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Abstract

Vaccine control and prevention of porcine reproductive and respiratory syndrome (PRRS), the 

most important disease of swine, is difficult to achieve. However, the discovery of broadly 

neutralizing antibody activity against porcine reproductive and respiratory syndrome virus 

(PRRSV) under typical field conditions opens the door to new immunologic approaches for robust 

protection. We show here that passive administration of purified immunoglobulins with 

neutralizing antibodies reduced PRRSV2 infection by up to 96%, and PRRSV1 infection by up to 

87%, whereas immune immunoglobulins lacking neutralizing activity had no effect on viral 

infection. Hence, immune competence of passive immunoglobulin transfer was associated 

specifically with antibody neutralizing activity. Current models of PRRSV infection implicate a 

minor envelope glycoprotein (GP) complex including GP2, GP3, and GP4, as critical to 

permissive cell infection. However, conserved peptides comprising the putative cell attachment 

structure did not attenuate neutralization or viral infection. The results show that immunological 

approaches aimed at induction of broadly neutralizing antibodies may substantially enhance 

immune protection against PRRSV. The findings further show that naturally occurring viral 

isolates are able to induce protective humoral immunity against unrelated PRRSV challenge, thus 

removing a major conceptual barrier to vaccine development.
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Introduction

Neutralizing antibodies are a powerful tool for protection of animals and humans against 

viral infections and the diseases they cause (1–3). Porcine reproductive and respiratory 

syndrome virus (PRRSV), which has caused the most important disease of swine worldwide 

since its emergence in the late 1980’s, is not reliably controlled by vaccination and often 

does not elicit strong neutralizing antibody responses (4–9). In addition to an apparently 

weak neutralizing antibody response, immune protection is perceived as difficult due to a 

high degree of genetic variation in the virus (10–14). Two major genotypes differ by around 

40% at the nucleotide sequence level, with multiple lineages that vary in pairwise 

comparison by up to 30% within each genotype (10). Swine farms frequently experience 

outbreaks with multiple PRRSV strains in the lifetime of individual animals in the herd, 

further reinforcing the idea that cross-protective immunity against PRRSV is lacking.

It was previously shown that neutralizing antibodies administered to naïve animals prevented 

viremic infection by the homologous PRRSV strain the neutralizing antibodies were raised 

against (15–17). Although it was established that neutralizing antibodies could prevent 

infection, cross-neutralization remained a question, and application of the homologous 

protection concept in the field by live virulent virus inoculation (in which animals are 

inoculated with a virulent virus preparation isolated from a resident farm strain) has not 

resulted in consistent control. Recently, cross-reactive sera with broadly neutralizing activity 

to PRRSV have been described (18–20). In particular, sera from sows in herds exposed to 

one or more virulent type 2 viruses were shown to neutralize genetically diverse PRRSV 

strains, including both type 1 and type 2 PRRSV (18). It is therefore critical to determine if 

serum cross-neutralizing activity translates to cross-protection against diverse PRRSV 

strains in vivo to better understand the role of neutralizing antibodies in immunity to 

genetically diverse PRRSV.

Here, we show that neutralizing antibodies significantly reduce viremic infection to 

heterologous type 1 and type 2 PRRSV. Candidate linear peptide targets of neutralization in 

the minor envelope glycoproteins, GP2, GP3, and GP4, failed to interfere with neutralizing 

activity.

Results

PRRSV neutralizing activity of sow serum

Ten sows at parity ≥6 (equivalent to ≥4 years of age) in a herd that experienced annual 

PRRSV outbreaks from 2009 to 2012 were tested for PRRSV cross-neutralizing activity. 

ORF5 sequencing showed that the outbreak strains were distinct from the neutralization test 

viruses, VR2332, MN184, and SDEU (Fig. 1A). Average 50% neutralizing titers were 

approximately 1/64 against strain MN184, 1/16 against VR2332, and 1/8 against SDEU, as 

shown in Figure 1B, and all sera were ELISA-positive for anti-N antibodies with no 

relationship to neutralizing titers (R2=0.0019). As shown in Figure 1C, 50% neutralizing 

titers of sows 4, 7, and 10 were consistently high against each of the three virus strains. A 

further three sows (5, 8, and 9) had less activity that was partially selective for MN184. 

Sows 2 and 3 had low neutralizing activity, with some cross-reactivity against genotype 2 
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strains, and sows 1 and 6 had low to negative neutralizing activity (Fig. 1C). The broadly 

neutralizing activity of sow 7 was high against all three test viruses and was equivalent 

against SDEU and MN184 (Fig. 1D).

Immunoglobulin isolation from serum

Immunoglobulins were isolated from serum of sow 1 (immune, non-neutralizing), sow 7 

(immune, broadly neutralizing) and from pooled serum of PRRSV-negative animals. Ig 

products were present as anticipated in the caprylic acid supernatant, and absent in the 

saturated ammonium sulfate (SAS) supernatant. The final dialyzed Ig preparation showed 

reducing SDS-PAGE bands corresponding to IgG and IgM heavy and light chains. Under 

non-reducing conditions, bands of the expected size of intact Ig molecules were present. 

PRRSV-specific antibodies were detected in the purified immunoglobulins of the PRRSV-

immune but not the PRRSV-negative animals by ELISA. Total recovery of purified Ig from 

the original sera was approximately 30–35%. Ig purification and concentration revealed that 

Sow 1 serum had a low level of neutralizing activity, which was enhanced by Ig enrichment 

(Fig. 2). Comparison of the three Ig preparations showed that sow 7 maintained high 

neutralizing activity, and that nonspecific inhibitory activity was present in the PRRSV-

negative Ig at low dilutions (Fig. 2).

