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ABSTRACT.	 The Cap of porcine circovirus type 2 (PCV2) can be assembled into virus like particles 
(VLPs) in vitro that have multiple loops located on the particle surface. This would make it a good 
vehicle for displaying exogenous proteins or epitopes. We derived two epitopes, epitope B (EpB, 
S37HIQLIYNL45) and epitope 7 (Ep7, Q196WGRL200) from Gp5 of the highly pathogenic porcine 
reproductive and respiratory syndrome virus (HP-PRRSV). We replaced the core region of Loop CD 
(L75PPGGGSN82) and the carboxyl terminus (K222DPPL226) of PCV2 Cap, respectively, to construct a 
bi-epitope chimeric PCV2 Cap. Its immunogenicity and protective effects were evaluated as one 
PRRSV subunit vaccine. The chimeric PCV2 Cap was soluble, efficiently expressed in an Escherichia 
coli expression system, and could be self-assembled into chimeric virus like particles (cVLPs) 
with a diameter of 12–15 nm. Western blotting confirmed that the cVLPs could be specifically 
recognized by anti-PCV2, anti-EpB and anti-Ep7 antibodies. The cVLPs vaccine could alleviate the 
clinical symptoms and reduce the viral loads after HP-PRRSV challenge in 100–120 days old pigs. 
These data suggest that the cVLPs vaccine could provide pigs with partial protection against 
homologous PRRSV strains, and it provides a new design for additional PRRSV subunit vaccines.

KEY WORDS:	  chimeric porcine circovirus type 2 Cap, epitope, highly pathogenic porcine 
reproductive and respiratory syndrome virus, surface display, virus like particle

Porcine reproductive and respiratory syndrome virus (PRRSV) is a positive-stranded enveloped RNA virus in the family 
Arteriviridae and order Nidovirales [30]. Since its discovery in 1987, there have been outbreaks in all pig producing countries, and 
it is now one of the most important pathogens seriously harming the pig industry.

Based on differences in nucleic acid sequence and regional distribution, PRRSV is divided into two genotypes, European-like 
(PRRSV-1) and North American-like (PRRSV-2) [1]. These two genotypes share approximately 60% nucleotide sequence identity 
and exhibit serotype differences [15]. As a positive-stranded RNA virus, PRRSV has extensive variation and strain diversity. Based 
on open reading frame (ORF5) and ORF7 nucleotide sequence alignment analysis, PRRSV-1 can be divided into three subtypes: 
Pan-European Subtype 1, Eastern European Subtype 2 and Eastern European Subtype 3 [40]; PRRSV-2 can be divided into at least 
nine different subtypes or lineages [38, 41]. In 2006, a pig disease characterized by high fever, high morbidity and high mortality 
appeared in China, which was later confirmed to be caused by the highly pathogenic PRRSV (HP-PRRSV) strain. This strain is 
mainly characterized by the deletion of 30 amino acid (aa) in the Nsp2 region [2, 42]. However, its pathogenicity is not related to 
this deletion, but it is related to the variation of Nsp9 and Nsp10 [19, 26, 59]. PRRSV in China has the characteristics of complex 
and diverse strains, and HP-PRRSV and NADC30-like are the dominant epidemic strains [41, 52, 58].

Vaccines are important for the prevention and control of PRRSV. The current PRRSV vaccine types mainly include inactivated 
vaccines, modified live virus (MLV) vaccines, DNA vaccines, subunit vaccines and virus-vectored vaccines. Several MLV vaccines 
have been commercialized for use against both PRRSV-1 and PRRSV-2 and licensed in various countries depending on circulating 
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viral genotypes. These include the MLV vaccine strains of HuN4-F112 [57] and TJM-F92 [56] against HP-PRRSV. In China, 
they are effective against HP-PRRSV and can provide complete protection to pigs. However, it should not be ignored that the 
safety of MLV vaccines and the partial protection or lack of protection against heterologous strains hinder their wider application 
[10, 37]. Some commercial inactivated vaccines have been introduced such as Suvaxyn® PRRS (Zoetis, Parsippany, NJ, USA) 
against PRRSV-1 and PRRomi® (Bayer, Berlin, Germany) against PRRSV-2. Inactivated PRRSV vaccine is relatively safe, and 
there is little risk of recombination with wild strains [10, 49], but it cannot induce adequate humoral and cellular immunity, and 
provides only limited protection against homologous and heterologous strains [7, 10, 21, 62]. As such, it is not widely used in 
clinical practice. DNA vaccines [39], subunit vaccines [36], and virus-vectored vaccines [60] represent new directions in vaccine 
development. They have some advantages over MLV vaccines and inactivated vaccines, but they all have a common problem: 
limited protection efficacy.

In this study, two different regions on the surface of the PCV2 Cap, the core region of Loop CD and the carboxyl terminus, were 
replaced with epitope B (SHIQLIYNL) and epitope 7 (QWGRL) derived from the HP-PRRSV NVDC-JXA1 strain, respectively. 
We then evaluated its protection effects against HP-PRRSV.

MATERIALS AND METHODS

Ethics statement
All of the animal protocols used were approved by the Institutional Animal Care and Use Committee of Yangtze University 

(approval no. 2019-01-002). All the animals were anesthetized using xylazine hydrochloride, resulting in minimal suffering.

Cell, virus and plasmid
The HP-PRRSV strain NVDC-JXA1 (F4) was provided by the State Key Laboratory of Animal Genetic Engineering Vaccine, 

and propagated on the African green monkey kidney cell line Marc-145 cells (kindly provided by Dr. Du Y., Qingdao Yebio 
Biological Engineering Co., Ltd., Qingdao, China) maintained in DMEM supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin at 37°C and 5% CO2. The NVDC-JXA1 was titrated as described previously [54]. The plasmid pET28a-
PCV2 Cap (subtype 2b) was constructed in our previous study [51], and the PCV2 Cap could be self-assembled into virus-like 
particles in the E. coli expression system. Its purification was conducted as previously described [51].

Construction of chimeric PCV2 Cap
The overlapping-PCR method was used to construct the chimeric PCV2 Cap. Briefly, the N-Cap and C-Cap were cloned using 

the plasmid pET28a-PCV2 Cap as the template with the primers of PCV2 Cap F/ PCV2 plus EpB R and PCV2 plus EpB F/ PCV2 
plus C-Ep7 R, respectively. And then the full length of chimeric PCV2 Cap was obtained with the primers of PCV2 Cap F/ PCV2 
plus C-Ep7 R by adding equimolar amounts of N-Cap and C-Cap. After double digestion with Nco I and Hind III, they were ligated 
by T4 DNA ligase (Vazyme Biotech, Nanjing, China) and transformated into E. coli BL21 (DE3) competent cells (TransGen, 
Beijing, China) according to manufacturer instructions. The recombinant plasmid (named as pET28a-chimeric PCV2 Cap) was 
confirmed by DNA sequencing. The sequences of primers used are listed in Table 1.

Protein expression and purification
The positive transformant was grown in Luria-Bertani medium containing 50 µg/ml kanamycin at 37°C until the OD600 reached 

0.8. Then ɑ-lactose was added to a final concentration of 20 mM to incubate for an additional 12 hr at 32°C. The cells were 
harvested by centrifugation at 6,000 × g for 10 min at 4°C and re-suspended in PBS. Cells were lysed by sonication followed by 
centrifugation at 15,000 × g for 10 min at 4°C, and the supernatant was loaded into a GE Sepharose 6 Fast Flow column (2.6 cm in 
diameter and 90 cm in length) according to the AKTA Purfier100 manufacturer’s manual. The protein was collected at the elution 
volume from 150 ml to 170 ml. Purified protein was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and quantified using a BCA Protein Assay Kit (CWBIO, Beijing, China).

