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A centralised immunogen approach to
develop a more broadly protective
modified live porcine reproductive and
respiratory syndrome virus 1 vaccine
candidate
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More efficacious vaccines are required to improve control of porcine reproductive and respiratory
syndrome viruses (PRRSV). One strategy that has shown promise is the use of centralized antigens,
generated from consensus sequence data. Here, we evaluated the consensus sequence approach to
develop a PRRSV-1 modified live virus (MLV) vaccine candidate, ‘EU-PRRSV-Con’. EU-PRRSV-Con
strain was engineered by inserting consensus sequence open-reading frames encoding envelope
proteins of 67 PRRSV-1 strains into an attenuated PRRSV-1 strain backbone. EU-PRRSV-Con was
evaluated in pigs and benchmarked against a licensed MLV vaccine. Efficacy was assessed against
three different PRRSV-1 isolates. Neutralizing antibodies were elicited by EU-PRRSV-Con, which
weremore reactive than those inducedby the licensedMLV. EU-PRRSV-Con provided better levels of
protection (reduced viral loads and lung pathology) than the licensed MLV, although the efficacy
against a divergent PRRSV-1 subtype 3 strain wasmore limited. These data support the development
of EU-PRRSV-Con as a vaccine that may aid control of PRRSV-1.

Porcine reproductive and respiratory syndrome virus (PRRSV) is a small,
enveloped virus with a single-stranded positive-sense RNA genome,
belonging to the genusBetaarteriviruswithin the familyArteriviridae (order
Nidovirales)1. There are currently two recognised species of PRRSV;
PRRSV-1 (Betaarterivirus europensis), which emerged from Western Eur-
ope, and PRRSV-2 (Betaarterivirus americense) that emerged from North
America2,3. Both species have now spread near worldwide and PRRSV is
endemic inmostmajor swine-producing countries4. PRRSV-1 and -2 share
approximately 60% nucleotide similarity, with both species exhibiting
similar disease phenotypes and clinical symptoms in infected pigs5. Infec-
tion is typically characterisedby reproductive failure in sows and respiratory

disease in pigs of all ages. PRRSV also enhances susceptibility to secondary
bacterial and viral infections, leading to more severe disease and increased
mortality6. Consequently, PRRSV is a major threat to animal welfare and
global food security, responsible for large economic losses, estimated to cost
theUSAaroundUS$600million every year7,8. This impact has become even
more significant due to the rapid evolution of PRRSV, resulting in the
emergence of increasingly divergent and pathogenic strains, thus posing a
major challenge to the control of the virus through vaccination5.

Inactivated and modified live (MLV) virus vaccines have been widely
used to control PRRSV. While MLVs confer clinical protection against
genetically related PRRSV strains, they provide variable protection against
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divergent strains, highlighting the urgent need for the development of
vaccines capable of providing broader protection9. Inactivated PRRSV
vaccines have proven to be inadequate in providing immunity against both
homologous andheterologous strains, as demonstrated by a lack of PRRSV-
specific neutralising antibodies10 and weak cell-mediated immune
responses11. It is thought that PRRSV has evolved strategies to evade the
immune system by focusing the response on non-neutralising decoy epi-
topes and through glycan shielding of neutralising epitopes12. As a con-
sequence, neutralising antibodies (nAbs), which are considered an
important component of the PRRSV immune response, are typically unable
to provide broad protection6. Moreover, analysis of several PRRSV isolates
reveals the presence of hypervariable regions within the surface glycopro-
teins, leading to antigenic variation13. This evidence highlights that there is a
gap of knowledge of PRRSVepitopes that are common to all PRRSV strains,
further pointing to the need for new vaccination approaches that can gen-
eratemore broadly protective immune responses.One possible strategy that
has been explored to combat the substantial genetic diversity of PRRSV is
the use of centralised sequences, based on aligning PRRSV genomes and
then selecting the most common nucleotide found at each position14. As
such, these consensus vaccine sequences exhibit shorter genetic distances to
wild-type viruses15. Previous studies have shown that consensus sequence
vaccines could effectively address the issue of genetic diversity16. For
example, vaccines against HIV-1 and influenza virus, which have been
designed based on this approach, have been shown to elicit enhanced
immune responses compared to vaccines based on naturally occurring
sequences17.

Using the consensus sequence approach, a synthetic PRRSV-2 vaccine
strain, known as PRRSV-Con, was designed based on the full-genome
sequence of 59 PRRSV-2 strains and constructed using reverse genetics14.
This synthetic strain was found to confer significantly higher levels of het-
erologous protection in pigs compared to a reference wild-type PRRSV-
2 strain14. Recently, Li et al.18 designed and evaluated a chimeric PRRSV-1
vaccine based on ORF2–6 consensus sequence based on 14 representative,
mostly Chinese, PRRSV-1 strains. The chimeric vaccine conferred protec-
tion against a Chinese subtype 1 PRRSV-1 challenge strain18, further
demonstrating the potential of the consensus sequence approach for the
development of novel PRRSV vaccines18,19. This study, therefore, aimed to
construct and evaluate a recombinant PRRSV-1 vaccine candidate, EU-
PRRSV-Con, designed using the consensus sequence approach. Since the
key targets of nAbs are the major (GP5/M) and minor envelope glycopro-
tein (GP2/GP3/GP4) complexes20, the consensus sequences for these open
reading frames (ORFs) were generated from 67 PRRSV-1 strains and
inserted into the genome of an attenuated PRRSV-1 strain (Olot/91). The
stability and replication of EU-PRRSV-Con were assessed in vitro, and its
immunogenicity and efficacy were assessed in pigs, benchmarking this
against a commercial MLV. Three animal studies were performed to assess
protection against three PRRSV-1 field isolates. Animals were assessed for
clinical signs and lung pathology and reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) was used to assess viraemia levels
and viral shedding from serum and swab samples, respectively, as well as
viral loads present in a selection of key tissues. In addition, assays were
conducted to assess the antibody and T cell responses elicited by EU-
PRRSV-Con.

Results
Design and construction of the synthetic EU-PRRSV-Con vac-
cine candidate
Sequence data for ORFs encoding envelope proteins from PRRSV-1 strains
were collated to design consensus sequence ORFs 2–6. From each full
genome sequence, the specificORF2a, ORF2b, ORF3, ORF4, ORF5, ORF5a
and ORF6 sequences were identified and translated into the corresponding
amino acid sequences. The resulting GP2, E, GP3, GP4, GP5, ORF5a pro-
tein, andMprotein sequenceswere aligned, and the consensus sequencewas
identified for each ORF, based on the most prevalent amino acid at each
position (Supplementary Fig. 1A–G, respectively). The consensus amino

acid sequence for each ORF was compared to the corresponding sequence
deduced for the PRRSV-1Olot/91 strain.Where differenceswere identified,
the nucleotide sequence was altered to encode the desired amino acid
instead of that originally present in the PRRSV-1 Olot/91 strain. To avoid
inadvertently affecting viral protein expression through the effects of codon
pair bias21, the replacement nucleotide codons were chosen from other
existing PRRSV-1 sequences in the alignment. As some changes were
required in the genome areas where overlaps occur between two ORFs,
nucleotide changes were checked to ensure that the resulting amino acid
sequences for bothORFswere still as intended. In only one casewas this not
possible— position 258 of the GP3 protein. The change from leucine (L) to
phenylalanine (F) was not possible because of the resulting change in the
GP4 protein. The L to F substitution was semi-conservative, as both are
hydrophobic and nonpolar, but leucine is aliphatic while phenylalanine is
aromatic. A total of 96 nucleotide changes were made in EU-PRRSV-Con
versus PRRSV-1 Olot/91. Targeted, silent nucleotide mutations were then
introduced to disrupt specific restriction sites, maintain ORFs and facilitate
the rescue of infectious virus that was cell culture-adapted for MARC-145
cells. The poly-A tail was extended to enable virus rescue, and an upstream
CMV promoter and a downstream ribozyme site were added to enable
authentic cap production during transcription and 3’ untranslated proces-
sing, respectively. The phylogenetic relationship of the final genetic
sequence for EU-PRRSV-Con (AC#PV146404) to the 67 sequences used in
the analysis (as well as a representative PRRSV-2 sequence) is shown in the
Supplementary Fig. 2.

