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a b s t r a c t

Current porcine reproductive and respiratory syndrome virus (PRRSV) vaccines sometimes fail to provide
adequate immunity to protect pigs from PRRSV-induced disease. This may be due to antigenic differences
among PRRSV strains. Rapid production of attenuated farm-specific homologous vaccines is a feasible
alternative to commercial vaccines. In this study, attenuation and efficacy of a codon-pair
de-optimized candidate vaccine generated by synthetic attenuated virus engineering approach (SAVE5)
were tested in a conventional growing pig model. Forty pigs were vaccinated intranasally or intramuscu-
larly with SAVE5 at day 0 (D0). The remaining 28 pigs were sham-vaccinated with saline. At D42, 30 vac-
cinated and 19 sham-vaccinated pigs were challenged with the homologous PRRSV strain VR2385. The
experiment was terminated at D54. The SAVE5 virus was effectively attenuated as evidenced by a low
magnitude of SAVE5 viremia for 1–5 consecutive weeks in 35.9% (14/39) of the vaccinated pigs, lack of
detectable nasal SAVE5 shedding and failure to transmit the vaccine virus from pig to pig. By D42, all vac-
cinated pigs with detectable SAVE5 viremia also had detectable anti-PRRSV IgG. Anti-IgG positive vacci-
nated pigs were protected from subsequent VR2385 challenge as evidenced by lack of VR2385 viremia
and nasal shedding, significantly reduced macroscopic and microscopic lung lesions and significantly
reduced amount of PRRSV antigen in lungs compared to the non-vaccinated VR2385-challenged positive
control pigs. The nasal vaccination route appeared to be more effective in inducing protective immunity
in a larger number of pigs compared to the intramuscular route. Vaccinated pigs without detectable
SAVE5 viremia did not seroconvert and were fully susceptible to VR2385 challenge. Under the study con-
ditions, the SAVE approach was successful in attenuating PRRSV strain VR2385 and protected against
homologous virus challenge. Virus dosage likely needs to be adjusted to induce replication and protection
in a higher percentage of vaccinated pigs.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is
widespread in the global pig population and associated with repro-
ductive failure in adult pigs and respiratory disease in growing pigs
[1] resulting in estimated annual losses of $664 million to the U.S.
swine industry [2]. PRRSV is an enveloped, positive-sense,

single-stranded RNA virus [3,4] that belongs to the family
Arteriviridae in the order Nidovirales [4]. The PRRSV genome con-
tains eight structural protein open reading frames (ORFs) and a
few non-structural protein ORFs [5] and isolates can be divided
into two main genotypes: type 1 (European type), and type 2
(North American type) [6]. Mutations such as insertions or dele-
tions occur frequently in the PRRSV genome making it one of the
most genetically diverse pig viruses [7].

The enormous continual change and diversity of PRRSV strains
has resulted in limited efficacy of current commercial vaccines
and vaccination strategies [8]. Modified live-attenuated virus

http://dx.doi.org/10.1016/j.vaccine.2016.09.049
0264-410X/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: The Roslin Institute and The Royal (Dick) School of
Veterinary Studies, University of Edinburgh, Midlothian, UK.

E-mail address: Tanja.Opriessnig@roslin.ed.ac.uk (T. Opriessnig).

Vaccine xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier .com/locate /vacc ine

Please cite this article in press as: Evenson D et al. A porcine reproductive and respiratory syndrome virus candidate vaccine based on the synthetic atten-
uated virus engineering approach is attenuated and effective in protecting against homologous virus challenge. Vaccine (2016), http://dx.doi.org/10.1016/j.
vaccine.2016.09.049

http://dx.doi.org/10.1016/j.vaccine.2016.09.049
mailto:Tanja.Opriessnig@roslin.ed.ac.uk
http://dx.doi.org/10.1016/j.vaccine.2016.09.049
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://dx.doi.org/10.1016/j.vaccine.2016.09.049
http://dx.doi.org/10.1016/j.vaccine.2016.09.049


vaccines (MLVs) are the most effective option currently available to
control clinical signs associated with PRRSV infection; however,
while these vaccines in general protect pigs well against homolo-
gous challenge they are not always capable of eliciting protective
immunity against heterologous field strains [9]. Due to limited vac-
cine homology with circulating field strains on some farms, pig
producers often rely on planned exposure to the pathogenic farm
strain [10] which is risky and may not always be economically ben-
eficial or acceptable from an animal welfare point of view. There-
fore, rapid attenuation of PRRSV would afford an opportunity to
quickly generate farm-specific vaccines.

Recently the synthetic attenuated virus engineering (SAVE)
approach was utilized to rapidly attenuate the wild-type PRRSV
isolate VR2385 [11]. Specifically, the codon-pairs of the major
envelope GP5 gene of PRRSV were deoptimized through a com-
puter algorithm which resulted in a modified GP5 nucleotide
sequence while retaining the original amino acid sequence. The
resulting virus was designated SAVE5. When SAVE5 was tested
in vitro it was genetically stable. Experimental infection of pigs
resulted in lower levels of viremia and reduced macroscopic and
microscopic lung lesions compared to the wild-type VR2385 virus
[11]. The protective efficacy of the SAVE5 was unknown. In the pre-
sent study, the immunogenicity and protective efficacy of SAVE5 in
decreasing clinical signs, lesions and viremia associated with wild-
type PRRSV challenge were assessed using a conventional pig
model.

2. Methods

2.1. Animals and housing

The experimental protocol was approved by the Iowa State
University Institutional Animal Care and Use Committee (14-D-
0008-A). Sixty-eight, 2-week-old, commercial crossbred pigs from
a PRRSV-free source herd were transported to the Livestock Infec-
tious Disease Isolation Facility at Iowa State University, Ames,
Iowa, USA. The study was done in two replicates 12 months apart.
The same source herd was used for both replicates. Upon arrival,
the pigs were randomly assigned to one of five groups. Initially
and for each replicate, vaccinated pigs were housed in one room
and the sham-vaccinated pigs were housed in another room. Prior
to virus challenge, the pigs were further separated by treatment
status into four (Replicate 1) or three (Replicate 2) rooms with
one pen in each room. Pigs were given continuous access to age
appropriate feed (Nature’s Made, Heartland Co-op, Cambridge,
Iowa, USA) and water.

2.2. Experimental design

The experimental groups are outlined in Table 1. At day 0 (D0)
when the pigs were 3 weeks old, VAC-IM-CONTROL, VAC-IM-
PRRSV and VAC-IN-PRRSV were vaccinated with the SAVE5 candi-
date vaccine and the NEG-CONTROL and POS-CONTROL groups
were sham-vaccinated with saline. The intramuscular (IM) route
was used for the VAC-IM-CONTROL, VAC-IM-PRRSV, NEG-
CONTROL and the POS-CONTROL groups and the intranasal (IN)
route was used for the VAC-IN-PRRSV group. At D42, pigs were
challenged with the homologous PRRSV strain VR2385 (VAC-IM-
PRRSV, VAC-IN-PRRSV, POS-CONTROL) or were sham-inoculated
with saline (VAC-IM-CONTROL, NEG-CONTROL). All pigs were
necropsied at D54. Blood samples were collected weekly from D0
through D42 and on D44, D46, D48, D51 and D54. The blood was
centrifuged at 3000g for 10 min and the serum was stored at
�80 �C until testing. Nasal swabs were taken from each pig on
D7, D14, D21, D28, D35, D42, D44, D46, D48, D50 and D53, placed Ta
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