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Abstract
Porcine circovirus 2 (PCV2) is associated with a series of swine diseases. There is a great interest in improving our under-
standing of the immunology of PCV2, especially the properties of the viral capsid protein Cap-PCV2 and how they relate to 
the immunogenicity of the virus and the subsequent development of vaccines. Phage display screening has been widely used 
to study binding affinities for target proteins. The aim of this study was to use phage display screening to identify antigenic 
peptides in the PCV2 capsid protein. After the selection of peptides, five of them presented similarity to sequences found 
in cap-PCV2, and four peptides were synthesized and used for immunization in mice: 51–CTFGYTIKRTVT-62 (PS14), 
127-CDNFVTKATALTY-138 (PS34), 164-CKPVLDSTIDY-173 (PC12), and 79-CFLPPGGGSNT-88 (PF1). Inoculation 
with the PC12 peptide led to the highest production of antibodies. Furthermore, we used the PC12 peptide as an antigen 
to examine the humoral response of swine serum by ELISA. The sensitivity and specificity of this assay was 88.9% and 
92.85%, respectively. Altogether, characterization of immunogenic epitopes in the capsid protein of PCV2 may contribute 
to the improvement of vaccines and diagnostics.

Introduction

Porcine circovirus 2 (PCV2) is one of the smallest viruses 
that infects animal cells, and is comprised of a non-envel-
oped capsid about 23 nm in diameter [1]. Taxonomically, 
PCV2 is classified within the Circoviridae family, genus 
Circovirus, and is associated with a number of diseases in 
pigs, called porcine circovirus associated diseases (PCVAD) 
[2]. Postweaning multisystemic wasting syndrome (PMWS) 
has become the main syndrome associated with PCVAD, 
and has been diagnosed in pigs in Asia, South and North 
America, and Europe. Due to the large worldwide spread and 
economic losses generated by PCVAD, PCV2 is one of the 
most important pathogens to the global swine industry [3].

Understanding the immune response and antigenicity 
of the PCV2 viral particle during infection contributes to 
the development of more efficient strategies to control this 
pathogen [4]. Currently, the main approach to control PCVD 
is through vaccination of animals [5].

Vaccines against PCV2 generate an immune response 
against the viral capsid, a supramolecular structure formed 
by twelve pentamers of a single protein called Cap [6]. This 
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protein has a primary structure consisting of 233 (or 234) 
amino acid residues with a molecular mass of approximately 
28 kDa [7]. Structurally, it has two β-sheets in which one is 
composed of four antiparallel β-strands. These strands are 
connected by four short (4 to 9 amino acid residues) and 
three long loops (21 to 36 amino acid residues) [8].

Phage display (Ph.D.) screening has been used to study 
binding affinities for protein targets [9–14]. Different tech-
niques have been used to identify epitopes in Cap-PCV2 
[15–17]. Ge et al. [18], identified three new antigenic regions 
in Cap-PCV2 using Ph.D. screening. Because this technique 
can employ different libraries and strategies of selection, it 
makes the identification of new epitopes in the Cap protein 
feasible. To this end, we first utilized Ph.D. screening to 
identify immunogenic sequences in Cap-PCV2. Second, the 
IgG1 and IgG2a antibody responses of mice inoculated with 
the immunogenic peptides were evaluated. Finally, we used 
the PC12 peptide, identified by Ph.D. screening, as a tool for 
the serological diagnosis of PCV2-infected pigs.

Materials and methods

Purification of Cap‑PCV2

The DNA coding sequence of Cap-PCV2 (GenBank: 
ABD42929) was cloned into the pET-16b vector (Novagen), 
according to Salgado et al. [19]. The N-terminus 6x Histi-
dine tagged-viral protein was expressed in Escherichia coli 
strain BL21-CodonPlus (DE3) - RIL (Agilent Technologies). 
Protein purification was performed by affinity chromatogra-
phy using a HisTrap crude FF (GE), according to the manu-
facturer’s recommendations in a FPLC system (AKTA TM 
purifier). The purity of the recombinant protein was checked 
in a 12% SDS-PAGE gel.

