JVI

Journals.ASM.org

Recognition of the Different Structural Forms of the Capsid Protein
Determines the Outcome following Infection with Porcine Circovirus

Type 2
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Porcine circovirus type 2 (PCV2) capsid protein (CP) is the only protein necessary for the formation of the virion capsid, and
recombinant CP spontaneously forms virus-like particles (VLPs). Located within a single CP subunit is an immunodominant
epitope consisting of residues 169 to 180 [CP(169-180)], which is exposed on the surface of the subunit, but, in the structural
context of the VLP, the epitope is buried and inaccessible to antibody. High levels of anti-CP(169-180) activity are associated
with porcine circovirus-associated disease (PCVAD). The purpose of this study was to investigate the role of the immune re-
sponse to monomer CP in the development of PCVAD. The approach was to immunize pigs with CP monomer, followed by chal-
lenge with PCV2 and porcine reproductive and respiratory syndrome virus (PRRSV). To maintain the CP immunogen as a stable
monomer, CP(43-233) was fused to ubiquitin (Ub-CP). Size exclusion chromatography showed that Ub-CP was present as a sin-
gle 33-kDa protein. Pigs immunized with Ub-CP developed a strong antibody response to PCV2, including antibodies against
CP(169-180). However, only low levels of virus neutralizing activity were detected, and viremia levels were similar to those of
nonimmunized pigs. As a positive control, immunization with baculovirus-expressed CP (Bac-CP) resulted in high levels of vi-
rus neutralizing activity, small amounts of anti-CP(169-180) activity, and the absence of viremia in pigs following virus chal-
lenge. The data support the role of CP(169-180) as an immunological decoy and illustrate the importance of the structural form
of the CP immunogen in determining the outcome following infection.

Porcine circovirus-associated disease (PCVAD) encompasses a
variety of progressive disease syndromes that include a variety
of clinical signs, such as respiratory distress, wasting, dermatitis,
reduced growth performance, and reproductive failure (3, 4, 12).
A new syndrome, acute pulmonary edema (APE), is characterized
by the rapid onset of respiratory distress followed by death (5).
Experimental studies demonstrate that the infection of pigs with
porcine circovirus type 2 (PCV2) alone is necessary but not suffi-
cient to induce PCVAD and requires additional cofactors, which
can include infection with viruses or bacteria, immune stimula-
tion following vaccination, and the genetics of the host (17, 20, 21,
27, 28, 33, 35). The contribution of cofactors in disease progres-
sion is likely related to immune modulation combined with in-
creased numbers of proliferating lymphocytes, the primary targets
of virus replication. One example is the experimental coinfection
of pigs with PCV2 and porcine reproductive and respiratory syn-
drome virus (PRRSV). Coinfection results in increased PCV2
viremia and the appearance of clinical signs resembling PCVAD
(1, 30, 36, 40, 43).

PCV2 isolates are placed in two major genotypes, termed
PCV2a and PCV2b (37). A third genotype, PCV2c, was identified
in archived tissues from Denmark (6). The virion is nonenvel-
oped, with a 1.7-kb circular single-stranded DNA genome which
is dominated by three open reading frames (ORFs) (10). The larg-
est, ORFI1, encodes the replicase proteins, Rep and Rep’ (23).
ORF3, which is embedded within ORF1, is reported to be involved
in apoptosis. However, a role for ORF3 in pathogenesis remains
controversial (14, 18). ORF2 codes for the 233- or 234-amino-
acid capsid protein (CP), which is responsible for forming the
homopolymer icosahedral capsid (26). In addition, CP partici-
pates in the attachment, entry, and shuttling of the viral genome
across the nuclear pore complex and into the nucleus, the site of
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virus replication (25, 39). CP expressed in baculovirus or Esche-
richia coli spontaneously forms a virus-like particle (VLP), dem-
onstrating that CP alone is sufficient for capsid formation (15, 19,
45, 46). Recombinant vaccines incorporating baculovirus-ex-
pressed CP (Bac-CP) are effective in reducing viremia, improving
growth performance, and protecting against PCVAD (7, 12, 16,
24). Another vaccine approach is the expression of CP using a
PCV1 backbone (8). We showed that sera from pigs vaccinated
with Bac-CP preferentially react with a single CP polypeptide frag-
ment consisting of residues 43 to 233 [CP(43-233)] and possess
strong virus neutralizing activity. PCVAD-affected pigs and a sub-
set of pigs experimentally infected with PCV2 recognize CP(43-
233) but also recognize a group of truncated polypeptides that
contain a single epitope, 169-STIDYFQPNNKR-180, which is lo-
cated within the epitope C region of CP (42, 44). Mahé et al. (22)
identified a similar immunodominant oligopeptide. Results of al-
anine scanning mutagenesis showed that 173-Tyr, 174-Phe, 175-
Glu, and, to a lesser extent, 179-Lys are important for antibody
(Ab) recognition (42). Removal of a single key residue is sufficient
to inhibit antibody recognition.

