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ABSTRACT Pseudorabies virus (PRV), which is extremely infectious and can infect
numerous mammals, has a risk of spillover into humans. Virus–host interactions deter-
mine viral entry and spreading. Here, we showed that neuropilin-1 (NRP1) significantly
potentiates PRV infection. Mechanistically, NRP1 promoted PRV attachment and entry,
and enhanced cell-to-cell fusion mediated by viral glycoprotein B (gB), gD, gH, and gL.
Furthermore, through in vitro coimmunoprecipitation (Co-IP) and bimolecular fluores-
cence complementation (BiFC) assays, NRP1 was found to physically interact with gB,
gD, and gH, and these interactions were C-end Rule (CendR) motif independent, in
contrast to currently known viruses. Remarkably, we illustrated that the viral protein
gB promotes NRP1 degradation via a lysosome-dependent pathway. We further dem-
onstrate that gB promotes NRP1 degradation in a furin-cleavage-dependent manner.
Interestingly, in this study, we generated gB furin cleavage site (FCS)-knockout PRV
(Dfurin PRV) and evaluated its pathogenesis; in vivo, we found that Dfurin PRV viru-
lence was significantly attenuated in mice. Together, our findings demonstrated that
NRP1 is an important host factor for PRV and that NRP1 may be a potential target for
antiviral intervention.

IMPORTANCE Recent studies have shown accelerated PRV cross-species spillover and
that PRV poses a potential threat to humans. PRV infection in humans always mani-
fests as a high fever, tonic-clonic seizures, and encephalitis. Therefore, understanding
the interaction between PRV and host factors may contribute to the development of
new antiviral strategies against PRV. NRP1 has been demonstrated to be a receptor
for several viruses that harbor CendR, including SARS-CoV-2. However, the relation-
ships between NRP1 and PRV are poorly understood. Here, we found that NRP1 sig-
nificantly potentiated PRV infection by promoting PRV attachment and enhanced
cell-to-cell fusion. For the first time, we demonstrated that gB promotes NRP1 degra-
dation via a lysosome-dependent pathway. Last, in vivo, Dfurin PRV virulence was
significantly attenuated in mice. Therefore, NRP1 is an important host factor for PRV,
and NRP1 may be a potential target for antiviral drug development.
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Pseudorabies virus (PRV) belongs to the alphaherpesvirus subfamily of herpesviruses
(1, 2). Pigs are the only natural host for PRV, but the virus can naturally infect a wide

range of host mammals (3, 4). Recent studies have shown accelerated PRV cross-species

Editor Lori Frappier, University of Toronto

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Yan-Dong Tang,
tangyandong2008@163.com, Xue-Hui Cai,
caixuehui139@163.com, or Xin Yin,
yinxin@caas.cn.

The authors declare no conflict of interest.

Received 22 August 2022
Accepted 16 September 2022
Published 29 September 2022

October 2022 Volume 96 Issue 20 10.1128/jvi.01318-22 1

VIRUS-CELL INTERACTIONS

https://orcid.org/0000-0002-5690-2690
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jvi.01318-22
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01318-22&domain=pdf&date_stamp=2022-9-29


spillover, making PRV a potential threat to humans. PRV is extremely infectious, and
infected pigs shed large quantities of virus in bodily secretions and excretions (5–8).
Therefore, understanding the interaction between PRV and host factors may contribute
to the development of new antiviral strategies.

To establish successful infection, PRV must first attach to cell receptors and then
enter the cell to release its genetic material. In this process, PRV glycoproteins, includ-
ing glycoprotein B (gB), gC, gD, and gH/gL, play a central role in viral attachment,
entry, and cell-to-cell spread (9–12). PRV gB is the most conserved envelope glycopro-
tein of herpesviruses, and the gB proteins from PRV and herpes simplex virus 1 (HSV-1)
share 50% amino acid sequence identity (10, 13). However, in contrast with HSV-1 gB,
PRV gB contains a consensus furin cleavage site (FCS), “RRARR,” which can be cleaved
by ubiquitously expressed furin in most cells (13–15). Thus, gB exists as three glycopro-
teins, gBa, gBb, and gBc; the gBb and gBc subunits are the cleavage products of gBa
(16). Furin is a well-known host factor that determines the pathogenesis of some
viruses, such as influenza virus subtypes H5 and H7 and SARS-CoV-2 (17–21). However,
the role of furin in PRV pathogenesis has not been fully investigated. Furin cleaves FCS
to generate a carboxy-terminal RXXR sequence, which is also known as the C-end Rule
or CendR motif (17). Multiple molecules, such as transforming growth factor b , vascular
endothelial growth factor (VEGF)-A isoform, VEGF-A165, and semaphorin 3A (Sema3A),
harbor the CendR motif (22). The C-terminal CendR motifs in these molecules possess
the strong ability to interact with the b1 domain of neuropilin-1 (NRP-1) and initiate
cellular internalization and vascular permeability (17, 23).

NRP1 is a cell-surface receptor that plays an essential role in angiogenesis, immune
function, viral entry, the regulation of vascular permeability, and the development of
the nervous system (23). NRP1 is also a key host factor required for various viruses
harboring the CendR motif; however, the roles of NRP1 in distinct viruses may be con-
troversial. For the herpesvirus Epstein–Barr virus (EBV) (24), SARS-CoV-2 (25–27), the
retroviruses human T-cell lymphotropic virus-1 (HTLV-1) and HTLV-2 (28, 29), and
mouse cytomegalovirus (mCMV) (30), NRP1 acts as a cellular (co)receptor and could
significantly promote virus replication. However, for human immunodeficiency virus-1
(HIV-1), NRP1 serves as a host restriction factor that inhibits HIV-1 replication (31).

Given the apparent importance of NRP1 in viral replication and the fact that PRV
harbors the CendR motif, we aimed to study the role of NRP1 in the life cycle of PRV.
Our findings showed NRP1 overexpression increased PRV attachment and promoted
viral glycoprotein-mediated cell-to-cell fusion. Through coimmunoprecipitation (Co-IP)
and bimolecular fluorescence complementation (BiFC) assays, we also illustrated that
NRP1 physically interacts with gB, gD, and gH, and that this interaction is CendR motif
independent. Furthermore, we found that gB promotes NRP1 degradation via a lyso-
some-dependent pathway and that this degradation is dependent on the cleavage of
gB by furin. Lastly, we also evaluated the pathogenesis of Dfurin PRV in vivo and found
that this genetically modified PRV was significantly attenuated in mice.

