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Abstract

Porcine circovirus 3 (PCV3) is a newly emerging virus associated with porcine dermatitis and nephropathy syndrome
(PDNS) and reproductive disorders, impacting global pig populations. Porcine circoviruses contain two major open
reading frames (ORFs), and the ORF2 encodes the viral capsid protein (Cap). Cap is the most antigenic structural pro-
tein and an ideal candidate for the development of vaccines and diagnostic reagents. This study generated a mono-
clonal antibody (MAb) specific to PCV3 Cap, MAb CCC160, for diagnosis and pathogenesis studies of this novel virus.
The MAD specifically recognized PCV3-infected swine lymph node tissue in an immunohistochemical analysis con-
firming its clinical diagnostic potential. In addition, a novel linear B-cell epitope recognized by MAb CCC160 was iden-
tified at the amino acid region 120-134 of Cap. Nuclear localization analysis of PCV3 Cap revealed a potential nuclear
localization signal (NLS) in the middle region (aa 131-143) in addition to the dominant N-terminal NLS that is already
known. A cell viability assay further demonstrated that the cytotoxicity of PCV3 Cap is correlated with its nuclear
localization, indicating a crucial role of Cap in the pathogenic mechanism of PCV3. A full-length construct of PCV3
Cap was successfully expressed using a baculovirus expression system and purified recombinant proteins self-assem-
bled into virus-like particles (VLPs). The protein constitution of the VLPs was confirmed by MAb CCC160 recognition,
indicating the correct conformation and specificity of VLP and exhibiting the linear epitope aa 120-134 on the VLP
surface. These results provide insights for developing diagnostic tools and potential VLP vaccines for PCV3, revealing
its pathogenesis and antigenic properties.
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et al. 2007). PCVADs seriously affect pig health and are
regarded as some of the most economically important
swine diseases worldwide (Segalés 2012). In 2015, a
newly emerging virus, Porcine circovirus 3 (PCV3), was
first identified in pigs suffering cardiac and multisystemic
inflammation and in sows that died from PDNS (Palin-
ski et al. 2017; Phan et al. 2016). Therefore, it is necessary
to re-examine the causes of PCVADs and to investigate
the role of PCV3 in them. Since 2016, many countries in
America, Asia, and Europe have reported the detection
of PCV3 and the virus is associated with clinical diseases
in pigs, including respiratory disease, digestive disorders,
inflammatory disorders, and reproductive failure (Palin-
ski et al. 2017; Kedkovid et al. 2018). PCV3 has spread
worldwide, and poses a potential threat to the health of
pigs globally and may cause significant economic losses
in the pig industry.

All PCVs are similar in structure. PCV3 has a 2000-bp
single-stranded DNA genome with two major open read-
ing frames (ORFs). ORF1 encodes the replication-associ-
ated protein (Rep) and ORF2 encodes the capsid protein
(Cap) (Ouyang et al. 2019). According to a gene sequence
analysis, the similarity between the whole genomic DNAs
of PCV3 and PCV2 is<50%, and the amino acid identi-
ties of ORF1 and ORF2 between PCV3 and PCV2 are
only 48% and 26-37%, respectively (Palinski et al. 2017;
Phan et al. 2016). Therefore, the development of diagnos-
tic reagents to detect and differentiate PCV3 infections
is crucial for the control of this newly emerging disease
agent.

The Cap protein of PCVs is the only structural protein
that assembles into the outer shell of the virus, and is
considered the most antigenic protein. The N-terminus
of Cap protein is rich in basic amino acids and displays
nuclear localization signals (NLSs) as identified in PCV2
Cap (Liu et al. 2001) and PCV3 Cap (Mou et al. 2019).
In addition, PCV2 Cap was reported to cause cell death
in PK-15 cells but not in HEK293T cells, suggesting that
capsid protein is cytotoxic to porcine cells (Walia et al.
2014). Furthermore, NLS deletion of PCV2 Cap resulted
in reduced cell death (Yu et al. 2021), suggesting that
nuclear localization sequences play an important role in
the cytotoxicity of Cap.

