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Abstract Porcine parvovirus type 1 (PPV1) is a major caus-
ative agent of embryonic and fetal death in swine. The PPV1
VP2 protein is closely associated with viral immunogenicity
for eliciting neutralizing antibodies, but its antigenic structures
have been largely unknown. We generated three monoclonal
antibodies (MAbs) against baculovirus-expressed

recombinant PPV1 VP2 protein. A PEPSCAN analysis iden-
tified the minimal B cell linear epitopes of PPV1 VP2 based
on these MAbs. Three core epitopes, 228QQITDA233,
284RSLGLPPK291, and 344FEYSNGGPFLTPI356, were de-
fined and mapped onto three-dimensional models of the
PPV1 virion and VP2 monomer. The epitope 228QQITDA233

is exposed on the virion surface, and the other two are located
inside the protein. An alignment of the PPV1 VP2 amino acid
sequences showed that 284RSLGLPPK291 and 344FEYSNG
GPFLTPI356 are absolu te ly conserved , whereas
228QQITDA233 has a single substitution at residue 233 in
some (S→ A or T). We developed a VP2 epitope-based indi-
rect enzyme-linked immunosorbent assay (iELISA) to test for
anti-PPV1 antibodies. In a comparative analysis with an
immunoperoxidase monolayer assay using 135 guinea pig
sera, the VP2-epitope-based iELISA had a concordance rate
of 85.19 %, sensitivity of 83.33 %, and specificity of 85.47 %.
MAb 8H6 was used to monitor VP2 during the PPV1 repli-
cation cycle in vitro with an indirect immunofluorescence as-
say, which indicated that newly encapsulated virions are re-
leased from the nucleus at 24 h postinfection and the PPV1
replication cycle takes less than 24 h. This study provides
valuable information clarifying the antigenic structure of
PPV1 VP2 and lays the foundations for PPV1 serodiagnosis
and antigen detection.
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Introduction

Parvoviruses are small, single-stranded DNA viruses that are
responsible for a number of diseases in various hosts. With the
development of molecular detection technologies, several
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novel porcine parvoviruses (PPVs) have been identified in
swine herds, including porcine parvovirus type 2 (PPV2),
PPV3, PPV4, PPV5, and PPV6, and their prevalence and
potential roles in clinical diseases have been investigated to
some extent (Cheung et al. 2010; Hijikata et al. 2001; Ni et al.
2014; Sun et al. 2015; Wang et al. 2010). However, because
the isolation of PPV2–6 is limited, their pathogenicity has not
yet been clarified. The classical porcine parvovirus type 1
(PPV1) was first isolated in 1965 and is an etiological agent
for reproductive disturbances in swine, leading to stillbirth,
mummification, embryonic death, and infertility and has thus
caused great economic losses for the swine industry around
the world (Adlhoch et al. 2010;Mahnel et al. 1966; Opriessnig
et al. 2004; Opriessnig et al. 2014).

PPV1, reclass i f ied as a member of the genus
Protoparvovirus, belongs to the subfamily Parvovirinae, in
the family Parvoviridae (Cotmore et al. 2014). It has a ge-
nome of about 5 kb, which includes two main open reading
frames (ORFs), ORF1 and ORF2. ORF1 is predominantly
transcribed and translated into three nonstructural proteins
(NS1, NS2, and NS3), which are responsible for viral infec-
tion (Nuesch et al. 1998; Nuesch and Rommelaere 2006;
Rhode 1989). ORF2 primarily encodes three structural pro-
teins (VP1, VP2, and VP3), which determine viral fitness in
different host cell lines (Fernandes et al. 2011). The amino
acid sequence of the VP2 protein is 150 amino acids shorter
than that of the VP1 protein at the N-terminus as the result of
alternative RNA splicing, and the VP3 protein is formed by
the proteolytic cleavage of the VP2 protein at the N-terminus
(Bergeron et al. 1993). Of the three structural proteins, VP2 is
the major capsid protein. It automatically assembles into
virus-like particles (VLPs) and contains a novel nuclear local-
ization motif, which is critical for the assembly of newly vi-
rions during viral proliferation (Boisvert et al. 2014; Maranga
et al. 2003). Most importantly, the PPV1 VP2 protein plays a
dominant role in eliciting neutralizing antibodies against viral
infection (Antonis et al. 2006; Rueda et al. 2000; Xu and Li
2007). Because its immunoprotective importance, we require
more information about its antigenic changes in response to
selective pressures. However, its antigenic structures have
been largely unknown, even though many capsid sequences
of various antigenic variants are available. Until now, as for
PPV1 antigenic structures, only one mimotope of the VP1
protein has been identified with a phage display tech-
nique, and the general antigenic composition has been
roughly scanned with polyclonal antisera and synthetic
peptides (Kamstrup et al. 1998; Xie et al. 2010). Be-
cause there have been no updates on the antigenic struc-
tures of PPV1 VP2 for the last 18 years, it is crucial to
determine how these epitopes have changed. The analy-
sis of antigenic sites might also facilitate the develop-
ment of effective diagnostic tools for clinical practice
(Hu et al. 2014).