Selection of scFv clones

A human scFv phage library containing  2x106 antibody frag-
ment sequences [20] was used to select antibodies against 
the recombinant and purified Cap-PCV2. Two selection 
rounds were carried out to amplify the scFv library in E. coli 
strain XL1 Blue (Stratagene) with the concomitant infection 
of the helper VCSM13 phage [21]. In total, each well in a 
96-well microplate (Nunc) was sensitized with 4 μg of Cap-
PCV2 in 0.1 M bicarbonate buffer (pH 9.6), and incubated 
for 14 hours at 4°C. The blocking step was performed in 
phosphate buffer saline (PBS) containing 3% bovine serum 
albumin (BSA) for 1 hour at 37°C. Subsequently, 50 μL of 
each phage solution was added to an individual well and the 
plate was incubated for 2 hours at 37°C. The plate was then 
washed 10 times with PBS containing 0.005% (v/v) Tween 
20 (PBS-T). Finally, phages were eluted in 50 μL of 0.1 M 

HCl solution (pH 2.2), and subsequently neutralized with 2 
M of Tris-HCl buffer (pH 9.0).

Induction of scFv peptides expression

Plasmids were isolated from previously selected E. coli 
strain XL1 Blue and used to transform E. coli strain Top 10 
(Invitrogen) competent cells [21]. Bacterial cells were then 
plated in a solid Luria-Bertani (LB) medium containing 100 
μg.ml−1 carbenicillin. After 12 hours of incubation at 37°C, 
transformed colonies were transferred to a deep 96-well 
plate containing Super Broth (SB) medium supplemented 
with 2M glucose (v/v) and 100 ug.ml−1 carbenicillin. The 
plate was then incubated for 12 hours at 37°C and 250 rpm. 
After centrifugation at 2250 g for 10 minutes, supernatants 
were discarded and pellets were resuspended in SB medium 
containing 2.5 mM isopropyl β-D-thiogalactopyranoside 
inducer (IPTG) (Sigma), 100 μg.ml−1 carbenicillin and 2 M 
glucose. The plate was later incubated for another 12 hours 
at 30°C and 250 rpm. Finally, the plate was centrifuged at 
4000 g for 10 minutes at 4°C and supernatants were col-
lected for analysis of expression of scFv clones.

Analyses of protein expression and specificity 
of scFv clones

To analyze protein expression in the scFv clones, 10 μL of 
the supernatants derived from scFv clones diluted in 40 μL 
bicarbonate buffer (pH 9.6) were individually immobilized 
on microtiter wells of a MaxiSorp™ plate (Nunc). To deter-
mine the specificity of clones, each well of a MaxiSorp™ 
plate (Nunc, Denmark) was sensitized with 0.8 μg of Cap-
PCV2 or BSA (negative control), both diluted in bicarbo-
nate buffer, followed by addition of scFv clones induced 
supernatants into each well. In both analyses, we used a 
peroxidase conjugated anti-HA antibody (1:1000) (Roche, 
Switzerland). Color development was achieved by adding a 
solution containing  H2O2, orthophenylenodiamine (OPD), 
and 0.1 M citrate buffer (pH 5.0). Readout was performed at 
a wavelength of 492 nm by an Enzyme-Linked Immunosorb-
ent Assay (ELISA) plate reader.

Western Blotting

Purified 6x Histidine tagged-Cap-PCV2 was subjected to a 
12% SDS-PAGE gel, and after electrophoresis proteins were 
transferred to a nitrocellulose membrane (GE) using a Mini 
Trans-Blot® electrophoretic transfer (Bio-Rad) according 
to the manufacturer’s instructions. The membrane was first 
incubated with blocking buffer for 1 hour at room tempera-
ture. Afterwards, the membrane was washed with PBS-T and 
then cut in strips which were incubated for 1 hour in 3 mL of 
F1 and F5 scFv clones supernatants, commercial anti-PCV2 
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polyclonal antibody (VMRD) (positive control) or PBS 
(negative control). After washing three times with PBS-T, 
the respective antibodies were added: anti-HA peroxidase 
conjugated antibody (Roche, Switzerland) (1:2000) to the 
negative control, F1 and F5 scFv clones; and anti-swine 
IgG peroxidase conjugated secondary antibody (Sigma) 
(1:10,000) to the positive control. Immunoreactive protein 
bands were revealed with 3.3 tetrahydrochloride (DAB) and 
0.015% (v/v) hydrogen peroxide in PBS.

