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A B S T R A C T

Porcine reproductive and respiratory syndrome (PRRS) is one of the most significant diseases affecting the pig
industry worldwide. The PRRSV mutation rate is the highest among the RNA viruses. To date, NADC30-like
PRRSV and highly pathogenic PRRSV (HP-PRRSV) are the dominant epidemic strains in China; however, com-
mercial vaccines do not always provide sufficient cross-protection, and the reasons for insufficient protection are
unclear. This study isolated a wild-type NADC30-like PRRSV, SX-YL1806, from Shaanxi Province. Vaccination
challenge experiments in piglets showed that commercial modified live virus (MLV) vaccines provided good
protection against HP-PRRSV. However, it could not provide sufficient protection against the novel strain SX-
YL1806. To explore the reasons for this phenomenon, we compared the genomic homology between the MLV
strain and HP-PRRSV or NADC30-like PRRSV and found that the MLV strain had a lower genome similarity with
NADC30-like PRRSV. Serum neutralization assay showed that MLV-immune serum slightly promoted the ho-
mologous HP-PRRSV replication and significantly promoted the heterologous NADC30-like PRRSV strain repli-
cation in vitro, suggesting that antibody-dependent enhancement (ADE) might also play a role in decreasing MLV
protective efficacy. These findings expand our understanding of the potential factors affecting the protective effect
of PRRSV MLV vaccines against the NADC30-like strains.
1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is one of the
most relevant viral diseases in swine-producing countries. Since its
outbreak in the 1980s, PRRS has caused enormous economic damage to
the global swine industry (Wensvoort et al., 1991; Cavanagh, 1997).
Porcine reproductive and respiratory syndrome virus (PRRSV) is a small,
enveloped, single-stranded positive-sense RNA virus. PRRSV was newly
classified into the genus Porartevirus, family Arteriviridae, and order
Nidovirales according to the latest classification (King et al., 2018; Guo
et al., 2021; Zhu et al., 2022). PRRSV is divided into twomajor genotypes
based on genetic and antigenic analyses: PRRSV-1 (genotype 1, Europe)
and PRRSV-2 (genotype 2, North America) (Darwich et al., 2011; Lunney
work.
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et al., 2016). In 2006, a highly pathogenic PRRSV (HP-PRRSV) outbreak
occurred in the Chinese mainland characterized by high fever
(40–42 �C), high morbidity (50%–100%), and high mortality (20%–

100%) (Tian et al., 2007, 2009; Zhou et al., 2008; Song et al., 2012).
Since 2013, the NADC30-like PRRSV that likely originated from the
NADC30 PRRSV strain circulating in North America around 2008, has
been isolated and widely spread in China (Zhao et al., 2015; Zhou et al.,
2015; Wang et al., 2017). Although the pathogenicity of NADC30-like
PRRSV is lower than that of HP-PRRSV, NADC30-like PRRSV has high
variability and is prone to recombination with other PRRSV to form new
PRRSV strains with complex genetic backgrounds and genomic charac-
teristics (Zhang et al., 2016; Zhou et al., 2018; Chen P. et al., 2021; Guo
et al., 2021; Li Y. et al., 2021). Currently, NADC30-like PRRSV and
i Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
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HP-PRRSV are the dominant strains in China (Li et al., 2016; Guo et al.,
2019; Li L. et al., 2021; Zhang et al., 2022).

Vaccine immunization is the primary option for controlling and pre-
venting PRRSV infections. Generally, modified live virus (MLV) vaccines
provide better protection than inactivated PRRSV vaccines (Huang and
Meng, 2010; Han et al., 2017). However, because of the rapid mutation
and extensive recombination of PRRSV, some commercial PRRSV MLV
vaccines confer great protection against homologous strains but only
limited cross-protection against heterologous PRRSV strains, such as
NADC30-like PRRSV (Tian et al., 2007; Bian et al., 2017; Zhao et al.,
2017; Sun et al., 2018; Rupasinghe et al., 2022). Although many studies
have explored the protective effects of PRRSV MLV vaccines, the reasons
for their inadequate protection against NADC30-like PRRSV remain
unclear.

Antibody-dependent enhancement (ADE) is the phenomenon in
which the presence of poorly neutralizing antibodies or sub-neutralizing
concentrations of antibodies does not inhibit the virus but promotes its
entry and replication. Some viral infections can induce ADE, such as
dengue fever virus (DENV), severe acute respiratory syndrome corona-
virus (SARS-CoV), and Middle East respiratory syndrome (MERS) (Wan
et al., 2020; Xu et al., 2021). Interestingly, most viruses infect immune
cells, particularly macrophages. The PRRSV primarily infects porcine
alveolar macrophages (PAMs). When antibodies with sub-neutralizing
concentrations are present, PRRSV can enhance the infection of PAMs
through ADE in vitro. In addition, the viremia increases after serum
transfer in vivo, and serum enhances heterologous strain infection in a
strain-dependent manner (Yoon et al., 1996, 1997). Vaccine-induced
enhancement has been identified as a major obstacle in developing fla-
vivirus, coronavirus, paramyxovirus, and lentivirus vaccines (Xu et al.,
2021; Soraci et al., 2022). Owing to ADE, judging whether the antibody
produced after vaccine immunization is beneficial or harmful for resist-
ing viral infection is difficult. Pigs infected with PRRSV exhibit a strong
and rapid humoral response; however, the protective effect of these an-
tibodies may change with disease development. Significant levels of
non-neutralizing antibodies, particularly during the early stages of
infection, may promote ADE, which can potentially make it difficult for
vaccine immunization to achieve the desired effect.

In this study, we isolated a novel wild-type PRRSV strain, SX-YL1806,
which belongs to the current dominant NADC30-like PRRSV in China.
We found that the commercial MLV vaccine provided good protection
against HP-PRRSV but could not provide sufficient protection against the
novel strain SX-YL1806. To explore the potential factors affecting the
poor protective effect of the MLV vaccine against NADC30-like PRRSV,
we compared the genomic similarity of the MLV strain with HP-PRRSV or
SX-YL1806 and evaluated whether the immune serum promotes ADE on
HP-PRRSV or SX-YL1806 replication. The results showed that both
genomic homology and ADE of immunized sera are potential factors
affecting the cross-protection of PRRSV MLV vaccines. These findings
may provide new explanations for the poor protection provided by MLV
vaccines against NADC30-like PRRSV.

2. Materials and methods

2.1. Cells, viruses, and antibodies

The PRRSV strains used in this study were all stored in our laboratory
and included the following: PRRSV-1 GZ11-G1 (KF001144); HP-PRRSV
SD-YL1712 (MT708500); NADC30-like PRRSV SX-YL1806 (isolated in
this study, OR208175); classical PRRSV VR2332 (EF536003); and CH1a
(AY032626). The commercial MLV vaccine used in this study was stored
in our laboratory. The African green monkey kidney cell line MARC-145
and porcine alveolar macrophage cell line CRL2843-CD163 were main-
tained in Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher,
USA) or RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, USA). PAMs were obtained from 6-week-old
healthy piglets, as previously described (Xiao et al., 2014), and
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cultured in RPMI-1640 medium supplemented with 10% FBS. A mono-
clonal antibody (6D10) against the PRRSV N protein was prepared and
stored in our laboratory and used as the primary antibody in the indirect
immunofluorescence (IFA), Western blotting (WB), and immunohisto-
chemistry (IHC) assays. An anti-mouse IgG antibody labeled with Alexa
Fluor 488 was purchased from Abways Technology (Shanghai, China).

