantly alleviated disease manifestations and
decreased death rate and viral loading in serum and tissue compared with heterozygous mutant
and wild-type mice. In addition to disease resistance, the homozygous mutant mice showed a defect
in eye development, indicating the side effect on animals by only one amino acid substitution in
nectin1. Results demonstrate that gene modification in nectin1 is an effective approach to confer PRV
resistance on animals, but the mutagenesis pattern requires further investigation to increase viral
resistance without negative effect on animal development.

Keywords: antiviral breeding; genetic modification; nectin1; pig; PRV; disease resistance

1. Introduction

Pseudorabies virus (PRV) is an economically important pathogen causing severe losses
to pig production. PRV causes reproductive and respiratory problems in breeding and fin-
ishing pigs and central nervous system signs and high mortality in piglets [1–4]. Although
the natural reservoir is pig, PRV has a broad host range and can lethally infect a wide
variety of animal species [5–9]. PRV infection in pigs is controlled using inactivated and
attenuated live vaccines [10]. However, PRV outbreak in vaccinated pig populations still
occur widely in many countries mainly due to variations of virus, usually compromising
vaccine effectiveness and increasing virulence to pigs [1,11,12].

PRV belongs to herpesvirinae family and alphaherpesvirinae subfamily [13,14]. The
representative alphaherpesviruses, such as PRV and herpes simplex virus (HSV), share
some common molecular machinery and mechanism to infect host cells [15,16]. The
host membrane-bound protein, nectin1, plays a pivotal role in alphaherpesvirus infection.
Global nectin1 gene knockout in mice can confer resistance to HSV1 and HSV2 infection,
resulting in a milder disease after HSV1 and HSV2 infection in mice [17–21]. Our previous
work found that nectin1 knockout in pig cells reduce PRV growth by impairing cell-to-cell
spread step of virus [22]. In this respect, nectin1 gene modification in animals provides a
practical route for PRV antiviral breeding given that genetic engineering approach can be
used for pig breeding.
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We established a mouse model carrying specific mutation in nectin1 to investigate the
anti-PRV effect of nectin1 gene modification in animals. Previous work reported that the
extracellular N-terminal variable region-like (V) domain of nectin1, which interacts with
viral glycoprotein D (gD), is important for alphaherpesvirus infection. The critical residues
in V domain for PRV-gD/nectin1 engagement include N77, I80, M85, R110, and F129 [23,24].
Amino acid substitution in some of the residues can severely reduce PRV-gD/nectin1
binding and PRV entry activity. The in vitro cell-based results showed that mutation
in F129 has fewer side effects than other key residues on homotypic and heterotypic
nectin–nectin interactions, which are important for cell adhesion [23]. Considering these
factors, we introduced an F129A single amino acid substitution in mouse nectin1 gene. The
homozygous F129A mutant mice were studied with respect to their infection levels in PRV
challenge experiments. We also investigated the impact of mutation on the physiologic
function of nectin1 in vivo.

2. Materials and Methods
2.1. Animals

The animals and procedures in this study were in accordance with the guidelines
and approval of the Institutional Animal Care and Use Committees at South China
Agricultural University (approval ID: 2020B032). We used CRISPR-mediated homology-
directed repair method for amino acid substitution in mouse genome. The guide RNA
(gRNA) sequence targeting mouse nectin1 gene was ACGGTTGCCCGTAGGGAAGG,
and a donor oligo containing F129A (TTC to GCT) mutation was designed as follows:
ATCCGCCTCTCCGGTCTGGAGCTGGAGGACGAGGGCATGTACATCTGTGAATTTGC-
CACCGCTCCTACGGGCAACCGTGAAAGCCAGCTCAATCTCACTGTGATGGGTAAG-
CTGCCCTGGGCC; the mutation site is underlined. The gRNA, donor oligo, and Cas9
mRNA were co-injected into fertilized eggs of C57BL/6 mice to generate targeted knock-in
offspring. F1 founder animals were identified by PCR followed by sequence analysis, and
then bred to test germline transmission and generate F2 mutant animals.

2.2. Analysis of Nectin1 Expression

Mouse brains were minced and lysed in Pierce RIPA buffer (Thermo Fisher Scientific,
Rockford, IL, USA) supplemented with protease inhibitor cocktail (Thermo Fisher Scientific,
Rockford, IL, USA). Tissue lysate was collected by centrifugation and quantified using
Pierce BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). An equal
amount of lysate was boiled in loading buffer and subjected to SDS-PAGE. Subsequently,
the separated protein in gel was transferred onto the PVDF membrane, which was then
blocked in 5% milk and incubated with anti-nectin1 mouse monoclonal antibody (sc-21722,
Santa Cruz Biotechnology, Dallas, TX, USA) at 4 ◦C overnight. The membrane was washed
and further incubated with HRP-conjugated goat-mouse IgG secondary antibody. After
thorough washing, the target protein was imaged using a SuperSignal West Pico enhanced
chemiluminescence kit (Thermo Fisher Scientific, Carlsbad, CA, USA). The same blots
were probed with a β-actin rabbit monoclonal antibody (13E5, Cell Signaling Technology,
Danvers, MA, USA) as a loading control.

2.3. Viral Culture and Titration

A field-isolated PRV strain was propagated and titered in PK15 cells [22]. Virus diluted
in DMEM was inoculated in PK15 cell monolayer and cultured to reach full cytopathic
effect (CPE) in 5% CO2 incubator at 37 ◦C. The culture was collected and aliquoted as viral
stock. To examine the viral titers, TCID50 assay was performed on PK15 cells grown in
96-well plates. Virus was serially diluted from 10−1 to 10−10 in DMEM, and 0.1 mL of viral
dilution was added per well; eight wells were infected per dilution. Virus was allowed to
adsorb to cells for 2 h, followed by replacing the viral dilution with 0.1 mL of fresh DMEM
for each well. The plates were cultured in 5% CO2 incubator at 37 ◦C for monitoring CPE
for one week. The titer was calculated using the method of Muench and Reed [25].
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2.4. Viral Infection in Mice

Homozygous mutant mice and age-matched controls (wild-type (WT) and heterozy-
gous) were injected subcutaneously in the neck at a single dose of 100 µL virus prediluted
to the indicated titers (105.43 and 107.42 TCID50 for two viral challenge experiments). Signs
of disease and survival rate of infected mice were recorded for 96 h. The symptoms of
PRV infection were scored using a 3-point system: 0 = normal posture; 1 = attempt to
scratch or slight scratching; 2 = frequent scratching and abnormal posture such as hunch-
back; and 3 = scratching with biting and bleeding of the wound. All mice were sacrificed
at 96 h to collect serum and various tissues for viral titer quantification. Viral DNA in
serum and brain tissues in the same amount was extracted with RaPure Viral RNA/DNA
Kit (Magen, Guangzhou, China) and subjected to quantitative PCR (qPCR) by using Pre-
mix ExTaq (Probe qPCR) (Takara, Dalian, China) and the following primers and probe,
PRV-gE-Forward, CCCACCGCCACAAAGAACACG, PRV-gE-Reverse, GATGGGCATCG-
GCGACTACCTG, and PRV-gE-Probe, FAM-CAGCGCGAGCCGCCCATCGTCAC-BHQ1
in a QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Foster City, CA,
USA). A PRV gE gene plasmid was serially diluted as templates to generate a reference
curve between Ct value and DNA copies in the same qPCR reaction of viral DNA samples.
Viral DNA was quantified using the standard curve and expressed as genome equivalents
(GE) in extracted DNA solution.

2.5. Histological Analysis

The eyes of mice were collected and soaked in FAS eye fixative (Servicebio, Wuhan,
China) for 24 h at room temperature. The fixed tissues were dehydrated with gradient
concentrations of ethanol, embedded in paraffin wax, and sectioned to tissue slice of
5 µm thickness. For Hematoxylin and Eosin (H&E) staining, the tissue sections were
deparaffinized in the xylene and rehydrated by passing through decreasing concentrations
of ethanol baths and water. The rehydrated tissue sections were stained in hematoxylin
for 5 min at room temperature. The sections were rinsed in tap water and differentiated
in 1% HCl in 70% alcohol for 5 min. After rinsing in tap water, the sections were treated
with ammonia water to convert the hematoxylin to a dark blue color. The sections were
then rinsed and stained in 1% Eosin Y for 10 min at room temperature. After staining, the
sections were washed in tap water for 5 min, dehydrated in increasing concentrations of
ethanol, cleared in xylene, and mounted in mounting media for microscopy assay.

2.6. Statistical Analysis

All statistical analyses were performed using Prism (GraphPad, v8, LaJolla, CA, USA).
Mean ± standard deviation was calculated for replicate data. Means comparisons in body
weight and viral copies were conducted using unpaired t tests or ANOVA, and survival
rates were compared with Gehan–Breslow–Wilcoxon test, as indicated in the figure legends.

3. Results
3.1. Generation of Nectin1 (F129A) Mutant Mice

Nectin1 F129 residue is conserved across different mammalian species (Figure S1). Its
functional significance for engagement of gD of multiple alphaherpesviruses has been
found in nectin1 of mouse, pig, and cattle [23,24,26]. Nectin1 (F129A) mutant mice were
produced by CRISPR-mediated knock-in using zygote injection of CRISPR system cleav-
ing nectin1 and a DNA template donor carrying F129A mutation (TTC→GCT in DNA
sequence) (Figure 1A). The founder mice were genotyped by PCR amplification of nectin1
target region and Sanger sequencing identifying the presence of mutation. The positive
mice were bred to generate homozygous and heterozygous mutant offspring (Figure 1B).
To detect if the nectin1 protein expression was affected by amino acid substitution, the
brain tissues from WT, heterozygous, and homozygous mice were lysed to extract total
protein. Western blot assay showed that all three genotypes of mice had nectin1 expression
in the similar levels, indicating no impact of F129A mutation on protein expression in
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brains (Figure 1C). The homozygous mutant mice generally had similar growth rate to WT
and heterozygous mutants within one month after birth. The increase in body weight of
homozygous mutants was slightly slower than WT and heterozygous mutants after one
month, and the difference was more significant in female mice (Figure 1D,E).
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Figure 1. Characterization of nectin1 (F129A) mutant mice. (A) Gene targeting strategy to introduce
F129A mutation in mouse nectin1. Sequences in red letters are gRNA-recognized target harboring
F129A mutation (underlined sequences). (B) Sequences of nectin1 mutation site in homozygous, het-
erozygous, and WT mice. The underlined sequences are F129 mutation sites. (C) Nectin1 expression
status in brain tissues of homozygous, heterozygous, and WT mice. (D,E) Growth curves of male
(D) and female (E) F129A mutant mice. Female homozygous mutant mice had significantly reduced
body weight compared with WT littermates at five, six, seven, and eight weeks. Data are presented
in mean ± standard deviation. p-values represent homozygous versus WT and were analyzed
with one-way ANOVA followed by Dunnett’s multiple comparison test. ssODN, single-stranded
oligodeoxynucleotides; Homo, homozygous nectin1 (F129A) mutant mice; Hetero, heterozygous
nectin1 (F129A) mutant mice; WT, wild-type mice.

3.2. Anti-PRV Ability of Nectin1 (F129A) Mutant Mice

We conducted two viral challenge experiments to test the PRV infection status in the
mutant mice. Prior to experiments, we evaluated the susceptibility of the mouse strain
we used (C57BL/6) to PRV. Our pre-experiments showed that the attenuated PRV vaccine
strain Bartha-K61 was mildly pathogenic to C57BL/6 mice, but a field-isolated highly
virulent strain of PRV [22] can cause acute symptoms with a high mortality in 3–10 days
after viral inoculation in different doses. Infected mice showed viremia and tissue lesion,
and high viral load in infected tissues can be detected by qPCR (data not shown). The
susceptibility of C57BL/6 mice to PRV has also been comprehensively investigated in
previous reports [27–29]. Upon confirming the PRV susceptibility of mice, we performed
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experiment 1, in which seven WT and seven homozygous at six weeks were given subcuta-
neous injection with 1 × 105.43 TCID50 PRV field strain (Figure 2A). After PRV inoculation,
three mice of each genotype were sacrificed to collected tissues and serum to detect tissue
morphology and viral loads at 36 h. The four other mice in each group were maintained
to observe disease development for 96 h. Among them, two WT mice had symptoms
of scratching and body incoordination starting at 48 h after inoculation and died at 72 h
and 96 h, respectively (Figures 2B,C and S2). All WT mice displayed acute itch symptom
during the challenge period, but only two homozygous mutant mice had slight symptom
starting at 84 h (Figure S2). qPCR results showed that viral copies in brain and serum of
homozygous mice were lower than WT (Figure 2D).
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Figure 2. Viral challenge experiment 1 in nectin1 (F129A) mutant mice. (A) Experimental groups and
virus dose for PRV challenge in mice. (B) Typical symptoms present in PRV-infected mice. A WT
mouse showed body incoordination and severe wound in the neck because of scratching of the viral
injection site at 60 h after challenge (left), whereas no symptoms were observed in nectin1 (F129A)
homozygous mutant mouse (right). (C) Survival curve for nectin1 (F129A) homozygous mutant and
WT mice after PRV challenge within 96 h. Four mice in each group were used for analysis of survival
curve. The other three mice in each group were sacrificed to analyze viral infection level in various
tissues at 36 h. (D) PRV viral loads at 36 h and 96 h in brain and serum by qPCR quantification of PRV
gE gene. All data are presented in mean ± standard deviation. Statistically significant differences
between mutant and WT groups are indicated by p-values, analyzed with Gehan–Breslow–Wilcoxon
test and unpaired t-test for survival curve and viral copies, respectively. Homo, homozygous nectin1
(F129A) mutant mice; WT, wild-type mice.

We further repeated viral challenge experiment (experiment 2) by using a high dose of
virus and including heterozygous mice as subjects. A total of nine WT, nine heterozygous,
and seven homozygous at the age of eight weeks were subcutaneously injected with
1 × 107.42 TCID50 PRV field strain (Figure 3A). Follow-up observations showed that six
WT and seven heterozygous mice displayed neurological symptoms, such as scratching
and biting, starting from 36 h, and finally died within 96 h. In the homozygous group,
one showed neurological symptoms at 72 h and died at 96 h; three had slight scratching
behavior at 96 h (Figures 3B and S3). All infected mice were sacrificed at 96 h for serum
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and tissue sampling. Viral DNA extracted from half brain and serum in the same amount
showed a significantly reduced viral copies in homozygous mice compared with WT and
heterozygous. The viral copies in serum and brain between WT and heterozygous were
not different significantly (Figure 3C).

Viruses 2022, 14, x FOR PEER REVIEW 6 of 11 
 

 

heterozygous, and seven homozygous at the age of eight weeks were subcutaneously in-
jected with 1 × 107.42 TCID50 PRV field strain (Figure 3A). Follow-up observations showed 
that six WT and seven heterozygous mice displayed neurological symptoms, such as 
scratching and biting, starting from 36 h, and finally died within 96 h. In the homozygous 
group, one showed neurological symptoms at 72 h and died at 96 h; three had slight 
scratching behavior at 96 h (Figures 3B and S3). All infected mice were sacrificed at 96 h 
for serum and tissue sampling. Viral DNA extracted from half brain and serum in the 
same amount showed a significantly reduced viral copies in homozygous mice compared 
with WT and heterozygous. The viral copies in serum and brain between WT and hetero-
zygous were not different significantly (Figure 3C). 

 
Figure 3. Viral challenge experiment 2 in nectin1 (F129A) mutant mice. (A) Experimental groups 
and virus dose for PRV challenge. (B) Survival curve for nectin1 (F129A) homozygous mutant, het-
erozygous mutant, and WT mice after PRV challenge within 96 h. (C) PRV viral loads in brain and 
serum by qPCR quantification of PRV gE gene. All surviving mice were sacrificed to analyze viral 
load in brains and serum at 96 h after viral challenge. Data are presented in mean ± standard devi-
ation. Statistically significant differences are indicated by p-values, analyzed with Gehan–Breslow–
Wilcoxon test and two-way ANOVA for survival curve and viral copies, respectively. Homo, ho-
mozygous nectin1 (F129A) mutant mice; Hetero, heterozygous nectin1 (F129A) mutant mice; WT, 
wild-type mice. 

3.3. Defect in Eye Development in Nectin1 (F129A) Mutant Mice 
We noted an abnormal eye development in nectin1 (F129A) mutant mice. Homozy-

gous mutant mice showed microphthalmia (Figure 4A). Histological analysis of the eyes 

Figure 3. Viral challenge experiment 2 in nectin1 (F129A) mutant mice. (A) Experimental groups
and virus dose for PRV challenge. (B) Survival curve for nectin1 (F129A) homozygous mutant,
heterozygous mutant, and WT mice after PRV challenge within 96 h. (C) PRV viral loads in brain and
serum by qPCR quantification of PRV gE gene. All surviving mice were sacrificed to analyze viral load
in brains and serum at 96 h after viral challenge. Data are presented in mean ± standard deviation.
Statistically significant differences are indicated by p-values, analyzed with Gehan–Breslow–Wilcoxon
test and two-way ANOVA for survival curve and viral copies, respectively. Homo, homozygous
nectin1 (F129A) mutant mice; Hetero, heterozygous nectin1 (F129A) mutant mice; WT, wild-type mice.

3.3. Defect in Eye Development in Nectin1 (F129A) Mutant Mice

We noted an abnormal eye development in nectin1 (F129A) mutant mice. Homozy-
gous mutant mice showed microphthalmia (Figure 4A). Histological analysis of the eyes
showed severe deformation of eye structure in homozygous mice. The vitreous body totally
disappeared, and the lenses adhered to the ciliary epithelia and retinal layers (Figure 4B).
Furthermore, we observed a deformed ciliary body, which loses ciliary processes. Ciliary
processes include the double epithelial layer consisting of pigment and non-pigment epithe-
lia. As shown in Figure 4C, WT mice had the ciliary processes with the contacted pigment
and non-pigment epithelia. However, such double-layer structure was not observed in
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ciliary body of homozygous mutant mice, which thus cannot make the ciliary processes
(Figure 4C). A similar defect in eye development was also found in global nectin1 knockout
mice or transgenic mice expressing the first V domain of nectin1, in which the main feature
is microphthalmia with disappeared vitreous body and ciliary processes in eyes [30,31].
Western blot assay showed that nectin1 protein level in eyes of homozygous mutant mice
was greatly less than that in WT littermates, however, nectin1 protein level did not dif-
fer greatly in brains between them (Figure 4D). Severe eye abnormality may be partly
explained by specifically reduced nectin1 expression in eyes in homozygous mutant mice.
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Figure 4. Defect in eye development in nectin1 (F129A) mutant mice. (A) Nectin1 (F129A) homozy-
gous mutant mice show bilateral microphthalmia. Representative images of the eyes of nectin1
(F129A) homozygous mutant and age-matched WT mice are shown. (B) Histological analysis of the
eyes of nectin1 (F129A) homozygous mutant and age-matched WT mice. The absent vitreous body
and abnormal lenses can be found in homozygous mutant mice. (C) Magnified views of the ciliary
body in the boxed areas in the panel (B). The ciliary body of WT mice displays the double cell layer
structure of the ciliary epithelia composed of pigment (black-colored cells) and non-pigment cells
(stained only by eosin in cytoplasm), whereas the homozygous mutant mice have deformed ciliary
body, in which the ciliary processes with double cell layer structure of the ciliary epithelia are absent.
(D) Nectin1 expression levels in eyes and brains of homozygous mutant and WT mice. Tissues of
two mice from the same litter for each group were used for western blot assay. Homo, homozygous
nectin1 (F129A) mutant mice; WT, wild-type mice; L, lens; V, vitreous body; CP, ciliary processes.
Scale bars: 500 µm in (B), 50 µm in (C).
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4. Discussion
4.1. Nectin1 Modification Resists PRV Infection in Hosts

As a representative member of alphaherpesvirus, PRV prevails in pig population and
remains a serious threat to the current pig industry in many countries. The emerging
animal genetic engineering technology provides an alternative strategy to modify host gene
instead of treating the virus itself for viral prevention and control in pigs. The host gene
modification antiviral strategy has been proven effective to control viral infection in animals,
offering a simple pathway for antiviral breeding to benefit livestock production [32,33].
Nectin1 or nectin2 have long been recognized as the key host factor mediating infection
of alphaherpesviruses [15,16]. Although a similar mode by interaction of viral gD and
host nectin1 is proposed for entry and spread of alphaherpesviruses, different amino
acids in gD/nectin1 binding interface are utilized for nectin1 engagement for different
alphaherpesviruses. Structural data of pig nectin1-bound PRV gD revealed N77, I80, M85,
and F129 of pig nectin1 as the key residues for their contacting. A mutagenesis study of
the key interface residues in nectin1 further confirmed the functional necessity of F129 in
PRV-gD engagement [23,24]. Our in vivo viral challenge results were in agreement with the
in vitro structural and functional data, that is, homozygous F129A mutant mice harbored
enhanced resistance to PRV infection, manifested by reduced viral load in serum and brain,
alleviated tissue lesion, and enhanced survival rate compared with WT and heterozygous
mutant mice. The mice model-based results lay the groundwork for anti-PRV study in pigs
by genetic engineering approaches.

4.2. Correlation of PRV Infection in Mice and Pigs

PRV can infect a wide range of host animals. Similar host factors and machinery are
employed by the virus for cell entry and replication in hosts. As a common coreceptor
for multiple human and animal alphaherpesviruses, nectin1 may serve a similar role for
alphaherpesvirus infection in both natural and non-natural hosts [16]. Therefore, the mouse
model of PRV infection could be a valuable reference to study virus–host interaction in
pigs. Some previous publications have also reported using transgenic mice as a model
for pseudorabies-resistant livestock [34,35]. However, mice and pigs display different
clinical manifestations after PRV infection [27–29]. PRV always causes a severe neuropathic
itch followed by acute death. The virus replicates in the skin and peripheral nervous
system (PNS) neurons, but few infections exist in the brain. In adult pigs, PRV infects
mucosal epithelium and spreads to PNS neurons, where a quiescent, latent infection
is established. Viral replication can be re-activated to spread back to mucosal surfaces,
mainly causing respiratory disease. Acute itch and death rarely occur in adult pigs [27–29].
Investigations indicate that different immune responses, such as type I IFN or specific
inflammation, mainly contribute to the difference in pathogenesis and clinical outcomes of
PRV infection between mice and pigs [28,29]. The immunity-controlled differential disease
manifestations could not affect the disease-resistance phenotype conferred by nectin1
modification, which is a host factor controlling PRV entry or spread in natural and non-
natural hosts. Nectin1-mutation could be a universal anti-PRV even anti-alphaherpesvirus
strategy in susceptible hosts.

4.3. Nectin1 (F129A) Mutation Impairs Nectin1 Physiologic Function

A previous work reported presence of deleterious effects of global nectin1 knock-
out on eye development in mice. Thus, we used single amino acid substitution other
than global knockout for anti-PRV mouse preparation. However, only single amino acid
mutation seemed to severely impair the normal physiological role of nectin1 in mice.
A similar impairment to eye development to that in global nectin1 knockout mice was
observed in F129A mutant mice [30]. Our result provides in vivo evidence that F129 is
the residue critical for nectin–nectin homophilic or heterophilic trans-interactions; it is
essential to form a functional ciliary body with double cell layer structure. This result also
implies that PRV infection and nectin1-mediated cell adhesion utilize the same molecular
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area or machinery to exert their functions. Further work needs to precisely identify the
different regions/residues of nectin1 separately hijacked by alphaherpesviruses for cell
entry and working in homophilic or heterophilic trans-interactions to maintain normal
cellular functions.

4.4. Exploration of Ideal Anti-PRV Gene Targets with Breeding Values in Pigs

The impaired eye function and other undefined abnormality caused by nectin1 muta-
tion could affect the application of the same gene modification for pig antiviral breeding.
The genetic engineering technology in agricultural animals should be safely utilized to
confer desired phenotypes without penalties to economic traits or animal welfare. The ideal
anti-PRV gene targets can be exploited by identifying the safe nectin mutant genotypes
or other host factors essential for PRV infection. First, more cell-based works should be
performed to define the specific regions in nectin1 or 2 that are critical for viral infection,
but minimally interfering with normal cellular functions. Second, other reported gene
targets, such as PVR, which may play a key role in PRV cell entry, can be investigated
in animals with respect their antiviral ability in vivo [16,36]. Third, the recently devel-
oped CRISPR library can effectively screen host genes essential for viral infection [37,38].
A genome-wide screen has been performed for some alphaherpesviruses including PRV
and Bovine Herpes Virus Type 1 (BHV-1) and revealed more potential gene targets, which
are promising resources facilitating antiviral study [39,40].
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infection in experiment 2.
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Abstract: Pseudorabies, caused by the pseudorabies virus (PRV), is an acute fatal disease, which
can infect rodents, mammals, and other livestock and wild animals across species. Recently, the
emergence of PRV virulent isolates indicates a high risk of a variant PRV epidemic and the need for
continuous surveillance. In this study, PRV-GD and PRV-JM, two fatal PRV variants, were isolated
and their pathogenicity as well as their effects on host natural immune responses were assessed.
PRV-GD and PRV-JM were genetically closest to PRV variants currently circulating in Heilongjiang
(HLJ8) and Jiangxi (JX/CH/2016), which belong to genotype 2.2. Consistently, antisera from sows
immunized with PRV-Ea classical vaccination showed much lower neutralization ability to PRV-GD
and PRV-JM. However, the antisera from the pigs infected with PRV-JM had an extremely higher
neutralization ability to PRV-TJ (as a positive control), PRV-GD and PRV-JM. In vivo, PRV-GD and
PRV-JM infections caused 100% death in mice and piglets and induced extensive tissue damage, cell
death, and inflammatory cytokine release. Our analysis of the emergence of PRV variants indicate
that pigs immunized with the classical PRV vaccine are incapable of providing sufficient protection
against these PRV isolates, and there is a risk of continuous evolution and virulence enhancement.
Efforts are still needed to conduct epidemiological monitoring for the PRV and to develop novel
vaccines against this emerging and reemerging infectious disease.

Keywords: pseudorabies virus; virus isolation; pathogenicity; mortality; inflammatory response

1. Introduction

Pseudorabies (PR, Aujeszky’s disease), caused by the pseudorabies virus (Aujeszky’s
disease virus or Suid alphaherpesvirus 1) (PRV), brings substantial economic losses to
swine factories in some countries. The PRV belongs to the family Herpesviridae, subfamily
Alphaherpesvirinae (https://talk.ictvonline.org/ictv-reports/ictv_online_report/dsdna-
viruses/w/herpesviridae/1609/subfamily-alphaherpesvirinae, accessed on 10 Mar 2022).
The PRV genome is a double-stranded DNA of about 143 kb in length, and the G+C content
is more than 70% [1]. The genome of the PRV encompasses a unique long (UL) segment
and a unique short (US) region flanked by the internal and terminal repeat sequences (IRS
and TRS, respectively), encoding more than 70 proteins [2].

Since the early 1980s, PR disease had spread nearly globally. In 1947, PRV infection
was reported firstly in eastern China. Because of the lack of accurate detection technology
and poor biosafety measures, PR was widely prevalent in most of China. Owing to the
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wide usage of the traditional vaccine strain Bartha-K61 (a live attenuated vaccine based
on the PRV Bartha-K61 strain), PR diseases were controlled in China [3]. However, in
2011, the outbreaks of PR were reported and rapidly spread in China. In some farms, the
PRV seropositive occurred in a very short time. Research confirmed that the current PR
outbreaks were caused by PRV variants and the Bartha-K61 vaccine could not provide
adequate protection against these variant strains [3,4]. Subsequently, several PRV isolates
were isolated in China, which were in the same evolutionary branch as the JS strain
(KP257591), and in two independent branches with the European and American strains
(Kapla, Becker) [5]. The variation regions of PRV isolates are mainly concentrated in IRS,
TRS and SSR sequences in the promoter region, which can affect the gene expression and
pathogenicity of PRV [6]. In addition, it was reported that the pathogenicity of PRV isolates
to mice and pigs was significantly higher. For instance, the LD50 of SC strain was 10-fold
and 8.5-fold higher than that of PRV-TJ (KJ789182) and PRV-HeN1 strains (KP098534.1),
respectively [4]. In 2016, Yang et al. illustrated that PRV variant isolate HN1201 (KP722022)
could cause extensive tissue injury and 100% death of piglets, but the Fa isolate (KM189913)
only induced weak respiratory symptoms [7]. To better control and prevent PR in China,
the Chinese government has issued a series of policies with the intent to eradicate PR in
pig breeding farms by the end of 2020. The rational use of vaccines (including inactivated
vaccines, live attenuated vaccines, live virus-vectored vaccines) and other novel viral
inhibitors are the main strategies.

Without specific host tropism, the PRV infects a wide variety of animal species, includ-
ing ruminants, carnivores, rodents, and lagomorphs. The genus sus scrofa are the only
natural hosts for the PRV, which cause severe clinical symptoms [8]. The PRV can infect pigs
at different ages, causing 100% death of piglets, abortion of sows, and respiratory diseases
in adult pigs [9]. Aside from pigs, cattle, sheep, cats, dogs, raccoons, minks, and skunks,
can all be infected by the PRV, causing “mad itch”, neurological symptoms, or death [10,11].
Moreover, it was demonstrated that the PRV infected host cells via both human and swine
nectin-1, and that PRV glycoprotein D exhibited similar binding affinities for nectin-1 of
two species [1]. Symptomatically, human PRV infection cases in China indicated that PRV
infection could induce prominent central nervous system disorders and encephalitis [12,13],
which posed a significant threat to public health in China [12–15]. Therefore, it is important
to improve the phylogenetic analysis and virulence monitoring of PRV variant isolates.

The immune system is the most significant line of host defense against virus infection.
Viral infection is defended by hosts using multiple strategies, including innate immune
responses and adaptive immunity. The inflammatory response is a complex mechanism,
consisting of immune cells and inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α, MCP-1,
IP-10, MIP-1, etc.), which remove invading viruses and promote repair at the sites of
damage [16,17]. The type I Interferon (IFN-I) response is the most prominent antiviral
response, which plays a central role in innate immunity against viral infection. IFN-I-
targeting cells maintain a potent antiviral state by inducing the synthesis of hundreds of
antiviral proteins encoded by IFN-stimulated genes (ISGs). Increasing evidence indicates
that the PRV has evolved multiple strategies to inhibit type I IFN signaling and establish
persistent infection [18,19].

The PRV is an emerging and reemerging infectious disease consistently threatening the
pig industry worldwide. As the largest pork producer and consumer, China has experienced
two pseudorabies outbreaks [20]. Since 2011, more and more PRV variant isolates, whose
gene types belong to Clade 2 (variant PRV), were identified in China [13]. It was reported
that the sero-prevalence rate of PR was 34.2% in China from 2016 to 2018. Furthermore,
the sero-prevalence in northern China, eastern China, and central and southern China are
higher than those in northeastern China, northwestern China, and southwestern China [20].
Notably, increasing number of PRV-infected human cases were reported [13–15]. Given
the current global epidemic of PRV variant strains, herein, two fatal PRV (PRV-GD and
PRV-JM) were isolated, and the etiological as well as genetic characteristics of these PRV
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isolates were investigated. Moreover, the pathogenicity to mice and pigs and the natural
immune responses induced by these PRV isolates were also explored in vitro and in vivo.

2. Materials and Methods
2.1. Isolation of PRV-GD, PRV-JM and Genome Sequencing

PRV-GD and PRV-JM were isolated from the aborted piglet samples of PRV-positive
pig farms at Foshan and Jinmen, Guangdong Province, respectively. The PRV-GD and
PRV-JM isolates, purified by plaque, were inoculated onto PK-15 cells. To confirm the
occurrence of virus multiplication, the one-step growth curve of the PRV-TJ, PRV-GD, and
PRV-JM isolates in PK-15 cells and the gB gene expression were assessed.

The genomic DNA of PRV-GD and PRV-JM isolates were extracted from the infected
PK-15 cells. DNA quality, integrity, and concentration were assessed, and sequencing
was performed by Harbin Biotech Gene Company (Harbin, China). Then, the nucleotide
sequences of two virus were compared with known PRV strains retrieved from the GenBank
database. Phylogenetic tree analysis was constructed using MEGA 7.0 software.

2.2. Virus Neutralization Assay

The positive antisera, collected from different pigs immunized with classic PRV-Ea live
attenuated vaccines, were used for the neutralization assay as previously described [21].
Briefly, the antisera were heat-inactivated for 30 min at 56 ◦C and serially diluted from
20–2−7 in 2-fold. The neutralization tests were conducted by adding 50 µL (containing
100 TCID50) of virus suspension into 50 µL of the diluted antisera in 96-well plate in
quadruplets, and then incubated at 37 ◦C for 40 min. Subsequently, the 100 µL mixtures
were added into 96-well plate and incubated with PK-15 cells at 37 ◦C incubator to observe
the cytopathic effect (CPE). The neutralizing titer was expressed as the highest dilution that
reduced the CPE by 50% as compared to the control. The neutralizing titer was calculated
based on the Reed–Muench method [16].

2.3. Immune Responses in Mouse Peritoneal Macrophages Induced by PRV Strains

The PRV can infect a wide variety of mammals, including pigs, wild boars, rodents,
bears, ruminants, and carnivores. In general, PRV-variant infections are fatal to rodents [8].
To evaluate the pathogenicity and immune responses of PRV isolates more comprehensively,
the mice and piglets were used to perform the experimental infection study.

Firstly, we detected the innate immune responses in mouse peritoneal macrophages
induced by PRV-GD, JM, and TJ strains. Primary peritoneal macrophages were isolated
from C57BL/6J mice and infected with PRV-GD, JM and TJ strains for 0, 3, 6, 9, 12, and 24 h.
The total mRNA and the cell culture supernatant were harvested. The transcription levels
and the protein levels of multiple pro-inflammatory cytokines, such as interleukin-1β
(IL-1β), IL-6, tumor necrosis factor-α (TNF-α), and interferon-β (IFN-β) were detected.

2.4. Experimental Mice Infection Study

Then, a total of 40 six-week-old SPF C57BL6/J mice were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. (Liaoning, China). All mice were generated and
housed in specific pathogen-free (SPF) barrier facilities at the Harbin Veterinary Research
Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS) (Harbin, China)
(the ethical approval number: 210608-01). All mice were randomly divided into eight
groups (n = 5, respectively). Three groups were challenged with PRV-GD (n = 5) and
another three groups were challenged with PRV-JM (n = 5) isolates at different doses by
intraperitoneal injection (i.p.). The remaining two groups received PBS (50 mM, pH 7.4)
injections. Mortality in each group was recorded and LD50 was calculated based on the
Reed–Muench method [16]. The liver, spleen, lung, kidney, and brain samples were
collected and used for H&E staining.

Furthermore, to detect the effects of PRV-GD and PRV-JM isolates on the natural
immune response of mice, nine six-week-old SPF C57BL6/J mice were randomly divided
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into 3 groups (n = 3, respectively). Three groups of mice were challenged with 20,000 PFU
of PRV-GD, PRV-JM isolates, or PBS via tail vein injection. Two days post-infection, all mice
were executed by a cervical vertebrae luxation after CO2 inhalation anesthesia. The serum,
liver, spleen, lung, kidney, and brain samples were collected and detected for IL-1β, IL-6,
TNF-α, IFN-β by ELISA or RT-qPCR, respectively.

2.5. Pathogenicity in Piglets

Eight crossbred healthy SPF piglets (Landrace × large white, 2-month-old, male,
9~11 kg) were purchased and housed in SPF barrier facilities at the Harbin Veterinary
Research Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS) (Harbin,
China) (the ethical approval number: 211026-02). All piglets were maintained at an ambient
temperature of 20–25 ◦C in an environmentally controlled room by air conditioning and
illumination (12 h light and dark cycles). Each cage was equipped with a feeder and water
nipple to allow free access to food and drinking water.

Eight two-month-old piglets were randomly divided into three groups. Pigs in
groups 1 and 2 (n = 3, respectively) were inoculated intranasally with PRV-GD or PRV-
JM at 106 TCID50. Pigs in group 3 (n = 2) received PBS (50 mM, pH 7.4) as the control. Rectal
temperature and clinical signs (including diet, water intake, mental status, and neurological
symptoms) were recorded daily. Six days post-infection, all PRV-infected pigs died and
were necropsied. The PBS-changed pigs were euthanized (electric shock anesthesia). The
serum, liver, spleen, lung, kidney, tonsil, and brain samples were collected and detected for
IL-1β, IL-6, TNF-α, IFN-β, IFN-α by ELISA or RT-qPCR, respectively. The samples also
were used for H&E and virus detection using gB-specific TaqMan qPCR.

2.6. Histological Analysis

The tissues (liver, spleen, lung, kidney, tonsil, and brains) of mice and piglets (the
tonsils were taken from pigs only) infected with PRV isolates were fixed in 10% formalin
neutral buffer solution overnight. Histological analysis of tissue damage was assessed by
standard hematoxylin and eosin (H&E) staining. Tunnel solution (Beyotime) was used to
detect the damaged nucleus. The results were analyzed by light microscopy. Representative
views of the tissue sections are shown.

2.7. Statistical Analysis

Data were analyzed as mean ± SEM of at least three independent replicates. Differ-
ences among groups were performed by one-way ANOVA using GraphPad Prism software.
p values of < 0.05 were considered to be statistically significant for each test. The significance
level for all analyses was set as * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results
3.1. Identification of PRV-GD and PRV-JM Isolates

Cytopathic effects (CPE) induced by PRV-GD and PRV-JM, including cell fusion, syn-
cytium, detachment, and numerous rounded and floated cells, were observed at 24 h
post-infection (hpi). The CPE in PRV-TJ-infected PK-15 cells were considered as the positive
and no CPE were observed in the control (Figure 1A). As shown in Figure 1B, PRV glyco-
protein B (gB) and glycoprotein E (gE) genes were detected by polymerase chain reaction
(PCR) amplification to confirm the existence of PRV in cell culture. The results of Figure 1C
showed that there was no significant difference in the growth of the three PRV strains on
PK-15 cells.
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Figure 1. Isolation and identification of PRV-GD and PRV-JM isolates. (A), The cytopathic effects
(CPEs) of PK-15 cells infected by PRV-GD and PRV-JM for 24 h. The CPEs of PK-15 cells infected with
PRV-TJ strain were considered as the positive control. The arrowhead indicates the CPEs observed
of PRV-GD and PRV-JM-inoculated PK-15 cells. The CPEs were characterized with rounded and
floated cells. (B), PCR amplification of PRV gE (870 bp) and gB (790 bp) fragments from PRV-GD and
PRV-JM-inoculated PK-15 cells. DNA+ was the positive control and PCR− was the negative control
during PCR amplification. (C), One-step growth curves and gB protein assessment of 3 PRV strains
on PK-15 cells at a multiplicity of infection of 0.1. (D), Phylogenetic tree based on genomic nucleotide
sequence. PRV-GD and PRV-JM isolates in this work were indicated with a red dot. The phylogenetic
tree was constructed by the adjacency method in MEGA 7 (http://www.megasoftware.net, accessed
on 14 July 2021).

3.2. Genome Sequencing and Phylogenetic Analysis

The genome of PRV-GD and PRV-JM isolates were extracted and sequenced by second
generation sequencing technology. The complete genomes of PRV-GD (GeneBank accession
numbers OK338076) and PRV-JM (GeneBank accession numbers OK338077) isolates are
144.05 kb and 142.47 kb, respectively. To further understand the evolutionary relationship
between the two PRV isolates and other PRV variants, a phylogenetic tree was constructed
based on their genomes (Figure 1D). The results indicated that PRV-GD and PRV-JM isolates,
belonging to genotype 2.2, were novel PRV variants. These results demonstrated that the
population size of PRV clade 2.2 was increasing, indicating that PRV variants may be still
circulating in swine herds and result in a risk in relation to interspecies transmission.

3.3. Proliferation Characteristics of PRV-GD and PRV-JM in PAMs, THP-1 and Mouse
Peritoneal Macrophages

One-step growth curves were performed to evaluate the proliferation characteristics
of PRV-GD and PRV-JM in PAMs, THP-1, and mouse peritoneal macrophages. The PRV-TJ-
infected cells were considered as the positive control. Firstly, virus-induced CPEs in three
cells were compared. PAMs, THP-1, and mouse peritoneal macrophages were challenged
with PRV-TJ, PRV-GD, and PRV-JM. PAMs, THP-1, and mouse peritoneal macrophages
showed the similar CPEs, characterized by shrinkage, fragmentation, and cell death, but
mouse peritoneal macrophages showed fibrosis and death. Compared with PRV-GD and
PRV-TJ, PRV-JM induced stronger CPEs in the test cell lines (Figure 2A). In one-step growth
analysis, PRV-GD and PRV-JM displayed similar growth curves as the PRV-TJ strain in
both PK-15 cells and PAMs (Figures 1C and 2B). However, in THP-1 and mouse peritoneal
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macrophages, PRV-GD and PRV-JM isolates showed a replication superiority compared
with the PRV-TJ strain (Figure 2C,D). These observations together supported our proposal
that PRV-GD and PRV-JM isolates were the novel PRV variants and behaved differently
from other classical PRV variants.
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Figure 2. In vitro proliferation properties of PRV-TJ strain, PRV-GD and PRV-JM isolates. (A), CPEs
in PAMs, THP-1 cells and mouse peritoneal macrophages, caused by PRV-TJ strain, PRV-GD and
PRV-JM isolates, were characterized by the disintegrated cells (red arrows). Scale bars: 10 µm.
(B–D), One-step growth curves of PRV-TJ, PRV-GD and PRV-JM on PAMs, THP-1 cells and mouse
peritoneal macrophages at a multiplicity of infection of 0.1.

3.4. Cross-Neutralization Assays

Next, antibody neutralization assay was performed to determine the immunogenicity
of PRV-GD and PRV-JM isolates. As shown in Table S1, the antisera from sows immu-
nized with classical Ea vaccination showed strong seropositive against PRV gB protein.
Subsequently, the antisera exhibited higher neutralization activity to PRV-TJ but weaker
neutralization ability to PRV-GD and PRV-JM (Figure 3A). However, antisera from pigs in-
fected with PRV-JM showed extremely high neutralization activity to PRV-TJ, PRV-GD and
PRV-JM (Figure 3B). Collectively, these results suggest that the traditional vaccine prepared
with classical PRV strain may not provide effective protection against the challenge of PRV
variants, suggesting there is a potential risk of increasing virulence of PRV variants from
the perspective of immunogenicity.
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Figure 3. Antisera from pigs infected with PRV-JM isolate has broader spectrum of neutralizing
ability. Neutralizing titers of antisera from classical PRV-Ea-vaccinated sows (A) and antisera from
pigs immunized with PRV-JM isolate (B) against PRV-TJ, PRV-GD and PRV-JM. The significance of
differences between the PRV-TJ, PRV-GD and PRV-JM were analyzed with t test. ** p < 0.01. ns., no
significant difference.
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3.5. Immune Responses Induced by PRV Strains

The mRNA levels of multiple pro-inflammatory cytokines, such as interleukin-1β
(IL-1β), IL-6, tumor necrosis factor-α (TNF-α), and interferon-β (IFN-β), were up-regulated
during the three PRV variants infection (Figure 4A). Consistently, ELISA results illustrated
that the protein levels of these pro-inflammatory cytokines and IFN-β were also increased
(Figure 4B). Additionally, after infection with three PRV strains, the transcriptional levels
of IL-1β, IL-6, TNF-α, and IFN-βwere highest at 3 h, 6 h, 9 h, and 12 h, respectively, and
then gradually decreased. The protein levels of IL-1β, IL-6, and IFN-βwere highest after
infection of 12 h, but TNF-α was maintained in the higher levels after 24 h (Figure 4). It
was noteworthy that PRV-GD and PRV-JM induced higher levels of the pro-inflammatory
cytokines and IFN-β than PRV-TJ strain, eventually leading to stronger immune responses.
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(A,B), Detection of the mRNA and protein levels of the IL-1β, IL-6, TNF-α, and IFN-β in mouse peritoneal
macrophages induced by PRV-TJ, PRV-GD, and PRV-JM after infection for 3, 6, 9, 12 and 24 h, respectively.
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3.6. Pathogenicity of PRV-GD and PRV-JM Isolates in Mice

To gain the pathological insight into the overall changes induced by PRV-GD and
PRV-JM, pathological examinations in mice were firstly performed. The SPF C57BL/6J mice
were infected with two isolates by intraperitoneal injection. As shown in Figure 5A,B, both
PRV-GD and PRV-JM infection could induce itch, eventually leading mice to death with a
comparable LD50 (50% lethal dose): 57.5 and 66.1 TCID50 (50% tissue culture infective dose),
respectively (Figure 5A,B). Subsequently, dissection of the mice immediately after death was
performed to analyze the pathological characteristics by H&E staining. The results showed
that PRV-GD and PRV-JM isolates could significantly cause lung congestion, thickening of
alveolar septa, lymphocyte infiltration in the spleen, disintegration of hepatocytes, cellular
necrosis in the liver and kidney, and microglia proliferation in the brain (Figure 5C).
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Figure 5. The pathogenicity and the immune responses of PRV-GD and PRV-JM in experimental mice.
(A,B), LD50 of the PRV-GD (A) and PRV-JM (B) to six−week−old C57BL/6J mice. (C), Pathological
lesions of mice (H&E staining, black arrow) that died following experimental infection with PRV-GD
and PRV-JM isolates. (D), Detection of the protein levels of IL-1β, IL-6, TNF-α and IFN-β in serum
challenged by PRV-GD and PRV-JM isolates.

