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In recent years, NADC34-like strains of porcine reproductive and respiratory 
syndrome virus have gradually emerged as mainstream strains on Chinese pig 
farms. These strains have high mutation rates and can recombine with local strains, 
representing great challenges to prevention and control efforts. Previously, a new 
recombinant NADC34-like subtype strain was isolated in our laboratory. Herein, 
we evaluated the cross-protective effect of the VR2332 modified live virus (MLV) 
against the novel NADC34-like recombinant strain using the immune challenge 
protection test in piglets and sows. The results revealed that immunization with 
the vaccine in piglets significantly reduced viremia, lung damage and stimulated 
the production of PRRSV-N antibodies. In the sow challenge experiment, one 
abortion and one death were recorded in the positive control group, and the 
survival rate of offspring was only 25%. However, there were no sow deaths or 
abortions in the immunization group during the experiment, and the average 
piglet survival rate was high at 76.5%. In general, the VR2332 MLV confers a 
certain extent of cross-protection against the NADC34-like recombinant strain, 
providing an effective reference and guidance for prevention and control efforts 
and clinical vaccine use.
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1 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is an acute infectious disease of 
pigs caused by PRRS virus (PRRSV) (1). Clinically, PRRSV mainly causes fever, respiratory 
symptoms, and death in piglets. Most importantly, the virus can cause reproductive disorders 
such as abortion and stillbirth in sows, leading to huge losses in the pig industry in China and 
globally (2–4). In 1987, the disease first emerged in the United States; subsequently, European 
scientists isolated the first strain of PRRSV named Lelystad strain, which is the classic 
European I strain (5). The VR2332 strain was isolated by American scientists in 1992, after 
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which PRRS spread globally (6, 7). In China, PRRSV was first isolated 
in 1996, and other PRRSV subtypes have been continuously reported 
(8, 9). After over 20 years of evolution, the genetic diversity of PRRSV 
has become extremely complicated (10).

In recent years, the infection rate of NADC34 subtype strains in 
China has increased annually (11, 12). According to monitoring data, 
the detection rate of the strain is continuously increasing (13). From 
2017 to 2021, the proportion of positive cases increased from 3 to 
28.6% (14, 15). This significant upward trend indicates an increase that 
the prevalence of NADC34 subtype strains in China. Currently, the 
provinces that have isolated NADC34 strains are mainly concentrated 
in the northern region, such as Heilongjiang, Henan, Shandong, 
Hebei, Jilin, Jiangsu, and Liaoning (11, 12, 16–18). However, this does 
not indicate that the southern provinces are not affected by the strain. 
Thus, it is necessary to pay close attention to its epidemic trend. 
NADC34 strains are likely to recombine with local viruses to produce 
new variants (19). This type of recombinant virus may lead to a wide 
range of epidemics, posing a more serious threat to China’s 
pig industry.

To date, vaccination remains a key measure for PRRSV 
prevention and control. To control the diverse strains of PRRSV, 
researchers have developed a variety of PRRSV vaccines, which can 
be  divided into three categories: attenuated live vaccines, 
inactivated vaccines, and genetically engineered vaccines (20). At 
present, two types of vaccines are mainly used globally against 
PRRSV: modified live virus vaccines (MLVs) and inactivated 
vaccines (KVs). However, because of many defects in the 
conventional vaccine itself coupled with the inherent characteristics 
of PRRSV, such as its propensity to mutate and antibody-dependent 
enhancement, there are many problems in the application of 
conventional PRRSV vaccines, leading to frequent immune failure 
(21). Therefore, it is extremely important to select a vaccine with 
broad-spectrum protective effects. It was developed by Boehringer 
Ingelheim and introduced in China in April 2005 (22). A previous 
study found that the Ingelvac PRRS MLV has different degrees of 
protection against different subtypes of strains (23–25).

Therefore, in this study, piglets 3and sows were challenged with a 
new NADC34-like strain (GD-H1) after immunization with the 
Ingelvac PRRS MLV, and their clinical symptoms, viral titers, and sow 
pregnancy outcomes were used to evaluate the protective effects of the 
vaccine against the new strain, providing a reference and guidance for 
PRRSV prevention and control efforts.

2 Materials and methods

2.1 Virus and vaccine

The PRRSV GD-H1 strain was isolated and preserved in our 
laboratory, and the GenBank reference number is ON691479. The 
GD-H1 virus was inoculated into Marc-145 cells plated at a density 
of 90% and cultured in DMEM containing 2% fetal bovine serum. 
The cytopathic effect was observed. When the extent of cytopathic 
effect reached 100%, the culture bottle was transferred to a − 80°C 
freezer. After three freeze–thaw cycles, the virus culture medium 
was collected and centrifuged at 1000 × g for 5 min, and the 
supernatant was collected. The 50% tissue culture infectious dose 

was calculated using the Reed and Muench method (1938). The 
Ingelvac PRRS MLV used in this study was purchased from the 
Boehringer Ingelheim.

