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The objective of the present study was to determine the effects of porcine circovirus type 2 (PCV2) and porcine reproductive and
respiratory syndrome virus (PRRSV) vaccinations in an experimental PCV2-PRRSV challenge model, based on virological
(viremia), immunological (neutralizing antibodies [NAs], gamma interferon-secreting cells [IFN-�-SCs], and CD4� CD8� dou-
ble-positive cells), and pathological (lesions and antigens in lymph nodes and lungs) evaluations. A total of 72 pigs were ran-
domly divided into 9 groups (8 pigs per group): 5 vaccinated and challenged groups, 3 nonvaccinated and challenged groups, and
a negative-control group. Vaccination against PCV2 induced immunological responses (NAs and PCV2-specific IFN-�-SCs) and
reduced PCV2 viremia, PCV2-induced lesions, and PCV2 antigens in the dually infected pigs. However, vaccination against
PCV2 did not affect the PRRSV immunological responses (NAs and PRRSV-specific IFN-�-SCs), PRRSV viremia, PRRSV-in-
duced lesions, or PRRSV antigens in the dually infected pigs. Vaccination against PRRSV did not induce immunological re-
sponses (PRRSV-specific IFN-�-SCs) or reduce PRRSV viremia, PRRSV-induced lesions, or PRRSV antigens in the dually in-
fected pigs. In addition, vaccination against PRRSV increased PCV2 viremia, PCV2-induced lesions, and PCV2 antigens in the
dually infected pigs. In summary, vaccination against PCV2 reduced PCV2 viremia, PCV2-induced lesions, and PCV2 antigens
in the dually infected pigs. However, vaccination against PRRSV increased PCV2 viremia, PCV2-induced lesions, and PCV2 anti-
gens in the dually infected pigs. Therefore, the PCV2 vaccine decreased the potentiation of PCV2-induced lesions by PRRSV in
dually infected pigs. In contrast, the PRRSV vaccine alone did not decrease the potentiation of PCV2-induced lesions by PRRSV
in dually infected pigs.

Porcine circovirus type 2 (PCV2), which is a single-stranded
circular DNA virus within the family Circoviridae, is now rec-

ognized as the primary etiological agent of porcine circovirus-
associated diseases (PCVAD) such as postweaning multisystemic
wasting syndrome (PMWS), porcine respiratory disease complex
(PRDC), and other clinical diseases (1, 2). Porcine reproductive
and respiratory syndrome virus (PRRSV), which is the causative
agent of PRRS, is a single-stranded, positive-sense, enveloped
RNA virus in the family Arteriviridae and the order Nidovirales
(3). PRRSV infection in swine is characterized by late-term abor-
tion in gilts and sows and severe respiratory diseases in neonatal
and nursing pigs (4). PRDC is a serious problem in the pig indus-
try. PRRSV and PCV2 are the most commonly associated primary
pathogens in PRDC. Epidemiological analyses have revealed that
coinfection with PCV2 and PRRSV is most commonly observed in
field cases (5–7).

Several studies have previously demonstrated the relationship
between PCV2 and PRRSV. PCV2 does not affect PRRSV replica-
tion or lesions, but PRRSV increases PCV2 DNA loads in the sera
of coinfected pigs (8, 9) and increases the levels of PCV2 antigens
in tissues (10), which results in more severe PCV2-associated le-
sions (11). Based on these results, one possible way to minimize
the effects of the PRRSV-associated enhancement of the replica-
tion of PCV2 and the induction of PMWS may be the use of a
PRRSV-based vaccine in preweaned pigs. However, there are no
reports in the literature describing the effects of PCV2 and PRRSV
challenges on pigs that have been immunized with either PCV2 or
PRRSV vaccines. In the absence of such a study, the PCV2 vaccine-
PCV2-PRRSV and PRRSV vaccine-PCV2-PRRSV interactions
have not been elucidated completely. Therefore, the objective of

the present study was to determine the effects of PCV2 and PRRSV
vaccinations in an experimental PCV2-PRRSV challenge model,
based on virological (viremia), immunological (neutralizing anti-
bodies [NAs], gamma interferon-secreting cells [IFN-�-SCs], and
CD4� CD8� double-positive cells), and pathological (lesions and
antigens in lymph nodes and lungs) evaluations.