RESULTS
NRP1 is a host factor that promotes PRV infection. To investigate the role of

NRP1 in PRV replication, RK13 cells were transfected with NRP1 or a control and then
infected with EGFP reporter PRV (32) at a multiplicity of infection (MOI) of 0.1. Twenty-
four hours later, we observed more PRV-induced cytopathic effects in NRP1-transfected
cells (Fig. 1A). The expression of NRP1 was confirmed by Western blotting (Fig. 1B). In
addition, the production of PRV in the supernatant was measured, and our results
demonstrated that NRP1 significantly promoted PRV replication (;9-fold) in RK13 cells
(Fig. 1B). We further confirmed this result in HEK293T cells and Vero-E6 cells (Fig. 1C
and D). Next, we evaluated the role of endogenous NRP1 in PRV replication. Because
we failed to detect endogenous NRP1 expression in RK13 cells, HEK293T cells, or Vero-
E6 cells (data not shown), we used an NRP1-expressing human neuroblastoma cell line,
SK-N-SH, to perform an RNA interference assay. Three potential siRNAs were screened,
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and the endogenous expression of NRP1 in SK-N-SH cells was efficiently knocked
down by siRNA-3 (Fig. 1E). Therefore, we used this siRNA in subsequent experiments.
In SK-N-SH cells, NRP1 knockdown significantly decreased PRV titers and viral protein
expression (Fig. 1F and G). NRP1 was reported to promote the replication of several
viruses in a CendR motif-dependent manner (17). Here, we tested whether NRP1 pro-
motes PRV replication in a CendR-dependent manner. We used human colon carci-
noma LoVo cells, which lack endogenous furin; therefore, gB would not be cleaved in
this cell line (15). We verified that LoVo cells failed to cleave gB; in contrast, gB was effi-
ciently cleaved by furin in RK13 cells and Vero cells (Fig. 1H). Interestingly, NRP1 also
significantly enhanced the expression of gB and promoted PRV replication in LoVo cells
transfected with NRP1 (Fig. 1I and J). These results suggested that NRP1 may promote
PRV replication through a CendR motif-independent pathway, in contrast to other
reported viruses.

NRP1 promotes PRV entry by approximately 2-fold. Because NRP1 is known to
serve as an entry receptor for several viruses, we next tested whether NPR1 is a poten-
tial PRV entry receptor. Chinese hamster ovary (CHO) cells are resistant to PRV entry
due to the absence of entry receptors (33). Therefore, we used CHO cells to investigate
PRV entry. CHO cells were transfected with NRP1 or a control, and Nectin-1 (an identi-
fied PRV entry receptor) was used as a positive control. Twenty-four hours later, the
transfected cells were infected with rPRVTJ-NLuc expressing NanoLuc luciferase (34).
Six-hours postinfection (hpi), the infected cells were lysed, and NanoLuc luciferase ac-
tivity was detected. We found that Nectin-1 expression could enhance PRV entry into
CHO cells, as NanoLuc luciferase activity was approximately 23-fold higher than that in
the control. In contrast, NanoLuc luciferase activity in the NRP1-transfected cells was

FIG 1 NRP1 promotes PRV proliferation. (A) RK13 cells were transfected with 1 mg control or p-Flag-NRP1 plasmid in 12-well plates for 24 h and then
infected with PRV-GFP at an MOI of 0.1. After 24 h, the cells were observed under a fluorescence microscope. Scale bars, 400 mm. (B) The supernatant in
(A) was collected at 24 h for a TCID50 assay in Vero-E6 cells, and cell lysates were collected for Western blotting. (C) HEK293T cells were transfected with
1 mg control or p-Flag-NRP1 plasmid for 24 h in 12-well plates and then infected with PRV at an MOI of 0.1 for 24 h. The PRV titer in the supernatants was
measured with a TCID50 assay, and the cells were collected for Western blotting. (D) Vero-E6 cells were transfected with 1 mg control or p-Flag-NRP1
plasmid in 12-well plates for 24 h and then infected with PRV-GFP at an MOI of 0.1, after which the cells were lysed at 24-hpi. gB expression in the cells
was detected by Western blotting (left). The supernatant was collected at 24 h for a TCID50 assay in Vero-E6 cells (right). (E) SK-N-SH cells were transfected
with siRNA targeting NRP1 or negative control (NC) at a final concentration of 60 nM in 12-well plates, and 48 h after transfection, NRP1 expression was
detected by Western blotting. (F) SK-N-SH cells were transfected with NRP1 or control siRNA at a final concentration of 60 nM and then infected with PRV
at an MOI of 0.1. After 48 h of transfection, the PRV titer in the supernatants was measured with a TCID50 assay. (G) After transfection with control or
siRNA-3 against NRP1 at a final concentration of 60 nM in 24-well plates for 48 h, SK-N-SH cells were treated with PRV at an MOI of 0.1 for 48 h. The level
of gB in the cells was detected by Western blotting. (H) LoVo, RK13, and Vero-E6 cells were infected with PRV (MOI of 0.1) for 24 h in 12-well plates. The
cells were then harvested to detect the gB level via Western blotting. (I) LoVo cells were transfected with 1 mg control or p-Flag-NRP1 plasmid in 12-well
plates for 24 h, and then, the cells were infected with PRV at an MOI of 0.1 for 24 h. The level of gB in the cells was detected by Western blotting. (J) The
24-h cell supernatant in (I) was collected for a TCID50 assay in Vero-E6 cells. The values in all graphs are the means 6 SD. ***, P , 0.001; **, P , 0.01; *,
P , 0.05; Student's t test.
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approximately 2-fold higher than that in the control (Fig. 2). Therefore, NRP1 moder-
ately promotes PRV entry, and may not be as effective as Nectin-1.