Passive transfer study

Recipient pigs were infused with 242 mg IgG to achieve an estimated circulating 

concentration of 0.52 mg/ml of blood, given a pig weight of 6.6±0.6 kg (mean±SD) and a 

blood volume equal to 7% of body weight. The calculated PRRSV infection inhibition 

activity, taken from tests on concentrated Ig, was 80% for neutralizing Ig. In vivo viral 

neutralizing activity 24 hours after Ig administration was present only in pigs that received 

neutralizing Ig (Fig. 3). Dilution analysis showed that, on day 1, an average 28% inhibitory 

activity was present in serum diluted 1/4 that decreased with further dilution. There was no 

detectable neutralizing activity present in pigs receiving immune Ig without neutralizing 

activity, non-immune Ig, or no Ig (Fig. 3).

Viral challenge with SDEU and MN184 virus strains resulted in subclinical infection; pigs 

had no overt signs of respiratory disease. There were no differences in average daily weight 

gain among groups over the study duration. Administration of MN184 resulted in viremic 

infection that peaked at day 7, remained high through day 14, and showed equivalent 

kinetics in the control and non-neutralizing Ig-treated animals. Treatment with neutralizing 

Ig reduced peak viral loads 95 and 96% at days 7 and 14 compared to pigs not receiving 

neutralizing Ig (Fig. 4A). Significant reduction was present at the first sampling time and 

was maintained through day 14. Administration of SDEU resulted in viremic infection with 

identical kinetics in the control and non-neutralizing Ig-treated animals that peaked at day 14 

(Fig. 4B). Pigs treated with neutralizing Ig had viral loads reduced by up to 87% on day 10 

(Fig. 4B).

When viral challenge occurred, neutralizing activity was present only in pigs receiving 

neutralizing Ig, at maximum levels of 20% and 40% (Fig. 3). At 2 and 3 weeks after viral 

infection, neutralizing activity was observed in pigs receiving PRRSV-positive Ig that lacked 
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neutralizing activity (Fig. 3). The levels were equivalent to or greater than were observed in 

pigs that received neutralizing Ig, indicating that the higher levels of viral growth were 

sufficient to elicit a neutralizing immune response.

Targets of broadly cross-neutralizing antibodies

Since passive transfer of neutralizing antibodies provided cross-protective reductions in 

viremia, we hypothesized that conserved ectodomain regions in the minor envelope 

glycoproteins were the target. Thus, conserved ectodomain regions were identified by amino 

acid alignment of the minor envelope proteins. The alignment included 58 PRRSV of 

maximal diversity, and identified regions of high conservation (Fig. 5). The most conserved 

linear peptides regions were identified in GP2, E, GP3, and GP4 and synthesized (Fig. 5B).

Ectodomain peptides from GP2, E, GP3 and GP4 were evaluated for evidence of 

neutralizing epitopes by two complementary approaches. First, peptides were added to cells 

before addition of virus, assuming that peptides which interacted with cellular CD163 would 

compete with virus in a dose-dependent manner to reduce infection. The second approach 

was to add peptides to serum, prior to addition of virus and before being placed onto cells. If 

peptides were the target of neutralizing antibodies, they would compete with virus in a dose-

dependent manner for binding, inhibit neutralizing activity, and result in increased infection 

(Fig. 6).

Incubation of cells with increasing concentrations of peptides before viral infection, either 

alone or as a mixture, did not inhibit infection in a dose-dependent manner beyond that 

resulting from the vehicle alone (Fig. 7). Incubation of peptides with neutralizing serum did 

not increase the level of viral infection at a dose of 1 µg/ml. Indeed, the level of infection 

was reduced substantially in all cases (Fig. 8). Results were more variable at the 10 µg/ml 

dose, but still without consistent evidence of a significant effect on blockade of neutralizing 

activity compared to the level of infection with no peptide addition (Fig. 8).

Peptide ELISA was carried out to determine if anti-peptide antibodies were present in serum 

from sow 1 (immune, non-neutralizing), sow 7 (immune, broadly neutralizing), and sow 4 

(immune, broadly neutralizing). Incubation of sow 1 and sow 7 serum at any serum dilution 

showed immunoreactivity. with none of the six ectodomain peptides. Interestingly, serum 

from sow 4, which showed high levels of broadly neutralizing antibodies, was highly 

reactive under all conditions, including with keyhole limpet hemocyanin and uncoated wells. 

However, reactivity was abolished by addition of 1 M guanidine HCl, showing that the 

interactions were nonspecific (21).

