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Abstract

:

Despite the routine use of porcine reproductive and respiratory syndrome (PRRS)-modified live vaccines, serious concerns are currently being raised due to their quick reversion to virulence and limited cross-protection against divergent PRRS virus (PRRSV) strains circulating in the field. Therefore, a PRRS chimeric vaccine (JB1) was produced using a DNA-launched infectious clone by replacing open reading frames (ORFs) 3–6 with those from a mixture of two genetically different PRRSV2 strains (K07–2273 and K08–1054) and ORF1a with that from a mutation-resistant PRRSV strain (RVRp22) exhibiting an attenuated phenotype. To evaluate the safety and cross-protective efficacy of JB1 in a reproductive model, eight PRRS-negative pregnant sows were purchased and divided into four groups. Four sows in two of the groups were vaccinated with JB1, and the other 4 sows were untreated at gestational day 60. At gestational day 93, one vaccinated group and one nonvaccinated group each were challenged with either K07–2273 or K08–1054. All of the sows aborted or delivered until gestation day 115 (24 days post challenge), and the newborn piglets were observed up to the 28th day after birth, which was the end of the experiment. Overall, pregnant sows of the JB1-vaccinated groups showed no meaningful viremia after vaccination and significant reductions in viremia with K07–2273 and K08–1054, exhibiting significantly higher levels of serum virus-neutralizing antibodies than non-vaccinated sows. Moreover, the JB1-vaccinated groups did not exhibit any abortion due to vaccination and showed improved piglet viability and birth weight. The piglets from JB1-vaccinated sows displayed lower viral concentrations in serum and fewer lung lesions compared with those of the piglets from the nonvaccinated sows. Therefore, JB1 is a safe and effective vaccine candidate that confers simultaneous protection against two genetically different PRRSV strains.
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1. Introduction


Porcine reproductive and respiratory syndrome (PRRS) has been the most challenging threat to the swine industry worldwide for over two decades. PRRS causes economic losses, with an estimated annual loss of approximately $664 million in the USA alone. Over $300 million of this loss is due to reproductive failure associated with the PRRS virus (PRRSV) [1,2,3,4]. Reproductive failure is characterized by abortion, mummified fetuses, weak birth and stillbirth, postweaning pneumonia, increased mortality, and growth retardation of young pigs [3,5]. The causative agent, PRRSV, is a single-stranded positive-sense RNA virus (~15 kb) that is classified to the Betaaarterivirus by the International Committee on Taxonomy of Viruses (ICTV), belonging to the order Nidovirales, the Arteriviridae family [6,7,8,9]. The PRRSV genome encodes at least 10 open reading frames (ORFs) consisting of ORF1a, ORF1b, ORF2a, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6, and ORF7 [10]. ORF1a and ORF1b encode nonstructural proteins (nsps) that are associated with virus replication [11]. ORF2a to ORF4 encode minor structural proteins (GP2, E, GP3 and GP4), and small amounts of structural proteins are encoded by ORF5a. The major structural proteins GP5, matrix (M) and nucleocapsid (N) are encoded by ORF5, 6 and 7, respectively [12]. GP5 has been considered an important protein for targeting by virus-neutralizing (VN) antibodies [13,14,15,16]. In addition, the GP3, GP4, and M proteins have also been reported to play roles in inducing the production of VN antibodies [16,17,18].



Based on sequence analysis by the ICTV, the two genotypes of PRRSV, PRRSV1 and PRRSV2, are classified into two distinct viral species as Betaaarterivirus suid 1 and Betaaarterivirus 2 [9]. High levels of genetic variability exist within PRRSVs, which is caused by mutations and recombination among PRRSV strains [19]. Based on the ORF5 sequence, PRRSV2 was classified into ninedistinct lineages [20]. In Korea, there are new Korean PRRSV lineages (Kor A, Kor B, and Kor C) that are unlike the existing lineages [20,21,22]. According to a recent report, the majority of Korean PRRSV2 isolates belong to lineage 5 (L5) and Korean lineages. Kor A was first reported in 2010 [23], but Kor B and C were first classified in 2014 [22].



The genetic diversity of PRRSV results in suboptimal cross-protection among different PRRSV strains and is an impediment to vaccine development [24]. PRRS-modified live vaccines (MLVs) have been used to control PRRSV, providing better homologous protection than killed PRRSV vaccines or recombinant vaccines [25]. However, a major problem in the use of PRRS MLVs is their limited cross-protection [26,27,28]. Additionally, the use of PRRS MLVs has serious safety issues due to quick reversion to virulence of the vaccine strains during serial passages in pigs [29,30,31].