Recently, Khayat et al. (15) reported the crystal structure of
CP(40-233). Maintenance of CP as a monomer required the pres-
ence of 20 mM 3-(cyclohexylamino)-1-propanesulfonic acid
(CAPS) and 200 mM L-Arg. The monomer structures were assem-
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FIG 1 Location of the CP(169-180) epitope within a single CP subunit and
VLP. Depicted are the ribbon (A) and surface (B) maps of a single CP subunit.
The blue and red residues form the epitope CP(169-180). The blue residues
are important for antibody recognition (22). The VLP (C) shows the surface of
the VLP with a single CP shown in green, red, and blue. The 173-Tyr residue is
colored blue; however, due to it’s location and orientation, it is not accessible
on the surface of the VLP. The red and blue regions correspond to the same
residues identified in panel A. Coordinates for the PCV2 CP(41-233) subunit
and VLP were accessed through the RCSB Protein Data Bank (PDB code
3ROR) (2, 11) and loaded into the open source molecular visual program,
Chimera (29). Term, terminus.

bled into a VLP model consisting of 60 CP subunits to form an
icosahedron with T=1 symmetry, which was identical to a cryo-
electron microscopy (EM) reconstruction of VLPs derived from
Bac-CP. Representations of ribbon and space-filling structures for
a single CP subunit are shown in Fig. 1A and B. The CP(169-180)
domain forms an external loop structure, which protrudes from
the outer surface of the CP subunit. The key antibody binding
residues, 173-Tyr, 174-Phe, and 175-Glu, are located in the mid-
dle of a connecting loop domain and lie in a similar plane. The
location and orientation of CP(169-180) within the VLP capsid
are shown in Fig. 1C. The CP(169-180) region is located near the
interface of the icosahedral 3-fold axis. Close examination reveals
that, of the key residues, only 173-Tyr (blue residue in Fig. 1C) is
visible on the surface of the VLP but is located at the bottom of a
cleft formed by the junction of three CP monomers. The remain-
ing antibody binding residues are not visible on the surface.
Combining previous experimental observations with the mod-
els for the CP monomer and VLP provides a structural basis for
the function of CP(169-180) as a decoy epitope, i.e., an immuno-
dominant epitope not involved in protection, and diverts the im-
mune response away from protective epitopes. Therefore, we pre-
dicted that immunization of pigs with monomer CP should favor
the production of antibodies against CP(169-180) and should not
protect pigs following virus challenge. In this study, pigs were
immunized with a stabilized form of CP monomer protein and
then cochallenged with PCV2 and PRRSV. The results showed
that immunization with the CP monomer induced high levels of
PCV2-specific antibodies but low levels of PCV2 neutralizing ac-
tivity and failed to protect pigs following virus challenge. Overall,
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the antibody response produced against the CP monomer was
similar to that observed for pigs with PCVAD.