PCV3 Cap protein contains 214 amino acid (aa), and
the prediction of immune epitopes in the protein identi-
fied seven potential epitopes, spanning almost the whole
surface of the protein, and indicated that the amino acid
at site 24 distinguishes clades PCV3a and PCV3b (Li et al.
2018a). A study showed that the amino acids at sites 10,
24, 27, 77, 104, and 150 are frequently mutated in global
strains (Qi et al. 2019). This suggests that the N-termi-
nal half of PCV3 Cap has a tendency to mutate and that
the C-terminal half of PCV3 Cap is more likely to be

Page 2 of 11

conserved. Therefore, the C-terminal region of PCV3
Cap is more suitable as an antigenic candidate region for
the production of diagnostic reagents. Monoclonal anti-
body (MAb) has become an important tool in molecular
research due to their high specificity in targeting certain
antigens, and is widely used as a diagnostic laboratory
tool to detect the antigens of pathogens (Edwards 1981).
In this study, we expressed and purified the C-terminal
half of the recombinant PCV3 Cap (PCV3rCap) protein
with which to prepare a MAb that specifically recognizes
PCV3 Cap. The specificity of this MAb and its poten-
tial development as a diagnostic reagent was tested with
several serological methods, including western blotting
analysis, immunofluorescence assay (IFA), and immuno-
histochemistry. The subcellular distribution of PCV3 Cap
was further analyzed with the MAb specific to the viral
protein.

Materials and methods

Construction of recombinant plasmids containing defined
codon regions of PCV3 ORF2

The sequence of PCV3 strain TW16 (GenBank accession
no. MN510467) was obtained from the lymph-node tis-
sues of sick pigs with polymerase chain reaction (PCR),
as described previously (Chang et al. 2021). The PCV3
TW16 Cap gene fragment encoding aa 110-214 was
codon-optimized and synthesized (GenScript, USA)
(Additional file 1: Fig. S1), and cloned into the Escheri-
chia coli expression vector pET24a. Two codon-opti-
mized gene fragments encoding aa 110-160 and 160-214
were also amplified with PCR and cloned into pET32a.
The PCV2 Cap gene (GenBank accession no. AY885225)
was codon-optimized and synthesized (GenScript, USA),
and cloned into pET24a. All these constructs contain a
C-terminal six-histidine (6-His) tag. The original full-
length PCV3 Cap gene was cloned into the mammalian
expression vector pcDNAA4 for an IFA. A N-terminal NLS
deletion mutant (PCV3CapANLS,) was constructed by
PCR cloning using primer F: 5-AATCCGAATTCTATG
TCAGAAGAAAACTATTCATTAGGAGGCCC-3 and
R: 5-ATCGAGATATCTTAGAGAACGGACTTGTAA
CGAATCCA-3. Further mutations at the potential NLS
were synthesized (Abclonal, USA), followed by cloned
into pcDNA4c to generate the PCV3CapNLS,m and
PCV3CapANLSNLS,m, respectively.

Expression and purification of PCV3rCap

Escherichia coli BL21 cells were transformed with the
recombinant plasmids. The cells were induced for protein
expression and were harvested as previously described
(Wu et al. 2011). The cell pellet was resuspended in dena-
turation buffer (50 mM sodium phosphate, 300 mM
sodium chloride, 6 M urea, 10 mM imidazole, pH 7.4),
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and centrifuged to remove any debris. The supernatant
was filtered through a 0.45 pm filter membrane (Sarto-
rius, Gottingen, Germany) and purified with Ni-NTA
agarose (Qiagen, Hilden, Germany) affinity chromatog-
raphy. The target protein was eluted with elution buffer
(50 mM sodium phosphate, 300 mM sodium chloride,
6 M urea, 150 mM imidazole, pH 7.4).

Preparation of MAbs specific to PCV3 Cap with hybridoma
technology

Three 6-week-old female BALB/c mice were purchased
from the National Laboratory Animal Center (Taipei,
Taiwan), and were immunized by intraperitoneal injec-
tion with 30 pg of purified recombinant protein PCV3r-
Capl110-214 mixed with an equal volume of Freund’s
complete adjuvant (Sigma-Aldrich, St. Louis, MO, USA).
After 2 weeks, the mouse received a booster injection
of 30 pg purified PCV3rCapl10-214 mixed with an
equal volume of Freund’s incomplete adjuvant (Sigma).
Immunized mice received a final intraperitoneal booster
of 30 pg purified protein without adjuvant. Mice were
sacrificed,and spleen cells fusion with NS-1 myeloma cell
was carried out as previously described (Wu et al. 2011).
The subclass of the MADb was determined with the Pierce
Rapid ELISA Mouse mAb Isotyping Kit (Thermo Fisher
Scientific). All mouse experimental procedures were
reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of National Chung Hsing
University (Taichung, Taiwan) under IACUC approval
number 108-131.