EU-PRRSV-Con vaccine candidate shows in vitro replication
properties comparable to the parental PRRSV-1 Olot/91 strain
The replication of EU-PRRSV-Conwas assessed in vitro inMARC-145 cells
andporcinebronchoalveolar lavage cells (BALC) andcompared towild type
and recombinant forms of PRRSV-1 Olot/91, which formed the backbone
of EU-PRRSV-Con. Like wild type and recombinant PRRSV-1Olot/91, the
titres of EU-PRRSV-Con were broadly comparable between MARC-145
cells and BALC (<1log10) (Supplementary Fig. 3). Multistep growth curve
analysis of EU-PRRSV-Con in both MARC-145 cells and BALC showed
comparable replication kinetics with the parental PRRSV-1 Olot/91 viruses
(Fig. 1). The only significant difference observed was lower recombinant
PRRSV-1 Olot/91 titres in BALC 72 h post-infection, compared to both
other viruses.

To assess the genetic stability of EU-PRRSV-Con in cell culture, whole
genome sequence analysis was performed on virus, which had been serially
passaged 10 times on MARC-145 cells. All three replicate samples (R1, R2
and R3) produced near-complete sequences for the EU-PRRSV-Con gen-
ome.All samplesweremissing less than20base pairs at the extreme5’ endof
the genome, and as this is non-coding, this was not considered in the
analysis. Average coverage ranged from 190 read depth for R1 to 8128 read
depth forR2. The threemutationswhich correlatewith adaption of PRRSV-
1 strains to MARC-145 cell adaptation, i.e., GP2 V88F, M94I and F95L22

were retained in all three samples. Single-nucleotidepolymorphisms (SNPs)
were identified in all three samples (Supplementary Table 1). When con-
sidering major synonymous SNPs (occurring in >50% of aligned reads),
therewere 11 unique differences in the three sample sequences compared to
the reference sequence, each appearing in only a single sample, apart from
one. Thesewere seen twice forR3 innsp2 (pp1a)with a separatemutation in
R1. The mutations seen in nsp2 are not unexpected, as this is known to be
themost variable protein in PRRSV23. In pp1b there were fourmutations in
R1,where onewas sharedwithR3, andanotheruniquemutationwas seen in
R2.ForR1, therewere twomutations innsp9 (RNA-dependentpolymerase)
and one each in nsp10 (helicase) and nsp12 (involved in sub-genomic
mRNA generation). The mutation shared with R3 was in nsp10. In the
structural protein encoding ORFs, R3 had a unique synonymous mutation
inGP5 andR1 had another unique synonymousmutation in theMprotein.
The remaining 11 SNPs were synonymous changes in all three samples
compared to the reference sequence. Themajority of these remaining SNPs
were in the non-structural proteins. Three mutations were in the structural
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protein encoding ORFs and were spread between GP2, GP5 and the M
protein.

Evaluation of the immunogenicity andefficacy of theEU-PRRSV-
Con vaccine candidate
To evaluate the safety, immunogenicity, and efficacy of EU-PRRSV-Con,
three vaccination and challenge studies were performed (Table 1). Pigs were
vaccinated with EU-PRRSV-Con or a commercial PRRSV-1MLV (Porcilis
PRRSMLV (MSDAnimalHealth), herein referred to as ‘benchmarkMLV’)
or received a placebo inoculation. Thirty-five days post-vaccination, pigs
were challenged by intranasal inoculation with PRRSV-1 subtype 1 strains
215-06 (study 1) and 21301-19 (study 2), and subtype 3 strain SU1-Bel
(study 3). The % identities between the two vaccines and three challenge
viruses are shown in Supplementary Table 2. For studies 2 and 3, two
additional groupswere vaccinated but not challenged to assess vaccine virus
in blood and tissues in the absence of challenge. Pigs were euthanized on 7-,
21- and 22-days post-challenge (DPC) to assess lung pathology, viral loads
in tissues and local immune responses. Back titrations on MARC-145 cells
and BALCwere performed to confirm of vaccine and challenge virus doses,
respectively (Supplementary Table 3). For all three studies, the inoculation
doses of both vaccine and challenge viruses were within (±) 1 log10 of the
target dose of 105 TCID50.

Vaccination of pigswith EU-PRRSV-Con does not induce clinical
signs and, compared to a benchmark MLV, provides improved
clinical protection against virulent PRRSV-1 challenge
In all three studies, pigs were weighed on a weekly basis. In study 1, no
significant differenceswere observedbetween treatment groups at anyof the
timepoints (Fig. 2A). In study 2, from day 21, animals from both vaccinated
and unchallenged groups had a significantly higher mean body weight
compared to theEU-PRRSV-Convaccinated andchallenged (Fig. 2B).Also,

the mean body weight was higher on EU-PRRSV-Con vaccinated and
unchallenged group compared to benchmark MLV vaccinated. On day 42,
all groups that were challenged demonstrated significantly lower body
weights in comparison to the vaccinated and unchallenged groups. Lower
body weights were measured in both vaccinated and challenged groups,
which differed from EU-PRRSV-Con vaccinated and unchallenged on day
49. Then on the last time point EU-PRRSV-Con vaccinated and unchal-
lenged had higher body weight mean compared to the benchmark MLV
vaccinated and challenged group. In study 3, the EU-PRRSV-Con vacci-
nated and challenged group had a lower mean body weight than the
benchmarkMLV vaccinated and challenged group (day 43 and 50) and the
EU-PRRSV-Con vaccinated and unchallenged group (day 50) (Fig. 2C).
However, these data may have been skewed by the change in group com-
positions following the removal of three pigs from each group on day 42.

