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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is leading to huge losses in the swine industry worldwide. Its
nonstructural protein 2 (Nsp2), with a cysteine protease domain (PL2), is crucial for virus replication and as a trigger to host
innate immune regulation. In this study, three monoclonal antibodies (mAbs) to Nsp2, designated 4A12, 4G8, and 8H11, were
generated. Subsequently, a sequence of recombinant peptides with partial overlap was utilized to determine the epitopes using
these mAbs. We found three novel minimal linear Nsp2 B cell epitopes, 188ELSDDSNRPV197, “HLKRYSPPAE® 1, and
5 4CGWHCISA61, which were identified by the antibodies 4A12, 4GS, and 8H11, respectively. Structure analysis indicates that
“HLKRYSPPAE' and "*ELSDDSNRPV'® are located separately in hypervariable region 1 and hypervariable region 2 of
Nsp2. Interestingly, **CGWHCISA®' is located in the PL2 region, which is highly conserved in all arteriviruses, particularly at
the expected conserved catalytic site at Cys54. Importantly, >*CGWHCISA®' is located in the inner region of the expected 3D
structure of Nsp2, which reveals that the epitope is cryptic. These findings not only provide valuable insight for vaccine design
and hold diagnostic potential for the identified epitopes, but also reveal a protective mechanism against variation under selective
pressure in an important epitope.

Keywords Porcine reproductive and respiratory syndrome virus - Nonstructural protein 2 - Monoclonal antibodies - Cryptic
epitope

Introduction Arterivirus (EAV) and two other arteriviruses, lactate dehy-

drogenase elevating virus (LDV) and simian hemorrhagic fe-

Porcine reproductive and respiratory syndrome (PRRS) was
first discovered almost simultaneously in North America and
Europe in the late 1980s (Albina et al. 1992; Collins et al.
1992; Wensvoort et al. 1991; Morin and Robinson 1991).
PRRS had been widely observed around the world and had
caused severe economic losses for pig producers because it
causes reproductive problems and growth retardation (Pejsak
et al. 1997; Albina 1997). Studies have found that the causa-
tive pathogen is a single-stranded RNA virus, PRRSV, which
was subsequently classified in the order Nidovirales, family
Arteriviridae and genus Arterivirus, together with Equine
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ver virus (SHFV) (Cavanagh 1997). Two genotypes have
been identified via genome analysis: the European isolate
and the North American isolate. These two isolates cause sur-
prisingly similar overall disease phenotype, virion morpholo-
gy, cellular tropism, and genomic organization although ge-
netically divergent (Ramirez et al. 2008). PRRSV is charac-
terized by a frequent mutation and recombination in vivo,
which generates new strains, making it hard to control and
eradicate (Wang et al. 2016; Chen et al. 2011). In 2006, a
highly pathogenic strain of PRRSV (HP-PRRSV) led to dev-
astating losses in China (Li et al. 2007; Tian et al. 2007; Zhou
et al. 2008).

PRRSV genome is about 15 kb in size and includes 11
known open reading frames (ORFs) flanked by 5’ UTR and
3" UTR. The first three-quarters of the viral genome generates
four polyproteins (ppla, ppla-Nsp2N, ppla-Nsp2TF, pplab),
by two documented programmed ribosomal frame-shift
(RFS), which are co-translated and post-translationally proc-
essed into more than 16 nonstructural proteins (Nsps) via four
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virus-encoded proteases involved in papain-like cysteine pro-
teinases 1o (PL1o; Nsplo), PL13 (Nspl1f3), and PL2 (Nsp2)
and the main serine proteinase (SP; Nsp4). Recognized poly-
merase motifs in pplb are the Nsp9 (RNA-dependent RNA
polymerase, RdRp), Nspl0 (RNA helicase), Nspll
(endoribonuclease), and Nsp12 (functions unclear). The viral
structural proteins are separately encoded via many sub-
genomic RNAs (sgRNA) produced by an anti-sense interme-
diate (sgRNA2-7) (Lunney et al. 2016).