Enzyme-linked immunosorbent assay (ELISA)

and competitive ELISA

A 96-well EIA Assay Microplate (Corning, Corning,
NY, USA) was coated with 50 pL of diluted PCV3r-
Cap110-214 and incubated overnight at 4 °C. The plate
was then washed with PBS (phosphate-buffered saline)
containing 0.05% Tween 20 (PBST) and blocked with
PBS containing 3% bovine serum albumin (BSA) for 1 h
at 37 °C. The culture supernatants of the hybridoma cells
were added to the wells and incubated overnight at 4 °C.
Mouse immune serum and preimmune serum (1:1,000)
were used as the positive and negative controls, respec-
tively. For competitive ELISA, the defined monoclo-
nal antibody (MAb) was incubated with each synthetic
peptide (1 pg/uL) at 37 °C for 1 h, followed by addition
to the wells and overnight incubation at 4 °C. After the
cells were washed with PBST, a horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG antibody (Jack-
son ImmunoResearch Laboratories, Inc., West Grove,
PA, USA), diluted 5,000-fold in PBS containing 1.5%
BSA, was added and the cells were incubated for 1 h at
37 °C. After washing the plate with PBST and the 3,3’,
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5, 5’ -tetramethylbenzidine (TMB) ELISA substrate (Inv-
itrogen, Waltham, MA, USA) was added. The plate was
incubated in the dark at room temperature for 10 min,
and then stop solution (1 N HCI) was added. The OD,
was measured with the MRX Revelation Microplate
Reader (Dynex, Chantilly, VA, USA).

Sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and western blotting analysis
Protein electrophoresis and western blotting analy-
sis were performed as previously described (Wu et al.
2012). The culture supernatant of hybridoma cell secret-
ing monoclonal antibody CCC160 was added as primary
antibody and incubated overnight at 4 °C. The anti-His
antibody (Bio-Rad) at 1:1000 dilution was used as con-
trol. The membrane was soaked in TMB substrate solu-
tion (Invitrogen) for color development.

Cell line

Porcine alveolar macrophage (PAM) cells and swine tes-
tis (ST) cells were cultured in DMEM (Gibco) medium
with 10% fetal bovine serum (FBS) (Gibco) at 37 °C with
5% CO, incubator. Spodoptera frugiperda (Sf9) insect
cells were cultured in ExpiSf" CD medium (Thermo
Fisher Scientific) at 27 °C incubator.

Transfection and immunofluorescence assay (IFA)

The transfection was performed using X-tremeGENE
HP DNA Transfection Reagent (Roche, Basel, Switzer-
land) according to the manufacturer protocol. PAM cells
were seeded in 24 well plates at 70% confluence, then
transfected with 0.5 pg of recombinant plasmid pcD-
NA4cPCV3Cap DNA. ST cells were seeded in 8 well
slides at 50% confluence, then transfected with 0.3 pg
of various pcDNA4c recombinant plasmids express-
ing defined PCV3 Cap recombinant protein. Cells were
incubated for 48 h and then fixed with 4% formaldehyde
(Thermo Fisher Scientific) for 10 min. Each MAb solu-
tion was added to the wells and the samples incubated
overnight at 4 °C. After washing the cells with PBS, Alex-
aFluor-488-labeled goat anti-mouse IgG antibody (1:800,
ThermoFisher Scientific) was added and incubated for
1 h at 37 °C. The plate was washed with PBS and the cells
were counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI; SouthernBiotech, Birmingham, AL, USA).
The cells were observed under an inverted fluorescence
microscope (Olympus IX73, Tokyo, Japan) and a confo-
cal laser-scanning microscope (Olympus FV3000, Tokyo,
Japan).