Transmission electron microscopy
Purified samples with a concentration of 0.2 mg/ml were viewed under transmission electron microscopy (TEM, JEM-1200EX) 

as described previously [24].
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Table 1.	 Primer sets for amplification of full length chimeric porcine circovirus type 2 (PCV2) Cap

The name of primers Sequence (5′ to 3′)
PCV2 Cap F TATACCATGGGCAGCAGCCATCATC
PCV2 plus EpB R TAAGTTATAAATCAACTGAATATGAGAAAAATCATTAATATTAAATCT a)

PCV2 plus EpB F TCTCATATTCAGTTGATTTATAACTTACCCCTCACTGTGCCCTTTGAA b)

PCV2 plus C-Ep7 R CGCAAGCTTTTAGAGCCTACCCCATTGAAGATTAAATTCTCTGAATTG c)

a)The underscore represents the reverse complementary sequences that encode the EpB. b)The underscore represents the 
sequences that encode the EpB. c)The underscore represents the reverse complementary sequences that encode the Ep7.
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Western blotting
Purified chimeric PCV2 Cap was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then 

transferred to a nitrocellulose membrane (PALL, Westborough, MA, USA) using a semi-dry transfer system (Bio-Rad, Hercules, 
CA, USA). The membrane was blocked with 5% skimmed milk at 37°C for 1 hr, and incubated at 37°C for 3 hr with a 1:200 
dilution of porcine anti-PCV2 positive serum and a 1:200 dilution of mouse anti-EpB and mouse anti-Ep7 polyclonal antibody 
(obtained by immunizing mice with EpB or Ep7 coupled with keyhole limpet hemocyanin). After washing three times with PBST, 
HRP-conjugated goat anti-porcine IgG (KPL, Milford, MA, USA) or goat anti-mouse IgG (Jackson ImmunoResearch, West Grove, 
PA, USA) secondary antibody (1:20,000) was added and incubated at 37°C for 1 hr. Finally, signals were developed with Super 
ECL Detection Reagent (Yeasen, Shanghai, China). Purified PCV2 Cap was used for the control.

Vaccination and challenge study in pigs
The animal study was conducted in Qingdao Yebio Biological Engineering Co., Ltd. The 100–120 days old fattening pigs 

were divided into 3 groups, cVLPs group, TJM-F92 (a commercial MLV vaccine against PRRSV) group and challenge control 
group, and each group had five pigs. Before the study, all these pigs were antibody-negative for PRRSV with commercial PRRSV 
enzyme-linked immunosorbent assay (ELISA) HerdChek PRRS X3 Ab test (IDEXX, Westbrook, MA, USA). Pigs in the cVLPs 
group and TJM-F92 group were intramuscularly injected with 100 µg of purified chimeric PCV2 Cap (cVLPs) mixed with an 
equal amount of ISA201 adjuvant (SEPPIC, Paris, France) and 1 ml of the commercial MLV vaccine (TJM-F92), respectively. Pigs 
received boost immunizations (equivalent doses via the same route) 3 weeks after the primary vaccination. Pigs in the challenge 
control group were injected intramuscularly with 1 ml PBS as control group. At 35 days post-vaccination (dpv), all the pigs were 
challenged intranasally with 3 ml (2 × 105 TCID50/ml) of NVDC-JXA1 strain. At 47 dpv (or called 12 days post-infection), the 
pigs were euthanized and necropsied.

Clinical observations
The pigs were monitored daily for their physical condition, and the clinical respiratory disease severity was scored on a scale 

from 0 (normal) to 6 (severe dyspnea and abdominal breathing) as previously described [16]. Rectal temperature was also recorded 
daily at the same time.

Indirect ELISA
Sera were tested by indirect ELISA at 35 dpv and 47 dpv. Briefly, the peptide epitope B (SHIQLIYNL) and epitope 7 (QWGRL) 

were synthesized by Shanghai Sangon Biological Engineering and Technology Co., Ltd., and coated on high binding capacity 
microplate (Corning Inc., Corning, NY, USA) at 10 µg/ml diluted with 50 mM carbonate buffer (pH 9.6) at 4°C overnight. 
Following washing with PBST buffer (PBS containing 0.5% Tween-20, pH 7.4), wells were blocked using 2% bovine serum 
albumin at 4°C overnight. One hundred microliters of sera samples were added to each well at a 1:100 dilution in PBS containing 
1.2 mg/ml E. coli lysate and was subsequently incubated at 37°C for 1 hr. After washing five times at an interval of 1 min by PBST 
buffer, a 100 µl volume of HRP-labeled goat anti-porcine IgG (KPL, Milford, MA, USA) secondary antibody (Sigma, Burlington, 
MA, USA) was added at 1:20,000 dilutions, following which the plates were further incubated at 37°C for 1 hr. The wells were 
washed as before described and then incubated with a 100 µl volume of TMB substrate solution (Tiangen, Beijing, China) at 
room temperature for 10 min in the dark. The reaction was stopped by adding a 100 µl volume of stop solution (2 M H2SO4). The 
absorbance at 450 nm was recorded using an ELISA plate reader (Bio-Rad).

Determination of neutralizing antibody titer
The neutralizing antibody titers against PRRSV were conducted as previously described [18]. Briefly, the serum samples were 

complement-inactivated at 56°C for 30 min before testing, and then two-fold serially diluted sera (50 µl) were mixed with an equal 
volume of 100 TCID50 of the NVDC-JXA1 strain in 96-well culture plates and incubated for 1 hr at 37°C and 5% CO2. Following 
incubation, the mixtures were dispensed into Marc-145 cells in 96-well plates and incubated for 1 hr at 37°C. After washing with 
PBS, the cells were maintained in DMEM with 2% fetal bovine serum. The plates were examined daily for up to six days for the 
appearance of a PRRSV-specific cytopathic effect (CPE). The neutralization titers were expressed as the reciprocal of the highest 
serum dilution that neutralized 100 TCID50 of PRRSV in 50% of the wells.

Quantification of viral loads
At 12 days post-infection (dpi), the pigs were euthanized and necropsied. Absolute quantitative RT-PCR (qRT-PCR) was 

performed to determine the viral loads of serum, lung, bronchial lymph node, spleen and kidney. The total RNA was extracted 
using an Ultra-Pure Total RNA Extracting Kit (Simgen, Zhejiang, China) according to manufacturer instructions. The forward 
primer (5′-GAAGCCCCATTTCCCTCT-3′) and reverse primer (5′-CTTATCCTCCCTGAATCTGACA-3′) were used to amplify a 
144-bp fragment (ORF7) with a HiScript II One Step qRT-PCR SYBR Green Kit (Vazyme, Nanjing, China) under the following 
conditions: 50°C for 15 min, 95°C for 2 min, 40 cycles of 94°C for 15 sec and 60°C for 30 sec. The sensitivity and specificity of 
the assay were determined with a dilution series of the positive plasmid (containing the ORF7, cloned into pTOPO vector). The Cq 
values determined from the plasmid dilution series were used to create a standard curve to determine the genomic copy number. 
The other serum, lung, bronchial lymph node, spleen and kidney from PRRSV-negative pigs (negative control) were preserved in 
our laboratory and used to analyze viral loads differences. Each sample was run in triplicate.
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Statistical analysis
The data are presented as the mean ± standard deviation (SD). Statistical analyses were performed using the GraphPad Prism 5 

software. Values of P<0.05 were considered statistically significant.

RESULTS

Soluble expression of chimeric PCV2 Cap
The overlapping-PCR method was used to replace the Loop CD core region (aa 75–82, LPPGGGSN) of the PCV2 Cap with 

the epitope B (SHIQLIYNL) of HP-PRRSV strain NADC-JXA1. The C-terminal (aa 222–226, KDPPL) of PCV2 Cap was also 
replaced with the epitope 7 (QWGRL). The construction strategy of two epitopes chimeric PCV2 Cap is shown in Fig. 1A. The 
chimeric PCV2 Cap was expressed by E. coli BL21 (DE3)/pET28a system, and the results of SDS-PAGE (Fig. 1B) showed that the 
protein was highly expressed and mainly existed in soluble form. During the purification process, we found that the elution volume 
of the chimeric PCV2 Cap (150–170 ml) was small in a size exclusion chromatography column (GE Sepharose 6 Fast Flow) with 
about 500 ml column volume (Fig. 1C), indicating that the apparent molecular weight of the chimeric PCV2 Cap was relatively 
large and high aggregates might be formed.

