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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is an important pathogen that endangers the swine industry

worldwide. Recently, lineage 1 PRRSVs, especially NADC30-like PRRSV, have become the major endemic strains in many

pig-breeding countries. Since 2016, NADC30-like PRRSV has become the predominant strain in China. Unfortunately, current

commercial vaccines cannot provide sufficient protection against this strain. Here, an attenuated lineage 1 PRRSV strain,

named SD-R, was obtained by passaging NADC30-like PRRSV strain SD in Marc-145 cells for 125 passages. Four-week-old

PRRSV-free piglets were vaccinated intramuscularly with 10 5.0TCID 50 SD-R and then challenged intramuscularly (2 ml)

and intranasally (2 ml) with homologous NADC30-like PRRSV SD (1×10 5.0TCID 50/ml) and heterologous NADC30-like

PRRSV HLJWK108-1711 (1×10 5.0TCID 50/ml). The results showed that 5 of 5 immunized piglets had a perceptible humoral

immune response to vaccination and did not develop fever or clinical diseases after NADC30-like PRRSV challenge. Additionally,

compared to challenge control piglets, vaccinated piglets gained significantly more weight and showed much milder pathological

lesions. Furthermore, the viral replication levels of the immunized group were significantly lower than those of the challenge

control group. These results demonstrate, for the first time, that lineage 1 PRRSV SD-R is a good candidate for an efficacious

vaccine against NADC30-like PRRSVs.
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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is an important pathogen that endangers
the swine industry worldwide. Recently, lineage 1 PRRSVs, especially NADC30-like PRRSV, have become
the major endemic strains in many pig-breeding countries. Since 2016, NADC30-like PRRSV has become
the predominant strain in China. Unfortunately, current commercial vaccines cannot provide sufficient pro-
tection against this strain. Here, an attenuated lineage 1 PRRSV strain, named SD-R, was obtained by
passaging NADC30-like PRRSV strain SD in Marc-145 cells for 125 passages. Four-week-old PRRSV-free
piglets were vaccinated intramuscularly with 105.0TCID50 SD-R and then challenged intramuscularly (2 ml)
and intranasally (2 ml) with homologous NADC30-like PRRSV SD (1×105.0TCID50/ml) and heterologous
NADC30-like PRRSV HLJWK108-1711 (1×105.0TCID50/ml). The results showed that 5 of 5 immunized
piglets had a perceptible humoral immune response to vaccination and did not develop fever or clinical
diseases after NADC30-like PRRSV challenge. Additionally, compared to challenge control piglets, vaccina-
ted piglets gained significantly more weight and showed much milder pathological lesions. Furthermore, the
viral replication levels of the immunized group were significantly lower than those of the challenge control
group. These results demonstrate, for the first time, that lineage 1 PRRSV SD-R is a good candidate for an
efficacious vaccine against NADC30-like PRRSVs.

Keywords:

