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Abstract

Background/Objectives: Porcine reproductive and respiratory syndrome virus (PRRSV) remains one
of the most economically significant pathogens in the global swine industry. Despite the availability
of commercial vaccines for over three decades, they fail to induce sterile immunity and often provide
inconsistent protection against heterologous PRRSV strains. This study aimed to predict vaccine
immunogenicity by detecting strain-specific immune responses that related to an immune correlates
of protection (COPs) against different PRRSV-2 strains. Methods: Post-weaning pigs were vaccinated
with five commercially available PRRSV-2 vaccines or received sterile PBS injection as a control. At
28 days post-vaccination (dpv), all pigs were humanely euthanized for large-volume blood collection
to isolate peripheral blood mononuclear cells (PBMCs) and plasma, establishing the immune bank.
PBMCs and plasma from each group were then tested against six PRRSV-2 strains to evaluate
immune responses. In addition, T cell epitope coverage between vaccine and field PRRSV-2 strains
was assessed using the EpiCC (in silico) tool to enhance predictive capacity. Results: While
neutralizing antibodies were undetectable in all vaccinated pigs at 28 dpv, PRRSV-specific IFNy—-
producing cells were detected at various levels in each vaccinated group following restimulation with
different PRRSV-2 strains. Additionally, a positive correlation was observed for the EpiCC coverage
of the N gene and mean IFNy responses to VR2332 (SLA class I and II) and NC24-6 (SLA class II).
Conclusions: The PRRSV immune bank demonstrated potential as a tool for predicting vaccine
immunogenicity against different PRRSV-2 strains and EpiCC provide additional information on T
cell epitope cross conservation. The combined approach may provide a valuable framework for
selecting PRRSV vaccines for more effective prevention and control in endemic areas.

Keywords: PRRSV; immune bank; vaccine immunogenicity; immune responses; EpiCC; T cell
epitope

1. Introduction

Since its first identification, porcine reproductive and respiratory syndrome virus (PRRSV) has
remained one of the most problematic swine viruses across the globe. Notably, the economic impact
of PRRSV infection rose to $1.2 billion annually between 2016 and 2020 in US swine industry [1],
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marking a sharp increase compared to the previous decade. Pigs infected with PRRSV exhibit delayed
innate and adaptive immune responses due to the virus’s immunomodulatory effects, which
contribute to increased susceptibility to secondary infections, known as porcine respiratory disease
complex (PRDC)[2—-4]. Moreover, the continuous evolution and emergence of new strains, driven by
a high mutation rate and frequent recombination events [5,6], pose a major challenge to effective
control and eradication of PRRSV. Commercial PRRS modified-live virus vaccines remain the
primary tools for controlling PRRSV and stabilizing herds for more than three decades [7,8].
However, the immunity induced by these vaccines has shown limited effectiveness in protecting
against heterologous strains and newly emerging variants [9-12], and can result in immune
dysregulation comparable to that caused by wild-type strains [13]. Thus, the development of effective
vaccines capable of conferring sterile immunity across heterologous strains is essential; however,
such vaccines are not expected to be available soon. This limitation highlights a critical question:
which vaccine strains are most effective in mitigating outbreaks caused by newly emerging PRRSV
strains?

This study aims to assess vaccine immunogenicity, including both humoral and cell-mediated
responses, to identify commercial PRRSV vaccines that elicit strong protection against various
PRRSV-2 strains. Neutralizing antibodies (nAbs) are crucial for viral clearance and guarding against
reinfection [14]. However, vaccine-induced neutralizing antibodies often develop slowly, are
produced inconsistently, with limited cross-reactivity across different PRRSV strains [15,16].
Furthermore, PRRSV can persist in infected tissues even in the presence of neutralizing antibodies
[17,18]. These factors suggest that cell-mediated immune responses likely play a more crucial role in
viral clearance and in controlling viral infection, both before and after the emergence of nAbs [19].

To properly select PRRSV vaccines to protect pigs from PRRSV outbreaks, we developed a
biobank of PRRSV-vaccine exposed immune cells and an approach called Predict and Protect against
PRRSV (PreProPRRSV), to predict vaccine immunogenicity. In this study, vaccine immunogenicity
was assessed by measuring strain-specific immune responses after in vitro restimulation with
circulating PRRSV-2 strains from the North Carolina (NC) swine industry, which have been
identified as strain-specific immune correlates of protection based on findings from previous studies
[15,20]. In parallel, we utilized the Epitope Content Comparison (EpiCC) algorithm to assess the
potential contribution of T cell epitope cross-conservation between vaccine strains and field isolates
to protective immunity [21]. The findings of this study offer valuable insights for predicting vaccine
immunogenicity and guiding vaccine selection against newly emerging PRRSV strains in endemic
regions.

2. Materials and Methods

2.1. Experimental Designs

Thirty-six, 3-week-old commercial breed pigs were purchased from a PRRS-negative farm and
transported to the BSL-2 Laboratory Animal Research (LAR) facility at NC State University’s College
of Veterinary Medicine (Raleigh, NC, USA). Upon arrival, the pigs were ear-tagged for identification
and acclimated for 7 days. Prior to vaccination, the PRRSV-negative status was reconfirmed using a
commercial ELISA (IDEXX PRRS X3 antibody test, USA) and PRRSV-specific RT-qPCR assay. To
establish the biobank, pigs were randomly assigned to six groups, with groups balanced for weight
and sex, including the control group (Group 1) and five vaccinated groups (Groups 2-6), as detailed
in Figure 1. At 4 weeks of age, pigs in the control group (n=6) were injected with sterile PBS as a
negative control, while pigs in each vaccinated group (n=6) received an intramuscular injection of
one of the following commercial PRRSV vaccines: Fostera, Ingelvac, PrimePac, Prevacent, and
PRRSGard, according to the manufacturer’s instructions. All groups were humanely euthanized 28
days post vaccination (dpv) to collect plasma and peripheral blood mononuclear cells (PBMCs) for
immune biobank establishment. Moreover, average daily gain (ADG) at 28 dpv was assessed in
vaccinated and control pigs and is presented in Supplementary Figure S1. All methods and animal
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studies were conducted under the approval of NC State University Animal Care and Use Committee
(IACUC) ID# 23-369.

Groups Vaccines Route Manufacturers
e ®
Vaccination
I | | } } { Weeks CONTROL - ™M
7 0 1 2 3 4 (n=6) 1mL
] as
] N ] v FOSTERA Fostera™ M Zoetis, USA
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Figure 1. Experimental design for the establishment of a PRRSV-2 immune biobank. The schematic illustrates
the study design from animal arrival to the experimental endpoint. Groups of pigs were vaccinated with
different commercial PRRSV-2 vaccines at 0 dpv. As indicated in the timeline, PBMCs isolation and plasma
collection were performed to assess the immune correlation of protection both humoral and cellular immune

responses at 28 dpv. Created in BioRender. Sirisereewan, C. (2025) https://BioRender.com/2qdge6b.

2.2. Viruses and Cells

The circulating and newly emerging NC PRRSV-2 strains used in this study (Table 1), were
isolated and propagated in both the MA104 cell line (ATCC, CRL-2378.1T) and porcine alveolar
macrophages (PAMs). The reference strain, VR2332, was propagated in MA104 cell line. After
successful isolation, the viruses were submitted for sequencing by an outsourced sequencing service
and characterized according to the fine-scale classification of PRRSV-2, as previously described
[22,23]. These viruses were subsequently used in immunological assays to investigate both humoral
and cellular immune responses following vaccination. Virus titers were determined using the
immunoperoxidase monolayer assay (IPMA) and expressed as TCIDso/mL, determined by the Reed-
Muench method [24].