2.2 Animal experiments and immune 
procedures

In the piglet vaccine evaluation experiment, 15 piglets (6 weeks 
old) were randomly divided into three groups: blank control group, 
GD-H1 challenge group, and MLV group (five piglets/group). Piglets 
in the blank control group did not receive the vaccine or virus. Piglets 
in the GD-H1 challenge group were challenged once with PRRSV at 
11 weeks of age. Piglets in the MLV group were immunized with the 
vaccine at 6 weeks of age, followed by a second booster dose 3 weeks 
later, and then after 2 weeks, the piglets were challenged at 11 weeks of 
age. After infection, the clinical symptoms, body temperature, viremia, 
and pathological damage of pigs in each group were monitored for 
21 days after infection (Figure 1).

In the pregnant sow vaccine evaluation experiment, 12 sows at 
40 days of pregnancy were randomly divided into three groups: 
blank control group, GD-H1 challenge group, and MLV group 
(four sows/group). Sows in the blank control group did not receive 
the virus or vaccine. Sows in the GD-H1 group were challenged 
with the virus at 75 days of gestation. In the MLV group, the sows 
were immunized with the first vaccine at 40 days of gestation, and 
they received a booster dose 3 weeks later. Then, the sows were 
challenged at 75 days of gestation. After infection, clinical 
symptoms, body temperature, viremia, death rates, and antibody 
production were monitored in each group. Finally, the delivery of 
piglets by sows was recorded (Figure 1).

Before the experiment, the piglets and sows used in the 
experiment were serologically tested using the IDEXX PRRS X3 
antibody ELISA kit (IDEXX Laboratory, Westbrook, ME, USA), 
which confirmed that all animals were negative for PRRSV 
antibodies. In addition, blood of pigs was screened via reverse 
transcription–quantitative polymerase chain reaction (RT–qPCR) 
to clarify the absence of PRRSV and other swine viruses, including 
swine influenza virus, classical swine fever virus, and transmissible 
gastroenteritis virus.

2.3 Viral RNA extraction from samples

Blood samples were collected from all pigs weekly, and lung 
tissue samples were collected at 14dpi. RNA was extracted from 
all samples using the NucleoSpin® Virus RNA extraction kit 
(Macherey Nagel, Düren, Germany) following the manufacturer’s 
protocol. Fifty milligrams of each tissue sample were homogenized 
in 1 mL of TRI Reagent solution (Sigma-Aldrich, St. Louis, MO, 
USA) using a bead beater (Ezlyzer, Genetix, Mumbai, India) using 
the NucleoSpin® Virus RNA extraction kit (Macherey Nagel, 
Düren, Germany) following the manufacturer’s protocol. The 
elution of RNA was performed in 50 μL of nuclease-free water. 
The quality and quantity of the extracted RNA were evaluated 
using a nano spectrophotometer (NanoSpec, VWR, Radnor, 
PA, USA).
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2.4 Quantitative detection of the PRRSV 
genome via RT–qPCR

The quantification of PRRSV viral copy numbers in serum and 
tissue samples collected at various intervals was performed via one-step 
RT–qPCR using VeriQuest Probe qPCR Master Mix (Thermo Fisher 
Scientific, Waltham, MA, USA) in the CFX 96 Realtime PCR detection 
system C-1000 Touch chassis (Bio-Rad, Hercules, CA, USA) as 
previously described (8). With the following primers: sense, 
5’-CTAGGCCGCAAGTACATYCTG-3′; antisense, 5’-TTCTGCCAC 
CCAACACGA-3′; Aprobe targeting the PRRSV-Ngene (5’-FAM-TGA 
TAACCACGCATTTGTCGTC-CG-BHQ-3) was also employed. The 
standard curve of the copy number was calculated as follows:

	

( )
( )

10 50
2

CTvalue 3.414 log TCID / reaction

36.61; correlationcoefficient :1.00r

= − ×

+

2.5 Detection of PRRSV specific antibodies 
in serum

RRSV-specific ELISA antibody titers were measured using 
Herdcheck PRRSV X3 antibody test (IDEXX Laboratories, Westbrook, 
ME, USA) as described by the manufacturer.

PRRSV-specific antibody titer was reported as sample-to-positive 
(S/P) ratios. The serum samples with an S/P ratio of 0.4 or higher were 
considered positive.

2.6 Weight gain detection

The weight of pigs in each group was measured at 0, 7, 14 and 
21 days after challenge, and the weight of pigs at 0dpi was used as 

the base to calculate the weight gain at other time points, and 
then the percentage of weight gain was calculated. Finally, the 
average weight gain percentage of pigs in each group 
was calculated.