PRRSV, Lineage 1, NADC30-like, SD-R, Pathogenicity, cross-protection efficacy

Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV), an enveloped, positive-sense, single-stranded
RNA virus of the familyArteriviridae and the genus Porarterivirus , is the aetiological agent of porcine
reproductive and respiratory syndrome (PRRS), which causes enormous economic losses to the global swine
industry (Nathues et al., 2017). PRRSVs can be divided into two distinct species, Betaarterivirus suid 1
(PRRSV-1) andBetaarterivirus suid 2 (PRRSV-2) (ICTV2021). PRRSV-1 is mainly prevalent in Europe,
and PRRSV-2 is prevalent in America and Asia; partial subtypes of both PRRSVs can be found across North
America, Europe, and Asia (Shi et al., 2010a; Stadejek et al., 2013). In 2010, a phylogenetic lineage-based
PRRSV typing method was proposed. This classification system grouped PRRSV-1 strains into four subtypes
(subtype I (Global), subtype I (Russia), subtype II and III) and PRRSV-2 strains into nine lineages (lineage
1-lineage 9) based on phylogenetic relationships in the ORF5 region (Shi et al., 2010a; Shi et al., 2010b).
Although subtype I (Global) of PRRSV-1 has been reported in Asia and America, the other subtypes have
not been reported in regions other than Europe (Chen et al., 2011; Dewey et al., 2000; Fang et al., 2007;
Lee et al., 2010; Ropp et al., 2004; Thanawongnuwech et al., 2004). PRRSV-2 has a high degree of genetic
diversity, and the 9 lineages can be further divided into several sublineages (Shi et al., 2010b). The earliest
reported lineage was lineage 5, which appeared in the United States and is mainly distributed in the United
States, southern Canada and parts of China (Shi et al., 2010a). Then, lineages 8 and 9 were discovered
throughout the United States (Shi et al., 2010b). However, it is puzzling that sublineage 8.7 (HP-PRRSV),
which was first reported in China in 2006 with the characteristics of causing high temperatures in infected
pigs and having a high incidence and high mortality, is only found in Asian countries (Shi et al., 2010b).
Lineages 3, 4, 6 and 7 have been identified in only a small number of areas: lineage 3 mainly in southern
China (including the Taiwan region and Hong Kong) (Chueh et al., 1998; Deng et al., 2015; Shi et al., 2010a;
Shi et al., 2010b; Zhang et al., 2019b), lineage 4 mainly in Japan (Shi et al., 2010b), and lineages 6 and 7
in the United States(Shi et al., 2010a). Undoubtedly, lineage 1 has become the most prevalent and diverse
lineage within the American and Asian swine industries(Paploski et al., 2021; Sun et al., 2020). Through
2021, lineage 1 (NADC30-like and NADC34-like) continued to be the most prevalent and diverse lineage
within the U.S. swine industry (Makau et al., 2021a; Makau et al., 2021b; Paploski et al., 2021; Yu et al.,
2020). In Peru, 75% of the strains detected were associated with PRRSV 1-7-4 strains (sublineage 1.5;
NADC34-like) during 2015-2017 (Ramirez et al., 2019). In South Korea and Japan, lineage 1 (sublineage
1.8; NADC30-like) comprised the second-largest population of PRRSVs (Fukunaga et al., 2021; Kim et al.,
2021). According to the latest report, lineage 1 (NADC30-like and NADC34-like) strains accounted for 64%
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of positive samples in China, much higher than the proportions of other lineages (Xu et al., 2022). Unlike
PRRSV-1 and other lineage strains of PRRSV-2, which circulate on only one continent, lineage 1 strains
have a global pandemic trend. Furthermore, lineage 1C variants also threaten the global swine industry
(Trevisan et al., 2021).

Due to the large genetic diversity and complex recombination of NADC30 strains, the pathogenicity of
NADC30-like strains varies greatly (Chen et al., 2018; Li et al., 2021b; Zhang et al., 2019a). As proto-
types of NADC30-like strains, MN184 and NADC30 have moderate pathogenicity (Brockmeier et al., 2012).
The NADC30-like strains in Korea show mild-to-moderate pathogenicity in challenged pigs (Jeong et al.,
2018; Kwon et al., 2019; Oh et al., 2019). Additionally, the Japanese strain Jpn5-37 induces moderate
symptoms in animals (Iseki et al., 2016). Some NADC30-like strains in China show high pathogenicity
(JL580, SD17-38, 14LY01-FJ, 14LY02-FJ, 15LY01-FJ, 15LY02-FJ, FJXS15, HBap4-2018, JS18-3) (Chen et
al., 2018; Han et al., 2020; Liu et al., 2017a; Liu et al., 2017b; Zhao et al., 2015); however, most strains
show moderate pathogenicity (HNjz15, CHsx1401, SD53-1603, SC-d, TJnh1501, SCN17, HB17A, SCya18,
HN201605, FJZ03, FJWQ16, ZJqz21, v2016/ZJ/09-03, FJ1402) (Bian et al., 2017; Sui et al., 2018; Sun et
al., 2016; Wang et al., 2018; Wei et al., 2019; Zhang et al., 2019a; Zhang et al., 2018; Zhang et al., 2016;
Zhou et al., 2018; Zhou et al., 2019; Zhou et al., 2017). Based on cumulative data, recombination may be
responsible for the pathogenicity variance of NADC30-like PRRSVs in China, and the pathogenicity tends
to be intermediate between those of the parental strains (Yu et al., 2021).