Animals were scored for clinical signs and rectal temperatures were
measured daily for 14 days after vaccination and challenge. In study 1, prior
to andpost-challengewith PRRSV-1 215-06, no clinical signswere observed
in any of the groups (Fig. 2D), and rectal temperatures were stable
throughout, which were similar between the groups (Fig. 2G). Likewise, in
study 2, following challenge with PRRSV-1 21301-19, all groups showed no
clinical signs, however mild clinical signs were observed in one of the ani-
mals from the unvaccinated and from the EU-PRRSV-Con vaccinated
groupon a single dayprior to challenge (Fig. 2E).Animals in the benchmark
MLV vaccinated group displayed a brief period of elevated rectal tem-
peratures (>40 °C) at day 40 and 41 post-immunisation (days 5 and 6 post-
challenge). On day 40, these temperatures were significantly higher in the
benchmark MLV/challenge group than the EU-PRRSV-Con/challenge
(p < 0.01) and unvaccinated groups (p < 0.001) (Fig. 2H). Again, on day 41,
significantly higher temperatures were measured in the benchmark MLV/
challenge group than the EU-PRRSV-Con/challenge and unvaccinated
groups (p < 0.0001). In study3, followingPRRSV-1SU1-Bel challenge, three
of the pigs from the benchmark MLV/challenge group and one from the
unvaccinated group developed typical clinical signs of PRRSV infection,
such as reduced eating and interaction, ear necrosis and a reddening of the
skin on the ears and body (Fig. 2F). In addition, one of the three pigs from
the benchmark MLV/challenge group also developed PRRSV-related clin-
ical signs pre-challenge.Conversely, no clinical signswereobserved in anyof
the EU-PRRSV-Con vaccinated animals. Following challenge, animals in
the benchmark MLV, EU-PRRSV-Con and unvaccinated groups showed
an increase in rectal temperatures from day 36–42 (Fig. 2I). During this
period, higher temperatures were observed in the three challenge groups
compared to the no challenge groups, with there being overall higher
temperatures in the benchmark MLV group following challenge. At days
37–38 and 40, temperatures in this group were significantly higher than the
EU-PRRSV-Con/challenge group (p < 0.05 and p < 0.01, respectively).
However, higher temperatures were observed in both the EU-PRRSV-Con/
challenged and unvaccinated/challenged groups following challenge until
day 45, after which higher temperatures were observed in unvaccinated/
challenged group.

Table 1 | Evaluation of the immunogenicity and efficacy of EU-
PRRSV-Con: Study design

Group Days post-immunisation

0 35 42 56/57
Vaccination Challenge Post-mortem

analysis
Post-mortem
analysis

1 Benchmark MLV
PRRSV-1

Yes n = 3 n = 6

2 EU-PRRSV-Con Yes n = 3 n = 6

3 None Yes n = 3 n = 6

4* Benchmark MLV
PRRSV-1

None None n = 6

5* EU-PRRSV-Con None None n = 6

*Studies 2 and 3 only.

Fig. 1 | Assessment of EU-PRRSV-Con replication
inMARC-145 cells and porcine BALC.Replication
kinetics of EU-PRRSV-Con, wild type and recom-
binant PRRSV-1 Olot/91 in MARC-145 cells (A)
and BALC (B) cultures following infection with a
multiplicity of infection of 0.1. Infectious titres in
culture supernatants were determined by sub-
sequent titration on MARC-145 cells. Datapoints
represent the mean of technical triplicates and error
bars represent the standard deviation (SD). Sig-
nificant differences (p < 0.05) are described by letters
where a: significant difference from wild type
PRRSV-1 Olot/91, and c: significant difference from
EU-PRRSV-Con. The dashed horizontal line indi-
cates the assay limit of detection.
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Compared to a benchmark MLV, EU-PRRSV-Con provides
improved protection against lung pathology associated with
virulent PRRSV-1 challenge
Lungs were assessed macroscopically for lesions alongside with histo-
pathology and viral immunohistochemical (IHC) analyses at day 42 (7

DPC) (Fig. 3). In study 1, no lesions were recorded in any of the benchmark
MLV vaccinated animals at 7 DPC and the average lung lesion score in this
group was significantly lower (p < 0.05) than that in the unvaccinated ani-
mals. The low gross lung lesion scores observed in the EU-PRRSV-Con
vaccinated group did not differ significantly from the benchmark MLV

Fig. 2 | Weight gain, clinical signs, and rectal temperatures following immuni-
sation and challenge in all three studies.On day 0, pigs were vaccinated with either
EU-PRRSV-Con or benchmark MLV PRRS or were unvaccinated. On day 35 post-
vaccination, pigswere challengedwith the PRRSV-1 strains 215-06 (Study 1), 21301-
19 (Study 2) or SU1-Bel (Study 3). In studies 2 and 3, groups of vaccinated pigs were
left unchallenged. Following immunisation and challenge, animals were weighed on
a weekly basis (A–C) and clinical signs (D–F) and rectal temperatures (G–I) were

measured daily for fourteen days. Data presented as mean body weight and rectal
temperatures (error bars represent the SD) or datapoints representing the clinical
scores for individual pigs. Significances (p < 0.05) are described by letters where a:
significant difference from EU-PRRSV-Con/challenged; b: significant difference
from benchmark MLV/challenged; c: significant difference from unvaccinated/
challenged; d: significant difference from EU-PRRSV-Con/no challenge; e: sig-
nificant difference from benchmark MLV/no challenge.
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vaccinated nor unvaccinated groups. Low histopathology scores were
obtained in all groups basedonMorgan scoring scheme, andonly 2/3pigs in
the unvaccinated and challenged group had low Iowa IHC scores char-
acterisedby sparse viral antigen (Fig. 3A). In study 2, therewere significantly
lower gross lesion scores in the EU-PRRSV-Con vaccinated animals than in
the benchmark MLV (p < 0.001) and unvaccinated groups (p < 0.05) at 7
DPC. However, no significant differences were detected between the
benchmark MLV and unvaccinated animals. Animals displayed low-
moderate histopathology scores using both systems and with no significant
differences between treatment groups (Fig. 3B). Likewise, in study 3, there
were significantly lower (p < 0.05) average lesion scores in the EU-PRRSV-
Con animals compared to the unvaccinated animals. Compared to unvac-
cinated pigs, both EU-PRRSV-Con and benchmark MLV vaccinated pigs
displayed significantly lowerhistopathology scores according to theMorgan
scheme (p < 0.05).Nodifferenceswere observedusing the Iowa IHCscoring
system, as shown in Fig. 3C.

Compared to a benchmark MLV, vaccination with EU-PRRSV-
Con reduces viral loads following heterologous PRRSV-1
challenge
Nasal swabs andblood sampleswere collected to infer vaccine and challenge
PRRSV-1 shedding and viraemia, respectively, by RT-qPCR (Fig. 4). Ana-
lysis of serumduring thepre-challengeperiodusing the areaunder the curve
(AUC), revealed increased PRRSV RNA levels in serum in all vaccinated
groups, with no viral RNA detected in the unvaccinated groups, and sig-
nificantly higher levels ofRNAobserved in theEU-PRRSV-Con immunised
animals compared to the benchmark MLV immunised animals across all
studies (p < 0.05; Supplementary Table 4). In contrast, during the post-
challenge period, lower PRRSV RNA levels were observed in both vacci-
nated and challenged groups compared to the unvaccinated and challenged
groups across all three studies (p < 0.05; Supplementary Table 4). As
expected, there were low levels of viral RNA detected in the no challenge
groups following challenge (Fig. 4A–C). In study 1, from day 38 (3 DPC)
until the end of the study, there were significantly lower levels of RNAemia
in the EU-PRRSV-Con/challenged and benchmark MLV/challenged
groups than those that were unvaccinated (p < 0.001 and p < 0.05, respec-
tively at day 56 (21DPC) (Fig. 4A). In study 2, by day 49 (14 DPC) until the
end of the study, there were significantly lower levels (p < 0.05) of viraemia

in the EU-PRRSV-Con/challenged than the benchmark MLV/challenged
group, which saw similar levels to the unvaccinated animals (Fig. 4B).
Furthermore, on day 56 in study 3, significantly lower levels of RNAemia
(p < 0.0001) were present in the EU-PRRSV-Con/challenged group com-
pared to the benchmark MLV/challenged and unvaccinated/challenged
group, however no significant differences were detected between the
benchmark MLV/challenged and unvaccinated//challenged groups at the
end of the study (Fig. 4C).