2.7 Histopathology and lung lesion scoring

At necropsy, the lung tissues were fixed in 10% buffered 
neutral formalin for hematoxylin and eosin and immunostaining. 
Staining was automatically performed using a Leica fully 
automatic staining machine (Leica, Wetzlar, Germany). The 
sample slides were observed under a microscope at a 
magnification of 200×. The microscopic lesions present within 
the lungs at multiple sites were scored as previously described 
(26). Each lobe is assigned a numerical value that represents the 
approximate percentage of the volume of the entire lung it 
occupies. Specifically, 10 points, divided into 5 dorsal and 5 
ventral, assigned to the right anterior lobe, right middle lobe, 
anterior left anterior lobe, and caudal left anterior lobe. In 
addition, the accessory lobe received 5 points, while the right 
caudal lobe and the left caudal lobe each scored 27.5 points, with 
15 points in the dorsal lobe and 12.5 points in the ventral lobe. 
This cumulative scoring system adds up to 100 points in total. 
The gross lung lesion score was estimated and a score reflecting 
the number of pneumonites in each lobe was given (27).

2.8 Statistical analysis

In each experimental group, statistical significance was 
measured using one-way analysis of variance. Two-sided p-values 
of <0.05 were considered to indicate statistical significance. All 
point plots were created using GraphPad Prism (v8.0.0) for 

FIGURE 1

Schematic representation of the experimental design.
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Windows, GraphPad Software, San Diego, CA, USA, www.
graphpad.com, accessed on 23 July 2022.

3 Results

3.1 Piglet vaccine protection experiment

3.1.1 Clinical symptoms and temperature
After the end of the immunization program, the piglets were 

challenged at the age of 11 weeks. After viral challenge, the 
clinical symptoms and fever of piglets in each group were 
observed and recorded. The clinical scores were higher in the 
GD-H1 and MLV groups; however, from the 10th day after the 
viral challenge, the clinical scores of the MLV group gradually 
decreased compared with those of the GD-H1 group (Figure 2A). 
The incidence of clinical symptoms was significantly reduced in 
the MLV group, indicating that the clinical response of pigs 
recovered rapidly following immunization. Furthermore, 

regarding fever, there was no significant difference between the 
two groups (Figure 2B).

3.1.2 Viremia
The viremia was conducted among the three groups of pigs. The 

results revealed that the MLV group exhibited viremia after the first 
vaccine dose, and the level of viremia increased after the challenge. 
However, the level of viremia after the challenge was higher in the 
GD-H1 group than in the MLV group (Figure 3).

3.1.3 Observation and detection of pathology at 
necropsy

After viral challenge, the onset of PRRSV is mainly 7 ~ 14 days after 
infection, the pigs in each group were subjected to lung dissection and 
pathological examination at 14dpi. The results revealed obvious 
consolidation in the lungs of pigs in the GD-H1 and MLV groups 
(Figure 4A). Further histopathological examination illustrated that the 
alveolar alveolar wall of the infected pigs was significantly thickened, as 
well as severe inflammatory infiltrates, while no damage was detected 

FIGURE 3

Viral load detection in the blood. Each bar represents the mean  ±  standard. Deviation in each group. Significant differences are marked with asterisks: 
**p  <  0.01.

FIGURE 2

(A) Clinical scores of piglets after challenge throughout the experiment. (B) Body temperature changes in piglets in each group after challenge. Each 
bar represents the mean  ±  standard deviation in each group. Significant differences are marked with asterisks: **p  <  0.01, and *p  <  0.05.
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in the control pigs (Figure 4B). Meanwhile, the lung score was higher in 
the GD-H1 group than in the MLV group (Figure 4D). Moreover, the 
viral load in the lungs was higher in the GD-H1 group than in the MLV 
group, indicating that vaccination can slow down the infection with the 
new recombinant strain to a certain extent (Figure 4C).

3.1.4 Anti-PRRSV antibodies
The PRRSV-N protein antibody in the serum of pigs in each group 

was detected. In the MLV group, PRRSV-N protein antibody began to 
appear two weeks after the first immunization, and the antibody 
gradually increased after the second immunization. After the 9th week 
of challenge, the antibody level of pigs in the MLV group increased 
significantly. The antibody appeared in the GD-H1 group at the 
second week after challenge, and was significantly lower than that in 
the vaccinated group (Figure 5).

3.1.5 Weight gain and survival rate
After viral challenge, the weight and survival of pigs were 

recorded. Pigs in the MLV group gained significantly higher weight 
after viral challenge than those in the GD-H1 group at 7dpi. The 
weight gain was the lowest in the GD-H1 group (Figure  6A). 
Meanwhile, no pigs died in any group (Figure 6B).

3.2 Pregnant sow vaccine evaluation 
experiment

3.2.1 Temperature and viremia
After infection, body temperature was monitored in the sows across 

all groups. The results indicated that the body temperature of sows in the 
GD-H1 group rapidly increased after infection but gradually returned to 

FIGURE 4

Observation and detection via pathological necropsy. (A) Pathological observation: the lung tissue showed significant consolidation and diffuse 
hemorrhage after challenged. (B) Histopathology tests: alveolar cell thickened and inflammatory infiltrate. Lesion sites were marked with black arrows. 
(C) Detection of viral load in lung tissue. (D) Pulmonary Lesion Score.
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normal on the seventh day. There was no obvious fever in the MLV group 
(Figure 7A). After viral challenge, viremia was assessed in each group of 
pigs. Pigs in the MLV group only exhibited viremia after the first dose of 

the vaccine, and viremia did not increase significantly after viral challenge. 
Conversely, pigs in the GD-H1 group exhibited higher viremia than those 
in the MLV group after viral challenge (Figure 7B).