Prevention and control of PRRSV with vaccines has a long history. As early as 1994, a PRRSV-2 modified-live
virus (MLV) vaccine was first commercialized in North America (Chae, 2021). In China, there are currently
two types of PRRS vaccines: MLV and killed virus (KV) vaccines (Li et al., 2022). Nine commercial
vaccines are currently used to control and prevent PRRSV infection in China, including Ingelvac PRRS
MLV/RespPRRS MLV, CH-1R, HuN4-F112, JXA1-P80, R98, TJM-F92, GDr180, PC and CH-1a (KV) (Li
et al., 2021a). Of these, RespPRRS MLV and R98 are of lineage 5, and the others belong to lineage 8 (Li et
al., 2022). KV vaccines have poor protection against homologous and heterologous strains (Renukaradhya
et al., 2015), and MLV vaccines can provide adequate protection against genetically homologous strains
(Wang et al., 2021). Unfortunately, existing MLV vaccines offer only limited protection against NADC30-
like strains, which are the main circulating strains in the country (Bai et al., 2016; Li et al., 2022; Sun et
al., 2018; Wei et al., 2019; Zhang et al., 2016; Zhou et al., 2017). This limitation may be responsible for
the rapid spread of NADC30-like PRRSVs in China. Therefore, it is necessary to develop a new vaccine
against NADC30-like PRRSVs. In addition, the new vaccine must be evaluated for its cross-protection effect
because of the highly variable genome sequences among NADC30-like PRRSVs caused by recombination and
rapid mutation. In the present study, we developed an attenuated lineage 1 PRRSV vaccine, SD-R (125th

passage of strain SD in Marc-145 cells), and evaluated its homologous and heterologous protection effects.
SD-R provides safe and effective protection against homologous NADC30-like PRRSV SD and heterologous
NADC30-like PRRSV HLJWK108-1711 challenge, and therefore can serve as an adequate vaccine against
PRRSV infection in herds. To the best of our knowledge, the lineage 1 PRRSV vaccine SD-R is the first
developed and evaluated attenuated NADC30-like PRRSV candidate vaccine strain in the world.

Materials and Methods

Ethics statements

This study was approved by the Animal Ethics Committee of the School of Harbin Veterinary Research
Institute of the Chinese Academy of Agricultural Sciences and was performed in accordance with animal
ethics guidelines and approved protocols. The Animal Ethics Committee Approval Number was SYXK (Hei)
2011022.

Cells and viruses

The Marc-145 cell line was used for propagation and titration of wild-type strains and adapted strains. The
NADC30-like PRRSV strains SD and HLJWK108-1711 were isolated and maintained in our laboratory.
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Phylogenetic and genomic recombination analysis

Multiple sequence alignments were generated using ClustalW in Lasergene (Version 7.1, DNASTAR Inc.,
Madison, WI, USA). Phylogenetic trees based on the whole genome were constructed in MEGA 6.0 using the
neighbor-joining method with 1000 bootstrap replicates. Recombination analysis used RDP4 software with
seven different algorithms (RDP, GeneConv, BootScan, MaxChi, Chimera, SiScan, and 3Seq) and SimPlot
(version 3.5.1) by advancing a 500-bp sliding window along the genome alignments with a 20-bp step size.