™

Immunohistochemistry (IHC)
Paraffin-embedded swine lymph node tissue sections
were stained with hematoxylin and eosin (H&E) with the
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Dako REAL"™ EnVision" Detection System (Dako, Santa
Clara, CA, USA) or immunohistochemically stained
with the MADb specific to PCV3 Cap (MAb CCC160) or
a commercial MAb specific to PCV2 Cap (MAb 36A9,
Ingenasa, Madrid, Spain). The 3,3’-diaminobenzidine
(DAB) solution (Bond Biotech, Parkville, MO, USA) was
added as the substrate to detect positive results as a dark
brown insoluble product.

Cell viability assay

ST cells (60% confluence) in a 96-well plate were trans-
fected with 0.3 pg of various pcDNA4c recombinant plas-
mids expressing defined PCV3 Cap recombinant protein.
After 48 h of transfection, cell viability was assessed by
adding 10 pL of WST-8 reagent (AAT Bioquest, Pleas-
anton, CA, USA) to each well of the plate and incubat-
ing at 37 °C for 1 h. Absorbance was measured at 460 nm
using Spark® multimode microplate reader (TECAN,
Hamburg, Germany). The experiments were conducted
in triplicate.

Generation of recombinant baculoviruses

Full-length of PCV3 Cap gene with mutation at a poten-
tial NLS (R133A, K140A, and R143A) was codon opti-
mized and synthesized by ABclonal (Woburn, MA, USA)
according to codon usage bias of Spodoptera frugiperda
(Additional file 1: Fig. S1). Subsequently, it was cloned
into the pFastBacl expression vector (Thermo Fisher
Scientific, USA) and transformed into DH10Bac" com-
petent cells (Thermo Fisher Scientific) to generate the
recombinant Bacmid. Sf9 cells were seeded at a density
of 2.5x 10° cells/mL in a 125 mL vented shake flask, fol-
lowed by transfection with the recombinant Bacmid
using ExpiFectamine™ Sf Transfection Reagent (Thermo
Fisher Scientific). The recombinant baculoviruses Bac/
PCV3Cap were harvested from the culture medium and
stored at —70 °C.

Expression and purification of PCV3 virus-like particle

Sf9 cells were seeded in a 500 mL vented shake flask at
a density of 5x10° cells/mL with the addition of Exp-
iSf™ enhancer (Thermo Fisher Scientific), and cultured
for 18 h followed by infection with 1 mL of recombi-
nant baculoviruses. At 96 h post-infection, Sf9 cells were
harvested by centrifugation, resuspended with 10 mL
of equilibration buffer (20 mM phosphate buffer and
500 mM NaCl, pH 7.4), and then sonicated on ice for 10
cycles of 10 s pulses at 60 s intervals using a Vibra-Cell
Ultrasonic Processors VCX750 (Sonics & Material, New-
towns, USA) at 25% amplitude. The supernatant was col-
lected by centrifugation and filtered through a 0.22 pm
filter, and further purified by AKTA Fast protein liquid
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chromatography (FPLC) system (GE-Healthcare Life Sci-
ences, USA).

Transmission electron microscopy

A carbon-coated cooper grid was coated with 10 ul of
purified PCV3 VLP for 5 min at room temperature, fol-
lowing by wash with distilled deionized water (DDW) for
10 s. Subsequently, the grid was stained with 1% phos-
photungstic acid (PTA) for 8 min and residual dye was
removed using filter paper. For Immunogold labeling,
samples were coated at a carbon-coated nickel grid for
5 min at room temperature, followed by washing with
PBS and blocking with 1% BSA in PBS. The grid was then
incubated with the MAb specific to PCV3 Cap at 4 °C
overnight. After washing with 1% BSA in PBS, goat anti-
mouse antibodies conjugated with 15 nm gold particles
(SIGMA) were added and incubated at 37 °C for 1 h. Sub-
sequently, the grids were washed twice with 0.1% BSA in
PBS and then rinsed with PBS four times. The grids were
then fixed with 1% glutaraldehyde for 5 min followed by
two washes with PBS, and six times rinses with DDW.
Finally, the grids were stained with 1% PTA for 8 min,
and then observed under a transmission electron micro-
scope (TEM) (JEMI 1400, JEOL, Tokyo, Japan).