FIGURE 5

PRRSV-specific antibody level in each group during the entire experment. The serum samples with an S/P ratio of 0.4 or higher were considered 
positive.

FIGURE 6

(A) Weight changes of pigs in each group after challenge. (B) Survival rate of pigs in each group during the challenge study. Each bar represents the 
mean  ±  standard deviation in each group. Significant differences are marked with asterisks: *p  <  0.05.

FIGURE 7

(A) Body temperature changes in pregnant sows in each group after challenge. (B) Viral load detection in the blood. Each bar represents the 
mean  ±  standard deviation in each group.
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3.2.2 Daily feed intake and antibody
The daily feed intake of sows in each group was recorded. The results 

revealed that the feed intake of sows in the GD-H1 group decreased 
significantly after viral challenge, and there was little feed intake between 
days 4 and 12. Subsequently, the feed intake of the animals gradually 
recovered, but it remained lower than the normal level. The daily feed 
intake of sows in the MLV group also decreased after viral challenge, but 
it began to gradually return to normal on the sixth day. No change in 
feed intake was noted in the blank control group (Figure 8A).

The PRRSV-N antibody was detected in the sera of pigs in each 
group. The antibody level of sows in the MLV group gradually 
increased after the second vaccine dose. After viral challenge, the 
antibody level of pigs in the MLV group increased significantly. The 
antibody appeared in pigs in the GD-H1 group during the second 
week after challenge, and but the level was significantly lower than that 
in the vaccinated group (Figure 8B).

3.2.3 Delivery of sows
After viral challenge, the delivery data of pregnant sows were 

statistically analyzed. The results revealed one case each of abortion 
and death among sows in the GD-H1 group. Although the other two 
sows delivered normally, the survival rate of piglets was only 25%. 
During the experiment, there were no deaths or abortions in the MLV 
group, and all four sows completed normal delivery. However, some 
piglets became ill and died, and the total survival rate was high at 
76.5%. The sows in the blank control group delivered normally, and 
the survival rate of piglets was 90.5% (Table 1).

4 Discussion

In recent years, the detection rate of NADC34-like PRRSV has 
continuously increased in China. Studies have reported that from 2017 
to 2019, the detection rate of NADC34-like PRRSV strains was <3%, 
after which it increased to 11.5% in 2020 and reached 28.6% in 2021 
(14, 27). NADC34-like PRRSV has become one of the main epidemic 
strains in some areas of China along with NADC30-like (35.4%) and 
HP-PRRSV strains (31.2%) (15). Concurrently, studies have indicated 
that this subtype strain clinically causes abortion in sows and death 
among piglets. Specifically, the abortion rate of infected sows is 0–25%, 
and the mortality rate of infected piglets is 0–80% (28). When a strain 
recombines with other subtypes, its virulence also changes. A strain 
isolated in Heilongjiang named PRRSV-ZDXYL-China-2018-2 was 
associated with a clinical mortality rate of 80% among piglets (29). The 
difference in pathogenicity between different NADC34 strains might 
be attributable to the different recombination patterns among the 
strains (16). In 2021, the TJnh2021 strain was isolated from piglets on 
a pig farm in Tianjin, China. The results of genetic recombination 
analysis showed that the strain was a recombinant strain of NADC34-
like and QYYZ-like strains. Further animal experiments demonstrated 
that compared with other NADC34-like strains reported in China, 
TJnh2021 caused a mortality rate of 40% in piglets and exhibited 
higher pathogenicity (30). In 2022, a large number of sow abortions 
and deaths were reported on a pig farm in Guangdong. In our 
laboratory, a NADC34-like subtype strain was isolated from positive 
samples. The results of whole-genome sequencing and recombination 

FIGURE 8

(A) Food intake changes of pregnant sows in each group after challenge. (B) PRRSV-specific antibody level in each group during the challenge study.

TABLE 1  Sows delivery data after challenge.

Groups MOCK VR2332 MLV GD-H1

Challenge virus DMEM Virus cultures Virus cultures

Total born 15/11/13/14 15/12/9/11 0/12/11/13

Live born 14/11/11/12 11/9/7/9 0/0/5/4

Stillborn 0/0/0/0 4/3/2/2 0/12/6/9

Mummified 0/0/0/0 0/0/0/0 0/0/0/0

low body weight (< 1 kg) 1/0/2/2 2/3/3/1 −/−/2/3

Piglet survival 90.5% 76.5% 25%

Sow abortions 0/4 (0%) 0/4 (0%) 1/4 (25%)

Sow survival 4/4 (100%) 4/4 (100%) 1/4 (25%)
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analysis revealed that the strain was a recombinant strain of NADC34-
like and NADC30-like strains. Animal experiments revealed that the 
strain caused obvious fever in piglets, abortion in 50% of pregnant 
sows, and deaths in 25% of piglets, leading to serious economic losses 
to the pig industry (19).