Selection of Cap‑PCV2 mimetic peptides

We performed the phage display screening using anti-
PCV2 polyclonal antibodies (VMRD), an in-house rabbit 
anti-PCV2 polyclonal antibody purified by the caprylic acid 
precipitation method [22], and supernatants derived from F1 
and F5 scFv clones.

Phage display libraries, obtained from New England Bio-
labs, Inc., Beverly, MA,

contained peptide sequences (7-mer or 12-mer) inserted 
in the pIII minor coat protein N-terminus of the M13 bac-
teriophage. The Ph.D.-C7C and the Ph.D.-12 libraries 
consisted of approximate 1.2x109 and 1.9x109 independ-
ent clones, respectively. Ph.D.-C7C and Ph.D.-12 libraries 
were screened through biopanning in a solution containing 
either protein G magnetic beads (Invitrogem) to retrieve the 
antibody-phage complex or nickel charged magnetic aga-
rose beads (Qiagen) to retrieve 6x Histidine tagged-scFv 
fragments.

Biopannings were performed with three rounds of selec-
tion when phages were screened using swine serum, and 
two rounds of selection when phages were screened with 
scFv fragments. A combination of  1x1011 viral particles 
of Ph.D.-12 with either  4x108 beads/mL-antibody (swine 
serum) or beads-scFv were incubated for 1 hour at  37°C. 
After incubation, beads were washed 10 times with PBS-T 
and the unbound phage particles were discarded, followed 
by competitive elution of bound phages with 50 µg of puri-
fied Cap-PCV2 for 10 minutes at room temperature. Eluted 
phages were amplified in E. coli strain ER2738 (New Eng-
land Biolabs) and purified using PEG-NaCl precipitation. 
After each round of biopanning, isolated bacterial colonies 
containing amplified phage clones were grown in a micro-
titer plate and titrated essentially as described by Barbas III 
et al. [21].

The biopanning using rabbit polyclonal antibodies was 
performed in two steps. The first step consisted of a subtrac-
tive step to remove phages that bound non-specifically on 
the magnetic beads. The second step consisted of retrieving 
those phages that expressed peptides bound to antibodies 
against Cap-PCV2. The removal of non-specific phages, a 
combination of  1x1011 viral particles of Ph.D.-C7C with 
 4x108 beads/mL-antibody derived from the negative serum 

for PCV2 was performed. After 1 hour of incubation at 
37°C, the supernatant was used for positive selection, which 
was performed with microspheres bound to positive rab-
bit serum IgG for PCV2 antigen, as previously done for 
Ph.D.-12.

Sequencing and in silico analysis

The DyEnamic ET Dye Terminator Cycle Sequencing Kit 
(GE Healthcare) and a MegaBaceTM sequencer 1000 (GE 
Healthcare) were used to sequence the heavy and light chains 
of the scFv clones previously selected by ELISA using 
Cap-PCV2 as the coating protein. Phage DNA sequences 
encoding the recombinant peptides selected from the Ph.D. 
were sequenced. The primers used were the following: 
MMB4 (5’-TCC TCC GCT GGC TAT GTG GTT T-3’) 
for the light chain, MMB5 (5’-CGT TTG CCA TTT CAT 
AAT TCT C-3’) for the heavy chain of scFv clones, and -96 
M13 (5’-CCC TCA TTA GTT AGC GCG TAACG-3’) for the 
phage display peptides. The scFv nucleotide sequences were 
analyzed using IgBlast (http://www.ncbi.nlm.nih.gov/igbla 
st). The peptides sequences were aligned with Cap-PCV2 
amino acid sequence using BLAST (http://blast .ncbi.nlm.
nih.gov/Blast .cgi?PAGE=Prote ins). The three dimensional 
structures of the Cap-PCV2 found in the Protein Data Bank 
(PDB), e.g. 3R0R, and the PCV2 capsid sequence were used 
for structural inferences using the program PyMOL (DeLano 
Scientific).