In PRRSV, Nsp2 is the largest and most genetically
diverse nonstructural protein and is encoded by one quar-
ter of the whole genome, including a PL2 domain around
the N terminal. The literature reports that PL2 domain has
a core size of about 100 aa and is highly conserved among
all arteriviruses (Han et al. 2009). The PL2 domain is
followed by the central hypervariable (HV) region char-
acterized by strain-specific insertions or deletions, a puta-
tive transmembrane region (TM), and a relatively con-
served carboxyl domain (Han et al. 2007; Han et al.
2009; Han et al. 2006). It is well known that Nsp2 has
important and multifunctional roles in virus replication
and host immune system disorder. This indicates an intra-
cellular function for Nsp2. In addition, many B cell and T
cell epitopes from Nsp2 have been identified using bioin-
formatics or experiments (de Lima et al. 2006; Fang et al.
2004; Fang et al. 2007; Oleksiewicz et al. 2001; Wang
et al. 2017; Yan et al. 2007). This evidence suggests that
Nsp2 might also have a crucial function in extracellular
virus replication or immune regulation. Although Nsp2 is
a nonstructural protein in virions, it may be closely asso-
ciated with the virion structure (Kappes et al. 2013). This
may be why antibodies that respond to Nsp2 are
immunodominant in PRRSV-infected pigs.

In this study, we expressed and purified His-fused Nsp2 (1—
233 aa) protein which encompassing all PL2 domain, then
produced three mAbs against PRRSV Nsp2. Three novel lin-
ear Nsp2 B cell epitopes, '**ELSDDSNRPV'?7,
“HLKRYSPPAE’!, and **CGWHCISA®!, were subsequent-
ly identified using these three mAbs. All of them could be
recognized by anti-PRRSV positive sera. Moreover,
SCGWHCISA®! recognized by 8H11 is located in the PL2
region, which is highly conserved among all arteriviruses.
These findings provide valuable information for vaccine de-
sign and virus diagnosis.

Materials and methods
Cells, viruses, and sera
Marc-145 and myeloma SP2/0 obtained from American

Type Culture Collection were cultured using DMEM
(Gibco-BRL) with 10% heat-inactivated FBS (Gibco-

@ Springer

BRL) and 1% penicillin/streptomycin at 37 °C in a 5%
CO, incubator. PRRSV genotype 2 strain HuN4
(GenBank accession no. EF635006) and JXA1R
(GenBank accession no. KM659203) were highly virulent
strains. PRRSV genotype 2 strain CHIR (GenBank acces-
sion no. EU807840) and VR2332 (GenBank accession no.
AY150564) were classical strains. The PRRSV HuN4
strain, JXA1R strain, and CHIR strain were acquired
from the State Key Laboratory of Veterinary
Biotechnology, Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences. The VR2332
strain was kindly provided by Dr. Wenhai Feng (China
Agricultural University). PRRSV-positive serum was col-
lected from a PRRSV inoculation trial. PRRSV-free serum
was collected from a specific pathogen-free piglet.

Expression and purification of recombinant PRRSV
Nsp2 (1-233 aa) protein

A truncated DNA sequence covering 1-233 aa of Nsp2
was amplified from cDNAs of PRRSV and inserted into
the pET-28a vector. The primers Nsp2 (1-233 aa)-F/R are
listed in Table 1. The constructed His-fused Nsp2 (1-
233 aa) protein expressing plasmid pET-28a-Nsp2 (1-
233 aa) was validated by DNA sequencing, followed by
transformation into Escherichia coli (E. coli) BL21
(Novagen) and induction with 1 mM IPTG for 4 h in
LB medium with kanamycin. The pellets were harvested
by centrifugation and then washed twice with 1x PBS.
Bacterial pellets were then resuspended and lysed by son-
ication. After centrifugation at 12,000 rpm, the insoluble
fractions were mixed with 5x loading buffer. The mixture
was boiled for 10 min and analyzed using 12% SDS-
PAGE gel. The expressed His-fused Nsp2 (1-233 aa) pro-
tein was then isolated and purified by cutting the gel
slices that contained the right bands which were stained
by 0.25 mol/L KCI and followed by repeated freezing and
thawing. The purity and concentration of the target pro-
tein were further evaluated and calculated by Western blot
(WB) analysis by anti-His mAb and SDS-PAGE.

