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Abstract: Pseudorabies virus (PRV) is the causative agent of pseudorabies (PR), infecting most
mammals and some birds. It has been prevalent around the world and caused huge economic
losses to the swine industry since its discovery. At present, the prevention of PRV is mainly through
vaccination; there are few specific antivirals against PRV, but it is possible to treat PRV infection
effectively with drugs. In recent years, some drugs have been reported to treat PR; however, the
variety of anti-pseudorabies drugs is limited, and the underlying mechanism of the antiviral effect of
some drugs is unclear. Therefore, it is necessary to explore new drug targets for PRV and develop
economic and efficient drug resources for prevention and control of PRV. This review will focus on
the research progress in drugs and drug targets against PRV in recent years, and discuss the future
research prospects of anti-PRV drugs.

Keywords: pseudorabies virus; prevention; treatment; drugs; drug targets

1. Introduction

Pseudorabies virus (PRV), also known as suid herpesvirus type 1, belongs to the
Herpesviridae family along with varicella zoster virus (VZV) and equine herpesvirus [1-4].
Pigs are the natural host of PRV, though it also infects a variety of domestic and wild
animals, such as cattle, sheep, dogs, cats, and other vertebrates. Pseudorabies (PR) is
a major disease that affects pig production and has a mortality rate of nearly 100% in
piglets [5-7]. PRV causes reproductive problems in sows and boars, such as abortion,
stillbirth, mummification, and fertility issues, which result in huge economic losses for
the swine industry [8,9]. It was previously thought that humans had natural resistance to
PRV. However, mutated PRV has been reported to cause infections in humans. In 2018,
researchers confirmed the existence of human PRV infection at the genetic level, though
there has been no evidence of transmission from other animals to humans or humans to
humans [10-13]. Clinical cases suggest that PRV infection is possible in humans, and a
stable zoonotic strain can result from a PRV mutation.

PRV is a double-stranded DNA virus with enveloped icosahedral symmetry. It is
spherical in structure and has a diameter of approximately 120-200 nm. The large PRV
genome contains approximately 143,000 base pairs, consisting of unique long and unique
short linear nucleotide sequences [14,15]. The viral envelope consists of at least 15 proteins,
11 of which are glycosylated (gN, gM, gL, gK, gl, gH, gB, gG, gE, gC and gD). Four
glycoproteins, gB, gD, and heterodimer gH/gL are required for viral replication [16,17].
Other glycoproteins including gE, gL, membrane protein US9, and non-structural protein
thymine kinase (TK) are not required for viral replication but are associated with PRV
virulence [18-24].

Presently, there is no specific treatment for PRV infection in pigs. Vaccination can
fundamentally prevent the infection and transmission of the PRV and is the most effective
measure for preventing and controlling PR. There is still a lack of clinical consensus and
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experience regarding human PRV infection because only a few confirmed cases have been
reported, and patients with mild symptoms can recover without treatment. Acyclovir is
recommended for treating acute retinal necrosis syndrome and encephalitis caused by VZV
infection, which is also a varicella herpesvirus along with PRV. Since there are no similar
treatments for PRV, it is vitally important that new drug targets should be discovered, and
new antiviral drugs are being developed for the treatment, prevention, and control of PRV.
This study summarizes the research results of anti-PRV drugs that have been studied in
recent years and provides a theoretical basis for the development of anti-PRV drugs.

2. Natural Medicines Inhibit PRV Replication

Natural medicines have been widely accepted and used throughout history for the
prevention of diseases, and interest in these medicines for use in the potential development
of antiviral drugs has been increasing [25-29]. The antiviral mechanisms of natural drugs
can be divided into direct inhibition and indirect inhibition. Direct inhibition refers to
blocking a link during the process of viral replication, so as to remove pathogens from the
body. Indirect inhibition refers to stimulating and mobilizing the immune defense system
of the body to play an antiviral role [30-34]. The antiviral effect of natural drug compounds
is better than with a single natural drug; however, natural drug compounds have numerous
effective components and complex antiviral mechanisms. Previous research has indicated
that some of these natural drugs have antiviral effects against PRV, providing a theoretical
basis for the development of these compounds into anti-PRV drugs (Table 1).

Table 1. The reported anti-PRV drug.

Drug Types Drug Names Potential Targets References
Epigallocatechin-3-gallate Undefined [35]
Resveratrol NF-«B signaling pathways [36]
Germacrone Undefined [37]
Quercetin gD-protein [38]
Natural Curcumin BDNF/TrkB signaling [39]
medicines Flos Lonicerae Japonicae parhay

water extract NF-«B signaling pathway [40]
Luteolin NF-«B signaling pathway [41]

Platycodon grandiflorus Akt/mTOR signaling
; [42]

polysaccharides pathway
Kaempferol Undefined [43]
2,5-dmydroxybenzoic Undefined [44]
acid-gelatin

Adefovir dipivoxil Undefined [45]
Valproic acid derivative Undefined [46]
Small molecules Hydroquinone Undefined [47]
Diazadispiroalkane Heparan sulfate [48]

derivatives glycosaminoglycans
Ivermectin UL42 [49]
3D8 scFv Undefined [50]
. Polyvalent 2D Undefined [51]
Novel materials RNAS UL42 52]

Natural polypeptide Undefined [53,54]

2.1. (-)-Epigallocatechin-3-Gallate Inhibits PRV Infection through Inhibiting Virus Replication

and Adsorption

Green tea, and its major constituent (—)-epigallocatechin-3-gallate (EGCG), has been

reported to mitigate several chronic diseases [55,56]. In solid green tea extract, EGCG is the
most abundant bioactive polyphenol, which has antibacterial, antiviral, and antioxidant
properties [57-62]. EGCG prevents many viruses, including HCV, herpes simplex virus
(HSV) and human immunodeficiency virus type 1 (HIV-1), from entering target cells, thus
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preventing infection [35,63]. In PK15 B6 cells and Vero cells, Huan et al. reported that
EGCG significantly inhibited PRV strain infectivity [35]. They also confirmed that EGCG
inhibited the adhesion, entry, and replication of PRV strains in vitro. In addition, the
survival rate of PRV-challenged mice was improved significantly by EGCG. Thus, the
therapeutic effect of EGCG on PRV infection in vivo was demonstrated, indicating its
potential as an antiviral drug.

2.2. Resveratrol Inhibits PRV Multiplication in Host Cells

When plants are stimulated, resveratrol (3,5,4-trihydroxystilbene), a nonflavonoid
polyphenol organic compound, is produced. Resveratrol is produced in grape leaves and is
the main bioactive ingredient in wine and grape juice [36].

Resveratrol has antioxidant, anti-inflammatory, anticancer, and cardiovascular protective
properties, which have been confirmed through in vitro and animal experiments [64-69].
Resveratrol possesses antiviral activity against a number of different viruses, such as her-
pesviruses, retroviruses, respiratory syncytial viruses, and HIV-1 [70-72]. Zhao et al. evaluated
the antiviral activity of resveratrol against PRV and investigated the change in relevant virus-
host systems after PRV infection [36]. The mortality was reduced and the growth performance
of PRV-infected piglets was increased by the treatment of resveratrol. It appears that resvera-
trol has antiviral properties because it inhibits viral multiplication in host cells, and it relieves
PRV-induced inflammation in host cells. There is a strong correlation between IkB kinase
activity and NF-kB activation; an important way to determine whether NF-«B signaling is
active is by measuring the levels of IkB kinases in a cell. Zhao et al. tested the IkB kinase
activity of the host cells after PRV infection. The ability of resveratrol to inhibit IkB kinase
activity has been confirmed to suppress both NF-«B activation and NF-«B dependent gene
expression. This suggests that resveratrol may have great potential as an antioxidant and an
effective anti-PRV drug.

2.3. Germacrone Affects the Cell Antiviral Mechanism in Early Replication

Gingeraceae plants produce germacrone, a monocyclic sesquiterpene with antitumor,
antiviral, antibacterial, and anti-inflammatory properties [73-75]. The action of germacrone
on tumors is mediated through G2/M cell cycle arrest and apoptosis promotion [73,76,77].
In addition to its ability to inhibit influenza virus (LAV) replication, germacrone can also
inhibit porcine parvovirus (PPV), feline parvovirus (FPV), and porcine enterovirus (PEV)
replication [75,78-80]. An in vitro study conducted by He et al. showed that germacrone
inhibits PRV replication dose-dependently, and a further study indicated that germacrone
exerts its antiviral effect during the early stage of infection [37]. It may be useful as a
therapeutic drug because germacrone inhibits PRV replication by affecting the cell antiviral
mechanism during the early stages of PRV replication.

2.4. Quercetin Inhibits PRV Infections by Decreasing the Binding Activity of gD

The most widely distributed plant flavonoid is quercetin (3,3 ,4,5,7-pentahydroxyflavone),
which can be found in fruits, vegetables, grains, Chinese herbal medicines, teas, and
wines [81]. Quercetin is a flavonoid with antioxidant, anticancer, antibacterial, and an-
tiviral activities [82-87]. Sun et al. confirmed that quercetin inhibits PRV replication dose-
dependently and is effective against a wide spectrum of PRV strains [38]. Further study
confirmed that quercetin inhibited PRV infections by affecting the binding ability of gD,
which is important for viral infection. From silico molecular docking data analysis, it was
discovered that quercetin interacts with PRV gD-protein, thereby blocking nectin-1 binding
to gD. Quercetin also reduces PRV replication in vivo, reducing mortality and decreasing the
viral loads in PRV-infected mice brains. Quercetin also exhibited anti-PRV activity in vivo;
mortality was reduced and the viral loads were decreased in PRV-infected mice brains. Con-
sidering quercetin’s powerful therapeutic effects against PRV infection in vitro and in vivo, it
might be useful as an anti-PRV agent.
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2.5. Curcumin Plays a Neuroprotective Role against PRV Infection

In turmeric, curcumin is the most active component of the curcuminoids, which
have a variety of pharmacological properties, such as anti-inflammatory, antioxidant, anti-
proliferative, and antiviral effects [88,89]. Several reports suggest that curcumin may be
helpful against dengue [90], HSV [91], and vesicular stomatitis virus [92]. Newborn piglets
with porcine PRV infection suffer from severe neurological disorders and die at an alarming
rate. There are few drugs available to relieve the neurological symptoms caused by herpes
virus. Curcumin may prove a promising treatment for neurodegenerative diseases because
it crosses the blood-brain barrier [93,94]. Yang et al. explored novel drugs to relieve the
neurological symptoms caused by PRV, and examined the role of curcumin in preventing
oxidative stress, apoptosis, and mitochondrial dysfunction in rat hippocampal neurons
infected by PRV [39]. By preventing neuronal cell death induced by various stimulants, the
BDNEF/TrkB pathway contributes to neuroprotection [95]. By upregulating the BDNF/TrkB
pathway, curcumin improved the viability of PRV-infected hippocampal neurons and
provided neuroprotection against infection by PRV. Therefore, curcumin has the potential
for development as a novel drug for treating PRV infection in neurons.

2.6. Flos Lonicerae Japonicae Water Extract and Luteolin Suppress PRV-Induced NF-xB Pathway
Activation in RAW264.7 Cells

As an antibacterial, antiviral, anti-inflammatory, antioxidative, and hepatoprotective
plant, Flos Lonicerae Japonicae (FL]) has been used in Chinese herbal medicine for over
2000 years [40,96-100]. When phenolic acids and flavonoids are in high concentrations, cell
viability increases dramatically. Hence, flavonoids and phenolic acids present in the herbs
are responsible for their antioxidative activity. Lin et al. assessed the polyphenolic profile of
FLJ water extract and the antiviral effects of FL] water extract on PRV-infected RAW264.7 T
cells [40]. FLJ water extract showed antiviral activity by reducing the expression of inflam-
matory mediators including COX-2 and iNOS, and it reduces inflammatory cytokines by
inhibiting the JAK/STAT1/3-dependent NF-«kB pathway and increasing HO-1 expression.
Thus, FL] water extract can be used as a potential antiviral agent for the treatment of
PRYV infection.

There are high levels of luteolin (3’,4’,5,7-hydroxyl-flavone) present in many common
medicinal herbs, including artichokes, celery, chamomile, and green pepper [41]. Liu et al.
tested the anti-inflammatory effects of luteolin in PRV-infected RAW264.7 cells [101]. It
was found that luteolin significantly inhibited NO and iNOS production, as well as COX-2
and inflammation-related cytokines. Moreover, luteolin inhibited PRV-induced NF-kB
through STAT1 and STAT3 phosphorylation, but not ERK1/2, p38, or JNK1/2 induction.
Luteolin could be considered a potential agent for use in treating inflammation during
viral infection.

2.7. Platycodon Grandiflorus Polysaccharides Inhibit PRV Replication

Ancient Chinese medicinal plants like Platycodon grandiflorus have been found
to have immunomodulatory, anti-inflammatory, and antiviral properties [102,103]. The
polysaccharides are believed to have antiviral properties, and the antiviral properties of
polysaccharides have recently gained increased attention [42,104-107]. Xing et al. inves-
tigated the antiviral activity of total Platycodon grandiflorus polysaccharides (PGPSs)
against PRV and the molecular mechanism of the anti-PRV effect [42]. PGPS decreased the
viral proteins in PK-15 cells 12 h post-infection significantly. They found that PGPSt affects
PRV-induced autophagy, which likely explains the antiviral mechanism of PGPSt. PRV-
induced autophagy was downregulated by PGPS via the Akt/mTOR signaling pathway.
PRV-induced, Thus, PGPSt may inhibit PRV replication by targeting autophagy, and has
the potential to be a novel antiviral drug.



Viruses 2022, 14, 1753

2.8. Kaempferol can Inhibit PRV Latency

In a variety of plants, kaempferol can be found as a natural flavanol derived from
ginger rhizomes [108-110]. As a treatment for diabetes and osteoporosis, kaempferol has
attracted widespread attention due to its anticancer, anti-inflammatory, antioxidant, and
antiviral properties [111-114]. Li et al. evaluated the ability of kaempferol to inhibit PRV
replication in vitro and in vivo [43]. PRV replication was inhibited by kaempferol dose-
dependently in PRV-infected cells and the survival rate of PRV-infected mice was increased.

They found that kaempferol inhibited PRV replication dose-dependently in vitro and
improved the survival rate of PRV-infected mice in vivo. The expression of the IE180
gene, the major trans-activator of the PRV, required for the transcription of early genes.
IE180, EPO, and TK transcriptions were inhibited simultaneously in the brain with the
immediate-early IE180 gene. Kaempferol appears to inhibit latency-associated transcript
expression in the brain. Latent infection is a difficult problem when treating herpesvirus
infection. Inhibition of latent infection and virus activation are both especially important
for the treatment of this disease. Based on the above data, kaempferol will be a novel
alternative measure for control of PRV infection.

3. Small Molecules Inhibit PRV Replication

Currently, the main drug used for the treatment of HSV is acyclovir [115]. Acyclovir is
a guanine nucleoside analogue, anti-DNA viral drug. Acyclovir triphosphate is phosphory-
lated in infected cells by HSV thymidine kinase and host cell kinase to produce acyclovir
triphosphate, which competes with viral DNA polymerase inhibition or is incorporated
into viral DNA, which blocks DNA synthesis [116]. However, acyclovir is associated with
several drawbacks, including its short half-life and carcinogenic and embryotoxic effects.
In addition, PRV strains with mutations in the viral thymidine gene have appeared, which
may confer resistance to acyclovir [24]. Furthermore, acyclovir may not be able to prevent
the virus from reactivating once latency was established. Therefore, research into new small
molecule chemicals that can treat PRV infection is necessary (Table 1).

3.1. Polymers Inhibit the Attachment of PRV

A wide variety of naturally occurring and synthetic polymers exhibit antiviral proper-
ties by preventing the entry of herpesviruses into cells. Many negatively charged polymers
also exhibit antiviral properties [117-120]. High antiviral activity of the synthetic polysac-
charide dextran sulfate, sulfated chitin, and octa-decylribo-oligosaccharides have been
characterized. A conjugate 2,5-dihydroxybenzoic acid-gelatin (2,5-DHBA-gelatin) was syn-
thesized by Lisov et al., and the antiviral activity of this conjugate against PRV and bovine
herpesvirus type 1 (BoHV-1) was evaluated [44]. The virucidal effect of 2,5-DHBA-gelatin
conjugate was indirect, though it did inhibit the attachment of viruses to target cells during
virus adsorption. Thus, this conjugate will be a promising synthetic polymer for antiviral
formulations development against alpha herpesvirus infections since the adsorption of
PRV to cells was strongly inhibited.

3.2. Adefovir Dipivoxil Potently Protects Mice against Lethal PRV Infection

There are 1818 kinds of drugs in the FDA-approved small-molecule library; these
drugs are available for a variety of human diseases, and they are generally safe and effective.
In order to develop more effective anti-PRV drugs, Wang et al. established an accurate
and reliable method for screening drugs in the FDA-approved small-molecule library to
determine whether they are active against PRV in vivo [45]. Several drugs inhibited PRV
proliferation at nanomolar concentrations, including puromycin dihydrochloride, mitox-
antrone, mitoxantrone hydrochloride, and adefovir dipivoxil. A lethal mouse model was
established to confirm the effectiveness of candidate PRV drugs, in which PRV injections
were administered intraperitoneal in mice. There was a noticeable reduction in clinical
score in the adefovir dipivoxil treated mice compared to the untreated mice after they
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were treated with adefovir dipivoxil. Therefore, adefovir dipivoxil might offer important
guidance for identifying candidate drugs with the potential to control PRV epidemics.

3.3. Valproic Acid Derivative Inhibits PRV Infection

Currently there are no antiviral drugs for treating PRV infection, thus, new drugs are
urgently needed. Acyclovir is a guanosine analogue, which interferes with viral DNA repli-
cation. However, as previously mentioned, acyclovir does have some advantages [121-123].
Valproic acid (VPA) is the alternative of acyclovir; it can interrupt the infectious cycle of
several enveloped viruses. VPA also has hepatotoxic and teratogenic activity [124-126]; how-
ever, derivatives of VPA have been shown to be less toxic compared to VPA. To determine
whether valpromide (VPD), a compound derived from VPA, has an antiviral effect against
PRV infection, Andreu et al. tested the PRV-infected PK15 swine cell line and the Neuro-2a
neuroblastoma cell line [46]. The inhibitory effect of VPD on PRV infection was similar with
ACYV in the PRV-infected cell lines. Therefore, in the future, VPD will be a viable alternative to
nucleoside analogues for treating PRV-related diseases, but the pharmacokinetic study and
the antiviral mechanism of VPD still need to be invested.

3.4. Hydroquinone Inhibits PRV Replication in Neurons In Vitro and In Vivo

The chemical compound hydroquinone has a variety of biological effects. High concen-
trations of hydroquinone are able to cause cell cycle arrest, induce apoptosis, and promote
cell death in a variety of ways [47,127,128]. When macrophage-mediated inflammation
occurs, hydroquinone can target AKT and promote its phosphorylation [129]. Based on
a screening of 44 FDA-approved drugs, Fang and colleagues found hydroquinone to be
highly anti-PRV active, inhibiting PRV adsorption on cell surfaces and internalization [47].
Further research found that the PRV inhibition induced by hydroquinone was related to
AKT phosphorylation. Based on a in vivo experiment, they found that the viral loads in
tissues and mortality in PRV-infected mice was reduced significantly in hydroquinone
treated mice. Thus, hydroquinone will be an excellent therapeutic agent for the treatment
of PR.

3.5. Diazadispiroalkane Derivatives Block the Attachment of PRV

Human cytomegalovirus (HCMV) is an opportunistic pathogen that can cause seri-
ous illness, including death [130-132]. Most anti-HCMYV drugs, such as ganciclovir and
cidofovir, inhibit the viral DNA polymerase enzyme. However, these inhibitors have some
drawbacks, a low molecular weight inhibitor, N-N-(bis-5-nitropyrimidyl) dispirotripiper-
azine derivative (DSTP-27), is a new class of non-nucleosidic antiviral agent against HSV-1
and HCMYV, but DSTP-27 showed metabolic instability associated with nitric oxide release
in vivo [133]. Two new DSTP-27 derivatives synthesized by Adfeldt et al., and the antiviral
activity of these two derivatives against HCM and PRV at each stage of infection was
studied [48]. Based on these results, the new derivatives of DSTP-27 may prove to be
promising candidates to prevent viral attachment to cell surfaces via binding to heparan
sulfate glycosaminoglycans (HS).

3.6. Ivermectin Inhibits PRV Proliferation In Vitro and In Vivo

In recent years, a small molecule macrocyclic lactone known as ivermectin, which
has been approved for parasitic infections by the US Food and Drug Administration, has
received renewed interest in recent years, because of its apparent potential as an antiviral
drug [134]. Based on the fact that ivermectin binds to the importin « (IMP«) protein and
inhibits its nuclear transport role, ivermectin appears to have broad antiviral activity. Iver-
mectin exhibits antiviral potential inhibits on HIV-1 and DEV proliferation by restraining
nuclear transport of integrase and the non-structural protein 5 polymerase [135]. Lv et al.
determined that ivermectin has antiviral effects against PRV and studied the mechanism(s)
involved in this antiviral activity [49]. As a result of the treatment with ivermectin, UL42
localization at the nucleus was disrupted and subsequent progeny virus production was
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significantly decreased. When PRV-infected mice were treated with ivermectin, the survival
rate of mice was significantly increased, and the infection was relieved, the clinical scores
were lower and the gross lesions in the brain were fewer compared with the untreated mice.
Since UL42 of PRV requires importin-o/ 3-mediated nuclear import pathways for nuclear
transport, ivermectin could serve as an anti-PRV drug candidate.

4. Application of New Technology and Materials in Anti-PRV Drug Research

The PRV has caused significant damage to the swine husbandry industry and poses a
potential threat to humans. However, vaccine research has progressed relatively rapidly,
resulting in the development of a vaccine against PRV. There has been much progress made
in the development of vaccines against PRV, though only a few antiviral agents against PRV
were available in recent years. Additionally, several novel approaches have also been used
for PRV containment, including DNA replication inhibitors and viral reverse transcriptase
inhibitors (Table 1).

4.1. 3D8 scFv Prevents PRV Infection in Mice

Single chain variable fragments of 3D8 are recombinant monoclonal antibodies with
nuclease activity. They were originally isolated from autoimmune-prone mice and exhibit
non-specific activity on DNA and RNA [136]. They are active against HSV, PRV, CSFV,
murine norovirus (MNV), 2 geminiviruses, 5 tobamoviruses, and cucumaviruses [137-139].
Lee et al. purified the 3D8 scFv protein from E. coli and evaluated the antiviral effects in
PRV-infected mice [50]. The 3D8 scFv is transmitted virtually to all organs of the mouse,
localized to the cytoplasm by caveolae-mediated endocytosis, and inhibited the virus in all
organs, especially in the brain. A further analysis was carried out to determine whether
the 3D8 scFv damaged the viral genome directly or indirectly by inducing gene expression
levels in the inflammatory pathway. The results demonstrated that 3D8 scFv induced the
antiviral effects by itself directly. As the study indicates, the 3D8 scFv is a broad-spectrum,
multifaceted antiviral agent that can digest viral genomes without sequence specificity,
thereby inhibiting the spread of viruses, and could be used to explore novel drugs against
DNA and RNA viruses in the future.

4.2. Targeting UL42 by RNAI Efficiently Inhibits PRV Replication

Gene silencing through RNA interference (RNAi) is a conserved mechanism involving
small interfering RNAs that cause homologous RNAs to degrade sequence-specifically [140].
Antiviral therapies based on RNAi have shown to be novel and effective against many
different viruses. As UL42 is a processivity factor for PRV, it enhances the catalytic activity
of DNA polymerase and is essential for viral replication. Therefore, UL42 may be an
antiviral target [52,141]. A group of researchers synthesized three siRNAs directed against
UL42 in cell culture and investigated their antiviral properties [52]. The siRNAs induced
potent inhibition of UL42 expression after PRV infection and decreased PRV replication.
The RNAi technique may provide new clues for designing intervention strategies against
herpesviruses by targeting their processivity factors.

4.3. Polyvalent 2D Entry Inhibitors Inhibit PRV Entrance

There are many biological processes in nature that involve noncovalent interactions be-
tween ligands and receptors, such as adhesion, cell-to-cell recognition, and self-organization.
Among the most interesting phenomena in this context is how viruses adhere to a target
cell surface, and how they enter the cell via endocytosis or cell fusion. Inhibitors targeting
this process can effectively bind viral particles and block their contact with surfaces, thus
preventing viral adhesion and infection. According to Haag et al., a polyglycerol sulfate-
functionalized graphene sheet was synthesized and evaluated for use as an extracellular
matrix-inspired entry inhibitor [51]. By binding enveloped viruses during adhesion, the
developed 2D architectures demonstrated strong inhibitory activity against African swine
fever virus (ASFV) and PRV. Compared to enrofloxacin and heparin, the developed 2D ar-
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chitectures had equivalent or better inhibitory properties against PRV. Thus, the developed
polyvalent 2D entry inhibitors could serve as efficient entry inhibitors for other enveloped
viruses. The concept of the 2D molecule designs represents a novel strategy for developing
novel drugs against enveloped viruses.

4.4. Natural Polypeptide Inhibits of PRV Proliferation

Antimicrobial peptide (AMP) is an effective natural polypeptide, which has gained
worldwide attention as an alternative to antibiotics [53,142-145]. AMP is a new type of ther-
apeutic agent developed for both its antibacterial and antiviral activities [122,125]. Piscidin
1 belongs to the piscidin family. It was discovered in the mast cells of fish. AMPs isolated
from other hosts have been found to exert antiviral activity and can inhibit infections with
enveloped viruses, such as human cytomegalovirus (HCMV), HSV-1, HSV-2, and vesicular
stomatitis virus (VSV) [146]. Therefore, AMPs may be promising agents for use against
herpesvirus infections. A research was performed to study the pharmacokinetics of piscidin
1by Hu et al., [53] and the antiviral activity of piscidin was confirmed. In an evaluation of
five broad-spectrum AMPs against PRV, Hu et al. found that piscidin had the strongest
antiviral activity due to direct interactions with the viral particles, therefore, the cells were
protected from PRV-induced apoptosis. Investigation into the protective effect of piscidin
in vivo showed that piscidin reduced the mortality rate of PRV-infected mice. This result
suggests that piscidin-1 could be a future alternative antibiotic and/or antiviral for use in
clinical veterinary medicine.

Defensins are cationic peptides, a type of antimicrobial peptide. Defensins possess
disulfide bonds, are widely distributed in fungi, plants, and animals and are crucial regula-
tory molecules in the biological immune system [147]. In many cases, defensins can kill
enveloped viruses, including HIV, herpes, and vesicular stomatitis viruses [147]. These
defensins work primarily by binding to the viral coat protein; this special mechanism of
action also makes it difficult for microorganisms to develop resistance to them. Defensins
can directly inhibit the virus, and the degree of inhibition depends on the defensin concen-
tration and the tightness of the intramolecular disulfide bond [148]. The antiviral activity
of defensin is strong under neutral and low ionic strength conditions [149]. The peptide
porcine 3-defensin 2 (PBD-2) has been synthesized and its antiviral activity against PRV
has been evaluated both in vivo and in vitro by Huang et al. [54]. In PK15 cells, PBD-2
inhibited PRV proliferation, resulting in improved survival of PRV-infected mice. Huang
et al. generated C57/BL TG mice with PBD levels 250% higher than in WT mice by overex-
pressing the PBD-2 gene. When C57/BLTG mice were challenged with PRV, they developed
fewer lesions in their brains, spleens, and livers compared with WT littermates, while their
PRV viral loads in their brains, livers, and lungs were lower. As a result, PBD-2 could
provide new therapeutic and prophylactic treatment for Aujeszky’s disease as well as other
viral diseases.

5. Potential Targets of Anti-PRV Drugs
5.1. NF-xB and MAPK Signaling Pathways

Infections with pathogens often cause an inflammatory response in the host. To sur-
vive in the host cell, pathogens have evolved elaborate ways to destroy the host cell’s innate
defenses. Pathogen-associated molecular patterns (PAMPs) are recognized by extracellu-
lar and intracellular pattern recognition receptors (PRRs), which stimulate a cascade of
inflammatory signals. The mitogen-activated protein kinase (MAPK) and nuclear factor-«B
(NF-kB) signaling pathways are activated through signal transduction when the hosts are
infected by the pathogen, thus transcription of downstream anti-infection-related genes
and inflammatory factors were initiated [150,151]. It has been shown that pathogen effector
proteins can interfere with host inflammation by blocking MAPK and NF-kB signaling
pathways during the interaction between the pathogen and host. Animals infected with
PRV often exhibit inflammation, cytokine release, and peroxide production; these are es-
sential defense mechanisms [3,152]. Uncontrollable inflammatory responses and excessive
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inflammatory cytokines may compromise the integrity and function of immune cells. As an
animal’s immune system weakens, PRV invades its nervous system, causing neurological
symptoms [3,4]. Based on the above information, a large number of studies have concluded
that the NF-«kB and MAPK signaling pathways are potential targets for drugs to treat
PRV infection.

Degradation of IkB is a crucial step in activating the NF-«B signaling pathway, the
relative levels of IkB kinases are used as the indicator of NF-«B signaling pathway activating.
NF-«B responsive genes are expressed more strongly following PRV-induced degradation
of IkB and translocation to the nucleus of RelA, which binds to promoter regions of
these genes [153]. Resveratrol, a non-flavonoid polyphenol compound, can attenuate the
degradation of IkBx and the translocation of RelA to the nucleus in PRV-infected PK15
cells, therefore affecting virus production and infection. In addition, in vivo experiments
indicated that resveratrol decreased mortality, enhanced growth performance, inhibited
viral reproduction, alleviated tissue inflammation and lesions, and improved the levels
of cytokines in PRV-infected piglets [152]. The inhibitory effect of resveratrol on PRV
proliferation can be attributed to its immunomodulatory effects of IFN-y.

Inflammatory genes such as iNOS and COX-2 are activated by phosphorylated NF-«B
p65 in the nucleus. According to Lin et al. and Liu et al., the FL] water extract and luteolin
suppressed the gene expression of inflammatory cytokines, COX-2 and iNOS, through
the inhibition of JAK/STAT signaling [40]. Furthermore, the researchers discovered that
exogenous antioxidants inhibited virus proliferative activity in vitro and reduced PRV-
induced tissue damage by inhibiting oxidative stress. Additionally, using ethyl acetate
fractions of polygonum hydropiper L. flavonoids, Ren et al. found a significant inhibi-
tion of phosphorylation and degradation; they also found that IkBa and NF-«B p65 is
retained in cytoplasm and decreased in nuclei [154]. These results suggest that the NF-xB
signaling pathway could be a novel target for the anti-PRV drugs. It is well known that
JNK1/2, ERK1/2, and p38 MAPK are all critical kinases in MAPK signaling pathways that
regulate macrophage survival and the production of inflammatory mediators. Previous
studies have shown that PRV infection increases phosphorylation of ERK1/2 and p38,
treatment with ethyl acetate inhibits phosphorylation of this important kinase. Therefore, a
novel anti-inflammatory role for FEA on PRV via Inhibition of the ERK/MAPK Signaling
Pathway. The main drug used for the treatment of HSV is acyclovir [115]. Acyclovir is a
guanine nucleoside analogue, anti-DNA viral drug. Acyclovir triphosphate is phosphory-
lated in infected cells by HSV thymidine kinase and host cell kinase to produce acyclovir
triphosphate, which competes with viral DNA polymerase inhibition or is incorporated
into viral DNA, which blocks DNA synthesis [116]. However, acyclovir is associated with
several drawbacks, including its short half-life and carcinogenic and embryotoxic effects.
In addition, PRV strains with mutations in the viral thymidine gene have appeared, which
may confer resistance to acyclovir [24]. Furthermore, acyclovir may not be able to prevent
the virus from reactivating once latency was established. Therefore, research into new small
molecule chemicals that can treat PRV infection is necessary.

5.2. BDNF/TrkB Signaling Pathway

In cultured cells, PRV causes apoptosis, which is associated with neurodegenerative
diseases and neuropathies. PRV infection causes oxidative stress, as well as damage to
neurons, which are the targets of neuroprotective agents [155]. A major function of brain-
derived neurotrophic factor (BDNF) is to modulate neuronal plasticity, mitochondrial
transport, and neuronal protection, such as anti-apoptosis, anti-oxidation, and suppression
of neurodegeneration. The function of BDNF is primarily regulated by the binding of
transmembrane tropomyosin-related kinase B (TrkB) to the mitochondrial membrane [95].
BDNE/TrkB contributes to the neuroprotection of neurons by preventing the death of
neurons induced by various stimuli [155].

A neuroprotective agent, BDNF binds to TrkB receptors to rescue neurons from various
insults. BDNF plays an important role in mitochondrial dysfunction pathophysiology and
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treatment. Infection with PRV may also affect levels of BDNF in hippocampal neurons [95].
Therefore, the BDNF/TrkB signaling pathway may be a drug target for the treatment of
PRV infection. A study by Yang et al. found that curcumin mediated neuroprotection
against PRV infection through BDNF/TrkB signaling [39]. This research suggests that the
BDNF/TrkB pathway is a potential drug target for the treatment of neurological disorders
caused by PRV infection.

5.3. Akt/mTOR Signaling Pathway

One of the most conserved physiologic functions of cells is autophagy, a process in
which damaged organelles and pathogenic microorganisms are degraded [77,156,157]. An-
tiviral drugs may be able to target autophagy; the degradative process of cells is essential for
adjusting to dynamic environments and coping with developmental changes. Autophagy
is involved in cell regulation during the immune response. In many studies, it has been
shown that low glucose concentrations inhibit the Akt/mTOR pathway involved in virus
replication [42,94]. PRV infection has been found to significantly reduce the phosphoryla-
tion levels of Akt and mTOR and increase autophagosome formation in PK15 cells. PGPSs
inhibited the PRV infection-induced autophagy and ameliorated PRV-suppression of the
Akt/mTOR signaling pathway [42].

5.4. The Critical Factors of Attachment, Entry, and Replication

The life cycles of human and animal alpha herpesviruses are based on several major
factors. When an alpha herpesvirus infects a cell, it attaches to the cell surface, fuses with
plasma membrane, and enters the nucleocapsid [158-160]. The viral proteins and/or the
interacting host proteins during the viral life cycle can be targets for drugs. Heparan
sulfate proteoglycan on the cell surface is used by PRV for initial attachment via non-
essential gC, which is critical for PRV attachment [161]. According to Adfeldt et al., two
new diazadispiro-alkane derivatives are antiviral agents targeting gC’s primary attachment
to heparan sulfate [138]. The PRV virion envelope glycoprotein D (gD) is an essential
co-factor for virus entry and is responsible for recognizing and binding the virus to specific
cellular receptors. As gD binds its receptors, conformational changes occur in gD, which
in turn activate a multi-glycoprotein complex for triggering viral replication [162,163].
According to the virucidal properties of quercetin and the fact that it inhibits PRV infection
adsorption, quercetin may play a role in the interaction between these molecules and viral
particles. Silico study indicates that quercetin might interact with the gD-protein on the
surface of PRV, thereby inhibiting its replication. Furthermore, according to Lisov et al.,
2,5-dihydroxybenzoic acid-gelatin conjugate significantly inhibits PRV adsorption to cells
and impairs PRV attachment to target cells [44].

A number of antiviral drugs are being developed to target RNA-dependent RNA
polymerase and viral DNA polymerase. PRV DNA polymerase has two subunits, UL30 and
ULA42. A catalytic subunit with inherent polymerase activity is UL30, while a processivity
factor, UL42, enhances DNA-binding specificity and decreases dissociation between DNA
polymerase and viral DNA. RNAi reduces PRV replication by reducing UL42 expression,
indicating that this protein is important for virus replication in the nucleus. In mice
and BHK cells, Lv et al. found that sub-cytotoxic doses of ivermectin suppressed PRV
replication [140]. In mice, ivermectin prevented the translocation of UL42, an accessory
subunit of DNA polymerase, resulting in a reduction in lesion severity caused by PRV
infection. Thus, UL42 is a potential target for antiviral drug therapy against PRV infection.

6. Conclusions

There are limited kinds of drugs to treat herpesvirus infection. The development of
anti-herpesvirus drugs has made some progress, and a large number of natural antiviral
compounds have been discovered during the development of chemical synthesis technol-
ogy. Natural products come from a wide range of sources, which are easy to obtain and
have low toxicity. Therefore, natural products are important resources to search for antiviral
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active ingredients. In addition, screening new small molecule drugs and exploring geneti-
cally engineered drugs are the main direction of anti-PRV drug development. However,
the research on novel anti-PRV drugs is still in the initial stage and lacks systematic studies.
Most of the antiviral activities of candidate drugs have been carried out in cell cultures, and
only a few drugs have been tested in mice, and almost none in pigs. Currently, anti-PRV
drug targets mainly focus on host inflammatory response related pathways, autophagy
related pathways and viral replication enzymes. These studies will provide a theoretical
basis for the green prevention and control of PRV and other herpesviruses.

Based on the current status of PRV drug research, the development of natural antiviral
active ingredients and the screening of new small molecule drugs will be the main direction
of anti-PRV drug research. The development of effective drug targets and the study of
antiviral mechanisms are also the key to future anti-PRV drug research.
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Abstract: Pseudorabies virus (PRV) is one of the most important pathogens causing serious diseases
and leads to huge economic losses in the global swine industry. With the continuous emergence
of PRV variants and the increasing number of cases of human infection, there is an urgent need
to develop antiviral drugs. In this study, we discover that Glycyrrhiza polysaccharide (GCP) has
anti-PRV infection activity in vitro, and 600 pug/mL GCP can completely block viral infection. The
addition of GCP simultaneously with or after PRV infection had a significant inhibitory effect on PRV.
Addition of GCP at different times of the virus life cycle mainly led to the inhibition of the attachment
and internalization of PRV but does not affect viral replication and release. Our findings suggest that
GCP has potential as a drug against PRV infection.

Keywords: Glycyrrhiza polysaccharide; pseudorabies virus; antiviral activity; attachment; internalization

1. Introduction

Pseudorabies (PR) is an acute infectious disease caused by the pseudorabies virus
(PRV), which was first discovered in Hungary in 1902, and still causes serious disease and
economic loss in the world [1,2]. In China, PRV was first isolated from cats in 1948, and
has since been reported in domestic economic animals, such as pigs, cattle, and foxes [3].
Vaccination is the most common method to prevent PR [4,5]. The widespread introduction
of the Bartha K61 vaccine from Hungary to China has brought the PR epidemic in China
under control [6]. However, since 2011, highly pathogenic PRV variants have emerged
in China, and the classic Bartha K61 vaccine does not provide complete protection [7,8].
Therefore, it is important to develop new vaccines and antiviral drugs to control the
transmission of PRV variants.

The first step of the virus life cycle is viral entry. PRV entry into cells is mediated by
viral glycoproteins, which can be divided into two stages: attachment and internalization.
First, PRV virions attach to cells through glycoprotein C (gC) interaction with heparan
sulfate proteoglycan in the extracellular matrix. Then, PRV glycoprotein D (gD) binds
to specific cellular receptors [9]. Finally, PRV glycoprotein B (gB), glycoprotein H (gH),
and glycoprotein L (gL) mediate an energy- and temperature-dependent fusion of the
viral envelope and cell membrane that enables internalization of the viral capsid into the
cytoplasm [10,11].

Licorice belongs to the family Leguminosae and is distributed all over the world. In
China, it is mainly distributed in Xinjiang, Gansu, Shaanxi, and other northwest regions [12].
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Licorice is one of the most widely used herbs in the world, and has a long history of
application [13]. Polysaccharides are one of the main bioactive components of licorice.
Studies have shown that Glycyrrhiza polysaccharide (GCP) has biological activities such as
immune regulation [14] and antioxidant [15], antitumor [16], antiviral [17], and antibacterial
properties [18]. Therefore, GCP has wide prospective applications. At present, research
on GCP has mainly focused on its immunomodulatory activity; it has been reported that
GCP can activate macrophages and dendritic cells [19,20]. GCP can also facilitate immune
response by promoting the proliferation of lymphocytes [21]. However, the effectiveness of
GCP in anti-PRV infection is still unknown.

In this study, we explored the antiviral effects of GCP on PRV infection and further
explored its antiviral mechanisms. Our data showed that GCP exhibited better antiviral
effects in the early stages of PRV infection, and its antiviral mechanism inhibited viral
binding and internalization. Our findings suggest that GCP has potential for use as a
treatment against PRV infection.

2. Materials and Methods
2.1. Cells and Virus

PK-15 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Sigma,
Canada) containing 5% fetal bovine serum (FBS; Lonsa, Uruguay, South America). Vero
cells were cultured in DMEM containing 6% FBS. All cells were cultured at 37 °C with 5%
CO,. PRV X]J5, PRV NT, and PRV Ra were preserved in our laboratory.

2.2. Reagents and Antibodies

GCP > 98% (Ultraviolet, UV) was purchased from Ci Yuan Biotechnology Co., Ltd.
(Shaanxi, China), and was diluted to 50 mg/mL with phosphate buffer saline (PBS). We
purchased 4',6-diamidino-2-phenylindole (DAPI) (C1005), B-Actin mouse monoclonal
antibodies (AF5001), and HRP-labeled goat anti-mouse IgG (H + L) (A0216) from Beyotime
Biotechnology (Shanghai, China). Anti-gB mouse monoclonal antibodies and PRV-positive
sera were prepared in our laboratory. FITC-conjugated goat anti-mouse IgG antibodies
(AP124F) and FITC-conjugated rabbit anti-pig IgG antibodies (F1638) were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.3. Cell Viability Assay

The viability of PK-15 cells after GCP treatment was determined by using the Enhanced
Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China), following the manufacturer’s
instructions. In brief, PK-15 cells were cultured in a 96-well plate and incubated at different
concentrations (100, 200, 400, and 600 pug/mL) of GCP at 37 °C for 24 h. Then the cells in
each well were added to 10 uL of CCK-8 solution and incubated for another 2 h at 37 °C.
Absorbance was measured at 450 nm and cell viability was expressed as a percentage of
control cell viability.

2.4. Infectivity Assay

PK-15 cells were seeded onto 6-well plates and cultured at 37 °C. When the cell density
reached 70-80%, the original culture medium was discarded, and the cells were washed
thrice with PBS. Then the cells were pre-treated with GCP (100, 200, 400, and 600 pg/mL)
in DMEM at 37 °C for 1 h, followed by infection by PRV X]5 at a multiplicity of infection
(MQI) of 0.1 at 37 °C for 1 h. After 1 h of infection, the infected cells were washed thrice
with PBS and cultured in DMEM containing 2% FBS in the presence of corresponding
concentrations of GCP at 37 °C for 24h. The antiviral activity of GCP was measured by
cytopathic effects (CPE), a Western blot, 50% tissue culture infective dose (TCIDsp), and an
indirect immunofluorescence assay (IFA).
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2.5. Time-of-Addition Assays

Time-of-addition assays were performed. PK-15 cells were either pre-treated, co-
treated, or post-treated with GCP (100, 200, 400, and 600 png/mL) during PRV infection. In
brief: (i) Pre-treatment: PK-15 cells were inoculated with GCP at 37 °C for 1 h and subse-
quently washed thrice with PBS to remove GCP, then the cells were infected with PRV XJ5
(MOI =0.1) for 1 h and subsequently washed thrice with PBS to remove unbound viruses.
(ii) Co-treatment: PK-15 cells were simultaneously treated with PRV X]J5 (MOI = 0.1) and
GCP at 37 °C for 1 h, then the cells were washed thrice with PBS to remove GCP and
unbound viruses. (iii) Post-treatment: PK-15 cells were infected with PRV XJ5 (MOI = 0.1)
at 37 °C for 1 h and subsequently washed thrice with PBS, then the cells were treatment
with GCP at 37 °C. All the above-treated cells were then further cultured at 37°C for 24 h.

2.6. Viral Attachment, Internalization, Replication, and Release Assays

In the viral attachment assay, PK-15 cells were incubated with PRV X]J5 (MOI = 0.1)
and GCP (100, 200, 400, 600 png/mL) at 4 °C for 1 h, then the infected cells were washed
thrice with ice-cold PBS and cultured in DMEM containing 2% FBS at 37 °C for 24 h.

In the viral internalization assay, PK-15 cells were infected with PRV X]J5 (MOI = 0.1) at
4 °C for 1 h and subsequently washed thrice with chilled PBS to remove unbound viruses,
then the infected cells were inoculated with GCP (100, 200, 400, and 600 pug/mL) at 37 °C
for 1 h to initiate internalization. After 1 h, the cells were washed thrice with citric acid
(40 mM citric acid, 10 mM KCl, 135 mM NaCl, pH 3.0) followed by PBS to remove PRV
bound to the cell surface. Then the cells were cultured in DMEM containing 2% FB at 37 °C
for 24 h.

In the viral replication assay, PK-15 cells were infected with PRV X]J5 (MOI = 0.1) at
37 °C for 1 h, then washed thrice with PBS. Then the infected cells were incubated with
GCP (100, 200, 400, and 600 pg/mL) at 37 °C. At 4 and 6 hpi, the cells were collected to
quantify the viral DNA by quantitative real-time PCR (qRT-PCR).

In the viral release assay, PK-15 cells were infected with PRV X]J5 (MOI = 0.1) at 37 °C
and at 24 hpi, then the infected cells were washed thrice with PBS and cultured with GCP
(100, 200, 400, and 600 pg/mL) in DMEM at 37 °C for another 4 h. Then the supernatants
were collected to quantify the viral DNA by qRT-PCR.

2.7. Western Blot

The collected cells were lysed by 2 x SDS-PAGE loading buffer and boiled in a metal
bath (96 °C, 15 min). The samples separated by 12% SDS-PAGE were then transferred from
the gel to the nitrocellulose (NC) membrane. The NC membrane was blocked in PBST
with 5% nonfat milk for 2 h at room temperature. The NC membrane was washed thrice
with PBST and then incubated with anti-PRV glycoprotein B (gB) monoclonal antibodies
(1:200) or anti-actin monoclonal antibodies (1:5000) overnight, at 4 °C. The next day, the NC
membrane was washed thrice with PBST and incubated with HRP-conjugated secondary
antibodies (1:5000) for 2 h at room temperature. Finally, an enhanced chemiluminescence
(ECL) reagent (Share Biotechnology, Shanghai, China) was used to analyze the banding
results of the immune complexes.

2.8. Viral Titer Assay

The viral titers were evaluated by the TCIDsj assay. Vero cells were cultured with
DMEM containing 6% fetal bovine serum (FBS) and inoculated in 96-well plates. The
collected virus samples were diluted from 10! to 10~7 in DMEM successively. Then the
diluted virus samples were inoculated to cells at 37 °C for 1.5 h. Finally, the virus-DMEM
mixture was removed, and the infected cells were cultured in DMEM containing 2% FBS at
37 °C. After 72 h of culturing, the CPE on Vero cells were counted by a microscope and the
TCIDsg was calculated by the Reed-Muench method.
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2.9. IFA

Cells were immobilized with 4% paraformaldehyde at 37 °C for 30 min, then incubated
with 0.1% Triton X-100 at 37 °C for 10 min, followed by blocking with 5% BSA overnight
at 4 °C. The next day, cells were incubated with PRV-positive serum (1:200) at 37 °C for
1 h, followed by incubation with FITC-conjugated rabbit anti-pig IgG secondary antibodies
at 37 °C for 30 min. Finally, cells were stained with DAPI for 7 min and the results were
observed with a fluorescence microscope.

2.10. gRT-PCR

Total DNA from cells or cell supernatants were extracted using the phenol chloride
method [22].Viral DNA was quantified by qRT-PCR. In brief, the standard curve of each ex-
periment was constructed with PRV-gB standard plasmids. The primers were as follows: 1)
gB-F: ACAAGTTCAAGGCCCACATCTAC and 2) gB-R: GTCCGTGAAGCGGTTCGTGAT.
The conditions were as follows: 95 °C for 60 s, followed by 45 cycles of 95 °C for 10 s, then
62 °C for 20 s. The copy number of virus genome DNA was calculated according to the CT
value of the sample and the standard curve.

2.11. Statistical Analysis

All results were obtained from three independent experiments and were presented in
means + SD. All experimental groups were compared with the 0-concentration group. All
data were analyzed using GraphPad Prism 8.0 via one-way ANOVAs. Significance levels
were as follows: ns, not significant; * p < 0.05; ** p < 0.01; and ** p < 0.001.

3. Results
3.1. Toxicity of GCP toward PK-15 Cells

The cytotoxic effect of GCP on PK-15 cells was determined by the CCK-8 method
after 24 h co-incubation; the concentrations of GCP were 100, 200, 400, and 600 pg/mL.
Results revealed no cytotoxic effects of GCP from 100 to 600 pug/mL (compared with the 0
concentration group) (Figure 1). Therefore, GCP concentrations of 100 to 600 ng/mL were
selected for the following experiments.
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Figure 1. GCP cytotoxicity in PK-15 cells was detected with the Enhanced Cell Counting Kit-8. PK-15
cells were cultured in the presence of different concentrations of GCP for 24 h, and then added with
10 uL CCK-8 solution for another 2 h. Absorbance was measured at 450 nm (ns, not significant).

3.2. The Inhibitory Effect of GCP on PRV

To examine the antiviral effect of GCP against PRV—infected cells, PK-15 cells were
pre—treated with GCP at 37 °C for 1 h and then infected with PRV XJ5 (MOI = 0.1) for
1 h. The infected cells were washed thrice with PBS and cultured with GCP in DMEM
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containing 2% FBS at 37 °C (Figure 2A). At 24 hpi, the CPE caused by PRV infection
was observed through a microscope. Figure 2B shows that GCP significantly reduced
PRV—induced CPE. Moreover, Western blot, TCIDs, and IFA assays were performed to
further confirm this inhibitory effect. As shown in Figure 2C, the expression levels of the
PRV gB protein showed a dose-dependent decrease, and no viral protein expression was
observed at concentrations of 400 and 600 pg/mL GCP. The results of the TCIDs, assay
shows that virus titers in cell supernatants significantly decreased by GCP—treatment
compared with control cells, and the decrease rate was about 45.6% at 600 ug/mL of GCP
(Figure 2E). Similarly, IFA results also confirmed the inhibitory effect, and the higher the
concentration of GCP, the stronger the inhibitory effect (Figure 2D).
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Figure 2. GCP inhibited PRV infection. (A) PK-15 cells were treated with GCP for 1 h and then
infected with PRV X]J5 (MOI = 0.1) for 1 h. Cells were washed thrice with PBS and then incubated
with GCP for another 24 h. (B) CPE observed by a microscope. (C) Expression levels of gB protein
and actin analyzed by Western blot. (D) The internalized virus was detected by immunofluorescence
assay. (E) The viral titer in supernatants was quantified by TCIDs5. All results were obtained from
three independent experiments and were presented in means & SD (ns, not significant; ** p < 0.01;
***p < 0.001).
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To rule out the possibility that the dose of virus infection had an effect, we performed
assays with PRV XJ5 at an MOI of 0.1, 0.5, 1, or 2 in PK-15 cells as described above. Com-
pared with the gB protein levels of the control cells, gB protein levels of the GCP—treated
cells were significantly decreased at all tested MOI in PK-15 cells (Figure 3A-D), suggesting
that the inhibitory effect of GCP on PRV infection was independent of the dose of virus
infection. We further evaluated the antiviral effect of GCP on PRV NT and PRV Ra; we
found that GCP had a strong inhibitory effect on different PRV strains (Figure 3E,F).
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Figure 3. GCP reduced different MOI and PRV strains of infection. (A-D) GCP—preincubated PK-15
cells were incubated with PRV X]J5 at an MOI of 0.1, 0.5, 1, or 2. The expression levels of gB protein
and actin were analyzed by Western blot. (E,F) GCP—preincubated PK-15 cells were incubated with
PRV NT (MOI = 0.1) or PRV Ra (MOI = 0.1). The expression levels of gB protein and actin were
analyzed by Western blot.

3.3. GCP Affects the Initial Stages of PRV Infection

We next investigated which stage of PRV infection was affected by GCP. Three different
treatment schemes were used when adding GCP to the cells (Figure 4A). At 24 hpi, the virus
titers in the supernatants of the infected cells were evaluated by TCIDsy. The expression
levels of PRV gB protein were evaluated by Western blot. According to the results of
the Western blot and TCIDs5), co—treatment demonstrated inhibition rates of about 80.6
and 42.6% at 600 pg/mL GCP, based on gB protein levels and virus titers (Figure 4D,E).
Post—treatment showed inhibition rates of 17.7 and 25.9% at 600 ng/mL GCP, based on
gB protein levels and virus titers (Figure 4F,G). Therefore, the inhibitory effect was most
significant in GCP co—treatment with PRV. In contrast, pre—treatment of cells had no
effect (Figure 4B,C). These results suggest that GCP plays an inhibitory role in the early
stages of PRV infection.

23



Viruses 2022, 14,1772

A v
Larc) arc] 37°C S
T 1 T 1
] '
fre [
Co [ | )
| N Gop
N RV
" _— ¥V Collected
B - - 100 200 400 600 GCP(ug/mL) C
+ + + 4+ 4+ PRVXJS I8 ns ns B pg
E -
e - .- =
< %
W S - -t g
Pre 2 41
g 15 2
i? s ns ™ ns 2
S0 T :?, 24
g2 =
3 8
8305  p-
e MOCK 0 100 200 400 600
z oC
LYY
MOCK © 100 200 400 €00 GCP concentration (ug/mL)
‘GCP concentration (pg/mL)
D - - 100 200 400 600 GCP(ug/mL) E
v s + +  PRVXJS 3; 87
oW - - s - i
% 6 ke
" wn e sekk
T —- - 5 -
Co 2 a4
@ 1.5 ?_
. >
it °
5210 T 27
i 5
g3 =
T F o
£= MOCK 0 100 200 400 600
o
SN0tk o 10 0 400 s GCP concentration (ng/mL)
GCP concentration {pgimL)
F - - 100 200 400 600 GCP(ug/imL) GG
- + o+ + +  PRVXJS5 8] NS ns s
... M "
6_
\ A A 1 A 4 Bt
Post

Titer (-log4TCID5,/0.1 mL)
-

Protein expression levels
(Relative to actin)

MOCK 0 100 200 400 600

MOCK 0 100 200 400 600 GCP concentration (ng/mL)
P concentratin (ug/mL)

Figure 4. GCP inhibited the early stages of PRV infection. (A) Schematic diagram of GCP admin-
istration. PK-15 cells were infected with PRV X]J5 (MOI = 0.1) for 1 h and cells were treated with
GCP at different hpi, designated pre—treatment (pre), co—treatment (co), or post—treatment (post).
(B,C) Western blot for detection of gB expression and TCIDs for detection of viral titer after pre-
treatment with GCP. (D,E) Western blot for detection of gB expression and TCIDs; for detection
of viral titer after co—treatment with GCP. (F,G) Western blot for detection of gB expression and
TCIDs for detection of viral titer after post—treatment with GCP. All results were obtained from
three independent experiments and were presented in means + SD (ns, not significant; * p < 0.05;
** p <0.01; *** p <0.001).