Phage‑ELISA

PoliSorp microplates (Nunc) were coated with each clone at 
a concentration of 5.0x1010 phages/mL, previously diluted 
in bicarbonate buffer, pH 9.6, and incubated at 4°C for 14 
hours. Plates were blocked for 1 hour at 37°C with 10% 
(w/v) non-fat dry milk in PBS, followed by three washes 
with PBS. Positive or negative rabbit antibodies for PCV2 
were previously incubated with M13 phage (wild-type) 
 (1011 phages/mL) and then added to microplates at 1:400 
dilution in blocking solution and incubated for 1 hour at 
37°C. After washing three times with PBS, a commercial 
anti-rabbit IgG conjugated to peroxidase (Sigma) at 1:2000 
dilution in blocking solution was added to each well. Color 
development was achieved by adding a solution containing 
 H2O2, OPD, and 0.1 M citrate buffer (pH 5.0). Readout was 
performed at a wavelength of 492 nm. Wild-type M13 phage 
was used as a negative control. Each clone was tested in 
duplicate.

Synthetic Peptides

Four synthetic peptides (PS14, PS34, PF1, and PC12) 
(Table. 1) were designed from the selected phages and they 

http://www.ncbi.nlm.nih.gov/igblast
http://www.ncbi.nlm.nih.gov/igblast
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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were chemically synthesized and conjugated to Keyhole 
Limpet Hemocyanin (KLH) using PEPTIDE 2.0 (Peptide 
2.0 Inc., USA).

Immunizations

All experimental procedures were conducted in compliance 
with the ethical principles of the Brazilian Academy of Ani-
mal Experimentation and approved by the Animal Research 
Ethics Committee of the Universidade Federal de Viçosa 
under the protocol number 39/2012.

The two following immunization experiments were con-
ducted in mice: (1) using selected phages as antigens, and 
(2) using the conjugated synthetic peptides as antigens.

Experiments were carried out in 4–6 weeks old male 
BALB/c mice. In the first trial, mice were divided into 8 
groups of 5 mice each. Immunizations were performed with 
three subcutaneous injections with intervals of 15 days for 
each and using the following phages: S14, S34, C12, FV7, 
and F1. Each inoculum contained  1010 phages and 25% 
aluminum hydroxide as an adjuvant. The negative control 
inoculums contained PBS and wild-type M13 phage. The 
positive control contained Cap-PCV2 recombinant pro-
tein. In the second trial, mice were divided into 6 groups 
of 6 mice each. Immunizations were performed with three 
subcutaneous injections with intervals of 15 days for each 
and using the following peptides, 100 µg per dose: PS14, 
PS34, PC12, and PF1 conjugated to KLH. The negative and 
positive controls contained PBS and purified cap-PCV2 pro-
tein, respectively. Saponin (Sigma) at 100 μg per dose was 
used as an adjuvant in combination with the peptides and 

the controls. Blood samples were collected 45 days after 
immunization with phages, and at 0, 15, 30, and 45 days 
after immunization with peptides. Sera were later examined 
for the presence of specific antibodies.

Detection of IgG, IgG1, and IgG2a antibodies 
for Cap‑PCV2

A 96-well Maxisorp microtiter plate (Nunc) was coated with 
0.36 ng/well of Cap-PCV2 diluted in bicarbonate buffer. 
After incubation for 14 hours at 4°C, wells were blocked 
with 5% BSA in PBS. Sera from animals inoculated with 
either phage or peptides were diluted in blocking buffer at 
1:20 and 1:50, respectively, before being added to the plate, 
followed by incubation at  37°C for 1 h. After washes, perox-
idase-conjugated anti-mouse IgG, IgG1, or IgG2a antibodies 
(Sigma), diluted at 1:5000, were added to the plate and incu-
bated for 1 hour at  37°C. Color development was achieved by 
adding a solution containing  H2O2, OPD, and 0.1M citrate 
buffer (pH 5.0). Readout was performed at a wavelength of 
492 nm. Each sample was tested in triplicate.