MATERIALS AND METHODS

Cloning and expression of proteins and polypeptides. A PCV2b capsid
gene fragment containing amino acid residues 43 to 233 was cloned and
expressed in the E. coli vector pHUE as previously described (42). To
obtain enhanced green fluorescent protein (EGFP), the coding region of
EGFP was PCR amplified from the pEGFP-C3 vector using the forward
primer 5'-CCGCGGTGGTATGGTGAGCAAGGGCGAGG and the re-
verse primer 5'-AAGCTTTTACTTGTACAGCTCGTCCATGC. Sacll
and HindIII restriction enzyme sites (underlined sequences) were added
to 5" primer ends. The PCR product was doubly digested with SacII and
HindIIL, cloned into pHUE (2), and then transformed into E. coli BL21
(Invitrogen) according to the manufacturer’s instructions. For protein
expression, bacteria were grown in Luria-Bertani (LB) broth plus ampi-
cillin (0.01 mg/ml) and incubated at 37°C with shaking. When the optical
density at 600 nm (ODy,) reached 0.4 to 0.6, protein expression was
induced with isopropyl B-p-1-thiogalactopyranoside (IPTG; 1 mM/ml
final concentration), and bacteria were harvested 4 h later. Protein was
purified using a USB PrepEase histidine-tagged protein purification kit
(Affymetrix/USB) under nondenaturing conditions, according to the
manufacturer’s directions. Purity was assessed by SDS-PAGE, and total
protein was measured using a Bio-Rad protein assay (Bio-Rad Laborato-
ries, Inc.).

Size exclusion chromatography (SEC). A 400-mm by 15-mm column
(Fischer and Porter) was packed with Sephacryl G-200 high-resolution gel
filtration medium (GE Healthcare) to a final bed volume of 60 ml. The
column was equilibrated with elution buffer (EB) (50 mM NaH,PO,, 300
mM NaCl, 250 mM imidazole, pH 8.0 [Affymetrix/USB]) and calibrated
for a 1-ml/min flow rate, as reccommended by the manufacturer. The void
volume (V,)) was determined using Blue Dextran (Sigma). Proteins of
known size, including bovine serum albumin (BSA; New England Bio-
Labs), lysozyme (Sigma), and GFP fused to ubiquitin (Ub-GFP) were
included as standards. Proteins and Blue Dextran were diluted in EB to a
final concentration of 1 mg/ml and loaded onto the column. Two-milli-
liter fractions were collected. Blue Dextran was measured by absorbance
at 610 nm. Protein concentrations were measured in each fraction by
protein assay (Bio-Rad). The peak fraction containing Ub-GFP was con-
firmed by GFP fluorescence. In addition to total protein, the relative con-
centration of Ub-CP(43-233) was estimated by immunoassay. Briefly,
from an initial dilution of 1:2, serial 2-fold dilutions of each Ub-CP (43—
233)-containing fraction were prepared in 0.05 M carbonate binding buf-
fer (pH 9.6), 100 pl of each was added to a 96-well enzyme-linked immu-
nosorbent assay (ELISA) plate (Costar), and the plate was incubated
overnight at 4°C. After incubation, plates were washed with phosphate-
buffered saline (PBS) containing 0.01% Tween 20 (PBST) and blocked for
2 hat room temperature with PBS containing 10% goat serum (PBS-GS).
Plate-bound antigen was detected with serum from a pig with PCVAD.
Serum, diluted 1:400 in PBS plus 10% goat serum, was added to each well
(Colorado Serum Company). Following incubation and washing steps,
100 pl of peroxidase-labeled goat anti-swine antibody (Accurate Chemi-
cal and Scientific Corp.), diluted 1:2,000 in PBS-GS, was added to each
well. After incubation at room temperature for 1 h, plates were washed
with PBST, and 100 .l of the chromogenic substrate ABTS [2,2"-azino-
bis(3-ethylbenzthiazolinesulfonic acid)] (KPL) was added to each well.
Peroxidase activity was detected by measuring the absorbance at 405 nm.
A standard curve was constructed by plotting the elution volume (V,)
divided by V/, against the log,, of the formula weight of each standard.

Animal experiments. Experiments involving animals were performed
after approval by Kansas State University Institutional Animal Use and
Biosafety committees. PCV2-negative pigs were derived as described by
Opriessnig et al. (29). Briefly, offspring from pregnant dams possessing
indirect fluorescence antibody (IFA) titers of less than 320 were selected.
At 3 weeks of age, 26 pigs, confirmed PCR negative for PCV2 and with low
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TABLE 1 Treatment groups

Group (n)* Immunogen PCV2/PRRSV
Non-IM (8) None Yes
Bac-CP (8) Bac-CP vaccine Yes
Ub-CP (8) Ub-CP Yes
Control (2) None No

@ n, number of pigs.