3.4. GCP Inhibits PRV Binding

Binding to the cell surface is the first step of early—stage PRV infection. So, we
explored whether GCP inhibits PRV binding. PK-15 cells were incubated with PRV X]J5
(MOI = 0.1) and corresponding concentrations of GCP at 4 °C for 1 h, then the infected cells
were washed thrice with chilled PBS and cultured at 37 °C (Figure 5A). At 24 hpi, PRV gB
protein levels were determined by Western blot. We found that compared with control cells,
the gB protein level of GCP—treated cells had decreased in a concentration—dependent
manner, and 600 pg/mL of GCP almost completely blocked PRV binding (Figure B). In
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the same way, according to the IFA assay, GCP decreased the numbers of infected cells
(Figure 5C).
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Figure 5. GCP decreased PRV binding (A) PK-15 cells were incubated with PRV X]J5 (MOI = 0.1) and
GCP at 4 °C for 1 h, then cells were collected at 1 hpi or 24 hpi. (B,C) At 24 hpi, the expression levels
of gB protein and actin were analyzed by Western blot and the internalized virus was detected by

Mock

Copies/mL

immunofluorescence assay. (D) At 1 hpi, the copy numbers of PRV DNA were quantified by gRT-PCR.
All results were obtained from three independent experiments and were presented in means + SD
(**p <0.001).

To further verify these results, we performed a qRT-PCR assay to quantify PRV parti-
cles on the cell surface. PK-15 cells were processed as described above. At 1 hpi, the cells
were washed with chilled PBS and collected to measure virus DNA copies by qRT-PCR. As
expected, we found that the viral DNA copy level of GCP—treated cells had significantly
decreased, which confirmed that GCP inhibits PRV binding to PK-15 cells (Figure D).

3.5. GCP Inhibits the Internalization of PRV

PRV is internalized into cells through the viral protein-mediated fusion of the viral
envelope and the cellular membrane. Therefore, we tested whether GCP inhibits the
internalization of PRV following viral attachment in PK-15 cells. A schematic of this timeline
is shown in Figure 6A. At 24 hpi, the cells were collected to determine the expression of
the PRV gB protein. We found that expression of gB was reduced compared with the
control group, with an inhibition rate of 43.2% at 600 pug/mL GCP (Figure 6B). Meanwhile,
similar dose—dependent inhibition of virus internalization was observed by the IFA assay
(Figure 6C).

25



Viruses 2022, 14,1772

A Vv W
9 4c § 37c 3 37°C 24 bpi
T T T 1
1
/]

B Gcr I PRV V Collected

B - - 100 200 400 600 GCP(ug/mL) C DAPI FITC Merge
+ PRV XJ5

+ + + +
Mock
- D = e e
- - = - - -actin Oug/mL -

D . 100ug/ml— - -
ns ns :
1%1084 T T = 200ug/mL
5105 -
N MO'CK 6 100 2(')0 400 6:)0 50
GCP concentration (pg/mL) :

Figure 6. GCP decreased the internalization of PRV. (A) PK-15 cells were first infected with PRV
XJ5 (MOI = 0.1) at 4 °C for 1 h, then incubated with GCP for another 1 h at 37 °C. (B,C) At 24 hpi,
the expression levels of gB protein and actin were analyzed by Western blot and the internalized

Copies/mL

virus was detected by immunofluorescence assay. (D) At 2 hpi, the copy numbers of PRV DNA were
quantified by qRT-PCR. All results were obtained from three independent experiments and were
presented in means + SD (ns, not significant; * p < 0.05).

We also performed a qRT-PCR assay to further verify these results. At 2 hpi, the
washed cells were lysed for qRT-PCR to determine viral DNA copy levels. The results
showed that GCP treatment inhibited PRV internalization into PK-15 cells; 600 pg/mL of
GCP prevented 39.1% of virus internalization into cells (Figure 6D). Interestingly, the inhi-
bition effect of GCP on PRV internalization was not as significant as that on PRV binding.

3.6. Effect of GCP on PRV Replication and Release

For the viral replication assay, PK-15 cells were infected with PRV X]J5 (MOI = 0.1) at
37 °C for 1 h, then washed thrice with PBS. The infected cells were then incubated with
corresponding concentrations of GCP at 37 °C. At 4 and 6 hpi, the cells were washed and
collected to determine the viral DNA levels by gRT-PCR. We found that there was no
significant difference in viral DNA levels between GCP—treated PK-15 cells and control
cells, suggesting that GCP had no effect on PRV replication (Figure 7A,B).

For the viral release assay, PK-15 cells were infected with PRV XJ5 (MOI = 0.1) at
37 °C and at 24 hpi, then the infected cells were washed thrice with PBS and cultured with
corresponding concentrations of GCP at 37 °C for another 4 h. The cell culture supernatant
was then collected to measure the viral DNA levels. The results showed that GCP did not
inhibit PRV release(Figure 7C,D).
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Figure 7. GCP had no effect on PRV replication and release. (A-C) PK-15 cells were infected with
PRV XJ5 (MOI = 0.1) at 37 °C for 1 h, then incubated with GCP at 37 °C. At 4 and 6 hpi, the copy
numbers of PRV DNA were quantified by gRT-PCR. (D,E) PK-15 cells were infected with PRV X]J5
(MOI = 0.1) for 24 h, washed, and incubated with fresh DMEM containing GCP for another 4 h, The
copy numbers of PRV DNA in supernatants were quantified by qRT-PCR. All results were obtained
from three independent experiments and were presented in means + SD (ns, not significant).

4. Discussion

Vaccination is considered to be one of the most effective methods to control PR and
reduce economic losses in the swine industry [5]. For nearly 40 years, the classic Bartha-K61
vaccine has been widely used to prevent and control the disease in China [23], but at
the end of 2011, many vaccinated pig farms in China experienced outbreaks of PR [7,8].
Research suggests that this new outbreak was caused by a mutated strain of PRV [24,25].
More importantly, these PRV variants can infect humans and cause endophthalmitis and
encephalitis [26,27]. In 2020, a PRV variant was isolated for the first time in a human case
of acute encephalitis [28]. Therefore, it is necessary to develop an effective drug to control
the transmission of these PRV variants. In this study, we verified the effective inhibitory
effect of GCP on PRV infection in vitro for the first time.

PRV infection can be divided into four different stages: (1) Viral binding to the cell
surface; (2) Viral internalization into the cell; (3) Viral genome replication; and (4) Viral
release [10,29]. Each stage is a potential target for antiviral drugs. Studies have reported
the effect of different stages of drug-resistance to PRV infection. Meclizine interfered with
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PRV entry and release [30]. Germacrone, (S)-10-hydroxycamptothecin, and resveratrol
inhibited viral replication in the early stages of infection [31-33]. Quercetin interacted
with the PRV gD protein to block virus adsorption and entry [29]. In this study, using the
time-of-addition assay, we found that cells pre-treated with GCP did not cause a decrease
in PRV infectivity, suggesting that cellular factors, including cellular receptors for PRV,
may not be sensitive to GCP [34]. When GCP and PRV were added simultaneously, GCP
showed strong antiviral activity, suggesting that GCP mainly inhibits the early stages of
PRV infection.

The first step of viral infection is to bind to a receptor on the cell surface to cause stable
and irreversible adsorption, resulting in the subsequent entry process [35]. Blocking virus
adsorption to the cell surface can prevent viral infection more effectively than administering
drug treatments after viral infection. At 4 °C, the virus can only be adsorbed on the cell
surface, and cannot enter the cell. So, GCP was added at 4 °C to verify the effect of GCP on
virus adsorption [36]. We found a significant decrease in virus adsorption on the surface
of GCP-treated cells. When the virus was adsorbed to the cell surface, GCP could also
inhibit virus internalization. However, the inhibitory effects on virus internalization were
not as significant as those on virus adsorption. Sulfated polysaccharides, such as sulfated
Chuanmingshen violaceum polysaccharides [37], can block the positive charges on the
cell surface using the negative charge of its sulfate group, causing interference in the viral
adsorption process [35]. It has also been reported that the anti-HIV activity of sulfated
polysaccharides is induced by the electrostatic interaction between the negative charge of
the sulfate group and the positive charge of HIV gp120 [38]. In addition, polysaccharides
can compete with viruses to bind to cell-surface receptors, or bind to the viruses themselves,
preventing the viruses from attaching to cells [39-41]. However, the mechanism of GCP
inhibiting PRV adsorption and internalization needs further study.

To sum up, this study first reported the significant anti-PRV activity of GCP. GCP
played an inhibitory role in the early stages of PRV infection and inhibited PRV infection by
blocking viral adsorption and internalization. This study provides a potential therapeutic
agent to be used against PRV infection. However, the antiviral effect of GCP in vivo
remains to be further studied. In addition, GCP shows antiviral effects only when added
simultaneously with the virus, which may limit its application.
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Abstract: Pseudorabies (PR) is a domestic and wild animal infectious disease caused by the pseudora-
bies virus (PRV) and is one of the major infectious diseases that endanger the global swine industry.
Studies have reported that PRV may achieve cross-species transmission from pigs to humans in
recent years. Therefore, in-depth exploration of the relationship between PRV and host proteins
is of great significance for elucidating the pathogenic mechanism of PRV and anti-PRV infection.
Here, we report that heat shock protein 27 (HSP27) ubiquitinates and degrades cyclic GMP-AMP
synthase (cGAS) and attenuates cGAS-mediated antiviral responses, thereby promoting PRV infection.
Overexpression of HSP27 promoted PRV proliferation in vitro, while knockdown of HSP27 inhibited
PRV infection. Importantly, we found that HSP27 inhibited PRV infection or poly(dA:dT)-activated
IFN-pB expression. Further studies found that HSP27 may inhibit cGAS-STING-mediated IFN-f3
expression through targeting cGAS. In addition, we found that HSP27 can suppress the expression of
endogenous cGAS in different cells at both gene transcription and protein expression levels, and that
HSP27 interacts with and ubiquitinates cGAS. In conclusion, we reveal for the first time that HSP27
is a novel negative regulator of the cGAS-STING signaling pathway induced by PRV infection or
poly(dA:dT) activation and demonstrate that HSP27 plays a crucial role in PRV infection.

Keywords: pseudorabies virus; heat shock protein 27; cyclic GMP-AMP synthase; cGAS-STING
signaling pathway; ubiquitination

1. Introduction

Innate immune response is the body’s first line of defense against viral infection. Virus
infection could induce host innate immune responses, and this plays an important as well
as decisive role in the outcome of the infected host. The crucial point is that the host can
establish an antiviral status to antagonize the invasion of the virus via 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 then binds
to IFN receptors (IFNAR1 and/or IFNAR?2) to activate the downstream JAK-STAT signaling
pathway, eventually leading to the expression of a series of interferon-stimulated genes
(ISGs). ISGs could realize numerous cellular consequences, including antiviral defense,
antiproliferative activities, and stimulation of adaptive immunity [2—4].

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) serve as the main PRRs that recognize viral DNA [5,6]. PRRs then
recruit a series of signal transduction molecules, such as myeloid differentiation primary
response gene 88 (MyD88), mitochondrial antiviral-signaling protein (MAVS), intracellular
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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 transcription factors, including NF-«B, interferon
regulatory factor 3 (IRF3), and IRF7 into the nucleus to induce the expression of IFN-I and
proinflammatory cytokines [7-9].

Pseudorabies virus (PRV) is a typical DNA virus. It 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 also threatens
a wide range of other mammals [10-13]. PRV has a large linear double-stranded DNA
genome that encodes more than 70 functional proteins [14]. PRV Bartha-K61 strain is
a classic PRV vaccine strain commonly used worldwide. It naturally lacks the gE/gl
gene, and its safety and effectiveness have been widely recognized. Recently, multiple
PRV-encoded viral proteins were reported to inhibit host innate antiviral response which
facilitate replication and latent viral infection [15]. For example, it has been reported that
the viral glycoprotein gE/gl complex reduces the phosphorylation of ERK1/2 to suppress
production of type I IFNs in plasmacytoid dendritic cells [16]. PRV UL50 suppresses type I
IEN signaling by promoting lysosomal degradation of IFNARI1 [17]. In addition, PRV US3
inhibits IFN signaling by promoting degradation of the host protein Bclafl and IRF3 [18,19].
However, research about host proteins participating in mediating PRV immune evasion
is limited.

Bcl2-associated athanogene (BAG) 3, which is a chaperone-mediated selective au-
tophagy protein, plays a pivotal role in modulating the life cycle of a wide variety of
viruses. During PRV infection, researchers found that PRV protein UL56 served as a novel
BAGS interactor by co-immunoprecipitation and co-localization analyses. The overexpres-
sion of pUL56 induced a significant degradation of BAG3 at protein level via the lysosome
pathway. Overexpression of BAG3 significantly suppressed PRV proliferation, while knock-
down of BAG3 resulted in increased viral replication in HEK293T cells [20]. Peroxiredoxin 1
(PRDX1) is a cellular antioxidant enzyme that is crucial for diverse fundamental biological
processes, such as autophagy, inflammation, and carcinogenesis. Lin et al. reported that
PRDX1 positively regulates interferon (IFN) induction and that pseudorabies virus (PRV)
targets PRDX1 to evade IFN induction [21]. In addition, there are studies on the role of
host restriction factors in the process of PRV infection, such as IFITM2 [22], ISG15 [23],
ISG20 [24], and p53 [25]. They all play an inhibition role during PRV infection.

Heat-shock proteins (HSPs) were a conserved protein family whose major roles seemed
to promote the correct folding and assembly of target proteins as well as prevent their
aggregation [26]. Heat shock protein 27 (HSP27) is a member of a small heat shock protein
family; it acts as both a protein chaperone and an antioxidant, involved in the inhibition of
apoptosis and actin cytoskeletal remodeling [27]. Researchers have reported that HSP27 is
a ubiquitin-binding protein, mediating IkBa proteasomal degradation [28]. It also has been
reported to interact with viral proteins and to be involved in viral replication [29-31]. Here,
we demonstrate that HSP27 positively regulates PRV replication through attenuating the
cGAS-STING signaling pathway.

2. Materials and Methods
2.1. Cells and Virus Strain

PK15, BHK-21, and HEK?293 cells were cultured at 37 °C under 5% CO, incubator in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) new bovine serum
(NBS). HEK293T cells were cultured at 37 °C under 5% CO; incubator in DMEM containing
10% (v/v) fetal bovine serum (FBS). PRV gE/gl-deleted vaccine strain Bartha-K61 was
propagated and titrated in BHK-21 cells.

2.2. Plasmids and Reagents

A plasmid encoding Myc-tagged HSP27 was constructed by standard molecular
cloning techniques. The expression plasmids HA-cGAS, Myc-STING, FLAG-TBK1, FLAG-
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IRF3/5D (the active mutant of IRF3), and Myc-Ub were all constructed in the lab. All
recombinant plasmids were identified by sequencing.

The antibodies and chemical reagents used in this study were as follows: anti-Myc tag
(60003-2-Ig), anti-Flag tag (20543-1-AP), anti-HA tag (51064-2-AP), anti-IRF3 (11312-1-AP),
anti-HSP27 (18284-1-AP), and anti-GAPDH (60004-1-Ig) were purchased from Proteintech
(Wuhan, China); anti-TBK1 (38066) and anti-STING (D2P2F) were purchased from Cell
Signaling Technology (Boston, MA, USA); anti-phospho-IRF3 (AP0623) was purchased
from ABclonal Technology (Wuhan, China); anti-cGAS (D163570) and anti-Ub (D220023)
were purchased from Sangon Biotech (Shanghai, China); horseradish peroxidase (HRP)
affinity-purified goat anti-mouse IgG (115-035-003) and anti-rabbit IgG (111-035-003) were
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Lipofec-
tamine 2000 (11668019) and lipofectamine 3000 (L3000015) were purchased from Invitrogen
(Waltham, MA, USA). Evo M-MLV Mix Kit with gDNA Clean for qPCR (AG11728) was
purchased from Accurate Biology (Changsha, China). TransStart Top Green qPCR Su-
perMix (+Dye II) was purchased from Transgen Biotech (Beijing, China). NP-40 lysis
buffer (PO013F), RIPA lysis buffer (P0013K), protease and phosphatase inhibitor (P1050),
Protein G Agarose (PP2009), caspase 3 inhibitor Ac-DEVD-CHO (C1206) and proteasome
inhibitor MG132 (51748) were purchased from Beyotime Biotechnology (Shanghai, China).
Endosomal acidification and autophagy inhibitor chloroquine (tlrl-chq) and poly (dA:dT)
(tlrl-patn) were obtained from InvivoGen (San Diego, CA, USA). Western lightning plus
chemiluminescence reagent (NEL105001EA) was purchased from PerkinElmer (Waltham,
MA, USA).

2.3. Transfection and RNA Interference

BHK-21, HEK293, or HEK293T cells in 6-well plates were transiently transfected
with indicated plasmids or siRNA oligos using Lipofectamine 2000 (Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instructions. PK15 cells in 6-well plates
were transfected with indicated plasmids, siRNA oligos, or poly (dA:dT) (InvivoGen,
San Diego, CA, USA) using Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions. The siRNA targeting HSP27 (siHSP27, 5'-
GCUGCAAAAUCCGAUGAGA-3') and siRNA of negative control (siNC, 5'-GUUCUCCGA
ACGUGTCACGU-3') were synthesized by Guangzhou Ribo Biotechnology (Guangzhou,
China). At 24 h post-transfection, the effects of HSP27 overexpression or interference were
identified by Western blotting.

2.4. RNA Extraction and Quantitative Real-Time PCR

Cellular RNA was extracted from RNAiso Plus (Takara, Beijing, China) and tran-
scribed into cDNA by Evo M-MLV Mix Kit with gDNA Clean for qPCR (Accurate, Chang-
sha, China). A TransStart Top Green qPCR SuperMix (+Dye II) (Transgen, Beijing, China)
was used for relative real-time quantitative PCR (RT-qPCR). The mRNA expression lev-
els of IFN-B and ¢cGAS were normalized to that of 3-actin using the AACt method, re-
spectively. The primer sequences used were as follows: Homo sapiens IFN-B-qF, 5'-
TTGTTGAGAACCTCCTGGCT-3’; Homo sapiens IFN-B-qR, 5-TGACTATGGTCCAGGCA
CAG-3'; Homo sapiens cGAS-qF, 5-AGGAAGCAACTACGACTAAAGCC-3'; Homo sapi-
ens cGAS-qR, 5-CGATGTGAGAGAAGGATAGCCG-3'; Homo sapiens B-actin-qF, 5'-
TGGCACCCAGCACAATGAA-3'; Homo sapiens B-actin-qR, 5'-CTAAGTCATAGTCCGCC
TAGAAGCA-3'; Sus scrofa IFN-B-qF, 5'-TCCACCACAGCTCTTTCCAT-3'; Sus scrofa IFN-
B-qR, 5'-CTGGAATTGTGGTGGTTGCA-3'; Sus scrofa cGAS-qF, 5-GCACCGGGAGCTAC
TATGAG-3'; Sus scrofa cGAS-qR, 5'-CTCTCCACAGTGACACCTTCT-3'; Sus scrofa B-actin-
qF, 5-CAAGGACCTCTACGCCAACAC-3'; Sus scrofa B-actin-qR, 5-TGGAGGCGCGATG
ATCTT-3'.
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2.5. Co-Immunoprecipitation and Western Blotting

Cells were lysed with NP-40 lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1%
NP-40, EDTA, leupeptin), or RIPA lysis buffer (50 mM Tris [pH 7.4], 150 mM NacCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing a protease and phosphatase
inhibitor (52.5 mM AEBSEF, 40 uM Aprotinin, 2.5 mM Bestatin, 0.75 mM E64, 1 mM Leu-
peptin, 0.75 mM Pepstatin A, 250 mM sodium fluoride, 50 mM sodium pyrophosphate,
50 mM f-glycerophosphate, 50 mM sodium orthovanadate) for 30 min on ice. For im-
munoprecipitation assay, the supernatant after centrifugation was incubated with anti-Myc
antibody or anti-HA antibody (Proteintech, Wuhan, China) for 12 h at 4 °C, and the re-
suspended Protein G Agrose (Beyotime, Shanghai, China) was added and incubated for
4 h at 4 °C. The complexes were centrifuged and washed 5 times with pre-chilled lysis
buffer. Precipitates or cell extracts were suspended in 1x SDS loading buffer, boiled at
95 °C for 10 min, and used for Western blotting analysis. These samples were isolated in
10% SDS-PAGE gel and transferred to PVDF membranes (Merck, Darmstadt, Germany).
PVDF membranes were sequentially incubated with the indicated primary antibodies and
HRP-labeled goat anti-mouse IgG or goat anti-rabbit IgG (Jackson ImmunoResearch, West
Grove, PA, USA). These bound protein bands were detected using Western Lightning Plus
chemiluminescence reagent (PerkinElmer, Waltham, MA, USA).

2.6. PRV Infection and Infectivity Assays

For in vitro virus infection, treated or untreated PK15 cells or HEK293 cells were
washed 3 times with PBS and infected with PRV Bartha-K61 strain (MOI = 0.001) for
24hor 48 hin a 37 °C, 5% CO; incubator. After freeze-thawing of the cell suspension
3 times, the supernatant was collected by centrifugation. The DNA was extracted from
the viral stock using TIANamp virus DNA/RNA Kit (TTANGEN, Beijing, China), and
the copy number of PRV UL37 gene was detected by absolute RT-qPCR using the Premix
Ex Taq Probe qPCR (Takara, Beijing, China); the viral stock was serially diluted 10 times,
and the PRV titers were detected in BHK-21 cells by the Reed-Muench method. The
primers and probe sequences of absolute RT-qPCR used were as follows: PRV-UL37-qF, 5'-
GGACTACATGTTCCCCACGG-3'; PRV-UL37-qR, 5'-TAGAACGGCGTCAGGAATCG-3/;
PRV probe, 5'-(FAM) CCACGGCCGTCACGA (Eclipse)-3'.

2.7. Inhibitor Treatment Assay

HEK?293 cells cultured in 6-well plates were transfected with Myc-HSP27 plasmid or
pCMV-Myc plasmid (empty vector, EV) using Lipofectamine 2000. At 24 h post-transfection,
the cells were treated with proteasome inhibitor MG132 (Beyotime, Shanghai, China),
endosomal acidification and autophagy inhibitor chloroquine (InvivoGen, San Diego, CA,
USA), caspase 3 inhibitor Ac-DEVD-CHO (Beyotime, Shanghai, China), or DMSO for 12 h,
respectively. The supernatant after cell lysis was collected and subjected to Western blotting
analysis.

2.8. ¢GAS Polyubiquitination Assay

The experiment was performed as described previously [32,33]. HEK293 cells were
cotransfected with HA-cGAS, Myc-Ub, and EV or Myc-HSP27 plasmid using the Lipofec-
tamine 2000. At 24 h post-transfection, cells were lysed and cGAS-ubiquitin complexes were
immunoprecipitated with anti-HA antibody, and the ubiquitinated protein was detected
with anti-Myc antibody.

2.9. Statistical Analysis

Data analyses were performed using GraphPad Prism 9.0 software. One-way ANOVA
or two-way ANOVA were used to evaluate statistical significance. Among them, a p value
of <0.05 was considered statistically significant, and p values of <0.01 or 0.001 were consid-
ered highly statistically significant.

34



Viruses 2022, 14, 1851

3. Results
3.1. Overexpression of HSP27 Facilitates PRV Infection In Vitro

To explore the role of HSP27 in the process of PRV infection, PK15 cells were transfected
with EV or Myc-HSP27 plasmid and then infected with PRV (MOI = 0.001) for 24 h or
48 h. We observed that endogenous and exogenous HSP27 proteins could be detected
simultaneously only in the Myc-HSP27 transfection group, and the exogenous HSP27
protein expression showed an increasing trend with the prolongation of PRV infection time
(Figure 1A). Overexpression of HSP27 significantly increased the viral copy number and
titers of PRV in a time-dependent manner (Figure 1B,C), indicating that overexpression of
HSP27 can promote PRV proliferation in PK15 cells.
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Figure 1. Overexpression of HSP27 facilitates PRV infection in PK15 cells. PK15 cells were transiently
transfected with 1 pug of EV or Myc-HSP27 plasmid using Lipofectamine 3000 for 24 h followed by
PRV infection (MOI = 0.001) for 24 h or 48 h. (A) Western blotting was used to detect endogenous
and exogenous HSP27 proteins expression. GAPDH was used as a loading control. (B) Absolute
RT-qPCR and (C) TCIDs( assay (Reed-Muench method) were used to detect viral copy number and
titers of PRV. All the data were represented as mean =+ standard deviation (SD) of three independent
experiments and analyzed by two-way ANOVA in B and C, * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.2. Interfering with HSP27 Restrains PRV Infection In Vitro

We next transfected PK15 with siNC or siHSP27 for 24 h and then infected it with PRV
(MOI = 0.001) for 24 h or 48 h. In contrast to the above results of overexpressing of HSP27,
knockdown of endogenous HSP27 expression in PK15 cells reduced the viral copy number
of PRV (Figure 2A), and similar results were also detected in HEK293 cells (Figure 2B).
Taken together, these results suggested that HSP27 is a positive regulator during infection.
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Figure 2. Interference with HSP27 inhibits PRV proliferation in PK15 and HEK293 cells. (A) PK15 cells
were transiently transfected with siNC or siHSP27 using Lipofectamine 3000 for 24 h followed by PRV
infection (MOI = 0.001) for 24 h or 48 h. Absolute RT-qPCR (upper panel) was used to detect the viral
copy number of PRV. Western blotting (lower panel) was used to detect endogenous HSP27 protein
expression. GAPDH was used as a loading control. (B) HEK293 cells were transiently transfected
with siNC or siHSP27 using Lipofectamine 2000 for 24 h followed by PRV infection (MOI = 0.001)
for 60 h. Absolute RT-qPCR (upper panel) was used to detect viral copy number of PRV. Western
blotting (lower panel) was used to detect endogenous HSP27 protein expression. GAPDH was used
as a loading control. All the data were represented as mean =+ SD of three independent experiments
and analyzed by two-way ANOVA in A or one-way ANOVA in B, * p < 0.05, *** p < 0.001.

3.3. HSP27 Inhibits PRV Infection or Poly(dA:dT)-Activated IFN-B Expression

To further explore whether HSP27 assisting PRV infection is related to IFN- pro-
duction, PK15 cells were transfected with Myc-HSP27 plasmid for 24 h and then infected
with PRV. Results showed that PRV infection could indeed significantly enhance IFN-f3
mRNA expression level in PK15 cells; however, this activation was significantly reduced
when HSP27 was overexpressed (Figure 3A). Poly(dA:dT) is a repetitive synthetic double-
stranded DNA sequence of poly(dA-dT):poly(dT-dA) and a synthetic analog of B-DNA,
which acts as an agonist of cytosolic DNA sensors in this study, such as cGAS [34]. PK15
cells were transfected with Myc-HSP27 plasmid before poly(dA:dT) transfection to de-
termine the effect of HSP27 on poly(dA:dT)-activated IFN-3 expression. Interestingly,
poly(dA:dT) stimulated a much lower level of IFN-f3 expression in HSP27-overexpressing
PK15 cells (Figure 3B). Moreover, we also found that the IFN-{3 expression activated by PRV
infection was even more intense when endogenous HSP27 expression was downregulated
in HEK293 cells (Figure 3C). Collectively, these results demonstrated that HSP27 negatively
regulates PRV-triggered or poly(dA:dT)-activated IFN-f3 expression.
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Figure 3. HSP27 negatively regulates PRV-triggered or poly(dA:dT)-activated IFN-3 expression.
(A) PK15 cells were transiently transfected with 1 ug of EV or Myc-HSP27 plasmid using Lipofec-
tamine 3000 for 24 h followed by PRV infection (MOI = 0.001) for 24 h. RT-qPCR (upper panel) was
used to detect the relative expression level of IFN-3 mRNA. Western blotting (lower panel) was used
to detect Myc-tagged HSP27 protein expression. GAPDH was used as a loading control. (B) PK15
cells were transiently transfected with 1 ug of EV or Myc-HSP27 plasmid using Lipofectamine 3000
for 24 h followed by poly(dA:dT) transfection for 24 h. RT-qPCR (upper panel) was used to detect
the relative expression level of IFN-3 mRNA. Western blotting (lower panel) was used to detect
Myc-tagged HSP27 protein expression. GAPDH was used as a loading control. (C) HEK293 cells
were transiently transfected with siNC or siHSP27 using Lipofectamine 2000 for 24 h followed by PRV
infection (MOI = 0.001) for 24 h. RT-qPCR (upper panel) was used to detect the relative expression
level of IFN-3 mRNA. Western blotting (lower panel) was used to detect endogenous HSP27 protein
expression. GAPDH was used as a loading control. All the data were represented as mean + SD of
three independent experiments and analyzed by one-way ANOVA in A-C, ** p < 0.01, ** p < 0.001.

3.4. HSP27 Attenuates PRV-Triggered cGAS-Mediated Signaling Cascade

Given that PRV is a DNA virus that activates IFN-f3 production mainly through
the cGAS-STING signaling cascade [19,35], we next examined whether HSP27 affects the
expression of adaptor molecules in the PRV-triggered cGAS-STING signaling pathway. As

shown in Figure 4, PRV infection did enhance the protein expression of adaptor molecules
in the cGAS-STING signaling pathway, such as cGAS, STING, TBK1, and phosphorylated
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IRF3. Furthermore, we also found that the protein expression of cGAS and phosphorylated
IRF3 were dramatically reduced in the HSP27-overexpressing PK15 cells, while the protein
expression of STING, TBK1, and IRF3 were not significantly different from those in the EV
group. These data all indicated that HSP27 could impair the PRV-induced activation of the
c¢GAS-STING signaling pathway.
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Figure 4. HSP27 inhibits the protein expression levels of adaptor molecules in the cGAS-STING signal-
ing pathway induced by PRV. PK15 cells were transiently transfected with 1 ug of EV or Myc-HSP27
plasmid using Lipofectamine 3000 for 24 h followed by PRV infection (MOI = 0.001) for 24 h. Western
blotting was used to detect the protein expression of cGAS, STING, TBK1, IRF3, phosphorylated IRF3,
and Myc-tagged HSP27. GAPDH was used as a loading control (left). Greyscale analysis was used to
measure the protein expression level of phosphorylated IRF3 relative to GAPDH (right).

3.5. HSP27 Inhibits cGAS-STING-Mediated IFN-B Expression through Targeting cGAS

To further clarify which one or several of adaptor molecules in the cGAS-STING
pathway were specifically inhibited by HSP27, we cotransfected PK15 cells with Myc-HSP27
and HA-cGAS, Myc-STING, FLAG-TBK1, or FLAG-IRF3/5D, respectively. The results
showed that HSP27 clearly reduced the gene transcriptional expression of IFN-f3 activated
by cGAS (Figure 5A), STING (Figure 5B), TBK1 (Figure 5C), or IRF3 (Figure 5D). Moreover,
HSP27 significantly weakened the protein expression of exogenous cGAS (Figure 5A), and
had no effect on the protein expression of exogenous STING, TBK1, and IRF3 (Figure 5B-D).
Western blotting analysis of HEK293 cells also showed similar results (Figure 5E). Based on
all the current results, we speculated that cGAS is a target molecule for HSP27 to attenuate
cGAS-STING-mediated IFN- production.

3.6. HSP27 Suppresses Endogenous cGAS Expression in Different Cells

Next, in order to explore whether HSP27 affects the protein expression of endogenous
cGAS, STING, TBK1, and IRF3, we transfected EV or Myc-HSP27 plasmid into PK15,
HEK?293 and BHK-21 cells for 24 h, respectively. The results showed that endogenous cGAS
proteins were degraded to varying degrees in different types of HSP27-overexpressing
cells, while the protein expression of other adaptor molecules did not change significantly
(Figure 6A). Similar results were also detected in gene transcriptional expression of cGAS
in the HSP27-overexpressing PK15 or HEK293 cells (Figure 6B). These results indicated
that HSP27 represses the gene transcription and protein expression of endogenous cGAS.
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Figure 5. HSP27 inhibits cGAS-STING-mediated IFN-f3 expression through targeting cGAS. PK15
cells were cotransfected with EV or Myc-HSP27 plasmid and HA-cGAS, Myc-STING, FLAG-TBK1, or
FLAG-IRF3/5D plasmid using Lipofectamine 3000 for 24 h, respectively. (A) RT-qPCR (upper panel)
was used to detect the relative expression level of IFN-3 mRNA. Western blotting (lower panel) was
used to detect the protein expression of HA-tagged cGAS and Myc-tagged HSP27. GAPDH was used
as a loading control. (B) RT-qPCR (upper panel) was used to detect the relative expression level of
IFN-f3 mRNA. Western blotting (lower panel) was used to detect the protein expression of Myc-tagged
STING and Myc-tagged HSP27. GAPDH was used as a loading control. (C) RT-qPCR (upper panel)
was used to detect the relative expression level of IFN-3 mRNA. Western blotting (lower panel) was
used to detect the protein expression of FLAG-tagged TBK1 and Myc-tagged HSP27. GAPDH was
used as a loading control. (D) RT-qPCR (upper panel) was used to detect the relative expression
level of IFN- mRNA. Western blotting (lower panel) was used to detect the protein expression of
FLAG-tagged IRF3 and Myc-tagged HSP27. GAPDH was used as a loading control. (E) HEK293
cells were cotransfected with EV or Myc-HSP27 plasmid and HA-cGAS, Myc-STING, FLAG-TBK1,
or FLAG-IRF3/5D plasmid using Lipofectamine 2000 for 24 h, respectively. Western blotting was
used to detect the protein expression of HA-tagged cGAS, Myc-tagged STING, FLAG-tagged TBK1,
FLAG-tagged IRF3 and Myc-tagged HSP27, respectively. GAPDH was used as a loading control. All
the data were represented as mean =+ SD of three independent experiments and analyzed by one-way
ANOVA in A-D, * p < 0.05, ** p < 0.01, ** p < 0.001.

3.7. HSP27 Interacts with cGAS and Promotes cGAS Ubiquitination

To verify whether there is a physical interaction between HSP27 and cGAS, we cotrans-
fected HEK293T cells with Myc-HSP27 and HA-cGAS for 24 h. Cells were harvested and
lysed for co-immunoprecipitation experiment. The results showed that HA-tagged cGAS
protein could be immunoprecipitated after coating Protein G Agarose with Myc-tagged
antibody (Figure 7A). Likewise, Myc-tagged HSP27 protein could be immunoprecipitated
after coating Protein G Agarose with HA-tagged antibody (Figure 7B). These data fully
supported that HSP27 binds directly to cGAS.
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Figure 6. HSP27 suppresses the gene transcription and protein expression levels of endogenous cGAS
in different cells. PK15, HEK293 or BHK-21 cells were transiently transfected with 1 ug EV or Myec-
HSP27 plasmid using Lipofectamine 3000 or Lipofectamine 2000 for 24 h, respectively. (A) Western
blotting was used to detect the protein expression of endogenous cGAS, STING, TBK1, IRF3, and
Myc-tagged HSP27 in the above-transfected PK15 and HEK293 cells. Western blotting was used to
detect the protein expression of endogenous cGAS and Myc-tagged HSP27 in the above-transfected
BHK-21 cells. GAPDH was used as a loading control. (B) RT-qPCR was used to detect the relative
expression level of cGAS mRNA in the above-transfected PK15 and HEK293 cells. All the data were
represented as mean + SD of three independent experiments and analyzed by two-way ANOVA in
B, *p <0.05, *** p < 0.001.

For the sake of exploring whether HSP27-mediated cGAS degradation is dependent
on the endosomal acidification and autophagy pathway, the caspase-3-dependent apoptosis
pathway, or the ubiquitin-proteasome pathway, HEK293 cells were first transfected with
Myc-HSP27 plasmid for 24 h, followed by treatment with endosomal acidification and au-
tophagy inhibitor chloroquine (CQ), caspase 3 inhibitor Ac-DEVD-CHO (DEVD), ubiquitin-
proteasome inhibitor MG132, or DMSO for 12 h, respectively. It was found that HSP27-
mediated cGAS degradation was blocked by MG132, but not CQ or DEVD (Figure 7C),
suggesting that HSP27 degrades cGAS mainly through the ubiquitin-proteasome pathway.
It has been reported that ubiquitination modification can strictly regulate the stability and
activity of cGAS [36], so we hypothesized that HSP27 affects the ubiquitination of cGAS,
and subsequent ubiquitination assay confirmed this hypothesis (Figure 7D).
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Figure 7. HSP27 interacts with cGAS and promotes cGAS ubiquitination. (A) HEK293T cells were
cotransfected with Myc-HSP27 plasmid and pCMV-HA or HA-cGAS plasmid using Lipofectamine
2000 for 24 h, respectively. Cells were then lysed and immunoprecipitated with anti-Myc antibody.
Western blotting was used to detect Myc-tagged HSP27 protein and HA-tagged cGAS protein in the
whole cell lysates (Input) and immunoprecipitation (IP) complexes, respectively. (B) HEK293T cells
were cotransfected with HA-cGAS plasmid and EV or Myc-HSP27 plasmid using Lipofectamine 2000
for 24 h, respectively. Cells were then lysed and immunoprecipitated with anti-HA antibody. Western
blotting was used to detect HA-tagged cGAS protein and Myc-tagged HSP27 protein in the Input
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and IP complexes, respectively. (C) HEK293 cells were transiently transfected with 1 ug of EV
or Myc-HSP27 plasmid using Lipofectamine 2000 for 24 h and then treated for 12 h with MG132
(7.5 uM), CQ (50 uM), DEVD (50 uM), or DMSO, respectively. Western blotting was used to detect
the protein expression of endogenous cGAS and Myc-tagged HSP27. GAPDH was used as a loading
control. (D) HEK293 cells were cotransfected with HA-cGAS + Myc-Ub + EV or HA-cGAS + Myc-Ub
+ Myc-HSP27 plasmid at a 1:1:1 ratio using the Lipofectamine 2000 for 24 h, respectively. Cells
were then lysed, and cGAS-ubiquitin complexes were immunoprecipitated with anti-HA antibody
and immunoblotted with anti-Myc antibody to detect ubiquitinated protein. GAPDH was used
as a loading control (left). Greyscale analysis was used to measure the protein expression level of
ubiquitinated protein relative to GAPDH (right).

4. Discussion

Although the natural host of PRV is swine, it can also infect a variety of livestock
and wildlife. In recent years, some cases of pseudorabies have been reported at home and
abroad, but there is no conclusive evidence. In 2019, domestic researchers successfully
isolated a human PRV strain hSD-1/2019 from the cerebrospinal fluid of patients for the
first time [37], which provides direct evidence for the cross-species transmission of PRV
from pigs to humans, suggesting that PR may have the importance of zoonosis. Therefore,
it is even more urgent to clarify the molecular mechanism of PRV pathogenesis. In-depth
exploration of the relationship between PRV and host proteins is of great significance for
elucidating the pathogenic mechanism of PRV and anti-PRV infection.

PRV has broad cell tropism and can proliferate in a variety of cell lines, such as PK15,
Vero, MDBK and BHK-21 cells. Our research group also found that PRV can replicate
effectively in human-derived cell lines, such as HEK293 cells. Therefore, PK15 cells, BHK-
21 cells and HEK?293 cells were used in this study. The results showed that HSP27 can
not only degrade the protein expression of exogenous cGAS, but also weaken the gene
transcription and protein expression of endogenous cGAS. Moreover, HSP27 could degrade
the expression of porcine-derived, murine-derived and human-derived cGAS, indicating
that HSP27 has specificity and universality for the recognition and degradation of cGAS.
Because HEK293T cells lack endogenous cGAS [38], HEK293T cells are mainly used for
co-immunoprecipitation assay of exogenous cGAS and HSP27. Subsequent results showed
that HSP27 directly binds to cGAS and promotes the ubiquitination and degradation of
cGAS. There are about more than 70 kinds of structural and nonstructural proteins in
PRV [14]. Although the roles of some viral proteins in viral infection have been con-
firmed [15-19,32,35], the role of a considerable number of viral proteins remain unknown.
Further studies are needed to confirm whether the viral proteins of PRV participate in the
regulation of HSP27 on cGAS-STING signaling pathway to achieve active immune escape.

Many studies have shown that HSP27 regulates the proliferation of RNA viruses,
mainly through the NF-«B signaling pathway, RLR signaling pathway, or autophagy path-
way. HSP27 promotes the replication of foot-and-mouth disease virus (FMDV) by interact-
ing with the structural protein VP2 of FMDV and activating the autophagy-related pathway
EIF251-ATF4-AKT-MTOR [39]. HSP27 inhibits the proliferation of encephalomyocarditis
virus (EMCV) by stabilizing the expression of MDAS5 and thus positively regulating the
RLR/MDADS5 signaling pathway [31]. HSP27 negatively regulates the replication of classical
swine fever virus (CSFV) by directly interacting with non-structural protein NS5A and
promoting the activation of the NF-«B signaling pathway [40]. However, there are few
studies on the mechanism of HSP27 regulating DNA virus proliferation. This study is the
first to report the relationship between HSP27 and cGAS, a cytosolic DNA sensor, which
provides a reference for future research of HSP27 in DNA viruses. Given that HSP27 is a
multifunctional protein that can participate in multiple immunomodulatory processes of
the body, whether it also regulates other signal pathway related molecules in PRV infection
still needs to be further explored. HSP27 contributes to PRV infection, so HSP27 inhibitors
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are expected to be candidates for PRV-targeted therapy, and HSP27 stable cell lines may
also be used in large-scale culture and proliferation of PRV.

There are four main modifications of cGAS: ubiquitination, phosphorylation, acety-
lation, and palmitoylation [36,41-43]. Among them, ubiquitination modification is an
important form of protein post-translational modification, which can regulate and change
the properties and functions of proteins, such as activity and stability. It is widely involved
in many physiological processes, such as protein degradation, cell cycle regulation, im-
mune response regulation, and DNA damage repair. Here, we report that HSP27 attenuates
the cGAS-mediated interferon signaling cascade by promoting cGAS ubiquitination and
proteasomal-dependent degradation. K48-linked ubiquitination modification is the most
common of all ubiquitin chains, accounting for about 50% of all ubiquitination modifi-
cations, and it is closely related to proteasomal degradation. Therefore, it is speculated
that the way that HSP27 ubiquitinates cGAS may be K48-linked, which requires further
investigation.

In this study, we found that overexpression of HSP27 contributed to PRV infection, and
knockdown of HSP27 suppressed PRV infection in vitro. HSP27 inhibited PRV infection or
poly(dA:dT)-activated IFN-f3 expression. Interestingly, we found that HSP27 attenuated
cGAS-STING-mediated IFN-3 expression through targeting cGAS. Further studies found
that HSP27 bound directly to cGAS and promoted cGAS degradation by ubiquitination, and
impaired the cGAS-mediated signaling cascade and IFN-f3 expression, thereby promoting
PRV infection (Figure 8). In conclusion, we demonstrate for the first time that HSP27 is a
novel negative regulator of the cGAS-STING signaling pathway, reveal a novel mechanism
by which HSP27 facilitates PRV infection, and confirm that HSP27 plays a crucial role in
PRV infection.
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Figure 8. Schematic model of HSP27 negatively regulating cGAS-STING-mediated IFN-[3 expression
upon PRV proliferation. cGAS recognizes the dsDNA of PRV and then activates cGAS-STING-
mediated IFN-§ signaling pathway. HSP27 directly binds to cGAS, promotes cGAS degradation
through ubiquitination, attenuates cGAS-STING axis signaling transduction, and inhibits IRF3
phosphorylation and IFN-f3 expression, thereby promoting PRV infection.
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Abstract: Type I interferon (IFN) plays an important role in the host defense against viral infection
by inducing expression of interferon-stimulated genes (ISGs). In a previous study, we found that
porcine interferon-stimulated gene 15 (ISG15) exhibited antiviral activity against PRV in vitro. To
further investigate the antiviral function of ISG15 in vivo, we utilized ISG15 knockout (ISG15'/ )
mice in this study. Here, we demonstrate that ISG15/~ mice were highly susceptible to PRV infection
in vivo, as evidenced by a considerably reduced survival rate, enhanced viral replication and severe
pathological lesions. However, we observed no significant difference between female and male
infected WT and I1SG15/~ mice. Moreover, ISG157~ mice displayed attenuated antiviral protection
as a result of considerably reduced expression of IFNf and relevant ISGs during PRV replication.
Furthermore, excessive production of proinflammatory cytokines may be closely related to encephali-
tis and pneumonia. In further studies, we found that the enhanced sensitivity to PRV infection in
ISG157/~ mice might be caused by reduced phosphorylation of STAT1 and STAT2, thereby inhibiting
type I IFN-mediated antiviral activity. Based on these findings, we conclude that ISG15 is essential
for host type I IFN-mediated antiviral response.

Keywords: pseudorabies virus; ISG15 knockout mice; in vivo; susceptibility; type I IFN; impair

1. Introduction

Pseudorabies virus (PRV), also called Aujeszky’s disease virus or suid herpesvirus 1
(SuHV-1), is a large, enveloped DNA virus that belongs to the subfamily Alphaherpesviri-
nae [1]. Although pigs are the natural reservoir for the virus, a wide variety of mammals are
also susceptible to PRV [2]. Recent studies revealed that humans might also be a potential
host of PRV [3-5]. PRV infection poses a major threat to the pig industry, and various types
of vaccines are usually used to control the disease [6]. Although vaccines can eliminate viral
infection, emerging PRV variants have caused frequent outbreaks of PRV infection since late
2011 [7]. Thus, novel antiviral agents need to be developed as a to complement vaccination.

Type I interferon (IFN) represents the first line of defense to combat viral infections.
Interferon-stimulated gene 15 (ISG15), an IFN-«/ 3-inducible, ubiquitin-like molecule,
has been reported to play an antiviral role in viral infection [8-11]. We previously re-
ported that porcine ISG15 plays an antiviral role during PRV infection [1]. However, there
are large differences among species with respect to the role of ISG15 in host-virus inter-
actions; unlike human ISG15, which stabilizes USP18, the murine orthologue does not
exert such activity [12]. In vitro studies in mouse cells have demonstrated an antiviral
role of ISG15 during several viral infections [13-16], although there are some reports of
viruses displaying no enhanced replication when ISG15 is deficient [16,17]. Knocking
down ISG15 in human cells has also suggested an antiviral role of ISG15 during infec-
tion with numerous viruses [13,18-20], whereas other studies have suggested no role at
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all [21,22]. Furthermore, mice lacking ISG15 exhibit enhanced susceptibility to some but not
all viruses [23,24], whereas ISG15 deficiency in humans has been reported to enhance viral
resistance [12,25-27]. According to these results, ISG15 deficiency may actually increase
resistance to severe viral infections.

Type I IEN stimulation has been shown to inhibit PRV replication due to the induction
of several ISGs that function as general antivirals. Among these, we found that ISG15
significantly upregulated and further demonstrated an antiviral role of ISG15 during
PRV infection in vitro [28], although nothing is known about the exact role of ISG15 in
type I IFN-mediated antiviral response against PRV in vivo. Here, for the first time, we
examine the antiviral effect of ISG15 in vivo and show that mice lacking ISG15 were highly
susceptible to PRV infection. Moreover, ISG15 deficiency in mice resulted in attenuated
IFN«-mediated antiviral protection by considerably reducing the expression of IFNf3 and
relevant ISGs. We found that excessive production of proinflammatory cytokines in 1ISG157/~
mice may be closely related to encephalitis and pneumonia. Finally, we found that the
enhanced sensitivity of ISG15”~ mice to PRV infection might be associated with reduced
phosphorylation of STAT1 and STAT2.

2. Materials and Methods
2.1. Virus and Reagents

Pseudorabies virus (PRV) strain QXX was propagated in porcine kidney 15 (PK15)
cells (CCL-33, ATCC) and titered by plaque assay. The primary antibodies used for Western
blotting included rabbit anti-STAT1, anti-STAT2 (Proteintech, Wuhan, China), rabbit anti-
phospho-Tyr701 STAT1, rabbit anti-phospho-Tyr690 STAT2 (Abcam, Cambridge, UK),
anti-ISG15 and anti-f3-actin (Proteintech).

2.2. Mouse Experiments

C57BL/6N (WT) and ISG15~/" mice were purchased from Cyagen Biosciences, Inc.
(Guangzhou, China). The mice were mated, bred and genotyped in the animal facility. The
genotype of bred mice was determined by PCR. Animal experiments were performed in
accordance with protocols approved by the Use of National Research Center for Veterinary
Medicine (Permit 20180521047).

Mice were represented in both the control and infected groups. Mice (both male and
female) aged 7-9 weeks were intraperitoneally inoculated with 50-200 plaque-forming
units (PFU) of PRV diluted in 40 uL sterile DMEM. Mice were monitored daily for body
weight and clinical symptoms. Brain, lung and spleen tissues were collected to deter-
mine viral loads, mRNA level of ISGs and expression of proinflammatory cytokines for
histological analysis.

2.3. PCR, Quantitative Real-Time PCR and Western Blotting

Total RNA from the tissues was extracted using RNAiso Plus reagent (Takara, Dalian,
China) and was reverse transcribed to cDNA using a PrimeScript™ RT reagent kit with
gDNA Eraser (Takara) according to the manufacturer’s protocols. The genes used in this
study were amplified by PCR using Prime STAR® Max DNA Polymerase (Takara) or with
real-time PCR using TB Green Premix Ex Taq II (Takara). Quantitative real-time PCR (RT-
qPCR) was carried out utilizing SYBR Green PCR Master Mix (Promega, Beijing, China).
The mRNA level of each target gene was normalized to that of 3-actin mRNA.

Protein was extracted from the homogenized tissues using a lysis buffer, and total
protein concentration was determined with a BCA protein assay kit (Beyotime Biotech-
nology, Shanghai, China). An equal amount (30 ug) of protein from tissues of WT and
ISG157/" mice was resolved on 10% SDS-PAGE gels and transferred to a PVDF membrane
(Pall Corporation, Ann Arbor, MI, USA). The membrane was probed with corresponding
antibodies, followed by horseradish peroxidase-conjugated anti-rabbit IgG (Servicebio,
Wuhan, China). The protein bands were visualized by chemiluminescence using ECL
(Beyotime Biotechnology, Shanghai, China). The intensities of the protein bands were
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quantified using Image J software and standardized against 3-actin. All data are presented
as three independent experiments in duplicate.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Protein concentration of the cytokines, including interleukin (IL)-6, IL-13 and tumor
necrosis factor (TNF)-«, from organs of infected mice were measured by ELISA using
mouse IL-6, IL-13 and TNF-« kits (Meimian, Nanjing, China). The absorbance was read
with an automated ELISA plate reader at 450 nm.

2.5. Histopathological Analysis

On day 4 post infection, mice were sacrificed, and lungs and brains were collected
for histological analysis. Tissues were fixed and dehydrated and embedded in paraffin,
followed by sectioning (4-5 um) and staining with hematoxylin—eosin (HE). Pathological
changes were determined through observation of the morphologic characteristics.

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism. The difference between
groups was calculated using Student’s t-tests, and the differences were considered to be
significant when * p < 0.05, ** p < 0.01 or *** p < 0.001. The standard errors of the mean
(SEM) of at least three independent experiments are shown for each data.

3. Results
3.1. Mice Lacking ISG15 Are More Susceptible to PRV Infection

PRV can infect a wide variety of mammals, including rodents; therefore a mouse
model has been widely used to study PRV pathogenesis [29]. To determine whether ISG15
also exhibits antiviral activity against PRV in vivo, ISG15-deficient mice were generated on
a C57BL/6N background by targeting ISG15 for deletion using CRISPR-Cas9 technology.
Seven-week-old female and male mice were injected intraperitoneally with PRV, and their
clinical symptoms, body weight and survival rate were monitored daily. The results show
that the ISG15”~ mice displayed typical neurological symptoms, including considerably
reduced activity and pruritus at 3 days post infection (dpi), with death beginning at 4 dpi,
whereas WT mice developed only mild symptoms at 5 dpi under the same conditions
(Figure 1A). On the other hand, the ISG157~ mice lost weight more rapidly than WT mice
by day 6, and the surviving WT mice continued to lose weight (Figure 1B).

Next, the mortality of wild-type (WT) and ISG15~/~ mice was monitored for 10 days
after PRV infection. We found that all ISG15/ mice died within 6 days after PRV infection,
whereas 53.3% of the WT mice remained alive under the same conditions. As illustrated in
Figure 1C, ISG15/~ mice had a survival rate of 0, whereas WT mice had a survival rate of
53.3%, suggesting that ISG15~/~ mice are more sensitive to PRV than WT mice. Furthermore,
PRV loads in the brain, lungs and spleen were assayed at 4 dpi. The viral loads of the
ISG157/- mice were markedly higher than those in the same tissues of WT mice (Figure 1D).
Moreover, no significant difference between female and male mice was observed in terms
of body weight, survival rate or viral load (data not shown). The above results indicate
that ISG15 deficiency enhances susceptibility to PRV infection in vivo.