2.5. Immunoperoxidase Monolayer Assay (IPMA)

IPMA was performed for the detection the PRRSV antigen. Briefly, PRRSV infected cells were
fixed with a 1:1 methanol-acetone solution for 15 minutes at room temperature (RT), then washed
twice with phosphate-buffered saline containing 0.5% Tween-20 (0.5% PBST). The cells were stained
with an anti-PRRSV N protein monoclonal antibody (SR30-A, Brooking, SD, USA) diluted 1:1000 and
incubated for 60 minutes at RT. After two washes with 0.5% PBST, the cells were incubated with
HRP-conjugated rabbit anti-mouse antibody (ab6728, Abcam, USA), diluted 1:1000, for 60 minutes at
RT. Following two additional washes with 0.5% PBST, the cells were counterstained with 3-amino-9-
ethylcarbazole (AEC) substrate. The presence of PRRSV antigens was examined under a microscope
and titers were subsequently calculated.

2.4. Quantification of PRRSV RNA

RNA was extracted from plasma and virus-infected cells using the PureLink Viral RNA/DNA
Mini Kit (Invitrogen) according to the manufacturer’s instructions. The eluted RNA was quantified
using a Nanodrop and then converted to cDNA using Applied Biosystems TagMan® Reverse
Transcription (Applied Biosystems). The cDNA was subsequently used for quantitative PCR (qPCR)
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with IQ SYBR® Green Supermix (Bio-RAD). PRRSV RNA quantification was performed as previously
described [25] with minor modifications, utilizing SYBR green-based real-time qPCR.

2.3. Phylogenetic Analyses

All nucleotide and amino acid sequences of NC PRRSV-2 strains were aligned with the vaccine
strains used in this study using the Clustal W algorithm in BioEdit version 7.2.5
(https://bioedit.software.informer.com/). Phylogenetic trees were constructed in MEGA version 11
using the Maximum Likelihood method with 1,000 bootstrap replicates. The GTR+G substitution
model was applied for nucleotide sequences, and the JTT+G model was used for amino acid
sequences [26].

2.6. Serological Assays

PRRSV-specific antibody responses were measured using the PRRSV X3 enzyme-linked
immunosorbent assay (ELISA, IDEXX, Westbrook, ME, USA) both prior to vaccination and 28 dpv.
Samples were considered positive if the S/P ratio exceeded 0.4, according to manufacturer’s
instructions.

Additionally, virus neutralization (VN) assay against the several PRRSV-2 strains was
performed using the previously described [27], with minor modifications, using 200 TCIDs0/50 pL of
the viruses. A VN titer was considered positive at >1:2 (1 log,). PRRSV antigens were detected using
the IPMA assay, examined microscopically, and VN titers were subsequently calculated.

2.7. Isolation of PBMCs

Heparinized blood samples were centrifuged at 1000g for 20 minutes at 25 °C to separate plasma
and buffy coat. The plasma was transferred to a 50 mL centrifuge tube, aliquoted into 1 mL portions,
and stored at -80°C. PBMCs were isolated from buffy coat diluted with 1xPBS by gradient
centrifugation using SepMate tubes (StemCell, Vancouver, BC, Canada) and Ficoll-Paque (GE
Healthcare, Uppsala, Sweden). After isolation, the cells were resuspended in RPMI 1640 medium
(GIBCO, Carlsbad, CA, USA), supplemented with 10% heat-inactivated, fetal bovine serum (FBS),
(GIBCO), 100 U/mL of penicillin G, 100 pg/mL of streptomycin, 0.01 mg/mL of gentamycin (GIBCO),
and 2 mM L-glutamine (GIBCO) referred as complete media. The cell count was determined using
Luna® Automated counter (Logos biosystems). The cells were then recentrifuged, resuspended in
freezing media consisting of 60% FBS, 30% complete media, and 10% dimethyl sulfoxide (DMSO),
aliquoted into cryotubes, and stored in liquid nitrogen until needed.

2.8. Enzyme-Linked Immunospot (ELISPOT) Assay

The ELISPOT assay was performed as previously described , with minor modification [4].
Briefly, 96-well filter plates with hydrophobic PVDF membranes (Millipore, USA) were treated with
35% ethanol for 1 minute. After activation, the plates were washed five times with ddH20 and coated
overnight at 4°C with a monoclonal antibody specific to porcine interferon gamma (IFNy) (1:50;
Mabtech, Nacka Strand, Sweden). The antibody-coated plates were washed with PBS and incubated
with stimulants, including the positive control (Concanavalin A, 5 pg/mL), NC PRRSV strains, and a
reference PRRSV strain, respectively, at an MOI of 2. The wells containing only cells and complete
media served as mock controls.

PBMCs were thawed, washed with RPMI-1640 medium, counted using trypan blue, and seeded
at 2.5-5x10° cells/well. The plates were incubated with stimulants at 37°C in 5% CO: overnight, then
washed with PBS and incubated with a biotinylated IFNy-specific antibody (clone P2C11, Mabtech,
Nacka Strand, Sweden) at 1 pg/mL for 1 hour at RT. After washing, streptavidin-alkaline phosphatase
(Mabtech, Cat#3310-10-1000) was added at a 1:2000 dilution and incubated for 60 minutes at RT. The
alkaline phosphatase substrate, 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
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(BCIP/NBT; Sigma-Aldrich, Germany), was incubated for 25 minutes. The reaction was stopped by
rinsing with tap water, and the plates were left to dry overnight.

Spot counting was performed using the Mabtech ELISpot reader (Mabtech, Nacka Strand,
Sweden). PRRSV-specific IFNy producing cells were expressed as spot-forming units (SFU) per
million PBMCs in each well.

2.9. Prediction of T Cell Epitopes Using EpiCC Algorithm

The T cell epitopes predictions for both SLA class I and class II alleles were performed as
previously described [21]. Briefly, amino acid sequences of the vaccine strains and six PRRSV field
strains used in this study were analyzed to identify and assess the conservation of individual T cell
epitopes, yielding EpiCC scores that were subsequently converted to T cell epitope coverage. For
each strain, eight structural proteins (GP2a, GP2b, GP3, GP4, GP5, GP5a, M, and N) were evaluated
in the context of nine SLA Class II alleles (DRB1*0101, DRB1*0201, DRB1*0401, DRB1*0402,
DRB1*0501, DRB1*0601, DRB1*0602, DRB1*0701, DRB1*1001) and 15 SLA Class I alleles (1*0101,
1*0401, 1*0701, 1*0801, 1*1201, 1*1301, 2*0101, 2*0401, 2*0501, 2*1001, 2*1201, 3*0401, 3*0501, 3*0601,
3*0701). Predictions specific to the SLA type of the pigs studied were not possible as the SLA type of
the pigs used for these studies was not available. Predicted epitopes were compared to the vaccine
strain, using the percentage of epitope coverage to assess potential cross-protection. The set of SLA
alleles listed above were used in a previous study of PRRSV vaccine efficacy and immunogenicity for
which a correlation between EpiCC coverage and protective efficacy was observed. The set of SLA
alleles listed above were used in a previous study of PRRSV vaccine efficacy for which a correlation
between EpiCC coverage and protective efficacy was observed [21].