Here, we expressed the PPV1 VP2 protein in a baculovirus
expression system, generated three PPV1 VP2 protein-
spec i f i c monoc lona l an t ibod ie s (MAbs ) by an
immunoperoxidase monolayer assay (IPMA), and identified
their corresponding core epitopes. AVP2 epitope-based indi-
rect enzyme-linked immunosorbent assay (iELISA) was
established and evaluated for the serodiagnosis of anti-PPV1
antibodies in guinea pig sera, and a MAb-based indirect im-
munofluorescence assay (IFA) was established for monitoring
of PPV1 VP2 protein during viral replication. This work pro-
vides valuable insight into the antigenic structures of PPV1
VP2, extending our understanding of the mechanism of anti-
genic drift, and will contribute to the establishment of diag-
nostic methods for PPV1.

Materials and methods

Virus, plasmids, and cells

The PPV1-LH strain was recently isolated from a pig with
reproductive failure, and the nucleotide sequence of its VP2
protein has been submitted to the GenBank database under
accession number KP245935. The baculovirus transfer vector
pFastBac™ Dual (Invitrogen, Carlsbad, CA, USA) and the
prokaryotic expression vector pGEX-6P-1 (GE Healthcare,
Uppsala, Sweden) were used in this study to express the com-
plete and truncated PPV1 VP2 proteins, respectively. The my-
eloma cell line SP2/0 and swine testicle (ST) cell line were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)
in a humidified incubator with 5 % CO2 at 37 °C. Spodoptera
frugiperda (Sf21) insect cell line was cultured in Grace’s In-
sect Medium (Invitrogen) at 27 °C. All culture media were
supplemented with 10 % fetal bovine serum (Invitrogen) and
antibiotics (0.1 mg/mL streptomycin and 100 IU/mL
penicillin).

Sera

Twenty-four specific pathogen-free Hartley guinea pigs
(5 weeks old) were bought fromVital River Laboratories (Bei-
jing, China) and used for the immunization test. Guinea pigs
1–3 were injected intramuscularly with an inactivated PPV1
vaccine at 0.5 mL/dose (0.5 × 107 TCID50); guinea pigs 4–15
were injected with 300 μg of baculovirus-expressed PPV1
VP2 protein emulsified with the oil-in-water adjuvant ISA
15A VG (Seppic, Castres, France) in a ratio of 85:15 (v/v);
guinea pigs 16–24 received an injection of the mock inoculum
and acted as the mock control group. These immunization
regimens were repeated 3 weeks later. Blood samples were
taken weekly, and the sera were isolated and tested with
the IPMA.
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Construction of recombinant plasmid

The amplification and purification of the PPV1 VP2-encoding
gene have been described previously (Sun et al. 2015). After
digestion with XbaI and PstI, the target gene was inserted into
the multiple cloning site I of the pFastBac™ Dual transfer
vector under the control of the polyhedrin (PPH) promoter.
After the construct was confirmed with dual-enzyme digestion
(XbaI + PstI) and sequencing, the recombinant transfer vector
was designated pFBD-PPV1-VP2.

Recombinant protein expression and quantification

The recombinant baculovirus (referred to as rBACV-pFBD-
PPV1-VP2) was produced with the Bac-to-Bac® baculovirus
expression system (Invitrogen). Sf21 cells were infected with
rBACV-pFBD-PPV1-VP2 and harvested at 72 h postinfection
(hpi). The expressed protein samples were separated with
12 % SDS-PAGE and then transferred onto nitrocellulose
(NC) membranes. AWestern blotting analysis was performed
with anti-PPV1 swine serum, and the target protein band was
visualized with the 3,3′-diaminobenzidine (DAB) substrate
(Zsgb-bio, Beijing, China). The PPV1 VP2 protein was quan-
tified as previously described (Wang et al. 2013). In brief, the
percentage (P%) of VP2 protein in the total protein was de-
termined with a thin-layer chromatography scanner (Camag,
Muttenz, Switzerland). The concentration of total protein (CT)
was measured with a BCA protein assay kit (Pierce, Rockford,
USA) using bovine serum albumin (BSA) as the standard. The
concentration of VP2 protein was then calculated with the
formula: CT × P% μg/mL.

Immunization of BALB/c mice and preparation of MAbs
against PPV1 VP2 protein

Six- to eight-week-old female BALB/c mice were immunized
subcutaneously with 100 μg of baculovirus-expressed recom-
binant PPV1 VP2 protein emulsified with Freund’s complete
adjuvant and then with VP2 emulsified with Freund’s incom-
plete adjuvant (Sigma-Aldrich, St. Louis, USA) at an interval
of 3 weeks. The mice were euthanized for hybridoma gener-
ation 3 days after a final booster immunization containing the
same amount of recombinant VP2 protein. The mouse
splenocytes were separated and fused with SP2/0 myeloma
cells using polyethylene glycol (PEG) 1450 (Sigma-Aldrich).
The hybridoma cells were then plated in 96-well plates in
hypoxanthine–aminopterin–thymidine (HAT) selection medi-
um, which was replaced with hypoxanthine–thymidine (HT)
selection medium after 5 days (Wang et al. 2015). After HAT/
HT selection, the hybridoma supernatants were screened with
IPMA to test the PPV1-specific MAbs, as previously de-
scribed (Liu et al. 2004). In brief, ST cells (80–90 % conflu-
ence) were inoculated with the PPV1-LH strain at a