SDS-PAGE and Western blot

The IPTG-induced His-fused Nsp2 (1-233 aa) or purified His-
fused Nsp2 (1-233 aa) were mixed with 5x loading buffer,
boiled for 10 min and then applied to SDS-PAGE and WB
analysis. For WB, the protein was transferred to PVDF mem-
brane (Millipore) and blocked using 5% skim milk. After
washing three times with TBST, the membrane was incubated
with anti-His mAb (diluted 1:5000 in blocking buffer) for 2 h
at RT. After washing 3 times using TBST, the membrane was
incubated with HRP-conjugated secondary antibody (Sigma-
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Table 1 Primers used for construction of pET-28a-Nsp2 (1233 aa) and pGEX-6P-1-Nsp2 truncations

Fragment

Forward primer(5'-3")

Reverse primer

Nsp2 (1-233 aa)
Nsp2-P1

CGCGGATCCGCCGGAAAGAGAGCAAGGA
CGCGGATCCGCCGGAAAGAGAGCAAGGA

Nsp2-P2 CGCGGATCCTCGTCCTCTCATGAAACCC
Nsp2-P3 CGCGGATCCGAGCATCTCAAGCGCTACT
Nsp2-P4 CGCGGATCCATTTCCGCCATCGCCAACC
Nsp2-P5 CGCGGATCCCCTTCAGATGACTGGGCCA
Nsp2-P6 CGCGGATCCCCTGCGGCCTTGGACAGGAAC
Nsp2-P7 CGCGGATCCGGTGAGCATTGGACTGTCT
Nsp2-P8 CGCGGATCCTGTGTTCAGGGTTGTTGTG
Nsp2-P9 CGCGGATCCTCCGGATTTGATCCTGCCT
Nsp2-P10 CGCGGATCCACCATCCCAGCCGCTCTGGCC
Nsp2-P11 CGCGGATCCTCGTCCTCTCATGAAACCC
Nsp2-P12 CGCGGATCCTCGTCCTCTCATGAAACCC
Nsp2-P13 CGCGGATCCCGCTACTCCCCGCCTGCCG
Nsp2-P14 CGCGGATCCCATCTCAAGCGCTACTCCC
Nsp2-P15 CGCGGATCCCTCAAGCGCTACTCCCCGCCT
Nsp2-P16 CGCGGATCCACCATCCCAGCCGCTCTGGCC
Nsp2-P17 CGCGGATCCTCCGACGACTCCAACCGTCC
Nsp2-P18 CGCGGATCCGAATTGTCCGACGACTCCA

CCGCTCGAGAACTTGACAAAGGCTGATA
CCGCTCGAGTTCGGCAGGCGGGGAGTAG
CCGCTCGAGAAAGTTGGAATTCACCATCCG
CCGCTCGAGATCCTCGTCAGTGGCCCAG
CCGCTCGAGGCCGTTCCTGTCCAAGGCCGC
CCGCTCGAGAGGGATCACAGAGACAGTC
CCGCTCGAGGCCCTTATGCTCACAACAA
CCGCTCGAGCCGGTCAAGGCAGGCAGGA
CCGCTCGAGGGACAATTCGGCCAGAGCG
CCGCTCGAGATAGAATTGCGAAACAGTC
CCGCTCGAGAACTTGACAAAGGCTGATA
CCGCTCGAGACCACAGTTCCCTTCGGCA
CCGCTCGAGGTGCCAACCACAGTTCCCT
CCGCTCGAGAAAGTTGGAATTCACCATCCG
CCGCTCGAGATCCTCGTCAGTGGCCCAG
CCGCTCGAGATCCTCGTCAGTGGCCCAG
CCGCTCGAGCGGGGAAACCGGACGGTTGG
CCGCTCGAGATAGAATTGCGAAACAGTC
CCGCTCGAGGGCCGGGGAAACCGGACGG

Aldrich) 1 h at RT. The membrane was developed using
electrochemiluminescence (ECL) reagents (Pierce).

Generation and features of monoclonal antibodies

The Nsp2-specific mAbs were produced by immunizing
6-week-old female BALB/c mice using 100 pg recombi-
nant His-fused Nsp2 (1-233 aa) protein emulsified with
incomplete Freund’s adjuvant (Sigma-Aldrich). Two
booster immunizations containing purified recombinant
His-fused Nsp2 (1-233 aa) protein at the same volume
of the adjuvant were performed every 2 weeks. Three
days after the final booster, spleen cells were used to fuse
with SP2/0 cells using polyethylene glycol (PEG 4000;
Sigma-Aldrich). These animal experiments were per-
formed under protocol IACUC No. HSY-IACUC-2015-
006. All The fused cells were then seeded in 96-well
plates with DMEM containing hypoxanthine-
aminopterin-thymidine (HAT; Sigma-Aldrich) and 20%
FBS. Five days later, the medium was replaced with
DMEM with hypoxanthine-thymidine (HT; Sigma-
Aldrich) and 20% FBS; Then, the supernatant was collect-
ed to identify Nsp2-specific antibodies with ELISA assay.
Positive clones were sub-cultured three times using limit-
ed dilution assay and injected intraperitoneally into mice
treated with an equal volume of incomplete Freund’s ad-
juvant for the collection of ascites fluid. The subtype of

the mAb was determined by the SBA Clonotyping™
System/HRP (Southern Biotechnology Associates Inc).