Discussion

Cross-genotype in vivo neutralization of PRRSV

The data here show for the first time that immunoglobulins with PRRSV neutralizing 

activity suppress unrelated, heterologous PRRSV growth in vivo, thereby establishing that 

cross-neutralizing antibodies may play a significant role in immunological mechanisms 

controlling PRRSV infection in pigs, and may be relevant to immune memory and vaccine 

efficacy. Inclusion of controls receiving non-neutralizing, immune Ig argues strongly that the 
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passive inhibition of viral growth in vivo was due solely to the presence of neutralizing 

antibodies. The suppression of SDEU, a type 1 PRRSV, is particularly notable since type 1 

PRRSV are separated by approximately 45% in genetic similarity from type 2 PRRSV, and 

immunological cross-reactivity has only rarely been demonstrated (22). Indeed, a recent 

proposal recommends separating them into distinct viral species due to their extensive 

differences (23). Suppression of viral growth in vivo was robust, especially for MN184. The 

amount of Ig used was predicted to inhibit viral growth by 80%, and the observed in vivo 
response was greater than 90%. Reduction in type 1 PRRSV strain SDEU viremia by >80% 

was significant as well. Since the in vitro SDEU-neutralizing activity in the source sow 

serum was equivalent to that of MN184, the difference between predicted neutralization in 
vitro and observed response in vivo for SDEU may have been due to technical differences in 

amounts of virus used in the neutralization assay, or to a possibly lower affinity of antibodies 

reacting with the genotype 1 virus in vivo. Anti-PRRSV neutralizing antibody half-life has 

been estimated at about 6–10 days (15–17, 24). However it is possible that the in vivo 
neutralization differences were due to individual variation in neutralizing antibody half-life 

between groups, particularly since SDEU viremia suppression was nearly complete in the 

first 10 days of infection.

Neutralizing Ig present in serum at time of viral challenge was about 0.5 mg/ml of blood, 

assuming complete absorption from the peritoneal administration and a 7% blood to body 

mass ratio. The Ig volume injected was minimized since systemic absorption from the 

peritoneal cavity is more efficient with lower Ig volumes (25). Immunoglobulins are 

absorbed from the peritoneal cavity to produce maximal serum titers by 24 hours post-

administration (17, 25, 26). At this time, neutralizing activity was only observed in the group 

receiving neutralizing immune Ig. The level of neutralizing activity was lower than in 

previous studies investigating passive antibody protection, in which an approximately 20-

fold higher dose of Ig (about 11 mg/kg) achieved complete suppression of viremia following 

homologous viral challenge (15, 16). Differences between the studies, besides analysis of 

homologous versus heterologous protection, included intensive hyperimmunization with 

Freund’s adjuvant versus natural exposure by virulent field viruses, and absence versus 

presence of control immune Ig lacking significant neutralizing activity. The findings show 

that cross-protection mediated by neutralizing antibodies can occur under field conditions.

It was noted that neutralizing activity was detected in purified, concentrated Igs isolated 

from immune serum lacking neutralizing activity, as shown in Figure 2. It is possible that 

neutralizing antibodies were produced during the humoral immune response to PRRSV 

infection, but were below the limit of detection until after Ig concentration. Alternatively, 

neutralizing activity may have been a nonspecific result of high Ig concentration. In either 

case, the passive transfer experiment showed that neutralizing activity was not detected 

following transfer and that, even if present, it was at a level that did not affect viral growth in 
vivo.

No antibody-dependent enhancement (ADE) of infection was observed in vivo with sub-

neutralizing levels of control immune Ig or during the decline of neutralizing Ig titers to sub-

neutralizing levels. Hence, these observations agree with other findings indicating that ADE 

is not a feature of PRRSV interaction with pigs (15, 27–30).
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Broadly neutralizing antibodies in naturally infected pigs

Comparison among animals showed that the presence of broadly neutralizing activity of 

antibodies at substantial titers was a common feature of adult sows. Three of 10 sows had 

high neutralizing titers against type 1 SDEU even though there was no evidence of type 1 

viral exposure in the herd. The same sows had high titers to type 2 VR2332, which was 

recovered in 1989 and is the parental virus of the attenuated Ingelvac MLV vaccine, which 

was never used in the herd. All sows had neutralizing titers to MN184, which appeared in 

2000 in the U.S. and is not related to the outbreak viruses identified in the herd from 2009–

2012. Broadly neutralizing activity, including neutralization of type 1 PRRSV strains, was 

recently reported in approximately 90% of sows from herds that had experienced virulent 

PRRSV outbreaks or were exposed repeatedly to virulent viruses as an immune-enhancing 

strategy (18). Thus, the presence of cross-neutralizing activity in commercial sows exposed 

to field viruses appears to be a common event. It remains to be determined whether this 

activity results from individual, broadly neutralizing immunoglobulin molecules to a 

conserved neutralizing epitope, or a particular combination of antibodies with specificity 

against different viral components that provides neutralization of diverse viral strains.

The conditions under which cross-neutralizing antibodies are produced are not known, but 

may involve multiple exposures to the same or different virus isolates. Consistent with this 

idea, the source herd experienced annual PRRS outbreaks for 4 consecutive years. Likewise, 

previously described sows with high titered, broadly neutralizing activity were found in 

herds with multiple exposures to virulent field viruses (18). In an experimental study, cross-

neutralization was observed in animals exposed first to a PRRSV vaccine strain followed by 

homologous or heterologous virus challenge (31). However, the significance of the findings 

was not clear since the majority of data analyzed were below the neutralization assay cutoff. 

In another experimental study using a single PRRSV isolate, a longer duration of viremia, 

up to 42 days, was associated with increased breadth of neutralizing antibodies (32). Since 

cross-neutralization and titer data were not presented, it was not possible to further interpret 

the results. The findings also were unusual since significant neutralizing antibody responses 

are not commonly observed during viremic infection of young pigs (33–35). The animals 

were not subsequently challenged, so it is not known if the cross-neutralizing activity in 

serum was predictive of protection.