NRP1 enhanced PRV attachment and viral glycoprotein- (gB-, gD-, gH-, and gL-)
mediated cell-to-cell fusion. As shown above, NRP1 promotes PRV replication, and
thus, we wanted to investigate which step(s) in the PRV life cycle are regulated by NRP1.
NRP1 is a cell surface localized protein; therefore, we first evaluated the PRV attachment
stage and the viral glycoprotein-mediated cell-to-cell fusion stage because these steps
occur in the cell membrane. We first tested whether NRP1 could promote PRV attach-
ment. We inoculated HEK293T and CHO cells with PRV at an MOI of 1, allowed the
viruses to attach to the cells at 4°C for 2 h, and then washed the cells three times with
cold PBS. Viral DNA was extracted and quantified with real-time PCR, and we found that
PRV attachment in NRP1-transfected cells was significantly higher than in control cells
(Fig. 3A and B). Next, we evaluated the role of endogenous NRP1 in PRV attachment in
two neuronal cell lines: SK-N-SH and SH-SY5Y. We found that knockdown of endogenous
NRP1 in these cell lines significantly decreased virus attachment (Fig. 3C and D). These
data collectively suggested that NRP1 enhanced PRV attachment.

Next, we tested whether cell-to-cell fusion is regulated by NRP1. PRV-mediated cell-
to-cell fusion requires the glycoproteins gB, gD, gH, and gL. We performed a cell-to-
cell fusion assay via cotransfection of RK13 cells with NRP1 or a control plasmid and
with the gB, gD, gL, gH, and pDC315-EGFP plasmids. The results indicated that the
NRP1-transfected group formed larger syncytia (Fig. 4A). Fusion activity was calculated
based on the relative EGFP area, which was analyzed using ImageJ. The results demon-
strated that NRP1 significantly promoted viral glycoprotein-mediated cell-to-cell fusion
(Fig. 4B). We further confirmed this result in HEK293T cells (Fig. 4C and D). We also
used a luciferase reporter system to evaluate viral glycoprotein-mediated cell-to-cell
fusion in HEK293T cells, as illustrated in Fig. 4E. HEK293T effector cells transfected with
the PGL5-Luc plasmid were mixed with HEK293T target cells cotransfected with pBind-
Id and PACT-Myod plasmids. Twelve hours later, the mixed cells were cotransfected
with an NRP1 or control plasmid and the gB, gD, gL, and gH plasmids. Viral glycopro-
tein-mediated cell-to-cell fusion was quantified based on the luciferase activities in cell
lysates at 48-h posttransfection. The results indicated that NRP1 significantly increased
viral glycoprotein-mediated cell-to-cell fusion activity (Fig. 4F).

NRP1 interacted with gB, gD, and gH, but not gL. We demonstrated that NRP1
efficiently promoted PRV attachment and viral glycoprotein-mediated cell-to-cell fusion.
However, the detailed mechanism remains unclear. Because gB can be cleaved by furin,
a CendR motif that is known to interact with NRP1 was generated. Next, we detected
whether NRP1 interacted with gB. HEK293T cells were transfected with gB expression
plasmids with the NRP1 plasmid or a control plasmid. By a coimmunoprecipitation assay,

FIG 2 NRP1 promotes PRV entry by 2-fold. CHO cells were transfected with 0.5 mg plasmids to
induce expression of p-Flag-NRP1, p-Nectin-1, or control in 24-well plates. After 24 h, the transfected
cells were infected with rPRVTJ-NLuc (1;4 � 106 PFU/well). Six hours after inoculation, the cells were
lysed and assayed with a Nano-Glo Luciferase Assay System.
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we demonstrated that NRP1 interacted with gB (Fig. 5A). We further investigated
whether NRP1 interacted with other glycoproteins. Interestingly, we found that NRP1
also interacted with gD and gH, which lack the CendR motif (Fig. 5B and C). However, we
did not detect any interaction between NRP1 and gL (Fig. 5D). To further confirm these
interactions, we performed a BiFC assay, which has been extensively applied to study
protein-protein interactions (35, 36). HEK293T cells were cotransfected with the plasmids,
including pVC-gB, pVC-gD, pVC-gH, or pVC-gL and pVN-NRP1 to detect protein-protein
interactions. As expected, we obtained the same results as observed in the Co-IP assay;
NRP1 interacted well with gB, gD, and gH but not with gL (Fig. 5E). Using an anti-gB anti-
body, we further verified whether the PRV gB protein interacts with endogenous NRP1.
In SH-SY5Y cells, through IP with endogenous NRP1, we detected an interaction between
NRP1 and gB protein (Fig. 5F). Because we did not have an anti-gD or anti-gH antibody,
we were not able to further confirm the interaction between these proteins and endoge-
nous NRP1. Therefore, NRP1 promoted PRV attachment and viral glycoprotein-mediated
cell-to-cell fusion, potentially through interactions with PRV gB, gD, and gH.

gB promotes NRP1 degradation via lysosomal-dependent pathways. Interestingly,
by evaluating the interactions between NRP1 and viral glycoproteins, we found that
NRP1 could be specifically downregulated by gB but not by gD, gH, or gL (Fig. 6A).
Additionally, gB decreased NRP1 expression in a dose-dependent manner (Fig. 6B). We
hypothesized that gB may promote NRP1 degradation via the ubiquitin–proteasome-
dependent pathway or the lysosome-dependent pathway. We used two inhibitors,
chloroquine (CQ, a lysosome pathway inhibitor) and MG132 (a ubiquitin–proteasome
inhibitor), to evaluate which pathway was involved in NPR1 degradation. The results
showed that the lysosome pathway inhibitor CQ but not MG132 reversed the degrada-
tion of NRP1 (Fig. 6C). This result indicated that PRV gB promoted NRP1 degradation

FIG 3 NRP1 facilitates PRV attachment. (A) CHO and (B) HEK293T cells were transfected with 1 mg
control or p-Flag-NRP1 plasmid in 12-well plates for 24 h and then infected with PRV at an MOI of 1
and maintained at 4°C. Two hours later, the cells were washed three times with cold PBS, and DNA
was extracted and quantified via qPCR. (C) SK-N-SH and (D) SH-SY5Y cells were plated in 24-well
plates and transfected with siRNA-3 or control at a final concentration of 60 nM. After 48 h, the cells
were infected with PRV at an MOI of 1 and then maintained at 4°C. Two hours later, the cells were
subjected to attachment assays. The values in graphs are the means 6 SD. **, P , 0.01; *, P , 0.05;
Student's t test.
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via the lysosome pathway. We further confirmed these results in RK13 cells (Fig. 6D
and E). We next evaluated whether PRV infection could promote the degradation of
endogenous NRP1. SH-SY-5Y cells were infected with PRV, and we found that endoge-
nous NRP1 was degraded when PRV infection was present, but this degradation was
reversed by CQ (Fig. 6F). These results demonstrated that gB specifically promoted
NRP1 degradation via a lysosomal-dependent pathway.