concentration of 104 TCID50/well and were fixed at 32 hpi
with 33.3 % acetone at room temperature for 20 min
and then dried. The hybridoma supernatants were added
to the IPMA plates and incubated at 37 °C for 1 h.
After the plates were washed three times with
phosphate-buffered saline (PBS), a horseradish peroxi-
dase (HRP)-conjugated rabbit anti-mouse secondary an-
tibody (1:4000; Sigma-Aldrich) was added and incubat-
ed at 37 °C for 30 min. After the samples were washed,
the color reaction was developed with 3-amino-9-
ethylcarbazole and hydrogen peroxide in 0.05 M acetate
buffer (pH 5.0) at 37 °C for 15 min. After the removal
of the substrate, the IPMA plates were examined under
an inverted light microscope. The positive hybridoma
clones then underwent three rounds of subcloning by
limiting dilution.

Characterization of MAbs directed against PPV1 VP2
protein

The isotype of produced MAbs was determined using the
Mouse MonoAb-ID kit (HRP) (Invitrogen) according to the
manufacturer’s instructions. For that purpose, the PPV1-
specific IPMA plates were prepared and used according to
previous descriptions, where the hybridoma supernatants were
added as primary antibodies and monospecific rabbit poly-
clonal antibodies were added as a secondary antibody. Addi-
tionally, a HRP-conjugated goat anti-rabbit antibody was used
for the detection of the secondary antibodies. The color reac-
tion was developed by following previous procedures. This
test identifies the IgG1, IgG2a, IgG2b, IgG3, IgA, and IgM
isotype classes and the κ and λ light chains.

A Western blotting analysis was used to characterize the
immunoreactivity of the MAbs with native PPV1 VP2, which
was expressed during the infection of ST cells by PPV1. Gen-
erally, STcells (80–90% confluence) were inoculated with the
PPV1-LH strain at a concentration of 105 TCID50/dish and
collected at 32 hpi. The cell lysates were separated with
12 % SDS-PAGE and then transferred onto NC membranes.
The hybridoma culture supernatants were used as the primary
antibodies and an HRP-conjugated rabbit anti-mouse IgG
(H + L) antibody (Sigma-Aldrich) was used as the secondary
antibody. The SP2/0 culture supernatant was used as the neg-
ative antibody control. Antibody binding was evaluated by the
addition of the DAB substrate.

Primary scanning of the PPV1 VP2 B cell linear epitopes
using VP2-specific MAbs

Three polypeptides (designated A, B, and C) covering the
amino acid sequence of PPV1 VP2 were designed and
expressed as glutathione S-transferase (GST) fusion proteins.
The adjacent polypeptides overlapped by eight amino acids,
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i.e., polypeptide A corresponded to VP2 amino acids 1–179,
polypeptide B to VP2 amino acids 172–372, and polypeptide
C to VP2 amino acids 365–579. The primers for the
amplification of the three polypeptides are listed in
Table S1. The target genes were cloned into the BamHI
and XhoI sites of pGEX-6P-1. Escherichia coli BL-21
cells were then transformed with the recombinant plas-
mids, which were induced by the addition of isopropyl-
D-thiogalactopyranoside. A Western blotting analysis
was used to evaluate the expression of the recombinant
proteins and their reactions with each MAb. A mouse
anti-GST-tag MAb (Sigma-Aldrich) and the hybridoma
cell culture supernatants were used as the primary anti-
bodies, and an IRDye-700-conjugated goat anti-mouse
IgG (H + L) antibody was used as the secondary anti-
body. The results were detected with an infrared fluo-
rescence scanning imaging system (Licor Odyssey, Lin-
coln, Nebraska, USA).

Refined scanning of the PPV1 VP2 protein B cell linear
epitopes using VP2-specific MAbs

To localize the antibody-binding epitopes of the PPV1 VP2
protein, a panel of 16 peptides was designed (Table 1) and
oligonucleotides pairs encoding them (listed in Table S2) were
synthesized (BGI, Beijing, China). The oligonucleotide pairs
were annealed to each other at 55 °C for 30 min and cloned
into the BamHI and XhoI sites of pGEX-6P-1. Escherichia
coli BL-21 cells were transformed with the recombinant plas-
mids to express the recombinant proteins. Sixteen GST-fused
peptides were obtained and used as coating antigens, with the
GST tag alone used as the negative protein control. Briefly, the
bacterial cells were pelleted at 5000×g for 10 min, lysed by
sonication in PBS, and then coated onto high-absorption 96-
well ELISA plates at 4 °C overnight at a dilution of 1:100 in
50 mM carbonate buffer (pH 9.6). The plates were then
washed three times with 50 mM PBS (pH 7.2) containing
0.05 % Tween 20 (PBST), blocked with 1 % BSA–PBST at
37 °C for 1 h, and washed as described above. The hybridoma