Age by itself is not sufficient for production of high neutralizing antibody titers, as increased 

age does not equate to increased SN titers (36). Duration of antigen exposure might facilitate 

development of increased breadth of neutralization. In humans, broadly neutralizing anti-

HIV antibodies have been shown to appear after a period of years, during which mutations 

accrue throughout the variable region of the antibody molecule to increase affinity (37, 38). 

Nevertheless, the occurrence of highly active neutralizing antibodies found in humans is rare 

even though persistent infection is common (39). By contrast, high-titered, broadly 

neutralizing activity was frequently observed in our studies, whereas PRRSV infection, 

though prolonged, is not truly persistent (12).
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Minor envelope protein targets of neutralizing antibody

For many years, the major envelope glycoprotein, GP5, was the focus of investigations 

aimed at elucidating PRRSV neutralization targets. It is the most abundant envelope protein 

in PRRSV, existing as a dimer with M protein, and homologues in related Arteriviruses 

(equine arteritis virus and lactate dehydrogenase elevating virus) have been shown to contain 

a major neutralizing epitope (40–45). It was previously thought that the GP5-M interaction 

with sialoadhesin (CD169) on macrophages was responsible for PRRSV infectivity (46–48). 

However, it was subsequently demonstrated that CD163 (scavenger receptor cysteine rich 

family) was sufficient for PRRSV infection, and explained permissivity of the simian 

MARC 145 cell line which express CD163, but not CD169 (49). Recent studies have 

demonstrated that CD169 is not necessary for infection in vivo with CD169 knockout pigs, 

and removal of N-glycans to expose the epitopes does not reduce viral infectivity (50, 51). 

GP5-M ectodomains appear to be relatively unimportant for PRRSV neutralization in 

genotype 1 and 2 PRRSV, although exceptions have been reported (19, 52–54). Consistent 

with these observations, similar neutralizing curves obtained in porcine alveolar 

macrophages and MARC 145 cells, which do and do not express sialoadhesin, support a 

mechanism of PRRSV neutralization that does not involve CD169 (18).

Minor envelope glycoproteins GP2, GP3 and GP4 form a heterotrimer, GP2 and GP4 have 

been shown to interact with the CD163 receptor, and they are the major determinant of viral 

tropism in cell culture (55, 56). It was recently demonstrated by gene editing of pigs that 

absence of CD163 conferred complete resistance to PRRSV infection compared with 

productive infection in control animals expressing wild type CD163, confirming that CD163 

is necessary for infection in vivo (57). Based on broadly-neutralizing epitope targets 

identified in other RNA viruses such as influenza and HIV (58, 59), PRRSV cross-

neutralizing targets would be anticipated to be conserved structural or functional regions 

critical for essential pathogen/host cell interactions. Currently, there is no structural 

information regarding PRRSV envelope proteins apart from that predicted from their amino 

acid sequences (60). Neutralization epitopes have been described in PRRSV structural 

proteins GP3, GP4, GP5 and M, however there are inconsistencies between the findings and 

more comprehensive studies are required to understand the nature of neutralizing epitopes 

and their contribution to a protective immune response (12, 61). Importantly, epitopes that 

induce or are susceptible to cross-neutralizing antibodies have not been evaluated.

Linear peptides were screened from highly conserved regions of minor envelope proteins for 

evidence of competition with the PRRSV receptor on MARC 145 cells and for inhibition of 

neutralizing antibody activity. However, under the conditions evaluated, none of the peptides 

evaluated competed with PRRSV for CD163 or neutralizing antibody binding either 

individually, or as a mixture. However, these findings are insufficient to dismiss GP2, GP3 

and GP4 ectodomain regions as being important for cross-neutralization. Since the peptides 

were linear sequences, they may not represent the conformational nature of the peptides in 

the native protein structure, and conformational epitopes may be required for binding to 

neutralizing antibody targets. Also, epitopes may be non-contiguous, where antibody 

molecules bind residues that span different epitopes or even different proteins. Glycoproteins 

2, 3 and 4 associate to form trimeric complexes in the viral envelope, which has been shown 
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to interact with E protein, ORF5a protein, and the GP5-M dimer (55, 62). Therefore, the 

essential features of neutralizing epitopes may bind components of more than one protein in 

the complex. Hence, negative results from the experiments in this study using linear peptides 

do not exclude the possibility of minor envelope protein contributions to neutralization.

Physical evidence for structure of PRRSV minor envelope proteins is extremely limited, so 

the field is currently reliant on bioinformatic predictions (60). Amino acid residues on GP2 

and GP4 critical for CD163 interactions are not yet known. This gap in knowledge limits the 

ability to predict regions that might be likely neutralizing targets based on structural 

interactions.

A potential confounding factor in this study is the use of polyclonal neutralizing Ig. Serum 

was treated to inactivate heat-labile fractions such as complement, but serum has many other 

components along with PRRSV-specific neutralizing antibodies. Even though the Ig fraction 

was highly purified, we cannot formally exclude that possibility that additional, critical 

components were co-purified. This possibility is unlikely since neutralizing antibodies are 

not known to require co-factors. Nevertheless, monoclonal cross-neutralizing antibodies, 

which have not yet been isolated for PRRSV, would facilitate determination of conserved, 

broadly neutralizable epitope targets.

Further studies are needed to identify viral targets of cross-neutralization against diverse 

PRRSV strains and to determine if these are conserved regions with essential roles in 

infections such as for structure or binding to cellular receptors. Only through elucidation of 

viral targets of cross-neutralization will it be possible to realize the potential for induction of 

cross-protective neutralizing antibodies through new immunization approaches, and to 

develop reliable correlates of neutralizing antibody-mediated cross-protection.