gB-promoted NRP1 degradation was dependent on furin cleavage. We demon-
strated that NRP1 promoted PRV replication independent of the gB CendR motif (Fig.
1I). Here, we wanted to evaluate whether NRP1 degradation was gB CendR motif
dependent. We attempted to construct several gB mutants, including gB-D500R,
gB-D500-501RA, and gB-Dfurin, to block gB cleavage by furin (Fig. 7A). After transfec-
tion, we found that the D500R construct could be cleaved by furin, like wild-type gB;
however, the D500-501 RA and Dfurin constructs of PRV gB failed to be cleaved by
furin (Fig. 7B). We next tested whether these findings indicate that PRV gB mutants
could promote NRP1 degradation. We cotransfected NRP1 with the indicated gB
mutants into HEK293T cells. The results showed that the D500-501RA and Dfurin con-
structs failed to degrade NRP1, similar to wild-type gB, which demonstrated that NRP1
degradation was gB CendR motif dependent (Fig. 7C). However, NRP1 could also inter-
act with these constructs, indicating that the interaction between NRP1 and gB was
CendR motif independent (Fig. 7C).

NRP1 promoted PRV replication via a CendR-independent pathway. We next
tested whether NRP1 promoted PRV replication in a CendR-dependent manner during
PRV infection. We generated the indicated gB mutants of PRV via CRISPR/Cas9 technol-
ogy, as previously described (37). PRV gB-D500R, PRV gB-D500-501RA, and PRV gB-

FIG 4 NRP1 promotes viral protein-mediated cell-to-cell membrane fusion. (A) RK13 and (C) HEK293T cells were cotransfected with 500 ng p-Flag-NRP1 or
control plasmid, with 200 ng pDC315-EGFP, and with 125 ng pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-Gl, or pCAGGS-HA-gH in 12-well plates. Thirty-
six hours after transfection, the cells were observed by fluorescence microscopy. (B) The relative GFP area in RK13 cells and (D) HEK293T cells was analyzed
with ImageJ. The relative GFP area in the control group was set to 100%. (E) Schematic showing the fusion assay. When HEK293T cells grew to 90%
confluence in a 6-well plate, the cells were cotransfected with 2 mg pBind-Id and 2 mg PACT-Myod plasmids and mixed with other HEK293T cells
transfected with 0.5 mg PGL5-Luc plasmid. Then, the cells were replated in 48-well plates, and 12 h later, the cells were cotransfected with 125 ng p-Flag-
NRP1 or control and with 32 ng pCAGGS-HA-gB, 32 ng pCAGGS-HA-gD, 32 ng pCAGGS-HA-gL, or 32 ng pCAGGS-HA-gH. (F) Forty-eight hours later, the
cells were lysed, and cell-to-cell membrane fusion was evaluated via luciferase activity. Error bars indicate the standard deviation (SD); ***, P , 0.001; **,
P , 0.01; *, P , 0.05.
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Dfurin were successfully generated and confirmed by DNA sequencing (data not
shown). We next infected cells with the indicated PRV mutants and found that the gB
proteins of wild-type PRV and D500R PRV could be successfully cleaved by furin; how-
ever, very little gB from D500-501RA PRV and Dfurin PRV was cleaved (Fig. 8A).
Interestingly, the plaque sizes of these gB-modified PRV constructs were not different
from that of wild-type PRV in both Vero cells and swine testicle (ST) cells (Fig. 8B). In
addition, no significant differences were observed in the replicative kinetics of gB-
modified PRV compared with wild-type PRV in Vero cells and HEK293T cells (Fig. 8C
and D). Finally, we evaluated whether the replication of these FCS-modified PRVs could
be promoted by NPR1 during PRV infection and found that the production of all these
viruses was promoted by NRP1 (Fig. 8E).

FIG 5 NRP1 interacts with PRV-gB, PRV-gD, and PRV-gH but not with PRV-gL. (A) HEK293T cells grown to approximately 70% to
80% confluence in 6-well plates were cotransfected with 1.5 mg p-Flag-NRP1 or control plasmids and 1.5 mg pCAGGS-HA-gB, (B)
pCAGGS-HA-gD, (C) pCAGGS-HA-gL, or (D) pCAGGS-HA-gH for 24 h. Then, the cells were immunoprecipitated (IP) with an
antibody against Flag, followed by immunoblotting (IB) analysis for the complex with the indicated antibody. Star labeled band
indicated as heavy chain of antibodies. (E) Imaging of the gB, gD, gH, and gL interaction with NRP1 using the bimolecular
fluorescence complementation system (BiFC). HEK293T cells were cotransfected with the indicated vectors under normal
conditions. In the BiFC system, interacting proteins are shown in yellow, and the nuclei were stained with DAPI. Images were
acquired using confocal microscopy under a 63� lens objective. Appearance of yellow fluorescence represents a positive
observation; the images were selected and cropped to show the positive results. (F) SH-SY5Y cells grown to approximately 90%
confluence in 6-well plates were infected with PRV (MOI of 0.1) for 24 h. Then, the cells were immunoprecipitated (IP) with an
antibody against NRP1, followed by immunoblotting (IB) analysis for the complex with the indicated antibody.
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FCS deficiency in gB significantly attenuated PRV virulence in vivo in mice.
Furin has been reported to play an important role in viral pathogenesis in some
viruses, including influenza virus and coronavirus (18, 19). In these viruses, the FCS can
be efficiently cleaved by furin, which further affects viral infectivity, pathogenesis,
transmission, and host range. Little is known about furin in PRV pathogenesis; there-
fore, we evaluated whether FCS in PRV gB also served as a PRV virulence factor. Mice
were challenged with PRV gB-WT, PRV gB-D500R, PRV gB-D500-501RA, and PRV gB-
Dfurin at the same dose. Four out of five mice survived PRV gB-Dfurin challenge, and
three out of five mice survived PRV gB-D500-501RA challenge. These results indicated
that the virulence of FCS-modified PRV was profoundly attenuated compared with
wild-type PRV (Fig. 9A). We further detected the viral loads in tissues of the spleen,
lung, kidney, and brain of the indicated challenged groups and found that viral copy
numbers in PRV gB-D500-501RA- and PRV gB-Dfurin-infected mice were significantly
lower than those in the PRV wild-type group (Fig. 9B). Finally, we further evaluated
lung histopathological changes via histopathological examination (hematoxylin and
eosin [H&E] staining), and the results indicated that the wild-type PRV and PRV gB-
D500R groups developed severe microscopic lesions in the lung (Fig. 9C). In contrast,
live mice in the PRV gB-D500-501RA and PRV gB-Dfurin challenge groups exhibited
fewer histopathological changes in the lungs (Fig. 9C). Overall, furin may play an im-
portant role in PRV pathogenesis in vivo.