3.2. ISG15 Deficiency Promotes PRV Infection Pathogenicity in Mice

PRV infection mainly leads to neurological and respiratory symptoms, and encephali-
tis is a contributing factor to animal death [30]. To detect the degree of pneumonia and
encephalitis in infected mice, we histopathologically analyzed the brains and lungs at 4 dpi.
As shown in Figure 2A, the brains of ISG15”/- mice showed a substantial number of necrotic
neurons and more necrotic Purkinje cells than those in WT mice (Figure 2A). Furthermore,
microgliosis and hyperemia were more obvious in the brains of ISG15”/~ mice. Histological
analyses of infected lungs showed increased inflammatory cell infiltration, severe con-
gestion and higher levels of lung tissue impairment in ISG15”/~ mice in comparison with
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WT mice (Figure 2B). These results indicate that ISG15 deletion aggravated virus-induced
pathogenicity during PRV infection in vivo.
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Figure 1. Mice lacking ISG15 are more susceptible to PRV than WT mice. (A) The clinical aspects of
WT and ISG15-deficient (ISG157") mice infected intraperitoneally with PRV are shown. (B,C) Body
weight (B) and survival (C) were monitored for 10 dpi (WT: n = 15; ISG157/": n = 15). Data are
shown as percent change of body weight relative to the starting weight on day 0 (mean 4+ SEM).
Survival curves were compared using a log-rank test. (D) At 4 dpi, the brain, lung and spleen
tissues of the infected mice were harvested and homogenized, and PRV gE gene copies were assayed
by quantitative real-time PCR (RT-qPCR). PRV-infected ISG15”/~ mice vs. PRV-infected WT mice.
*p <0.05; ** p < 0.01; *** p < 0.001.
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Figure 2. Histopathological examination of brains and lungs of infected ISG15”/- and WT mice. WT
(n = 10) and ISG15”/~ (n = 10) mice were intraperitoneally infected with PRV. At 4 dpi, the brains
and lungs of infected mice were collected, sectioned and stained with hematoxylin-eosin. Magnified
regions are indicated with rectangles in (A,B). Scale bar: 100 um and 20 pm.
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3.3. ISG15 Deficiency Impairs Type I IFN Production

Type I IEN (IFN-«/ 3) signaling is critical for host restriction of viral infection [31]. To
test whether ISG15 is involved in type I IFN-mediated antiviral innate immune response
in vivo, we first compared the body weight between WT and ISG15”/~ mice after infection
with PRV with or without IFN« treatment. Starting on day 6, the infected mice pretreated
with IFNe started to recover their body weight, albeit at a significantly lower rate com-
pared to WT mice (Figure 3A). Moreover, ISG15”~ mice pretreated with IFN« exhibited
a dramatically reduced mortality rate, with no significant difference compared with WT
counterparts (Figure 3B). We also compared the body weight and survival rate between
female and male mice, with no significant difference observed (data not shown).
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To analyze the tissue distribution of the PRV genome in organs of infected mice, we
detected DNA of PRV-gE in different tissues after PRV infection for 4 dpi. Higher levels
of PRV-gE DNA were found in infected tissues from ISG15”~ mice in comparison with
those from WT mice (Figure 3C). Additionally, expression of IFNf was significantly down-
regulated in various tissues from ISG15~/~ mice in response to PRV infection (Figure 3C).
To further test the effect of ISG15 on IFN{ production induced by PRV infection, we first
examined the association between ISG15 expression patterns and PRV replication in vivo.
We found that the high expression of ISG15 in brains of infected WT mice inhibited PRV
growth, whereas ISG15 deficiency significantly promoted PRV replication (Figure 3D).
Moreover, the PRV load in IFN a-treated ISG15”~ mice showed a much higher fold than
that in WT mice, suggesting that ISG15 plays an important role in promoting IFN-mediated
antiviral response. Thus, we next detected the levels of IFNf3 in brains, lungs and spleens
between WT and I1SG157/~ mice infected with PRV untreated or treated with TFNo. We
found that the expression of IFNB was considerably reduced in infected ISG15/~ mice
pretreated with IFNw« as compared to that in WT counterparts (Figure 3E). These findings
were further confirmed by RT-qPCR (Figure 3F).

Taken together, these data suggest that ISG15 deficiency impairs type I IFN production
and promotes PRV replication.

3.4. ISG15 Deficiency Suppresses the Expression of Some ISGs in Response to PRV Infection

The data reported above show that ISG15 knockout considerably reduced IFN{ pro-
duction. Therefore, we analyzed the expression of several key ISGs, including IFIT1, OAS1
and Mx1 in various tissues of infected mice. Results indicate that the ISG15 knockout
resulted in impaired expression of IFIT1, OAS1 and Mx1 in the brain during PRV infection
(Figure 4A), which was further confirmed by RT-qPCR (Figure 4B). To verify this finding,
the expression of these ISGs in the lungs and spleens were also detected, and similar results
were obtained by RT-PCR and RT-qPCR (Figure 4C-F). These findings suggest that ISG15
may be involved in antiviral immune responses by modulating type I IFN signaling.

3.5. Mice Lacking ISG15 Produce Excessive Inflammatory in Response to PRV Infection

Cytokines are crucial in combating viral infection and are involved in the regulation
of immune and inflammatory responses, including interleukin 13 (IL-13), interleukin-6
(IL-6) and tumor necrosis factor alpha (TNF-«) [32]. The mRNA levels of IL-1f3, IL-6 and
TNF-« were markedly elevated in brains, lungs and spleens of infected 1ISG15~/~ mice
relative to WT mice (Figure 5A-E). After treatment with IFN«, the mRNA levels of these
cytokines were significantly reduced, whereas their expression levels were still higher in
ISG15”/~ mice than WT mice (Figure 5A-E). Furthermore, the protein concentrations of
IL-1B3, IL-6 and TNF-« were measured using ELISA assay, and a similar tendency was
observed in protein levels. As shown in Figure 5G, IL-1f3, IL-6 and TNF-« protein levels
were significantly higher in the serum of ISG15/~ mice than those in WT mice with or
without IFN« treatment (Figure 5G). These data suggest that ISG15”/- mice displayed a
more severe inflammatory response than WT mice, indicating that ISG15 deficiency leads
to excessive production of inflammatory cytokines.
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Figure 4. Several ISGs mRNA levels are downregulated in infected ISG15”/~ mice. WT and ISG157/-
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Figure 5. Expression of inflammatory cytokines was significantly increased in infected ISG15”/~ mice.
(A-F) The RNA levels of IL-13, IL-6 and TNF« in the indicated tissues from PRV-infected WT and
ISG157/~ mice by RT-PCR and RT-qPCR, respectively. The data were normalized to B-actin. (G) The
protein levels were measured by ELISA. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.6. ISG15 Deficiency Potentiates Viral Replication by Blocking STAT1/STAT2 Phosphorylation

Because ISG15 deficiency impaired IFNf expression in response to PRV infection, as
shown in Figure 3, we speculated that ISG15 may affect IFNf3 production by targeting
phosphorylated STAT1 (pSTAT1) or/and STAT2 (pSTAT?2). Therefore, we tested whether
ISG15 deficiency affects the expression of pSTAT1 and pSTAT?2 in tissues of infected mice
by Western blot. We found that the expression of pSTAT1 and pSTAT2 was significantly
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reduced in brains of ISG15”/~ mice in comparison with WT counterparts. Moreover, IFN«
stimulation promoted the expression of pSTAT1 and pSTAT?2 in the brains of infected mice
(Figure 6A,B). Similar results were observed in the lungs of infected mice (Figure 6C,D).
These data reveal that the ISG15 deficiency inhibits the expression of pSTAT1 and pSTAT?2,
which is most likely responsible for reduced IFN{ production during PRV infection, sug-
gesting that ISG15 deficiency impairs host antiviral activity against PRV by attenuating the
expression of pSTAT1 and pSTAT?2.
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Figure 6. STAT1 and STAT2 phosphorylation are considerably reduced in infected ISG15”/~ mice.
The tissues of infected WT and ISG157/~ mice either pretreated or left untreated were harvested and
analyzed by Western blotting with the indicated antibodies (A,C). Phosphorylated STAT1 or STAT2
levels relative to STAT1 or STAT2 were quantitated by densitometry and normalized to 3-actin (B,D).
The average of three independent replicates were plotted (means & SD). * p < 0.05.

4. Discussion

The function of ISG15 in herpesvirus remains an area of active investigation [28,33].
In vitro studies in PK15 cells revealed that ISG15 plays an antiviral role in the context of
PRV infection. To examine whether ISG15 exhibit an antiviral response against PRV in vivo,
we used ISG157/~ mice and found that mice lacking ISG15 were more sensitive to PRV
infection relative to WT mice (Figure 1). ISG15”- mice showed a decreased body weight,
increased PRV growth and increased disease severity (Figures 1 and 2). Our findings
are in line with the previous results showing that mice lacking ISG15 exhibit enhanced
susceptibility to challenge with many viruses [17,23,24]. Furthermore, PRV infection caused
more severe damage in the brain and lung tissues of ISG15”/~ mice than those of WT mice,
indicating that ISG15 deficiency could worsen histopathological changes.

It has been reported that PRV infection could activate the immune response in the
rodent brain, including type I IFN and inflammatory cytokines, to allow PRV to establish
a persistent infection [34]. Although considerable progress had been made in terms of
understanding the pathogenesis of PRV [35], the function of ISG15 in type I IFN-mediated
antiviral response during PRV infection is not fully understood. Here, we found that mice
lacking ISG15 had significantly downregulated expression of IFNf3 and several critical ISGs
(Figures 3 and 4), which may be responsible for the increased susceptibility of ISG157-
mice to PRV infection. Although inflammatory response is the first line of defense to
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prevent the spread of viral infections, uncontrolled inflammatory response usually leads to
severe inflammation, which may cause damage to the host [29]. In this study, excessive
production of cytokines, including IL6, IL-1B and TNF-«, was observed in infected ISG157-
mice, indicating that ISG15 is critically involved in antiviral response. Cytokines are the
key regulators of host defense against viral infection; however, excessive inflammatory
response induced by viral infection is associated with viral pathogenesis. It has been
reported that a cytokine storm (excessive production of IL-6, IL-13 and TNF«x) caused
by highly pathogenic influenza virus infection can injure host organs, resulting in severe
disease and even death [36,37]. Thus, it is very likely that the considerably elevated levels
of inflammatory cytokines in infected ISG15~ mice contribute to the pathogenesis of PRV.

It has been reported that IFN« and IFNf serve as homeostatic agents during inflam-
matory response [37,38]. Consistent with this view, we found that ISG15 knockout not only
resisted IFN3 production but also increased expression of inflammatory cytokines. How-
ever, after IFN« treatment, the expression of cytokines was reduced in infected 1SG157/
mice. These observations confirm that IFN« and IFNf play a critical role in the control
of inflammation. In addition, downregulated phosphorylation of STAT1 and STAT2 were
observed in ISG15”" mice after infection with PRV in vivo. Therefore, we speculate that
reduced pSTAT1 and pSTAT2 may be associated with elevated inflammatory response. Our
observation indicates that mice lacking ISG15 blocked type I IFN signaling by inhibiting
phosphorylation of STAT1 and STAT?2, thereby preventing an antiviral response. We ob-
served that the expression of pSTAT1 and pSTAT2 was reduced in the brains and lungs of
infected ISG15”/~ mice, although similar reductions were not detected in other tissues. One
possible interpretation for these observations is that an excessive inflammatory response
in brains and lungs may be responsible for encephalitis and pneumonia caused by PRV
infection. Further studies are needed to address this possibility.

5. Conclusions

Altogether, our findings indicate that ISG15 precisely regulates the host antiviral
response by controlling STAT1/2 activation and IFNf production. These results provide a
new perspective on the functions of ISG15; moreover, the results of our study may provide
a useful strategy for the prevention and control of this viral disease.
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Abstract: Pseudorabies virus (PRV) has received widespread attention for its potential health effects
on humans, wildlife, domestic animals, and livestock. In this review, we focus on PRV dynamics in
wildlife, given the importance of wild-origin PRV transmission to domestic and farm animals. Wild
boars, pigs, and raccoons can serve as reservoirs of PRV, with viral transmission to domestic livestock
occurring via several routes, such as wild herd exposure, contaminated meat consumption, and insect
vector transmission. Many endangered feline and canine species can be infected with PRV, with
acute disease and death within 48 h. The first confirmed human case of PRV infection in mainland
China was reported in 2017. Thus, PRV exhibits potentially dangerous cross-host transmission, which
is likely associated with inappropriate vaccination, poor awareness, and insufficient biosecurity.
Currently, no vaccine provides full protection against PRV in all animals. Here, we summarize the
epidemiology and pathogenesis of PRV infection in wild, domestic, and farmed animals, which may
facilitate the design of novel therapeutics and strategies for controlling PRV infection and improving
wildlife protection in China.

Keywords: pseudorabies virus; wildlife; cross-host transmission; vaccination

1. Introduction

Belonging to the family Herpesviridae and subfamily Alphaherpesvirinae [1], the pseu-
dorabies virus (PRV) is the causative agent of pseudorabies (PR) or Aujeszky’s disease,
which can lead to acute infection and significant economic losses in pigs and other animals.
The alphaherpesvirus genomes are divided into six classes (A-F) [2] based on the arrange-
ment of repeat sequences (inverted and tandem repeats) and unique regions (short and
long). The PRV genome belongs to the D class [3] and is approximately 140 kb in length.

Wild boars and pigs are the primary natural hosts of PRV and the only latent carriers [4].
PRV-related morbidity and mortality depend on various factors, such as animal health,
viral strain, and infectious dose [5]. To date, PRV has been detected in various wild
animals, including boars [6], rats [7], bears [8,9], raccoons [10,11], panthers [12], Iberian
lynx [13], wolves [14], bats [15], and cats [16], as well as in domestic and farm animals, such
as dogs [17-19], cattle [20-22], cats [23], sheep [24,25], foxes [26-28], and minks [29-32].
Furthermore, PRV infection is also a potential threat to humans [33-36].

In this review, we provide a brief overview of the traceability, transmission, and vacci-
nation of PRV infection in animals with the aim to strengthen PR control measures.

2. Possible Transmission Route of PRV Infection

At present, the epizootiology of PR disease is not completely understood. One hy-
pothesis for herd-to-herd transmission is that wild animals (e.g., wild boars and Norway
rats) act as disease reservoir hosts and spread the virus from one farm to another [37].
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Alternatively, wild animals may become directly infected with PRV due to consumption
of wild boar meat [38] or via insect-borne vectors such as winter ticks [39]. However,
previous research on infected wild panthers found that the isolated PRV strain did not
match that found in wild boars [12]. Thus, the origin of PRV in wild animals remains
unresolved. In this review, we summarize current knowledge of PRV infection in natural
and non-natural hosts (Figure 1).
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Figure 1. Schematic of PRV transmission. Wild boars and pigs are natural hosts of the PRV, while
raccoons are potential natural hosts of the PRV. Five known transmission routes are described.
Infected hosts include humans and wild, domestic, and farm animals.

3. PRV Infection in Wild, Domestic, and Farm Animals
3.1. PRV Infection in Wild Animals
3.1.1. Wild Boars

Wild boars are reservoirs for various infectious diseases in livestock and humans,
including classical (CSFV) and African swine fever viruses (ASFV), porcine circovirus 2
(PCV2), porcine reproductive and respiratory syndrome virus (PRRSV), porcine parvovirus
(PPV), hepatitis E virus (HEV), swine influenza virus (SIV), Japanese encephalitis virus
(JEV), and torque teno virus (TTV) [6,40].

PRV infection is enzootic and widespread in Eurasian wild boars [41,42], with the first
cases reported in Italy, former Yugoslavia, and USA [43]. Following successful prevention
and eradication programs, PRV has been largely eliminated from domestic pigs in many
parts of Europe, including Austria, Cyprus, Denmark, Finland, The Netherlands, and Great
Britain (England, Scotland, and Wales) [41]. However, PRV infections remain widespread
in many wild boar populations in the Czech Republic [44], Germany [41,45], France [46],
Croatia [47], USA [48-50], Japan [51], Italy [16,52,53], Switzerland [52], Spain [53,54], Slove-
nia [55], Serbia [56], Brazil [57], Romania [58], Russia [59], Poland [60], and Belgium [61].
To date, however, there is little epidemiological information regarding PRV infection in
Chinese wild boar populations. Considering that the number of wild boars in China is
increasing year by year, epidemiological surveillance of PRV is urgently needed.

As wild boar populations expand their range, there is increased potential risk for dis-
ease transmission that may affect healthy of humans and domestic swine, and conservation
of wildlife. Based on long-term serological field studies, PRV is considered endemic in wild
boar populations in the USA, including in the southern and central states (California [62],
Southeast [63], Hawaii, Texas [64], Arizona [65], North Carolina [66,67]), as well as in
Guam [68], Nebraska, Michigan [69], and Oklahoma [49]. Seroprevalence varies from 0.5%
to 64.4% at the regional level [68,70,71]. In Europe, PRV-infected wild boar populations
are present in Germany, Italy, Belgium, Croatia, the Czech Republic, former Yugoslavia,
France, the Netherlands, Poland, Romania, Russia, Slovenia, Spain, and Switzerland, with
average seroprevalence ranging from 0.3% to 66%. Based on 7209 samples collected from
2000 to 2011, average seroprevalence in Germany is 6.8% [45]. Based on 5000 wild boar

60



Viruses 2022, 14, 2254

samples collected from 2006 to 2020, average seroprevalence in Italy ranges from 3.8% to
30.9% [70-73].

Characterization of PRV from wild swine is helpful to understand population diversity
and could trace back the infection route [43]. In Europe, phylogenetic analysis of partial
sequences of the glycoprotein C gene suggests that wild boar isolates can be differentiated
into clades A and B [61,74]. Clade A isolates originate from Austria, France, Germany,
Hungary, Italy, and Slovakia, while clade B isolates originate from southwestern Europe,
including Germany, France, and Spain [74]. Thus, the clade A and B isolates overlap
geographically in central Europe, Germany, and France [74]. PRV isolated from USA was
distinct from European isolates and was closely related to domestic pig isolates. It may
represent a transmission from domestic to feral swine [6,75,76].

3.1.2. Bears

Detection of antibodies to canine distemper virus (CDV), canine herpesvirus type 1
(CHV-1), canine parvovirus type 2 (CPV-2), canine parainfluenza virus type 2 (CPIV-2),
canine coronavirus (CCV), West Nile virus (WNN), and PRV is positive in European brown
bears (Ursus arctos) [77]. Previous studies have reported PRV-positive blood samples in
free-ranging Eurasian brown bears (Ursus arctos) in Slovakia [77] and PRV-positive tissues
and antibodies in captive bears fed raw pig heads [8,9,76,77].

In most cases, PR disease is fatal in bears, with death occurring within 1-3 days of
clinical symptoms. Upon consuming infected pig offal or pig heads, bears can show acute
and asymptomatic infections. In Himalayan bears, however, only mild clinical signs are
reported, with negative neutralizing antibody tests [8].

3.1.3. Raccoons

Raccoons (Procyon lotor) are considered a natural reservoir of PRV [10]. The clinical
signs of PRV infection in raccoons resemble those of rabies and distemper [78]. Avirulent
strain K is naturally occurring in the raccoon population [79]. Raccoons infected with
virulent PRV strains (e.g., Be, 562/26, and 429) can transmit the virus to uninfected raccoons
via contact. In raccoons, all virulent PRV strains are lethal, while avirulent strain K has a
mortality rate of only 18% (2/11). Furthermore, when raccoons are infected with avirulent
strain K, they may be re-infected with virulent strains, suggesting that virulent PRV may
be circulating in raccoon populations [10,78].

3.1.4. Other Wild Animals

PRV not only infects wild boars, bears, and raccoons, but also can infect many wild
animals, especially rare and endangered animals [12,53].

Panthers

The Florida panther (Felis concolor coryi) is an endangered feline species [12]. Similar
to the infection process in domestic cats, PRV infection is fatal in panthers [80]. Necropsies
of infected panthers have detected residual swine hair in the digestive tract, confirming
ingestion of wild boar meat and identifying the potential route of PRV exposure. Based on
sequence analysis, the isolated panther strain has been identified as a wild-type gI* and
TK* genotype [81].

Iberian Lynx

The Iberian lynx (Lynx pardinus), one of the most endangered feline species in the
world [53], preys on small ungulates, birds, reptiles, and occasionally wild boar [82] and is
positive for feline leukemia provirus (FeLV), feline parvovirus (FPV), and Cytauxzoon sp.
by using PCR assay [13]. A previously captured lynx was found to be PRV-positive based
on blood, oropharyngeal swab, and rectal swab samples, with PRV antigens also detected
in the tonsils, brain, and gastric glandular epithelial cells [53]. Histopathological analysis
of the central nervous system (CNS) further showed meningoencephalitis similar to that
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reported in domestic cats [83,84], dogs [85-87], foxes [88], and coyotes [89]. These results
suggest that the Iberian lynx is susceptible to PRV and may be exposed to the virus via the
consumption of wild boar meat [82]. Molecular and seroepidemiological analysis further
confirmed the emergence of PRV in the Iberian lynx population (11.8%, 2/17) [13].

Coyotes

PRV infection has been reported in coyotes (Canis latrans) based on the testing of
brain tissue. Clinical symptoms include anorexia, abnormal vocalizations, and nervous-
ness [14,87,88]. PRV isolated from Belgian coyotes is similar to the Kaplan reference strain,
the most common type present in European wild boars, suggesting potential infection
via consumption of PRV-infected boar meat [14]. In China, a PRV strain was isolated
from a coyote showing various clinical symptoms, including vomiting, dyspnea, circular
movements, processed moaning, uneasy behavior, intense pruritus, paroxysmal convul-
sions, and quadriplegia. Sequence analysis of the Chinese PRV strain, which contained the
glycoprotein E gene, indicated that it may be a field strain rather than a vaccine strain [90].

3.2. PRV Infections in Domestic Animals
3.2.1. Dogs

Because of the recent incidents of PRV infecting people, the dog in PRV infection has
aroused great concern. PRV is prevalent in dogs, including working and hunting dogs,
in the USA [17,89,90], Belgium [91], Italy [19,75,92], France [93], Spain [85,94], Japan [95,96],
Austria [97-99], China [18], Serbia [100], Argentina [101], and Germany [74], with infection
via direct or indirect contact with wild boars and pigs [6,74]. Dogs with PRV infection
display neurological signs, anorexia, intense muzzle itch, and respiratory distress [1,96],
and usually die within 48 h of clinical symptom onset [19].

3.2.2. Cattle

PRV infection can occur in cattle [6,20,21], especially when housed with pigs. PRV-
infected cattle present with neurological symptoms and usually die within 24 h, with
necropsy showing leptomeningeal hyperemia and lung consolidation [21]. Furthermore,
under experimental infection, PRV has been isolated from the retropharyngeal lymph
nodes [102] and pituitary, pharynx, and submaxillary lymph nodes of cattle [103].

3.2.3. Cats

Cats can be infected with PRV under natural and experimental conditions [81,82,103].
The disease is sporadic and mainly transmits through the consumption of pig offal. Clinical
symptoms include anorexia and pruritus, with death occurring within 12—48 h of clinical
onset [83]. The virus is transmitted via the oral route, typically replicating in the ton-
sils and pharynx, then spreading through the CNS and excreted through oral and nasal
secretions [83,104].

3.2.4. Sheep

Sheep in contact with pigs are also susceptible to field strains of PRV. Previous studies
have reported clinical signs of lethargy, fever, pruritus, and death in sheep following PRV
infection, despite vaccination with the Bartha vaccine strain [24]. Even without direct
contact with pigs, sheep exhibiting CNS symptoms have been found to be PRV positive
in postmortem tissue samples, with sequence analysis of the viral genome showing close
identity to the Buk T-900 reference strain [105]. China has also reported outbreaks of PR in
sheep following vaccination with attenuated live vaccines (i.e., Bartha-K16), resulting in
clinical symptoms such as intense rubbing and licking. These results suggest that certain
vaccines may be unsuitable for use in sheep [25].
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3.2.5. Horses

Previous reported that horses with experimentally induced PRV infection had severe
clinical signs, but no pruritus [106]. PRV antigens and DNA have also been detected in
the neurons of horses presenting with neurological signs and severe meningoencephalitis,
with PRV infection potentially occurring via aerosolized pig slurry [106]. While other
non-porcine species typically succumb to PRV infection within 48 h, PRV-infected horses
exhibit a longer course of infection (more than 7 days) without pruritus, and eventually
survive [106,107].

3.2.6. Chickens

In addition to infecting mammals, PRV can also infect birds such as chickens, which
are susceptible to PRV infection under both experimental and natural conditions [108-110].
For example, Kouwenhoven (1982) isolated a PRV strain from farm chickens, which was
pathogenic to 7-day-old chicks but could be neutralized by known PRV antisera and
showed cross-reactivity with infectious bovine rhinotracheitis. The strain was originally
derived from a PRV vaccine adapted to chicken cells and did not cause classical inclusion
bodies in the neural tissue [110].

3.3. PRV Infections in Farm Animals
3.3.1. Foxes

Foxes fed pig offal can become infected with PRV, as reported in Italy [26,28] and
China [27]. Foxes with PRV infection display neurological signs, ataxia, fever, vomiting,
dyspnea, intense pruritus, and frequent snarling, with death usually occurring within a
few hours to three days. Studies have reported a high morbidity rate (80%; 1200/1500) in
PRV-infected foxes, especially symptomatic foxes [27]. Previous epidemiological analysis
of strains isolated from dead foxes found a close relationship to domestic field strains in
China, rather than vaccine strains [27]. However, the epidemiological link between the
isolated strain and wild animal populations or domestic pigs is unclear.

3.3.2. Minks

Outbreaks of PRV in minks have been reported in many countries [111-115]. Brain
samples collected from dead minks have been identified as PRV-positive, with necropsy
also showing organ hemorrhage and endotheliotropic vessels, although no neurological
signs were evident before death [29,30]. In 2014, a serious outbreak of PRV was reported in
a mink farm in Shandong Province, China. The minks exhibited severe clinical signs, in-
cluding diarrhea, anorexia, and abdominal and facial skin scratching, and a high morbidity
rate of 87% (3522/4028). Out of 566 minks, 33 tested PRV-positive by polymerase chain
reaction (PCR), and the isolated strain clustered with vaccine-resistant Chinese porcine
PRV isolates [31,32].

3.4. PRV Infections in Humans

Although humans were previously considered a non-susceptible host for PRV infec-
tion, a PRV variant causing infectious endophthalmitis has been reported in China in recent
years [36], thought to have originated from sewage containing pig excrement. In 2020,
four patients with acute encephalitis were diagnosed with PRV infection and presented
with respiratory dysfunction and acute neurological symptoms. The PRV strain (hSD-
1/2019) isolated from the cerebrospinal fluid of one of the patients was closely related
to a PRV variant known to cause high pathogenicity and acute neurological symptoms
in pigs [35].

4. Transmission Models and Cross-Host Transmission Routes for PRV

There are two competing models of PRV transmission in wild boars, i.e., age-dependent
and sexual transmission models. The age-dependent model suggests that PRV seropreva-
lence differs between older and younger animals, with older boars showing significantly
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higher prevalence than younger individuals [16,116-119]. In contrast, preferential sexual
transmission may occur under random or polygynous boar mating systems [48], whereby
polygamy and mate guarding behavior may impact the seroprevalence of PRV in males
and females differently. For example, under a 1:1 sex ratio, predicted seroprevalence is
the same for both at-risk males and at-risk females; however, as wild boars are highly
polygynous [120,121], the predicted seroprevalence is different for at-risk males and at-risk
females [48].

Although data on the origin and transmission of PRV field strains are limited, we sug-
gest several possible transmission routes: (1) non-natural hosts may become infected
via contact with immunized pigs [122]; (2) before succumbing to illness, PRV-infected
non-natural hosts may travel within their territories, leading to transmission to other indi-
viduals; (3) due to inappropriate biosecurity measures, non-natural hosts may come into
indirect contact with carcasses contaminated with PRV [9]; (4) as anthropogenic-impacted
landscapes change wild animal habitat availability, frequent contact between wild animals
may result in an increase in PRV infection. Thus, appropriate measures should be taken to
disrupt these transmission routes and control animal infection.

5. Vaccination

PRV has a wide host range and can be transmitted across wild, domestic, and farm
animals. The DIVA strategy (i.e., differentiating infected from vaccinated animals) has been
used in various European countries and the USA based on gE- or gl-deleted vaccines [67,72].
Attenuated live vaccines (e.g., gE-gene, gE/gl/TK-gene, TK/gG-gene, gE/gl-gene, TK/gE-
gene and gE/US2-gene deleted) have been used in China since the early 1990s for the control
of PR in pig farms [123-127]. However, while these vaccines provide effective protection
for pigs, they do not appear to provide full protection for all animals or species. Previous
reports suggest that virulent strain DCD1 and attenuated strain HB98 can cause clinical
signs and pathological lesions and induce death within 24 h of the onset of symptoms [128].
Interestingly, in transmission experiments using the Bartha-K61 vaccine, viruses with
longer incubation periods and lower replication rates take longer to cause lesions in dogs
than the HB98 and DCD-1 strains [128]. In addition, US7/US8/UL23-deleted recombinant
PRV vaccines provide effective protection in pigs but show obvious neural symptoms
and virulence in dogs [129], while the Bartha-K16 vaccine can also induce PR in sheep
and goat populations [25]. Thus, commercial vaccines may not be safe for dogs or certain
farm animals [129]. These findings suggest that genes deleted in commercial vaccines
may be associated with replication rates and tissue tropism in vivo, resulting in changes in
PRV pathogenicity [128]. In contrast, modified live PRV vaccines with gG-gE/TK deletion
have been shown to induce an immune response against the virulent Shope strain and
may play a role in preventing PRV transmission in raccoons [11]. In general, however,
present-day vaccines used in pig farms do not provide complete protection for all farm
and domestic animals. As such, novel and safe vaccines must be developed for different
animals, particularly those that are endangered.

6. Interspecies Transmission

PRV was previously considered to be limited to host species only. However, there are
three possible pathways that have allowed cross-host transmission from wild boars and
pigs to non-natural hosts, namely, positive selection, adaptive evolution, and recombina-
tion. The ¢B, ¢C, ¢D, and gE genes play central roles in receptor binding, pathogenicity,
and induction of antibodies, with various residues shown to be under positive selection,
including residues 43, 75, 848, and 922 in the gB protein, residues 59 and 194 in the gC
protein, and residue 348 in gE protein [130], thus suggesting that PRV may undergo host
adaptation. Further research has revealed that two sites on gB in clade 2 of PRV (929 and
934), four sites on gC in clade 1 of PRV (59, 75, 76, and 191), and two sites on gE in clade 2 of
PRV (495 and 540) may be related to adaptive evolution after cross-host transmission [130].
Thus, these two pathways suggest that mutations on the PRV glycoprotein may play a
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role in facilitating cross-host transmission from natural to non-natural hosts (including
humans). Recombination also plays a vital role in the evolution of viruses, allowing the
emergence of new strains with altered virulence and immunogenicity [131]. Intraclade and
interclade recombinations have occurred in the PRV genome. For example, the SC strain is
thought to have recombined with PRV strains in clade 2 and the PRV Z]J01 strain is thought
to have originated by recombination between clade 1 or clade 2.1 isolates [132]. These
recombinations can cause enhanced virulence, failed immunity, or new genotypes [130],
and may increase the probability of cross-host transmission of PRV.

In addition, the receptors of PRV have been identified, including 3-O-sulfonated-
heparan sulfate (3-O-S-HS) [133], the herpes virus entry mediator A (HveA, also known as
HVEM), a TNF receptor-related protein [134], and three immunoglobulin superfamily mem-
bers: HveB (PRR2, nectin-2) [135], HveC (PRR1, nectin-1) and HveD (PRV, CD155) [136].
Among these molecules, nectin-1 is highly conserved in mammalian animals and serves
as a broadly used receptor mediating the entry of PRV [136]. Previous reports suggested
that PRV infects host cells via both human and swine nectin-1, and that its gD exhibits
similar binding affinities for nectin-1 of the two species [137]. These structural observations
provide a systematic view on the receptor binding mechanism for cross-host transmission
of PRV.

7. Conclusions

In this review, we summarize the epidemiology and pathogenesis of PRV infection
in wild, domestic, and farm animals. Recently, various field strains have shown virulence
against non-natural hosts, such as bears, coyotes, and panthers, with some found to be
epidemiologically associated with swine isolates, wild boar isolates, and vaccine strains.
Thus, novel and safe vaccines should be developed for different animals, particularly
endangered species, to control cross-host transmission of PRV.
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Abstract: Pseudorabies virus (PRV) generally infects pigs and threatens the pig industry. However,
recently we have isolated a PRV strain designated hSD-1/2019 from infected humans. In this study,
we compared the complete genome sequence of hSD-1/2019 with those of pig-originated PRV strains.
Sequence alignments revealed that the genome sequence of hSD-1/2019 was highly homologous to
those of the porcine PRV strains. Phylogenetic analyses found that hSD-1/2019 was the closest related
to porcine PRV endemic strains in China, particularly the variant strains circulating recently. We
also showed that the glycoproteins important for the multiplication and pathogenesis of hSD-1/2019
were highly similar to those of the pig endemic strains. Diversifying selection analyses revealed
that hSD-1/2019 and pig variant strains are under diversifying selection. Recombination analysis
indicated that hSD-1/2019 was a recombinant of several PRV variant strains and an earlier PRV classic
strain. Finally, we found that both human and pig-originated PRV strains could induce cytopathic
effects in cells from humans, pigs, and mice, but only the human PRV and pig-variant PRV formed
large syncytia in human cell lines. The data presented in this study contribute to our understanding
of the molecular basis for the pathogenesis of human PRV from a genomic aspect.

Keywords: pseudorabies virus; human; pig; complete genome sequence; comparative genomics

1. Introduction

The world is now under the One Health Initiative, in which there is no dividing line
between human and animal medicine [1]. Indeed, approximately 61% of the infectious
organisms affecting humans are zoonotic [2]. The epidemic or pandemic of wildlife-origin
pathogens, including Ebola and Marburg virus, human immunodeficiency virus (HIV)-1
and HIV-2, Sin Nombre virus, Nipah, Hendra and Menangle virus, West Nile virus, Borrelia
burgdorferi, SARS coronavirus, MERS coronavirus, and more recently, SARS-CoV-2, have
caused huge morbidity, mortality, and economic loss for humans. However, much of the
knowledge about the pathogenesis and interspecies transmission of these pathogens is
poorly understood.

Pseudorabies virus (PRV) is a double-stranded DNA virus belonging to the genus
Varicellovirus of the subfamily Alphaherpesvirinae, family Herpesviridae [3]. PRV generally
possesses a linear DNA genome with high G+C content (approximately 74%); this 143-kb
genome encodes 70~100 proteins involved in the formation of viral capsid, tegument, and
envelope. Among these proteins, glycoproteins gB, gD, gH, gL, and gK are necessary
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for virus multiplication, while gE, gL, gG, gC, gM, and gN are the main virulence deter-
minants [4]. It is worth noting that gC protein has also been used as a marker for PRV
genotyping, and based on this gene, PRV strains are divided into two genotypes: genotype
I and genotype II [5]. In general, PRV strains cause lethal infections in many animal species,
with the exception of pigs, and reproductive failure in sows, as well as respiratory and
neurological symptoms in piglets, are the common manifestations in pigs [6,7]. In China,
the first report of a PRV outbreak in pigs occurred in the 1950s, and an inactivated vaccine
consisting of PRV strain Bartha was imported into China in the 1970s [6]. Between 1990
and 2011, the wide vaccination of this inactivated vaccine in pig herds contributed to the
control of PRV outbreaks well in China [8]. However, in late 2011, PRV variant strains
emerged and circulated in many Bartha-K61-vaccinated pig farms in China [9,10]. These
viruses display higher pathogenicity than PRV strains circulating in China before, and they
show a different genotype from the Bartha strain [6].

For a very long time, whether humans are susceptible to PRV infection has been the
subject of controversy, although several pieces of serological evidence have been found [7].
However, 25 cases of suspected PRV infection in humans were reported in China between
2017 and 2021, and all of the infected individuals in these cases had a history of working
near pigs or in pork production [11-18]. These reported cases suggested that PRV infection
might represent a new threat to humans in China. While in most of these cases, PRV-
specific sequences have been determined in patients’ tissues, none of them have reported
the successful isolation of PRV. Recently, our group reported the isolation of the first PRV
strain from the cerebrospinal fluid (CSF) of an infected patient with acute encephalitis in
China [18]. To further explore the genetic characteristics of this human-originated PRV
strain and its association with the pig PRV strains, we performed a comparative genomic
analysis of the pseudorabies virus originating from humans and pigs in this study. Our
aim is to provide more knowledge about the pathogenesis and interspecies transmission of
PRV from a genomic perspective.

2. Materials and Methods
2.1. PRV Strains, Cells, Culture Conditions, and Whole-Genome Sequences

The PRV strains used in this study included hSD-1/2019 (GenBank accession no.
MT468550), HuBXY /2018 (GenBank accession no. MT468549), and Ea (GenBank accession
no. KX423960). These three PRV strains are all clinical isolates preserved in our laboratory:
hSD-1/2019 was isolated from the CSF of an infected veterinarian with acute encephalitis in
a pig farm of Shandong Province in China 2019 [18]; HuBXY /2018 is a variant isolated from
the brain tissue of a piglet with neurological symptoms in Hubei Province in 2018; and Ea
is a classic PRV epidemic strain isolated from pigs in China in the 1990s. The detailed steps
for the isolation of hSD-1/2019 using PK-15 cells (ATCC, CCL-33) have been documented
in our recent publication [18].

Cell lines, including PK-15 (Porcine Kidney-15; ATCC, CCL-33), ST (Swine Testis Cells;
ATCC, CRL-1746), HT-22 (Mouse Hippocampal neuronal cell line; Sigma-Aldrich, SCC129),
ARPE-19 (Adult Retinal Pigment Epithelial cell line-19; ATCC, CRL-2302), hBMEC (Human
Brain Microvascular Endothelial Cells; gifted by Prof. Kwang Sik Kim at Johns Hopkins
University School of Medicine), SK-N-SH (human neuroblastoma cell; ATCC, HTB-11), and
hUVEC (Human Umbilical Vein Endothelial Cells; ATCC, CRL-1730) were used in this study.
Among these cells, the PK-15, ST, HT-22, and ARPE-19 cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM,; Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Genimi Bio, Calabasas, CA, USA); the hBMEC
cells were cultured using RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum; the SK-N-SH cells were maintained
in Minimum Essential Medium (MEM; Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum.

The whole-genome sequences used for the analyses in this study included those of
55 pig epidemic strains that we isolated in China between 2011 and 2018 [6], as well as
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those of several other pig-originated epidemic strains in China. The genome sequences of
all of these PRV strains were retrieved from NCBI, and their GenBank accession numbers
are listed in Table S1 in the Supplementary Materials.

2.2. Genomic DNA Extraction and Pacific Biosciences (PacBio) Sequencing

To obtain high-quality genomic DNA for PacBio sequencing, the isolated human
PRV strain, hSD-1/2019, was passaged using PK-15 cells for 5 generations and was then
inoculated in PK-15 cells at 0.1 MOL. A total of 100 mL of the viral culture was prepared.
The viral culture was centrifuged together with a sucrose solution (30% m/v) at 26,000 rpm
for 3 h; then the viral pellets were washed and resuspended in PBS. The genomic DNA
was extracted using the phenol-chloroform protocol, as described previously [19]. The
DNA concentration, quality, and integrity were evaluated using a Qubit Flurometer (Invit-
rogen, Thermo Fisher Scientific, Waltham, MA, USA) and a NanoDrop Spectrophotometer
(Thermo Scientific, Waltham, MA, USA). Afterward, a TruSeq DNA Sample Preparation
Kit (llumina, San Diego, CA, USA) and a Template Prep Kit (Pacific Biosciences, CA, USA)
were used for the preparation of the 20-kb sequencing libraries, which were then sequenced
on the Pacific Bio sciences platform and the Illumina Miseq platform at Personal Biotech-
nology Company (Shanghai, China). This sequencing strategy yielded 324,157,231-bp raw
reads (Nsp, 13277 bp). In the next step, the adapter contaminations were removed and
the data were filtered by using AdapterRemoval [20] and SOAPdenovo?2 [21]. Through
this approach, a total of 7,708,624-bp clean reads (Q20% > 96.63%; Q30% > 88.84%) were
obtained for de novo assembly using SPAdes [22] and A5-miseq [23] to construct the scaf-
folds and contigs. The Canu v1.5 [24] package was used to assemble the data obtained
through the PacBio sequencing. All of the assembled data were integrated to generate a
complete sequence. The final genome sequence was acquired after the rectification by using
pilon software [25].

2.3. Bioinformatic Analysis

The sequence alignments were performed by using the EasyFig package (ver-
sion 2.2.3_win) [26] and/or the MAFFT package (version 7.471) [27]. The nucleotide simi-
larities at the genome level were calculated and visualized by using the SimPlot software
(version 3.5.1), and the data were regenerated by using GraphPad Prism 8. GeneDoc (ver-
sion 2.7) was used to visualize the sequence alignments of the genes or proteins. The
average nucleotide identity (ANI) between the two genome sequences was calculated
by using the ANI calculator [28]. Phylogenetic analysis was performed using the Beast
2 program (version 2.6.3) [29]. By using this program, maximum likelihood trees were
generated through the Gamma correction for site heterogeneity and the GTR model [30]. A
bootstrap value of 1000 was also applied, and the tree was visualized by using the iTOL
tool [31]. The single-nucleotide polymorphisms (SNPs) between the different PRV strains
were determined by using the MUMmer software (version 3.23) [32]. The coding effects of
the SNPs were determined by using a local Perl command described previously [33]. The
recombinant sequences were determined by using the Recombination Detection Program
(RDP) package Beta 4.100 [34]. A recombination event with a significance of p <0.01 in at
least three out of seven of the selected algorithms: RDP, GENECONY, BootScan, Maxchi,
Chimaera, SiScan, and 3Seq, was considered to be reliable, as previously described [35].

2.4. Cells Infection Tests

The cell monolayers were infected with PRV hSD-1/2019 (human-originated strain),
HuBXY /2018 (pig-originated clinical variant strain), or Ea (pig-originated clinical classic
strain) at 5 MOI and were incubated at 37 °C. At 12 h post-infection, the cytopathic effects
were observed and recorded using the EVOS® FL Auto Imaging System (Thermo Fisher
Scientific, Waltham, MA, USA).
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3. Results
3.1. Overview of the Human-Originated PRV Genome

The sequencing using PacBio technology generated a complete genome sequence
143,905 bp in length with a G+C content of 73.66% for the human-originated PRV strain
hSD-1/2019. A total of 68 genes were annotated. Comparative analysis revealed that
the genome sequence of the human-originated PRV genome was highly homologous to
those of the pig-originated PRV strains from China (Figure 1A, Table 1). In particular, the
glycoproteins-encoding genes UL27 (encoding gB), UL44 (encoding gC), US6 (encoding
gD), US8 (encoding gE), US4 (encoding gG), UL22 (encoding gH), US7 (encoding gl),
US3 (encoding gK), UL1 (encoding gL), UL10 (encoding gM), and UL49.5 (encoding gN)
harbored by the human-originated PRV strain hSD-1/2019 were also highly homologous
to those of the pig-originated PRV strains from China (Figure 1B, Table 1).
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Figure 1. Sequence comparisons of human-originated and pig-originated PRV strains (A) Nu-
cleotide similarities of the human-originated PRV strain hSD-1/2019 and the pig-originated PRV
variant strains (HeN1, HLJ8, HN1201, HNB, HNX, JS-2012, T], and HuBXY/2018), as well as the
pig-originated PRV classic strains (Ea, Fa, SC). (B) Comparative genomic analyses of the human-
originated PRV strain hSD-1/2019, the pig-originated PRV variant strain HuBXY /2018, the pig-
originated PRV strain Ea, and the vaccine strain Bartha. Color code stands for BLASTn identity of
those regions between genomes. Arrows in the same colors represent putative CDSs with similar
roles in different genomes.
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Table 1. Nucleotide sequence identities between hSD-1/2019 and pig PRV representative strains.

Average Nucleotide Identity (%)

hSD-1/2019 (Human PRV; GenBank Accession No. MT468550)

Type Pig PRV Classic Strain Pig PRV Variant Strain Vsati_‘;iil:le
Strain Ea Fa e HeN1 HLJ8 HN1201 HNB HNX 75-2012 TJ HuBXY/2018 Bartha
ii‘e‘f;ﬁ KX423960 KM189913 KT809429 KP098534 KT824771 KP722022 KM189914 KM189912 KP257591 KJ789182 MT468549  JF797217
lzjlaarng; 1990 1990 1990 2012 2014 2012 2012 2012 2012 2012 2018 1950s
iI;i)aleclfi(())rfl China China China China China China China China China China China Hungry
Cg‘:r‘l‘grlr‘fze 99.36% 99.44%  99.03%  99.45% 99.83% 99.82%  99.83%  99.90%  99.65%  99.80% 99.62% 96.73%
uL27 99.82% 99.82%  99.82% 100% 100% 100% 100% 100% 100% 100% 99.96% 98.14%
UL44 99.66% 99.73%  95.83% 100% 100% 100% 100% 100% 99.93% 100% 100% 95.11%
usé6 99.18% 99.18%  99.18% 100% 100% 100% 100% 100% 100% 100% 100% 98.43%
uss 99.41% 99.48%  99.48%  99.89% 99.94%  100.00%  100.00%  100.00%  100.00%  99.83% 100.00% Deletion
us4 99.93% 99.93%  99.93%  100.00%  100.00%  99.87%  100.00%  100.00%  99.93%  100.00%  100.00% 99.13%
UL22 99.95% 99.95%  99.95%  99.61%  100.00%  100.00%  100.00%  100.00%  99.90%  99.95% 99.95% 99.85%
us7 99.82% 99.82%  99.82%  99.91% 99.91%  100.00%  99.91%  100.00%  100.00%  99.91% 100.00% Deletion
us3 99.90% 99.90%  99.90%  100.00%  100.00%  100.00%  100.00%  100.00%  99.90%  100.00%  100.00% 98.71%
UL1 100.00%  9691%  100.00%  96.82%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00%  100.00% 95.97%
UL10 99.92% 99.92%  99.07% 100% 100% 100% 100% 100% 99.92% 100% 99.92% 98.73%
UL49.5 99.33% 99.33%  99.33% 100% 100% 100% 100% 100% 99.67%  99.67% 100% 93.81%

3.2. Phylogenetic Relationship of the Human and Pig-Originated PRV Strains

It has been reported that PRV strains are phylogenetically divided into two genotypes
according to the gC gene [5]. Therefore, we first performed a phylogenetic analysis of the
human- and pig-originated PRV strains. Most of the pig-originated PRV strains included
in the current analysis are our previously collected variant strains from the pseudorabies
(PR) outbreaks in China between 2012 and 2017 [6]. Several other variant strains from
the outbreaks in China after 2011, as well as PRV strains isolated in China before 2011
and/or from other countries, are also included (Table S1 in Supplementary Materials). The
phylogenetic analysis based on the gC gene showed that the human-originated strain, hSD-
1/2019, and the swine PRV strains from China were included in one clade, while the PRV
strains from the other countries, including the vaccine strain Bartha, formed another clade
(Figure 2A). We also performed a phylogenetic analysis on these strains according to their
genome sequences. The maximum likelihood tree also revealed that the human-originated
strain hSD-1/2019 and the Chinese swine PRV strains formed a phylogenetic clade, which
showed a distinct relatedness to another phylogenetic clade, which was mainly composed
of the pig-originated PRV strains from the other countries, including the vaccine strain
Bartha (Figure 2B).
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Figure 2. Phylogenetic analyses of human-originated and pig-originated PRV strains (A) A maximum
likelihood tree was generated based on the full length of the gC coding gene. (B) A maximum
likelihood tree was generated based on the complete genome sequences. Maximum likelihood trees
were generated by using the Beast 2 program (version 2.6.3) through the Gamma correction for site
heterogeneity and the GTR model. A bootstrap value of 1000 was also applied, and the tree was
visualized by using the iTOL tool.

3.3. Glycoproteins of the Human and Pig-Originated PRV Strains

Glycoproteins play key roles in virus multiplication and pathogenesis [4], we, there-
fore, analyzed the 11 glycoproteins of the human- and pig-originated PRV strains. Overall,
there were no significant differences in the amino acid components between these 11 gly-
coproteins of human PRV and the pig PRV variant strains (Figure 3). However, several
characteristic amino acid changes were observed in glycoproteins gB, gD, gE, gG, and/or
gN of the human PRV and the pig PRV variant strains compared to those of the pig PRV
classic strains (Figure 3). In gB, the pig PRV classic strains possessed amino acids “T”, “H”,
“T”,and “V” at sites 82, 560, 737, and 895, while the human PRV and the pig PRV variant
strains all had “A”, “Q”, “A”, and “A” at these sites, respectively (Figure 3); in the gD of
the human PRV and the pig PRV variant strains, the deletions of two amino acids and one
amino acid change (“V—A”) occurred at sites 267, 268, and 338, compared to that of the
pig PRV classic strains, respectively (Figure 3); in gE of the human PRV and the pig PRV
variant strains, amino acid changes at sites 54 (“G—D"), 403 (“P—A"), 518 (“S—P”), and
an insertion of one amino acid (“D”) at site 492 were observed compared to that of the
pig PRV classic strains, respectively (Figure 3); in gG of the human PRV and the pig PRV
variant strains, an amino acid change at site 82 (“S—P”) was observed compared to that
of the classic PRV pig strains, while in the gN of the human PRV and the pig PRV variant
strains, an amino acid change at site 49 (“A—T"”) was observed compared to that of the
classic PRV pig strains (Figure 3).
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Figure 3. Circle map showing complete genome sequence alignments of human-originated and
pig-originated PRV strains. Alignments of amino acid sequences of glycoproteins between different
PRV strains were also displayed. Only sites with different amino acid residues are shown.

3.4. Diversifying Selection Analyses of the Human and Pig-Originated PRV Strains

To explore the diversifying selection of different PRV types, the SNPs of the human-
originated PRV strain hSD-1/2019, a pig PRV variant strain HeN1 (GenBank accession
no. KP098534), and a classic PRV pig strain Ea (GenBank accession no. KX423960) were
determined by using MUMmer software (version 3.23) [32]. A total of 508, 363, and
258 SNPs were identified in the genomes of HeN1, hSD-1/2019, and hSD-1/2019 compared
to the genomes of Ea, Ea, and HeN1, respectively (Table 2). By using a local Perl command
described previously [33], the coding effects of these SNPs were determined. Compared to
the genome sequence of Ea, 292 SNPs determined in the genome sequence of hSD-1/2019
had coding effects, of which 153 SNPs were identified as non-synonymous SNPs and
139 SNPs were identified as synonymous SNPs (Table 2). The overall ratio between the
non-synonymous to synonymous substitutions (dN/dS) of all of the coding regions of
strain hSD-1/2019 compared to strain Ea was 1.10 (Table 2). In total, there were 257 SNPs
with coding effects in the genome sequence of HeN1 compared to that of Ea, with 145 SNPs
being identified as non-synonymous SNPs and 112 SNPs being identified as synonymous
SNPs (Table 2). The dN/dS ratio between the two genome sequences was 1.29 (Table 2).
Only 101 SNPs in the genome sequence of hSD-1/2019 compared to that of HeN1 were
determined to have coding effects, among which 56 SNPs and 45 SNPs were identified as
non-synonymous SNPs and synonymous SNPs, respectively (Table 2). The dN/dS ratio
between the two genome sequences was 1.24 (Table 2). Among different comparisons
(hSD-1/2019 vs. Ea; HeN1 vs. Ea; hSD-1/2019 vs. HeN1), the highest numbers of SNPs
were observed in several genes such as UL47, UL36, UL8, UL1, and US1 (Figure 4). In
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addition, high dN/dS ratios were observed in several glycoprotein-encoding genes, such
as US8, which encodes gE (Figure 4B-D).

Table 2. Single nucleotide polymorphisms (SNPs) analyses of different PRV strains.

Comparisons Non-Synonymous Synonymous dN/dS Ratio
hSD-1/2019 vs. Ea 153 139 1.10
HeN1 vs. Ea 145 112 1.29
hSD-1/2019 vs. HeN1 56 45 1.24
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Figure 4. Single-nucleotide polymorphisms (SNPs) of the human- and pig-originated PRV strains
(A) Graph showing the numbers of total SNPs identified in the complete genome sequences of
human-originated PRV strain hSD-1/2019 and pig-originated PRV variant strain HeN1 compared to
those of strains Ea and/or HeN1, respectively. (B) Graph showing the numbers of non-synonymous
SNPs and synonymous SNPs, as well as the ratio of non-synonymous to synonymous substitutions
(dN/dS) in the complete genome sequences of hSD-1/2019 compared to that of Ea. (C) Graph
showing the numbers of non-synonymous SNPs and synonymous SNPs, as well as the dN/dS ratio
in the complete genome sequences of HeN1 compared to that of Ea. (D) Graph showing the numbers
of non-synonymous SNPs and synonymous SNPs, as well as the dN/dS ratio in the complete genome
sequences of hSD-1/2019 compared to that of HeN1.
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3.5. Genomic Recombinant Analyses of the Human and Pig-Originated PRV Strains

We used the Recombination Detection Program (RDP) package Beta 4.100 [34] to
determine the recombinant sequences in the default mode and a recombination event with
a significance of p <0.01 in at least three out of seven selected algorithms: RDP, GENECONYV,
BootScan, Maxchi, Chimaera, SiScan, and 3Seq, was considered to be reliable [35]. The
results revealed that the human-originated PRV strain hSD-1/2019 was highly probable
homologous recombinant resulting from HuBXY /2018 (GenBank accession no. MT468549),
HeN1 (GenBank accession no. KP098534), Ea (GenBank accession no. KX423960), TJ]
(GenBank accession no. KJ789182), and HLJ8 (GenBank accession no. KT824771) (Table 3).
One recombinant event appeared with a beginning breakpoint at around 1 (without gaps)
and an ending breakpoint at around 2,279 (without gaps), with the major parent strain
of HuBXY /2018 and a minor parent strain of HeN1, encompassing the genes UL56 and
UL54 partially; another recombinant event appeared with a beginning breakpoint at around
65,809 (without gaps) and an ending breakpoint at around 66,710 (without gaps), with the
major parent strain of HuBXY /2018 and a minor parent strain of Ea, including partial UL21,
UL20, and partial UL19; a third recombinant event appeared with a beginning breakpoint at
around 117,180 (without gaps) and an ending breakpoint at around 128,177 (without gaps),
with the major parent strain of T] and a minor parent strain of HLJ8, encompassing the
genes US3, US4, US6, US7, USS, USY, and US2 as well as partial UST; the last recombinant
event appeared with a beginning breakpoint at around 143,787 (without gaps) and an
ending breakpoint at around 143,906 (without gaps), with the major parent strain of HNX
and a minor parent strain of JS-2012, encompassing parts of a repeat region (Figure 5A).
BootScan analysis was performed to confirm the recombination events within the genome
of hSD-1/2019 by using SimPlot software (Figure 5B).

Table 3. Algorithms of the RDP4 package used to predict the recombination event.