To overcome the major problem of current PRRS MLVs, which lack cross-protection activity, various PRRSV infectious clones have been constructed to improve the cross-protection range. A previous study demonstrated that chimeric PRRSV, which contained mixed structural genes from two different strains, was able to provide cross-protection against donor strains [16]. In another previous study, it was observed that a chimeric PRRSV (K418) consisting of the structural gene of the LMY strain in the FL12 backbone produced cross-protection in vitro [32]. Subsequently, the same research team created deglycosylated K418 (K418DM), which was proven to be effective and safe under experimental and field conditions [33]. A recent study also reported that PRRSV chimeras that were modified using DNA shuffling methods with six heterologous PRRSV strains exhibited improved cross-protective efficacy against heterologous PRRSV strains [34]. Together, these studies implied that chimeric PRRSV consisting of mixed structural genes is an effective strategy to broaden cross-protection against various PRRSV strains. Similarly, in our previous study [28], A PRRS chimeric virus (CV) was constructed by an FL12-based DNA-launched infectious clone, in which ORFs 3–4 and ORFs 5–6 were swapped with those of two different PRRSV2 isolates, K08–1054 (L5) and K07–2273 (KorC), respectively. CV was evaluated for cross-protective efficacy against two genetically distinct PRRSV2 strains (K07–2273 and K08–1054) using a young pig model. The CV-vaccinated group displayed the highest average daily weight gain (ADWG) among the experimental groups. In addition, 50% of CV-vaccinated pigs showed a serum virus neutralization (SVN) titer of ≥1:32 against K07–2273 and K08–1054 and exhibited a significant reduction in viral loads in comparison with those of pigs in the mock groups at 42 days post vaccination (dpv). Increased levels of tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ), and interleukin-12 (IL-12) and decreased IL-10 levels were detected in peripheral blood mononuclear cells (PBMCs), indicating that CV induced a cell-mediated immune response and might be associated with lower viral loads in serum.



Another major challenge to PRRS vaccinology is that PRRS MLVs can quickly revert to virulence, resulting in safety concerns [25]. Several studies have reported that mutation-resistant viruses reemerged via the presence of sublethal concentrations of antiviral components, and these viruses were more genetically stable than their parental viruses [35,36,37,38]. Our previous study reported that mutagen-resistant mutants emerged at 22 passages (RVRp22) when treated with ≤0.2 mM ribavirin (antiviral component). RVRp22 showed a significantly lower mutation rate in nsp2 and ORF5 than VR2332 after 10 passages in MARC145 cells [24]. Subsequently, in a previous study [39], RVRp22 was evaluated in terms of genetic and phenotypic stability in vivo. Seven unique amino acid mutations were found in ORF1a of RVRp22 (465S, 788L, 1019E, 1186V, 1248H, and 1375F in nsp2 and 2400T in nsp7), which might be responsible for viral genetic stability, attenuation, and virulence in pigs. Moreover, the attenuation phenotype of RVRp22 was maintained during sequential passages in pigs. In the present study, a new chimeric vaccine (JB1) was constructed by replacing ORF1a with RVRp22 using a DNA-launched infectious clone of CV to improve genetic stability and cross-protection ranges. Here, the vaccine was evaluated for its safety and efficacy in a reproductive model. To our knowledge, this is the first experiment to evaluate a chimeric vaccine in a reproductive model.




2. Materials and Methods


2.1. PRRSV Isolates


The Korean PRRSV2 strains K07–2273 (GenBank accession number: JQ656251; Kor C) and K08–1054 (GenBank accession number: JQ656266; L5) were used in this study. These PRRSV2 isolates were propagated in MARC-145 (African green monkey) cells. MARC-145 cells used for virus culture were maintained in RPMI-1640 medium supplemented with heat-inactivated 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine, and 100X antibiotic-antimycotic solution [Anti-anti, Invitrogen; 1X solution contains 100 IU/mL penicillin and 100 μg/mL Fungizone® (amphotericin B)] at 37 °C in a humidified 5% CO2 atmosphere.