FIG 6 PRV employs gB to decrease NRP1 in a lysosomal-dependent degradation pathway. (A) HEK293T cells were cotransfected
with 0.5 mg p-Flag-NRP1 and 0.5 mg pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-gH, pCAGGS-HA-gL, or control plasmids in 12-
well plates for 24 h and then analyzed for the expression of NRP1 via Western blotting. (B) HEK293T cells and (D) RK13 cells were
transfected with p-Flag-NRP1 with increasing amounts of pCAGGS-HA-gB or control. Western blots at 24 h posttransfection are
shown. (C) HEK293T cells and (E) RK13 cells were cotransfected with 0.5 mg p-Flag-NRP1 and 2 mg pCAGGS-HA-gB or control and
treated with MG132 (1 mM) or CQ (50, 100 mM). Western blotting was performed at 24 h posttransfection. (F) Western blot analysis
of endogenous NRP1 in SH-SY5Y cells infected with PRV (MOI of 0.1), followed by treatment with CQ (100 mM). Twenty-four hours
postinfection, the cells were subjected to Western blotting. All experiments were performed three times, and a representative result
is shown. NRP1 degradation was quantified by densitometry scanning of Western blot images from three independent experiments.
Band intensity ratio was shown, and band intensity ratio of control was set as 1. *, P , 0.05, **, P , 0.01.
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DISCUSSION

NRP1 is a host factor for SARS-CoV-2 cell entry and infectivity (25, 26). NRP1 is highly
expressed in the respiratory system and olfactory epithelium and is also expressed in
the central nervous system (CNS). In SARS-CoV-2 infection, NRP1 may play a role in vi-
ral-associated neurological symptoms (38, 39). In our study, we demonstrated that
NRP1 was ubiquitously expressed in all tested organs in mice and pigs (data not
shown). PRV is known to be a neurotropic virus (40–43). However, whether NRP1 con-
tributes to PRV neurotropism and induces neurological symptoms was unclear. This
may have been confirmed in conditional NRP1-knockout mice due to the lethality of
the NRP1-knockout animals (44).

PRV virulence is determined by several viral pathogenicity-related genes (45–47). In
previous reports, gB was found to be an essential gene for PRV replication (48, 49).
However, no solid evidence to support gB was a virulence-related gene. In the current
study, we demonstrated the virulence of PRV with gB FCS knockout was significantly
attenuated in mice. This result demonstrated that the FCS in PRV plays an important
role in PRV pathogenesis. This situation was similar to that of SARS-CoV-2, in which loss
of the FCS attenuates its pathogenesis and transmission (50, 51). The loss of the FCS of
SARS-CoV-2 may have a distinct effect on viral replication: Dfurin SARS-CoV-2 repli-
cated faster in Vero E6 cells but replicated less efficiently in the human respiratory cell
line Calu-3 (50). Interestingly, Dfurin PRV had the same replication kinetics and plaque
size in vitro as the parental virus in the tested cells. We speculated that the FCS influ-
enced PRV pathogenesis in vivo potentially due to its replicative activity in vivo. We
found that the viral load of Dfurin PRV was significantly lower than that of the parental
PRV, which is consistent with the H&E staining results. One limitation of this study is
that we lacked a model to connect NRP1 and PRV pathogenesis in vivo. We recognize
that NRP1 knockout mice may provide a direct connection between NRP1 and PRV
pathogenesis. However, NRP1 is expressed in many cell types, including neurons and

FIG 7 gB promotes the NRP1 degradation in a furin cleavage-dependent manner. (A) Schematic showing the
deletion of the FCS from PRV gB. (B) To investigate whether gB interacts with NRP1, the plasmids pCAGGS-HA-
gB-D500R, pCAGGS-HA-gB-D500-501RA, and pCAGGS-HA-gB-Dfurin were constructed. HEK293T cells were
transfected with 1 mg gB, gB-D500R, gB-D500-501RA, gB-Dfurin, or control plasmids in 12-well plates, and 24 h
later, the cells were analyzed via Western blotting. (C) HEK293T cells were cotransfected with 1.5 mg pCAGGS-
HA-gB, pCAGGS-HA-gB-D500R, pCAGGS-HA-gB-D500-501RA, or pCAGGS-HA-gB-Dfurin and with 1.5 mg p-Flag-
NRP1 or control plasmids in 6-well plates. Twenty-four hours later, the cells were subjected to IP with an
antibody against Flag, followed by immunoblotting (IB) analysis for the complex with the indicated antibody.
Star labeled band indicated as heavy chain of antibodies.
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blood vessels, and NRP1 knockout in mice is embryonically lethal, with the mice having
both neural and vascular defects (44). Furthermore, the attenuation observed after
knockout of furin cleavage sites in PRV may be due to other unknown reasons, similar
to knockout of furin cleavage sites in SARS-CoV-2 (50) and influenza virus (52), which
also attenuated infection in tested animals.

In a recent study, the glycosylation of gB was shown to affect gB processing by furin
cleavage and subsequently alter gB surface localization and fusogenicity (14). We also
tested whether FCS knockout would influence gB-mediated fusogenicity and gB sur-
face localization (data not shown). However, in our study, we found that the Dfurin
construct did not exhibit altered gB fusogenicity or surface localization, as reported
(14). This difference may be due to gB surface localization, and fusogenicity was indeed
affected by glycosylation rather than furin cleavage. Furthermore, in the current study,
we used a PRV variant, the PRV HeN1 strain (GenBank Accession No. KP098534), which
is now epidemic in China (53). This strain exhibits marked sequence divergence com-
pared with the sequence of European and American strains or Chinese strains isolated
before 2000 (classic strains) (54). Whether the differences in gB between PRV variants
and classic strains result in distinct results will be investigated in the future.