Evaluation of swine serum response by PC12 
peptide based ELISA

To investigate whether the PC12 peptide can be used as a 
serological tool for detecting PCV2 infection, twenty-seven 
positive swine serum and 14 negative swine serum sam-
ples which had been validated by the peroxidase monolayer 
assay (IPMA) were used for the evaluation [23]. In addi-
tion, 20 swine which had not been vaccinated in the field 

Table 1  Best alignments between Cap-PCV2 sequences and peptides selected by Ph.D. screening

* Consensus regions

Selected phage Peptide alignment Reference Cap-PCV2 Synthetic peptide Antibody used 
in the selection

TMGYTQRGLVTV
(S14)

S14 1 TMGYT 5 ADP09032.1 PS14
CTFGYTIKRTVT

Swine serum
anti-PCV2* TMGYT 

Cap 52 TMGYT 56
SVIQKATAEPYL
(S34)

S34 2 VIQKATA—EPYL 12 ABR13929.1 PS34
CDNFVTKATALTY

Swine serum
anti-PCV2*VI KATA PYL

Cap 130 VI KATAQTYDPYL 142
DSTIDYT
(C12)

C12 1 DSTIDY 6 AGC51058.1 PC12
CKPVLDSTIDY

Rabbit serum
anti-PCV2*DSTIDY

Cap 168 DSTIDY 173
ASPHLEHTTQQP
(FV7)

FV7 7 HTTQQP 12 NP_937957.1 Not synthetized F1 scFv
*HT QP
Cap 148 HTIPQP 153

GGDSNPDPTSMP
(F1)

F1 1 GGDSNP 6 ADB96299.1 PF1
CFLPPGGGSNT

F5 scFv
*GGDSNP
Cap 83 GGDSNP 88
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were naturally infected with PCV2, and swine sera were 
collected for evaluation at 52, 102, and 166 days old. To 
conduct in house ELISA, 5 ug/well of PC12 or PCV2-Cap 
in bicarbonate buffer was immobilized on a 96-well Max-
isorp microtiter plate (Nunc). After incubation for 14 hours 
at 4°C, wells were blocked with 5% BSA in PBS. Sera from 
swine were diluted in blocking buffer at 1:50 and then added 
to the plate for 1 h at  37°C. After washes, peroxidase-con-
jugated anti-pig IgG antibodies (Sigma), diluted at 1:5000, 
were added to the plate and incubated for 1 hour at  37°C. 
Color development was achieved by adding a substrate solu-
tion containing  H2O2, OPD, and 0.1 M citrate buffer (pH 
5.0). Readout was performed at a wavelength of 492 nm by 
an ELISA plate reader (company name). Each sample was 
tested in triplicate.

Statistical analyses

Differences between groups were analyzed using ANOVA 
test, followed by the Dunnett’s test. Statistical analyses were 
done using GraphPad Prism 5.0 (GraphPad Software Inc., 
San Diego, CA). P values that were less than 0.05 were con-
sidered statistically significant.

Results

Peptide selection using scFvs clones

After selection of scFv clones, the expression and affinity 
of fragments against Cap-PCV2 were assessed. All scFv 
fragments that were expressed and exhibited absorbance 
above 0.2, as detected by ELISA (Fig. S1), were tested for 
their capacity to bind to cap-PCV2. Most scFv fragments 
presented a high affinity for Cap-PCV2 (Fig. S2A). F1 
and F5 fragments showed higher levels of expression and 

binding affinity to Cap-PCV2 when compared to the others. 
Therefore, the F1 and F5 clones were selected to perform 
a Ph.D. screen using the phage libraries for the peptides. 
The binding capacity of F1 and F5 scFv fragments towards 
Cap-PCV2 was confirmed by Western blotting (Fig. S2B). 
Cloned nucleotide sequences were analyzed by IgBlast to 
determine the complementarity determining regions (CDRs) 
(Fig. S2C).