Results

Preparation and characterization of MAbs specific to PCV3

Cap

The defined region spanning aa residues 110-214 of the
PCV3rCap protein was expressed in the E. coli pET24a
system. PCV3rCap110-214, expressed with a six-histi-
dine (6-His) C-terminal tag, was purified with Ni-NTA
affinity chromatography and then used as the antigen
to immunize BALB/c mice for the production of hybri-
domas. A stable hybridoma secreting antibody spe-
cific to PCV3rCap was selected, cloned, and designated
MAb CCC160, which belongs to the IgG2a subclass. The
specificity of MAb CCC160 was analyzed with west-
ern blotting using a variety of E. coli-expressed recom-
binant PCV3rCap and PCV2rCap proteins. As shown
in Fig. 1la, MAb CCC160 specifically recognized the
PCV3rCapl110-214 and PCV3rCapll0-160, but not
PCV3rCapl60-214 or PCV2rCap. In addition, MAb
CCC160 was able to recognize PAM cells transfected
with pcDNA4c/PCV3Cap and showed that the PCV3
Cap protein mainly accumulated in the cell nucleus with
a minor presence in the cytoplasm (Fig. 1b). In contrast,
no signal was observed in PAM cells transfected with
pcDNA4c/PCV2Cap, which were recognized by the
commercial MAb 36A9 specific to PCV2 Cap. Western
blotting results showed that the epitope was located at
aa 110-160, and competitive ELISA was used for fur-
ther fine mapping of the MAb CCC160 epitope. Potential
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pcDNA4c

e
PCV3 Cap peptides

MAb CCC160 MADb 36A9

Fig. 1 Characterization of the monoclonal antibody specific to PCV3 Cap. a The MAb CCC160 was examined by western blotting analysis
for its recognition of various purified recombinant proteins, including three recombinant PCV3 Cap proteins (Cap110-214, Cap110-160,

and Cap161-21

4), a recombinant PCV2 Cap protein, and the pET32a carrier protein. Lane M: marker. b ST cells were transfected with pcDNA4c/

PCV3 Cap and pcDNA4c/PCV2 Cap, respectively, and fixed at 48 h post-transfection, followed by immunofluorescence assay with the MAb CCC160
or the commercial MAb 36A9 which is specific to PCV2 Cap. ¢ Epitope mapping of MAb CCC160 was performed using a competitive ELISA. The
results were presented as the mean + SD of triplicate experiments. Statistical significance was assessed with one-way ANOVA. **** P-value < 0.0001
when compared to the cell control group. d Characterization of the specificity of MAb CCC160 with immunohistochemistry (IHC). H&E staining

of lymph node tissues from PCV3*PCV2~ pigs and PCV3~PCV2* pigs showed macrophage proliferation and mild lymphocyte depletion, whereas
that from PCV37PCV2™ pigs showed normal morphology. The IHC staining results showed that MAb CCC160 specifically recognized PCV3-infected
tissues and a positive signal was observed (arrowed) but was not observed in normal or PCV2-infected tissues. The MAb 36A9 was used as a control

to recognize PCV2-infected tissue

B cell epitopes of PCV3 Cap110-214 were predicted by
Immune Epitope Database (IEDB) Analysis Resource
(Vita et al. 2019) and six peptides were synthesized (All-
bio, Taiwan). The binding affinity of MAb CCC160 to
PCV3rCapl110-214 was remarkably reduced to 35%
when incubated with the synthetic peptide 120-134, and
moderately decreased to 57% when incubated with the
peptide 144-160 (Fig. 1c). Furthermore, clinical lymph
node specimens from PCV3TPCV2~, PCV3 PCV2T,
and PCV3™PCV2~ pigs, confirmed with PCR, were sec-
tioned for immunohistochemical staining with MAb
CCC160. As shown in Fig. 1d, positive signals for PCV3
antigen were observed in the mononuclear cells from
the PCV3*PCV2™ pigs, whereas no signal was present in
the samples from PCV3 PCV2* or PCV3"PCV2~ pigs.

Therefore, MAb CCC160 specifically recognized PCV3-
infected tissues and differentiated them from PCV2-
infected tissues, which were stained with a commercial
MAD directed against PCV2 Cap (Fig. 1d).