2.2. Construction of Chimeric PRRSV (JB1)


The chimeric infectious clone pJB1 (pRVRp22–1aK3–6) was constructed by replacing ORF1a from RVRp22 (a highly genetically stable, ribavirin-resistant attenuated PRRSV) into pFL3–6 (a chimeric infectious clone of CV) [28,39]. For that purpose, a chimeric infectious clone, pRVRp221a, was constructed according to the concepts of previous studies [40,41]. ORF1a from the RVRp22 [39] genome was inserted into a modified VR2332-based infectious clone (pVR2332/a2) as the backbone using a reverse genetic approach [42]. Shortly, the shuttle vector sRVRp221a (sRVRp221a1 + sRVRp221a2) [containing the ORF1a (divided into two parts, ORF1a1 and ORF1a2) region from the RVRp22 genome] was constructed according to a previous study [41] to produce RVRp22-based ORF1a (nonstructural gene-containing shuttle vector). For that, viral RNA was extracted from the RVRp22 genome with a commercial kit (Ribo_spin vRDTM, GeneAll, Seoul, Korea) and amplified with primers (Table 1) designed for each respective region [42] using a high-fidelity one-step RT-PCR kit (SuperScript® One-Step RT-PCR for Long Template, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s guidelines. Then, the amplified PCR products were gel-purified using a commercial kit (Wizard® SV Gel and PCR Clean-Up System, Promega) and cloned into the pGEM®-T Easy vector system (Promega Corporations, Madison, WI, USA) using SphI and SpeI to produce the chimeric shuttle vector sRVRp221a (sRVRp221a1 + sRVRp221a2). Before being used for assembly of the full-length chimeric infectious clone, the individual subclones for each part of the shuttle vectors were sequenced (Macrogen, Inc., South Korea) to confirm the sequences. All the primers used in construction and sequencing are listed in Table 1. Then, three-point ligation (BstZ17I+FseI from sRVRp221a1, FseI+AvrII from sRVRp221a2, and AvrII+BstZ17I from the backbone infectious clone, pVR2332/a2) was conducted to construct the chimeric infectious clone pRVRp221a. Finally, the new chimeric infectious clone pJB1 (pRVRp22–1aK3–6) was constructed by swapping the two chimeric infectious clones pRVRp221a and pFL3–6 [28] using two common enzymes PmeI and PacI (Figure 1).



The chimeric virus (JB1) was rescued in 24-well cell culture plates by transfecting the chimeric infectious cDNA clone (pJB1) into MARC-145 cells using the electroporation method described in previous studies [18,28,43]. The Rescued JB1 was then propagated sequentially three times from a 24-well cell culture plate to in a 25 cm2 to in a 75 cm2 cell culture flask (BD, Falcon) to obtain higher amounts of virus. After 3 freeze thaws, the JB1 cultured third time in the 75 cm2 cell culture flask was collected, centrifuged, and stored at −80 °C after titration until use. The sequence of the chimeric virus was confirmed again by sequencing, and the full-length JB1 sequences were deposited in GenBank (accession number: MZ416787).




2.3. Animal Study


The design of the present study is shown in Figure 2. Eight seronegative pregnant sows were purchased from a PRRSV-free farm. Pregnant sows were randomly housed and divided into 4 groups. Pregnant sows were numbered J1 to J8. The J1–J4 pregnant sows were intramuscularly vaccinated (60 days of gestation) with JB1 at 105 50% tissue culture infective dose (TCID50)/mL, and the J5–J8 pregnant sows were kept as nonvaccinated (NV) groups. At 28 days post vaccination [dpv; 0 days post challenge (dpc)], J1–J2 and J3–J4 were intranasally inoculated with K07–2273 and K08–1054 at 105 TCID50/mL, respectively, at 90 days of gestation. J5–J6 and J7–J8 were also intranasally inoculated with K07–2273 and K08–1054 at 105 TCID50/mL as the challenged groups (NV/K07–2273 and NV/K08–1054) on the same day described above. On the date of birth, the survival of neonates was recorded.



Sera were collected from the sows at −28 (JB1 vaccination), −21, −14, −7, 0 (virus challenge), 7, 14, and 24 dpc for virological and serological assays. The piglets were weighed, and their sera were tested via the same assays at 0 (birth), 5, 14, and 28 days post birth (dpb). All piglets and sows were euthanized at 28 days post farrowing. Lung tissue samples were frozen at −80 °C until further experiments. For histopathology, the lung tissues were also placed in 10% neutral-buffered formalin. The animal experimental protocol was approved by the Jeonbuk National University Institutional Animal Care and Use Committee (approval number: 2016–0043).