We used F1 and F5 scFv clones for phage selection of 
the target peptide and found 8 and 6 clones using F1 and F5 
scFv antibodies, respectively (Table S1). The FV7 and F1 
peptides showed some sequence similarity to the cap-PCV2 
protein (Table 1). The peptide FV7 is located towards the 
inside of the predicted capsid structure (Fig. 1).

Peptide selection using PCV2 capsid‑specific 
polyclonal antibodies

A subtractive step was performed in the biopanning using in 
house negative serum for Cap-PCV2 to improve the affinity 
and specificity of the in house polyclonal antibody for Cap-
PCV2 (positive serum). Another selection strategy included 
a binding step with anti-PCV2 pig commercial serum to the 
target peptides. Titration results suggested that our selection 
strategies were efficient since there was an enrichment of 
specific phages over the selection cycles (data not shown).

After sequencing of clones, the selected peptides were 
aligned with the Cap-PCV2 amino acid sequence (Table. 1 
and Table. S1). There were no cleavage sites on the Cap-
PCV2 sequence used for the alignment (aiming to cover both 
PCV2a and PCV2b sequences).

The selected peptides located on the capsid surface, 
including the peptides S14 and S34. One peptide (C12) was 
located at a junction region of Cap-PCV2 monomers but is 
still on the outside portion of the capsid structure (Fig. 1).

Fig. 1  Localization of selected peptides in the Cap-PCV2 structures. 
A) pentameric structure, outside view, B) pentameric structure, inside 
view, C) capsid structure. Regions aligned with the selected peptides 

S14, S34, F1, C12, and FV7 are presented in blue, orange, magenta, 
red, and green, respectively



1882 M. R. Santos et al.

1 3

Evaluation of selected phages with anti‑PCV2 
polyclonal antibody

The reactivity of phages which showed the best peptide 
alignments with Cap-PCV2 sequences was evaluated 
by ELISA using in house negative and positive sera for 
PCV2. All the clones tested showed a higher reactivity 
with the positive serum when compared to the negative 
serum (Fig. 2), confirming the affinity of these phages 
towards anti-Cap-PCV2 antibodies.

Differential IgG production in mice immunized 
with selected phages and peptides

Our results showed that mice inoculated with F1, FV7, 
S14, or S34 phages produced antibodies against Cap-
PCV2 15 days after the third immunization (day 45). On 
the other hand, the group inoculated with the C12 phage 
showed no statistical difference when compared to the 
group immunized with the wild-type phage (Fig. 3).

Mice inoculated with synthetic peptides showed differ-
ing IgG antibody production patterns. For instance, mice 
immunized with the PC12 peptide showed a higher pro-
duction of total IgG (Fig. 4A) and IgG1 (Fig. 4B) antibod-
ies than the control group 15 days after the third inocula-
tion while mice immunized with the other peptides showed 
no statistical difference in the IgG antibody production 
when compared to the control group. In addition, the 
IgG2a antibody production was higher in mice inoculated 
with the PF1 peptide when compared to the control while 
the other peptides tested did not induce a significant IgG2a 
antibody production (Fig. 4C). Mice inoculated with the 
purified Cap-PCV2 showed the highest antibody produc-
tion for both IgG isotypes when compared to the control 
group.

Reactivity of pig serum against the PC12 peptide

The PC12 peptide was able to discriminate sera from ani-
mals infected with PCV2 from negative animal sera showing 
a sensitivity of 88.9% and specificity of 92.85% (Fig 5A).

We examined animal serum from different production 
periods on the same farm. The animals were not vaccinated 
against PCV2 and the animals were naturally challenged 
(against PCV2). In addition all animals were positive for 
PCV2-DNA (data not shown). The animals from these dif-
ferent periods presented a serological profile against PC12 
similar to their serological profile against the complete cap-
sid protein antigen (Fig 5B).