Nuclear localization analysis of PCV3 Cap

Full length (Cap) and the N-terminal NLS deletion
mutant (Cap/ANLS,) of PCV3 Cap were constructed for
nuclear localization analysis with MAb CCC160 by IFA
assay (Fig. 2). PCV3 Cap was predominantly accumu-
lated in nuclei of swine testis cells at 48 h post transfec-
tion, however, the CapANLSN showed distribution in
both the cytoplasm and the nuclei (Fig. 2b). Sequence
analysis of PCV3 Cap with NLStradamus prediction
which is a nuclear localization signals (NLSs) predictor
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Fig. 2 Analysis of PCV3 Cap protein subcellular distribution by immunofluorescence assay. a Schematic diagrams of PCV3 Cap mutants. b ST cells
were transfected with defined recombinant plasmid and fixed at 48 h post-transfection followed by staining with MAb CCC160

(Nguyen et al. 2009) revealed a potential NLS desig-
nated as NLS, at aa 131-143 (TRRVMTSKKKHSR).
This region is a short stretch rich in the basic amino
acids arginine (R) and lysine (K). To further estimate
the potential NLS;, activity, two NLS, mutants (NLS,m)
were constructed by replacing the basic amino acids with
alanine (A), as shown in Fig. 2a. PCV3 Cap with NLS;
mutation (NLSp,m) was distributed in nuclei, in contrast,
Cap with both the NLSy deletion and NLS, mutation
(CapANLSNLS,m) exhibited predominant localiza-
tion in the cytoplasm, as shown in Fig. 2b. In addition,
the cytotoxicities of PCV3 Cap and its various mutants
were assessed by analyzing cell viability using a cell via-
bility assay. As depicted in Fig. 3, the presence of PCV3
Cap and CapNLS,m in the cell nuclei led to a significant
reduction in cell viability at 48 h post transfection, while
no difference was observed in CapANLSy and CapANLS
NNLSpm.

Expression and characterization of PCV3 VLP

The codon optimized full-length of the PCV3 Cap gene
was synthesized into pFastBacl donor vector to con-
struct the recombinant baculovirus Bac/PCV3Cap.
Sf9 cells were infected with recombinant baculovirus
for 48 h, expression of PCV3 Cap recombinant pro-
teins was characterized by IFA with MAb CCC160. As
shown in Fig. 4a, full-length Cap recombinant proteins
were efficiently expressed in Sf9 cells, while Cap/BacN-
LSpm with mutated NLS, (R133A, K140A, and R143A)
was mainly distributed in the cytoplasm instead of
nuclear accumulation. Purified PCV3 Cap/BacNL-
Spm recombinant proteins were subjected to TEM and
immunogold staining. As shown in Fig. 4b, expressed
Cap/BacNLS,m self-assembled to form VLPs with a
size of approximately 20 nm. VLPs were further charac-
terized by immunogold staining with the MAb CCC160
(Fig. 4¢).
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Fig. 3 Relative cell viabilities of PCV3 Cap recombinant plasmids
transfected-ST cells ST cells were transfected with pcDNA4c/
PCV3Cap, pcDNA4c/PCV3CapANLSy, pcDNA4c/PCY3CapNLS,m,
and pcDNA4c/PCV3CapANLS NLS,m, respectively. The results were
presented as the mean +SD of triplicate experiments. Statistical
significance was assessed with one-way ANOVA. ** P-value <0.01
when compared to the cell control group

Discussion

Since it was first reported, PCV2 has affected pig herds
worldwide for more than three decades. Although many
commercial vaccines are currently available for PCV2,
PCV2-caused PCVADs are still endemic, resulting in
serious economic losses in the pig industry (Afghah et al.
2017). In 2015, novel PCV3 was identified, which was
associated with PDNS, cardiac and multisystemic inflam-
mation, respiratory disease, and reproductive failure (Pal-
inski et al. 2017; Phan et al. 2016). Several reports have
shown that PCV2 and PCV3 frequently coinfected swine
herds, with coinfection rates of 3—-57% (Chang et al. 2021;
Wang et al. 2020). The etiology of PCVADs is becom-
ing more complicated with the further investigation of
PCV3. Both PCV2 and PCV3 are clinically associated
with PDNS-like diseases, reproductive disorders, and
respiratory diseases (Palinski et al. 2017; Kedkovid et al.
2018). The nucleic acids of PCV3 can be detected in the
organs, feces, semen and colostrum of infected animals
(Tan et al. 2021). Lymphoid tissue lesions are charac-
teristic of PCV2 infection, and PCV3 also causes lym-
phatic lesions (Palinski et al. 2017; Chianini et al. 2003).
Therefore, a diagnostic tool that can specifically detect
and differentiate PCV2 and PCV3 infections is urgently
required.