In addition, three groups of SPF mice were infected with PRV-GD and PRV-JM isolates
at 20,000 PFU/mL to examine the innate immune responses. The results were summarized
in Figure S1A and Figure 5D. Among the examined tissues (liver, spleen, lung, and brain),
both PRV-GD and PRV-JM could enhance the expression of pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α) and IFN-β after 2 days post-infection (dpi). The lung possessed the
highest PRV genomic copy number among the examined tissues (Figure S1). Of note, the
two isolates induced similar patterns of changes of the pro-inflammatory cytokines and
IFN-β in serum by ELISA (Figure 5D). Overall, our results indicate that PRV-GD and PRV-
JM are the virulent isolates with high pathogenicity and can induce robust inflammatory
responses in mice.
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3.7. Pathogenicity of PRV-GD and PRV-JM Isolates in Pigs

To further gain insight into the pathogenicity and inflammatory responses of PRV-
GD and PRV-JM isolates in pigs, two-month-old piglets were treated with PRV-GD or
PRV-JM at 106 TCID50, and the innate immune responses and cell death were monitored.
Indeed, piglets treated with PRV-GD or PRV-JM initially (48 h) exhibited labored breathing,
hydrostomia and reduced feed intake, accompanied by a high fever (>40.5 ◦C) (Figure 6A).
Subsequently, piglets became severely dyspnea, lost weight (Figure 6B), and exhibited
neurological symptoms, including convulsion, ataxia, and paddling, and all piglets died
after 6 dpi (Figure 6C). The pathological change results showed that PRV-GD and PRV-JM
caused hyperemia in the brain, tonsils and kidneys, and necrosis in the lungs and liver
(Figure 6D).
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Figure 6. In vivo pathogenicity of PRV-GD and PRV-JM isolates in piglets. (A), Rectal temperature of
the challenged piglets during the observation. (B), The changes of weight of the experimental piglets
under the same raised conditions from pre-infection to death. (C), Survival rates of piglets infected
with PRV-GD or PRV-JM isolates. (D), The tissue pathological changes of piglets. (E–G), Detection of
the protein level of IFN-α, IFN-β and IL-1β in serum from piglets challenged by PRV-GD or PRV-JM.
(H), Detection of the PRV genomic copy number in blood after infection for 0 days, 2 days and 5 days.
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Additionally, qPCR and ELISA were executed to detect the mRNA and protein levels
of inflammatory cytokines in piglets infected with PRV-GD and PRV-JM. As structured
in Figure S2A–E, the transcription level of pro-inflammatory cytokines (IL-1β, IL-6) and
IFN-β were enhanced in PRV-GD and PRV-JM-infected tissues; nevertheless, a weaker
change happened in TNF-α. The highest viral load was in the tonsils, while the spleen
showed the lowest viral load (Figure S2), suggesting that the tonsils may be the main organ
for PRV proliferation in pigs. The ELISA results demonstrated that PRV-infection induced
a high level of IFN-α and IFN-β, but a weak release of IL-1β after PRV infection for 2 d and
5 d in pigs (Figure 6E–G). It was noted that there was no IL-6 in serum after PRV infection
for 2 d and 5 d (data not shown). Furthermore, the PRV genomic copy number in the blood
was significantly enhanced after 2 dpi and then gradually increased (Figure 6H).

Moreover, pathological examinations demonstrated that PRV-GD and PRV-JM infec-
tion resulted in glial cell proliferation, neuron degeneration, inflammatory cell infiltration
in brain, cell necrosis, congestion in the tonsils, kidneys and spleen, as well as extensive
serous exudation, inflammatory cell infiltration, and alveolar epithelial cell abscission in
the lung (Figure 7A). Tunnel labeling results suggested that PRV-GD and PRV-JM infection
induced cell death (red signal) in the tonsils and brain, and no signal was observed in the
PBS-treated piglets (Figure 7B,C).
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Figure 7. PRV-GD and PRV-JM infection induced tissue injury and cell death. (A), Pathological
lesions of piglets (H&E staining) that died following infection with PRV-GD or PRV-JM isolate at
106 TCID50. (B), Tunnel solution was used to label the dead cells in the tonsils and brains of piglets.
(C), The percentage of tunnel-labeled cells was quantified.
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4. Discussion

Since the early 1980s, PR had spread almost globally, mainly as sequelae of the inter-
national movement of animals and animal products. Due to strict animal disease control
measures and eradication programs, including the extensive usage of the traditional vaccine
strain Bartha-K61, PR has virtually disappeared from domestic pigs in several countries,
e.g., Austria, Germany, Switzerland, Great Britain, Canada, New Zealand, and the United
States [22]. However, PR is still endemic in areas with dense pig populations, i.e., some
regions in eastern and south eastern Europe, Latin America, Africa, and Asia [22,23]. In
addition, wild boar was a potential and persistent reservoir for PRV, since PRV-infected
wild boar represent an increasingly obvious threat for the reemergence of PRV into free
regions [8,23]. As the largest swine breeding country, highly pathogenic PRV variant
epidemics have caused huge economic losses and great difficulties in the prevention and
control of PR in China since 2011 [24,25]. In our study, we successfully isolated and
identified two new PRV variant strains from the PRV seropositive pig farms (Figure 1).
Phylogenetic trees were constructed to reveal the origin and genetic relationships between
the two PRV isolates and other strains (Figure 1D). Animal experiments indicated that
PRV-GD and PRV-JM isolates could lead to a high mortality in mice and piglets, as well as
adult pigs (data not shown). This study provides new information about the prevalence of
the PRV variants currently circulating in China.

Symptomatically, PRV infection results in prominent central nervous system disorders
and acute encephalitis in both humans and animals [26]. It was reported that PRV-infected
pigs could spread PRV to healthy pigs, people, sheep, raccoons, and vice versa. However,
the horizontal spread within non-natural hosts might not exist [13]. Therefore, pigs are
the only reservoir host of PRV and are recognized as the central link of PRV cross-species
transmission. Recombination of PRV strains in pigs may result in changes of antigenicity,
virulence, and thus immune failure, which could be the source of continuing epidemics.
Therefore, strengthening the monitoring of the prevalence of PRV variants in pigs has great
significance in preventing and controlling the spread of PRV variants among other species.

Previous studies showed that PRV strains can be divided into two main clades with
frequent interclade and intraclade recombination. Clade 2.2 (PRV variant) is currently
the most prevalent genotype worldwide that is most frequently involved in interspecies
transmission events (including humans) [13]. According to recent studies, novel PRV
variants showed enhanced pathogenicity. Evidence revealed that only 40% of human
genes was found to utilize translation initiation sites (TISs) [27]. In comparison, PRV could
highly efficiently utilize TISs and integrate the genes of hosts or other viruses, providing
more additional possibilities for PRV genetic variation. Indeed, PRV variants delineated
a more complex transcriptome and identified an unexpectedly large number of potential
novel genes [28]. Additionally, mounting research suggests that overlapping transcription
may be the novel strategies of the PRV to regulate its gene expression, escape host innate
antiviral immunity, and fulfill genetic evolution at different infection stages [27,29]. In this
study, although in the same genetic branch, PRV-GD and PRV-JM isolates had stronger
virulence and proliferation rate than that of PRV-TJ on THP-1 cells and mouse peritoneal
macrophages (Figure 2). Notably, pigs immunized with classical Ea vaccine were incapable
of providing sufficient protection against the two novel PRV-GD and PRV-JM isolates,
whereas the antisera from pigs infected with PRV-JM had a high cross-neutralization
activity to PRV-TJ, PRV-GD, and PRV-JM (Figure 3). These results suggest that PRV-GD
and PRV-JM are virulent isolates and further research is needed for the enhanced virulence.
In general, there is an urgent need to strengthen epidemiologic surveillance and develop
new effective vaccines to control PR by targeting variant isolates.

In 1970, Jentzsch reported that PR could not occur in humans [30]. Recently increasing
human viral infection cases involved in PRV have been reported in China, indicating that
PRV can spread from pigs to humans and result in pruritus, throat pain, disturbance of
consciousness, or respiratory failure [13]. It makes sense that the virus can spread between
humans and swine, because there is a 96% homology of nectin-1 receptor between humans
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and swine, which mediate several viruses (PRV, HSV-1 and BHV-1) to enter cells [31,32].
In our study, compared with PRV-TJ strain, PRV-GD and PRV-JM isolates had a similar
multiplication rate in the PK-15 cells and PAMs but showed enhanced proliferation in
THP-1 cells and mouse peritoneal macrophages (Figure 2), suggesting PRV-GD and PRV-
JM may have the stronger appetency to these cells. Furthermore, pigs have considerable
impacts on human health because of the high similarity of the anatomical structures and
immune systems, as well as promising medical resources in xenotransplantation [33]. At
present, there are no effective drugs to prevent the progression of the disease caused by PRV
infection. Therefore, although human PRV infection cases were rare, it is not be ignored that
PRV pose a significant threat to public health, especially in people in close contact with sick
pigs and/or related pork products/contaminants. In addition, whether PRV variant strains
have enhanced virulence to humans and whether PRV-infection induce a cross-protection
against others herpes viruses are also unknown and need to be further studied.

A higher level of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) were induced in
serum from the PRV-infected mice, while only a small amount of IL-1β, and no IL-6 were
detected in the serum from the PRV-challenged pigs (Figures 5D and 6G). In addition, PRV
infection causes meningitis and conjunctivitis in humans, severe pruritus in mice, and
severe respiratory symptoms in adult pigs. These investigations indicated that there were
great differences to the hosts’ innate immune responses induced by PRV among different
species, which may be due to the differences in the immune systems of rodents and pigs.
Thus, for pigs or mice, it is worth exploring which is the best model animal to study the
pathogenicity of PRV in humans. The detailed molecular mechanisms also need to be
further explored.

In summary, two fatal PRV strains, PRV-GD and PRV-JM, were isolated and character-
ized as the novel variant isolates according to their etiological features and phylogenetic
relationships, as well as the lethal rate to mice and pigs. Given the current global epidemic
of PRV variant strains in pigs, our analysis of the PRV variants emergence illustrates the
need for continuous monitoring and the development of vaccines against specific variants
of PRV.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14040712/s1, Figure S1: qPCR analysis of the mRNA level of
IL-1β, IL-6, TNF-α, IFN-β and PRV genomic copy number in the liver (A), spleen (B), lung (C) and
brain (D) from the mice challenged by PRV-GD and PRV-JM. The significance of differences was
analyzed with t test. * p < 0.05, ** p < 0.01, *** p < 0.001; Figure S2: qPCR analysis of the mRNA level
of IL-1β, IL-6, TNF-α, IFN-β and PRV genomic copy number in the brain (A), liver (B), tonsil (C),
spleen (D) and lung (E) from the piglets challenged by PRV-GD or PRV-JM isolates. The significance
of differences were analyzed with t test. * p < 0.05, ** p < 0.01, *** p < 0.001, ns., no significant
difference; Table S1: Detection the antibody level of PRV-gB protein in antisera; Table S2: Primers
used in this study for the PRV detection; Table S3: Primers used for RT-qPCR amplification; Table S4:
The primers and TaqMan probe sequences [34,35].
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Abstract: Despite many efforts and diverse approaches, developing an effective herpesvirus vaccine
remains a great challenge. Traditional inactivated and live-attenuated vaccines always raise efficacy
or safety concerns. This study used Pseudorabies virus (PRV), a swine herpes virus, as a model.
We attempted to develop a live but replication-incompetent PRV by genetic code expansion (GCE)
technology. Premature termination codon (PTC) harboring PRV was successfully rescued in the
presence of orthogonal system MbpylRS/tRNAPyl pair and unnatural amino acids (UAA). However,
UAA incorporating efficacy seemed extremely low in our engineered PRV PTC virus. Furthermore,
we failed to establish a stable transgenic cell line containing orthogonal translation machinery for PTC
virus replication, and we demonstrated that orthogonal tRNAPyl is a key limiting factor. This study
is the first to demonstrate that orthogonal translation system-mediated amber codon suppression
strategy could precisely control PRV-PTC engineered virus replication. To our knowledge, this is the
first reported PTC herpesvirus generated by GCE technology. Our work provides a proof-of-concept
for generating UAAs-controlled PRV-PTC virus, which can be used as a safe and effective vaccine.

Keywords: premature termination codon; pseudorabies virus; genetic code expansion

1. Introduction

Developing the herpesviruses vaccine is challenging because of the immunologically
silent nature of its latency, and the virus mediates immune evasion [1,2]. Pseudorabies
virus (PRV) is a swine herpesvirus, also known as Aujeszky virus, which belongs to the
genus Varicellovirus in the subfamily Alphaherpesvirinae of the family Herpesviridae [3]. PRV
is lethal to many domestic and wild animals, and pigs are the natural host [4]. Since 2011,
PRV variants have emerged in China, and commercial vaccines fail to provide complete
protection against PRV [5,6]. More seriously, PRV variants can spill over into humans and
cause severely nerve-related diseases [7,8]. Developing a safe and effective PRV vaccine is
one of the best choices for PRV control in related animals and humans.

Inactivated vaccines play a vital role in eradicating PRV in swine farms. However,
the inactivated PRV vaccine mainly induces a humoral immune response, lacks effective
T cell response, and inactivated PRV vaccines fail to stop viral shedding post-virus chal-
lenge [9,10]. Live-attenuated vaccines have shown the best efficacy against PRV; however,
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this raises safety concerns, e.g., the attenuated PRV strains are lethal to dogs and can spread
horizontally [11]. Therefore, developing a safe and effective PRV vaccine faces a dilemma.

Genetic code expansion (GCE) technology is an orthogonal translation system de-
rived from the Methanosarcina barkeri. In this microbe, amber (TAG) stop codon can
be read-through with the cooperation of Mb pyrrolysyl tRNA synthetase/tRNAPyl pair
(MbpylRS/tRNAPyl) and unnatural amino acids (UAA) [12–14]. The application of GCE
technology in PTC harboring PRV is illustrated in Figure 1. The GCE technology pro-
vides a novel strategy to generate a live but replication-defective candidate vaccine. This
technology has been successfully applied in the influenza A virus vaccine [14].
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Figure 1. Schematic representation of the construction of PTC harboring PRV via genetic code
expansion. PTC harboring PRV failed to replicate in normal cells (Left) and can replicate in cells
with orthogonal translation machinery system (Right). UAA, unnatural amino acid. PTC, premature
termination codon.

This study used PRV as a herpesvirus model and attempted to engineer a PTC site in
an essential gene of PRV, gB, with amber codons (TAG). PTC harboring PRV could be suc-
cessfully rescued in the orthogonal translation machinery system MbpylRS/tRNAPyl pair
and UAA. However, UAA incorporating efficacy seemed extremely low in our engineered
PRV PTC virus. Furthermore, all our attempts to construct cell lines containing orthogonal
translation machinery system MbpylRS/tRNAPyl pair failed. These results suggested that
several key issues should be resolved in PTC harboring herpesvirus production in the
future.
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2. Materials and Methods
2.1. Cells and Plasmids

Human embryonic kidney 293T cells (HEK-293T, ATCC CRL-11268), Rabbit kidney
cells (RK13, ATCC CCL-37), Vero cells (ATCC CCL-81), Human embryonic kidney cells
(HEK-293A, ATCC CRL-1573), swine testicular cells (ST, ATCC CRL1746), and Porcine
kidney cells (PK15, ATCC CCL-33) were maintained in DMEM (Gibco, Waltham, MA,
USA) with 10% (v/v) fetal bovine serum (ExCell Bio, Canberra, Australia). As previously
described, the pseudorabies virus infectious clone was pBac-JS2012 [15]. Plasmids related
to orthogonal translation system, pSD31-pylRS, bjmu-12t-zeo, and pSD31-GFP39TAG were
kindly provided by Professor De-Min Zhou of Peking University [14]. PiggyBac transposon
plasmids pB513B and PB220A plasmids were described in our previous works [16,17].

2.2. Construction of PTC Harboring gB Mutants

pCAGGS gB plasmid was previously described [18]. The amino acids at positions
149Q, 169K, 171K, 177K, 185W, 206Q, 217K, 221K, 267K, 285W, 319H, 331Q, 362W, 365W,
367W, 370K, 379K, and 413Q of gB protein were mutated to amber codon TAG. Briefly, the
indicated amino acid codon was replaced by a TAG amber codon by site-directed mutage-
nesis PCR. All clones were verified by DNA sequencing. The site-directed mutagenesis
primers are listed in Supplementary Table S1.

2.3. Read-Through Efficacy for PTC Harboring gB by GCE

HEK-293T cells in good growth condition were plated in 24 well plates (4 × 105

cells/well). 0.5 µg of MbpylRS/tRNAPyl plasmids were co-transfected with 0.5 µg of
pCAGGS gB PTC plasmid using the jetPRIME transfection reagent (Polyplus, Illkirch,
France). Two parallel experiments were conducted. pCAGGS gB was used as a positive
control, and non-transfected cells were used as mock. The supernatant was replaced by
fresh medium supplemented with 2% FBS in the presence of 1 mM NAEK (TRC, Ottawa,
ON, Canada) or not, 6 h post-transfection. At 48 h post-transfection, a Western blot was
performed to analyze the read-through efficacy of PTC harboring gB mutants. The cells
were lysed by 70 µL lysis buffer (50 mM KCl, 100 mM NaCl, 0.25% NP-40, 1 mM DTT,
and 50 mM herpes-NaOH) containing 1% protease inhibitor (Sigma-Aldrich, St. Louis,
MO, USA) for 30 min on ice and then centrifuged at 12,000× g for 10 min at 4 ◦C. Cell
lysates were mixed with 5× loading buffer and boiled at 100 ◦C for 10 min. As previously
described, the samples were separated by 10% SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes [16].

2.4. Read-Through Efficacy for gB PTC Identified by Cell-to-Cell Fusion Assay

Cell-to-cell fusion assay was performed as previously described [18]. Briefly RK13
cells were placed in 24 well plates (4 × 105 cells/well), and 0.15 µg pCAGGS gB or indicated
gB PTCs, 0.15 µg pCAGGS gD, 0.15 µg pCAGGS gH, 0.15 µg pCAGGS gL, 0.15 µg pDC315-
GFP, and 0.4 µg MbpylRS/tRNAPyl were co-transfected. The non-transfected cells were
used as control. The supernatant medium was replaced by a fresh medium supplemented
with 2% FBS in the presence of 1 mM UAA (NAEK) or not, 6 h post-transfection. 48 h after
transfection, fluorescence microscopy was used to analyze the read-through efficacy by
indicated gB mediated cell fusion analysis.

2.5. PTC Harboring PRV Construction

PRV-PTC construction was performed as previously described [15]. Briefly, the pro-
cedure is as follows. A DNA fragment with a galK expression cassette flanked by 50
bp homologous of gB gene was amplified by PCR using the primers gB-galKF/gB-galKR
(gB-galKF: 5-GGGACCGCTTCTACGTCTGCCCGCCGCCGTCCGGCTCCACGGTGGT
cctgttgacaattaatcatcggca-3; gB-galKR: 5-AGGCGGTCACCTTGTGGTTGTTGCGCACGTAC
TCGGCCTTGGAGACGCACTTGCCtcagcactgtcctgctcctt-3) and KOD DNA polymerase
(Toyobo, Osaka, Japan). The obtained PCR product was digested with DpnI (Thermo
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Fisher, Waltham, MA, USA) at 37 ◦C for 1 h to remove the original template plasmid,
followed by agarose gel purification. To generate SW102-JS-galK, 25 µL SW102-JS electro-
competent cells were prepared and electro-transformed with 100 ng galK DNA fragment
under the condition of 1.5 kV, 25 µF, 200 Ω. Then, 800 µL SOC medium was added im-
mediately after electro-transformation and incubation at 32 ◦C, 200 rpm for 1.5 h. The
recovered bacteria were washed twice with 1 mL M9 solution and took 150 µL M9 solution
to plate the bacteria cells onto M63 plates containing galactose and chloramphenicol. PCR
was used to confirm galK positive colonies with primers LgalKup/LgalKdown (LgalKup:
5-TGCTGCGCCTCGACCCCAA-3; LgalKdown: 5-AAGAACTTAACCCGGCACCCT-3).
The galK positive colonies were further screened on a MacConkey plate containing chlo-
ramphenicol to realize the nucleotide substitution of galK at positions 141 to 187 of gB
in pBac-JS2012. Finally, gB fragments harboring PTC points were used to remove the
galK gene from pBac-JS2012-galK. A DNA fragment with PTC points in gB ORF was
amplified from the template gB mutant plasmids with the primers gB-LF/gB-RR (gB-LF: 5-
cgacggtatcgataagcttgatCGCTGGTGGCGGTCTTTG-3; gB-RR: 5-ccgggctgcaggaattcgatGAG
TCCAGGTCGATGGGGTAG-3). The obtained PCR product was also digested with DpnI
(Thermo Fisher, Waltham, MA, USA) at 37 ◦C for 1 h. The indicated PTC harboring gB
fragment was electro-transformed into SW102-JS-galK as described above. After 3 h at
32 ◦C, the transformed cells were washed and suspended in an M9 medium. The positive
clone with mutant gB fragment replacing galK was screened on M63 minimal medium
plates containing chloramphenicol, 2-deoxy-galactose, and glycerol. The obtained PRV Bac
clone with TAG PTC in gB was termed PRV-PTC.

2.6. Rescue of PRV-PTC Virus

HEK-293T cells and Vero cells (2 × 106) were plated in 6-well plates in DMEM sup-
plemented with 10% FBS. Then, 2 µg MbpylRS/tRNAPyl plasmid were co-transfected
with the 2 µg pPRV-Bac or the indicated pPRV-PTC-Bac using the transfection reagent
jetPRIME (Polyplus, Illkirch, France) according to the manufacturer’s instructions. At 6 h
post-transfection, the supernatant was replaced with DMEM containing 2% FBS and 1 mM
UAAs, Nε-2-azidoethyloxycarbonyl-L-lysine (NAEK). To identify the UAA-dependence of
PRV-PTC virus, a parallel packaging experiment was conducted in which the medium was
not supplemented with UAA. The cells were further incubated at 37 ◦C in 5% CO2 until
cytopathic effect (CPE) or syncytium was observed.

2.7. Electron Microscopy for PRV-PTC Virus

HEK-293T cells were transfected with plasmids described above for conventional
electron microscopy analysis. Then when the cytopathic effect (CPE) or syncytium was
observed, cells were fixed with 2.5% (w/v) glutaraldehyde in 200 mM HEPES (pH 7.4) for
2 h at room temperature, followed by post-fixation with 1% OsO4 and 1.5% K3Fe(CN)6 in
H2O at 4 ◦C for 30 min. According to standard procedures, samples were dehydrated with
acetone and impregnated with epoxy at room temperature and further embedded overnight
at 70 ◦C for polymerization. Then the samples were cut into 70 nm ultrathin sections by
ultrathin slicer (Leica, Wetzlar, Germany), stained with 2% uranium acetate for 17 min, lead
citrate for 12 min. Specimens were examined using a conventional transmission electron
microscope (TEM, h7650, Hitachi, Tokyo, Japan).

2.8. pB513B-Puro-MbpylRS-12 tRNAPyl Plasmid Construction

MbpylRS gene was optimized to make it more suitable for the mammalian cell sys-
tem. The original plasmid pB513B was modified to obtain the pB513B plasmid containing
MbpylRS and tRNAPyl simultaneously. Puromycin fragment was amplified by Puro (XbaI)
-F: 5-ATTTTCTAGAATGACCGAGTACAAGCCACG-3, puro (NheI-EcoRI-HpaI) -R: 5-
GCGTTAACGGTTGAATTCGTCGCTAGCGCGCTTGGGTC-3. Puromycin gene and the en-
zyme sites (NheI/EcoRI/HpaI) were inserted pB513B by enzyme digestion with XbaI/HpaI
and named pB513B-Puro. The chicken β-actin promoter of the pCAGGS vector was ampli-
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fied and digested by NheI/EcoRI to insert into pB513B-Puro. Subsequently, the optimized
MbpylRS gene was constructed between EcoRI and HpaI to form a pB513B-Puro-MbpylRS
plasmid. Furthermore, pB513B-Puro-MbpylRS plasmid was digested by SpeI/SfiI, and a
pair of small gene sequences F: 5-GTCTTCCCAATCCTCCCCCTTGGATCCGACGTCAGC
GTTCGTCGAC-3, R: 5-CTAGGTCGACGAACGCTGACGTCGGATCCAAGGGGGAGGAT
TGGGAAGACTGG-3 were annealed into small fragments and directly inserted into the
digested vector pB513B-Puro-MbpylRS. The new vector was named pB513B-Puro-MbpylRS-
mid, which contains the homologous arm of 12tRNA. Finally, pB513B-Puro-MbpylRS-mid
was digested with BamHI, and 12tRNA fragments were obtained by recovering large
fragments by gel electrophoresis after SalI/BbsI digestion of the bjmu-12t-zeo vector. Then,
12 tRNAPyl copies were constructed into pB513B-puro-MbpylRS-12-tRNA plasmid by
homologous recombination. The newly constructed plasmid was named pB513B-puro-
MbpylRS-12tRNA. Thus, a plasmid system was constructed simultaneously expressing
puromycin, MbpylRS, and multiple tRNAPyl copies on a transposable plasmid.

2.9. Construction of GFP39TAG Reporter Adenovirus

To generate adenovirus harboring GFP39TAG reporter, HEK293 cells were transiently
co-transfected with the pDC-315GFP39TAG (plasmid with the TAG stop codon in GFP
gene) with pBHGlox∆E1 and E3Cre helper plasmids as previously described [19]. 6 h
after transfection, the medium was replaced with a fresh medium containing 2% FBS. The
transfected cells were harvested after 7~9 d until plaque was observed.

2.10. Generation of Transgenic Cell Line Containing MbpylRS/tRNAPyl Orthogonal System

Indicated cells were seeded in 6 well plates and were co-transfected with 3 µg of
pB513B-puro-MbpylRS-12tRNA plasmid and 1 µg of pB220A-1 plasmid using the trans-
fection reagent jetPRIME (Polyplus, Illkirch, France). Non-transfected cells were used
as control. Then, 6 h later, the transfection medium was replaced by DMEM medium
supplemented with 10% FBS and 1 mM UAAs (NAEK). 48 h after transfection, the cells
were selected under the pressure of indicated concentrate puromycin (Gibco, Waltham, MA,
USA). The medium was replaced every day until the cells in the control group completely
died. The resultant cells were stably transfected and continued to cultivate in the presence
of 4 µg/mL puromycin. Then these cells were infected with GFP39TAG reporter adenovirus
in the presence of UAA, and the single clones were further sorted by fluorescence-activated
cell sorting (FACS) according to the GFP reporter.

3. Results
3.1. Evaluation of UAA Site-Specific Incorporation for Potential PRV gB PTC Sites

gB was recognized as an essential gene for PRV replication. Therefore, we selected
gB to engineer potential PTC sites. First, 149Q, 169K, 171K, 177K, 185W, 206Q, 217K,
221K, 267K, 285W, 319H, 331Q, 362W, 365W, 367W, 370K, 379K, 413Q of gB was separately
engineered into amber codon (TAG). PTC containing gB constructs were confirmed by DNA
sequencing (data not shown). Then the indicated gB-PTC constructs were co-transfected
with the orthogonal MbpylRS/tRNAPyl pair plasmid, respectively. The UAA in this study
was Nε-2-azidoethyloxycarbonyl-L-lysine (NAEK) as illustrated in Figure 2A. Full-length
gB protein can be cleavaged by furin, as demonstrated in Figure 2B. Western blot result
showed that gB was successfully expressed in the presence of 1 mM NAEK for indicated
gB PTC constructs (Figure 2B,D). There was no gB expression without UAA (Figure 2C,E).
This result indicated that some gB PTC sites read-through by GCE technology as expected,
although the expression level was lower than wild-type gB (Figure 2B,D). As gB, gD, gH,
and gL are the essential viral genes for virus-mediated cell-to-cell fusion, which is an
important step for PRV spreading [20]. Next, a cell-to-cell fusion assay was used to test
whether these NAEK incorporation sites influenced gB mediated cell-to-cell fusion. As
previously described, a transient transfection-based cell-to-cell fusion assay was performed
by co-transfection of PTC gB, gD, gH, gL and EGFP plasmids [18,21,22]. The result indicated
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that some gB PTC sites such as 149Q, 169K, 185W, 206Q, 379K successfully induced syncytia
formation in the presence of NAEK, and no syncytia was formed without NAEK (Figure 2F).
These results indicated that the effect of substitution by NAEK on function varies with
position, and the position of 149 and 185 was labeled in the gB crystal structure (Figure 2G).
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Figure 2. Evaluation of UAA site-specific incorporation for potential PRV gB PTC sites. (A) Chemical
structure of Nε-2-azideoethyloxycarbonyl-L-lysine (NAEK). (B,D) HEK293T cells were co-transfected
with GCE machinery and indicated gB-PTC plasmid; 6 h later, the fresh medium replaced the
supernatant in the presence of 1 mM UAA (NAEK). Western blot was performed to analyze the UAA-
dependent read-through efficacy of PTC harboring gB mutants in the presence of 1 mM UAA (NAEK)
or (C,E) without UAA. β-actin was used as an internal control. (F) Cell-to-cell fusion assay was used
to evaluate the read-through efficiency of PTC harboring gB mutants. RK13 cells were co-transfected
with MbpylRS/tRNAPyl, GFP, gD, gH, gL, gB, or its mutants, and 6 h later the supernatant was
replaced by fresh medium supplemented with 2% FBS in the presence of 1 mM UAA (NAEK), or not.
Fluorescence microscopy was used to analyze the read-through efficacy by indicating gB mediated
cell fusion analysis at 48 h after transfection; the scale bar = 400 µm. The red labeled PTC constructs
were used further study. (G) The corresponding position of 149 and 185 mutation points in the gB
crystal structure.

3.2. Construction and Rescue of the PTC Site Harboring PRV

Next, we selected 149Q and 185W as potential PTC engineering sites in PRV, pPRV-
149Q-TAG and pPRV-185W-TAG were subsequently constructed using pBac-JS2012 and
the galK selection system as previously described [15]. Vero cells were co-transfected
with pPRV-149Q-TAG or pPRV-185W-TAG clones with plasmids containing orthogonal
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translation systems to rescue the PRV-PTC virus. At 48 h post-transfection, typical PRV-
induced syncytia were formed in cells transfected with pPRV-149Q-TAG in the presence
of UAA. No syncytia were formed without UAA (Figure 3A). However, pPRV-185W-TAG
failed induced syncytia in the presence of UAA (Figure 3A). The same results were obtained
in 293T cells (Figure 3B). To test whether infectious PRV particles were produced in the
presence of UAA, electron microscopic analysis was performed (Figure 3C). Consistent
with our above result, PRV particles were observed only in the pPRV-149Q-TAG transfected
group in the presence of UAA. Furthermore, no PRV particles were observed in the control
group and pPRV-185W-TAG transfected group (Figure 3C). Taken together, UAA could be
used as a precise switch for controlling PRV-PTC virus replication.
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Figure 3. Rescue of PRV-PTC virus on HEK-293T and Vero cells. 2 µg MbpylRS /tRNAPyl plasmid
was co-transfected with the 2 µg pPRV-Bac or the indicated pPRV-PTC-Bac (pPRV-149Q-TAG or
pPRV-185W-TAG). At 6 h post-transfection, the supernatant was replaced with DMEM containing 2%
FBS in the presence of 1 mM UAA (NAEK), or not. The rescue of PRV-PTC virus on (A) Vero cells
or (B) HEK-293T cells was analyzed by fluorescence microscopy at 48 h post-transfection. The scale
bar = 200 µm. (C) Electron microscopic analysis was performed to confirm the virus particles of the
PRV-PTC virus. The scale bar = 1 µm.

3.3. Generation of MbpylRS/tRNAPyl Pair Delivery Vector and Reporter Adenovirus

An efficient method to incorporate UAA into the viral PTC site is to generate a stable
transgenic cell line harboring MbpylRS/tRNAPyl pair in the host genome. Lentiviral vector
and PiggyBac transposon system are powerful tools to generate stable cell lines [12,14].
However, the PiggyBac transposon system has the advantage of delivering large and
complex DNA fragments into the genome of mammalian cells [23]. Therefore, in this
study, we used the PiggyBac transposon system to deliver the MbpylRS/tRNAPyl cassette.
First, a PiggyBac transposon vector, pB513B-puro-MbpylRS-12tRNA, was constructed. It
contained MbpylRS, which was promoted by chicken β-actin promoter, and 12 tandem
tRNA-expression cassettes promoted by U6 or H1 promoters (Figure 4A). To test whether
this vector work normally, pB513B-puro-MbpylRS-12tRNA plasmid co-transfected with an
amber codon-containing green fluorescent protein (GFP39TAG) reporter plasmid present,
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with or without UAA (Figure 4B). The results showed that functional GFP was visualized
in the presence of UAA (Figure 4C), indicating pB513B-puro-MbpylRS-12tRNA was suc-
cessfully constructed. To construct transgenic cells without reporter genes, we generate a
recombinant adenovirus harboring GFP39TAG (Figure 4D). Recombinant adenovirus was
confirmed in RK13 cells, which were first transfected with pB513B-puro-MbpylRS-12tRNA
plasmid, then infected with recombinant adenovirus. The results showed that functional
GFP was visualized in cells supplemented with UAAs, indicating that recombinant aden-
ovirus was successfully generated (Figure 4E).
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Figure 4. Generation of MbpylRS/tRNAPyl pair delivery vector and reporter adenovirus. (A) A
PiggyBac transposon vector, pB513B-puro-MbpylRS-12tRNA, and a helper vector containing the
PB transposase expression cassette, PB220A-1, were used to generate orthogonal transgenic stable
cell lines. (B) GFP with an amber codon at position 39 was used as a reporter gene. (C) Functional
GFP was visualized by fluorescence microscopy in the presence of the MbpylRS/tRNAPyl pair and
UAA. Scale bars, 400 µm. (D) Schematic diagram of generating a recombinant adenovirus harboring
GFP39TAG reporter gene. (E) Recombinant adenovirus was confirmed in RK13 cells; RK13 cells
were first transfected with pB513B-puro-MbpylRS-12tRNA plasmid, then infected with recombinant
adenovirus. The function of adenovirus was verified according to the expression of GFP39TAG. Scale
bars, 400 µm.

3.4. Generation of Stable Cell Line Harboring GCE Machinery

To generate stable transgenic RK13, ST, and PK15 cell lines harboring GCE machinery,
we co-transfected pB513B-puro-MbpylRS-12tRNA with pB220PA-1 (a vector expressing the
PiggyBac transposase) together (Figure 4A). 48 h post-transfection, puromycin (4 µg/mL)
was added. Two weeks later, puromycin-resistant cells were infected with reporter ade-
novirus in the presence of UAA, and GFP expressing single cells were further sorted by
fluorescence-activated cell sorting technology (FACS) (Figure 5A). A single-cell of trans-
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genic RK13, ST, PK15 cells was cultivated, to increase over approximately 2–3 weeks. Next,
these cell lines were confirmed by infecting with GFP39TAG adenovirus in the presence of
UAA, or not. The GFP39TAG expressed well in these cells in the presence of UAA (Figure 5B).
The results demonstrated that MbpylRS/tRNAPyl pair could be successfully delivered by
the PiggyBac transposon system.
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Figure 5. Generation of transgenic cell line containing MbpylRS/tRNAPyl orthogonal sys-
tem. (A) Schematic representative of the process for generation of transgenic cells containing
MbpylRS/tRNAPyl orthogonal system. (B) The well-growth transgenic RK13, ST, PK15 cell lines
were infected with packaged adenovirus in the presence of UAA or not. The GFP39TAG expression in
these cells was observed by fluorescence microscopy. Scale bars, 400 µm. (C) Detection of the key
limit factor for orthogonal system fail to translation in RK13 transgenic cell line by transfecting of
MbpylRS, GFP39TAG or tRNAPyl individually or together. The GFP39TAG expression in these groups
was observed by fluorescence microscopy. Scale bars, 400 µm.

To our surprise, unlike previous reports [12,14], all our transgenic cell lines are ex-
tremely unstable along with the increased passage. An overexpression assay was performed
to test which element was lost in these cells. By transfecting MbpylRS, GFP39TAG or tRNAPyl

individually or together, and by co-transfection together, the group was used as a positive
control (Figure 5C). Our result revealed that the tRNAPyl and GFP39TAG co-transfection
group restored robust and efficient GFP39TAG expression in the presence of UAA. However,
the GFP39TAG transfection group and MbpylRS and GFP39TAG co-transfection group failed
to restore efficient GFP39TAG expression in the presence of UAA (Figure 5C). Thus, we
concluded that the expression of orthogonal tRNA is the key limiting factor in generating a
stable cell line.
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4. Discussion

In recent decades, GCE technology has been widely used to engineer PTC sites in
essential genes to control different kinds of virus replication, such as HDV, HIV, Zika,
FMDV [13,24–27]. Application of GCE technology in Influenza A virus makes it well-
known as a novel tool for vaccine development [14]. In this study, we generated PTC
harboring PRV, and the results suggested that PRV-PTC virus was successfully rescued in
the presence of orthogonal system MbpylRS/tRNAPyl pair and UAA. This study was the
first to demonstrate that UAA was incorporated into PRV gB protein by GCE technology.
However, efficiency was generally low. Western blot showed different degrees of weak
protein expression in 149Q, 169K, 185W, 206Q, 379K PTC sites, indicating that the incor-
poration of UAA may have a site preference (Figure 2B). However, only a few of these
manifested the UAA-dependent gB mediated cell-to-cell fusion phenotype (Figure 2F). So
we speculated that UAA incorporation in target proteins might have deleterious effects
on gB function for some PTC sites [28]. More PRV essential genes and potential PTC
sites should be screened in the future to obtain ideal PTC sites with efficient, site-specific
incorporation of UAAs into PRV.

According to the Western blot and cell-to-cell fusion assay, we chose 149Q and 185W
as potential sites to engineer amber codon TAG based on the pPRV-Bac infectious clone and
successfully generated pPRV-149Q-TAG or pPRV-185W-TAG PTC virus. pPRV-149Q-TAG
PTC virus was successfully rescued in the presence of UAA, demonstrating that GCE
technology could control PRV PTC replication in vitro. Unfortunately, in our study the
viral titer is extremely low, making it difficult to perform animal experiments in order to
evaluate its efficacy as a potential vaccine. pPRV-185W-TAG PTC virus failed to rescue in
the presence of UAA. We envisaged that the surrogate of tryptophan at position 185 by
UAA might destroy other functions besides a cell-to-cell fusion of gB protein. Therefore,
we concluded that the structure of UAA and the incorporation sites might influence the
protein function.

Previous reports have demonstrated that the lentivirus vector [13,14] or PiggyBac
transposon system successfully constructed stable cell lines harboring the orthogonal
translation system [12,13]. Efficient incorporation of UAA requires multiple copies of
tRNAPyl [29], which makes it difficult to package lentivirus efficiently [30]. The PiggyBac
transposon system is characterized by rapid and efficient integration of large and complex
sequences into mammalian cells’ genomes [23,31]. Therefore, this study used the PiggyBac
transposon system to generate cell lines containing orthogonal translation machinery.
Unfortunately, unlike the previous reports [12–14], all our attempts failed to generate a
stable orthogonal MbpylRS/tRNAPyl system in the current work. The result indicated that
insufficient orthogonal tRNAPyl copies were the limitation steps. Wolfgang H. Schmied
et al. developed an optimized pyrrolysyl-tRNA synthetase/tRNACUA expression system
and engineered eukaryotic release factor subunit 1 (eRF1) to efficient incorporate UAA in
mammalian cells [29]. Future work will investigate the optimized approaches to efficiently
incorporating UAAs at PTC sites in eukaryotic cells.

5. Conclusions

In conclusion, we demonstrated that an orthogonal translation system-mediated
amber codon suppression strategy could precisely control PRV-PTC virus replication. To
our knowledge, this is the first study reported for herpesvirus generated by GCE technology.
However, there are still many challenges remaining to be addressed. Our further work will
establish transgenic cell lines with high-efficiency expression of the orthogonal translation
system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14030572/s1, Table S1: primers for constructing PTC harboring
gB mutants.
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Abstract: Pseudorabies virus (PRV) is the causative agent of pseudorabies (PR). It can infect a wide
range of mammals. PRV infection can cause severe acute neuropathy (the so-called “mad itch”)
in nonnatural hosts. PRV can infect the peripheral nervous system (PNS), where it can establish
a quiescent, latent infection. The dorsal root ganglion (DRG) contains the cell bodies of the spinal
sensory neurons, which can transmit peripheral sensory signals, including itch and somatic pain.
Little attention has been paid to the underlying mechanism of the itch caused by PRV in nonnatural
hosts. In this study, a mouse model of the itch caused by PRV was elaborated. BALB/c mice were
infected intramuscularly with 105 TCID50 of PRV TJ. The frequency of the bite bouts and the durations
of itch were recorded and quantified. The results showed that the PRV-infected mice developed
spontaneous itch at 32 h postinfection (hpi). The frequency of the bite bouts and the durations of
itch were increased over time. The mRNA expression levels of the receptors and the potential cation
channels that are relevant to the itch-signal transmission in the DRG neurons were quantified. The
mRNA expression levels of tachykinin 1 (TAC1), interleukin 2 (IL-2), IL-31, tryptases, tryptophan
hydroxylase 1 (TPH1), and histidine decarboxylase (HDC) were also measured by high-throughput
RNA sequencing and real-time reverse transcription PCR. The results showed that the mean mRNA
level of the HDC in the DRG neurons isolated from the PRV-infected mice was approximately 25-fold
higher than that of the controls at 56 hpi. An immunohistochemistry (IHC) was strongly positive for
HDC in the DRG neurons of the PRV-infected mice, which led to the high expression of histamine at
the injected sites. The itch of the infected mice was inhibited by chlorphenamine hydrogen maleate
(an antagonist for the histamine H1 receptor) in a dose-dependent manner. The mRNA and protein
levels of the HDC in the DRG neurons were proportional to the severity of the itch induced by
different PRV strains. Taken together, the histamine synthesized by the HDC in the DRG neurons
was responsible for the PRV-induced itch in the mice.

Keywords: pseudorabies virus; itch; mouse; histamine; dorsal root ganglion

1. Introduction

Pseudorabies virus (PRV), which is closely related to varicella-zoster virus (VZV) and
herpes simplex virus type 1 (HSV-1), is a member of the Alphaherpesvirinae subfamily within
the Herpesviridae family [1]. Aujeszky’s disease (AD) is caused by PRV, which was described
and demonstrated by Aladár Aujeszky in 1902 [2]. However, the disease was first reported
as “mad itch”, and it showed clinical severe itch in cattle [3]. Currently, the distinct natural
reservoir of PRV is swine; however, PRV can also infect a wide range of mammals, such
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as mice, rabbits, sheep, goats, and even humans [4,5]. More than 100 years have passed
since the “mad itch” disease was first reported in nonnatural hosts. However, the PRV TJ
strain, which is a variant PRV currently prevalent in China, caused unusual pruritus in pigs,
which are the natural hosts of PRV [6]. The mechanism that underlies the PRV-induced itch
in mouse models can provide a basis for the understanding of the PRV-induced pruritus
in pigs.

Itch is an “unpleasant” sensation that leads to the scratch reflex, and it has many
similarities to pain. There are four categories of itch: the pruriceptive itch, the neurogenic
itch, the neuropathic itch, and the psychogenic itch [7]. The pruriceptive itch originates in
the skin and is caused by inflammatory disorders. The inflammatory disorders activate
the pruriceptive primary afferent, and the itch signals are transmitted from the skin into
the sensory neurons in the dorsal root ganglion (DRG). The neurogenic itch results from
central-nervous-system (CNS) activation, without the necessary activation of the sensory
nerve fibers. The neuropathic itch can originate at any point along the afferent pathway
because of the damage to the nervous system caused by viral disease and/or the traumatic
nerve injury of the PNS or the CNS, such as peripheral neuropathies (e.g., postherpetic itch),
multiple sclerosis, and nerve compression or irritation. The psychogenic itch is related to
psychological or psychiatric disorders, such as itch-associated with delusions of parasitosis,
stress, and depression.

Itch is mediated by peripheral somatosensory neurons that are termed “pruriceptors”,
which sense and respond to pruritogens. Tachykinin 1 (TAC1), interleukin 2 (IL-2), IL-31,
and tryptases [tryptase alpha/beta 1 (TPSAB1), tryptase beta 2 (TPSB2), and tryptase
gamma 1 (TPSG1)] have been identified as pruritogens, which can evoke itch signals [8].
TAC1 is a kind of neuropeptide that elicits biting and scratching in mice [9]. Moreover,
IL-2, IL-31, and tryptase (a kind of serine protease) can also elicit itch [10,11]. Histamine
or 5-hydroxytryptamine (5-HT) is synthesized by histidine decarboxylase (HDC) and
tryptophan hydroxylase 1 (TPH1), respectively, which can evoke scratching. Histamine is a
well-established pruritogen, and it has been regarded as the main target for antipruritic
therapies. Histamine produces itch in humans accompanied by skin reactions (wheal and
flare) [12,13]. Itch can also be elicited in the mice that are injected intradermally with
histamine [14,15].

The DRG neurons are composed of the cell bodies of genetically distinguishable
primary afferent neurons, and they are crucial structures in sensory transduction and
modulation, including in itch transmission. There is a wide range of molecules that are
involved in the transmission of itch signals in the DRG neurons [7]. Histamine receptor H1
(HRH1) is expressed in itch-sensing DRG neurons and it mediates histaminergic itch. The
family of Mas-related G-protein-coupled receptors (Mrgprs) mediates nonhistaminergic
itch, and it includes MrgprA3, MrgprD, and MrgprX1 [7,12]. Additionally, transient
receptor potential cation channel subfamily V member 1 (TRPV1), TRPA1, TRPV4, and
TRPM8 are also involved in the transmission of itch signals in the DRG. Because of their
important roles in signal transduction, the DRG neurons are widely used in itch research.

Some bacterial and viral infections, including PRV, can cause itch. However, the
underlying mechanisms that lead to the activation of pruriceptors are not well understood.
In this study, a mouse model of PRV TJ-induced itch was established, and the severity of the
itch in the mice infected with the PRV TJ, SC, or Bartha-K61 strains was also compared. We
showed that the histamine synthesized by the HDC in the DRG neurons was responsible
for the PRV-induced itch in the mice.