IFA titers, were assigned to three treatment groups with eight pigs in each
group, plus a reference control group of two pigs. The seven pigs that
possessed maternally derived antibodies were divided equally between
treatment groups. Table 1 and Fig. 2 show the experimental groups and
the timeline for the experiment, respectively. Treatment groups included
pigs immunized with Ub-CP, pigs immunized with Bac-CP (commercial
vaccine), and pigs that were not immunized (nonimmunized, or non-
IM). The reference control group contained two pigs that were neither
immunized nor challenged. The Ub-CP immunogen consisted of Ub-
CP(43-233) at a concentration of 50 pg/ml emulsified in Emulsigen-D
adjuvant (20%, vol/vol; MVP Technologies), gentamicin (30 pg/ml), and
thimerosal (0.01%) prepared in a 2-ml volume of minimal essential me-
dium (MEM). Pigs were immunized intramuscularly with a 2-ml dose at
4 and 7 weeks of age. The Bac-CP immunogen consisted of a commercial
vaccine (Intervet-Schering Plough) administered as a 2-ml dose at 4 and 7
weeks of age, according to the label instructions. The PCV2b-PRRSV
preparation used for challenge was the same as described previously (42,
43). Pigs in each treatment group were intermingled and challenged with
PCV2b-PRRSV at a dose of approximately 10° 50% tissue culture infective
doses (TCIDs,) for each virus. The 3-ml virus inoculum was administered
intranasally, with 1.5 ml divided between nares. Following virus challenge,
pigs were monitored daily for clinical signs, and blood samples were col-
lected weekly. Weights were measured at the beginning of the study, at
virus challenge, and at the termination of the study. At the end of the
study, lung, kidney, and lymphoid tissues were collected for histopathol-
ogy and PCV2 immunohistochemistry (IHC).

Immunohistochemistry for PCV2. PCV2 antigen was detected by
IHC staining on paraffin-embedded tissue sections. At necropsy, tissues
were immediately placed in 10% buffered formalin. After processing, par-
affin-embedded sections were mounted on slides, deparaffinized, and
stained using an automated procedure (NexES IHC Staining Module;
Ventana Medical). PCV2 antigen was detected using a rabbit anti-PCV2
polyclonal antibody (Veterinary Medical Research and Development,
Inc.) Bound antibody was detected with biotinylated goat anti-rabbit IgG
followed by avidin-horseradish peroxidase and diaminobenzidine (DAB)
chromogen (Ventana Medical). Slides were counterstained with hema-
toxylin and eosin.

PCV2 PCR. PCV2 in serum was measured using a semiquantitative
TagMan PCR assay, performed as routine diagnostic tests by personnel in
the Kansas Veterinary Diagnostic Laboratory (KSVDL). Briefly, total
DNA was isolated from serum using a MagMAX-96 Viral DNA Isolation

Kit (Applied Biosystems) according to the manufacturer’s instructions.
The PCRs were carried out on a QST 7500 Real-Time PCR System (Ap-
plied Biosystems) in a 96-well format. For the construction of a standard
curve, dilutions of template DNA were prepared and assayed concurrently
with the samples. The assay results were reported as the log,, of PCV2
DNA copy number per 50-p.l reaction volume.

Measurements of PCV2 and PRRSV antibodies. Total PCV2 anti-
body in serum was measured by IFA as previously described (43). Briefly,
rapidly dividing swine testicle (ST) cells, maintained in MEM with 7%
fetal bovine serum (FBS) and gentamicin (30 pg/ml [MEM-FBS-Gent])
on 96-well plates, were infected with a laboratory isolate of PCV2b. Three
days later, the plates were fixed in 80% acetone. Serum samples were
added at an initial dilution of 1:40 followed by serial 1:2 dilutions in a total
volume of 100 pl. Samples were diluted in PBS with 10% fetal bovine
serum (PBS-FBS; Sigma) and incubated for 2 h at room temperature.
After samples were washed with PBS, fluorescein isothiocyanate (FITC)-
labeled anti-pig antibody (Jackson Laboratory) diluted 1:2,000 in PBS-
FBS was added to each well. Plates were incubated for 2 h at room tem-
perature, washed, and viewed on an inverted fluorescence microscope.
The results were reported as the reciprocal of the last serum dilution
showing fluorescence.