In summary, the findings confirm the existence of high titered, cross-neutralizing antibodies 

to PRRSV in the field, and experimental passive transfer if immune Ig proves that these 

antibodies are important for clinical protection. Variation in neutralizing breadth and activity 

exists between individuals in a relatively uniform population with respect to age, genetics, 

husbandry and viral exposure conditions. Neutralizing antibodies mediated cross-protection 

against diverse PRRSV strains across genotypes. The collection of serum and B 

lymphocytes from sows with cross-neutralizing and non-neutralizing activities described 

here provides a valuable resource for ongoing studies to identify features and mechanisms of 

antibody-mediated neutralization of PRRSV.

Materials and methods

Sow blood collection

Serum samples from ten sows of parity ≥6 were obtained from a herd that had experienced 

virulent virus outbreaks each of the previous 4 years. Blood samples were collected at the 

farm in serum separator tubes, and shipped to the University of Minnesota. Tubes were 

centrifuged at 3000 × g for 15 minutes, serum collected and kept at 4°C during testing, and 

subsequently stored at −20°C. Herd history was obtained as it pertained to PRRSV 

outbreaks, along with health records for the individual animals tested.
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Three sows, selected for further evaluation based on their PRRSV neutralizing profile, were 

transported to the University of Minnesota and euthanized for collection of serum and 

lymphoid tissues. The study was approved by and conducted under the guidelines of the 

University of Minnesota Institutional Animal Care and Use Committee, protocol 

#1402-31319A.

Sera from pigs in a PRRSV ORF5a protein immunization study were used as negative 

controls in the virus neutralization assay (63). Pooled sera from three negative control 

animals that were neither immunized nor challenged with PRRSV were used as a negative 

control.

Cells and PRRSV isolates

Simian renal epithelial MARC 145 cells were cultured in MEM medium (Gibco, Grand 

Island NY) supplemented with sodium bicarbonate, non-essential amino acids, HEPES 

buffer (Sigma, St. Louis MO), gentamycin sulfate (Cellgro Mediatech, Manassas VA) and 

10% FBS (Sigma, St. Louis MO).

PRRSV isolates VR2332 (GenBank U87392), MN184 (EF442777), and SD 01–08 

(AY395080) (called ‘SDEU’ in this study) were propagated in MARC 145 cells. Infectious 

titers (TCID50) were determined by evaluation of cytopathic effect on MARC 145 cells in 96 

well plates and calculated by the Reed & Muench method (64).

Viral ORF5 sequences were obtained from serum samples collected during outbreaks in the 

sow herd between 2009 and 2012 and submitted to the Veterinary Diagnostic Laboratory at 

the University of Minnesota. These sequences, along with reference strains used in the viral 

neutralization assays and further isolates representing PRRSV diversity, were aligned and 

subjected to phylogenetic tree construction in Geneious R6 version 6.1.7 (Biomatters Ltd., 

Auckland, New Zealand) Tree Builder using the Tamura-Nei neighbor-joining method with 

100 bootstrap re-samplings and no outgroup to create a consensus tree.

PRRSV ELISA

PRRSV nucleocapsid (N) protein was expressed and purified for indirect ELISA as 

described (65, 66). Plates were coated with 100 ng N per well, and serum samples were 

diluted 1:50 in 5% non-fat dry milk (NFDM) in phosphate-buffered saline containing 0.05% 

Tween 20 (PBST). Detection antibody, horseradish peroxidase-conjugated goat anti-pig IgG 

(Bethyl Laboratories Inc. Montgomery TX), was used at a 1:100,000 dilution in 5% NFDM 

in PBST. Immune complexes were revealed by peroxidation of 3,3',5,5'- 

tetramethylbenzidine (TMB) substrate (KPL, Gaithersburg MD) for 15 min and stopped 

with 1 M phosphoric acid. Absorbance was read at 450 nm. Controls for the assay included 

known PRRSV-positive and negative sera.

Peptide Avidity ELISA

One hundred µl of 1 µM peptide solutions (ranging from 100 to 353 ng per well depending 

on size) in carbonate buffer, pH 9.6, were coated on ELISA plates overnight. Negative 

controls consisted of keyhole limpet hemocyanin coated at 150 ng/well under the same 
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conditions, and uncoated wells. Wells were blocked and incubations carried out as described 

above. Test and control serum samples were serially diluted two-fold from 1/50 to 1/400 and 

incubated in duplicate. Avidity was determined by addition of 1 M guanidine HCl in the 

final wash step removing unbound serum antibodies as described (21).

ELISA-based PRRSV serum neutralization (SN) assay

SN assays were performed as described by Robinson et al. (18) with the following 

modifications. Two percent FBS was added to MEM culture media for serum sample and 

virus dilutions to improve adherence of the MARC 145 cell monolayer. All wells in each 

plate were scored by light microscopy to evaluate the condition of the monolayer at the 

conclusion of the SN assay. SN assays were performed across a range of multiplicity of 

infection (MOI) from 4 (128,000 viral TCID50/well) with 2 fold dilutions down to an MOI 

of 0.008 (250 TCID50/well). Subsequent assays were performed at an MOI of 0.5, 

equivalent to 16,000 viral TCID50/well. To detect neutralizing activity against the genotype 

1 SD 01–08 (SDEU) strain, cells were incubated for 48 h after infection since this strain 

replicated more slowly in MARC 145 cells than did genotype 2 viruses (Eric Nelson, 

personal communication). 50% SN titer was determined by the reciprocal of the serum 

dilution when the inhibition of infection reached 50%.