RT-qPCR analyses of nasal swab samples showed lower levels of viral
RNA, in all groups across the studies, compared to serum samples
(Fig. 4D–F). In study 1, no significant differences were observed between
treatment groups at any of the timepoints. Similar to the RNAemia results,
less viralRNAwas shed fromtheEU-PRRSV-Con/challenged animals post-
challenge (Fig. 4D) and in study 2, at day 45, therewas significantly less virus
shed compared to the benchmark MLV/challenged (p < 0.0001) and
unvaccinated/challenged (p < 0.01) groups (Fig. 4E). As seen with the
RNAemia levels in study 3, higher levels of virus shedding were detected in
the unvaccinated and benchmark MLV/challenged groups post-challenge
compared to the EU-PRRSV-Con/challenged group and at day 56, this was
significantly higher in the benchmark MLV/challenged and unvaccinated
groups (p < 0.001 and p < 0.05, respectively) (Fig. 4F). Only in study 3, did
AUC analysis show lower nasal shedding in both vaccinated and challenge
groups compared to the unvaccinated and challenged group (p < 0.05;
Supplementary Table 4)

Virus loads in bronchoalveolar lavage fluid (BALF), tracheobronchial
lymph node (TBLN) and lung tissues collected post-mortem were inferred
by RT-qPCR; (Supplementary Fig. 6. In BALF, in studies 1, similar levels of
virus were detected in the benchmark MLV and EU-PRRSV-Con vacci-
nated and challenged animals at 7 DPC, which significantly differed from
unvaccinated and challenge animals (p < 0.05). However, on 21/22 DPC
significantly lower levels of RNA (p < 0.05) in the EU-PRRSV-Con vacci-
nated and challenged animals were observed compared to unvaccinated or
vaccinated with the benchmark MLV, with the complete absence of
detectable viralRNAin3/6pigs (Supplementary Fig. 6A).However, in study
2 and study 3, no significant differenceswere detected in BALF between any
of the vaccinated/challenged and unvaccinated/challenged groups at either
timepoint (Supplementary Fig. 6B, C). In study 1, viral RNA was higher in
the lung tissue of the EU-PRRSV-Con/challenged and unvaccinated groups

Fig. 3 | Gross lung pathology, histopathology, and viral immunohistochemistry
of lungs post-challenge. Scoring of macroscopic and microscopic lung lesions at 7
DPCwas performed blind in study 1 (A), 2 (B) and 3 (C). Each lobewas given a score
for lesion coverage, from which each lobe score was weighted based on its relative
size and then summed to give the gross lung pathology score. Microscopic lesions

were scored using the “Morgan” scoring system on H&E-stained sections and the
“Iowa” scoring system, which incorporates the presence of viral antigen, assessed by
IHC. Significances (p < 0.05) are described by letters where a: significant difference
from EU-PRRSV-Con/challenged; b: significant difference from benchmark MLV/
challenged; and c: significant difference from unvaccinated/challenged group.

https://doi.org/10.1038/s41541-025-01192-z Article

npj Vaccines |          (2025) 10:129 5

www.nature.com/npjvaccines


than in the benchmark MLV/challenged group at 7 DPC (p < 0.05) (Sup-
plementary Fig. 6D). However, on 21/22 DPC, viral RNA was significantly
lower in the EU-PRRSV-Con/challenged group compared to the bench-
mark MLV/challenged (p < 0.05) and unvaccinated/challenged groups
(p < 0.001). In studies 2 and 3, no differences were observed between the
challenged groups in any time point (Supplementary Fig. 6E, F). For the
TBLN analyses, in study 1 at 7 DPC viral load in the benchmark MLV/
challenged pigs was significantly lower than that in the EU-PRRSV-Con/
challenged pigs (p < 0.05) (Supplementary Fig. 6G). No significant differ-
ences in viral RNA loads between the vaccinated/challenged and unvacci-
natedgroupsweredetected in either study2or3 (SupplementaryFig. 6H–I).
Similar to the RNAemia data, there was a trend towards higher levels of
RNAbeingdetected in all three tissue samples fromtheEU-PRRSV-Con/no
challenge groups compared to the benchmark MLV/no challenge groups.

Neutralising antibodies elicited by EU-PRRSV-Con are more
reactive than those induced by the benchmark MLV
Serum antibody responses were assessed using a commercial diagnostic
serological PRRSVELISA test (Supplementary Fig. 7). In study 1, significant
antibody responses were detected in day 31 serum samples from both EU-
PRRSV-Con and benchmark MLV vaccinated groups when compared to
unvaccinated/challenged group (p < 0.01). On day 56, antibody levels were
significantly higher in the benchmark MLV group compared to both the
EU-PRRSV-Con vaccinated (p < 0.05) and unvaccinated (p < 0.01) groups
(Supplementary Fig. 7A). In study 2, day 35 serum samples in all vaccinated
groups had antibody levels higher than the unvaccinated group (p < 0.01).
Whereas, on day 56, only the antibody levels in the EU-PRRSV-Con/
challenged and benchmark MLV/challenged groups were significantly

higher than the unvaccinated group (p < 0.05) (Supplementary Fig. 7B). In
study 3, antibody levels were higher in serum at day 35 in all vaccinated
groups compared to the unvaccinated group (p < 0.001), but no significant
differences were observed between the groups’ sera at day 56.

PRRSV nAbs were evaluated in 6 paired serum samples/group col-
lected on days 38 and 56 (3 and 21DPC). Sera were assessed for their ability
to neutraliseMARC-145 cell infection by EU-PRRSV-Con and benchmark
MLVviruses andBALC infection by the relevant challenge viruses, i.e. study
1 – 215-06, study 2 - 21301-19, and study 3 - SU1-Bel (Fig. 5). In study 1, at
day 38, EU-PRRSV-Con nAbs were measurable in the serum of EU-
PRRSV-Con immunised pigs (3/6) but not in sera from benchmark MLV
vaccinated and unvaccinated pigs. At day 56, the EU-PRRSV-Con nAb
titres were significantly higher in the EU-PRRSV-Con immunised group
compared to both the benchmark MLV vaccinated and unvaccinated
groups (p < 0.01) (Fig. 5A). In study 2, on day 38, EU-PRRSV-Con nAbs
were only measurable in 2/6 of the serum of EU-PRRSV-Con immunised
and in 1/6 of EU-PRRSV-Con immunised/challenged pigs and not in sera
from the other groups (Fig. 5B). On day 56, EU-PRRSV-Con nAb titres
were significantly greater in EU-PRRSV-Con groups and the benchmark
MLV/challenged group compared to the unvaccinated/challenged and
the benchmark MLV/unchallenged group (p < 0.05). In study 3, on day 38,
EU-PRRSV-Con nAbs were only detected in the serum from 2/6 pigs in the
EU-PRRSV-Con/unchallenged group. EU-PRRSV-Con nAb titres were
significantly higher in the EU-PRRSV-Con/challenged and/unchallenged
groups on day 56 compared to all other groups (p < 0.01) (Fig. 5C). In study
1, benchmark MLV nAbs were detected in 2/6 animals in the EU-PRRSV-
Con and 4/6 of the benchmark MLV vaccinated on day 38. By day 56,
benchmark MLV nAb titres were significantly higher in both vaccinated