Currently, in addition to strict biosafety measures, vaccination is 
among the most important means of PRRS control and prevention. The 
two main vaccine types used globally are MLVs and KVs (31, 32). MLVs 
have some disadvantages, such as low safety because of continuous 
replication and shedding in immunized pigs, reversal of virulence, lack of 
cross-protection against heterologous strains, and weak immune responses 
(33–35). Compared with live attenuated vaccines, KVs confer less 
protection and are reported to enhance memory-neutralizing antibody 
levels and cell-mediated immune responses when exposed to wild-type 
viruses. In addition, studies have shown that vaccination with MLV results 
in a strong protective effect against homologous and heterologous PRRSV 
strains. Among the PRRS MLV vaccines, the 8-subline MLV vaccine is 
widely used in China. Studies have demonstrated that Ingelvac PRRS and 
JXA1-R MLVs confer limited cross-protection against NADC30-like 
strains (36, 37). The 8.7 MLV sublineage vaccines TJM-F92 and R98 confer 
partial protection against infection with the recombinant NADC30-like 
FJ1402 strain (38). However, with the emergence of new PRRSV 
recombinant strains, it is necessary to evaluate whether the existing 
vaccines confer effective cross-protection against new recombinant strains 
(37). Therefore, in this study, the most widely used Boehringer MLV 
vaccine was selected to assess its cross-protection against the new 
recombinant strain GD-H1 isolated in our laboratory.

In piglets, immunization can significantly reduce viremia and lung 
damage. In general, for piglets, immunization can reduce the clinical 
incidence of infection, shorten the course of disease, and reduce viremia. 
Sow vaccine protection experiments demonstrated that immunization 
can reduce the incidence of fever and viremia among pregnant sows, 
significantly resist the decrease in feed intake caused by GD-H1 strain 
infection, and promote the production of higher antibody levels. The 
current results supported the efficacy of the vaccine in preventing death 
and abortion among sows and death and illness among piglets. In 
general, VR2332 MLV-based immunization can effectively protect 
pregnant sows from the decline in reproductive capacity caused by 
infection by new recombinant PRRSV strains and can reduce the risks of 
death and abortion among sows and the delivery of invalid piglets. This 
illustrates that the Boehringer MLV has a certain degree of protectiveness 
against the new NADC34-like recombination strain, consistent with 
previous studies.

5 Conclusion

In this study, the cross-protective effect of VR2332 MLV against a 
new NADC34-like recombinant PRRSV strain was evaluated using 
the immune challenge protection test in piglets and sows. The results 
showed that piglets immunized with the vaccine had reduced viremia, 
lung damage and produced higher levels of PRRSV-N antibodies. 
Moreover, sows immunized with VR2332 MLV showed low mortality 
and abortion rates and reduced delivery of ineffective piglets, 
indicating that the vaccine can protect pregnant sows from the decline 
in reproductive capacity caused by infection with the new recombinant 
PRRSV. In general, the Boehringer vaccine exerted a cross-protective 
effect against the NADC34-like recombinant strain, and these findings 

could provide a reference and guidance for prevention and control 
efforts and clinical vaccine use.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/supplementary material.

Ethics statement

The animal study was approved by South China Agricultural 
University Institutional Animal Care and Use Committee (SCAU-
AEC-2023C031). The study was conducted in accordance with the 
local legislation and institutional requirements.

Author contributions

YW: Writing – original draft, Writing – review & editing. LL: 
Software, Writing – original draft, Writing – review & editing. XG: 
Investigation, Writing – original draft, Writing – review & editing. JZ: 
Data curation, Formal analysis, Methodology, Writing – original draft, 
Writing – review & editing. LY: Data curation, Formal analysis, Writing 
– original draft, Writing – review & editing. HZ: Project administration, 
Resources, Writing – original draft, Writing – review & editing. BR: 
Conceptualization, Investigation, Methodology, Writing – original draft, 
Writing – review & editing. LW: Funding acquisition, Supervision, 
Visualization, Writing – original draft, Writing – review & editing. QL: 
Data curation, Methodology, Resources, Visualization, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was supported by the open competition program of top ten critical 
priorities of Agricultural Science and Technology Innovation for the 
14th Five-Year Plan of Guangdong Province (2024KJ14).

Acknowledgments

The authors thank Wen’s Group Academy and Wen’s 
Foodstuffs Group.

Conflict of interest

Authors YW, LL, LY, HZ, BR, LW and QL were employed by 
company Wen’s Food Group.