2.10. Statistical Analyses

All analyses were performed using GraphPad Prism version 10 for Mac (GraphPad Software
Inc.,, San Diego, CA, USA). Data were first tested for normality using the Shapiro-Wilk test to
determine the appropriate statistical approach. For data sets that met the assumptions of normality,
parametric tests were used, including analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test. For non-normally distributed data, the Kruskal-Wallis test was applied, followed
by uncorrected Dunn’s multiple comparisons test.

Correlation analyses were performed using a correlation matrix with Pearson correlation
coefficients and a two-tailed 95% confidence interval. Nonlinear regression curves were fitted using
a lognormal equation.

3. Results

3.1. Nucleotide and Amino Acid Similarity Based on Complete Genome Sequences Between Vaccine Strains
and NC PRRSV-2 Strains

In this study, complete genome nucleotide and amino acid sequence similarities were analyzed
between vaccine strains and NC PRRSV-2 field strains. Most vaccines showed high similarity to
VR2332 at both levels, especially the Ingelvac MLV vaccine. When compared to NC PRRSV-2 strains,
the vaccine strains shared nucleotide similarities ranging from 80.21% to 83.44% and amino acid
similarities ranging from 52.93% to 60.48%. The phylogenetic trees based on complete genome and
amino acid sequences of vaccine and different PRRSV-2 strains were shown in Figure 2A and Figure
2B. The nucleotide and amino acid similarities based on complete genome sequence between vaccine
strains and NC PRRSV-2 strains were summarized in Supplementary Table S1.
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Figure 2. Phylogenetic tree based on complete genome sequences (A) and complete amino acid sequences (B) of
vaccine strains and various PRRSV-2 strains used in this study. Phylogenetic trees were constructed using the
Maximum Likelihood method with 1,000 bootstrap replicates. The GTR+G substitution model was applied for

nucleotide sequences, and the JTT+G model was used for amino acid sequences.

3.2. Humoral Immune Responses Following Vaccination

Prior to vaccination, all pigs were confirmed PRRSV-negative by both ELISA and qPCR,
showing no seropositivity or viremia. At 28 dpv, all vaccinated groups exhibited elevated mean S/P
ratios above the cut-off value of 0.4, indicating seroconversion. All vaccinated groups showed
significant PRRSV-specific immune responses compared to the control group (Figure 3). Moreover,
significant difference in immune responses were observed among vaccinated groups. These findings
suggest that all commercial MLV vaccines evaluated in this study were capable of inducing humoral
immune responses, albeit to varying degrees.

To determine whether PRRSV-specific antibodies were associated with protection, virus
neutralization assay (VN) was performed against heterologous NC PRRSV-2 and reference strains.
The results revealed none of the vaccinated pigs exhibited the virus neutralizing antibodies against
any of the NC PRRSV-2 and reference strains at 28 dpv. Moreover, no correlation was observed
between the mean S/P ratios and VN titers in any of the vaccinated groups.
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Figure 3. PRRSV-specific antibodies from vaccinated and control groups at 28 dpv. All data are presented as
mean + SD. Statistical analyses were performed using one-way ANOVA followed by Tukey’s multiple

£3

p

comparison test. Asterisks indicate statistically significant differences between groups (*p < 0.05, **p < 0.01, **
<0.001, ****p < 0.0001). The dotted line indicates the positive cut off set at 0.4.

3.2. Cell-Mediated Immune Responses Following Restimulation with NC PRRSV-2 Strains

At 28 dpv, PRRSV-specific IFNy-producing cells were detected following heterologous
restimulation with NC PRRSV-2 strains. The vaccinated pigs exhibited distinct profiles of IFNy
responses against both the NC field strains and the reference strain. For VR2332, pigs vaccinated with
Fostera and Ingelvac vaccines showed significantly higher numbers of IFNy-producing cells
compared to the control and PRRSGard groups (Figure 4A). Upon NC134 restimulation, the
PrimePac group exhibited significantly higher responses than the control, Fostera, and Prevacent
groups (Figure 4B). For NC24-6, pigs in the Fostera, Ingelvac, and PrimePac groups had significantly
higher IFNy-producing cell levels than those in the control and PRRSGard groups (Figure 4C).
Following NC20-1 restimulation, the PrimePac group also showed significantly elevated IFNy
responses compared to the control and Ingelvac groups (Figure 4D). After NC24-9 restimulation, all
vaccinated groups except PRRSGard exhibited significantly higher IFNy responses compared to the
control (Figure 4E). Additionally, the Ingelvac group demonstrated significantly higher IFNy
responses than the Prevacent and PRRSGard groups, while the PrimePac group showed higher
responses than PRRSGard. In contrast, no significant differences were observed among vaccinated
groups following NC23-11 restimulation (Figure 4F). Overall, IFNy responses to NC134, NC20-1, and
NC23-11 were lower than those observed for the other strains. The homologous restimulation results
for each vaccinated group are shown in Supplementary Figure S2.
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Figure 4. PRRSV-specific IFNy—producing cells following restimulation with different PRRSV-2 strains in
vaccinated groups. PBMCs collected at 28 dpv were stimulated with six PRRSV-2 strains: (A) VR2332, (B) NC134,
(C) NC24-6, (D) NC20-1, (E) NC24-9, and (F) NC23-11. The number of IFNy—producing cells were measured
using ELISpot assay and presented as spot-forming units (SFU) per 10¢ PBMCs. Each bar represents the median
+ interquartile range for each vaccinated group (Fostera, Ingelvac, PrimePac, Prevacent, PRRSGard) compared
with unvaccinated controls. Statistical analyses were performed using Kruskal-Wallis test followed by
uncorrected Dunn’s multiple comparisons test. Asterisks indicate statistically significant differences between
groups (*p <0.05, *p <0.01, ***p <0.001, ***p < 0.0001).

3.2. T Cell Epitope Coverage Between Vaccine Strains and NC PRRSV-2 Field Strains
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In this study, the T cell epitope content of NC PRRSV-2 field strains shared with the vaccine
strains was assessed using the PigMatrix tool [28] the EpiCC algorithm and expressed as T cell
epitope coverage for both SLA class I and class II.

3.2.1. T Cell Epitope Coverage of SLA Class I and Relationship Between T Cell Epitope Coverage
and the Mean Frequency of PRRSV-2 Specific IFNy-Producing Cells in Each Vaccinated Group

The results demonstrated that T cell epitope coverage of vaccine strains exhibited the dynamic
patterns for each gene against different PRRSV-2 strains (Figure 5A-E). The reference strain, VR2332,
showed higher epitope coverage across several structural genes, particularly in the Ingelvac group.
Among the NC PRRSV-2 field strains, NC134 exhibited notably higher epitope coverage in the GP2b,
M, and N genes in all vaccines. Furthermore, NC23-11 and NC24-9 displayed similar epitope
coverage profiles across genes in all vaccines, consistent with their classification within the same
PRRSV-2 lineage. Variable levels of T cell epitope coverage were observed in NC20-1 and NC24-6
(Figure 5A-E).