Viral culturing and attenuation

Lineage 1 PRRSV strain SD was continuously passaged in Marc-145 cells using Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2% foetal bovine serum and incubated at 37degC with 5% CO2. The
virus was harvested once the virus-infected Marc-145 cells showed ˜80% cytopathic effect (CPE). The titres
of the wild-type strains SD and HLJWK108-1711 and NADC30-like PRRSV SD at different passages were
measured by seeding Marc-145 cells into 96-well cell culture plates 2 d before infection. The 50% tissue
culture infective dose (TCID50) was calculated according to the Reed-Muench method. The 125th passage
of PRRSV strain SD was harvested and designated lineage 1 PRRSV strain SD-R, which was characterized
and evaluated in the present study.

Whole-genome sequencing of lineage 1 PRRSV SD at different passages

RNA was extracted from different SD passages: F5, F6, F8, F10, F20, F30, F40, F60, F80, F100, F105, F110,
F125 (SD-R), F135 and F150. Reverse transcription PCR (RT–PCR), whole-genome sequencing, genome
assembly and sequence alignments were performed as previously described (Zhang et al., 2019a). Detailed
information on the whole-genome amplification primers is shown in a previous article (Zhang et al., 2019a).

Evaluation of immunoprotection of SD-R against homologous and heterologous strains

Twenty-six 28-day-old PRRSV-free piglets were obtained from two PRRS-free farms in Harbin. Thirteen
PRRSV-free piglets used to assess homologous protection were randomly divided into three groups (A1-C1).
Other PRRSV-free piglets used to test heterologous protection were randomly divided into three groups
(A2-C2). Five piglets for each group were used for immunization and inoculation (A1, B1, A2 and B2),
except for three piglets in negative control groups C1 and C2. Piglets in groups B1 and B2 were inoculated
intramuscularly with 105.0TCID50 SD-R. After 28 days post-vaccination (dpv), piglets in groups A1, B1
and A2, B2 were infected with 5th-passage SD (4x105.0TCID50 per pig) and 5th-passage HLJWK108-1711
(4x105.0TCID50 per pig) intramuscularly (2 ml) and intranasally (2 ml), respectively. The animals were
maintained in individual biosafety rooms. Clinical signs and rectal temperatures were recorded daily. The
body weights of the piglets were measured weekly. Blood samples were periodically collected from individual
piglets and tested for viremia. All of the piglets were euthanized at 21 dpi. Ten tissue samples were obtained
from the hearts, livers, spleens, lungs, kidneys, lymph nodes, tonsils, small intestines, bladders, and stomachs
for viral detection by TaqMan(r)-based real-time fluorescence quantitative RT–PCR (65).

Serological examination

Serum samples were collected at dpv 0, 7, 14, 21, and 28 and dpi 3, 5, 7, 10, 14, and 21. PRRSV-specific
antibodies were measured using a commercial ELISA kit (IDEXX, Inc., Westbrook, ME, USA) according to
the manufacturer’s instructions. The PRRSV-specific antibody titre was reported as the S/P ratio, and the
serum samples were considered positive if the S/P ratio was [?]0.4.

Viremia and viral loads in tissue assessment

To determine the duration of viremia and viral loads in different tissues after treatment with the SD-R
vaccine strain, serum samples collected at dpv 0, 7, 14, 21, and 28 and dpi 3, 5, 7, 10, 14, and 21 and ten
tissues of all the piglets were used to detect the RNA copy number of PRRSV by TaqMan(r)-based real-time
fluorescence quantitative RT–PCR (Wei et al., 2008).

Histological examination
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At necropsy, the lungs and lymph nodes were harvested and examined for histopathology following haema-
toxylin and eosin (H&E) staining as previously described (Zhang et al., 2019a).

Statistical analysis

Significant differences between two groups were determined using at test in GraphPad 5.0 (San Diego, CA,
USA). The level of significance was set at p <0.05.