Recombinant Parent Recombinant Model (Average p-Value)
Strain Major/Minor Region in : : ;
Alignment RDP GENECONV BootScan MaxChi Chimaera SiScan Phylpro
HuBXY/HeN1 1-2279 1.73 x 1072 - - 435 x 1072 24 x 1072 - 3.54 x 1072
hSD-1/2019 HuBXY/Ea 65,809-66,710 1.98 x 1078 2.99 x 1078 1.96 x 107 1.22 x 1072 120 x 1072 9.60 x 107 947 x 10~°
TJ/HLJ8 117,180-128,177 674x 10712 321 x10°%  785x 1078  1.62x10°% 118 x 107*  428x 10730  4.02x 10710
HNX/JS 143,787-143,906 1.69 x 1071 429 x 1072 123 x 1072 584 x 107 - 3.35 x 10710 -

A
12279 65,809 66,710 117,180 128,177  143,787-143,906
- i — | nSD-1/2019

L] 1 —
HeN1 Ea HLJ8 HNX

B BootScan - Query: hSD-1/2019
FileName: D:\SimPlot_v3_5_1_setup\PRV.FASTA

9% of Permuted Trees
tiscsserasszand

Figure 5. Genomic recombinant analyses of the complete genome of human-originated PRV strain
hSD-1/2019 (A) Recombination events determined in the genome of hSD-1/2019. hSD-1/2019
genome are shown in red. The likely backbone is shown in blue. Recombination events predicted by
RDP4 were shown as dark gold, purple, green, and red, respectively. Likely breakpoint positions were
shown above the genome. (B) BootScan analysis of the complete genome sequence of hSD-1/2019.
The complete genome sequence of hSD-1/2019 was used as the query sequence and compared with
those of Ea, HeN1, HLJ8, HNX, JS-2012, TJ, and HuBXY/2018. The default setting of SimPlot software
was used as follows: window size 200 bp, step size 20 bp.
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3.6. Cytopathic Effects Induced by Human and Pig-Originated PRV Strains in Different Cell Lines

The above comparative analyses revealed that the genomic characteristics of the
human-originated PRV strain were more similar to those of the pig PRV variant strains
rather than those of the classic PRV pig strains. Therefore, we investigated the cytopathic
effects induced by the human-originated PRV strain (hSD-1/2019), pig-originated PRV
variant strain (HuBXY /2018), and the classic pig-originated PRV strain (Ea) in different cell
lines. Strikingly, both the human-originated PRV strain and the pig-originated variant strain
formed large syncytia in the human-sourced cells (ARPE-19, hBMEC, and SK-N-SH), while
the human cells treated with the classic pig-originated strain showed cytopathic effects
characterized with single, rounded, and swollen cells (Figure 6). However, in the porcine
cells (PK-15, ST) and murine cells (HT22), the three tested PRV strains induced similar
cytopathic effects, which were characterized by single, rounded, and swollen cells (Figure 7).

uninfect hSD-1/2019 HuBXY/2018 Ea

ARPE-19

SK-N-SH

hUVEC

Figure 6. Cytopathic effects of PRV strains in different human cells. In ARPE, hBMEC, SK-N-SH,
and hUVEC cells, hSD-1/2019, and HuBXY /2018 induced large syncytia, while the Ea-infected cells
showed cytopathic effects characterized by single, rounded, and swollen cells. Syncytia are indicated
using black arrows.

uninfect hSD-1/2019 HuBXY/2018 Ea

PK-15

ST

HTzz- ---

Figure 7. The cytopathic effects of PRV strain in swine and mouse cells. PRV strain hSD-1/2019,
HuBXY /2018, and Ea induced similar cytopathic effects in PK-15, ST, and HT22 cells, respectively,
which were characterized by single, rounded, and swollen cells.
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4. Discussion

Although there has been a long documented history of suspected PRV infection
in humans since 1914 [36], the virus had not been isolated from infected humans until
recently [18]. As the first PRV isolates from humans, knowledge about the genomic char-
acteristics of hSD-1/2019 and its association with pig-originated PRV strains is poorly
understood. In this study, sequence comparisons revealed that the genome sequence of the
human-originated PRV train hSD-1/2019 was highly homologous to (average nucleotide
identity > 99%) those of the PRV strains originated from pigs, including the classical strains
that spread in China before 2011 (e.g., strain Ea, Fa, SC) and the variant strains isolated
after 2011 (e.g., strain HuBXY /2018, HeN1, HL]8, HN1201, HNB, HNX, JS-2012, T]). In
particular, the glycoproteins gB, gC, gD, gE, gG, gH, gl, gK, gL, gM, and gN harbored by
the human-originated PRV strain hSD-1/2019 were also highly homologous to those of the
pig-originated PRV strains. It is known that these glycoproteins are necessary for virus
multiplication and have important roles in the pathogenesis of the virus [4]. The above
findings suggested that, from the genomic level, the human-originated PRV strain exhibited
similar characteristics to the pig-originated PRV strains, and the human-originated PRV
might display a similar mechanism for pathogenesis.

Previously, both the ¢C gene and the whole-genome sequence were used to analyze
the phylogeny of PRV strains in epidemiology studies [5,6,37], and according to the gC
gene, the PRV strains from pigs are divided into two genotypes (genotype I and II); of
which genotype Il strains are mainly the PRV strains circulating in China while genotype I
strains are swine PRV strains isolated from the other regions [5]. Our phylogenetic analysis
based on gC revealed that the human-originated strain hSD-1/2019 belonged to genotype II
and was closest to the epidemic swine variant strains isolated in China after 2011. A similar
result was illustrated by the phylogenetic analysis using the whole-genome sequence.
Additionally, from the result of the phylogenetic analysis based on the whole-genome
sequence, we found that the human-originated strain hSD-1/2019 was closest related to one
of our previously collected pig-originated strain HeN1/CHN2012 (GenBank accession no.
MK642583) at the whole-genome level. HeN1/CHN2012, also named SMX, was isolated
from neonatal piglets with severe neurological disorders, including tremble, convulsion,
and opisthotonus, in May 2012 in a PR-outbreak pig farm that used commercial Bartha-K61
vaccine as a routine vaccination procedure in Henan province in China [38]. Our previous
study revealed that the virus variants with defects in TK, gE, and gl from this strain
protected growing pigs against the lethal challenge of PRV variant strains, while the known
vaccine strain Bartha could not [38]. These findings suggest that the human-originated
strain hSD-1/2019 has a very close phylogenetic relationship with the pig epidemic variant
strain in China, highlighting the possibility that hSD-1/2019 is a pig-originated strain and
it may transmit to humans in a certain condition.

PRV strains encode 11 glycoproteins, which are beneficial for their multiplication and
pathogenesis [4]. Of particular note is gD, which mediates the binding to the host cell
by using the nectin-1 receptor and, therefore, contributes to the viral entry into the host
cells [39,40]. It has been shown that the gD protein from pig-originated PRV strains engages
both human and swine-origin nectin-1 with similar binding affinities, and the nectin-1
proteins and those key amino acid residues required for virus binding in this protein are
conserved across many different species (including pig, human, mouse, bovine species,
sheep, goat, cat, dog, bat) [7,39]. The sequence alignments revealed that the gD protein of
the human PRV was highly homologous (100% amino acid similarity) to that of the pig-
originated PRV variant strains. The above findings might provide evidence to explain why
PRV strains can infect both pigs and humans. We also determined several characteristic
amino acid changes in the gD protein of the human PRV and pig-originated PRV variant
strains compared to that of the pig-originated PRV classic strains. However, these changes
might have no effect on the function of gD binding to nectin-1 because the binding of gD
protein from a classic PRV pig strain Becker to both human and pig-origin nectin-1 proteins
has been shown [39]. In addition to gD, the other glycoproteins, such as the gB of the
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human-originated PRV strain, were also highly homologous to those of the pig PRV variant
strains. These findings may explain why hSD-1/2019 exhibits similar immunogenicity as
PRV variant strains, as determined by our previous cross-neutralizing assays [18].

The analyses of the SNPs revealed high dN/dS ratios of the human-originated PRV
strain and the pig-originated PRV variant strain compared to the pig-originated PRV classic
strain, which suggests that the human-originated PRV strain and the pig-originated PRV
variant strain are under diversifying selection, as dN/dS ratio is commonly used as a
measure of purifying versus diversifying selection [41]. From the import of an inactivated
vaccine derived from PRV strain Bartha in the 1970s to the circulation of pig PRV variant
strains in late 2011 [9], pig herds in China had been vaccinated with Bartha-Ké1 or the
other vaccines derived from PRV classic strains such as Ea for over 40 years. The long-time
continuous and wide application of these vaccines might be an important contributor to
the diversifying selection that led to the emergence of PRV variant strains. High dN/dS
ratios were also found in several glycoprotein encoding genes, suggesting these genes are
also under diversifying selection, which might be due to their frequent interactions with
the host immune systems. Recombinant detection found several recombinant events in
the genome of the human-originated PRV strain hSD-1/2019. These recombinant events
resulted from several pig-originated PRV variant strains, which were isolated recently
(between 2012 and 2018), and a classic PRV pig strain Ea, which was isolated in 1990.
In addition, hSD-1/2019 also has a close relationship to these strains. While reports of
recombination of PRV between endemic variant strains and classic strains are limited,
recombination between PRV endemic strains and vaccine strains has been reported, and
this recombination is speculated to be responsible for the emergence of novel strains [42].
Therefore, it may also be speculated that PRV endemic strains and earlier strains in China
are probably the parental strains of human-originated PRV. These above findings may also
remind us to take into consideration the recombination of different types of PRV strains
during taking actions to control PRV infections in China, although the evolutionary rate of
herpesvirus is very low [42].

Our cell infection experiments revealed that both human- and pig-originated PRV
strains displayed a good adaption and could induce cytopathic effects in different cells
from both humans, pigs, and mice. It is not a surprise to obtain these results since previous
studies have found that the key receptor (nectin-1) contributing to PRV entry into the host
cells is conserved across many different species, including pigs, humans, and mice [7,39],
and our comparative analysis performed in this study revealed that the viral protein (gD)
engaging this receptor was conserved between the human and pig-originated PRV strains.
More strikingly, we found that both human PRV and pig variant PRV formed large syncytia
in human cell lines (ARPE, hBMEC, and SK-N-SH); while the classic pig PRV did not. These
findings indicate that both human PRV and pig variant PRV strains demonstrate a better
cell-associated spread, as syncytia formation contributes to the spread of the virus between
cells [43]. Although detailed mechanisms for this difference should be further explored, a
recent study has found SARS-CoV-2 B.1.617 variants could also form prominent syncytia,
and this capacity facilitates the furin-mediated spike cleavage and enhances and accelerates
cell—cell fusion [44]. Correspondingly, the capacity of both human PRV and pig variant
PRV forming syncytia may also contribute to the virus spread and immune escape. In the
next step, we intend to investigate this hypothesis.

Among the different proteins of PRV, gB, gH /gL, and gK that have been demonstrated
to be necessary for virus-mediated syncytia formation, while gE/gl and gM are not neces-
sary, but they could regulate cell fusions [43]. Several previous studies showed that amino
acid mutations in gB, including lacking the C-terminal 29 amino acids [45] or the mutation
of the dileucine motif in the gB tail [46], were beneficial for syncytia formation and cell
spread, while syncytia formation was significantly decreased in mutants deficient in gE [47].
In this study, we also found several amino acid mutations in the main glycoproteins of
the human- and pig-originated variant strains compared to those of the pig-originated
classic strains (Figure 3). However, it remains to be addressed whether these mutations
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are associated with the observation that the variant strains demonstrate better syncytia
formation than the classic strains in human cell lines. Currently, the host factors associated
with PRV-mediated syncytia formation has not been well revealed. It was reported that
Isobavachalcone, an Akt signaling pathway inhibitor, could inhibit PRV by impairing
virus-mediated cell-to-cell fusion [48]. In addition, it was stated that syncytia were formed
by the fusion of adjacent cells through the binding of viral glycoproteins expressed on the
infected cell membrane with the corresponding receptors expressed on adjacent uninfected
cell membranes [43]. Clearly, the identification of viral glycoproteins and corresponding
receptors is necessary for clarifying the mechanism of syncytial formation.

5. Conclusions

We reported the complete genome sequence and the genomic characteristics of the
first human-originated PRV strain hSD-1/2019. Genomic comparative analyses of human-
originated and pig-originated PRV strains revealed that the complete genome sequence
of hSD-1/2019 was highly homologous to those of the pig PRV strains. Phylogenetic
analyses revealed a very close relationship between hSD-1/2019 and PRV endemic strains
in China, particularly the variant strains circulating recently. In addition, our sequence
alignments found the glycoproteins important for viral multiplication and pathogenesis in
hSD-1/2019 were highly similar to those of the pig endemic strains, and recombination
detection suggested that hSD-1/2019 was probably the recombinant of several PRV variant
strains and the earlier classic strain. The initial cell infection assays showed that both
human- and pig-originated PRV strains displayed a good adaption and could induce
cytopathic effects in cells from humans, pigs, and mice. Moreover, both human PRV and
pig variant PRV formed large syncytia in human cell lines. These findings further expand
the current understanding of the molecular basis for the pathogenesis and interspecies
transmission of PRV.
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Abstract: Pseudorabies virus (PRV) is the pathogen of pseudorabies (PR), which belongs to the alpha
herpesvirus subfamily with a double stranded DNA genome encoding approximately 70 proteins.
PRV has many non-essential regions for replication, has a strong capacity to accommodate foreign
genes, and more areas for genetic modification. PRV is an ideal vaccine vector, and multivalent live
virus-vectored vaccines can be developed using the gene-deleted PRV. The immune system continues
to be stimulated by the gene-deleted PRVs and maintain a long immunity lasting more than 4 months.
Here, we provide a brief overview of the biology of PRV, recombinant PRV construction methodol-
ogy, the technology platform for efficiently constructing recombinant PRV, and the applications of
recombinant PRV in vaccine development. This review summarizes the latest information on PRV
usage in vaccine development against swine infectious diseases, and it offers novel perspectives for
advancing preventive medicine through vaccinology.

Keywords: pseudorabies virus; virus modification; virus-vectored vaccines; recombinant PRV; swine
infectious disease

1. Introduction

Pseudorabies virus (PRV) is the etiological agent of pseudorabies (PR), belonging
to the Herpesviridae family, primarily affects pigs and can occasionally be transmitted to
cattle, goats, sheep, cats, and dogs [1-5]. The PRV virus is a double-stranded DNA virus
approximately 143 kb in size, consisting of unique long (UL), internal repeat short (IRS),
unique short (US), and a terminal repeat short (TRS) [6-8]. There is a minimum of 70 open
reading frames (ORFs) in the genome encoding 70-100 viral proteins, including virulence-
related proteins and replicase, as well as many proteins that are not essential for PRV
replication [9,10]. The large PRV genome allows the insertion of several kilobases (kb)
foreign DNA sequences. The expression of foreign genes does not influence the virus
replication [11]. Therefore, multivalent vaccines were developed using PRV as a vector, in
which the major antigen of different swine pathogens was expressed [12].

Live vector vaccine can stimulate humoral immunity and solid cellular immunity,
which is the main goal for developing a swine infectious disease vaccine. Scientists have
generated PRV vaccine strains with few side effects and good immunity by inserting foreign
genes or knocking out self-virulence genes. This review summarizes the biological char-
acteristics of PRV, the methodological principle and technology platform for constructing
characteristics of PRV, the methodological principle and technology platform for construct-
ing PRV recombinants efficiently, and the applications of PRV recombinants in vaccine
development. This review is intended to serve as a reference for PRV live vector vaccine
research and development.
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2. The Biological Characteristics of PRV

There are 10 glycoproteins encoded by PRV, which are divided into two groups (es-
sential or non-essential glycoproteins) according to the degree to which viral replication
depends on them [13,14]. The glycoprotein B (gB) plays a crucial role in membrane fusion
during infection and in spreading viruses from cell to cell [15-17]. A major glycoprotein
encoded by the glycoprotein C gene mediates the attachment of PRV to target cells through
heparin-binding domains [11,18-20]. In susceptible animals, the protective immune re-
sponses were induced by gB, gC, and glycoprotein D (gD) [21-23]. In the viral envelope of
infected cells, a heterodimer complex formed by glycoprotein I (gI) and glycoprotein E (gE)
plays a crucial role in PR infection and transmission [24-27].

Bartha-K61, the original PRV vaccine strain, contains the deletion of US2, gE, gl, and
US9 genes. This vaccine strain has been widely used to control PR worldwide. Since the
1990s, few swine PR cases have been reported due to PRV Bartha-K61 [4,28-31]. However,
the PR outbreak occurred at the farm where pigs were vaccinated with Bartha-Ké61, which
was caused by PRV variants and resulted in severe economic losses from 2011 [32-38].
Vaccines remain the most effective method to control PRV infection. Consequently, the
PRV variant has been used to generate several gene mutant vaccines with gE, gI, and
TK deletions. When challenged with PRV variants, these mutants provided adequate
protection [39—48]. By introducing foreign genes derived from other porcine pathogens into
the PRV variants and subsequent vaccination, it is possible to establish immune protection
against these swine infectious diseases.

3. PRV Recombinants Construction

There are some non-essential regions in the large genome of PRV. As a result of this
character, several kb of foreign DNA can be accommodated by PRV without compromising
its stability. Reverse genetics plays a crucial role in PRV gene modification, and with the
development of molecular biology techniques, many reverse genetic techniques have been
used to construct the recombinant PRV.

3.1. Homologous Recombination

In the past, PRV recombinants were generated by homologous recombination (HR)
in permissive cells. The construction of recombinant viruses based on the principle of
HR can be divided into two steps: construction of a transfer plasmid and screening of the
recombinant virus. Usually, the virus genome is used as a template to amplify the two
gene fragments used as recombinant homologous arms by PCR technology, and then the
foreign gene expression cassette is inserted between the homologous arms to construct
the transfer vector containing the foreign gene expression cassette and the left and right
homologous arms. Gene deletion or replacement is achieved by homologous recombination
of the transfer vector and parent strain in eukaryotic susceptible cells. At present, there are
two methods used for transfection. One method is co-transfection of the transfer vector
and the parent virus genome, and another method is transfection of the transfer vector
first and then inoculation of the virus. The reporter gene carried on the transfer vector is
used to screen the plaque of the recombinant virus. Generally, the recombinant virus with
infective activity can be obtained after 5-10 generations of screening. By using this method,
Tong et al. and Wang et al., constructed a recombinant PRV strain expressing the E2 protein
of CSFV in a gE-deleted PRV variant strain [49,50]; Yan et al. constructed the recombinant
virus with additional expression of the gC gene [51]; Zheng et al. produced recombinant
PRV that expressed VP2 protein of porcine parvovirus and porcine IL-6 [52]. Because of the
low efficiency of HR, it is not commonly used in the construction of PRV recombinants.

3.2. Bacterial Artificial Chromosome

In comparison with homologous recombination, bacterial artificial chromosomes
(BAC) are more efficient. Red/ET recombination technology can be used to modify BAC in
Escherichia coli, which can be divided into two steps [53]. The first step is to construct an ex-
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pression cassette with marker genes and both ends containing homologous arm sequences
and transform them into competent cells containing viral BAC by electroporation. After
resistance screening, correct recombinants were obtained. The second step was constructing
an expression cassette with foreign genes and both ends containing homologous arm se-
quences. The recombinants with deleted marker genes were obtained by counter-resistance
screening. Zhang et al. construct a TK/gE-deleted AHO2LA BAC using the virulent PRV
AHO2LA strain and inserted the pig epidemic diarrhea virus (PEDV) variant spike (S)
expression cassette in four different noncoding regions using the En Passant mutagenesis
method [54]. Furthermore, to develop the recombinant vaccine against the PRV variants,
Zhang et al. constructed a BAC clone of Bartha-K61. Using Bartha-K61 BAC as the back-
bone, the gD and gC of Bartha were replaced with that of PRV variants (AHO02LA) via the
En Passant method. When compared to the parental Bartha-Ké61, there was no difference in
growth properties in the gD/gC-substituted Bartha-K61 ST cells [22].

3.3. Fosmid Library

The traditional HR method is not efficient in obtaining recombinant viruses. Creating
recombinant BAC constructs is a labor-intensive and time-consuming process. When the
whole genome PRYV is cloned to the BAC plasmid, fragment deletion often occurs during
the electroporation process, affecting recombination efficiency. In contrast, fosmid library
generation is more efficient. The huge genome of PRV is randomly sheared into various
fragments, then each segment is ligated with a fosmid vector to screen out the various
combinations covering the whole genome of PRV, and the fosmid combination was co-
transfected into virus-susceptible eukaryotic cells to rescue the virus [55,56]. Construction
of recombinant virus only needs to modify the corresponding fosmid in E coli. Since the
fosmid only contains part of the PRV genome, the efficiency of obtaining virus mutants is
greatly improved. Modification of fosmid in E. coli can also utilize Red/ET recombination
technology. A fosmid library based on the PRV-T] strain was constructed by Zhou et al.,
and recombinant PRV was rescued by transfecting a group of fosmid directly into Vero
cells. Furthermore, the green fluorescent protein-expressing reporter virus was rescued
successfully by the Red/ET system [55]. Abid et al. constructed a PRV co-expressing E2 of
classical swine fever virus (CSFV) and Cap of porcine circovirus type 2 (PCV2) by using
this fosmid library platform [57]. In addition, Qi et al. constructed a fosmid library for
the PRV-5C strain. The EGFP gene was inserted into the N-terminal of the UL 36 gene of
PRV-SC via the Red/ET recombination [56].

3.4. CRISPR/Cas9

Molecular biotechnology has dramatically contributed to studying viruses’ replication
and vaccines. The CRISPR /Cas9-mediated genome editing system has been widely applied
as a powerful tool to construct PRV mutants. The researchers used CRISPR/Cas9 tech-
nology to construct PRV gE, gl, or TK gene-deleted recombinants [42,43,46]. Furthermore,
CRISPR/Cas9 can be used in combination with HR and BAC technology to improve the
efficiency of recombination [53,58]. Fu et al., used CRISPR/Cas9 gene-editing technology to
construct a double reporter virus with stable expression of EGFP and firefly luciferase [59].
Feng et al. used this technology to insert the African swine fever virus (ASFV) CD2v gene
into the TK, gE, and gl-deleted PRV Fa strain. The ASFV CD2v was stability expressed
in the recombinant virus [12]. Wu et al. inserted the tandem repeats of the ORF2 gene
into PRV gE and gG sites through CRISPR/Cas9 mediated HR and constructed a bivalent
vaccine based on the PRV-HNX strain [60]. To optimize the method used for generating
infectious recombinant PRV expressing predicted or known ASFV immunogenic proteins,
Fuchs et al. developed an efficient strategy for the insertion of foreign genes in PRV vector
based on marker-enforced recombination and CRISPR/Cas9. They co-transfected the defec-
tive PRV Bartha-K61 BAC DNA (possesses a deletion of glycoprotein G and an additional
deletion encompassing the initiation codon and promoter of glycoprotein D, which plays
an essential role in binding to receptors), the rescue transfer plasmid (A PRV-encoded
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transgene flanked by homologous recombination sequences and an intact gD promoter
are included in this construct), and the CRISPR/Cas9 plasmid to the cell. Transgene
substitutions were observed in 99% of the obtained progeny viruses [61]. Additionally,
CRISPR/Cas9 and Cre/Lox greatly improved multi-gene editing efficiency and reduced
vaccine development time. Yao et al. combined the Cre/Lox and CRISPR/Cas9-mediated
gene insertion system, deleted the TK and gE gene, and inserted the immunoregulatory
factor gene simultaneously [62].

Homologous recombination is the traditional method to generate the recombinant
PRV. BAC was used later and allowed manipulation of the whole genome in Escherichia coli.
The homologous recombination method is labor-intensive due to several rounds of plaque
purification. The BAC system was more efficient than homologous recombination, but the
generation of recombinant BAC construct is time-consuming, and the huge PRV genome is
easily broken. The fosmid library and CRISPR/Cas9-based genetic manipulation platform
for PRV offer several advantages over the conventional technology, but some disadvantages
still appeared during the construction of the recombinants (Table 1). Therefore, we need
to consider the advantages of various approaches and develop a more efficient way to
construct the recombinant PRV.

Table 1. Advantages and disadvantages of recombinant PRV construction approaches.

Approaches Advantages Disadvantages
. . Construction of transfer vector is time-consuming
The procedure is relatively easy; . . .
N . A . and labor-intensive; The efficiency of homologous
Homologous recombination (HR) Site-specific insertion of

recombination is low; The purification of viruses

foreign genes. - .
is time-consuming.

Bacterial Artificial Chromosome (BAC)

More efficient than homologous Generation of recombinant BAC construct is
recombination; Cloning the time-consuming; The PRV genome is easily broken,
entire genome into a plasmid and once the genome is broken, infectivity is lost
facilitates genome modification. and a recombinant virus cannot be obtained.

Generation of the fosmid library The fracted genome was inserted into 5-6 fosmids;

Fosmid library 15 more eff1c1ent;. ngh 5-6 fosmids need to be co-transfected.
structural stability.
Highly efficient: Simultaneous Itis necessary to construct homologous arms;
CRISPR/Cas9 system sy ’ Off-target effects usually occurred; This method

t ti f Itiple sites. . il . .
argeting of muitiple sites also requires the purification of the virus.

4. Principle behind Recombinant PRV

The expression of foreign genes is an important index to evaluate the efficacy of the
live recombinant vaccine, which is affected by the promoter and the insertion site of the
foreign gene.

4.1. Promoter Affects Foreign Gene Expression

The initial transcription of foreign genes is the critical step of gene expression, and the
rate of transcription initiation is the rate-limiting step of gene expression. The promoters
and related regulatory sequences are the premises of constructing a good expression system.
The regulation elements of exogenous gene expression include a promoter, enhancer, Kozak
sequence, and stop codon. The expression level of the foreign gene in PRV mainly depends
on the strength of the upstream promoter, and a generally strong promoter is selected.
The gG and gE promoters were always chosen to construct recombinant PRV, which have
unique structures and vigorous activity [57,60]. A more potent heterologous enhancer or
promoter, such as the HCMV or MCMYV promoter, was also evaluated instead of the gG
promoter [50,54]. Different promoters were tested to express the ASFV gene in PRV, such
as HCMV, MCMYV, and a chimeric promoter (CAG) consisting of the HCMV enhancer and
the chicken beta-actin promoter [61]. Compared with cytomegalovirus immediate-early
promoters, the CAG promoter enhanced the expression of foreign genes in PRV.

89



Viruses 2023, 15, 370

4.2. Insertion Site Is the Main Factor, Affects the Expression of Foreign Genes

For a live vector vaccine strain, genetic stability is crucial. The PRV genome contains
numerous sites for inserting and expressing heterologous genes, but almost all are located
near the gl/gE, TK, or gG genes. In a study by Tong et al., the gD and gG genes were
inserted with E2 expression cassettes, and insertion of the cassettes did not significantly
affect in vitro replication of the recombinant virus. And the piglets challenged with virulent
PRV are protected by recombinant viruses [50]. Wu et al. also inserted the tandem repeats
of the PCV2 Cap protein gene into PRV gG and gE sites. A high level of PCV2 Cap protein
expression was detected in this recombinant PRV [60]. Intergenic regions between gG and
gD proved to be excellent sites for expressing foreign genes, according to these results. To
identify suitable areas to insert foreign genes into PRV genomes, Zhang et al. inserted an S
protein expression cassette of a PEDV variant in different noncoding regions of the PRV
genome with deletion of TK, gE, and gl, such as US2-1, UL11-10, UL46-27, and UL35-36. The
US2-1 area is critical for PRV replication, as the insertion of a foreign gene failed to rescue
the virus, another three noncoding regions are suitable sites for the insertion of the S gene; S
gene mRNA expression was higher when it was inserted in the location of UL11-10 [50,54].
Therefore, the UL11-10 is a new suitable insertion site for S gene expression.

So far, when selecting the insertion sites of foreign genes, researchers have considered
the non-essential regions of virus replication first. Although the genome sequence of PRV
contains a large number of non-essential regions for replication, the basic theories of the
relationship between these regions and virus virulence, immune escape mechanism, or host
range need to be further studied. At the same time, the expression of exogenous genes in
the vector is affected by the size of the exogenous fragment, the promoter of the expression
vector, and the insertion site effect caused by the insertion of exogenous genes. Therefore, a
certain size of a foreign gene, stable insertion sites of a foreign gene, and safe and efficient
expression elements are the basis for the application of recombinant live vector vaccines.

5. Applications of Recombinant PRV

The large genome of PRV contains numerous insertion sites that allow heterologous
genes to be integrated and expressed. Consequently, PRV has developed into a powerful
vector system for expressing foreign proteins.

5.1. PRV Bartha K61 Strain as a Vector for Expressing Exogenous Antigens

In pigs, PRV Bartha K61 replicates reliably and elicits a wide range of humoral and
cellular immune responses. Additionally, in order to establish clinical protection against
different pathogens, foreign antigens can be introduced into the Bartha K61 backbone and
vaccinated. By introducing the GP5 gene from the porcine reproductive and respiratory
syndrome virus (PRRSV) into Bartha K61, and subsequently vaccinating, significant clinical
protection was achieved, and pathological lesions were reduced after the PRRSV challenge
in piglets [63]. Further, mice were protected against virulent challenges with swine in-
fluenza H3N2 by vaccination with a Bartha vector that expressed the hemagglutinin of
swine influenza H3N2 [64]. Furthermore, pigs vaccinated with Bartha vectors express-
ing the pandemic HIN1 swine-origin influenza virus hemagglutinin or neuraminidase
also demonstrated significant inhibition of virus replication after a challenge with the
HINT1 virus [65]. Due to the limitations of Bartha K61 in protecting against PRV variants,
Zhang et al. constructed the gD/gC-substituted Bartha K61, in which the gD/gC of Bartha
K61 was substituted with the gD/gC of PRV variants (AH02LA). The gD/gC-substituted
Bartha K61 was safe, and it effectively protected against virulent PRV variants [22]. There-
fore, Bartha K61 was a safe and effective backbone for multivalent vaccine development.

5.2. Attenuated PRV Variant as a Vector for Expressing Exogenous Antigens

Since 2011, farms immunized with Bartha-K61 have experienced PR outbreaks caused
by PRV variants. Therefore, the researchers try to generate several gene mutant vaccines
involving gE/TK, gl/gE, and gl/gE/TK deletion based on different PRV variants. These
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vaccines provided adequate protection against the PRV variant challenge. These gene
mutant vaccines also are used as a vector system for foreign proteins to develop multivalent
live virus-vectored vaccines against several swine infectious diseases. Tong et al. and
Wang et al. constructed a recombinant expressing the CSFV E2 protein and evaluated
its efficacy against both CSFV and PRV variant strains [49,50]. The recombinant PRV
appears to be a promising recombinant vaccine candidate for the control and eradication of
PRV variants and CSFV. Through the fosmid library platform, Abid et al. constructed a
recombinant co-expressing E2 of CSFV and Cap of PCV2 with gE/gl/TK gene deletions [57].
The recombinant strain was safe for pigs and rabbits, and anti-PRV antibodies could be
detected in the serum of immunized rabbits and pigs. But anti- E2 and PCV2 antibodies
could not be detected, which was presumed to be because the expression level of E2 and
Cap proteins are too low to induce antibody production. In addition, a tandem repeat of
PCV2 Cap protein gene ORF2 that links with a protein quantitation rationing linker was
constructed by Wu et al., and endogenous PRV promoters were used to drive PCV2 Cap2
expression in PRV [60]. High levels of neutralizing antibodies were detected 14 days after
immunization of the recombinant bivalent vaccine candidate, which was maintained at
days 21, 42, and 60. In wild boars and domestic pigs, the African swine fever virus (ASFV)
causes a fatal disease, and there is no effective vaccine against the ASFV. In order to develop
the live vector vaccine against ASFV. Feng et al. insert the CD2v into the PRV variant Fa
stain (TK, gE, and gl deleted) and obtained a recombinant strain expressing CD2v gene [12].
The recombinant virus stimulated the production of anti-CD2v antibodies and specific
cellular immune responses. Furthermore, the recombinant virus could protect mice against
the virulent strain (PRV-Fa) infection.

5.3. Attenuated PRV Variant as a Vector for Expressing Immunoregulatory Factors

Lymphokine-activated killer cells recognize infected cells associated with PRV gC
during cell-mediated immunity, and PRV gC plays a role in cytotoxic T-lymphocytes
recognition of infected cells [22,66,67]. To enhance gC expression, Yan et al. inserted an
additional expression cassette of the gC gene into the gl and gE deletion regions [51].
Additional gC gene expression enhanced the efficacy of the PRV gl/gE-deleted vaccine in
pigs. A hematopoietic growth factor, Fms-related tyrosine kinase 3 ligand (F1t3L), plays
an important role in hematopoietic cell differentiation. In the periphery, FLT3L and its
receptor regulate homeostatic DC division [68,69]. An FLT3L-dependent pathway mediates
vaccine-induced protective immunity and enhances the activation of T cells [70]. Based on
the immunomodulatory functions of FIt3L, a TK/gE gene deleted and FIt3L co-expressed
recombinant PRV was constructed by Yao et al. [62]. The recombinant gene showed poten-
tial function in DC activation and protective immune response enhancement. These results
indicated that t FIt3L is an ideal adjuvant, and the PRV can load the immunoregulatory
factors and achieve simultaneous immunization with the adjuvant and vaccine.

5.4. Attenuated PRV Variant as Vector for Expressing Reporter Genes

Up to now, the mechanism of PRV variant virulence enhancement is unknown. A
reporter virus is a valuable tool for basic virology studies. Therefore, Fu et al. constructed a
double reporter virus with stable expression of EGFP and firefly luciferase based on the
PRV variant [59]. The recombinant virus showed similar biological characteristics to the
parental strain, including a stable viral titer and luciferase activity throughout 20 passages.
Furthermore, Zhou and Qi constructed the reporter virus based on the PRV variant and
classical stain, respectively [55,56]. The EGFP was fused into the amino-terminal of UL36
in these recombinants. The single viral particles with green fluorescence were used to
monitor retrograde and anterograde moving virions in the axon, these reported viruses
will accelerate the understanding of the biology of the PRV variant.
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6. Conclusions and Prospects

The genetically engineered live vector vaccine can effectively avoid the traditional
vaccines’ defects, simplify the breeding industry’s immunization procedures, and improve
the efficiency of epidemic prevention and control. Attenuated PRV-based vector vaccines do
not induce any clinical signs of PR, but provide complete protection against PRV and other
swine pathogens, and it has been widely used in the study of a recombinant multivalent
vaccine against swine infectious disease. The BAC technology, CRISPR/Cas9 technology,
and fosmid library were used to construct PRV recombinant, significantly improving the
efficiency of exogenous gene expression (Table 2). But we still need to consider how
to ensure the genetic stability of the immune genes, and how to ensure the safety of
recombinant viruses during live vector vaccine development. The significant virulence
genes were deleted during the development of the recombinant PRV live vector vaccine,
significantly reducing its virulence to animals, However, the safety of the recombinants
still needs to be analyzed in detail. There are extensive replication non-essential regions in
the PRV genome, which provide a basis for optimizing recombinant sites. The selection
of better insertion sites and safer and more efficient expression elements, especially an
efficient promoter, is the basis of recombinant live vector vaccine application. Further
research and utilization of the advantages of recombinant PRV live vector vaccine will
play an essential role in the prevention and control of animal diseases. The recombinant
herpes virus live vector vaccine will play an important role in animal disease prevention
and control in the future.

Table 2. The characteristic features of recombinant PRV.

Exogenous

Insertion

Modification

Immunization

Animal

Vector Genes Sites Promoters of PRV Dose/Route Model Efficacy Reference
confer
significant
1079 pla- protection
respiratory que-forming unit against clinical
homologous (PFU)/ disease and
Bartha-Ké61 synglrome ULZ? CMV promoter recombina- intranasally (in.) 4—wgek— reduce [63]
virus (TK) site P tion (HR) an dy old piglet pathogenic
(PRRSV) GP5 intramu- lesions induced
scularly (i.m.) by PRRSV
challenge in
vaccinated pigs
Rk protect mice
Bartha-K61 swine not men- SV40 promoter HR 1050 PFU /in. 8—we§k— from . [64]
influenza tioned old mice heterologous vir-
virus (SIV) ulent challenge
protected pig
bacterial from clinical
HA of artificial signs after
B . . gG MCMYV pro- chromosome 2x1070 7-week- challenge with a
artha-K61 swine-origin 1 . 1d pi lated [65]
HINT viras. gene locus moter (BAC) PFU/in. old pigs re ate 4
technology- swine-origin
mediated HR HIN1
influenza A virus
PRV
B-gD&gC S is
safe for piglets,
and provides
complete
B gD and gC gD and gC BAC 1060 4-week- clinical
artha-K61 genes of the ene locus technology TCID & /i 1d pielet tocti [22]
AHO2LA strain & and HR 50/ 1m odpigie protection
against a
pseudorabies
variant
(AHO02-

LA) challenge
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Table 2. Cont.

Vector Exogenous Insertion Promoters Modification Immunization Animal Efficac Reference
Genes Sites of PRV Dose/Route Model y
open reading
frames E199L,
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African swine /Cas?
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EGFP expression
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CAG promoter
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enhanced promoter
green composed of a
PRV variant fluorescent betwgen 8t MV enhancer
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and fire- gl partial [3-actin
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firefly luciferase
expression
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under the control
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SV40 promoter
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gl/gE-deleted
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activate DCs and
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ever virus tte was E2 expression Cap elicited
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(T] strain) . Cap was Red/ET sys- 6-week- antibodies, but
(Cap) protein fused wi was under the TCID 50 / .
. used with tems . > old pigs not
of porcine G and co- control of the im (pig) Ant-PCV2 or
circovirus type g% an gG promoter .
2 (PCV2) expressed anti-
( with gG CSFV antibodies
S gene of a
Porcine BAC
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Table 2. Cont.

Exogenous Insertion Modification Immunization Animal X
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Abstract: Alphaherpesviruses infect humans and most animals. They can cause severe morbidity
and mortality. The pseudorabies virus (PRV) is a neurotropic alphaherpesvirus that can infect most
mammals. The PRV persists in the host by establishing a latent infection, and stressful stimuli can
induce the latent viruses to reactivate and cause recurrent diseases. The current strategies of antiviral
drug therapy and vaccine immunization are ineffective in eliminating these viruses from the infected
host. Moreover, overspecialized and complex models are also a major obstacle to the elucidation of
the mechanisms involved in the latency and reactivation of the PRV. Here, we present a streamlined
model of the latent infection and reactivation of the PRV. A latent infection established in N2a cells
infected with the PRV at a low multiplicity of infection (MOI) and maintained at 42 °C. The latent
PRV was reactivated when the infected cells were transferred to 37 °C for 12 to 72 h. When the above
process was repeated with a UL54-deleted PRV mutant, it was observed that the UL54 deletion did
not affect viral latency. However, viral reactivation was limited and delayed. This study establishes a
powerful and streamlined model to simulate PRV latency and reveals the potential role of temperature
in PRV reactivation and disease. Meanwhile, the key role of the early gene UL54 in the latency and
reactivation of PRV was initially elucidated.

Keywords: pseudorabies virus; latent infection; reactivation; thermoregulation; in vitro model; UL54

1. Introduction

The pseudorabies virus (PRV) belongs to the subfamily Alphaherpesvirinae of the family
Herpesviridae and causes a lethal viral disease in pigs, which causes severe economic losses
to the swine industry around the world [1,2]. PRV is a neuroinvasive herpesvirus that
causes various infections from acute to lifelong latent infections of the peripheral nervous
system (PNS) [3]. However, the molecular mechanisms underlying the establishment
of alphaherpesvirus latency and reactivation remain poorly understood [4-6]. For her-
pesviruses, primary infection begins with the productive infection of mucosal epithelial
cells. In less than a day, each infected cell will produce thousands of progeny [7]. It is
generally accepted that the latency of alphaherpesviruses is characterized by the episomal
maintenance of the viral genome and by a state of chronic infection that does not lead to the
production of infectious viral particles [8]. When known stress signaling and neuronal sur-
vival pathways are activated, the viral genome is transcribed and replicated, producing new
viral particles that travel back to the original infection site to ensure the spread of infection
to other hosts [9]. Chronic viruses, such as herpesviruses, influence host physiology and
have evolved to use inflammation to regulate viral latency and reactivation and to modulate
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the inflammatory state of the immune system [10]. The incubation of cultures at a lower
temperature (34 °C) to induce the increased reactivation of the varicella zoster virus (VZV)
has been reported, resulting in diffuse productive infection [11]. There is a hypothesis that
higher temperatures may be conducive to the silent state of the VZV. An elevated core tem-
perature may limit the spread of the virus at the onset of latency and the reactivation events.
This temperature effect may be due to viral enzyme activity, lower-temperature-initiated
pathways, or reduced innate antiviral response efficiency [11,12].

Gene expression in alphaherpesvirus lytic infections follows a sequential order: im-
mediate early (IE), early (E), and late (L) genes [13]. The UL54 protein is an early PRV
protein with RNA binding activity that regulates the expression of late genes, which is
homologous to the ICP27 of HSV-1 [14,15]. The ICP27 protein is a key molecule in sensing
environmental changes [16]. Based on this, the present study hypothesized that UL54
may have an essential role in the latency and reactivation of PRV. Even though PRV is one
of the best-studied viral pathogens, the regulation of latency and reactivation is not well
understood. This is due to several challenges, including difficulty modeling latency in vivo
and in vitro and a limited understanding of cell biology. Furthermore, modeling techniques
are unavailable to the broader scientific community due to high requirements, high costs,
and a lack of ethical approval in some countries.

As temperature plays a crucial role in the latent infection and reactivation of alphaher-
pesviruses, we report for the first time the use of temperature for the precise control of the
latent infection and reactivation of the PRV in mouse neuroma cells (N2a). We believe the
model simulates the in vivo microenvironment of cells in the latent phase of viral infection
under in vitro conditions. This model has been used to explore the fundamental aspects of
the PRV lifecycle and will promote the development of this area.

2. Materials and Methods
2.1. Cells and Viruses

A mouse-derived neuroblastoma cell line (N2a), baby hamster kidney 21 (BHK-21)
cells, and porcine kidney 15 (PK-15) cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS). The wild-type PRV strain (WT-PRV) (GenBank accession
number: K]789182.1) was isolated and identified in our laboratory [17]. The fosmid library
of WT-PRV was used for the construction of the recombinant PRV mutants [18]. The
reporter gene encoding EGFP was inserted as an additional reading frame between the US9
and US2 reading frames to construct the recombinant rPRV-EGFP. We then constructed a
recombinant rPRV-AUL54-EGFP with the UL54 gene deleted based on rPRV-EGFP. These
two PRV mutants were rescued in BHK-21 cells as described previously [18]. The primers
used to construct the recombinant viruses are listed in Table 1.

Table 1. Primers used to construct the recombinant pseudorabies viruses.

Primers Sequences (5’ to 3')

AGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACC-

US9-rpsl-F GGTCGCCACCGGCCTGGTGATGATGGCGGGATC
GGGCGCGGCG-

US9-rpsl-R GATGGGGGCGGGCCCCCGCTCCCGTTCGCTCGCTCGCTCGTCAG-
AAGAACTCGTCAAGAAGGC

USOEGEP-E AGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTAC-
CGGTCGCCACCCGCTAGCGCTACCGGTCGCCAC
GGGCGCGGCG-

US9-EGFP-R GATGGGGGCGGGCCCCCGCTCCCGTTCGCTCGCTCGCTCGA-
TAACTTCGTATAGCATACATT

US9-JC-F CGTATTAGTCATCGCTATTAC

US9-JC-R AACAGAGACGCGGAGGAGAGG

ULsrpslF GGTTGCAGTAAAAGTACTTCCCGTGCATGTACACGGGGAC-

GAGGGTGTAGGGCCTGGTGATGATGGCGGGATC
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Table 1. Cont.

Primers Sequences (5’ to 3')

UL54-rpsl-R AACAGCAGCGGCAGCGAGGCGTCCCGGTCGGGGAGCGAG-
GAGCGGCGCCCTCAGAAGAACTCGTCAAGAAGGC

UL54-del-F GGTCTTGTGGGCGTGAGCCGCGCCCGGACGGGCGGC

UL54-del-R TCCGGGCGCGGCTCACGCCCACAAGACCGGCTGCGA

UL54-JC-F CTCGCGCACGCCAGAGAGGTAC

UL54-JC-R CGCTCGCACCACGGTCATGGAG

2.2. One-Step and Multistep Growth Curves and Plagque Assay

For one-step growth curves, PK-15 cells in 24-well cell culture plates were infected
with WT-PRV or rPRV-EGFP (MOI = 5) and were incubated for 2 h, and they were then
washed with PBS to clear the uninfected viral particles and were cultured in fresh medium.
The cell supernatants were harvested at different time points. For multistep growth curves,
PK-15 cells were infected with WT-PRV or rPRV-AUL54-EGFP (MOI = 0.01). Growth curves
were plotted based on median tissue culture infective doses (TCIDsp) or the viral DNA
copies of all the samples [19]. Plaque assay was performed as described previously [20].

2.3. PCR, qPCR, and RT-gPCR

The genomic DNA of WT-PRV, rPRV-EGFP, and rPRV-AUL54-EGFP was extracted and
used as the template for PCR kit (catalog no. AG11510; Agbio, Changsha, China) or qPCR
kit (catalog no. Q311; Vazyme, Beijing, China). Total RNA was isolated from the infected
or uninfected cells, and RT-qPCR kit (catalog no. A336; Genstar, Beijing, China) was used
to quantify viral mRNA. The tests were performed according to the kit instructions. The
primers for PCR, gPCR, and RT-qPCR are listed in Table 2.

Table 2. Primers for PCR, gPCR, and RT-qPCR.

Primers Sequences (5’ to 3')
EGFP-JC-F(PCR) ATGGTGAGCAAGGGCGAGGAG
EGFP-JC-R(PCR) TTACTTGTACAGCTCGTCCAT
gB-JC-F(PCR) ATGGACATGTACCGGATCATGT
gB-JC-R(PCR) AGAGCGTGACGCGCAACTTTCTGC
IE180-F(qPCR/RT-qPCR) CTGGCAGAACTGGTTGAAGC
IE180-R(qPCR/RT-qPCR) TCGTGCGCCTCATCTACAG
EPO-F(qPCR/RT-qPCR) TGCGCCGATATGTCAAACAG
EPO-R(qPCR/RT-qPCR) TCGTGGACAACATCGTCGAG
gB-F(qPCR/RT-qPCR) TCCTCGACGATGCAGTTGAC
gB-R(qPCR/RT-qPCR) ACCAACGACACCTACACCAAG
LAT-F(qPCR/RT-qPCR) ACGTGACGTTTTTGCCGATG
LAT-R(qPCR/RT-qPCR) GCGCGATATGCAGATGAGATC

2.4. Transmission Electronic Microscopy

The samples were prepared as reported previously [18]. Cell culture medium was cen-
trifuged at 3000 g for 10 min, the supernatant was collected and centrifuged at 10,000 g
for 10 min, and then the pellet was resuspended in PBS. The samples were negatively
stained with 2% phosphotungstic acid, and the morphology of viral particles was observed
under transmission electronic microscopy (TEM).

2.5. Western Blotting

The N2a cells infected with the recombinant viruses of different MOIs were cultured at
37 and 42 °C for 120 h. At 120 h postinfection (hpi), the cells were harvested, and samples
were prepared for Western blotting. The mouse anti-gB and -gD monoclonal antibodies
(MADbs) were from our laboratory. Anti-f3-actin MAb was commercially purchased from
Sigma (catalog no. A1978; Sigma, Shanghai, China). Goat antimouse FITC antibodies
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(catalog no. sc-516140; Sigma, Shanghai, China) were used as secondary antibodies. Total
protein extraction and Western blotting analysis were carried out following the previously
described protocols [20].

2.6. Thermoregulation Model of Latent Infection and Reactivation of PRV

To establish a model of latent PRV infection, N2a, BHK-21, and PK-15 cells were
seeded separately into 35 mm dishes at 5 x 10° per dish and were cultured with a complete
medium. For infection, in brief, rPRV-EGFP was added to the three cell types mentioned
above at MOlIs of 1.0, 0.1, 0.01, and 0.001, respectively. The infected cells were incubated
continuously at 37 or 42 °C for 72 or 120 h. Fluorescence was monitored at 72 hpi to
investigate the optimal cell type and MOI for establishing PRV latent infection. N2a cells
were infected with rPRV-EGFP (MOI = 0.01) and were incubated at 37 °C for different
amounts of time to determine the optimal incubation time. To determine the incubation
time for noninfectious PRV replication, the cells were then transferred to 42 °C for 120 h, and
EGFP fluorescence was monitored. Subsequently, latent infection of PRV was established
with optimized parameters and was maintained at 42 °C for 120 h (i.e., N2a cells were
infected with rPRV-EGFP at an MOI of 0.01, were incubated at 37 °C for 2 h, and were
then transferred to 42 °C). In addition, qPCR, RT-qPCR, and Western blotting were used
to analyze viral DNA, mRNA, and proteins in the samples. For the reactivation of latent
PRV, N2a cells were transferred from 42 to 37 °C for mild hypothermic incubation (cold
stress), activating the latent PRV. At 12, 24, 48, and 72 h postreactivation (hpr), the infectious
PRV was measured through EGFP fluorescence and RT-qPCR. It should be noted that the
medium was changed on alternate days throughout the model experiment to maintain
normal cell growth.

For the experiments of latent infection and reactivation of rPRV-AUL54-EGEFP, the
experimental details were similar to the above procedures.

2.7. Statistical Analysis

Analysis of the data was performed using GraphPad Prism 8 statistical software.
Student’s two-tailed t-test and two-way analysis of variance were used, and significant
differences were defined when the p-value was <0.05.

3. Results
3.1. Generation and Identification of rPRV-EGFP

The recombinant PRV with the EGFP cassette was constructed using the PRV reverse
genetic operating system established in our laboratory [18] (Figure 1A). The clone was
identified as rPRV-EGFP after plaque purification and sequencing verification (Figure 1B).
The size of the plaques produced by rPRV-EGFP was similar to that of WT-PRV (Figure 1C).
Electron microscopy revealed that the rPRV-EGFP particles had an intact envelope similar
to that of the parental virus (Figure 1D). Fluorescence imaging demonstrated the capability
of rPRV-EGFP to express the EGFP protein (Figure 1E). The replication kinetics of rPRV-
EGFP was very similar to that of the parental virus based on the one-step growth curve
(Figure 1F). Overall, the recombinant PRV retained the parental phenotype, except for
EGFP fluorescence.

3.2. Hyperthermic Stress Maintained PRV Latency in Neuron-like Cells

Inspired by the speculation of Markus et al. [11] and a real-world problem situation,
we screened the optimal conditions for the thermoregulation model of the latent infection
and reactivation of the PRV. In this study, we attempted to establish models of the latent
infection and reactivation of PRV in PK-15 cells, BHK-21 cells, and N2a cells. The results
showed that only the N2a cells allowed the PRV to establish a latent infection. The PRV
with an MOI no more than 0.01 was able to maintain a stably latent infection at 42 °C
(Figure 2).
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Figure 1. Generation and characterization of rPRV-EGFP. (A) Schematic diagram of the construction
of the recombinant virus. Using the PRV genomic fosmid library, the EGFP sequence was inserted
nondestructively downstream of the US9 gene in the PRV genome. The relative position of the
EGEFP sequence in the WT-PRV genome is shown on top of the green box. (B) PCR amplification of
the EGFP and gB genes from the genomes of rPRV-EGFP and WT-PRV. (C) The green fluorescence
and cytopathic effects (CPEs) in the PK-15 cells infected with rPRV-EGFP and WT-PRV at 48 h
postinfection (hpi). (D) Plaques of rPRV-EGFP and WT-PRYV in the PK-15 cells. ns: not significant
(p > 0.05). The diameters of plaques were averaged for three independent experiments. ns: not
significant. (E) Transmission electron microscopy photographs of rPRV-EGFP and WT-PRV. Scale
bar = 200 nm. (F) One-step growth curves of rPRV-EGFP and WT-PRV in PK-15 cells.

Moreover, the study showed that one of the key factors determining the success or
failure of the model was the incubation time at 37 °C. When the PRV was incubated at 37 °C
for over 3 h, the lytic infection was not prevented, even when the cells were transferred
to 42 °C (Figure 3A). Surprisingly, the virus (MOI = 0.01) was incubated at 37 °C for 2 h
and was then moved to 37 or 42 °C for 120 h. No lytic viral replication was observed at
42 °C (Figure 3B). During the latency phase, the viral DNA was not replicated, but the
latency-associated transcript (LAT) of PRV could be detected (Figure 3C); additionally, low
levels of mRNA for IE180 (the immediate early gene of the PRV) were detected (Figure 3D).
The cells infected with rPRV-EGFP at different MOIs and incubated at 37 or 42 °C for 120 h
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were harvested. These samples were used to detect the viral proteins gB and gD. The
results showed that the virus did not produce lytic proteins at an MOI of 0.01 or at 42 °C
(Figure 3E). The above results showed that, under hyperthermia stress, the viral DNA did
not replicate and no viral proteins or viral particles was produced. However, the latent
PRV only produced the LAT and low levels of IE180 transcripts.
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Figure 2. Screening for appropriate cell types and optimal infectious dose for in vitro PRV latent
infection models. N2a, BHK-21, and PK-15 cells were seeded into 35 mm dishes at 5 x 10° per
dish and were cultured with complete medium. rPRV-EGFP was added to the three cell types at an
MOI of 1, 0.1, 0.01, or 0.001. The infected cells were incubated continuously at 37 or 42 °C for 72 h.
Fluorescence was monitored at 72 h postinfection.