2. Materials and Methods
2.1. Viruses and Cells

The PRV Bartha-K61 strain (GenBank accession No. JF797217.1) is a widely used
attenuated PRV vaccine [16,17]. The PRV SC strain (GenBank accession No. KT809429.1) is a
classical virulent PRV strain [18,19]. The PRV TJ strain (GenBank accession No. KJ789182.1)
was isolated from a Bartha-K61-vaccinated pig farm in Tianjin, China, in 2012, and it is
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more virulent than PRV SC. All the PRV strains are saved at the Harbin Veterinary Research
Institute (HVRI), at the Chinese Academy of Agricultural Sciences (CAAS). PK-15 cells
(ATCC, CCL-33) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Carlsbad, CA, USA) supplemented with 5% fetal bovine sera (FBS) (Hyclone, Logan, UT,
USA), 100 mg/mL streptomycin, and 100 IU/mL penicillin at 37 ◦C and 5% CO2. All the
PRV strains were propagated and titrated on PK-15 cells.

2.2. Virus Titration

PK-15 cells were seeded into 96-well plates, infected with 10-fold serially diluted PRV
suspensions, and cultured at 37 ◦C, 5% CO2, for 72 h. The PRV-infected cells were detected
by indirect immunofluorescence assay (IFA), and the number of fluorescent wells was
counted, as described previously [19]. Then, the viral titers were calculated by using the
Reed and Muench method, and they were expressed as the median tissue culture infectious
dose (TCID50) [20].

2.3. Behavioral Observation of the PRV-Infected Mice

All the animal experiments were conducted under a protocol (210603-02) approved
by HVRI.

Six-week-old specific pathogen-free (SPF) BALB/c mice were used in this study, and
all the mice were housed in a pathogen-free environment at 22 to 25 ◦C and with an ad
libitum water and food supply. To observe the behaviors of the PRV-infected mice, twelve
mice were divided into two groups, and one group was intramuscularly (i.m.) injected
with 100 µL of inoculum containing 106 TCID50 of PRV TJ into the left hindlimb muscle,
and the other group was mock inoculated (100 µL of medium only). To avoid behavior
changes caused by different surroundings, mice were videotaped in an isolator from 0 h
postinfection (hpi) to the moribund state of 56 hpi [21–23]. Additionally, high-resolution
video and analysis techniques at slow playback speeds were used to discriminate between
biting and licking. The severity of the itch in the mice was determined by the frequency of
bite bouts and by the durations of itch. When the mice started itching, the bite bouts were
counted for 30 min at 1.5 h intervals, and the durations of itch were also counted for 30 min
at 3.5 h intervals [21–23]. The frequency of the bite bouts and the durations of itch were
counted by a blindly trained observer on the basis of videos.

2.4. Isolation of the DRG Neurons and Skin from the PRV-Infected Mice

A total of 33 6-week-old SPF BALB/c mice were i.m. injected with 100 µL of
106 TCID50/mL PRV TJ suspensions into the left hindlimb muscle, and the same num-
ber of mice was injected with 100 µL of DMEM as the mock. To isolate the DRG neurons
located on the left side of the spinal cord, three mice from the PRV TJ group and the mock
group were euthanized at 0, 2, 8, 14, 20, 26, 32, 38, 44, 50, and 56 hpi. After removing the fur,
muscles, and the dorsal portion of the spine, the spinal cord was exposed. The spinal cord
was removed with forceps, and the DRG neurons were collected [24]. Skin at the injection
sites was also collected.

2.5. RNA-Seq Analysis

For the whole transcriptomic analysis, total RNAs were extracted from the DRG
neurons isolated from the mock or PRV TJ-infected mice by using RNAiso Plus reagent.
All the sample analyses were carried out in triplicates. Genome-wide differential gene
expression was analyzed by using RNA deep sequencing by BGI Genomics (Shenzhen,
China). Poly(A) plus RNAs were sequenced by using the Illumina HiSeq 2500 platform.
The high-quality reads were further mapped to the reference genome of the mice by
using Hisat2 (https://daehwankimlab.github.io/hisat2/, accessed on 8 June 2021), and
the transcripts were assembled by using Stringtie (http://ccb.jhu.edu/software/stringtie/,
accessed on 8 June 2021).

161



Viruses 2022, 14, 1067

2.6. Reverse Transcription-Quantitative PCR (RT-qPCR)

After isolation from the spinal cords of the mice at 0, 2, 8, 14, 20, 26, 32, 38, 44, 50, and
56 hpi, the DRG neurons were ground in liquid nitrogen. Total RNAs from the DRG were
extracted by using RNAiso Plus (catalog No. 9108Q; TaKaRa, Beijing, China), according to
the manufacturer’s protocols. Total RNAs were also extracted from the skin in the same way.
Then, the total RNAs were reverse transcribed into cDNA by using the HiScript II Reverse
Transcriptase (catalog No. R201-02; Vazyme, Nanjing, China), according to the instructions.
GADPH was amplified as a normalization control. RT-qPCR was performed by using the
2×ChamQ SYBR qPCR Master Mix (catalog No. Q311-03; Vazyme, Nanjing, China). Forty
cycles of amplification were performed, which included sequential denaturation at 95 ◦C
for 10 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 1 min. All the primers used
in this experiment are listed in Table 1, and all the samples were analyzed in triplicates.

Table 1. Primers for RT-qPCR.

Primers Sequences (5′-3′)

HRH1-F ACTTGAACCGAGAGCGGAAG
HRH1-R TTGCACAGCGGGTAGATGAG
TRPV4-F TCACCCTCCTGAATCCGTGC
TRPV4-R TCTCACCCATGAGGGCGAT
TRPA1-F GGAAGTAATTCCTTTTCAGAGTGTC
TRPA1-R ACTCCTCAACCACCCTGTGT
TRPV1-F ACCACGGCTGCTTACTAT
TRPV1-R AACTCTTGAGGGATGGTC
TRPM8-F TACTCTGGCAGCCTTGGG
TRPM8-R TCGCAGGAGTAGACCAGTAG
MrgprD-F ATGAACTCCACTCTTGAC
MrgprD-R AGCACATAGACACAGAAG

2.7. Effects of Chlorphenamine Hydrogen Maleate Treatment on the PRV TJ-Infected Mice

The chlorphenamine hydrogen maleate powder (catalog No. BP081; Sigma-Aldrich,
Darmstadt, Germany) was dissolved in DMEM. Thirty 6-week-old SPF BALB/c mice were
divided into five groups (n = 6): four groups were i.m. injected with 100 µL of inoculum
containing 106 TCID50 of PRV TJ into the left hindlimb muscle, and one group was injected
with 100 µL of DMEM as a control. The mice of the four PRV TJ-infected groups were i.m.
injected with 0, 10, 30, or 60 mg/kg chlorphenamine hydrogen maleate solution in the left
hindlimb muscle at 44 and 50 hpi. Twenty minutes later, the itching behavior was recorded.

2.8. Hematoxylin and Eosin Staining and Immunohistochemistry (IHC)

At 56 hpi, all the mice were euthanized for pathological examinations. The left legs
and the lumbosacral DRG neurons of the mice were freshly collected by using scissors
and forceps, were fixed in 4% paraformaldehyde for 48 h, followed by 70% ethanol, and
were embedded in paraffin, cut into 5-µm sections, and mounted onto glass slides. The
sections were stained with hematoxylin and eosin stain [25]. For the immunohistochemical
examination, the sections were blocked in 10% normal goat serum, incubated with a rabbit
antihistamine antibody (catalog No. H7403-.2ML; Sigma-Aldrich, Darmstadt, Germany)
overnight at 4 ◦C, washed three times in TBST buffer, incubated in SignalStain Boost IHC
detection reagent (HRP, Rabbit) (catalog No. 8114P; Sinopharm, Beijing, China) for 30 min
at room temperature, washed 3 times, and stained [26].

2.9. Comparison of Itch in the Mice Infected with Different PRV Strains

Twenty-four mice were divided into four groups (n = 6): three groups were i.m.
injected with 105 TCID50 of PRV TJ, SC, or Bartha-K61 into the left hindlimb muscle,
respectively. The last group was injected with 100 µL of DMEM as a control. All the mice
were videotaped, and the bite bouts and durations of itch were counted at 56 hpi [21–23].
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Additionally, the DRG neurons were isolated, and the mRNAs of the HDC were quantified
by using RT-qPCR.

2.10. qPCR

The mice infected with 105 TCID50 of PRV TJ, SC, Bartha-K61, or DMEM were eu-
thanized at 56 hpi. The DRG neurons were collected, and DNA was extracted by using
the MagaBio plus virus DNA purification kit (catalog No. 9109; BioFlux, Beijing, China),
according to the manufacturer’s protocols. The genomic copies of PRV were quantified on
the basis of a previously described method [27].

2.11. Statistical Analysis

All the experiments were performed in triplicates, and the statistical significance was
analyzed by Student’s t test in Prism v8.0 software (GraphPad, San Diego, CA, USA).
Differences were considered significant if the unadjusted p-value was less than 0.05.

3. Results
3.1. The Severity of the Itch Caused by PRV TJ Infection Gradually Increased with Time

To quantify the severity of the itch, the mice that were injected with PRV TJ or DMEM
were videotaped by using two high-resolution videos, respectively. The behaviors of the
mice were recorded constantly from 0 to 56 hpi. As for the biting action, there were no
intuitive differences between natural and itchy bites. However, in terms of the biting
frequency, natural bites were occasional, while itchy bites were regular and frequent in the
PRV TJ-infected mice. In addition, the natural bites were transient, but the durations of
the itchy bites increased as the clinical signs progressed. On the basis of this criterion, the
frequency of the bite bouts and the durations of itch were quantified. The results showed
that the mice infected with PRV TJ did not exhibit spontaneous biting from 0 to 30 hpi;
however, from 32 hpi, the mice started itching. The infected mice bit the injection sites
about 10 times per 30 min at 32 hpi, spontaneously, and the frequency of the bite bouts
increased gradually, reached about 62 times per 30 min at 56 hpi (Figure 1A), and was
significantly different between the PRV TJ-infected group and the control group (p < 0.01).
Additionally, the duration of the biting was counted during the 30 min observation period.
We found that the duration of the itch remained at the same level as the mock group until
28 hpi.

None of the PRV TJ-infected mice exhibited itch until 28 hpi, and the average duration
of the itching was about 5 s per 30 min at 32 hpi. The duration rose gradually over time,
and it peaked at about 90 s per 30 min at 52 hpi (Figure 1B). The mice injected with DMEM
did not exhibit spontaneous biting during the whole experiment period.

The mice were also photographed at 0, 32, 44, and 56 hpi. The legs of the infected mice
showed no signs of tissue damage from 0 to 32 hpi, although the mice infected with PRV TJ
started biting at 32 hpi. At 44 hpi, because of the long-term biting, severe tissue damage
appeared at the inoculated sites, and the muscle and skin were detached. At 56 hpi, the left
legs of the mice were shriveled. For the control mice, no injuries were found in the legs
during the whole experiment period (Figure 1C).

3.2. Different Expression Profiles of the Molecules Relevant to Itch-Signal Transmission Were
Noted in the DRG Neurons

The molecules that are relevant to itch-signal transmission were detected by using
RNA-seq and RT-qPCR. The DRG neurons from the infected or the control mice were
harvested at 56 hpi. On the heat map, the transcription levels of HRH1, MrgprA3, TRPV4,
and TRPA1 were comparable between the two groups at 56 hpi. However, the mRNA
expression levels of MrgprX1, MrgprD, TrpA1, and TrpV1 were reduced to varying degrees
(Figure 2A).
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Figure 1. The mice infected with PRV TJ exhibited itch. Twelve SPF BALB/c mice were divided into
two groups (n = 6): one group was infected intramuscularly with 105 TCID50 of PRV TJ, and the other
group was mock inoculated (100 µL of medium only). (A) The behaviors of the mice were recorded
from 0 to 56 hpi. The bite bouts of the mice were recorded for 30 min at 1.5 h intervals. (B) The
durations of biting were recorded for 30 min at 3.5 h intervals. (C) Representative photographs of the
mice in the two groups were taken at 0, 32, 44, and 56 hpi. Bars represent the means ± SDs for three
independent experiments; ns: not significant (p ≥ 0.05); ** p < 0.01; *** p < 0.001; **** p < 0.0001.

The mRNA expression levels of the receptors and channels in the DRG neurons were
measured by using RT-qPCR. As shown in Figure 2B, the mRNA expression of MrgprX1
did not change significantly from 0 to 50 hpi; however, it decreased at 56 hpi, which
was at approximately half of the mock group. The mRNA expression level of MrgprA3
also did not change significantly over the test period. Interestingly, the mRNA level of
MrgprD increased gradually, from 0 to 32 hpi, it remained at a plateau from 32 to 38 hpi, its
maximum expression in the PRV TJ-infected group was higher than that in the mock group,
and it returned to basal level. Finally, the mRNA expression level of MrgprD was reduced
by approximately 50%. In addition, the mRNAs of the receptors TRPA1, TRPM8, TRPV1,
and TRPV4 were also measured by using RT-qPCR. Among them, TRPV1 and TRPV4
contribute to histamine-mediated neuronal activation. TRPA1 is extensively involved in the
neuronal activation in nonhistaminergic itch. TRPM8 is another receptor that modulates or
mediates itch. The results showed that the mRNA level of TRPA1 in the PRV TJ-infected
group did not change from 0 to 32 hpi, increased transitorily from 32 to 38 hpi, then
decreased gradually, and was lower than that of the mock group. The mRNA expression
levels of the two TRP cation channels that mediate histaminergic itch were different. The
TRPV1 mRNA in the infected group was consistent with that in the mock group from 0 to
20 hpi, then it increased gradually from 20 to 38 hpi, and it decreased from 38 to 56 hpi. The
maximal TRPV1 mRNA level was about 2.7-fold higher than that of the control at 38 hpi.
In contrast to the TRPA1 and TRPV1, the TRPV4 mRNA remained relatively stable, with
changes only from 0 to 56 hpi. The TRPM8 mRNA was unchanged from 0 to 8 hpi, it then
increased from 8 to 26 hpi, it remained at a plateau from 26 to 32 hpi (the highest mRNA
level of TRPM8 was approximately 3-fold higher than that of the control), and it finally
returned to a basal level.
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Figure 2. The mRNA expression levels of receptors and the potential cation channels relevant to
itch-signal transmission were different. A total of 33 SPF BALB/c mice were infected intramuscularly
with 105 TCID50 of PRV TJ, and the same number of mice was injected with 100 µL of DMEM as a
control. The DRG neurons on the left side of the spinal cord were collected, and total RNAs were
extracted. (A) The mRNAs of HRH1, TRPV4, TRPA1, TRPV4, TRPM8, MrgprD, MrgprX1, and
MrgprA3 at 56 hpi were quantified by using RNA-seq. (B) The expression kinetics were examined
by using RT-qPCR. Bars represent the means ± SDs for three independent experiments; ns: not
significant (p ≥ 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.3. The Expression of HDC Was Increased in the PRV TJ-Infected DRG Neurons

PRV can replicate and establish quiescent, latent infection in the PNS [28]. Moreover,
PRV can induce a severe inflammation response in the DRG neurons. A previous study has
shown that PRV in the neurons may trigger itch [29]. TAC1, IL-2, IL-31, TPSAB1, TPSB2,
and TPSG1 are known as pruritogens [14,15]. HDC and TPH1 are the key enzymes of
pruritogen synthesis. The mRNA levels of pruritogens and their correlated molecules were
detected by using RNA-seq. The HDC transcription level of the PRV TJ-infected group was
significantly higher than that of the control group (Figure 3A).

HDC mRNA was detected by using RT-qPCR in the DRG neurons of the PRV TJ or
mock groups at 0, 2, 8, 14, 20, 26, 32, 38, 44, 50, and 56 hpi (Figure 3B). The mRNA level
of the HDC in the PRV TJ group increased 1.7-fold compared to that in the control group
at 20 hpi, then it returned to a normal level at 26 hpi, and, notably, it increased rapidly
from 32 to 56 hpi. The maximum expression level in the infected group was approximately
25-fold higher than that in the mock group in the moribund state. The gB protein of the
PRV TJ was detected in the DRG neurons by using IHC at 56 hpi (red arrows), and the
protein expression level of the HDC (blue arrows) was also significantly higher than that of
the control (Figure 3C).
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Figure 3. HDC was expressed in the DRG neurons of the PRV TJ-infected mice. Thirty-three SPF
BALB/c mice were infected intramuscularly with 105 TCID50 of PRV TJ, and the same number of
mice was injected with 100 µL of DMEM as a control. The DRG neurons on the left side of the
spinal cord were isolated, and total RNAs were extracted. (A) The mRNA expressions of TAC1,
TPH1, IL-31, IL-2, HDC, TPSAB1, TPSB2, and TPSG1 were detected by using RNA-seq at 56 hpi.
(B) The expression kinetics of HDC was detected by using RT-qPCR. (C) The cells expressing the gB
protein of PRV (red arrows) and HDC in the lumbosacral DRG neurons (blue arrows) were detected
by immunohistochemistry. Bar: 50 µm. Bars represent the means ± SDs for three independent
experiments; ns: not significant (p ≥ 0.05); ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.4. Histamine Produced in the DRG Neurons Contributed to PRV-Induced Itch and Could Be
Inhibited by Chlorpheniramine

HDC catalyzes the conversion of histidine to histamine, which is a “gold standard”
itch mediator [7]. A significantly higher expression level of histamine was detected in the
PRV TJ-infected group compared to the control group (Figure 4A). The main source of
histamine in the body is mast cells; however, several other types of cells can also synthesize
histamine, such as neurons and keratinocytes [7]. However, mast cells were not found in
either of the injection sites of the mock- and PRV TJ-infected mice. Additionally, the HDC
mRNA level of the skin was also quantified. There was no statistical difference between
the infected and mock groups (p ≥ 0.05) (Figure 4B).
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Figure 4. Histamine produced in the DRG neurons contributed to itch and could be inhibited by chlor-
pheniramine. Twelve SPF BALB/c mice were injected with 105 TCID50 of PRV TJ or 100 µL of DMEM
as a control. The PRV TJ-infected mice were treated with 0, 10, 30, or 60 mg/kg chlorpheniramine
at 44 and 56 hpi, respectively, and the behavior of the mice was captured photographically after
twenty minutes. The skin at the injection site was collected for pathological detection and total RNA
extraction at 56 hpi. (A) The histamine was detected by the immunohistochemistry, and the mast
cells were detected by using hematoxylin and eosin staining. Bar: 100 µm. (B) The mRNA expression
trend of the HDC with time was quantified by using RT-qPCR. (C) The frequency of bite bouts and
the durations of itch were counted after treatment with chlorpheniramine. Bars represent the means
± SDs of three independent experiments. Ns: not significant (p ≥ 0.05); ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

Chlorpheniramine, which is an H1R antagonist, is widely used as a first-generation
sedative antihistamine [30,31]. The mice received an intramuscular injection of either
chlorpheniramine (10, 30, or 60 mg/kg) or DMEM at 44 and 52 hpi, and their behaviors
were recorded 30 min later. As shown in Figure 4C, the frequency of the bite bouts and
the durations of itch of the mice treated with chlorpheniramine were reduced in a dose-
dependent manner.

3.5. The Severity of Itch Was Different between the Three PRV Strains and Was Consistent with
the HDC Expression

A mouse model of the itch caused by PRV TJ was elaborated, and the increased level
of HDC was responsible for the itch. To verify the relationship between HDC and the itch
induced by PRV, the mRNAs of the HDC in the mice infected with 105 TCID50 of PRV
Bartha-K61, SC or TJ were quantified. First, the severity of the itch in the mice infected
with different PRV strains was evaluated. At 56 hpi, the bite bouts of the mice infected
with PRV TJ and SC were about 55 and 56 times per 30 min, respectively. Although the
itch severities of the mice infected with PRV TJ and SC were similar in terms of the bite
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bouts, the bite durations of the mice infected with the two strains were different (p < 0.05).
The itch duration of the mice infected with PRV TJ was about 91 s per 30 min, which was
significantly different from that of the PRV SC (about 67 s per 30 min). Moreover, the mice
infected with PRV Bartha-K61 were mildly pruritic, both in terms of the bite bouts and
the durations per 30 min (Figure 5A). The mice infected with different PRV strains were
photographed in the prone position. As shown in Figure 5B, the mice infected with PRV TJ
developed substantial necrotic lesions at the injection sites at 56 hpi. To the contrary, the
mice infected with PRV SC were also moribund, but they did not have injuries. Because of
the reduced virulence of PRV Bartha-K61, the mice showed no abnormal changes. Overall,
the itch severities in the mice infected with the same doses of different PRV strains were
in the following order: PRV TJ > PRV SC > PRV Bartha-K61, which presented a positive
correlation with the viral virulence. As shown in Figure 5C, the replications of different
PRV strains in the DRG neurons were quantified. The genome copies of PRV TJ, PRV
SC, and PRV Bartha-K61 in the DRG neurons at 56 hpi were about 104.0, 103.6, and 104.3,
respectively. Therefore, the itch severity was not associated with the replication of different
PRV strains.
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Figure 5. The severities of itch and HDC expressions of the three PRV-strain-infected mice. Twenty-
four SPF BALB/c mice were divided into four groups. Six mice were infected with 105 TCID50 of PRV
TJ, PRV SC, PRV Bartha-K61, or DMEM only as a control. The behaviors of the mice infected with the
abovementioned strains were recorded at 56 hpi. The DRG neurons of the mice in every group were
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isolated at 56 hpi, and the total RNAs were extracted. (A) The frequency of bite bouts and the
durations of itch were recorded as above. (B) Representative photographs of the mice in the above
mentioned groups taken at 56 hpi. (C) Genomic copies of different PRV strains in the DRG neurons
of the infected mice at 56 hpi. (D) The DRG neurons of the mice in each group were isolated at 56 hpi,
the total RNAs were extracted, and the expressions of HDC in the DRG neurons were quantified
by using RT-qPCR. Bars represent the means ± SDs for three independent experiments; ns: not
significant (p ≥ 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

The HDC mRNA levels in the DRG neurons from the mice infected with different PRV
strains were quantified (Figure 5D). The mRNA level of the HDC in the DRG neurons that
were isolated from the mice infected with PRV TJ, SC, and Bartha-K61 increased 25-, 14-,
and 5-fold, respectively, compared to the mock group, and these values were proportional
to the itch severities of the mice.

4. Discussion

Since the first case of mad itch was described in 1813, the characteristic itch caused
by PRV infection in nonnatural hosts has been frequently reported. Currently, few studies
have focused on this aspect of PRV pathogenesis. Self-mutilating behavior, such as biting
and scratching, can be stimulated by PRV infection, which is attributed to tissue lesions [32].
It is well established that itch can be induced by nerve injury caused by virus replication in
the PNS [29]. However, the exact mechanism remains unknown, and the itch in the mice
induced by PRV has not been quantified. Here, we quantified the itch severity of the PRV
TJ-infected mice in terms of the bite bouts and durations. In addition, we demonstrated
that histamine contributed to the itch caused by the PRV in the mice.

When mice are infected with PRV, itch evokes innate scratching. It was previously
shown that viral replication in the skin did not result in necrosis; however, the itch behaviors
of the mice were not recorded and quantified [32]. The mice were videotaped after PRV TJ
inoculation, they started itching at 32 hpi, and their legs suffered skin injuries at the same
time point.

We described the itch phenotype of the mice infected with PRV TJ, and we quantified
the transcriptional kinetics of the different receptors and channels expressed in the DRG.
The neurotransmitters, receptors, and signal pathways that are involved in acute itch
transduction have been well revealed recently. Mrgprs are present in certain kinds of
sensory neurons, and they are associated with the transmission of itch signals [33,34].

According to the results, MrgprD and MrgprX1, rather than MrgprA3, expressed
differently, compared to the mock group, which may mean that the neural excitation
was associated with an increase in the sodium current in the DRG neurons that express
MrgprD and MrgprX1 [33,34]. TRPM8, which is a cold-sensitive ion channel, is involved in
itch relief [35,36]. Increased TRPM8 expression may inhibit itch signaling in the primary
sensory. The TRPV1-gene-expression level significantly increased, which may be due to its
important role in histaminergic itch. In conclusion, the transcriptional levels of different
molecules were different, which provides a framework for future work on the examination
of the neuronal mechanisms that underlie PRV-induced itch and its sensitization.

Although the invasion of PRV into nonnatural hosts has not been well studied, it has
been revealed that PRV can invade the PNS and the CNS via anterograde axonal transport.
The PRV-induced itch may be triggered by the replication of the virus in the neurons [29].
DRG neurons were isolated and tested for the presence of PRV TJ. As expected, the IHC
results demonstrated the presence of PRV TJ in the DRG neurons. Pruritogens, including
TAC1, IL-2, IL-31, TPSAB1, TPSB2, and TPSG1, and the key enzymes that are attributed
to itch, including HDC and TPH1, were detected by RNA-seq. The mRNA level of HDC
was markedly increased, and the HDC protein was strongly positive in the DRG neurons
(Figure 3B,C). It was well proven that the PRV TJ replication in the DRG neurons led to the
increased expression of the HDC protein.
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More importantly, the IHC for histamine was strongly positive in the skin (Figure 4A).
Histamine can be secreted by several kinds of cells, including neurons, mast cells, and
keratinocytes [7]. The mast cells in the skin were detected by hematoxylin and eosin
staining, as well as the mRNA levels of the HDC in the keratinocytes, and all of them
presented no differences compared to the mock group (Figure 4A,B). All the results above
prove that activated HDC results in increased histamine level in the skin.

Histamine, which is produced in either an autocrine or a paracrine manner, is an
inflammatory mediator that is synthesized by HDC. In non-mast cells, HDC is rarely
expressed without stimulation; however, its expression is markedly induced by various
types of inflammatory stimulants [37,38]. In the mice infected with PRV, neuroinflammation
was found in the DRG neurons. Therefore, we speculated that the neuroinflammation
induced by PRV resulted in increased expression of HDC, which is regulated by mitogen-
activated protein (MAP) kinases and c-Jun N-terminal kinase (JNK), which are important
immune-regulatory molecules [39,40]. Upon infection with PRV, the MAPK and JNK
expressions are upregulated [41], which leads to the change in normal cellular activities.
Moreover, PRV possesses a linear double-stranded DNA with GC-rich sequences [42]. The
transcription factor SP1, which binds to GC-rich regions, also regulates the expression of
HDC [43]. Thus, it is possible that certain segments of the PRV genome bind to Specificity
Protein 1, which results in the upregulation of HDC. In summary, the cellular and metabolic
processes in the DRG neurons will be altered upon viral infection. During these processes,
multiple viral factors, such as viral DNA, RNA, and proteins, may play important roles,
which need to be explored in details.

Histamine exerts various immune-regulatory functions, and it plays an important role
in neuroinflammation [44]. The activation of H1R expressed in the neuron by histamine
has the ability to induce pruritus and atopic dermatitis [45]. This may explain the itch
exhibited by the PRV-infected mice. The H4R-mediated activation of mast cells that is
induced by histamine leads to the expression of various proinflammatory cytokines and
chemokines, such as IL-6 [46], which have been proven to increase the protein levels in
mice after infection with PRV [47,48]. Moreover, the activation of H4R involves several
signaling cascades for the release of various allergic inflammatory mediators. Histamine
can induce the phosphorylation of ERK in order to mediate the proliferation, differentiation,
anti-apoptosis, regulation, and cytokine expression at the gene level. It can also activate
NF-κB via the JAK-STAT signaling pathway [49,50], which could be well activated in the
DRG neurons from the mice infected with PRV [41]. Taken together, the PRV-induced itch
may be due to the histamine-induced inflammation, which presents a positive correlation
with PRV virulence, but has no association with the replication of different strains in the
DRG neurons (Figure 5B,C).

Many viral proteins are associated with PRV virulence, such as US9, gE, and gI. The
loss of these genes usually results in virus attenuation. PRV Becker is a virulent strain;
however, when deleting the genes that encode gI, US9, and gE, the virus induced decreased
itch in mice. The PRV Bartha-K61, which carries deletions in the above three genes, induced
the greatest attenuation of itch, compared with the three PRV isogenic strains [32]. This
indicates that the itch severity is related to the virulence-associated proteins of the PRV. In
addition, the genes encoding the gI and gE proteins of PRV TJ and SC show some sequence
differences [6], which might lead to differences in the severity of the itch [6]. Apart from
the three proteins mentioned above, other viral proteins, such as US6, UL27, UL44, etc., are
different among the three PRV strains. Therefore, we speculate that these proteins may
affect the severity of itch.

In conclusion, we found that the high level of histamine produced in PRV-infected
DRG neurons resulted in itch, and that the severity of the itch induced by the different
PRV strains was proportional to the HDC mRNA level in the DRG neurons of the PRV-
infected mice.
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Abstract: A pseudorabies virus (PRV) novel virulent variant outbreak occurred in China in 2011.
However, little is known about PRV prevention and treatment. Huaier polysaccharide has been
used to treat some solid cancers, although its antiviral activity has not been reported. Our study
confirmed that the polysaccharide can effectively inhibit infection of PRV XJ5 in PK15 cells. It acted
in a dose-dependent manner when blocking virus adsorption and entry into PK15 cells. Moreover, it
suppressed PRV replication in PK15 cells. In addition, the results suggest that Huaier polysaccharide
plays a role in treating PRV XJ5 infection by directly inactivating PRV XJ5. In conclusion, Huaier
polysaccharide might be a novel therapeutic agent for preventing and controlling PRV infection.

Keywords: Huaier polysaccharide; pseudorabies virus; antiviral; infection

1. Introduction

Pseudorabies virus (PRV) has been regarded as one of the major causative agents
for fatal losses in the swine industry worldwide [1,2]. PRV is a double-stranded linear
DNA and enveloped virus that belongs to the subfamily alphaherpesvirinae of the family
Herpesviridae [3,4]. PRV can infect various species of mammals, such as swine, wild
boars [5], ruminants (e.g., goat, sheep, and cattle) [6,7], carnivores (e.g., hunting dogs,
minks, and foxes) [8,9], and rodents. Swine are the unique natural host and reservoir of
PRV [10]. PRV infections in swine are often fatal, and the infected swine die from central
nervous system disorders and respiratory diseases [3]. Pregnant sows infected with the
virus exhibit abortions, stillbirths, and mummified fetuses and are often infertile, with
a high rate of rebelliousness [11]. The Bartha-K61 strain is still one of the most widely
used live virus vaccines to confront PRV infections worldwide [4]. Pseudorabies (PR)
incidence was first reported among cats in 1947 in China; thereafter, PR incidence was
reported in other species, particularly in the pig industry [12]. Before 2011, the Bartha-
K61 vaccine could prevent and control PR in China; however, the emergence of several
variant strains led to the new pseudorabies epidemic among immunized swine [13]. PRV
variants exhibit high sequence divergence compared with classical PRV strains [14]. The
Chinese triple-gene-deleted (gE/gI/TK) vaccine and TK/gG-deleted vaccine have been
extensively used to prevent PR in the Chinese pig population. However, the protection
efficacy of the two vaccines has not been reported [3]. More importantly, PRV could infect
humans, and it was isolated from an acute human encephalitis case [15–17]. Therefore,
identifying new preventive and therapeutic measures for controlling PR, in addition to
vaccines, is imperative.
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The application of traditional Chinese medicine to treat diseases can be traced back
to 200 Anno Domini (AD) [18]. Growing evidence suggests that the traditional Chinese
medicine offers numerous compounds having antiviral activities [19]. Trametes robinio-
phila murr (Huaier), as a traditional Chinese medicine, has been used to treat many diseases
for more than one thousand years [20]. Huaier extract can regulate DNA-dependent tran-
scription and the cellular response to hypoxia during breast cancer development and
progression [21]; it can also enhance the host immunity and induce apoptosis in breast
cancer cells [22]. In addition, studies have confirmed that Huaier granule exhibits good
safety in clinical antitumor therapies [23]. In particular, it was considered as a promising
adjuvant for the treatment of breast cancer when used in combination with conventional
treatment [24]. Huaier polysaccharide also exhibits excellent safety, therapeutic efficacy,
and minimal side effects in the clinical treatment of lung cancer, liver cancer, and other solid
tumors [25]. However, the effect of Huaier polysaccharide on PRV infection has not been
investigated. In this study, we evaluated the mechanism of Huaier polysaccharide in PRV
infection; our findings suggested that Huaier polysaccharide inhibits PRV XJ5 adsorption,
entry, and replication and thus can dampen PRV infection.

2. Materials and Methods
2.1. Cells and Viruses

Pig kidney (PK15) cells and African green monkey kidney (Vero) cells were stored at
the Yangzhou University Infectious Diseases Laboratory and grown in monolayers at 37 ◦C
under 5% CO2 conditions. PK15 cells and Vero cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 5% and 6% fetal bovine serum (FBS; Lonsera,
Uruguay), 100 units/mL penicillin, 100 µg/mL streptomycin sulfate, and fungizone.

PRV XJ5, PRV NT, and PRV Ra were stored at the Yangzhou University Infectious
Diseases Laboratory. We used 0.1 multiplicity of infection (MOI) of PRV-infected PK15 cells
in all experiments.

2.2. Reagents and Antibodies

In all subsequent experiments, Huaier polysaccharide (Yangling Ciyuan Biotechnology
Co., Ltd., Xian, China) was diluted with PBS to prepare stock solutions of 50 mg/mL and
stored at −20 ◦C. The antibodies for PRV gB were generated by immunization of mice
with purified recombinant gB in our laboratory. Actin Ab—T0022 was procured from
Affinity Bioscience (Beijing, China). FITC-conjugated goat anti-pig IgG antibody combining
PRV-positive sera was purchased from Sigma-Aldrich (St. Louis, MO, USA). DAPI (#C1006)
was purchased from Beyotime Biotechnology (Shanghai, China).

2.3. Cell-Based Infectivity Assays
2.3.1. Cells Viability Assay

Cell viability was evaluated with Enhanced Cell Counting Kit-8 (CCK-8) assays,
according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).
For cell viability assays, cells were seeded at 5000 per well into 96-well plates. On the
next day, the medium was changed to DMEM/5% FBS supplemented with different
concentrations of Huaier polysaccharide for 24 and 36 h. CCK-8 (10 µL) was then added to
each well, and the cells were incubated for 1 h at 37 ◦C. The absorbance was detected at
450 nm with a microplate reader (Bio-rad, Hercules, CA, USA).

2.3.2. General Effect of Huaier Polysaccharide on PRV Infection

Huaier polysaccharide was added at 37 ◦C for 24 h to verify its effect on PRV infection.
DMEM containing 5% FBS was used to grow the PK15 cells in a 37 ◦C/5% CO2 incubator.
The PK15 cells were seeded in a 6-well plate, with a density of 5 × 105 cells per well.
When the cells grew to approximately 8.5 × 105, the PK15 cells were infected with PRV XJ5
(MOI = 0.1) for 1 h. At 1 h post infection (h.p.i.), DMEM was removed, and the cells were
washed with PBS. The cells were incubated with different concentrations (25, 50, 100, or
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200 µg/mL) of Huaier polysaccharide in 2% FBS DMEM (2% DMEM). On the next day, the
cells were collected to determine PRV XJ5 protein expression through Western blotting and
indirect Immunofluorescent Assay (IFA), intracellular viral DNA copies were analyzed by
qRT-PCR after 24 h at 37 ◦C, and cell supernatants were used to measure the virus titer
through TCID50 assay.

2.3.3. Exploration of Huaier Polysaccharide’s Effect on PRV Adsorption and Entry

Huaier polysaccharide was added at 4 ◦C for 1 h and at 37 ◦C for 1 h to verify its effect
on PRV adsorption and entry. The PK15 cells were cultured using 1 mL of DMEM without
FBS to dilute Huaier polysaccharide to 25, 50, 100, 200 µg/mL and then infected with PRV
XJ5 (MOI = 0.1) at 4 ◦C for 1 h. Thereafter, the cells were washed thrice with cold PBS and
incubated in 2% DMEM containing appropriate concentrations of Huaier polysaccharide
for 1 h at 37 ◦C. Then, cells were washed with citric acid to remove extracellular virus and
again washed with PBS. Adding 2 mL 2% DMEM, intracellular viral proteins were detected
through Western blotting and IFA, and the contained viruses’ cell supernatants were used
to measure virus titers by using the TCID50 assay at 24 h.p.i. Intracellular viral DNA copies
were analyzed by qRT-PCR after 1 h at 37 ◦C.

2.3.4. General Effect of Huaier Polysaccharide on PRV Adsorption

Huaier polysaccharide was added at 4 ◦C for 1 h to verify its effect on PRV adsorption.
The PK15 cells were digested with 0.25% trypsin and diluted with DMEM containing 5%
FBS, dripped onto a 6-well plate at a concentration of 5 × 105 cells/well in a 37 ◦C/5%
CO2 incubator. When the cells grew to approximately 70–80%, the cells were treated with
different concentrations of Huaier polysaccharide and infected with PRV XJ5 (MOI = 0.1)
at 4 ◦C for 1 h. The cells were cleaned thrice with cold PBS and maintained in 2% DMEM
for 24 h. Intracellular viral proteins were detected through Western blotting and IFA. Cell
supernatants were used to measure virus titers through TCID50 assay. Viral DNA copies of
adsorption were analyzed by qRT-PCR after 1 h at 4 ◦C.

2.3.5. Exploration of Huaier Polysaccharide’s Effect on PRV Entry

Huaier polysaccharide was added at 37 ◦C for 1 h to verify its effect on PRV entry.
The PK15 cells were infected with PRV XJ5 (MOI = 0.1) at 4 ◦C for 1 h without Huaier
polysaccharide. The infected cells were then washed with cold PBS three times and cultured
in 2% DMEM containing different concentrations of Huaier polysaccharide at 37 ◦C for
1 h. The cells were washed thrice with citric acid and PBS. Then, cells were cultured in 2%
DMEM without Huaier polysaccharide. Intracellular viral proteins were detected through
Western blotting and IFA after 24 h at 37 ◦C. Cell supernatants were used to measure the
virus titer through TCID50 assay. Intracellular viral DNA copies were analyzed by qRT-PCR
after 1 h at 37 ◦C. The above experiments included three independent experiments.

2.3.6. Effect of Huaier Polysaccharide on PRV Replication

Huaier polysaccharide was added at 37 ◦C for 3 h or 5 h to verify its effect on PRV
replication. When the PK15 cells grew to approximately 70–80%, the cells were incubated
with PRV XJ5 (MOI = 0.1) for 1 h at 37 ◦C and under 5% CO2. After the cells were washed
thrice with PBS, the cells were incubated with 2% DMEM containing 25, 50, 100, and
200 µg/mL Huaier polysaccharide. At 4 h.p.i. and 6 h.p.i., the cells were collected to deter-
mine PRV-related protein expression through Western blotting and viral DNA copies were
analyzed by qRT-PCR. The above experiments included three independent experiments.

2.3.7. Effect of Huaier Polysaccharide on PRV XJ5

PRV XJ5 (MOI = 0.1) was pretreated with different concentrations of Huaier polysac-
charide (25, 50, 100, and 200 µg/mL) for 1 h at 37 ◦C. Then, the cells were washed thrice
with PBS. We co-incubated PRV XJ5 with cells as described above. At 24 h.p.i, the cells were
collected to analyzed the expression of PRV-related proteins through Western blotting and
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viral DNA copies were analyzed by qRT-PCR. PRV XJ5 (MOI = 0.1) was pretreated with
different concentrations of Huaier polysaccharide (100 or 200 µg/mL) for 1 h at 37 ◦C with
100 µL. A transmission electron microscope was used to determine the real destruction of
the virions. The above experiments included three independent experiments.

2.3.8. Western Blotting

Cell lysis buffer (Beyotime Biotechnology, Shanghai, China) was used to lyse the
cells. The lysed cells were placed in a 1.5 mL EP tube (Eppendorf Micro Test Tubes), to
which phosphorylated protease inhibitor and phenylmethanesulfonyl fluoride (PMSF)
were added. The concentration of cell lysate protein was determined according to the
manufacturer’s instructions for the BCA protein quantification kit. Western blotting was
performed following the previously described methods [26,27]. The membranes were
incubated with PRV gB or actin primary antibodies at 4 ◦C overnight. On the next day, the
membranes were incubated with goat anti-rat secondary antibody (Beyotime Biotechnology,
Shanghai, China) at room temperature for 2 h.

2.3.9. Virus Titer Assays

The TCID50 assay was used to evaluate virus titers. After trypsinization of Vero
cells, these cells were diluted with DMEM containing 6% FBS and added dropwise to a
96-well plate at a concentration of 2 × 103 cells/well. Then, the cells were placed in a
37 ◦C/5% CO2 incubator until the cells adhered to the wall. After the monolayer was
in the logarithmic growth phase (around 16 h), cells were washed three times with PBS,
absorbing the remaining liquid. The cells were inoculated with serially diluted viruses
(10−1–10−7 fold) for 1 h at 37 ◦C and eight replicates for each concentration were prepared.
Then, 250 µL of maintenance medium was added to each well. At 72 h.p.i., we observed the
CPE. Finally, CPE were counted to calculate the TCID50 by using the Reed–Muench method.

2.3.10. Indirect Immunofluorescent Assay

After the PK15 cells were infected with PRV for 24 h, the supernatant was discarded,
and the cells were washed thrice with PBS. Then, 4% paraformaldehyde that could cover
the cell surface was added, and the cells were fixed at 37 ◦C for 15 min. Thereafter, 0.1%
TritonX-100 was used to penetrate the cells for 10 min, and the cells were washed thrice
with PBS. The cells were incubated with 5% BSA blocking solution at 37 ◦C for 2 h or
4 ◦C overnight. The primary antibody PRV pig-positive serum was diluted to 1:200 and
incubated at 37 ◦C for 2 h, washed three times with PBST, and incubated with FITC-
conjugated goat anti-porcine IgG antibody (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C
for 1 h; finally, the cells were stained with DAPI for 5 min. The cells were observed under
a fluorescence microscope (LAICA, DMi8) with 488nm. All the images were captured at
100× magnification. The fluorescence density of FITC was calculated by Image J (LOCI,
Madison, WI, USA).

2.3.11. DNA Extraction and qRT-PCR

Briefly, we extracted DNA for each sample; 10% 92 µL SDS and 8 µL Proteinase K
were added to samples and incubated at 58 ◦C for 1 h, followed by adding 600 µL phe-
nol:chloroform (1:1, v/v) to each sample and vortexing, followed by centrifugation for
15 min. Then, 400 µL supernatant was collected and mixed with 800 µL anhydrous ethanol,
and kept at −20 ◦C for 30 min. All samples were centrifuged at 4 ◦C for 15 min, and
the precipitate was washed with anhydrous ethanol. The DNA was dissolved by ddH2O
and incubated at 37 ◦C for 30 min. Primers used for qRT-PCR are as follows: gB94-F:
5′-ACAAGTTCAAGGCCCACATCTAC-3′, gB94-R: 5′-GTCCGTGAAGCGGTTCGTGAT-3′.

2.3.12. Electron Microscopy

First, we took a small amount of virus liquid or virus containing Huaier polysaccharide
(100 or 200 µg/mL) droplets on the copper mesh and used filter paper to absorb excess
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virus solution, added 2% phosphotungstic acid dropwise on the copper mesh, used filter
paper to absorb excess dye, placed the sample in a drying oven, left it to dry, and used
a transmission electron microscope (Tecnai 12; Philips, Eindhoven, The Netherlands) to
observe it.

2.3.13. Flow Cytometry Assay

For apoptosis assays, PK15 cells were seeded at 1.2 × 106 per well into 6-well plates.
On the next day, the medium was changed to 2% DMEM supplemented with Huaier
polysaccharide for 24 h. According to the manufacturer’s instructions, PI staining was per-
formed with a Cell Apoptosis Kit with PI (Beyotime Biotechnology, Shanghai, China). The
percentage of apoptosis cells was measured by flow cytometry on a CytoFLEX instrument
(Beckman Coulter, Inc. Brea, CA, USA).

2.3.14. Statistical Analysis

All the experiments were independently repeated at least three times, and all data
are presented as the mean ± SD based on three independent experiments. The data were
analyzed using GraphPad Prism software (GraphPad Software, SanDiego, CA, USA).
One-way ANOVA, as well as Duncan’s multiple range test, was utilized to analyze dif-
ferences between groups. At a p value of <0.05, the differences were considered to be
statistically significant.

3. Results
3.1. Huaier Polysaccharide Has No Inhibitory Effect on PK15 Cells’ Growth and Apoptosis

According to a previous study [22], results showed that the vitality of breast cancer
cells is more significantly inhibited by Huaier aqueous extract. To explore the effect of
Huaier polysaccharide on PK15 cells, we checked the cells’ growth using the Enhanced
Cell Counting Kit-8. Figure 1A,B reveal that Huaier polysaccharide had no effect on PK15
cells’ growth at 24 h.p.i and 36 h.p.i. The results show that cell viability is not affected by
Huaier polysaccharide (25, 50, 100, and 200 µg/mL). In addition, we found that Huaier
polysaccharide (200 µg/mL) could not induce apoptosis in PK15 cells (Figure 1C).
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Figure 1. Huaier polysaccharide has no inhibitory effect on PK15 cells’ growth and apoptosis.
(A,B) PK15 cells were pretreated with different concentrations of Huaier polysaccharide at 37 ◦C
for 24 h or 36 h. Cell viability of PK15 cells was assessed with CCK-8 cell counting assays. (C) The
apoptosis of PK15 cells treated or not with Huaier polysaccharide (200 mg/mL) was checked by flow
cytometry. Significance was analyzed using the one-tailed Student’s t-test. Data are shown as mean
± SD based on three independent experiments. “ns” is not significant.