Immunoglobulin (Ig) isolation from serum

Antibodies were isolated from PRRSV-immune serum of a sow with high cross-neutralizing 

activity and a PRRSV-immune sow negative for cross-neutralizing activity. PRRSV-negative 

control Ig was isolated from serum pooled from three pigs in a PRRSV ORF5a protein 

immunization study that were neither immunized nor challenged with PRRSV (63).

Total immunoglobulins were isolated by sequential precipitation with caprylic (octanoic) 

acid and ammonium sulfate (67). Briefly, serum was centrifuged at 10,000 × g for 15 min, 

filtered and heat-treated at 56°C for 30 min. An equal volume of acetate buffer (60 mM, pH 

4.0) was added to 4°C serum, and pH adjusted to 4.5. Caprylic acid (Sigma-Aldrich, St. 

Louis, MO) was added 1:15 w/w and stirred for 30 min at room temperature. The mixture 

was then centrifuged at 10,000 × g for 30 min and the supernatant containing the Ig fraction 

was poured off and passed through a 70 µm mesh filter. Tris-HCl (1 M, pH 8.0) was used to 

adjust the pH to 7.4. Saturated ammonium sulfate (Sigma-Aldrich, St. Louis, MO), pH 7.4, 

was slowly added to serum samples with constant mixing to a final concentration of 40%, 

stirred at 4°C overnight, and centrifuged at 10,000 × g at 4°C for 30 min. Pellets were 

resuspended in PBS, pH 7.0, to 10 to 25% of the original volume. Purified Ig were dialyzed 

in PBS, pH 7.0, at 4°C in Spectra/Por 2 membrane dialysis tubing with molecular weight 

cutoff 12 – 14,000 (Spectrum Laboratories, Rancho Dominquez, CA).

Immunoglobulin concentrations were measured using a porcine IgG ELISA quantitation kit 

(Bethyl Laboratories, Inc., Montgomery TX). Antibody, standards and sample dilutions were 

in 5% NFDM in PBST and the stop solution was 1M phosphoric acid.

Protein samples with and without 5% β-mercaptoethanol to reduce disulfide bonds were 

subjected to denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) in 4 to 20% gradient Mini-Protean Precast Gels (Bio-Rad Laboratories, Hercules 
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CA) to evaluate purity. Bands were visualized with Imperial protein stain (Thermo 

Scientific, Rockford, IL), and destained in deionized water.

SN assays were performed on purified immunoglobulins as described for serum samples 

with two-fold dilutions.

Passive transfer experimental design

Thirty-two weaned pigs approximately 3 weeks of age were sourced from a PRRSV-

negative breeding herd. Pigs were weighed and randomly assigned to seven groups upon 

arrival at the University of Minnesota College of Veterinary Medicine animal isolation 

facility (Supplemental Figure S1). Each group of pigs was housed in a separate room and fed 

a complete ration, with ad lib access to water and acclimated for 3 days.

On the day prior to viral challenge pigs were anesthetized with Telazol in xylazine by 

intramuscular injection. Blood was collected into serum separator tubes to test for PRRSV 

by RT-PCR and for SN. Purified neutralizing or non-neutralizing PRRSV immune Ig or 

PRRSV-negative Ig was injected via a 14 gauge catheter into the peritoneal cavity.

Twenty-four hours later, blood was collected from all pigs to evaluate the PRRSV-

neutralizing activity in serum at time of viral challenge (day 0 with respect to challenge). At 

this time, pigs in groups 2–7 were infected by intramuscular inoculation in the neck of 1 × 

105 TCID50 of PRRSV MN184 or SDEU in 1 ml tissue culture media supernatant. The 

intramuscular route was used due to its high reproducibility and sensitivity compared to 

intranasal administration (68). Uninfected animals were sham-inoculated with the same 

volume of tissue culture media intramuscularly. All animals were evaluated daily thereafter 

for clinical signs of illness, including fever, coughing/sneezing, lethargy, and anorexia. 

Blood samples were collected from all animals on days 3, 7, 10, and 14 after viral challenge. 

At 21 days after infection, pigs were weighed and anesthetized by intramuscular injection of 

Telazol/xylazine as described above. Blood was collected under anesthesia prior to 

euthanasia by intravenous barbiturate overdose. Necropsies were performed on all animals 

for evaluation of gross lung morphology. Tissues were kept at 4°C overnight and frozen to 

−20°C. Blood samples were collected in serum separator tubes, and were centrifuged to 

collect serum which was frozen at −20°C for further analysis.

Viremia was compared between the groups of interest to determine whether immune Igs 

were protective against infection, and whether they provided cross-protection against 

different virus strains compared to animals receiving control Igs. The number of pigs needed 

per group was estimated by a power analysis based on mean level of viremia and variation 

between individuals estimated from previous studies (63). Calculations were based on a 2 

log reduction in viremia, (from 106 RNA copies/ml of serum to 104 with ±5×103 standard 

deviation in the control group, and ±5×105 in the Ig groups). To achieve 95% power at 1% 

alpha level, we calculated that each group would require a minimum of 3 animals (69). To 

ensure that valid results would be obtained in case of animals requiring early endpoints, or 

wider variation between individuals, the study was conducted with 4 or 5 animals per group. 

