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The minor glycoproteins (GPs) of PRRSV, GP2, GP3, and GP4, form a heterotrimer that is required for viral
infectivity, presumably due to its interaction with the key cellular receptor CD163. These 3 GPs are
encoded by open reading frames (ORFs) 2a, 3 and 4 (herein referred to as ORFs 2–4), respectively. The
goal of this study was to investigate the immunogenicity of the PRRSV-2 minor GPs. Through the use
of reverse genetics, a chimeric virus (designated SDFL24) was constructed by replacing ORFs 2–4 of
the PRRSV-1 strain SD01-08 with the corresponding genes of the PRRSV-2 strain FL12. While the parental
PRRSV strain SD01-08 was not neutralized by convalescent antisera raised against FL12, the chimeric
virus SDFL24 gained susceptibility to neutralization by FL12-specific antisera, indicating that viral pro-
teins encoded by ORFs 2–4 are targets of antibody neutralization. When inoculated into pigs, the chimeric
virus SDFL24 elicited T-cell responses against peptides derived from FL12 minor GPs, whereas the paren-
tal virus SD01-08 did not. After challenge infection with FL12, pigs previously infected with SDFL24
developed robust kinetics of FL12-specific neutralizing antibodies as compared to those previously
infected with the parental strain SD01-08. Finally, the pigs recovered from SDFL24 infection were better
protected from a subsequent challenge infection with FL12 than those previously infected with SD01-08.
Collectively, the results indicate that PRRSV-2 ORFs 2–4 are capable of inducing protective immunity.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is
the etiologic agent of porcine reproductive and respiratory syn-
drome, a major disease of swine which causes respiratory disease
in young pigs and reproductive failure in sows and gilts [1,2].
PRRSV is an enveloped, positive sense, single stranded RNA virus
with a genome of approximately 15 kb (Reviewed in [3]). The
PRRSV genome contains at least 10 open reading frames (ORFs).
ORFs 1a and 1b encode 2 poly-proteins pp1a and pp1ab which
are proteolytically processed to produce functional nonstructural
proteins responsible for the transcription and replication of the
viral genome [4]. ORFs 2a, 3 and 4 encode three minor glycopro-
teins (GPs) namely GP2, GP3, and GP4 (Reviewed in [5]) which
form a heterotrimer dispensable for viral particle formation, yet
required for viral infectivity [6,7]. ORFs 5, 6, and 7 encode three
major structural proteins namely GP5, M, and N (Reviewed in
[5]). GP5 and M interact with each other to form a heterodimer
required for viral particle formation [6]. N protein encapsidates
the viral RNA genome. ORF2b is embedded within ORF2a and
encodes the envelop protein E which is required for viral uncoat-
ing, presumably due to its ion channel activity [8]. ORF5a encodes
a small protein whose functions remain unknown [9].

PRRSV is classified into 2 types: PRRSV-1 (European) and
PRRSV-2 (North American). These 2 types share only approxi-
mately 60% sequence similarity [10]. Currently, both types co-
circulate in many swine producing countries, especially in Asia
[11]. Vaccines for both types are commercially available. Due to
the substantial genetic difference, vaccines for PRRSV-1 do not pro-
vide significant protection against PRRSV-2 and vice versa [12,13].
Currently, modified live virus (MLV) vaccines are considered the
most effective vaccines. Pigs vaccinated with MLV vaccine often
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develop solid homologous immune responses [14]. However, the
mechanisms of immune protections remain incompletely under-
stood. Likewise, the viral targets of the protective immunity are
not well understood.

PRRSV is known to infect only pigs. Macrophages are the main
target of PRRSV infection in vivo [15]. Multiple cellular receptors
have been suggested to be involved in the entry of PRRSV into por-
cine macrophages (Reviewed in [16]). Of these, sialoadhesin and
CD163 have been studied most extensively. Sialoadhesin interacts
with the GP5-M heterodimer and facilitates viral attachment and
internalization [17]. Nevertheless, expression of sialoadhesin alone
in a non-permissive cell line is not sufficient for viral infection [18].
Additionally, transgenic pigs lacking sialoadhesin are susceptible
to infection by PRRSV [19]. CD163 interacts with the GP2-4 hetero-
trimer and this interaction is critical for viral infectivity [6,7]. Cells
that are resistant to PRRSV infection can be made susceptible if
CD163 is transfected into the cells [20]. Importantly, transgenic
pigs lacking CD163 are resistant to PRRSV infection [21].