2.2. Isolation of wild-type NADC30-like PRRSV

Lung tissues were obtained from a pig farm in Shaanxi Province,
China, in 2018. Pigs on this farm displayed high fever, dyspnea, and
lethargy. All lung tissues were tested using reverse transcriptase poly-
merase chain reaction (RT-PCR) for related pathogens, including classical
swine fever virus (CSFV), porcine circovirus type 2 (PCV2), pseudorabies
virus (PRV), porcine epidemic diarrhea virus (PEDV), and PRRSV.
PRRSV-positive lung tissues were ground and homogenized in
phosphate-buffered saline (PBS; Solarbio, China) and subjected to three
freeze-thaw cycles. The supernatant was harvested after filtration
through a 0.22-μm filter. The supernatant was added to the PAMs for 2 h,
and the cells were cultured in RPMI-1640 medium containing 10% FBS.
Subsequently, monitoring was performed daily until a cytopathic effect
(CPE) was observed. IFA and WB assays were performed as described
previously with minor modifications to confirm the presence of the iso-
lated PRRSV (Feng et al., 2022). The HP-PRRSV SD-YL1712 strain was
used as a positive control.

IFA: Cells were fixed with 4% paraformaldehyde for 15min and
permeabilized with 0.25% Triton X-100 in PBS for 10min. After blocking
nonspecific binding by incubating the cells with 1% BSA in PBS for
30min, the cells were incubated with an anti-PRRSV N monoclonal
antibody (6D10), sequentially with the corresponding secondary anti-
bodies and then visualized with a fluorescence microscope.

Western blotting: Cells were harvested and lysed in radio-
immunoprecipitation assay (RIPA, Solarbio) containing protease in-
hibitors. The lysates were separated using 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene difluoride (PVDF) membranes. Membranes were blocked
with 5% nonfat milk in PBST for 1 h at 25 �C, and then incubated with the
6D10 at 4 �C overnight. The membranes were washed with PBST and
then incubated with a secondary antibody for 1 h at 25 �C. After washing,
the target proteins were detected using the enhanced chemiluminescence
(ECL) kit (Beyotime Biotechnology, Shanghai, China).

2.3. Complete genome analysis

Total RNA was extracted from the isolated PRRSV SX-YL1806, as
described previously (Zheng et al., 2022). A Reverse Transcription kit
(Vazyme, Nanjing, China) was used for RT-PCR. The complete genome of
SX-YL1806 was divided into 13 overlapping fragments and amplified by
PCR using the PrimeSTAR GXL Premix (TAKARA, Dalian, China) (Sup-
plementary Table S1). The 50-untranslated region (UTR) and 30UTR of
SX-YL1806 were amplified by using the SMART 50RACE and 30RACE kits
(TAKARA, Dalian, China). Purified PCR products were cloned into
pMD-19T vectors (TAKARA, Dalian, China) and sequenced by a com-
mercial service provider (Tsingke Biotechnology Co., Ltd., Beijing,
China). Subsequently, the complete genome of the isolated SX-YL1806
was obtained by assembling the overlapping sequences.

Thirty-six representative PRRSV strains were collected from the
GenBank database (Supplementary Table S2), and the complete genome
of SX-YL1806 was aligned using the ClustalX software. Phylogenetic trees
were constructed using MEGA 7.0 software based on the NSP2, ORF5,
and the complete genome of SX-YL1806, respectively. Bootstrap confi-
dence values from 1000 replicates were used to analyze the evolutionary
relationship of SX-YL1806.

To evaluate the potential recombination events in SX-YL1806, Sim-
plot v.3.5.1 (200-bp sliding window, 20-bp step size) and RDP4.0 (RDP,
GENECONV, BootScan, MaxChi, Chimaera, Siscan, and Phyloro)
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software were used. Subsequently, the flanking regions near the recom-
bination breakpoints were amplified and re-sequenced to identify the
natural recombination.

To compare the genomic similarity between the MLV and challenged
strains, the complete genome of the MLV strain was sequenced. Each
gene of the MLV strain was compared with those of HP-PRRSV SD-
YL1712 or NADC30-like PRRSV SX-YL1806 using MEGA and MegAlign
software. The N-linked glycosylation sites of GP5 were predicted and
analyzed online (http://www.cbs.dtu.dk/services/NetNGlyc/). The GP5
protein structures of the MLV strain, HP-PRRSV SD-YL1712, and
NADC30-like PRRSV SX-YL1806 were predicted using Alphafold v2.3.2
software (parameters: default, uniport and uniref 90:2023–03-01, pdb-
mmcif, and pdb-seqres: 2023-03-03, other database versions: default).

2.4. Animal vaccine and challenge design

Animal experiments were performed to evaluate the protective effect
of the PRRSV MLV vaccine against HP-PRRSV and NADC30-like PRRSV.
Twenty-three four-week-old healthy piglets (male, commercial breed)
free of PRRSV, PRV, PCV2, and CSFV were selected as respiratory disease
models. Among them, 20 piglets were randomly divided into four groups
(n¼ 5); the remaining three piglets were treated as negative controls
(NC). Pigs in groups NC-SD and NC-SX were injected with DMEM at
0 days post-vaccination (dpv) and inoculated intramuscularly (2� 105

TCID50/mL) and intranasally (2� 105 TCID50/mL) with HP-PRRSV SD-
YL1712 or NADC30-like PRRSV SX-YL1806, respectively, at 42 dpv. Pigs
in the MLV-SD andMLV-SX groups were intramuscularly vaccinated with
a commercial MLV vaccine at a single dose at 0 dpv, and then challenged
with SD-YL1712 or SX-YL1806 at 42 dpv. Pigs in the NC group were
vaccinated and challenged with DMEM. All groups were fed separately
and euthanized at 63 dpv.

2.5. Evaluation of the MLV vaccine immune efficacy against HP-PRRSV or
NADC30-like PRRSV in piglets

The behavior of each piglet was monitored daily for unusual clinical
situations such as coughing, sneezing, depression, or diarrhea. The rectal
temperature of each piglet was measured daily. The growth performance
of each piglet was assessed by measuring its body weight weekly (weight
gain rate). Serum samples from pigs in each group were collected at 0, 4,
7, 11, 14, 21, 28, 35, 42, 49, 56, and 63 dpv to analyze the virus load and
detect antibodies.

To identify the viral load in serum and lung tissues of the MLV vaccine
inoculation group, viral RNAwas extracted from 300 μL of serum and 1 g of
lung tissue and reverse transcribed using a Reverse Transcription kit ac-
cording to the manufacturer's instructions (Vazyme, Nanjing, China). Viral
load was measured using absolute quantitative real-time PCRwith primers
targeting theORF7 PRRSV. Standard curves were generated from serial 10-
fold dilutions of the plasmid constructed using the PRRSV ORF7 (Li et al.,
2022). PRRSV RNA copies were calculated using a standard curve.

The antibodies in the serum were analyzed using the Porcine Repro-
ductive and Respiratory Syndrome Virus AB Elisa kit (JNT, JN60415,
China) according to the manufacturer's instructions; the threshold for
seroconversion was set at a sample-to-positive (S/P) ratio of 0.4.