In addition, the design allowed for combining groups for statistical analysis based on Ig 

status. Details of treatment groups is shown in Table 1.
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The study was approved by and conducted under the guidelines of the University of 

Minnesota Institutional Animal Care and Use Committee and Institutional Biosafety 

Committee (protocol #1310-31023A).

Viral RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

Viral RNA was isolated from serum using a QIAmp Viral RNA Mini kit (Qiagen, Valencia 

CA), eluted into 50 µl of RNase-free water and stored at −80 °C. Complementary cDNA was 

synthesized with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Carlsbad CA) with random hexamer primers. Primer sequences TCA ACT GTC CCA GTT 

GCT GG (forward) and AAA TGT GGC TTC TCA GGC TTT T (reverse) amplified a 96 bp 

ORF7 fragment for genotype 1 PRRSV. Primer sequences AAC CAC GCA TTT GTC GTC 

(forward) and TGG CAC AGC TGA TTG ACT GG (reverse) amplified a 198 bp ORF6–7 

fragment for genotype 2 PRRSV. PCR reactions were performed in a total volume of 20 µl, 

containing 5 µl of cDNA, 10 µl of SYBR Green PCR Master Mix (PerfeCTa SYBR Green 

FastMix, Quanta Biosciences, Gaithersburg MD) and 200 ng of each primer. Reactions were 

run in a Stratagene Mx3000P thermal cycler (Agilent Technologies, Inc. Santa Clara CA), 

with activation at 95°C for 1 minute, 35 cycles of denaturation at 95°C for 3 seconds and 

annealing/extension at 60°C for 25 seconds, followed by a dissociation step. All samples 

were run in duplicate.

PRRSV was quantified using the standard curve method with gel purified PCR products 

from MN184 and SDEU prepared as described above (70). The cDNA concentration was 

determined by spectrophotometry and number of copies of the template was calculated as 

described (71). Serial 10-fold dilutions were used to construct a standard curve, ranging 

from >106 to <1 copy per reaction. Identification of positive samples was determined by the 

presence of a quantification cycle value and thermal denaturation analysis. Negative controls 

without cDNA were used in all PCR plates.

Statistical analysis for differences in mean levels of viremia between groups at each 

timepoint was conducted by the Wilcoxon Rank Sum Test (Mann-Whitney U Test). 

Conservative p values of ≤0.05 were considered significant. Area under the curve analysis to 

determine percent reduction in total viremia was performed in GraphPad Prism (GraphPad 

Software, La Jolla, CA).

Identification and synthesis of conserved ectodomain peptides

Whole genome sequences from 58 unique PRRSV strains, including genotypes 1 and 2 were 

obtained from GenBank. Sequences of ORF2a, ORF2b, ORF3 and ORF4, representing GP2, 

E, GP3, and GP4, respectively, were concatenated for each PRRSV strain, aligned using 

Geneious R6 version 6.1.7 (Biomatters Ltd., Auckland, New Zealand) and translated to 

identify regions of amino acid conservation. Predicted ectodomain regions were identified 

based on (60). The most conserved linear peptides regions were identified within the 

ectodomain fragments.

Six linear peptides, one each from GP2 and E, and two each from GP3 and GP4, were 

synthesized by GenScript (Piscataway, NJ). Based on testing at GenScript, peptides were 

solubilized to 1 mg/ml in either 0.1M PBS, pH 7.4 (GP2, E, GP4a), N-methyl-2-pyrrolidone 
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(NMP) (GP3a, GP3b), or dimethyl sulfoxide (DMSO) (GP4b). Further dilutions from the 1 

mg/ml stock were made in MEM containing 2% FBS.

Cellular receptor competition assay

Each of the 6 peptides, a mixture of the 6 peptides, and vehicle only controls were diluted to 

10 µg/ml in MEM containing 2% FBS. Five-fold serial dilutions of the peptides were made 

in MEM 2% FBS to 0.016 µg/ml. Dilutions, and control wells with no peptides (containing 

MEM with 2% FBS) or vehicle only (at the equivalent dilution for the most concentrated 

condition of 10 µg/ml) were added to duplicate wells of MARC 145 cells and incubated at 

37°C for 1 hour. PRRSV strain VR2332 was added at an MOI of 0.5 in the presence of 

peptides and incubated at 37°C for an hour. The peptide/virus mixture was decanted, cells 

were washed once with warmed PBS, and complete MEM with 10% FBS was added for an 

additional 23 hour incubation. Cells were washed with PBS and processed for the PRRSV 

neutralization assay.

Neutralizing serum competition assay

Peptides (each alone and a mixture of all 6, at a final concentration of 10 µg/ml and 1 µg/ml) 

were mixed with serum (1/32 dilution of PRRSV neutralizing serum, the same Ig 

concentration of negative serum, or no serum control) for 1 hour at 37°C. PRRSV VR2332 

was added to an MOI of 0.5 and incubated for one hour, and the mixtures were transferred to 

cells. Plates, also containing untreated control monolayers, were incubated for 1 hour, and 

washed with PBS. After 23 hour, cells were washed with PBS, fixed, and permeabilized and 

processed as described to quantify PRRSV infection in cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Broadly neutralizing anti-PRRSV antibodies control PRRSV1 and PRRSV2 

infection.

• Non-neutralizing immune serum does not reduce PRRSV infection.

• Conserved putative cell attachment structure peptides did not block infection.

• Naturally occurring PRRSV induce protective humoral immunity against 

unrelated PRRSV.

• Induction of broadly neutralizing antibodies may enhance immune protection.