culture supernatants (100 μL/well) were added and incubated
at 37 °C for 1 h, and the plates were washed. Diluted (1:4000)
HRP-conjugated rabbit anti-mouse IgG (H + L) antibody
(Sigma-Aldrich) was then added and incubated at 37 °C for
1 h. After the plates were washed three times, the colorimetric
reaction was developed for 25 min by adding 100 μL of
0.21 mg/mL 2,2-azino-di(3-ethylbenzthiazoline sulfonic acid)
in 0.1 M citrate (pH 4.2) containing 0.003 % hydrogen per-
oxide (ABTS substrate) (Huang et al. 2014). The reactions
were stopped by the addition of 50 μL of NaF solution. The
iELISAwas performed in triplicate and the optical density at
405 nm (OD405) was measured with a microtiter plate reader
(Bio-Rad, Hercules, USA).

To define the minimal linear epitopes of PPV1 VP2,
another set of 39 complementary oligonucleotide pairs
was synthesized (listed in Table S3) and their corre-
sponding peptides were expressed and scanned with an
iELISA, as described above. A Western blotting analysis
was also conducted to test the immunoreactivity of the
PPV1 VP2 core epitopes for their corresponding MAbs.
The baculovirus-expressed PPV1 VP2 protein was used
as the positive protein control and the GST tag alone as
the negative protein control.

Structural analysis of the identified PPV1 VP2 epitopes

The spatial and secondary structures of the three PPV1 VP2
epitopes were analyzed by mapping them onto the virion with
a solid surface and onto the VP2 monomer (PDB ID: 1K3V)
with or without a solid surface, drawn with the Chimera 1.7.1
software (Pettersen et al. 2004).

Homology analysis of the identified PPV1 VP2 epitopes
in different PPV1 strains

To assess the conservation of the three identified linear epi-
topes of the PPV1 VP2 protein in different PPV1 strains, a
collection of 29 PPV1 VP2 amino acid sequences were re-
trieved from the GenBank database and analyzed with the

Table 1 Amino acid sequence of peptide B1–B16

Designation Peptide sequences Designation Peptide sequences

B1 SLMVALDTNNTLPYTPAAPR B9 HFDTKPLKLTHSWQTNRSLG

B2 PYTPAAPRSETLGFYPWLPT B10 WQTNRSLGLPPKLLTEPTTE

B3 GFYPWLPTKPTQYRYYLSCV B11 LLTEPTTEGDLHPGTLPAAN

B4 YRYYLSCVRNLDPPTYTGQS B12 PGTLPAANTRKGYHQTTNNS

B5 PPTYTGQSQQITDAIQTGPH B13 YHQTTNNSYTEATAIRPAQV

B6 DAIQTGPHSDIMFYTIENAV B14 TAIRPAQVGYNTPYMNFEYS

B7 FYTIENAVPIHLLRTGDEFS B15 PYMNFEYSNGGPFLTPIVPT

B8 LRTGDEFSTGIYHFDTKPLK B16 FLTPIVPTADTQYNDDEP
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Quick Alignment method, with a gap penalty of 3, using the
DNAMAN v6.0 software (Lynnon BioSoft Inc., San Ramon,
CA, USA).

Epitope-based iELISAs

Because epitope 228QQITDA233 is exposed on the virion
surface, a VP2-epitope-based iELISAs was established
and used to test the anti-PPV1 antibodies produced in
immunized animals. The IPMA was used as the refer-
ence method and performed as described for screening
t h e hyb r i doma supe rna t an t s . A po lypep t i d e ,
216RNLDPPTYTGQSQQITDAIQTGPHSDIMF244, was
synthesized (GL Biochem, Shanghai, China) and coated
onto high-absorption 96-well ELISA plates at a concen-
tration of 1 μg/well at 4 °C overnight. Serum samples
diluted 1:50 with 1 % BSA–PBST were added to the
wells, which were then incubated at 37 °C for 1 h. The
subsequent procedures were conducted as described for
the refined scanning of the PPV1 VP2 epitopes. IPMA-
identified PPV1-positive and PPV1-negative guinea pig
sera were used as the positive and negative controls,
respectively. The optimal conditions for the VP2
epitope-based iELISA were investigated by varying the
conditions at each step (except in the colorimetric reac-
tion and reaction termination), while maintaining the
conditions at all other steps constant (Huang et al.,
2011a, 2011b). The mean (M) and standard deviation
(SD) of the OD405 values for 24 negative controls were
used to estimate the cutoff level (Hu et al. 2014; Huang
et al. 2011a, 2011b). Based on this criterion, a VP2
epitope-based iELISA was established to scan 135 guin-
ea pig sera. The sensitivity, specificity, and concordance
rate of the data from the VP2 epitope-based iELISAs
relative to those from the IPMA were calculated as pre-
viously described (Liu et al. 2004).