For most viruses, the interaction with NRP1 is CendR motif dependent (17).
However, in our study, we demonstrated that the Dfurin gB construct retained the abil-
ity to interact with NRP1. However, we found gB weak interacted with NRP1. In this
study, we found gBa could be IP-ed with NRP1 rather than gBb. Furthermore, we found
most of gBa were cleaved by furin in cell lysate, this may be the reason that low level
of gBa were detected in IP assay. Furthermore, gD and gH, which lack the CendR motif,
also interacted with NRP1. This finding demonstrated that the interaction of PRV with
NRP1 was independent of the CendR motif, which is distinct from other viruses. The

FIG 8 NRP1 promoted PRV replication through a CendR-independent pathway. (A) Vero cells were infected with PRV gB-WT, PRV gB-D500R, PRV gB-D500-
501RA, or PRV gB-Dfurin (MOI of 0.1) and then collected at 24 h to detect the expression of gB. (B) Plaque morphology of PRV gB-WT, PRV gB-D500R, PRV
gB-D500-501RA, and PRV gB-Dfurin in Vero and ST cells. ST and Vero cells were seeded in 6-well plates and infected with serial dilutions of PRV or PRV-gB
mutant supernatants for 2 h at 37°C. The cells were then washed with PBS, overlaid with a mixture of 2% methyl cellulose and 2� DMEM containing 2%
FBS, and incubated for 48 to 72 h. The plaques were counted. (C) Growth properties of the indicated viruses in Vero and (D) HEK293T cells. Cells cultured
in 12-well plates were incubated with PRV or PRV-gB mutant at an MOI of 0.01 at 12-, 24-, 48-, and 72 hpi. Virus titers were determined using the 50%
tissue culture infective dose (TCID50) method. (E) Vero cells were transfected with 1 mg control or p-Flag-NRP1 plasmid in 12-well plates for 24 h and then
infected with PRV gB-WT, PRV gB-D500R, PRV gB-D500-501RA, or PRV gB-Dfurin at an MOI of 0.01. The virus titer was measured using a TCID50 assay at
24-hpi. All data are shown as the mean 6 SD. **, P , 0.01; *, P , 0.05; Student's t test.
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detailed mechanism of this interaction and involved domains needs to be further
explored.

NRP1 has been reported to be degraded by specific host factors or under conditions
metabolic stress, and its degradation may occur via autophagy (55, 56). Viruses degraded
host entry factors, especially its receptors may be common. Such as HSV-1 downregulated
its receptor nectin-1 after virus infection (57, 58). And downregulated viral receptors may
be the mechanism of superinfection resistance for some viruses (59). Our report is the first
to show that viral-encoded proteins can promote NRP1 degradation, and this degradation
is dependent on furin cleavage. Several cellular proteins are also degraded in a furin cleav-
age-dependent manner; however, the detailed mechanism is unclear (60, 61). There are
many potential explanations, one simple explanation being that gB processed by furin tar-
gets NRP1 to lysosomal compartments, where NRP1 is degraded by resident proteases.
This is a very interesting observation, and whether other viruses can degrade NRP1 and
whether this degradation contributes to PRV neurological symptoms are unclear. All of
these questions need further exploration.

Overall, our findings showed that NRP1 promotes PRV attachment and cell-to-cell
fusion. Additionally, gB promotes NRP1 degradation via a lysosome-dependent path-
way, and this process is dependent on furin. Finally, we demonstrated that gB FCS is a
determinant of PRV virulence.

MATERIALS ANDMETHODS
Cells, viruses, antibodies, and plasmids. Rabbit kidney cells (RK13, ATCC CCL-37), human embryonic

kidney cells (HEK293T, ATCC CRL-11268), African green monkey kidney cells (Vero, ATCC CCL-81; Vero-E6,
ATCC CRL-1586), and swine testis cells (ST, ATCC CRL-1746) were maintained in Dulbecco’s modified
Eagle's medium (DMEM) (Gibco, USA) containing 10% fetal bovine serum (FBS, Excell, FND500). Human co-
lon carcinoma cells (LoVo, ATCC CCL-229) and human neuroblastoma cell lines (SH-SY5Y, CRL-2266) were
grown in RPMI 1640 medium with 10% FBS. A human neuroblastoma cell line (SK-N-SH) (Procell CL-0214)

FIG 9 The PRV HeN1-gB mutant exhibits lower pathogenicity in mice than wild-type PRV. (A) Experimental strategy for PRV gB-WT, PRV gB-D500R, PRV gB-
D500-501RA, or PRV gB-Dfurin challenge in mice. The survival rate was monitored daily for 15 days (n = 5 per group). (B) The viral load in the spleen, lung,
kidney, and brain tissues of mice was determined using qRT–PCR. (C) At 15 days postchallenge, the remaining mice were euthanized, and microlesions in
the lung tissues were examined via H&E staining (magnification = 100�). All data are shown as the mean 6 SD, (***, P , 0.001; *, P , 0.05; **, P , 0.01).
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was purchased from Procell (Wuhan, China) and maintained in SK-N-SH medium (Procell CM-0214). CHO
cells were stored in our laboratory. These cells were maintained in 5% CO2 at 37°C.

The PRV strain HeN1 (GenBank Accession No. KP098534) was stored at 280°C in our laboratory. The
PRV strain HeN1-GFP was maintained as described in our previous report (32). The PRV strain rPRVTJ-
NLuc was kindly provided by Yuan Sun at our institute (34).

Anti-b-actin antibody (Proteintech, China), anti-NRP1 antibody (mouse; Proteintech, China), anti-
NRP1 antibody (rabbit; CST, USA), anti-PVRL1 antibody (Nectin-1) (Proteintech, China), anti-Flag antibody
(Sigma, USA), anti-HA antibody (Sigma, USA), anti-mouse IgG-FITC antibody (Sigma, USA), and Alexa
Fluor 488-conjugated and Alexa Fluor 568-conjugated secondary antibodies for immunostaining were
purchased from Invitrogen. The mouse anti-PRV gB monoclonal antibody (1E7) was kindly provided by
Zhi-Jun Tian at our institute. The epitope identified by the gB antibody was 81-SAEESLE-87 of the gB
protein; therefore, we can see two bands for gB. The large band is the full-length gBa, and the small
band is the cleavage fragment of gBb.

The pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-gH, pCAGGS-HA-gL, pCDNA3.1-Flag, pCAGGS-HA,
and pDC315-EGFP plasmids were stored in our laboratory and have been described in our previous stud-
ies (62, 63). The pCMV3-C-Flag-Nectin1 plasmid and pCDNA3.1-Flag-NRP1 plasmid were purchased from
Sino Biological (Beijing, China). pCMV-Red-NRP1 was constructed by our laboratory.