3.2. Huaier Polysaccharide Inhibis PRV XJ5 Infection in PK15 Cells

Figure 1 reveals that Huaier polysaccharide had no effect on PK15 cells’ growth. To
investigate the role of Huaier polysaccharides in preventing PRV XJ5 infection, PK15 cells
were treated as described in Section 2.3.2. PRV XJ5 (MOI = 0.1) infection resulted in an
obvious cytopathic effect (CPE) in the PK15 cells (Figure 2A), which could be inhibited by
Huaier polysaccharide, especially at the concentrations of 100 and 200 µg/mL. The antiviral
effect of Huaier polysaccharide against PRV XJ5 was further demonstrated through Western
blot analysis. gB is a protein that is essential for PRV replication [28]. Thus, we assessed the
change in gB expression. The results indicated that the PRV gB protein expression level was
reduced after Huaier polysaccharide treatment, with an inhibition rate of 73–94%, at 100
and 200 µg/mL concentrations (Figure 2B,C). The supernatant of the infected PK15 cells
was collected to determine the viral titer in terms of the 50% tissue culture infective dose
(TCID50). As expected, TCID50 analysis showed that the Huaier polysaccharide treatment
reduced the production of virions; 200 µg/mL Huaier polysaccharide displayed the inhibi-
tion rate of 99.9% (Figure 2D). Furthermore, the immunofluorescent assay (IFA) confirmed
that Huaier polysaccharide treatment inhibited PRV XJ5 infection in a dose-dependent
manner, with the inhibition rate of 13% (25 µg/mL)–99.6% (200 µg/mL) (Figure 2E). qRT-
PCR analysis indicated that Huaier polysaccharide decreased the viral DNA copies of PRV
XJ5 (Figure 2F). In addition, we explored the effect of Huaier polysaccharide on PRV NT
and PRV Ra by qRT-PCR. qRT-PCR analysis revealed that Huaier polysaccharide decreased
the viral DNA copies of PRV NT (Figure 2G) and PRV Ra (Figure 2H). The purpose of the
infective assay experiment was to emphasize that Huaier polysaccharide has a significant
role in the whole process of PRV XJ5 infection of PK15 cells.
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indicated that the PRV XJ5 viral titer was decreased significantly in the cells treated with 
Huaier polysaccharide (Figure 3C). Furthermore, the IFA demonstrated that Huaier pol-
ysaccharide decreased the numbers of cells infected with PRV XJ5 by approximately 48–
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Figure 2. Huaier polysaccharide inhibits PRV XJ5 infection in PK15 cells. (A) Infected cells treated
with 25, 50, 100, or 200 µg/mL Huaier polysaccharide for 12 or 24 h, showing changes in cell
morphology. (B) gB and actin protein expression was determined through Western blot assay.
(C) The relative intensity of intracellular gB to that of actin. Data are presented as means from
three independent statistical experiments. The relative intensities of protein were quantified using
Image J. Significance was analyzed using a one-tailed Student’s t-test. (D) The viral titers were
evaluated through 50% tissue culture infective dose (TCID50), and (E) immunofluorescent assay (IFA)
for internalized virus was performed. (F–H) PRV gB were assessed with qRT-PCR analysis in PK15
cells treated with Huaier polysaccharide (25, 50, 100, and 200 µg/mL) at 24 h.p.i. *** p = 0.0003,
**** p < 0.0001. Data are shown as mean ± SD based on three independent experiments.

3.3. Huaier Polysaccharide Decreased the Adsorption and Entry of PRV XJ5

The PRV life cycle comprises adsorption, entry, viral DNA replication, virion mor-
phogenesis, and viral egress [12,26,27]. In order to further explore the role of Huaier
polysaccharides in these processes of PRV XJ5 infected PK15 cells, we firstly studied the
effect of Huaier polysaccharide on virus adsorption and entry. The PK15 cells were infected
with PRV XJ5 (MOI = 0.1) according to the method described in Section 2.3.3. gB protein
was reduced, especially in the presence of 50, 100, and 200 µg/mL Huaier polysaccharide,
with inhibition rates of 51%, 75%, and 87%, respectively (Figure 3A,B). Simultaneously,
the supernatant was collected, and the viral titer was determined at 24 h.p.i. The results
indicated that the PRV XJ5 viral titer was decreased significantly in the cells treated with
Huaier polysaccharide (Figure 3C). Furthermore, the IFA demonstrated that Huaier polysac-
charide decreased the numbers of cells infected with PRV XJ5 by approximately 48–99.1%
(Figure 3D). In addition, we collected cells to quantify the viral DNA copies by qRT-PCR
after cells were washed with citric acid and PBS to remove uninternalized virus. qRT-PCR
analysis indicated that Huaier polysaccharide decreased viral adsorption and entry in a
dose-dependent manner (Figure 3E).
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Figure 3. Huaier polysaccharide reduced PRV XJ5 adsorption and entry. The cells were treated
according to the method described in Section 2.3.3. (A) Western blot showing changes in gB and actin
expression. (B) The intensity band ratio of intracellular gB to actin. Data are presented as means
from three independent statistical experiments. The intensities of protein bands were quantified
using Image J. Significance was analyzed using one-tailed Student’s t-test. **** p < 0.0001. (C) The
viral titers were evaluated through TCID50 assay. (D) The numbers of cells infected with PRV were
observed through IFA. (E) The virus DNA copies were observed through qRT-PCR after cells were
washed with citric acid and PBS to remove uninternalized virus. ** p = 0.003, **** p < 0.0001. Data are
shown as mean ± SD based on three independent experiments.

3.3.1. Huaier Polysaccharide Attenuates PRV Adsorption

This experiment emphasized PRV XJ5 adsorption. The adsorption of PRV occurred
for 1 h at 4 ◦C. We performed the experiment to study virus adsorption, as described in
Section 2.3.4. Figure 4A,B reveal that the Huaier polysaccharide treatment reduced PRV
gB protein expression levels, with the inhibition rate of 86–99%, compared with those in
untreated cells. To further assess the effect of Huaier polysaccharide on PRV XJ5 adsorption,
inhibition of virus adsorption was observed through TCID50 assay in the cell supernatant
(Figure 4C), and the IFA assay was used to observe the virus-infected cells (Figure 4D). In
addition, we collected cells to quantify the viral DNA copies by qRT-PCR after cells were
washed with PBS to remove unabsorbed virus. qRT-PCR analysis indicated that Huaier
polysaccharide decreased viral adsorption (Figure 4E). The results indicated that Huaier
polysaccharide attenuated virus adsorption by the PK15 cells.
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Figure 4. Huaier polysaccharide attenuates PRV XJ5 adsorption. PK15 cells were treated according
to the method described in Section 2.3.4. (A) At 24 h.p.i., PRV gB and actin protein expression were
analyzed through the Western blot assay. (B) The intensity band ratio of intracellular gB to actin. The
intensities of protein bands were quantified using Image J. (C) The viral titers were evaluated through
TCID50 assay. (D) Infected PRV XJ5 cells were observed through IFA. (E) The virus DNA copies
were observed through qRT-PCR after cells were washed with PBS to remove unadsorbed virus.
* p = 0.0219, **** p < 0.0001. Data are shown as mean ± SD based on three independent experiments.

3.3.2. Huaier Polysaccharide Influences PRV Entry into PK15 Cells

This experiment explored separately the entry of PRV at 1 h and 37 ◦C. We performed
the experiment to study PRV entry according to the method described in Section 2.3.5.
Western blot analysis showed that Huaier polysaccharide decreased the expression of
PRV gB, with the PRV entry inhibition rate being 13–47% (Figure 5A,B). The TCID50 assay
revealed that the PRV XJ5 titers were decreased (Figure 5C). The cells infected with PRV
were examined through IFA (Figure 5D). In addition, we collected cells to quantify the
viral DNA copies by qRT-PCR after cells were washed with citric acid and PBS to remove
uninternalized virus. qRT-PCR analysis indicated that Huaier polysaccharide decreased
viral entry in a dose-dependent manner (Figure 5E). The results confirmed that Huaier
polysaccharide influences PRV XJ5 entry. However, the inhibition rate of PRV entry by
Huaier polysaccharide was lower than the observed inhibition rate of PRV adsorption. The
results indicate that Huaier polysaccharide might have a prominent role in PRV adsorption.
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copies were analyzed by qRT-PCR. The results indicated that Huaier polysaccharide has 
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mildly affects virus replication. 

Figure 5. Huaier polysaccharide influences entry of pseudorabies virus in PK15 cells. The PK15
cells were treated according to the method described in Section 2.3.5. (A) At 24 h.p.i, PRV gB and
actin protein expression were quantified through Western blot assay. (B) The relative intensity of
intracellular gB to that of actin. Data are presented as the mean value from three independent
statistical experiments. The relative intensities of protein were quantified using Image J. Significance
was analyzed using the one-tailed Student’s t-test. (C) The viral titers were evaluated through TCID50

assay. (D) Immunofluorescence assay (IFA) for internalized virus was performed. (E) Intracellular
viral DNA copies were analyzed by qRT-PCR after cells were washed with citric acid and PBS to
remove uninternalized virus. *** p = 0.0001, **** p < 0.0001. Data are shown as mean ± SD based on
three independent experiments.

3.4. Huaier Polysaccharide Mildly Reduces PRV XJ5 Replication in PK15 Cells

The adsorption of PRV requires 1 h and occurs at 4 ◦C; entry of PRV requires 1 h
and occurs at 37 ◦C [29]. The life cycle of PRV is completed in approximately 6 h. Hence,
we chose the time periods of 4 and 6 h to study PRV replication. The expression of virus
protein gB and actin was analyzed through the Western blot assay at 4 and 6 h.p.i. The
DNA copies were analyzed by qRT-PCR. The results indicated that Huaier polysaccharide
has a slight effect on gB expression (Figure 6A–F), indicating that Huaier polysaccharide
mildly affects virus replication.
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Figure 6. Huaier polysaccharide affects PRV XJ5 replication in PK15 cells. The PK15 cells were
treated according to the method described in Section 2.3.6. At 4 and 6 h.p.i., the cells were collected
to evaluate the expression of PRV gB and actin proteins through Western blotting (A,C). (B,D) The
relative intensity of intracellular gB to that of actin. The relative intensities of protein were quantified
using Image J. (E,F) PRV viral DNA copies were analyzed by qRT-PCR at 4 and 6 h.p.i. Significance
was analyzed using the one-tailed Student’s t-test. NS, * p = 0.0299, ** p = 0.0017, *** p = 0.0001,
**** p < 0.0001. Data are shown as mean ± SD based on three independent experiments.

3.5. Huaier Polysaccharide May Directly Inactivate PRV XJ5

PRV XJ5 (MOI = 0.1) was pretreated with different concentrations of Huaier polysac-
charide for 1 h at 37 ◦C, and the PK15 cells were infected for 24 h. The cells were collected
to assess PRV gB expression through Western blotting. Figure 7A,B illustrate that Huaier
polysaccharide reduced PRV gB expression. Figure 7C indicated that virus copies were re-
duced significantly. In addition, the transmission electron microscope experiment revealed
that the PRV envelope was destroyed by Huaier polysaccharide (Figure 7D). These results
indicate that Huaier polysaccharide may directly inactivate PRV XJ5.
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Figure 7. Huaier polysaccharide may directly inactivate PRV XJ5. PRV XJ5 (MOI = 0.1) was treated
according to the method described in Section 2.3.8. (A) PRV gB was analyzed through Western
blotting. (B) The relative intensity of intracellular gB to that of actin. (C) PRV viral DNA copies were
analyzed by qRT-PCR at 24 h.p.i (D) PRV particle morphology was observed by electron microscopy.
The relative intensities of protein were quantified using Image J. Significance was analyzed using
the one-tailed Student’s t-test. **** p < 0.0001. Data are shown as mean ± SD based on three
independent experiments.

4. Discussion

Huaier has been used as a traditional Chinese herbal medicine for the treatment of
various diseases for thousands of years. In clinical treatment, Huaier polysaccharide has
demonstrated a promising auxiliary effect in the treatment of breast cancer, liver cancer,
and gastric cancer [30]. Increasing evidence suggests that Huaier polysaccharide can inhibit
cell proliferation [31,32], cause cell cycle arrest [33,34], and induce apoptosis [35,36] in
cancer cells. In a study, the bi-directional solid fermentation product extract of Huaier
with Radix Isatidis (TIF) could upregulate the expression of p53 and caspase-3 in both
SK-BR-3 and MDA-MB-231 cell lines [37]. In another study, researchers found that Huaier
polysaccharide could inhibit proliferation and promote apoptosis by increasing miR-26b-5p
expression in pulmonary cancer cells [38]. Additionally, Huaier polysaccharide extract was
found to impair genes related to cell division, the cell cycle, cell cycle phases, and DNA
repair [39]. Moreover, in vitro assays confirmed that Huaier polysaccharide could markedly
increase the persistence of γ-H2A.X foci and interfere with the homologous recombination
pathway [39].

The present study focused on determining the effect of Huaier polysaccharide on virus
infection and confirmed that Huaier polysaccharide can affect multiple life cycle stages of
PRV XJ5 virus to exert its antiviral effects. PK15 cells are generally used in in vitro PRV
research [40]. Huaier polysaccharide mainly affects the adsorption of PRV XJ5 on PK15
cells, and the effect is dose-dependent. The results of qRT-PCR further illustrated this
phenomenon. In a study by Zhang et al., the number of successfully invading/migrating
cells and the wound closure rate established through the transwell assay and scratch assay,
respectively, were reported to be decreased significantly by Huaier polysaccharide, which
proved the anti-metastasis effect of Huaier polysaccharide [20]. Thus, we speculate that
Huaier polysaccharide inhibits PRV adsorption through its anti-metastasis action; however,
the confirmation of this assumption warrants further study. In addition, we revealed that
Huaier polysaccharide inhibited PRV entry into PK15 cells by qRT-PCR. Moreover, we
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found that Huaier polysaccharide prevents virus infection, possibly by binding to a certain
receptor on the cell surface, and it protects the cells probably by directly inactivating the
virus. The polysaccharide might exert a weak effect on PRV XJ5 replication.

Studies have been focusing on one of the main pathways of programmed cell death
after viral infection [41]. The host cell can destroy virus-infected cells through apoptosis,
thereby preventing virus infection [42]. Huaier polysaccharide plays a central role in
activating the caspase-3 signaling pathway for apoptosis induction [43]. The Huaier
polysaccharide component SP1 (a type of purified Huaier polysaccharide) could increase
the proportion of Bax/Bcl-2 through the MTDH signaling pathway, which could be another
potential mechanism of Huaier in apoptosis induction in breast cancer cells [22]. Moreover,
18β-glycyrrhetinic acid inhibits apoptosis of the cells infected with rotavirus SA11 to
decrease rotavirus SA11 infection by Fas (CD95) and FasL (CD178). Similarly, Huaier
polysaccharide may depend on Fas (CD95) and FasL (CD178) to regulate apoptosis to
inhibit PRV infection [44]. We aim to investigate this assumption in our future studies.

5. Conclusions

In this study, we revealed that Huaier polysaccharide acts against PRV in PK15 cells
by blocking PRV adsorption and entry. Hence, Huaier polysaccharide could be further
developed as an antiviral agent against PRV infection. Although some studies have investi-
gated the molecular mechanisms, pharmacokinetic and pharmacodynamic models should
be developed for an in-depth understanding of the mechanism.
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Abstract: Nuclear factor κB (NF-κB) is involved in a wide range of innate immune activities in host
cells and serves as an important component of a host’s immunity system. To survive in infected
cells, viruses have evolved intricate strategies to evade the host immune response. Pseudorabies
virus (PRV) is a member of the alpha herpesvirus family and is capable of causing reproductive
and neurological dysfunction in pigs. PRV has a large DNA genome and therefore has the ability to
encode numerous proteins that modulate host innate immune responses. In the present study, we
demonstrated that the PRV-encoded immediate early protein ICP0 inhibits the tumor necrosis factor
alpha (TNF-α)-mediated NF-κB signaling pathway. An in-depth study showed that ICP0 protein was
able to limit NF-κB activation and decreased the expression of inflammatory cytokines interleukin-6
(IL-6) and interleukin 8 (IL-8). In addition, ICP0 blocked the activation of NF-κB through interacting
with p65, degrading its protein expression and limiting its phosphorylation. PRV protein ICP0 is
shown for the first time to enable escape from innate immune response through the regulation of
NF-κB during PRV infection. These results illustrate that PRV ICP0 is able to block NF-κB activation.
This mechanism may represent a critical role in the early events leading to PRV infection.

Keywords: pseudorabies virus; ICP0 protein; P65; NF-κB signaling pathway

1. Introduction

Nuclear factor-κB, also known as NF-κB, is an important component of intrinsic
immunity in the body [1–3]. Activation of the NF-κB signaling pathway can be divided
into classical and non-classical pathways, with the classical pathway being mainly through
the degradation of IκB proteins to allow the release of NF-κB dimers; the non-classical
pathway, on the other hand, is processed by p100 and p52, allowing activation of the
signaling pathway [4,5]. When cells are subjected to various extracellular stimuli, IκB
kinase is activated, leading to phosphorylation of IκB protein and ubiquitination, after
which the IκB protein is degraded and NF-κB dimers are released [6]. The NF-κB dimer is
then further activated by various post-translational modifications and is translocated to the
nucleus to participate in the transcriptional regulation of activated genes and the innate
immune response. In the nucleus, it binds to the target gene to facilitate transcription of the
target genes [7].

ICP0 is a ring-finger E3 ubiquitin ligase that belongs to the group of early-stage
proteins encoded by alpha herpesvirus [8]. The enzyme binds directly to the component
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proteins of the Ub pathway to inactivate the cellular processes that underlie host immune
defense and limit the progression of viral infection [9–11]. Many studies have shown that
ICP0 plays a key role in the HSV-1 infection cycle, among many other functions, which
are required to facilitate the efficient initiation of lytic infection and the activation of the
regeneration of the viral genome from latency [12]. Regarding how HSV-1 counteracts
the natural immune response of the host, many studies have shown that ICP0 can inhibit
the activation of IFN-β and nuclear factor-κB (NF-κB) [13,14]. Although the HSV-1 ICP0
protein has multiple immune evasion mechanisms, the immune evasion function of the
PRV ICP0 protein is not well understood.

Current studies on PRV proteins have focused on their antagonism to type I IFN
signaling pathways, especially the cGAS-STING-mediated signaling pathway. As the
DNA sensing pathway induced by innate immunity plays a critical role in controlling PRV
infection, PRV proteins evolved complex mechanisms to antagonize the innate immune
response. Several studies have indicated that PRV UL13 inhibits the IFN-β production
by targeting IRF3 in a kinase-dependent manner [15–17]. PRV UL24 efficiently inhibited
cGAS-STING-mediated IFN production by interacting with interferon regulatory factor 7
(IRF7) and degrading its expression through the proteasome pathway [18]. In addition, PRV
gE is involved in counteracting cGAS-STING-mediated IFN production through degrading
CBP [19]. Our previous study also found PRV US3 protein could inhibit cGAS-STING-
mediated IFN production by interacting with IRF3 and degrading its expression [20]. There
are a few studies on PRV immune evasion and the NF-κB signaling pathway. A recent
study showed that PRV UL24 protein abrogated TNF-α-mediated NF-κB activation by
interacting with p65 and promoting it for proteasomal degradation [21]. All in all, the study
on the evasion of host immune response mediated by PRV viral proteins is very limited.

In this study, we defined the role of PRV ICP0 protein in the inhibition of NF-κB
pathway activation. Our results indicated that the PRV ICP0 protein could significantly
inhibit TNF-α-mediated NF-κB activation. Additionally, ICP0 prevented the degradation
of IκBα and then degraded p65 to inhibit the expression of inflammatory factors IL-6 and
IL-8. Co-immunoprecipitation analysis demonstrated that ICP0 interacted with p65 and
degraded its expression through proteasome pathway. Meanwhile, ICP0 also inhibited the
phosphorylation and nuclear translocation of p65. In conclusion, this study is the first to
describe the role of ICP0 in antagonizing the NF-κB pathway. The attenuation of NF-κB
activation by PRV ICP0 protein may represent an essential accommodation to enable virus
persistence within the host.

2. Materials and Methods
2.1. Cells and Virus

PK15 and HEK293 cells were cultured with Dulbecco’s modified Eagle medium
(DMEM, BAILING) supplemented with 10% fetal bovine serum, at 37 ◦C in a 5% CO2
incubator. PRV Bartha-61 strain was propagated in BHK-21 cells, and the supernatants of
infected cells were clarified and stored at −80 ◦C.

2.2. Antibodies and Reagents

Anti-Flag tag rabbit polyclonal antibody (D191041), horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (D110058) and HRP-conjugated goat anti-mouse IgG
(D110087) were purchased from Sangon Biotech (Shanghai, China). NF-κB p65 rabbit
polyclonal antibody (10745-1-AP), GAPDH mouse monoclonal antibody (60004-1-Ig), Myc
tag mouse monoclonal antibody (60003-2-Ig), NFκB1 rabbit polyclonal antibody (14220-1-
AP) and TAK1 rabbit polyclonal antibody (12330-2-AP) were purchased from Proteintech
(Wuhan, China). Anti-HIST3H3 polyclonal antibody (K106623P) was purchased from Solar-
bio (Beijing, China). IκBα rabbit polyclonal antibody KO validated (AF5204), phospho-IκBα
(Ser32/36) rabbit polyclonal antibody (AF5851) and phospho-NF-κB p65 (Ser276) rabbit
polyclonal antibody (AF5875) were purchased from Beyotime (Shanghai, China). TransStart
Top Green qPCR SuperMix (+Dye II) was purchased from Transgen (Beijing, China). Cell

190



Viruses 2022, 14, 954

membrane/cytoplasm/nuclear membrane protein step extraction kit (BB-31042) was pur-
chased from BestBio (Shanghai, China). Lipofectamine 3000 was purchased from Invitrogen.
Chemical reagents RNase inhibitor (Thermo Fisher, Waltham, MA, USA), MG132 (Beyotime,
Nantong, China), chloroquine (CQ) (tlrl-chq, InvivoGen, San Diego, CA, USA), Ac-DEVD-
CHO (Beyotime) and TNF-α (InvivoGen) were purchased from indicated manufacturers.

2.3. Plasmids

A plasmid encoding Flag-tagged p65 was constructed by molecular cloning methods.
A Myc-tagged ICP0 plasmid was constructed in-house. All plasmids were verified by
sequencing. The primer sequences used in this study are available upon request.

2.4. Western Blotting

Cells were harvested and whole-cell extracts were prepared with lysis buffer RIPA
(Solarbio, Beijing, China). Cell extracts were subjected to 10% or 15% SDS-PAGE, and
the separated proteins were transferred to PVDF membranes (Millipore, Berlington, MA,
USA). The PVDF membranes were incubated with specific primary and HRP-conjugated
secondary antibodies. GAPDH or β-actin served as loading control. The proteins were
detected using ECL Blotting Substrate (Bio-Rad, Hercules, CA, USA).

2.5. Co-Immunoprecipitation Assay

Cells were collected with lysis buffer supplemented with phosphatase inhibitor cock-
tail and incubated with anti-Flag or anti-p65 antibody for 12 h at 4 ◦C. Then, 10 µL of
Protein G agarose slurry (Beyotime, Nantong, China) was added to each lysate. After
incubation for 4 h at 4 ◦C, the lysates were centrifuged at 2500 rpm for 5 min. The beads
were collected and washed 5 times with ice-cold PBS. The precipitates were mixed with
SDS buffer and boiled for 5 min at 95 ◦C. After centrifugation at 6000 rpm for 1 min, the
supernatant was collected and used for Western blot analysis.

2.6. RNA Extraction and RT-qPCR

mRNA transcription levels for NF-κB-dependent genes such as IFN-β, IL-6 and IL-
8 were determined by relative quantitative PCR (RT-qPCR). Cellular RNA was isolated
and reverse-transcribed to cDNA. Methods were performed as previously described [22].
Primers for RT-qPCR are available upon request.

2.7. Transfection

Plasmid DNA was transfected into PK15 cells using Lipofectamine 3000 (Invitrogen,
Waltham, MA, USA). All experiments were conducted in accordance with the company’s
instructions. Cells were then infected with PRV for 24 h at an MOI of 0.01 (except for the
cases mentioned in the text) to test the effect of ICP0 on PRV replication. In co-transfection
experiments, ICP0 and reporter gene constructs were used in a 1:1 mass ratio.

2.8. Nuclear and Cytoplasmic Extraction

PRV-infected or uninfected PK15 cells were washed in PBS with 400 µL of Extract A,
2 µL of protease inhibitor and 2 µL of phosphatase inhibitor (BestBio, Xi’an, China). The
homogenate was centrifuged at 1000 g at 4 ◦C for 5 min. The supernatant was preserved
as cytoplasm and placed on ice for 30 min. Then, 1 µL of protease inhibitor and 1 µL of
phosphatase inhibitor (BestBio, Xi’an, China) were added to 200 µL of Extract B and 5 µL
of Extract C. The mixture is placed on ice for another 30 min and kept as a nucleus. The
precipitates were analyzed by standard immunoblotting procedures.

2.9. Virus Titer

BHK-21 cells grown in 96-well plates were infected with 10-fold serial dilutions of
PRV samples. After 2 h at 37 ◦C, the culture medium was replaced with fresh DMEM.
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The plates were incubated for 72–96 h at 37 ◦C. PRV titers were calculated using the
Reed–Muench method.

2.10. ICP0 mRNA Detection

PK15 cells were infected with 1 MOI PRV, and then cells were collected at 1 h, 2 h,
3 h, 4 h and 5 h post-infection. Cellular RNA was extracted, and the expression of ICP0
mRNA expression was detected by RT-qPCR. Primers used were as follows: ICP0-qF,
GCGACGCTTCGTTTGTGG; ICP0-qR, GGTTCATCCCGTGCTCCTG.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA)

IFN-β secretion expression levels in the cell supernatants were detected using a swine
IFN-β ELISA kit (Jianglaibio, Shanghai, China), according to the manufacturer’s instructions.

2.12. P65 Polyubiquitination Assay

PK15 cells were co-transfected with the Myc-tagged ICP0, FLAG-tagged p65 and
Myc-tagged Ub expression vector at a 1:1:1 ratio using the Lipofectamine 3000 transfection
method. Protein was extracted 30 h post-transfection. The p65–ubiquitin complexes were
immunoprecipitated using anti-Flag antibody and immunoblotted with anti-Myc antibody
to detect ubiquitinated proteins.

2.13. Statistical Analysis

Measurements were compared using one-way ANOVA. Statistical significance com-
parisons were calculated using Student’s t-test in GraphPad Prism 7.0 software (La Jolla,
CA, USA). Unless otherwise stated, data are presented as the mean ± standard deviation
(SD) of at least three independent experiments. Asterisks indicate statistically significant
differences (*** p < 0.001, ** p < 0.01 and * p < 0.05).

3. Results
3.1. ICP0 Promotes PRV Replication in PK15 Cells

To investigate the role of viral protein ICP0 in the process of PRV infection, pCMV-
Myc-ICP0 plasmid was transfected into PK15 cells. After 24 h, cells were inoculated with
PRV to observe the effect of ICP0 on PRV multiplication. RT-qPCR results show that the
amount of viral genomic DNA copies in the ICP0 group grew considerably as compared
to the empty vector (EV) group (Figure 1A). Meanwhile, TCID50 assay showed the same
result: there was a significant upregulation of virus titer in the ICP0 transfection group
(Figure 1B). These results suggest that PRV viral protein ICP0 significantly promotes the
replication of PRV in PK15 cells.
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Figure 1. Exogenous expression of ICP0 enhances PRV replication in vitro. PK15 cells were trans-
fected with 1 µg pCMV-Myc plasmid (empty vector, EV) or pCMV-Myc-ICP0 plasmid (ICP0) for
24 h. Then, cells were infected with 0.01 MOI PRV for 24 h before PRV viral copy numbers and titers
were measured. Real-time quantitative PCR was used to determine viral copy number (A), and TCID50
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assay was performed for viral titer detection (Reed–Muench method) (B). Data are listed as
mean ± SD from three independent experiments. Comparison between two groups was evaluated
by unpaired Student’s t-test. * p < 0.05, ** p < 0.01.

3.2. ICP0 Inhibits the Transcription of Inflammatory Factors

To investigate whether ICP0 is involved in the regulation of inflammatory factor
expression, we assessed the effect of ICP0 on IL-6 and IL-8 mRNA transcription by RT-
qPCR. TNF-α was used as a stimulatory factor, and PK15 cells were transfected with an
ICP0 expression plasmid for 24 h prior to stimulation. Interestingly, TNF-α significantly
increased IL-6 and IL-8 mRNA expression, while gene transcription levels were significantly
reduced in ICP0 expression cells (Figure 2A). In addition, IL-6 and IL-8 could be efficiently
activated during PRV infection; in contrast, in viral protein ICP0 expression groups, this
was accompanied by a significant reduction in the transcription of these genes (Figure 2B).
Indeed, these results indicated that ICP0 protein dramatically inhibited TNF-α-mediated
NF-κB activation.
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Figure 2. Viral protein ICP0 inhibits IL-6 and IL-8 mRNA transcription. (A) PK15 cells were trans-
fected with pCMV-Myc empty vector (EV) (1.0 µg) or pCMV-Myc-ICP0 (1.0 µg) plasmids for 24 h. 
Then, cells were treated with or without 50 ng/mL recombinant human TNF-α and incubated for an 

Figure 2. Viral protein ICP0 inhibits IL-6 and IL-8 mRNA transcription. (A) PK15 cells were trans-
fected with pCMV-Myc empty vector (EV) (1.0 µg) or pCMV-Myc-ICP0 (1.0 µg) plasmids for 24 h.
Then, cells were treated with or without 50 ng/mL recombinant human TNF-α and incubated for
an additional 12 h, followed by total RNA extraction. IL-6 and IL-8 mRNA expression levels were
measured by RT-qPCR. (B) PK15 cells were transfected with pCMV-Myc empty vector (EV) (1.0 µg) or
pCMV-Myc-ICP0 (1.0 µg) plasmids for 24 h. Then, cells were infected with 0.01 MOI PRV for another
24 h. Cells were collected for cellular RNA extraction, and RT-qPCR was performed for IL-6 and IL-8
mRNA detection. Data are shown as mean ± SD from three independent experiments. Comparison
between two groups was evaluated by unpaired Student′s t-test. ** p < 0.01, *** p < 0.001.
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3.3. p65 May Be a Target of Pseudorabies Virus ICP0 Protein

During PRV infection, we found PRV infection induced p65 degradation at 5 h post-
infection at 1 MOI infection (Figure 3A left). When infected with a lower MOI (0.01 MOI),
the degradation of p65 started at 12 h post-infection (data not shown). This indicated
there might be other viral proteins participating in degrading p65 in the late infection of
PRV. We also detected ICP0 mRNA expression in 1 MOI PRV infected cells at indicated
time points. Results showed that ICP0 mRNA expression was increased with infection
time (Figure 3A Right). This means p65 degradation may be associated with ICP0 mRNA
transcription in infected cells. In order to determine whether p65 of the NF-κB signaling
pathway is ICP0’s molecular target, we overexpressed the viral protein ICP0 in PK15 cells.
Western blot results showed that ICP0 was able to block the phosphorylation of IκBα, as
well as the degradation of p65 (Figure 3B). Interestingly, the degradation of p65 by ICP0
was shown to proceed in a dose-dependent manner (Figure 3C). Based on the previous
results, we can speculate that the degradation of p65 upon PRV infection may be related to
viral protein ICP0.
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Next, we wanted to verify whether ICP0 played a similar role in the TNF-α-induced 
NF-κB signaling pathway activation. TNF-α was used as a stimulating factor in ICP0-
transfected PK15 cells. The results showed that TNF-α efficiently activated the NF-κB 
pathway, but ICP0 overexpression significantly inhibited IκBα phosphorylation and de-
graded p65 (Figure 3D), which is consistent with our previous results. Moreover, we also 
found when the NF-κB pathway was activated during TNF-α stimulation, ICP0 could in-
hibit the degradation of IκBα. This result was different from the result shown in Figure 
3B, which indicated that ICP0 had no effect on IκBα unless the NF-κB pathway was acti-
vated. Based on these results, we inferred that ICP0 may target p65 or its downstream to 
inhibit NF-κB pathway activation. 
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Figure 3. p65 may be a target of pseudorabies virus ICP0 protein. (A) PK15 cells were mock infected
or infected with 1 MOI PRV for 1 h, 2 h, 3 h, 4 h and 5 h. Then, cells were collected at the indicated
time points. Western blot was performed for p65 expression detection (Left). The expression of ICP0
mRNA was detected by RT-qPCR (Right). GAPDH served as loading control. (B) PK15 cells were
transfected with pCMV-Myc empty vector (EV) (1.0 µg) or Myc-ICP0 (1.0 µg) plasmids for 24 h. Then,
cells were harvested and lysed for Western blot detection. Factors included in the NF-κB signaling
pathway such as TAK1, IκBα, pIκBα, p50 and p65 were detected. GAPDH served as loading control.
The grey value of p65 relative to GAPDH was quantified. (C) PK15 cells were transfected with
increasing concentrations of expression vectors for ICP0. After 24 h, cells were collected and lysed for
p65 detection. GAPDH served as loading control. The grey value of p65 protein expression relative
to GAPDH was also quantified. (D) PK15 cells were transfected with pCMV-Myc empty vector (EV)
(1.0 µg) or Myc-ICP0 (1.0 µg) plasmids for 24 h. Then, cells were treated with or without 50 ng/mL
recombinant human TNF-α and incubated for an additional 12 h. Western blot was performed
for TAK1, IκBα, pIκBα, p50 and p65 detection with the indicated antibodies. GAPDH served as
loading control.

Next, we wanted to verify whether ICP0 played a similar role in the TNF-α-induced
NF-κB signaling pathway activation. TNF-α was used as a stimulating factor in ICP0-
transfected PK15 cells. The results showed that TNF-α efficiently activated the NF-κB
pathway, but ICP0 overexpression significantly inhibited IκBα phosphorylation and de-
graded p65 (Figure 3D), which is consistent with our previous results. Moreover, we also
found when the NF-κB pathway was activated during TNF-α stimulation, ICP0 could in-
hibit the degradation of IκBα. This result was different from the result shown in Figure 3B,
which indicated that ICP0 had no effect on IκBα unless the NF-κB pathway was activated.
Based on these results, we inferred that ICP0 may target p65 or its downstream to inhibit
NF-κB pathway activation.
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3.4. ICP0 Interacts with p65 and Degrades p65 through the Proteasome Pathway

PRV ICP0 exhibited a remarkable inhibitory effect on p65 protein, suggesting it could
target p65. To investigate whether there is an interaction between ICP0 and p65, PK15
cells were co-transfected with Flag-p65 and Myc-ICP0 plasmids for 30 h. Cells were col-
lected and a co-immunoprecipitation assay was carried out. The results showed that p65
co-precipitated with ICP0 protein (Figure 4A), suggesting that there is a direct interaction
between p65 and ICP0. We have further demonstrated this interaction under physiological
conditions. Myc-ICP0 plasmid was transfected into PK15 cells and verified using immuno-
precipitation. Interestingly, we obtained similar results (Figure 4B), which would further
certify an interaction between p65 and ICP0.
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pCMV-Myc empty vector (EV) (1.0 µg) for 24 h, then treated with proteasomal inhibitor MG132 (7.5 
µM), lysosome inhibitor CQ (50 µM) or caspase 3 inhibitor Ac-DEVD-CHO (50 µM) for 12 h. DMSO-
treated cells served as vehicle control. Then, cells were collected and immunoblotted for p65 and 
Myc-tagged ICP0. GAPDH served as loading control. (D) PK15 cells were co-transfected with the 
Myc-tagged ICP0, FLAG-tagged p65 and Myc-tagged Ub 30 h post-transfection. The p65–ubiquitin 
complexes were immunoprecipitated using anti-Flag antibody and immunoblotted with anti-Myc 
antibody to detect ubiquitinated proteins. 

Next, to identify the pathway by which ICP0 achieves the degradation of p65, we 
transfected the Myc-ICP0 plasmid into PK15 cells and treated the cells with MG132 (ubiq-
uitin–proteasome inhibitor), chloroquine (CQ, lysosome pathway inhibitor) or Ac-DEVD-

Figure 4. ICP0 targets p65 to inhibit NF-κB signaling. (A) PK15 cells were co-transfected with
pCMV-Myc empty vector (1.0 µg) or Myc-ICP0 (1.0 µg) plasmids and Flag-p65 (1.0 µg) plasmids for
24 h. The cells were then lysed and immunoprecipitated with an anti-Flag antibody. The whole-cell
lysates (input) and immunoprecipitation (IP) complexes were analyzed using an anti-Myc, anti-Flag
or anti-GAPDH antibody by Western blotting. (B) PK15 cells were transfected with pCMV-Myc
(1.0 µg) or Myc-ICP0 (1.0 µg) plasmids for 24 h. The cells were lysed and immunoprecipitated
with an anti-p65 antibody. The input and IP complexes were analyzed by Western blotting using
anti-p65, anti-Myc or anti-GAPDH antibodies. (C) PK15 cells were transfected with Myc-ICP0
(1.0 µg) or pCMV-Myc empty vector (EV) (1.0 µg) for 24 h, then treated with proteasomal inhibitor
MG132 (7.5 µM), lysosome inhibitor CQ (50 µM) or caspase 3 inhibitor Ac-DEVD-CHO (50 µM) for
12 h. DMSO-treated cells served as vehicle control. Then, cells were collected and immunoblotted for
p65 and Myc-tagged ICP0. GAPDH served as loading control. (D) PK15 cells were co-transfected
with the Myc-tagged ICP0, FLAG-tagged p65 and Myc-tagged Ub 30 h post-transfection. The p65–
ubiquitin complexes were immunoprecipitated using anti-Flag antibody and immunoblotted with
anti-Myc antibody to detect ubiquitinated proteins.
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Next, to identify the pathway by which ICP0 achieves the degradation of p65, we trans-
fected the Myc-ICP0 plasmid into PK15 cells and treated the cells with MG132 (ubiquitin–
proteasome inhibitor), chloroquine (CQ, lysosome pathway inhibitor) or Ac-DEVD-CHO
(caspase-3 inhibitor). Western blot results showed that MG132 prevented the degradation
of p65 by ICP0 but not by CQ and caspase-3 inhibitor Ac-DEVD-CHO (Figure 4C). It is sug-
gested that the degradation of p65 by ICP0 is achieved through the ubiquitin–proteasome
pathway. Proteins degraded via the proteasome pathway must be ubiquitinated first. The
above data indicated that ICP0 interacted well with p65; we next examined whether ICP0
affects p65 ubiquitination. The ubiquitination assay showed that ICP0 could increase p65
polyubiquitination (Figure 4D).

3.5. ICP0 Protein Suppresses p65 Phosphorylation

The classical hallmark of NF-κB activation is the degradation of IκBα, releasing two
subunits, namely p50 and p65, which then undergo phosphorylation and ubiquitination
modifications in the nucleus. ICP0 affects the NF-κB signaling pathway by targeting p65;
therefore, it was necessary to verify the effect of ICP0 on p65 phosphorylation. Empty vector
(EV) and Myc-ICP0 plasmids were transfected into PK15 cells respectively. Then, cells
were treated with MG132 and TNF-α. The results showed that TNF-α induced significant
phosphorylation of p65. Meanwhile, in the ICP0 transfection group, the phosphorylation
level of p65 was effectively inhibited (Figure 5). These results indicated that ICP0 abrogated
p65 phosphorylation.
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Figure 5. ICP0 protein suppresses p65 phosphorylation. (A)PK15 cells were transfected with empty
vector (EV) (1.0 µg) or Myc-ICP0 (1.0 µg) plasmids for 24 h and then stimulated with TNF-α
(50 µg/mL) for 12 h. Cells were treated with 7.5 µM MG132 for another 12 h before collection.
p65, phosphorylated p65 (pP65) and ICP0 protein (Myc) expression were detected by immune blot-
ting. GAPDH served as loading control. (B) The grey value of p65 phosphorylation relative to
GAPDH was quantified.

3.6. ICP0 Protein Blocks p65 Nuclear Translocation

The phosphorylation of p65 causes its nuclear translocation. To verify whether ICP0
affects the nuclear translocation process of p65, we transfected an ICP0 expression plasmid
into PK15 cells and examined the distribution of p65 in the cytoplasm and nucleus by
nucleoplasmic separation assay. Compared to the empty vector transfection group, in
the ICP0 transfection group, most of the p65 remained in the cytoplasm and only a small
amount entered the nucleus (Figure 6). The above results suggest that ICP0 inhibits the
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TNF-α-induced nuclear translocation process of p65, thereby limiting the activation of the
NF-κB signaling pathway.
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In Figure 1, we demonstrate that ICP0 expression enhances PRV replication in PK15 

cells, but it is unclear whether this observation is due to the attenuation of cytokine produc-
tion via NF-κB suppression shown in the above results. As it is well known that NF-κB reg-
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Figure 6. ICP0 protein blocks p65 nuclear translocation. (A) PK15 cells were transfected withpCMV-
Myc (1.0 µg) or Myc-ICP0 (1.0 µg) for 36 h. Cells were collected without MG132 and TNF-α treatment.
Cytoplasmic and nuclear proteins were extracted and subjected to Western blot analysis.(B) TNF-α
(50 µg/mL) was added into PK15 cells in the presence of either pCMV-Myc (1.0 µg) or Myc-ICP0
(1.0 µg) for 24 h. Before being collected, cells were treated with MG132 and TNF-α for 12 h. Then,
cytoplasmic and nuclear proteins were extracted and subjected to Western blot analysis. Expression
of p65 and Myc-tagged ICP0 was detected with specific antibodies. Histone 3 was used as a nuclear
protein marker. GAPDH served as loading control.
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3.7. ICP0 Protein Promotes PRV Proliferation via Decreasing IFN-β Production

In Figure 1, we demonstrate that ICP0 expression enhances PRV replication in PK15
cells, but it is unclear whether this observation is due to the attenuation of cytokine
production via NF-κB suppression shown in the above results. As it is well known that
NF-κB regulates IFN-β production, we then detected IFN-β expression in empty-vector- or
ICP0-transfected cells during PRV infection. Results indicated that ICP0 could abrogate
IFN-βmRNA transcription compared to the empty vector group in the condition of viral
infection (Figure 7A). ELISA was also used to quantify IFN-β secretion expression. As
shown in Figure 7B, ICP0 significantly inhibited antiviral factor IFN-β production. These
results demonstrated that ICP0 overexpression could block IFN-β production. Furthermore,
the increase in PRV proliferation caused by ICP0 was related to the decrease in antiviral
factor IFN-β production.
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Figure 7. ICP0 protein promotes PRV proliferation via decreasing IFN-β production. (A) PK15 cells
were transfected with pCMV-Myc and Myc-ICP0 plasmids. Then, cells were infected with PRV.
Cellular RNA was extracted, and RT-qPCR was performed to detect IFN-β mRNA transcription.
(B) PK15 cells were transfected with pCMV-Myc and Myc-ICP0 plasmids. Then, cells were infected
with PRV. Cell culture supernatant was collected. The secretion expression of IFN-β was detected
using ELISA. Data are shown as mean ± SD from three independent experiments. Comparison
between two groups was evaluated by unpaired Student’s t-test. *** p < 0.001.

4. Discussion

The innate immune response of the host is thought to play an important role in
resistance to viral infection. Activation of NF-κB as a strategy that protects the host against
viral pathogens plays a vital role in the regulation of the intrinsic immune response [23,24].
Therefore, many viruses have evolved different strategies to modulate NF-κB activation
and thus evade the host immune response [25–27]. In this study, we have demonstrated
that the PRV-encoded immediate early protein ICP0 inhibits the TNF-α-mediated NF-κB
signaling pathway activation.

PRV is a swine alphaherpesvirus closely related to the human herpes simplex virus
type 1 (HSV-1). PRV infects a broad host range of mammals. PRV infection primarily causes
an acute lytic infection in the adult pig, its natural host, characterized by respiratory distress
and reproductive failure while resulting in neurological symptoms and high mortality in
newborn piglets and non-natural hosts [28]. Although hosts have evolved powerful innate
immune mechanisms in response to virus invasion, PRV has evolved strategies to hijack
host immune responses for viral replication and the establishment of persistent infection.

In the present study, the PRV-encoded ICP0 protein has been verified to have the
ability to prevent TNF-α-stimulated NF-κB signaling pathway activation (Figures 2 and 3).
Given that the innate immune response is the first line of host antiviral systems, these
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results indicate that ICP0 plays an important role in PRV immune evasion of the NF-κB
signaling transduction pathway. The NF-κB pathway controls the transcription of many
immune molecules required to initiate an immune response to foreign pathogens; as a
result, disruption of the NF-κB pathway is likely to inhibit the immune response capacity
of the host cell.

PRV uses numerous viral proteins to antagonize the host innate immune system.
Previous studies showed that PRV UL24 had an inhibitory role in the NF-κB pathway [21].
In this study, we proved that PRV ICP0 had a similar effect to UL24 in the inhibition of
the NF-κB pathway. Using Western blot analysis, we identified p65 as a target of the PRV
ICP0 protein, through which it inhibits TNF-α-mediated activation of the NF-κB signaling
pathway (Figure 3).

p65 is a key regulator of the NF-κB pathway [29]; it can be phosphorylated by cel-
lular and viral proteins, contributing to the activation or inhibition of the transcriptional
activity of p65 and, as a result, leading to an increase or decrease in the production of
inflammatory factors.

Here, we found that the PRV ICP0 protein antagonized the NF-κB pathway by tar-
geting p65 and inhibited p65 phosphorylation and nuclear translocation (Figures 5 and 6).
Moreover, there was a direct interaction between ICP0 and p65, and endogenous p65
expression was also degraded by ICP0 through the proteasomal pathway (Figure 4).

As there is a direct interaction between ICP0 and p65 (Figure 4), and endogenous p65
levels are affected by ICP0 (Figure 3), we can infer that the nucleus p65 decrease in non-
TNF-α/MG132-treated cells is related to the degradation effect of ICP0 on p65. In contrast,
in TNF-α/MG132-treated cells, compared with the empty-vector-transfected group, in the
ICP0-transfected group, most of the p65 protein remained in the cytoplasm, and only a
small amount of p65 entered the nucleus (Figure 6). These results further confirmed that
ICP0 could inhibit the nuclear translocation of ICP0. In addition, results in Figures 3 and 5
also indicated that ICP0 could inhibit the phosphorylation level of IκBα and p65 when
cells were treated with TNF-α or TNF-α combined with MG132. So, the different results in
Figure 6A,B may be due to the inhibitory effect of ICP0 on phosphorylation of IκBα or p65.