Enzyme-linked immunosorbent assay

Ninety-six-well microtiter plates were coated with 100 uL,
well purified, His-fused Nsp2 (1-233 aa) protein or synthe-
sized peptides at 4 °C overnight, blocked using 5% skim milk
in PBS for 2 h at 37 °C and washed four times using PBST.
One hundred-microliter diluted supernatants of hybridoma or
ascite fluid were set in the plates for 2 h at 37 °C, followed by
PBST rinsing four times, and clean up. Samples were then
plated with HRP-conjugated goat anti-mouse IgG (1:5000 di-
lution in PBST) (Sigma-Aldrich) for incubation of 1 h, follow-
ed by washing four times. Tetramethylbenzidine (TMB) was
added and the signal was collected at 450 nm.

Indirect immunofluorescence assay

Marc-145 cells were infected using HP-PRRSV HuN4
(MOI=0.1). At 24 h post-inoculation, Marc-145 cells were
washed using PBS and fixed with 4% PFA for 20 min and
permeabilized with 0.3% Triton X-100 for 5 min, followed by
blocking using 10% FBS in PBS for 2 h. The primary anti-
body was added and incubated for 2 h at RT. Cells were then
rinsed 3 times with cold PBS and incubated with fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG
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(Zsbio, China). Data was collected with a fluorescence micro-
scope (Nikon TS100, Japan).

Epitope mapping

Ten overlapping GST-tagged peptides spanning the Nsp2 (1—
233 aa) (P1-P10) were expressed and analyzed by WB to
identify the epitopes recognized by 4A12, 4GS8, and 8H11.
Then, another eight overlapping GST-tagged peptides (P11-
P18) were expressed based on the first mapping results and
analysis of hydrophilicity using PROTEAN software. A series
of peptides (F1-F7) were synthesized as coating antigens for
ELISA assays to identify the minimal epitopes recognized by
4A12 and 4G8. The minimal linear epitope recognized by
8H11 was further mapped by expressing 18 overlapping
GST-fused fragments (P19-P36). All primers used in this
study are listed in Table 1 and Table 2.

Bioinformatics

To explore Nsp2 epitope conservation among different
PRRSYV reference strains, the peptide sequence of epitopes
from different reference strains were matched using
DNASTAR Megalign software (DNASTAR Inc., USA). The
spatial position of Nsp2 epitopes was determined by mapping
epitope locations on the structure of PRRSV Nsp2 with
PyMOL software based on data from the SWISS-MODEL
online server. Nsp2 structural features were determined with
PROTEAN software (DNASTAR Inc., USA).

Results

His-fused Nsp2 (1-233 aa) protein expression
and purification

Recombinant His-fused Nsp2 (1-233 aa) protein was success-
fully expressed in E. coli BL21 cells (Fig. la, b). Analysis
showed that the protein was expressed in the inclusion bodies,
but not in the supernatants (Fig. 1c, d), indicating that His-
fused Nsp2 (1-233 aa) protein was mainly present in the in-
clusion bodies. His-fused Nsp2 (1-233 aa) protein was then
isolated and purified by cutting the gel slices that contained
the right bands (Fig. 1e). WB analysis showed the purified
His-fused Nsp2 (1-233 aa) protein and was identified by
anti-His mAb (Fig. 1f).

Screening and features of the anti-Nsp2 monoclonal
antibodies

Five female BALB/c mice were separately immunized with
purified His-fused Nsp2 (1-233 aa) protein to generate hy-
bridomas producing specific antibodies against the PRRSV
Nsp2. We identified three hybridoma clones, 4A12, 4GS,
and 8HI11, by screening supernatants using PRRSV Nsp2-
specific indirect ELISA. Antibody isotype analysis indicated
that 4A12 and 4G8 belong to the IgG2a/k-type, whereas 8H11
belongs to the IgG1/k-type. To verify the specificity of these
three mAbs, Marc-145 cells were infected by HP-PRRSV
HuN4 for determination of mAbs specificity by WB

Table 2 Sequences of oligonucleotide primers used for further identification of epitope recognized by 8H11