To assess T cell epitope coverage against NC PRRSV-2 field strains, the VR2332 reference strain
was excluded, and the average SLA class I epitope coverage for each vaccine was calculated across
the NC PRRSV-2 strains. The results showed that the average T cell epitope coverage of SLA class I
across NC PRRSV-2 strains varied by gene and vaccine (Figure 5F). For Fostera, coverage ranged
from 42.64% (GP3) to 65.51% (GP4); for Ingelvac, from 44.14% (GP3) to 62.80% (GP4); for PrimePac,
from 42.47% (GP3) to 64.53% (M); for Prevacent, from 40.44% (GP2b) to 62.73% (M); and for
PRRSGard, from 43.17% (GP3) to 72.48% (GP5a). Overall, the highest average T cell epitope coverage
was observed in GP4 (60.82%), GP5a (60.37%), and M (59.06) genes, while GP3 (42.93%), GP2b
(48.82%), and GP2a (51.38%) exhibited the lowest coverage across all vaccine groups (Figure 5F).

To evaluate vaccine immunogenicity, we assessed the correlation between T cell epitope
coverage of each gene and the mean frequency of PRRSV-2 specific IFNy—producing cells in each
vaccinated group after different PRRSV-2 restimulation. The results demonstrated a significant
correlation (p <0.05) between SLA class I T cell epitope coverage of the N gene and the mean number
of PRRSV-specific IFNy-producing cells (Figure 6A), while no significant correlations were found for
the other genes or strains
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3.2.2. T Cell Epitope Coverage of SLA Class II and Relationship Between T Cell Epitope Coverage
and the Mean Frequency of PRRSV-2 Specific IFNy-Producing Cells in Each Vaccinated Group
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For SLA class II, the T cell epitope coverage patterns of vaccine strains mirrored those observed
with SLA class I across structural genes when compared against various PRRSV-2 strains (Figure 7A-
E). Consistent with SLA class I, the reference strain, VR2332, showed higher epitope coverage across
several structural genes, particularly in the Ingelvac group. Among NC field strains, NC134 showed
notably high coverage in GP2b, M, and N genes across all vaccines. For NC24-9, most vaccines had
the highest epitope coverage in the GP4 gene, while the N gene showed the lowest, a pattern also
seen in NC23-11. Additionally, NC20-1, NC23-11, and NC24-6 showed higher epitope coverage in
the GP5a gene with Fostera, Ingelvac, and PRRSGard, and in the M gene with PrimePac and
Prevacent. Conversely, the lowest epitope coverage varied by structural gene across vaccine groups
(Figure 7A-E). The average SLA class II T cell epitope coverage for each vaccine was analyzed across
the NC PRRSV-2 strains using the same method applied for SLA class I. The results showed that the
average T cell epitope coverage of SLA class II across NC PRRSV-2 strains varied by gene and vaccine
(Figure 7F). For Fostera, coverage ranged from 40.47% (GP2b) to 82.42% (GP5a); for Ingelvac, from
39.65% (GP2b) to 85.93% (GP5a); for PrimePac, from 37.92% (GP2a) to 68.36% (N); for Prevacent, from
38.72% (GP2a) to 63.08% (M); and for PRRSGard, from 36.64% (N) to 75.74% (GP5a). Overall, the
highest average T cell epitope coverage was observed in GP5a (67.85%), GP4 (64.54%), and M
(62.43%) genes, while GP2a (42.57%), GP3 (43.25%), and GP2b (45.03%) exhibited the lowest coverage
across all vaccine groups (Figure 7F).

Similar to SLA class I, although the N gene did not exhibit the highest T cell epitope coverage
against NC PRRSV-2 strains (Figure 7F), a significant correlation (p < 0.05) was observed between
SLAII epitope coverage and mean PRRSV specific IFNy—producing cells following VR2332 and NC24-
6 restimulation (Figure 6B, 6C). No significant correlations were found for other genes or viral strains.
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Figure 7. T cell epitope coverage percentages for SLA class II are shown for eight PRRSV structural proteins,
comparing commercial vaccines with different PRRSV-2 strains: (A) Fostera, (B) Ingelvac, (C) PrimePac, (D)
Prevacent, and (E) PRRSGard. (F) The average SLA class II T cell epitope coverage percentages against NC
PRRSV-2 strains are also presented.

4. Discussion

Vaccination is widely employed to reduce the severity of clinical signs and the economic burden
associated with PRRSV infection. However, an effective vaccine capable of inducing sterile immunity
against both homologous and heterologous PRRSV strains has yet to be developed. Therefore,
selecting appropriate commercial vaccines is a critical factor in controlling PRRSV infection. Notably,
commercially available vaccines in the US are modified live vaccines, each belonging to distinct
PRRSV-2 strain lineages. Despite the continuous emergence of new PRRSV-2 variants driven by high
mutation rates and frequent recombination, new commercial vaccines have not been developed in
response to newly emerging strains appearing over the years. This raises concerns about the ability
of existing vaccines to prevent new outbreaks caused by emerging and re-emerging PRRSV variants.
The objective of this study was to establish a PRRSV-2 immune bank using PBMCs and plasma
collected from pigs vaccinated with commercially available vaccines in the US, followed by in vitro
stimulation with circulating strains from the NC swine industry, to evaluate vaccine immunogenicity
following vaccination. In addition, we compared T cell epitope coverage between vaccine and
challenge strain, based on an earlier study that used Prevacent against challenge strains and
determined that T cell content comparisons were well aligned with protective efficacy of the vaccine.
These findings may provide valuable guidance and in vitro/in silico approaches for selecting
appropriate vaccines against endemic and emerging PRRSV-2 strains.

Both nAbs and IFNy production against homologous and heterologous PRRSV strains are key
immune correlates of protection for predicting vaccine efficacy and immunogenicity [15,20]. The
nAbs play a key role in viral clearance and protection against reinfection, as demonstrated by a study
in which passive transfer of nAbs at a titer of 8 prevented viremia, while a titer of 32 conferred
sterilizing immunity [14,15]. However, vaccine-induced neutralizing antibodies are slow to develop,
inconsistently produced, and show limited cross-reactivity among PRRSV strains [15,16].
Interestingly, age influences the severity and susceptibility of PRRSV infection, with nursery pigs
exhibiting greater vulnerability and experiencing more severe and prolonged infections compared to
grower or adult pigs [29]. Moreover, wild-type PRRSV infections are most detected during the mid-
growing phase of the pig [30]. The results highlight two key periods of susceptibility to PRRSV
infection: the early nursery stage and the middle of the growing phase. In our study, pigs were
vaccinated with different commercial vaccines after weaning, reflecting common US swine industry
practices in which the majority of herds (90%) administer PRRSV modified-live vaccines at
processing, weaning, or shortly thereafter [30]. In this study, all vaccinated groups exhibited humoral
immune responses after vaccination. The results showed that none of the vaccinated groups
produced nAbs against either the field PRRSV-2 strains or the reference strain at 4 weeks post-
vaccination. This finding aligns with previous studies reporting undetectable nAbs at this time point
[31-34]. It indicated that nAbs may play a limited role in protecting against PRRSV during the early
nursery stage but likely play a crucial role during the mid-growing phase after presence of nAbs. A
recent study reported that some vaccinated pigs developed nAbs against both homologous and
heterologous strains at 64 dpv [35]. This implies that timing post-vaccination plays a crucial role in
the induction of nAbs in vaccinated pigs. Therefore, these findings highlight the limited ability of
commercial PRRSV vaccines to induce nAbs against heterologous strains within a short period,
highlighting the inadequacy of relying solely on nAbs production to predict vaccine immunogenicity
and emphasizing the need for next-generation vaccine platforms.