Since the interaction between the minor GPs and cellular recep-
tor CD163 is critical for viral infectivity and host cell tropism, it has
been hypothesized that the minor glycoproteins might be impor-
tant for the induction of protective immunity [7,22]. Antigenic
regions containing neutralizing epitopes have been described in
each minor GP [23,24]. Several studies have been conducted to
characterize the immunogenicity of the minor GPs in pigs
[25,26]. These studies relied on using viral expression vectors to
deliver the genes encoding the minor GPs. The major limitation
of the viral vector approach is that the proteins might not be
expressed in their native forms, leading to sub-optimal induction
of immune responses. In the present study, we used the PRRSV-1
strain SD01-08 as a backbone to construct a chimeric virus bearing
ORFs 2–4 of PRRSV-2 strain FL12. Because there is minimal cross-
protection between PRRSV-1 and PRRSV-2, this chimeric virus can
serve as a tool to elucidate contributions of PRRSV-2 minor GPs to
the development of protective immunity in the context of viral
infection.
2. Materials and methods

2.1. Cells, viruses, antibodies, and peptides

MARC-145 (monkey kidney) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS) at 37 �C with 5% CO. The PRRSV-1 and PRRSV-2 infectious
cDNA clones pSD01-08 and pFL12 were reported previously
[27,28]. Convalescent antisera raised against FL12 were obtained
from a previous study [29]. The monoclonal antibody (MAb)
SDOW17 was purchased from the National Veterinary Services
Laboratory (Ames, IA). The Alexafluor-488 conjugated donkey
anti-mouse antibody was purchased from Invitrogen. Peptide pools
that contained peptides spanning the entirety of GP2, GP3, GP4,
and N of F12 were a generous gift from Dr. Kaltenboek, Auburn
University. The peptides are 20 amino acids in length, and overlap
by 10 amino acids. Each peptide in the pool was dissolved in DMSO
at the concentration of 40 nmol/mL.
2.2. Generation of the chimeric PRRSV strain SDFL24

The plasmid pSD01-08 was digested with the restriction
enzyme PasI (Thermo Scientific) which cut the plasmid at 2 sites,
10,279 (ORF1b) and 14,254 (ORF6). Three overlapping DNA frag-
ments were generated by PCR using primers listed in Table S1.
Fragment 1 was amplified from pSD01-08, from the first PasI site
to the end of ORF1b. Fragment 2 was amplified from pFL12, from
the beginning of ORF2a to the end of ORF4. Fragment 3 was ampli-
fied from pSD01-08, from the start of ORF5 to the second PasI site.
After purification, the digested pSD01-08 and the 3 PCR fragments
were mixed together in the presence of the HiFi DNA Assembly
Master Mix (New England Biolabs), per the manufacturer’s proto-
col. Positive clones were confirmed by digestion and DNA sequenc-
ing. The resulting cloned chimeric cDNA genome was designated
pSDFL24. This cloned cDNA genome is driven by the human cyto-
megalovirus (CMV) immediate early promoter; thus, infectious
virus can be recovered by transfection of the plasmid to MARC-
145 cells. MARC-145 cells seeded 24 h earlier in a 6-well plate
were transfected with 1 lg pSDFL24 plasmid using the TransIT-
X2 (Mirus Bio). Transfected cells were monitored daily. Once obvi-
ous cytopathic effects (CPE) were observed (day 5 post-
transfection), culture supernatant containing infectious virus was
collected and transferred to naïve MARC-145 cells to generate virus
stocks for future studies.

2.3. Assessment of protection in pigs

Three-week old, PRRSV-seronegative pigs were randomly allo-
cated into 3 groups of 6 pigs each and accommodated in separate
biosecurity level 2 rooms at the Life Sciences Annex, University
of Nebraska-Lincoln. After 1 week of acclimation, pigs in group 1
were injected intramuscularly with 2 mL of phosphate buffer sal-
ine (PBS) whereas pigs in groups 2 and 3 were separately inocu-
lated intramuscularly with 2 mL inocula containing 105.0 tissue
culture infectious dose 50 (TCID50) SD01-08 or SDFL24. At day 56
post-infection (p.i.), all pigs were challenged intramuscularly with
2 mL inoculum containing 105.0 TCID50 FL12. Blood samples were
taken at various time-points post-infection, and serum samples
and peripheral blood monocytes (PBMCs) were extracted and
properly preserved for evaluation of viremia and immune
responses. At day 14 post challenge (p.c.), pigs were euthanized
and necropsied. Tonsils and inguinal lymph nodes were collected
and frozen immediately (�80 �C) for evaluation of viral loads. Sam-
ples of lung were collected and fixed in 10% formalin for evaluation
of lung pathology. RNA from sera was extracted using the QIAamp
Viral RNA Kit (Qiagen). RNA from tissue samples was extracted
using TRIzol reagent (Life Technologies). Viral RNA was quantified
using a commercial qRT-PCR kit (Tetracore). All work was
approved by the University of Nebraska-Lincoln Institutional Ani-
mal Care and Use Committee protocol number 930.