Fragment Forward primer(5'-3") Reverse primer

Nsp2-P19 CGCGGATCCCGCTACTCCCCGCCTGCCG CCGCTCGAGGTTGGCGATGGCGGAAATGCA
Nsp2-P20 CGCGGATCCTCGTCCTCTCATGAAACCC CCGCTCGAGGGCGATGGCGGAAATGCAGTG
Nsp2-P21 CGCGGATCCTCGTCCTCTCATGAAACCC CCGCTCGAGGATGGCGGAAATGCAG
Nsp2-P22 CGCGGATCCTCGTCCTCTCATGAAACCC CCGCTCGAGGGCGGAAATGCAGTGCCAACC
Nsp2-P23 CGCGGATCCTCGTCCTCTCATGAAACCC CCGCTCGAGGGAAATGCAGTGCCAA
Nsp2-P24 CGCGGATCCTACTCCCCGCCTGCCGA CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P25 CGCGGATCCTCCCCGCCTGCCGAAGGGAACTG CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P26 CGCGGATCCCCGCCTGCCGAAGGGAACTGT CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P27 CGCGGATCCCCTGCCGAAGGGAACTGTGGT CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P28 CGCGGATCCGCCGAAGGGAACTGTGGTTGG CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P29 CGCGGATCCGAAGGGAACTGTGGT CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P30 CGCGGATCCGGGAACTGTGGTTGGCA CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P31 CGCGGATCCAACTGTGGTTGGCACTGCATTTCC CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P32 CGCGGATCCTGTGGTTGGCACTGCATTTCC CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P33 CGCGGATCCGGTTGGCACTGCATTT CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P34 CGCGGATCCTGGCACTGCATTTCCG CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P35 CGCGGATCCCACTGCATTTCCGCCA CCGCTCGAGATCCTCGTCAGTGGCCCAG
Nsp2-P36 CGCGGATCCTGCATTTCCGCCATCGCC CCGCTCGAGATCCTCGTCAGTGGCCCAG
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35kDa- .

25 kDa- -
Fig. 1 His-fused Nsp2 (1-233 aa) protein expression and purification(a,
b), expression of His-fused Nsp2 (1-233 aa) protein without IPTG induc-
tion (a), and induced using of 1 mM/mL IPTG (b). ¢, d Expression of His-
fused Nsp2 (1-233 aa) protein from the supernatant (¢) and from the

(Fig. 2a) and IFA (Fig. 2b) separately. The results showed that
4A12, 4G8, and 8H11 can all react well with Nsp2 of HP-
PRRSV HuN4.

Epitope mapping

To identify the epitopes recognized by these three mAbs, ten
overlapping GST-tagged peptides spanning the Nsp2 (1-233
aa ) were expressed and analyzed by WB. The results showed
that the epitopes recognized by 4A12, 4G8, and 8H11 were

a
HP-PRRSV HuN4 -  +
WB: 4A12 -e 126 kDa
WB: 4G8 TR < 126 kDa
WB: 8H11 i !e 126 kDa
WB: anti-N -

WB: anti-GAPDH N S

Fig. 2 Features and identification of the anti-Nsp2 monoclonal antibod-
ies, Marc-145 were infected with control or HP-PRRSV HuN4 at a mul-
tiplicity of infection (MOI) of 0.1 for 36 h. Then, cell lysates were applied

< His-Nsp2 (1-233aa)
=
29.2 kDa

inclusion bodies (d) of IPTG-induced E. coli. (e) His-fused Nsp2 (1—
233 aa) protein was purified. (f) WB analysis of purified His-fused
Nsp2 (1-233 aa) protein with anti-His antibody

located between 181-210 aa, 41-51 aa, and 41-71 aa, respec-
tively (Fig. 3a). Subsequently, another eight overlapping GST-
tagged peptides spanning the 21-90 aa and 181-210 aa of
Nsp2 were expressed based on analysis of hydrophilicity
using PROTEAN software. The epitopes recognized by
4A12, 4GS, and 8H11 were further mapped separately be-
tween 188-199 aa, 42-51 aa, and 45-71 aa (Fig. 3b). To
further confirm the minimal linear epitopes recognized by
4A12 and 4G8, a series of peptides spanning 188—199 aa
and 42-51 aa of Nsp2 were synthesized as coating antigens