Assembled into nanoparticles
TEM observation results showed that the PCV2 Cap displayed with epitope B and epitope 7 formed nano-scale particles with 

a particle size of about 12–15 nm (Fig. 2A), indicating that it could self-assemble into virus-like particles during the expression 
process. However, its particle size was significantly smaller than that of PCV2 Cap with 17–19 nm (Fig. 2B). Although the particle 
morphology of the chimeric PCV2 Cap was dominated by spherical particles, elliptic or irregular spherical particles were also 
observed.

Chimeric epitopes could be recognized by specific antibodies
Western blotting was used to identify the chimeric PCV2 Cap. Both cVLPs and PCV2 VLPs can be recognized by swine 

anti-PCV2 positive sera (Fig. 3A), while only cVLPs can be recognized by mouse anti-EpB and anti-Ep7 polyclonal antibodies 
(Fig. 3B and 3C). This indicates that epitope B and epitope 7 were successfully displayed in the PCV2 cap and had immunological 
functions.

Induction of a specific antibody response and neutralizing antibody
Based on indirect ELISA, the specific anti-EpB and anti-Ep7 antibodies were measured at 35 dpv and 47 dpv (12 dpi). As shown 

in Fig. 4A and 4B, specific anti-EpB and anti-Ep7 antibodies could be detected in the cVLPs group and the TJM-F92 group, and 
the antibody level at 47 dpv was higher than that at 35 dpv in these two groups. The TJM-F92 group had a higher level of anti-EpB 
and anti-Ep7 antibodies than the cVLPs group at both 35 dpv and 47 dpv.

The titers of PRRSV-specific neutralizing antibodies present in the sera of inoculated pigs at 47 dpv were evaluated in Marc-145 
cells. Neutralizing antibodies could be detected in the cVLPs group (geometric mean value: 3.014 ± 0.282) and the TJM-F92 group 
(4.687 ± 0.315), while no obvious neutralizing antibodies were detected in the challenge control group (1.372 ± 0.322) (Fig. 4C). 
In addition, the average neutralization titer of the TJM-F92 group was higher than that of the cVLPs group (P<0.05). Overall, the 
neutralizing antibody titer in the cVLPs group was relatively low.
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Fig. 1.	 The construction, expression 
and purification of chimeric porcine 
circovirus type 2 (PCV2) Cap. (A) The 
construction strategy of two epitopes 
chimeric PCV2 Cap. (B) Sodium 
dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) analysis. 
Lane 2: soluble extracts of BL21 (DE3)/
pET28a (negative control); lane 3: 
total extracts of BL21 (DE3)/pET28a-
chimeric PCV2 Cap; lane 4: soluble ex-
tracts of BL21 (DE3)/pET28a-chimeric 
PCV2 Cap; lane 5: purified chimeric 
PCV2 Cap; lane 6: purified PCV2 Cap 
virus like particles (VLPs). (C) The elu-
tion curve of soluble extracts of BL21 
(DE3)/pET28a-chimeric PCV2 Cap in a 
GE Sepharose 6 Fast Flow column. The 
elution volume of the chimeric PCV2 
Cap was in 150–170 ml.
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Regardless of the challenge control group, there was a significant positive correlation (Fig. 4D, r=0.621, P<0.05) between anti-
EpB antibody level and the neutralizing antibody titer, however, there was no obvious correlation between anti-Ep7 antibody level 
and the neutralizing antibody titer (Fig. 4E, r=0.446, P=0.197) and between anti-EpB and anti-Ep7 antibody level (Fig. 4F, r=0.126, 
P=0.728).

Relief of clinical symptoms after the challenge
Prior to the PRRSV challenge, no clinical signs were observed. After the challenge, including the control group, none of the pigs 

died. At 4 dpi, 1/5 of the pigs in the TJM-F92 vaccine group had an elevated rectal temperature and mild respiratory symptoms, 
and this pig lasted for two days (5 dpi and 6 dpi) with rectal temperature of more than 40.5°C; after 7 dpi, the rectal temperature of 
this pig returned to normal. Other pigs in TJM-F92 vaccine group had normal body temperature, smooth breathing, normal feeding 
and normal mental state. All the pigs in the challenge group showed signs of fever, dyspnea, and loss of appetite. From 5 dpi to 
9 dpi, the mean of rectal temperature exceeded 41°C for five consecutive days, and from 5 dpi to 10 dpi, the mean of respiratory 
scores exceeded 3 for six consecutive days. Overall, the pigs in the challenge group had more severe symptoms. The cVLPs group 
showed similar, but less severe symptoms than the challenge control group after 2 dpi. The mean of rectal temperature exceeded 
41°C for only one day (5 dpi), and the mean of respiratory scores exceeded 3 for only three days (from 6 dpi to 8 dpi). One-way 
ANOVA revealed that the rectal temperature at 6 dpi, 8 dpi, 9 dpi and 11 dpi and the respiratory scores from 5 dpi to 11 dpi in 
the cVLPs group were significantly lower (P<0.05) compared to the challenge control group (Fig. 5). Therefore, these clinical 
symptoms indicated that the cVLPs vaccine could alleviate the symptoms after PRRSV challenge and they could provide partial 
protection to the pigs.

Viral loads decreased after the challenge
The viral loads in the lungs, hilar lymph nodes, spleen, kidneys and serum were determined at 12 dpi, and the lung, hilar 

lymph nodes, spleen, kidney, and serum samples from PRRSV-negative pigs were also used as negative controls to determine the 
sensitivity. A high viral load was detected in the lung, hilar lymph nodes, spleen, kidney and serum in the challenge control group 
(Fig. 6). Among solid organs, hilar lymph nodes had the highest viral load, followed by lungs, spleen and kidneys. Among these 
organs or tissues, hilar lymph nodes had the highest viral loads, followed by lungs, spleen, kidneys and serum. The data dispersion 
was relatively small (SD was between 0.33 and 0.63) in the challenge control group.
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Fig. 2.	 Transmission electron microscopy 
(TEM) images of chimeric porcine circo-
virus type 2 (PCV2) Cap (A) and PCV2 
Cap virus like particles (VLPs) (B). The 
black arrows indicated the elliptic or ir-
regular particles. Scale bars=50 nm.

Fig. 3.	 Western blotting. The primary antibody was 
swine anti-porcine circovirus type 2 (PCV2) antibody 
(A), mouse anti-keyhole limpet hemocyanin (KLH)-
EpB antibody (B) and mouse anti-KLH-Ep7 antibody 
(C), respectively. Lane 1: chimeric PCV2 Cap, lane 2: 
PCV2 Cap.
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As expected, the viral loads in TJM-F92 vaccine group were significantly lower than those of pigs in the challenge control group 
(P<0.01). In the lung and spleen of the TJM-F92 group, the logarithmic mean of viral loads in 3/5 pigs was not different from that 
of the negative controls, while 2/5 pigs had a high viral load of 1 log10 and 1/5 pig had a high viral load of 2 log10 compared with 
the negative controls. Also, similar results were found in the serum, hilar lymph nodes and kidney. These data indicate that the 
TJM-F92 vaccine was effective against HP-PRRSV NVDC-JXA1 strain to pigs around 120 days old, but some pigs still had low 
viral copies at 12 dpi.

Compared with the challenge control group, the viral load in the cVLPs group decreased to different degrees. The viral loads 
dropped the most in the lungs (2.75 log10), followed by the serum (1.39 log10), the spleen (0.91 log10), hilar lymph nodes (0.32 
log10), and kidneys (0.24 log10). In the lungs, 3/5 pigs had lower viral loads than a pig which had the highest viral loads in the 
TJM-F92 group, and 1/5 pig had no difference compared with the negative controls. Expected for the hilar lymph nodes, the data 
of viral loads in other tissues or organs were highly dispersed (SD between 0.64 and 1.69). These results indicated that the cVLPs 
vaccine could reduce viral loads and provide partial protection to the 100–120 days old pigs.

DISCUSSION

It is a feasible method to use virus like particles as transfer vehicles to display foreign proteins or antigen epitopes to produce 
chimeric VLPs for bivalent or multivalent vaccines. A variety of VLPs can be used as vehicles, such as Hepatitis B virus core 
protein VLPs [5, 23], PCV2 VLPs [13, 18, 47], foot-and-mouth disease virus VLPs [27, 28], and avian influenza virus VLPs 
[33]. By displaying foreign proteins or antigen epitopes on the surface of particles and assembling them into nanoscale particles, 
they will be more easily recognized and presented by the immune system, and more effective in activating humoral and cellular 
immunity.