Fig. 4 | RT-qPCR results of serum and nasal swab samples of each group across all
studies. Blood samples and nasal swabs were collected weekly post-vaccination and
twice weekly post-challenge. Viraemia (A–C) and virus shedding (D–F) were
inferred by RT-qPCR. Results are expressed as the mean data for each group at each
timepoint and error bars represent the SD. Significances (p < 0.05) are described by

letters where a: significant difference from EU-PRRSV-Con/challenged; b: sig-
nificant difference from benchmark MLV/challenged; c: significant difference from
unvaccinated/challenged; d: significant difference from EU-PRRSV-Con/no chal-
lenge; e: significant difference from benchmark MLV/no challenge.
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groups compared to theunvaccinated control group (p < 0.05) (Fig. 5D). For
study 2, on day 38, benchmark MLV nAb titres were only detected in 2/6
and 1/6 pigs in the EU-PRRSV-Con and benchmark MLV immunised/
challenged group, respectively. On day 56, nAb titres were significantly
greater in both EU-PRRSV-Con and benchmark MLV vaccinated/chal-
lenged compared to the unvaccinated/challenged and the vaccinated/
unchallenged groups (p < 0.05) (Fig. 5E). In study 3, benchmarkMLVnAbs
were only measured in the day 38 sera of 1/6 pigs in the benchmark MLV
vaccinated/challenged group and 2/6 for both vaccinated/unchallenged
groups. At day 56, both vaccinated/challenged groups had significantly
higher benchmark MLV nAb titres compared to the unvaccinated/chal-
lenged group (p < 0.001) (Fig. 5F). Considering the capacity to neutralise the
challenge strains, neutralisation of BALC infection by PRRSV-1 215-06was
onlyobserved in sera fromsingle animals in theEU-PRRSV-Convaccinated
and unvaccinated groups on day 56 (Fig. 5G). No sera neutralised PRRSV-1
21301-19 (Fig. 5H) nor SU1-Bel (Fig. 5I) infection of BALC.

Immunisation with EU-PRRSV-Con elicits a robust T cell IFN-γ
response
IFN-γ ELISpot assays were performed on PRRSV-1 stimulated periph-
eral blood mononuclear cell (PBMC) samples isolated on day 0, 35, 42
and 56 across all three studies (Fig. 6). In study 1, PRRSV-1 specific IFN-
γ responses were detected in both vaccinated groups at day 35 and 42,
with responses in the EU-PRRSV-Con and benchmark MLV groups
being significantly greater than the unvaccinated group (p < 0.01),
however, responses did not differ significantly between groups by day 56
(Fig. 6A). In study 2 and 3, responses did not differ significantly between
groups at any timepoint (Fig. 6B, C). Additionally, T cell responses were
assessed by IFN-γ ELISpot assays with BALC isolated from pigs on day
42 and 55/56 (7 and 21/22 DPC) (Fig. 6D–F). In study 1 at 7 DPC,
significantly higher IFN-γ responses were observed with BALC from
EU-PRRSV-Con vaccinated/challenged pigs compared to both bench-
mark MLV vaccinated/challenged and unvaccinated/challenged pigs

Fig. 5 | Assessment of PRRSV-neutralising antibody responses post-vaccination
and -challenge. Serum samples fromday 38 and 56 (3 and 21DPC)were assessed for
their ability to neutralise MARC-145 cell infection by vaccine viruses and BALC
infection by challenge viruses. Neutralisation of EU-PRRSV-Con by study 1 (A), 2
(B) and 3 (C) sera; benchmark MLV by study 1 (D), 2 (E) and 3 (F) sera; 215-06 by
study 1 sera (G); 21301-19 by study 2 sera (H); and SU1-Bel by study 3 sera (I) are

shown with datapoints representing individual pig sera, and bars represent median
values for each treatment group. Significances (p < 0.05) are described by letters
where a: significant difference from EU-PRRSV-Con/challenged; b: significant dif-
ference from benchmark MLV/challenged; c: significant difference from unvacci-
nated/challenged; d: significant difference from EU-PRRSV-Con/no challenge; e:
significant difference from benchmark MLV/no challenge.
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(p < 0.001) but groups did not differ significantly at 21/22DPC (Fig. 6D).
In study 2, responses were detected in BALC from vaccinated pigs at 7
DPC and all pigs at 21/22 DPC, but no significant differences were
observed between groups, however there is a trend for higher responses
in the EU-PRRSV-Con vaccinated animals (Fig. 6E). In study 3, at 7
DPC, BALC responses from the EU-PRRSV-Con vaccinated/challenged
groupwere significantly greater than the unvaccinated/challenged group
(p < 0.05). At 21/22 DPC, responses from both the EU-PRRSV-Con
vaccinated/challenged and EU-PRRSV-Con vaccinated/unchallenged
groups were significantly greater than all other groups (p < 0.05)
(Fig. 6F). T cell responses were also assessed in TBLN cells isolated from
the same time points described above (7 and 21/22 DPC) (Fig. 6G–I).
Lower frequencies of PRRSV-specific IFN-γ secreting cells were detected
in these samples compared to both PBMC and BALC, across all three
studies. Although animals from EU-PRRSV-Con vaccinated/challenged
demonstrated a trend for higher IFN-γ secreting cells across the studies
at all time points evaluated, no significant differences were observed
between groups at either time point in any of the studies.

Discussion
The substantial antigenic diversity of circulating PRRSV strains poses a
major challenge for control by vaccination. Current PRRS vaccines are
failing to elicit sufficient levels of heterologous protection. Due to major
advances in DNA synthesis and the subsequent manipulation of viral
genomes, ‘reverse genetics’, numerous strategies have been developed in
recent years to develop novel PRRSV vaccine candidates, including those
based on consensus sequences14,18,19,24. This study applied the consensus
sequence approach to ORFs 2–6 encoding the PRRSV-1 envelope pro-
teins to develop a PRRSV-1 vaccine candidate, EU-PRRSV-Con. The
ability of EU-PRRSV-Con to efficiently replicate in vitro in MARC-145
cells and porcine BALC cells was assessed, and the genetic stability of the
virus was determined following sequential MARC-145 cell passage. The
safety and immunogenicity of EU-PRRSV-Con and its ability to provide
protection (reduction in clinical signs, lung pathology and viral loads) in
pigs against heterologous challenge infections were assessed over three
studies, benchmarking this against a widely used commercial
PRRSV-1 MLV.