2.4. Quantification of PRRSV RNA in Serum


Viral RNA was extracted from 100 µL of serum using a MagMAXTM Viral RNA Isolation Kit (Ambion, Applied Biosystems, Life Technologies, Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions. The viral load in serum was measured using a real-time reverse transcription polymerase chain reaction (RT-PCR) employing a one-step qRT-PCR kit (Prime-Q PCV2, PRRSV Detection Kit, GeNet Bio, Inc., Daejeon, Korea) according to the manufacturer’s instructions with a 7500 Fast Real-time PCR system (Applied Biosystems, Foster City, CA, USA). To determine the PRRSV genome RNA copy number, a 1231-bp PRRSV2 ORF5 to ORF6 sequence (primers: F: 5′-GGTGGGCAACTGTTTTAGCCT-3′, R: 5′-GGCACAGCTGATTGACTGGC-3′) were cloned into the pGEM®-T Easy vector (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Standard curves were generated from serial 10-fold dilutions of the plasmid constructs. The PRRSV genome absolute quantities were calculated by normalization to the standard curve.




2.5. Serology


PRRSV-specific antibodies (IgG) were detected in the serum using a commercially available ELISA kit (Bionote PRRS Ab 4.0, Hwasung, Korea) based on the nucleocapsid protein (N) according to the manufacturer’s instructions. The sample-to-positive (S/P) ratios of the samples were ≥0.4, which was considered PRRSV antibody-positive.




2.6. Serum Virus Neutralization Assay (SVN)


A fluorescent focus neutralization assay-based SVN assay was conducted to evaluate SVN antibody titers after vaccination and challenge. For the evaluation of cross-protective efficacy, antisera were tested against K07–2273 and K08–1054. The SVN assay was conducted as described previously [29]. The SVN titer of antiserum against K07–2273 and K08–1054 was expressed as the reciprocal of the highest dilution in which a 90% or higher reduction in the number of fluorescence focus-forming units (FFUs) was observed compared to that of the virus background titration.




2.7. Histopathological Evaluation


All lung tissue from sows underwent histopathological examination, while lung tissue from piglets was randomly selected from six piglets of each group and examined. Approximately 2 cm3 of sow and piglet samples were fixed in 10% phosphate-buffered formalin, routinely processed, and then embedded in paraffin. Tissue sections (4 µm) were prepared using a microtome (HM-340E, Thermo Fisher Scientific, Inc., Waltham, MA, USA). Sections were placed onto glass slides. Hematoxylin and eosin (H&E) staining was performed according to standard techniques. The microscopic lesions of the lung were given a score of 0–4 following a previous study [44]. Briefly, the scores assigned were as follows: 0, no lesion; 1, mild interstitial pneumonia; 2, moderate multifocal interstitial pneumonia; 3, moderate diffuse interstitial pneumonia; and 4, severe interstitial pneumonia.




2.8. Statistical Analysis


Two-way ANOVA with Tukey’s multiple comparison test was used to analyze the significance of variability within experimental groups for viremia and anti-PRRSV antibodies from sows and piglets. A t-test (Mann-Whitney test) was used to compare the weight of live neonates. Differences were considered statistically significant at p < 0.05. GraphPad Prism 7.00 (GraphPad Software, Inc., San Diego, CA, USA) was used to generate graphs, and statistical analysis was performed using SPSS Advanced Statistics 17.0 software (SPSS, Inc., Chicago, IL, USA).





3. Results


3.1. Quantification of Viral Load in Sow Samples


PRRSV RNA was not detected in the sera of the NV groups before challenge. The JB1-vaccinated groups showed a mean peak of 0.7 log10 RNA copies/µL at −21 dpc (7 dpv), which was decreased to undetectable at −14 dpc (14 dpv) and maintained up to 7 dpc. After challenge with K07–2273 or K08–1054, the NV/K07–2273 and NV/K08–1054 groups exhibited peaks of 3.49 and 2.67 log10 RNA copies/µL at 7 dpc and 1.86 and 1.93 log10 RNA copies/µL at 14 dpc, respectively, which were significantly (p < 0.0001) higher than those of the JB1-vaccinated groups (Figure 3A). The JB1/K07–2273 and JB1/K08–1054 groups displayed mean peaks of 0.029 and 0.320 log10 RNA copies/µL, respectively, at 14 dpc, which became undetectable at 24 dpc (farrowing date). Overall, the JB1-vaccinated groups exhibited low viral RNA concentrations (<1.0 log10 RNA copies/µL) before the virus challenge and showed a reduction in viral RNA concentrations in comparison with those of the NV groups after the virus challenge.