In a related study on herpes simplex virus 1 study, scientists found that its ICP0 protein
inhibits TNF-α-induced NF-κB activation by interacting with p65 and p50. HSV-1 ICP0
also degraded p50 via its E3 ubiquitin ligase activity. Our results showed that PRV ICP0
had no effect on p50. Although both HSV-1 and PRV belong to Herpesviridae, and ICP0 is
a relatively conserved viral protein, the mechanisms by which it plays a role in different
viral infections may be different. As mentioned in this study, the ICP0 proteins of the two
viruses, which both affect the NF-κB signaling pathway, have different target molecules.
This difference may be related to the infectious properties of the viruses, and it also greatly
enriches our understanding of the role of ICP0 protein in the natural immune response.

In summary, our data demonstrate a possible mechanism by which ICP0 abolishes the
NF-κB signaling pathway (Figure 8). ICP0 inhibits NF-κB activation by targeting p65, and
there is a direct interaction between ICP0 and p65. In addition, ICP0 decreases the expres-
sion of p65 and blocks the activation of the NF-κB pathway by inhibiting phosphorylation
and nuclear translocation of p65. These findings suggest that pseudorabies virus ICP0 can
inhibit the TNF-α-mediated NF-κB signaling pathway and provide new insights into the
innate immune evasion of the pseudorabies virus.
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Figure 8. Model of ICP0 interfering with the NF-κB signaling pathway. The PRV protein ICP0
blocks the degradation of IκBα and inhibits its phosphorylation. Meanwhile, ICP0 interacts with
p65 and degrades p65 protein expression via the proteasome pathway. In addition, ICP0 inhibits
p65 phosphorylation and prevents its nuclear translocation, thereby negatively regulating the NF-κB
signaling pathway.
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Abstract: Pseudorabies virus (PRV) has evolved various strategies to escape host antiviral immune
responses. However, it remains unclear whether and how PRV-encoded proteins modulate the RIG-I-
like receptor (RLR)-mediated signals for immune evasion. Here, we show that the PRV tegument
protein UL13 functions as an antagonist of RLR-mediated antiviral responses via suppression of
the transcription of RIG-I and MDA5, but not LGP2. UL13 overexpression significantly inhibits
both the mRNA and protein levels of RIG-I and MDA5, along with RIG-I- or MDA5-mediated
antiviral immune responses, whereas overexpression of RIG-I or MDA5 counteracts such UL13-
induced suppression. Mechanistically, UL13 suppresses the expression of RIG-I and MDA5 by
inhibiting activation of the transcription factor NF-κB. Consequently, overexpression of p65 promotes
the activation of RIG-I and MDA5 promoters. Moreover, deletion of the p65-binding sites in the
promoters of RIG-I or MDA5 abolishes the suppression role of UL13. As a result, mutant PRV lacking
UL13 elicits stronger host antiviral immune responses than PRV-WT. Hence, our results provide a
novel functional role of UL13-induced suppression of host antiviral immunity through modulating
receptors’ transcription.

Keywords: pseudorabies virus (PRV); tegument protein UL13; RIG-I; MDA5; NF-κB

1. Introduction

Pseudorabies virus (PRV), a member of the Alphaherpesvirus subfamily, is the pathogen
of Aujeszky’s disease, which causes abortions and stillbirths in sows, central nervous
system disorders in young piglets, and respiratory disease in older pigs [1–3], generating
considerable economic losses worldwide in the swine industry worldwide [4]. Recent
studies report that PRV can also infect humans, thus raising great concern about cross-
species PRV transmission [5,6]. Similar to other alphaherpesviruses, PRV has evolved
multiple strategies to dismantle the host’s innate antiviral response [7–10], such as blocking
pattern-recognition receptor (PRR)-induced type-I interferon (IFN-I) and neutralizing the
antiviral functions of IFN-stimulated genes (ISGs), resulting in the establishment of lifelong
latent infection in the host. Nevertheless, viruses may also be released during latent
infection, which causes persistent infection in the host, and poses potential risks to the
breeding industry and human health. In addition, the constant mutation of PRV leads to
classical attenuated vaccines failing to provide sufficient protection against PRV infection.
Therefore, it is desirable to explore the strategies of innate immune escape of PRV for drug
target selection.
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As the first line of defense against viral invasion, the antiviral innate immune response
is activated through the recognition of pathogen-associated molecular patterns (PAMPs)
by PRRs, leading to the production of interferons (IFNs), inflammatory cytokines, and
chemokines to eliminate pathogens [11–13]. Transmembrane or cytosol PRRs—such as Toll-
like receptors (TLRs), RIG-I-like receptors (RLRs), and cGAS-STING—recognize distinct
pathogen-derived nucleic acids with different features. Among them, RLRs, including
retinoic-acid-inducible gene-I (RIG-I), melanoma-differentiation-associated gene 5 (MDA5),
and laboratory of genetics and physiology 2 (LGP2), are prominent intracellular PRRs that
normally sense RNA virus signals [12,14]. Interestingly, studies have discovered that DNA
virus replication generates RNA intermediates, which could be nucleic acid ligands for
RLRs [15–18]. In addition, host-derived RNAs produced by DNA viruses can also initiate
the RLR-mediated signaling pathway [19]. These studies indicate that RLR-mediated
antiviral innate immune response may also play important roles in defense against DNA
virus infection. In response, viruses have evolved numerous strategies to evade it [16].
However, little is known about how PRV escapes from RLR-mediated signaling pathways.

PRV has a large linear double-stranded DNA genome that encodes over 70 functional
proteins [20]. Among them, the tegument proteins possess a wide variety of functions in
viral entry, secondary envelopment, and viral capsid transportation during infection and
immune escape [21]. It has been shown that tegument proteins are the main components
of alphaherpesviruses antagonizing RLR signal transduction. For instance, HSV-1 pUS11
interacts with endogenous RIG-I and MDA5 through the RNA-binding domain to block
IFN-β production [22]. It has been shown that HSV-1 pUL37—a deaminase protein—
suppresses RNA-induced activation by targeting RIG-I [23]. UL13, a serine/threonine
protein kinase, is an important immune escape protein of PRV. Recent reports have found
that the PRV tegument protein UL13 acts as an antagonist of cGAS-STING-mediated IFN-β
production [24,25]. However, whether UL13 regulates the RLR pathway remains unknown.
Here, we show that PRV UL13 inhibits transcription of RIG-I and MDA5 through regulating
NF-κB activation, resulting in suppression of RLR-mediated IFN-β production. Our study
preliminarily explores the suppressive role of the PRV UL13 in the activation of RLR-
mediated antiviral innate immune response, and identifies a novel strategy of PRV for
immune escape.

2. Materials and Methods
2.1. Cells and Viruses

HEK293T cells, PK-15 cells, and BHK-21 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Stable PK-15 cells ectopically expressing
PRV UL13 (UL13-PK-15 cells), along with control cells, were generated previously [24].
Cells were maintained in Dulbecco’s minimal essential medium (DMEM) (Gibco, New
York, NY, USA) containing 10% fetal bovine serum (FBS) (Biological Industries, Israel)
and 1% penicillin–streptomycin (Gibco, New York, NY, USA) at 37 ◦C in 5% CO2. All
cells tested negative for mycoplasma using a mycoplasma detection kit (TransGen Biotech,
Beijing, China). PRV (Bartha-K61 strain) was purchased from the China Veterinary Culture
Collection Center (Cat# CVCC AV249, Beijing, China), and was purified in BHK-21 cells.
The PRV-∆UL13 recombinant strain was generated previously [24]. The wild-type PRV
(PRV-WT) and PRV-∆UL13 PRV strains were amplified and titrated in PK-15 cells using
standard protocols. Sendai virus (SeV), described previously [26], was propagated in
10-day-old embryonated eggs. SeV titers were then determined via the Reed–Muench
method using MDCK cells.

2.2. Antibodies and Reagents

The antibodies used and the sources were as follows: Anti-Flag M2 mouse mAb (1:5000,
F1804) was obtained from Sigma (St. Louis, USA). Antibodies against TBK1 (1:1000, 3013),
p-TBK1 (Ser172) (1:1000, 5483), p-p65 (Ser536) (1:1000, 3033), RIG-I (1:1000, 3743), MDA5
(1:1000, 5321), and MAVS (1:1000, 3993) were purchased from Cell Signaling Technology.
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Antibodies against p65 (1:2000, 10745-1-AP), β-actin (1:10,000, 66009-1-Ig), IκBα (1:2000,
10268-1-AP), and Lamin B1 (1:2000, 12987-1-AP) were purchased from Proteintech Group
Inc. Lipofectamine 2000 transfection reagent and Opti-MEM were purchased from Thermo
Fisher Scientific. Protease inhibitors were purchased from Roche. PMSF and DAPI were
purchased from Solarbio Life Sciences, Beijing, China.

2.3. Lentiviral Infection and Stable Cell Line Generation

Stable cell lines were generated as described previously [24]. Briefly, lentiviral particles
were produced in HEK293T cells transfected with two packaging plasmids (psPAX2 and
pVSVG) and an empty vector or pCDH-Flag-UL13 plasmid using Lipofectamine 2000
(Invitrogen). After 24 h, the recombinant viruses were filtered, then infected HEK293T
cells again and supplemented with Polybrene (6 µg/mL, Cat#H8641, Solarbio, Beijing,
China). Cells were selected with puromycin (Cat# IP1160, Solarbio, China) at a final
concentration of 6 µg/mL for 5 days. Monoclonal cells were obtained in 96-well plates via
the limited dilution method, and UL13-HEK293T cells were identified by immunoblotting
with anti-Flag monoclonal antibody (Sigma).

2.4. Reverse Transcription and Quantitative Real-Time PCR (qPCR)

Total RNA isolation was carried out using an RNA purification Kit (Promega, Madison,
WI, USA) and reverse-transcribed to cDNA using M-MLV reverse transcriptase with RNase
inhibitor (Takara Bio, Beijing, China). qPCR was performed in triplicate with RealStar
Green Fast Mixture (A303, GenStar, Beijing, China) and on a StepOnePlus thermal cycler
(ABI, Thermo Fisher, MA, USA). Threshold cycle numbers were normalized to triplicate
samples amplified with primers specific to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). qPCR primers for the target genes are listed in Table 1.

2.5. Immunoblotting

Immunoblotting assay was performed as previously described [27]. Cells were lysed
on ice with a lysis buffer (50 mM Tris-Cl at pH 7.4, 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 1 mM Na3VO4, 1 mM EDTA, and 1 mM PMSF) for 60 min.
Whole-cell lysates were separated by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) and transferred to a polyvinylidene fluoride membrane (Millipore)
for immunoblotting with specific antibodies.

2.6. Dual-Luciferase Reporter Assay

Human RIG-I, MDA5, or LGP2 promoter sequences (from positions −1500 to 0) were
amplified by DNA Polymerase (Vazyme Biotech Co., Ltd., Nanjing, China) and cloned
into pGL3-basic vectors to generate RIG-I-luc, MDA5-luc, or LGP2-luc reporter plasmids.
Putative p65-binding sites in RIG-I, MDA5, or LGP2 promoters were predicted using the
online software JASPAR (http://jaspar.genereg.net/ (accessed on 29 May 2022)). The
mutants of RIG-I or MDA5 promoters lacking putative p65-binding sites were amplified by
overlap PCR using specific primers, and were cloned into pGL3-basic vectors. For luciferase
assays, HEK293T cells were co-transfected with RIG-I-luc, MDA5-luc, and LGP2-luc, or
RIG-mut-luc, MDA5-mut-luc reporter plasmids, and expressing plasmids encoding UL13
or empty vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Twenty-four
hours after transfection, cell lysates were prepared and analyzed using the Dual-Luciferase
Report Assay System (Promega, Madison, WI, USA), according to the manufacturer’s
instructions. The Renilla luciferase reporter gene (pRL-TK, Promega) was used as an
internal control.
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Table 1. Primers or sequences used in this study.

Gene Forward Sequence (5′–3′) Reverse Sequence (5′–3′)

Primer sequences for qPCR
hGAPDH ATCAAGAAGGTGGTGAAGCA GTCGCTGTTGAAGTCAGAGGA
hIFNB1 GCACTGGCTGGAATGAGACT CCTTGGCCTTCAGGTAATG
hISG56 TTCGGAGAAAGGCATTAGA TCCAGGGCTTCATTCATAT
hMX1 AGCCACTGGACTGACGACTT ACCACGGCTAACGGATAAG
hOASL CCCTGGGGCCTTCTCTTC TCCTAACAGTGCCATTCCCT
hTNF AATAGGCTGTTCCCATGTAGC AGAGGCTCAGCAATGAGTGA
hIL-6 TAATGGGCATTCCTTCTTCT TGTCCTAACGCTCATACTTTT

h-RIG-I CTGGTTCCGTGGCTTTTTGG CACCTGCCATCATCCCCTTA
h-RIG-I-Flag GACTACAAGGACGACGATGA AGTGTGGCAGCCTCCATTGG

h-MDA5 AAAGCTCCTACCCGAGTGTG GCTGCCCACTTAGAGAAGCA
h-MDA5-Flag GACTACAAGGACGACGATGA AGGCTCCACCTGGATGTACA

h-LGP2 CAGCTGAGCCGACTTAGGAA CGCAGCAGCAGTACTTAACC
pGAPDH TACACTGAGGACCAGGTTGTG TTGACGAAGTGGTCGTTGAG
pIFNB1 TGCATCCTCCAAATCGCTCT ATTGAGGAGTCCCAGGCAAC
pISG56 TCCGACACGCAGTCAAGTTT TGTAGCAAAGCCCTGTCTGG
pMX1 GCTTTCAGATGCTTCGCAGG TGTCGTATGGCTGATTGCCT
pOASL CAGGCCAACAGGTTCAGACAG CAGGAAACCGCAGACGATGT
pTNF CGACTCAGTGCCGAGATCAA CTCACAGGGCAATGATCCCA
pIL6 AAGCTGCAGTCACAGAACGA GGACGGCATCAATCTCAGGT

p-RIG-I TCCTTCTGACTGCTAACGCT ACTAAGGAAGGTGTCCAGCAG
p-MDA5 TGAGGACTGATGTTTGATTCCAG ACCTCTGCCCACCAAGATAGA
pLGP2 CAGCCCTGCAAACAGTACGAC CACTCCAGTTTCGGGTTCTC

Primer sequences for regular PCR
PRV UL13 CCGGAATTCATGGACTACAAAGACGATG CGCGGATCCTCAGGCATCGAGTTCG
hRIG-I-Luc CGGGGTACCAAGTTTATCTGTAGGTTCAATG GGAAGATCTGCCTCACTAGCTTTAAAGCC

hMDA5-Luc CGGGGTACCCCAAGGTTTCATTTACTTCAAC GGAAGATCTCCTGACTTTGGTTTCTGTTT
hLGP2-Luc CGGGGTACCGGAGACCAGGTTTCCTTTCCAG GGAAGATCTAGAAATGGAAACTGAAACTGAG

hRIG-I-Luc-M1 ATTTGGACAACAGGTTATAAAGCTAAACAT ATGTTTAGCTTTATAACCTGTTGTCCAAAT
hRIG-I-Luc-M2 TTTGGACAACAGGTTATAAAGCTAAACAT ATGTTTAGCTTTATAACCTGTTGTCCAAA

hMDA5-Luc-M1 GCCTGGCGGGGATCAGGGAGACGC GCGTCTCCCTGATCCCCGCCAGGC
hMDA5-Luc-M2 AGCATGTGATTTAAAGGGGAAGTG CACTTCCCCTTTAAATCACATGCT

2.7. Inhibition of Signaling Pathways

For blocking of NF-κB and MAPK signals, specific chemical inhibitors were applied as
described previously [28]. Briefly, cells were pretreated with the NF-κB inhibitor Bay11-7082
(Bay11, 10 µM), JNK inhibitor SP600125 (SP, 10 µM), MEK/ERK inhibitor U0126 (10 µM), or
p38 MAPK inhibitor SB203580 (SB, 10 µM) for 1 h prior to poly(I:C) (InvivoGen, San Diego,
CA, USA) transfection. All chemical inhibitors were purchased from MedChemExpress
(MCE, Monmouth Junction, NJ, USA).

2.8. Cytoplasmic and Nuclear Protein Extraction

Cells were lysed on ice with a lysis buffer (10 mM HEPES at pH 7.9, 50 mM NaCl,
0.5 mM Sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 10 mM Sodium pyrophos-
phate decahydrate, 0.5 M NaF, 0.2 M Na3VO4, 1 mM PMSF, and protease inhibitor mixture)
for 60 min. The supernatant was collected for the cytoplasmic extract after centrifuging for
5 min at 1500 rpm. The pellet was resuspended with Buffer A (10 mM HEPES at pH 7.9,
10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, and protease inhibitor
mixtures), centrifuged for 5 min at 1500 rpm, and then the supernatant was removed. Then,
four volumes of buffer C (10 mM HEPES at pH 7.9, 500 mM NaCl, 0.1 mM EGTA, 0.1 mM
EDTA, 0.1% Nonidet P-40, 1 mM DTT, 1 mM PMSF, and protease inhibitor mixtures) were
added, and vortexed for 30 min at 4 ◦C. The supernatant was collected as the nuclear extract
after centrifugation for 10 min at 14,000 rpm. β-actin and Lamin B1 were used as loading
controls for the cytoplasm and nucleus, respectively.
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2.9. Immunofluorescence

UL13-HEK293T cells or control cells were transfected with poly(I:C) for 3 h and then
fixed for 20 min with 4% cold paraformaldehyde. Cells were then permeabilized for 10 min
with 0.1% Triton X-100, and then blocked with 5% bovine serum albumin (BSA, Sigma)
for 30 min. Cells were incubated with the appropriate primary antibodies for 120 min,
followed by staining with Alexa Fluor 594-conjugated secondary antibodies (Proteintech
Group Inc. China) or 647-conjugated secondary antibodies (TIANGEN, Beijing, China) for
60 min. Nuclei were stained with DAPI. Images were visualized and acquired using a laser
scanning confocal microscope with LAS X software (Leica, Wetzlar, Germany).

2.10. Statistical Analysis

All statistical analyses were carried out using GraphPad Prism v8.0 software; p-values
were calculated with a two-tailed paired or unpaired Student’s t-test, and p-values ≤ 0.05
were considered significant.

3. Results
3.1. UL13 Inhibits RLR-mediated Antiviral Immune Responses

The role of the PRV tegument protein UL13 has been indicated in the suppression
of host antiviral immune responses [24,29]. To confirm the suppressive effect of UL13 on
RLR-mediated IFN-I signaling, we generated stable HEK293T cells ectopically expressing
Flag-tagged UL13 (UL13-HEK293T cells). Immunoblotting analysis showed that Flag-UL13
was successfully expressed in UL13-HEK293T cells (Figure 1A). Upon poly(I:C) transfection
or Sendai virus (SeV) infection, which typically activate RLR-mediated immune responses,
UL13-HEK293T cells showed impaired gene expression of IFNB1 and downstream ISGs—
including ISG56, MX1, and OASL—compared with control cells (Figure 1B,C), indicating
that UL13 inhibits RLR-mediated expression of type-I IFN and downstream ISGs. This
observation was further confirmed in PK-15 cells stably expressing UL13 (UL13-PK-15 cells)
(Figure 1D,E). These results suggest that UL13 functions as an antagonist of RLR-mediated
type-I IFN responses.

3.2. UL13 Inhibits RLR-Mediated Antiviral Response by Suppressing Transcription of RIG-I
and MDA5

The transfected cytosolic RNA is mainly recognized by RLRs, and activates the adaptor
protein MAVS to initiate innate antiviral immune response [11]. To know whether UL13
targets the RLR-mediated signaling pathway, we next examined the effect of UL13 on
transfected poly(I:C)-mediated immune responses in HEK293T cells or PK-15 cells. The re-
sults showed that UL13 expression markedly inhibited the expression of RIG-I and MDA5,
as well as phosphorylation of TBK1, in response to poly(I:C) transfection (Figure 2A),
indicating that UL13 likely targets the expression of RIG-I-like receptors to suppress RNA-
mediated immune response. Similarly, upon SeV infection, UL13 expression also inhibited
expression of RLR receptors—including RIG-I and MDA5—and phosphorylation of TBK1
and IRF3 in both HEK293T cells and PK-15 cells (Figure 2B), further confirming the sup-
pressive effect of UL13 on RNA-mediated immune responses. Notably, UL13 did not
alter total protein levels of MAVS, TBK1, and IRF3 (Figure 2A,B), suggesting that UL13
possibly targets the upstream RLRs to suppress RLR-mediated signaling activation. In-
deed, UL13 expression strikingly suppressed gene transcription of RIG-I and MDA5 under
poly(I:C) transfection conditions (Figure 2C). However, expression of UL13 did not affect
mRNA expression of LGP2—another RIG-I like receptor. To confirm the effect of UL13 on
RLR transcription, we first constructed luciferase reporter plasmids by introducing RIG-I,
MDA5, or LGP2 promoter sequences into the pGL3-basic vector. Luciferase assays showed
that UL13 expression remarkably restrained activation of RIG-I or MDA5 promoters in
HEK293T cells, but not that of the LGP2 promoter (Figure 2D), which is consistent with
the suppressive effect of UL13 on transcription of RIG-I and MDA5 (Figure 2C). Together,
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these data demonstrate that UL13 negatively regulates the RLR signaling pathway via
suppression of the transcription of RIG-I and MDA5.
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Figure 1. PRV UL13 negatively regulated RLR-mediated expression of type-I IFN and ISGs. (A) The
expression of Flag-tagged UL13 in HEK293T or PK-15 cell lines was verified by immunoblotting;
β-actin served as a loading control. (B–E) Quantitative real-time PCR (qPCR) analysis of IFNB1
and downstream ISG (ISG56, MX1, and OASL) mRNA expression in UL13-HEK293T cells (B,C) or
UL13-PK-15 cells (D,E), and control cells left untreated (UT) or transfected with 1 µg/mL of poly(I:C)
(B,D) for 6 h or infected with SeV (MOI = 1) (C,E) for 12 h. Data are pooled from three independent
experiments (mean ± SEM); *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Student’s t-test).

3.3. Enforced Expression of RIG-I and MDA5 Counteracts UL13-Suppressed Antiviral
Immune Responses

Having known that UL13 expression inhibits transcription of RIG-I and MDA5, leading
to repression of RNA-triggered induction of IFNs and downstream antiviral responses,
we next examined whether UL13 directly targets the mRNA of RLRs. qPCR analysis
showed that UL13 overexpression has no effect on exogenous RIG-I/MDA5 transcription
(Figure 3A), suggesting that UL13 may repress endogenous transcription of RLRs. Then,
we investigated whether overexpression of RIG-I or MDA5 could rescue the phenotype. As
expected, enforced expression of RIG-I or MDA5 counteracted UL13-induced suppression
of antiviral immune responses, including expression of IFNB1 and downstream ISGs (ISG56
and OASL), both at the basal level and in response to stimulation of transfected poly(I:C)
(Figure 3B), showing that RIG-I and MDA5 are the key targets for UL13 during RLR-
mediated immune responses. In line with this observation, overexpression of RIG-I or
MDA5 also enhanced phosphorylation of TBK1 induced by transfected poly(I:C) in UL13-
HEK293T cells, without altering the expression of total TBK1 (Figure 3C). Collectively,
these data demonstrate that UL13 inhibits RLR-mediated antiviral immune responses via
downregulation of RLR expression.
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Figure 2. UL13 inhibits transcription of RIG-I and MDA5 to suppress RLR-mediated antiviral
responses. (A,B) Immunoblotting analysis of RIG-I, MDA5, MAVS, phosphorylated (Ser172) and
total TBK1, and phosphorylated (Ser396) and total IRF3 in whole-cell lysates of UL13-HEK293T or
UL13-PK-15 cells and control cells stimulated with poly(I:C) (A) or infected with SeV (MOI = 1, B)
for the indicated times (above lanes); β-actin served as a loading control. (C) qPCR analysis of the
mRNA levels of RIG-I, MDA5, and LGP2 in UL13-HEK293T cells, UL13-PK-15 cells, or control cells
left untreated (UT) or transfected with poly(I:C) for 6 h. (D) Luciferase activities in HEK293T cells
co-transfected with RIG-I, MDA5, or LGP2 promoter-driven luciferase reporters (50 ng) and plasmids
encoding UL13 (concentration 150 ng, 300 ng) or empty vectors. Twenty-four hours after transfection,
cell lysates were analyzed for luciferase activity. Data are representative of three independent
experiments (A,B), or are pooled from three independent experiments (C,D, mean ± SD); *, p < 0.05;
**, p < 0.01; ***, p < 0.001; ns, not significant (Student’s t-test).
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Figure 3. Enforced expression of RIG-I or MDA5 rescues UL13-suppressed antiviral immune re-
sponses. (A) qPCR analysis of RIG-I and MDA5 mRNA expression in UL13-HEK293T cells or control
cells transfected with plasmids encoding Flag-RIG-I or Flag-MDA5 for 24 h. (B) qPCR analysis of
IFNB1 and downstream ISG (ISG56 and OASL) mRNA expression in cells transfected with plasmids
encoding Flag-RIG-I, Flag-MDA5, or an empty vector for 24 h following poly(I:C) transfection for 6 h.
(C) Immunoblotting analysis of phosphorylated (Ser172) and total TBK1, Flag-RIG-I or Flag-MDA5,
and Flag-UL13 in UL13-HEK293T cells transfected with plasmids encoding Flag-RIG-I, Flag-MDA5,
or an empty vector for 24 h following poly(I:C) transfection for the additional indicated periods.
Data are pooled from three independent experiments (A,B, mean ± SD) or representative of three
independent experiments (C); *, p < 0.05; **, p < 0.01; ns, not significant (Student’s t-test).

3.4. UL13 Overexpression Restrains NF-κB Activation to Modulate Transcription of RIG-I
and MDA5

Next, we sought to investigate the mechanisms by which UL13 suppresses the tran-
scription of RLRs and RLR-mediated antiviral gene expression. It has been established
that activation of NF-κB and mitogen-activated protein kinases (MAPKs) modulates gene
transcription. We therefore examined whether UL13 modulates the activation of NF-κB
and/or MAPKs to regulate IFN responses induced by poly(I:C) transfection. qPCR analysis
showed that inhibition of NF-κB by a chemical inhibitor compromised the expression of
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IFNB1 and downstream ISGs such as ISG56 and MX1, whereas inhibition of MAPKs did not
alter the UL13-mediated suppression of IFNB1 and ISGs induced by transfected Poly(I:C) in
HEK293T cells (Figure 4A), indicating that UL13 regulates NF-κB activation to repress RLR-
mediated IFN responses. Consistently, immunoblotting analysis also showed that UL13
overexpression significantly suppressed phosphorylation of p65 and retarded degradation
of IκBα in HEK23T cells transfected with poly(I:C) (Figure 4B). Importantly, overexpres-
sion of UL13 strikingly decreased the protein expression of RIG-I under both basal and
stimulated conditions (Figure 4B), implying that suppression of NF-κB by UL13 is related
to RIG-I expression. Moreover, UL13 overexpression impaired poly(I:C)-induced nuclear
translocation of p65 (Figure 4C,E) and mRNA expression of IL6 and TNF (Figure 4F)—two
key inflammatory cytokines that are dependent on NF-κB. Altogether, these results suggest
that UL13 modulates NF-κB activation to suppress RLR expression and RLR-mediated
antiviral immune responses.

To further clarify whether UL13 regulates transcription of RIG-I or MDA5 by inhibiting
activation of NF-κB, we next examined the effects of p65 on the activation of RIG-I, MDA5,
and LGP2 promoters. Luciferase assays showed that p65 significantly promoted the activity
of RIG-I and MDA5 promoters, but not the LGP2 promoter (Figure 4G), demonstrating that
NF-κB activation is critical for transcription of RIG-I and MDA5. Interestingly, RIG-I and
MDA5 promoters, but not the LGP2 promoter, contain several putative p65-binding sites
(Figure 4H). To confirm the direct role of NF-κB in the transcription regulation of RIG-I or
MDA5, we constructed two mutant RIG-I and MDA5 luciferase reporter plasmids in which
two putative p65-binding sequences were deleted (Figure 4H). The results showed that
while UL13 expression dramatically suppressed wild-type RIG-I-promoter-driven luciferase
activity, UL13 failed to suppress mutant RIG-I-promoter-driven luciferase activity when
the p65-binding motif between −421 and −412 was deleted (Figure 4I). Similarly, UL13
inhibited wild-type MDA5 promoter activity but failed to suppress mutant MDA5 promoter
activation when the p65-binding sites were deleted (Figure 4I). Together, the above data
suggest that the transcription of RIG-I and MDA5 is dependent on NF-κB, and that UL13
suppresses transcription of RIG-I and MDA5 by inhibiting NF-κB activation.

3.5. UL13 Deficiency Potentiates RLR-Mediated Antiviral Responses during PRV Infection

Next, we investigated the effects of UL13 on RIG-I and MDA5 expression during PRV
infection in HEK293T cells. Compared with wild-type PRV (PRV-WT), HEK293T cells
showed higher levels of RIG-I or MDA5 when infected with the mutant PRV lacking UL13
(PRV-∆UL13) (Figure 5A). Consequently, PRV-∆UL13 infection enhanced the induction
of IFNB1 and downstream ISGs, as well as the key inflammatory mediators, including
IL6 and TNF (Figure 5B,C). Consistent with these results, the expression of RIG-I and
MDA5, along with the phosphorylation levels of TBK1 and p65—but not the key adaptor
protein MAVS—were higher in HEK293T cells infected with PRV-∆UL13 than in PRV-WT-
infected cells (Figure 5D). Collectively, these data suggest that deficiency of UL13 promotes
RLR-mediated antiviral immune responses during PRV infection.
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Figure 4. UL13 represses transcription of RIG-I and MDA5 by regulating NF-κB activation. (A) qPCR
analysis of mRNA expression of IFNB1 and downstream ISG (ISG56 and MX1) in UL13-HEK293T
cells or control cells. Cells were left untreated or transfected with poly(I:C) for 6 h, or pretreated
with NF-κB inhibitor (BAY11-7082, 10 µM), JNK inhibitor (SP600125, 10 µM), MEK/ERK inhibitor
(U0126, 10 µM), or p38 inhibitor (SB203580, 10 µM) for 1 h, followed by poly(I:C) stimulation for 6 h.
(B) Immunoblotting analysis of RIG-I, phosphorylated (Ser356) and total p65, IκBα, and Flag-UL13 in
whole-cell lysates of UL13-HEK293T cells or control cells transfected with or without poly(I:C) for the
indicated times. (C) Immunoblotting analysis of p65 protein levels in the nucleus and cytoplasm in
UL13-HEK293T cells and control cells transfected with poly(I:C) for 3 h; β-actin and Lamin B1 served
as the loading controls for the cytoplasm and nucleus, respectively. (D) Immunofluorescence analysis
of the nuclear translocation of p65 in UL13-HEK293T cells or control cells left untreated or transfected
with poly(I:C) for 3 h. Scale bars = 20 µm. (E) Quantification of nuclear localization of p65. (F) qPCR
analysis of mRNA expression of IL6 and TNF in cells as in (D). (G) Luciferase activities in UL13-
HEK293T cells or control cells co-transfected with RIG-I-, MDA5-, or LGP2-promoter-driven luciferase
reporters and plasmids encoding p65 or empty vectors. Twenty-four hours after transfection, cell
lysates were analyzed for luciferase activity. (H) Annotation of putative p65-binding sites in RIG-I
promoter or MDA5 promoter and their mutants. (I) Luciferase activities in UL13-HEK293T cells or
control cells co-transfected with RIG-I- or MDA5-promoter-driven luciferase reporters or mutants
with plasmid encoding p65 or empty vectors. Twenty-four hours after transfection, cell lysates were
analyzed for luciferase activity. Data are pooled from three independent experiments (A,E–G,I,
mean ± SD) or representative of three independent experiments (B,D); *, p < 0.05; **, p < 0.01; ns, not
significant (Student’s t-test).
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Figure 5. UL13 deficiency increases expression of RLRs and promotes RLR-mediated antiviral
responses. (A) qPCR analysis of RIG-I and MDA5 mRNA levels in HEK293T cells infected with
PRV-WT or PRV-∆UL13 (MOI = 1) for the indicated times. (B,C) qPCR analysis the mRNA levels
of IFNB1, downstream ISGs (ISG56 and OASL) (B), and expression of IL6 and TNF (C) in HEK293T
cells infected with PRV-WT or PRV-∆UL13 (MOI = 1) for the indicated periods. (D) Immunoblotting
analysis of MDA5, RIG-I, MAVS, phosphorylated and total TBK1, and phosphorylated and total
p65 in HEK293T cells infected with PRV-WT or PRV-∆UL13 (MOI = 1). Data are pooled from three
independent experiments (A, B, C, mean ± SD) or representative of three independent experiments
(D); *, p < 0.05; **, p < 0.01; ns, not significant (Student’s t-test).

4. Discussion

IFN-mediated innate immune responses are crucial in protecting the host from viral
infections and activating adaptive immunity [30,31]. In response to viral infection, host cells
activate multiple signaling cascades to disrupt viral replication when specific molecular
components of viruses are recognized [32,33]. Generally, cytosolic DNA sensors, such as
cGAS, play important roles in recognition of DNA viruses [34–36]. Interestingly, recent
studies suggest that RLRs sense RNA intermediates and host-derived RNAs during DNA
virus infection [37–40]. As a DNA virus, PRV can establish long-term infection by evading
cGAS-STING- and TLR3-induced antiviral innate immune responses [7,24,29]. However,
how PRV evades RLR-mediated immune responses remains obscure. Here, we show that
the PRV tegument protein UL13 suppresses type-I IFN production and downstream ISGs
induced by RNA stimulation, indicating that UL13 functions as a novel antagonist of
RLR-mediated antiviral responses. Hence, our study provides evidence that UL13 plays
important roles in PRV’s evasion of RLR-mediated antiviral innate immune responses.

In recognition of RNAs, RLRs activate the MAVS–TBK1–IRF3 axis to induce type-I
IFN responses [21]. Viruses, such as alphaherpesviruses, have developed multitudinous
strategies for the evasion of RLR-mediated signaling [21]. Among these strategies, targeting
RIG-I and MDA5 receptors is an effective way to inhibit RLR-mediated signaling trans-
duction. For example, the HSV-1 UL11 C-terminal RNA-binding domain binds to RIG-I
and MDA5, resulting in inhibition of downstream signaling activation [22]. HSV-1 UL37
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deamidates RIG-I, rendering it unable to sense viral RNA and, thus, blocking its ability to
induce antiviral immune responses [23]. HSV-2 utilizes the virion host shutoff (vhs) protein
to suppress RIG-I and MDA5 expression [41]. Consistently, we found that PRV infection
could also significantly inhibit the gene transcription of RIG-I and MDA5, but not LGP2.
Mechanistically, the PRV tegument protein UL13 inhibits transcription of RIG-I or MDA5
by suppressing activation of NF-κB. Notably, both RIG-I and MDA5 are ISGs, and their
expression can be quickly induced upon viral infection and dsRNA stimulation [42,43].
As IFN-inducible genes, increases in RIG-I and MDA5 expression may amplify the effects
of IFNs [44]. Therefore, targeting of RIG-I and MDA5 by PRV can be a novel and simple
strategy to escape RLR-mediated antiviral innate immune response.

Gene expression is under tight control of transcription factors that bind to unique
DNA enhancer/repressor elements [26]. For RIG-I, several transcription factors have been
reported to be directly involved in its transcriptional regulation. For example, interferon
regulatory factor-1 (IRF1) positively regulates interferon- or dsRNA-induced RIG-I tran-
scription [45]. CCAAT/enhancer-binding protein beta (C/EBPβ) acts as a repressor element
to bind the RIG-I promoter for RIG-I transcriptional inhibition [46]. In this study, we found
a key p65-binding site in the RIG-I proximal promoter. Deletion of the p65-binding site
resulted in dramatic loss of RIG-I promoter activation induced by p65, which is consistent
with a previous report [46]. Unlike RIG-I, the molecular mechanism that induces MDA5
expression has not been presented. Here, we identified that p65 expression noticeably
induced MDA5 promoter activity. Deletion of two key p65-binding sites abolished activity
of the MDA5 promoter induced by p65, indicating that p65 is also the key transcriptional
factor for MDA5 transcription. In contrast, no putative p65-binding site was found in
the LGP2 promoter, which is consistent with the finding that UL13 did not affect LGP2
activation. UL13 is a serine/threonine protein kinase that targets several viral and cellular
substrates [47]. Studies have shown that UL13 can participate in various processes depend-
ing on its kinase activity. For example, UL13 directly modulates the phosphorylation of
viral proteins VP11/12, ICP22, and UL49 [48,49], promotes the assembly and release of
mature infectious virions [50], and stabilizes the viral ICP0 protein against degradation.
Furthermore, UL13 targets STING or IRF3 to escape IFN-mediated antiviral innate immune
response [24,25,29]. Here, we found that UL13 inhibited the expression of RIG-I and MDA5
by blocking the activation of NF-κB. However, the detailed mechanisms of how UL13
prevents NF-κB activation require further investigation.

In summary, this study identifies novel evasion strategies for PRV via suppression
of the transcription of RIG-I and MDA5 by UL13 through targeting NF-κB activation,
further highlighting the importance of UL13 in the regulation of host innate antiviral
immune responses.
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Abstract: Viruses depend on the metabolic mechanisms of the host to support viral replication.
We utilize an approach based on ultra-high-performance liquid chromatography/Q Exactive HF-X
Hybrid Quadrupole-Orbitrap Mass (UHPLC-QE-MS) to analyze the metabolic changes in PK-15
cells induced by the infections of the pseudorabies virus (PRV) variant strain and Bartha K61 strain.
Infections with PRV markedly changed lots of metabolites, when compared to the uninfected cell
group. Additionally, most of the differentially expressed metabolites belonged to glycerophospholipid
metabolism, sphingolipid metabolism, purine metabolism, and pyrimidine metabolism. Lipid
metabolites account for the highest proportion (around 35%). The results suggest that those alterations
may be in favor of virion formation and genome amplification to promote PRV replication. Different
PRV strains showed similar results. An understanding of PRV-induced metabolic reprogramming
will provide valuable information for further studies on PRV pathogenesis and the development of
antiviral therapy strategies.

Keywords: pseudorabies virus; metabolomic analysis; UHPLC-QE-MS; PK-15 cells

1. Introduction

The pseudorabies virus (PRV) is a member of the Herpesviridae family, which causes
Aujeszky’s disease (AD) in pigs [1]. Pigs are the main host of PRV, and pigs of different ages
can be infected with PRV. AD leads to high mortality and symptoms related to the central
nervous system in piglets, respiratory disease in adult pigs, and decreased reproduction in
sows, which have resulted in great economic losses for the pig industry [2]. PRV also infects
other mammals, such as ruminants, carnivores, rodents, and even humans [3–5], posing a
concern for public health. PRV virions are composed of double-stranded DNA genomes,
capsids, teguments, and envelopes. The genome is approximately 150 kb and encodes over
100 proteins [1]. PRV was discovered in the 1900s and then widely distributed in the world.
Although PRV has been eradicated in some Western countries (such as the United States,
Germany, and Canada), it is still prevalent in many countries [6]. The Bartha K61 strain
is one of the classically attenuated PRV strains, known as Bartha K61, which was isolated
in 1961 and attenuated by a series of passages in embryos and chicken cells [7]. As an
attenuated live vaccine, Bartha K61 can induce effective immune responses against PRV in
pigs [8,9]. However, in 2011, PRV variant strains emerged in Northern China, then caused
appalling outbreaks in swine farms, including in PRV-vaccinated swine farms [10,11].
Although much progress has been made in the research on the pathogenesis of PRV, the
detailed mechanisms of the interaction between PRV and host cells remain unclear.

Metabolomics is a new subject developed after genomics and proteomics. Nowa-
days, metabolomics has been applied to disease diagnosis, pharmaceutical research and
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development, nutrition science, environmental science, botany, and other fields closely
related to human health [12,13]. Metabolomics focuses on low-molecular-weight metabo-
lites (MW < 1 KD, such as sugars, lipids, amino acids, and vitamins) in various metabolic
pathways, and it can reflect the changes in the metabolic response of cells or tissues to
external stimulation or genetic modifications, which contribute to reveal the mechanism of
interaction between host cells and external factors [14,15].

Viruses are intracellular parasites and cannot proliferate independently. They must
hijack and rely on the metabolic mechanisms and resources of host cells for their own
replication [16,17]. Virus infection remodels the metabolic machineries in host cells to deal
with the higher metabolic demands during virus replication [18–20]. Zika virus infection
increased the glucose utilization in the tricarboxylic acid (TCA) cycle in HFF-1 cells and
elevated the AMP/ATP ratios, which led to cell death [21]. Influenza virus was shown
to affect host metabolic pathways to ensure the production of viral particles. Glucose
uptake and aerobic glycolysis were increased, while fatty acid β-oxidation were decreased
in cells infected with influenza virus [22]. Human cytomegalovirus (HCMV) increased
glycolytic flux to replenish the TCA cycle, and herpes simplex virus type-1 (HSV-1) in-
duced the elevation of pyrimidine nucleotide components [23]. In addition, SARS-CoV-2
infection induced sphingolipid metabolism reprogramming, which was required for viral
replication. The levels of glycosphingolipid and sphingolipid (sphingosine, GA1, and GM3)
were markedly increased in cells and the murine model after SARS-CoV-2 infection [24].
However, a decrease in cholesterol and high- and low-density lipoproteins was induced in
the blood of patients with COVID-19, which may be potential markers for monitoring the
disease [25]. Therefore, metabolomics is widely used as an important tool to investigate
complex virus–host interactions. In this way, these studies provide an insight into the
pathogenic mechanisms and novel therapeutic methods of the virus.

The metabolic alterations induced by different viruses are distinct. PRV is one of the
main pathogens of pigs, thus understanding the changes of PRV in host cell metabolism
is necessary. Few studies have been performed on the host metabolism of PRV. Gou et al.
established that the metabolic flux derived from glycolysis, the pentose phosphate pathway,
and glutamine metabolism for nucleotide biosynthesis was necessary for PRV replica-
tion [26]. The changes of PRV infection in immortalized porcine alveolar macrophages
(iPAMs) on glycerolipids, fatty acyls, glycerophospholipids, and sphingolipids have also
been determined [27]. In this study, we analyze the metabolic alterations in porcine kidney
cells (PK-15) infected with a PRV variant strain and Bartha K61 strain using ultra-high-
performance liquid chromatography/Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass
(UHPLC-QE-MS). The results show that plenty of metabolites and metabolic pathways are
significantly changed during PRV infection, when compared to uninfected cell groups. It
suggests that those alterations may be in favor of better viral replication. These findings
may be helpful to understand the host response to PRV infection and development for this
disease control.

2. Materials and Methods
2.1. Cell Culture and Virus Infection

PK-15 cells were purchased from the American Type Culture Collection (ATCC) and
cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA) at
37 ◦C with 5% CO2. PRV variant strain JS21 (abbreviation of PRV-G) and PRV Bartha K61
strain (GenBank accession no. JF797217; with abbreviation of PRV-K) were preserved in
our laboratory. PRV titers were determined as the median tissue culture infective doses
(TCID50) on PK-15 cells.

2.2. Virus Infection

PK-15 cells were cultured overnight at 37 ◦C with 5% CO2. When the cells’ density
reached approximately 80%, they were infected with PRV at a multiplicity of infection
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(MOI) of 1 and incubated at 37 ◦C for 1 h. After washing with phosphate-buffered saline
(PBS), the cells were incubated in DMEM supplemented with 2% FBS. PK-15 cell samples
were harvested at 0, 6, 12, and 24 h post infection (h.p.i.).

2.3. Western Blot and Immunofluorescence Assay

PK-15 cells were infected with PRV (PRV-G or PRV-K) at MOI of 1. Cell samples were
harvested at 6, 12, and 24 h.p.i. for immunoblotting analysis, which was performed as previ-
ously described [28]. Briefly, cells were lysed with 200 µL lysis buffer (Beyotime, Shanghai,
China) for 15 min on ice. Following centrifugation, the supernatant of the lysates was
denatured. Then, the samples were subjected to SDS-PAGE and transferred to nitrocellulose
membranes (Sigma-Aldrich, Whatman, MA, USA). Following the incubation of antibodies
of anti-PRV gB protein mAb (1:1000, preserved in our laboratory) and anti-β-actin (1:1000,
Cell Signaling Technology, Danvers, MA, USA), the bands were visualized using an en-
hanced chemiluminescence reagent kit (Share-bio, Shanghai, China) and analyzed using
ImageJ software.

PK-15 cells were inoculated on coverslips in the 6-well plate and infected with PRV
(PRV-G or PRV-K) at MOI of 1. Cell samples were harvested at 6, 12, and 24 h.p.i. for im-
munofluorescence assay (IFA), which was performed as previously described [28]. Finally,
the slides were placed on the cover glass with antifade mounting medium and visualized
using an LSM 880 Zeiss confocal microscope (Carl Zeiss, Jena, Germany).

2.4. Sample Preparation and Extraction and UHPLC-QE-MS Analysis

PK-15 cells were infected with PRV (PRV-G or PRV-K) at MOI of 1. Cell samples were
harvested at 0, 6, 12, and 24 h.p.i. There were approximately 1 × 107 cells per sample. The
samples of 0 h were used as control, named Mock group. Other groups were named G6,
G12, G24, K6, K12, and K24, respectively. Three replicates per group were set. Cells were
washed with precooled PBS, and the supernatant was cleared by centrifugation for 10 min
at 13,000 rpm at 4 ◦C. The cell pellet was frozen in liquid nitrogen for 30 s. Following freeze-
drying, the samples were dissolved in sterile water and ultrasound treatment in ice water.
Following centrifugation at 12,000 rpm for 15 min at 4 ◦C, the supernatant was extracted
with 1 mL of methanol/acetonitrile/water (2:2:1, v/v/v) containing isotope-labeled internal
standard mixture. Following ultrasound treatment, the samples were incubated at −40 ◦C
for 1 h, and centrifuged at 12,000 rpm at 4 ◦C for 15 min. The supernatant was used for
the UHPLC-QE-MS analysis. All samples were obtained and mixed in equal amounts as
quality control (QC) samples before testing. Then, experimental samples and QC samples
were tested on the machine.