2.4. Immunological assays

Antibodies against the viral N protein were measured by using
the IDEXX PRRS X3 Ab Test (IDEXX Laboratories). Serum-virus neu-
tralization assays were performed as previously described [30].
Neutralization titers are expressed as the reciprocal of the highest
dilution that showed a 90% reduction in the number of fluorescent
foci presenting in control wells. The ELISpot assay was used to
measure the frequency of interferon-gamma secreting cells (IFN-
c SCs) [31]. Briefly, two replicates of 5 � 105 PBMCs/well from each
animal were plated in a 96-well filtration plate (Merck Millipore).
Cells in each well were stimulated with peptide pools diluted
1:100 in culture medium (final peptide concentration 0.4 nmol/
mL). DMSO diluted 1:100 in media was used as negative control,
and PMA (10 ng/mL) and Ionomycin (1 lg/mL) as positive control.
Spots were counted and analyzed using a CTL ImmunoSpot counter
(Cellular Technology).

2.5. Statistical analysis

Viral RNA copy numbers and antibody neutralization titers
were transformed to log10 and log2 values, respectively, prior to
statistical analysis. Multiple-step growth curves and viral RNA in



Table 1
Susceptibility to neutralization by FL12-convalescent antisera.

Antiseraa Neutralization titers measured against

SD01-08 SDFL24 FL12

1 <1:4 1:16 1:64
2 <1:4 1:8 1:128
3 <1:4 1:16 1:128
4 <1:4 1:512 1:1024
Geometric mean <1:4 1:32 1:181

a Antisera were collected from 4 different pigs at day 49 post-infection with the
PRRSV strain FL12.
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serum were analyzed by two-way analysis of variance (ANOVA).
Viral loads in tissues and lung microscopic scores were analyzed
by one-way ANOVA. The Tukey-Kramer test was used for multiple
comparisons. Data were considered significantly different when
p � 0.05. All statistical analysis was done using GraphPad Prism
version 7.0b for Mac OS X (GraphPad Software).

3. Results

3.1. A chimeric PRRSV-1 genome bearing ORFs 2–4 of a PRRSV-2 strain
is fully infectious

Using the infectious cDNA clone pSD01-08 (PRRSV-1) as a back-
bone, we constructed a chimeric cDNA genome bearing ORFs 2–4
of FL12, a PRRSV-2 strain. The resulting plasmid was designated
as pSDFL24. To determine if the chimeric genome is infectious,
we transfected MARC-145 cells with the pSDFL24 plasmid. By
day 5 post-transfection, CPE was observed in pSDFL24-
transfected cells, indicating that the chimeric genome SDFL24
was fully infectious. MARC-145 cells infected with the chimeric
virus SDFL24 reacted specifically with the MAb SDOW17 (Fig. 1A).
The chimeric virus SDFL24 replicated less efficiently in MARC-145
cells when compared to its parental strains SD01-08 and FL12
(Fig. 1B). The highest titer of SDFL24 was 104.2 TCID50/mL while
the peak titers of FL12 and SD01-08 were 106.5 and 105.8 TCID50/
mL, respectively.

3.2. The chimeric virus SDFL24 is neutralized by FL12 antisera

Once the chimeric virus SDFL24 was generated, we wanted to
evaluate its susceptibility to neutralization by convalescent antis-
era raised against FL12. As shown in Table 1, the chimeric virus
SDFL24 was neutralized by FL12-antisera at a mean titer of 1:32
whereas the parental virus SD01-08 was not neutralized by the
same set of antisera. The results clearly indicated that ORFs 2–4
encoded proteins are targets of neutralizing antibodies (NAbs).
However, the neutralizing titers of the FL12-specific antisera
against the chimeric virus SDFL24 were significantly lower than
those against FL12, suggesting that other viral proteins are also
important in the production of NAbs.

