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Summary
Co-infection with porcine reproductive and respiratory syndrome virus (PRRSV) and porcine
circovirus type 2 (PCV2) is a useful model to study porcine reproductive and respiratory
syndrome (PRRS) and porcine circovirus associated disease (PCVAD), with PRRSV enhancing
replication of PCV2. Our objectives were to evaluate the effect of vaccination with a PRRS
modified live virus (MLV) and of genotype at a marker WUR, that is associated with PRRS
resistance, on the blood transcriptome response of commercial nursery pigs that were
experimentally co-infected with both PRRSV and PCV2 and preselected to equally represent AA
and AB WUR genotypes. In total, 191 blood samples collected from 14 vaccinated and 14 nonvaccinated piglets at 4, 7, 11, and 14 days post vaccination (dpv) [Vac pigs only] and at 0 (=28
dpv), 4, 7, 11, 14, and 28 days post coinfection (dpi) were selected for transcriptome analysis
using QuantSeq. Differential expression analysis was conducted separately for each time point.
No DEGs were identified (q0.2) for the effect of WUR genotype or for the interaction between
WUR genotype and VacStatus at any time point. For VacStatus, DEGs (q0.2) were only
identified at 4 dpi (40 DEGs) and 7 dpi (63 DEGs). Using Ingenuity Pathway Analysis, the
DEGs for VacStatus included SIGLEC1 (CD169), MX1, MX2, CXCL10, and FCGR1A, which
were significantly less expressed in Vac pigs and play a role in leukocyte migration, quantity of
blood cells, inflammatory response (on 7 dpi only), viral infection, and immune response. Based
on WGCNA and DAVID results, genes in gene modules that were significantly less expressed in
the Vac groups participate in defense response to virus, negative regulation of viral genome
replication, innate immune response on 4 dpi and cytokine-cytokine receptor interaction,
chemokine signaling pathway, immune response on 7 dpi. Taken together, this study indicates
that having less SIGLEC1, a PRRSV receptor expressed on macrophages, may induce fewer
PRRSV infected cells, which then triggers lower innate immune response and less inhibition of
PCV2b viral infection in Vac pigs, and that WUR genotype and the interaction between WUR
genotypes and VacStatus may not have a large effect on the blood gene expression following
vaccination and co-infection.
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Introduction
Pigs co-infected with porcine circovirus type 2 (PCV2) and porcine reproductive and respiratory
syndrome virus (PRRSV) are commonly observed in field cases. At present, a vaccine for PCV2
can effectively control infection but the evolution of new PCV2 strains make consistent disease
control in the future uncertain. In contrast, current PRRS vaccines are only partially effective.
PRRSV can suppress host immune defense and potentiate PCV2 replication and pathogenesis.
SNP WUR10000125 (WUR) on SSC 4 was found to be strongly associated with weight gain and
serum viremia in pigs after infection with PRRSV. Allele B at WUR is favorable and dominant
to allele A (Boddicker et al., 2012).
Previous results from the same experiment as used here have shown that pigs that were
vaccinated (Vac) with a modified live virus (MLV) vaccine for PRRS had lower PRRS viral load
(VL) but higher PCV2b VL following co-infection with PRRSV and PCV2 than non-vaccinated
(nonVac) pigs, which indicates that the vaccine had a partial protective effect against PRRSV
infection but enhanced PCV2. In addition, pigs with the AB WUR genotype had lower PRRS
VL than AA pigs, and AB pigs had significantly lower PCV2b VL in Vac pigs but not in nonVac
pigs (Dunkelberger, 2017).
Our objectives were to explore the blood transcriptome response of pigs from this
vaccination and co-infection experiment to evaluate the effect of vaccination and WUR genotype
on host response to co-infection with PRRSV and PCV2 and to identify mechanisms involved.

Material and methods
PRRS Host Genetics Consortium trial 16 utilized 199 three-week-old Large White*Landrace
barrows from one genetic supplier that were preselected based on WUR (50% AA and 50% AB),
and randomly assigned to one of two rooms. Pigs in one room were vaccinated using a
commercial PRRS MLV. On day 28 post vaccination (dpv), pigs in both rooms were challenged
with PRRSV and PCV2b and followed for 28 days post infection (dpi).
In total, 191 blood samples collected in Tempus tubes from 14 piglets per room at 4, 7,
11, 14 dpv (Vac pigs only) and 0, 4, 7, 11, 14, 28 dpi were selected for transcriptome analysis
using 3’ RNAseq (QuantSeq). Piglets were from 7 litters that had one piglet for each Vac x
WUR genotype combination: Vac-AA, Vac-AB, nonVac-AA, nonVac-AB.
The QuantSeq raw data were processed using Bluebee (Moll et al., 2014) and version
10.2 of the pig genome. Differential expression (DE) analysis was done using QuasiSeq,
separately for each time point (Lund et al., 2012). The generalized linear model included WUR
genotype, RNA RIN score, and lane, along with VacStatus and Vac x WUR (for dpi only).
Ingenuity Pathway Analysis (IPA) was used for pathway enrichment analysis of the DE
genes (DEGs) using a q-value cutoff of 0.2 (Krämer et al., 2013). Using the voom method (Law
et al., 2014), the gene expression data was adjusted for library size and all effects in the DE
analysis model, except Vac status, separately for 4 and 7 dpi, and used as input for WGCNA to
build networks, create modules of genes with similar expression patterns, and calculate
eigengenes for these modules and their association with VacStatus (Langfelder et al., 2008).
Clusters whose eigengene value was significantly different between VacStatus groups were input
into DAVID for pathway and GO term enrichment analysis, and functional annotation clustering,
using 5199 genes expressed at 4 dpi after filtering as background reference for 4 dpi and 5479
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genes for 7 dpi, and an enrichment score (ES) cutoff of 1.3 (Huang et al., 2009)