PCV2 is one of the smallest animal viruses, and Cap is the only structural protein. Cap can be efficiently expressed in E. 
coli expression system [53], yeast expression system [8] and insect expression system [29]. It can be assembled into virus like 
particles with T=1, making it an ideal vehicle for the display of foreign sequences. Crystal structure analysis [20, 31] showed 
that PCV2 VLPs were composed of 60 Cap subunits. Each Cap monomer is composed of eight anti-parallel β-sheets, and a total 
of seven loops were formed between adjacent folded sheets, including Loop BC (aa 58–66), Loop CD (aa 75–93), Loop DE (aa 
108–117), Loop EF (aa 124–147), Loop FG (aa 152–156), Loop GH (aa 162–194) and Loop HI (aa 204–208) [20, 48]. With the 
exception of Loop FG, the core regions of other loops were exposed on the surface of PCV2 VLPs, which played important roles 
in antigen recognition and presentation, neutralizing antibody production, capsid assembly and stabilization [20]. Based on amino 
acid sequence alignment of PCV1, PCV2 and PCV3, eight key continuous residues in Loop CD (called core region of Loop CD 
in this paper) were identified, and these residues were enriched in glycine which is the smallest amino acid and is often present 
in random loops [18]. This core region of Loop CD had high tolerances and high capacity for the insertion or replacement of 
foreign peptides, and it might not affect VLPs assembly and cell entry [47]. Besides the core region of Loop CD, the carboxyl 
terminus of the Cap played critical roles in the immune-recognition, pathogenesis and proliferation of PCV2 [55], and the carboxyl 
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Fig. 4.	 The specific antibody response and neutralizing antibody. The specific anti-EpB antibody (A) and anti-Ep7 antibody (B) responses were 
detected by indirect enzyme linked immunosorbent assay (ELISA) at 35 dpv and 47 dpv. (C) The porcine reproductive and respiratory syndrome 
virus (PRRSV)-specific neutralization antibody at 47 dpv. The correlation analysis between anti-EpB antibody and neutralization antibody tier 
(D), between anti-Ep7 antibody and the neutralizing antibody tier (E), and between anti-EpB and anti-Ep7 antibody level (F) in the chimeric 
virus like particles (cVLPs) group and the TJM-F92 group at 47 dpv.
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terminus which was exposed on the particle surface was composed of two critical linear and conformational epitopes [20, 25]. 
Foreign peptides fused at the carboxyl terminus could assemble into chimeric virus like particles [25]. Therefore, the core region 
of Loop CD and the carboxyl terminus of PCV2b Cap were chosen to be replaced with epitope B and epitope 7 of HP-PRRSV, 
respectively. The bi-epitopes chimeric PCV2 Cap could be soluble and be expressed efficiently in E. coli expression system, and 
could self-assembly virus like particles in the expression process rather than in some particular assembly buffer in vitro. Although 
there were some differences in particle size and morphology compared with the PCV2 VLPs, the characteristics of nano-size and 
water solubility indicated that hydrophobic residues were embedded in the inside of the particles and polymers were assembled 
through hydrophobic interaction and hydrogen bonding force. Therefore, the final polymers might have secondary and tertiary 
protein structures similar to PCV2 Cap. However, there were some differences in details, such as the formation process of the 
protein assembly, the number of monomers, the degree of polymer looseness, the distribution of surface charge and hydrophobic 
groups and the quaternary protein structure. This might be improved by means of computer structure simulation, selection of other 
insertion sites, optimization of insertion sites, flexible connection of exogenous epitopes and optimization of the linker.

PRRSV Gp5 is a 25 kDa glycosylated protein that is the main antigen for inducing neutralizing antibodies. The Gp5 protein 
is composed of four functional domains, including the signal peptide (31 aa) at the N-terminus, the ectodomain (35 aa), the 
triple transmembrane domain (60 aa) and the intracellular domain (70 aa) at the C-terminus [3]. Monoclonal antibody screening 
demonstrated that a non-neutralizing epitope A (27–30 aa) and a neutralizing epitope B (37–45 aa) exist in the ectodomain of 
the GP5 protein. Epitope A, as an immune-dominant epitope, can block the exposure of epitope B and prevent the production of 
neutralizing antibodies [14, 22, 34, 35]. Near the neutralizing antibody epitope B, the N-linked glycosylation N30, N34, N44 and 
N51 might shield the recognition of epitope B with the immune system and influence the production of neutralizing antibodies [4, 
11, 46]. Therefore, removal of glycosylation, deletion of epitope A and efficient display of epitope B were important considerations 
for PRRSV subunit vaccine design. Except for epitope A and epitope B, another three minimal epitopes (epitope 3: R152LYRWR156, 
epitope 5: E169GHLIDLKRV178 and epitope 7: Q196WGRL200) were identified in the North American type isolates, and they 
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Fig. 5.	 Clinical evaluation from 
the different groups post-PRRSV 
challenge. (A) Rectal tem-
perature. (B) Respiratory scores. 
*Significant difference (P<0.05) 
of the cVLPs group compared to 
the challenge group.

Fig. 6.	 The viral loads of lung (A), hilar lymph 
nodes (B), spleen (C), kidneys (D) and serum 
(E) at 12 dpi.



G. LI ET AL.

1270J. Vet. Med. Sci. 83(8):

might be involved in the antiviral process [50, 61]. In this study, epitope B and epitope 7 were chosen to display on PCV2 VLPs. 
Considering the position effect, and the length and properties of epitopes, these two epitopes replaced the core region of Loop 
CD and the carboxyl terminus, respectively. The animal experiments showed that it could induce the production of neutralizing 
antibodies and specific antibodies against epitope B and epitope 7. It also showed a significant positive correlation between 
the anti-EpB antibody level and the neutralizing antibody titer. However, it induced a lower neutralizing antibody titer than the 
commercial MLV vaccine. These data indicated that the display of EpB on the chimeric PCV2 VLPs was less effective than that 
of the virion of the TJM-F92 strain. Cellular immunity [32] and other neutralizing antibody epitopes [43–45] might also play 
important roles in the TJM-F92 vaccine.

It also has been found that some sera samples with high levels of anti-EpB antibody detected by ELISA showed low titers of 
neutralizing antibody. There may be the following four factors. First, in addition to the neutralizing EpB of Gp5, several other 
neutralizing epitopes had been identified [12, 45] that could induce the production of neutralizing antibodies. In our work, only one 
of the neutralizing epitopes (EpB from GP5) has been displayed. Second, it is possible that only EpB in the correct conformation 
can induce high-affinity neutralizing antibodies, and the spatial structure of EpB displayed on PCV2 Cap may be different from 
the natural structure. Third, after the challenge, the neutralizing antibody neutralized the virus, which would also cause a decrease 
of the neutralizing antibody to a certain extent. Finally, PAM cells, as the target cells of PRRSV infection, had a greater advantage 
than Marc145 in detecting neutralizing antibody.

Pigs of all ages, especially piglets, were highly susceptible to the HP-PRRSV and showed obvious clinical symptoms and 
high mortality. The 100–120 days old fattening pigs were chosen as experimental animals, and they displayed the typical clinical 
symptoms after virus challenge, including viremia, high viral loads, persistent fever, difficulty breathing, and decreased drinking 
and eating. But there was no death within 12 days after the challenge, which might be related to the age of the pigs and the 
challenge dose. The pigs in the cVLPs group had severe clinical symptoms after the challenge, but compared with the challenge 
control group, the rectal temperature and breathing were improved, and the viral load in tissues or serum was reduced. The viral 
loads in the lungs decreased most significantly, and there was also a small decrease in other tissues, but there was no statistical 
difference. HP-PRRSV has a wide range of tissue tropism, and the lung is also one of the target organs for infection. However, the 
tonsils or lymph nodes had higher viral loads for a period of time after the infection [17]. This difference may make the virus in the 
lungs relatively quick to be cleared by the immune system. In addition, the lung, as one of the important barriers against foreign 
pathogens, is rich in macrophages. The cVLPs vaccine may activate cellular immunity and induce macrophages to produce some 
cytokines, and accelerate the clearance of viruses in the lung.