Monoclonal antibodies have been widely used in viral
research and diagnosis, and a highly specific MAb can be
used to differentiate infections if the pathogen appears as
a unique subtype, defined by antigenic differences (Sid-
diqui 2010). Recently, several MAbs directed against the
PCV3 Cap protein have been produced. One MAD has
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been produced that recognized E. coli-expressed PCV3r-
Cap in a western blotting analysis and demonstrated its
reactivity against PCV3-infected pig tissues with immu-
nohistochemical staining (Li et al. 2018b). An E. coli-
expressed N-terminally truncated PCV3 Cap was used
as the antigen to generate a panel of MAbs for epitope
mapping with peptide ELISA, and three conserved linear
B-cell epitopes were identified at aa 57-61, aa 140-146,
and aa 161-166 (Jiang et al. 2020). In the present study,
the MAb CCC160 specific to PCV3 Cap was generated
and shown to specifically recognize PAM-expressed
PCV3rCap with IFA (Fig. 1b). MAb CCC160 was also
shown to specifically recognize the lymph-node tissues of
PCV3*PCV2~ pigs, but not in those of PCV3 " PCV2~ or
PCV3™PCV2* pigs, with immunohistochemical stain-
ing (Fig. 1d), suggesting its potential utility as a diagnos-
tic reagent for the detection and differentiation of PCV3
infections. For fine epitope mapping, we utilized over-
lapping synthetic peptides in a competitive ELISA. The
results demonstrated that the binding ability of MAb
CCC160 to PCV3rCapl10-214 was significantly dimin-
ished when incubated with peptide aa 120-134 (Fig. 1c).
This finding suggests that the epitope recognized by MAb
CCC160 is likely located within this region. However, the
peptide aa 144-160 also showed moderate inhibition of
MAb CCC160 binding activity to Cap. The 3D model
constructed based on PCV3 Capl10-214 by SWISS-
MODEL (Waterhouse et al. 2018) showed the struc-
tures of both peptides were a loop and located adjacent
to each other in the tertiary structure (data not shown).
Therefore, peptide aa 144—160 may bind MAb CCC160
due to its structural similarity to aa 120-134, resulting
in a reduced ability of MAb CCC160 to bind PCV3r-
Cap110-214. Epitope mapping of MAb CCC160 revealed
a novel linear B-cell epitope located at aa 120-134, dis-
tinct from previously identified antigenic epitopes.

PCV3 Cap predominantly accumulates in the nucleus
and its nuclear localization sequence (NLS) has been
defined at aa 8—32 (Mou et al. 2019). In the present study,
the PCV3 Cap recombinant protein with N-terminal
NLS deletion (PCV3CapANLSy) showed distribution in
the cytoplasm and nucleus (Fig. 3b), suggesting the pres-
ence of additional NLS or related sequences that have
not been characterized yet. A potential NLS at aa 131-
143 (TRRVMTSKKKHSR) was predicted by NLStrada-
mus. However, in the mutant (PCV3CapNLSym)
where the basic amino acids within this potential NLS
(NLSp) were mutated to abolish NLS activity, the pro-
tein remained localized within the nucleus. The mutant
(PCV3CapANLSNLS,m) with both N-terminal NLS
deletion and potential NLS mutation demonstrated pre-
dominant cytoplasmic distribution. These results indicate
that the N-terminal NLS (aa 1-35) of PCV3 Cap plays a
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MAb CCC160 DAPI

Cap/BacNLSm

Mock

PCV3 VLPs Immunogold-labelled
Fig. 4 Preparation and characterization of PCV3 Cap VLPs. a Expression of full-length PCV3 Cap with mutated NLS, (Cap/BacNLS,m) recombinant
protein in Sf9 cells. Sf9 cells were infected with the recombinant baculovirus and fixed at 48 h post-infection, followed by immunofluorescence
assay with the MAb CCC160. b The purified Cap/BacNLS,m VLPs were negatively stained (b) and further recognized with the MAb CCC160

by immunogold staining (c), followed by observation using a TEM. The scale bar is 100 nm