Although nAbs production following vaccination is limited, the protection conferred by MLV
vaccines appears to rely more on cellular immunity than on humoral immunity [36]. Several studies
revealed PRRSV can persist in infected tissues despite the presence of nAbs [17,18] and can evade
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nAbs by spreading intercellularly through membrane nanotubes [37]. Notably, nAbs are generally
strain-specific with limited cross-reactivity, while broad neutralization typically requires recognition
of conformational epitopes [38]. Therefore, cell-mediated immune responses are likely to play a
crucial role in viral clearance both before and after the emergence of nAbs. Moreover, cellular
responses offer broader heterologous protection, while nAbs primarily confer homologous protection
against PRRSV [15]. Evidence indicates that higher PRRSV-specific IENy-producing cells including
CD4 T-cell response are associated with protection, as reflected by reduced viral loads or milder lung
pathology following PRRSV challenge [20,39-41]. In this study, vaccine immunogenicity was
assessed by measuring strain-specific immune responses previously identified as immune correlates
of protection (COPs) in a prior study [15,20]. Following heterologous restimulation, the vaccinated
groups exhibited varying levels of IFNy-producing cells. This is consistent with a previous study,
which reported that the number of IFNy-producing cells in PBMCs varied after stimulation with
heterologous viruses [4,42]. The variation in cellular immune responses among vaccinated groups
exposed to different PRRSV-2 strains may reflect the unique immunological profiles of each strain,
and such differences could help predict vaccine effectiveness against newly emerging strains.
However, as our findings are based on in vitro experiments, further in vivo studies are required to
validate the predictive capability of our immune biobank. In this study, T-cell subsets associated with
IFNy production were not identified in our immune biobank due to the limitations of the ELISPOT
assay. To enhance the predictive capacity of future immune biobanks for cell-mediated immune
profiling, combining flow cytometry with ELISPOT may improve the characterization of T cell-
mediated responses by identifying specific T cell subsets involved in IFNy production following
vaccination. Interestingly, T-helper (Th) cell responses were the primary responders during viremia
and were associated with a reduction in viral load, while TCR-yd cells became active post-viremia
[43]. Cytotoxic T lymphocytes (CTLs) responses were predominantly detected at the sites of infection,
including the lung and bronchoalveolar lavage fluid [15]. According to Li et al., the predominant T
cell subsets responsible for IFNy production at 28 dpv and viral challenge were Th cells, followed by
TCR-vd cells, Th/memory cells, and CTLs [44]. However, other studies have demonstrated that
Th/memory cells are often the dominant population after MLV vaccination or heterologous
restimulation [45,46]. Notably, PRRSV-specific Th cells have been reported as the most reliable
immune correlates of protection [20]. The variation in dominant T cell subset responses may be
influenced by several factors, including the duration of vaccination, vaccine strains, PRRSV strains
used for restimulation, and the age of the pigs. Therefore, tracking T cell subset immune responses
weekly after vaccination may provide valuable insights into the cellular immune responses elicited
by different PRRSV strains and vaccine groups.

In this study, sequence-based prediction using nucleotide and amino acid sequences of complete
PRRSV genome was performed. However, there was no correlation between nucleotide and amino
acid similarity of complete genome and the number of PRRSV-specific IFNy producing cells in each
PRRSV strain (data not shown). This finding aligns with previous studies showing that genetic
similarity between vaccine and field strains is not a reliable predictor of the protective efficacy
conferred by PRRSV MLV vaccines [47]. A recent study revealed that antigenic divergence and
immune escape among PRRSV lineages are associated with T cell epitope diversity [48]. A high level
of T cell epitope overlap between vaccine and challenge strains may contribute to stronger cross-
reactive cell-mediated immune responses [21]. In the present study, we compared available
commercial PRRSV-2 vaccines used in the U.S. with NC PRRSV-2 field strains, including a reference
strain using T cell epitope content of eight structural proteins (GP2a, GP2b, GP3, GP4, GP5, GP5a, M,
and N) with EpiCC algorithm.

The results demonstrate that vaccine strains and NC field strains exhibited varying degrees of T
cell epitope coverage for both SLA class I and class II, likely contributing to differences in cell-
mediated immune responses following restimulation with diverse PRRSV-2 strains. In our study, the
highest T cell epitope coverage was primarily located in the GP4, GP5a, and M genes for both SLA
classes. However, a recent study reported that among PRRSV-2 strains including NADC20, NADC30,
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and NC174, the N gene had the highest average vaccine epitope coverage, while the GP5 gene
exhibited the lowest [21]. The differences in T cell epitope coverage may be attributed to the distinct
PRRSV-2 strains used for analysis and prediction in our study. Our analysis found the positive
correlations between T cell epitope coverages and IFNy responses were significant for only N protein
after restimulation with VR2332 (SLA class I and class II), and NC24-6 (SLA class II). This correlation
is identified despite certain limitations, the major one being that while the EpiCC analysis is based
on the individual structural PRRS proteins, in vitro results are obtained using full replication-
competent PRRS virus. Therefore, the in vitro conditions are more complex and stimulation with
individual proteins or peptides might have revealed stronger correlations. However, the importance
of certain structural proteins for protective immunity is noteworthy and consistent with the findings
of a previous study suggesting that GP2b, GP2, M, and N are more closely associated with protective
immunity[21]. Although the N gene did not exhibit the highest T cell epitope coverage compared to
GP4, GP5a, and M genes, it may contain critical epitopes that synergize with epitopes from other
genes to induce cross-protective immunity. Notably, the N protein can interact with its own GP5 and
E proteins, as well as host proteins, influencing viral entry, replication, and the regulation of host
signaling pathways, and it also contains multiple antigenic epitopes, including B and T cell epitopes,
that are involved in the host immune response as extensively reviewed [49]. Previous studies have
shown that certain regions of SLA Hp-4.0 haplotype-restricted CTL epitopes within the PRRSV M
protein are capable of inducing PBMC proliferation and IFNy production [50]. Taken together, our
findings demonstrate substantial evolutionary differences between the MLV strains and the current
NC circulating strains, with complete genome amino acid similarity below 61%. This was consistent
with the low percentage of T cell epitope coverage across genes analyzed by EpiCC tool, underscoring
the need to update commercial vaccines to keep pace with viral evolution. Moreover, predicting
vaccine immunogenicity through T-cell epitope analysis using the EpiCC tool associated with
protection may not only provide a valuable framework for vaccine selection but also guide the
development of next-generation platforms, including peptide-based and T cell-targeted vaccines.

Our work represents an initial step toward developing methods for predicting vaccine
immunogenicity using an immune biobank. Our findings suggest that the PRRSV immune biobank
may be useful to predict vaccine immunogenicity by identifying which vaccine induces the strongest
immune responses both humoral and cellular immunity against emerging PRRSV-2 strains. Further
refinement can enhance its predictive capacity, e.g. including later blood sampling time points and
coupling flow cytometry approach for T cell subsets. These would enhance the chances to determine
heterologous neutralizing antibodies, including the prediction of vaccine immunogenicity based on
the humoral immune system, together with the evaluation of specific T cell responses.