However, there was one major limitation in this study that could be addressed in future research. In this study, there are only 5 
pigs in each group, so that some conclusions cannot be accurately and reliably obtained when the deviation of the measured data is 
relatively large.

In a conclusion, the cVLPs vaccine provided a degree of protection to pigs and had some positive effects in alleviating clinical 
symptoms. Although the protective effect was limited, this might be improved through additional chimeric epitopes, optimization 
of surface display, use of IL15/18 immune enhancers [9] and more efficient adjuvants [6]. Boosting immunization may also be 
another important option for improving vaccine effectiveness. In this work, the animal had received two inoculations with the 
cVLPs vaccine. Considering the low immunogenicity of the subunit vaccines, three even four inoculations are acceptable. Although 
multiple inoculations may be difficult in clinical practice, it is also meaningful from the perspective of the efficacy and safety of the 
vaccine.

POTENTIAL CONFLICTS OF INTEREST. The authors have nothing to disclose.

REFERENCES

	 1.	 Adams, M. J., Lefkowitz, E. J., King, A. M., Harrach, B., Harrison, R. L., Knowles, N. J., Kropinski, A. M., Krupovic, M., Kuhn, J. H., Mushegian, 
A. R., Nibert, M., Sabanadzovic, S., Sanfaçon, H., Siddell, S. G., Simmonds, P., Varsani, A., Zerbini, F. M., Gorbalenya, A. E. and Davison, A. 
J. 2016. Ratification vote on taxonomic proposals to the International Committee on Taxonomy of Viruses (2016). Arch. Virol. 161: 2921–2949. 
[Medline]  [CrossRef]

	 2.	 An, T. Q., Tian, Z. J., Xiao, Y., Li, R., Peng, J. M., Wei, T. C., Zhang, Y., Zhou, Y. J. and Tong, G. Z. 2010. Origin of highly pathogenic porcine 
reproductive and respiratory syndrome virus, China. Emerg. Infect. Dis. 16: 365–367. [Medline]  [CrossRef]

	 3.	 Andreyev, V. G., Wesley, R. D., Mengeling, W. L., Vorwald, A. C. and Lager, K. M. 1997. Genetic variation and phylogenetic relationships of 22 
porcine reproductive and respiratory syndrome virus (PRRSV) field strains based on sequence analysis of open reading frame 5. Arch. Virol. 142: 
993–1001. [Medline]  [CrossRef]

	 4.	 Ansari, I. H., Kwon, B., Osorio, F. A. and Pattnaik, A. K. 2006. Influence of N-linked glycosylation of porcine reproductive and respiratory 
syndrome virus GP5 on virus infectivity, antigenicity, and ability to induce neutralizing antibodies. J. Virol. 80: 3994–4004. [Medline]  [CrossRef]

	 5.	 Aston-Deaville, S., Carlsson, E., Saleem, M., Thistlethwaite, A., Chan, H., Maharjan, S., Facchetti, A., Feavers, I. M., Alistair Siebert, C., Collins, 
R. F., Roseman, A. and Derrick, J. P. 2020. An assessment of the use of Hepatitis B Virus core protein virus-like particles to display heterologous 
antigens from Neisseria meningitidis. Vaccine 38: 3201–3209. [Medline]  [CrossRef]

	 6.	 Binjawadagi, B., Dwivedi, V., Manickam, C., Ouyang, K., Torrelles, J. B. and Renukaradhya, G. J. 2014. An innovative approach to induce cross-
protective immunity against porcine reproductive and respiratory syndrome virus in the lungs of pigs through adjuvanted nanotechnology-based 
vaccination. Int. J. Nanomedicine 9: 1519–1535. [Medline]

	 7.	 Binjawadagi, B., Dwivedi, V., Manickam, C., Ouyang, K., Wu, Y., Lee, L. J., Torrelles, J. B. and Renukaradhya, G. J. 2014. Adjuvanted poly(lactic-
co-glycolic) acid nanoparticle-entrapped inactivated porcine reproductive and respiratory syndrome virus vaccine elicits cross-protective immune 

1263–1272, 2021

http://www.ncbi.nlm.nih.gov/pubmed/27424026?dopt=Abstract
http://dx.doi.org/10.1007/s00705-016-2977-6
http://www.ncbi.nlm.nih.gov/pubmed/20113592?dopt=Abstract
http://dx.doi.org/10.3201/eid1602.090005
http://www.ncbi.nlm.nih.gov/pubmed/9191863?dopt=Abstract
http://dx.doi.org/10.1007/s007050050134
http://www.ncbi.nlm.nih.gov/pubmed/16571816?dopt=Abstract
http://dx.doi.org/10.1128/JVI.80.8.3994-4004.2006
http://www.ncbi.nlm.nih.gov/pubmed/32178907?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24711701?dopt=Abstract


DISPLAY EPITOPES ON PCV2 VLPS

J. Vet. Med. Sci. 83(8): 1271

response in pigs. Int. J. Nanomedicine 9: 679–694. [Medline]
	 8.	 Bucarey, S. A., Noriega, J., Reyes, P., Tapia, C., Sáenz, L., Zuñiga, A. and Tobar, J. A. 2009. The optimized capsid gene of porcine circovirus type 

2 expressed in yeast forms virus-like particles and elicits antibody responses in mice fed with recombinant yeast extracts. Vaccine 27: 5781–5790. 
[Medline]  [CrossRef]

	 9.	 Cao, Q. M., Ni, Y. Y., Cao, D., Tian, D., Yugo, D. M., Heffron, C. L., Overend, C., Subramaniam, S., Rogers, A. J., Catanzaro, N., LeRoith, T., 
Roberts, P. C. and Meng, X. J. 2018. Recombinant porcine reproductive and respiratory syndrome virus expressing membrane-bound interleukin-15 
as an immunomodulatory adjuvant enhances NK and γδ T cell responses and confers heterologous protection. J. Virol. 92: e00007–e00018. 
[Medline]  [CrossRef]

	10.	 Charerntantanakul, W. 2012. Porcine reproductive and respiratory syndrome virus vaccines: Immunogenicity, efficacy and safety aspects. World J. 
Virol. 1: 23–30. [Medline]  [CrossRef]

	11.	 Chen, Z., Li, K. and Plagemann, P. G. 2000. Neuropathogenicity and sensitivity to antibody neutralization of lactate dehydrogenase-elevating virus 
are determined by polylactosaminoglycan chains on the primary envelope glycoprotein. Virology 266: 88–98. [Medline]  [CrossRef]

	12.	 Costers, S., Vanhee, M., Van Breedam, W., Van Doorsselaere, J., Geldhof, M. and Nauwynck, H. J. 2010. GP4-specific neutralizing antibodies might 
be a driving force in PRRSV evolution. Virus Res. 154: 104–113. [Medline]  [CrossRef]

	13.	 Ding, P., Jin, Q., Chen, X., Yang, S., Guo, J., Xing, G., Deng, R., Wang, A. and Zhang, G. 2019. Nanovaccine confers dual protection against 
influenza A virus and porcine circovirus type 2. Int. J. Nanomedicine 14: 7533–7548. [Medline]  [CrossRef]

	14.	 Fan, B., Liu, X., Bai, J., Zhang, T., Zhang, Q. and Jiang, P. 2015. The amino acid residues at 102 and 104 in GP5 of porcine reproductive and 
respiratory syndrome virus regulate viral neutralization susceptibility to the porcine serum neutralizing antibody. Virus Res. 204: 21–30. [Medline]  
[CrossRef]

	15.	 Forsberg, R. 2005. Divergence time of porcine reproductive and respiratory syndrome virus subtypes. Mol. Biol. Evol. 22: 2131–2134. [Medline]  
[CrossRef]

	16.	 Halbur, P. G., Paul, P. S., Frey, M. L., Landgraf, J., Eernisse, K., Meng, X. J., Lum, M. A., Andrews, J. J. and Rathje, J. A. 1995. Comparison of 
the pathogenicity of two US porcine reproductive and respiratory syndrome virus isolates with that of the Lelystad virus. Vet. Pathol. 32: 648–660. 
[Medline]  [CrossRef]