Fig. 6 | Assessment of PRRSV-specific IFN-γ responses post-vaccination and/or
-challenge in PBMC, BALC and TBLN cells. Responses were assessed following
PRRSV-1 stimulation of PBMC post-vaccination and/or -challenge in study 1 (A), 2
(B) and 3 (C), post-challenge (7 and 21/22 DPC) of BALC in study 1 (D), 2 (E) and 3
(F), and post-challenge (7 and 21/22 DPC) of TBLN cells in study 1 (G), 2 (H) and 3
(I). Datapoints represent mock-corrected data for individual pigs, line and bars

represent the mean values for each treatment group, and error bars show the SD.
Significances (p < 0.05) are described by letters where a: significant difference from
EU-PRRSV-Con/challenged; b: significant difference from benchmark MLV/chal-
lenged; c: significant difference from unvaccinated/challenged; d: significant dif-
ference from EU-PRRSV-Con/no challenge; e: significant difference from
benchmark MLV/no challenge.
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In the first study, pigs were challenged with the low virulent subtype
1 strain 215-06 and in the second study, with a higher virulence subtype
1 strain, 21301-19. As expected, no clinical signs were observed in any of the
groups post-challenge and rectal temperatures remained stable, with no
major differences between the groups, except for study 2, in which a short
period of elevated rectal temperatures at 40- and 41-days post-immunisa-
tion was recorded in the benchmarkMLV/challenged animals. This proved
to be significantly higher than in the EU-PRRSV-Con challenged animals.
However, as shown previously25, the virulent PRRSV-1 subtype 3 strain
SU1-Bel, used in study 3, caused greater clinical signs and pyrexia compared
to the PRRSV-1 subtype 1 strains. The clinical signs that were observed in
study 3 were present in some of the benchmarkMLV/challenged pigs, with
no clinical signs observed in the EU-PRRSV-Con/challenged animals.
Likewise, higher rectal temperatures were observed in all groups following
SU1-Bel challenge than were recorded in the previous studies, again seeing
higher temperatures in the benchmark MLV/challenged animals than the
EU-PRRSV-Con/challenged group. In addition, infection of pigs with
21301-19 andSU1-Bel, respectively, induced greater gross lung pathology in
the benchmark MLV/challenged animals than the EU-PRRSV-Con/chal-
lenged group. These results showed that whilst vaccination with EU-
PRRSV-Con did not prevent challenge infection, it reduced the impact of
clinical and pathological disease compared to those vaccinated with
benchmarkMLV. Furthermore, lower levels of viraemia and viral shedding
(inferred by RT-qPCR) were detected in the EU-PRRSV-Con vaccinated
group following challenge, in all studies. The results also demonstrated that
the EU-PRRSV-Con groups had higher levels of viral RNA in serum and
nasal swabs following immunisation compared to the benchmark MLV
groups. These data were supported by the in vitro observations that EU-
PRRSV-Con replicated efficiently in porcine BALC, as well as MARC-145
cells. In studies 1 and 2, it was found that significantly lower levels of virus
werepresent in theBALFand lung tissue of theEU-PRRSV-Con/challenged
animals compared to those that were unvaccinated, with there being sig-
nificantly lower levels in the EU-PRRSV-Con group compared to the
benchmarkMLV group in study 1 and the complete absence of virus in the
BALF from half of the EU-PRRSV-Con vaccinated animals. This further
suggests that EU-PRRSV-Con is providing better protection than bench-
mark MLV against the subtype 1 PRRSV-1 strains. However, following
challengewith the subtype 3 strain, significant differenceswere not detected
between any of the vaccinated and unvaccinated groups. Of the PRRSV-1
strains that were used for the design of the EU-PRRSV-Con genome, the
majority belong toWestern European subtype 1 strains, with only one from
subtype 2 and two from subtype 3 contributing to theORF2–6 analysis, with
an additional 15 subtype 2, 3 and4 strains contributing to theORF5analysis.
Therefore, as seen from the results of this study, the protective efficacy of
EU-PRRSV-Con against subtype 3 strains and other divergent subtypes,
such as those found in Eastern Europe, may be limited.

Previous studies have shown that nAbs play a significant role in pro-
viding immunity against PRRSV26. In a recently conducted study that
developed a consensus sequence containing PRRSV-2 ORFs 2–6 based on
30 Chinese PRRSV strains, it was found that this consensus strain could
induce broadly nAbs, whereas a conventional MLV strain induced only
homologous antibodies19. This suggests that use of a consensus sequence
strain, based on the PRRSV envelope glycoproteins, could be an effective
strategy to induce broader nAbs that are protective against a diverse range of
PRRSV strains. VNT assays were therefore performed on serum samples,
assessing neutralisation of MARC-145 cell infectivity of the two vaccine
strains andporcinemacrophage infectivity of the respective challenge strain.
Overall, immunisation with EU-PRRSV-Con resulted in enhanced nAb
responses compared to benchmark MLV immunisation; with significantly
greater neutralisation of EU-PRRSV-Con and comparable neutralisation of
benchmark MLV, suggestive of a broader neutralisation. However, sera
frombothEU-PRRSV-Con andbenchmarkMLV immunisedpigswere not
able to neutralise challenge virus infection of macrophages. Whilst dis-
appointing, this observation is frequently observed in studies of MLV
induced antibody responses. Studies have shown that serum antibodies can

more readily neutralise PRRSV infection of MARC-145 cells compared to
infection of porcine macrophages27–29. Highlighting the need for a sensitive
macrophage-based assay that can quantify the low titre neutralising anti-
bodies elicited by PRRSV MLV and removing the need to adapt viruses to
infection of MARC-145 cells.

The genetic stability of EU-PRRSV-Con was evaluated following
sequential blind passaging (10 passages from P3) in MARC-145 cells. A
limited number of SNPs were identified in the passage samples when
compared to the original sequence. The identified SNPs predominantly
affected non-structural proteins and would not affect the tropism of the
virus or the antigenic properties of the envelope proteins. The lack of
mutations found in the structural proteins is not unusual. A similar lack of
SNPs in the structural proteins was found in an analysis of circulating
PRRSV strains in Hong Kong30. The analysis of Hong Kong isolates also
showed that most of the discovered SNPs had no effect on the protein
sequence, which tallieswith the data analysedhere.An analysis of a PRRSV-
1 inoculum revealed 16 major and 49 minor SNPs from the published
sequence31. A high proportion of these changes were shown to be in nsp2
and within those, a majority of them were non-synonymous. This is com-
parable to the number of changes between the reference strain and in vitro
samples seen in this study and their distribution across the genome.Whilst
this degree of genetic stability in vitro is encouraging, studies are required to
assess the potential for EU-PRRSV-Con to mutate to a virulent form fol-
lowing sequential passage in pigs (‘reversion to virulence’). Additional
testing of the safety of EU-PRRSV-Con in pregnant sows and amore formal
assessment of its shed and spread are warranted, especially given its high
level of replication in immunised pigs.

In summary, the synthetic PRRSV-1 vaccine candidate, EU-PRRSV-
Con, based on engineering consensus sequences encoding the envelope
proteins (based on 67 PRRSV-1 full genome sequences mainly subtype 1,
and an additional 15 ORF5 sequences from PRRSV-1 subtype 2, 3 and
4 strains) into the genome of an attenuatedPRRSV-1 strainwas successfully
rescued, and evaluated both in vitro and in vivo. EU-PRRSV-Con was able
to replicate high titres in cell culture in both MARC-145 cells and porcine
macrophages. Growth curve analysis in MARC-145 cells showed efficient
replication in line with that observed with the parental PRRSV-1 Olot/
91 strain. Sequence analysis demonstrated that EU-PRRSV-Con was rela-
tively stable after multiple passages in MARC-145 cells. EU-PRRSV-Con
was found to be safe in pigs, with no adverse effects observed. EU-PRRSV-
Con was immunogenic, inducing both T cell and nAb responses. Overall,
EU-PRRSV-Con provided better levels of protection (reduced viral loads
and lung lesions) than the licensed MLV, although the protective efficacy
against the genetically divergent and pathogenic strain, SU1-Bel, was more
limited. Collectively, these data support the further development of EU-
PRRSV-Con as a vaccine that may improve the control of PRRSV-1.