5. Conclusions

In conclusion, this study demonstrated that the PRRSV-2 immune biobank can serve as a useful
tool for predicting vaccine immunogenicity based on immune correlates of protection using PBMCs
and plasma against different PRRSV-2 strains. Although none of the vaccinated pigs developed
neutralizing antibodies against NC PRRSV strains at 28 dpv, varying levels of IFNy production upon
restimulation suggest that cellular immunity may play an important role against different PRRSV-2
strains. The magnitude of these responses could help guide vaccine selection to better target specific
PRRSV-2 strains. Additionally, this study highlights that predicting T cell epitope coverage of
individual genes using the EpiCC algorithm between vaccine and NC PRRSV-2 strains can be used
as complementary tool to enhance the predictive capacity of the immune biobank. In this study, we
found a positive correlation between T cell epitope coverage of the N protein and the mean frequency
of PRRSV-specific IFNy-producing cells against VR2332 and NC24-6, supporting the potential role
of T cell epitope coverage in heterologous cross-protection. These findings may guide future
approaches for predicting vaccine immunogenicity; however, animal challenge models are needed
to validate their predictive capacity for protective efficacy against diverse PRRSV-2 strains.
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in this study.

Author Contributions: Conceptualization, T.K. and E.C.; Methodology, C.S., J.J].B,, L.S.,, AW, BM.H,, , B.G,
A.S.D.G,, and E.C.; Data curation and validation, C.S.; Formal analysis, C.S., J.].B., L.S.,, BM.H,, B.G., and E.C,;
Investigation, C.S., ].].B., L.S., AW, ].B.F. and E.C.; Writing —original draft preparation, C.S.; Writing —review
and editing, C.S,, ].].B., AW, B.G, BM.H,, ] BF., ASD.G, TK. and E.C.; Supervision, E.C., T.K.; Funding
acquisition, G.M., G.A,, ].B.F,, TK,, E.C.; Resources and project administration, E.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by the Inter-Disciplinary Engagement in Animal Systems, project award no.
2022-68014-37266, from the U.S. Department of Agriculture’s National Institute of Food and Agriculture.

Institutional Review Board Statement: All methods and animal studies were conducted under the approval of
NC State University Animal Care and Use Committee (IACUC) ID# 23-369.

Informed Consent Statement: Not applicable

Data Availability Statement: The original contributions presented in original contributions presented in this
study are included in the article/Supplementary materials. Further inquiries can be directed to the corresponding
author.

Acknowledgments: The authors would like to thank the NCSU Laboratory Animal Resources staff members for
the technical support during the study. Moreover, we give thanks to “Smithfield Foods” and “Country View
Family Farms” for providing samples for PRRSV isolation. The authors acknowledge the use of Al-assisted tools
including ChatGPT (OpenAl) for language editing and refinement of this manuscript. The final content and
conclusions remain the responsibility of the authors.

Conflicts of Interest: Co-authors B.G. and A.S.D.G were employed by the company EpiVax, Inc., of Providence,
RI. They and the remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest

Abbreviations

The following abbreviations are used in this manuscript:

PRRSV Porcine reproductive and respiratory syndrome virus
PRDC Porcine respiratory disease complex
dpv Days post vaccination

ADG Average daily gain

nAbs Neutralizing antibodies
PreProPRRSV Predict and Protect against PRRSV
EpiCC Epitope Content Comparison
PAMs Pulmonary alveolar macrophages
IPMA Immunoperoxidase monolayer assay
TCID50 Tissue Culture Infectious Dose
MLV Modified live vaccine

PBMCs Peripheral blood mononuclear cells
VN Virus neutralization

DMSO Dimethyl sulfoxide

ELISPOT Enzyme-linked immunospot assay
RT Room temperature

AEC 3-amino-9-ethylcarbazole

IFNy Interferon gamma

Th T-helper cells

CTLs Cytotoxic T lymphocytes
References

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0768.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0768.v1

16 of 19

1.  Osemeke, O,; Silva, G.S.; Corzo, C.A.; Kikuti, M.; Vadnais, S.; Yue, X.; Linhares, D.; Holtkamp, D. Economic
Impact of Productivity Losses Attributable to Porcine Reproductive And Respiratory Syndrome Virus in
United States Pork Production, 2016 to 2020. Preventive Veterinary Medicine 2025, 106627,
doi:https://doi.org/10.1016/j.prevetmed.2025.106627.

2. Assavacheep, P.; Thanawongnuwech, R. Porcine respiratory disease complex: Dynamics of polymicrobial
infections and management strategies after the introduction of the African swine fever. Front Vet Sci 2022,
9, 1048861, doi:10.3389/fvets.2022.1048861.

3. Opriessnig, T.; Gimenez-Lirola, L.G.; Halbur, P.G. Polymicrobial respiratory disease in pigs. Anim Health
Res Rev 2011, 12, 133-148, doi:10.1017/51466252311000120.

4.  Crisci, E; Kick, A.R.; Cortes, L.M.; Byrne, ].J.; Amaral, A.F.; Love, K;; Tong, H.; Zhang, ].; Gauger, P.C,;
Pittman, J.S,; et al. Challenges and Lessons Learned from a Field Trial on the Understanding of the Porcine
Respiratory Disease Complex. Vaccines 2025, 13, doi:10.3390/vaccines13070740.

5. Goldberg, T.L.; Lowe, ].E.; Milburn, S.M.; Firkins, L.D. Quasispecies variation of porcine reproductive and
respiratory  syndrome virus during natural infection. Virology 2003, 317, 197-207,
do0i:10.1016/j.virol.2003.07.009.

6.  Murtaugh, M.P,; Stadejek, T.; Abrahante, J.E.; Lam, T.T.; Leung, F.C. The ever-expanding diversity of
porcine reproductive and respiratory syndrome virus. Virus Res 2010, 154, 18-30,
doi:10.1016/j.virusres.2010.08.015.

7. He, Z;1i, F,; Liu, M,; Liao, J.; Guo, C. Porcine Reproductive and Respiratory Syndrome Virus: Challenges
and Advances in Vaccine Development. Vaccines (Basel) 2025, 13, d0i:10.3390/vaccines13030260.

8.  Torrents, D.; Miranda, J.; Gauger, P.C.; Ramirez, A.; Linhares, D. Effect of PRRSV stability on productive
parameters in breeding herds of a swine large integrated group in Spain. Porcine Health Manag 2021, 7, 21,
doi:10.1186/s40813-021-00203-4.

9. Chae, C. Commercial PRRS Modified-Live Virus Vaccines. Vaccines (Basel) 2021, 9,
doi:10.3390/vaccines9020185.

10. Rowland, R.R.R.; Lunney, ].K. Alternative strategies for the control and elimination of PRRS. Vet Microbiol
2017, 209, 1-4, doi:10.1016/j.vetmic.2017.09.006.

11. Kvisgaard, L.K;; Larsen, L.E.; Kristensen, C.S.; Paboeuf, F.; Renson, P.; Bourry, O. Challenge of Naive and
Vaccinated Pigs with a Vaccine-Derived Recombinant Porcine Reproductive and Respiratory Syndrome
Virus 1 Strain (Horsens Strain). Vaccines (Basel) 2021, 9, doi:10.3390/vaccines9050417.