MAb-based IFA

ST cells seeded in glass-bottomed cell culture dishes
(80–90 % confluence) were inoculated with the PPV1-
LH strain at a concentration of 105 TCID50/dish and
fixed with prechilled absolute methanol at −20 °C for
10 min at 24, 36, 48, 72, and 96 hpi. After the cells
were washed with PBS, they were incubated with
MAb 8H6 (diluted 1:1000) and incubated at 37 °C
for 1 h. After the cells were washed with PBS, they
were incubated with a goat anti-mouse IgG (H + L)
secondary antibody (1:800) conjugated with Alexa
Fluor® 488 (Life Technologies, Carlsbad, CA, USA)
at 37 °C for 30 min. After the cells were washed
three times with PBS, the cellular DNA was stained
with Hoechst 33258 (Life Technologies) at room

temperature for 10 min and washed with PBS. Images
were captured with a Leica DM-IRE2 confocal
microscope.

Results

Identification of expressed recombinant PPV1-VP2
protein

The immunoreactivity of recombinant PPV1 VP2 was
identified with a Western blotting analysis. There was
a specific band in the recombinant baculovirus-infected
Sf21 cell lysates with a molecular weight of about
64 kDa (Fig. 1a). In contrast, no protein was detectable
in the normal Sf21 cell lysates or the lysates of Sf21
cells infected with wild-type baculovirus.

Production and characterization of VP2-specific MAbs

Three hybridoma cell lines that produced stable MAbs against
the PPV1 VP2 protein were identified with IPMA (Fig. 1b)
and designated 8H6, 4A1, and 8E4. The MAb heavy chain
isotype was IgG1 for 8H6 and 8E4, and IgM for 4A1. The
MAb light chain isotype was κ-chain for 8H6 and 8E4, and λ
for 4A1. All three MAbs reacted well with the native VP2
protein according to a Western blotting analysis (Fig. 1c),
but no band was detectable in the SP2/0 negative antibody
control.

Primary scanning of PPV1 VP2 B cell linear epitopes
using VP2-specific MAbs

The Western blotting analysis indicated that all three GST-
fused polypeptides (A, B, and C) were successfully expressed,
with protein molecular weights of ∼42.5, ∼44.5, and ∼46 kDa,
respectively, and the GST tag alone had a molecular weight of
∼26 kDa (Fig. 2, left). All the MAbs (only one figure is
shown) specifically recognized polypeptide B (Fig. 2, right),
when the GST tag alone was used as the negative protein
control.

Refined scanning of the B cell linear epitopes of PPV1VP2
using VP2-specific MAbs

To localize the regions of the PPV1 VP2 protein in
which the epitopes occur, 16 peptides (B1–B16) based
on the amino acid sequence of polypeptide B were suc-
cessfully expressed as GST-fused proteins and their re-
actions with the prepared MAbs were scanned with an
iELISA. The results indicated that peptides B5, B10,
and B15 were recognized by 8H6, 4A1, and 8E4, re-
spectively (Fig. 3).
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Having identified three linear epitopes among these
16 peptides, we progressively truncated peptides B5,
B10, and B15 to define the minimal PPV1 VP2 B cell
linear epitopes with an iELISA. The removal of residue
Q2 2 8 a t t h e am i no t e rm i nu s o f p e p t i d e B5
(220PPTYTGQSQQITDAIQTGPH239) completely re-
duced the binding by MAb 8H6 (Fig. 4a). Similarly,
the deletion of A233 at the carboxyl terminus caused a
sharp drop in the OD405 value. This result indicates that
both Q228 and A233 are critical residues for the integrity
of the epitope, and that 228QQITDA233 (designated B5-

E1) is the minimal linear epitope required for optimal
8H6 binding.

F u r t h e r t r u n c a t i o n o f p e p t i d e B 1 0
(280WQTNRSLGLPPKLLTEPTTE299) at residues R284 at
the amino terminus and K291 at the carboxyl terminus
completely abolished 4A1 binding, demonstrating the impor-
tance of these two residues in epitope maintenance (Fig. 4b).
This defines 284RSLGLPPK291 (designated B10-E2) as the
minimal linear epitope recognized by 4A1.

The peptide B15 (340PYMNFEYSNGGPFLTPIVPT359)
was truncated with the same strategy, and F344 and I356 were

8H6 4A1

8E4 Negative Control

A B

100

70

55

40

35

kDa M       Sf21 VP2 Wt

64 kDa

70

55

kDa M    8H6 4A1 8E4 SP2/0         

64 kDa

C

Fig. 1 a Identification of baculovirus-expressed recombinant PPV1 VP2
protein. Lane M, PageRuler™ Prestained Protein Ladder (Invitrogen,
Carlsbad, CA, USA); lane Sf21, cell lysates from normal Sf21 cells; lane
VP2, recombinant PPV1 VP2 protein expressed in a baculovirus
expression system; and lane Wt, lysate of insect cells infected with
wild-type baculovirus. b Scanning monoclonal antibodies (MAbs) with
an immunoperoxidase monolayer assay (IPMA). IPMA plates were
prepared and used to scan hybridoma supernatants. Three PPV1-
specific MAbs (8H6, 4A1, and 8E4) were identified. Normal ST cells

were used as the negative control. c Characterization of prepared
monoclonal antibodies (MAbs) with Western blotting. The
immunoreactivity of native PPV1 VP2 to MAbs was analyzed with
Western blotting. The native PPV1 VP2 protein was expressed after
PPV1 infection of ST cells. Lane M, PageRuler™ Prestained Protein
Ladder (Invitrogen); lane 8H6, MAb 8H6 was used as the primary
antibody; lane 4A1, MAb 4A1was used as the primary antibody; lane
8E4, MAb 8E4 was used as the primary antibody; and lane SP2/0, SP2/0
cell supernatant as the negative control