MATERIALS AND METHODS
Commercial vaccine. The inactivated chimeric PCV1-2 vaccine (Fostera
PCV vaccine; Pfizer Animal Health, New York, NY) and modified live
PRRS vaccine (Ingelvac PRRS MLV; Boehringer Ingelheim Animal
Health, St. Joseph, MO) were used in this study. The inactivated chimeric
PCV1-2 vaccine contains the genomic backbone of the nonpathogenic
PCV1 with the PCV2 ORF2 capsid gene in place of the PCV1 capsid gene
(12). The modified live PRRS vaccine (Ingelvac PRRS MLV) originated
from the American isolate ATCC VR-2332 and was attenuated by serial
passages in cell culture. The vaccine contained at least 1 � 104.9 50% tissue
culture infective doses (TCID50) in 2 ml. Forty pigs were vaccinated with
2.0-ml doses of either the PCV2 or PRRSV vaccine or both intramuscu-
larly at 3 weeks of age (Table 1). All of the vaccines that were used in this
study were administered according to the manufacturer’s instructions (1
dose, intramuscular route).
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Animals and housing. A total of 72 colostrum-fed, cross-bred, con-
ventional piglets were weaned and purchased at 18 days of age from a
PRRSV-free commercial farm. They were all negative for PCV2, PRRSV,
swine influenza virus, and Mycoplasma hyopneumoniae, according to rou-
tine serological testing. PCV2 and PRRSV were not detected in serum
samples by real-time PCR (13, 14). Individual piglets from 7 days of age
were uniquely identified by their ear notches.

All of the pigs were housed in an environmentally controlled building
with pens over completely slatted floors throughout the experiment. To
avoid environmental contamination, the building was completely emp-
tied, cleaned three times with hot (�95°C) water, and disinfected with a
2% potassium peroxymonosulfate- and sodium chloride-based product
(Virkon S; Antec International, Sudbury, Suffolk, United Kingdom) for 3
days. The building was emptied for an additional 21 days before the pigs
were introduced, and each pig was housed separately within the facility.

Experimental design. A total of 72 pigs were randomly divided into 9
groups (8 pigs per group): 5 vaccinated and challenged (VC) groups (1, 2,
3, 4, and 5), 3 nonvaccinated and challenged (NVC) groups (6, 7, and 8),
and a negative-control group (9).

At 21 days of age (�28 days postchallenge [dpc]), pigs in groups 1 and
2 were immunized with the PCV2 vaccine, pigs in groups 3 and 4 were
immunized with the PRRSV vaccine, and pigs in group 5 were immunized
with both the PCV2 and PRRSV vaccines. At 49 days of age (0 dpc), pigs in
the VC and NVC groups were intratracheally administered an intranasal
3-ml dose of PCV2b (strain SNUVR000463; 5th passage) containing 1.2 �
105 TCID50/ml and/or a 3-ml dose of PRRSV (strain SNUVR090851; North
American genotype; 5th passage) containing 1 � 105 TCID50/ml. Pigs in
groups 1 and 6 were challenged with PCV2. Pigs in groups 3 and 7 were
challenged with PRRSV. Pigs in groups 2, 4, 5, and 8 were challenged with
both PCV2 and PRRSV (Table 1).

Serology. Blood samples from each pig were collected by jugular ve-
nipuncture at �28, 0, 10, and 21 dpc, and the sera were stored at �20°C.
The serum samples were tested using a commercial PRRSV enzyme-
linked immunosorbent assay (ELISA) (HerdCheck PRRS 2XR; Idexx Lab-
oratories Inc., Westbrook, ME) and a PCV2 ELISA (Synbiotics, Lyon,
France). A serum virus neutralization (SVN) test for PCV2 was performed
as previously described (15). NA titers were expressed as the reciprocal of
the highest serum dilution that completely blocked the infection in PK15
cells compared with the virus control. An SVN test for PRRSV was also
performed as previously described (16).

Quantification of PCV2 DNA in blood. DNA was extracted from the
serum samples obtained at �28, 0, 10, and 21 dpc by use of a QIAamp
DNA minikit (Qiagen Ltd., Crawley, United Kingdom). The DNA ex-
tracts were used to quantify the PCV2 genomic DNA copy numbers by
real-time PCR as previously described (13).

Quantification of PRRSV RNA in blood. RNA was extracted from the
serum samples obtained at �28, 0, 10, and 21 dpc for all of the pigs that

were used in this study, as previously described (14, 17). Real-time PCRs
for the PRRSV and vaccine strains were used to quantify the PRRSV
genomic cDNA copy numbers following RNA extraction of the serum
samples, which was performed as previously described (14, 17).