3.2. The Levels of PRRSV-Specific IgG in the Sera from Sows


The levels of induced IgG were evaluated in sows following JB1 vaccination and PRRSV infection. The JB1-vaccinated groups became seropositive at −14 dpc (14 dpv) and were maintained until the end of the experiment. The JB1/K07–2273 group exhibited a mean peak IgG level of 1.71 S/P ratio at 0 dpc, which gradually decreased. In the case of the JB1/K08–1054 group, a mean peak IgG level of 2.43 S/P ratio was detected at 7 dpc and decreased through the last day of the experiment. The NV/K07–2273 infection group exhibited seroconversion at 7 dpc, and the NV/K08–1054 infection group was seropositive at 14 dpc (Figure 3B). The NV/K07–2273 and NV/K08–1054 groups showed the highest mean peak IgG levels of 2.04 and 2.13 S/P ratio at 14 dpc, respectively, which was maintained throughout the study period.




3.3. Measurement of SVN Antibodies(Log2)


SVN antibody titers were not observed in sera before vaccination. JB1 induced SVN antibody titers (log2) of 1 to 4 and 0.5 to 2.5 at 28 dpv (0 dpc) against K07–2273 and K08–1054, respectively. After the virus challenge, the JB1/K07–2273 group had SVN titersof 2.5 to 5.5 against K07–2273, while the JB1/K08–1054 group had SVN titers of 2.5 to 4 against K07–2273 at 14 dpc. In addition, SVN titers of 0.5 to 2.5 were observed in the JB1/K07–2273 group against K08–1054, while SVN titers of 0 to 1 were observed in the JB1/K08–1054 group against K08–1054 at 14 dpc (Table 2).




3.4. Litter Outcomes


Sows J1 and J2 (JB1/K07–2273 group) farrowed 9 and 6 live neonates at 113 and 115 days of gestation, respectively. In the JB1/K08–1054 group, J3 farrowed 12 neonates, but 1 neonate was stillborn at 113 days of gestation, while J4 farrowed 13 live neonates at 114 days of gestation. In contrast, J5 farrowed 10 live neonates and 2 dead neonates at 115 days of gestation, and J6 farrowed 4 live neonates and 8 dead neonates at 112 days of gestation. In addition, J7 and J8 farrowed 1/9 and 12/3 (stillborn/live born) neonates at 112 days of gestation (Table 3). Comparing stillborn rates by group, the JB1/K07–2273 group showed a 0% death rate, the JB1/K08–1054 group exhibited a 4% death rate, while the NV/K07–2273 and NV/K08–1054 groups showed 41.67% and 52.00% death rates, respectively.



Precluding abnormal neonates, the birth weight of only live neonates was measured for accurate analysis. The JB1/K07–2273 group (n = 15) had an average birth weight of 1.36 ± 0.098 kg (mean ± SEM), which was significantly higher (p = 0.0252) than that of the NV/K07–2273 group (1.13 ± 0.072 kg) (n = 14). In addition, the birth weight of 1.313 ± 0.063 kg in the JB1/K08–1054 group (n = 24) was higher than that in the NV/K08–1054 group (n = 12, 1.08 ± 0.063 kg), although the difference was not statistically significant (Figure 4A).




3.5. The Levels of Viremia of Piglets


PRRSV RNA was observed at birth at concentrations of 4.87 and 1.33 log10 RNA copies/µL in the sera of the NV/K07–2273 and NV/K08–1054 group piglets, respectively. The piglets of the NV/K07–273 and NV/K08–1054 groups showed similar levels of approximately 3.0 log10 RNA copies/µL at 5 dpb, which were significantly higher (p < 0.001) than those of the JB1-vaccinated groups and were maintained throughout the experimental period. On the other hand, 0 and 0.19 log10 RNA copies/µL were detected in the sera of the JB1/K07–2273 and JB1/K08–1054 groups, respectively. In addition, the JB1/K07–2273 group had a significantly lower (p < 0.001) viral RNA concentration by 28 dpb than the NV groups. The JB1/K08–1054 group exhibited 0.97 log10 RNA copies/µL at 5 dpb, which was slightly increased to 1.41 log10 RNA copies/µL up to 28 dpb (Figure 4B).




3.6. PRRSV-Specific IgG of Piglets


The NV groups did not show significant PRRSV-specific IgG at birth. The JB1/K07–2273 and JB1/K08–1054 groups exhibited mean values of 0.43 and 1.09 S/P ratio at birth, respectively. The NV/K07–2273 and NV/K08–1054 groups showed mean peaks of 2.30 and 1.45 S/P ratio at 5 dpb, which were slightly decreased and maintained up to 28 dpb. In the case of the vaccinated sows, the JB1/K07–2273 and JB1/K08–1054 groups exhibited mean peaks of 1.96 and 2.54 S/P ratio, which gradually decreased and reached 0.99 and 1.45 S/P ratio at 28 dpb, respectively (Figure 4C).