All piglets were euthanized for autopsy at 63 dpv, and lung tissues
were collected from each piglet. A portion of the lung tissue was used to
determine the viral load by RT-qPCR, and another portion was immersed
in 4% paraformaldehyde for pathological changes analysis performed by
Shaanxi Yike Biotechnology Service Co. Ltd. (China). Macroscopic le-
sions and scores of the lungs were estimated as previously described,
which were based on assigning a number to each lobe to reflect the
approximate percentage of the entire lung represented by that lobe
(Halbur et al., 1995; Hou et al., 2020). Themicroscopic lesions and scores
of the lung tissues were estimated based on the extent and magnitude of
interstitial pneumonia as: 0, no lesion; 1, mild/focal; 2, moder-
ate/multifocal; 3, moderate/diffuse (alveolar wall accounting for greater
815
than 50% of the measured section); and 4, severe/diffuse (alveolar wall
accounting for greater than 75% of the measured section). Macroscopic
and microscopic lung lesions were evaluated by three pathologists who
were blinded to the tests.
2.6. Serum virus neutralization assay (SVN)

Sera collected at 42 dpv were heat-inactivated and subjected to a
virus neutralization (SVN) test using a previously described method
(Trible et al., 2015). Serum dilutions collected at 42 dpv were incubated
with 200 TCID50 of viruses incorporating HP-PRRSV (SD-YL1712),
NADC30-like PRRSV (SX-YL1806), classical PRRSV (CH1a, VR2332),
and PRRSV-1 (GZ11-G1) in DMEM with 3% FBS for 1 h. Then, the
virus-antibody mixture was transferred to a 96-well plate of confluent
MARC-145 or CRL2843-CD163 cells and incubated until the CPE was
noticed. IFA was performed to identify the CPE induced by PRRSV. The
absence of CPE at 1:8 dilution was considered positive for PRRSV
neutralization (Trible et al., 2015; Chen N. et al., 2021).
2.7. PRRSV-ADE infection assay in vitro

To study the potential ADE of the PRRSVMLV vaccine immune serum
in vitro, an ADE assay was conducted, as described previously, with minor
modifications (Wan et al., 2019). Briefly, serum from each piglet in the
MLV-SD, MLV-SX, and NC groups was collected at 14, 21, 28, 35, and 42
dpv. Anti-PRRSV antibody-positive serum was heat-inactivated at 56 �C
for 30min and diluted at a series dilution ratio of 1:50 to 1:800 in DMEM.
Serum collected from group NC was used as a negative control. Then, the
diluted serum was incubated with an equal volume of HP-PRRSV
SD-YL1712 or NADC30-like PRRSV SX-YL1806 (104 TCID50/mL) for
1 h at 37 �C. CRL2843-CD163 cells were seeded into 24-well plates at a
density of 5� 104 cells/well 24 h before infection. The supernatant was
removed, and cells were washed twice with PBS. Subsequently, 500 μL of
virus-antibody mixture were inoculated in triplicate onto
CRL2843-CD163 cells. Then, the 24-well plates were incubated at 37 �C
for 2 h, supernatant was removed, cells were washed with PBS twice, and
fresh DMEM supplemented with 10% FBS was added. The cells were
harvested for RT-qPCR 48 h after the incubation.

RT-qPCR was performed as described previously with minor modifi-
cations (Zheng et al., 2022). Total RNA was isolated using the TRIzol
reagent and reverse transcribed using a PrimeScript RT reagent kit
(Vazyme, Nanjing, China) according to the manufacturer's instructions.
RT-qPCR was performed using the ChamQ SYBR qPCR Master Mix
(Vazyme, Nanjing, China). The relative expression levels were calculated
by the 2�ΔΔCT method. HPRT1 was used as an internal reference in
CRL2843-CD163 cells.

Staphylococcal Protein A (Beyotime Biotechnology) was resuspended
in sterile distilled deionized water at a concentration of 1mg/mL. Par-
allel ADE assays were conducted on CRL2843-CD163 cells using a virus-
antibody mixture in the presence or absence of Protein A, as previously
described with slight modifications (Joseph et al., 2003). Briefly, Protein
A was diluted and incubated with the MLV immune sera (sera collected at
42 dpv, 1:50 diluted) at 37 �C for 1 h, then PRRSV was added and
incubated at 37 �C for a further 1 h. CRL2843-CD163 cells were infected
with the PRRSV-serum complex or PRRSV-serum-protein A complex for
48 h. The infection rates of PRRSVwith ADE were confirmed using IFA or
WB, as described previously (Feng et al., 2022). PEDV-positive pig serum
was used as an independent control.
2.8. Statistical analysis

Data analysis was performed using GraphPad Prism 6 software (La
Jolla, CA, USA) with one- or two-way analysis of variance (ANOVA),
followed by Tukey's t-test. Accordingly, a P-value <0.05 was considered
statistically different.

http://www.cbs.dtu.dk/services/NetNGlyc/


Y. Li et al. Virologica Sinica 38 (2023) 813–826
3. Results

3.1. Isolation and identification of wild-type PRRSV SX-YL1806

Lung tissues were obtained from a pig farm in Shaanxi Province,
China, in 2018. Pigs on this farm exhibited obvious clinical signs,
including coughing, sneezing, and anorexia. These samples were tested
for relative pathogens, including CSFV, PCV2, PRV, PEDV, and PRRSV,
by RT-PCR, and the results showed that only PRRSV was positive (data
not shown). The tissue suspension was inoculated onto PAMs to isolate
wild-type PRRSV. A representative PRRSV strain, SX-YL1806, was also
isolated. Typical CPE induced by PRRSV SX-YL1806, such as cell disin-
tegration, was observed in PAMs 48 h post-infection, similar to the HP-
PRRSV strain SD-YL1712 (Fig. 1A). To further investigate the charac-
teristics of PRRSV SX-YL1806, IFA and WB assays were performed. The
results showed obvious positive fluorescent signals in PAMs inoculated
with the SX-YL1806 and SD-YL1712 strains (Fig. 1B). PRRSV-N was
detected in PAMs inoculated with PRRSV SX-YL1806 and SD-YL1712 by
WB blotting on day 2 post-infection (Fig. 1C). The viral titer of SX-
YL1806 from different passages was measured in PAMs. No difference
in viral titers among the third, fifth, and tenth passages of SX-YL1806was
found, with the highest titer reaching 106.4 TCID50/mL (Fig. 1D). These
results demonstrated that wild-type PRRSV SX-YL1806 was successfully
isolated from clinical samples. Cultures from the fifth passage (SX-
YL1806) were collected and subjected to genome sequencing.