PCV2 neutralizing activity was measured as previously described (43).
Briefly, serial 1:2 dilutions of serum were prepared in MEM-FBS-Gent.
Four 100-pl replicates of each dilution were mixed with 100 TCID5, of
PCV2b (100 pl each) and incubated for 1 h at 37°C. The well contents
were transferred onto day-old ST cells in 96-well plates. Following incu-
bation for 4 days at 37°C, wells were fixed in 80% acetone. Infection was
detected with anti-PCV2 antibody (kindly provided by Ying Fang), di-
luted 1:2,000 in phosphate-buffered saline (PBS), followed by incubation
with FITC-labeled anti-mouse antibody (Jackson Laboratory). The log,
50% neutralizing antibody (NA,) endpoint was calculated according to
the method of Spearman and Karber (9).

Anti-CP(169-180) antibody was measured by ELISA on 96-well plates
coated with 100 pl of CP(169-180) oligopeptide (21st Century Biochem-
icals) at a concentration of 4 pug/ml (42, 43). Plates were incubated over-
night at 4°C. After being washed with PBS containing 0.05% Tween 20
(PBST), plates were blocked for 2 h at room temperature (RT) with PBS
containing 10% goat serum (PBS-GS). Serum, diluted 1:400 in PBS-GS,
was added to each well and incubated for 2 h at RT. Plates were washed
with PBST, and 100 pl of peroxidase-labeled goat anti-swine antibody
(Accurate Chemical and Scientific Corp.), diluted 1:2,000 in PBS-GS, was
added to each well. After incubation at RT for 1 h, plates were washed with
PBST, and 100 .l of ABTS was added to each well. Peroxidase activity was
detected by measuring the absorbance at 405 nm on a FLUOstar Omega
instrument (BMG Labtech). To compare results across experiments, each
ELISA plate included an internal positive control as previously described
(42, 43). Results were reported as the antibody binding ratio, calculated as
the A,,5 value of the unknown sample minus background divided by the
A 05 value of the internal positive control minus background.

PRRSV-specific antibody was analyzed by a commercially available
ELISA (PRRS X3; IDEXX). Samples were considered positive if the ratio of

Virus negative 1st Termination
antibody-low immunization of study
) pigs selected . 2nd
Sows with Pigs immunization
low PCV2 enter .
antibody challenge Virus
identified facility challenge
3 -2 1 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 Age
(wks)
-42 -35 -14 0 7 14 21 28 35 42 Day
after
challenge

FIG 2 Study timeline. wks, weeks.

13510 jviasm.org

Journal of Virology


http://jvi.asm.org

Protein A(595)

PCV2 Capsid Protein Decoy Epitope

Lysozyme
15 kDa

- 1.2
o
L 10 Q
<
- 0.8 >
2
-06 ©
©
o
- 04 9
g
- 0.2 E
—- 0

0 12 14 16 18 20 22 24 26 28 30 32 34 44 46

Elution Fraction

FIG 3 Size exclusion chromatography of CP(43-233). (A) SDS-PAGE gel showing affinity-purified Ub-CP. (B) Standard curve and size estimation for Ub-CP.
A monogram of Ub-CP(43-233) eluted on a Sephacryl G-200 column was constructed by measuring total (solid line) and immunoreactive (dashed line) protein.
Solid arrows show the location of the peaks for the BSA, Ub-GFP, and lysozyme standards. The dashed arrow shows the predicted peak for Ub-CP. The asterisks
identify minor immunoreactive peaks, which may represent CP multimers. The elution volume of each fraction was 2 ml.

the sample to the positive control was greater than 0.39, as recommended
by the manufacturer.

Statistical methods. Statistical analysis was performed using Graph-
Pad Prism, version 5.04, for Windows (GraphPad Software, San Diego,
CA). Data incorporating repeated measures were analyzed by one-way
analysis of variance followed by a Tukey posttest. Differences at specific
time points were analyzed by a Kruskal-Wallis test. If significant differ-
ences were detected, specific groups at time points were assessed using
Wilcoxon’s test. Nonrepeated measures were analyzed using a Kruskal-
Wallis test. If differences were identified, measures were further assessed
by Wilcoxon’s test.