Results

Genomic characteristics of NADC30-like PRRSV SD and HLJWK108-1711

SD and HLJWK108-1711 were isolated from two diseased pig farms in Shandong (2016) and Heilongjiang
Province (2017), respectively. Phylogenetic analysis showed that Chinese NADC30-like PRRSV formed a
relatively independent branch and was closely related to NADC30 and XW018 (both strains isolated in the
United States) based on a total of 344 whole genomes of lineage 1 (Fig. 1A). Both SD and HLJWK108-1711
were classified into branches of NADC30-like PRRSV (L1.8/L1C) (Fig. 1A). The Nsp2 proteins of SD and
HLJWK108-1711 had a discontinuous 131-amino acid (aa) deletion (111 aa at position 323-433, 1 aa at
position 483 and 19 aa at position 504-522) (Fig. 1B). Recombination analysis revealed that both NADC30-
like PRRSVs were recombinant viruses (SD: parental virus NADC30 and minor virus ATCC VR2332-like
PRRSV; HLJWK108-1711: parental virus NADC30 and minor virus JXA1-like PRRSV) (Fig. 1C). The
recombination breakpoints of SD were observed at positions 7365, 7661, 12305, and 12773 (ATCC-VR2332
positions 7762, 8058, 12702 and 13170). The breakpoints separated the HLJWK108-1711 genome into ten
regions, where the positions located at 521, 631, 1065, 1310, 1810, 5183, 6367, 7488, 8443(JXA1 positions 524,
634, 1068, 1313, 1813, 5490, 6674, 7795 and 8750) (Fig. 1C). However, the genomic nucleotide similarity
between SD-R and HLJWK108-1711 was 89.9%, and the nucleotide similarity of the skeleton section of
NADC30 was only 91.4% (Table 1). The nucleotide and amino acid similarity among different genes between
SD-R and HLJWK108-1711 were 82.7-97.7% and 80.2-100%, respectively (Table 1).

Nucleotide and amino acid mutations of different SD passages

To develop a live attenuated lineage 1 PRRSV vaccine, we first isolated an SD strain and passaged it in
Marc-145 cells. Compared to the parental virus SD, there were 75 nucleotide changes at the 125th passage
(Table 2). Among these mutations were two nucleotide changes (at position 29 [C-T] and 36 [C-T]) in the
5’-UTR and two (at position 22 [T-C] and 69 [T-C]) in the 3’-UTR (Table 2). Other nucleotide mutations
were observed in Nsps and structural proteins, 31 of which were missense mutations, causing a change in 31
amino acids in Nsp2-5, 9-12, GP2a-5, M, N and ORF5a (Table 2). The major changes in amino acids were
located on Nsp2 and minor structural proteins GP2a-4 (Table 2). No nucleotide amino acid changes were
observed from passages 125 through 150 (Table 2).

Clinical reactions after immunization and challenge

After immunization, none of the piglets in groups A1 (SD-R vaccine-treated and SD-challenge group) and A2
(SD-R vaccine-treated and HLJWK108-1711-challenge group) showed any clinical signs of PRRS compared
to the negative control group and challenge control group. After challenge, none of the piglets in groups
A1 (Fig. 2A, Fig. 3A) and A2 (Fig. 2B, Fig. 3B) showed significant changes in body temperature or
weight loss. However, the piglets in group B1 (nonvaccinated and SD-challenge group) had various disease
manifestations at 5 dpi, including fever persisting for 6-13 d ([?]40.5) (Fig. 2A), and the piglets in group B2
(nonvaccinated and HLJWK108-1711-challenge group) had various disease manifestations as early as 1 dpi,
including intermittent fever for 5-10 d ([?]40.5) (Fig. 2B). In addition, the piglets in groups B1 and B2 had
various levels of anorexia and emaciation. Compared to the negative control piglets in groups C1 and C2,
the piglets in groups B1 and B2 gained less body weight (p <0.05) during 8-14 dpi and 15-21 dpi (Fig. 3A,
Fig. 3B). In the course of the study, the piglets in groups C1 and C2 had no clinical signs of disease.