A UHPLC system (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) with a
UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 µm) coupled to a Q Exactive HFX mass
spectrometer (Orbitrap MS, Thermo Fisher Scientific, Waltham, MA, USA) was used for
LC-MS/MS analysis. Liquid chromatography phase A is an aqueous phase, containing
25 mmol/L ammonium acetate and 25 mmol/L ammonia water, and phase B is acetonitrile.
The QE HFX mass spectrometer was used for acquiring full scan MS/MS spectra on
information-dependent acquisition (IDA) mode under software (Xcalibur, Thermo Fisher
Scientific, Waltham, MA, USA) control.

2.5. PCA and OPLS-DA Analyses

The raw data were converted to the mzXML format using ProteoWizard software.
Then, the data were processed by R package analysis for peak identification, extraction,
alignment, and integration. Principal component analysis (PCA) and orthogonal projection
to latent structures discriminant analysis (OPLS-DA) were conducted [29,30]. The data were
logarithmically (LOG) transformed and centered (CTR) formatted using SIMCA software
(V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden), followed by PCA modeling
analysis. OPLS-DA modeling analysis was performed on the first principal component and
a 7-fold cross-validation in the SIMCA software was performed throughout the analysis.
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The R2X or R2Y (interpretability of the model for the categorical variable) and Q2 (the
predictability of the model) were used to evaluate the model validity.

2.6. Total RNA Extraction and Quantitative Real-Time PCR (qPCR) Analysis

Cell samples were harvested at 24 h.p.i. after PRV (PRV-G or PRV-K) infection with
different MOI; meanwhile, uninfected cells were used as control. Total RNAs from cell
samples were extracted using TRNzol (TIANGEN, Beijing, China) and reverse transcribed
to cDNA using a HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China),
according to the manufacturer’s instructions. The primer sequences of the target genes
to be detected were designed, and are shown in Table S1. ACTB was used as an internal
reference gene. qPCR was performed using Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) and an ABI QuantStudio 3 Real-Time PCR (96-Well) Detection System.
The reaction parameters were: 95 ◦C, 30 s; 95 ◦C, 10 s, 60 ◦C, 30 s, 40 cycles.; 95 ◦C, 15 s,
60 ◦C, 60 s, 95 ◦C, 15 s. All experiments were performed in triplicate. The mRNA levels
of genes were quantified relative to ACTB using the comparative threshold cycle (2-∆∆CT)
method [31].

2.7. Statistical Analysis

The first principal component of variable importance in the projection (VIP > 1) and
Student’s t-test (p < 0.05) was set as the standard to screen the differential metabolites.
Then, the data was subjected to the KEGG Metabolome Database for identification of
metabolites. Additionally, the metabolites were analyzed further via online statistical
analysis (MetaboAnalyst, http://www.metaboanalyst.ca/ (accessed on 16 November 2021))
for identifying the altered metabolic pathways caused by PRV infection [32].

GraphPad Prism 7.0 software was used for the statistical analyses. p-values less
than 0.05 were considered statistically significant. The values were expressed as the
mean ± standard error of the mean. The significance in figures was indicated as follows:
*, p < 0.05; **, p < 0.01.

3. Results
3.1. Replication of PRV in PK-15 Cells

To confirm PRV replication in PK-15 cells, the cells were infected with PRV-G or PRV-K
strain at MOI = 1, respectively. Additionally, the expression levels of PRV-gB protein were
determined by Western blot and IFA. In the uninfected cells, there was no signal of viral
protein to be detected. As shown in Figure 1A,B, the gray values of PRV-gB protein notably
increase over time. Additionally, the amount and the intensity of fluorescence in PRV-
infected cells were progressively strong and reached a high level at 24 h.p.i. (Figure 1C,D).
These results indicate that both the PRV-G and PRV-K strains could effectively replicate in
PK-15 cells within a 24 h infection.

3.2. Multivariate Analysis of PK-15 Cell Metabolites

The UHPLC-QE-MS used positive and negative ion (POS and NEG) switching modes
and full-scan assay to screen and identify the numerous metabolites. After obtaining the
data, we performed a series of multivariate pattern recognition analyses to evaluate the dif-
ferences between the samples. PCA and OPLS-DA were performed to obtain more reliable
information on the correlation between group differences of metabolites and experimental
groups. The PCA-score scatter plot of all samples (including QC samples) is shown in
Figure 2A,B. Each scatter represented a sample, and the color and shape of the scatter
signed different groups. The results of the PCA score scatter plot show that all samples
are in the 95% confidence interval. The OPLS-DA model for different groups versus the
mock group was analyzed, and the R2X, R2Y, and Q2 of samples (POS, NEG) are shown in
Figure 2C, in which the values of three parameters are close to 1. These results indicate that
these different groups are clearly distinguished, and these models are efficient and reliable.
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Figure 1. Infections of different PRV strains in PK-15 cells. (A,B) The cells were infected with PRV
variant strain (abbreviation of PRV-G) and PRV Bartha K61 strain (abbreviation of PRV-K) at MOI = 1,
and cell samples were collected at 6, 12, and 24 h for immunoblotting detection. (C,D) PK-15 cells
were infected with PRV-G and PRV-K at MOI = 1 for 6, 12, and 24 h at 37 ◦C with 5% CO2. The
expression levels of PRV-gB protein detected by IFA. Scale bars = 200 µm.

Figure 2. Score scatter plots of PCA and OPLS-DA of PRV-infected and uninfected cells. (A,B) Score
scatter plot of the PCA model for the different infection groups versus mock group. Electrospray
ionization served as the source of UHPLC-QE-MS, including positive and negative ion modes
(POS and NEG). (A) was derived from POS and (B) from NEG. The lines denote 95% confidence
interval Hotelling’s ellipses. (C) OPLS-DA model for the different PRV-strain infection group versus
mock group.
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3.3. Differentially Expressed Metabolites during PRV Infection

Based on OPLS-DA analysis, the VIP > 1 and p < 0.05 were set as the standards to screen
the differential metabolites. We found that a great number of metabolites were altered
during PRV infection, which were summarized and shown in Venn diagrams. The numbers
of differential metabolites in PK-15 cells infected with PRV-G were 430, 426, and 606 at 6, 12,
and 24 h.p.i., respectively. Additionally, the numbers of differential metabolites changed by
PRV-K infection were 556, 425, and 535 at different time points (Figure 3A,B). Compared to
the mock group, a total of 375 and 194 metabolites were significantly upregulated in PRV-G-
and PRV-K-infected cells, respectively (Figure 3C,D). Furthermore, the different changes in
metabolites were due to the different times of PRV infection. In addition, these differential
metabolites were classified and analyzed. As shown in Figure 3E–H, lipids and lipid-like
molecules, organic acids and derivatives, nucleosides, nucleotides, analogues, and organic
oxygen compounds account for nearly 80% in the PRV-infected cells. It is worth noting
that, among these differential metabolites caused by both PRV strains, lipid metabolites
accounted for the highest proportion: around 35%. These results suggest that the lipid
metabolism of the host cell may play an important role in PRV replication.

Figure 3. Analysis of differentially expressed metabolites in PK-15 cells infected with different
PRV strains. (A,B) Venn diagrams between PRV-infected groups (6H, 12H, 24H) and mock group.
(C,D) Numbers of differentially expressed metabolites upregulated (red) and downregulated (blue)
in infected groups. (E–H) Pie charts and the histogram graphs showing proportions of different
categories among differentially expressed metabolites in PRV-infected PK-15 cells.
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Figure 4. Heatmap analysis of 103 and 136 metabolites among PRV-G, PRV-K, and mock groups.
Rows: metabolites; columns: samples. The color of each rectangle represents the relative level of the
differential metabolites. Red: upregulated; blue: downregulated. (A) PRV-G; (B) PRV-K.

To study the crucial metabolites related to the PRV replication process, common differ-
ential metabolites among the three comparisons, i.e., 6 h.p.i. vs. mock, 12 h.p.i. vs. mock,
and 24 h.p.i. vs. mock were screened. A total of 103 and 136 metabolites were obtained
in PRV-G and PRV-K groups, respectively, and presented in the heatmap of hierarchical
clustering analysis (Figure 4). As expected, the metabolites changed along with the virus in-
fection. Many metabolites were significantly downregulated after PRV infection, especially
lipids and lipid-like molecules. Glycerophospholipids and sphingolipids are important
phospholipid molecules. Glycerophospholipids are divided into many categories according
to the substitution groups, such as phosphatidylglycerol (PG), phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and
cardiolipin (CL). During the early stage of PRV infection, some of the glycerophospholipids
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increased. At 24 h.p.i., PRV-G infection induced a decrease in the levels of 78 species of
glycerophospholipids, including 53 species of PC, 18 species of PE, 3 species of PS, and
2 species of PI and others (Figure 4A and Table S2). Meanwhile, PRV-K infection caused
a decrease in the levels of 95 species of glycerophospholipids, including 64 species of PC,
21 species of PE, 3 species of PS, and 3 species of PI and others (Figure 4B and Table S3).
In addition, few species of sphingolipids significantly decreased in PRV-G- and PRV-K-
infected cells, respectively. These results indicate that, in the late stage of virus infection,
PRV needs to consume a large amount of lipids in the host cell to ensure its replication.

3.4. Metabolic Pathway Analysis of Metabolites

These differential metabolites were annotated by using the KEGG Metabolome Database
and further comprehensive analysis, including enrichment analysis and topological anal-
ysis, was conducted to find the metabolic pathways with high correlations. The results
are shown in a bubble plot (Figure 5). In PRV-G vs. mock, differential metabolites were
mainly enriched in arginine and proline metabolism; glycerophospholipid metabolism;
glycine, serine, and threonine metabolism; purine metabolism; pyrimidine metabolism;
and sphingolipid metabolism (Figure 5A–C). For PRV-K vs. mock, the metabolic pathways
of the differential metabolites contained thiamine metabolism, purine metabolism, arginine
and proline metabolism, glycerophospholipid metabolism, pyrimidine metabolism, and
sphingolipid metabolism (Figure 5D–F).

Figure 5. The KEGG-enrichment pathway analysis of differentially expressed metabolites for PK-15
cells infected with different PRV strains in different time courses. (A–C) PRV-G (6H, 12H, 24H); (D–F)
PRV-K (6H, 12H, 24H).
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In summary, the results present more visualized profiles of the metabolite changes
in PK-15 cells infected with two different PRV strains (Figure 6). The metabolic pathway
contained a TCA cycle, lipid metabolism, amino acid metabolism, purine, and pyrimi-
dine metabolism. The levels of adenosine at 12 and 24 h.p.i. in PRV-G/PRV-K-infected
cells were more upregulated than that in the mock group as well as the levels of dTMP,
which indicated that they may be required in the virus replication cycle. Adenosine is
an important intermediate for the synthesis of adenosine triphosphate (ATP), adenine,
and adenylate. Additionally, dTMP is a basic unit for deoxyribonucleic acid, which is the
material basis for DNA synthesis. The major metabolic pathways of glycerophospholipids
and sphingolipids and fatty acids during PRV infection were also reprogrammed, and the
levels of PC, PE, ceramide, and sphingomyelin were consumed with the PRV replication
process. Additionally, some amino acids were altered after PRV infection. These results
indicate that two different PRV-strain infections led to the metabolic reprogramming of
PK-15 cells to benefit self-replication.

Figure 6. Schematic overview of altered metabolic pathways in PK-15 cells infected with different
PRV strains. The metabolites were shown in different colors according to their changes. Black:
unchanged; red: upregulated; blue: downregulated.

3.5. Validation of Metabolomic Data by qPCR

Given the possible roles of lipid metabolism during PRV infection, PK-15 samples
were harvested at 24 h after PRV (PRV-G/PRV-K) infection with different MOI (1, 5,
and 10, respectively) to further validate the metabolomic data. The mRNA levels of
enzymes related to glycerophospholipid metabolism and sphingolipid metabolism were
analyzed by qRT-PCR (Figure 7), including sphingosine kinase (SPHK1/2), sphingomyelin
synthase (SGMS1/2), serine palmitoyltransferase small subunit A/B (SPTSSA/B), sphin-
gomyelin phosphodiesterase 1,2,3 (SMPD1/2/3), fatty acid synthase (FASN), 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), phosphate cytidylyltransferase (PCYT1A/2),
and phosphatidylserine decarboxylase (PISD). We found that SPTSSB, SMPD3, and PCYT2
were significantly increased in PRV-G-infected PK-15 cells (Figure 7A,B). Moreover, the
PRV-K strain could apparently upregulate these three genes (Figure 7C,D). These results
suggest that some pathways of lipid metabolism in host cells are promoted during PRV
infection to facilitate viral replication.
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Figure 7. The mRNA levels of sphingolipid- and glycerophospholipid-metabolism-related enzymes
after different PRV-strain infections. PK-15 cells were harvested with different MOI (1, 5, 10) at
24 h.p.i after PRV (PRV-G or PRV-K) infection, while non-infected cells were used as control. The
mRNA levels of different enzymes were determined by qRT-PCR. β-actin was used as an internal
reference gene. (A,B) PRV-G; (C,D) PRV-K. The significance in the figure was indicated as follows:
*, p < 0.05; **, p < 0.01.

4. Discussion

Recently, a growing number of studies on the combination of metabolite profiling with
disease have been reported [33,34]. Through the detection and analysis of endogenous
small molecules in cells, researchers evaluated the biochemical differences between healthy
and pathological organisms to obtain an insight into the pathology, etiology, and possible
treatment options of diseases. In our study, we analyzed the metabolomic profiles of PRV-
infected PK-15 cells based on UHPLC-QE-MS, and these findings provide new viewpoints
on the interactions between PRV and host cells, which will help future studies on PRV.

This study involved a global metabonomic analysis of PK-15 cells that were infected
with two different strains of PRV. Both OPLS-DA and the heatmap of hierarchical clustering
analysis indicated that, compared to the mock group, PRV-infected cells showed signifi-
cantly different metabolic profiles. We determined that PRV infection broke the metabolic
homeostasis of PK-15 cells, caused metabolic reprogramming, and significantly affected
the metabolism of lipid metabolism and nucleotides metabolism (Figure 6). The alterations
of these metabolites and pathways reflected the cellular responses to PRV infection or the
nutritional needs in virus replication.

The metabolic alterations caused by the infection of two different strains of PRV were
different, which were caused by the characteristics of the virus itself. The sequence homol-
ogy of the two strains was 96%, but the pathogenicity was significantly different. Following
two different strains of PRV infection, PRV-G could cause a more serious typical cytopathic
effect than that caused by PRV-K 24 h post infection. Therefore, PRV-infected cells showed
strain-specific metabolic characteristics. However, there were some overlaps between these
pairwise comparisons in the metabolic pathways (Figure 5), such as glycerophospholipid
metabolism, sphingolipid metabolism, purine metabolism, and pyrimidine metabolism.
Lipids are the structural basis of the cell biofilm, and are biologically active molecules,
which participate in a variety of cellular processes and immune functions. We have known
that palmitoyl-oleoyl-phosphatidylglycerol and PI inhibited inflammatory sequelae and the

228



Viruses 2022, 14, 1158

infection of respiratory syncytial virus and influenza A virus, by destroying the binding of
virus particles to plasma membrane receptors of host cells [35]. Flaviviruses also increased
lipid synthesis to expand the surface area of membranes for better replication [36]. Dengue
virus (DENV) infection required the manipulation of cellular fatty acid synthesis and choles-
terol biosynthesis and transport [37,38]. It has been previously found that sphingolipids
were essential for the successful completion of the viral life cycle, which is involved in
attachment, membrane fusion, intracellular replication, assembly, and release of several
viruses [39–41]. In our study, as an enveloped virus, PRV also required a large amount
of lipids to participate in the formation and release of virions. Consistently, we found
that many lipids (including glycerophospholipids and sphingolipids) were consumed in
the late stage of virus infection (Figures 4 and 6). Purine metabolism and pyrimidine
metabolism are the basic steps for nucleotide synthesis. In COVID-19 patients, some
metabolites related to purine metabolism show an upward or downward trend compared
to healthy controls, and correlation analysis showed a close correlation between these
metabolites and proinflammatory cytokines/chemokines [42]. Previous studies have been
reported to inhibit DENV replication with inhibitors (methotrexate and floxuridine) of the
thymidine synthesis pathway [43]. Tiwari SK et al. utilized nucleoside metabolic inhibitors
fluorouracil and floxuridine to inhibit Zika virus in human microglial cells [44]. Following
PRV infection, nucleotide metabolism was markedly changed, suggesting an unknown role
in PRV replication (Figure 6). This may expand the novel possibilities for the development
of antiviral therapies.

Few studies have been performed on the host metabolism of PRV. Gou et al. explored
the metabolic networks in PK-15 cells infected with PRV using gas chromatography-mass
spectrometry (GC-MS) analysis. They reported that the metabolic flux derived from glycoly-
sis, the pentose phosphate pathway, and glutamine metabolism for nucleotide biosynthesis
was necessary for PRV replication [26]. In addition, Yao et al. indicated changes of PRV in-
fection in iPAM on glycerolipids, fatty acyls, glycerophospholipids, and sphingolipids [27].
Our results are somewhat different from the previous two reports due to differences in the
testing methods (GC-MS vs. LC-MS) and cells (iPAM vs. PK-15).

In our results, we found the mRNA level of PCYT2 was significantly increased in
PK-15 cells infected with two PRV strains (Figure 7). PCYT2 is an important enzyme
for the biosynthesis of PE from ethanolamine and diacylglycerol. Previous studies have
shown treatment of PRV-infected PK-15 cells with meclizine, an inhibitor of PCYT2, led to
decreased PRV infection and replication [28]. The result showed that glycerophospholipid
metabolism was essential for PRV replication, but the mechanism was unclear.

Other herpesviruses, such as HSV-1, HCMV, Kaposi’s sarcoma-associated herpesvirus
(KSHV), and Epstein–Barr virus (EBV), have shown a notable ability to reprogram the
host’s metabolism for viral replication. HSV-1 infection led to increased levels of phos-
phoenolpyruvate, deoxypyrimidines, and pentose phosphate pathway intermediates [23].
Treatment with inhibitor of glucose metabolism or nucleoside analogs decreased the cell-to-
cell spread and production of HSV [45,46]. HCMV infection markedly increased glucose
uptake and glycolysis flux and promoted flux through the TCA cycle and fatty acid biosyn-
thesis pathway [23,47]. Following the inhibition of fatty acid biosynthesis by drugs, the
level of HCMV replication was suppressed [47]. KSHV caused changes in many metabolites
of glycolysis, the pentose phosphate pathway, amino acid metabolism, and lipogenesis [48].
Moreover, latent KSHV-infected endothelial cells depended on glutamine and glutaminoly-
sis for survival [49]. This evidence showed that metabolic changes caused by virus infection
played an important role in viral replication.

In conclusion, the metabolic profiles of PK-15 cells infected with different PRV strains
were analyzed to display the metabolic changes by UHPLC-QE-MS. There were significant
differences in lipid metabolism and nucleotide metabolism between the PRV-infected
groups and the mock group. The ability of viruses to actively modulate host metabolism
is crucial for the successful completion of the viral life cycle. Many inhibitors of lipid
metabolism and nucleotide metabolism are already used against some viral infections;
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therefore, identifying metabolic targets for antiviral therapy may be a promising strategy.
Our study provides much information for a further understanding of PRV pathogenesis
and drug intervention for disease control.
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Abstract: Suid herpesvirus 1 (SuHV-1), known as pseudorabies virus (PRV), is one of the most
devastating swine pathogens in China, particularly the sudden occurrence of PRV variants in 2011.
The higher pathogenicity and cross-species transmission potential of the newly emerged variants
caused not only colossal economic losses, but also threatened public health. To uncover the underlying
pathogenesis of PRV variants, Tandem Mass Tag (TMT)-based proteomic analysis was performed
to quantitatively screen the differentially expressed cellular proteins in PRV-infected Vero cells. A
total of 7072 proteins were identified and 960 proteins were significantly regulated: specifically 89
upregulated and 871 downregulated. To make it more credible, the expression of XRCC5 and XRCC6
was verified by western blot and RT-qPCR, and the results dovetailed with the proteomic data.
The differentially expressed proteins were involved in various biological processes and signaling
pathways, such as chaperonin-containing T-complex, NIK/NF-κB signaling pathway, DNA damage
response, and negative regulation of G2/M transition of mitotic cell cycle. Taken together, our data
holistically outline the interactions between PRV and host cells, and our results may shed light on the
pathogenesis of PRV variants and provide clues for pseudorabies prevention.

Keywords: pseudorabies virus; Vero cell; TMT-based proteomic analysis; differentially expressed proteins

1. Introduction

Pseudorabies (PR), also known as Aujeszky’s disease (AD), is one of the most notorious
swine diseases and causes enormous economic losses to the pig-raising industry [1]. Typical
clinical symptoms of PR include respiratory distress, nervous disorders, and reproductive
failures in sows [2,3]. PR is caused by pseudorabies virus (PRV), also called suid herpesvirus
1 (SuHV-1), which belongs to the subfamily of Alphaherpesvirus in the family of Herpesviridae.
The genome of PRV is about 175 kb in length and encodes over 70 viral proteins contributing
to neuronal latent infection and immune modulation [4,5].

Since the first report of PR outbreak in the 1950s, PRV has spread through China
over the past 70 years [6]. The intensive herd vaccination by attenuated live vaccine
Bartha-K61 facilitates PR eradication, whereas strong immune pressure may accelerate
the virus’s evolution and pave the way for the emergence of variants. In 2011, large scale
outbreaks of PR caused by PRV variants swept China [6,7]. Subsequent studies showed that
the emerging variants had higher pathogenicity, and the typical vaccine Bartha-K61 only
provided limited protection against PRV variants infections [7,8]. Despite Jianle Ren et al.
reporting that glycoproteins C and D of PRV variant strain HB1201 contribute individually
to the escape from Bartha-K61 vaccine-induced protection [9], the pathogenesis of PRV
variants remains largely unclear.

PRV has a wide host range and is capable of infecting numerous animals. Increasing
evidence suggested that the newly emerged variants from 2011 were the most prevalent
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genotypes worldwide and most frequently involved in cross-species transmission [10].
Next-generation sequencing and regular polymerase chain reaction (PCR) confirmed the
presence of PRV genomes in cerebral spinal fluid from a 43-year-old patient [11]. In
addition, a patient who presented with encephalitis and pulmonary infection also tested
PRV positive in his cerebrospinal fluid and vitreous humor [12]. More severely, a PRV strain
was isolated from an acute human encephalitis case in 2019, confirming the interspecies
transmission between pigs and humans and the replication capacity of PRV in human [13].
Other animals, including bovine and wolf, were also reported to be infected by PRV [14,15].
Understanding the interactions in-depth between PRV infection and host may provide
ideas for interspecies transmission prevention.

Innate immunity is the host’s first line of defense against virus infection. When
invading host cells, pathogens are recognized by specific pattern recognition receptors
(PRRs) and then trigger immune responses [16]. To establish efficient infection, PRV has
evolved various strategies to evade immune clearance. For example, PRV US3 degrades
Bcl-2 associated transcription factor 1 to impair type I interferon production and benefit
virus replication [17]; UL50 induces the degradation of type I interferon receptor via
lysosomal pathway to antagonize interferon response [18]. Although NF-κB signaling
pathway is activated during PRV infection, the expression of pro-inflammatory genes was
inhibited [19]. Additionally, Wang et al. found that UL24 protein could abrogate tumor
necrosis factor alpha (TNF-α)-mediated NF-κB activation [20]. We previously reported
that PRV could dramatically enhance the dephosphorylation of eIF2α and thus promote
host cell translation efficacy to facilitate its replication [21]. Higher pathogenesis and cross-
species transmission ability of PRV may partly attribute to the enhanced immune evasion
of PRV variants. Despite several decades of intensive study, the underlying mechanisms of
PRV pathogenesis and immunomodulation still remain elusive. Hence, it is imperative to
investigate the host factors involved in virus infection.

To date, proteomics is broadly applied to hunt for host factors relevant to virus
infection [22]. Various animal viruses had been subjected to proteomic analysis to dissect the
host factors involved in virus infection, such as porcine epidemic diarrhea virus (PEDV) [23],
porcine reproductive and respiratory syndrome virus (PRRSV) [24] and porcine delta-
coronavirus [25]. Tandem Mass Tag (TMT) technology, developed and launched by Thermo,
is one of the most powerful quantitative methods for protein expression analysis with the
highest throughput, the lowest systematic error, and the most powerful functions. In this
study, TMT-based quantitative proteomics was employed to analyze protein profiles in
mock- and PRV-infected Vero cells to gain insights into the virus-host interactions.

2. Materials and Methods
2.1. Cell Lines, Viruses, Chemicals, and Antibodies

African green monkey kidney cell (Vero), the immortalized porcine alveolar macrophage
(CRL-2843), and porcine kidney cell (PK-15) were all cultured in Dulbecco’s modified Eagle’s
medium (DMEM: Invitrogen, Carlsbad, CA, USA) containing 10% (v/v) fetal bovine serum
(FBS, Thermo Fisher, Waltham, MA, USA) in a humidified 37 ◦C incubator with 5% CO2
and stored in our lab. PRV HB1201 (GenBank accession number: KU057086.1) was a variant
strain isolated from a pig in He Bei in China. 4′, 6′-diamidino-2-phenylindole (DAPI) and
TMT 16Plex were purchaseded from Thermo Fisher Scientific (Waltham, MA, USA). The
primary antibodies used in this study were specific for XRCC5 (16389-1-AP, Proteintech,
Rosemont, IL, USA), XRCC6 (10723-1-AP, Proteintech, Rosemont, IL, USA), β-actin (66009-
1-Ig, Proteintech, Rosemont, IL, USA), VP5 (prepared in our lab), and gB (prepared in our
lab). The HRP-labeled secondary antibodies against rabbit (ZB2301) and mouse (ZB2305)
were all purchased from ZSGB-BIO (Beijing, China).

2.2. Virus Inoculation and Protein Preparation

Vero cells were grown to monolayers in 10 cm cell culture dishes and then were
inoculated with PRV HB1201 at 0.1 MOI for 1 h. Sustaining culture medium DMEM
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containing 2% FBS was added for another 24 h. Three independent experiments were
conducted as biological replicates. The protein extraction procedure is as follows: at 24 h
post-inoculation (h p.i.), the medium was removed and washed with 5 mL pre-cooling PBS
twice; mock- or PRV-infected Vero cells were collected using a cell scraper and piped into
1.5 mL EP tubes; protein lysate (8 M urea, 1% SDS containing protease inhibitor) was added
to lyse cell membrane and sonicated for 2 min to solubilize protein further; cell lysate was
used to treat protein for another 30 min on ice and centrifuged (12,000 rpm for 15 min at
4 ◦C) to remove cellular debris. The protein concentration was analyzed by Bradford
protein assay and SDS-PAGE was performed to evaluate the overall protein quality.

2.3. Reductive Alkylation and TMT Labeling

Protein reductive alkylation and TMT labeling procedures were conducted according
to the instructions as follows. Briefly, 100 µg protein was treated with triethylammonium bi-
carbonate buffer (TEAB) to the final concentration of 100 mM, and then Tris (2-carboxyethyl)
phosphine (TCEP) was added to make the final concentration 10 mM for 60 min at 37 ◦C;
40 mM iodoacetamide was added to the final concentration and reacted in a dark room
for 40 min at room temperature (RT); ice-cold acetone was added (v:v = 6:1) and reacted
for 4 h at −20 ◦C, and the liquid was removed after centrifugation at 10,000× g for 20 min;
sediment was dissolved with 100 µL 100 mM TEAB and digested with trypsin (m:m = 1:50)
fully overnight at 37 ◦C; finally, TMT was added to label proteins for 2 h at RT, followed by
hydroxylamine treatment for another 30 min.

2.4. Immunofluorescence Assay (IFA)

The IFA was performed according to the protocol mentioned previously [21]. In brief,
Vero cells seeded on coverslips in a six-well plate over 90% confluence were inoculated with
0.1 MOI PRV HB1201; then, the inoculated cells were fixed with 3.7% paraformaldehyde at
indicated time points for 10 min and permeabilized with 2% bovine serum albumin (BSA)
containing 0.1% Triton X-100 for 10 min; 2% BSA was used to block cells for 30 min and
primary monoclonal antibody specific for gB with 1:1000 dilution incubated cells for 1 h at
RT and then washed with PBS three times; secondary antibodies were added at RT for 1 h
in a humid chamber; after one wash, nucleus were stained with DAPI (Molecular Probes)
for 10 min and washed with PBS five times for 5 min each; finally, the coverslips were
observed with a Nikon A1 microscope or laser confocal microscope.

2.5. RNA Extraction and Real-Time PCR Analysis

Total RNAs of mock- or PRV-infected Vero cells were extracted by TRIzol reagent
(Biomed, Beijing, China). The culture medium was removed and the cells in six-well plates
were lysed with 750 µL TRIzol for 5 min, then 250 µL chloroform was added to separate
RNA. After centrifugation at 12,000 rpm at 4 ◦C for 10 min, the RNA fraction was transferred
into a new tube and precipitated by 0.8 volumes of isopropanol. After centrifugation for
15 min at 12,000 rpm, RNA pellets were washed twice with 75% iced ethanol and resuspended
in 20 µL RNase-free H2O. The synthesis of cDNA was performed using Fast Quant RT Kit
(With gDNase) (Tian Gen Biotech, Beijing, China) according to the manufacturer’s instructions.
The cDNA samples were quantified by SYBR Green RT-qPCR Master Mix (Vazyme, Nanjing,
China) and repeated three times. All reactions were carried out by the Bio-Rad PCR system.
All primers used in this study are listed in Table 1. The mRNA abundance of GAPDH, XRCC5,
and XRCC6 were detected by RT-qPCR assay using specific primer sets GAPDHF/GAPDHR,
XRCC5F/XRCC5R, and XRCC6F/XRCC6R respectively.
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Table 1. Primers used in this study.

Primer Name Primer Sequence

XRCC6-F GCTCCTTGGTGGATGAGTTT
XRCC6-R CTTGCTGATGTGGGTCTTCA
XRCC5-F TGACTTCCTGGATGCACTAATCGT
XRCC5-R TTGGAGCCAATGGTCAGTCG
GAPDH-F CCTTCCGTGTCCCTACTGCCAAC
GAPDH-R GACGCCTGCTTCACCACCTTCT

2.6. Western Blot Analysis

PRV HB1201-infected Vero, CRL-2843, and PK-15 cells were all harvested at 24 h p.i.
The cells were lysed with radioimmunoprecipitation (RIPA) lysis buffer (Beyotime, Shang-
hai, China) containing protease inhibitor (1 mM PMSF) for 30 min, and the supernatant was
transferred to a new tube after centrifugation. The protein concentration was determined
with Pierce BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA) and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Separated protein
(10 µg each channel) was transferred onto polyvinylidene difluoride (PVDF) membrane
(Millipore). PVDF membranes were blocked in 5% skimmed-milk-PBST at RT for 2 h,
followed by incubation with primary antibodies at 4 ◦C overnight. Then, the PVDF mem-
brane were washed three times with 0.05% PBST for 5 min each at a rotator and incubated
with the HRP-conjugated secondary antibodies at 1:3000 dilution. After three washes, the
membranes were incubated with ECL chemiluminescence detection kit (Pierce) for 2 min,
and finally exposed to a chemiluminescence apparatus (Bio-Rad, Hercules, CA, USA).

2.7. Virus Titration

Viruses were serially diluted 10-fold with DMEM containing 2% FBS and inoculated
into Vero cells at 90% confluence in 96-well culture plates. 72 h p.i. or later, the virus
titers were calculated based on the cytopathic effects (CPE) according to the Reed-Muench
method. Virus titers were determined from at least three independent experiments.

2.8. Data Analysis

All data were processed with GraphPad Prism 6 (GraphPad Software Inc., San Diego,
CA, USA). The student’s t-test or non-parametric test was used to analyze the difference be-
tween the values of two groups. A value of p < 0.05 was considered statistically significant.

3. Results
3.1. Kinetics of PRV HB1201 Replication in Vero Cells

Efficient viral infection and relatively mild cell collapse are critical factors for optimal
sampling. PRV HB1201 could cause severe CPE and subsequently cell collapse on Vero cells,
thus relative lower MOI (MOI = 0.1) was applied to infect Vero cells. To screen the optimal
time points of sampling, the kinetics of PRV replication in Vero cells were determined
at various time points by TCID50. As shown in Figure 1B, the virus titers were up to
108 TCID50/mL at 24 h p.i., similar to that at 30 to 48 h p.i., indicating PRV could propagate
in Vero cells efficiently, and the virus titers reached a plateau at 24 h p.i. (Figure 1B).
Furthermore, IFA results showed that gB positive cells increased as the infection progressed.
Notably, most cells were infected at 24 h p.i., and the gB positive cells decreased after
30 h p.i. due to excessive cell collapse (Figure 1A). Meanwhile, the CPE was observed
microscopically at various time points. Compared with mock-infected cells, PRV-Infected
cells developed slightly visible CPE at 12 h p.i. and CPE were fairly apparent at 24 h p.i.
(Figure 1A). Cell collapse soars from 30 h p.i., and many of the cells were detached and
floated in the medium. In addition, the expression of viral capsid protein VP5 was detected
by western blot. The level of VP5 increased gradually as infection progressed (Figure 1C).
However, VP5 expression level decreased slightly at 30 h p.i. compared to that at 24 and
18 h p.i. This may result from cell detachment and virus release into the medium (Figure 1A).
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Based on the results above, Vero cells infected with 0.1 MOI PRV for 24 h p.i. were regarded
as optimal sampling time points and subjected to the following proteomic analysis.
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Figure 1. The replication of PRV variant HB1201 in Vero cells. (A) PRV at 0.1 MOI infects Vero cells
and CPE was observed in microscopy at various time points. Meanwhile, IFA was also applied to
view the efficiency of virus infection with antibody against gB protein. (B) The whole cells infected
with 0.1 MOI virus were collected at indicated time points and tittered by TCID50. (C) Vero cells
infected with 0.1 MOI PRV were collected and the whole cell lysis was subjected to western blot
analysis to detect the expression of VP5.

3.2. Protein Profiles Determined by TMT/MS Analysis

Proteomics is a systematic approach to study the virus-host interactions. To identify the
differentially expressed proteins (DEPs) between mock- and PRV-infected cells, TMT-based
quantitative proteomic analysis was performed, and the workflow is shown as Figure 2A.
A total of 7072 cellular proteins were identified and quantified at 24 h p.i., among which 91
proteins were significantly upregulated and 879 proteins were downregulated compared
to those in mock-infected Vero cells (Figure 2B) according to the criteria (p-value < 0.05
and fold change >1.5 or fold change <0.67). In addition, the top 20 upregulated and top 20
downregulated proteins are listed in Tables 2 and 3, respectively. Three technical replicates
were carried out to improve the reliability of our data.
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Figure 2. Overview of proteomic analysis procedure and DEPs. (A) The workflow of proteomic
analysis. Vero cells were infected with 0.1 MOI PRV for 24 h and the whole cells lysis was collected
after centrifugation at 12,000 rpm for 5 min. After reductive alkylation, the protein was labeled with
TMT. Finally, the samples were subjected to liquid chromatography tandem mass spectrometry and
bioinformatics analysis. (B) A total of 7022 proteins were identified, among which 89 proteins were
markedly upregulated (red dots), 879 proteins were downregulated (green dots), and the remaining
6102 proteins stayed constant (gray dots). Proteins were considered significantly differently expressed
when p value was less than 0.05 and fold change was less than 0.67 or more than 1.5 in this study.

3.3. Validation of TMT/MS Data by Western Blot and RT-qPCR

To verify TMT/MS data, X-ray repair cross-complementing protein 5 (XRCC5) and
X-ray repair cross-complementing protein 6 (XRCC6) were analyzed by western blot in
both mock- and PRV-infected Vero cells. The two proteins were selected for validation for
the following reasons: they were downregulated significantly; they were closely related
and involved in DNA repair process, which was a general cellular response during herpes
virus infection [26]; and antibodies against them were commercially available. Western blot
results showed that the protein level of XRCC5 and XRCC6 both decreased in PRV-infected
Vero cells (Figure 3A). Then, Image J software was applied to quantify protein levels, and
the ratios of the XRCC5 and XRCC6 between mock-and PRV-infected Vero cells coincided
with proteomic data (Figure 3B). Moreover, the levels of XRCC5 and XRCC6 in PK-15
and CRL-2843 cells were also reduced (Figure 3E,F), indicating PRV-mediated XRCC5 and
XRCC6 reduction was in a cell type-independent manner.
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Figure 3. Validation of proteomics data by western blot and RT-qPCR. (A) Vero cells infected with
PRV for 24 h were collected and western blot was performed to detect the expression of XRCC5 and
XRCC6 with corresponding antibodies. (B) The western blot and proteomics ratio of XRCC5 and
XRCC6. (C) Relative XRCC6 transcription in Vero cells. (D) Relative XRCC5 transcription in Vero
cells. (E) The expression of XRCC5 and XRCC6 in PK-15 infected with PRV. (F) The expression of
XRCC5 and XRCC6 in CRL-2843 infected with PRV. ** indicates significance at a 99% confidence
interval (p < 0.01).
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Table 2. Top 20 up-regulated proteins.

Accession Description FC
(P_24h/M_24h)

p Value
(P_24h/M_24h) Significant

XP_007997295.1 4-hydroxybenzoate polyprenyltransferase,
mitochondrial 16.440879 0.0111 Yes

XP_008000412.1 ATP synthase subunit gamma,
mitochondrial isoform X2 5.82243 0.03774 Yes

XP_007964526.1 non-homologous end-joining factor 1 5.638689 0.002289 Yes

XP_007966188.1 transmembrane 7 superfamily member 3
isoform X1 4.570457 0.009848 Yes

XP_007985885.1 DNA-directed RNA polymerase III
subunit RPC5 isoform X1 4.318305 0.01897 Yes

XP_008001057.1 proton myo-inositol cotransporter 4.10077 0.04733 Yes
XP_007978034.1 hemoglobin subunit alpha 3.092117 0.03053 Yes

XP_007959284.1 bromodomain-containing protein 9
isoform X1 3.054434 0.006955 Yes

XP_008010294.1 testis-expressed sequence 2 protein
isoform X1 2.974047 0.01225 Yes

XP_007995408.1 relA-associated inhibitor isoform X1 2.802074 0.00199 Yes
XP_008014790.1 tropomodulin-2 isoform X1 2.732538 0.01336 Yes
XP_007965594.1 myeloid leukemia factor 2 2.647029 0.002251 Yes
XP_007958764.1 kinesin-like protein KIF16B isoform X1 2.550698 0.003898 Yes

XP_007958522.1 conserved oligomeric Golgi complex
subunit 3 2.549788 0.04741 Yes

XP_007997053.1 serum albumin 2.544889 0.009266 Yes

XP_007977282.1 elongation of very long chain fatty acids
protein 1 2.521127 0.01201 Yes

XP_008008965.1 vitronectin 2.339382 0.04719 Yes

XP_008012665.1 calcium signal-modulating cyclophilin
ligand 2.218158 0.02212 Yes

XP_007995769.1 splicing factor, arginine/serine-rich 19
isoform X1 2.208965 0.037 Yes

XP_008014703.1 E3 ubiquitin-protein ligase NEDD4
isoform X3 2.12792 0.000212 Yes

In addition, the transcription level of XRCC5 and XRCC6 were also analyzed by RT-qPCR.
Consistently, the mRNA level of XRCC5 and XRCC6 markedly decreased in virus-infected
Vero cells compared with that in mock-infected cells (Figure 3C,D), suggesting that PRV-
mediated XRCC5 and XRCC6 downregulation might result from transcription inhibition.

3.4. GO Analysis of The DEPs

GO annotation analysis could classify the tested proteins in three aspects: biological
process (BP), cellular component (CC), and molecular function (MF). To dissect the function
of DEPs, GO functional analysis revealed that 89 upregulated proteins and 871 downreg-
ulated proteins were involved in 12 biological processes (Figure 3A), including cellular
processes, single-organism processes, metabolic processes, biological processes, regulation
of biological processes, and so on; within the CC category, the DEPs were well distributed
in different cell components, including cell parts, cells, organelle, organelle parts, and so
on; in the MF category, the DEPs were involved in binding function.
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Table 3. Top 20 down-regulated proteins.

Accession Description FC
(P_24h/M_24h)

p Value
(P_24h/M_24h) Significant

XP_007995562.1 glioma tumor suppressor candidate
region gene 2 protein 0.156304 0.007612 Yes

XP_008007884.1 UAP56-interacting factor isoform X1 0.171554 0.04785 Yes
XP_007975472.1 thioredoxin-interacting protein 0.202567 0.002175 Yes
XP_007971461.1 tripartite motif-containing protein 40 0.2282 0.009207 Yes
XP_008016505.1 general transcription factor II-I 0.237577 0.000002 Yes
XP_008016152.1 wolframin 0.239067 0.000248 Yes

XP_007972702.1
structural maintenance of chromosomes

flexible hinge
domain-containing protein 1 isoform X1

0.263824 0.000806 Yes

XP_007980315.1 epsilon-sarcoglycan isoform X1 0.280037 0.000878 Yes
XP_007966031.1 zinc finger protein AEBP2 isoform X1 0.280576 0.001929 Yes

XP_008013602.1
histone-lysine N-methyltransferase, H3

lysine-36 and H4 lysine-20 specific
isoform X1

0.284503 0.01345 Yes

XP_007962440.1 regulator of G-protein signaling 10
isoform X1 0.287038 0.000822 Yes

XP_007982422.1 vasorin 0.289883 0.000601 Yes

XP_007977511.1 probable U3 small nucleolar
RNA-associated protein 11 isoform X1 0.289894 0.002949 Yes

XP_008001366.1 bax inhibitor 1 0.311135 0.000205 Yes
XP_007962616.1 antigen KI-67 isoform X1 0.316703 0.001139 Yes

XP_007960624.1 ribosome biogenesis protein BMS1
homolog 0.323469 0.000212 Yes

XP_008016787.1
zinc finger and SCAN domain-containing

protein 21
isoform X2

0.328314 0.003606 Yes

XP_008012144.1 alpha-protein kinase 2 isoform X1 0.332672 0.00059 Yes
XP_008013174.1 treacle protein isoform X1 0.334286 0.004324 Yes

XP_008007268.1 solute carrier organic anion transporter
family member 2A1 0.338268 0.001218 Yes

In addition, GO enrichment analysis demonstrated that DEPs were mostly enriched in
chaperonin-containing T-complex within the CC category. Furthermore, the majority of
DEPs were enriched in the BP category, such as NIK/NF-κB signaling, Fc-epsilon receptor
signaling pathway, negative regulation of G2/M transition of mitotic cell cycle, and innate
immune response activating cell surface receptor signaling pathway (Figure 4B).

3.5. KEGG Functional Annotation of DEPs

KEGG pathway analysis was performed to further explore the underlying signaling
pathways or functions among DEPs. As shown in Figure 5A, the 89 upregulated proteins
participated in 32 pathways, and the top three were related to the immune system, signal
transduction, and cancer. Meanwhile, the 871 downregulated proteins were involved in
44 pathways, and the top three were the “folding, sorting, and degradation of protein”,
signal transduction, and translation (Figure 5B).

KEGG enrichment analysis were also conducted to analyze the enriched signaling
pathways in DEPs. Among all 970 DEPs, 20 pathways were significantly enriched, and
the top three were proteasome, amino sugar and nucleotide sugar metabolism, and RNA
polymerase (Figure 5C).
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Figure 4. GO annotation and GO enrichment analysis of DEPs between mock- and PRV-infected Vero
cells. (A) Up- and downregulated proteins are classified into three categories, respectively, by GO
analysis: biological process (BP), cellular component (CC), and molecular function (MF). The x-axis
represents the specific categories in BP, CC, and MF. The numbers on the y-axis indicate proteins
in the category. (B) DEPs were subjected to GO enrichment analysis and the top 20 GO terms are
listed on the x-axis. The y-axis indicates the enrichment ratio of DEPs and different colors represent
different p values. *** indicates significance at a 99.9% confidence interval (p < 0.001).
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within particular categories. The y-axis indicates the specific pathways within six main categories.
(B) The 871 downregulated proteins are classified in the same manner as Figure A: (C) KEGG
pathway enrichment analysis of DEPs. The x-axis indicates the name of the KEGG pathways, the
y-axis indicates the enrichment ratio (there were no apparent differences between 0.01 and 0.05, so
the colors look similar and can’t be distinguished by the naked eye). * indicates significance at a
95% confidence interval (p < 0.05), ** indicates significance at a 99% confidence interval (p < 0.01),
*** indicates significance at a 99.9% confidence interval (p < 0.001).

3.6. COG Annotation of DEPs

The COG database is able to predicate the function of proteins based on protein
sequence. To categorize the functions of DEPs, COG analysis was performed. As shown in
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Figure 6 (left panel) 10 categories were involved in upregulated proteins. In particular, seven
proteins were related to posttranslational modification, protein turnover, and chaperones;
four proteins were classified into general function prediction only; three proteins were
related to replication, recombination, and repair; two proteins were relevant to energy
production and conversion, transcription, intracellular trafficking, secretion, vesicular
transport, and so on. In addition, 22 categories were involved in 879 downregulated
proteins: 61 proteins were related to posttranslational modification, protein turnover, and
chaperones; 46 proteins were relevant to translation, ribosomal structure, and biogenesis;
39 proteins were classified into general function prediction only shown in Figure 6 (right
panel). Further research is imperative to characterize the involvement of these categories
during PRV infection.
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Figure 6. The COG annotation of significantly upregulated proteins (left panel) and downregulated
proteins (right panel). The x-axis indicates the COG functional classification (presented with A to Z):
(A) RNA processing and modification; (B) Chromatin structure and dynamics; (C) Energy production
and conversion; (D) Cell cycle control, cell division, and chromosome partitioning; (E) Amino acid
transport and metabolism; (F) Nucleotide transport and metabolism; (G) Carbohydrate transport
and metabolism; (H) Coenzyme transport and metabolism; (I) Lipid transport and metabolism;
(J) Translation, ribosomal structure, and biogenesis; (K) Transcription; (L) Replication, recombination,
and repair; (M) Cell wall/membrane/envelope biogenesis; (O) Posttranslational modification, protein
turnover, and chaperones; (P) Inorganic ion transport and metabolism; (Q) Secondary metabolites
biosynthesis, transport, and catabolism; (R) General function prediction only; (S) Function unknown;
(T) Signal transduction mechanisms; (U) Intracellular trafficking, secretion, and vesicular transport;
(V) Defense mechanisms; (Z) Cytoskeleton. The y-axis indicates the protein number of particular
functional classifications.