12. Shi, M.; Lam, T.T.; Hon, C.C.; Hui, R.K,; Faaberg, K.S.; Wennblom, T.; Murtaugh, M.P.; Stadejek, T.; Leung,
F.C. Molecular epidemiology of PRRSV: a phylogenetic perspective. Virus Res 2010, 154, 7-17,
doi:10.1016/j.virusres.2010.08.014.

13. Stepanova, K;; Toman, M.; Sinkorova, J.; Sinkora, S.; Pfeiferova, S.; Kupcova Skalnikova, H.; Abuhajiar, S.;
Moutelikova, R.; Salat, J.; Stepanova, H.; et al. Modified live vaccine strains of porcine reproductive and
respiratory syndrome virus cause immune system dysregulation similar to wild strains. Front Immunol
2023, 14, 1292381, do0i:10.3389/fimmu.2023.1292381.

14. Lopez, O.J.; Osorio, F.A. Role of neutralizing antibodies in PRRSV protective immunity. Vet Immunol
Immunopathol 2004, 102, 155-163, doi:10.1016/j.vetimm.2004.09.005.

15. Kick, AR.; Grete, A.F.; Crisci, E.; Almond, G.W.; Kaser, T. Testable Candidate Immune Correlates of
Protection for Porcine Reproductive and Respiratory Syndrome Virus Vaccination. Vaccines (Basel) 2023,
11, doi:10.3390/vaccines11030594.

16. Fiers, J.; Cay, A.B,; Maes, D.; Tignon, M. A Comprehensive Review on Porcine Reproductive and
Respiratory Syndrome Virus with Emphasis on Immunity. Vaccines (Basel) 2024, 12,
doi:10.3390/vaccines12080942.

17. Horter, D.C.; Pogranichniy, R.M.; Chang, C.C.; Evans, R.B.; Yoon, K.J.; Zimmerman, J.J. Characterization
of the carrier state in porcine reproductive and respiratory syndrome virus infection. Vet Microbiol 2002, 86,
213-228, d0i:10.1016/s0378-1135(02)00013-5.

18. Mulupuri, P.; Zimmerman, ].J.; Hermann, ]J.; Johnson, C.R.; Cano, J.P.; Yu, W.; Dee, S.A.; Murtaugh, M.P.
Antigen-specific B-cell responses to porcine reproductive and respiratory syndrome virus infection. | Virol
2008, 82, 358-370, doi:10.1128/JVI1.01023-07.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0768.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0768.v1

17 of 19

19. Murtaugh, M.P.; Xiao, Z.; Zuckermann, F. Inmunological responses of swine to porcine reproductive and
respiratory syndrome virus infection. Viral Immunol 2002, 15, 533-547, doi:10.1089/088282402320914485.

20. Proctor, J.; Wolf, I; Brodsky, D.; Cortes, L.M.; Frias-De-Diego, A.; Almond, G.W.; Crisci, E.; Negrao
Watanabe, T.T.; Hammer, ].M.; Kaser, T. Heterologous vaccine immunogenicity, efficacy, and immune
correlates of protection of a modified-live virus porcine reproductive and respiratory syndrome virus
vaccine. Front Microbiol 2022, 13, 977796, d0i:10.3389/fmicb.2022.977796.

21. Hammer, ].M.; Gutierrez, A.H.; Huntimer, L.; Gabriel, B.; Martin, W.D.; Hammer, S.E.; Kaser, T.; De Groot,
A.S. T cell epitope content comparison using EpiCC correlates with vaccine efficacy against heterologous
porcine reproductive and respiratory syndrome virus type 2 strains. Frontiers in Microbiology 2025, Volume
16 - 2025.

22. VanderWaal, K,; Pamornchainavakul, N.; Kikuti, M.; Linhares, D.C.L.; Trevisan, G.; Zhang, J.; Anderson,
T.K.; Zeller, M.; Rossow, S.; Holtkamp, D.J.; et al. Phylogenetic-based methods for fine-scale classification
of PRRSV-2 ORF5 sequences: a comparison of their robustness and reproducibility. Frontiers in Virology
2024, 4, doi:10.3389/fviro.2024.1433931.

23.  Yim-Im, W.; Anderson, T.K.; Paploski, I.A.D.; VanderWaal, K.; Gauger, P.; Krueger, K.; Shi, M.; Main, R.;
Zhang, ]. Refining PRRSV-2 genetic classification based on global ORF5 sequences and investigation of
their geographic distributions and temporal changes. Microbiol Spectr 2023, 11, e0291623,
doi:10.1128/spectrum.02916-23.

24. Lei, C; Yang, J.; Hu, J.; Sun, X. On the Calculation of TCID(50) for Quantitation of Virus Infectivity. Virol
Sin 2021, 36, 141-144, doi:10.1007/s12250-020-00230-5.

25. Spear, A.; Faaberg, K.S. Development of a genome copy specific RT-qPCR assay for divergent strains of
type 2 porcine reproductive and respiratory syndrome virus. | Virol Methods 2015, 218, 1-6,
doi:10.1016/j.jviromet.2015.02.007.

26. Tamura, K; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol
Biol Evol 2021, 38, 3022-3027, d0i:10.1093/molbev/msab120.

27. Sirisereewan, C.; Nedumpun, T.; Kesdangsakonwut, S.; Woonwong, Y.; Kedkovid, R.; Arunorat, J.;
Thanawongnuwech, R.; Suradhat, S. Positive immunomodulatory effects of heterologous DNA vaccine-
modified live vaccine, prime-boost immunization, against the highly-pathogenic PRRSV infection. Vet
Immunol Immunopathol 2017, 183, 7-15, doi:10.1016/j.vetimm.2016.11.002.

28. Moise, L.; Gutierrez, A.H.; Khan, S.; Tan, S., Ardito, M., Martin, W.D.; De Groot, A.S. New
Immunoinformatics Tools for Swine: Designing Epitope-Driven Vaccines, Predicting Vaccine Efficacy, and
Making Vaccines on Demand. Front Immunol 2020, 11, 563362, doi:10.3389/fimmu.2020.563362.

29. Gray, D.K; Dvorak, CM.T.; Robinson, S.R.; Murtaugh, M.P. Characterization of age-related susceptibility
of macrophages to porcine reproductive and respiratory syndrome virus. Virus Res 2019, 263, 139-144,
doi:10.1016/j.virusres.2019.01.015.

30. Angulo, J.; Yang, M.; Rovira, A.; Davies, P.R.; Torremorell, M. Infection dynamics and incidence of wild-
type porcine reproductive and respiratory syndrome virus in growing pig herds in the U.S. Midwest. Prev
Vet Med 2023, 217, 105976, doi:10.1016/j.prevetmed.2023.105976.

31. Li C;Liu Z.; Chen, K; Qian, J.; Hu, Y.; Fang, S.; Sun, Z.; Zhang, C.; Huang, L.; Zhang, J.; et al. Efficacy of
the Synergy Between Live-Attenuated and Inactivated PRRSV Vaccines Against a NADC30-Like Strain of
Porcine Reproductive and Respiratory Syndrome Virus in 4-Week Piglets. Front Vet Sci 2022, 9, 812040,
doi:10.3389/fvets.2022.812040.