to WB for the test of anti-Nsp2 mAbs, anti-N mAb, and anti-GAPDH
mAb (a), or PFA- fixed Marc-145 was for immunostaining analysis with
the anti-Nsp2 mAbs (a, ¢, e for control; b, d, f for PRRSV infection) (b)
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Fig. 3 Identification of epitopes detected by 4A12, 4G8, 8H11 (a, b). Ten
GST-tagged peptides spanning the Nsp2 (1-233 aa) (a) and eight GST-
fused peptides spanning the 21-90 aa and 181-210 aa of Nsp2 (b) were
expressed and applied to WB analysis. ¢, d Seven peptides by reducing
single amino acid gradually from the N- or C-terminus of the 21-90 aa

for ELISA assays (Table 3). In the results shown in Fig. 3¢, d,
Nsp2-F2 and Nsp2-F3 were recognized by 4A12 (P <0.001)
and Nsp2-F6 and Nsp2-F7 were not recognized by 4G8.
Based on the results of WB and ELISA assays, we concluded
that the minimal linear epitopes recognized by 4A12 and 4G8
were '**ELSDDSNRPV'?” and “*HLKRYSPPAE’', sepa-
rately. The minimal linear epitope recognized by 8H11 was
further mapped by expressing 18 overlapping GST-fused frag-
ments spanning the Nsp2 (45-71 aa). The results shown in

Table 3 Sequences of

peptides synthesized in Name Peptide

this study
F1(189-199) LSDDSNRPVSP
F2(188-198) ELSDDSNRPVS
F3(188-197) ELSDDSNRPV
F4(188-196) ELSDDSNRP
F5(188-195 ELSDDSNR
F6(42-50) HLKRYSPPA
F7(42-49) HLKRYSPP
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and 181-210 aa peptide were synthesized and analyzed with indirect
ELISA with 4A12 (¢) and 4G8 (d) (*P<0.05; **P<0.01;
*##%P <(.001; ns, no significance). (e) Eighteen GST-tagged peptides
covering the Nsp2 (45-71 aa) were expressed and applied to WB with
8H11

Fig. 3¢ indicate that **CGWHCISA®! is the minimal linear
epitope recognized by 8H11.

Serological tests for PRRSV Nsp2 and the identified
epitopes

To further confirm the immunogenic reactivity of Nsp2 and
novel epitopes after PRRSV infection, we detected the reac-
tivity between His-fused Nsp2 (1-233 aa) protein and anti-
PRRSYV sera using WB. Results showed that His-fused Nsp2
(1-233 aa) protein can react with anti-PRRSV positive sera,
but not PRRSV negative sera (Fig. 4a). Furthermore, we used
either His-fused Nsp2 (1-233 aa) protein or synthetic peptides
"S|SELSDDSNRPV'®’, **HLKRYSPPAE’', and
S CGWHCISA®! as coating antigens for the ELISA assay,
and inoculation-induced anti-PRRSV sera as the primary an-
tibody with mAbs 4A12, 4GS, and 8H11 as control, separate-
ly. As shown in Fig. 4b—e, the signal of PRRSV-positive sera
significantly increased in both the His-fused Nsp2 (1-233 aa)
protein- and the peptide-coated ELISA assay compared with
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Fig. 4 Serological detection and identification of epitopes of PRRSV
Nsp2. (a) His-fused Nsp2 (1-233 aa) protein was applied to WB for
analyzing the response to anti-PRRSV sera. b—e ELISAs was performed
using either His-fused Nsp2 (1-233 aa) protein (b) or synthetic peptides

the signal of PRRSV negative sera (P < 0.001). These results
suggest that PRRSV Nsp2 can induce humoral immune re-
sponse in the PRRSV-infected pig and that anti-PRRSV sera
can recognize epitopes '*SELSDDSNRPV'?7,
“HLKRYSPPAE®', and **CGWHCISA®'.

The conservation of novel epitopes among different
PRRSV isolates

Sequence alignment analysis of novel epitopes from the dif-
ferent PRRSV isolates was performed to determine if the nov-
el epitopes identified by 4A12, 4GS, and 8H11 were con-
served among different PRRSV reference strains. As shown
in Fig. Sa—c, the linear epitope '**ELSDDSNRPV'®” identi-
fied by 4A12 is conserved among HP-PRRSV isolates of type
2 PRRSYV, though there is one amino acid mutation in JXAIR
and SY0608, separately. The epitopes **HLKRYSPPAE®"
and >*CGWHCISA®', recognized separately by 4G8 and
8H11, are conserved among type 2 PRRSV. Interestingly,
there are one or two amino acid mutations in epitope recog-
nized by 4G8 of classical isolates of type 2 PRRSV. We

8B SDDSNRPV' (¢), “*HLKRYSPPAE’! (d), and **CGWHCISA®!
(e) to analyzing the anti-PRRSV sera, with the mAbs 4A12, 4G8, and
8H11 as control, separately (*P < 0.05; **P<0.01; ***P < 0.001)

performed WB analysis to further identify whether these mu-
tations influence the conservation of the three novel epitopes
among PRRSV reference isolates. Results showed that 4A12
can recognize non-classical HP-PRRSV isolates of type 2
PRRSV; 4G8 and 8H11 can recognize all four tested type 2
PRRSV.