Quantitative real-time polymerase chain reaction (qRT-PCR). Viral DNA was extracted with the
TIANamp Genomic DNA Kit (Tiangen, China) according to the manufacturer’s instructions. This method
was used to quantify the copy number of the gB gene of PRV, as described in our previous report (37).
The specific primer sequences for the gB genes are shown in Table S1.

Semiquantitative PCR detection of NRP1 in tissues. The mRNA levels of NRP1 and b-actin were
determined by nested semiquantitative PCR. Total RNA was extracted from tissue using a Total RNA Kit I
(Tiangen, China) and reversed transcribed to generate cDNA by Reverse Transcriptase M-MLV (TaKaRa,
China) according to the manufacturer’s protocol. Then, nested semiquantitative PCR was performed,
and b-actin was used as an internal reference. The specific primer sequences for the target genes are
shown in Table S2.

NRP1 siRNA knockdown. A small interference RNA (siRNA) assay was performed to confirm the tar-
get gene of NRP1 with siRNA synthesized by GenePharma (Shanghai, China). Briefly, cells were seeded in
12-well plates (60% to 80% confluence) and transfected with siNRP1 or negative control (NC) using
Lipofectamine RNAiMAX (Invitrogen) at a final concentration of 60 nM following the manufacturer’s
instructions. At 48-h posttransfection, the protein levels were confirmed by Western blotting. The siRNA
sequences are shown in Table S3.

PRV attachment assay. CHO and HEK293T cells were seeded in 12-well plates. When the cells
reached 70% to 80% confluence, 1 mg of the control or p-Flag-NRP1 plasmid was transfected.
Overexpression plasmids were transfected using jetPRIME (Polyplus Transfection, France) according to
the manufacturer’s instructions. At 24-h posttransfection, cells were infected with PRV-HeN1 (MOI = 1)
and maintained at 4°C. Two hours later, the cells were washed three times with cold PBS, and DNA was
extracted with a TIANamp Genomic DNA Kit (Tiangen, China) and quantified by qPCR.

PRV entry assay. Virus entry was evaluated by infection with rPRVTJ-NLuc, which expresses
NanoLuc luciferase. CHO cells were transfected with plasmids expressing p-Flag-NRP1, p-Nectin-1, or
control DNA. After 24 h, the transfected cells were infected with rPRVTJ-NLuc (1;4 � 106 PFU/well). The
cells were maintained in 5% CO2 at 37°C. Six hours after inoculation, the supernatants were removed,
and the cells were washed three times with PBS. Cells were lysed with cell culture lysis buffer (Promega,
USA). Cell lysates were assayed with the Nano-Glo Luciferase Assay System (Promega, USA), and lucifer-
ase activity was determined.

Cell-to-cell fusion assay. HEK293T or RK13 cells were seeded in 24-well plates. When they reached
80% to 90% confluence, the cells were cotransfected with 500 ng of p-Flag-NRP1; 200 ng of EGFP
expression plasmid (pDC315-EGFP); and pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-gL, and pCAGGS-
HA-gH or control plasmids according to the manufacturer’s instructions. Twenty-four hours after trans-
fection, the cells were observed by fluorescence microscopy. Fusion activity was evaluated based on the
relative EGFP furin area, which was quantified by ImageJ software. The furin activity of the control group
was set as 100%.

Cell-to-cell membrane fusion was also detected using a luciferase assay, as described in our previous
report (64). Briefly, when HEK293T cells grew to 90% confluence in a 6-well plate, the cells in one well
were transfected with 0.5 mg of pGL5-Luc (Promega, USA), and those in other wells were cotransfected
with 2 mg of pBind-Id (Promega, USA) and 2 mg of PACT-Myod (Promega, USA). Twelve hours later, the
transfected pGL5-Luc cells were mixed 1:1 with cotransfected pBind-ID and PACT-Myod cells or empty
cells. Twelve hours later, p-Flag-NRP1 and pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-gL, pCAGGS-
HA-gH, or control plasmids were cotransfected. The luciferase activity was measured 48 h later with the
Luciferase Assay System (Promega, USA). The furin activity of the control group was set to 100%.

Coimmunoprecipitation assay. HEK293T cells grown to approximately 70% to 80% confluence in
6-well plates were cotransfected with p-Flag-NRP1 and pCAGGS-HA-gB, pCAGGS-HA-gD, pCAGGS-HA-
gL, pCAGGS-HA-gH, or control plasmids (3 mg/well). At 24-h posttransfection, the cells were lysed with
RIPA lysis buffer (Beyotime Biotechnology, China) containing PMSF (Beyotime Biotechnology, China) and
a complete protease inhibitor cocktail (Sigma–Aldrich, USA) for 1 h on ice. The cell lysates were centri-
fuged at 12,000 � g for 10 min, and 100 mL of supernatant was taken as the input sample. The rest of
the supernatant was incubated with 20 mL of FLAG M2 beads (Sigma, USA) at 4°C for 6 to 8 h.
Subsequently, the beads were rinsed with PBS (pH =7.4) three times (20 min/time) at 4°C, and
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precipitates were eluted in 60 mL of lysis buffer and 4� loading buffer (Solarbio, China) by boiling at
100°C for 8 to 10 min. The samples were detected by Western blotting.

For Western blotting, cells were washed twice with cold PBS and lysed in NP-40 buffer (Beyotime
Biotechnology, China). The protein concentration was measured using a BCA protein assay kit (Solarbio,
China). Cell lysates were boiled in 4� loading buffer for 10 min, and equal amounts of samples were
then subjected to SDS–PAGE. The separated proteins were transferred to PVDF membranes (Millipore,
USA). The membranes were blocked with 5% nonfat milk in PBS for 1 h and incubated with an antibody
overnight at 4°C, followed by washing and incubation with the appropriate secondary antibody for 1 h
at room temperature. Detection was performed with fluorescent secondary antibodies, and visualization
was carried out with the Odyssey CLx imaging system.