3.7. Histopathological Evaluation


All sows were euthanized at 52 dpc, and the lung tissue of sows was subjected to histopathological examination. Minimal peribronchiolar and perivascular inflammatory cell infiltration was observed in JB1-vaccinated and NV sows. All piglets were also euthanized 28 days after birth, and the lung tissue of piglets was examined microscopically. Representative lesions of lungs from sows are shown in Figure 5A. The lung tissue of piglets from the JB1/K07–2273 and JB1/K08–1054 groups exhibited no remarkable lesions associated with PRRSV infection, but only one lung from a piglet from the JB1/K08–1054 group showed moderate multifocal interstitial pneumonia. The lung tissues from NV/K07–2273-infected piglets displayed mild interstitial pneumonia to severe interstitial pneumonia and were given a mean score of 1.67. In the case of lung lesions from the NV/K08–1054-infected group, the lung tissues showed moderate multifocal interstitial pneumonia to severe interstitial pneumonia and a mean score of 3.00, which was significantly higher (p = 0.0065) than that of the JB1/K08–1054 group (Figure 5B).





4. Discussion


It has been observed that PRRSV can cross the placenta and infect a few fetuses at an early stage of infection, and this process is dependent on the levels of viremia in sows [3,45,46]. For this reason, a reduction in viremia in the early stage of PRRSV infection is important for minimizing sow-to-piglet infection and is a useful indicator for evaluating vaccine efficacy [47,48]. In the current study, JB1-vaccinated sows showed a low PRRSV RNA concentration prior to the virus challenge and exhibited a significantly lower PRRSV RNA concentration after the virus challenge than NV sows. Although the viral RNA concentration of the JB1-vaccinated groups was low, the levels of anti-PRRSV IgG were sufficiently induced before the virus challenge. These results indicate that JB1 is safe and effectively reduces the viral concentration against two genetically different PRRSV strains.



PRRSV-specific VN antibodies are able to reduce the viremia, viral load in the lungs, and transplacental spread and protect against reproductive failure [49]. In the present study, JB1 induced mean SVN titers of over 1:8 against K07–2273 at 14 dpc in the JB1/K07–2273 and JB1/K08–1054 groups, while mean SVN titers of lower than 1:8 were observed against K08–1054. These results imply that the genomic composition of JB1, possessing ORFs 3–4 of K08–1054 and ORFs 5–6 of K07–2273, might induce different levels of SVN titers. Multiprotein complexes are formed by GP2, GP3, and GP4, which play a role in viral infectivity and receptor binding [50,51]. GP3 seems to be the main target of neutralizing antibodies from the blood of Lelystad (prototype of PRRSV-1)-infected pigs [52]. In addition, the GP3 chimeric PRRSV, which used the DNA shuffling method, induced neutralizing antibodies in pigs against a heterologous PRRSV strain [53]. Previous research demonstrated that Y79 and G83 in the nonoverlapping region of ORF3 (amino acid positions: 79–106), which is a B-cell epitope, played a critical role in the affinity of monoclonal antibodies [54]. In contrast, a previous study suggested that GP4 did not have an effect on PRRSV2 neutralization; if there was neutralization ability, it would be due to the impact of the overlapping region of GP3 and GP4 [18]. In contrast to GP3 and GP4, GP5 is a major glycosylated envelope protein that plays a role in the induction of VN antibody production [18,55]. The M protein is a non-glycosylated membrane protein that plays an important role in virus assembly and budding [56]. This protein forms heterodimers with GP5 by disulfide bonds, and GP5/M heterodimers are able to induce VN antibody production and lymphocyte proliferation [57,58,59,60]. For this reason, SVN titers of JB1-vaccinated groups against K08–1054 might be lower than those against K07–2273. Although lower SVN titers were induced by JB1 in pregnant sows, viremia in the JB1/K08–1054 group was significantly reduced in comparison with that in the NV/K08–1054 group. These results suggest that K08–1054-induced viremia was reduced in the JB1-vaccinated groups due to factors other than SVN titers. In a previous study [28], it was hypothesized that the reduction in viremia was caused by cytokines, such as TNF-α, IFN-γ, and IL-12, due to inoculation with CV, which has a more potent immune induction backbone (FL12). TNF-α induces inflammatory responses and inhibits PRRSV replication [61]. IFN-γ, which is an important cytokine associated with the cell-mediated immune (CMI) response, inhibits PRRSV replication [62,63]. In addition, IL-12 stimulates the differentiation of T cells and the production of IFN-γ and TNF-α [64,65,66]. Overall, JB1 may cross-protect against various PRRSV strains in pregnant sows.