Robinson et al. Page 18

Virus Res. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
PRRSV broadly neutralizing activity in sow serum. (A) ORF5 phylogeny of diverse PRRSV 

isolates. Herd isolates from 2009 –2012 are marked with an asterisk. Viruses representing 

maximal PRRSV diversity used in neutralizing assays are marked with squares. (B) 

Comparative neutralizing activity of 10 sows against 3 diverse PRRSV strains. (C) 

Cumulative 50% neutralizing titers against 3 diverse PRRSV strains for the 10 individual 

animals. Positive control was a sow from another herd previously tested for neutralizing 

activity. (D) Sow 7 neutralizing activity in serum. In panels B, C and C the symbols are open 

squares, VR2332, gray squares, SDEU, and black squares, MN184.
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Figure 2. 
Neutralizing activity of purified and concentrated immunoglobulins. ELISA-based 

neutralization assay against PRRSV VR2332 on MARC 145 cells for PRRSV-negative, 

PRRSV-immune non-neutralizing sow 1, and PRRSV-immune neutralizing sow 7.
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Figure 3. 
Neutralizing activity after immunoglobulin transfer. ELISA-based serum neutralizing assays 

against PRRSV VR2332 on MARC 145 cells from 32 animals in passive transfer of 

immunoglobulin study. Neutralizing activity at (A) time of Ig administration, (B) 24 hours 

post Ig administration (time of viral challenge), (C) 15 days, and (D) 22 days post Ig 

administration, for pigs receiving neutralizing (NAb n= 12), non-neutralizing (nNAb n= 12), 

PRRSV-negative (neg Ab n= 4) or no (no Ab n= 4) immunoglobulins.
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Figure 4. 
Passive transfer of neutralizing antibodies reduces viremia. PRRSV RNA quantification 

from serum by RT-qPCR for (A) genotype 2 MN184, and (B) genotype 1 SDEU, in PRRSV-

naïve pigs administered neutralizing immune Ig (n= 12), non-neutralizing immune Ig (n= 

12), PRRSV-negative or no Ig (combined control groups, n= 8). Difference in mean viremia 

between groups receiving neutralizing Ig or not (pooled non-neutralizing and negative Ig) 

was compared by one-tailed Mann Whitney test of area under the curve. AUC day 0–21 for 

MN184, p=0.0145. AUC day 0–21 for SDEU, p=0.03. Numbers above the X-axis are 

percent reduction at the indicated day after challenge. Dotted lines indicate the RT-PCR 

assay sensitivity limit for MN184 (A) or SDEU (B).
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Figure 5. 
Conserved PRRSV minor envelope ectodomain peptides. (A) Alignment of 2 type 1 and 56 

type 2 PRRSV sequences. Open reading frames 2, 2b, 3, and 4 sequences were concatenated 

and translated to yield GP2 (yellow), E (aqua), GP3 (blue), and GP4 (pink) as shown. 

Sequence conservation is expressed as a percentage, where 100% indicates amino acid sites 

are completely conserved. Predicted ectodomain regions are marked with hashed boxes. 

Ectodomain peptide sequences with maximal conservation selected are marked by black 

lines at top of the figure. (B) Conserved ectodomain peptide position, length and sequences. 

The solvent used for initial dilution to 1mg/ml is indicated for each peptide.
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Figure 6. 
Expected outcome from peptide competition with neutralizing targets. (A) Depiction of 

predicted outcome of peptides added to cells before addition of virus. If peptide(s) bind 

cellular CD163, mimicking virus binding, they will compete with virus in a dose-dependent 

manner to result in reduced infection with increasing concentration of peptide. (B) Predicted 

outcome of peptides added to serum prior to addition of virus and infection of cells. If 

peptides bind neutralizing antibodies, they will compete with virus in a dose-dependent 

manner for binding and make more virus available for infection, i.e. they will inhibit 

neutralizing activity and result in increased infection with increasing concentration of 

peptide.
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Figure 7. 
Peptide competition for cellular receptors. Effect of increasing concentration of six synthetic 

peptides and mixture of the six peptides on infection of MARC 145 cells by PRRSV 

VR2332 (MOI of 0.5) relative to infected control wells with no peptides. Vehicle only 

controls are shown for reference.
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Figure 8. 
Peptide competition for neutralizing antibodies. Effect on PRRSV infection by two different 

peptide concentrations (1 and 10 µg/ml) for each of six synthetic peptides, and mixture of 

the six peptides and incubated with PRRSV-neutralizing serum (1/32 dilution) for 1 h. 

PRRSV VR2332 (MOI 0.5) was then incubated with the peptide-serum mixture for 1 h prior 

to inoculation of MARC 145 cells. Data are shown relative to viral growth in the absence of 

peptide addition.
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Table 1

Treatment groups for passive transfer of immunoglobulins.

Group Category Viral
Challenge

Treatment (number of pigs)

1 Uninfected negative control None Neutralizing Ig (n=2)

Non-neutralizing Ig (n=2)

2 PRRSV immune neutralizing Ig SDEU Neutralizing Ig (n=5)

3 PRRS immune non-neutralizing Ig SDEU Non-neutralizing (n=5)

4 Infection positive control SDEU Negative Ig (n=2)

No Ig (n=2)

5 PRRSV immune neutralizing Ig MN184 Neutralizing Ig (n=5)

6 PRRS immune non-neutralizing Ig MN184 Non-neutralizing (n=5)

7 Infection positive control MN184 Negative Ig (n=2)

No Ig (n=2)
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