Fig. 2 Primary scanning of PPV1 VP2 B cell epitopes using VP2-
specific monoclonal antibodies (MAbs). Truncated polypeptides A, B,
and C were expressed as GST-fused proteins. Polypeptide A
corresponded to VP2 amino acids 1–179 with the protein molecular
weight of ∼42.5 kDa, polypeptide B corresponded to VP2 amino acids
172–372 with the protein molecular weight of ∼44.5 kDa, polypeptide C

corresponded to VP2 amino acid 365–579 with the protein molecular
weight of ∼46 kDa. An anti-GST-tag MAb and the prepared VP2-
specific MAbs were used separately as the primary antibodies. Lane M,
PageRuler™ Prestained Protein Ladder (Invitrogen); lane GST, GST tag
alone as the negative control protein; lane A, GST-fused polypeptide A;
lane B, GST-fused polypeptide B; lane C, GST-fused polypeptide C
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shown to be important for the constitution of the core epitope
recognized by MAb 8E4 (Fig. 4c). The minimal linear
epitope was specified as 344FEYSNGGPFLTPI356 (des-
ignated B15-E3).

All three PPV1 VP2 core epitopes displayed good
immunoreactivity for their corresponding MAbs in a
Western blotting analysis (Fig. 5), with protein mo-
l ecu l a r we igh t o f 26 .6 , 26 .8 , and 27 .2 kDa ,
respectively.

Structural analysis of the identified PPV1 VP2 core
epitopes

The identified PPV1 VP2 core epitopes were mapped
onto 3D models of the PPV1 virion and the VP2 mono-
mer. The results showed that only B5-E1 (indicated in
red) is exposed on the virion surface, with a random
coil secondary structure, whereas B10-E2 (in green)
and B15-E3 (in magenta) are located inside the virion
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Fig. 3 Reactivity analysis of peptides B1–B16 with monoclonal
antibodies (MAbs) 8H6 (a), 4A1 (b), and 8E4 (c). Peptides B1–B16,
based on the amino acid sequence of polypeptide B, were expressed
and scanned for their reactivity with MAbs (8H6, 4A1, and 8E4) using
indirect enzyme-linked immunosorbent assays. B1 corresponded to VP2
amino acids 172–191, B2 corresponded to VP2 amino acids 184–203, B3
corresponded to VP2 amino acids 196–215, B4 corresponded to VP2
amino acids 208–227, B5 corresponded to VP2 amino acids 220–239,
B6 corresponded to VP2 amino acids 232–251, B7 corresponded to VP2
amino acids 244–263, B8 corresponded to VP2 amino acids 256–275, B9

corresponded to VP2 amino acids 268–287, B10 corresponded to VP2
amino acids 280–299, B11 corresponded to VP2 amino acids 292–311,
B12 corresponded to VP2 amino acids 304–323, B13 corresponded to
VP2 amino acids 316–335, B14 corresponded to VP2 amino acids 328–
347, B15 corresponded to VP2 amino acids 340–359, B16 corresponded
to VP2 amino acids 352–371. The SP2/0 cell culture supernatant was
used as the negative antibody control, and the GST tag with no fused
peptide was used as the negative protein control. Error bars indicate the
standard deviations of three repeated experiments
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capsid protein, with β-turn and β-pleated sheet second-
ary structures, respectively (Fig. 6).

Homology analysis of the identified PPV1 VP2 epitopes
in different PPV1 strains

An alignment of 29 amino acid sequences of PPV1 VP2 pro-
teins showed that B5-E1 (228QQITDA233) is highly con-
served, because in only seven of the 29 VP2 sequences was
the serine at residue 233 substituted with threonine or alanine.
However, B10-E2 (284RSLGLPPK291) and B15-E3
(344FEYSNGGPFLTPI356) are completely conserved, with
no amino acid change in any of the sequences (Table 2).

Evaluation of VP2 epitope-based iELISA
for the serodiagnosis of anti-PPV1 antibodies

To determine the cutoff value for the VP2-epitope-based
iELISAs, 24 negative serum samples (determined with

IPMA) were included and analyzed. The cutoff value
was defined as an OD405 of 0.24 (M + 3SD). In com-
parative experiments with IPMA using 135 guinea pig
sera, the VP2 epitope-based iELISA achieved a sensi-
tivity of 83.33 %, a specificity of 85.47 %, and a co-
incidence rate of 85.19 % with the data obtained with
the IPMA (Table 3).