The remaining author declares that the research was conducted in 
the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

https://doi.org/10.3389/fvets.2024.1472960
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Wu et al.� 10.3389/fvets.2024.1472960

Frontiers in Veterinary Science 09 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Meulenberg JJ. PRRSV, the virus. Vet Res. (2000) 31:11–21. doi: 10.1051/

vetres:2000103

	2.	Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, et al. Porcine reproductive 
and respiratory syndrome virus (PRRSV): pathogenesis and interaction with the 
immune system. Annu Rev Anim Biosci. (2016) 4:129–54. doi: 10.1146/annurev-
animal-022114-111025

	3.	Chen N, Xiao Y, Ye M, Li X, Li S, Xie N, et al. High genetic diversity of Chinese 
porcine reproductive and respiratory syndrome viruses from 2016 to 2019. Res Vet Sci. 
(2020) 131:38–42. doi: 10.1016/j.rvsc.2020.04.004

	4.	Jantafong T, Sangtong P, Saenglub W, Mungkundar C, Romlamduan N, 
Lekchareonsuk C, et al. Genetic diversity of porcine reproductive and respiratory 
syndrome virus in Thailand and Southeast Asia from 2008 to 2013. Vet Microbiol. (2015) 
176:229–38. doi: 10.1016/j.vetmic.2015.01.017

	5.	Wensvoort G, Terpstra C, Pol JMA, ter Laak EA, Bloemraad M, de Kluyver EP, et al. 
Mystery swine disease in the Netherlands: the isolation of Lelystad virus. Vet Q. (1991) 
13:121–30. doi: 10.1080/01652176.1991.9694296

	6.	Martin JD, Foster GC. Multiple JC virus genomes from one patient. J Gen Virol. 
(1984) 65:1405–11. doi: 10.1099/0022-1317-65-8-1405

	7.	Dokland T. The structural biology of PRRSV. Virus Res. (2010) 154:86–97. doi: 
10.1016/j.virusres.2010.07.029

	8.	Yu LX, Wang X, Yu H, Jiang YF, Gao F, Tong W, et al. The emergence of a highly 
pathogenic porcine reproductive and respiratory syndrome virus with additional 120aa 
deletion in Nsp2 region in Jiangxi, China. Transbound Emerg Dis. (2018) 65:1740–8. doi: 
10.1111/tbed.12947

	9.	Zhou L, Kang R, Xie B, Tian Y, Wu X, Lv X, et al. Identification of a novel 
recombinant type 2 porcine reproductive and respiratory syndrome virus in China. 
Viruses. (2018) 10:151. doi: 10.3390/v10040151

	10.	Zhao P, Yu L, Liu Y, Zhang L, Liang P, Wang L, et al. Genetic variation analysis of 
type 2 porcine reproductive and respiratory syndrome virus in Guangdong Province 
from 2016 to 2018. Acta Virol. (2021) 65:221–31. doi: 10.4149/av_2021_213

	11.	Li C, Gong B, Sun Q, Xu H, Zhao J, Xiang L, et al. First detection of NADC34-like 
PRRSV as a Main epidemic strain on a large farm in China. Pathogens. (2021) 11:32. doi: 
10.3390/pathogens11010032

	12.	Liu J, Wei C, Lin Z, Xia W, Ma Y, Dai A, et al. Full genome sequence analysis of a 
1-7-4-like PRRSV strain in Fujian Province, China. PeerJ. (2019) 7:e7859. doi: 10.7717/
peerj.7859

	13.	Zhao J, Xu L, Xu Z, Deng H, Li F, Sun X, et al. Emergence and spread of NADC34-
like PRRSV in Southwest China. Transbound Emerg Dis. (2022) 69:e3416–24. doi: 
10.1111/tbed.14463

	14.	Xu H, Li C, Li W, Zhao J, Gong B, Sun Q, et al. Novel characteristics of Chinese 
NADC34-like PRRSV during 2020-2021. Transbound Emerg Dis. (2022) 69:e3215–24. 
doi: 10.1111/tbed.14485

	15.	Bao H, Li X. Emergence and spread of NADC34-like PRRSV in China. Transbound 
Emerg Dis. (2021) 68:3005–8. doi: 10.1111/tbed.14316

	16.	Song S, Xu H, Zhao J, Leng C, Xiang L, Li C, et al. Pathogenicity of NADC34-like 
PRRSV HLJDZD32-1901 isolated in China. Vet Microbiol. (2020) 246:108727. doi: 
10.1016/j.vetmic.2020.108727

	17.	Yuan L, Zhu Z, Fan J, Liu P, Li Y, Li Q, et al. High pathogenicity of a Chinese 
NADC34-like PRRSV on pigs. Microbiol Spectr. (2022) 10:e0154122. doi: 10.1128/
spectrum.01541-22

	18.	Zhao HZ, Liu CY, Meng H, Sun CL, Yang HW, Wang H, et al. Evolution 
characterization and pathogenicity of an NADC34-like PRRSV isolated from Inner 
Mongolia, China. Viruses. (2024) 16:683. doi: 10.3390/v16050683

	19.	Wu Y, Peng O, Xu Q, Li Q, Li W, Lin L, et al. Characterization and pathogenicity 
of two novel PRRSVs recombined by NADC30-like and NADC34-like strains in China. 
Viruses. (2022) 14:2174. doi: 10.3390/v14102174

	20.	Kimman TG, Cornelissen LA, Moormann RJ, Rebel JMJ, Stockhofe-Zurwieden N. 
Challenges for porcine reproductive and respiratory syndrome virus (PRRSV) 
vaccinology. Vaccine. (2009) 27:3704–18. doi: 10.1016/j.vaccine.2009.04.022

	21.	Jeong J, Kang I, Kim S, Park KH, Park C, Chae C. Comparison of 3 vaccination 
strategies against porcine reproductive and respiratory syndrome virus, mycoplasma 
hyopneumoniae, and porcine circovirus type 2 on a 3 pathogen challenge model. Can J 
Vet Res. (2018) 82:39–47.