3.3. The chimeric virus SDFL24 replicated efficiently in pigs and confers
partial protection against FL12

From day 2 p.i., viral RNA was detected in all pigs infected with
SD01-08 or SDFL24 (Fig. 2A). By day 21 p.i., all pigs infected with
A 1 2 
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Fig. 1. Replication in cell culture. (A) Indirect immunofluorescence assay. MARC-145 ce
immunostained with the monoclonal antibody SDOW17 which reacts with PRRSV N pro
curve. MARC-145 cells were infected with the indicated PRRSV strains at a multiplicit
titration. Data are expressed as means and standard error of mean (SEM) calculated f
treatment groups, as determined by two-way ANOVA. *p < 0.05; **p < 0.01.
SD01-08 or SDFL24 seroconverted, as determined by a standard
diagnostic ELISA kit (Fig. 2B). Together, the results indicated that
the chimeric virus SDFL24 replicates efficiently in pigs.

Since the chimeric virus SDFL24 carries the minor GPs of FL12,
we wanted to determine if this chimeric virus can provide better
protection against FL12 than its parental strain SD01-08. At day
56 p.i., when the pigs were clinically recovered from the initial
infection, they were challenged by intramuscular inoculation with
FL12 with a dose of 105 TCID50 per pig. After challenge infection,
pigs in the SDFL24 group had significantly lower levels of viremia
than those in the SD01-08 and PBS groups (Fig. 3A). The SD01-08
group had lower levels of viremia than the PBS group but higher
than the SDFL24 group. Despite the significant difference in the
levels of viremia, there was no significant difference in the viral
load in tissues among the 3 groups at day 14 p.c. (Fig. 3B). Likewise,
there was no significant difference in lung pathology scores among
the 3 groups (Fig. 3C). Collectively, the data indicated that immu-
nization of pigs by infection with the chimeric virus SDFL24 can
provide partial protection against challenge with FL12.
3.4. Neutralizing antibody and T-cell responses against FL12

Anti-FL12 NAbs started to appear in one pig of the SDFL24
group at day 49 and 56 p.i. whereas no pigs in the SD01-08 group
had detectable levels of FL12-specific NAbs at these two sampling
dates (Fig. 4A). By day 64 p.i., (day 8 p.c.), all pigs in the SDFL24
group developed high titers of anti-FL12 NAbs and the neutraliza-
tion titers increased until termination of the study. In contrast,
FL12-specific NAbs were not detected in the SD01-08 group until
day 70 p.i (day 14 p.c.) (Fig. 4A).

We used 4 peptide pools derived from GP2, GP3, GP4, and N
protein of FL12 to evaluate the frequency of FL12-specific IFN-c
SCs. Before infection (day 0 p.i.), all pigs had only basal levels of
B 

lls were infected with the indicated PRRSV strains. At 48 h p.i., cells were fixed and
tein. (1) Negative control (2) FL12 (3) SD01-08 (4) SDFL24. (B) A multi-step growth
y of infection of 0.1. At various time-points p.i., samples were harvested for virus
rom 3 independent experiments. Asterisks indicate statistical difference between



Fig. 2. Infectivity in pigs. Pigs were inoculated intramuscularly with PBS or with
105.0 TCID50 of either SD01-08 or SDFL24. At various time-points p.i., serum samples
were collected for evaluation of viremia and antibody responses. (A) Viral RNA in
serum as quantitated by qRT-PCR. (B) Levels of antibodies against viral N protein
measured at day 21 p.i. Data are expressed as means and SEM.

Fig. 3. Protection against challenge infection with FL12. Pigs were inoculated with
PBS or SD01-08 or SDFL24 as described in the legend for Fig. 2. At day 56 p.i., all pigs
were challenged by inoculation intramuscularly with 105 TCID50 FL12. (A) Level of
viral RNA in serum measured by qRT-PCR. Data are expressed as means and SEM
calculated from 6 pigs. Asterisks indicate statistical difference between treatment
groups, as determined by two-way ANOVA. **p < 0.01; ***p < 0.001. (B) Levels of viral
RNA in inguinal lymph node (LN) and tonsil at day 14 post-challenge infection. Data
are expressed as means and SEM calculated from 6 pigs. (C) Microscopic scores of
indicated lung lobes.
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FL12-specific IFN-c SCs (Fig. 4B). At day 56 p.i. (before challenge
infection), pigs in the SDFL24 group had significantly greater num-
bers of IFN-c SCs against FL12 GP2, GP3, and GP4 than those in
SD01-08 and PBS groups (Fig. 4C). At day 70 p.i. (day 14 p.c.), the
frequencies of IFN-c SCs against FL12 peptides were increased in
all three groups of pigs but the SDFL24 group still had greater num-
bers of IFN-c SCs against GP2, GP3, and GP4 than the SD01-08 and
PBS groups (Fig. 4D). The number of IFN-c SCs against FL12 N pro-
tein was not significantly different among the three groups
throughout the course of this experiment. The results indicate that
pigs infected with the chimeric virus SDFL24 elicit T-cell responses
against FL12 GP2, GP3 and GP4. Together, these results suggest
that ORFs 2–4 contribute protection based on both cell-mediated
and humoral immune responses.