3.2. Complete genome analysis of NADC30-like PRRSV SX-YL1806

The complete genome of isolated PRRSV SX-YL1806 was 15,019 nt,
excluding the poly(A) tail at the 30 end, which contains a 190-nt 50-UTR
and a 151-nt 30-UTR. Complete genome alignments revealed that SX-
YL1806 shared 84.3% nucleotide sequence identity with JXA1 and
HB-1(sh)-2002 (lineage 8), 85.4% with VR-2332 (lineage 5), 82.6%
with QYYZ and GM2 (lineage 3), 84%–84.7% with LNWK130 and
Fig. 1. Identification of the isolated PRRSV SX-YL1806. PRRSV-positive lung tissues w
The supernatant was harvested after filtration through a 0.22 μm filter. Then the su
taining 10% FBS. A Cytopathic effect (CPE) induced by SX-YL1806 in PAMs was ob
assay (IFA) was used to detect the presence of SX-YL1806 in PAMs. At day 2 post-in
monoclonal antibody (6D10) and then sequentially with corresponding secondary a
Western blotting assay in PAMs. PAMs were harvested at day 2 post-infection and lyse
PAGE gels and transferred onto PVDF membranes. The 6D10 was used as the corresp
viral titer was determined at different passages of SX-YL1806 with PAMs. The differe
and cultured for 3 days. Then the viral titers were calculated according to the Manb
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JS2021NADC34 (sublineage 1.5), and 89.6%–94.2% with JL580 and
NADC30 (sublineage 1.8) (Table 1). Next, the homology of the nucle-
otide sequences of NSP2 and ORF5 between SX-YL1806 and other
representative PRRSV strains was analyzed. The results revealed that
NSP2 and ORF5 of SX-YL1806 shared the highest nucleotide homology
with the NADC30-like PRRSV (sublineage 1.8) (Table 1). These data
indicated that the isolated SX-YL1806 strain was classified as an
NADC30-like PRRSV.

To analyze the genetic evolutionary relationship between SX-
YL1806 and other references, phylogenetic trees were constructed
based on the NSP2, ORF5, and the complete genome of SX-YL1806. All
three phylogenetic trees showed that the isolated PRRSV SX-YL1806
was classified into lineage 1, which contained most NADC30-like
PRRSV strains (Fig. 2A).

Simplot software was used to investigate possible recombination
events in the SX-YL1806 isolates. Five endemic clusters of strains circu-
lating in China, CH1a-like (CH1a, AY032626), JXA1-like (JXA1,
EF112445), NADC30-like (NADC30, JN654459), VR-2332-like (VR-
2332, AY150564), and QYYZ-like (QYYZ, JQ308798), were selected as
representative PRRSV strains. Strikingly, two potential recombination
breakpoints were detected in the whole genomic sequence alignment of
SX-YL1806, which were located at nt 7403 and nt 8141 and divided the
genome of SX-YL1806 into three regions. The results showed that nt
7403–8141 was associated with the JXA1-like strain, and the other two
regions were closely related to the NADC30-like strain (Fig. 2B). This
analysis indicates that the SX-YL1806 isolates may have originated from
a recombination event between NADC30-like PRRSV and JXA1-like
PRRSV. The RDP software was used to identify the recombination of
SX-YL1806, and the results showed that SX-YL1806 was a naturally re-
combinant virus from the NADC30-like PRRSV (major parent) and HP-
PRRSV (minor parent) strains (Table 2).

Collectively, the newly isolated PRRSV SX-YL1806 originated from a
recombination event and was clustered with the dominant epidemic
NADC30-like PRRSV.
ere ground and homogenized in PBS, and subjected to three freeze-thaw cycles.
pernatant was added to PAMs for 2 h and cultured in RPMI-1640 medium con-
served at day 2 post-infection. Scale bar¼ 400 μm. B The immunofluorescence
fection, PAMs infected with SX-YL1806 were incubated with an anti-PRRSV N
ntibodies. Scale bar¼ 200 μm. C The presence of SX-YL1806 was identified by
d in RIPA containing protease inhibitor. The lysates were separated by 12% SDS-
onding antibody. HP-PRRSV SD-YL1712 was treated as a positive control. D The
nt passages of PRRSV SX-YL1806 were inoculated into PAMs at an MOI¼ 0.01,
dcs method. Data were shown as mean� SD.



Table 1
Nucleotide sequence identities of SX-YL1806 as compared to representative PRRSV strains.

SX-YL1806 Lineage 1 Lineage 8 Lineage 3 Lineage 5

Sublineage 1.5 Sublineage 1.8 Sublineage 8.1 Sublineage 8.3 Sublineage 8.5

LNWK130/JS2021NADC34 NADC30/JL580 CH1a JXA1 HB-1 (sh)-2002 QYYZ GM2 VR-2332

Complete genome 84.7/84 94.2/89.6 84.8 84.3 84.3 82.6 82.6 85.4
Nsp2 76.7/75.8 92.6/85.2 75.8 75.5 75.7 73.4 73.2 77.8
ORF5 87.7/86.6 95.4/92.7 87.1 86.1 85.6 83.4 83.1 87.2

Fig. 2. Complete genome alignment of the isolated SX-YL1806 strain. A Phylogenetic trees were constructed by MEGA 7.0 software based on the NSP2, ORF5, and
complete genome of SX-YL1806, respectively. Bootstrap confidence values from 1000 replicates were used to analyze the evolutionary relationship of SX-YL1806. SX-
YL1806 was highlighted with a black circle (●), while other representative strains from different lineages were marked with black triangles (▾). B Recombination
analysis of SX-YL1806 were performed with Simplot v.3.5.1 software (200-bp sliding window, 20-bp step size). Five endemic clusters of circulating strains in China,
CH1a-like (CH1a, AY032626), JXA1-like (JXA1, EF112445), NADC30-like (NADC30, JN654459), VR-2332-like (VR-2332, AY150564), and QYYZ-like (QYYZ,
JQ308798), were chosen as representative PRRSV strains. The Y-axis showed the similarity between the SX-YL1806 and representative strains, while the X-axis
indicated the genome position of the SX-YL1806.

Table 2
Recombination events of SX-YL1806 detected by RDP4.0 software.

Isolate Breakpoints Major
Parent

Minor
Parent

P-Value

Beginning Ending RDP GENECONV Bootscan MaxChi Chimera SiScan Phylpro

SX-YL1806 1 7403 NADC30 JXA1 6.535� 10�72 3.251 � 10�69 2.111 � 10�73 1.567 � 10�14 4.757 � 10�19 1.444 � 10�18 3.730 � 10�14

7404 8141 JXA1 NADC30
8142 15,525 NADC30 JXA1
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3.3. Clinical manifestations after the MLV inoculation and PRRSV
challenge

To evaluate the protective effects of the commercial PRRS-MLV vac-
cine against this novel strain, vaccination and challenge strategies were
designed (Fig. 3A). All pigs were carefully monitored until the end of the
experiment to observe the clinical signs of PRRS. Groups NC-SD and NC-
SX showed obvious clinical signs, such as cough, diarrhea, anorexia, and
depression, after being challenged with HP-PRRSV SD-YL1712 or
NADC30-like PRRSV SX-YL1806 at 42 dpv. Group NC-SD exhibited a
fever since 45 dpv that lasted after 13 days, with the highest temperature
reaching 40.56 �C at 53 dpv; the body temperature of group NC-SX
started rising at 45 dpv and lasted until 57 dpv, and the peak tempera-
ture was 40.82 �C at 49 dpv. Interestingly, the MLV-SD and MLV-SX
groups exhibited mild clinical symptoms of PRRS after immunization
with MLV at 0 dpv and challenge with HP-PRRSV SD-YL1712 or
NADC30-like PRRSV SX-YL1806 at 42 dpv. No obvious clinical signs
were observed in the NC group (Fig. 3B).