	17.	 Hess, A. S., Lunney, J. K., Abrams, S., Choi, I., Trible, B. R., Hess, M. K., Rowland, R. R. R., Plastow, G. S. and Dekkers, J. C. M. 2019. 
Identification of factors associated with virus level in tonsils of pigs experimentally infected with porcine reproductive and respiratory syndrome 
virus. J. Anim. Sci. 97: 536–547. [Medline]  [CrossRef]

	18.	 Hu, G., Wang, N., Yu, W., Wang, Z., Zou, Y., Zhang, Y., Wang, A., Deng, Z. and Yang, Y. 2016. Generation and immunogenicity of porcine 
circovirus type 2 chimeric virus-like particles displaying porcine reproductive and respiratory syndrome virus GP5 epitope B. Vaccine 34: 
1896–1903. [Medline]  [CrossRef]

	19.	 Hu, H., Li, X., Zhang, Z., Shuai, J., Chen, N., Liu, G. and Fang, W. 2009. Porcine reproductive and respiratory syndrome viruses predominant 
in southeastern China from 2004 to 2007 were from a common source and underwent further divergence. Arch. Virol. 154: 391–398. [Medline]  
[CrossRef]

	20.	 Khayat, R., Brunn, N., Speir, J. A., Hardham, J. M., Ankenbauer, R. G., Schneemann, A. and Johnson, J. E. 2011. The 2.3-angstrom structure of 
porcine circovirus 2. J. Virol. 85: 7856–7862. [Medline]  [CrossRef]

	21.	 Kim, H., Kim, H. K., Jung, J. H., Choi, Y. J., Kim, J., Um, C. G., Hyun, S. B., Shin, S., Lee, B., Jang, G., Kang, B. K., Moon, H. J. and Song, D. S. 
2011. The assessment of efficacy of porcine reproductive respiratory syndrome virus inactivated vaccine based on the viral quantity and inactivation 
methods. Virol. J. 8: 323. [Medline]  [CrossRef]

	22.	 Kim, W. I. and Yoon, K. J. 2008. Molecular assessment of the role of envelope-associated structural proteins in cross neutralization among different 
PRRS viruses. Virus Genes 37: 380–391. [Medline]  [CrossRef]

	23.	 Lei, Y., Shao, J., Zhao, F., Li, Y., Lei, C., Ma, F., Chang, H. and Zhang, Y. 2019. Artificially designed hepatitis B virus core particles composed 
of multiple epitopes of type A and O foot-and-mouth disease virus as a bivalent vaccine candidate. J. Med. Virol. 91: 2142–2152. [Medline]  
[CrossRef]

	24.	 Li, G., Kuang, H., Guo, H., Cai, L., Chu, D., Wang, X., Hu, J. and Rong, J. 2020. Development of a recombinant VP2 vaccine for the prevention of 
novel variant strains of infectious bursal disease virus. Avian Pathol. 49: 557–571  [Medline] [CrossRef].

	25.	 Li, W., Wang, X., Bai, J., Ma, T., Li, Z., Li, Y. and Jiang, P. 2013. Construction and immunogenicity of recombinant porcine circovirus-like particles 
displaying somatostatin. Vet. Microbiol. 163: 23–32. [Medline]  [CrossRef]

	26.	 Li, Y., Zhou, L., Zhang, J., Ge, X., Zhou, R., Zheng, H., Geng, G., Guo, X. and Yang, H. 2014. Nsp9 and Nsp10 contribute to the fatal virulence of 
highly pathogenic porcine reproductive and respiratory syndrome virus emerging in China. PLoS Pathog. 10: e1004216. [Medline]  [CrossRef]

	27.	 Liu, R., Guo, H., Du, P., Dong, H., Guo, M. and Sun, S. 2020. Construction, expression and identification of chimeric foot-and-mouth disease 
virus-like particles. Sheng Wu Gong Cheng Xue Bao 36: 1305–1313 (in Chinese). [Medline]

	28.	 Liu, X., Fang, Y., Zhou, P., Lu, Y., Zhang, Q., Xiao, S., Dong, Z., Pan, L., Lv, J., Zhang, Z., Zhang, Y. and Wang, Y. 2017. Chimeric virus-like 
particles elicit protective immunity against serotype O foot-and-mouth disease virus in guinea pigs. Appl. Microbiol. Biotechnol. 101: 4905–4914. 
[Medline]  [CrossRef]

	29.	 López-Vidal, J., Gómez-Sebastián, S., Bárcena, J., Nuñez, M. C., Martínez-Alonso, D., Dudognon, B., Guijarro, E. and Escribano, J. M. 2015. 
Improved production efficiency of virus-like particles by the baculovirus expression vector system. PLoS One 10: e0140039. [Medline]  [CrossRef]

	30.	 Lunney, J. K., Fang, Y., Ladinig, A., Chen, N., Li, Y., Rowland, B. and Renukaradhya, G. J. 2016. Porcine Reproductive and Respiratory Syndrome 
Virus (PRRSV): Pathogenesis and Interaction with the Immune System. Annu. Rev. Anim. Biosci. 4: 129–154. [Medline]  [CrossRef]

	31.	 Luo, G., Zhu, X., Lv, Y., Lv, B., Fang, J., Cao, S., Chen, H., Peng, G. and Song, Y. 2018. Crystal structure of the dimerized N terminus of porcine 
circovirus type 2 replicase protein reveals a novel antiviral interface. J. Virol. 92: e00724–e00718. [Medline]  [CrossRef]

	32.	 Nan, Y., Nan, G. and Zhang, Y. J. 2014. Interferon induction by RNA viruses and antagonism by viral pathogens. Viruses 6: 4999–5027. [Medline]  
[CrossRef]

	33.	 Noh, J. Y., Park, J. K., Lee, D. H., Yuk, S. S., Kwon, J. H., Lee, S. W., Lee, J. B., Park, S. Y., Choi, I. S. and Song, C. S. 2016. Chimeric bivalent 
virus-like particle vaccine for H5N1 HPAI and ND confers protection against a lethal challenge in chickens and allows a strategy of differentiating 
infected from vaccinated animals (DIVA). PLoS One 11: e0162946. [Medline]  [CrossRef]

	34.	 Ostrowski, M., Galeota, J. A., Jar, A. M., Platt, K. B., Osorio, F. A. and Lopez, O. J. 2002. Identification of neutralizing and nonneutralizing 
epitopes in the porcine reproductive and respiratory syndrome virus GP5 ectodomain. J. Virol. 76: 4241–4250. [Medline]  [CrossRef]

	35.	 Plagemann, P. G., Rowland, R. R. and Faaberg, K. S. 2002. The primary neutralization epitope of porcine respiratory and reproductive syndrome 
virus strain VR-2332 is located in the middle of the GP5 ectodomain. Arch. Virol. 147: 2327–2347. [Medline]  [CrossRef]

	36.	 Renukaradhya, G. J., Meng, X. J., Calvert, J. G., Roof, M. and Lager, K. M. 2015. Inactivated and subunit vaccines against porcine reproductive 