4. Discussion

Pigs infected with wild-type PRRSV strains or vaccinated with
MLV vaccines often develop solid levels of homologous immunity
[32,33]. However, the viral proteins involved in the induction of
protective immunity are not well characterized. The viral minor
GPs interact with the receptor CD163 and this interaction is indis-
pensable for the viral infectivity [6,7]. It is therefore hypothesized
that these minor GPs might be critical for the induction of protec-
tive immunity. Through the use of different expression systems, it
has been demonstrated that the viral proteins encoded by ORFs 2–
4 elicit NAbs and T-cell responses [25,26]. However, the relative
contribution of the minor GPs to the overall levels of protection
remains poorly characterized. A major limitation of using viral vec-
tors to deliver the minor GPs is that the proteins may not be
expressed in their native structures. Consequently, the immune
responses to the vector vaccines may not resemble the immune
responses obtained through the use of MLV vaccines.

In the present study, we attempted to deliver the minor GPs in
their biological forms. It has been shown that PRRSV-1 strains elicit
only minimal levels of protection against PRRSV-2, mainly due to
the substantial genetic distances between the 2 genotypes [12].
Therefore, we used the PRRSV-1 strain as a vector to deliver the
genes encoding the minor GPs of a PRRSV-2 strain to determine
the contribution of these minor GPs to protection. Based on the
infectious cDNA clone pSD01-08 (PRRSV-1), we constructed a chi-
meric PRRSV virus carrying ORFs 2–4 of FL2 (PRRSV-2). The chi-
meric cDNA genome is fully infectious, demonstrating that the
minor GPs are expressed in their native forms.



Fig. 4. Immune responses against FL12. (A) Kinetics of neutralizing antibody titers measured against FL12. The arrow at day 56 p.i. indicates the challenge infection date. (B-
D) Frequencies of IFN-c SC specific to the indicated FL12 peptide pools. Data are expressed as means and SEM. Asterisks indicate statistical difference between treatment
groups. *p < 0.05; **p < 0.01; ***p < 0.001.
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The chimeric virus SDFL24 is neutralized by convalescent
antisera raised against FL12 whereas its parental strain SD01-08
is not neutralized by the same set of antisera, unequivocally
demonstrating that the ORFs 2–4 encoded proteins can elicit
NAbs. However, SDFL24 is neutralized by the FL12 sera to a lesser
extent than the homologous virus, indicating that other viral pro-
teins are involved in antibody neutralization. This observation is
expected as it has been demonstrated that GP5 and M protein also
carry neutralizing epitopes [34]. Since the chimeric virus SDFL24
carries GP5 and M of SD01-08, it would be interesting to measure
the susceptibility of SDFL24 with antisera raised against SD01-08
as the results of this assay will provide information about the
contribution of GP5 and M to the antibody neutralization. Unfor-
tunately, we did not have anti-SD01-08 sera with good neutraliz-
ing titers. The 6 pigs that were infected with the SD01-08 in this
study elicited only a titer of 1:8 against the homologous virus,
prior to challenge with FL12. These 6 anti-sera did not neutralize
SDFL24.

When inoculated to pigs, the chimeric virus SDFL24 replicated
as efficiently as its parental strain SD01-08 (Fig. 2A). These 2
groups had similar levels of FL12-specific NAbs up to day 56 p.i..
After challenge infection with FL12, however, pigs in the SDFL24
group developed robust levels of FL12-specific NAbs whereas those
in the SD01-08 group did not (Fig. 4A). One plausible explanation is
that pigs in the SDFL24 group had been primed with the FL12 pro-
teins. After challenge infection with FL12, these pigs developed
anamnestic immune responses leading to the robust levels of
FL12-specific NAbs. Our explanation is supported by the observa-
tion that before challenge infection with FL12 (day 56 p.i.), pigs
in the SDFL24 group already had high frequencies of IFN-c SCs
specific to the FL12 minor GPs (Fig. 4B).

In the conditions of our study, the FL12minor GPs can only elicit
partial levels of protection. It is apparent that other viral proteins
are involved in the induction of protective immunity. Collectively,
results of this study may benefit future vaccine development.
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