32. Sirisereewan, C.; Woonwong, Y.; Arunorat, J.; Kedkovid, R.; Nedumpun, T.; Kesdangsakonwut, S.;
Suradhat, S.; Thanawongnuwech, R.; Teankum, K. Efficacy of a type 2 PRRSV modified live vaccine
(PrimePac PRRS) against a Thai HP-PRRSV challenge. Trop Anim Health Prod 2018, 50, 1509-1518,
doi:10.1007/s11250-018-1589-4.

33. Wei, C.;Dai, A;;Fan,].;Li, Y.; Chen, A.; Zhou, X.; Luo, M.; Yang, X.; Liu, J. Efficacy of Type 2 PRRSV vaccine
against challenge with the Chinese lineage 1 (NADC30-like) PRRSVs in pigs. Sci Rep 2019, 9, 10781,
doi:10.1038/s41598-019-47239-9.

34. Kick, AR.;; Amaral, A.F; Frias-De-Diego, A.; Cortes, L.M.; Fogle, J.E.; Crisci, E.; Almond, G.W.; Kaser, T.

The Local and Systemic Humoral Immune Response Against Homologous and Heterologous Strains of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0768.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0768.v1

18 of 19

Type 2 Porcine Reproductive and Respiratory Syndrome Virus. Front Immunol 2021, 12, 637613,
doi:10.3389/fimmu.2021.637613.

35. Huang, ], Krishna, V.D.; Paploski, LA.D.; VanderWaal, K. Schroeder, D.C.; Cheeran, M.C.
Characterization of Glycoprotein 5-Specific Response in Pigs Vaccinated with Modified Live Porcine
Reproductive and Respiratory Syndrome Virus Vaccine Derived from Two Different Lineages. Vaccines
(Basel) 2025, 13, d0i:10.3390/vaccines13030247.

36. Zuckermann, F.A.; Garcia, E.A.; Luque, I.D.; Christopher-Hennings, J.; Doster, A.; Brito, M.; Osorio, F.
Assessment of the efficacy of commercial porcine reproductive and respiratory syndrome virus (PRRSV)
vaccines based on measurement of serologic response, frequency of gamma-IFN-producing cells and
virological ~parameters of protection upon challenge. Vet Microbiol 2007, 123, 69-85,
doi:10.1016/j.vetmic.2007.02.009.

37. Guo, R; Katz, B.B.; Tomich, ].M.; Gallagher, T.; Fang, Y. Porcine Reproductive and Respiratory Syndrome
Virus Utilizes Nanotubes for Intercellular Spread. | Virol 2016, 90, 5163-5175, d0i:10.1128/JV1.00036-16.

38. Castillo-Perez, J.; Martinez-Lobo, F.J.; Frometa, R.; Castro, ].M.; Simarro, I.; Prieto, C. Linear epitopes of
PRRSV-1 envelope proteins ectodomains are not correlated with broad neutralization. Porcine Health Manag
2024, 10, 44, doi:10.1186/s40813-024-00393-7.

39. Jeong, J.; Kim, S.; Park, C.; Park, K.H.; Kang, I; Park, S.J.; Chae, C. Commercial porcine reproductive and
respiratory syndrome virus (PRRSV)-2 modified live virus vaccine against heterologous single and dual
Korean PRRSV-1 and PRRSV-2 challenge. Vet Rec 2018, 182, 485, d0i:10.1136/vr.104397.

40. Wesley, R.D.; Lager, KM.; Kehrli, M.E,, Jr. Infection with Porcine reproductive and respiratory syndrome
virus stimulates an early gamma interferon response in the serum of pigs. Can ] Vet Res 2006, 70, 176-182.

41. Sun, Y; Gao, Y.; Su, T,; Zhang, L.; Zhou, H.; Zhang, J.; Sun, H.; Bai, J.; Jiang, P. Nanoparticle Vaccine
Triggers Interferon-Gamma Production and Confers Protective Immunity against Porcine Reproductive
and Respiratory Syndrome Virus. ACS Nano 2025, 19, 852-870, doi:10.1021/acsnano.4c12212.

42. Madapong, A.; Saeng-Chuto, K.; Boonsoongnern, A.; Tantituvanont, A.; Nilubol, D. Cell-mediated immune
response and protective efficacy of porcine reproductive and respiratory syndrome virus modified-live
vaccines against co-challenge with PRRSV-1 and PRRSV-2. Sci Rep 2020, 10, 1649, doi:10.1038/s41598-020-
58626-y.

43. Kick, A.R.;; Amaral, A.F.; Cortes, L.M.; Fogle, ].E.; Crisci, E.; Almond, G.W.; Kaser, T. The T-Cell Response
to Type 2 Porcine Reproductive and Respiratory Syndrome Virus (PRRSV). Viruses 2019, 11,
doi:10.3390/v11090796.

44. Li, X.; Pei, Z; Bai, Y.; Wang, L.; Shi, J.; Tian, K. Phenotypic Characterization of Porcine IFNgamma-
Producing Lymphocytes in Porcine Reproductive and Respiratory Syndrome Virus Vaccinated and
Challenged Pigs. Virol Sin 2018, 33, 524-530, d0i:10.1007/s12250-018-0073-7.

45. Meier, W.A.; Galeota, J.; Osorio, F.A.; Husmann, R.J.; Schnitzlein, W.M.; Zuckermann, F.A. Gradual
development of the interferon-gamma response of swine to porcine reproductive and respiratory
syndrome virus infection or vaccination. Virology 2003, 309, 18-31, doi:10.1016/s0042-6822(03)00009-6.

46. Park, C; Seo, HW.; Han, K,; Kang, I.; Chae, C. Evaluation of the efficacy of a new modified live porcine
reproductive and respiratory syndrome virus (PRRSV) vaccine (Fostera PRRS) against heterologous
PRRSV challenge. Vet Microbiol 2014, 172, 432-442, d0i:10.1016/j.vetmic.2014.05.030.

47. Opriessnig, T.; Halbur, P.G.; Yoon, K.J.; Pogranichniy, R.M.; Harmon, K.M.; Evans, R.; Key, K.F.; Pallares,
F.J.; Thomas, P.; Meng, X.J. Comparison of molecular and biological characteristics of a modified live
porcine reproductive and respiratory syndrome virus (PRRSV) vaccine (ingelvac PRRS MLV), the parent
strain of the vaccine (ATCC VR2332), ATCC VR2385, and two recent field isolates of PRRSV. ] Virol 2002,
76, 11837-11844, doi:10.1128/jvi.76.23.11837-11844.2002.

48. Baker, J.; Gutierrez, A.; Pamornchainavakul, N.; De Groot, A.; VanderWaal, K. Computationally predicted T-
cell epitope trends for 30 years of wild-type PRRSV-2 strains from the USA; 2025.

49. Zheng, Y,; Li, G,; Luo, Q.; Sha, H.; Zhang, H.; Wang, R.; Kong, W.; Liao, J.; Zhao, M. Research progress on
the N protein of porcine reproductive and respiratory syndrome virus. Front Microbiol 2024, 15, 1391697,
doi:10.3389/fmicb.2024.1391697.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0768.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0768.v1

19 of 19

50. Luo, T.; Xin, C; Liu, H; Li, C.; Chen, H.; Xia, C.; Gao, C. Potential SLA Hp-4.0 haplotype-restricted CTL
epitopes identified from the membrane protein of PRRSV induce cell immune responses. Front Microbiol
2024, 15, 1404558, doi:10.3389/fmicb.2024.1404558.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0768.v1
http://creativecommons.org/licenses/by/4.0/