Discussion

The selection of antigenic mimetic peptides by Ph.D. screen-
ing has been successfully used with high accuracy [24]. This 
technique allows monoclonal or polyclonal antibodies to 
bind to selected peptides from a phage display library. This 
research used phage display screening to identify antigenic 
regions in the Cap protein from PCV2 and found four pep-
tides in the capsid protein, as summarized in Fig 6. The anti-
genic regions were assessed by ELISA as well as in immuni-
zation trials with either selected phages or synthetic peptides 
in mice. In addition, we investigated serology response to the 
PC12 peptide in pigs naturally infected with PCV2.

Vaccination against PCV2 is an important measure 
to prevent PCVD [25, 26]. All vaccines currently on the 
market are based on Cap-PCV2 immunogenicity, and are 
either recombinant or contain inactivated virus. The immune 
response against PCV2 is generated by a balance between 
humoral and cell-mediated immune responses. The latter 

Fig. 2  Affinities of selected phages evaluated by ELISA. Each phage 
was tested using in house anti-PCV2 polyclonal antibodies (posi-
tive serum) and an in house non-immunized rabbit serum (negative 
serum). WT: wild-type M13 Phage

Fig. 3  Anti Cap-PCV2 IgG mouse production using selected phages 
as vaccine candidates. Mice were immunized three times with  1010 
phages/mL. Fifteen days after the last inoculation each serum was 
tested by ELISA. WT: wild-type M13 phage. S/P ratio = (OD sample 
- OD negative control)/(OD positive control - OD negative control). 
Asterisks indicate differences statistically significant (P < 0.05)
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is not completely understood, although it has been demon-
strated that Cap-PCV2 and the protein encoded by ORF 1 
(Rep) are involved in this response [27]. Furthermore, CD4+ 

and CD8+ cells and IFN-γ secreting cells seem to play a 
role during the cell-mediated immune response [28, 29]. The 
humoral response is responsible for inducing the production 

Fig. 4  Production of anti-Cap-PCV2 IgG isotypes before (day 0) and 
after immunization (days 15, 30, and 45) with synthetic peptides. A) 
total IgG; B) IgG1; C) IgG2a. S/P ratio; (OD sample - OD negative 

control)/(OD positive control - OD negative control). Asterisks indi-
cate differences statically significant (P < 0.05)
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of neutralizing antibodies [30]. Meerts et al. [31] demon-
strated that pigs affected by PMWS have lower titers of 
neutralizing antibodies when compared to healthy animals. 
Additionally, Fort et al. [32] postulated that levels of neu-
tralizing antibodies are related to the clinical presentations 
seen in the animal. These findings highlight the importance 
of understanding the antigenic and immunogenic regions of 
the Cap-PCV2 protein.

Mice inoculated with selected phages and synthetic pep-
tides showed differing production of antibody against Cap-
PCV2. Animals inoculated with the recombinant phages 
S14, S34, F1, and FV7 showed a higher production of total 
IgG antibody against Cap-PCV2 than those inoculated with 
the wild-type phage. Alternatively, the production of total 
IgG against Cap-PCV2 in mice immunized with the syn-
thetic peptides PS14, PS34, and PF1 showed no statistical 
difference when compared to the control group. PC12 was 

the only synthetic peptide that stimulated the production 
of total IgG antibody against Cap-PCV2 when compared 
to the control group. The differences observed in antibody 
production when inoculation was performed with phages, 
versus synthetic peptides, might be explained by the fact 
that phages can act as an adjuvant, enhancing the humoral 
response [33].

Our study also evaluated the production of IgG1 and 
IgG2a isotypes in mice immunized with the selected phages 
and synthetic peptides. It is generally recognized that, in 
mice, the cell-mediated immune response induced by Th1 
cells is associated with the production of IgG2a, whereas 
the humoral response induced by Th2 cells is associated 
with the production of IgG1 [34]. Our results showed that 
mice immunized with purified Cap-PCV2 presented a higher 
concentration of both IgG1 and IgG2a isotypes than any 
other phage or synthetic peptide tested. Among the four syn-
thetic peptides tested, PC12 induced the highest production 
of IgG1 isotype. In addition, PC12 showed reactivity with 
serum from pigs naturally infected with PCV2.