major role in nuclear localization, exhibiting competent  X(K/R) of classical monopartite NLS (Kosugi et al. 2009),
NLS activity, whereas the potential NLS at aa 131-143  resulting in lower affinity for binding with the nuclear
appears to be a minor NLS. The weak nuclear localization ~ import protein importin a. In addition, the effect of
activity of NLS;, is probably due to its atypical amino acid PCV3 Cap cellular distribution on porcine cell was fur-
sequence compared to the consensus sequence K(K/R) ther analyzed by cell viability assay with WST-8 reagent.
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As shown in Fig. 3, expression of PCV3 Cap or Cap with
NLS; mutation demonstrated significant decreases in cell
viabilities, suggesting that accumulation of PCV3 Cap in
the cell nucleus may cause severe cytotoxicity, leading to
cell death. This result is similar to a previous study which
demonstrated that PCV2 Cap could induce cell death in
PK-15 cells, and this effect was reversed in the truncated
NLS Cap mutant (Walia et al. 2014). PCV3 Cap exhibits
toxicity towards porcine cells, and its cytotoxic effect is
correlated with the nuclear localization of the protein
(Fig. 3). Further research is needed to investigate the
cytotoxicity mechanism induced by PCV3 Cap.

Vaccination has been used widely to effectively prevent
viral infections in swine. The capsid protein of PCV is
considered to be the most immunogenic, making it the
optimal candidate for developing PCV3 vaccines. Due
to the presence of decoy epitopes in PCV2, it can lead to
the generation of non-neutralizing antibodies induced
by capsid monomer subunit vaccines (Trible et al. 2012).
Subunit vaccines in the form of VLP avoid the exposure
of decoy epitopes, thus reducing the production of non-
neutralizing antibodies and inducing specific neutralizing
antibodies, thereby enhancing vaccine efficacy (Jin et al.
2018). Although it is unclear whether PCV3 possesses
such a decoy epitope, VLP mimics the original structure
of virus particle and presents viral proteins in a native
tertiary conformation, allowing for inducing a highly spe-
cific and strong B-cell immune response (Roldao et al.
2010). Therefore, we established a baculovirus expression
system to produce full-length of PCV3 Cap. The mutant
Cap/BacNLS,m with NLS, mutation (R133A, K140A,
and R143A) was constructed for relieving nuclear locali-
zation that could be a better vaccine candidate. Both wild
type and the NLS, mutant could be recognized by MAb
CCC160, and Cap/BacNLSpm is mainly distributed in the
cytoplasm (Fig. 4a), suggesting that those basic amino
acids at positions 133, 140, and 143 in NLS,;, are critical
for the nuclear localization of the Cap protein in Sf9 cells.
In vaccine development, mutation of PCV3 Cap NLS;
reduces nuclear accumulation and cytotoxic effect of the
protein, facilitating purification and enhancing produc-
tion of the recombinant protein. The expressed PCV3
Cap/BacNLS,m recombinant proteins self-assembled to
form VLPs with correct conformation (Fig. 4b) and speci-
ficity (Fig. 4c), indicating that the epitope 120-134 rec-
ognized by MAb CCC160 is located on the surface of the
VLP. The efficacy of the PCV3 Cap VLP vaccine needs
further studies.

In summary, newly emerging PCV3 has spread world-
wide, significantly affecting pig health. For accurate detec-
tion and the in-depth pathogenesis study of the virus, a
MAD specific to PCV3 Cap was generated and confirmed
to specifically recognize swine-macrophage-expressed
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PCV3 Cap protein. MAb CCC160 also highly specifi-
cally recognized PCV3-infected pig tissue, suggesting it
may have great potential use in clinical diagnosis. The
nuclear localization analysis of PCV3 Cap revealed a
potential NLS (NLS;) in addition to the dominant N-ter-
minal NLS. Cellular distribution of PCV3 Cap is associ-
ated with NLSs, and nuclear accumulation of this protein
could induce cytotoxic effect in porcine cells. The full-
length Cap recombinant proteins with NLS, mutation
could form VLP with correct conformation and speci-
ficity recognized by MAb CCC160, confirming that the
newly identified epitope 120-134 is on the surface of
the virion. These findings offer valuable insights into the
characteristics and detection of PCV3 and provide signif-
icant information regarding the function of PCV3 Cap in
viral pathogenicity.
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