Litter outcomes are an important parameter to evaluate vaccine efficacy in pregnant sows [47]. In the current study, vaccination of pregnant sows with JB1 followed by field isolate challenge exhibited improved fetal viability and piglet birth weight. A previous study found that pigs with low birth weight showed higher mortality prior to weaning and during the nursery phase. In addition, decreased birth weight resulted in inferior quality at weaning, finisher placement, and near the conclusion of finishing [67]. Therefore, the higher birth weight in the vaccinated groups than in nonvaccinated groups should be considered an important beneficial result.Furthermore, virological and serological assays were conducted on piglets over 28 days after birth to evaluate the levels of PRRSV vertical transmission. Piglets from the NV/K07–2273 and NV/K08–1054 groups showed significantly higher viremia than those from the JB1-vaccinated groups at birth, indicating that JB1 is able to reduce the viral concentration when PRRSV is transmitted across the placenta. However, the viral RNA concentration of sera from piglets in the JB1/K08–1054 group increased at 5 dpb, which continuously increased and reached a mean viral concentration of 1.41 log10 RNA copies/µL at 28 dpb. Sera with increased PRRSV RNA concentrations were subjected to ORF5 sequencing, and it was confirmed that the increased viral concentration was due to the K08–1054 strain (data not shown). In contrast to the JB1/K08–1054 group, the piglets of the JB1/K07–2273 group exhibited significantly fewer PRRSV genomic RNA copies during the experimental period. These results indicated that JB1 can completely prevent vertical transmission of K07–2273 but not K08–1054. This phenomenon might be associated with SVN titers or other factors, such as CMI. Nevertheless, considering that sows were challenged with viruses at 105 TCID50/mL, which is a very high challenge dose that does not generally occur in the field, JB1 can significantly reduce virus transmission from sows to piglets.



Other previous studies suggested that histopathological lesion scores are also an important parameter of protection status and that this score has a correlation with the viral load in sera [68,69]. Similarly, in the present study, the piglets of the JB1-vaccinated groups did not show remarkable lesions related to PRRSV infection, while mild interstitial pneumonia to severe interstitial pneumonia was observed in the NV/K07–2273 and NV/K08–1054 group piglets. These results suggest that JB1 reduced viral replication and decreased the occurrence of lung lesions in piglets, indicating that JB1 provided simultaneous protection against both of the challenge viruses. In the case of sows, there was no difference in lung lesions between the JB1-vaccinated and NV groups. We speculate that the sows recovered from PRRSV infection because they were euthanized at 52 dpc.




5. Conclusions


To the best of our knowledge, this is the first study to evaluate the safety and efficacy of a chimeric vaccine in pregnant sows, including the assessment of viral vertical transmission from sows to piglets. In summary, pregnant sows in JB1-vaccinated groups exhibited reduced viremia against challenges with two genetically distinct PRRSV2 viruses, which induced higher levels of SVN titers in comparison with non-vaccinated sows. In addition, the JB1-vaccinated groups displayed improved piglet viability and birth weight. In the case of piglets from the sows of each group, JB1-vaccinated groups showed lower viremia and a more decreased degree of lung lesions compared with nonvaccinated groups.These results suggest that JB1 is an effective vaccine candidate and open new possibilities for cross-protection against various PRRSV strains. Furthermore, JB1 may be clinically effective in controlling reproductive failure, and JB1-based strategies can help to control PRRSV, which is prevalent in every country.
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Figure 1. Graphical representation of the genomic construct for chimeric infectious clone pJB1 (pRVRp22–1aK3–6). The restriction sites used for cloning are listed above the construct. CMV: human cytomegalovirus; IRES: internal ribosomal entry site; BstZ17I, FseI, AvrII, PmeI, PacI: restriction sites. 
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Figure 2. Study design. Pregnant sows were intramuscularly vaccinated with JB1 at 105 TCID50/mL at 60 days of gestation and inoculated with field isolates intranasally at 105 TCID50/mL at 28 dpv (0 dpc). Blood collection was conducted at specific time points, and weighing was performed for piglets only. 
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Figure 3. Mean values of the genomic copy number of PRRSV RNA and antibody response in the sera of pregnant sows from each group. (A) The genomic copy number of PRRSV RNA from pregnant sows post-vaccination and post-challenge. Data are shown as the means ± standard error of the mean (SEM). Asterisks indicate significant differences between the NV/K07–2273 and JB1/K07–2273 groups or between the NV/K08–1054 and JB1/K08–1054 groups (* p < 0.0001). (B) PRRSV-specific IgG response of vaccinated and challenged pregnant sows. Data are shown as the means ± SEM. Different letters represent significant differences among the experimental groups (p ≤ 0.05, Tukey’s test, two-way ANOVA). 
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Figure 4. The birth weight of live-born piglets and results regarding the levels of PRRSV vertical transmission. (A) Mean birth weight values from live-born piglets of each group. Data are shown as the means ± standard error of the mean (SEM). Asterisks indicate significant differences between the NV/K07–2273 and JB1/K07–2273 groups or between the NV/K08–1054 and JB1/K08–1054 groups (* p < 0.05). (B) The genomic copy number of PRRSV RNA from piglets post-birth. Data are shown as the means ± SEM. Different letters represent significant differences among the experimental groups (p ≤ 0.05, Tukey’s test, two-way ANOVA). (C) PRRSV-specific IgG response of piglets. Data are shown as the means ± SEM. Different letters represent significant differences among the experimental groups (p ≤ 0.05, Tukey’s test, two-way ANOVA). 
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Figure 5. Histopathologic findings in the lungs of pregnant sows and piglets. (A) Representative pictures of lung lesions from sows. (B) Microscopic lesion scores of piglets (0, no lesion; 1, mild interstitial pneumonia; 2, moderate multifocal interstitial pneumonia; 3, moderate diffuse interstitial pneumonia; and 4, severe interstitial pneumonia). Data are shown as the means ± standard error of the mean (SEM). Asterisks indicate significant differences between the NV/K07–2273 and JB1/K07–2273 groups or between the NV/K08–1054 and JB1/K08–1054 groups (** p = 0.0065). 
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Table 1. Shuttle vector sRVRp221a (sRVRp221a1 + sRVRp221a2) construction primers.
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Primer Names