Spatial structures and position of the identified
epitopes

To understand the structural mechanism of the epitopes iden-
tified by these three mAbs, the 3D structure was predicted
using an online computer software program. Analysis re-
vealed that the 4A12 and 4G8-recognized epitope is fully
exposed on the surface of the predicted PRRSV Nsp2 (1-
233 aa) structure (Fig. 6a) and has no secondary structure
(Fig. 6b). Interestingly, the epitope recognized by 8H11 was
located in the inner region of the predicted structure and
formed a beta-sheet structure, which revealed that the epitope
S4CGWHCISA®! recognized by 8H11 is a cryptic epitope.
This was the first reported cryptic epitope in a PRRSV-

@ Springer



2696

Appl Microbiol Biotechnol (2019) 103:2689-2699

Maijority

HuN4.pro
HUB1.pro
WUH1.pro
Jiangxi-3.pro
JXA1R.pro
JXA1.pro
JXwn06.pro
SX2009.pro

4A12

LA

ELSDDSNRPV

190

LA

ELSDDSNRPV

SY0608.pro
CH-1a.pro M
CH-1R.pro LM
HN1.pro LM
MLV .pro M
VR2332.pro M
BJ-4.pro ..
Lelystad virus.pro .
NMEUO09-1.pro l.

vV

c 8H11
AEGNICGWHCI SAll ANR
50 60
AEGN[CGWHCI SAll ANR

Maijority

HuN4.pro
HUB1.pro
WUH1.pro
Jiangxi-3.pro
JXA1TR.pro
JXA1.pro
JXwn06.pro
SX2009.pro
SY0608.pro
CH-1a.pro
CH-1R.pro
HN1.pro
MLV.pro
VR2332.pro
BJ-4.pro
Lelystad virus.pro
NMEUQ09-1.pro

TD.S[ ... VLA.| M.
PD. S| ... VLG.| M. .

b 4G8
Majority AEHLKRYSPPAEIGNCG
40 50
HuN4.pro AEHLKRYSPPAE|GNCG
HUB1.pro T L.
WUH1.pro | e
Jiangxi-3.pro - |-
JXA1Rpro o
JXAlpro e
JXwn06.pro e
SX2009.pro e e
SY0608.pro B Y
CH_‘]a_pro ... . EH. ... .. T
CH-‘]R_pro ... .EH. ... .. P
HN1.pro F P
MLV.pro ol HO
VR2332.pro R PR o R
BJ-4.pro ol o H o
Lelystad virus.pro TCGITT....TD[ S. .
NMEU09-1.pro THGI TT. ... PDl. S..
d D s
¥ SN g}
FFESE
WB: 4A12
C—
WB: 4G8
— — —
WB: 8H11

WB: anti-N protein

WB: anti-GAPDH = e S s S S—

Fig.5 The conservation ofidentified epitopes. a—¢ Sequence analysis of the epitope recognized by 4A12 (a), 4G8 (b), and 8H11 (c) of different PRRSV
isolates. (d) WB assay for the immune response to different PRRSV isolates of 4A12, 4G8, and 8H11

encoded protein. Moreover, S4*CGWHCISA®! is located in the
PL2 region, which is highly conserved in all arteriviruses,
particularly at the predicted catalytic site at Cys54.

Discussion

PRRSYV infection in pigs causes significant economic loss
worldwide. To date, there has been progress in the understand-
ing of its epidemiology and transmission. Recent research
indicates that PRRSV nonstructural proteins act in various
important roles in the regulation of self-replication, pathogen-
esis, and immune reactivity (Lunney et al. 2016; Rascon-
Castelo et al. 2015). Among the proteins, PRRSV Nsp2 is
multifunctional in its viral replication and immune reactivity,
composed of four regions: PL2, a 500- to 700-amino-acid
middle HV domain, a TM domain, and a C-terminal region
(Han et al. 2007; Han et al. 2009; Han et al. 2006). In our
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study, the purified truncated His-fused Nsp2 (1-233 aa) pro-
tein which encompasses the PL2 domain is a part of the hy-
pervariable region used for producing mAbs by immunizing
BALB/c mice. These three specific mAbs that recognize Nsp2
were then successfully produced. After a series of screenings,
the minimal epitopes recognized by these three mAbs were
also identified.