MAb-based IFA to characterize PPV1 replication

MAb 8H6 was used to establish an IFAwith which to monitor
of the PPV1 VP2 protein during viral replication. PPV1 VP2
was detected around the nucleus at 24 hpi, whereas the protein
tended to polarize towards the cellular membrane from 36 to
72 hpi (Fig. 7). The dynamic state of the PPV1 VP2 protein
indicates that the newly encapsulated virions were released
from the nucleus at 24 hpi, so that the replication cycle of
PPV1 took less than 24 h.
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Fig. 4 Progressively truncated peptides define the PPV1 VP2 core
epitopes recognized by MAbs. MAbs 8H6 (a), 4A1 (b), and 8E4 (c)
were screened against a series of truncated peptides, with amino acid
residues progressively deleted from the amino or carboxyl terminus, to
determine the minimal amino acid sequences required for MAb binding.

The peptide designations and their corresponding amino acid sequences
are given below the figures. The SP2/0 cell culture supernatant was used
as the negative antibody control, and the GST tag with no fused peptide
was used as the negative protein control. Error bars indicate the standard
deviations of three repeated experiments
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Discussion

PPV1 is a causative agent of reproductive failure in swine,
posing a great economic threat to the farming industry and
international trade (Kim and Chae 2004). Recently, a high
mutation rate, similar to that of the RNAviruses, was reported
in PPV1, with an evolutionary rate of approximately 10−4

substitutions per site per year for the capsid genes (Streck
et al. 2011). It is suggested that certain domains have lower
evolutionary rates as a consequence of functional constraints.
In contrast, dominant mutations have evolved more rapidly
than synonymous substitutions in response to advantageous
selection (Bergeron et al. 1993; Cadar et al. 2013; Lukashov
and Goudsmit 2001; Martins Soares et al. 2003; Streck et al.
2011; Zimmermann et al. 2006). These different evolutionary
rates may indicate that the virus uses antigenic shift to resist
selective pressures without disturbing the integrity of certain
functions. Because vaccine development is always strongly
associated with viral evolution, changes in viral immunoge-
nicity during the antigenic evolution of PPV1 might influence
the updating of vaccines. Here, we focused on the

immunodominant protein of PPV1, the VP2 protein, as a po-
tential candidate for development of diagnostic and research
reagents. Analysis of the PPV1 VP2 epitopes should extend
our understanding of PPV1-specific immunity and accelerate
the development of epitope-based diagnostic tools and
synthesized peptide vaccine for PPV1 (Hu et al. 2014;
Kamstrup et al. 1998). The report of Kamstrup et al.
(1998) firstly described a total of nine linear epitopes
of both PPV1 VP1 and VP2 proteins and their immu-
nogenicity was subsequently investigated. The results
indicated that, among all the identified antigenic sites,
only peptides from the N-terminal part of VP2 were
able to induce virus-neutralizing antibodies, although at
low levels (Kamstrup et al. 1998). The crystal structure
of PPV1 capsids expressed by a baculovirus-based sys-
tem was initially solved using X-ray crystallography by
Simpson et al. (2002), and the degree of conservation of
surface-exposed residues was found to be lower than
that of canine parvovirus and minute virus of mice,
suggesting potential variability in antigenicity and host
range (Simpson et al. 2002).

A B C

Fig. 6 Mapping the locations of the identified PPV1 VP2 core epitopes
on 3D models of the virion and VP2 monomer. a Spatial distributions of
the three core epitopes in the complete PPV1 virion with a solid surface
(228QQITDA233 is indicated in red, 284RSLGLPPK291 in green, and
344FEYSNGGPFLTPI356 in magenta); b secondary structural analysis
of the three core epitopes on the PPV1 VP2 monomer skeleton; c

stereostructures of the three core epitopes in the PPV1 VP2 protein
monomer with a solid surface. Cartoons of the complete PPV1 virions
and PPV1 VP2 monomer were drawn with the Chimera 1.7.1 software,
and the identified core epitopes were mapped onto the constructed
stereostructures
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Fig. 5 Identification of the PPV1 VP2 core epitopes byWestern blotting
analysis. The immunoreactivity of the three PPV1VP2 core epitopes with
the corresponding MAbs (8H6, 4A1, and 8E4) was confirmed with a
Western blotting analysis. Lane M, PageRuler™ Prestained Protein
Ladder (Invitrogen); lane VP2, baculovirus-expressed PPV1 VP2

protein as the positive protein control; lane GST, GST tag alone as the
negative protein control; lane E1, GST-fused core epitope B5-E1
(228QQITDA233); lane E2, GST-fused core epitope B10-E2
(284RSLGLPP291); and lane E3, GST-fused core epitope B15-
E3(344FEYSNGGPFLTPI356)
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To better understand the antigenic structure of PPV1 VP2
protein, we developed three PPV1 VP2-specific MAbs and
used them to map the VP2 protein B cell linear epitopes in
this study. Recombinant PPV1 VP2 protein was successfully
expressed by the baculovirus expression system to recapitu-
late its natural morphology and used for immunization of mice
(Antonis et al. 2006; Qi and Cui, 2009;Wang et al. 2015). The
IPMA was applied for screening of hybridoma cell superna-
tants to exclude potential false positive results for VP2-
reactive MAbs production. A PEPSCAN analysis of a panel
of 58 GST-fused proteins identified 228QQITDA233 (B5-E1),
284RSLGLPP291 (B10-E2), and 344FEYSNGGPFLTPI356

(B15-E3) as the three VP2 core epitopes using MAbs against
recombinant VP2 protein. Of the three epitopes identified,
B10-E2 and B15-E3 are reported for the first time in this
study, whereas B5-E1 was included in the earlier report
(Kamstrup et al. 1998).