The average daily gain (ADG) of the different groups showed no
significant differences before the challenge. However, the ADG of the
Fig. 3. Vaccination and challenge strategies. A At 0 dpv, 4-week-old healthy piglets
according to the manufacturer's instructions or with DMEM as a mock-vaccinatio
challenge was performed in the piglets immunized with MLV vaccine or DMEM at
nized at 63 dpv. B Rectal temperature of piglets was recorded daily. C Average daily
were determined weekly by a commercial Porcine Reproductive and Respiratory Syn
instructions, and the threshold for seroconversion was set at a S/P (sample-to-positiv
real-time qPCR. A recombinant plasmid containing the ORF7 gene of PRRSV was ap
according to the standard curve. G Virus neutralization properties of immune serums
of viruses incorporating HP-PRRSV (SD-YL1712), NADC30-like PRRSV (SX-YL1806)
with 3% FBS for 1 h. Then, the virus–antibody mixture was transferred to a 96-well pl
CPE was noticed. Then the immunofluorescence assay was carried out to identify t
positive for the presence of PRRSV neutralization. Data were shown as mean � SD
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MLV-SD group was significantly higher than that of the NC-SD group
after the challenge with SD-YL1712 at 42 dpv. The ADG of the MLV-SX
group was higher than that of the NC-SX group at 63 dpv, whereas there
was no significant difference between these two groups within two
weeks after the challenge with SX-YL1806 (49 dpv and 56 dpv). The
ADG of the MLV-SD group was significantly higher than that of the
MLV-SX group at 42 dpv. In addition, no significant differences between
the MLV-SD and NC groups were observed, whereas the ADG of the
MLV-SX group was significantly lower than that of the NC group at 42,
56, and 63 dpv (Fig. 3C).

3.4. Antibody responses to HP-PRRSV and NADC30-like PRRSV in pigs

From 14 to 42 dpv, pigs in the MLV-SD and MLV-SX groups had high
levels of antibodies against the PRRSVN protein. Following the challenge
with SD-YL1712 or SX-YL1806 at day 42 post-vaccination, PRRSV-
positive antibodies in the MLV-SD and MLV-SX groups decreased slightly
at 49 dpv, then increased significantly and were higher than those in the
NC-SD and NC-SX groups at 56–63 dpv. In addition, the pigs in the NC-SD
group were seroconverted at 49 dpv. In contrast, those in the NC-SX
were inoculated with the commercial MLV-PRRSV vaccine at the indicated dose
n control. Then, a HP-PRRSV SD-YL1712 or NADC30-like PRRSV SX-YL1806
42 dpv. Sera was collected at the indicated time points. All piglets were eutha-
gain rate of piglets was measured weekly. D PRRSV-N protein special antibodies
drome Virus AB Elisa kit (JNT, JN60415, China) according to the manufacturer's
e) ratio of 0.4. The virus load in serums (E) and lung tissue (F) were detected by
plied to construct a standard curve. The RNA copies of PRRSV were calculated
from 42 dpv. Sera dilutions collected at 42 dpv were incubated with 200 TCID50

, Classical PRRSV (CH1a, VR2332), and PRRSV-1 (GZ11-G1) in DMEM medium
ate of confluent MARC-145 cells or CRL2843-CD163 cells and incubated until the
he CPE induced by PRRSV. The absence of CPE at 1:8 dilution was considered
*P < 0.05; **P < 0.01; ***P< 0.001; ns, not significant.
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group were seroconverted at 56 dpv. As expected, no antibodies were
detected in the NC group (Fig. 3D).

3.5. Viral load in serum and lung tissues of the MLV vaccine inoculation
pigs

The viral load in the serum of all groups was determined from day
7–63 post-vaccination with a seven-day interval. Viremia in groups MLV-
SD and MLV-SX gradually increased as the MLV vaccine was injected; the
highest point appeared at 21 dpv and then gradually declined. After
challenge with HP-PRRSV SD-YL1712 or NADC30-like PRRSV SX-
YL1806 on day 42 post-vaccination, the viremia of the NC-SD, NC-SX,
MLV-SD, and MLV-SX groups increased. No significant difference in
viremia between the NC-SD and MLV-SD groups at 49 dpv was found.
However, the serum viral load in the MLV-SD group was significantly
lower than that in the NC-SD group at 56 and 63 dpv. Similarly, no sig-
nificant difference in viremia between the NC-SX and MLV-SX groups at
49 dpv was observed, whereas the serum viral load of the MLV-SX group
was significantly lower than that of the NC-SX group at 56 and 63 dpv. In
contrast, no viremia was detected in the NC group (Fig. 3E).
Fig. 4. Macroscopic and microscopic tissue lesions and immunohistochemistry assa
tissues were collected and detected. A, C The macroscopic lesion and scores of lu
approximate percentage of the entire lung represented by that lobe. B, D Lung sectio
and score of lung tissues were estimated based on the extent and magnitude of intersti
diffuse (alveolar wall accounting for greater than 50% of the measuring section); 4,
section). Both macroscopic and microscopic lung lesions were evaluated by three p
piglets with immunohistochemistry (IHC) assay, the 6D10 was used as the correspo
were shown by blue arrows; inflammatory cell infiltration was indicated by black arr
Data were shown as mean � SD *P < 0.05; **P < 0.01; ***P< 0.001; ns, not signifi
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The viral load in the lung tissues was measured on day 63 post-
vaccination. Among the two groups challenged with SD-YL1712, the
viral load of the lung tissues in the MLV-SD group was significantly lower
than that in the NC-SD group. Similarly, among the two groups chal-
lenged with SX-YL1806, the viral load of lung tissues in the MLV-SX
group was significantly lower than that in the NC-SX group. Moreover,
the viral load of the lung tissues in the MLV-SX group was significantly
higher than that in the MLV-SD group. In contrast, PRRSV was not
detected in the lung tissues of the NC group (Fig. 3F).

3.6. PRRSV-neutralizing antibodies

To explore the role of viral-neutralizing antibodies in conferring
cross-protection, a virus-neutralizing test was performed for the 42-dpv
sera of the MLV groups. Surprisingly, only three out of ten piglets
immunized with the MLV vaccine developed homologous neutralizing
activity against HP-PRRSV SD-YL1712 (1:8). Likewise, only one in ten
piglets exhibited high neutralizing activity against NADC30-like PRRSV
SX-YL1806 (1:8) or classical PRRSV VR2332 (1:16). Furthermore, the
neutralizing activity against the CH1a and PRRSV-1 GZ11-G1 strains was
y of infected pigs. All piglets were euthanized for autopsy at 63 dpv, and lung
ngs were estimated based on assigning a number to each lobe to reflect the
ns of piglets stained with haematoxylin and eosin (HE). The microscopic lesion
tial pneumonia: 0, no lesion; 1, mild/focal; 2, moderate/multifocal; 3, moderate/
severe/diffuse (alveolar wall accounting for greater than 75% of the measuring
athologists under blind tests. E Detection of PRRSV-N protein in lung tissue of
nding antibody. Thickening of alveolar septum and shrinkage of alveolar space
ows; positive signals of PRRSV were shown by red arrows. Scale bar ¼ 500 μm.
cant.



Table 3
The genomic homology between the MLV strain and the challenged strains.