	22.	Zuckermann FA, Garcia EA, Luque ID, Christopher-Hennings J, Doster A, Brito 
M, et al. Assessment of the efficacy of commercial porcine reproductive and respiratory 
syndrome virus (PRRSV) vaccines based on measurement of serologic response, 
frequency of gamma-IFN-producing cells and virological parameters of protection upon 
challenge. Vet Microbiol. (2007) 123:69–85. doi: 10.1016/j.vetmic.2007.02.009

	23.	Jakab S, Bányai K, Bali K, Nemes I, Bálint Á, Szabó I. Transmission dynamics of 
imported vaccine-origin PRRSV-2 within and between commercial swine integrations 
in Hungary. Animals. (2023) 13:3080. doi: 10.3390/ani13193080

	24.	Trevisan G, Magstadt D, Woods A, Sparks J, Zeller M, Li G, et al. A recombinant 
porcine reproductive and respiratory syndrome virus type 2 field strain derived from 
two PRRSV-2-modified live virus vaccines. Front Vet Sci. (2023) 10:1149293. doi: 
10.3389/fvets.2023.1149293

	25.	Chai W, Liu Z, Sun Z, Su L, Zhang C, Huang L. Efficacy of two porcine reproductive 
and respiratory syndrome (PRRS) modified-live virus (MLV) vaccines against 
heterologous NADC30-like PRRS virus challenge. Vet Microbiol. (2020) 248:108805. doi: 
10.1016/j.vetmic.2020.108805

	26.	Ruedas-Torres I, Sanchez-Carvajal JM, Carrasco L, Pallares FJ, Larenas-Munoz F, 
Rodriguez-Gomez IM, et al. PRRSV-1 induced lung lesion is associated with an 
imbalance between costimulatory and coinhibitory immune checkpoints. Front 
Microbiol. (2022) 13:1007523. doi: 10.3389/fmicb.2022.1007523

	27.	Zhu H, Wei L, Liu X, Liu S, Chen H, Chen P, et al. Pathogenicity studies of 
NADC34-like porcine reproductive and respiratory syndrome virus LNSY-GY and 
NADC30-like porcine reproductive and respiratory syndrome virus GXGG-8011 in 
piglets. Viruses. (2023) 15:2247. doi: 10.3390/v15112247

	28.	Zhou L, Yu J, Zhou J, Long Y, Xiao L, Fan Y, et al. A novel NADC34-like porcine 
reproductive and respiratory syndrome virus 2 with complex genome recombination is 
highly pathogenic to piglets. Infect Genet Evol. (2023) 112:105436. doi: 10.1016/j.
meegid.2023.105436

	29.	Xie C, Ha Z, Nan F, Zhang Y, Zhang H, Li J, et al. Characterization of porcine 
reproductive and respiratory syndrome virus (ORF5 RFLP  1-7-4 viruses) in 
northern China. Microb Pathog. (2020) 140:103941. doi: 10.1016/j.
micpath.2019.103941

	30.	Sun YF, Liu Y, Yang J, Li WZ, Yu XX, Wang SY, et al. Recombination between 
NADC34-like and QYYZ-like strain of porcine reproductive and respiratory syndrome 
virus with high pathogenicity for piglets in China. Transbound Emerg Dis. (2022) 
69:e3202–7. doi: 10.1111/tbed.14471

	31.	Zhang H, Xiang L, Xu H, Li C, Tang YD, Gong B, et al. Lineage 1 porcine 
reproductive and respiratory syndrome virus attenuated live vaccine provides broad 
cross-protection against homologous and heterologous NADC30-like virus challenge in 
piglets. Vaccines. (2022) 10:752. doi: 10.3390/vaccines10050752

	32.	Papatsiros VG, Alexopoulos C, Kritas SK, Koptopoulos G, Nauwynck HJ, Pensaert 
MB, et al. Long-term administration of a commercial porcine reproductive and 
respiratory syndrome virus (PRRSV)-inactivated vaccine in PRRSV-endemically 
infected sows. J Vet Med B Infect Dis Vet Public Health. (2006) 53:266–72. doi: 10.1111/j.
1439-0450.2006.00965.x

	33.	Yang S, Kang I, Cho H, Oh T, Park KH, Min KD, et al. A modified-live porcine 
reproductive and respiratory syndrome virus (PRRSV) vaccine protects late-term 
pregnancy gilts against a heterologous PRRSV-2 challenge. Can J Vet Res. (2020) 
84:172–80.