	
Sequences (5′–3′)

	
Reference

	
Constructed Name






	
F251-SphI/BstZ17I

	
GCA TGC GCA TGCGGA GGG CCA AGT ATACTG CAC ACG A

	
[41]

	
sRVRp221a1




	
R4774-SpeI

	
ACT AGT ACT AGTGTG TCA GGG TCA ACC ACG A




	
F4333-SphI

	
GCA TGC GCA TGCATC TTG GCT GGA GCT TAC GT

	
[41]

	
sRVRp221a2




	
R7821-SpeI

	
ACT AGT ACT AGTTGG TTG TGC TCA ACC GCG T








Bold faced italic letters represent the restriction enzyme sequences.
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Table 2. Measurement of serum virus-neutralizing antibody levels after vaccination and virus challenge.






Table 2. Measurement of serum virus-neutralizing antibody levels after vaccination and virus challenge.





	
Sow No.

	
Vaccinated

	
SVN Titer (log2) against K07–2273 (KorC)

	
SVN Titer (log2) against K08–1054 (L5)

	
Virus Challenged

	
SVN Titer (log2) against K07–2273 (KorC)

	
SVN Titer (log2) against K08–1054 (L5)




	
−28 dpc

	
28 dpv (0 dpc)

	
−28 dpc

	
28 dpv (0 dpc)

	
14 dpc

	
14 dpc






	
J1

	
JB1

	
0

	
1

	
0

	
1

	
K07–2273

	
2.5

	
0.5




	
J2

	
0

	
4

	
0

	
2.5

	
5.5

	
2.5




	
J3

	
0

	
3

	
0

	
1

	
K08–1054

	
4

	
1




	
J4

	
0

	
2.5

	
0

	
0.5

	
2.5

	
0




	
J5

	
-

	
0

	
0

	
0

	
0

	
K07–2273

	
0

	
0




	
J6

	
0

	
0

	
0

	
0

	
0

	
0




	
J7

	
0

	
0

	
0

	
0

	
K08–1054

	
0

	
0




	
J8

	
0

	
0

	
0

	
0

	
0

	
0
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Table 3. Summary of the reproductive evaluation results.
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Sow No.

	
Vaccination

	
Infection

	
Day of Farrowing

	
nda/nbb

	
Death Rate






	
J1

	
JB1

	
K07–2273

	
113

	
0/9

	
0.00%




	
J2

	
115

	
0/6




	
J3

	
K08–1054

	
113

	
1/12

	
4.00%




	
J4

	
114

	
0/13




	
J5

	
-

	
K07–2273

	
115

	
2/12

	
41.67%




	
J6

	
112

	
8/12




	
J7

	
K08–1054

	
112

	
1/10

	
52.00%




	
J8

	
112

	
12/15








and: The number of stillborn piglets. bnb: The number of total born piglets.
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