3.3. Reduced Temperature Enhanced the Reactivation of the Latent PRV

It has been shown that mild hypothermia reactivates the VZV in latently infected
neurons and enhances viral replication [11,21]. Therefore, we combined the treatment
of persistent latent infection with hyperthermic stress (42 °C) and incubation with mild
hypothermia (37 °C). According to the results, the virus was incubated at 42 °C for 120 h
and was then transferred to 37 °C for additional incubation. Infectious virus particles
were produced within 12 h (Figure 4A). The number of viral DNA copies increased with
the viral reactivation time (Figure 4B). Upon reactivation, the expression levels of the late
viral envelope proteins gB and gD were increased over time (Figure 4C). It was easy to
see that hyperthermia stress drove the viruses into a quiescent state. At the same time,

103



Viruses 2023, 15, 808

mild hypothermia could reactivate them to produce infectious viral particles and to infect
other cells.
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Figure 3. Optimal incubation time for screening and detection of latency indicators. (A) Optimal
incubation time screening. N2a cells were infected with rPRV-EGFP (MOI = 0.01) and were incubated
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at 37 °C for 2, 2.5, 3, 3.5, 4, 4.5, 5, and 5.5 h. The cells were then transferred to 42 °C for 120 h,
and EGFP fluorescence was monitored. (B) Identification of the optimal conditions for latent PRV
infection. N2a cells were infected at an MOI of 0.01, were incubated at 37 °C for 2 h, then transferred
to 42 °C for 120 h. (C) Latent and lytic viral DNA detection. N2a cells were infected with rPRV-EGFP
at an MOI of 0.01 and were incubated at 37 °C for 2 h. After rPRV-EGFP was cultured at 42 °C for
120 h, the samples were then collected, and viral DNA was extracted; additionally, the gB gene was
detected through real-time PCR to quantify genomic DNA. (D) Quantification of transcripts of latent
viral genes. After rPRV-EGFP was cultured at 42 °C for 120 h, the samples were then collected, and
the mRNAs of IE180, EP0, LAT, and gB were detected through RT-qPCR. (E) Detection of late viral
protein expression levels at two culture temperatures. N2a cells were infected with different doses
of rPRV-EGFP (MOI = 1, 0.1, or 0.01) and were incubated at 37 or 42 °C for 120 h, respectively. At
120 h postinfection (hpi), the cells were harvested, and samples were prepared for Western blotting.
The homemade mouse anti-gB and -gD monoclonal antibodies were used as primary antibodies, and
goat antimouse FITC antibodies were used as secondary antibodies. Bars represent the means & SDs
of three independent experiments. ns: not significant (p > 0.05). * p < 0.05, *** p < 0.001, and
% p < 0.0001.

A 12 hpr 24 hpr B
8=
* kK kK
e '
s
‘e
=
= * %k %k
< 54
z ° :
[~ *k K
=
s 4 *
- 1
0 12 24 48 72
Hours post-reactivation
C ‘ ‘ . : :
Ohpr 12 hpr 24 hpr 48 hpr 72 hpr
Anti-gB— —100kDa
Anti-gD— — e we— | 44 kDa

ADti-B-actin —| — — a—— i o > |]),

Figure 4. Reactivation of latent rPRV-EGFP. (A) Fluorescence spots of rPRV-EGFP during reactivation.
N2a cells were infected with rPRV-EGFP (MOI = 0.01), were incubated at 42 °C for 120 h, and were
then transferred to 37 °C for additional incubation. EGFP fluorescence was monitored at 12, 24, 48,
and 72 h postreactivation (hpr). (B) Detection of viral genomic DNA during reactivation. The viral
DNA was extracted, and the gB gene was detected at 0, 12, 24, 48, and 72 hpr. (C) Identification of
expression levels of viral late proteins following rPRV-EGFP reactivation. N2a cells were infected
with rPRV-EGFP (MOI = 0.01), were incubated at 42 °C for 120 h, and were then transferred to 37 °C.
At0, 12,24, 48, and 72 hpr, the cells were harvested, and samples were prepared for Western blotting.
The homemade mouse anti-gB and -gD monoclonal antibodies were used as primary antibodies, and
goat antimouse FITC antibodies were used as secondary antibodies. Bars represent the means & SDs
of three independent experiments. ns: not significant (p > 0.05). * p < 0.05, *** p < 0.001, and
#** p < 0.0001.

3.4. Deleting the UL54 Gene Affects Viral Particle Morphology and Replication Efficiency

As described in the Materials and Methods, the UL54-deleted mutant was constructed
using rPRV-EGEFP as the parental strain (Figure 5A). The same procedure as that described
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above was used to describe the phenotype of rPRV-AUL54-EGFP, which was produced
through the fosmid system. Based on these results, the deletion of the UL54 gene was
confirmed through the PCR and sequencing of rPRV-AUL54-EGFP (Figure 5B). This further
confirmed that the EGFP expression cassette was successfully inserted into the intended
location in the PRV genome, and the green fluorescent protein was expressed (Figure 5C).
Due to the UL54 gene deletion, the plaques of rPRV-AUL54-EGFP were significantly smaller
than those of WT-PRV (Figure 5D), and they lacked an outer membrane (Figure 5E) and
replicated less efficiently compared to WT-PRV (Figure 5F). The results presented in this
section demonstrate that the deletion of the UL54 gene limited the expression of the viral
envelope proteins, resulting in the production of fewer infectious viral particles.
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Figure 5. Generation and characterization of rPRV-AUL54-EGFP. (A) Schematic diagram of the
construction of rPRV-AUL54-EGFP. Using the PRV genomic fosmid library, the UL54 deletion mutant
was constructed using rPRV-EGFP as the parental strain. The relative position of the UL54 gene
in the WT-PRV genome is shown on top of the red box. (B) PCR amplification of the UL54, EGFP,
and ¢B genes from the genomes of rPRV-AUL54-EGFP and WT-PRV. (C) The green fluorescence and
cytopathic effects (CPEs) in the PK-15 cells infected with rPRV-AUL54-EGFP and WT-PRV at 60 h
postinfection (hpi). (D) Plaques of rPRV-AUL54-EGFP and WT-PRV in the PK-15 cells. The diameters
of plaques were averaged for three independent experiments. (E) Transmission electron microscopy
imagingof rPRV-AUL54-EGFP and WT-PRV. Scale bar = 200 nm. (F) Multistep growth curves of
rPRV-AUL54-EGFP and WT-PRV in PK-15 cells. PK-15 cells were infected with rPRV-AUL54-EGFP
and WT-PRV (MOI = 0.01). Bars represent the means =+ SDs of three independent experiments. ns:
not significant (p > 0.05). ** p < 0.01, and ** p < 0.001.

3.5. Deleting the UL54 Gene Affects PRV Reactivation without Affecting Latency

To understand the effect of the UL54 gene on the latency and reactivation of the PRV,
rPRV-AUL54-EGFP was tested in the model developed above. The results showed that
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rPRV-AUL54-EGEFP established a stably latent infection at 42 °C (Figure 6A). The characteris-
tics of the latent rPRV-AUL54-EGFP were similar to those of tPRV-EGFP. The results showed
that the rPRV-AUL54-EGFP infected group did not increase the DNA copies (Figure 6B),
but it maintained higher levels of LAT and lower levels of IE180 transcripts (Figure 6C)
and, last but not least, did not produce lytic viral proteins (Figure 6D). Subsequently, we
transferred the cells from 42 to 37 °C. As expected, a few fluorescent spots appeared on
the cells latently infected with rPRV-EGFP when incubated at 37 °C for 12 h. After 48 h
incubation at 37 °C, the cells latently infected with rPRV-AUL54-EGFP showed insufficient
fluorescent spots (Figure 6E). During reactivation, the DNA copies of rPRV-EGFP were
significantly higher than rPRV-AUL54-EGFP during the same period, indicating that the
deletion of the UL54 gene significantly delayed viral reactivation (Figure 6F). As expected,
the levels of viral lytic proteins were gradually increased with prolonged reactivation. The
above data suggest that the early gene UL54 plays an essential role in the reactivation of
the PRV.
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Figure 6. Latent infection and reactivation of rPRV-AUL54-EGFP. Based on the established model,
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rPRV-AUL54-EGFP was tested. (A) Identification of the effect of UL54 deletion on latent infection.
(B) Latent and lytic viral DNA copy detection. N2a cells were infected with rPRV-AUL54-EGFP
at an MOI of 0.01 and were incubated at 37 °C for 2 h. After rPRV-AUL54-EGFP was cultured
at 42 °C for 120 h, the samples were then collected, and viral DNA was extracted; additionally,
the ¢B gene was detected through real-time PCR to quantify genomic DNA. (C) Quantification
of the transcripts of the latency-associated viral genes. After rPRV-AUL54-EGFP was cultured at
42 °C for 120 h, the samples were then collected, and total RNA was extracted; additionally, the
mRNA of the IE180, EPO, LAT, and ¢B genes was detected through RT-qPCR. (D) Inability of latent
rPRV-UL54-EGFP to express lytic viral proteins. (E) Fluorescence spots of rPRV-EGFP and rPRV-
AUL54-EGFP during reactivation. N2a cells were infected with rPRV-EGFP and rPRV-AUL54-EGFP
(MOI = 0.01), were incubated at 42 °C for 120 h, and were then transferred to 37 °C for culture.
EGFP fluorescence was monitored at 12, 24, 48, and 72 h postreactivation (hpr). (F) Detection of
viral genomic DNA during reactivation. N2a cells were infected with rPRV-AUL54-EGFP and rPRV-
AUL54-EGFP (MOI = 0.01). The viral DNA was extracted, and the gB gene was quantified at 0,
12, 24, 48, and 72 hpr. (G) Identification of expression levels of viral envelope proteins following
rPRV-AUL54-EGFP reactivation. Bars represent the means £ SDs of three independent experiments.
ns: not significant (p > 0.05). * p < 0.05, *** p < 0.001, and *** p < 0.0001.

4. Discussion

In this study, we described an in vitro model of the latent infection and reactivation
of the PRV through thermoregulation. Furthermore, based on this model, we described
for the first time the essential role of the UL54 gene in viral reactivation. To the best of our
knowledge, this model is the most plausible and controllable model of the latent infection
and reactivation of the PRV.

Alphaherpesviruses, the most common viruses in the world, can establish a lytic or
latent infection in the peripheral nervous system of the host [22]. During the establish-
ment of a latent infection, herpesviruses are maintained as epistomes in the nucleus of
the host cell [23]. To elucidate the mechanisms of the latent infection and reactivation of
alphaherpesviruses, several in vivo and in vitro models have been developed. The in vivo
models include rhesus monkeys, domestic pigs, guinea pigs, and mice, and the in vitro
models include primary neuronal cells, immortalized neuroma cells, and nonneuronal
cells [11-13,22,24-29]. While most laboratories focus on their highly complex model sys-
tems and tools, the field would benefit from consolidating expertise and streamlining
operational processes in a collaborative effort to address the global burden of alphaher-
pesviral diseases. Therefore, it is inevitable that the procedures of the model need to be
simplified while ensuring its validity. Initial attempts were made to use the antiviral drug
acyclovir to inhibit productive viral DNA replication in dissociated neurons to simulate cul-
ture latency. Since 1977, acyclovir has been a very effective antiherpetic drug [30]. The viral
thymidine kinase in the infected cells activates the drug. Only after this activation does the
drug interfere with viral DNA replication [31]. Pretreating neurons with acyclovir before
viral infection prevents viral replication and forces productive infection into a dormant
state, similar to latency in vivo [28]. This opened the way to a better understanding of the
molecules stimulated by alphaherpesvirus reactivation. However, long-term administra-
tion cannot mimic the complex host response associated with in vivo infection. It is well
known that, during infection, the ability of the host to mount an appropriate immune and
inflammatory response against the pathogen is critical. Higher temperatures are expected
to increase antiviral activity because fever enhances the inflammatory response to fight
infection [32].

Our operational definition of experimental latency is the maintenance of viral genomes
without virus production for prolonged periods that can be reactivated into productive
viral infection, spreading to other cells. This definition distinguishes between latency and
aborted, incomplete, or partial infection, which may apply to latency models in nonpermis-
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sive hosts or cell types that cannot support a full productive infection [11]. Understanding
these factors that maintain latency and the driver of reactivation is important because
understanding these processes may eventually allow us to target them to prevent reac-
tivation. Latency involves a program of primarily suppressed regular lytic viral gene
expression, leading to virion production. In addition to the previously mentioned details,
we also made an initial attempt. According to the published studies, we also tried to use
nonneuronal cells as models, including African green monkey kidney (Vero) cells, African
green monkey embryonic kidney epithelial (MARC-145) cells, and Madin-Darby canine
kidney (MDCK) cells. Unfortunately, a latent model could not be established in these cells.
In addition, we tried different temperatures to establish latency. In 0.5 °C increments, the
culture temperature of the cells was increased from 40 to 45 °C. Considering factors such as
the physiological state of the cells and the reactivation of the virus, we selected 42 °C as the
optimal incubation temperature. It has been reported that the PRV replicates rapidly in
the mucosal or epithelial cells of pigs upon infection. Soon after, the intense inflammatory
response induced through viral infection leads to a rapid rise in body temperature of up to
42 °C [33]. In the presence of a high temperature and the host immune defense, the residual
virus enters the host’s peripheral nervous system to establish latency. Other studies have
also shown that human herpes simplex virus 1 is able to maintain a latent state in human
diploid fibroblasts and fetal lung cells cultured at 42 °C [34,35].

In conclusion, in the present study, in addition to the in vitro model of the PRV, we
found that the UL54 gene plays an essential role in the reactivation of the PRV. We believe
that the UL54 gene represents a potential target for latent virus clearance, and, given its
importance, its exact function will be clarified in the future.
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Abstract: Pseudorabies virus (PRV) variants have caused substantial economic losses in the swine
industry in China since 2011. To surveil the genetic variation in PRV field strains, here, two novel
variant strains of PRV were isolated from Shanxi Province in central China and were designated
5X1910 and SX1911. To identify the genetic characteristics of the two isolates, their complete genomes
were sequenced, and phylogenetic analysis and sequence alignment revealed that field PRV variants
have undergone genetic variations; notably, the protein-coding sequences UL5, UL36, US1 and IE180
exhibited extensive variation and contained one or more hypervariable regions. Furthermore, we also
found that the glycoproteins gB and gD of the two isolates had some novel amino acid (aa) mutations.
Importantly, most of these mutations were located on the surface of the protein molecule, according
to protein structure model analysis. We constructed a mutant virus of 5$X1911 with deletion of the gE
and gl genes via CRISPR/Cas9. When tested in mice, SX1911-AgE/gl-vaccinated mice were protected
within a comparable range to Bartha-K61-vaccinated mice. Additionally, a higher dose of inactivated
Bartha-Ké1 protected the mice from lethal 5X1911 challenge, while a lower neutralization titer, higher
viral load and more severe microscopic lesions were displayed in Bartha-K61-vaccinated mice. These
findings highlight the need for continuous monitoring of PRV and novel vaccine development or
vaccination program design for PRV control in China.

Keywords: PRV variant; variation; vaccine; Bartha-K61; immunity protection

1. Introduction

Pseudorabies virus (PRV) is a double-stranded DNA virus that belongs to the family
Herpesviridae, subfamily Alphaherpesvirinae, and genus Varicellovirus [1-3]. This virus is
the etiological agent of pseudorabies (PR) or Aujeszky’s disease [4]. PRV exhibits a broad
host range and is capable of infecting most mammals and some avian species, but pigs are
the natural host of the virus [5-7]. PRV infections cause neurological and respiratory system
disorders, causing high mortality in newborn piglets and reproductive disease in pregnant
sows [5]. In particular, PRV can establish life-long latent infection in the neurological tissues
and lymphoid tissues of recovered pigs, leading to recurrent infection [1,8,9].

Inactivated or attenuated gene-deletion vaccines, along with differential diagnosis, has
proven to be the best strategy to control and eradicate PRV [6,7,10]. Due to the control
efforts and strict implementation of this strategy, PRV has disappeared from domestic pig
populations in several parts of the world, such as New Zealand, most European countries
and the USA [6,11]. In China, the attenuated vaccine strain Bartha-K61 was imported the
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1980s and has been broadly applied since, resulting in relatively favorable control of PR [5,12].
However, PR reemerged in large-scale swine herds in most regions of China in 2011 [13,14].
Subsequently, the causative agent was confirmed to be PRV variant strains. Compared with
classical strains, variant strains exhibit increased virulence, causing high mortality in newborn
piglets and finishing pigs and an increased abortion rate in sows [15-17]. Of note, the Bartha-
K61 vaccine could not provide effective protection against PRV variants [18-21]. Genetically,
PRV can be divided into two genotypes. PRV strains in China belong to genotype II, while
genotype I comprises mainly strains isolated in America and Europe [22]. Within genotype
II, PRV variant genomes also exhibit marked sequence divergence in comparison to classical
strains [22-24]. In the last decade, PRV variants have undergone extensive intragenotype and
intergenotype recombination among strains and amino acid (aa) mutation, such as that of viral
glycoproteins or other viral proteins [25-27]. More PRV variants have also been isolated from
cows, dogs, sheep, wolves, minks and even humans [28-31]. In this regard, recombination
events and aa mutations might alter viral virulence or the immune response of novel hosts
and lead to rapid interspecies transmission [26]. Thus, it is necessary to continuously monitor
and analyze epidemic or genetic variation in PRV in the future, which will help facilitate PRV
prevention and control.

In this study, we successfully isolated two novel PRV strains, SX1910 and SX1911,
from the lung tissue samples of sick piglets on pig farms in Shanxi Province, China. By
analyzing the genetic variation in and evolution of the isolates, we found that SX1910
and SX1911 were classified into genotype II and were variant strains. Furthermore, we
revealed that the PRV variants isolated from the field were undergoing genetic variations,
and the aa sequences of the viral proteins UL5, UL36, US1 and IE180 exhibited extensive
variations, including one or more hypervariable regions. Of note, novel aa mutations in gB
and gD were found in 5X1910 and SX1911. Most of these mutations were located on the
surface of the molecule, according to protein structure model analysis. Based on the PRV
strain SX1911, we generated a mutant virus lacking the gE and gl genes (SX1911-AgE/gl)
via CRISPR/Cas9 and the LoxP system platform. Immunization and challenge tests in
mice indicated that inactivated SX1911-AgE /gl could provide comparable protection in
comparison with inactivated Bartha-K61. However, the viral loads and microscopic lesions
of Bartha-K61-vaccinated mice were much higher and more severe, respectively, than
those of mice inoculated with SX1911-AgE/gl. These findings will help us understand
the epidemic status of PRV variants and will have important implications for PRV control
in China.

2. Materials and Methods
2.1. Cells, Viruses and Antibodies

Vero-CCL81 cells (ATCC, CCL81) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, USA) at 37 °C in a 5% CO, incubator. The two PRV variant strains
S5X1910 (GenBank no. OL606749.1) and SX1911 (GenBank no. OP376823.1) were isolated
from PRV-infected piglets from pig farms in Shanxi Province in 2019. The PRV Bartha-K61
vaccine strain (Genbank no. JF797217.1) was a gift from Shanxi LUCKIER Biopharmaceu-
tical Co., Ltd. and was preserved in our laboratory. The PRV strains were propagated in
Vero-CCL8]1 cells maintained in DMEM supplemented with 2% FBS (Gibco, USA) at 37 °C
with 5% CO,. The anti-PRV gB monoclonal antibody was a gift from Dr. Jiangwei Song
(Institute of Animal Husbandry and Veterinary Medicine, Beijing Academy of Agriculture
and Forestry Sciences).

2.2. Virus Isolation and Identification

Lung tissues that were positive for PRV were homogenized in Dulbecco’s modified
Eagle’s medium. The homogenates were centrifuged and filtered through a 0.22 pm filter
to remove bacteria, and inoculated onto Vero cells. Then, the cells were incubated at 37 °C
and examined daily for a cytopathic effect (CPE). After the CPE appeared, the infected cells
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were characterized via immunofluorescence assays (IFAs) using an anti-PRV gB protein
monoclonal antibody and PCR targeting of the gE gene (Table S1). Finally, the viruses were
purified via plaque purification, with homogeneity monitored based on the plaque sizes.

2.3. Multistep Growth Analysis

The multistep growth kinetics of PRV were measured as previously described [21].
Briefly, Vero cells were infected with PRV at a multiplicity of infection (MOI) of 0.01. After
absorption for 1 h at 37 °C, the unbound viruses were removed via brief acid and PBS
washing. The cells were washed twice with PBS. Then, the cells were supplemented with
fresh DMEM containing 2% FBS. The cell cultures were collected at the indicated times
post-infection, and the virus titers are expressed as the 50% tissue culture infectious dose
(TCIDsyp), as determined according to the Reed—-Muench method [32].

2.4. Plaque Size Analysis

To analyze the size of the plaques induced by PRV, the virus supernatants were
diluted with DMEM at a 10-fold dilution, transferred to 6-well plates containing Vero cell
monolayers at a volume of 1 mL/well and incubated to allow absorption at 37 °C for 1 h.
Then, the supernatants were removed by washing the cells twice with PBS, and the cells
were overlaid with 2 mL of DMEM containing 0.5% methylcellulose. After incubation at
37 °C for 60 h, the plaque sizes were analyzed using ImageJ2X software (National Institutes
of Health, Bethesda, MD, USA) after staining with 4% paraformaldehyde containing 0.1%
crystal violet.

2.5. Genomic Sequencing

PRV genomic DNA was extracted from infected Vero cells as previously described [33].
Five micrograms of genomic DNA were submitted to Sangon Biotech (Shanghai, China)
Co., Ltd. for next-generation sequencing (NGS) using an Illumina HiSeq™. After the host
sequences were removed, the raw assembled genomes were aligned using Blast software
(NCBI) to analyze the spanned sequences. Then, the sequences corresponding to the
remaining gaps were amplified via PCR, and the products were cloned into the pEASY-
Blunt vector (TransGen, Beijing, China) for Sanger sequencing. Following assembly and
annotation, the genome sequences of PRV strains SX1910 and SX1911 were submitted to
the GenBank database under accession numbers OL606749.1 and OP376823.1, respectively.

2.6. Phylogenetic Analysis and Sequence Alignment

For PRV, the gC gene and whole genome have been most widely used for phylogenetic
analysis. Thus, the gC gene sequences (Table 52) were collected from the GenBank database
and input into MEGA 5.1 software (Mega Limited, Auckland, New Zealand) for analysis
using the neighbor-joining algorithm, 1000 bootstrap replicates and the Kimura 2-parameter
substitution model. Additionally, whole-genome phylogenetic analysis was performed
using Geneious Prime software (version 2022.2, Biomatters, Auckland, New Zealand)
with the neighbor-joining method, 100 bootstrap replicates and the Tamura—Nei genetic
distance model.

The whole genomes of the SX1910 and SX1911 strains were aligned with those of eight
reference PRV genomes, including the European—American strain Bartha-Ké1, the classical
strain Fa, and variant strains (T], GD0304, HN1201, JS-2012 and HeN1), using the mVista
genomic analysis tool (http:/ /genome.lbl.gov/vista/mvista/submit.shtml, accessed on
29 October 2022) with global LAGAN alignment. Moreover, the selected gene-encoding
sequences (gB, gC, gD, UL5, UL36, US1 and IE180) of the PRV strains were aligned via
Geneious Prime software (version 2022.2, Biomatters, Auckland, New Zealand) with the
Clustal Omega program. The reference strains used for alignment are listed in Table S2.
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2.7. Construction of a gE/gI-Deleted Virus

sgRNAs targeting the gE and gl genes were designed using an online CRISPR tool
(https:/ /www.genscript.com/gRNA-design-tool.html, accessed on 15 May 2021). The
sgRNA CRISPR/Cas9 plasmid was constructed as previously described [21]. In brief, the
oligo pairs were synthesized (Table S3) and annealed under the following conditions: 5 min
at 95 °C and 30 min at 25 °C. The purified product was then cloned into the plasmid pX335
(sgRNA /Cas9 expression vector) at the Bbsl restriction site, followed by verification via
DNA sequencing.

To delete gE and gl, the homologous arms were amplified from the variant strain
5X1911. Two pairs of primers containing the Loxp site were designed (Table S3) and used
to amplify GFP from the plasmid pEGFP-N2 (Clontech, Mountain View, CA, USA) via
PCR using Phanta® Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China). A
donor GFP construct flanked by homologous arms was then constructed via overlapping
PCR. To generate the recombinant virus, PRV genomic DNA was extracted from infected
Vero cells as previously described [34], and cotransfected with linear donor DNA (5.0 ug)
and two sgRNA plasmids (1.5 ug each) into Vero cells using Lipofectamine 2000 Reagent
(Invitrogen, Carlsbad, CA, USA). The CPE was monitored daily, and the recombinant
virus carrying GFP was harvested 72 h later. To delete the GFP gene, the genomic DNA
of the recombinant virus and plasmid expressing Cre were cotransfected into Vero cells.
Then, gE/gl-deleted viruses were screened by determining the loss of GFP fluorescence.
All viruses were purified via plaque purification, with homogeneity monitored using the
plaque sizes, and were verified via DNA sequencing.

2.8. Experiments in Mice
2.8.1. Pathogenicity Test

One hundred and thirty 6-week-old female SPF Kunming mice were randomly divided
into 13 groups with ten mice in each group. Mice in groups 14, 5-8 and 9-12 were
subcutaneously inoculated with 100 uL of different doses (103, 10*, 10° or 10° TCIDs) of
5X1910, SX1911 and SX1911AgE/gl, respectively. Mice in group 13 were injected with
DMEM as a mock control. Clinical signs were observed daily, and the number of deaths
and time of death of mice in each group were recorded. At 14 days post-challenge (dpc),
all surviving mice were euthanized. The 50% lethal dose (LDs() was calculated using the
Reed-Muench method [32]. Additionally, a detailed description of the calculation of clinical
scores is shown in Table 1.

Table 1. Clinical scores in the mice after PRV infection.

Symptoms Clinical Scores ?

Normal
Ruffled hair
Depression

Anorexia
Moderately labored breathing
Urgent breathing

Itching

Skin biting
Paralysis
Death
Total scores

W W WNNRE R R RO

—_
N

2 Clinical signs are represented by +++: serious (11 < total average score < 17), ++: moderate (5 < total average
score < 10), +: mild (0 < total average score < 4) and /: none.

2.8.2. Immunization and Challenge Test

Fifty-four 6-week-old female SPF Kunming mice were randomly divided into 6 groups
with nine mice in each group. The mice in groups 1-2 were inoculated with 200 pL of
inactivated SX1911-AgE /gl at a dose of 10® TCIDsy/mL or 10”7 TCIDsy/mL via both the
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subcutaneous and intramuscular routes. Similarly, the mice in groups 3—4 were injected
with Bartha-K61. Mice in the unvaccinated group (positive control) and negative control
group received 200 uL of DMEM, respectively. Following immunization, the clinical
symptoms were recorded daily. At 14 days post-immunization (dpi), mice in groups 1-4
received a second immunization. At 28 dpi, serum samples were collected to monitor
PRV-neutralizing antibody production. Then, all mice were challenged subcutaneously
(i.p.) with PRV SX1911 at a dose of 200 pL of 10° TCIDs, except for those in the negative
control group. After the challenge, the clinical signs of disease were recorded and scored
daily. At 14 dpc, all surviving mice were euthanized and necropsied, and the lungs were
collected for viral load and histopathology analyses.

2.9. Quantitative PCR (gPCR)

The viral tissue load was measured via absolute quantitative PCR (qPCR) targeting the
gB gene on a QuantStudio™ 5 Real-Time PCR Instrument (Applied Biosystem, Carlsbad,
CA, USA) using previously described primers and following the manufacturer’s recom-
mendations [21]. According to the standard curve, the viral loads and virus shedding were
calculated and expressed as log10 copies per mouse.

2.10. Histopathological Examinations

Histopathological examination was performed as previously described [21]. Briefly,
the collected lungs were fixed with a 4% paraformaldehyde solution at room temperature
for 48 h. The fixed tissues were dehydrated in graded alcohol and embedded in paraffin
wax. Microsections were cut, stained with hematoxylin and eosin (HE) and examined via
light microscopy to identify microscopic pathological changes.

2.11. Statistical Analyses

Statistical analyses were performed using a one-way or two-way analysis of variance
(ANOVA) in GraphPad Prism 5 (San Diego, CA, USA). p values < 0.05 were considered to
indicate statistical significance; p values < 0.001 were considered to indicate extreme significance.

3. Results
3.1. Isolation and Identification of Virus

PRV-positive lung tissue homogenates were centrifuged, filtered through a 0.22 um
filter to remove bacteria, and inoculated onto Vero cells. A distinct CPE was characterized by
rounded cells at 36 h post-inoculation. When the Vero cells were infected with supernatant
from cultures exhibiting a CPE, a positive signal for the PRV gB protein was observed
in the infected region using IFA (Figure 1A). Simultaneously, viral genome DNA was
extracted from the supernatant from cultures exhibiting a CPE, and the PRV gE gene was
amplified via PCR using the primers gE-F/gE-R (Table S1). As shown in Figure 1B, the
supernatant from cultures exhibiting a CPE was positive for the gE gene. Then, the viruses
were purified via plaque purification, with homogeneity monitored using the plaque sizes,
and the isolates were named SX1910 and SX1911. We also tested the multistep growth
and plaque size of the two isolates, and found that the growth kinetics of SX1910 was
generally similar to SX1911, and the plaque sizes of SX1910 were significantly larger than
those of SX1911.

To test the pathogenicity of the two isolates, mice were infected with SX1910 or SX1911
to determine the LDs5y. As shown in Table 2, at the same dose, mice inoculated with
5X1910 died much earlier than mice inoculated with SX1911. The LDsj of each strain was
calculated as 10%#* TCIDs; (SX1910) and 10*42 TCIDsg (SX1911), respectively, indicating
that the pathogenicity of SX1910 was higher than that of SX1911.
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Figure 1. Identification of the isolated PRV strains. (A) Indirect immunofluorescence assay (IFA) for
the detection of the PRV strains SX1910 and SX1911 (magnification 200X). Vero cells infected with
the supernatant from cultures exhibiting a CPE were fixed at 48 h post-inoculation and examined
via IFA using monoclonal antibodies against the gB protein. (B) PCR verification of the PRV strains
5X1910 and SX1911. Vero cells were inoculated with the supernatant from cultures exhibiting a
CPE and subjected to PCR amplification using the primer pair gE-F/gE-R specific for the PRV gE
gene. (C) Multistep growth curve of SX1910 and SX1911 compared with Bartha-K61 in Vero cells.
(D) Plaque sizes of SX1910 and SX1911 compared with Bartha-K61 in Vero cells. Data are presented
as the mean £ SD, and an asterisk indicates a significant difference ***: p < 0.001.

Table 2. Statistical analysis of mice infected with PRV.

Groups Amounts (T C]I)]‘))SﬁelinL) Clinical Signs ? (Mlc\:;(::;lal}tl}sl to LDs
50 Death)
10 100 o+ 10/10 (2.98)
10 10° -t 8/10 (3.51) 384
SX1910 10 10% i+ 6/10 (4.08) 10
10 103 + 2/10 (4.25)
10 10° RT 10/10 (3.25)
10 10° +++ 7/10 (3.99) 440
SX1911 10 104 + 3/10 (4.16) 10
10 103 + 1/10 (4.25)
10 10° + 5/10 (4.07)
SX1911- 10 10° + 2/10 (6.68) 10600
AgE/gl 10 10* / 0/10
10 103 / 0/10
DMEM 10 0.1 mL / 0/10

2 Clinical signs are represented by +++: serious, ++: moderate, +: mild and /: none.

3.2. Genomic Sequencing and Phylogenetic Analysis

The complete genome sequences of SX1910 and SX1911 were determined using the
high-throughput Illumina platform. Following assembly and annotation, there were 69
open reading frames (ORFs) in both isolates. The complete genomes of the SX1910 and
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5X1911 strains encompass 143,186 bp and 143,263 bp with GC contents of 73.71% and
73.75%, respectively. To search for the aa variations between 5X1910 and 5X1911, all protein-
coding regions of the SX1911 strain were compared with SX1910. Sequence comparison
revealed that the 19 viral proteins displayed variations in the SX1911 strain (Table 3), and
most of these proteins are associated with viral DNA replication or virulence.

Table 3. Protein-coding variations of PRV SX1911, in comparison to PRV 5X1910.

Protein Name 2 Amino Acid Residues Found in PRV $X1911, which Differ

from PRV $X1910 ®
gK (UL53) F124L
2N (UL49.5) W42R
gB (UL27) 45 (+L), S131T, T358M
ICP18.5 (UL28) G255A, 256 (+G)
ICP8 (UL29) M178T
VP1/2 (UL36) E404G, L536R, S1464P
UL37 D844G
RR1 (UL39) G589V
UL43 G206D
Scaffold (UL26.5) V269P
VP24 (UL26) V515M
OBP (ULY9) L1565, W723R
UL8 V5A, V293A, A532E
UL5 74-79 (PGGPAG > A)
ICPO (EPO) V345A
ICP4 (IE180) Q98A, 869-880 (STKSSSSTKSSS > A), 448 (+9)
ICP22 (US1) 352-371(EEEEDEEEEDEEEEDEEED > A)
gD (US6) 280-281 (RP > A)
gE (US8) V386A, G510S

2 Proteins are listed in order of occurrence along the genome. P single AA residue changes are written in standard
format, including the SX1910 strain AA, its position and the AA residue found in the PRV SX1911 protein,
e.g., S100P. Insertions are indicated by the AA position in SX1910, followed by “+” and the new AAs, e.g., 100
(+RR). Deletions are indicated by the symbol A. Sequential changes are combined and shown with the SX1910
strain AA positions are shown first, followed by the relevant SX1910 AA residues, and then “>”, and finally, the
new alternative AA residues, e.g., 100-102 (RAR > EDA).

To elucidate the genetic relationship of the two isolates, phylogenetic trees based on
the gC sequences and the whole genomic sequences were constructed using a neighbor-
joining method via MEGA 5.1 and Geneious Prime (version 2022.2) software. As shown
in Figure 2A, the phylogenetic tree of gC showed that the PRV strains were divided
into two genotypes. Genotype I is mainly composed of European—American strains, while
Chinese strains belong to genotype II, which is consistent with previous studies [22]. Within
genotype I, the PRV variants displayed the highest homology and were divided into the
clade 2.2 group. Correspondingly, a similar result was found using whole-genome analysis
(Figure 2B), but the variant strains were contained in four clades: clades 2.2, 2.3, 2.4 and
2.5. 5X1910 and SX1911 were clustered into clade 2.5, together with strains HeNZM /2017,
PRV GD, TJ and HLJ8. These results suggest that PRV variants are undergoing genetic
variations but the genotype is unchanged.

3.3. The Extensive Variations That the Two Isolates Exhibit in the Protein-Coding Sequences ULS5,
UL36, US1 and IE180

To explore the genetic variations in the two isolates, using the mVista genomic analysis
tool with global LAGAN alignment, the SX1910 and SX1911 whole genomes were aligned
with those of the reference strains from genotype I (Bartha-K61) and different clades
of genotype II, including Fa (clade 2.1), HeN1 (clade 2.2), ]S-2012 (clade 2.3), HN1201
(clade 2.4), GD0304 (clade 2.4) and TJ (clade 2.5). As shown in Figures 3 and S1, compared
with Bartha-K61, the variants carried gene deletions, insertions and substitutions scattered
along the genome, which was consistent with previous studies [22]. Of note, among
the variant strains, most genes were conserved, while the SX1910 and SX1911 strains
showed extensive divergence in noncoding regions (internal/terminal repeat regions and
intergenic sequences) and the protein-coding sequences UL5, UL36, US1 and IE180, which
are associated with viral egress, DNA replication and transcriptional regulation.
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Figure 2. Phylogenetic analysis of PRV based on gC sequences and whole-genome sequences.
(A) Phylogenetic analysis of PRV based on gC gene sequences using MEGA 5.1 software with the
neighbor-joining algorithm, 1000 bootstrap replicates and the Kimura 2-parameter substitution model.
(B) Phylogenetic analysis of PRV based on whole-genome sequences using Geneious Prime software
(version 2022.2) with the neighbor-joining method, 100 bootstrap replicates and the Tamura—Nei
genetic distance model.
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Figure 3. Comparison of the whole-genome sequence conservation between strain SX1911 and
other PRV strains. Conservation scores were calculated from multiple sequence alignment, and the
conservation score between any two genomes was plotted based on a sliding 100 bp window.
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Figure 4. Multiple sequence alignment of divergent protein sequences among the genotype II strains.
(A) UL36, (B) ULS5, (C) IE180 and (D) US1. The novel aa mutations of the two isolates are indicated
by a green box. The hypervariable aa regions are marked with blue boxes. The changes in conserved
aa regions are marked with red boxes.

To further understand the characteristics of hypervariable genes, respectively, the
viral UL36, UL5, US1 and IE180 protein sequences from 3 classical strains and 22 variant
strains were aligned using Geneious Prime software with the Clustal Omega program.
As shown in Figure 4A-D, compared with those of the reference strains, some novel aa
mutations of the two isolates were observed. Specifically, two aa mutations (R559L and aa
P1487S) in UL36 were identified in SX1910, and one aa mutation (E427G) was identified in
5X1911. For IE180, a continuous 6 aa (SSSSTK) insertion at position 873-878 was observed
in 5X1910. SX1911 had an insertion of one serine (S) at position 451, identical to HLJS.
Notably, the indicated proteins had one or more hypervariable aa regions, such as UL36
(240-340 aa and 2200-2600 aa), UL5 (570-594 aa), IE180 (870-881 aa) and US1 (265-284 aa
and 322-395 aa). Moreover, compared with those of classical strains, some conservative aa
changes were also observed in variant strains. On the other hand, we also found that UL36
had many strain-specific aa mutations, and variation regions of the US1 protein (ICP22)
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mainly exhibited a continuous repeated aa deletion/insertion (ED or E) or substitution (E-G,
D-E, G-E, or G-D). Overall, these results indicate that noncoding regions and the protein-
coding sequences UL36, UL5, US1 and IE180 exhibited extensive variations, and these
protein-coding sequences had one or more hypervariable aa regions and strain-specific
aa mutations.

3.4. The Glycoproteins gB and gD of the Two Isolates Have New Amino Acid Mutations

PRV glycoproteins play an important role in promoting virus entry, modulating viru-
lence and inducing the immune response. To this end, we further explored the variations
in gB, gC and gD of the isolated strains. In contrast with those of other variant strains,
the major novel mutations occurred in gB and gD (Figure 5A,E), while gC was highly
conserved. In gB alignment, two aa substitutions (S131T and T358M) in SX1911 and one aa
(L) deletion at position aa 47 in SX1910 were identified. Moreover, a 2 aa (RP) insertion at
position 276-277 was observed in gD of SX1910, identical to the classical strains and variant
strain HL]8. To determine whether the variation in gB and gD affects immunogenicity, we
also examined the structure of the gB and gD proteins using PyMOL software (Schrodinger,
Inc., New York, NY, USA). After removing the signal peptide (1-58 aa) and intracellular
region (820-915 aa) of gB, we found that the mutant aa of SX1911 at position 131, which
is located in coil structures, was on the surface of the molecule. Additionally, compared
with those of classical strains, the two conserved mutant residues (aa 451 and 737) of the
variant strains exhibited a similar result (Figure 5B,C). Furthermore, the RP at position
276-277 of gD in SX1910 was also located on the surface of the molecule (Figure 5E). These
results suggest that the variation in the glycoproteins gB and gD might be involved in
immunogenicity or antigenicity changes.

3.5. Construction and Biological Characterization of gE/gI-Deleted Virus of 5X1911

In our study, a mutant SX1911 virus lacking the gE and gl genes was generated using
the CRISPR/Cas9 and Cre-loxp systems and named SX1911-AgE/gl (Figure 6A,B). Then,
the biological characteristics of SX1911-AgE/ gl were tested in Vero cells. Analysis of the
multistep growth kinetics of SX1911-AgE/gl showed a replication efficiency similar to that
of 5X1911 (Figure 6C). The sizes of plaques formed by SX1911-AgE /gl were considerably
reduced compared to those of its parental virus SX1911 (Figure 6D). When the pathogenicity
of the mutant virus was tested in mice, SX1911-AgE /gl exhibited lower virulence than
SX1911. According to our analysis using the Reed—Muench method, the LDsj values of
5X1911-AgE/ gl were 38-fold those of SX1911 (Table 1).

3.6. Bartha-K61 Provides a Comparable Protection Range to SX1911-AgE/gl

It has been reported that the Bartha-K61 vaccine cannot provide effective protection
against PRV variants [18-21]. To investigate the protection efficiency of SX1911-AgE/¢gl, 6-
week-old Kunming mice were vaccinated with 200 uL of either inactivated SX1911-AgE/gl
or inactivated Bartha-K61 at doses of 10° TCIDs or 107 TCIDs via both the subcutaneous
and intramuscular routes. After immunization, all mice displayed a good mental state,
with normal appetite and no clinical symptoms, suggesting that these vaccines had no side
effects on the mice. Serum samples were collected at 28 dpi, and neutralizing antibody
levels were measured via a neutralization test. As shown in Figure 7A, the vaccines at a
dose of 107 TCIDs could effectively induce the mice to produce neutralizing antibodies,
while the neutralizing antibody titers of the SX1911-AgE /gl group were significantly higher
than those of Bartha-K61.
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Figure 5. Analysis of the effect of aa mutations on gB and gD antigenicity, determined via bioinfor-
matics. (A) Multiple sequence alignment of gB sequences among the genotype II strains. The novel aa
mutations of the two isolates are indicated by a green box. The hypervariable aa regions are marked
with blue boxes. The changes in conserved aa regions are marked with red boxes. (B) The position of
aa mutations of surface residues in the structure of the PRV gB trimer (PRV strain HN1201, PDB ID:
5ys6) is shown with a cartoon representation. (C) Review of aa mutations in the gB the secondary
structure. (D) Multiple sequence alignment of gD sequences among the genotype II strains. The
novel aa mutations of the two isolates are indicated by a green box. The hypervariable aa regions are
marked with blue boxes. The changes in conserved aa region changes are marked with red boxes.
(E) The position of aa mutations of surface residues in the structure of the PRV gD is shown with a
cartoon representation. Additionally, the gD structure was predicted via AlphaFold 2 combined with
PRV HN1201 the gD structure (7-250 aa, PDB ID: 5X5V).
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Figure 6. Construction and identification of the mutant virus SX1911-AgE/gl. (A) Strategy for
constructing SX1911-AgE /gl using the CRISPR/Cas9 and LoxP systems. Two sgRNAs were designed
to guide Cas9 to delete the gE and gl genes, and GFP was used for both positive and negative
screening of mutant virus production. (B) Identification of SX1911-AgE/gl via IFA and PCR targeting
the gE gene. (C) Multistep growth curve of SX1911 and SX1911-AgE/gl in Vero cells. (D) Plaque sizes
of 5X1911 and SX1911-AgE/gl in Vero cells. Data are presented as the mean + SD, and an asterisk
indicates a significant difference between SX1911 and SX1911-AgE/gl. ***: p < 0.001.
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Figure 7. Protection efficiency analysis of SX1911-AgE/gl and Bartha-Ké1. (A) Neutralizing antibody
titers against SX1911. Mouse sera were collected at 28 days post-immunization (dpi), and neutralizing
antibodies were quantified in 96-well plates. (B) Gross lesion changes in immunized mice following
challenge with SX1911. Lungs were collected and subjected to pathological examination at 14 days
post-challenge (dpc). (C) Histopathological lesions of immunized mice following challenge with
5X1911. The lungs were fixed, sectioned and stained with hematoxylin and eosin (HE) (200x
magnification). (D) The tissue viral load of PRV in the lungs determined via qPCR. Data are presented
as the mean =+ SD, and an asterisk indicates a significant difference. *: p < 0.05; **: p < 0.01.

At 28 dpi, except for the negative controls, all mice were inoculated with SX1911 via
the subcutaneous route at a highly lethal dose of 10° TCIDs. Following the challenge, the
DMEM group (unvaccinated group) began to exhibit obvious symptoms 72 h later, such as
apathetic mood, rough hair disorder, loss of appetite, weight loss, and constant biting of the
injection sites. For the immunized groups, mice immunized with a dose of 107 TCIDsq did
not show obvious clinical symptoms, except moderate or slight depression in the Bartha-
K61 group. Three mice died and displayed severe symptoms in the groups receiving a
challenge dose of 10° TCIDsj, including those immunized with SX1911-AgE/gl and Bartha-
Ké1 (Table 4). At 14 dpc, all surviving mice were euthanized and necropsied, and the lungs
were collected for pathological examination and viral load analyses. As shown in Figure 7B,
postmortem necropsy showed that the dead mice receiving an immunization dose of 10°
TCIDs had obvious consolidation and severe hemorrhage in the lung. Mice in the SX1911-
AgE/gl group did not show a significant difference from those in the Bartha-Ké61 group.
For the mice immunized with a dose of 107 TCID5,, moderate or mild hemorrhagic lesions
were observed in the Bartha-K61 group. However, we did not observe visible pathological
lesions in the SX1911-AgE /gl group. Next, we also examined the histopathological changes
via HE staining (Figure 7C), and found that the mice in the Bartha-K61 group developed
more severe microscopic lesions than the mice in the SX1911-AgE /gl group, such as alveolar
septal capillary dilatation, hemorrhage, congestion and alveolar destruction. Thus, the
pathological examination revealed that SX1911-AgE/gl could more effectively reduce
organ lesions compared with Bartha-K61. On the other hand, we assessed the viral load in
the lungs using quantitative real-time PCR with primers targeting the gene encoding gB
(Figure 7D). The results showed that a high immunization dose (107 TCIDsy) significantly
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reduced the viral tissue load in the lungs compared with that after low-dose (10° TCIDsy)
immunization. Interestingly, at an immunization dose of 107 TCIDs, the viral load in
the lungs (PRV genome copies) of mice in the SX1911-AgE/gl group was much lower
than that the lungs of mice in the Bartha-K61 group. Overall, these data indicated that
5X1911-AgE/gl-vaccinated mice were protected within a comparable range to Bartha-K61-
vaccinated mice. Additionally, a higher dose of inactivated Bartha-Ké1 protected the mice
from lethal SX1911 challenge, while a lower neutralization titer, higher viral load and more
severe microscopic lesions were displayed in Bartha-K61-vaccinated mice.

Table 4. Statistical analysis of the protection efficiency of SX1911-AgE/gl in mice.

Immunization Mortality
Groups Amounts Doses Clinical Signs @ (Mean Days to
(TCID5p/mL) Death)

S5X1911-AgE/gl 9 100 + 3/9 (4.00)
SX1911-AgE/gl 9 107 / 0/9

Bartha-K61 9 106 + 3/9 (3.66)
Bartha-K61 9 107 + 0/9

DMEM 9 0.2 mL DMEM +++ 9/9 (4.44)
Negative control 9 0.2 mL DMEM / 0/9

2 Clinical signs are represented by +++: serious, +: mild and /: none.

4. Discussion

Since 2011, highly virulent PRV variants have caused substantial economic losses to
the swine industry in China [35]. In recent years, an increasing number of reports have
indicated that PRV variants are undergoing extensive aa mutations and intragenotype and
intergenotype gene recombination. In this report, to surveil the genetic variation in PRV
field strains, we analyzed the genetic variation in two novel PRV variant strains (5X1910
and 5X1911) isolated in Shanxi Province, China. We revealed the following findings. (i) The
two isolates exhibited the greatest foci of divergence in noncoding regions and the protein-
coding regions UL5, UL36, US1 and IE180, which are associated with viral egress, DNA
replication and transcriptional regulation. (ii) The glycoproteins gB and gD of the isolated
strains had novel aa mutations, and these mutations were mainly located on the surface
of the molecule, corresponding to a higher antigenic index. (iii) High doses of Bartha-
K61 alone could provide relatively better immunity in mice, and its protection efficiency
exhibited a comparable range to SX1911-AgE/gl. The relevant significance and insights of
this study are discussed below.

Phylogenetic characterization revealed that PRV variants were classified into genotype
II, exhibiting remarkable divergence from genotype I strains, including Bartha-Ké61 and
Becker [22,23,36-38]. Similarly, our study also revealed that PRV 5$X1910 and 5X1911 were
variant strains. However, 5X1910 and SX1911 were also undergoing genetic variation and
were clustered into clade 2.5. In addition, Hu et al. found that a unique genetic clade of PRV
variants was detected via phylogenetic analysis, implying that PRV variants continuously
evolved between 2012 and 2017 in China [27]. Of note, the HLJ-2013 strain is a recombinant
virus that emerged from a recombination event between genotype I and genotype II strains,
so HLJ-2013 is located in an independent branch [39]. Similar results were found in another
study based on phylogenetic analysis of the whole genome [37].

Extensive genetic variations in the variant strains are scattered along the genome,
in comparison to Bartha-K61 or Becker from genotype I [22]. However, according to the
genotype Il strain genome alignment, the hypervariable regions of the 5X1910 and SX1911
genomes predominantly occurred in internal and terminal repeat regions, intergenic se-
quences and some protein-coding sequences, such as UL36, UL5, US1 and IE180. Notably,
the viral proteins UL36, UL5, US1 and IE180 are responsible for viral egress, DNA repli-
cation and gene transcriptional regulation [2,40—43]. Each protein contains one or more
hypervariable aa regions displaying aa deletions, insertions and substitutions. Previously,
a study indicated that aa 2087-2796 in UL36 (VP1/2) is required for PRV Becker strain
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virulence and retrograde axon transport in vivo [42]. Interestingly, our study showed that
the hypervariable aa 2200-2600 region of UL36 (VP1/2) was located within the functional
aa 2087-2796 region. This finding suggests that the variations in aa 2200-2600 might be
associated with virulence attenuation or enhancement in PRV variants. US1 (ICP22) is
involved in transactivation and regulatory functions in related alphaherpesviruses [40].
Ye et al. found that PRV variants exhibited the highest variation rate among all viral
proteins [22]. Moreover, our study also showed that US1 protein (ICP22) variations mainly
exhibited a continuous repeated aa deletion/insertion (ED or E) or substitution (E-G, D-E,
G-E, or G-D). In addition, in herpes simplex virus type I (HSV-1) and duck plague virus
(DPV), ICP22 is required for efficient viral replication and pathogenicity [44-47]. Therefore,
it would also be interesting to explore the role and significance of US1-coding sequence
variability in the future. Of note, the “hypervariable regions” also might be due to different
types of repeated sequence which are not only instable but also problematic when using
NGS techniques. Therefore, some of the variations in the genomes are probably due to
sequencing (assembly) errors. The glycoproteins gB, gC and gD are the key proteins in-
volved in virus entry and the induction of neutralizing antibody production or protective
immunity [2]. Variations in gB, gC and gD contribute to PRV variant escape from the
immunity provided by Bartha-K61 [21,48,49]. To this end, we also detected variations in
gB, gC and gD in the two isolates. The results showed that most novel aa mutations of gB
and gD are mainly scattered on the surface of the protein molecule. Thus, we speculated
that the aa mutations of gB or gD in the two isolates might cause antigenic drift.

It has been reported that PRV variants are highly virulent [15-17]. In a mouse model,
the LDs values of variant strains JS-2012 and TJ were 1039 TCIDs; and 1023 TCIDs [15,48],
respectively. However, in our study, we found that the LDsy values of SX1910 (10334
TCID5g) and SX1911 (10442 TCIDsp) in mice were lower than those of the JS-2012 and TJ
strains, indicating that the two isolates might be less pathogenic PRV variants. Additionally,
Zhou et al. isolated a moderately pathogenic PRV variant strain, SD1401, in Shandong
Province, China [50]. These data suggested that some PRV variants might be undergoing
low-pathogenicity evolution, which might lead to genetic diversity in variant strains in
pig farms.

Previous studies indicated that the Bartha-K61 vaccine could not provide effective
protection against PRV variants [18-21]. In contrast, we provided evidence that Bartha-K61
could provide better protection via a high immunization dose. In addition, Wang et al.
found that Bartha-K61, at a dose of 1 x 10° TCIDs per animal, protected pigs from sublethal
challenge with the variant strain XJ5, whereas lower doses of Bartha-K61 alone did not
protect pigs against this challenge [51]. The clinical protective efficiency usually depends
on the immune responses induced by the vaccine and the virulence of the virus. Thus, in
addition to the immune response induced by the high dose of vaccine, we also speculated
that the variant strain SX1911 is a moderately pathogenic strain, so SX1911 might not
overwhelm the host immunity provided by Bartha-K61. To date, based on the genetic
backbone of variant strains, more novel PRV vaccines have been constructed or licensed and
put on the market [52-54]. These vaccines showed better protection than Bartha-K61 against
variant strains from the field. Surprisingly, our studies showed that immunization with
5X1911-AgE/gl and Bartha-K61 resulted in equal mortality when the mice were challenged
with SX1911. However, it should be noted that a lower neutralization titer, higher viral
load and more severe microscopic lesions were displayed in Bartha-K61-vaccinated mice.
Collectively, our results provide useful information for vaccination interventions when
choosing the Bartha-K61 vaccine to eradicate PRV variants. Moreover, SX1911-AgE/gl
is a promising vaccine candidate for the effective control of the current epidemic of PR
in China.
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Abstract: Porcine viral diarrhea is very common in clinical practice and has caused huge losses to
the pig industry. Porcine epidemic diarrhea virus (PEDV), porcine rotavirus (PoRV), and porcine
deltacoronavirus (PDCoV) are important pathogens of porcine viral diarrhea. Co-infection situations
among these three viruses in clinics are common, which increases the difficulty of differential
diagnosis. Currently, polymerase chain reaction (PCR) is commonly used to detect pathogens.
TagMan real-time PCR is more sensitive than conventional PCR and has better specificity and
accuracy. In this study, a triplex real-time RT-PCR assay based on TagMan probes was developed
for differential detection of PEDV, PoRV, and PDCoV. The triplex real-time RT-PCR assay developed
in this study could not detect unrelated pathogens and showed satisfactory specificity, sensitivity,
repeatability, and reproducibility with a limit of detection (LOD) of 6.0 x 10! copies/pL. Sixteen
clinical samples were used to compare the results of the commercial RT-PCR kit and the triplex
RT-PCR for PEDV, PoRV, and PDCoV detection, and the results were completely consistent. A total
of 112 piglet diarrhea samples collected from Jiangsu province were next used to study the local
prevalence of PEDV, PoRV, and PDCoV. The positive rates of PEDV, PoRV, and PDCoV detected by
the triplex real-time RT-PCR were 51.79% (58/112), 59.82% (67/112), and 2.68% (3/112), respectively.
The co-infections of PEDV and PoRV were frequent (26/112, 23.21%), followed by the co-infections of
PDCoV and PoRV (2/112,1.79%). This study established a useful tool for simultaneous differentiation
of PEDV, PoRV, and PDCoV in practice and provided valuable information on the prevalence of these
diarrhea viral pathogens in Jiangsu province.