Results
Using DE analysis separately for each time point, no DEGs were identified between the AB and
AA WUR genotypes or for the WUR * VacStatus interaction at any time point. For VacStatus,
DEGs (q0.2) were only identified at 4 dpi (40 DEGs) and 7 dpi (63 DEGs). On 4 dpi (32 dpv),
two biological functions in IPA that were predicted to be significantly decreased and increased
respectively in Vac pigs were “immune response of cells” (z=-2.18 and p=0.035) and “viral
infection” (z=2.04 and p=0.004, Fig. 1A). On 7 dpi (35 dpv), biological functions predicted to
be significantly increased in Vac pigs were “quantity of blood cells” and “infection of
mammalia”, while functions predicted to be significantly decreased were “inflammatory
response”, “replication of HIV-1”, “chemotaxis of phagocytes”, “chemotaxis of myeloid cells”,
“cell movement of myeloid cells”, “cell movement of phagocytes”, “immune response of
phagocytes”, and “leukocyte migration” (z<-2 and p<0.01, Fig. 1B).
The top module from WGCNA whose eigengene was most associated with VacStatus at 4
dpi included 166 genes, with lower expression in Vac pigs (p=2e-06). Functional annotation
clustering showed four enriched clusters, one of which was enriched for “defense response to
virus”, “negative regulation of viral genome replication”, “innate immune response” including
CXCL10, MB21D1, ADAR, ISG20, MX1, PRF1, RSAD2, DDX58, CCL5 at 4 dpi (ES=2.5).
The top module at 7 dpi associated with VacStatus included 105 genes (p=0.01). Functional
annotation clustering showed three significant enriched clusters, one of which was enriched for
“cytokine-cytokine receptor interaction”, “chemokine signaling pathway”, “immune response”
including CCL19, CCR9, CXCL13, CXCL16, TNFSF10, RELA at 7 dpi (ES=1.84).

Discussion
Innate immunity is an important first line of defense against viral infection to prevent viral
replication. PRRSV suppresses host innate immunity by reducing interferon-α (IFNα) production
(Lunney et al., 2016). In our study, IRF3 and IRF7 were expressed at a lower level in Vac pigs
than in nonVac pigs on 4 and 7 dpi (only IRF7), although the level of significance just exceeded
our threshold on 4 dpi (q=0.27 and 0.25), which may have resulted in reduced IFNα production
and a suppressed innate immune response. This is consistent with the IPA results that known
targets of IRF3, IRF7, and IFNA, such as CXCL10, FCGR1A, SIGLEC1, which were identified
herein as DEGs less expressed in Vac pigs, and may result in less activation of immune and
inflammatory responses (Fig. 1). The genes in the module that was less expressed in Vac pigs
may also play a role in immune response at both 4 and 7 dpi, especially through cytokine and
cytokine receptor interaction and chemokine signaling pathway on 7 dpi. Thus, PRRS
vaccination may enhance PRRSV suppression of innate immune response by reducing the
induction of IRF3, IRF7, and INF α and their downstream regulated genes (Sun et al., 2012).
Sialoadhesin (SIGLEC1/CD169), a putative PRRSV co-receptor in macrophages (Vanderheijden
et al., 2003), had significantly lower expression in Vac pigs. In addition, Vac pigs had lower
PRRSV VL than nonVac pigs, which indicates that having less PRRSV receptors in
macrophages may induce fewer PRRSV infected cells, which then modulates innate immune
response and trigger less inhibition of PCV2b infection in Vac pigs (Fig. 2).
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Figure 1. Pathways, networks, and functions associated with differentially expressed genes
(DEGs) in blood in response to PRRS vaccination and co-infection with PRRSV and PCV2b
in commercial nursery pigs. Green color indicates down regulation of DEGs in the vaccinated
pigs. The different shapes indicate different molecules (Square: Growth factor; Vertical ellipse:
Transmembrane receptor; Horizontal ellipse: Transcription regulator; Up diamond: Enzyme;
Down diamond: Peptidase; Circle: Other). The orange lines and shapes indicate predicted
activation that agrees with literature. The blue lines and shapes indicate predicted inhibition that
agrees with literature. Octagon and cross shapes represent related functions and disease,
respectively. A: Functions of host DEGs associated with Vac/nonVac in blood on 4 dpi; B:
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Function of host DEGs associated with Vac/nonVac in blood on 7 dpi (q0.2).

Figure 2. Inhibition of IRF by PRRS vaccination and co-infection with PRRSV and PCV2.
(1) During the early phase of co-infection (4 dpi), CD169 (SIGLEC1) was expressed at a lower
level in the vaccinated pigs, which may reduce PRRSV infecting cells, which may cause down
stream genes such as RIG-1, MDA-5, IRF3, and IRF7 which were expressed at a lower level in
vaccinated pigs, which may have resulted in less dimerization of phosphorylated IRF3 and/or
IRF7 translocation to the nucleus to activate transcription of type I IFN genes. (2) Less type I
IFN genes expressed in the vaccinated pigs may produce less IFNβ, which then triggers less
IFNα/βR so during late phase of co-infection (7 dpi), down stream genes such as IRF9 and
STAT1 were expressed at a lower level in the vaccinated pigs, which may induce less IRF7 and
its down stream type I IFN production. (3) After PCV2b infected cells, less expressed IRF3 in the
vaccinated pigs may also induce less down stream interferon to inhibit anti-viral innate response.
Taken together, PRRS vaccination may modulate innate immunity then trigger more virus
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replication of PCV2b.