A structural analysis indicated that epitope B5-E1 is ex-
posed on the virion surface, whereas B10-E2 and B15-E3
are located inside the virion. Their secondary structures indi-
cate that B5-E1 is more flexible, with random coiling, whereas
B15-E3 shows strong conformational stability because it
forms a β-pleated sheet, and B10-E2 forms a β-turn structure
arising from the two consecutive prolines in its sequence. This
is the first illustration of the VP2 epitopes in 3Dmodels. MAb
8H6 might be applicable to the development of other diagnos-
tic methods, such as an antigen capture ELISA, because its
epitope is exposed on the virion surface.

An alignment of the amino acid sequences of various PPV1
VP2 proteins indicated that B10-E2 and B15-E3 are complete-
ly conserved among the 29 tested PPV1 strains from different
regions, whereas B5-E1 contains a single amino acid substi-
tution at residue 233. This suggests that the epitope exposed
on the virion surface, with a flexible secondary structure, is

Table 3 Comparison between
VP2 epitope-based indirect
enzyme-linked immunosorbent
assay (iELISA) and
immunoperoxidase monolayer
assay (IPMA) for 135 guinea pig
serums

Assays Reactions IPMA

Positives Negatives Total

VP2 B5-E1-based iELISA Positives 15 17 32

Negatives 3 100 103

Total 18 117 135

Agreement rate 83.33 % 85.47 % 85.19 %

(15/18) (100/117) (115/135)

Table 2 Conservation analysis of the epitope B5-E1 among different PPV1 strains

GenBank 

Number

Year of 

Isolation
Origin

Residue 

233

GenBank 

Number

Year of 

Isolation
Origin

Residue 

233

KP245930 2009 China T EU790641 2009 China S

KP245931 2009 China A FJ822038 2009 China S

KP245932 2005 China S HM989009 2010 China S

KP245933 2006 China S JN860197 2012 China S

KP245934 2004 China A JN968975 2012 China S

KP245935 2005 China A JX992846 2011 China S

KP245936 2014 China S KF429255 2013 China S

KP245937 2014 China T KF742500 2014 China S

KP245938 2009 China S KF913351 2014 Hungary S

KP245939 2008 China T KJ201928 2014 China S

AY390557 2003 South Korea T L23427 1993 USA S

AY583318 2009 China S M38367 1993 USA S

AY684872 1964 Germany S NC_001718 1976 USA S

D00623 2000 USA S U44978 1996 USA S

DQ675456 2006 China S

The yellow highlight indicated the amino acid identity and differences among different PPV1 strains
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more likely to mutate than those located inside the virion, with
stable conformations. The PPV1 VP2 core epitopes identified
here could provide important insights into the structure and
function of the VP2 and may play important roles in the anti-
genic evolution of PPV1 (Cadar et al. 2013).

Generally, antigenic sites located outside the complete vi-
rion are more accessible for antibody binding. Because epi-
tope B5-E1 is exposed on the virion surface, a VP2 epitope-
based iELISAwas preliminarily established and evaluated for
the assay of anti-PPV1 antibodies in the sera of guinea pigs.
Because of the limitations entailed in using a single epitope,
the coincidence rate of the established VP2 epitope-based i-
ELISA (85.19 %) in a comparative analysis with IPMAmight
not seem very satisfactory. However, the iELISA was more
rapid and the interpretation of the results was more objective,
with a higher throughput than was possible with IFA or IPMA.
Epitope-based diagnostic methods could effectively avoid the
proliferation of infectious viruses, suggesting that the
use of iELISA for diagnostic purposes should be inves-
tigated further.

The cellular locations of the VP2 protein at different times
during viral infection were monitored with confocal micros-
copy. The localization of PPV1 is reported to be perinuclear
within 4 hpi, and new virus was observed in the nucleus at 16–
20 hpi (Boisvert et al. 2010). In this study, we confirmed that
newly synthesized virions are released from the nucleus at
24 hpi, so the viral replication cycle takes less than 24 h.
MAb-based IFA may provide some tools for monitoring
viral antigens in vitro and for pathway analyses during
PPV1 infection.

In conclusion, we prepared three PPV1 VP2-specific
MAbs, defined their antigenic core epitopes, and demonstrat-
ed the potential application of VP2 epitope-based iELISA to
the serodiagnosis of anti-PPV1 antibodies in guinea pig sera
and a MAb-based IFA for the detection of viral anti-
gens. To the best of our knowledge, this is the first
time that the linear core epitopes of the PPV1 VP2
protein have been defined using MAbs and a
serodiagnosis method established based on the identified

epitopes of PPV1 VP2. The three B cell linear epitopes
of PPV1 VP2 described here should allow us to clarify
the molecular mechanisms of antigenic evolution.
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