MLV HP-PRRSV
SD-YL1712

NADC30-like PRRSV
SX-YL1806

Genomic region nt% aa% nt% aa%
Full-length 95.3 - 85.9 -
50UTR 100 - 90.4 -
ORF1a 91.7 89.6 80.8 81.6
ORF1b 98.5 99 87.6 95.8
NSP1 97.6 98.4 83.2 90.1
NSP2 84.2 79.4 74.7 70
NSP3 97.4 98.3 82.5 91.8
NSP4 97.5 97.5 84.8 93.1
NSP5 98 97.6 85.5 92.4
NSP6 95.8 100 95.8 100
NSP7 98.1 97.7 89.6 93.1
NSP8 98.5 100 98.5 100
NSP9 98.4 99.2 89.7 97
NSP10 98.7 99.3 85.6 94.3
NSP11 98.2 97.8 89.8 96
NSP12 99.1 99.3 88.7 94.1
ORF2 98.4 99.1 85.6 90.1
ORF3 98.4 98.8 82.9 81.1
ORF4 97.8 96.1 85.7 87.6
ORF5 99 98.5 85.6 87
ORF6 99.4 98.3 89.5 94.3
ORF7 98.7 98.4 89 88.6
30UTR 99.3 - 89.3 -
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not detected in any of the piglets infected with the MLV vaccine (<1:8)
(Fig. 3G).

3.7. Macroscopic and histopathological lesions in the lungs

Pigs in the different groups infected with PRRSV showed different
degrees of interstitial pneumonia. Severe macroscopic lesions of the
lungs were observed in the NC-SD group, including pulmonary consoli-
dation, edema, and hemorrhage, which were significantly more severe
than those observed in the MLV-SD group. Similarly, the macroscopic
lesions of the lungs in the MLV-SX group were significantly more severe
than those in the MLV-SD group. Interestingly, the macroscopic lung
lesions in the MLV-SX group were still severe, similar to those in the NC-
SX group. No obvious macroscopic lesions were observed in the lungs of
the NC group (Fig. 4A and C).

Obvious microscopic lesions in the NC-SD, NC-SX, and MLV-SD groups
were observed, including thickening of the alveolar septum, shrinkage of
the alveolar space (blue arrows), and inflammatory cell infiltration (black
arrows). Compared to the NC-SD group, the microscopic lesions of the
lungs from the MLV-SD group were significantly reduced. Similarly, the
microscopic lesions of the lungs in the MLV-SX group were significantly
more severe than those in theMLV-SD group. Moreover, theMLV-SX group
showed slightly milder microscopic lesions than the NC-SX group but still
had high microscopic lesion scores. No obvious microscopic lesions were
observed in the lungs of the NC group (Fig. 4B and D).

IHC staining was performed to identify the presence of PRRSV in lung
tissues. Positive PRRSV signals were observed in challenged lung tissues.
Compared with the NC-SD group, the positive signals in the MLV-SD
group were reduced. Similar to the NC-SX group, PRRSV-positive sig-
nals were observed in the MLV-SX group. No obvious PRRSV-positive
signals were observed in the NC group (Fig. 4E).

3.8. The genomic similarity between the MVL strain and SD-YL1712 or
SX-YL1806

To compare the genomic similarities between the MVL strain and the
HP-PRRSV SD-YL1712 or the NADC30-like PRRSV SX-YL1806, the
complete genome of the MLV strain was sequenced. The genomic ho-
mology of each gene of the MLV strain was compared with that of SD-
YL1712 or SX-YL1806, and the results showed that almost all non-
structural protein (NSP) genes of the MLV strain shared higher nucleo-
tide sequence (84.2%–99.1% identity) and amino acid sequence (79.4%–

100% identity) similarity with SD-YL1712 compared to SX-YL1806.
Moreover, the genomic homology between open reading frames 2–7
gene (ORF2–ORF7) of the MLV strain and SD-YL1812 (97.8%–99.4%,
96.1%–99.1% identity) was higher than that between the MLV strain and
SX-YL1806 (82.9%–89.5%, 81.1%–94.3% identity), including some im-
mune genes such as ORF5 (Table 3).

GP5 is the major glycoprotein with the highest variability in PRRSV,
and the amino acid homology of GP5 among different PRRSV strains is
low. The hypervariability of GP5 among different PRRSV strains may be
responsible for its lack of cross-protection. Three linear epitopes of
PRRSV were identified, located in GP5. Epitope A is hypervariable and
immunodominant and can induce many antibodies against GP5 but not
neutralizing antibodies. Epitope B is conserved and functions as a broadly
neutralizing epitope. However, it is not immunodominant. Epitope C
appears to be a homologous neutralizing epitope but is not conserved
(Ostrowski et al., 2002). In this study, three linear epitopes in GP5 of
MLV and challenged PRRSV strains were compared. The epitopes A, B,
and C were all conserved between MLV and SD-YL1712. Conversely,
epitopes A, B, and C of SX-YL1806 were different from those of the MLV
strain, especially amino acids at positions 54, 57, 58, and 59 of epitope C
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were mutated, which may affect the cross-protective effect of the MLV
vaccine on SX-YL1806. The three transmembrane (TM) regions of GP5
were similar in the three PRRSV strains (Fig. 5A).

In addition, the N-glycosylation sites (NGS) of MLV, SD-YL1712, and
SX-YL1806 were predicted and compared, and were likely related to the
immune evasion and persistence of viruses by shielding neutralizing
antibodies. The results showed that there were four NGSs in each PRRSV
strain. The NGSs of the MLV strain and SD-YL1712 had the same pattern
(30, 35, 44, and 51), whereas the NGSs of SX-YL1806 were mutated (30,
33, 44, and 51) (Fig. 5B).

Furthermore, the structures of the GP5 proteins of these three strains
were analyzed by homologous modeling using Alphafold v2.3.2. The
results showed that the MLV strain and HP-PRRSV SD-YL1712 both
formed the α helixes at 35–45, 47–52, and 60–80 aa, while NADC30-like
PRRSV SX-YL1806 formed the α helixes at 37–52 and 54–80 aa, resulting
in significant differences in the structure of GP5. Because the primary
neutralizing epitope B (36–45 aa) was located here, this structural dif-
ference may have affected the protective effect of the MLV vaccine
against the heterologous strain SX-YL1806 (Fig. 5C).
3.9. The immune serums could slightly promote the replication of HP-
PRRSV SD-YL1712 in vitro

We further explored whether porcine sera after immunization with
the MLV vaccine could promote PRRSV replication in vitro. Pig sera were
collected from the MLV-SD group at different time points after immuni-
zation with the MLV vaccine and serially diluted (1:50–1:800). The im-
mune sera were co-incubated with SD-YL1712 and then transferred to
CRL2843-CD163 cells to analyze PRRSV replication using RT-qPCR, IFA,
and WB. Unimmunized and PEDV-positive pig serum served as controls.