4. Discussion

PRV variant HB1201 exhibits higher pathogenicity, and its pathogenesis remains poorly
defined. Nowadays, proteomics has been broadly used in profiling cellular protein expres-
sion patterns in virus-infected cells. In this paper, a TMT-based quantitative proteomics
approach was applied, and we revealed striking protein profile shifts in PRV-infected Vero
cells compared with those in mock-infected cells.

In the present study, a total of 7072 proteins were identified in whole Vero cells, among
which 980 proteins were differentially expressed at 24 h p.i. Among the top 20 upregulated
proteins, non-homologous end joining-1 (NHEJ-1) markedly induced an over five-fold
change (Table 2), which is reported to be involved in DNA repair [27]. DNA viruses
replicates their genomes in the nuclei of cells, and the mass accumulation of viral DNA
genome in the nucleus may trigger host cell DNA damage responses. For example, intensive
studies showed that herpes virus may engage components of DNA damage response to
enhance its replication, while some of the DNA repair components are antiviral [28–30].
In our analysis, the expression of two DNA repair-related proteins, XRCC5 (Ku80) and
XRCC6 (Ku70), were both shown to be reduced in PRV-infected cells. Moreover, western
blot and RT-qPCR results supported the proteomic data at both protein and transcription
level. XRCC5 and XRCC6 comprise the heterodimer, which recognizes and binds to double
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strand DNA break ends, and then promotes non-homologous end joining [30] or induces
innate immune defenses against DNA virus infection [31,32]. Previous reports showed that
XRCC6 not only modulated human T lymphotropic virus type 1 (HTLV-1) replication [33],
but also regulated DNA virus-mediated innate immune response [34]. However, the
expression of XRCC6 was significantly upregulated in HTLV-1-infected cells compared
with PRV. We hold that PRV, with its larger genome, encodes more proteins and evolves
more sophisticated strategies to evade host immune clearance by targeting XRCC5 and
XRCC6. As compensation, many other tricks have been developed instead by HTLV-1.
For example, HTLV-1 Tax could impair K63-linked ubiquitination of STING to evade host
innate immunity [35]; HTLV-1 Tax blocks IRF3 phosphorylation through the interaction
with and inhibition of TBK1 kinase [36]. These results above indicated that the DNA
damage repair signaling pathway might be closely related to virus infection.

Our previous study showed that PRV infection induced the phosphorylation of PERK;
however, the expression of GRP78 stayed unaltered [21], indicating that other host factors
might alleviate the intensity of unfolded protein responses (UPR). The endoplasmic reticulum
(ER) is a major factor of glycoprotein synthesis, and the excessive expression of glycoprotein
may activate UPR [37]. According to proteomic data, the expression of seven-transmembrane
superfamily member 3 (TM7SF3), engaged in the attenuation of cellular stress and the sub-
sequent UPR [38], was significantly induced. TM7SF3 is a downstream target of p53 [38],
which is involved in innate immune response regulation, cell cycling, DNA repair, and apop-
tosis [39,40]. Although Xun Li et al. reported that overexpression of p53 positively regulated
PRV replication both in vivo and in vitro [41], many questions were still hanging in the air:
for example, the expression level and activation status of p53 during PRV infection and its
contributions to TM7SF3 overexpression. Most importantly, the biological significance of
TM7SF3 on UPR and virus replication were imperative to be elucidated.

Innate immune response, particularly type I interferon production and inflammatory
cytokines secretion, is the first line to fight against pathogen invasion. PRRs recognize
pathogen-associated molecular patterns (PAMPs) and then trigger innate immune re-
sponses. PRV is a common pathogen in multiple animal species and has even been isolated
from human patients [42], thus attention should also be paid to the protein profile shifts
in Vero lines. Vero cells are type I interferon-deficient, so inflammatory responses are
emphasized in this paper. Our results showed that the NIK/NF-κB signaling pathway was
markedly enriched by GO enrichment analysis. It was reported that the virulent PRV vari-
ant induced substantial lethal inflammatory response by TRL2, while the attenuated live
vaccine of PRV lost the ability to activate an inflammatory response [13,43]. The abnormal
inflammatory responses mediated by PRV variants might contribute to its pathogenicity.
KEGG enrichment analysis showed that DEPs were significantly enriched in proteasome
(Figure 5C); in particular, 28 DEPs were relevant to proteasome. Proteasome was reported to
shape innate immune response and regulate the production of inflammatory cytokines [44].
Therefore, we proposed that PRV could modulate inflammatory response via regulating
26s proteasome non-ATPase regulatory subunits and other proteasome-related proteins
expression. During PRV propagation, there are amounts of viral proteins synthesized in
cells. We hold that the proteasome-related proteins may also be involved in useless or
damaged protein degradation to maintain cellular homeostasis. In addition, cells may re-
cruit proteasome to degrade viral proteins by ubiquitinating them and achieve an antiviral
during PRV infection. Furthermore, the PRRs regulator tripartite motif-containing protein
40 (TRIM40) was also significantly down-regulated, indicating PRV might subvert innate
immune responses by inhibiting PRRs activation. Additionally, the enzymatic activity of
cGAS is tightly regulated by XRCC5 and XRCC6 to maintain immune homeostasis [45,46].
PRV is enveloped, and multiple processes all require lipids, such as virus-cell membrane
fusion and virus budding. Our results showed that the elongation of very long chain fatty
acids protein 1 (ELOVL1), involved in unsaturated fatty acid biosynthetic process [47],
was significantly upregulated during PRV infection. This suggests that cellular lipids
metabolism may take part in PRV propagation and pathogenesis. In addition, E3 ubiquitin-
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protein ligase NEDD4 was also significantly upregulated in PRV-infected cells. NEDD4
is essential for neural development and homeostasis of neural circuit excitability during
neuronal ER stress [48], indicating this may be a protective mechanism to maintain cell
homeostasis and normal biological functions during PRV infection. Taken together, the
interactions between PRV infection and innate immune responses are complex and need
further investigation.

This study systematically analyzed the protein profiles of PRV-infected Vero cells using
a TMT-based proteomic analysis method. Eighty-nine upregulated and 871 downregulated
proteins were identified, and biological analysis demonstrated that various cellular pro-
cesses were involved in PRV-infected cells, including cellular processes, single-organism
processes, metabolic processes, biological processes, regulation of biological processes, and
so on. Unfortunately, our analysis of DEPs remains only instructional, and the elucidation
of their biological functions is required. This research will help to deepen the understanding
of the virus pathogenesis and host immune responses.
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Abstract: We sequenced the complete genome of the pseudorabies virus (PRV) FJ epidemic strain,
and we studied the characteristics and the differences compared with the classical Chinese strain and
that of other countries. Third-generation sequencing and second-generation sequencing technology
were used to construct, sequence, and annotate an efficient, accurate PRV library. The complete
FJ genome was 143,703 bp, the G+C content was 73.67%, and it encoded a total of 70 genes. The
genetic evolution of the complete genome and some key gene sequences of the FJ strain and PRV
reference strains were analyzed by the maximum likelihood (ML) method of MEGA 7.0 software.
According to the ML tree based on the full-length genome sequences, PRV FJ strain was assigned to
the branch of genotype II, and it showed a close evolutionary relationship with PRV epidemic variants
isolated in China after 2011. The gB, gC, gD, gH, gL, gM, gN, TK, gI, and PK genes of the FJ strain
were assigned to the same branch with other Chinese epidemic mutants; its gG gene was assigned
to the same branch with the classic Chinese Fa and Ea strains; and its gE gene was assigned to a
relatively independent branch. Potential recombination events were predicted by the RDP4 software,
which showed that the predicted recombination sites were between 1694 and 1936 bp, 101,113 and
102,660 bp, and 107,964 and 111,481 bp in the non-coding region. This result broke the previously
reported general rule that pseudorabies virus recombination events occur in the gene coding region.
The major backbone strain of the recombination event was HLJ8 and the minor backbone strain was
Ea. Our results allowed us to track and to grasp the recent molecular epidemiological changes of PRV.
They also provide background materials for the development of new PRV vaccines, and they lay a
foundation for further study of PRV.

Keywords: pseudorabies virus; complete genome sequencing; phylogenetic analysis; gene recombination

1. Introduction

Pseudorabies (PR), also known as Aujeszky’s disease (AD), is an acute infectious
disease caused by the pseudorabies virus (PRV) [1]. The disease can infect many livestock
species and wild animals [2]. Pigs are the main vector for the virus. One of the main
symptoms of diseased pigs is an elevated body temperature. In addition, newborn piglets
mainly show neurological symptoms of encephalomyelitis, which can also invade the
digestive system. Adult pigs often show recessive infection; pregnant sows can have
miscarriages, stillbirths, and mummified fetuses; and boars show reproductive disorders
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and dyspnoea [3]. The disease is distributed all over the world, and it has been eradicated in
the United States, Germany, the United Kingdom, Denmark, and the Netherlands. In other
countries, it is one of the major diseases that greatly harms the swine industry [4,5]. The
World Organization for Animal Health (OIE) lists pseudorabies as a notifiable infectious
disease. In China, pseudorabies is classified as a second-class animal epidemic.

The PRV virus is a member of the Herpesviridae, Alphaherpesvirinae subfamily,
varicella virus genus [6]. In terms of genome structure, PRV consists of a unique long
region (UL), a unique short region (US), and a terminal repeat sequence (TR) and an
internal repeat sequence (IR) at both ends of the US region [5]. At present, there is only
one PRV serotype, and its genome is composed of double-stranded DNA, the length of
which is approximately 143 kilobase pairs (kbp); the GC bases content can be as high as
74%. It contains at least 70 open reading frames (ORF) of which more than 50 proteins are
structural; they can participate in the formation of viral capsid, tegument, and the envelope
structure [7,8].

In the 1970s, the PRV Bartha-k61 vaccine strain was imported into China, and pseu-
dorabies was well controlled for a time [9,10]. However, since 2012, outbreaks of porcine
pseudorabies have been reported in many areas of China, and they have seriously en-
dangered the development of the swine industry [11,12]. These outbreaks are due to the
emergence of mutated PRV in various parts of China. The amino acid sequences of impor-
tant glycoproteins such as gB, gC, gD, and gE have changed, and the existing Bartha-k61
vaccines can no longer elicit 100% protection against mutated PRV strains. It is imperative
to develop new PRV vaccines. So, several years ago, PRV was divided into two distinct
clusters with the gC gene used as the criterion, with Chinese strains classified as genotype
II and PRVs isolated from Europe and North America classified as genotype I [13]. To
track the genetic variation of PRV in China, we recently sequenced the complete genome of
the PRV FJ strain isolated and identified from the brain tissue of suckling piglets in a pig
farm in Fujian province. The genetic relationship between this strain and PRV strains in
China and abroad were revealed by a series of bioinformatic analyses so as to provide data
support for the development of a new genetically engineered PRV vaccine.

2. Materials and Methods
2.1. Isolation of PRV FJ Strain

Recently, pseudorabies broke out at an intensive pig farm in Fujian province, China.
Some suckling piglets and weaned piglets had fever, lethargy, neurological symptoms,
and they died. Sows gave birth to stillbirths and weak fetuses. The staff immunized
pigs with PRV vaccine by the method of nasal drops six months ago. The incidence rate
was approximately 23%, and the death rate of piglets was over 14% on the pig farm. We
isolated and identified a PRV strain from 35 brain and tonsil samples of suckling piglets
brought from the farm, and we named it the PRV FJ strain. After many rounds of virus
multiplication and plaque purification in cell culture flasks, fluid virus samples were
collected and frozen in a cryogenic refrigerator at −80 ◦C.

2.2. Concentration and Purification of the Virion

The PRV FJ strain was inoculated into a full monolayer of BHK-21 cells. After the
cytopathic effect (CPE) reached 80−90%, the cell culture flask was placed in a cryogenic
refrigerator at −80 ◦C. After freezing and thawing three times, the cell culture flask was
separately packed into a 50 mL aseptic centrifuge tube, and the supernatant was centrifuged
at 4 ◦C and 3500 rpm for 15 min. After the supernatant was sterilized and filtered by a
0.45 µm filter membrane (Millipore, Billerica, MA, USA), it was transferred to a 15 mL
ultrafilter tube with a maximum cut-off of 100 kD (Millipore, Billerica, MA, USA). The tube
was centrifuged at 4000× g for 30 min according to the manufacturer’s instructions. After
centrifugation, the concentrated liquid on the filter membrane was carefully aspirated with
a 2–200 µL range pipette (Eppendorf, Hamburg, HAM, Germany).
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2.3. DNA Extraction

DNA of the PRV FJ strain was extracted using the phenol–chloroform method:

(1) 200 µL of the 10% SDS solution, and 15 µL of the 10 mg/mL RNase A were added in
the Eppendorf tubes and incubated at 60 ◦C for 30 min in the metal bath (Cole-Parmer,
Chicago, IL, USA).

(2) 100 µL of the 10 mg/mL Proteinase K was added and incubated in a metal bath at
56 ◦C for 30 min.

(3) The ddH2O was added to make up the concentrated viral solution to 400 µL, then
600 µL of phenol: chloroform: isoamyl alcohol = 25:24:1 DNA extraction reagent was
added, the Eppendorf tubes were carefully inverted and mixed, then the Eppendorf
tubes were stood for 5 min to make the liquid stratified.

(4) These Eppendorf tubes were centrifuged for 5 min at 12,000 r/min with a microcen-
trifuge (Thermo Scientific, Waltham, MA, USA), and they took the supernatant to
avoid aspirating to the impurities in the middle layer.

(5) Repeat steps (3) and (4).
(6) An equal volume of isopropanol was added, mixed lightly, and precipitated for 1 h in

a refrigerator at −20 ◦C.
(7) These Eppendorf tubes were centrifuged at 12,000 r/min for 5 min with the micro-

centrifuge to discard the supernatant, 800 µL of anhydrous ice ethanol was added,
then 1/10 volume of 3 mol/L NaAc was added, washed with light mixing, and left
for 5 min.

(8) These Eppendorf tubes were centrifuged at 12,000 r/min for 5 min with the microcen-
trifuge at 4 ◦C to discard the supernatant, the precipitate was placed in a biosafety
cabinet, the exhaust air was turned on and blown until there was no smell of alcohol.

(9) The precipitate was carefully dissolved in 100µL TE solution.

Then the extracted DNA samples were stored in a refrigerator at −20 ◦C for further use.

2.4. Sequencing the Complete Genomes

The extracted PRV FJ DNA samples were sent to Wuhan BaiYi biotechnology company
for complete genome sequencing. After the samples were qualified, the database was
built with the PRV HLJ8 strain (National Center of Biotechnology Information [NCBI]
accession number: KT824771.1) as the reference sequence. Third- and second-generation
high-throughput sequencing was carried out using a PacBio RS II sequencing system and
a MGISEQ-2000 sequencing system, respectively. For the PacBio RS II system, the Sequel
Binding Kit 2.1, the Sequel Sequencing Kit 2.1, and the Sequel SMRT Cell 1mv2 (Pacific
Biosciences, Menlo Park, CA, USA) were used for sequencing. The data were processed
with the SMRT LINK 6.0 software. The read quality value in the original data was filtered.
Based on the complete genome sequencing using the PacBio equipment, the obtained
sequence was corrected using the MGISEQ-2000 s-generation sequencing platform. Finally,
the complete PRV FJ genome sequence was assembled and annotated.

2.5. Genome and Related Gene Homology and Phylogenetic Analysis

Fifteen PRV genome sequences uploaded to NCBI (Table 1) were compared with the PRV
FJ genome sequence and its major virulence, glycoprotein, and immunogenicity-related coding
sequences(CDS): TK, PK, gB, gC, gD, gG, gH, gL, gM, gN, gI, and gE. A genetic evolution
tree was drawn and analyzed using the MEGA 7.0 software (https://www.megasoftware.net,
accessed on 25 October 2021).

2.6. Prediction of Potential Genome Recombination Events

The genome alignments from the 15 PRV reference strains and the FJ strain were
analyzed with the Recombination Detection Program 4 (RDP4) software to screen for
potential recombination events. Seven algorithms, including RDP, BootScan, GENECONV,
Maxchi, SiScan, Chimera, and 3Seq were employed [14].
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Table 1. Complete genome sequence information of pseudorabies viruses in the National Center of
Biotechnology Information databases.

No. Strain Name Accession Number Country Isolation
Date

1 Becker JF797219.1 USA 1970
2 Bartha JF797217.1 Hungary 1961
3 Ea KU315430.1 China 1990
4 Fa KM189913.1 China 2012
5 GD0304 MH582511.1 China 2015
6 HB1201 KU057086.1 China 2012
7 HeN1 KP098534.1 China 2012
8 HLJ8 KT824771.1 China 2012
9 HNB KM189914.3 China 2012

10 HNX KM189912.1 China 2012
11 Kaplan JF797218.1 Hungary 1959
12 Kolchis KT983811.1 Greece 2010
13 MY-1 AP018925.1 Japan 2015
14 ZJ-01 KM061380.1 China 2012
15 TJ KJ789182.1 China 2012

2.7. Sequence Submission

The complete PRV FJ genome sequence was deposited in the GenBank database
(http://www.ncbi.nim.nih.gov/genbank, accessed on 18 October 2021) under the accession
numbers of MW286330.

3. Results
3.1. Complete Genome Sequence Analysis

After comparing the genome sequence assembly using the reference PRV sequences
from NCBI databases, the PRV FJ complete genome length was 143,703 bp, the GC bases
content was 73.67%, and it encoded a total of 70 genes without insertion and deletion of
the rest of the coding sequences. The sequence was divided into four parts: UL, US, IRs,
and TRs (Table 2). We annotated the linear map, gene arrangement, and distribution of
the complete genome sequence using the Snapgene software (Figure 1), and we noted the
annotations of each open reading frame (ORF) (Table 3).

Table 2. Nucleotide sequence coordinates and lengths are given relative to the genome sequence of
PRV FJ strain.

Region Location Length (bp)

UL 1–101,012 101,012
IRs 101,013–117,681 16,669
US 117,682–127,034 9353
TRs 127,035–143,703 16,669
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Table 3. Annotation of each open reading frame of from the PRV FJ complete genome.

Protein Name Location of ORF (bp) Length (aa) Function

UL56 754–1377 207 Possibly vesicular trafficking
ICP27 1932–3017 361 Gene regulation; early protein

gK 3096–4034 312 Viral glycoprotein K; type III membrane protein
UL52 3989–6895 968 DNA replication; primase subunit of ULS/UL8/UL52 complex
UL51 6882–7613 243 Tegument protein

dUTPase 7812–8621 269 dUTPase
gN 8542–8841 99 Glycoprotein N; type I membrane protein; complexed with gM

VP22 8879–9619 246 Interacts with C-terminal domains of gE and gM; tegument protein

VP16 9683–10,924 413 Gene regulation (transactivator); egress (secondary envelopment);
tegument protein

VP13/14 11,034–13,250 738 Viral egress (secondary envelopment);
tegument protein

VP11/12 13,269–15,356 695 Possibly gene regulation; tegument protein

gB 15,905–18,649 914 Viral entry (fusion); cell–cell spread; glycoprotein B; type I
membrane protein

ICP18.5 18,520–20,688 722 DNA cleavage and encapsulations (terminase); associated with UL15,
UL33 and UL6

ICP8 20,836–24,378 1180 DNA replication-recombination; binds single-stranded DNA
UL30 24,677–27,823 1048 DNA replication; DNA polymerase subunit of UL30/UL42 complex

UL31 27,744–28,559 271 Viral egress (nuclear egress); primary virion tegument protein; interacts
with UL34

UL32 28,552–29,967 471 DNA packaging; efficient localization of capsids to
replication compartments

UL33 29,966–30,322 118 DNA cleavage and encapsidation; associated with UL28 and UL 15

UL34 30,494–31,279 261
Viral egress (nuclear egress); primary virion

envelop protein tail-anchored type II nuclear membrane protein;
interacts with UL31

VP26 31,334–31,645 103 Capsid protein
VP1/2 32,057–41,644 3195 Large tegument protein; interacts with UL37 and UL19
UL37 41,682–44,441 919 Tegument protein; interacts with UL36
VP19c 44,498–45,604 368 Capsid protein; forms triplexes together with ULl8
RR1 45,941–48,307 788 Nucleotide synthesis; large subunit of ribonucleotide reductase
RR2 48,317–49,228 303 Nucleotide synthesis; small subunit of ribonucleotide reductase
vhs 49,843–50,940 365 Gene regulation (inhibitor of gene expression); virion host cell shutoff

UL42 51,069–52,226 385 DNA replication; polymerase accessory subunit of
UL30/UL42 complex

UL43 52,286–53,407 373 Unknown; type III membrane protein

gC 53,474–54,937 487 Viral entry (virion attachment); glycoprotein C; type I membrane
protein; binds to heparan sulfate

UL26.5 55,233–56,093 286 Scaffold protein; substrate for UL26; required for capsid formation
and maturation

VP24 55,233–56,831 532 Scaffold protein; proteinase; required for capsid formation
and maturation

UL25 56,883–58,493 536 Capsid-associated protein; required for capsid assembly
UL24 58,592–59,107 171 Unknown; type III membrane protein

TK 59,100–60,062 320 Nucleotide synthesis; thymidine kinase

gH 60,198–62,255 685 Viral entry (fusion); cell–cell spread; glycoprotein H; type I membrane
protein; complexed with gL

UL21 64,012–65,613 533 Capsid-associated protein
UL20 65,720–66,217 165 Viral egress; type III membrane protein
VP5 66,306–70,298 1330 Major capsid protein; forms hexons and pentons
VP23 70,473–71,363 296 Capsid protein; forms triplexes together with UL38
UL17 72,739–74,538 599 DNA cleavage and encapsidation
UL16 74,565–75,551 328 Possibly virion morphogenesis

UL15 71,546–72,687
75,572–76,691 753

DNA cleavage and encapsidation; terminase subunit; interacts
with UL33

UL28, and UL6
UL14 76,690–77,169 159 Virion morphogenesis
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Table 3. Cont.

Protein Name Location of ORF (bp) Length (aa) Function

VP18.8 77,139–78,314 391 Protein-serine/threonine kinase
AN 78,280–79,731 483 DNA recombination; alkaline exonuclease

UL11 79,689–79,880 63 Viral egress (secondary envelopment); membrane-associated
tegument protein

gM 80,309–81,490 393
Viral egress (secondary envelopment); glycoprotein M; type III

membrane protein; C terminus interacts with UL49; inhibits membrane
fusion in transient assays; complexed with gN

OBP 81,489–84,023 844 Sequence-specific ori-binding protein
UL8 84,020–86,086 688 DNA replication; part of ULS/UL8/UL52 helicase-primase complex
UL7 86,288–87,088 266 Virion morphogenesis

UL6 86,979–88,916 645 DNA packaging Capsid protein; portal protein; docking site
for terminase

UL5 88,915–91,470 851 DNA replication; part of ULS/LJL8/UL52 helicase-primase complex;
helicase motif

UL4 91,528–91,965 145 Nuclear protein
UL3.5 92,141–92,809 222 Possibly virion morphogenesis
UL3 92,806–93,540 244 Nuclear protein
UNG 93,597–94,568 323 Uracil-DNA glycosylase

gL 94,546–95,016 156 Viral entry; cell–cell spread; glycoprotein L; membrane-anchored via
complex with gH

ICP0 96,248–97,348 366 Gene regulation (transactivator of viral and cellular genes);
early protein

ICP4 103,130–107,544 1471 Gene regulation; immediate early protein
ICP22 116,146–117,339 397 Gene regulation

PK 118,467–119,471 334 Minor form of protein kinase (53-kDa mobility); viral egress (nuclear
egress); major form of protein kinase (41-kDa mobility)

gG 119,531–121,030 499 Cell–cell spread; secreted; glycoprotein G
gD 121,214–122,422 402 Viral entry (cellular receptor binding protein); glycoprotein D

gI 122,446–123,543 465 Cell–cell spread; glycoprotein I; type I membrane protein; complexed
with gE

gE 123,647–125,386 579 Cell–cell spread; glycoprotein E; type I membrane protein; complexed
with gI; C terminus interacts with UL49

US9(11K) 125,444–125,740 98 Protein sorting in axons; type II tail-anchored membrane protein
US2(28K) 125,994–126,764 256 Possibly envelope associated

Abbreviations: aa, amino acids; ORF, open reading frame.

3.2. Genomic Genetic Evolution Analysis

Nucleotide homology comparison between the FJ strain and the reference strains using
the MEGA 7.0 software showed that the FJ strain had the highest homology with Chinese
PRV mutant strains isolated after 2011, with 99.9% and 99.7% homology with classical PRV
Fa and Ea strains, respectively, isolated in the 20th century in China. The homology with
the other country’s MY-1, Bartha, Becker, Kaplan, and Kolchis strains was 99.0%, 95.7%,
95.7%, 96.0%, and 95.7%, respectively; these values are relatively low (Table 4). It is worth
noting that the MY-1 strain is an Asian strain.
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Table 4. Complete gene sequence nucleotide homology analysis.

Virus
Strain

Nucleotides Homology (%)
MY-1 FJ * Bartha Kaplan Becker TJ ZJ01 HNX Fa HNB HeN1 HLJ8 Kolchis HB1201 Ea GD0304

MY-1
FJ * 99.0

Bartha 95.4 95.7
Kaplan 95.6 96.0 99.4
Becker 95.4 95.7 98.6 98.9

TJ 99.0 100 95.7 96.0 95.7
ZJ01 99.0 99.9 95.6 95.9 95.6 99.9
HNX 99.0 100 95.7 96.0 95.7 100 99.9

Fa 98.9 99.7 95.7 96.0 95.6 99.7 99.7 99.7
HNB 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7
HeN1 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0
HLJ8 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0

Kolchis 95.4 95.7 99.1 99.5 99.0 95.7 95.6 95.7 95.7 95.7 95.7 95.7
HB1201 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0 100.0 95.7

Ea 98.9 99.7 95.7 96.0 95.6 99.7 99.7 99.7 100.0 99.7 99.7 99.7 95.7 99.7
GD0304 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0 100.0 95.7 100.0 99.7

Note. “*” indicates that this PRV strain is the target PRV strain.

We analyzed the complete genome sequence homology of the reference strains and the
FJ strain with the online program mVista (http://genome.lbl.gov/vista/mvista/submit.
shtml, accessed on 3 October 2021). Compared with the Bartha strain, the FJ strain had low
homology in UL56, UL51, UL27, UL36, UL41, UL28.5, UL21, and LLT genes. Except for
the HB1201 strain, the other Chinese reference strains and the MY-1 strain also showed
homology differences in the above regions. The other country’s Becker, Kolchis, and Kaplan
reference strains only showed significant homology differences in UL27, UL36, UL21, and
US1 gene regions. The homology difference between HB1201 and Bartha was the greatest,
and there were large base deletions in the UL56, UL27, UL21, UL36, LLT, US1, US3, and
IE180 gene regions. In summary, after homology comparison with the Bartha strain, the
regions with lower homology between the FJ strain and the other reference strains were
mainly distributed in the non-coding region (Figure 2).

We constructed and analyzed the genetic evolution tree of the complete genome
sequence of PRV strains with the maximum likelihood (ML) method. All the strains
were classified into two major branches. The other country’s Bartha, Becker, Kolchis, and
Kaplan strains were located in the European and the North American genotype (genotype I)
branch, while the Chinese strains and the MY-1 strain were located in the Asian genotype
(genotype II) branch, which was consistent with the results of other reported genetic
evolution analyses. The FJ strain was still located in the genotype II branch, close to the
GD0304 strain branch, and it had the lowest genetic relationship with the ZJ01 strain in the
genotype II branch (Figure 3).
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Fa 98.9 99.7 95.7 96.0 95.6 99.7 99.7 99.7         
HNB 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7        
HeN1 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0       
HLJ8 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0      

Kolchis 95.4 95.7 99.1 99.5 99.0 95.7 95.6 95.7 95.7 95.7 95.7 95.7     
HB1201 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0 100.0 95.7    

Ea 98.9 99.7 95.7 96.0 95.6 99.7 99.7 99.7 100.0 99.7 99.7 99.7 95.7 99.7   
GD0304 99.0 100.0 95.7 96.0 95.7 100.0 99.9 100.0 99.7 100.0 100.0 100.0 95.7 100.0 99.7  

Note. “*” indicates that this PRV strain is the target PRV strain. 
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3.3. Phylogenetic Analysis of Related Gene Sequences

We selected the coding sequences of 12 genes related to immunogenicity and virulence
of PRV, including TK, PK, gB, gC, gD, gG, gH, gL, gM, gN, gI and gE genes and analyzed
them using the ML method of the MEGA 7.0 software. Except for gL, the phylogenetic
trees of all genes produced the typical genotype I and genotype II branches, while the gL
evolutionary tree showed that the Chinese epidemic mutant HeN1 strain belonged to the
European and the North American genotype I. The Becker strain belonged to genotype II.
All the above genes of the FJ strain were located in the large genotype II branch, and its gB,
gC, gD, gH, gL, gM, gN, TK, gI, and PK genes were in the same branch as other Chinese
mutants. Its gG gene was assigned to the same branch with the classical Chinese PRV Fa
and Ea strains’ gG gene, while its gE gene was assigned to a relatively independent branch.
All the genes of the MY-1 strain were located in the large branch of genotype II, except for
TK, gL, gM, and gN; the other genes were located in a single branch compared with Chinese
strains. The selected PRV FJ genes were far away from the other country’s strains, and they
were very close to the Chinese mutants; and, the above-mentioned immunogenicity and
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virulence-related genes were not significantly different from the previous PRV variants
(Figure 4).

Viruses 2021, 14, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 3. Phylogenetic analysis of the PRV complete genome sequences. The tree was constructed 
using the MEGA 7.0 software with the maximum likelihood method and 1000 bootstrap replicates. 
The bar and the number represent the genetic distance scale of these genes at this length is 0.003. 

3.3. Phylogenetic Analysis of Related Gene Sequences 
We selected the coding sequences of 12 genes related to immunogenicity and viru-

lence of PRV, including TK, PK, gB, gC, gD, gG, gH, gL, gM, gN, gI and gE genes and 
analyzed them using the ML method of the MEGA 7.0 software. Except for gL, the phylo-
genetic trees of all genes produced the typical genotype I and genotype II branches, while 
the gL evolutionary tree showed that the Chinese epidemic mutant HeN1 strain belonged 
to the European and the North American genotype I. The Becker strain belonged to gen-
otype II. All the above genes of the FJ strain were located in the large genotype II branch, 
and its gB, gC, gD, gH, gL, gM, gN, TK, gI, and PK genes were in the same branch as other 
Chinese mutants. Its gG gene was assigned to the same branch with the classical Chinese 
PRV Fa and Ea strains’ gG gene, while its gE gene was assigned to a relatively independ-
ent branch. All the genes of the MY-1 strain were located in the large branch of genotype 
II, except for TK, gL, gM, and gN; the other genes were located in a single branch com-
pared with Chinese strains. The selected PRV FJ genes were far away from the other coun-
try’s strains, and they were very close to the Chinese mutants; and, the above-mentioned 
immunogenicity and virulence-related genes were not significantly different from the pre-
vious PRV variants (Figure 4). 

A B C 
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3.4. Recombination Analyses

We compared the FJ strain with the 15 PRV reference genome sequences using the
RDP4 software (http://web.cbio.uct.ac.za/~darren/rdp.html, accessed on 14 October 2021);
we predicted the recombination possibilities of the strain using Bootscan, LARD, 3seq,
PhylPro, Maxchi, SiScan, and Chimaera algorithms. We detected several recombination
signals for the FJ genome sequence (Figure 5). The major backbone of the FJ strain was the
HLJ8 strain; the minor backbone was the Ea strain. We analyzed the potential recombination
events of the FJ complete genome sequence using the above-mentioned algorithms; the
p value of each algorithm was <10−3. The predicted recombination sites were between
1694 and 1936 bp, between 101,113 and 102,660 bp, and between 107,964 and 11,148,1
bp; four algorithms supported the recombination events in each segment. Among them,
two algorithms in the 1694–1936 bp section showed that the recombination event was
credible; one algorithm in the 101,113–102,660 bp section showed that the recombination
event was credible; and four algorithms in the 107,964–111,481 bp section showed that the
recombination event was credible (Table 5).
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Table 5. Analysis of PRV FJ recombination events with different algorithms; the numbers represent
the p value of each algorithm.

Position (bp) Method and p Value

Bootscan Maxchi Chimaera SiScan PhylPro LARD 3Seq

1694–1936 2.31 × 10−11 * 3.50 × 10−9 * NS 2.27 × 10−2 1.05 × 10−2 NS NS
101,113–102,660 6.54 × 10−5 * 6.26 × 10−3 NS 5.67 × 10−3 1.82 × 10−3 NS NS
107,964–111,481 9.87 × 10−10 * 9.81 × 10−9 * NS 1.93 × 10−5 * 1.68 × 10−4 * NS NS

Note. NS, does not support reorganization events; * p < 10−3.
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4. Discussion

Due to the large number of genes in the PRV complete genome, the high content of GC
bases, and the presence of more than 900 nucleotide repeat sequences, it is relatively diffi-
cult to sequence the complete genome; research in the PRV gene function and comparative
genomics had been somewhat restricted. In 2011, American researchers were the first to
obtain and to publish the complete genome sequences of some representative PRV strains
such as Bartha, Kaplan, and Becker using Illumina second-generation sequencing technol-
ogy [3]. With the popularity of second-generation high-throughput sequencing around the
world, the complete genome sequences of PRV isolates from various regions have been
published in China since 2014 [15]. The advantage of second-generation sequencing is
that segmented sequencing can be used to ensure the accuracy of sequencing results; the
cost of sequencing at this stage is very low; and the DNA samples do not need to be of
very high quality to sequence. However, there are several disadvantages, including that
the sequencing time is very long; the content of GC bases in PRV genomes is very high
so that it is hard to completely sequence the genomes at one time; every sequencing of a
complete genome will generate many gap sequences, which need to be amplified and filled
by multiple pairs of primers; and the sequencing technology still needs to be innovated. In
recent years, with the advent of the third-generation PacBio RSII gene sequencer, long and
complex sequencing has become very convenient.

In this study, we combined second- and third-generation sequencing, an approach
that provides the benefits of third-generation sequencing efficiency, ultra-long reading
length, short sequencing cycle, no base preference, and no gap sequences. In addition,
this approach allows the sequencing of complex structures at one time, and it makes use
of MGISEQ-2000 s generation sequencing to make up for the shortcomings of low third-
generation sequencing flux and manual correction of sequencing errors. After sequencing,
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we assembled the PRV FJ complete genome quickly, accurately, and completely. The PRV FJ
complete genome was 143,703 bp, had a G&C bases content of 73.67%, and encoded 70 ORFs.
The length and the structural range of the complete genome sequence are consistent with
the previously tested Chinese epidemic mutant HNX strain (full length = 142,294 bp, G&C
bases content = 73.56%, encoding 70 ORFs) [16]; the HNB strain (full length = 142,255 bp,
G&C bases content = 73.61%, encoding 70 ORFs) [17]; the TJ strain (full length = 143,642 bp,
encoding 67 ORFs) [15]; and the HeN1 strain (full length = 141,803 bp, G&C bases bases
content = 73.3%, encoding 69 ORF) [18]. Thus, our FJ strain sequencing results are reliable.

Among the PRV genes we selected for phylogenetic tree analysis, gB, gD, gH, gL, and
gK are necessary to ensure their replication, growth, and proliferation in cells [19]. As
PRV immunogenicity-related proteins, gB, gC, and gD can induce neutralizing antibody
production [20]. The proteins expressed by gH and gL, gE and gI, and gM and gN genes
can form heterodimers, which are related to virus infection and immune escape [21].
TK, PK, gE and gI are virulence-related genes. Single or multiple deletions or insertion
mutations in these genes affect the virulence of PRV [22,23]. The gG gene encodes the only
protein component released by PRV outside the virus; it was released out of the cell by
protease hydrolysis, and it was disconnected from the virion after passing through the
cell membrane [24]. Among the above-mentioned genes, only the gG gene of the PRV FJ
strain was located in the subbranch of the classic Chinese strains identified before 2011.
The reason is that the 244th base of the gG gene of the FJ strain, classic Chinese strain and
other country’s strains is ‘T’, while the corresponding base of the Chinese epidemic mutant
is ‘C’. The other genes were in the same subbranch with the mutants in China. Therefore,
the results showed that the FJ strain has also been a common variant in China in recent
years, and the genetic variation has been stable up to now.

Through the detection of the complete genome recombination events of the PRV FJ strain,
we found recombinant signals in the 1694–1936, 101,113–102,660, and 107,964–111,481 bp
regions, indicating that recombination occurred in the corresponding regions of the HLJ8
and the Ea strains. According to the location of coding sequence annotations in Table 3, we
found the recombinant region was located in the non-coding region of UL and IRs of the FJ
strain, so there is no recombination mutation event in the coding sequence. Non-coding
regions in virus genomes have a variety of functions. For example, a non-coding region
of Japanese encephalitis virus antagonizes the interferon response by blocking interferon
regulatory factor 3 transport [25]; the replication of Marburg virus can be regulated by
its non-coding region [26]. Influenza virus infection can be regulated by its non-coding
region [27]. The non-coding region of the Epstein–Barr virus (EBV) plays an important
role in the life cycle and the pathogenesis of EBV [28]. Natural recombination between
different PRV strains has been common, as authors have reported, although the mechanism
is unclear [29].

However, gene recombination in the non-coding region may affect the ability of PRV to
induce interferon-beta promoter activity and regulate viral messenger RNA (mRNA) [30,31].
The major backbone strain for the recombination event was HLJ8, which is an epidemic
variant strain that was isolated in China after 2011, while the minor backbone strain was
Ea, a classic strain that was isolated in China in the 20th century. Hence, the FJ strain
might have the ability to recombine with the Chinese epidemic variant strain and the
classical strain. With regard to the cause of the natural recombination phenomenon, we
speculate that the FJ wild type strain may have arisen due to natural recombination in pigs
when they were immunized with the commercial vaccine with the Ea strain as the parent
strain. During large-scale importation of breeding pigs in this pig farm, the cross-provincial
transportation of breeding pigs caused some pigs with latent PRV infection in other areas,
so it was difficult to show positive results accurately during PRV detection, while these
pigs are still traded in the market. After the infection of the FJ strain, gene recombination
might occur among PRV in the host.
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Abstract: In recent years, the prevalence of pseudorabies virus (PRV) has caused huge economic
losses to the Chinese pig industry. Meanwhile, PRV infection in humans also sounded the alarm
about its cross-species transmission from pigs to humans. To study the regional PRV epidemic,
serological and epidemiological investigations of PRV in pig populations from Yunnan Province
during 2017–2021 were performed. The results showed that 31.37% (6324/20,158, 95% CI 30.73–32.01)
of serum samples were positive for PRV glycoprotein E (gE)-specific antibodies via enzyme-linked
immunosorbent assay (ELISA). The risk factors, including the breeding scale and development
stage, were significantly associated with PRV seroprevalence among pigs in Yunnan Province. Of
the 416 tissue samples collected from PRV-suspected pigs in Yunnan Province, 43 (10.33%, 95%
CI 7.41–13.26) samples were positive for PRV-gE nucleic acid in which 15 novel PRV strains from
these PRV-positive samples were isolated, whose gC and gE sequences were analyzed. Phylogenetic
analysis showed that all 15 isolates obtained in this study belonged to the genotype II. Additionally,
the gC gene of one isolate (YuN-YL-2017) was genetically closer to variant PRV strains compared
with others, while the gE gene was in the same clade with other classical PRV strains, indicating that
this isolate might be a recombinant strain generated from the classical and variant strains. The results
revealed the severe PRV epidemic in Yunnan Province and indicated that PRV variants are the major
genotypes threatening the pig industry development.

Keywords: pseudorabies virus; seroprevalence; epidemiology; phylogenetic analysis; variants

1. Introduction

Pseudorabies (PR) is a devastating infectious disease that poses a huge threat to the
development of the pig industry worldwide [1]. The causative agent of PR, pseudorabies
virus (PRV) or Suid herpesvirus (SuHV-1), is an enveloped double-stranded DNA virus that
belongs to the subfamily Alphaherpesvirinae of the family of Herpesviridae [2]. Pigs are known
as the natural host and reservoir for PRV. The clinical symptoms of pigs infected with PRV
vary depending on the growth stages: in newborn piglets, PRV infection causes severe
diarrhea, vomiting, and neurological symptoms, resulting in high morbidity; in pregnant
sows, PRV infection leads to reproductive failure [2,3]. Moreover, PRV has an intensive

263



Viruses 2022, 14, 895

cross-species transmission capacity, which can infect a wide variety of animals, such as pigs,
ruminants, carnivores, bears, etc. [4]. Notably, PRV transmission from pigs to humans has
raised worldwide concerns since Chinese researchers recently have successfully isolated a
variant PRV strain from an acute human encephalitis case [5].

Since the first detection of PRV in the United States, the disease caused by this pathogen
has been observed in many countries, including Canada, China, and Hungary [6]. PR has
been successfully controlled or eradicated in some countries or regions, such as Canada
and Mexico, due to the application of multiple diagnosis approaches and glycoprotein E
(gE)-deleted live or attenuated PRV vaccines [2]. However, this infectious disease remains
widely prevalent in Chinese populations. Since late 2011 especially, PRs caused by PRV
variants have frequently erupted in some Bartha-K61-immuized pig farms in China [7,8].
Subsequent experiments showed that the Bartha-K61 vaccine could not provide complete
protection against these variants [8].

Currently, PRV strains are composed of two genotypes (genotype I and genotype II).
PRV strains from Europe and USA belong to the genotype I, while most of genotype II PRV
strains are isolated from Asian countries, mainly in China [2]. Moreover, the genotype II
strains can be further divided into two sub-genotypes (classical PRV strains and variant
PRV strains) [2]. According to the genetic characteristics among different PRV genotype
strains, several amino acid (aa) insertions and deletions were observed, for example, the
PRV genotype II strains have a 3-aa continuous deletion (75VPG79) in the UL27 gene and a
7-aa continuous insertion (63AASTPAA69) in the UL44 gene compared with PRV genotype I
strains [9].

An investigation of the prevalence of PRV is required to build up strategies to control
and even eradicate PR and minimize the risk of humans contacting this infectious pathogen.
Though the prevalence and genetic characteristics of PRV have been documented in several
regions or provinces of China [2,3,10,11], the relevant information in Yunnan Province in
recent years is still not available. To fill in this gap, 20,158 pig serum samples were collected
from 2017 to 2021 to investigate the epidemiology of PRV in Yunnan Province. Furthermore,
the genetic characteristics of 15 newly isolated PRV strains were analyzed based on their
gC and gE sequences.

2. Materials and Methods
2.1. Samples Collection

A total of 20,158 pig serum specimens were collected from 573 pig farms between
March 2017 and December 2021, which nearly covered the entire Yunnan Province, China.
The sampled pigs were chosen according to the breeding scale and breeding model. In
brief, approximately equal numbers of specimens were collected from different growth
stages (sucking piglets, nursery pigs, fattening pigs, sows, and gilts). Meanwhile, ap-
proximately equal sampling frequency was applied; 10, 25~30, and 50~60 serum samples
were collected from each small (<100 sows), medium (100~500 sows), and large-scaled pig
farm (>500 sows), respectively. In addition, tissue samples (such as brain, lymph node,
lung, and kidney) were collected from 416 PRV infection-suspected pigs in 107 farms; the
clinical symptoms of these diseased pigs mainly included encephalitis, diarrhea, fever,
etc. The specimens were collected with standard procedures and delivered to Yunnan
Animal Science and Veterinary Institute in a cold environment. Detailed information of
each sample was documented.

2.2. Serological Detection of Anti PRV-gE Antibodies

Anti-gE antibodies in each serum sample were detected with Pseudorabies Virus
(PRV)-gE antibody ELISA Kits (Cat: CP144, IDEXX Laboratories, Westrook, ME, USA)
following the manufacturer’s instructions, which could be used to differentiate the vaccine
strain or field strain-infected pigs.
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2.3. Virus Detection and Isolation

Viral DNA were extracted from the tissue samples using a DNA Isolation Kit (Genen-
ode Biotech Co.Ltd., Beijing, China) according to the manufacturer’s instructions. PCR was
performed targeting the partial PRV-gE gene, with primers gE-F/R (gE-F: 5′-CCCAACGAC
ACGGGCCTCTA-3′; gE-R:5′-GCACAGCACGCAGAGCCAGA-3′). The virus was isolated
from PRV-positive tissue samples for subsequent experiments. Briefly, the tissue samples
were homogenized and subjected to three freeze–thaw cycles. The supernatants, containing
PRV virus, were filtered through a 0.22 µm filter after centrifugation and inoculated into a
monolayer of BHK-21 or ST cells, which were cultured in a 5% CO2 incubator at 37 ◦C. The
supernatants and cells with obvious cytopathic effects (CPE) were harvested for plaque
purification assays [3] and molecular identification by real-time PCR assays. Viral titers
were determined by the Reed–Muench method in ST cells and the 50% lethal dose (LD50)
of which in mice models were calculated as described by Luo et al. [12].

2.4. Sequencing and Genetic Analysis

PCR was performed to amplify the complete sequences of gE and gC of 15 novel
PRV strains as described previously [2]. The positive PCR products were purified and
cloned into the pUCm-T vector. The plasmid carrying either the gE or gC gene was
sequenced in duplicate. The full-length of gE or gC sequences of 15 newly isolated PRV
strains and reference strains were compared using the DNAStar version 7.10 software. The
phylogenetic tree based on the gE or gC gene was generated using the neighbor-joining (NJ)
method in MEGA X software, with 1000 bootstrap replicates [13]. Detailed information of
15 novel PRV isolates and reference strains were available in the NCBI database as shown
in Table 1.

Table 1. Detailed information of PRV strains identified in this study and reference strains, including
strain name, collection year, isolation region, viral titer, the median lethal doses (LD50) to mice, and
GenBank accession numbers.