Keywords: triplex real-time RT-PCR; porcine epidemic diarrhea virus; porcine rotavirus; porcine
deltacoronavirus

1. Introduction

Porcine viral diarrhea leads to a high mortality rate in piglets and causes serious
economic losses to the pig industry all over the world [1]. Porcine epidemic diarrhea virus
(PEDV), porcine rotavirus (PoRV), and porcine deltacoronavirus (PDCoV) are important
clinical pathogens causing viral diarrhea in pigs [2,3]. PEDV is a member of the genus
Alphacoronavirus in the family Coronaviridae, which is an enveloped, single-stranded positive-
sense RNA virus. PEDV particles are spherical with different sizes; the average diameter
is about 130 nm, and the total length of the PEDV genome is about 28 kb [4]. Porcine
epidemic diarrhea (PED) was first reported in England in 1971 [5], then broke out again
in Belgium in 1977 [6]. The first report of PED in China was in 1973, and it was not
confirmed as PED until 1984 [7]. Since October 2010, PEDV has suddenly erupted on
a large scale in China, and the mortality of newborn piglets has increased significantly,
which indicates the emergence of a new variant virulent strain. In April 2013, the United
States of America experienced the first outbreak of highly pathogenic PEDV infection [8],
and the epidemic has gradually spread to a wide range. Currently, PEDV has spread
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widely to many parts of the world [7]. PoRV belongs to the genus Rotavirus in the family
Reoviridae [9]. PoRV is a non-enveloped, double-stranded RNA virus [10]. The full length
of the PoRV genome is about 18,500 bp, which is composed of 11 segments of dsRNA.
They encode six structural proteins (VP1~VP4, VP6, and VP7) and five non-structural
proteins (NSP1~NSP5/6). PoRV is divided into seven serogroups (A-J) based on VP6 [11].
Subgroup A rotavirus is the main rotavirus causing gastrointestinal disease in swine,
with high pathogenicity and prevalence. Subgroup B was first reported and described
as a rotavirus-like agent in 1985 [12]. Subgroup C was first isolated from swine in 1980.
Currently, subgroups A, B, C, E, and H have been described in swine. Due to its complex
co-infection situation, high variability, and worldwide distribution, PoRV has gradually
become an important porcine diarrhea pathogen [11]. PDCoV is a member of the genus
Deltacoronavirus in the family Coronaviridae. PDCoV is an enveloped, single-stranded
positive-stranded RNA virus, and its genome size is approximately 25.4 kb (excluding the
poly A-tail) [13]. In 2012, PDCoV was first reported in Hong Kong, China [14], then it was
reported in the United States of America in 2014 and quickly spread to many states in a
very short time [15-17]. The virus was also detected in Canada, South Korea, and Thailand
in succession [18].

PEDYV, PoRV, and PDCoV can cause similar clinical symptoms, including vomiting,
diarrhea, and dehydration in piglets. Meanwhile, the pathological changes among them
are also very similar and difficult to distinguish. In addition, co-infections and secondary
infections among PEDYV, PoRV, and PDCoV are very common, which makes clinical diagno-
sis quite difficult [19]. Therefore, there is an urgent need in the clinic to establish a rapid
and efficient molecular method to differentiate them.

2. Materials and Methods
2.1. Viruses, Primers, and Probes

The DNA samples of pseudorabies virus (PRV), porcine circovirus 2 (PCV2), porcine
circovirus 3 (PCV3), and cDNA samples of PEDV, PoRV, PDCoV, classical swine fever virus
(CSFV), and porcine reproductive and respiratory syndrome virus (PRRSV) were stored
in our laboratory at —20 °C until use. To acquire specific primers and probes, the primers
and probes of PDCoV were adapted from the reference [20]. For PEDV and PoRV, we
downloaded at least 20 genome sequences of PEDV and PoRV from NCBI for comparison
and analysis. Primer Express 3.0 software (Applied Biosystems, Foster City, CA, USA)
was used to design the primers and probes based on their most conserved regions. The
TagMan probes for PEDV, PoRV, and PDCoV were labeled with FAM, ROX, and TAMRA at
the 5" end, respectively, and all quenchers at the 3’ end were MGB (Table 1). Primers and
probes were synthesized in Sangon (Shanghai, China).

Table 1. Primers and probes used in this study. F, R, and P indicate forward primer, reverse primer,
and probe, respectively.

Viruses Primers/Probes Sequences (5'-3') Reference
PEDV-M-F CACTCCTTAGTGGTACATTGCTTGTAGA This study
PEDV PEDV-M-R CCTTGGCGACTGTGACGAA This study
PEDV-M-P FAM-ACAGGTAAGTCAATTACC-MGB This study
PoRV-NSP5-F GAAGTCTCCAGAGGATATTGGACC This study
PoRV PoRV-NSP5-R TCTTAACTGCATTCGATCTAATCGA This study
PoRV-NSP5-P ROX-CTGATTCTGCTTCAAACG-MGB This study
PDCoV-N-F CCTACTACTGACGCGTCTTGGTT Adapted from [20]
PDCoV PDCoV-N-R TGCCACGAAACTGAGGATGA Adapted from [20]
PDCoV-N-P TAMRA-TGCTCAAAGCTCAAAAC-MGB Adapted from [20]
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2.2. Clinical Samples and Nucleic Acid Extraction

A total of 128 small intestine tissue samples from piglets with diarrhea symptoms were
collected from 16 pig farms in 10 cities in Jiangsu province from 2021 to 2022. Among them,
16 samples were used for comparison between commercial single-plex real-time RT-PCR
detection kits (Beijing Anheal Laboratories Co., Ltd.) and the established triplex real-time
RT-PCR assay in this study. The rest of the 112 samples were only used to investigate
the prevalence of PEDV, PoRV, and PDCoV using the triplex real-time RT-PCR assay. The
mixture of intestinal contents and PBS was in a 1:5 ratio and subjected to centrifugation at
4 °C, 5000 rpm, for 10 min. The supernatant was then used to extract RNA using TRNzol
Universal Reagent (DP424) (TTANGEN BIOTECH, Beijing, China) and reverse transcribe
into first-strand cDNA using HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper)
(Vazyme, Nanjing, China). The steps of reverse transcription included denaturation of the
RNA template, removal of genomic DNA, and synthesis of the 1st strand cDNAs. A total
volume of 20 pL of reaction solution was instantly centrifuged and placed in an applied
biosystems PCR cycler (Thermo Fisher Scientific, Waltham, MA USA). After 25 °C for 5 min,
37 °C for 45 min, and 85 °C for 5 s, the synthesized cDNA was used as a template for triplex
real-time RT-PCR or commercial single-plex real-time RT-PCR.

2.3. Development and Optimization of the Triplex Real-Time RT-PCR

The concentrations of primers and probes were optimized as previously described [21].
After optimization, the triplex real-time RT-PCR reaction in a total volume of 20 uL was
as follows: Premix Ex Taq 10 uL (Takara, China), cDNA templates 2 pL, primers (PEDV-
M-F/R, PoRV-NSP5-F/R, or PDCoV-N-F/R) (10 uM) 0.5 uL for each of them, probes
(PEDV-M-P, PoRV-NSP5-P, or PDCoV-N-P) (10 uM) 0.5 pL for each of them, and ddH,O
3.5 uL. The triplex real-time RT-PCR amplification was performed on the applied biosystems
QuantStudio3 (Thermo Fisher Scientific, USA); the amplification condition was set at 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s, and the fluorescent signal
was detected at the end of the extension step in each cycle.

2.4. Standard Curve Generation of the Triplex Real-Time RT-PCR

Amplified fragments with PEDV-M-F/R, PoRV-NSP5-F/R, or PDCoV-N-F/R were
synthesized and cloned into the pUC57 vector by Genewiz (Suzhou, China). The plasmid
was then used as the standard positive control. The concentration of the plasmid was
converted to copy number using the following formula: y (copies/pL) = (6.02 x 10%%) x
(x(ng/uL) x 10~ DNA)/(DNA length x 660) [22]. The 10-fold serially diluted standard
plasmids (6.0 x 10'-6.0 x 10° copies/pL) were used as templates to generate the standard
curve of the triplex real-time RT-PCR assay.

2.5. Specificity and Sensitivity of the Triplex Real-Time RT-PCR

To evaluate the specificity of the established triplex real-time RT-PCR assay, DNA
samples of PRV, PCV2, PCV3, and cDNA samples of CSFV and PRRSV were applied.
The sensitivity and limit of detection (LOD) of the triplex real-time RT-PCR assay de-
veloped in this study were verified by using 10-fold serially diluted standard plasmids
(6.0 x 10°-6.0 x 10° copies/uL).

2.6. Repeatability and Reproducibility of the Triplex Real-Time RT-PCR

To assess the repeatability and reproducibility of the triplex real-time RT-PCR assay,
three different concentrations of 10-fold serially diluted plasmid (6.0 x 10°, 6.0 x 10%,
and 6.0 x 102 copies/pL) were used to test the intra-assay variability and the inter-assay
variability. For intra-assay variability, the assay was repeated three times for each dilution
on the same day. As for inter-assay variability, each dilution was tested in six independent
experiments by two operators on different days according to MIQE guidelines [23]. The
coefficients of variation (CVs) of Ct values were calculated from the intra-assay and inter-
assay results.
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2.7. Comparison of the Triplex Real-Time RT-PCR with the Commercial Single-Plex RT-PCR Kit

Sixteen piglet diarrhea samples collected from Jiangsu Province that have been tested
positive for PEDV, PoRV, or PDCoV by a commercial single-plex real-time RT-PCR detection
kit were used to verify the established triplex real-time RT-PCR assay. The sixteen samples
were tested for single infections or co-infections with PEDV, PoRV, or PDCoV.

2.8. Clinical Application of the Triplex Real-Time RT-PCR

A total of 112 small intestine tissue samples of piglets with diarrhea symptoms col-
lected from 16 pig farms in 10 cities of Jiangsu province from 2021 to 2022 were used to
study the prevalence of PEDV, PoRV, and PDCoV using the established triplex RT-PCR.

2.9. Sequencing and Phylogenetic Analysis

Representative virus strains from the positive pig farms were selected for Sanger
sequencing and phylogenetic analysis (seven PEDV strains, eight PoRV strains, and one
PDCoV strain). The S genes of PEDV and PDCoV and the VP4 and VP7 genes of PoRV were
amplified by conventional RT-PCR. The amplicons of PEDV and PDCoV were used for
sequencing, and the VP4 and VP7 genes of PORV amplicons were linked with the pMD-19T
vector before sequencing. Sequence alignments and phylogenetic trees were performed by
MEGA 11 (Mega Limited, Auckland, New Zealand).

3. Results
3.1. Primers and Probes Design and Concentration Optimization

The forward primer, reverse primer, and probe of PDCoV targeted the N gene and
were adapted from the reference [19]. For PEDV and PoRV, genome sequences of at least
20 reference strains were downloaded from the NCBI GenBank database for comparison
and analysis. The most conserved gene sequences in the M gene of PEDV and the NSP5
gene of PoRV were selected for the design of primers and probes. The 5’ ends of the probes
used in this study were labeled with different fluorophores to ensure that there was no
interference among the fluorescent signals of different viruses. The sequences of primers
and probes were listed in Table 1. The concentrations of primers and probes were optimized
as described in the Materials and Methods section. The same reaction parameters were
used throughout the study.

3.2. Standard Curve of the Triplex Real-Time RT-PCR

As shown in Figure 1, the standard curves of the triplex real-time RT-PCR assay were
generated by using 10-fold serially diluted standard plasmids, ranging from 6.0 x 10! to
6.0 x 10° copies/ L. The slopes of the standard curve for PEDV, PoRV, and PDCoV were
—3.435, —3.323, and —3.753, respectively. The correlation coefficients R? for PEDV, PoRV,
and PDCoV were 0.996, 0.997, and 0.994, respectively.

3.3. Standard Curve of the Triplex Real-Time RT-PCR

The 6.0 x 10* copies/uL of 10-fold serially diluted standard plasmid was used as
a positive control, and ddH,O was used as a negative control. DNA samples of other
common porcine viruses, including PRV, PCV2, PCV3, and cDNA samples of CSFV and
PRRSV, were used to evaluate the specificity. The amplification curves showed that only
corresponding FAM, ROX, and TAMRA signals for PEDV, PoRV, and PDCoV could be
specifically detected, while no fluorescence signal was detected for other viruses (Figure 2).
Furthermore, the fluorescent signals of these three viruses did not interfere with each other.
The above results indicated that the established assay had high specificity.
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Figure 1. Standard curves of the triplex real-time RT-PCR assay. (a) The standard curve for porcine
epidemic diarrhea virus (PEDV); (b) the standard curve for porcine rotavirus (PoRV); (c) the standard
curve for porcine deltacoronavirus (PDCoV).
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Figure 2. Specificity test of the triplex real-time RT-PCR assay. FAM, ROX, and TAMRA fluorescent
signals were monitored by the triplex real-time RT-PCR assay, and the 6.0 x 10* copies/uL of 10-fold
serially diluted standard plasmid was used as a positive control. No fluorescent signal was observed
for cDNA or DNA samples of other viruses.

The sensitivity of the triplex real-time RT-PCR assay was determined by using the
10-fold serially diluted standard plasmids (6.0 x 109-6.0 x 10° copies/uL). ddH,O was
used as a negative control. Our results showed that the LOD of the triplex real-time RT-PCR
assay for detecting PEDV, PoRV, and PDCoV was 6.0 x 10! copies/uL (Figure 3).
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Figure 3. Sensitivity test of the triplex real-time RT-PCR assay. Labels 1-7 indicated the different
concentrations of plasmids (6.0 x 10%, 6.0 x 10°, 6.0 x 10%, 6.0 x 103, 6.0 x 10%, 6.0 x 10!, and
6.0 x 10° copies/uL, respectively). The detection of PEDV, PoRV, and PDCoV was shown by red
lines, blue lines, and green lines, respectively.

3.4. Repeatability and Reproducibility of the Triplex Real-Time RT-PCR

The intra-assay variability (repeatability) and inter-assay variability (reproducibil-
ity) were tested using three different concentrations of 10-fold serially diluted plasmid
(6.0 x 10%, 6.0 x 10%, and 6.0 x 10° copies/pL), and the results showed that the intra-assay
and inter-assay CVs of Ct values ranged from 0.35% to 4.76% and 0.74% to 4.34%, respec-
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tively (Table 2). The results indicated that the triplex real-time RT-PCR assay established in
this study had satisfactory repeatability and reproducibility.

Table 2. Intra-repeatability and inter-reproducibility of the triplex real-time RT-PCR assay.

Intra- Inter-

Standard Sample Target Reproductivity  SD C\;:lig:il:;t(i/(;f Reproductivity SD (izligt?::t(i /o)f
(Ct Value) ? (Ct Value) ?
PEDV 14.15 0.36 2.56 14.35 0.49 3.41
6.0 x 10° copies/uL PoRV 15.08 0.05 0.35 15.13 0.11 0.74
PDCoV 13.40 0.34 2.52 13.46 0.30 2.24
PEDV 20.18 0.52 2.60 20.24 0.44 2.19
6.0 x 10* copies/uL PoRV 20.99 0.10 0.48 21.08 0.20 0.93
PDCoV 20.99 0.59 2.66 20.73 0.68 3.32
PEDV 26.00 1.12 4.32 25.23 1.02 4.04
6.0 x 102 copies/uL PoRV 27.83 1.22 4.39 27.71 1.04 3.75
PDCoV 25.40 1.21 4.76 23.94 1.03 434

3.5. Comparison of the Triplex Real-Time RT-PCR with the Commercial Single-Plex Commercial
RT-PCR Kit

Sixteen clinical samples were used to compare the results of the commercial RT-PCR
kit and the triplex RT-PCR for PEDV, PoRV, and PDCoV detection. These 16 samples
had been confirmed as PEDV, PoRYV, or PDCoV positive using a commercial single-plex
real-time RT-PCR detection kit. As shown in Table 3, the results shown in the commercial
real-time PCR detection kit and triplex real-time RT-PCR assay were completely consistent.

Table 3. The detection results of 16 piglet diarrhea samples using the commercial single-plex real-time
RT-PCR detection kit and the triplex real-time RT-PCR assay in this study.

Commercial Real-Time RT-PCR Triplex Real-Time RT-PCR Assay

Sample Detection Kit
PEDV PoRV PDCoV PEDV PoRV PDCoV
1 + _ _ . - -
2 + _ _ + ) i
5 * + - + + -
4 * + - + + -
5 + _ _ + ) i
6 * + - + + -
7 * + - + + -
8 * + B + + -
0 ) + - - + -
10 * + - + + -
11 + _ _ + ) i
12 ) + - - + ;
13 ) + - - + ;
" ) + - - + .
L ) + - - + ;
16 - R + ) i .

3.6. Clinical Application of the Triplex Real-Time RT-PCR

Furthermore, a total of 112 piglet diarrhea samples collected from Jiangsu province
were used to investigate the local prevalence of PEDV, PoRV, and PDCoV. The positive
rates of PEDV, PoRV, and PDCoV detected by the triplex real-time RT-PCR assay were
51.79% (58/112), 59.82% (67 /112), and 2.68% (3/112), respectively. Furthermore, 26 out
of 112 samples (23.21%) were found to be co-infected with PEDV and PoRYV, and 2 out of
112 samples (1.79%) were found to be co-infected with PDCoV and PoRV (Table 4). More
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specific information about the detection results of 112 clinical diarrhea samples is shown in
Table S1.

Table 4. The detection results of 112 clinical diarrhea samples.

PEDV+ PoRV+ PDCoV+ PEDV+PoRV+ PDCoV+PoRV+
58/112 67/112 3/112 26/112 2/112

3.7. Gene Sequencing and Phylogenetic Analysis

The virus strains from each positive pig farm were subjected to sequencing and phylo-
genetic tree analysis. The sequences have been uploaded to NCBI GenBank (PEDV S gene
with GenBank accession numbers: OQ504178~0Q504184; PoRV VP4 gene with GenBank
accession numbers: OQ504188~00Q504195; PoRV VP7 with GenBank accession numbers:
00Q504197~0Q504204; PDCoV S gene with GenBank accession number: OQ504187).

The results of phylogenetic analysis based on the PEDV S gene showed that four
PEDV-positive samples detected in this study belonged to the GII-b subtype and three
samples belonged to the GII-c subtype (Figure 4a). According to the phylogenetic tree
based on the PoRV VP4 gene, four strains (PoRV-01, PoRV-02, PoRV-04, and PoRV-07)
belonged to the P [23] type, and another four PoRV strains (PoRV-03, PoRV-05, PoRV-06,
and PoRV-08) in this study belonged to the P [13] type (Figure 4b). The results of the
VP7 gene phylogenetic analysis indicated that PoRV-03, PoRV-04, and PoRV-08 strains
belonged to the G4 type, PoRV-02 belonged to the G3 type, PoRV-01, PoRV-06, and PoRV-07
belonged to the G9 type, and PoRV-05 belonged to the G11 type (Figure 4c). The detailed
GP types of the eight PORV-positive samples in this study are listed in Table 5. The results
of phylogenetic analysis based on the PDCoV S gene showed that one PDCoV strain in this
study belonged to the China/Vietnam/Laos/Thailand branch (Figure 4d).

EF185092.1LZC
GU37797.1 SMO8 Gl-a
AF353511.1 CVTT7
L JQ023161 1 viruent DR13
KC210146.1J52008
JQ023162.1 attenuated DR 13
N599150.1 Vaccine CVT77 GI-b
JX560761.1 SD-M

IN547228.1 CHIS

LMB45058.1 GER/L00719/2014
KJ645655.1 USAIMinnesota58/2013 S-INDEL
KJ645635.1 USAIndiana12.83/2013
KIM403155. 1 KNU-1406-1
MHO61343.1 CHISCMY/2018

&E JX112709.1 GD-A
JX188454.1 AJ1102

P MH061342 1 CHISCZJ/2018 GlI-a
K{; JX088695.1 GD-B

58 L— KC210145.1 AH2012
MT090139. 1 HNIXC/2019
MF152599.1 CHHNXY/2016
KMB09212.1 PEDV-LYG

100 — + PEDV-03/JS/2022
L — . PEDV-06/JS/2022 GII-b
100 « PEDV-04/JS/2022

L — . PEDV-05/J5/2022
MF375374.1 CHIUXJA2017
MK820039.1 swun-MY-CH-SCMY-2019
« PEDV-01/J8/2022
L — . PEDV-02/J5/2022
53 « PEDV-07/JS/2022
MZ161082.1 CHIJSHY/09/2020
100 L— ON155919.1 NH-TA2020

S3

GII-d

J L

GII-c

@

Figure 4. Cont.

136



Viruses 2023, 15, 1238

74

166 + PORV-08/JS/2022
s L . porV-081S12022
* PORV-05/JS/2022
100 MF462324.1 P13
MT784813.1 P13
7 |_[— KT727244.1 P13
ol parees7s1 P13
+ PORV-03/JS/2022

55

100

DQ061053.1 P26
* PORV-01/JS/2022
KC113250.1 P23
* PoRV-02/JS/2022
9 L[— * PoRV-07/JS/2022
) E— PoRV-04/JS/2022
i JX971567.1 P7

wl yr706737.1 P7

EU636927.1 P3

100

FJ816611.1 P24
AB972859.1 P5
DQ534016.2 P27
60 MT784814.1 P6
1o MK227933.1 P19

(b)
- « PORV-08/JS/2022
« PORV-04/JS/2022

59

100

* PORV-03/J5/2022
MG781057.1 G4

42

X06759.1 G4

AB180972.1 G9

EF474079.1 GO
%9 * PORV-02/JS/2022
L35055.1 G3

)

83

MH238320.1 G3
AB176682.1 G9
* PORV-07/JS/2022

* PORV-06/JS/2022
100 * PORV-01/JS/2022
% KF170900.1 G10
KC292205.1 G26

12

100

AF141918.1 G8
7 + PORV.05/JS/2022
JX498964.1 G11

il

Figure 4. Cont.

L24163.1 G11
KUB87647.1 G5

100

KT820777.1 G5
400 JX498961.1 G5

()

—_

37



Viruses 2023, 15, 1238

MG242062.1 CHN-HeB1-2017
[S— MF431743.1 SD
MF948005.1 HB-BD
100 KY293678.1 CH/IJXJGS02/2016 China
MG832584.1 CHN-HN-1601
JQO065042 2 HKU 15-44
KY513725.1 CH/Jiangsw2014

KX443143.2 CH-01
KT336560.1 CHN-HN-2014 -

£ |: MF095123.1 CHN-HG-2017
- PDCoV-01/JS/2022

10 MF642324.1 CHN/GS/2017/1
7 * KP757890.1 CHN-AH-2004
= KX834351.1 Vietnam HaN0i6/2015
100 KX118627.1 P116 BTL 0115/PDCoV/2016/La0 China/Vietnam/Laos/Thailand
= 10 KU051655.1 Thailand/$5024/2015

KT266822 1 CH/Sichuarn/§27/2012
‘ [ MN781985.1 CHzmd2019

10 L Kv363868.1 CHN-GD16-05
‘ KY354363.1 DH1 J
[— LC260044.1 YMGUPN/2014

v L KR265862 1 USA/ONi044412014
KJ601780.1 PDCOV/USA/Ohio137/2014 USA/JPN/KOR

KJ567050.1 8734/USAIAI2014
%] — KX022603.1 USA/MnNEs0a1402015
100 L kx022602.1 USAowa136/2015 J

(d)

Figure 4. Phylogenetic tree based on the nucleotide sequence of the PEDV S gene (a), PoRV VP4 (b),
PoRV VP7 gene (c), and PDCoV S gene (d), respectively. “o” indicates the positive samples tested in
this study.

Table 5. GP type of eight PORV-positive samples in this study.

No. Strain Name G[P] Type
1 PoRV-01 G9 [P23]
2 PoRV-02 G3 [P23]
3 PoRV-03 G4 [P13]
4 PoRV-04 G4 [P23]
5 PoRV-05 G11 [P13]
6 PoRV-06 G9 [P13]
7 PoRV-07 G9 [P23]
8 PoRV-08 G4 [P13]

4. Discussion

Porcine viral diarrhea is a common clinical disease that can lead to a high mortality
rate in piglets. PEDV, PoRV, and PDCoV are important diarrhea viruses in piglets. On
account of similar clinical symptoms and co-infections among them, it presents challenges
to differentiate these three important porcine diarrhea viruses in clinical practice. Since 2010,
highly pathogenic strains of PEDV have appeared and spread in many countries, causing
severe economic losses in the global swine industry [24]. At the same time, millions of
piglets died in more than 10 provinces in southern China due to PEDV variant strains [25].
In 2014, PDCoV spread to most states in the US, which also had a huge economic impact
on the local pig industry [13]. In recent years, the infection rate of PoORV has constantly
increased, and the co-infection between PoRV and PEDV or PDCoV has become common.
From the perspective of controlling epidemic diseases, the first step is the rapid and accurate
detection of etiological pathogens. Accurate identification of pathogens and fast differential
diagnosis are crucial for controlling epidemics. Therefore, it is necessary to establish a
detection method to distinguish PEDV, PoRV, and PDCoV simultaneously.
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Several conventional RT-PCR assays or single-plex real-time RT-PCR have been devel-
oped for the detection of PEDV, PoRV, and PDCoV [26,27]. These methods are inefficient,
time-consuming, and expensive compared to multiplex RT-PCR. Therefore, we developed
a triplex real-time RT-PCR detection method for PEDV, PoRV, and PDCoV differentiation
in this study. The triplex real-time RT-PCR assay established in this study had satisfactory
specificity, sensitivity, repeatability, and reproducibility. To evaluate the performance of
the established triplex real-time RT-PCR assay, 16 clinical samples of diarrheal piglets
were used to compare the results between the triplex real-time RT-PCR assay and commer-
cial single-plex real-time RT-PCR. The results of two detection methods were confirmed
to be completely consistent, which suggested the triplex real-time RT-PCR assay in this
study could replace the commercial single-plex real-time RT-PCR with high efficiency to
differentiate PEDV, PoRV, and PDCoV simultaneously.

Next, 112 clinical samples were detected by triplex real-time RT-PCR to investigate the
prevalence of PEDV, PoRV, and PDCoV in Jiangsu province, China. The results showed
that 51.79% (58/112) were PEDV positive, 59.82% (67/112) were PoRV positive, and
2.68% (3/112) were PDCoV positive, respectively. From the above results, we could con-
clude that PEDV and PoRV are the major porcine diarrhea pathogens in Jiangsu province.
Guangming Ding et al. developed a multiplex RT-PCR for PEDV, TGEV, PoRYV, porcine
kobuvirus (PKV), porcine sapovirus (PsAV), and PDCoV, and the positive rates of PEDV,
PoRV, and PDCoV were 19.69% (78/398), 17.59% (70/398), and 36.18% (144 /398) in 398 sam-
ples collected from North, Middle, and South China between 2015 and 2017 [28]. Shuo Jia
et al. established a dual priming oligonucleotide (DPO)-based real-time RT-PCR assay for
PEDV, TGEV, PoRV, and PDCoV and detected 672 diarrhea samples collected in Northeast
China from 2017 to 2018, and the results showed 19.05% (128/672), 4.32% (29/672), and
3.87% (26/672) positive rates for PEDV, PoRV, and PDCoV, respectively [1]. The disparity
in PEDV, PRoV, and PDCoV positive rates in these studies could be attributed to differences
in sample collection time and geographical distribution of sampling.

In addition, the co-infections of porcine diarrhea viruses cannot be ignored, since
some co-infection status could even cause more severe symptoms. Honglei Zhang et al.
conducted a prevalence analysis of PDCoV in Henan pigs. They found that co-infection
between PEDV and PDCoV was approximately 60%, and the co-infection enhanced the
severity of diarrhea and worsened the disease in piglets [19,29]. The co-infection of PEDV
and PoRV was also supposed to be the most severe form of piglet diarrhea, and the detection
rate could reach 16-25% in Northeast China. In some provinces of China, the co-infection of
PEDV and PoRV even became the main reason for piglet diarrhea [30]. In our study, PoRV
and PEDV co-infections accounted for 38.81% of all PoRV positive cases (26/67), PoRV and
PDCoV co-infections accounted for 2.99% of all PoRV positive cases (2/67), and no PEDV
and PDCoV co-infection cases were found.

To further characterize the epidemic strains of porcine diarrhea viruses in Jiangsu
province, seven PEDV strains, eight PoRV strains, and one PDCoV strain were selected to
construct a phylogenetic analysis. The phylogenetic tree based on the PEDV S gene could
be divided into three genotypes: GI, GII, and S-INDEL. The GI type included classical
strains such as CV777 and SD-M; the GII type was mainly prevalent in PEDV strains in
recent years. The phylogenetic tree based on the PEDV S gene showed that four PEDV
strains in this study belonged to the GII-b subtype and three strains belonged to the GllI-c
subtype, which were closely related to the prevalent PEDV strains in China in recent years
but far from the classic PEDV strains and PEDV strains abroad. This indicated that there
was a possibility of inter-provincial transmission of PEDV epidemic strains in Jiangsu
province, and these strains underwent significant genomic variation compared to classic
strains, which may lead to the unsatisfactory protective effect of commonly used vaccines
in pig farms.

The phylogenetic tree based on the PoRV VP4 gene and the PoRV VP7 gene indicated
that eight PoRV strains in this study had six different combinations: G3 [P23] type, G4 [P13]
type, G4 [P23] type, G9 [P13] type, G9 [P23] type, and G11 [P13] type, respectively. Accord-
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ing to previous studies, the G5P [7] type was the most widely prevalent combination type
globally [31]. However, with the continuous variation and recombination in PORV genomes,
different types of virus strains have emerged in China in recent years. In this study, new
combination strains of G3 [P23] type, G4 [P23] type, and G9 [P13] type have emerged,
indicating that the combination types of PoRV strains in Jiangsu province are plentiful, the
virus is undergoing recombination, and it has unique genetic evolution characteristics.

The phylogenetic tree based on the PDCoV S gene in this study indicated that the
reference strains can be divided into three groups. The USA/JPN/KOR group was
mainly composed of strains from countries such as the United States of America, Japan,
and South Korea. The China group was mainly composed of Chinese strains, and the
China/Vietnam/Laos/Thailand group was mainly composed of strains from Southeast
Asian countries such as China, Vietnam, Laos, and Thailand. The PDCoV-01 strain in this
study belonged to the China/Vietnam/Laos/Thailand groups. This may be related to
the frequent animal and animal product transactions and close personnel communication
between China and Southeast Asian countries in recent years.

In conclusion, we developed a triplex real-time RT-PCR assay in this study to differenti-
ate PEDV, PoRV, and PDCoV, which showed satisfactory specificity, sensitivity, repeatability,
and reproducibility. The established triplex real-time RT-PCR can be well applied to the
detection of clinical samples, indicating that the assay we have established in this study is
a useful detection tool for rapid differential detection of PEDV, PoRV, and PDCoV.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/v15061238 /51, Table S1: Specific information about the
detection results of 112 clinical diarrhea samples.
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Abstract: Pseudorabies virus (PRV) is one of the causative agents of common infectious diseases in
swine herds. Enterococcus faecium is a probiotic belonging to the group of lactic acid bacteria and has
excellent immunomodulatory effects. Vaccine immunization is an important approach to prevent
animal diseases in the modern farming industry, and good immunization outcomes can substantially
reduce the damage caused by pathogens to animals, improve the quality of animals’ lives, and reduce
economic losses. In the present study, we showed that inactivated E. faecium and inactivated PRV
when co-injected intravenously significantly reduced the mortality of mice after inoculation with PRV.
The inactivated E. faecium + inactivated PRV intravenous injection group induced more production of
Th cells and Tc cells. Additionally, the inactivated E. faecium + inactivated PRV intravenous injection
group showed higher concentrations of cytokines (IFN-y and IL-10) and induced higher antibody
production. Thus, the co-injection of inactivated E. faecium and inactivated PRV could remarkably
prevent and control the lethality of PRV infection in mice, which is a critical finding for vaccination
and clinical development.

Keywords: pseudorabies virus; Enterococcus faecium; immunization; intravenous

1. Introduction

Pseudorabies virus (PRV), the causative agent of pseudorabies, is a swine herpesvirus
that belongs to the genus Varicellovirus in the subfamily Alphaherpesvirinae of the family
Herpesviridae [1]. PRV is lethal to many domestic and wild animals, for example, cattle,
sheep, and dogs, while pigs are the natural host of this virus. PRV was first reported in
swine herds of China in 1956, and since 2012, several PRV variants have been detected,
which has led to massive economic losses of swine farms in China. A serious concern is that
PRV can be transmitted from pigs to humans, with neurological dysfunction as a typical
symptom, and the disease can eventually cause vegetation or death in humans [2-5].

PRV is globally distributed and poses a high risk to livestock and human health; fur-
thermore, vaccination is the most effective and economical approach to prevent infectious
diseases [6-8]. However, because of immune evasion by the virus and the immunologically
silent nature of its latency, the development of effective and safe PRV vaccines remains
challenging.

Vaccine adjuvants are substances that can modulate antibody and cell-mediated adap-
tive immune responses, reduce the antigen dose used, and reduce the number of immu-
nizations based on the highest immunity achieved for animals [9,10]. Probiotics play a
key role in shaping the maturation and activity of the immune system in animals. Several
field studies have shown the positive effects of probiotics on animal growth performance
and their immune system [11,12]. Probiotics mainly activate the innate immune response.
This feature of probiotics is the key for the subsequent stimulation of an adaptive immune
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response [13]. Probiotics are used as vaccine adjuvants to further enhance the immuno-
genicity and effectiveness of live vaccines [14]. As a protective antigen delivery carrier,
probiotics have the advantages of high safety, and oral or nasal mucosal administration can
induce mucosal immunity, humoral immunity, and cellular immunity [15]. Following the
administration through the oral route, the probiotics enter the gut and induce a systemic
immune response by causing the release of cytokines via mucosal lymphoid cells [16]. In
previous studies, mice were orally immunized with the Lactobacilli plantarum NC8-pSIP409-
HA strain, and this strain induced the production of sIgA, IgG, and HI antibodies, which
further induced CD8* T-cell immune response. Most importantly, the oral administration
approach provided complete protection against the challenge with mouse-adapted HON2
virus. These results indicate that L. plantarum NC8-pSIP409-HA was more effective in
inducing mucosal, humoral, and cellular immune responses [17]. Lactobacillus acidophilus
has been used to enhance the immunogenicity of Newcastle disease virus (NDV) vac-
cines. In another study, oral administration of L. acidophilus significantly increased the
IgG and HI NDV antibody levels in chicks [18]. Probiotics can stimulate the release of
cytokines by macrophages and T cells, thereby modulating the mucosal immune response
pathways [19,20]. Based on mouse studies, spore adjuvants can induce lung-specific im-
mune responses when delivered as intranasal vaccines [21]. Bacillus subtilis spores not
only enhance innate immunity for protection against respiratory infections but also induce
an increase in antigen-specific antibody and T-cell responses when co-administered with
a soluble antigen [22,23]. Probiotics can also be injected intramuscularly together with
antigens. This approach involving vaccination with inactivated HIN2 virus together with
a B. subtilis spore adjuvant in chickens produced a remarkable effect on antigen-specific
antibody and T-cell responses against avian influenza virus. It enhanced not only HIN2
virus-specific IgG levels but also CD4" and CD8" T-cell responses, with an increase in
proinflammatory cytokine production [24].

In a previous study, the intravenous administration of Enterococcus faecium after hy-
perbaric inactivation induced a substantial increase in nonspecific immune function in
mice and restored the normal immune function of immunosuppressed mice [25]. However,
presently, there are no reports of intravenous co-administration of bacteria and viruses in a
specific ratio. In our preliminary experiment, we found that the intravenous administration
of inactivated E. faecium alone could not enable mice to resist PRV infection. Therefore, we
combined inactivated E. faecium with inactivated PRV for intravenous administration to
test the experimental results. We expected that this approach could (1) serve as a reference
for treating some diseases that cannot be prevented and cured by conventional treatment
approaches and (2) function as a model for vaccine development and clinical application.

In the present study, we attempted intravenous co-administration of inactivated
E. faecium and inactivated PRV to overcome PRV infection in mice. The changes in the levels
of immune cells and cytokines in mice were studied to reveal the mechanism underlying
the induction of immunity against PRV infection.

2. Materials and Methods
2.1. Bacterial and Viral Strains and Mice

E. faecium CICC 6049 strain was purchased from China Center of Industrial Culture
Collection. The PRV Bartha-K61 vaccine strain was obtained from Boehringer Ingelheim
Animal Health USA Inc. Specific pathogen free (SPF)-grade Kunming breed mice weighing
18-22 g were purchased from Shandong Taibang Biological Products Co., Ltd. (Tai’an,
China).

2.2. Preparation of Inactivated E. faecium and Inactivated PRV

The laboratory-preserved E. faecium strain was inoculated in a Lactobacillus culture
medium and incubated at 37 °C for 24 h. The suspension in the culture flask was then cen-
trifuged at 2500 rpm for 6 min; the supernatant was discarded, and the bottom precipitate
was retained. The residue was washed three times with 0.9% saline and resuspended with
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a suitable volume of 0.9% saline to prepare a high concentration of E. faecium solution. This
solution was placed in an autoclave and sterilized at 121 °C for 15 min and then stored at
4 °C. A suitable volume of the bacterial solution was diluted, and the number of bacterial
cells was counted under a microscope by using a THOMA bacterial counting plate. The
number of bacterial cells was adjusted to 1.0 x 10 CFU/mL, and the optical density (OD)
value was measured at 690 nm. An OD value of 0.38 was assumed as 1x dose, which is the
dose required for the experiment.

The solution of PRV Bartha-K61 strain inoculated and amplified on PK-15 cells was
harvested, and after centrifugation to remove the sediment, sucrose density gradient
centrifugation was performed to obtain ultra-pure PRV Bartha-Ké61 strain particles. The
infectious titers of the viral solution were 10~733 TCIDs( /0.1 mL. The purified viral solution
was inactivated by adding a 40% formaldehyde solution and mixing it thoroughly so that
the concentration of the formaldehyde solution used was 0.3% of the viral liquid volume.
The inactivated PRV was inoculated into the monolayer of PK-15 cells in three cell culture
bottles, cultured at 37 °C, and observed for 7 d before blind transmission of the second
generation. No cytopathic effect (CPE) was observed. The inactivated viral solution was
inoculated into a bouillon culture medium and a standard nutrient agar and cultured at
37 °C for 24-48 h; no bacterial growth was observed. For safety testing, 10 mice were
subcutaneously inoculated with 0.2 mL of the inactivated viral solution and observed for
14 d. A control group without vaccination was also established, and no local or systemic
adverse reactions caused by vaccination were observed.

2.3. Experimental Design

Animal ethics statements. The present study was conducted in accordance with
recommendations from the Guide for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of China. During the experiment, mice showing
extreme lethargy were considered moribund and were humanely euthanized.

Sixty 4-week-old mice were divided into 6 groups (10 mice/group) as follows: negative
control group (group 1), PRV model group (group 2), inactivated E. faecium + inactivated
PRV intramuscular injection group (group 3), inactivated E. faecium intravenous injection
group (group 4), saline + inactivated PRV intravenous injection group (group 5), and
inactivated E. faecium + inactivated PRV intravenous injection group (group 6). After
acclimatization and rearing for 3 days, the mice were treated according to the details
provided in Table 1. Three days after antigen inoculation, all the experimental groups,
except the negative control group, were administered 20 uL of live PRV containing 10°2
TCIDs( through a nasal drip, and the negative control group was administered an equal
amount of saline nasal drops. Clinical signs, including depression, rough appearance of
hair coat, swollen eyes, and neurological symptoms, were monitored daily. All the mice
were humanely euthanized at 5 days post challenge (except for the 21 days survival curve
experiments).

Table 1. Immunization methods of mice in each group.

Group Method of Immunization
Negative control group (group 1) Intramuscular injection of saline
PRV model group (group 2) Intramuscular injection of saline
Inactivated E. faecium + inactivated PRV intramuscular injection  Intramuscular injection of 1:1 mixture of inactivated E. faecium
group (group 3) and inactivated PRV 0.2 mL
Inactivated E. faecium intravenous injection group (group 4) Intravenous injection of 0.2 mL of inactivated E. faecium injection

Saline + inactivated PRV intravenous injection group (group 5)

Intravenous injection of a 1:1 mixture of saline and inactivated
PRV 0.2 mL

Inactivated E. faecium + inactivated PRV intravenous injection ~ Intravenous injection of a 1:1 mixture of inactivated E. faecium

group (group 6) and inactivated PRV 0.2 mL
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2.4. Survival Curve

After subjecting the mice to immune challenge, they were fed and provided free access
to water, and the number of mouse deaths within 21 days was recorded.

2.5. Histopathological Examination

During necropsy, the lungs of each group were collected and fixed in 4% phosphate-
buffered formalin, embedded in paraffin, cut into 2- to 4-um-thick slices, and stained with
hematoxylin and eosin (H&E). Lesions were observed by an experienced professional
pathologist who was blinded to the study groups.

2.6. Antibody Analysis

Serum antibodies against the PRV gB protein at 5 days post-infection (DPI) were
detected using the porcine pseudorabies virus ELISA antibody detection kit (Wuhan Keqian
Biology Co., Ltd., Wuhan, China) in accordance with the manufacturer’s instructions.

2.7. Flow Cytometry Analysis

After subjecting them to immune challenge, the mice were fed and provided free
access to water for 5 d. After 5 DPI, their spleens were removed and placed in a 24-well
plate; 1 mL of RPMI 1640 culture medium was added, mixed, and the culture medium
was then discarded. Next, 1 mL of trypsin was injected, and the spleens were cut with
sterilized scissors and incubated at 37 °C for approximately 30 min. Subsequently, 1 mL
of PBS was added to terminate the digestion. The spleen was grinded, filtered through
a cell sieve, and made up to the volume of 10 mL. This suspension was centrifuged at
2500 rpm for 6 min at 4 °C. The supernatant was discarded, and 10 mL of PBS was added
to terminate the reaction. Next, the suspension was centrifuged at 4 °C at 2500 rpm for
6 min, the supernatant was discarded, and 1 mL PBS was added. The precipitate was
mixed well, filtered through a cell sieve, and divided into two portions. Anti-mouse CD3e
FITC-conjugated antibodies, anti-mouse CD4 Alexa Fluor 4700-conjugated antibodies,
PE anti-mouse CD8a antibodies, anti-mouse NK1.1 antibodies, and anti-human/mouse
CD45R (B220) PerCP-Cyanine 5.5 antibodies were added to approximately 30 uL of the cell
suspension. After 15 min of incubation, the samples were subjected to flow cytometry for
measurement.

2.8. Cytokine Analysis

Sera collected at 5 DPI were used to detect IL-10 levels by using commercial ELISA
kits (Mlbio, Inc., Shanghai, China) in accordance with the manufacturer’s instructions. The
concentration of cytokines (ng/L) was calculated with a standard curve generated using
recombinant mouse cytokines supplied in the kits.

2.9. Data Analysis

Kaluza flow cytometric analysis software was used to analyze the results of flow
cytometry. GraphPad Prism 9 software was used to prepare graphs. SPSS 23.0 software
was used for statistical analysis. One-way analysis of variance (ANOVA) was performed
to analyze the significance of the data. Numerical data are expressed as mean =+ standard
deviation (SD). Different lowercase letters indicate significant differences (p < 0.05), while
different uppercase letters indicate highly significant differences (p < 0.01).

3. Results
3.1. Clinical Signs and Survival Curve

Table 2 and Figures 1 and 2 show the results of the number of deaths in the different
groups of mice within 21 days after immunization. The mice in each group showed a
normal response after immunization, and their appetite for drinking water was normal.
Three days after immunization, except for group 1, the remaining groups were challenged
with PRV. The mice were normal in the first two days after the virus challenge. From the
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third day onward, the mice in group 2 and group 4 showed shortness of breath, confusion,
loss of appetite, and other clinical symptoms. In the late stage of the disease, the mice
were depressed and lost their appetite. Some mice exhibited strong itching symptoms,
incomplete body surface hair, and blurred flesh and blood. The mice in group 2 began
to die on the 6th day after the virus challenge, and all mice died within 6-8 days. The
mice in group 4 began to die on the 6th day after the virus challenge, and all mice died
within 6-14 days; this finding confirmed that the inactivated E. faecium alone could not
resist PRV infection in mice. The mice in group 3 died on the 7th day, and 6 mice died
between the 7th and 13th day after the virus challenge. Two mice in group 5 died on the
9th day. Mice in group 6 did not die and showed good growth status, which indicated the
advantages of intravenous vaccination. Group 6 showed an excellent immune adjuvant
effect of inactivated E. faecium as compared to group 5.

Figure 1. Survival status of mice in each group within 21 days of virus challenge. Group 1 is the
negative control group; 2 is the pseudorabies virus model group; 3 is the inactivated E. faecium + inac-
tivated pseudorabies virus intramuscular injection group; 4 is the inactivated E. faecium intravenous
injection group; 5 is the saline + inactivated pseudorabies virus intravenous injection group; 6 is the
inactivated E. faecium + inactivated pseudorabies virus intravenous injection group.
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Figure 2. Survival curve of mice from the different groups. Group 1 is the negative control group;
2 is the pseudorabies virus model group; 3 is the inactivated E. faecium + inactivated pseudorabies
virus intramuscular injection group; 4 is the inactivated E. faecium intravenous injection group; 5 is
the saline + inactivated pseudorabies virus intravenous injection group; 6 is the inactivated E. faecium
+ inactivated pseudorabies virus intravenous injection group.
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Table 2. Number of surviving mice in different groups on 21 days.

Groups Number of Mice
1 104
2 0PBa
3 4 BCb
4 0 Ba
5 8 AC
6 104

Group 1 is the negative control group; 2 is the pseudorabies virus model group; 3 is the inactivated E. faecium +
inactivated pseudorabies virus intramuscular injection group; 4 is the inactivated E. faecium intravenous injection
group; 5 is the saline + inactivated pseudorabies virus intravenous injection group; 6 is the inactivated E. faecium
+ inactivated pseudorabies virus intravenous injection group. Different lowercase letters indicate significant
differences (p < 0.05), while different uppercase letters indicate highly significant differences (p < 0.01).

3.2. Histopathological Examination

Histopathological lesions in the lungs of different mice groups are shown in Figure 3.
Group 1 and group 6 showed no apparent lesions, while the other four treated groups
showed varying degrees of pathological changes. Mice in group 2 exhibited pulmonary
hemorrhage, interstitial widening, and interstitial inflammatory cell infiltration (Figure 3B).
Mice in the remaining three groups showed a widened interstitium with infiltration of
interstitial inflammatory cells (Figure 3C-E).

Figure 3. Histopathological changes in the lungs of mice from the different groups. Lung samples
from the negative control group (A), the pseudorabies virus model group (B), the inactivated E. fae-
cium + inactivated pseudorabies virus intramuscular injection group (C), the inactivated E. faecium
intravenous injection group (D), the saline + inactivated pseudorabies virus intravenous injection
group (E), and the inactivated E. faecium + inactivated pseudorabies virus intravenous injection
group (F). Tissues were stained with hematoxylin and eosin (magnification 200x). The triangle
in the pathological section image represents pulmonary hemorrhage; the arrow shows a widened
interstitium with infiltration of interstitial inflammatory cells.

3.3. Antibody Analysis

Mice anti-PRV gB antibodies were detected using the porcine PRV ELISA antibody test
kit. The secondary antibody in this kit was replaced with the horseradish peroxidase (HRP)-
conjugated sheep anti-mouse IgG to determine the amount of PRV antibodies in mouse
serum. The dilution of the secondary antibody was 1:5000. As shown in Table 3 and Figure 4,
the original antibody solution color was replaced with the color of tetramethylbenzidine
(TMB), and the absorbance value was measured at 450 nm. Group 5 and group 6 developed
anti-PRV antibodies at 5 DPIL. A significant difference was observed between the levels
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of anti-PRV antibodies of group 5 and group 6 and the remaining groups (p < 0.01). No
significant difference in the levels of antibodies was observed between group 5 and group 6
(p > 0.05). These results show that the intravenous route of vaccination can maximize the
production of neutralizing antibodies and play a better role in animal immunity. This
finding indicates the feasibility of intravenous vaccine administration for treating PRV
infection.

Table 3. Levels of PRV antibodies in the sera of each group of mice.

Groups PRV Antibody Concentration (OD450 Value)
1 0.124 + 0.0172 4
2 0.176 + 0.0256 B
3 0.237 + 0.010 €
4 0.178 4+ 0.023 B
5 0.324 +0.054 D
6 0.297 + 0.046 D

Group 1 is the negative control group; 2 is the PRV model group; 3 is the inactivated E. faecium + inactivated
PRV intramuscular injection group; 4 is the inactivated E. faecium intravenous injection group; 5 is the saline +
inactivated PRV intravenous injection group; 6 is the inactivated E. faecium + inactivated PRV intravenous injection
group. Different uppercase letters indicate highly significant differences (p < 0.01).
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Figure 4. Levels of PRV antibodies in the sera of each group of mice. Serum samples were assayed
using the porcine pseudorabies virus ELISA antibody test kit. The secondary antibody in the ELISA
kit was replaced with HRP—conjugated sheep anti-mouse IgG to detect PRV antibodies in mouse
serum. The dilution of the secondary antibody was 1:5000. The original antibody solution color was
replaced with the color of TMB, and the absorbance value was measured at 450 nm. Sera samples
were obtained from the negative control group (1), the PRV model group (2), the inactivated E. faecium
+ inactivated PRV intramuscular injection group (3), the inactivated E. faecium intravenous injection
group (4), the saline + inactivated PRV intravenous injection group (5), and the inactivated E. faecium
+ inactivated PRV intravenous injection group (6). Each point represents mean (£SD) generated from
all mice on 5 DPI. Different uppercase letters indicate highly significant differences (p < 0.01).

3.4. Flow Cytometry Analysis

As shown in Table 4 and Figure 5, the highest expression and percentage of Th and Tc
cells were noted in the spleen of mice from group 3 (5468.9 4 2443.5 vs. 3577.4 & 1631.6;
23.43% vs. 10.49%), followed by group 6 (5386.8 &= 1443.9 vs. 2704.5 £ 1182.3; 21.58% vs.
7.92%) (Table 1 and Figure 5c,d). The expression of natural killer (NK) cells in mice spleen
was the highest (1462.9 £ 869.4) in group 3 among all the groups (Table 1). These data
indicate that the dosage of inactivated E. faecium as a vaccine adjuvant is x10° CFU/mL,
0.1 mL per serving, mixed with antigen 1:1. When the injection route is intramuscular, it
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has a good activation effect on B cells, Th cells, Tc cells, and NK cells; when the injection
route is intravenous, it has a good activation effect on Th cells.

Table 4. The number of each immune cell type in the spleen of mice from the different groups.

B Cell Count Th Cell Count Tc Cell Count NK Cell Count
Groups
(pcs) (pcs) (pcs) (pcs)

1 17,376.9 + 7048.62  4055.11 + 1130.6 2005.2 + 593.1 A 1125.8 + 367.6
2 14,265.8 + 4364.1  2800.10 £ 529.7 4  2004.7 + 622.1 4 885.7 + 412,62
3 17,496.5 + 7015.12  5468.9 +244358> 35774 + 163168  1462.9 + 869.4 BP
4 11,947 + 3757.2P 3140 + 110554 1807.8 4+ 1051.6 A 812.7 + 189.1 Aa
5 15,034.7 & 5906 3867.1 + 1665.4 2099 + 969.1 4 1283.4 + 511.7 ABP
6 15,645.5 + 6016  5386.8 + 144398 27045+ 1182.3 1070.1 + 404.5

Group 1 is the negative control group; 2 is the PRV model group; 3 is the inactivated E. faecium + inactivated
PRV intramuscular injection group; 4 is the inactivated E. faecium intravenous injection group; 5 is the saline
+ inactivated PRV intravenous injection group; 6 is the inactivated E. faecium + inactivated PRV intravenous
injection group. Different lowercase letters indicate significant differences (p < 0.05), while different uppercase
letters indicate highly significant differences (p < 0.01).
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Figure 5. The proportion of each immune cell type in the spleen of mice from the different groups.
(a—d) The proportion of B cells, NK cells, Th cells, and Tc cells, respectively.

3.5. Cytokine Analysis

As shown in Figure 6, IFN-y expression was lower in group 5 than in the other groups
(592.22, p < 0.0001); however, cytokine IL-1(3 expression was higher in this group than in the
other groups (278.85, p < 0.0001). IL-1f3 expression in group 6 was almost similar to that in
group 1 (p = 0.498). Group 6 showed the highest expression of cytokine IL-10 (320.08) among
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all the experimental groups, and a significant difference (p = 0.02) in IL-10 expression was
noted between this group and group 5. These results show that inactivated E. faecium could
play an excellent immunomodulatory role of a probiotic when administered as a vaccine
adjuvant through the intravenous route. A significant difference (p = 0.018) was observed
in cytokine IFN-y expression between group 3 and group 6. Furthermore, cytokine IL-10
expression showed a highly significant difference (p = 0.003) between group 3 and group 6.
These results indicate that the intravenous route of vaccination was more effective than the
intramuscular route in promoting the expression of cytokines in serum when inactivated
E. faecium was used as a vaccine adjuvant.
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Figure 6. Changes in the expression of cytokines in the serum of mice from the different groups. Group
1is the negative control group; 2 is the PRV model group; 3 is the inactivated E. faecium + inactivated
PRV intramuscular injection group; 4 is the inactivated E. faecium intravenous injection group; 5 is
the saline + inactivated PRV intravenous injection group; 6 is the inactivated E. faecium + inactivated
PRV intravenous injection group. Different lowercase letters indicate significant differences (p < 0.05),
while different uppercase letters indicate highly significant differences (p < 0.01).

4. Discussion

The present study showed that inactivated PRV when administered intravenously
could reduce the mortality of PRV-infected mice as compared to that when administered
intramuscularly. In particular, compared with the saline + inactivated pseudorabies virus
intravenous injection, the intravenous administration of inactivated E. faecium + inactivated
PRV could provide higher protection to mice against PRV infection. This fully reflects the
good vaccine adjuvant effect of inactivated E. faecium. Thus, this indicates that this study
has certain potential research value.