BiFC assay. The plasmids pVC-gB, pVC-gD, pVC-gH, pVC-gL, and pVN-NRP1 were constructed via ho-
mologous recombination. The specific primer sequences are shown in Table S4. In the present study,
the BiFC system was used to visualize the interaction between gB, gD, gH, and gL and NRP1 in HEK293T
cells. Briefly, the open reading frame (ORF) sequences of gB, gD, gH, gL, and NRP1 were amplified and
inserted into the plasmids pVC and pVN which contain the Venus C-terminal or N-terminal fragment,
respectively. The final plasmids were named pVC-gB, pVC-gD, pVC-gH, pVC-gL, and pVN-NRP1. HEK293T
cells were cotransfected with pVN-NRP1 and with pVC-gB, pVC-gD, pVC-gH, or pVC-gL. pVC and pVN
only contained the ORF of VC or VN were uses as a control in this study. The fluorescence signals were
observed via confocal microscopy.

gB promoted decreases in exogenous and endogenous NRP1. To assess the exogenous degrada-
tion of NRP1, HEK293T and RK13 cells were seeded in 12-well plates. When the cells reached 90% confluence,
Flag-NRP1 plasmid (0.5 mg) and gB plasmid at different doses were used o transfect the cells. The cells were
collected 24 h later, and the expression level of NRP1 was analyzed by Western blotting. There are two major
pathways of intracellular protein degradation: the ubiquitin–proteasome-dependent pathway and the lyso-
some-dependent pathway. To determine whether these two pathways are involved in gB-mediated NRP1
degradation, MG132 (a ubiquitin–proteasome inhibitor, Sigma, 1mM) and CQ (a lysosome pathway inhibitor,
Sigma, 50 and 100mM) were added to HEK293T and RK13 cells coexpressing gB (2mg) and NRP1 (0.5mg).

To test the endogenous degradation of NRP1, SH-SY5Y cells grown to approximately 90% conflu-
ence in 12-well plates were pretreated with CQ (100 mM) for 2 h and infected with PRV at an MOI of 0.1.
After 24 h, the cells were harvested, and the expression level of endogenous NRP1 was detected by
Western blotting.

Construction of gB mutants. The gB-CendR mutation plasmids gB-D500R, gB-D500-501RA, and gB-
Dfurin were constructed by site-directed mutagenesis. The plasmid construction process was as follows:
the 100-mL reaction mixture contained 1 mg of pCAGGS-HA-gB, 50 mL of 2 � KOD buffer, 8 mL of dNTP,
2 mL of forward primer (10 mM), 2 mL of reverse primer (10 mM), 2 mL of KOD enzyme (Toyobo, Japan),
and 35 mL of H2O. The PCR procedure was as follows: initial denaturation at 95°C for 5 min and 21 cycles
of denaturation at 94°C for 30 s, annealing at 56°C for 30 s and amplification at 72°C for 5 min. Then, 200
mL of anhydrous ethanol was added to the sample, which was incubated for 10 min at room tempera-
ture. Finally, the samples were centrifuged at 12,000 � g for 10 min, and DpnI (Thermo Fisher Scientific,
USA) was added for digestion. The digestion reaction was as follows: the 20-mL reaction mixture con-
tained 17 mL of H2O, 2 mL of 10 � FastDigest Buffer, and 1 mL of DpnI. All clones were verified by DNA
sequencing. Primers are shown in Table S1.

Dfurin virus construction by the CRISPR system. PRV FCS knockout viruses were generated as pre-
viously described (37, 45, 46, 48). sgRNAs targeting the gB gene were designed using the CRISPR Design
Tool (65). ssDNA used for precision recombination was synthesized by Tsingke Biotechnology. The
sgRNA sequences and the primers used for PCR identification are shown in Table S2. Briefly, HEK293T
cells were plated into a 6-well plate, and 12 h later, 3 mg of the PRV HeN1 genome, 2 mg of the CRISPR/
Cas9 plasmid, and 3 mg of the indicated ssDNA were cotransfected. After CPE was observed, the cell cul-
tures were collected. PRV gB-D500R, PRV gB-D500-501RA, and PRV gB-Dfurin were purified by plaque
purification. PRV FCS knockout virus was confirmed by DNA sequencing.

Viral growth curves and plaque assays. Vero and HEK293T cells cultured in 12-well plates were
incubated with PRV gB-WT, PRV gB-D500R, PRV gB-D500-501RA, and PRV gB-Dfurin at an MOI of 0.01 for
2 h at 37°C. Then, the inoculum was removed, and DMEM supplemented with 2% FBS was added to
each well. At 12-, 24-, 48-, and 72-hpi, the cells and supernatants were harvested and stored at 80°C. The
virus titers were determined using the 50% tissue culture infective dose (TCID50) method.

For plaque assays, ST and Vero cells were seeded in 6-well plates and infected with serial dilutions of
PRV or PRV-gB mutant supernatants for 2 h at 37°C. The cells were then washed with PBS, overlaid with
a mixture of 2% methyl cellulose and 2� DMEM containing 2% FBS, and incubated for 48 to 72 h at 37°C
in 5% CO2. The cells were stained with saturated crystal violet for 30 min at room temperature before
the plaques were counted.

Challenge experiments with mice. Twenty-five 6-week-old female specific-pathogen-free mice
were randomly divided into five groups. The mice in groups 1 to 4 were inoculated intramuscularly with
104 TCID50 of PRV gB-WT, PRV gB-D500R, PRV gB-D500-501RA, and PRV gB-Dfurin, respectively. The
mice in group 5 were inoculated intramuscularly with PBS and used as negative controls. The mice were
observed daily.

H&E staining and viral load detection. At 14 days post-challenge (dpc), the remaining mice were
euthanized, and tissue samples were collected and subjected to histopathological analysis after H&E
staining. Viruses were detected using qPCR. For viral load detection, total viral DNA was extracted from
25-mg tissue samples using a TIANamp Virus DNA/RNA Kit (Tiangen, China) according to the manufac-
turer’s instructions. The control group consisted of five surviving mice; the PRV gB-WT group consisted
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of three dead mice; the PRV gB-D500R group consisted of three dead mice; the PRV gB-D500-501RA
group consisted of three surviving mice; and the PRV gB-Dfurin group consisted of four surviving mice.
The probe and primers are listed in Table S1.

Ethics statement. All animal experiments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People’s Republic
of China. Animal experiments (approval number: 211116-03; approval number: 211202-01) were carried
out in animal biosafety level 2 facilities under the supervision of the Committee on the Ethics of Animal
Experiments of the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences
(CAAS).

Statistical analysis. Statistical analysis was performed using GraphPad Prism 8.0 software, and
Student's t test was used with at least three independent replicates. Differences with a P value ,0.05 for
each test were considered statistically significant.
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