Methods
Ethical approval
Animal studies were approved by the Animal and Plant Health Agency
(APHA) and the Pirbright Institute Animal Welfare and Ethical Review
Bodies and conducted under the Animals (Scientific Procedures) Act 1986
(Project Licence P6F09D691). Work with genetically modified PRRSV-1
was approved by the APHA Biological Safety Committee and the Pirbright
Institute Biological Agents and Genetic Modification Safety Committee
(Health and Safety Executive Notification Reference GM53).

Cell culture
African green monkey kidney-derived MARC-145 cells were cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% foetal bovine serum (FBS), 100 IU/mL penicillin, and
100 µg/mL streptomycin (all Thermo Fisher Scientific) (cDMEM). BHK-21
cells were cultured in Glasgow’s Minimum Essential Medium (GMEM
BHK21) supplemented with 5% FBS, 5% Tryptose Phosphate Broth and
100 IU/mL penicillin, and 100 µg/mL streptomycin (all Thermo
Fisher Scientific). Porcine BALC, PBMC and TBLN cells were cultured in
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RPMI-1640 medium supplemented with 10% FBS, 100 IU/mL penicillin,
and 100 µg/mL streptomycin (all Thermo Fisher Scientific) (cRPMI). All
cell lines were cultured at 37 °C with 5% CO2 in a humidified incubator.

PRRSV-1 strains, propagation, and titration
PRRSV-1 strains used for immunisation were EU-PRRSV-Con (AC#
PV146404) and Porcilis PRRS MLV (MSD Animal Health) (AC#
MW674755, referred to here as ‘benchmark MLV’), whereas for challenge
215-06 (AC# OP04789725), 21301-19 (APHA, unpublished) and SU1-Bel
AC# KP88924325) were used. PRRSV-1 Olot/91 (AC# KC86257032;) was
used for the in vitro stimulation of PBMCandBALC.PRRSV-1 strainswere
propagated in MARC-145 cells (EU-PRRSV-Con, benchmark MLV, and
Olot/91) or BALC (215-06, SU1-Bel, and 21301-19) by inoculating tissue
culture flasks at a multiplicity of infection (MOI) of 0.01. The virus was
harvested after culture at 37 °C for 3–4 days. To assess PRRSV infection,
MARC-145 cells or BALC monolayers were subjected to immunoperox-
idase staining and the median tissue culture infectious dose (TCID50) was
calculated33.

In silico design of EU-PRRSV-Con
Sequence data for ORFs 2–6 from PRRSV-1 strains were collated to a
design consensus sequence. A selection of 67 genome sequences of
PRRSV-1 strains was assembled, based on data published on GenBank®
and data held at APHA (Supplementary Table 5). The majority of these
strains belonged to subtype 1 (as previously defined34, but one subtype 2
and two subtype 3 strains were included. For ORF5 analyses, further
sequences were added, to include seven from subtype 2, seven from
subtype 3, and one from subtype 4 (Supplementary Table 6). From each
full genome sequence, the specific ORF2, ORF2a, ORF3, ORF4, ORF5,
ORF5a and ORF6 gene sequences were identified, and translated into the
corresponding amino acid sequences. The resulting GP2, E, GP3, GP4,
GP5, ORF5a protein, and M protein sequences were aligned using the
Clustal W algorithm35. From these alignments, the consensus sequence
was identified for each gene, based on the most prevalent amino acid at
each position in the genes. The PRRSV-1 ESP-1991-Olot91 (Olot/91)
strain (AC# KC862570)36 nucleotide sequence was used the backbone
sequence for the EU-PRRSV-Con genome.

Rescue of EU-PRRSV-Con
The process of rescuing EU-PRRSV-Con comprised four steps. Firstly, four
overlappingDNA fragments covering the genome of EU-PRRSV-Conwere
synthesised by GeneArt Gene Synthesis Service (Thermo Fisher Scientific).
The fragments were PCR amplified using Q5 high-fidelity Taq DNA
polymerase (New England Biolabs) using specific primers (Table 2). PCR
products were gel excised and purified using the GFX PCR DNA and Gel
Band PurificationKit (Cytiva). Purified PCR products were transfected into
BHK-21 strain 38 cells using TransIT-LT1 transfection reagent (Mirus Bio
LLC). A clarified pool of culture supernatant and cell lysate from the
transfected BHK-21 cell culture (Passage 0 - P0) was then passaged on
MARC-145 cells. Once cytopathic effect (CPE) was observed, virus was
titrated on MARC-145 cells as described previously.

Sequential passage and sequencing of EU-PRRSV-Con
Stability of EU-PRRSV-Con in cell culturewas assessed by a serial passage of
the virus onMARC-145 cells up to 10passages. RNAwas extracted from the
tissue culture supernatants using theQIAampViral RNAmini kit (Qiagen)
as per the manufacturer’s instructions. Passage 10 samples were prepared
for sequencing on the MiSeq (Illumina) platform. The single-nucleotide
polymorphism (SNP) analysis generated during the alignment was then
used in Arraystar (Lasergene) for analysis of SNP position and function.
MegAlign Pro (Lasergene) was used to alignmultiple samples and establish
where SNPs were positioned. To be considered SNPs, the frequency of the
change had to be above 25% in all aligned reads; for a major SNP, this was
50%, everything below50% is considered aminor SNP. SNPs innon-coding
regions were ignored.

Vaccination and challenge studies
To evaluate the efficacy of EU-PRRSV-Con, three animal experiments,
approved by The Pirbright Institute, Animal and Plant Health Agency and
Ethics Committees, were conducted in accordance with the UK Animals
(ScientificProcedures)Act 1986 (Project Licence P6F09D691). Studieswere
partially masked, i.e., blinded to the study/laboratory personnel responsible
for recording or assessing clinical, pathological, virological, and immuno-
logical data. All studies were performed using PRRSV-naïve (antibody- and
virus-free), largeWhite-Landrace-Hampshire cross, female pigs, 6–8 weeks
of age, sourced from a commercial, high health status farm, were randomly
assigned to three treatment groups (n = 9). Within each treatment group,
pigswere randomly allocated to be euthanizedonday 49, 55, or 56 (n = 3per
timepoint). Group sizes were calculated based on PRRSV efficacy criteria
(assessment of virus RNA levels) as described by ref. 37. Therefore, based on
observed differences in Cq values between treated and untreated pigs, 6 pigs
per groupwould allow the detection of difference between groups with 80%
power and 95% confidence (power.t.test function in R (version 4.0.5)38).
Animals were separated by pens with no direct contact between groups and
were provided with water ad libitum and fed twice daily on a commercial
diet ration.