RESULTS

SEC of Ub-CP(43-233). In this study, a 76-amino-acid ubiquitin
molecule was fused to CP(43-233) as a means to maintain CP in a
stable monomeric form. The removal of ubiquitin with the deu-
biquitylating enzyme, Usp-2cc (2), resulted in precipitation of
CP(43-233) (data not shown). The expressed fusion protein was
analyzed by SDS-PAGE. As shown in Fig. 3A, purified Ub-CP was
present as a single 33-kDa protein, which is similar to the formula
weight calculated for the 6XHis-Ub-CP fusion protein. The struc-
tural form of Ub-CP was analyzed by size exclusion chromatog-
raphy (SEC) on Sephacryl G-200. Monograms for total protein
and immunoreactive Ub-CP are shown in Fig. 3B. Total and im-
munoreactive protein monograms were similar. Immunoreactive
CP showed minor peaks in fractions 14, 17, and 20, which sug-
gested the presence of a small quantity of Ub-CP in multimeric
forms. Plotting the major peak against the standard curve showed
that Ub-CP eluted as a 34.3-kDa molecule. Based on these results,
the Ub-CP used for the immunization of pigs was present as a
relatively pure monomer protein with only a small amount of
Ub-CP present in a multimeric form.

Clinical disease and outcome. The overall design of the exper-
iment is shown in Fig. 2. At approximately 7 days after virus chal-
lenge, pigs in all virus groups showed signs of mild respiratory
distress, a clinical sign associated with acute porcine reproductive
and respiratory syndrome (PRRS). The two pigs in the nonchal-
lenged control group remained healthy. Serology confirmed that
all virus-challenged pigs were positive for PRRSV (data not
shown). At the end of the study, histopathology showed lesions in
the lungs, including interstitial pneumonia with the infiltration of
lymphocytes, macrophages, and neutrophils. IHC showed PCV2
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antigen in lung tissue sections from all infected groups. PCV2
staining was localized in the bronchiolar epithelium. However,
there was a difference in the number of pigs with antigen staining
inlung. The greatest number of pigs positive for PCV2 antigen was
in the Ub-CP group (six of eight pigs positive for PCV2 antigen),
followed by the nonimmunized group (four of eight pigs), and the
Bac-CP group (two of eight pigs).

Antibody response to PCV2. Serum samples, collected before
and after immunization, were tested for total PCV2 antibody by
IFA (Fig. 4). At the beginning of the study, low levels of PCV2-
specific antibodies were detected in several pigs, likely the result of
maternally derived antibody. For the Ub-CP group, a detectable
increase in mean Ab titer was observed at the time of the second
immunization (day —14), which peaked at the time of virus chal-
lenge and was followed by a second peak 28 days after challenge.
Pigs immunized with the PCV2 vaccine, Bac-CP, showed a statis-
tically similar antibody response. For the non-IM group, antibody
was detected by 21 days after virus challenge and peaked by 28
days. For days 21 to 42 after infection, the IFA titers for the three
challenge groups were similar and not statistically different. PCV2
antibody titers for the two nonchallenged control pigs remained
below detectable levels throughout the study.

Serum samples were also reacted with the CP(169-180) oligo-
peptide. Significant amounts of anti-CP(169-180) binding activ-
ity were detected in the group Ub-CP pigs at the time of virus
challenge and remained elevated throughout the remainder of the
study period (Fig. 4B). In contrast, anti-CP(169-180) activity in
the Bac-CP group remained near background levels and similar to
the levels for the two noninfected control pigs. Following virus
challenge, the non-IM group showed anti-CP(169—-180) activity,
which first appeared at 21 days after infection and peaked at the
same level of binding activity as that of the Ub-CP group.

Results for PCV2 neutralizing activity for day —35 (time of first
immunization), day 0 (time of virus challenge), 7 days after chal-
lenge, and at the termination of the study are presented in Fig. 5.
At day —35, small amounts of neutralizing activity were detected,
alikely result of maternal antibody present in the serum. After two
immunizations with baculovirus-expressed CP, neutralizing ac-
tivity was significantly higher than in the non-IM and Ub-CP
groups. The level of neutralizing activity for the Bac-CP group
remained significantly elevated throughout the remainder of the
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FIG 4 Total PCV2 and CP(169-180) oligopeptide antibody response. Total
antibody (A) was measured by indirect fluorescent antibody assay (IFA).
CP(169-180) immunoreactivity (B) was determined by ELISA using plates
coated with BSA-conjugated CP(169-180). Results show the mean value for
each group. Means with the same letter are not significantly different (P >
0.05).

study. The decrease in the levels of neutralizing activity in the
non-IM and Ub-CP groups likely reflects the gradual decay of
maternal antibody.