1263–1272, 2021

http://www.ncbi.nlm.nih.gov/pubmed/24493925?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19664739?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2009.07.061
http://www.ncbi.nlm.nih.gov/pubmed/29643245?dopt=Abstract
http://dx.doi.org/10.1128/JVI.00007-18
http://www.ncbi.nlm.nih.gov/pubmed/24175208?dopt=Abstract
http://dx.doi.org/10.5501/wjv.v1.i1.23
http://www.ncbi.nlm.nih.gov/pubmed/10612663?dopt=Abstract
http://dx.doi.org/10.1006/viro.1999.0050
http://www.ncbi.nlm.nih.gov/pubmed/20837070?dopt=Abstract
http://dx.doi.org/10.1016/j.virusres.2010.08.026
http://www.ncbi.nlm.nih.gov/pubmed/31571862?dopt=Abstract
http://dx.doi.org/10.2147/IJN.S218057
http://www.ncbi.nlm.nih.gov/pubmed/25907991?dopt=Abstract
http://dx.doi.org/10.1016/j.virusres.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16000650?dopt=Abstract
http://dx.doi.org/10.1093/molbev/msi208
http://www.ncbi.nlm.nih.gov/pubmed/8592800?dopt=Abstract
http://dx.doi.org/10.1177/030098589503200606
http://www.ncbi.nlm.nih.gov/pubmed/30496411?dopt=Abstract
http://dx.doi.org/10.1093/jas/sky446
http://www.ncbi.nlm.nih.gov/pubmed/26930366?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2016.02.047
http://www.ncbi.nlm.nih.gov/pubmed/19184339?dopt=Abstract
http://dx.doi.org/10.1007/s00705-009-0316-x
http://www.ncbi.nlm.nih.gov/pubmed/21632760?dopt=Abstract
http://dx.doi.org/10.1128/JVI.00737-11
http://www.ncbi.nlm.nih.gov/pubmed/21703032?dopt=Abstract
http://dx.doi.org/10.1186/1743-422X-8-323
http://www.ncbi.nlm.nih.gov/pubmed/18770017?dopt=Abstract
http://dx.doi.org/10.1007/s11262-008-0278-1
http://www.ncbi.nlm.nih.gov/pubmed/31347713?dopt=Abstract
http://dx.doi.org/10.1002/jmv.25554
http://www.ncbi.nlm.nih.gov/pubmed/32658552?dopt=Abstract
http://dx.doi.org/10.1080/03079457.2020.1791314
http://www.ncbi.nlm.nih.gov/pubmed/23294858?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2012.11.045
http://www.ncbi.nlm.nih.gov/pubmed/24992286?dopt=Abstract
http://dx.doi.org/10.1371/journal.ppat.1004216
http://www.ncbi.nlm.nih.gov/pubmed/32748588?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/28365796?dopt=Abstract
http://dx.doi.org/10.1007/s00253-017-8246-0
http://www.ncbi.nlm.nih.gov/pubmed/26458221?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0140039
http://www.ncbi.nlm.nih.gov/pubmed/26646630?dopt=Abstract
http://dx.doi.org/10.1146/annurev-animal-022114-111025
http://www.ncbi.nlm.nih.gov/pubmed/29976661?dopt=Abstract
http://dx.doi.org/10.1128/JVI.00724-18
http://www.ncbi.nlm.nih.gov/pubmed/25514371?dopt=Abstract
http://dx.doi.org/10.3390/v6124999
http://www.ncbi.nlm.nih.gov/pubmed/27626934?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0162946
http://www.ncbi.nlm.nih.gov/pubmed/11932389?dopt=Abstract
http://dx.doi.org/10.1128/JVI.76.9.4241-4250.2002
http://www.ncbi.nlm.nih.gov/pubmed/12491101?dopt=Abstract
http://dx.doi.org/10.1007/s00705-002-0887-2


G. LI ET AL.

1272J. Vet. Med. Sci. 83(8):

and respiratory syndrome: current status and future direction. Vaccine 33: 3065–3072. [Medline]  [CrossRef]
	37.	 Roca, M., Gimeno, M., Bruguera, S., Segalés, J., Díaz, I., Galindo-Cardiel, I. J., Martínez, E., Darwich, L., Fang, Y., Maldonado, J., March, R. and 

Mateu, E. 2012. Effects of challenge with a virulent genotype II strain of porcine reproductive and respiratory syndrome virus on piglets vaccinated 
with an attenuated genotype I strain vaccine. Vet. J. 193: 92–96. [Medline]  [CrossRef]

	38.	 Shi, M., Lam, T. T., Hon, C. C., Murtaugh, M. P., Davies, P. R., Hui, R. K., Li, J., Wong, L. T., Yip, C. W., Jiang, J. W. and Leung, F. C. 2010. 
Phylogeny-based evolutionary, demographical, and geographical dissection of North American type 2 porcine reproductive and respiratory 
syndrome viruses. J. Virol. 84: 8700–8711. [Medline]  [CrossRef]

	39.	 Sirisereewan, C., Nedumpun, T., Kesdangsakonwut, S., Woonwong, Y., Kedkovid, R., Arunorat, J., Thanawongnuwech, R. and Suradhat, S. 2017. 
Positive immunomodulatory effects of heterologous DNA vaccine- modified live vaccine, prime-boost immunization, against the highly-pathogenic 
PRRSV infection. Vet. Immunol. Immunopathol. 183: 7–15. [Medline]  [CrossRef]

	40.	 Stadejek, T., Oleksiewicz, M. B., Scherbakov, A. V., Timina, A. M., Krabbe, J. S., Chabros, K. and Potapchuk, D. 2008. Definition of subtypes 
in the European genotype of porcine reproductive and respiratory syndrome virus: nucleocapsid characteristics and geographical distribution in 
Europe. Arch. Virol. 153: 1479–1488. [Medline]  [CrossRef]

	41.	 Sun, Y. K., Han, X. L., Wei, Y. F., Yu, Z. Q., Ji, C. H., Li, Q., Lu, G., Shen, L., Ma, C. Q., Wang, H. and Zhang, G. H. 2019. Phylogeography, 
phylodynamics and the recent outbreak of lineage 3 porcine reproductive and respiratory syndrome viruses in China. Transbound. Emerg. Dis. 66: 
2152–2162. [Medline]  [CrossRef]

	42.	 Tian, K., Yu, X., Zhao, T., Feng, Y., Cao, Z., Wang, C., Hu, Y., Chen, X., Hu, D., Tian, X., Liu, D., Zhang, S., Deng, X., Ding, Y., Yang, L., Zhang, 
Y., Xiao, H., Qiao, M., Wang, B., Hou, L., Wang, X., Yang, X., Kang, L., Sun, M., Jin, P., Wang, S., Kitamura, Y., Yan, J. and Gao, G. F. 2007. 
Emergence of fatal PRRSV variants: unparalleled outbreaks of atypical PRRS in China and molecular dissection of the unique hallmark. PLoS One 
2: e526. [Medline]  [CrossRef]

	43.	 Trible, B. R., Popescu, L. N., Monday, N., Calvert, J. G. and Rowland, R. R. 2015. A single amino acid deletion in the matrix protein of porcine 
reproductive and respiratory syndrome virus confers resistance to a polyclonal swine antibody with broadly neutralizing activity. J. Virol. 89: 
6515–6520. [Medline]  [CrossRef]

	44.	 Vanhee, M., Costers, S., Van Breedam, W., Geldhof, M. F., Van Doorsselaere, J. and Nauwynck, H. J. 2010. A variable region in GP4 of European-
type porcine reproductive and respiratory syndrome virus induces neutralizing antibodies against homologous but not heterologous virus strains. 
Viral Immunol. 23: 403–413. [Medline]  [CrossRef]

	45.	 Vanhee, M., Van Breedam, W., Costers, S., Geldhof, M., Noppe, Y. and Nauwynck, H. 2011. Characterization of antigenic regions in the porcine 
reproductive and respiratory syndrome virus by the use of peptide-specific serum antibodies. Vaccine 29: 4794–4804. [Medline]  [CrossRef]

	46.	 Vu, H. L., Kwon, B., Yoon, K. J., Laegreid, W. W., Pattnaik, A. K. and Osorio, F. A. 2011. Immune evasion of porcine reproductive and respiratory 
syndrome virus through glycan shielding involves both glycoprotein 5 as well as glycoprotein 3. J. Virol. 85: 5555–5564. [Medline]  [CrossRef]

	47.	 Wang, D., Zhang, S., Zou, Y., Yu, W., Jiang, Y., Zhan, Y., Wang, N., Dong, Y. and Yang, Y. 2018. Structure-based design of porcine circovirus type 2 
chimeric VLPs (cVLPs) displays foreign peptides on the capsid surface. Front. Cell. Infect. Microbiol. 8: 232. [Medline]  [CrossRef]

	48.	 Wang, N., Zhan, Y., Wang, A., Zhang, L., Khayat, R. and Yang, Y. 2016. In silico analysis of surface structure variation of PCV2 capsid resulting 
from loop mutations of its capsid protein (Cap). J. Gen. Virol. 97: 3331–3344. [Medline]  [CrossRef]

	49.	 Wang, R., Xiao, Y., Opriessnig, T., Ding, Y., Yu, Y., Nan, Y., Ma, Z., Halbur, P. G. and Zhang, Y. J. 2013. Enhancing neutralizing antibody 
production by an interferon-inducing porcine reproductive and respiratory syndrome virus strain. Vaccine 31: 5537–5543. [Medline]  [CrossRef]

	50.	 Wang, X., Qui, L., Dang, Y., Xiao, S., Zhang, S. and Yang, Z. 2014. Linear epitope recognition antibodies strongly respond to the C-terminal 
domain of HP-PRRSV GP5. Vet. Microbiol. 174: 565–569. [Medline]  [CrossRef]

	51.	 Xi, W., Guopan, L., Qingqing, C., Baojuan, X. and Jun, R. 2019. Purification and identification of porcine circovirus type 2 virus-like particles. 
China Anim. Husband. Vet. Med. 46: 1792–1800.