According to a previous report, the BCG vaccine could maximize the protective
effect of the vaccine on animals after intravenous administration to rhesus monkeys and
mice [26]. In 2020, Darrah et al. obtained the same results experimentally and elucidated
the mechanism of action as follows: the cellular immunity of animals plays an important
role in immunization; intravenous immunization significantly increases the antibody level
in animals; and “trained immunity”-induced epigenetically modified macrophages show
enhanced resistance to Mycobacterium tuberculosis infection [27]. In the present study,
we observed similar results, wherein the mortality rate of mice in the inactivated PRV
intravenous injection group after the virus challenge was significantly lower than that
in the inactivated PRV intramuscular injection group (Figure 1); furthermore, the level
of antibodies produced by mice was significantly higher in the intravenous injection
group than in the intramuscular injection group (Figure 2). An ideal vaccination route
can reduce animal mortality or substantially reduce clinical signs. The survival curves of
mice from the different groups at 21 days after the virus challenge (Figure 2) and the lung
pathology of mice from each group (Figure 3) showed that the intravenous administration
of inactivated E. faecium + inactivated PRV significantly reduced the mortality rate and
alleviated the pathological damage caused by virus infection, thus exhibiting an excellent
immunization effect. Previous studies have indicated that humoral immunity plays an
important secondary role in the regeneration of a specific cellular immune response by the
host and is an indispensable component of the organism’s ability to trigger an effective
immune response against viral infection [28,29]. In the present experiment, the level of
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antibodies in the serum of mice in the saline + inactivated PRV intravenous injection
group and the inactivated E. faecium + inactivated PRV intravenous injection group was
significantly higher than that in the remaining experimental groups. This finding indicates
the vital effect of intravenous administration of a vaccine on the humoral immunity of
animals and also lays the foundation for the rapid generation of specific cellular immunity
in animals after the reinvasion of the virus.

Immunomodulation is one of the essential properties of probiotics, and the good
immunomodulatory effect of inactivated E. faecium can significantly enhance the nonspecific
primary and specific immune responses of animals [25]. Similar results were reported by
Brisbin et al., thus suggesting that probiotics such as lactic acid bacteria can modulate the
innate and adaptive immune responses of animals [30-35]. In previous studies, probiotics
have been used as adjuvants for oral and intramuscular vaccines for experimental purposes,
with some success [7,36-38]. The immunomodulatory effect of inactivated E. faecium as a
vaccine adjuvant was also demonstrated in the present experiment: inactivated E. faecium,
when co-injected with inactivated PRV as a vaccine adjuvant, significantly increased the
number of immune cells such as Th cells, Tc cells, and NK cells in the spleen (Table 4).
This in turn had a significant effect on the induction of cellular and humoral immunity
and the initial and recovery periods of resistance to the viral infection after the mice were
immunized with the vaccine. Thus, inactivated E. faecium as a vaccine adjuvant plays a
vital role in the production of cellular and humoral immunity and the initial and recovery
phases of resistance to viral infection.

In the present study, with regard to serum cytokine levels, mice in the saline + inacti-
vated PRV intravenous injection group showed significantly higher levels of IL-13 than the
remaining groups; IL-1f3 promotes the antigen-presenting ability of antigen-presenting cells
(APCs) such as monocytes and macrophages and enhances B cell growth and differentiation
and antibody formation. We speculate that the higher antibody levels (OD) in the mice of
the saline + inactivated PRV intravenous injection group than in the remaining experimen-
tal groups is related to IL-13 concentration. The inactivated E. faecium + inactivated PRV
intravenous injection group showed significantly higher levels of IFN-y than the saline +
inactivated PRV intravenous injection group. IFN-y exerts an excellent immunomodulatory
effect, regulates the immune functions of T and B lymphocytes, promotes the differentiation
of quiescent CD4+ T cells into Th1 cells, promotes the expression of Thl-type cytokines, and
enhances cellular immune functions. E. faecium as a vaccine adjuvant demonstrated good
immunomodulatory effects, as reported earlier by Mohammadi et al. [7,36,37]. IL-10 can
promote the survival, expansion, and lethality (cytotoxicity) of CD8* T immune cells in the
animal immune system, better promoting long-term protective immunity. The serum IL-10
level was significantly higher in the inactivated E. faecium + inactivated PRV intravenous
injection group than in the saline + inactivated PRV intravenous injection group, thus
demonstrating that E. faecium as a vaccine adjuvant exhibited a good immunomodulatory
effect; this result was similar to the findings of Mohammadi [7].

Probiotics can influence the immune system of animals through the production of
their metabolites, cell wall components, and DNA; furthermore, dead probiotic cells or
probiotic-derived ingredients, such as peptidoglycan fragments or DNA, can induce the
immunomodulatory effects on animals [39,40]. Even after inactivation, the cytoskeleton
of E. faecium remains intact; this feature enables to better utilize its probiotic properties.
Although probiotics have a high potential and exert good immunomodulatory effects on
animals, treatment with probiotics alone does not protect the animal from virus infection.
In our study, we found that the administration of inactivated E. faecium alone did not
enable mice to resist PRV infection; moreover, the inactivated E. faecium intravenous
injection group and the PRV model group showed no difference in time to onset of death
and number of deaths; this result was consistent with the findings of Bavananthasivam
et al. [31]. The high survival rate of mice in the inactivated E. faecium + inactivated PRV
intravenous injection group might contribute to the combination of high humoral immunity
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produced by intravenous vaccine administration and the fact that inactivated E. faecium
could adequately stimulate the cellular immunity of the animal.

In the present study, inactivated PRV was used as the antigen, and inactivated E. fae-
cium was used as the adjuvant. Inactivated E. faecium was co-administered intravenously
with the inactivated pathogen. The differences in the protective properties and antibody
production in mice following various immunization protocols were compared, and it was
concluded that co-administration of inactivated E. faecium and the inactivated PRV antigen
can provide better protection to animals against PRV infection; this is the innovation aspect
of the present study. This study also demonstrates the good immunomodulatory effect
of inactivated E. faecium and provides new ideas for developing vaccines for infectious
diseases and for designing innovative immunization methods.

This study was initiated with the discovery that E. faecium is present in the blood
of animals [41]. Intravenous administration of E. faecium after hyperbaric inactivation
led to a significant increase in nonspecific immune function in mice and restored the
normal immune function of immunosuppressed mice [25]. Previous studies have shown
that an intravenous injection of bacteria or viruses alone can treat tumors with good
therapeutic effects [42-45]. The intravenous administration of the BCG vaccine yielded
excellent experimental results as compared to those obtained following other immunization
routes, including increased antibody levels in animals, reduced mortality in animals after
challenge, and a significant reduction in pathological lesions as observed in autopsy; this
confirmed that the BCG vaccine provides the most effective immunization effect on animals
when administered intravenously [26,27]. These studies reported that the intravenous
administration of bacterial or viral components could exert good immunomodulatory
and therapeutic effects on the disease. However, there are no reports on intravenous co-
administration of bacterial and viral components in a specific ratio. In the present study, we
found that the intravenous injection of inactivated E. faecium alone could not enable mice
to resist PRV infection. Therefore, we combined inactivated E. faecium with inactivated
PRV and co-administered them intravenously in mice to test the experimental results. We
expect that this approach could serve as a reference to treat some diseases that cannot be
prevented and cured by conventional treatment strategies; moreover, this approach could
also provide a model for vaccine development and clinical application.

Author Contributions: Conceptualization, Y.S.; methodology, Y.S.; software, L.H.; validation, Y.C.,
G.W. and Y.S,; formal analysis, ].L.; investigation, J.L.; resources, Y.S.; data curation, Y.C., G.W. and
Y.S.; writing—original draft preparation, Y.C. and G.W,; writing—review and editing, Y.C., G.W. and
Y.S.; visualization, Y.C., G.W,, LH. and Y.S.; supervision, G.W. and Y.S.; project administration, Y.S.;
funding acquisition, Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Fund of “Tai’an Special Project for Prevention and Control
of Pneumonia Epidemic in 2020” (2020FYZX05), and the Fund of “Natural Science Foundation of
Shandong Province” (ZR2021MC161).

Institutional Review Board Statement: Institutional Review Board Statement: The study protocol
and the poultry studies were approved by the Animal Care and Use Committee of Shandong
Agricultural University, Tai’an, China (Ethical Approval Number SDAUA-2018-027).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Pomeranz, L.E.; Reynolds, A.E.; Hengartner, C.J. Molecular biology of pseudorabies virus: Impact on neurovirology and
veterinary medicine. Microbiol. Mol. Biol. Rev. 2005, 69, 462-500. [CrossRef] [PubMed]

2. Li,X.D.; Fu, S.H.; Chen, L.Y,; Li, E; Deng, ].H.; Lu, X.C.; Wang, H.Y.; Tian, K.G. Detection of Pseudorabies Virus Antibodies in
Human Encephalitis Cases. Biomed. Environ. Sci. 2020, 33, 444—447. [CrossRef] [PubMed]

152



Viruses 2023, 15, 1755

S

S

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Liu, Q.; Wang, X.; Xie, C.; Ding, S.; Yang, H.; Guo, S.; Li, J.; Qin, L.; Ban, F; Wang, D.; et al. A Novel Human Acute Encephalitis
Caused by Pseudorabies Virus Variant Strain. Clin. Infect. Dis. 2021, 73, €3690-€3700. [CrossRef]

Wang, D.; Tao, X.; Fei, M.; Chen, J.; Guo, W.; Li, P.; Wang, ]. Human encephalitis caused by pseudorabies virus infection: A case
report. J. Neurovirol 2020, 26, 442-448. [CrossRef] [PubMed]

Yang, X.; Guan, H,; Li, C,; Li, Y.; Wang, S.; Zhao, X.; Zhao, Y.; Liu, Y. Characteristics of human encephalitis caused by pseudorabies
virus: A case series study. Int. J. Infect. Dis. 2019, 87, 92-99. [CrossRef]

Berdeu, I; Spataru, D.; Paraschiv, A. Vaccines: Past, present and future. One Health Risk Manag. 2021, 2, 27-35. [CrossRef]
Mohammadj, E.; Golchin, M. High protection of mice against Brucella abortus by oral immunization with recombinant probiotic
Lactobacillus casei vector vaccine, expressing the outer membrane protein OMP19 of Brucella species. Comp. Immunol. Microbiol.
Infect. Dis. 2020, 70, 101470. [CrossRef]

Plotkin, S.A. Vaccines: Past, present and future. Nat. Med. 2005, 11, S5-511. [CrossRef]

Boyle, J.; Eastman, D.; Millar, C.; Camuglia, S.; Cox, J.; Pearse, M.; Good, J.; Drane, D. The utility of ISCOMATRIX adjuvant for
dose reduction of antigen for vaccines requiring antibody responses. Vaccine 2007, 25, 2541-2544. [CrossRef]

Reed, S.G.; Orr, M.T,; Fox, C.B. Key roles of adjuvants in modern vaccines. Nat. Med. 2013, 19, 1597-1608. [CrossRef]

Ahiwe, E.U.; Abdallh, M.E.; Chang’a, E.P.; Omede, A.A.; Al-Qahtani, M.; Gausi, H.; Graham, H.; [ji, P.A. Influence of dietary
supplementation of autolyzed whole yeast and yeast cell wall products on broiler chickens. Asian-Australas. J. Anim. Sci. 2020, 33,
579-587. [CrossRef] [PubMed]

Lee, B.B.; Yang, T.S.; Goo, D.; Choi, H.S.; Pitargue, EM.; Jung, H.; Kil, D.Y. Effects of dietary beta-mannanase supplementation on
the additivity of true metabolizable energy values for broiler diets. Asian-Australas. J. Anim. Sci. 2018, 31, 564-568. [CrossRef]
[PubMed]

Galdeano, C.M.; Perdigon, G. The probiotic bacterium Lactobacillus casei induces activation of the gut mucosal immune system
through innate immunity. Clin. Vaccine Immunol. 2006, 13, 219-226. [CrossRef] [PubMed]

Lymbery, A.; Song, S.; Hosseini Shekarabi, S.P. Adjuvant effects of medicinal herbs and probiotics for fish vaccines. Rev. Aquac.
2018, 11, 1325-1341. [CrossRef]

Ma, S.; Wang, L.; Huang, X.; Wang, X.; Chen, S.; Shi, W.; Qiao, X; Jiang, Y.; Tang, L.; Xu, Y.; et al. Oral recombinant Lactobacillus
vaccine targeting the intestinal microfold cells and dendritic cells for delivering the core neutralizing epitope of porcine epidemic
diarrhea virus. Microb. Cell Factories 2018, 17, 20. [CrossRef]

Dadar, M.; Shahali, Y.; Mojgani, N. Role of immunobiotic lactic acid bacteria as vaccine adjuvants. In Probiotics in the Prevention
and Management of Human Diseases; Academic Press: Cambridge, MA, USA, 2022; pp. 417-430. [CrossRef]

Shi, S.H.; Yang, W.T,; Yang, G.L.; Cong, Y.L.; Huang, H.B.; Wang, Q.; Cai, R.P; Ye, L.P; Hu, ].T.; Zhou, ].Y,; et al. Inmunoprotection
against influenza virus HIN2 by the oral administration of recombinant Lactobacillus plantarumNC8 expressing hemagglutinin
in BALB/c mice. Virology 2014, 464-465, 166-176. [CrossRef] [PubMed]

Nouri Gharajalar, S.; Mirzai, P.; Nofouzi, K.; Madadi, M.S. Inmune enhancing effects of Lactobacillus acidophilus on Newcastle
disease vaccination in chickens. Comp. Immunol. Microbiol. Infect. Dis. 2020, 72, 101520. [CrossRef]

Li, E.; Chi, H.;; Huang, P; Yan, F,; Zhang, Y; Liu, C.; Wang, Z.; Li, G.; Zhang, S.; Mo, R.; et al. A Novel Bacterium-Like Particle
Vaccine Displaying the MERS-CoV Receptor-Binding Domain Induces Specific Mucosal and Systemic Immune Responses in
Mice. Viruses 2019, 11, 799. [CrossRef]

Maldonado Galdeano, C.; Cazorla, S.I.; Lemme Dumit, ].M.; Velez, E.; Perdigon, G. Beneficial Effects of Probiotic Consumption
on the Immune System. Ann. Nutr. Metab. 2019, 74, 115-124. [CrossRef]

Song, M.; Hong, H.A.; Huang, ].M.; Colenutt, C.; Khang, D.D.; Nguyen, T.V,; Park, S.M.; Shim, B.S.; Song, H.H.; Cheon, L.S.; et al.
Killed Bacillus subtilis spores as a mucosal adjuvant for an H5N1 vaccine. Vaccine 2012, 30, 3266-3277. [CrossRef]

Hayashi, R.M.; Lourenco, M.C.; Kraieski, A.L.; Araujo, R.B.; Gonzalez-Esquerra, R.; Leonardecz, E.; da Cunha, A.F,; Carazzolle,
M.E; Monzani, P.S.; Santin, E. Effect of Feeding Bacillus subtilis Spores to Broilers Challenged with Salmonella enterica serovar
Heidelberg Brazilian Strain UFPR1 on Performance, Inmune Response, and Gut Health. Front. Vet. Sci. 2018, 5, 13. [CrossRef]
[PubMed]

Hong, J.E.; Kye, Y.C.; Park, S.M.; Cheon, LS.; Chu, H.; Park, B.C.; Park, Y.M.; Chang, J.; Cho, J.H.; Song, M.K.; et al. Alveolar
Macrophages Treated With Bacillus subtilis Spore Protect Mice Infected With Respiratory Syncytial Virus A2. Front. Microbiol.
2019, 10, 447. [CrossRef] [PubMed]

Lee, ].E.; Kye, Y.C,; Park, S.M.; Shim, B.S.; Yoo, S.; Hwang, E.; Kim, H.; Kim, S.J.; Han, S.H.; Park, T.S.; et al. Bacillus subtilis spores
as adjuvants against avian influenza HIN2 induce antigen-specific antibody and T cell responses in White Leghorn chickens. Vet.
Res. 2020, 51, 68. [CrossRef] [PubMed]

Yu, L.; Zhang, W.; Wang, X.; Zhang, K.; Yin, Y.; Li, J.; Shi, Y. Selection of an Inactivated Enterococcus faecium and Evaluation of its
Potential as an Inmunomodulator via Intravenous Injection. . Biotechnol. Biomed. 2022, 5, 42-62. [CrossRef]

Barclay, W.R.; Anacker, R.L.; Brehmer, W.; Leif, W.; Ribi, E. Aerosol-Induced Tuberculosis in Subhuman Primates and the Course
of the Disease After Intravenous BCG Vaccination. Infect. Immun. 1970, 2, 574. [CrossRef]

Darrah, P.A.; Zeppa, ].J.; Maiello, P.; Hackney, ].A.; Wadsworth, M.H., 2nd; Hughes, T.K.; Pokkali, S.; Swanson, P.A., 2nd; Grant,
N.L.; Rodgers, M.A; et al. Prevention of tuberculosis in macaques after intravenous BCG immunization. Nature 2020, 577, 95-102.
[CrossRef]

153



Viruses 2023, 15, 1755

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.
45.

De Bruin, M.G.; De Visser, Y.E.; Kimman, T.G.; Bianchi, A.T. Time course of the porcine cellular and humoral immune responses
in vivo against pseudorabies virus after inoculation and challenge: Significance of in vitro antigenic restimulation. Vet. Immunol.
Immunopathol. 1998, 65, 75-87. [CrossRef] [PubMed]

Kimman, T.G.; Bruin, TM.G.D.; Voermans, ].].M.; Peeters, B.P.H.; Bianchi, A.T.]. Development and antigen specificity of the
lymphoproliferation response of pigs to pseudorabies virus: Dichotomy between secondary Band T-cell responses. Immunology
1995, 86, 372-378.

Alizadeh, M.; Shojadoost, B.; Astill, J.; Taha-Abdelaziz, K.; Karimi, S.H.; Bavananthasivam, J.; Kulkarni, R.R.; Sharif, S. Effects
of in ovo Inoculation of Multi-Strain Lactobacilli on Cytokine Gene Expression and Antibody-Mediated Immune Responses in
Chickens. Front. Vet. Sci. 2020, 7, 105. [CrossRef]

Bavananthasivam, J.; Alizadeh, M.; Astill, J.; Alqazlan, N.; Matsuyama-Kato, A.; Shojadoost, B.; Taha-Abdelaziz, K.; Sharif, S.
Effects of administration of probiotic lactobacilli on immunity conferred by the herpesvirus of turkeys vaccine against challenge
with a very virulent Marek’s disease virus in chickens. Vaccine 2021, 39, 2424-2433. [CrossRef]

Bermudez-Brito, M.; Plaza-Diaz, J.; Munoz-Quezada, S.; Gomez-Llorente, C.; Gil, A. Probiotic mechanisms of action. Ann. Nutr.
Metab. 2012, 61, 160-174. [CrossRef] [PubMed]

Brisbin, ].T.; Gong, J.; Parvizi, P,; Sharif, S. Effects of lactobacilli on cytokine expression by chicken spleen and cecal tonsil cells.
Clin. Vaccine Immunol. 2010, 17, 1337-1343. [CrossRef] [PubMed]

Pender, C.M.; Kim, S.; Potter, T.D.; Ritzi, M.M.; Young, M.; Dalloul, R.A. In ovo supplementation of probiotics and its effects on
performance and immune-related gene expression in broiler chicks. Poult. Sci. 2017, 96, 1052-1062. [CrossRef] [PubMed]
Plaza-Diaz, J.; Ruiz-Ojeda, FJ.; Gil-Campos, M.; Gil, A. Mechanisms of Action of Probiotics. Adv. Nutr. 2019, 10, S49-S66.
[CrossRef] [PubMed]

Hori, T.; Kiyoshima, J.; Shida, K.; Yasui, H. Augmentation of cellular immunity and reduction of influenza virus titer in aged mice
fed Lactobacillus casei strain Shirota. Clin. Diagn. Lab. Immunol. 2002, 9, 105-108. [CrossRef]

Olivares, M.; Diaz-Ropero, M.P; Sierra, S.; Lara-Villoslada, E.; Fonolla, J.; Navas, M.; Rodriguez, ].M.; Xaus, ]J. Oral intake of
Lactobacillus fermentum CECT5716 enhances the effects of influenza vaccination. Nutrition 2007, 23, 254-260. [CrossRef]

Xu, J.; Ren, Z; Cao, K,; Li, X; Yang, J.; Luo, X.; Zhu, L.; Wang, X.; Ding, L.; Liang, J.; et al. Boosting Vaccine-Elicited Respiratory
Mucosal and Systemic COVID-19 Immunity in Mice With the Oral Lactobacillus plantarum. Front. Nutr. 2021, 8, 789242.
[CrossRef]

Oelschlaeger, T.A. Mechanisms of probiotic action—A review. Int. |. Med. Microbiol. 2010, 300, 57-62. [CrossRef]
Rodriguez-Nogales, A.; Algieri, F.; Vezza, T.; Garrido-Mesa, N.; Olivares, M.; Comalada, M.; Riccardi, C.; Utrilla, M.P.; Rodriguez-
Cabezas, M.E.; Galvez, . The viability of Lactobacillus fermentum CECT5716 is not essential to exert intestinal anti-inflammatory
properties. Food Funct. 2015, 6, 1176-1184. [CrossRef]

Jimenez, E.; Fernandez, L.; Marin, M.L.; Martin, R.; Odriozola, ].M.; Nueno-Palop, C.; Narbad, A.; Olivares, M.; Xaus, J.;
Rodriguez, ].M. Isolation of commensal bacteria from umbilical cord blood of healthy neonates born by cesarean section. Curr.
Microbiol. 2005, 51, 270-274. [CrossRef]

Franco, L.; Torres-Dominguez, L.; Mamola, J.; Lemos de Matos, A.; Abrantes, M.; Walker, B.; Tacner, Z.; Kien, C.; Elliott, N.;
McFadden, G.; et al. Abstract PO091: Armed Myxoma virus demonstrates efficacy in syngeneic tumor models alone and in
combination with immune checkpoint inhibitors. Cancer Immunol. Res. 2021, 9, PO091. [CrossRef]

Park, S.; Moshiri, A.; Hadi, R.; Green, A.; Gardner, ].; Doolittle-Amieva, C. 593 Tumoral melanosis mimicking residual melanoma
After T-VEC treatment. J. ImmunolTherapy Cancer 2020, 8 (Suppl. S3), A355-A356. [CrossRef]

Rahman, M.M.; McFadden, G. Oncolytic Virotherapy with Myxoma Virus. J. Clin. Med. 2020, 9, 171. [CrossRef] [PubMed]

Yi, X.; Zhou, H.; Chao, Y.; Xiong, S.; Zhong, J.; Chai, Z.; Yang, K.; Liu, Z. Bacteria-triggered tumor-specific thrombosis to enable
potent photothermal immunotherapy of cancer. Sci. Adv. 2020, 6, eaba3546. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

154



viruses

Article

Isolation and Characterization of a Novel Recombinant
Classical Pseudorabies Virus in the Context of the Variant
Strains Pandemic in China

Zhengmin Lian 1 Panrao Liul, Zhenbang Zhu 1 Zhe Sun 2, Xiuling Yu 2 Junhua Deng 2 RuichaoLil,

Xiangdong Li 1-2*

check for
updates

Citation: Lian, Z.; Liu, P; Zhu, Z;
Sun, Z.; Yu, X.; Deng, J.; Li, R.; Li, X.;
Tian, K. Isolation and
Characterization of a Novel
Recombinant Classical Pseudorabies
Virus in the Context of the Variant
Strains Pandemic in China. Viruses
2023, 15, 1966. https://doi.org/
10.3390/v15091966

Academic Editor: Ronald N. Harty

Received: 22 August 2023
Revised: 18 September 2023
Accepted: 20 September 2023
Published: 20 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Kegong Tian %*

Jiangsu Co-Innovation Center for Prevention and Control of Important Animal Infectious Diseases and
Zoonoses, College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, China;
lian_zm@126.com (Z.L.); 007617@yzu.edu.cn (P.L.)

2 Luoyang Putai Biotech Co., Ltd., Luoyang 471003, China

*  Correspondence: 007352@yzu.edu.cn (X.L.); tiankg@263.net (K.T.)

Abstract: Pseudorabies virus (PRV) variants were discovered in immunized pigs in Northern China
and have become the dominant strains since 2011, which caused huge economic losses. In this study,
a classical PRV strain was successfully isolated in a PRV gE positive swine farm. The complete genome
sequence was obtained using a high-throughput sequencing method and the virus was named JS-2020.
The nucleotide homology analysis and phylogenetic tree based on complete genome sequences or gC
gene showed that the JS-2020 strain was relatively close to the classical Ea strain in genotype II clade.
However, a large number of amino acid variations occurred in the JS-2020 strain compared with the
Ea strain, including multiple immunogenic and virulence-related genes. In particular, the gE protein
of JS-2020 was similar to earlier Chinese PRV strains without Aspartate insertion. However, the
amino acid variations analysis based on major immunogenic and virulence-related genes showed that
the J5-2020 strain was not only homologous with earlier PRV strains, but also with strains isolated in
recent years. Moreover, the JS-2020 strain was identified as a recombinant between the GXGG-2016
and HLJ-2013 strains. The pathogenicity analysis proved that the PRV JS-2020 strain has typical
neurogenic infections and a strong pathogenicity in mice. Together, a novel recombinant classical
strain was isolated and characterized in the context of the PRV variant pandemic in China. This study
provided some valuable information for the study of the evolution of PRV in China.

Keywords: pseudorabies virus; classical strain; phylogenetic analysis; recombination; pathogenicity

1. Introduction

Pseudorabies virus (PRV) is a highly pathogenic and infectious pathogen in pigs,
which causes pseudorabies (PR) or Aujeszky’s disease (AD) and is characterized by neuro-
logical symptoms, fever and itchiness. AD leads to abortion and stillbirth in swine, growth
retardation in growing pigs, and high mortality in piglets, resulting in huge economic
losses in pig production. PRV is a double-stranded linear DNA virus belonging to the Her-
pesviridae family, Alphaherpesvirinae subfamily and Varicellovirus genus. The genomes
of herpesvirus were divided into six classes (A to F). The PRV genome belongs to the D
class, which is similar to the varicella-zoster virus (VZV) genome [1]. The first complete
DNA sequence of the PRV genome was obtained from several published incomplete se-
quences and multiple newly sequenced fragments derived from different strains [2]. The
first full genome characterization of a single PRV strain (Bartha strain) was revealed using
Ilumina high-throughput sequencing [3]. These studies showed that PRV was organized
into a unique long (UL) region, a unique short (US) region and two large inverted and
terminal repeats (IR, TR) flanking the US region.
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The earliest sporadic outbreaks of PRV were reported in the United States in 1813 and
then PRV was spread around the world [1]. With the widespread use of the PRV Bartha-K61
strain, an attenuated live vaccine, PRV was effectively controlled in pigs [4]. Furthermore,
it has been eradicated in the United States, Netherlands and various European countries [5].
In China, PRV was discovered in 1950s. With the use of the commercial Bartha-K61 vaccine
since the 1970s, PRV was effectively controlled in Chinese swine farms. However, since
2011, the PRV variant strain was discovered in pigs immunized with the Bartha-K61 vaccine
in Northern China, and then spread rapidly almost nationwide [6,7]. The epidemiological
investigation revealed that the positive rate of wild-type PRV was 8.27% between 2012
and 2017, and it even reached 12% between 2012 and 2013 [8]. Although the Bartha-K61
vaccine was widely used in swine farms, more and more outbreaks of PR were reported
in vaccinated swine farms since the variant strain was discovered [9-11]. Several research
studies have shown that the Bartha-K61 vaccine could not provide full protection against
the PRV variant strains [7,12,13]. Compared with classical PRV strains, the PRV variant
showed stronger pathogenicity in pigs [10,14]. In recent years, several novel vaccines
based on PRV variant strains have been developed and evaluated, including the gE/gl-
deleted inactivated vaccine based on the PRV ZJ01 strain [15], the inactivated vaccine
(gE-deleted) and the live attenuated vaccine (gE/gl/TK-deleted) based on the PRV HN1201
strain [16,17].

With the wide application of high-throughput sequencing technology, multiple com-
plete genome sequences of PRV variant strains were reported and characterized. However,
the novel classical strains were less reported on. In this study, a novel classical PRV strain
was isolated in the context of the PRV variant pandemic in China. Its complete genome
sequence was obtained using Illumina high-throughput sequencing. The genome char-
acteristics, genetic evolution and amino acid variations were analyzed. Furthermore, the
biological characteristics and pathogenicity were further revealed and tested.

2. Materials and Methods
2.1. Cells and Virus Infection

PK-15 cells were purchased from the American Type Culture Collection (ATCC) and
cultured in Dulbecco’s modified Eagle medium (DMEM) (Solarbio, Shanghai, China)
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA,
USA) at 37 °C in 5% CO;,. Clinical brain tissue samples were collected from a case of
PR-suspected aborted swine in Jiangsu Province of China in 2020. The fever and loss of
appetite were observed from aborted swine. It was a PRV negative farm, and the pigs were
not vaccinated with any PRV vaccines in recent years. Samples were homogenized and the
PK-15 cells were infected with filtered supernatant for 1 h. Next, the infected cells were
washed with phosphate-buffered saline (PBS) and incubated in DMEM supplemented with
1% FBS.

2.2. PCR Identification and Growth Curves

The supernatant samples from infected PK-15 cells which showed PRV-like cytopathic
effects (CPEs), were purified using three rounds of plaque purification to obtain purified
PRV. Total DNA strands of purified PRV samples were extracted using viral genomic
DNA extraction kit according to the manufacturer’s instructions (TTANGEN, China). Next,
purified DNA samples were identified with polymerase chain reaction (PCR) using PRV
specific primers pairs for gD gene (F: 5 CAG GAG GAC GAG CTG GGG CT -3’ and
R: 5" GTC CAC GCC CCG CTT GAA GCT -3').

The purified PRV JS-2020 and Bartha strain were inoculated with PK-15 cells at 0.1 MOI
in DMEM supplemented with 1% FBS, and the supernatants were harvested at 2, 6, 12, 24,
36 and 48 h post infection. The viral titers of supernatants were tested using PK-15 cells.
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2.3. Immunofluorescence

PK-15 cells were infected with JS-2020 at 0.1 MOI in DMEM and supplemented with 1%
FBS; cell samples were collected at 24 h post infection. For immunofluorescence, the infected
PK-15 cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.5%
Triton X-100 at room temperature. Cells were blocked with 3% bovine serum albumin (BSA)
for 1 h at room temperature and incubated with PRV gB protein antibody (A general gift
from Prof. Beibei Chu at Henan Agricultura University) overnight at 4 °C. Following three
washes with PBS, cells were incubated with an Alexa fluor 555-conjugated anti-mouse
IgG (Cell Signaling Technology, Danvers, MA, USA) for 1 h at the room temperature. The
cells were visualized with an inverted fluorescence microscope (U-HGLGPS, OLYMPUS,
Tokyo, Japan).

2.4. Complete Genome Sequencing and Analysis

Purified genomic DNA of PRV JS-2020 strain was sequenced through next-generation
sequencing (NGS) technology using Illumina paired-end sequencing (Sangon Biotech,
Shanghai, China). The complete genome sequence was annotated using SnapGene 6.0
software and submitted to the GenBank database (GenBank accession number: OR271601).

The complete sequences of JS-2020 strain were aligned with other 15 PRV strains
(Table 1), the nucleotide homology analysis was performed using MegAlign module of
DNASTAR Lasergene 7 software. Phylogenetic trees of genomic and gC sequences were
constructed using maximum likelihood (ML) method of MEGA11 software (V11.0.13).

Table 1. Information of pseudorabies virus strains for gC gene and complete genome analysis.

Strain Accession Number Country Isolation Date
HeNZM /2017 MW560175.1 China 2017
JX/CH/2016 MK806387.1 China 2016
LA KU552118.1 China 1997
Ea KU315430.1 China 1990
Fa KM189913.1 China 2012
FB ON005002.1 China 1986
hSD-1/2019 MT468550.1 China 2019
PRV X] MW893682.1 China 2015
PRV-GD OK338076.1 China 2021
5X1911 OP376823.1 China 2019
Becker JE797219.1 USA 1970
sC KT809429.1 China 1986
Bartha JF797217.1 Hungary 1961
GXGG-2016 OP605538.1 China 2016
HLJ-2013 MKO080279.1 China 2013
J5-2020 OR271601 China 2020

2.5. Amino Acid Variations Analysis

Amino acid sequence alignment of ]JS-2020 ORFs were performed using BLAST on
the NCBI website (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=Dblastp&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome, accessed on 20 June 2023). The amino acid se-
quence homology and phylogenetic trees of PRV major immunogenic and virulence-related
genes (including gB, gC, gD, gE, gl and TK) were analyzed using maximum likelihood
(ML) method with MEGA11 software (V11.0.13).

2.6. Recombination Analysis

RDP4 software (V4.101) was used to detect the potential recombination signals in
J5-2020 strain with Bootscan, 3seq, PhylPro, Maxchi, SiScan and Chimaera algorithms.
Then, the major recombination events were further validated with SimPlot 3.5.1 software
with a sliding window of 2000 nucleotides which moved every 200 nucleotide steps.
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2.7. Animal Experiments

The purified PRV JS-2020 strain was diluted to 10*> TCIDsp/mL in DMED. Six-week-
old specific pathogen-free (SPF) BALB/c mice (Comparative Medicine Center of Yangzhou
University) were randomly divided into two groups including DMEM group and PRV
infected group. The 5 mice of PRV infected group were infected with 10> TCIDsy PRV
J5-2020 strain in 100 uL. DMED by injecting intraperitoneally. Another 5 mice of DMEM
group were intraperitoneally injected with 100 uL. DMED. Mice were monitored daily, and
the survival rates were recorded for 7 days.

2.8. Histopathology and Immunohistochemistry Staining

Brain tissues samples were collected from dead mice of PRV JS-2020 strain infected
group and surviving mice of DMEM group. Samples were fixed with 10% formaldehyde,
placed into paraffin blocks, and cut into sections. The hematoxylin and eosin staining
were applied to sections for histopathological examination. PRV specific antibody (anti-gB
protein) was used for immunohistochemistry staining as described previously [18].

3. Results
3.1. Isolation and Identification of PRV ]S-2020 Strain

The PRV gE positive brain tissue samples from aborted piglets were identified with the
real-time PCR method. Supernatants of the PRV gE-positive tissues were incubated in PK-
15 cells and typical CPEs of PRV were observed within 24 h post infection (hpi) (Figure 1A).
Moreover, the results of IFA showed that PRV gB protein was detected in infected PK-
15 cells (Figure 1A). After three rounds of plaque purification and PCR identification
(Figure 1B), the purified PRV was obtained and named ]JS-2020. Results of growth curves
showed the highly efficient replication capability of JS-2020 in PK-15 cells (Figure 1C).
The viral titers of JS-2020 in infected cells’ supernatants increased rapidly from 6 hpi to
12 hpi, and peaked with a viral copy number of more than 10° TCIDsp/mL after 36 hpi
(Figure 1C). This result was similar to the Bartha-K61’s outcome. These results indicated
that a field strain of PRV was successfully isolated from the clinical samples and grew well
in PK-15 cells.

3.2. Genomic Characterization of the ]S-2020 Strain

To identify the genetic characteristics of the JS-2020 strain, the complete genome
sequences were obtained using the high-throughput sequencing method. The complete
genome length of the JS-2020 strain was 143,246 bp, which encodes 69 open reading frames
(OREFs) (Figure 2A). The genome sequence was divided into the following four parts: UL
(101,287 bp), US (9183 bp), IR (16,388 bp) and TR (16,388 bp) (Table 2). GC content was 74%,
which was similar to other published PRV strains [4].

Table 2. Genome organization and location of PRV JS-2020 strain.

Region Start (5') End (3") Length (bp)
UL 1 101,287 101,287
IR 101,288 117,675 16,388
Us 117,676 126,858 9183
TR 126,858 143,246 16,388

Based on complete genome sequences, the nucleotide homology analysis revealed that
J5-2020 shared 91.3-99% homology with other PRV strains. In addition, it had the highest
homology with the Ea strain (99.8%), which is a Chinese classical PRV strain isolated in 1990
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(Table 3). Moreover, the phylogenetic trees based on both genomic and gC sequences were
constructed and analyzed (Figure 2B,C). The phylogenetic tree based on gC showed that
the PRV strains were classified into genotype I and genotype II, and the JS-2020 strain was
clustered within genotype II. The results based on the complete genome showed that the JS-
2020 strain also clustered with Chinese PRV strains and had the closest genetic evolutionary
relationship with the Ea strain, which was a Chinese classical PRV strain isolated in 1990.
These results, which were based on the analysis of genome sequences, suggested that
a classical PRV strain was isolated in the context of the PRV variant pandemic in China.
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Figure 1. Isolation and identification of PRV JS-2020 strain. (A) PRV-like CPEs were observed
within 24 h post infection, and the gB protein of PRV was positive (IFA). (B) PCR identification of
purified JS-2020 strain (gD gene, where Bartha was used as a positive control). (C) Growth curves of
JS-2020 strain.
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Figure 2. Genomic characterization of PRV J5-2020 strain. Complete genome distribution of JS-2020
strain (A) and the phylogenetic trees based on both complete sequences (B) and gC (C). “*” indicates
the target PRV strain in this study.
Table 3. Nucleotide homology of 13 PRV strains compared with JS-2020 strain.
Nucleotide Homology % (Complete Genome)
. hSD- PRV PRV- HL]J- GXGG- JS-
PRV Strain JX/CH/2016 LA Ea Fa FB 1/2019 X] GD SX1911 Becke SC Bartha 2013 2016 2020
HeNZM /2017 97.1 941 964 96.1 94.6 96.6 96.9 95.6 97.2 91.7 95.7 90.3 95.5 96.3 96.8
JX/CH/2016 947 97.1 97 954 97.6 98.4 95.6 97.8 91.9 96.7 90.9 96.5 97.1 97.8
LA 949 948 935 94.3 94.7 93.3 94.3 92.1 94.2 90.6 94.7 94.7 95.1
Ea 983 95.8 96.4 96.9 94.7 96.6 91.9 96.9 90.9 97.1 99.2 99
Fa 96.9 96.1 96.6 94.6 96.5 91.8 96.9 90.8 97.1 98.2 98.8
FB 95.5 95.1 94 95.6 91.1 95.7 90.1 95.7 95.8 96.4
hSD-1/2019 98.6 96.3 98.3 91.4 97.8 90.1 96.1 96.4 97
PRV X] 95.7 98 91.8 97.4 90.4 96.4 96.8 97.5
PRV-GD 96.7 90.8 95.4 88.9 944 94.6 95.3
SX1911 92.1 97.2 90.5 96.3 96.6 97.3
Becker 92 93.8 93 91.7 92.3
SC 91.1 97.3 96.9 97.6
Bartha 92.3 90.8 91.3
HLJ-2013 97.1 97.9
GXGG-2016 98.9

3.3. Amino Acid Variations Analysis of the JS-2020 Strain

Compared with the Ea strain, a total of 27 proteins of the ]JS-2020 strain were different,
containing 86 mutations, 7 deletions and 20 insertions (Table 4). The major amino acid
variations occurred in UL47 (7 aa), UL27 (6 aa), UL36 (34 aa), IE180 (7 aa), US1 (21 aa) and
US3 (5 aa).
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Table 4. Protein coding variations of JS-2020 strain compared with Ea strain.

Protein Name Number (aa) Amino Acid Residues and Location

UL50 1 24 (+E)

UL49.5 1 4 (+S)

UL48 4 R161Q T216M T271A H397P

UL47 7 P399A V404L D406E T411A 414-415(TL > AV) P419A
UL46 2 C494Y A666T

UL27 6 P735L H560Q G393D V114G T112P

UL28 1 V428G

UL30 1 P150L

UL32 1 T402A

UL34 1 A78V

UL35 1 P102S

G3167D 2510-2512(AAPP) K2267T 279-280(AQS)
UL36 34 942-968(GAAGRAVGGRGGGRGDARAGCARSPTR>
ALQAALSAAVAAAVEMLGRLRAQPDE

UL39 1 L571F

UL41 2 S218T Y11H

UL15 2 F545S K169E

UL17 1 D209A

UL10 4 L200H V158A R116Q Q107R
UL9 1 C218R

UL3.5 1 S195P
UL2 2 42-43(AGA)
EPO 3 A270G C200S V161M

1IE180 7 VI999A Q943E N908K P865S V757A T724A Q524R
Us1 21 P81A G136C K236E 342-343 (+EDEDEDEDEDEDEDEDED)
US3 5 524G R115P P135R V177D G214A
Usé6 2 F169S S278R
us7 1 V148L
Us2 1 Y265S

Note: Single amino acid variation is indicated by the amino acid in Ea strain, position and amino acid in JS-2020
strain, e.g., R161Q. Insertions in JS-2020 strain are indicated by position in Ea strain followed by a plus sign and
the amino acids of JS-2020 strain, e.g., 24(+E). Deletions are indicated by position, symbol “A” and the amino
acids in Ea strain, e.g., 279-280(AQS). Sequential variations are indicated by position, the amino acid in Ea strain,
symbol “>" and the amino acid of JS-2020 strain, e.g., 414-415(TL > AV).

To assess the variations of major immunogenic and virulence-related genes (including
gB, gC, gD, gE, gl and TK), the amino acid sequence of the JS-2020 strain was compared
with 24 Chinese PRV strains and the Bartha strain. The homology analysis results showed
that the gl and TK of JS-2020 was highly conserved (sharing 100% homology with most
of the Chinese PRV strains) and gB, gC, gD and gE shared lower homology with other
PRV strains (gB 96.5-99.7%, gC 92.4-100%, gD 97.3-100% and gE 83.9-100%). Moreover,
the phylogenetic trees based on amino acid sequence of gB, gC, gD, gE, gl and TK were
constructed and analyzed (Figure 3). The gB protein of the ]JS-2020 strain had the highest
homology with the Fa, GXGG-2016 and SC strain (99.7%), but their evolutionary relation-
ships belong to different branches (Figure 3A). The gC protein has 100% homology and the
closest evolutionary relationship with the Ea, Fa and GXGG-2016 strain (Figure 3B). The
gD protein has the highest homology (100%) and belongs to same branch of evolutionary
relationship with the Fa, GXGG-2016, HLJ-2013 and SC strain. (Figure 3C). The gE protein
has the highest homology (100%) and the closest evolutionary relationship with Ea, Fa,
HLJ-2013 and SC strain (Figure 3D). The evolutionary relationships of highly conserved gl
and TK proteins are similar to homology analysis results, which are also similar to most of
the Chinese PRV strains (Figure 3E,F).
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Figure 3. Phylogenetic trees that are based on amino acid sequences of gB (A), gC (B), gD (
gl (E) and TK (F). “*” indicates the PRV isolate in this study.
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The results of previous studies showed that the gE protein of the PRV variant strain
contained two Aspartate (Asp, D) insertions when compared with earlier PRV strains that
were isolated from China. Although Asp insertions were also observed in a few early PRV
strains, the insertions in the variant strains were highly conserved [7,9]. The results of the
amino acid sequence analysis showed that the gE protein of the JS-2020 strain is similar to
the earlier Chinese PRV strains without the Asp insertion at the amino acid position 497
(Figure 4). These results further proved that a classical PRV strain was isolated, which is
similar to earlier Chinese PRV strains.
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Figure 4. Alignment of amino acid sequences of PRV gE protein. JS-2020 strain is similar to earlier
Chinese PRV strains without Asp insertion at amino acid position 497. Red lines indicate two Asp
insertions in the variant strains.

3.4. Recombination Analysis

Multiple studies have shown that recombinant events were found in a few isolated
Chinese PRV strains [9,19,20]. The homology analysis of the JS-2020 results showed that
partial genes of the JS-2020 have high homology and close evolutionary relationship not
only with earlier PRV strain (Ea), but also with recent strains (GXGG-2016). These results
suggested that the JS-2020 might be a recombinant strain. To test whether there are any
recombination signals in the JS-2020 with other Chinese PRV strains (as shown in Table 5)
and the Bartha strain, recombinant analysis was performed using RDP4 software (V4.101).
The results showed that several major recombination events were detected in the JS-2020
strain with Bootscan, 3seq, PhylPro, Maxchi, SiScan and Chimaera algorithms. In addition,
the major backbone of the JS-2020 was the GXGG-2016 strain, and the major recombination
regions were obtained from the HLJ-2013 strain (minor backbone). There were no Ea and Fa
strains associated with the recombination signals in the JS-2020 strain, although they shared
high homology. Moreover, the recombination events were further verified using Simplot
3.5.1 software. The result showed that four potential major recombination regions which
form the HL]-2013 strain were detected and that they were located at 15,201 to 17201; 31,401
to 33,201; 109,401 to 119,401 and 126,401 to 132,001 (Figure 5). The major recombination
regions include partial UL46, UL27, UL34, UL36 and US3 ORFs and complete UL35, US1
and US2 ORFs (Figure 5). The other regions of the JS-2020 strain were highly similar to the
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GXGG-2016 strain. These results indicated that the JS-2020 and the GXGG-2016 strain share
a common parental strain and most of the fragments in the JS-2020 strain come from the
GXGG-2016 strain. However, there is a continuous deletion of 69 amino acids in the TK
gene of the GXGG-2016 strain [20], but the JS-2020 does not undergo deletion. Therefore,
this indicates that the TK gene of the JS-2020 comes from other PRV strains.

Table 5. Amino acid homology of major immunogenic and virulence-related genes.

. . o
PRV Strain Homology of Amino Acid Sequence (%)

gB gC gD gE gl TK
Bartha 96.5 92.7 97.3 - - 99.4
CH/GX/PRV /2408/2018 99.3 99.4 99.8 99.3 100.0 100.0
DCD-1 99.2 99.4 99.8 99 100.0 100.0
DL14/08 99.3 99.4 99.8 99.5 100.0 99.7
DX 99.2 99.4 99.8 99.1 99.5 100.0
Ea 99.5 100.0 99.5 100.0 99.7 100.0
Fa 99.7 100.0 100.0 100.0 100.0 100.0
FB 98.3 97.3 99.8 99.1 98.6 99.7
FJ/tiger/2018-1 99.5 99.4 99.8 99.5 100.0 99.7
GXGG-2016 99.7 100.0 100.0 83.9 100.0 -
HeN1 99.3 99.4 99.8 98.8 100.0 100.0
HeNZM /2017 99.3 99.4 99.8 99.3 100.0 100.0
HLJ-2013 97.8 94.4 100.0 99.8 100.0 99.4
HLJ8 99.3 99.4 99.8 99.3 100.0 100.0
HN1201 99.3 99.4 99.8 99.1 100.0 100.0
hSD-1/2019 99.3 99.4 99.8 99.1 100.0 100.0
J5-2012 99.3 99.2 99.8 99.1 100.0 100.0
JS-XJ5 99.3 99.2 99.8 99.3 100.0 100.0
JX/CH/2016 99.2 99.2 99.8 99.1 100.0 100.0
LA 98.8 98.3 99.7 99.5 98.6 100.0
PRV X] 99.2 99.4 99.8 99.1 100.0 100.0
PRV-GD 99.3 99.4 99.8 99.1 100.0 100.0
PRV-IM 99.3 99.4 99.8 99.1 100.0 100.0
SC 99.7 94.4 100.0 100.0 100.0 99.4
5X1911 99.1 99.4 99.8 99.1 100.0 100.0
1] 99.3 99.4 99.8 99.3 99.7 100.0
ZJo1 99.2 99.4 99.5 98.4 97.3 100.0
Note: “-” indicates the deletion of this gene.

3.5. Pathogenicity Analysis

Mice are commonly used as animal models since they show neurogenic infections of
the central nervous systems (CNS) with high mortalities in a productive PRV infection [21,22].
To assess the pathogenicity of the JS-2020 strain, the six-week-old specific pathogen-free
(SPF) BALB/c mice were infected with the PRV ]JS-2020 strain or the DMEM by injecting,
intraperitoneally. The results showed that the mice infected with the PRV JS-2020 strain
began to die on the third day post infection (Figure 6A). All PRV infected mice died on firth
day post infection and the symptoms associated with the PRV infection (nervous symptoms
and dead mice) were not observed in the DMEM group. In our previous study results, the
higher dose of PRV Bartha -K61 (50 uL. 1 x 10° TCIDsy/mL) infected mice started to die as
early as the fifth day post infection. Therefore, the JS-2020 showed higher pathogenicity
than Bartha-K61 in mice [23].
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Next, histopathological examination and immunohistochemistry staining of brain tis-
sues were performed to evaluate the neurovirulence of the JS-2020 strain. The hematoxylin-
eosin (HE) staining results showed that the meningeal congestion was observed in mice
infected with the PRV JS-2020 strain (Figure 6B, HE). Immunohistochemistry staining
results revealed that PRV antigens were positive in brain tissues of the mice infected with
the PRV J5-2020 strain (Figure 6B, IHC). No lesions or PRV antigens were observed in the
brain tissues of mice in the DMEM group. These results indicated that the PRV JS-2020
strain has typical neurogenic infections and a strong pathogenicity in mice.

4. Discussion

Since the PRV variant strains were discovered in 2011 in China, it has spread to most
areas of China and caused huge economic losses. Next, more and more PRV variant strains
were isolated and identified. To control the spread of newly emerged PRV variants, several
effective vaccines based on PRV variants have been developed and applied in recent years
in China. However, PRV exhibits a definite neurotropism and results in acute infection
in piglets or in the establishment of latent infection in trigeminal ganglion neuros [1,21].
Based on its characteristic of latent infection, the earlier PRV strains were able to maintain
long-term infection in swine farms. These PRV strains can be reactivated and spread to
healthy pigs. In this study, a classical PRV strain (JS-2020) was isolated and identified from
PRV-infected pigs in 2020. It proved that the earlier PRV strains still persist in Chinese
swine farms in the context of the PRV variant pandemic.

The complete genomic sequences of the PRV JS-2020 strain were obtained using a high-
throughput sequencing method. It had similar genome organization, including a unique
long (UL) region, a unique short (US) region and two inverted repeats (IR and TR) along
with other published PRV strains. Based on complete genome sequences, the JS-2020 strain
has high homology and a close evolutionary relationship with the Ea strain (an earlier
classical PRV strain isolated in 1990 in China). In addition, it was classified into genotype II
with most of the other Chinese PRV strains based on the gC phylogenetic tree. Compared
with the Ea strain, a large number of amino acid variations occurred in the JS-2020 strain,
including multiple immunogenic and virulence-related genes.

It was reported that the gB, gC, gD, gE, gl and TK genes are major immunogenic
and virulence-related genes of PRV. The gB protein is one of envelope glycoproteins and
major viral antigen in PRV, participates in the processes of viral entry and cell-to-cell
spread [24-26]. The gC protein was regarded as a viral adhesion and immune response
related glycoprotein [27]. The cell receptor nectin-1, an immunoglobulin-like cell adhesion
molecule, is engaged by the gD protein at an early step of PRV infection. It was reported
that the special antibody of gD protein was able to block PRV attachment to cell [28,29].
Both gE and gl are neurovirulence associated proteins of PRV. Deletion of gE or gl severely
reduces anterograde spread capacity of PRV in processes of axonal transport [30,31]. The
TK gene codes thymidine kinase of PRV. The pathogenicity of TK mutant PRV was highly
attenuated in mice, rabbits and pigs [1]. The amino acid variations analysis based on these
immunogenic and virulence-related genes showed that the gB, gC, gD and gE genes of
the JS-2020 strain were not only homologous with earlier PRV strains (the Ea, Fa or SC
strains), but also with strains isolated in recent years (the GXGG-2016 or HLJ-2013 strains).
In particular, the gE gene of the JS-2020 strain was most similar to the earlier strains without
an Asp insertion when compared to those with variant strains isolated in recent years. Both
the gl and TK gene of the JS-2020 strain were highly conserved compared with most of the
Chinese PRV strains.

It was reported that the GXGG-2016 and HLJ-2013 strains were classical PRV strains,
and they were also homologous with earlier Chinese strains from previous studies [20,32].
The analysis of homology and variations based on nucleotide or amino acid sequences
suggested that the JS-2020 strain might have evolved from the GXGG-2016 or HLJ-2013
strain. In recent studies, multiple recombinant PRV strains were identified, such as the
JSY13, SC and FJ strains. The recombination regions of the JSY13 and SC strains were
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regarded as a Bartha strain [9,19]. The FJ strain was regarded as a recombination strain
between the HL]8 and Ea strains [33]. The evolutionary and recombination analysis based
on a large number of PRV complete genome sequences indicated that novel PRV variants
might evolve from classical PRV strains through recombination mechanisms [34]. In this
study, the recombination events were further predicted using related software. The JS-2020
strain was identified as a recombinant, its major sequences was highly similar to GXGG-
2016 strain and a fraction of recombination regions were from the HLJ-2013 strain. In
summary, a recombinant classical PRV strain was isolated and characterized in this study.
These results will provide some evidence for the PRV-evolution-related studies. Moreover,
it indicated that the classical PRV strains were still spreading among Chinese swine farms
in the context of the PRV variant pandemic and that the novel natural recombinant virus is
constantly being produced.

Author Contributions: Conceptualization, K.T. and X.L.; methodology, Z.L. and Z.Z.; software, Z.L.
and R.L.; validation, Z.L., Z.Z. and PL.; formal analysis, Z.L.; investigation, Z.L., Z.S., X.Y. and
J.D.; resources, X.L., Z.S., X.Y. and ].D.; data curation, Z.L.; writing—original draft preparation, Z.L.;
writing—review and editing, Z.L. and X.L.; visualization, Z.L.; supervision, K.T. and X.L.; project
administration, X.L.; funding acquisition, X.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (No. 32172823
and No. 32102637), the Postgraduate Research and Practice Innovation Program of Jiangsu Province
(Yangzhou University) (No. SJCX22_1805) and the Project of the Priority Academic Program Devel-
opment of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: All the animal experiments were approved by the Jiangsu
Administrative Committee for Laboratory Animals (Permission Number: 202304001) and com-
plied with the Guidelines of Laboratory Animal Welfare and Ethics of Jiangsu Administrative
Committee and Laboratory Animal Welfare and Ethics Committee of Yangzhou University for
Laboratory Animals.