Antibody responses in immunized or challenged piglets
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The antibody response in the ELISA showed that all immunized piglets in groups A1 and A2 were serocon-
verted by 14 dpi (Fig. 4A, Fig. 4B). A total of 3 of 5 piglets in group B1 were seroconverted by 7 dpi, and
the remaining piglets seroconverted by 10 dpi (Fig. 4A). Two of five piglets in group B2 were seroconverted
by 5 dpi, and the remaining piglets seroconverted by 7 dpi (Fig. 4B). No PRRSV-specific antibodies were
detected in the control piglets prior to challenge (Fig. 4A, Fig. 4B). Antibody responses of piglets in groups
C1 and C2 were negative throughout the study (Fig. 4A, Fig. 4B).

Viremia and viral tissue distribution between the immunized-challenge group and the challenge
group

To further evaluate the difference in viremia and distribution in ten tissues among different groups, serum
samples from dpv 0, 7, 14, 21 and 28, dpi 3, 5, 7, 10, 14 and 21 and ten organ tissues were evaluated using
real-time PCR. The RNA copy numbers of the serum samples in groups B1 and B2 reached their highest
levels at 5 dpi and then gradually declined in these two groups (Fig. 5A, Fig. 5C). The viremia levels at
every time point in groups A1 and A2 were significantly lower than those in groups B1 and B2, respectively
(Fig. 5A, Fig. 5C). Furthermore, the viremia levels and the number of pigs with viremia in the homologous
protection group (groups A1 and B1) were significantly lower than those in the heterologous protection group
(groups A2 and B2) (Fig. 5A, Fig. 5C). The viral loads of ten tissues in groups A1 (except liver, stomach,
intestine, brain and tonsil) and A2 (except tonsil and lymph nodes) were significantly lower than those in
groups B1 and B2, respectively (Fig. 5A, Fig. 5C).

Gross pathological and histopathological changes

Compared with the piglets in the immunized-challenge groups (A1 and A2) (Fig. 6A b, h and Fig. 6B n, t)
and negative control groups (C1 and C2) (Fig. 6A c, i and Fig. 6B o, u), the piglets in the challenge groups
(B1 and B2) showed lesions typical of PRRS, such as consolidation in the lungs and haemorrhaging in the
lymph nodes (Fig. 6A a, g and Fig. 6B m, s). Histopathology revealed a large amount of inflammatory cell
infiltration, epithelial cell proliferation and significant alveolar diaphragm widening in the lungs (Fig. 6A
d, p) and decreased lymphocyte and medullary bleeding in the lymph nodes (Fig. 6A j, v) in the challenge
groups (B1 and B2) compared with the negative control groups (Fig. 6A f, l and Fig. 6B r, x). Notably,
there was almost no pathological damage to the lungs (Fig. 6A e and Fig. 6B q) and only mildly decreased
levels of lymphocytes in the immunized-challenge groups (A1 and A2) (Fig. 6A k and Fig. 6B w).

DISCUSSION

Lineage 1, especially NADC30-like PRRSV, has become the most prevalent PPRSV lineage in North America
and Asia (de Avellar and Markus, 1993; Kawabori et al., 1983; Savary and Ferron, 1982; Sun et al., 2020). In
2013, a new PRRSV strain called NADC30-like PRRSV, which has a unique 131-aa deletion within its NSP2
protein, was isolated from diseased piglets in China (Zhao et al., 2015; Zhou et al., 2015). This PRRSV
originated in the United States and has become one of the major endemic strains in China since 2016 (Guo et
al., 2019). The pathogenicity of NADC30-like PRRSVs ranges from moderate (Sun et al., 2016; Wang et al.,
2018; Zhang et al., 2019a) to high (Chen et al., 2021; Liu et al., 2017b; Zhao et al., 2015), and most of them
are moderately pathogenic. However, the current commercial vaccines, Ingelvac PRRS MLV/RespPRRS
MLV(Sun et al., 2018; Wei et al., 2019), CH-1a(Li et al., 2022), HuN4-F112(Bai et al., 2016), JXA1-P80(Sun
et al., 2018), R98(Zhang et al., 2016), TJM-F92(Bai et al., 2016) and GDr180(Bai et al., 2016; Zhang et al.,
2019a), do not provide completely effective protection against NADC30-like PRRSVs. Here, we selected the
moderately pathogenic NADC30-like PRRSV SD strain and described a newly developed lineage 1 PRRSV
vaccine candidate, SD-R, which is efficacious in the prevention of clinical infection caused by NADC30-like
PRRSVs.