	52.	 Xie, S., Liang, W., Wang, X., Chen, H., Fan, J., Song, W., Hua, L., Tang, X., Chen, H., Peng, Z. and Wu, B. 2020. Epidemiological and genetic 
characteristics of porcine reproduction and respiratory syndrome virus 2 in mainland China, 2017–2018. Arch. Virol. 165: 1621–1632. [Medline]  
[CrossRef]

	53.	 Yin, S., Sun, S., Yang, S., Shang, Y., Cai, X. and Liu, X. 2010. Self-assembly of virus-like particles of porcine circovirus type 2 capsid protein 
expressed from Escherichia coli. Virol. J. 7: 166. [Medline]  [CrossRef]

	54.	 Yoon, I. J., Joo, H. S., Goyal, S. M. and Molitor, T. W. 1994. A modified serum neutralization test for the detection of antibody to porcine 
reproductive and respiratory syndrome virus in swine sera. J. Vet. Diagn. Invest. 6: 289–292. [Medline]  [CrossRef]

	55.	 Zhan, Y., Wang, N., Zhu, Z., Wang, Z., Wang, A., Deng, Z. and Yang, Y. 2016. In silico analyses of antigenicity and surface structure variation of an 
emerging porcine circovirus genotype 2b mutant, prevalent in southern China from 2013 to 2015. J. Gen. Virol. 97: 922–933. [Medline]  [CrossRef]

	56.	 Zhang, H., Xia, M., Wang, W., Ju, D., Cao, L., Wu, B., Wang, X., Wu, Y., Song, N., Hu, J., Tian, C., Zhang, S. and Wu, H. 2018. An attenuated 
highly pathogenic chinese PRRS viral vaccine confers cross protection to pigs against challenge with the emerging PRRSV NADC30-like strain. 
Virol. Sin. 33: 153–161. [Medline]  [CrossRef]

	57.	 Zhang, S., Zhou, Y., Jiang, Y., Li, G., Yan, L., Yu, H. and Tong, G. 2011. Generation of an infectious clone of HuN4-F112, an attenuated live 
vaccine strain of porcine reproductive and respiratory syndrome virus. Virol. J. 8: 410. [Medline]  [CrossRef]

	58.	 Zhang, Z., Qu, X., Zhang, H., Tang, X., Bian, T., Sun, Y., Zhou, M., Ren, F. and Wu, P. 2020. Evolutionary and recombination analysis of porcine 
reproductive and respiratory syndrome isolates in China. Virus Genes 56: 354–360. [Medline]  [CrossRef]

	59.	 Zhao, K., Gao, J. C., Xiong, J. Y., Guo, J. C., Yang, Y. B., Jiang, C. G., Tang, Y. D., Tian, Z. J., Cai, X. H., Tong, G. Z. and An, T. Q. 2018. Two 
residues in NSP9 contribute to the enhanced replication and pathogenicity of highly pathogenic porcine reproductive and respiratory syndrome 
virus. J. Virol. 92: e02209–e02217. [Medline]  [CrossRef]

	60.	 Zheng, Q., Chen, D., Li, P., Bi, Z., Cao, R., Zhou, B. and Chen, P. 2007. Co-expressing GP5 and M proteins under different promoters in 
recombinant modified vaccinia virus ankara (rMVA)-based vaccine vector enhanced the humoral and cellular immune responses of porcine 
reproductive and respiratory syndrome virus (PRRSV). Virus Genes 35: 585–595. [Medline]  [CrossRef]

	61.	 Zhou, Y. J., Yu, H., Tian, Z. J., Liu, J. X., An, T. Q., Peng, J. M., Li, G. X., Jiang, Y. F., Cai, X. H., Xue, Q., Wang, M., Wang, Y. F. and Tong, G. Z. 
2009. Monoclonal antibodies and conserved antigenic epitopes in the C terminus of GP5 protein of the North American type porcine reproductive 
and respiratory syndrome virus. Vet. Microbiol. 138: 1–10. [Medline]  [CrossRef]

	62.	 Zuckermann, F. A., Garcia, E. A., Luque, I. D., Christopher-Hennings, J., Doster, A., Brito, M. and Osorio, F. 2007. 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. 123: 69–85. [Medline]  [CrossRef]

1263–1272, 2021

http://www.ncbi.nlm.nih.gov/pubmed/25980425?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2015.04.102
http://www.ncbi.nlm.nih.gov/pubmed/22264642?dopt=Abstract
http://dx.doi.org/10.1016/j.tvjl.2011.11.019
http://www.ncbi.nlm.nih.gov/pubmed/20554771?dopt=Abstract
http://dx.doi.org/10.1128/JVI.02551-09
http://www.ncbi.nlm.nih.gov/pubmed/28063479?dopt=Abstract
http://dx.doi.org/10.1016/j.vetimm.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18592131?dopt=Abstract
http://dx.doi.org/10.1007/s00705-008-0146-2
http://www.ncbi.nlm.nih.gov/pubmed/31207068?dopt=Abstract
http://dx.doi.org/10.1111/tbed.13269
http://www.ncbi.nlm.nih.gov/pubmed/17565379?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0000526
http://www.ncbi.nlm.nih.gov/pubmed/25855739?dopt=Abstract
http://dx.doi.org/10.1128/JVI.03287-14
http://www.ncbi.nlm.nih.gov/pubmed/20712485?dopt=Abstract
http://dx.doi.org/10.1089/vim.2010.0025
http://www.ncbi.nlm.nih.gov/pubmed/21554913?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2011.04.071
http://www.ncbi.nlm.nih.gov/pubmed/21411530?dopt=Abstract
http://dx.doi.org/10.1128/JVI.00189-11
http://www.ncbi.nlm.nih.gov/pubmed/30038901?dopt=Abstract
http://dx.doi.org/10.3389/fcimb.2018.00232
http://www.ncbi.nlm.nih.gov/pubmed/27902320?dopt=Abstract
http://dx.doi.org/10.1099/jgv.0.000634
http://www.ncbi.nlm.nih.gov/pubmed/24063978?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25448446?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/32409873?dopt=Abstract
http://dx.doi.org/10.1007/s00705-020-04661-z
http://www.ncbi.nlm.nih.gov/pubmed/20646322?dopt=Abstract
http://dx.doi.org/10.1186/1743-422X-7-166
http://www.ncbi.nlm.nih.gov/pubmed/7948196?dopt=Abstract
http://dx.doi.org/10.1177/104063879400600326
http://www.ncbi.nlm.nih.gov/pubmed/26758466?dopt=Abstract
http://dx.doi.org/10.1099/jgv.0.000398
http://www.ncbi.nlm.nih.gov/pubmed/29594909?dopt=Abstract
http://dx.doi.org/10.1007/s12250-018-0027-0
http://www.ncbi.nlm.nih.gov/pubmed/21851649?dopt=Abstract
http://dx.doi.org/10.1186/1743-422X-8-410
http://www.ncbi.nlm.nih.gov/pubmed/32198605?dopt=Abstract
http://dx.doi.org/10.1007/s11262-020-01751-7
http://www.ncbi.nlm.nih.gov/pubmed/29321316?dopt=Abstract
http://dx.doi.org/10.1128/JVI.02209-17
http://www.ncbi.nlm.nih.gov/pubmed/17922181?dopt=Abstract
http://dx.doi.org/10.1007/s11262-007-0161-5
http://www.ncbi.nlm.nih.gov/pubmed/19427138?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2009.01.041
http://www.ncbi.nlm.nih.gov/pubmed/17376612?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2007.02.009