Strains Collection
Year

Isolation
Region

Pig Farm
Size Tissue Type TCID50/

0.1 mL LD50
GenBank
Accession

YuN-YL-2017 2017 Yunan, China Small Lung,
fattening pig 105.25 103.5 OM982597(gC),

ON012780 (gE)

YuN-KD-2017 2017 Yunan, China Large Aborted
fetus 106.58 102.65 OM982598 (gC),

ON012781 (gE)

YuN-XN-2017 2017 Yunan, China Large Aborted
fetus 105.75 102.85 OM982599 (gC),

ON012782 (gE)

YuN-FL-2017 2017 Yunan, China Medium Aborted
fetus 106.083 102.63 OM982600 (gC),

ON012783 (gE)

YuN-QJ-2018 2018 Yunan, China Medium Aborted
fetus 106.5 102.5 OM982601 (gC),

ON012784 (gE)

YuN-LL-2018 2018 Yunan, China Large Aborted
fetus 106.875 102.08 OM982602 (gC),

ON012785 (gE)

YuN-KM-2018 2018 Yunan, China Small Aborted
fetus 107.0 102.85 OM982603 (gC),

ON012786 (gE)

YuN-YX-2019 2019 Yunan, China Medium Aborted
fetus 106.0 101.80 OM982604 (gC),

ON012787 (gE)

YuN-KM-2019 2019 Yunan, China Large Aborted
fetus 106.38 102.0 OM982605 (gC),

ON012788 (gE)

YuN-QJ-2019 2019 Yunan, China Small Aborted
fetus 106.59 102.5 OM982606 (gC),

ON012789 (gE)
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Table 1. Cont.

Strains Collection
Year

Isolation
Region

Pig Farm
Size Tissue Type TCID50/

0.1 mL LD50
GenBank
Accession

YuN-FY-2020 2020 Yunan, China Large Aborted
fetus 107.12 102.43 OM982607 (gC),

ON012790 (gE)

YuN-QJ-2020 2020 Yunan, China Small Aborted
fetus 106.0 102.63 OM982608 (gC),

ON012791 (gE)

YuN-ST-2020 2020 Yunan, China Large Aborted
fetus 107.0 102.5 OM982609 (gC),

ON012792 (gE)

YuN-DH-2021 2021 Yunan, China Medium Aborted
fetus 106.67 102.38 OM982610 (gC),

ON012793 (gE)

YuN-KM-2021 2021 Yunan, China Large Aborted
fetus 106.25 102.43 OM982611 (gC),

ON012794 (gE)

hSD-1 2019 Shandong,
China - - MT468550

JXCH2-16 2016 Jiangxi,
China - - MK806387

SD-18 2020 China - - MT949536

HN1201 2012 Henan,
China - - KP722022

ZJ01 2012 Zhejiang,
China - - KM061380

SC 1986 Sichuan,
China - - KT809429

HLJ-2013 2013 Heilongjiang,
China - - MK080279

HeN1 2012 Henan,
China - - KP098534

Ea 1993 Hubei, China - - KX423960
HuB17 2020 Hubei, China - - MT949537

Fa 2012 Fujian, China - - KM189913

JS-2012 2012 Jiangsu,
China - - KP257591

Bartha - Hungary - - JF797217
Kaplan - Hungary - - KJ717942
Kolchis 2010 Greece - - KT983811

2.5. Data Analyses

The seroprevalence of PRV in pigs was presented as the minimum infection rate
(MIR) with 95% confidence intervals (CIs). The statistical significance of PRV-gE sero-
prevalence among different groups was analyzed using a Chi-square test in SPSS 21.0
software (SPSS Inc., Chicago, IL, USA). A difference with a p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Seroprevalence of PRV-gE in Yunnan Province during 2017–2021

In total, 573 pig farms were included in this survey, where nearly all sampled pigs
had been immunized with an attenuated PRV vaccine (Bartha-K61 or HB-98 strain) or
inactivated PRV vaccine. Of the collected serum samples, 6324 out of 20,158 samples were
seropositive for PRV-gE specific antibodies, contributing to the overall positive rate of
31.37% (95% CI 30.73–32.01). The seroprevalence rates of PRV-gE from March 2017 to
Augest 2018, September 2018 to January 2020, and April 2020 to December 2021 were
29.25% (2355/8051), 41.48% (2449/5904), and 24.50% (1520/6203), respectively (Table 2)
(p < 0.01).
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Table 2. Seroprevalence of PRV-gE among pigs in Yunnan province with different risk factors.

Category No. Sample No. Positive % (95% CI) p-Value

Period
March 2017 to August 2018 8051 2355 29.25 (28.26–30.24) <0.001

September 2018 to January 2020 5904 2449 41.48 (40.22–42.74) <0.001
April 2020 to December 2021 6203 1520 24.50 (23.43–25.57) Reference

Pig herd

Piglets 2644 442 16.72 (15.29–18.14) Reference
Nursery pigs 5304 1467 27.66 (26.45–28.86) <0.001

Fattening pigs 5621 2301 40.94 (39.65–42.22) <0.001
Sows 4039 1245 30.82 (29.40–32.24) <0.001
Gilts 2123 761 35.84 (33.81–37.89) <0.001
Boars 427 108 25.29 (21.17–29.42) <0.001

Pig farm size
Small 3438 1273 37.03 (35.41–39.64) <0.001

Medium 6273 1556 24.80 (23.74–25.87) Reference
Large 10,447 3495 33.45 (32.55–34.36) <0.001

20,158 6324 31.37 (30.73–32.01)

In terms of pig herds, the average PRV-gE seroprevalence rate in piglets (16.72%, 442/2644)
was significantly lower than these of other development stages of pigs (25.29~40.94%) (p < 0.01)
(Table 2). Moreover, we further investigated the seroprevalence of PRV in pig farms with
different breeding scales, which showed that the lowest seroprevalence was observed in
medium scale farms (24.80%, 1556/6273), followed by small-scale farms and large-scale
farms at 33.45% (3495/10,447) and 37.03% (1273/3438), respectively (p < 0.01) (Table 2).

3.2. PRV Detection and Viral Isolation

As shown in Table 3, of the 416 tissue samples collected from PR-suspected pigs, 43
(10.33%, 95% CI 7.41–13.26) samples were positive for PRV-gE nucleic acids. The detection
rate of PRV among collected samples from March 2017 to August 2018, September 2018
to January 2020, and April 2020 to December 2021 were 9.04% (16/177), 14.56% (15/103),
and 8.82% (12/136), respectively (p > 0.05). In terms of tissue samples from the pigs with
different clinical symptoms, the positive rates of PRV infection among aborted fetuses
(13.89%, 15/108) and piglets with neurological symptoms (18.07%, 15/83) were higher than
other samples (5.78%, 13/225) (p < 0.01).

To further investigate the genetic features of PRV strains prevalent in Yunnan Province
in recent years, 15 PRV strains were successfully isolated from the PRV-positive samples,
purified via plaque purification, and further validated by PCR. The viral titers of these PRV
strains were determined via the Reed–Muench method in ST cells, varying from ~105.25 to
107.4 TCID50/0.1 mL (Table 1). The subsequent animal experiments showed that the LD50
of 15 novel PRV strains to six-week-old female Kunming-mice ranged from ~102.0 to 103.5

TCID50 (Table 1).

Table 3. The PRV-gE DNA positive rates among pigs with different risk factors.

Category No. Sample No. Positive % (95% CI) p-Value

Period
March 2017 to August 2018 177 16 9.04 (4.82–13.26) 0.947

September 2018 to January 2020 103 15 14.56 (7.75–21.38) 0.165
April 2020 to December 2021 136 12 8.82 (4.06–13.59) Reference

Samples
Aborted fetus 108 15 13.89 (7.37–20.41) < 0.01

Piglets with neurological
symptoms 83 15 18.07 (9.79–26.35) < 0.01

Others 225 13 5.78 (2.73–8.83) Reference
416 43 10.33 (7.41–13.26)

3.3. Phylogenetic Analysis

PRV gE and gC of the newly identified 15 PRV stains were amplified by PCR and cloned
into a pUCm-T vector for sequencing [2]. According to the phylogenetic analysis based
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on PRV gE or gC sequences, all PRV strains, including 15 novel PRV strains and reference
strains, were divided into two genotypes: genotype I and genotype II (Figure 1A,B). In
agreement with a previous study [14], most of the isolates from China were clustered as
genotype II, which could be further divided into the classical (before 2012) and variant
(after 2012) sub-genotypes, while PRV strains from other parts, such as Europe and the
U.S., belonged to genotype I. Notably, all 15 PRV isolates obtained in this study belonged
to genotype II. Importantly, the gE phylogenetic tree showed that one isolate from Yunnan
Province in 2017 (designed as YuN-YL-2017) was genetically closer to classical PRV strains
compared with others (Figure 1A), while the gC gene was in the same clade with other PRV
variants (Figure 1B).
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Figure 1. Phylogenetic analysis based on the nucleotide sequences of gE (A) and gC (B) genes of the
15 novel PRV isolates obtained in this study and other reference strains. A phylogenetic tree was
generated using the neighbor-joining method with 1000 bootstrap replicates in MEGA X software.
The black triangle represents the 15 PRV isolates.

3.4. Analysis of PRV gC and gE

The nucleotide and the corresponding amino acid sequence variations for gC (1464 bp)
and gE (1734~1740 bp) genes of 15 novel PRV strains within the isolates were 0.0~0.3%,
0.0~0.7%, and 0.0~0.8%, 0.0~1.7%, respectively (Table 4). Moreover, compared with PRV
variants and classical PRV strains, these 15 PRV strains exhibited a 99.6~100.0%, 99.1~99.4%
nucleotide and 99.4~100.0%, 98.3~98.7% amino acid sequence identity in the gC gene and
a 99.3~100.0%, 99.2~99.8% nucleotide and 98.6~100.0%, 98.8~99.5% amino acid sequence
identity in the gE gene (Table 4), respectively. Remarkable, the gE gene of the YuN-YL-2017
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strain showed a higher sequence homology with classical PRV strains (such as Ea and Fa),
while its gC gene was highly homologous to the variants (such as HeN1 and ZJ01).

Table 4. Sequence similarity analysis of the gC and gE sequences of PRV strains identified in
this study.

Selected Strains
Nucleotide Sequences (%) Amino Acid Sequences (%)

gC gE gC gE

15 PRV strains obtained
in this study 99.7~100.0 99.3~100.0 99.2~100.0 98.3~100.0

Compared with PRV
variants 99.6~100.0 99.3~100.0 99.4~100.0 98.6~100.0

Compared with classical
PRV strains 99.1~99.4 99.2~99.8 98.3~98.7 98.8~99.5

Compared with PRV
strains in genotype I 94.2~96.1 97.4~97.8 89.2~96.5 95.3~96.0

PRV gC and gE proteins sequences among the PRV strains were further aligned. The
results revealed that there was no amino acid insertions or deletions, but several mutations
were observed among gC proteins of 15 PRV strains when compared with other PRV
variants. Except for some amino acid mutations among gE proteins, compared with the
PRV variants, the YuN-YL-2017 strain had two amino acid deletions at site 48 (D) and
498 (D).

4. Discussion

Since the emergence of variant PRV strains in China in 2011, the disease caused by
PRV variants has been considered a major factor contributing to huge economic losses to
the swine industry. Recently, the cross-species transmission events of PRV from pigs to
humans have also attracted increasing attention [15,16]. Great efforts have been made for
the control of PR; particularly, this disease was listed in the “Mid- and Long-term Animal
Disease Prevention and Control Program in China (2012–2020)”. Nevertheless, PR remains
widely spread in Chinese pig populations and pose a challenge for other animals breeding
in China, such as fox and mink. Thus, obtaining accurate data on the epidemiological
characteristics of PRV is beneficial for formulating control or eradication measures.

The present results showed that the average PRV-gE seropositive rate was 31.37%
among 20,158 serum samples from Yunnan Province from 2017 to 2021. Further analy-
sis showed that the PRV seroprevalence in Yunnan Province between September 2018 to
January 2020 (41.48%, 2449/5904) was higher than these during March 2017–August 2018
(29.25%, 2355/8051) and April 2020–December 2021 (24.50%, 1520/6203), and a similar
epidemiological trend was also observed in the pathogen detection section in this study.
Since the outbreaks of African swine fever (ASF) and its rapid spread since August 2018
contributed to the substantial reduction of the sow population in China, many PRV-positive
sows might have been introduced into pig farms to keep the breeding scale, which con-
tributed to the high seroprevalence of PRV in some regions of China [2]. Owing to the fact
that the prevalence of ASF has been controlled in 2020 [17] and the excessive pig production
in China recently, many pig farms subsequently focused on the prevention or eradication
of other infectious diseases, including PR, classical swine fever, etc.

Two factors, “pig herd” and “breeding scale”, were significantly associated with the
seroprevalence of PRV of pigs in Yunnan Province. The seroprevalence of PRV in fattening
pigs, sows, and gilts was higher than these in piglets, nursery pigs, and boars; similar
results were also observed in previous research [18]. On one hand, the occurrences of
PR in fattening pigs are often neglected since they only display mild symptoms. On
the other hand, fattening pigs are not immunized with PRV vaccines in some pig farms.
Meanwhile, long-term feeding increases the probability of PRV infection among sows
and gilts. Moreover, as reported in Lin’s study [2], we also found that a lower PRV-gE
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seropositive rate among pigs was detected from medium-sized farms compared with those
in large and small ones, which might suggest that the medium-density feeding mode is
more suitable for infectious diseases control.

The gC protein participates in viral abortion on a host cellular surface; meanwhile,
this protein is an important target for neutralizing an antibody [19]. The gE protein is
mainly involved in viral virulence [4]. Phylogenetic analysis based on the gE or gC gene
revealed that PRV strains prevalent worldwide can be divided into two genotypes (namely,
genotype I and genotype II), and most PRV strains circulated in China belong to the
genotype II [1,14]. In line with these, 15 novel PRV strains obtained in this study formed
one large clade with Chinese PRV variants (after 2012) and Chinese classical PRV strains
(before 2012) and belonged to the genotype II, which showed a distinct relationship to
genotype I strains, such as Bartha and Backer (Figure 1A,B). Remarkably, one isolate, namely,
YuN-YL-2017, was identified as a PRV variant according to the genetic analysis of gC gene,
which belonged to the classical strains according to the gE gene. These results indicated
this strain might be a recombinant variant strain. Further analysis showed that the LD50 of
YuN-YL-2017 to mice was higher than those of other PRV variants (103.5 TCID50 VS 102.0–2.8

TCID50), suggesting that the recombinant event in the genome of YuN-YL-2017 decreased
its virulence to mice, and the underlying mechanisms will be explored in the future.

5. Conclusions

In conclusion, this study comprehensively investigated the prevalence and genetic
features of PRV in Yunnan Province from 2017 to 2021, showing that PR remains highly
prevalent among pig populations in Yunnan Province, China. Phylogenetic analysis showed
that all 15 PRV strains isolated in this study belonged to the genotype II, displaying a distinct
evolutionary relationship with the Bartha strain in genotype I, which might partly explain
the immune failure of the PRV Bartha-K61 vaccine in pigs challenged by PRV variants,
and further suggesting that novel vaccines should be developed for the control of PR in
this region. In addition, the results above also highlighted the importance of continuous
monitoring the molecular epidemiology of such recombinant PRV strains in the future.
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Abstract: In late 2011, severe pseudorabies (PR) outbreaks occurred among swine herds vaccinated
with the Bartha-K61 vaccine in many provinces of China, causing enormous economic losses for the
pork industry. To understand the epidemic profile and genetic characteristics of the pseudorabies
virus (PRV), a total of 35,796 serum samples were collected from 1090 pig farms of different breeding
scales between 2019 and 2021 in the Henan province where swine had been immunized with the
Bartha-K61 vaccine, and PRV glycoprotein E (gE)-specific antibodies were detected using an enzyme-
linked immunosorbent assay (ELISA). The results reveal that the overall positive rate for PRV gE
antibodies was 20.33% (7276/35,796), which decreased from 25.00% (2596/10,385) in 2019 to 16.69%
(2222/13,315) in 2021, demonstrating that PR still existed widely in pig herds in the Henan province
but displayed a decreasing trend. Further analysis suggested that the PRV-seropositive rate may
be associated with farm size, farm category, quarter, region and the cross-regional transportation
of livestock. Moreover, the gE gene complete sequences of 18 PRV isolates were obtained, and they
shared a high identity (97.1–100.0%) with reference strains at the nucleotide level. Interestingly, the
phylogenetic analysis based on the gE complete sequences found that there were both classical strains
and variant strains in pig herds. The deduced amino acid sequence analysis of the gE gene showed
that there were unique amino acids in the classical strains, the variant strains and genotype II strains.
This study provides epidemiological data that could be useful in the prevention of pseudorabies in
Henan, China, and this finding contributed to our understanding of the epidemiology and evolution
of PRV.

Keywords: Aujeszky’s disease; pseudorabies virus; epidemiological characteristics; phylogenetic analysis

1. Introduction

Porcine pseudorabies (PR), also called Aujeszky’s disease, is an acute infectious dis-
ease with high morbidity and mortality which has caused great harm to the global animal
husbandry industry [1]. The causative agent, suid herpesvirus type 1 (SuHV-1, syn. Au-
jeszky’s disease virus or pseudorabies virus (PRV)), is an enveloped and double-stranded
linear DNA virus which is taxonomically classified into the family Herpesviridae, subfamily
Alphaherpesvirinae, genus Varicellovirus [2]. Members of the family Suidae (true pigs), as
unique natural hosts and reservoirs of PRV, are susceptible to PRV at all ages [3], with
clinical symptoms including lethal encephalitis and neurological symptoms in neonatal
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piglets, respiratory disease in finishing pigs and reproductive failure in infected sows [4,5].
Without specific host tropism, PRV was previously deemed to infect a wide range of mam-
mals including ruminants, carnivores and rodents, with the exception of higher-order
primates and humans [6–8]. Nonetheless, multiple reports have shown that PRV can cross
the livestock-to-human species barrier, invade the human central nervous system (CNS)
and induce human encephalitis [9–12], in the case of a PRV strain isolated from acute
human encephalitis, suggesting that humans may be a potential host for PRV [13]. Besides,
there are currently no effective drugs to prevent and treat the disease, which could pose a
potential threat to public health.

In China, PR was first reported in the 1950s, and was well-controlled between 1990
and 2011 due to the widespread use of glycoprotein E (gE)-negative vaccines based on
the Hungarian strain Bartha-K61 [14]. However, at the end of 2011, PR outbreaks took
place on many Chinese farms where swine had been immunized with the Bartha-K61
vaccine, and rapidly spread to many regions of China, causing a significant impact on the
pig-farming industry [15–18]. Studies indicated that the re-emerging PR was caused by PRV
variants, and Bartha-K61 vaccines only confer partial protection on piglets against these
new variants [15,17,19,20]. It is reported that about 2600 newborn piglets and 200 sows
died from the PRV variant infections in one swine herd in the Henan province, resulting in
a direct economic loss of at least one million Chinese yuan (CNY 156,000) [21].

To better prevent and control the disease, serological and molecular epidemiology
investigations of PRV infection were carried out extensively in the Henan province of China
before 2019 [18,19,22], but its epidemic profile in recent years remains unclear. Hence, the
current study was designed to investigate the seroprevalence of PR from 2019 to 2021 in the
Henan province of China and to analyze the gE gene of PRV strains isolated in this study.

2. Materials and Methods
2.1. Sample Collection

From January 2019 to December 2021, a total of 35,796 serum samples were collected
from 35,796 pigs on 1090 farms in the Henan province of China (Figure 1). The 1090 pig farms
consisted of three different categories: slaughterhouses, commercial pig farms and breeding
farms. Owing to various breeding scales of stock farms, 15∼29, 30 and 31∼200 samples
were collected from each small- (<500 pigs), medium- (500∼2000 pigs) and large-scale
farms (>2000 pigs), respectively. Each batch of serum samples was collected on the day
after blood collection and stored at −80 ◦C, and the specific detection was completed the
next day. The results from different cities will be aggregated into the database monthly.
Additionally, 389 tissue samples containing brains, lymph nodes and lungs were collected
from 389 diseased pigs during outbreaks of PR. These tissue samples were homogenized,
diluted at a ratio of 1:5 in phosphate-buffered saline (PBS) and then stored at −80 ◦C
until use.

2.2. Serological Detection

Serological analysis was performed to detect anti-gE antibodies (Abs) using commer-
cial blocking enzyme-linked immunosorbent assay (ELISA) kits (Pseudorabies Virus gE
Antibody Test Kit) (IDEXX Laboratories, Westbrook, ME, USA), according to the manu-
facturer’s procedure. Results were calculated by dividing the absorbance at 650 nm (A
(650)) of the tested sample by the mean A (650) of the negative control, resulting in a sam-
ple/negative (S/N) value that was used to differentiate infected from vaccinated animals.
The S/N value was inversely proportional to the quantity of Abs. Therefore, S/N ≤ 0.60
was considered as positive, S/N > 0.70 was regarded as negative, and 0.60 < S/N ≤ 0.70
was judged to be suspicious, necessitating that the test be retested or retested over time.
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province of China during 2019–2021.

2.3. Virus Detection and Isolation

The tissue samples were freeze–thawed three times to release the virus, and the
homogenates were centrifuged at 8000× g for 5 min. Viral DNA was extracted from the
tissue samples using the Nucleic Acid Extraction and Purification Kit (Omega Bio-Tek, Inc.,
Norcross, GA, USA) according to the manufacturer’s instructions. The presence of PRV
nucleic acids was screened by polymerase chain reaction (PCR) as described previously [22].
PRV-positive tissue supernatants were filtered through a 0.22 µm filter (EMD Millipore,
Billerica, MA, USA), and then inoculated into swine testis (ST) cell monolayers for 2 h
in a 37 ◦C incubator supplemented with 5% CO2. The ST cells were maintained for 72 h
to produce a cytopathic effect (CPE) in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Billings, MT, USA) supplemented with 2% heat-inactivated fetal bovine serum (FBS)
(Gibco). When obvious CPE appeared, cells were collected. The collected viruses were
plaque-purified in 2 mL of DMEM containing 1% (w/v) low-melting-point agarose and 2%
FBS, and their identity was validated by PCR as described previously [22].
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2.4. Sequencing and Phylogenetic Analysis

The full-length gE gene was amplified by PCR from viral DNA extracted from the
isolates as described previously [23]. The PCR product was purified using the V-ELUTE Gel
Mini Purification Kit (Beijing Zoman Biotechnology Co., Ltd., Beijing, China), then ligated
into the pMDTM 18 T Vector Cloning Kit (Takara, Dalian, China), and finally transformed
into TreliefTM 5α Chemically Competent Cells (Tsingke, Beijing, China). The positive
monoclonal clones were verified by PCR and sequenced by Wuhan AuGCT DNA-SYN
Biotechnology Co., Ltd. (Wuhan, China), in triplicate.

Twenty-eight PRV strains were retrieved from the NCBI database and served as the
reference strains. The nucleotide sequences and the corresponding amino acid variations
in the gE gene between PRV isolates sequenced in our study and the reference strains
were analyzed using DNASTAR Lasergene.v7.1 (DNASTAR, Inc., Madison, WI, USA). The
phylogenetic tree was constructed by the neighbor-joining method using the MEGA 7.0
software (www.megasoftware.net) with a bootstrap of 1000 replicates [24].

3. Results
3.1. Seroprevalence of PRV in Henan Province

In the present study, a total of 35,796 serum samples were collected in the Henan province,
including 10,385 in 2019, 12,096 in 2020 and 13,315 in 2021. Meanwhile, 1090 involved farms
were inoculated, including 324 in 2019, 385 in 2020 and 381 in 2021, from which sera were
collected. Data obtained from the ELISA assay demonstrated that the positive rate at
the serum sample level was 25.00% in 2019, 20.32% in 2020 and 16.69% in 2021 (Table 1),
respectively, while at the farm level it was 50.31% in 2019, 50.65% in 2020 and 49.87% in
2021 (Table 2). Of the 1090 farms, 2278 serum samples were obtained from 98 small farms,
26,430 from 881 medium farms and 7088 from 111 large farms. The positive rate at small
farms, medium farms and large farms was 25.72%, 22.15% and 11.78% at the serum sample
level, and 69.39%, 48.81% and 45.05% at the farm level (Table 2). The seroprevalence of
slaughterhouses, commercial pig farms and breeding farms was 25.83%, 23.80% and 8.14%
(Table 1).

Regional variation, seasonal variation and other factors with a potential association
with PRV were evaluated. From 2019 to 2021, the total seroprevalence was 14.01% in eastern
Henan, 25.88% in western Henan, 17.68% in southern Henan, 20.39% in northern Henan
and 23.13% in middle Henan (Figure 2a), revealing that PRV infection rates varied from
region to region. From 2019 to 2021, the total seroprevalence rate was 21.70% in the first
quarter (Q1), 24.16% in Q2, 21.38% in Q3 and 15.29% in Q4, implying PRV infection rates
varied by quarter. In detail, the peak of PRV infection was 31.59% in Q3 of 2019 but 28.15%
in Q1 of 2020 and 21.48% in Q2 of 2021, indicating that the peak time of PRV infection
each year was inconsistent, while the lowest number of infections usually occurred in Q4
(Figure 2b). The performance in different distributions was more pronounced. During 2019
to 2021, the peak of PRV infection was 41.24% and 26.36% in Q1 in western Henan and
northern Henan, compared to 30.36% in Q2 in middle Henan, and 19.52% and 26.87% in
Q3 in eastern Henan and southern Henan (Figure 2c). Nevertheless, the lowest number of
infections occurred in Q4, with 8.59% in the east, 22.32% in the west, 12.27% in the south,
12.04% in the north and 20.52% in the middle. Last but not least, the specific changes in
the seroprevalence rates by quarter and by region are shown in Figure 2d, and the annual
infection rate for each city is illustrated by Figure S1a–c.
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Table 1. The detection results for pseudorabies virus in different regions and different pig farms in
the Henan province of China during 2019–2021.

Time

The Regions of Henan Province, China The Categories of Pig Farms

TotalEastern
Henan

Western
Henan

Southern
Henan

Northern
Henan

Middle
Henan Slaughterhouse

Commercial
Farm

Households

Breeding
Stock Farm

January–
March in
2019 (Q1)

0.18%
(1/570)

61.92%
(161/260)

11.40%
(107/939)

18.78%
(74/394)

22.13%
(52/235)

62.50%
(50/80)

27.50%
(327/1189)

1.59%
(18/1129)

16.47%
(395/2398)

April–June
in 2019 (Q2)

16.13%
(121/750)

25.45%
(112/440)

31.22%
(153/490)

44.03%
(295/670)

44.25%
(200/452)

65.00%
(195/300)

29.90%
(572/1913)

19.35%
(114/589)

31.44%
(881/2802)

July–
September
in 2019(Q3)

17.79%
(71/399)

30.11%
(137/455)

39.21%
(149/380)

44.13%
(124/281)

31.12%
(164/527)

46.86%
(112/239)

27.96%
(402/1438)

35.89%
(131/365)

31.59%
(645/2042)

October–
December in

2019 (Q4)

15.22%
(35/230)

24.67%
(111/450)

12.69%
(82/646)

17.76%
(114/642)

28.34%
(333/1175)

19.22%
(69/359)

28.48%
(508/1784)

9.80%
(98/1000)

21.48%
(675/3143)

Total for
2019

11.70%
(228/1949)

32.46%
(521/1605)

20.00%
(491/2455)

30.55%
(607/1987)

31.35%
(749/2389)

43.56%
(426/978)

28.61%
(1809/6324)

11.71%
(361/3083)

25.00%
(2596/10,385)

January–
March in
2020 (Q1)

24.42%
(138/565)

52.94%
(63/119)

26.96%
(86/319)

29.97%
(205/684)

24.11%
(102/423)

33.47%
(159/475)

29.45%
(415/1409)

19.06%
(61/320)

28.15%
(594/2110)

April–June
in 2020 (Q2)

2.56%
(10/390)

20.05%
(149/743)

14.53%
(100/688)

17.59%
(57/324)

40.00%
(212/530)

14.76%
(31/210)

25.76%
(448/1739)

6.75%
(49/726)

19.74%
(528/2675)

July–
September
in 2020(Q3)

14.63%
(109/745)

26.06%
(135/518)

22.00%
(187/850)

17.01%
(272/1599)

20.64%
(219/1061)

18.97%
(184/970)

22.87%
(705/3082)

4.58%
(33/721)

19.32%
(922/4773)

October–
December in

2020 (Q4)

8.46%
(33/390)

29.82%
(201/674)

14.65%
(103/703)

1.98%
(7/353)

16.75%
(70/418)

17.78%
(16/90)

17.27%
(328/1899)

12.75%
(70/549)

16.31%
(414/2538)

Total for
2020

13.88%
(290/2090)

26.68%
(548/2054)

18.59%
(476/2560)

18.28%
(541/2960)

24.79%
(603/2432)

22.33%
(383/1715)

23.09%
(1862/8065)

9.20%
(213/2316)

20.32%
(2458/12,096)

January–
March in
2021 (Q1)

0.00%
(0/330)

18.67%
(56/300)

81.82%
(90/110)

27.89%
(94/337)

17.20%
(65/378)

18.64%
(11/59)

21.88%
(258/1179)

16.59%
(36/217)

20.96%
(305/1455)

April–June
in 2021 (Q2)

49.17%
(118/240)

29.12%
(166/570)

11.71%
(41/350)

13.16%
(109/828)

20.91%
(252/1205)

14.11%
(59/418)

25.28%
(565/2235)

11.48%
(62/540)

21.48%
(686/3193)

July–
September
in 2021(Q3)

26.29%
(168/639)

21.65%
(176/813)

14.04%
(99/705)

13.84%
(62/448)

16.82%
(215/1278)

18.67%
(84/450)

23.90%
(625/2615)

1.34%
(11/818)

18.54%
(720/3883)

October–
December in

2021 (Q4)

7.11%
(71/999)

12.92%
(84/650)

7.89%
(84/1064)

11.90%
(106/891)

14.07%
(166/1180)

20.42%
(106/519)

13.95%
(398/2854)

0.61%
(7/1141)

10.68%
(511/4784)

Total for
2021

16.17%
(357/2208)

20.66%
(482/2333)

14.09%
(314/2229)

18.28%
(371/2504)

17.27%
(698/4041)

17.98%
(260/1446)

20.78%
(1846/8883)

3.88%
(116/2986)

16.69%
(2222/13,315)

Total for
2019–2021

14.01%
(875/6247)

25.88%
(1551/5992)

17.68%
(1281/7244)

20.39%
(1519/7451)

23.13%
(2050/8862)

25.83%
(1069/4139)

23.80%
(5517/23,177)

8.14%
(690/8480)

20.33%
(7276/35,796)

Note: Q represents quarter.

Table 2. The prevalence of pseudorabies virus in different-scale pig herds in the Henan province
during 2019–2021.

Year
Prevalence on Pig Farms of Different Sizes Prevalence of Serum Samples on Pig Farms of Different

Sizes

Small
(15∼29)

Medium
(30)

Large
(31∼200) Total Small Medium Large Total

2019 73.33%
(22/30)

48.81%
(123/252)

42.86%
(18/42)

50.31%
(163/324)

31.52%
(197/625)

26.57%
(2009/7560)

17.73%
(390/2200)

25.00%
(2596/10,385)

2020 69.23%
(27/39)

49.20%
(154/313)

42.42%
(14/33)

50.65%
(195/385)

24.49%
(226/923)

21.84%
(2051/9390)

10.15%
(181/1783)

20.32%
(2458/12,096)

2021 65.52%
(19/29)

48.42%
(153/316)

50.00%
(18/36)

49.87%
(190/381)

22.33%
(163/730)

18.93%
(1795/9480)

8.50%
(264/3105)

16.69%
(2222/13,315)

Total 69.39%
(68/98)

48.81%
(430/881)

45.05%
(50/111)

50.28%
(548/1090)

25.72%
(586/2278)

22.15%
(5855/26,430)

11.78%
(835/7088)

20.33%
(7276/35,796)
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3.2. The Results of PRV Isolation

The PRV gE gene was detected by PCR in 52 of the 389 (13.37%) clinical case samples.
PCR-positive tissue samples were inoculated into ST cells, and distinct CPEs appeared
after three to four blind passages on ST cells. PCR detection results confirmed that 18 PRV
isolates were obtained, and these were named as HD-1, HD-2, PY-1, SC1, SC2, HN-CM,
HN-CY, HN-GM, HN-HY, HN-LL, HN-LH, HN-LY, HN-YH, HN-HX, HN-MY, HN-WZ,
HN-XT and HN-YY.
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3.3. Genetic Analysis Results Based on gE

The full-length gE genes of 18 PRV isolates were cloned and sequenced. These se-
quences were submitted to GenBank under the accession numbers listed in Table S1. Of the
18 full gE sequences examined, 12 isolates were 1737 nucleotides (nt) in length, encoding
a protein of 578 amino acids (aas), and the other 6 isolates (HN-YH, PY-1, HD1, HD2,
SC1 and SC2) were 1740 nt-long (579 aas). The nt sequencing analysis showed that the
18 isolates shared 98.6–99.9% nucleotide identity with each other, and these isolates shared
97.1% to 100.0% nucleotide sequence identity with 28 PRV reference strains (Table S1).
The phylogenetic analysis indicated that PRV strains could be divided into two genotypes
(Figure 3), and these observations were corroborated by gE nt sequence identities of 18 PRV
isolates in this study and 28 PRV reference strains. Genotype I included 10 PRV reference
strains from Europe and America, and 18 PRV isolates in this study displayed 97.1% to
98.2% nucleotide sequence identity with the 10 PRV reference strains. All 18 PRV isolates
in this study were clustered in genotype II, together with 12 Chinese PRV strains (after
2012), 3 early Chinese PRV strains (before 2012) and 3 Asian PRV strains, including the
South Korean strain Yangsan, Japanese strain RC1 and Malaysian strain P-PrV, with nt
sequence identities ranging from 98.7% to 99.9% between 18 PRV isolates in this study and
the 18 reference strains. Phylogenetically, 6 of 18 PRV isolates (HN-YH, PY-1, HD1, HD2,
SC1 and SC2) in this study and 10 Chinese variant PRV reference strains (after 2012) were
distributed within the variant PRV cluster in genotype II and had 99.6–100.0% nucleotide
sequence identity. The remaining 12 isolates, which represent the current PRV classical
strains from a high-positive city at different times in each region in the Henan province,
were located in the classical cluster with 2 early Chinese classical PRV reference strains,
Ea and SC (before 2012), and 2 Chinese PRV reference strains, HuN-YY and HuB17 (after
2012), with nt sequence identity ranging from 99.1% to 99.9%. These results reveal that
among the 18 isolates, HN-YH, PY-1, HD1, HD2, SC1 and SC2 belonged to PRV variants of
genotype II, and the other 12 isolates were grouped as the classical PRV strains. In addition,
combined with amino acid sequence analysis, unique aa variations in gE protein were used
as molecular markers for differentiating gE clade divisions in genetic evolution analysis
(Figure 3).

The aa sequences of gE protein in the 46 PRV strains were aligned, and all aa inser-
tions and aa substitutions are depicted in Figure 4. Compared with genotype I strains,
36 genotype II strains had an aa insertion at position 48 (34D/ 2no insertion) and 18 aa sub-
stitutions at positions 59 (36D/Y→36N), 63 (36N→35D/1N), 106 (36V→36L),
122 (36A→35S/1A), 149 (36R→36M), 179 (36T→36S), 181 (36R/Q→36L), 215 (36L→36A),
216 (36A→36D), 472 (36G→36R), 474 (36R→36H), 504 (36A→35I/1V), 509 (36S→36A),
522 (36V→35A/1T), 526 (36A→36P), 573 (36S→35N/1S), 577 (36N→33M /2N/1H) and
578 (36A→33S/2A/1V).
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Figure 3. Phylogenetic tree based on the nucleotide sequences of gE gene of 18 PRV isolates deter-
mined in this study and 28 reference strains. Neighbor-joining trees were constructed with p-distance
model and bootstrapping at 1000 replicates. Black solid circles (•) and black solid triangles (N)
represent variant strains and classical strains in this study, respectively.
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4. Discussion

Due to dense swine populations, notifiable PR remains one of the most important
diseases in regions of South America and some regions in Europe and Asia, especially
in China, which is the largest producer of pork products in the world [3]. PR is recog-
nized to have caused devastating damage to the Chinese swine industry and was listed
in the “Middle-Long-term Animal Disease Prevention and Control Program in China
(2012–2020)” [25], which aims to eradicate PR in pig farms in China by the end of 2020
(The State Council of the People’s Republic of China 2012). As a result, the prevalence
of virulent PRV has declined significantly in China since 2012, but the eradication target
has not yet been reached. As almost all pig farms in China are still using the gE-deleted
PRV vaccine (Bartha K61 strain), detection of gE-specific antibodies by ELISA remains a
rapid and effective method for differentiating between infected and vaccinated animals
(DIVA) [26]. In this study, the overall positive rate for PRV gE antibodies decreased from
25.00% in 2019 to 16.69% in 2021, being significantly lower than 94.2% (49/52) in 2011 [18]
and 30.14% (1419/4708) in 2018 [22]. It can be seen that the PR epidemic situation in the
Henan province has exhibited an obvious downward trend, which is in agreement with the
tendency of eradication. Recent epidemiological studies showed that the seroprevalence
of PRV decreased from 38.20% in 2018 to 18.12% in 2020 in the Shandong province [27]
from 62.40% in 2013 to 51.59% in 2018 in Tianjin [28] and from 20.9% in 2013 to 11.6% in
2018 in the Heilongjiang province [29], but increased from 19.91% in 2016 to 25.46% in 2020
in the Hunan province [30]. These data reveal that the positive rate of PRV infection in
pigs differed in different geographical regions of China, which may have been caused by
different situations of co-infection, vaccine protection, feeding management, introduction
and quarantine, etc. The positive rate in farms in the Henan province was 50.31% (163/324)
in 2019, 50.65% (195/385) in 2020 and 49.87% (190/381) in 2021 (Table 2). Associated
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epidemiological studies showed that PRV gE-antibody-positive rates of farms were 58.2%
(124/213) in 23 regions of China [31], 49.76% (516/1037) from 2010 to 2018 in Tianjin [28]
and 43.19% (349/808) in the Hunan province during 2016–2020 [30]. A possible reason for
why the Henan province was more affected by the variant PR outbreaks is because some
sows that were negative but could have transmitted PRV were not culled. Compared with
other provinces, it took longer for the Henan province to complete the evolution of PRV.
All data demonstrate that PRV is still circulating in Chinese pig herds.

In this study, the seroprevalence in small farms, medium farms and large farms
was 25.72%, 22.15% and 11.78% at the serum sample level. This suggests the larger-
scale pig farms may be more likely to benefit from stricter biosecurity measures, such as
compulsory pig vaccination campaigns and sufficient regulations to reduce PR incidence
and prevalence. In addition, the seroprevalence of serum samples from pig farms of
different sizes (Figure 2e) and pig farms of different categories, including slaughterhouses,
commercial pig farms and breeding farms (Figure 2f), declined year by year, implying that
PRV was effectively controlled. It may be that the enhanced immune quality of PRV and the
development of PR eradication have contributed to the effective control of pseudorabies.
The immune quality of PRV, including the vaccine quality and vaccination density, has
been improved, thereby increasing the resistance of pigs to the disease, which would
be an effective factor for controlling the epidemic of PRV [26,32]. Regional prevention
strategies should be adopted [32]. At the end of 2020, the statistics released by the Henan
Survey Organization National Bureau of Statistics Information Network showed that the
pig population exhibited a clear tendency toward south > west > central > north > east.
Southern and western herds were larger but had greatly lower PRV-gE positivity, especially
in Nanyang, at 8.06% (266/3301), in the south and Zhoukou, at 6.95% (302/4343), in
the west, suggesting that swine farms in these regions may have developed or may be
developing eradication of pseudorabies.

PRV seroprevalence was reported to be higher in autumn than in other seasons [22,30]. In this
study, the highest seroprevalence rate was 24.16% (2095/8670) in Q2. This difference may be
due to differences in sample size, time span or regional scope, resulting in insufficient data
to determine the underlying causes of sudden fluctuations in a given location compared to a
country. It was usually be speculated to be latent infection of the virus [8], co-infection with
other pathogens [33] and cross-species transmission, etc. Furthermore, the seroprevalence
rate in eastern Henan rose sharply from 0.00% (0/330) in Q1 to 49.17% (118/240) in Q2
in 2021, compared with the increase from 0.18% (1/570) in Q1 to 16.13% (121/750) in Q2
in 2019, which may be associated with the rate of 81.82% (90/110) seen in Q1 in 2021 in
southern Henan. This suggests that the seasonal or seasonal infection may be influenced
by the input and output of pigs and is easily misjudged as a temperature factor or others.
Benefiting from sufficiently detailed data in the present study, the three sets of data in
Table 1 may objectively explain this issue by the spread of the virus with the cross-regional
transportation of live pigs. Additionally, seasonal and regional variations in PRV infection
rates were evident which are in agreement with Sun’s study [16].

Nonetheless, no province has taken the lead in completing the eradication of PR.
Regardless of near full vaccination rates, the virus, similar to other herpesviruses, can
establish latent infection in the host’s peripheral nervous system via PRV in the field and
reactivate after natural stimuli or stress factors, which is recognized as the most critical
source of infection [15,34]. The currently available vaccines only provide partial protection
against virulent PRV infection. Recombination of PRV strains in Suidae may result in
changes in antigenicity, virulence and thus immune failure, which could be the source of
continuing epidemics in China [35]. PRV may have spread from domestic pigs to dogs, and
then to wild boars, in which the virus established itself and continues to circulate [36,37],
and PRV may also cause bovine death through interspecies infection [38]. In particular, gE
is a virulence factor of PRV infection in pigs and determines tropism for the central nervous
system [39], which is frequently used to investigate the epidemiology and evolution of
the virus [19,40]. Therefore, a serosurvey to detect specific antibodies against PRV and the
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etiological as well as genetic characteristics of PRV isolates would contribute to the rational
use of vaccines and other novel viral inhibitors.

The phylogenetic analysis indicated that 10 PRV strains from Europe and America
were identified as genotype I, whereas 18 PRV isolates in this study together with 12 Chi-
nese PRV strains (after 2012), 3 early Chinese PRV strains (before 2012) and 3 Asian PRV
strains, including South Korean strain Yangsan, Japanese strain RC1 and Malaysian strain
P-PrV, were clustered in genotype II, which is in accordance with a previous report that
most PRV isolates from China and other countries in Asia were classified into genotype II,
whereas PRV strains from Europe and America were assigned to genotype I [41]. Interest-
ingly, all 12 PRV isolates in this study and 1 PRV isolate reported in the Hunan province [30]
belonged to classical PRV strains, meaning that the currently popular PRV strains could
possibly recover to the rates of the classical strains, which requires further investigation.
As previously shown, the nt insertions at 138–140 resulted in an aa insertion at position
48 (D) [16,20,22]. In this study, the aa insertion at position 48 (34D/ 2no insertion), which
occurred in all genotype II strains except the South Korean strain P-PrV from a pig and
the Chinese strain Fa from a cow might be a characterization of the pseudorabies gE gene
circulating in Asian pig herds after the first global outbreak. This finding confirms that PRV
strains circulating in China evolved independently of strains isolated in Europe and Amer-
ica [42]. Furthermore, a cluster of 16 classical PRV strains has unique aa substitutions at
positions 404 (16A→16P) and 520 (16P→15S/1P) compared with other clades. Surprisingly,
the classical strains from the Henan province have a unique aa substitution at position
556 (12D→11G/1D) compared with other strains. Whether these mutations affect the
virulence of PRV isolates currently circulating in China warrants further investigation.

Both an aa insertion at position 493 (15D/1G) and two aa mutations at positions
54 (16G→16D) and 449 (16V→15I/1V) were shared among the 16 PRV variants, which
differ from other strains. A total of 10 out of 16 PRV variants (including 3 isolates in
this study and 7 reference strains) had one substitution at position 512 (G→S). The nt
insertions at positions 1472–1474 resulted in one aa insertion at position 493 (15D/1G), as
also reported in previous studies [16,20,22], which represents a unique feature of variant
PRV strains appearing after the pseudorabies outbreak in China in 2011. This supports the
view that PRV strains in China may have evolved independently, leading to the emergence
of variant strains [42]. Another feature found in the cluster of PRV variants was that
nt substitutions at positions 161, 228 and 1345 resulted in aa substitutions at positions
54 (16G→16D), 449 (16V→15I/1V) and 512 (16G→10S/6G). Notably, the mutation at
position 512 occurred in some of the variant strains, which indicated that PRV may still be
mutating slowly. Due to the epitopes of gE protein localized at the aa positions 52–238 [43],
the aa at position 54 (G→D) may be responsible for immune evasion. Previous studies
showed novel PRV variants exhibited enhanced pathogenicity [35], and the variant strains
HN1201, TJ, JS-2012 and hSD-1/2019 were more virulent and neurotropic to mice or pigs
than the classical strains [13,17,44,45]. Whether the virulence of these isolates acquired in
this study is enhanced remains to be further studied, involving proliferation characteristics
in different types of macrophages, immune responses, pathogenicity to mice and pigs, etc.

In summary, the serological results demonstrate that that PR was still endemic at
high levels in intensive pig herds in the Henan province, China, but displayed an obvious
decreasing trend. Phylogenetic analysis based on the complete gE sequence found that both
classical strains and variant strains existed in pig herds. Our finding of PR transmission
through pigs transported across regions points to an inadequacy of PR prevention, and
ongoing monitoring of PRV should be implemented for prevention and control.

Supplementary Materials: The supplementary material for this article can be found online: https:
//www.mdpi.com/article/10.3390/v14081685/s1. Figure S1. Seroprevalence of pseudorabies
virus (PRV) in geographical distributions in Henan province of China from January to Decem-
ber. (a) Seroprevalence in 2019. (b) Seroprevalence in 2020. (c) Seroprevalence in 2021. Table S1. The
information of PRV strains isolated in this study and reference strains for sequence alignment and
phylogenetic analysis.
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