The antigenic region (PC12) found in this experiment is 
located at a junction region between Cap-PCV2 monomers. 
However, PC12 is present on the outside face of the virion. 
Mahe et al. [15] and Lekcharoensuk et al. [16] demon-
strated that the regions 169–183 and 165–200 are antigenic 
regions, respectively. Since PC12’s residues (168–173) are 
within these two previously described antigenic regions, it 
is feasible that PC12 actually contains the antigenic epitope. 
Of note, PC12 represents a smaller antigenic site than the 
results from previous studies [15, 16].

The production of IgG2a isotype antibody was statisti-
cally different in the group of mice immunized with PF1. 
This synthetic peptide was derived from a region cover-
ing amino acid residues 79–88 present in the Cap-PCV2 
sequence. A previous study showed that the amino acid resi-
dues 65–87 are potentially immunogenic [15], which is con-
sistent with our findings. Additionally, because this region 
is associated with the production of IgG2a isotype, it might 
also be involved in the Th1 response during PCV2 infection. 
The PF1 antigenic site could be used for further investigation 
of the Th1 immune response in pigs in the future.

To summarize previous studies that have identified immu-
nogenic regions in the Cap-PCV2 protein, (1) Mahe et al. 
[15] used synthetic peptides and pig sera obtained from 
animals inoculated with isolated PCV2 to detect the pres-
ence of antibody binding regions among the amino acid 
residues 25–47, 65–87, 113–147, 169–183, and 193–207. 
(2) Lou et al. [35] reported the existence of an immuno-
dominant region among the amino acid residues 122–136. 
(3) A study using a set of monoclonal antibodies and 
chimeric PCV1–PCV2 constructs identify three differ-
ent immunogenic regions among the amino acid residues 
47–63, 165–200, and 200–233 [16]. (4) Shang et al. [17] 

Fig. 5  Detection of PCV2 positive sera from the field by PC-12 
peptide based ELISA. A) Positive sera against PCV2 (n = 29) and 
negative control sera (n = 14) were evaluated for PC12 reactivity by 
ELISA (cut-off 0.1). B) Investigation of a humoral response in PCV2-
infected pigs at different time points, using PC-12 peptide and Cap-
PCV2 based ELISA. S/P ratio; (OD sample - OD negative control)/
(OD positive control - OD negative control)
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reported the existence of four epitope regions recognized 
by monoclonal antibodies, and those regions were found 
among the amino acid residues 156–162, 175–192, 195–202, 
and 231–233. (5) Ge et al. [18] reported the following anti-
genic regions: 50–56, 62–67, 68–73, 68–73, 79–84, 86–93, 
102–107, 119–128, and 229–233.

Phage display screening has previously been used for 
epitope mapping in Cap-PCV2 by Ge et al. [18], but here 
we used different phage display libraries. Our analysis 
showed four different epitope regions on Cap-PCV2, which 
included amino acids 52–56, 83–88, 130–142, and 168–173. 
As shown in Fig. 6, our results corroborate previous epitope 
mapping studies.

Here, we identified smaller antigenic regions than those 
identified in previous studies. Additionally, the PF1 and 
PC12 antigenic sites showed serological responses in a 
mouse model. Further, PC12 was used as an antigen in an 
ELISA assay with pig serum, with these results validating 
that PC12 displayed an important antigenic site relevant dur-
ing PCV2 infection. The PC12 region might be of use as a 
target for the future design of new recombinant antigens.

In conclusion, we discovered Cap-PCV2 mimetic pep-
tides capable of inducing antibody production against Cap-
PCV2 when inoculated in mice. We also found that PC12 
(CKPVLDSTIDY) could serve as an antigenic site in pigs 
infected with PCV2. Therefore, our data further elucidates 
the immunogenic regions of Cap-PCV2, which may ulti-
mately improve vaccine development.
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