Unlike CH-1a or HP-PRRSV, NADC30-like PRRSVs have lower levels of whole-genome similarity (Guo et
al., 2019; Zhang et al., 2019a) and a wider variety of recombination patterns (Yu et al., 2020; Zhang et al.,
2019a). Almost all NADC30-like PRRSVs are recombinant viruses (Yu et al., 2020; Zhang et al., 2019a).
Although recombination breakpoints are relatively random, statistical analysis reveals that recombination
hotspots range from nucleotide positions of approximately 7,900 to 8,100 and 12,400 to 13,500 (Yu et al.,
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2020). We speculated that NADC30-like PRRSVs with two recombination regions may be more stable
and important for viral survival. Therefore, we selected an NADC30-like PRRSV SD with the above two
recombination regions (7365-7661 in the NSP9 region and 12305-12773 in the GP2a-GP3 region) for passage
in Marc-145 cells.

In the present study, SD-R, a genetically stable attenuated viral strain, was obtained by serial passaging in
Marc-145 cells with the lineage 1 PRRSV SD strain. All amino acid mutations related to SD were observed
before the 125th passage. No nucleotide and amino acid mutations were observed between the 125thand
150th passages. This indicated that the SD strain at the 125th passage had adapted to the Marc-145 cells
and was subsequently stably passaged. The HP-PRRSV vaccines JXA1-R, TJM, HuN4-F112 and GDr180
were obtained through passaging in Marc-145 cells for 80, 92, 112 and 180 passages, respectively (Leng et
al., 2012; Liu et al., 2015; Tian et al., 2009; Yu et al., 2015). Because the pathogenicity of SD is far lower
than that of HP-PRRSV, we believe that SD-R (the 125th passage in Marc-145 cells) is safer for piglets than
commercial HP-PRRSV vaccines. Furthermore, both high-dose and repeated-dose tests based on SD-R were
safe for all piglets (data not shown).

In this study, piglets immunized with SD-R developed a rapid and effective humoral response and were
effectively protected against NADC30-like PRRSV challenge. Indeed, PRRSV vaccines have poor cross-
protection effects (Bai et al., 2016; Yu et al., 2021). However, surprisingly, SD-R could provide better
cross-protection, even though the genomic nucleotide similarity of SD and HLJWK108-1711 was only 89.9%.
All the piglets immunized with SD-R and then challenged with SD or HLJWK108-1711 survived without
any major clinical signs at any point in the experimental period. Piglets in the immunized and challenge
groups were healthier than those in the challenge control group based on clinical signs, body temperature,
body weight, viremia and viral loads in tissues. Altogether, these results suggested that the SD-R candidate
vaccine is effective against infections caused by different NADC30-like PRRSVs. However, the detailed
molecular basis of cross-protection induced by the SD-R vaccine and its attenuation mechanism remain
unclear. Furthermore, the cross-protection against other types of PRRSVs, such as NADC34-like PRRSV,
QYYZ-like PRRSV and HP-PRRSV, should be studied further.

In conclusion, we developed the first attenuated lineage 1 PRRSV candidate vaccine strain, SD-R. Further-
more, SD-R was sufficiently attenuated and antigenic enough to confer protection against homologous and
heterologous NADC30-like PRRSV challenge.
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