	34.	Scortti M, Prieto C, Álvarez E, Simarro I, Castro JM. Failure of an inactivated 
vaccine against porcine reproductive and respiratory syndrome to protect gilts against 
a heterologous challenge with PRRSV. Vet Rec. (2007) 161:809–13. doi: 10.1136/
vr.161.24.809

	35.	Lopez OJ, Osorio FA. Role of neutralizing antibodies in PRRSV protective immunity. 
Vet Immunol Immunopathol. (2004) 102:155–63. doi: 10.1016/j.vetimm.2004.09. 
005

	36.	Zhang Q, Jiang P, Song Z, Lv L, Li L, Bai J. Pathogenicity and antigenicity of a novel 
NADC30-like strain of porcine reproductive and respiratory syndrome virus emerged 
in China. Vet Microbiol. (2016) 197:93–101. doi: 10.1016/j.vetmic.2016.11.010

	37.	Kick AR, Grete AF, Crisci E, Almond GW, Käser T. Testable candidate immune 
correlates of protection for porcine reproductive and respiratory syndrome virus 
vaccination. Vaccines. (2023) 11:594. doi: 10.3390/vaccines11030594

	38.	Zhou L, Yang B, Xu L, Jin H, Ge X, Guo X, et al. Efficacy evaluation of three modified-
live virus vaccines against a strain of porcine reproductive and respiratory syndrome virus 
NADC30-like. Vet Microbiol. (2017) 207:108–16. doi: 10.1016/j.vetmic.2017.05.031

https://doi.org/10.3389/fvets.2024.1472960
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1051/vetres:2000103
https://doi.org/10.1051/vetres:2000103
https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.1016/j.rvsc.2020.04.004
https://doi.org/10.1016/j.vetmic.2015.01.017
https://doi.org/10.1080/01652176.1991.9694296
https://doi.org/10.1099/0022-1317-65-8-1405
https://doi.org/10.1016/j.virusres.2010.07.029
https://doi.org/10.1111/tbed.12947
https://doi.org/10.3390/v10040151
https://doi.org/10.4149/av_2021_213
https://doi.org/10.3390/pathogens11010032
https://doi.org/10.7717/peerj.7859
https://doi.org/10.7717/peerj.7859
https://doi.org/10.1111/tbed.14463
https://doi.org/10.1111/tbed.14485
https://doi.org/10.1111/tbed.14316
https://doi.org/10.1016/j.vetmic.2020.108727
https://doi.org/10.1128/spectrum.01541-22
https://doi.org/10.1128/spectrum.01541-22
https://doi.org/10.3390/v16050683
https://doi.org/10.3390/v14102174
https://doi.org/10.1016/j.vaccine.2009.04.022
https://doi.org/10.1016/j.vetmic.2007.02.009
https://doi.org/10.3390/ani13193080
https://doi.org/10.3389/fvets.2023.1149293
https://doi.org/10.1016/j.vetmic.2020.108805
https://doi.org/10.3389/fmicb.2022.1007523
https://doi.org/10.3390/v15112247
https://doi.org/10.1016/j.meegid.2023.105436
https://doi.org/10.1016/j.meegid.2023.105436
https://doi.org/10.1016/j.micpath.2019.103941
https://doi.org/10.1016/j.micpath.2019.103941
https://doi.org/10.1111/tbed.14471
https://doi.org/10.3390/vaccines10050752
https://doi.org/10.1111/j.1439-0450.2006.00965.x
https://doi.org/10.1111/j.1439-0450.2006.00965.x
https://doi.org/10.1136/vr.161.24.809
https://doi.org/10.1136/vr.161.24.809
https://doi.org/10.1016/j.vetimm.2004.09.005
https://doi.org/10.1016/j.vetimm.2004.09.005
https://doi.org/10.1016/j.vetmic.2016.11.010
https://doi.org/10.3390/vaccines11030594
https://doi.org/10.1016/j.vetmic.2017.05.031

	Evaluation of the cross-protective effect of VR2332 modified live virus vaccine against a recombinant NADC34-like porcine reproductive and respiratory syndrome virus
	1 Introduction
	2 Materials and methods
	2.1 Virus and vaccine
	2.2 Animal experiments and immune procedures
	2.3 Viral RNA extraction from samples
	2.4 Quantitative detection of the PRRSV genome via RT–qPCR
	2.5 Detection of PRRSV specific antibodies in serum
	2.6 Weight gain detection
	2.7 Histopathology and lung lesion scoring
	2.8 Statistical analysis

	3 Results
	3.1 Piglet vaccine protection experiment
	3.1.1 Clinical symptoms and temperature
	3.1.2 Viremia
	3.1.3 Observation and detection of pathology at necropsy
	3.1.4 Anti-PRRSV antibodies
	3.1.5 Weight gain and survival rate
	3.2 Pregnant sow vaccine evaluation experiment
	3.2.1 Temperature and viremia
	3.2.2 Daily feed intake and antibody
	3.2.3 Delivery of sows

	4 Discussion
	5 Conclusion

	References