As described in Table 1, on day 0, the first group was inoculated by
intramuscular (i.m.) injection into the brachiocephalic muscle with 2mL of
the commercial PRRSV-1MLV Porcilis PRRS® (MSDAnimal Health), the
second group with 1mL phosphate buffered saline (PBS) containing 105

TCID50 of PRRSV-1 EU-PRRSV-Con (P3) and the third group with 1mL
PBS. At 35 days post-immunisation, the three groups of pigs were chal-
lenged by intranasal inoculation with 2mL (1mL/nostril) 105 TCID50 of
PRRSV-1 subtype 1 strains 215-06 (study 1) and 21301-19 (study 2), and
subtype 3 strain SU1-Bel (study 3) using a mucosal atomisation device
(MAD300,WolfeToryMedical, Inc, Salt LakeCity,USA).Back titrationsof
both vaccine and challenge viruses were performed as described above to
confirm doses administered. For studies 2 and 3, two additional groups
(n = 6) were vaccinated but not challenged to assess vaccine virus in blood
and tissues in the absence of challenge. Three pigs from challenged groups
were euthanized on day 42 (7 DPC), and remaining pigs from all groups
were euthanized days 55 and 56 (20 and 21 DPC, respectively). For
euthanasia, animals were sedated by i.m. injection with a cocktail of
Domitor (Medetomidine—1mg/mL) and Zoletil (Tiletamine and Zolaze-
pam—50mg/mL) at a concentration of 0.5 mL/10 kg body weight, before
an overdose of pentobarbital sodium anaesthetic (Pentoject—20mL/ani-
mal) by intravenous injection in the marginal ear vein, followed by exsan-
guination, to enable post-mortem examination of lungs and collection of
tissue samples.

Clinical monitoring, pathological examination, and sample
collection
Animalswere clinically scored37, and rectal temperaturesmeasured daily for
14 days after vaccination and challenge. Pigs were weighed weekly over the
course of the study. Peripheral blood samples were collected into BD SST
and heparin vacutainers (Thermo Fisher Scientific). For nasal swabs col-
lections, cotton swabs (Scientific Laboratory Supplies, Nottingham, UK)
were used and were placed into a specific media as described by De Brito
et al.37. Following euthanasia, digital images of the dorsal and ventral aspects
of the lungs were taken. The presence of gross lesions in each lung lobe was
assessed by a veterinary pathologist (blinded as stated above) and scored
semi-quantitatively to estimate the percentage of lung surface affected by
pneumonia using a system adapted fromHalbur et al.39. Two representative
samples from each of the cranial, middle, and caudal lobes of the right lung
(standardised location) were immersed in formalin 10% for histology and
scored as described in ref. 40. Histopathological changes were assessed on
lung tissue samples collected from pigs 7 DPC from the three studies.
Lesions were scored blind using the “Morgan score”41, which evaluates the
severity of necrosis of the bronchiolar epithelium, airway inflammation,
perivascular/bronchiolar cuffing, alveolar exudates, and septal inflamma-
tion on H&E-stained sections. The “Iowa” scoring system42, which
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incorporates the presence of viral antigen, assessed by IHC, in the
scoring, was also performed. Representative samples from the middle lobe
of the right lung were frozen on dry ice for analysis by PCR.
Bronchoalveolar lavage (BAL) was performed on the left lung using RPMI-
1640 with 100 IU/mL penicillin, 100 µg/mL streptomycin, and 2% FBS (all
reagents from Thermo Fisher Scientific) until 100mL of BALF was
obtained. TBLN were removed, and aliquots placed in Dulbecco’s PBS
(DPBS) with 1% antibiotics and 2% FBS for cell isolation or snap frozen on
dry ice for RT-qPCR analysis.

Serum and cell isolation
Serum and PBMC were isolated as described by De Brito et al.37. BALF
was obtained after centrifugation at 500 × g for 10 min, the supernatant
was collected, and aliquots were frozen at −80 °C. The pellet was
resuspended and washed twice in DPBS and filtered using a cell strainer
(100 µm, Thermo Fisher Scientific) to obtain the BALC. TBLN were
processed by chopping the tissue into fine pieces and dissociating cells by
applying pressure of syringe barrel. Cells were filtrated as described for
the BALC and erythrocytes lysed. PBMC, BALC and TBLN cells were
resuspended in cRPMI or cryopreserved in 10% DMSO (Merck Life
Science) in FBS.

PRRSV-1 detection by quantitative RT-PCR
Lung and TBLN tissues were homogenised using M tubes and the gentle-
MACS™Dissociator according to the manufacturer’s instructions (Miltenyi
Biotec).Nasal swabswere vortexed in transportmediumbefore removal and
centrifugation of the swab fluid at 800 × g for 5min at RT to remove any
debris. RNA from serum, nasal swab supernatant, BALF, lung and TBLN
homogenates was isolated using theMagMAX™-96 Viral RNA Isolation Kit
and KingFisher™ Flex Purification System (both Thermo Fisher Scientific).
The simple workflow was used for serum and nasal swab supernatants,
whereas the complexworkflowwas used for BALF and tissue homogenates.
The Exogenous Internal RNA Extraction Control was also included for all
samples. RNA was eluted into a 96-well plate and RT-qPCR reactions were
performed using the multiplex VetMAX™ PRRSV EU & NA 2.0 Kit
(Thermo Fisher Scientific). Cq values were obtained in the 7500 Fast PCR
system (Applied Biosystems™, Thermo Fisher Scientific) and Cq values
below 40 were considered positive.

IFN-γ ELISpot assay
PBMC, BALC or TBLN cells were plated at 2.5 × 105 cells/well in 96-well
PVDFmembrane plates (MerckLife Science) coatedwith anti-porcine IFN-
γmAb (clone P2G10; BD Pharmingen). Cells were either left unstimulated
(cRPMI) or stimulated with PRRSV-1 Olot/91 diluted to a multiplicity of
infection of 0.1 in cRPMI, or with 5 µg/mL of concanavalin A as a positive
control. All the conditions were performed in triplicate. Plates were incu-
bated overnight at 37 °C and 5% CO2 and processed for IFN- γ staining as
described by De Brito et al.37. Results were expressed as the number of IFN-
γ-producing cells per 106 cells minus the average number of IFN-γ-pro-
ducing cells in mock-stimulated wells.

PRRSV antibody ELISA
PRRSV specific antibodies were detected using a commercial diagnostic
ELISA kit, PrioCHECK® PRRSV Ab porcine ELISA (Thermo Fisher Sci-
entific). All the steps were described by themanufacturer andwere followed
accordingly37. After adding the stop solution, absorbance was measured at
450 nm and 620 nm using a spectrophotometer (GloMax®-Multi Detection
System, Promega, Southampton, UK).

PRRSV neutralisation assay
PRRSVneutralising titres were assessed by incubating serial 2-fold dilutions
of heat-inactivated (56 °C for 30min) sera with 400TCID50 of PRRSV-1 for
1 h at 37 °C. Virus-serum mixtures were added to MARC-145 cells
(1.5 × 104 cells/well) or BALC (1.0 × 105 cells/well) for vaccine (EU-PRRSV-
Con or Porcilis) or challenge (215-06, 21301-19, or SU1-Bel) viruses,
respectively. After incubated for 48 h at 37 °C with 5% CO2, immunoper-
oxidase staining using AEC substrate was conducted as described37. Neu-
tralising antibody titres were calculated as the reciprocal serumdilution that
fully neutralised viral infection in 50% of the wells (ND50).

Statistical analysis
GraphPadPrismwasused for graphical and statistical analysis of data sets.A
two-way analysis of variance (ANOVA), followed by a Tukey’s multiple
comparison post-hoc test, was employed. Differences were considered
statistically significant when p < 0.05.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. The EU-PRRSV-Con
genomic sequence has been submitted to GenBank with ID: PV146404 and
the sequence will be available upon publication. Genomic sequences for
some of the strains used to design EU-PRRSV-Con have been submitted to
GenBank: PRRSV-1H2 strain ID: PV173709; PRRSV-1 87129-13 strain ID:
PV173710; PRRSV-1 91110-14 ID: PV173711.
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