Previous study had identified many epitopes in two types
of PRRSV Nsp2. Most of these epitope regions showed nat-
ural deletions/insertions and hypervariability in their epitope
sequences. Further research indicated that these epitopes are
not necessary for replication, but may have a crucial function
for the regulation of the host immune system (Chen et al.
2010). For the current study, Nsp2 epitope recognized by
4A12 is also located in the hypervariable region and can only
recognize the HP-PRRSYV isolates of type 2 PRRSV. Nsp2
epitope recognized by 4GS8 contains a part of PL2 region
which is highly conserved among type 2 PRRSV. WB
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VR2332_PRRSV
HuN4_PRRSV

ATPAALAEMSGDSDRSASPVTTVWTVSQFFARHSGGNHPDQVRLGKIISLCQV 233
TIPAALARBIMNYNRYSPAATTWTVSQFYARYRGGDHHDQVCLGKIISLCQV 233

4A12

Fig. 6 Spatial structure and position of the identified epitopes.
Localization and spatial distribution of the identified epitopes. a, b The
relative spatial position of the identified epitopes is presented in spheres
(a) and cartoon (b) from a partially predicted 3D structure of PRRSV
Nsp2, epitopes recognized by 4A12, 4G8, and 8H11 are shown in blue,
yellow, purple, separately. (¢) An enlargement of Nsp2 (1-233 aa) is
presented below the full length Nsp2. Nsp2 protein includes five

analysis indicated that 4G8 can recognize all tested type 2
reference PRRSV strains though its ability to recognize clas-
sical isolates that are lower than the HP-PRRSV due to one or
two non-critical residual mutations in the classical isolates.
The epitope **CGWHCISA®' recognized by 8HI11 is located
in the PL2 region. This epitope is highly conserved among
type 2 PRRSV, which indicates diagnostic potential.
Moreover, **CGWHCISA®' is composed mostly of hydro-
phobic amino acid, which indicates that this epitope is cryptic.
This is the first reported cryptic epitope in PRRSV-encoded
proteins, providing valuable insight for vaccine design.
Among different strains, the homologous protein function-
al domain is highly conserved, leading to the homology of
structure and sequence (Schmitt et al. 2002). In contrast, bur-
ied motifs in the structure with a less similar sequence may not
influence the whole protein structure (Mortimer and Minchin
2016). However, highly homologous buried sequences may
suggest physiological function. Typically, the regions of the
HIV-1 envelope glycoprotein are evolutionarily highly

different parts: HV-1, the putative PL2 domain, the predicted
transmembrane domains HV2 region, and an uncertain C terminal. At
the bottom is a 1-233 aa sequence comparison of PRRSV reference strain
VR2332 and PRRSV HuN4 strain used in our study. Identified epitopes
are marked with shaded boxes. Potential catalytic residues are presented
in red

conserved, with hidden structural motifs playing an important
role in structural formation. These motifs can mediate cellular
interactions by providing the attachment position for infection
of target cells and by making adjustments for changes of ex-
ternal conditions (Wyatt et al. 1998). Therefore, this is an
important protective mechanism in the evolutionary formation
of the hidden epitopes, characterized by the conformational
flexibility of the structures, which protect the cryptic region
from non-specific binding, but interact exclusively with a spe-
cific motif or sequence (Rizzuto et al. 1998; Sullivan et al.
1998; Wu et al. 1996). For the 8H11-recognized hidden epi-
tope that is highly conserved among different PRRSV isolates
and locates in the Nsp2 PL2 core domain, functional impor-
tance would be expected.

This is the first time three novel mAbs, 4A12, 4G8, and
8H11, were produced against Nsp2 of HP-PRRSV HuN4 and
identified three linear B cell epitopes recognized specifically
via these mAbs. Among them, 54CGWHCISAGI, recognized
by 8H11 located in the Nsp2 PL2 core domain, is the first
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identified cryptic epitope in PRRSV-encoded proteins. Our
findings may be valuable for vaccine design and may suggest
diagnostic potential for these identified epitopes. Moreover,
these findings also reveal a protective mechanism for an im-
portant epitope against variation under selective pressure.
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