PCV2 viremia. All pigs were negative for PRRSV and PCV2 by
PCR at the beginning of the study. PCV2 DNA was first detected at
14 days after virus challenge in the Ub-CP and Non-Im groups
(Fig. 6). Mean viremia levels for the two groups were similar, with
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FIG 5 PCV2 neutralizing activity. The 50% neutralizing activity (NA,)/ml
was determined by performing serum neutralization assays as described in
Materials and Methods. The asterisk indicates means that are significantly
different (P < 0.05).
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FIG 6 PCV2 viremia. Data are shown as the means = 1 standard deviation.
Means with the same letter are not significantly different (P > 0.05).

no significant differences between groups on any day after infec-
tion. Viremia in the Bac-CP group remained below detectable
levels throughout the study. After virus challenge, pigs from all
three treatment groups were intermingled. Even though the
Bac-CP group remained constantly exposed to viremic pigs, all
pigs in the Bac-CP group remained negative for the presence of
PCV2 DNA in serum.

DISCUSSION

Previous work showed that the antibody in pigs with PCVAD is
primarily directed toward an immunodominant oligopeptide
epitope, CP(169-180), located within the epitope C region of CP
(42). In this study, the antibody response of PCVAD pigs was
mimicked by immunizing pigs with a monomer form of CP. The
outcomes following immunization with monomer CP included
high levels of anti-PCV2 antibody, antibody recognition of
CP(169-180), undetectable levels of virus neutralizing activity,
and the absence of protection following virus challenge. Since bac-
ulovirus- and E. coli-expressed CP spontaneously form VLPs, one
of the first obstacles was to maintain the CP immunogen in a
stable monomeric form. This was achieved by the fusion of CP to
ubiquitin to form Ub-CP. In a similar manner, Yin et al. (46)
incorporated SUMO for the expression of single CP subunits.
Similar to the cleavage of Ub from Ub-CP, the removal of SUMO
with the SUMO protease resulted in the spontaneous assembly of
CP into VLPs. How fusion with Ub or SUMO functions to prevent
the formation of a VLP is not clear. One possibility is that the
fusion partner sterically blocks the interaction between CP sub-
units. Another possibility is that the addition of Ub or SUMO
prevents subunit association through a conformational change in
the CP monomer. Regardless of the mechanism for blocking VLP
formation, the immunization of pigs with Ub-CP resulted in the
production of antibodies against CP(169—-180). As a positive con-
trol for these experiments, pigs were immunized with a commer-
cial baculovirus-expressed CP vaccine. For the Bac-CP group, the
total PCV2 antibody response followed a course similar to that of
pigs immunized with Ub-CP (Fig. 4A). In contrast, the Bac-CP-
vaccinated pigs possessed high levels of virus neutralizing activity
and low levels of anti-CP(169-180) activity and showed no evi-
dence of viremia after virus challenge.

In this study, the infection of pigs with a combination PCV2
and PRRSV did not result in mortality or the appearance of full-
blown PCVAD, which was observed previously (1, 30, 36, 40, 43).
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It is difficult to faithfully reproduce PCVAD, even in the presence
of known infectious disease cofactors. The absence of PCVAD in
this study is likely the result of other, yet unknown factors that are
involved in disease progression. The initial high health status of
the pigs and high level of care may slow down disease progression
and/or suppress clinical signs. Another possibility is that the ex-
periment was terminated before PCVAD could develop. As shown
in Fig. 6, virus was still present in sera of group Ub-CP and
non-IM pigs. Continued virus replication may have eventually
culminated in disease.