When co-incubated with HP-PRRSV SD-YL1712, the immune sera
mildly promoted PRRSV replication. Only one serum sample from the
MLV-SD group collected at 14 dpv increased PRRSV replication by 8.7-fold
after 1:100 dilution, whereas the other serum sample did not significantly
promote PRRSV replication compared to the negative control (Fig. 6A).
Serum collected at 21 dpv significantly promoted PRRSV replication by



Fig. 5. The genomic similarity of GP5 between the MLV strain and the challenged strains HP-PRRSV SD-YL1712 or NADC30-like PRRSV SX-YL1806. A GP5 amino
acid analysis of three PRRSV strains by MegAlign software. Three transmembrane (TM) regions of GP5 were shown in blue boxes. Three linear antigenic epitopes of
GP5 were shown in red boxes. B The N-glycosylation sites (NGS) of PRRSV GP5 protein were predicted and analyzed online (http://www.cbs.dtu.dk/services/
NetNGlyc/). (B-a), (B-b) and (B-c) indicated the MLV strain, HP-PRRSV SD-YL1712 and NADC30-like PRRSV SX-YL1806, respectively. C The GP5 protein struc-
tures of these three PRRSV strains were predicted by Alphafold v2.3.2 software (The parameters: default parameters, uniport and uniref 90: 2023-03-01, pdb-mmcif
and pdb-seqres: 2023-03-03, other database versions: default). (C-a), (C-b) and (C-c) indicated the MLV strain, HP-PRRSV SD-YL1712 and NADC30-like PRRSV SX-
YL1806, respectively. N30, N33, N35, N44, and N51 referred to the corresponding NGS.
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2.9-fold after a 1:100 dilution (Fig. 6B). Furthermore, one serum sample
collected at 28 dpv promoted PRRSV replication by up to 12-fold after a
1:200 dilution, but there was no significant difference between the mean
values of these two groups (Fig. 6C). Serum collected at 35 dpv signifi-
cantly promoted the replication of HP-PRRSV SD-YL1712 by 1.6-fold after
a 1:100 dilution (Fig. 6D), and serum collected at 42 dpv mildly promoted
replication by up to 2.0-fold after a 1:50 dilution (Fig. 6E).

Furthermore, the infection rates of PRRSV with ADE were also
confirmed by IFA and WB assays, which showed that when co-incubated
with HP-PRRSV SD-YL1712, immune sera collected at 42 dpv from the
MLV-SD groupmildly promoted PRRSV replication and slightly increased
positive signals of PRRSV-N protein (approximately 1.3 times) (Fig. 6F
and G). The same conclusion was reached for the PAMs (Supplementary
Fig. S1A).
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3.10. The immune serums could significantly promote the replication of
NADC30-like PRRSV SX-YL1806 in vitro

Similarly, we collected pig sera from the MLV-SX group at different
times after immunization with the MLV vaccine and serially diluted them
(1:50–1:800). The immune sera were co-incubated with NADC30-like
PRRSV SX-YL1806 and then transferred to CRL2843-CD163 cells to
analyze PRRSV replication using RT-qPCR, IFA, and WB. Unimmunized
and PEDV-positive pig serum served as controls.

When co-incubated with NADC30-like PRRSV SX-YL1806, almost all
immune sera collected at different times significantly promoted PRRSV
replication, and sera diluted at 1:50 and 1:100 seemed to have the most
obvious promotion effect. Serum collected at 14 dpv significantly pro-
moted PRRSV replication after 1:50-fold and 1:100-fold dilutions, with

http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/


Fig. 6. Promoting effect of immunized serum on HP-PRRSV SD-YL1712 replication in vitro. A–E CRL2843-CD163 cells were infected with virus–immunized serums
mixture (HP-PRRSV SD-YL1712) for 48 h, then the cells were harvested for the relative quantitative RT-qPCR assay. The MLV-immunized serums were collected from
group MLV-SD at 14 dpv, 21 dpv, 28 dpv, 35 dpv, and 42 dpv, respectively; serum collected from group NC was treated as a negative control. Serums were diluted by
1:50, 1:100, 1:200, 1:400, and 1:800. F–G The CRL2843-CD163 cells were infected with the PRRSV-serum complex for 48 h (HP-PRRSV SD-YL1712), then the cells
were harvested for immunofluorescence assay (F) or Western blotting assay (G). The MLV-immunized serums were collected from group MLV-SD at 42 dpv and diluted
by 1:50. 3#, 4#, and 5# represented the three piglets in group MLV-SD. The 6D10 was used as the corresponding antibody. Unimmunized pig serums [PRRSV (�)]
and PEDV-positive [PEDV (þ)] pig serums served as controls. Scale bar ¼ 200 μm. Data were shown as mean � SD *P< 0.05; ns, not significant.
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the highest fold being 88.3-fold and the mean value being 50.5-fold
(Fig. 7A). Serum collected at 28 dpv also significantly promoted
PRRSV replication after a 1:50-fold dilution, with the highest fold being
20.8-fold, and the mean value being 11.4-fold (Fig. 7C). Similarly, sera
collected at 35 dpv significantly promoted PRRSV replication after 1:100-
fold dilution, with the highest fold being 54.1-fold and the mean value
being 35.5-fold (Fig. 7D). Moreover, serum collected at 42 dpv also
significantly promoted PRRSV replication after 1:50-or 1:100-fold di-
lutions, with the highest fold being 235.9-fold and the mean value being
112.8-fold (Fig. 7E). Serum collected at 21 dpv did not significantly
promote the replication of PRRSV after 1:50-fold or 1:100 dilutions
because of the large individual differences within the group, which
affected the calculation of the mean. However, all serum samples had
higher relative PRRSV ORF7 mRNA levels than the negative group after
1:50-fold or 1:100-fold dilutions (Fig. 7B).

In addition, the IFAandWBresults showed thatwhenco-incubatedwith
NADC30-like PRRSV SX-YL1806, immune sera collected at 42 dpv from
group MLV-SX significantly promoted PRRSV replication and significantly
increased positive signals of PRRSV-N protein (about three times). In
contrast, PEDV-positive serum or negative porcine serum did not
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significantly promote the replication of NADC30-like PRRSV (Fig. 7F and
G). The same conclusion was reached for the PAMs (Supplementary
Fig. S1B).

To investigate whether the phenomenon of MLV-immune serum-
promoting NADC30-like PRRSV replication was mediated by the for-
mation of antigen (PRRSV)-antibody (IgG) complexes, Protein A known
to bind nonspecifically to IgG, was used in this study. The results showed
that the replication-promoting effect of MLV-immune serum on NADC30-
like PRRSV was inhibited by Protein A (Fig. 7F and G).

Collectively, the immune sera collected from the MLV-SD group
slightly promoted the replication of the homologous strain HP-PRRSV
SD-YL1712. In contrast, immune sera collected from the MLV-SX group
significantly promoted replication of the heterologous strain NADC30-
like PRRSV SX-YL1806, and this replication-promoting effect was
inhibited by Protein A.