Data Availability Statement: All the data generated during this study are included in the manuscript.
Additional data related to this article may be requested from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pomeranz, L.E.; Reynolds, A.E.; Hengartner, C.J. Molecular biology of pseudorabies virus: Impact on neurovirology and
veterinary medicine. Microbiol. Mol. Biol. Rev. 2005, 69, 462-500. [CrossRef]

2. Klupp, B.G.; Hengartner, C.J.; Mettenleiter, T.C.; Enquist, L.W. Complete, annotated sequence of the pseudorabies virus genome.
J. Virol. 2004, 78, 424-440. [CrossRef]

3. Szpara, M.L.; Tafuri, Y.R; Parsons, L.; Shamim, S.R.; Verstrepen, K.J.; Legendre, M.; Enquist, L.W. A wide extent of inter-strain
diversity in virulent and vaccine strains of alphaherpesviruses. PLoS Pathog. 2011, 7, €1002282. [CrossRef]

4. Zheng, HH.; Fu, PE; Chen, H.Y.; Wang, Z.Y. Pseudorabies Virus: From Pathogenesis to Prevention Strategies. Viruses 2022,
14, 1638. [CrossRef]

5. Zhou,],;Li, S.; Wang, X.; Zou, M.; Gao, S. Bartha-k61 vaccine protects growing pigs against challenge with an emerging variant
pseudorabies virus. Vaccine 2017, 35, 1161-1166. [CrossRef]

6. Yu, X;Zhou, Z.; Hu, D.; Zhang, Q.; Han, T.; Li, X.; Gu, X,; Yuan, L.; Zhang, S.; Wang, B.; et al. Pathogenic pseudorabies virus,
China, 2012. Emerg. Infect. Dis. 2014, 20, 102-104. [CrossRef]

7. An,T.Q,;Peng, ]JM,; Tian, Z.].; Zhao, H.Y.; Li, N.; Liu, YM.; Chen, ].Z; Leng, C.L.; Sun, Y.; Chang, D.; et al. Pseudorabies virus
variant in Bartha-K61-vaccinated pigs, China, 2012. Emerg. Infect. Dis. 2013, 19, 1749-1755. [CrossRef]

8.  Sun, Y Liang, W,; Liu, Q.; Zhao, T.; Zhu, H.; Hua, L.; Peng, Z.; Tang, X.; Stratton, C.W.; Zhou, D.; et al. Epidemiological and
genetic characteristics of swine pseudorabies virus in mainland China between 2012 and 2017. Peer] 2018, 6, €5785. [CrossRef]

9. Bo,Z;Miao, Y;; Xi, R; Gao, X;; Miao, D.; Chen, H.; Jung, Y.S.; Qian, Y.; Dai, J. Emergence of a novel pathogenic recombinant virus
from Bartha vaccine and variant pseudorabies virus in China. Transbound. Emerg. Dis. 2021, 68, 1454-1464. [CrossRef]

10. Luo, Y; Li, N.; Cong, X.; Wang, C.H.; Du, M.; Li, L.; Zhao, B.; Yuan, J.; Liu, D.D,; Li, S.; et al. Pathogenicity and genomic
characterization of a pseudorabies virus variant isolated from Bartha-K61-vaccinated swine population in China. Vet. Microbiol.
2014, 174, 107-115. [CrossRef]

11. Tan, L. Yao,],; Yang, Y;; Luo, W,; Yuan, X.; Yang, L.; Wang, A. Current Status and Challenge of Pseudorabies Virus Infection in

China. Virol. Sin. 2021, 36, 588-607. [CrossRef] [PubMed]

167



Viruses 2023, 15, 1966

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tong, W.; Liu, E; Zheng, H.; Liang, C.; Zhou, YJ.; Jiang, Y.E; Shan, T.L.; Gao, E; Li, G.X,; Tong, G.Z. Emergence of a Pseudorabies
virus variant with increased virulence to piglets. Vet. Microbiol. 2015, 181, 236-240. [CrossRef] [PubMed]

Wang, C.H.; Yuan, J.; Qin, H.Y,; Luo, Y.; Cong, X.; Li, Y,; Chen, J.; Li, S.; Sun, Y.; Qiu, HJ. A novel gE-deleted pseudorabies virus
(PRV) provides rapid and complete protection from lethal challenge with the PRV variant emerging in Bartha-K61-vaccinated
swine population in China. Vaccine 2014, 32, 3379-3385. [CrossRef] [PubMed]

Yang, Q.Y.; Sun, Z; Tan, EF; Guo, L.H.; Wang, Y.Z.; Wang, J.; Wang, Z.Y.; Wang, L.L.; Li, X.D.; Xiao, Y.; et al. Pathogenicity of
a currently circulating Chinese variant pseudorabies virus in pigs. World ]. Virol. 2016, 5, 23-30. [CrossRef] [PubMed]

Gu, Z.; Dong, J.; Wang, ].; Hou, C.; Sun, H.; Yang, W.; Bai, J.; Jiang, P. A novel inactivated gE/gl deleted pseudorabies virus (PRV)
vaccine completely protects pigs from an emerged variant PRV challenge. Virus Res. 2015, 195, 57-63. [CrossRef]

Wang, T,; Xiao, Y.; Yang, Q.; Wang, Y.; Sun, Z.; Zhang, C.; Yan, S.; Wang, J.; Guo, L.; Yan, H.; et al. Construction of a gE-Deleted
Pseudorabies Virus and Its Efficacy to the New-Emerging Variant PRV Challenge in the Form of Killed Vaccine. Biomed. Res. Int.
2015, 2015, 684945. [CrossRef]

Zhang, C.; Guo, L,; Jia, X.; Wang, T.; Wang, J.; Sun, Z.; Wang, L.; Li, X,; Tan, E; Tian, K. Construction of a triple gene-deleted
Chinese Pseudorabies virus variant and its efficacy study as a vaccine candidate on suckling piglets. Vaccine 2015, 33, 2432-2437.
[CrossRef]

Yan, S.; Huang, B.; Bai, X.; Zhou, Y.; Guo, L.; Wang, T.; Shan, Y.; Wang, Y.; Tan, F; Tian, K. Construction and Immunogenicity
of a Recombinant Pseudorabies Virus Variant With TK/gl/gE/11k/28k Deletion. Front. Vet. Sci. 2021, 8, 797611. [CrossRef]
[PubMed]

Ye, C.; Guo, ].C.; Gao, ].C.; Wang, TY.; Zhao, K.; Chang, X.B.; Wang, Q.; Peng, ] M.; Tian, Z.J.; Cai, X.H.; et al. Genomic analyses
reveal that partial sequence of an earlier pseudorabies virus in China is originated from a Bartha-vaccine-like strain. Virology
2016, 491, 56-63. [CrossRef]

Qin, Y; Qin, S.; Huang, X,; Xu, L.; Ouyang, K.; Chen, Y.; Wei, Z.; Huang, W. Isolation and identification of two novel pseudorabies
viruses with natural recombination or TK gene deletion in China. Vet. Microbiol. 2023, 280, 109703. [CrossRef]

Klopfleisch, R.; Klupp, B.G.; Fuchs, W.; Kopp, M.; Teifke, ].P.; Mettenleiter, T.C. Influence of pseudorabies virus proteins on
neuroinvasion and neurovirulence in mice. J. Virol. 2006, 80, 5571-5576. [CrossRef]

Klopfleisch, R.; Teifke, J.P.; Fuchs, W.; Kopp, M.; Klupp, B.G.; Mettenleiter, T.C. Influence of tegument proteins of pseudorabies
virus on neuroinvasion and transneuronal spread in the nervous system of adult mice after intranasal inoculation. J. Virol. 2004,
78, 2956-2966. [CrossRef] [PubMed]

Li, Y; Yan, S,; Li, X; Yang, Q.; Guo, L.; Wang, Y.; Xiao, Y.; Tan, E; Li, X; Tian, K. From mouse to pig: Is PRV vaccine safe across
two species? Virus Res. 2017, 236, 44-49. [CrossRef] [PubMed]

Peeters, B.; de Wind, N.; Hooisma, M.; Wagenaar, F; Gielkens, A.; Moormann, R. Pseudorabies virus envelope glycoproteins gp50
and glI are essential for virus penetration, but only glI is involved in membrane fusion. J. Virol. 1992, 66, 894-905. [CrossRef]
Rauh, I; Mettenleiter, T.C. Pseudorabies virus glycoproteins gII and gp50 are essential for virus penetration. J. Virol. 1991, 65,
5348-5356. [CrossRef] [PubMed]

Zaripov, M.M.; Morenkov, O.S.; Fodor, N.; Braun, A.; Schmatchenko, V.V.; Fodor, I.; Brown, A. Distribution of B-cell epitopes on
the pseudorabies virus glycoprotein B. J. Gen. Virol. 1999, 80 Pt 3, 537-541. [CrossRef]

Rue, C.A.; Ryan, P. Pseudorabies virus glycoprotein C attachment-proficient revertants isolated through a simple, targeted
mutagenesis scheme. J. Virol. Methods 2008, 151, 101-106. [CrossRef]

Li, A;; Lu, G; Qi, J.; Wu, L; Tian, K.; Luo, T.; Shi, Y.; Yan, J.; Gao, G.F. Structural basis of nectin-1 recognition by pseudorabies
virus glycoprotein D. PLoS Pathog. 2017, 13, €1006314. [CrossRef]

Zhang, T,; Liu, Y.; Chen, Y,; Wang, J.; Feng, H.; Wei, Q.; Zhao, S.; Yang, S.; Liu, D.; Zhang, G. A monoclonal antibody neutralizes
pesudorabies virus by blocking gD binding to the receptor nectin-1. Int. J. Biol. Macromol. 2021, 188, 359-368. [CrossRef]

Ch'ng, T.H.; Enquist, L.W. Neuron-to-cell spread of pseudorabies virus in a compartmented neuronal culture system. J. Virol.
2005, 79, 10875-10889. [CrossRef]

Kratchmarov, R.; Kramer, T.; Greco, T.M.; Taylor, M.P.; Ch'ng, T.H.; Cristea, I.M.; Enquist, L.W. Glycoproteins gE and gl are
required for efficient KIF1A-dependent anterograde axonal transport of alphaherpesvirus particles in neurons. J. Virol. 2013, 87,
9431-9440. [CrossRef] [PubMed]

Liu, H.; Shi, Z.; Liu, C.; Wang, P.; Wang, M.; Wang, S.; Liu, Z.; Wei, L.; Sun, Z.; He, X,; et al. Implication of the Identification of an
Earlier Pseudorabies Virus (PRV) Strain HLJ-2013 to the Evolution of Chinese PRVs. Front. Microbiol. 2020, 11, 612474. [CrossRef]
[PubMed]

Huang, J.; Tang, W.; Wang, X.; Zhao, J.; Peng, K.; Sun, X,; Li, S.; Kuang, S.; Zhu, L.; Zhou, Y.; et al. The Genetic Characterization of
a Novel Natural Recombinant Pseudorabies Virus in China. Viruses 2022, 14, 978. [CrossRef] [PubMed]

Hu, R; Wang, L.; Liu, Q.; Hua, L.; Huang, X.; Zhang, Y.; Fan, J.; Chen, H.; Song, W.; Liang, W.; et al. Whole-Genome Sequence
Analysis of Pseudorabies Virus Clinical Isolates from Pigs in China between 2012 and 2017 in China. Viruses 2021, 13, 1322.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



viruses

Article

Brincidofovir Effectively Inhibits Proliferation of Pseudorabies
Virus by Disrupting Viral Replication

Huihui Guo %1, Qingyun Liu 1.2t Dan Yang 1.2 Hao Zhang 1.2 Yan Kuang 1.2 Yafei Li 12, Huanchun Chen 1234

and Xiangru Wang 1.2/34:*

check for
updates

Citation: Guo, H.; Liu, Q; Yang, D.;
Zhang, H.; Kuang, Y.; Li, Y.; Chen, H.;
Wang, X. Brincidofovir Effectively
Inhibits Proliferation of Pseudorabies
Virus by Disrupting Viral Replication.
Viruses 2024, 16, 464.

https:/ /doi.org/

10.3390/v16030464

Academic Editor: Raymond

Rowland

Received: 5 February 2024
Revised: 11 March 2024
Accepted: 11 March 2024
Published: 18 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

National Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine,

Huazhong Agricultural University, Wuhan 430070, China; guohuihui@webmail hzau.edu.cn (H.G.);
liuqy@mail.hzau.edu.cn (Q.L.); danyang6211@webmail.hazu.edu.cn (D.Y.);

2022302110193@webmail hzau.edu.cn (H.Z.); ky19981459286@163.com (Y.K.); lyfovlyf@163.com (Y.L.);
chenhch@mail.edu.cn (H.C.)

Key Laboratory of Preventive Veterinary Medicine in Hubei Province, The Cooperative Innovation Center for
Sustainable Pig Production, Huazhong Agricultural University, Wuhan 430070, China

Frontiers Science Center for Animal Breeding and Sustainable Production, Huazhong Agricultural University,
Wuhan 430070, China

International Research Center for Animal Disease, Ministry of Science and Technology of China,

Wuhan 430070, China

*  Correspondence: wangxr228@mail hzau.edu.cn

These authors contributed equally to this work.

Abstract: Pseudorabies is an acute and febrile infectious disease caused by pseudorabies virus (PRV),
a member of the family Herpesviridae. Currently, PRV is predominantly endemoepidemic and has
caused significant economic losses among domestic pigs. Other animals have been proven to be
susceptible to PRV, with a mortality rate of 100%. In addition, 30 human cases of PRV infection
have been reported in China since 2017, and all patients have shown severe neurological symptoms
and eventually died or developed various neurological sequelae. In these cases, broad-spectrum
anti-herpesvirus drugs and integrated treatments were mostly applied. However, the inhibitory effect
of the commonly used anti-herpesvirus drugs (e.g., acyclovir, etc.) against PRV were evaluated and
found to be limited in this study. It is therefore urgent and important to develop drugs that are clini-
cally effective against PRV infection. Here, we constructed a high-throughput method for screening
antiviral drugs based on fluorescence-tagged PRV strains and multi-modal microplate readers that
detect fluorescence intensity to account for virus proliferation. A total of 2104 small molecule drugs
approved by the U.S. Food and Drug Administration (FDA) were studied and validated by applying
this screening model, and 104 drugs providing more than 75% inhibition of fluorescence intensity
were selected. Furthermore, 10 drugs that could significantly inhibit PRV proliferation in vitro were
strictly identified based on their cytopathic effects, virus titer, and viral gene expression, etc. Based
on the determined 50% cytotoxic concentration (CCsy) and 50% inhibitory concentration (ICs),
the selectivity index (SI) was calculated to be 26.3-3937.2 for these 10 drugs, indicating excellent
drugability. The antiviral effects of the 10 drugs were then assessed in a mouse model. It was found
that 10 mg/kg brincidofovir administered continuously for 5 days provided 100% protection in mice
challenged with lethal doses of the human-origin PRV strain hSD-1/2019. Brincidofovir significantly
attenuated symptoms and pathological changes in infected mice. Additionally, time-of-addition
experiments confirmed that brincidofovir inhibited the proliferation of PRV mainly by interfering
with the viral replication stage. Therefore, this study confirms that brincidofovir can significantly
inhibit PRV both in vitro and in vivo and is expected to be an effective drug candidate for the clinical
treatment of PRV infections.

Keywords: pseudorabies virus; human infection; antiviral drugs; brincidofovir
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1. Introduction

Pseudorabies virus (PRV) belongs to the family Herpesviridae, the subfamily Alpha-
herpesvirus, and the genus Varicella. It is enveloped and harbors a double-stranded DNA
genome. PRV infection has been reported in a wide range of mammals, including pigs,
cattle, sheep, cats, dogs, and other domestic animals, as well as wild animals. Among
them, pigs are the exclusive natural reservoir of PRV [1]. After being infected, newborn
piglets suffer from fatal encephalitis, resulting in 100% mortality, breeding pigs exhibit re-
productive disorders, and fattening pigs experience stunted growth. PRV infection in other
susceptible animals is characterized by severe pruritus and central nervous system (CNS)
dysfunction, ultimately resulting in 100% mortality [2]. Apparently, PRV is neurotropic
and lethal for a wide range of hosts.

The global pig industry has suffered significant economic losses due to the high
prevalence of PRV. Despite vaccination and eradication measures, PRV remains endemic in
wild boars and domestic pigs worldwide, posing a major threat to pig farming as one of the
most important animal infectious diseases. China has experienced two outbreaks of porcine
pseudorabies caused by classical and variant strains, respectively [3]. Several studies have
demonstrated that the virulence of variant PRV strains is significantly enhanced compared
to classical strains [4]. These variant PRV strains have been circulating in Chinese pig
populations since 2011.

It has long been controversial as to whether humans can be infected with PRV. In 1914,
two researchers who were studying PRV were suspected of being infected with PRV after
coming to contact with contaminated materials and exhibited symptoms such as weakness,
agitation, sore throat, and pruritus [5]. From then until 1992, there were 17 reported cases
of suspected human infection with PRV [6].

From 2017 to the present, there have been a total of 30 clinical cases of PRV infection
in humans reported in China, all of which were classified as pseudorabies encephalitis.
All patients exhibited fever and neurological symptoms such as seizures and impaired
consciousness. Over half of the patients experienced severe visual impairment, presenting
as acute retinal detachment, vitreous clouding or blindness. Of the 30 reported cases,
28 individuals were involved in industries related to pig production and pork marketing,
including veterinarians, butchers, and pork salesman. Next-generation sequencing (NGS)
revealed variable reads and coverage of PRV sequences in the tissues of these patients,
while some patients also exhibited detectable levels of PRV antibodies in their sera [2,7-15].
In addition, we previously isolated the PRV strain hSD-1/2019 from the cerebrospinal
fluid of a patient, providing direct pathogenetic evidence to support PRV infection in
humans [2]. After receiving aggressive treatment, unfortunately, the majority of these
patients had a poor prognosis, with neurological sequelae or even death. Currently, vacci-
nation against pseudorabies is the primary effective measure for preventing and controlling
porcine pseudorabies. However, comprehensive treatment is typically employed for human
pseudorabies encephalitis, as there are currently no specific antiviral drugs available for
PRV infection. Due to the disabling and lethal effects of pseudorabies on both animals and
humans, it is imperative to identify effective antiviral drugs for controlling PRV infection.

Some natural products have been reported to exhibit anti-PRV activity, such as
isobavachalcone [16], (-)-epigallocatechin-3-gallate [17], resveratrol [18], kaempferol [19],
and quercetin [20], etc. These drugs exhibited potential antiviral effects in vivo or in vitro;
however, their inhibitory effects on PRV proliferation were mostly observed at high effective
concentrations. The effective concentration of (-)-epigallocatechin-3-gallate and kaempferol
in inhibiting PRV was as high as 50 pM in vitro and 240 mg/kg in vivo, respectively. Hy-
droquinone and adefovir dipivoxil, approved by the U.S. Food and Drug Administration
(FDA), have demonstrated certain antiviral efficacy against classical PRV strains; however,
their effectiveness against prevalent variant PRV strains in China and human-origin PRV
strains remains uncertain [21,22]. So far, all of the studies on the development of anti-PRV
drugs have been in the phase of laboratory screening and validation.
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In cases of human pseudorabies encephalitis caused by PRV infection, patients were
administered commonly used anti-herpesvirus drugs (such as acyclovir, ganciclovir, and
penciclovir) along with other medical interventions. Despite treatment, several patients
succumbed to the disease, while all surviving patients experienced varying degrees of
neurological sequelae. Most importantly, the inhibitory effect of acyclovir on the human-
origin PRV strain hSD-1/2019 was evaluated at different drug concentrations. The results
indicated that in vitro, acyclovir did not significantly inhibit the virus and failed to provide
adequate protection for challenged mice. In this study, a high-throughput screening
method for anti-PRV drugs was established and utilized to screen 2104 FDA-approved
drugs. Brincidofovir was identified as having notable antiviral effects against hSD-1,/2019
in vitro and in vivo, providing 100% protection for lethally challenged mice. This effective
anti-PRV drug is of great significance for the clinical treatment of PRV infection.

2. Materials and Methods
2.1. Cells and Viruses

Porcine kidney cells (PK-15) were purchased from the China Center for Type Culture
Collection (CCTCC) and preserved in our laboratory. PK-15 cells were grown in Dulbecco’s
modified Eagle’s high-glucose medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (GIBCO, Grand Island, NY, USA) at 37 °C with 5% CO,. The classical PRV
strain Ea was isolated from the infected pig and the variant PRV strain hSD-1/2019 was
isolated from cerebrospinal fluid of the infected patient. These PRV strains were isolated
and preserved in our laboratory [2].

2.2. Construction of Fluorescently Labeled Viruses

The fluorescence-labeled viruses were constructed and rescued by inserting mCherry
in front of the terminator of the PRV UL35 gene through homologous recombination. Briefly,
the genomic DNA of hSD-1/2019 and Ea strains was extracted using TIANamp Genomic
DNA Kit (TIANGEN, Beijing, China). Polymerase chain reactions (PCRs) were then
conducted to amplify the homologous sequences and the red fluorescent protein expressing
gene mCherry with primers listed in Table 1. The homologous recombinant transfer
plasmids were constructed by sequentially inserting these sequences into pcDNA3.1 (+)
vector (Biofeng, Shanghai, China). The correct homologous recombinant plasmids were
named as pcDNA3.1 (+)-mCherry-hSD and pcDNA3.1 (+)-mCherry-Ea, respectively.

Table 1. Primers used for PCR in this study.

Target Sequences Primer Sequences (5'-3')
Upstream PRV-HindIII-F CCCAAGCTTAGGCCGCGTACCCTCCG
homologous arm PRV-KpnI-R CGGGGTACCGGGCGAGGGGCGAGGG

CGGGGTACCGGTGGAGGCGGTTCAGGCGGAG
mCherry-KpnlI-F

mCherry GTGGCTCTATGGTGAGCAAGGGCGAGGA
mCherry-BamHI-R CGCGGATCCCTTGTACAGCTCGTCCATGC

Downstream PRV-BamHI-F CGCGGATCCTAGCCCCGCGCGATCAATAAAG

homologous arm PRV-EcoRI-R CCGGAATTCCCGCGCGTGGTGGAGTCG

The combined linear fragments of the homologous arms and mCherry were amplified
from the recombinant plasmid and purified. The purified fragments were transfected into
PK-15 cells in a 6-well plate using Lipofectamine® 2000 Reagent (Life, Carlsbad, CA, USA)
according to manufacturer’s instructions. At 4 h post transfection, the cells were infected
with hSD-1/2019 or Ea at a multiplicity of infection (MOI) of 0.001 and then incubated at
37 °C with 5% CO; for 1-2 days. During the incubation, red fluorescent cytopathic effects
(CPEs) were observed. When the cells showed 80% CPEs, the culture was collected and a
“freeze-thaw cycle” was conducted three times. After that, virus plaque purification was
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performed 5 times to obtain the recombinant mutants hSD-mCherry and Ea-mCherry as
previously described [2].

2.3. Cytotoxicity Test

The cytotoxicity of the drugs on PK-15 cells was assessed with the Cell Counting Kit-8
assay (CCK-8) according to the instructions provided by the manufacturers of the CCK-8 kit
(Beyotime, Shanghai, China). Briefly, the drug was diluted to 320, 160, 80, 40, 20, and 10 uM,
respectively, and added to PK-15 cells at 80% confluence in a 96-well plate. Six replicate
wells were set for each dilution as well as the cell control without drug treatment. After
36 h of incubation at 37 °C with 5% CO,, 10 uL of CCK-8 reagent was added per well and
the plate was then incubated for another 1 h. Absorbance values at 450 nm were measured.
The viability of cells treated with drugs was calculated according to the following formula:
Average absorbance value (cells treated with the drug)/Average absorbance value (cell
control). Nonlinear regression (curve fitting) analysis was then conducted to obtain the
50% cytotoxicity concentration 50% (CCsp), which was defined as the drug concentration
that reduced cell viability by 50% when compared to untreated controls.

2.4. Half Maximal Inhibitory Concentration (ICsy) Determination

The ICs of the drugs against PRV was assessed in PK-15 cells using the CCK-8 assay.
In a 96-well plate, PK-15 cells monolayers at 80% confluence were treated with drugs at
different concentrations and infected with hSD-1/2019 at 0.01 MOL. After 36 h of incubation
at 37 °C with 5% CO,, 10 puL of CCK-8 reagent was added per well. Absorbance values at
450 nm were measured after another 1 h of incubation. The inhibition ratio of each drug
against PRV was calculated according to the following formula: (Average absorbance value
(cells infected with PRV) — Average absorbance value (cells treated with drugs and infected
with PRV))/ Average absorbance value (cell infected with PRV). The ICsy was illustrated by
means of nonlinear regression analysis using GraphPad Prism, indicating the concentration
of the drug that inhibited virus replication by 50%.

2.5. The 50% Tissue Culture Infectious Dose (TCIDsy) Assay

The virus titer was determined by means of TCIDs assay as previously described, with
some modifications [23]. Then, 100 uL of a PK-15 cell suspension containing 2 x 10* cells
was added to each well. Negative controls containing only PK-15 cells were set up in two
columns. The virus solution was 10-fold diluted serially from approximately 10~ to 108
in FBS-free DMEM medium, and 100 pL of each dilution was added into a 96-well plate
with 8 replicates. The 96-well plates were incubated at 37 °C with 5% CO, for 7 days,
and CPEs were checked daily and recorded. After the observation, TCID5y was calculated
according to the Reed—Muench method.

2.6. Quantitative PCR (gPCR) Detecting gE Gene

PRV gE gene copies were detected by means of TagMan qPCR as previously de-
scribed [2]. The standard recombinant plasmid was prepared and the standard curve was
constructed. Viral DNA was extracted from the samples using the TIANamp Genomic
DNA Kit (TTANGEN, Beijing, China) and the gE gene of the extracted DNA was amplified
by TagMan qPCR. The gE copies were calculated according to the detected cycle threshold
value of the sample and the standard curve.

2.7. One-Step Growth Curve

Confluent monolayer PK-15 cells were infected with PRV at a dose of 0.1 MOI followed
by incubation at 37 °C with 5% CO, for 2 h. After incubation, the medium was discarded
and cells were washed twice with PBS before adding fresh DMEM supplemented with 3%
FBS (the maintenance medium). Both cells and supernatant were collected at 0, 4, 8, 12,
16, 20, 24, 28, 32, 36, 40 and 48 h post incubation in the maintenance medium. After three
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freeze—thaw cycles, the supernatant of lysates was collected via centrifugation and titrated
as TCIDsp in PK-15 cells.

2.8. In Vivo Assessment of Antiviral Effects of the Drugs

The antiviral effects of the drugs were assessed in mice, which was conducted in
the Experimental Animal Center of Huazhong Agricultural University (animal welfare
assurance number HZAUMO-2022-0143). Mice were randomly grouped, with 5 mice in
each group. Except for 5 mice injected with DMEM as a blank control, other mice were
challenged with hSD-1/2019 at a dose of 500 TCIDs( via hind footpad injection. Treatment
was started at the same time as the challenge, and all drugs were injected intraperitoneally
using a dose of 10 mg/kg/d for 5 days. Five challenged mice were set as the hSD-1/2019
control with intraperitoneal injection of DMEM. The clinical symptoms and mortality of
the mice were observed daily and recorded for 14 days. The clinical symptoms of mice in
each group were scored according to the scoring criteria in Table 2.

Table 2. Scoring criteria of clinical symptoms in mice.

Score Clinical Symptoms
0 No symptoms
1 Excitement, restlessness, occasional itching and scratching
2 Ataxia, severe itching, persistent gnawing on hind limbs
3 Gnawing on the hind limbs resulting in bone disruption and tissue necrosis
4 Dead or dying

Upon the onset of mortality in the hSD-1/2019 control group, two mice were humanely
euthanized and dissected. Additionally, two mice from both the Brincidofovir adminis-
tration group and the blank control group were also euthanized and dissected. The brain,
lung, and spleen tissues were collected, fixed in 4% paraformaldehyde (Biosharp, Beijing,
China), and sent for the preparation of sections with hematoxylin-eosin (HE) staining at
HYcell Biotechnology Co., Ltd. (Wuhan, China).

2.9. Time-of-Addition Assay

The time-of-addition assay was performed to determine the stage of viral replication
cycle targeted by the drug by adjusting the order in which the drug and viruses were
added into cells. During all the experiments, monolayer PK-15 cells in 96-well plates
were infected with PRV-mCherry at an MOI of 0.01 and treated with the drug at 10 uM.
(I) Virus inactivation: The mixture of viruses and drug was incubated at 37 °C for 1 h and
then added to the cells for continued incubation. After 36 h, the cultures were collected.
(IT) Pre-treatment effect: A concentration of 10 pM of the drug was added to the cells for 1 h
of incubation at 37 °C and then replaced by the viral suspension. The cells were covered
with fresh medium 1 h post infection and incubated for 36 h before harvesting. (III) Virus
internalization: The cells were infected with PRV-mCherry and incubated at 4 °C for 1 h.
Then, the supernatant was replaced with the drug, followed by 1 h of incubation at 37 °C.
The drug was removed and fresh medium was added. The cultures were collected after
36 h. (IV) Virus replication: The cells were infected with PRV-mCherry and incubated
at 37 °C for 1 h. Then, the supernatant was replaced with the drug and the cells were
incubated at 37 °C for 36 h before collection. These collected cultures were applied for
fluorescence intensity detection and virus titer determination.

2.10. Statistical Analysis

Data are presented as the mean =+ standard deviation (SD) from 3 independent exper-
iments. GraphPad Prism version 6.0 software (GraphPad, La Jolla, CA, USA) was used
for statistical analysis. The significant difference between groups was analyzed using
Student’s t-test or two-way ANOVA. A level of 0.01 < p < 0.05 (*) was considered significant,

173



Viruses 2024, 16, 464

p <0.01 (**) or p < 0.001 (***) was considered statistically highly significant and extremely
significant, respectively. p > 0.05 (ns) was considered not significant.

3. Results

3.1. Fluorescence Intensity of the Recombinant PRV-mCherry Could Indicate Virus
Proliferation Titers

The recombinant PRV strains hSD-mCherry and Ea-mCherry, which were fluorescently
labeled, were generated by inserting the mCherry gene upstream of the terminator sequence
within the UL35 gene of PRV (Figure 1A). After plaque purification, virions with red
fluorescence were obtained (Figure 1B). The recombinant hSD-mCherry and Ea-mCherry
were passaged in PK-15 cells, and the fluorescence intensity of the culture in different
passages was found to be comparable, indicating a consistent expression of mCherry during
virus replication (Figure 1C). With an increasing infection dose, the fluorescence intensity
and virus titer of cell culture exhibited a parallel increase (Figure 1D), indicating that PRV-
mCherry’s fluorescence intensity can serve as a direct indicator of the virus proliferation
titer. Additionally, the one-step growth curves of WT PRV strains and mCherry-labeled
strains were comparable, despite the lower virus titers observed in the recombinant strains
compared to their parental WT counterparts (Figure 1E). These findings suggest that
PRV-mCherry strains can be effectively utilized for subsequent drug screening.
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Figure 1. The PRV strains labeled with mCherry could express the protein stably and exhibited a
proliferation trend similar to that of the wild-type strains. (A) The coding sequences of mCherry
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were fused upstream of the terminator region of PRV UL35 gene to generate PRV-mCherry strains;
(B) plaque purification of recombinant Ea-mCherry and hSD-mCherry; (C) Ea-mCherry and hSD-
mCherry were passaged in PK-15 cells and their fluorescence intensity of the 8th, 12th, 16th, and
20th passages were observed and compared; (D) the PK-15 cells were infected with PRV-mCherry at
different MOI. Fluorescence intensity and virus titers were measured at 24 hpi, revealing a similar
increasing trend; (E) one-step growth curves of PRV-mCherry strains and wild-type strains in PK-15
cells with an MOI of 0.01. Virus titers between groups were analyzed by Student’s {-test. A level of
p < 0.001 (***) was considered statistically extremely significant.

3.2. The Anti-Herpesvirus Drugs Commonly Used in Clinical Practice Exhibited Limited Efficacy
against the PRV Variant Strain hSD-1/2019

Of the 30 previously reported PRV-infected patients, 15 received antiviral medication
containing acyclovir, 5 received antiviral medication containing ganciclovir, and 1 received
antiviral medication containing penciclovir. However, the efficacy of these drugs against
PRV remains to be studied given their poor final outcomes [24]. Subsequently, the efficacy
of several clinical anti-herpesvirus medications against the human-origin PRV variant
strain hSD-1/2019 were evaluated in this study. The ICs of acyclovir against hSD-1,/2019
was determined to be 110.4 uM (Figure 2A). At a concentration of 160 uM, acyclovir
significantly attenuated the fluorescence intensity of PK-15 cells infected with hSD-mCherry
compared to the lower concentrations (Figure 2B). However, noticeably, the ICsy values
of acyclovir against herpes simplex virus type-1 and Varicella Zoster virus were both
less than 10 pM [25,26], indicating much higher susceptibility to acyclovir than the PRV
variant strain hSD-1/2019. The anti-PRV effect of acyclovir was further investigated in mice
challenged with a lethal dose of hSD-1/2019. Mice that received no medication showed
severe neurological symptoms and 100% mortality, while those treated with acyclovir at
doses of 10 mg/Kg and 90 mg/Kg had the same clinical symptom scores and mortality
rates as the untreated group, indicating that acyclovir did not protect mice from lethal PRV
infection (Figure 2C,D).
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Figure 2. The commonly used clinical anti-herpesvirus drugs exhibited limited efficacy against the
PRV variant strain hSD-1/2019. (A) ICsq of acyclovir against PRV. The dotted line represents 50%
inhibition; (B) PK-15 cells were infected with hSD-mCherry at 0.01 MOI and treated with different
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concentrations of acyclovir. Fluorescence intensity was observed at 48 hpi; (C) clinical symptom
scores of the mice according to the scoring criteria in Table 2. The data are presented as the total daily
score for each group of mice; (D) survival curves of the mice. Daily mortality rates for each group
were recorded over a period of 14 days, and survival curves were plotted using GraphPad Prism;
(E) inhibition ratio of nine anti-herpesvirus drugs at different concentrations against PRV. PK-15 cells
were infected with hSD-mCherry at 0.01 MOI and treated with drugs at various concentrations. The
fluorescence intensity was measured by a multimode microplate reader at 48 hpi, and drug inhibition
ratios were calculated using the following formula: (Fluorescence intensity [cells infected with
PRV]—Fluorescence intensity [cells treated with drug and infected with PRV])/ (Fluorescence intensity
[cells infected with PRV]) x 100%,; (F) PK-15 cells were infected with hSD-mCherry at 0.01 MOI and
treated with drugs individually or in combination groups consisting of treatment with either 10 uM
acyclovir, ganciclovir, or penciclovir alone, or combined treatment involving both antiviral drugs and
sodium phosphonoformate at a concentration of 10 uM each, respectively. Fluorescence intensity was
observed at 48 hpi, showing similar fluorescence intensities across all groups.

Furthermore, the anti-PRV effects of nine anti-herpesvirus drugs were additionally
assessed in vitro. The results revealed that cidofovir at a concentration of 80 uM exhibited
an inhibition rate of 56% against PRV, while the remaining eight drugs demonstrated
less than 50% inhibition, even at their highest tested concentrations (80 uM) (Figure 2E).
The clinical application of combining antiviral drugs with sodium phosphonoformate has
been commonly employed to enhance the antiviral effect. Therefore, we added sodium
phosphonoformate to test the antiviral effects of acyclovir, ganciclovir, and penciclovir. The
fluorescence intensity of the combined medication groups did not show any significant dif-
ferences compared to that of the individual medication groups or the non-medicated group
(Figure 2F). The aforementioned data indicate that the clinically utilized anti-herpesvirus
drugs, including acyclovir, exhibit ineffectiveness against the human-origin PRV strain
hSD-1/2019 both in vitro and in vivo. Therefore, there is an imperative and urgent need to
conduct a comprehensive screening for efficacious anti-PRV drugs to combat PRV infection.

3.3. Eighteen Drugs Effectively Inhibiting PRV-mCherry Proliferation Were Screened out from
2104 FDA-Approved Drugs through the High-Throughput Screening Method

A high-throughput method was developed based on the fluorescently labeled PRV
strains described above. The optimization results for inoculation dose and infection time
demonstrated that cells infected with Ea-mCherry at 0.01 MOI for 36 h exhibited peak
fluorescence intensity and virus titers, which remained stable (Figure 3A,B). Accordingly,
the established high-throughput method for drug screening involved infecting PK-15 cell
monolayers in 96-well plates with Ea-mCherry at 0.01 MO], followed by treatment with a
10 uM drug. Cells infected with PRV served as the infection control group. After incubation
for 36 h, the fluorescence intensity of cells was measured using a multimode microplate
reader instrument with excitation light at 587 nm and emission light at 610 nm. The
inhibition ratio of the drug against Ea-mCherry was calculated as the percentage difference
in fluorescence intensity between infected cells and drug-treated cells.

Through this high-throughput screening method, a total of 2104 drugs approved by
the FDA for the market and clinical disease treatment were tested (Figure 3C). The dotted
line at “75” in Figure 3C is the threshold for judgement of effective inhibition on PRV
proliferation. A drug was considered to inhibit PRV proliferation effectively if its inhibition
ratio against PRV was greater than or equal to 75%. Each symbol represents a kind of drug.
As illustrated in Figure 3C, 104 drugs exhibited the inhibition ratio against PRV higher
than 75%. Subsequently, the cell morphology of each group was individually observed,
and 18 out of the 104 drugs were confirmed to effectively reduce the CPEs induced by
virus infection without exhibiting obvious cytotoxic effects on the cells. The names of
the 18 selected drugs are shown in Table 3. They are tanespimycin (17-AAG), ganetespib
(STA-9090), triapine, topotecan HCl, floxuridine, amonafide, TAS-102, adefovir dipivoxil,
trifluridine, tenofovir alafenamide hemifumarate, tenofovir alafenamide fumarate, barici-
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Figure 3. A high-throughput method for screening anti-PRV drugs was developed, resulting in the
identification of 18 out of 2104 FDA-approved drugs based on this approach. (A,B) PK-15 cells were
infected with Ea-mCherry at different dose. The fluorescence intensity and virus titer of each group
was observed and determined at 12, 24, 36, and 48 hpi, respectively. The virus titer is expressed as the
mean = standard deviation of 3 independent analyses. In cells infected with Ea-mCherry at 0.01 MOI
for 36 h, the fluorescence intensity was the strongest, while the virus titer reached its highest level;
(C) PK-15 cells were infected with Ea-mCherry at 0.01 MOI and were treated with the drug at a
concentration of 10 uM. After incubation for 36 h, the inhibition ratio of the drugs against PRV was cal-
culated according to the following formula: (Fluorescence intensity (cells infected with PRv) — Fluorescence
intensity (cells treated with drug and infected with PRV))/ Fluorescence intensity (cells infected with PRV) X 100%.
A total of 2104 drugs were tested here. Each color represents a parallel screening of 96-well plate.
The Y axis shows the inhibition rate of drugs on PRV calculated as described above. Each symbol
represents a kind of drug. The symbols above the dotted line at “75” represent the drugs showing an
inhibition ratio against PRV greater than or equal to 75%, 18 drugs (red squares) were confirmed to
effectively reduce the CPEs induced by virus infection without exhibiting obvious cytotoxic effects
on the cells. These drugs are considered as effective anti-PRV drugs in vitro. Data are expressed as
the mean =+ standard deviation of 3 independent analyses.
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Table 3. The 18 drugs effectively inhibiting PRV and screened out by the high-throughput method.

Number Drug Target
1 Tanespimycin (17-AAG) Cytoskeletal Signaling
2 Ganetespib (STA-9090) Cytoskeletal Signaling
3 Triapine DNA /RNA Synthesis
4 Topotecan HCl DNA Damage
5 Floxuridine DNA Damage
6 Amonafide DNA Damage
7 TAS-102 DNA /RNA Synthesis
8 Adefovir Dipivoxil Microbiology
9 Trifluridine DNA Damage
10 Tenofovir alafenamide hemifumarate Reverse Transcriptase
11 Tenofovir alafenamide fumarate Reverse Transcriptase
12 Baricitinib phosphate JAK/STAT
13 Pixantrone Maleate DNA Damage
14 Cerdulatinib (PRT062070) JAK/STAT
15 Camptothecin Topoisomerase
16 Cytarabine hydrochloride DNA Damage
17 Methotrexate Metabolism
18 Brincidofovir DNA /RNA Synthesis

3.4. In Vitro Evaluation of the Anti-PRV Drug Candidates

The inhibitory effects of the 18 screened drug candidates on hSD-mCherry prolifera-
tion were evaluated in vitro. All 18 drugs demonstrated significant reductions in fluores-
cence intensity, viral gE gene copies, and virus titers in cells infected with hSD-mCherry
(Figure 4A-C). The top 10 drugs exhibiting the highest inhibition of viral gE gene expres-
sion and virus titers were selected for further testing. The CCsy values of these 10 drugs
ranged from 22.32 to 1124.00 uM, while their ICs( values against PRV ranged from 0.075 to
4.076 uM (Table 4, Figures S1 and S2). Consequently, all of these selected drugs exhibited a
calculated select index (SI) greater than or equal to 25, indicating their potential as effective
anti-PRV agents (Table 4).
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Amonafide TAS-102 Trifluridine Tenofovir alafenamide
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Figure 4. Cont.
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Figure 4. The inhibitory activity of 18 candidate drugs against PRV was evaluated in vitro. (A) PK-15
cells were infected with hSD-mCherry at an MOI of 0.01 and treated with the 18 drugs at a concentra-
tion of 10 uM. After 36 h of infection, the fluorescence intensity of the cells was observed; (B,C) viral
gE gene copies and virus titers were quantified using TagMan qPCR and TCIDs5y determination,
respectively. All data were presented as the mean + standard deviation from three independent
analyses. Statistical analysis using Student’s t-test was performed to determine significant differences
between the hSD-mCherry-infected group and the medication group. A level of 0.01 < p < 0.05 (*) was
considered significant, and p < 0.01 (**) or p < 0.001 (***) was considered statistically highly significant
and extremely significant, respectively. p > 0.05 (ns) was considered not significant.

Table 4. CCsq, ICs5q and SI of 10 drug candidates.

Number Drug CCso (uM) 1Cs¢ (UM) SI (CC5¢/IC50)
1 Tanespimycin (17-AAG) 48.89 0.46 106.08
2 Ganetespib (STA-9090) 29451 0.07 3937.17
3 Triapine 78.66 2.99 26.29
4 Floxuridine 375.43 0.23 1653.74
5 Amonafide 241.71 1.24 194.76
6 TAS-102 1124.00 0.95 1186.66
7 Adefovir Dipivoxil 227.61 4.08 55.84
8 Trifluridine 352.40 1.43 246.09
9 Tenofovir hemifumarate 225.95 2.79 81.09
10 Brincidofovir 22.32 0.54 41.04

3.5. In Vivo Evaluation of the 10 Drug Candidates

The 10 drug candidates showing significant in vitro anti-PRV effects were further
assessed in mice to validate their therapeutic efficacy against PRV infection in vivo. As
shown in Figure 5A, mice were exposed to hSD-1/2019 at a lethal dose of 500 TCIDs, and
intraperitoneally administered the candidate drug at a dose of 10 mg/kg for 5 consecutive
days. Starting from the fourth day post infection, severe symptoms including abdominal
scratching, persistent gnawing on the hind injected limbs leading to bone mutilation and
tissue necrosis, and mortality (Figure 5B) were observed in both the hSD-1/2019 group
and most drug groups. In contrast, mice treated with brincidofovir only exhibited mild
clinical signs, such as bedding rubbing and abdominal scratching, on day 4 after infection,
which completely disappeared by day 7 (Figure 5B). Consistently, survival curve analysis
demonstrated that brincidofovir could provide complete protection against lethal hSD-
1/2019 infection, while all mice in the other medication groups succumbed to the infection
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(Figure 5C). These findings suggest that brincidofovir exhibits comprehensive protective
effects in hSD-1/2019-infected mice.
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Figure 5. Therapeutic effect of the 10 drugs in mice infected with a lethal dose of hSD-1/2019
(A) Schematic diagram of the mouse model. The red arrows indicate drug medication and the blue
arrow indicates the virus challenge. Mice were challenged with PRV hSD-1/2019 at 500 TCIDsq
via hind foot pad injection. The medication groups were intraperitoneally treated with the drugs
at a daily dose of 10 mg/Kg for five days. The observation period lasted for 14 days; (B) clinical
symptoms in each group were scored daily and the total score of mice in a group is displayed, where
higher scores indicate more severe clinical symptoms. A score of 20 represents death of all 5 mice in
a group; (C) survival curve analysis was performed using Kaplan-Meier survival plots to evaluate
the survival rates among different groups. The color lines represent different drug treatment groups;
(D) histopathological examination was conducted on lung, brain and spleen tissues collected from
three groups when mice died in the hSD-1,/2019 group.

The brain, lung, and spleen tissues were collected from mice in the brincidofovir
medication group, the hSD-1/2019 group, and the blank control group for section prepa-
ration and histopathological analysis. In the hSD-1/2019 group, the lung tissues of mice
exhibited pulmonary congestion, thickened alveolar septa, enlarged alveolar cavities that
fused to form large pulmonary alveoli, and significant intra-alveolar inflammatory cell
infiltration. Massive monocyte infiltration was observed in the brain tissues. The spleen
showed the disappearance of acini lienalis and blurred boundaries between red and white
marrow (left column images of Figure 5D). Compared to the hSD-1/2019 group, mice
treated with brincidofovir displayed reduced pulmonary congestion and alveolar septum
thickening, more intact alveolar profiles, and a smaller amount of inflammatory cell in-
filtration in the alveolar lumen. No pathological changes were observed in the brain or
spleen tissues (middle column images of Figure 5D). None of the tissues from mice in the
blank control group showed any pathological changes (right column images of Figure 5D).
Therefore, brincidofovir demonstrated a significant therapeutic effect on mice with lethal
PRV infection.

3.6. Brincidofovir Inhibits Virus Proliferation Mainly by Interfering with the Viral
Replication Phase

We subsequently evaluated and verified the antiviral efficacy of brincidofovir against
PRV virus proliferation. The findings demonstrate a significant dose-dependent reduction
in PRV virus titer upon treatment with brincidofovir (Figure 6A-C). To further elucidate
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the specific stage of the PRV life cycle targeted by brincidofovir, time-of-addition assays
were conducted (Figure 6D). Following the experimental protocol outlined in the Section 2,
a concentration of 10 uM of brincidofovir was used along with a virus dose of 0.1 MOL
The results revealed that group IV treated with brincidofovir exhibited significantly lower
fluorescence intensity compared to the control group (Figure 6E), indicating an enhanced
inhibitory effect on viral replication (Figure 6F) and a substantial decrease in virus titer
(Figure 6G). These observations suggest that brincidofovir primarily acts during the repli-
cation stage of PRV. However, no notable changes were observed in terms of the virus
fluorescence intensity or titer in groups I, II, and III, implying that direct virucidal activ-
ity or interference with PRV adsorption or internalization is not among the mechanisms

employed by brincidofovir.
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Figure 6. The stage of BCV inhibiting PRV virus infection. (A—-C) PRV was inoculated into an
80% confluence of PK-15 cells at the dose of 0.01 MOI, and different concentrations of BCV were
added. After incubation for 24 h, the fluorescence intensity was measured to calculate the inhibi-
tion rate of PRV based on the fluorescence intensity. Simultaneously, the virus titers were deter-
mined at different drug concentrations; (D) schematic illustration of the time-of-addition experiment;
(E-G) resuscitated PK-15 cells were cultured in a cell incubator to form a monolayer for subsequent
use. PRV virus infection and drug treatment followed a time-of-addition test diagram approach.
The inhibition rate of drugs at different stages of PRV replication was assessed using fluorescence
intensity measurements, and further confirmed by detecting the viral titer. A level of p < 0.001 (***)
was considered statistically extremely significant.
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4. Discussion

PRYV infection is currently epidemic in various areas worldwide with dense pig pop-
ulations, including Asia, South America, and Europe. Although pseudorabies has been
successfully eliminated from domestic pigs in some countries, there is still a risk of virus
transmission to domestic pig populations from wild animals, particularly wild boars [27,28].
Pseudorabies is one of the major infectious diseases in China, with a seropositivity rate of
35% in the last five years in 24 provinces. PRV infection has caused substantial economic
losses to the Chinese pig farming industry. Vaccination has been the primary method of
controlling and eliminating PRV infection in pigs [29]. As a typical alpha herpesvirus, PRV
can build latent infection and be reactivated under certain stimulations. The reactivated
virus can spill out and cause infection in pig herds. Moreover, latent PRV cannot be detected
and therefore cannot be eliminated in time [1]. Vaccination cannot prevent PRV from estab-
lishing latent infection nor block the virus from spilling out after infection [30]. Effective
anti-PRV drugs can potentially suppress latent infection and virus reactivation, preventing
the virus from spilling out, which is of great importance for pseudorabies elimination in
pigs and the treatment of human pseudorabies encephalitis.

Since 2017, 30 cases of PRV infection in humans have been reported in China. The
human-origin PRV strain hSD-1,/2019 was previously isolated from the cerebrospinal fluid
of a patient in our laboratory. It was highly genomically and biologically similar to the PRV
variant strains currently prevalent in pigs in China, suggesting the potential transmission
risk of the PRV variant strains from pigs to humans [2]. The current worldwide spread of
PRV in pigs has increased the contact degree between the virus and humans, promoting its
potential to become a zoonotic disease and highlighting its threat to public health. In the
30 cases of human pseudorabies encephalitis, all patients developed neurological symptoms
soon after the onset of febrile symptoms. After the treatment, five patients ultimately died
and most survivors suffered from sequelae, including a coma (7/30), visual impairment
(13/30), and delayed responses (4/26) [24]. The antiviral treatment of the patients did not
prevent the rapid progression of neurological damage. PRV usually causes fatal infections
in non-natural hosts, and the infected animals die within 24 h of developing neurological
signs [31]. Therefore, early and effective antiviral treatment is particularly important for
preventing neurological dysfunction and death caused by PRV infection.

The commonly used clinical anti-herpesvirus drugs include acyclovir, ganciclovir,
famciclovir, valaciclovir, cidofovir, penciclovir, valganciclovir, trifluridine, vidarabine,
cytarabine, and edoxudine [32]. These drugs are mostly nucleosides or nucleotide analogs,
which could inhibit or interfere with the synthesis of viral DNA [33]. Antiviral drugs
including acyclovir, ganciclovir, and penciclovir were administered to the 30 patients
with a PRV infection after the initial diagnosis of viral encephalitis. Considering the poor
progression of the patients, the antiviral effect of these drugs on PRV remained to be
evaluated. Here, it was found that these clinically used anti-herpesvirus drugs showed
few antiviral effects against the human-origin PRV strain hSD-1/2019 in vitro and in vivo
(Figure 2), suggesting the urgency of developing more effective anti-PRV drugs.

It was reported that resveratrol showed effective anti-PRV effects with an ICsg of
17.17 uM in vitro [34], and 30 mg/kg resveratrol could completely protect piglets in-
tranasally infected with PRV at a dose of 2 x 10 TCIDsg [18]. However, the antiviral
mechanism of these natural products is unclear and requires more research before clinical
application. Hydroquinone and adefovir dipivoxil, which are listed in the FDA-approved
drug library, were found to have a significant antiviral effect in vitro and in vivo against
classical PRV strains, while the effects against the variant PRV strains and human-origin
strains are unclear [21,22]. Although the valproic acid derivative valpromide (VPD) could
inhibit PRV proliferation in PK-15 and Neuro-2a cells in the concentration range of 0.5 to
1.5 mM, no data support its medicative effect in vivo [35]. Ivermectin, an antiparasitic drug,
also exhibited 100% inhibition of PRV replication at 2.0 uM in vitro and reduced mortality
by 50% in PRV-infected mice with attenuated brain damage [23].
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According to the results in Figure 6, it can be suggested that brincidofovir primarily
acts during the replication stage of PRV. However, it remains unclear as to which specific
events in the PRV replication cycle are regulated by brincidofovir. Brincidofovir is a lipid
conjugate of the acyclic nucleotide phosphonate cidofovir (CDV) [36]. The lipid side chain
of brincidofovir hydrolyzes in cells to release CDV, which is then phosphorylated into CDV-
diphosphate (CDV-DP). This compound inhibits the DNA polymerase enzyme that aids
in viral DNA synthesis and suppresses viral DNA replication by disrupting the function
of viral DNA polymerase and destabilizing viral DNA [37,38]. The addition of a lipid
moiety increases the bioavailability and half-life while reducing nephrotoxic side effects
associated with brincidofovir [39]. Therefore, brincidofovir is more effective in vivo than
many other antiviral drugs. Based on these previous studies, the inhibition of brincidofovir
on PRV DNA replication will be focused on in future investigations. At present, this
drug is undergoing clinical trials for the treatment of patients severely infected with
DNA viruses, including cytomegalovirus [40], adenovirus [38], herpes simplex virus [41],
polyomavirus [42], smallpox virus [43], and monkeypox virus [44]. Moreover, it has
been approved by the FDA for the treatment of smallpox virus [36], highlighting its high
potential as a clinical medication in humans. In this study, brincidofovir was identified
as a significant antiviral drug against both classical and variant PRV strains in vitro and
in vivo. The IC5, of brincidofovir against PRV was remarkably low, at 0.5439 uM (Table 4),
while the administration of 10 mg/kg brincidofovir provided complete protection to
mice from fatal infections caused by the human-origin variant PRV strain hSD-1/2019
(Figure 5). Since 2017, there has been an increasing number of reported cases involving
human pseudorabies encephalitis. This emerging viral encephalitis poses serious risks such
as severe neurological damage, death, and long-term complications, even with adequate
clinical treatments, thus necessitating further attention towards elucidating its pathogenic
mechanisms and developing effective antiviral drugs through future research.

5. Conclusions

In this study, we assessed the inhibitory efficacy of commonly utilized anti-herpesvirus
medications (e.g., acyclovir, etc.) against PRV strains and observed their limited effective-
ness. Herein, we developed a high-throughput screening method for identifying PRV an-
tiviral drugs based on fluorescently labeled PRV strains and a multimode microplate reader
that quantified fluorescence intensity to depict virus proliferation. A total of 2104 small-
molecule drugs approved by the FDA were screened and validated using this model.
Remarkably, the continuous administration of brincidofovir at a dosage of 10 mg/kg for
5 days provided complete protection in mice challenged with a lethal dose of a human-
origin PRV strain. Experimental evidence confirmed that brincidofovir primarily impedes
viral replication, thereby significantly inhibiting PRV both in vitro and in vivo. Conse-
quently, these findings establish brincidofovir as a promising drug candidate for the clinical
treatment of PRV infection.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/v16030464 /51, Figure S1: The 50% cytotoxic concentration
(CCsp) measurement of 10 drugs. Figure S2: Half maximal inhibitory concentration (ICsp) of the
10 candidate drugs.
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