A potential role for anti-CP(169-180) antibodies in the devel-
opment of PCVAD was evident by the number of pigs with anti-
gen in the lung. For the non-IM and Bac-CP groups, four of eight
and two of eight pigs, respectively, were positive for antigen stain-
ing in the lungs. In contrast, six of eight pigs in the Ub-CP group
showed antigen staining in the lung. In all cases, PCV2 staining
was localized in the bronchiolar epithelium. In PCVAD cases, the
lung is one of the primary targets for PCV2 infection. For example,
the APE syndrome is associated with massive quantities of PCV2
replication in the lung, which results in pulmonary edema (5).
PCV2 antigen in lung is associated with the onset of porcine re-
spiratory disease complex (3, 31). Further, Shen et al. (38) showed
that PCV2 DNA was more prevalent in the lung than in the serum
of pigs with PCVAD. One interesting observation in this study was
the presence of PCV2 antigen in the lung epithelium of the pigs in
the Bac-CP group, even in the absence of viremia. These results
suggest that the lung represents a site for continuous shedding of
virus, even in vaccinated populations.

The most intriguing feature of PCV2 infection is the dysregu-
lation of the immune response, which culminates in a variety of
disease outcomes. On one extreme is porcine multisystemic wast-
ing syndrome (PMWS) which, in the end stage of the disease pro-
cess, results in an almost complete elimination of B and T cells and
the eventual decay of anti-PCV2 antibody (4). On the other ex-
treme, porcine dermatitis and nephropathy syndrome (PDNS) is
characterized by hyperimmunoreactivity, including immune
complex formation and deposition of antigen-antibody com-
plexes in organs, such as kidney and skin (3). We propose that
antibody recognition of CP(169-180) functions similar to an im-
munological decoy, which directs the humoral response away
from protective epitopes. The decoy antibody response is the re-
sult of host recognition of CP monomer or fragments produced
during virus replication. Classic examples of immunological de-
coys are found in lentiviruses, such as feline immunodeficiency
virus (FIV) and human immunodeficiency virus (HIV). As re-
viewed by Hosie et al. (13), the variable regions V3, V4, and V5 of
the envelope (Env) protein of FIV are essential for virus infection,
are immunodominant, and are targets for neutralization by anti-
body. However, continuous variation, as a result of shortening,
lengthening, and/or peptide sequence hypervariability, produces
large quantities of antibodies that are nonprotective. A similar
mechanism occurs in the HIV glycoprotein 120 (gp120) (41).
PRRSV possesses a hypervariable region in GP5 that may function
in a similar manner by continually recruiting B cells that do not
produce neutralizing antibody (32). An example of a nonessential
protein functioning as a decoy is proposed for gp150 of gamma-
herpesvirus 68. The protein is immunodominant and results in a
nonprotective antibody response (11). In sharp contrast to lenti-
and herpesviruses, PCV2 possesses a rather small genome domi-
nated by two relatively conserved proteins. Furthermore, CP is

December 2012 Volume 86 Number 24

PCV2 Capsid Protein Decoy Epitope

@ @ @ PCV2 Infection
1

£ Host Genetics
Co-Infection
Other Cofactors
Virion CP Subunit
(Quarternary Form of CP) (Tertiary

or Lower Form of CP)

Humoral Immunity
Directed
Against Whole CP

Humoral Immunity
Directed
Against CP(169-180)

Control of Prolonged
PCV2 Infection PCV2 Infection
and Protection and Disease

FIG 7 Structural form of immunogen recognized by the host and relationship
to outcome following PCV2 infection.

essential for virion integrity, infection, and replication. Therefore,
when a decoy strategy is employed, the virus does not possess the
luxury of peptide sequence hypervariability or the production of a
nonessential protein. As illustrated in the model, presented in Fig.
7, we propose that PCV2 incorporates a unique strategy for em-
ploying a decoy epitope as a defense mechanism. Under normal
circumstances, the immune response following PCV2 infection
favors the production of antibodies directed against the whole
virion. The resulting outcome is the control of virus replication
and the generation of protective immunity. In contrast, the rec-
ognition of free CP and CP fragments, produced by infected cells,
results in the production of antibodies against CP(169-180). Co-
factors, such as coinfecting pathogens, may increase PCV2 repli-
cation and as a result may increase the level of non-VLP forms of
CP. Recognition of CP(169-180) results in the production of non-
protective antibodies, thus allowing for increased PCV?2 replica-
tion and the progression toward disease. Host genetics or coinfec-
tions may further modulate the host response, favoring the
recognition CP(169-180). This model explains why the amount of
circulating antibody fails to correlate with the outcome following
PCV2 infection and provides important considerations in the de-
sign of PCV2 vaccines.
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