4. Discussion

Although African swine fever is prevalent worldwide, PRRS is still
one of the most important animal infectious diseases endangering the



Fig. 7. Promoting effect of immunized serum on NADC30-like PRRSV SX-YL1806 replication in vitro. A–E CRL2843-CD163 cells were infected with virus–immunized
serums mixture (NADC30-like PRRSV SX-YL1806) for 48 h, then the cells were harvested for the relative quantitative RT-qPCR assay. The MLV-immunized serums
were collected from group MLV-SX at 14 dpv, 21 dpv, 28 dpv, 35 dpv, and 42 dpv, respectively; serum collected from group NC was treated as a negative control.
Serums were diluted by 1:50, 1:100, 1:200, 1:400, and 1:800. F–G The CRL2843-CD163 cells were infected with the PRRSV-serum complex or PRRSV-serum-Protein A
complex for 48 h (NADC30-like PRRSV SX-YL1806), then the cells were harvested for immunofluorescence assay (F) or Western blotting assay (G). The MLV-
immunized serums were collected from group MLV-SX at 42 dpv and diluted by 1:50. 2#, 4#, and 5# represented the three piglets in group MLV-SX. The 6D10
was used as the corresponding antibody. Unimmunized pig serums [PRRSV (�)] and PEDV-positive pig [PEDV (þ)] serums served as controls. Scale bar ¼ 200 μm.
Data were shown as mean � SD *P < 0.05; **P < 0.01; ***P< 0.001; ns, not significant.
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global pig industry (Lunney et al., 2010). Vaccination is important to
prevent and control PRRSV and to eliminate PRRSV (Chen N. et al., 2021;
Jeong et al., 2021). Although the PRRSV vaccine has a good protective
effect against homologous strains, its protective effect against heterolo-
gous strains is incomplete (Chen X. et al., 2021; Ding et al., 2021; Li Y.
et al., 2021). In this study, immunization with an MLV vaccine provided
some protection against NADC30-like PRRSV SX-YL1806 in piglets,
including an improvement in temperature, ADG level, viremia, and lung
tissue virus load (Fig. 3), whereas piglets in the MLV-SX group still had a
high lung tissue virus load and lung tissue injury (Fig. 4). These results
indicate that MLV immunization did not provide adequate protection
against NADC30-like PRRSV SX-YL 1806 in piglets.

Immune vaccine-induced neutralizing antibodies are considered an
important means of PRRSV clearance (Vanhee et al., 2009). However, the
neutralizing antibodies against PRRSV are often generated late, which
appears to be an important reason for the unsatisfactory immune effects
of the PRRSV vaccine (Osorio et al., 2002; Lopez et al., 2007). In this
study, 3/10 of the serum from pigs immunized with MLV vaccine for 42
823
days showed neutralization properties against HP-PRRSV (�1:8), and
only 1/10 showed neutralization properties against NADC30 like PRRSV
(�1:8) (Fig. 3G), indicating that the piglets did not generate sufficient
neutralizing antibodies even 42 days after immunization with the MLV
vaccine.

Interestingly, although no neutralization properties of pig serumwere
observed at 42 dpv, the immunized MLV vaccine still protected piglets in
the MLV-SD group against the HP-PRRSV SD-YL1712 challenge (Figs. 3
and 4), which indicates that factors other than neutralizing antibodies,
such as cellular immunity, may play key roles in this protection. In
addition, the protection observed may be associated with the type of
PRRSV strain since it was not produced in the NADC30-like PRRSV group
(MLV-SX group).

The PRRSV genome mutates rapidly, and genomic homology among
different PRRSV strains is low (Guo et al., 2018; Li et al., 2022). In this
study, the MLV vaccine provided good protection against HP-PRRSV but
did not provide sufficient protection against the NADC30-like PRRSV
SX-YL1806 (Figs. 3 and 4). We then compared the genomic homology
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between the MLV strain and HP-PRRSV SD-YL1712 or NADC30-like
PRRSV SX-YL1806 and found that the MLV strain had higher genomic
similarity with SD-YL1712 than with SX-YL1806, especially in the NSP2
and ORF5 genes (Table 3). Open reading frame (ORF) genes, such as
ORF5, are the major immune genes of PRRSV, and the difference in
genomic homology between the MLV strain and HP-PRRSV or
NADC30-like PRRSV may be a potential reason for the difference in MLV
vaccine immune efficacy. We performed a detailed analysis of the ORF5
gene between the MLV strain and challenged PRRSV strains and found
that MLV and HP-PRRSV SD-YL1712 had three similar linear epitopes, A,
B, and C, whereas epitopes A, B, and C of SX-YL1806 were mutated
(Fig. 5A). In addition, the NGSs and GP5 structures of SX-YL1806 were
different from those of the MLV strain and HP-PRRSV SD-YL1712, which
may have influenced the protective effects of the MLV vaccine against
SX-YL1806 (Fig. 5B and C). There are at least nine types of vaccines used
in China, but almost all of them originated from HP-PRRSV or classical
PRRSV, and none of them were derived from NADC30-like PRRSV (Li
et al., 2022). Thus, improving the genomic homology between the vac-
cine strain and the dominant epidemic PRRSV may be a good strategy.

Antibodies triggered by vaccines can block infections via antibody
neutralization. However, antibodies induced by vaccines may enhance
viral infection in ADE (Anderson et al., 2013; Khurana et al., 2013). In
this study, MLV immunization did not adequately protect against
NADC30-like PRRSV attacks, although no significantly enhanced clinical
manifestations were observed in the MLV-SD group compared with the
NC-SD group. We collected porcine serum at 14, 21, 28, 35, and 42 days
after immunization with the MLV vaccine and evaluated its effect on the
homologous strain HP-PRRSV SD-YL1712 and the heterologous strain
NADC30 like PRRSV SX-YL1806 replication in vitro using
CRL2843-CD163 cells. Immunized serum diluted at 1:50 or 1:100
significantly promoted the replication of NADC30-like PRRSV
SX-YL1806 (average 11.4–112.8 times) (Fig. 7A–E). In contrast, it had a
slightly mildly promoted effect on the ADE of HP-PRRSV SD-YL1712
(average 1.6–2.9 times) (Fig. 6A–E). The replication-promoting effect of
the NADC30-like PRRSV SX-YL1806 was inhibited by Protein A (Fig. 7F
and G). These results indicate the potential risk of ADE in
MLV-immunized pig serum against homologous and heterologous strains
in vitro.

Notably, the replication-promoting effect against HP-PRRSV or
NADC30-like PRRSV caused by MLV-immunized serum discussed in this
study was evaluated in vitro, and no more severe clinical enhancement in
the MLV-SX group compared to the NC-SX group was observed in vivo.
One possible explanation is that the immunized serum can promote
PRRSV replication in vivo at some concentrations; however, it may not be
significantly enhanced by other immune reactions, such as cellular im-
munity. Considering the fluctuating rule of antibodies following PRRSV
MLV immunization, we speculate that the replication-promoting effect of
MLV-immunized serum on heterologous PRRSV may aggravate PRRS or
interfere with the efficacy of the vaccine against NADC30-like PRRSV.
However, further studies are required to confirm this hypothesis.
Avoiding the replication-promoting effect of MLV-immune serummay be
an important measure to improve the effectiveness of the PRRSV vaccines
against heterologous PRRSV.
5. Conclusions

In conclusion, this study systematically evaluated the protective ef-
fects of a commercial MLV vaccine against the isolated field-circulating
strains NADC30-like PRRSV SX-YL1806 and HP-PRRSV SD-YL1712.
The MLV vaccine did not provide sufficient cross-protection against SX-
YL1806. Furthermore, this study found that the MLV strain shared
higher genomic similarity with HP-PRRSV SD-YL1712 than with
NADC30-like PRRSV SX-YL1806. Compared to the homologous strain
824
SD-YL1712, the immunized serum significantly promoted the heterolo-
gous NADC30-like PRRSV SX-YL1806 replication in vitro. This study
suggests that the genomic similarity between the MLV and challenged
PRRSV strains, together with the replication-promoting effect to
NADC30-like PRRSV caused by MLV-immune serum, may be two
important factors affecting the protective effect of PRRSV MLV vaccines
against heterologous PRRSV, which has not received sufficient attention
until now and requires more in-depth studies.
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