Preparation of PCV2 and PRRSV antigens. The same PCV2 strain (or
PRRSV strain) that was used for the challenge in the pigs was propagated
in PCV-free PK15 cells (or MARC-145 cells for the PRRSV strain) to a titer
of 104 TCID50/ml and then treated with two freeze-thaw cycles. The PCV2
antigen was prepared by concentrating the virus that was present in the
cell culture by ultracentrifugation at 100,000 � g at 4°C for 3 h. The virus
pellet was resuspended in phosphate-buffered saline (PBS). The concen-
trated PCV2 (or PRRSV) was inactivated by exposure to an 8-W germi-
cidal UV lamp at a distance of 15 cm for 1 h. Inactivation was confirmed
by the absence of the virus antigen from the PK15 cells (or MARC-145
cells for the PRRSV strain) as determined by an immunoperoxidase assay,
as previously described (18, 19).

ELISPOT assay. The numbers of PCV2- and PRRSV-specific IFN-�-
SCs were determined for peripheral blood mononuclear cells (PBMCs)
obtained at �28, 0, 10, and 21 dpc as previously described (20). Briefly,
100 �l containing 2 � 106 PBMCs in RPMI 1640 medium that was sup-
plemented with 10% fetal bovine serum (HyClone Laboratories, Inc., Se-
lectScience, Bath, United Kingdom) was seeded into plates that were pre-
coated overnight with anti-porcine IFN-� monoclonal antibody (5 �g/
ml) (Mabtech, Mariemont, OH) and incubated with 100 �l of PCV2
antigen (20 �g/ml), PRRSV antigen (20 �g/ml), and phytohemagglutinin
(10 �g/ml) (Roche Diagnostics GmbH, Mannheim, Germany) as positive
controls or with PBS as a negative control for 40 h at 37°C in a 5% humid-
ified CO2 atmosphere. The wells were then washed five times with PBS
(200 �l per well). Thereafter, the procedure was conducted according to
the manufacturer’s instructions, using a commercial enzyme-linked im-
munosorbent spot (ELISPOT) assay kit (Mabtech, Mariemont, OH). The
spots on the membranes were read by an automated ELISPOT reader
(AID ELISpot reader; AID GmbH, Strassberg, Germany). The results were
expressed as numbers of IFN-�-SCs per million PBMCs.

Flow cytometry. Phenotypic analyses of the CD4� CD8� double-
positive cells in PBMCs were performed using flow cytometry with two
monoclonal antibodies, i.e., CD4a–R-phycoerythrin (CD4a–R-PE) and
CD8a-fluorescein isothiocyanate (CD8a-FITC) (SouthernBiotech, Bir-
mingham, AL), and a FACSCalibur flow cytometer (Becton, Dickinson,
San Jose, CA) as previously described (21).

Immunohistochemistry. Superficial inguinal lymph nodes that had
previously shown consistent and intense labeling for PCV2 and typical
granulomatous lesions (22) were collected at necropsy for immunohisto-
chemical analyses. A rabbit polyclonal anti-PCV2 antibody (23) (1:200 in
PBS containing 0.1% Tween 20) and the SR30 monoclonal antibody (Ru-
ral Technologies Inc., Brookings, SD) (1:10,000 in PBS containing 0.1%
Tween 20) were used as the primary antibodies. Immunohistochemical
analyses for PCV2 and PRRSV were performed as previously described
(24, 25).

Morphometric analyses. For morphometric analyses of the micro-
scopic pulmonary and lymph lesion scores, lung sections were examined
blindly and assigned estimated scores ranging from 1 (mild interstitial
pneumonia) to 4 (severe interstitial pneumonia), as previously described
(26). Superficial inguinal lymph node sections were also examined
blindly, and their scores ranged from 0 (normal, i.e., no lymphoid deple-
tion or granulomatous replacement) to 5 (severe lymphoid depletion and
granulomatous replacement), as previously described (27).

For immunohistochemistry morphometric analyses, 3 sections were
cut from each of three blocks of tissue from one entire pulmonary lobe
and from the superficial inguinal lymph nodes of each pig. The slides were
analyzed using the NIH Image J 1.43m program (http://rsb.info.nih.gov
/ij) to obtain the quantitative data. For each slide, 10 fields were randomly
selected, and the number of positive cells per unit area (0.95 mm2 for the
pulmonary lobe and 0.25 mm2 for the lymph node) was determined as
previously described (22, 28). The mean values were also calculated.

TABLE 1 Study design with vaccination and challenge statuses for
PCV2 and PRRSVa

Group no.

Vaccination (�28 dpc) Challenge (0 dpc)

PCV2 PRRSV PCV2 PRRSV

1 � � � �
2 � � � �
3 � � � �
4 � � � �
5 � � � �
6 � � � �
7 � � � �
8 � � � �
9 � � � �
a There were eight animals in each group, and necropsy was performed at 21 dpc in all
cases.
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Statistical analyses. Summary statistics were calculated for all of the
groups to assess the overall quality of the data, including normality. For
single comparisons, analysis of variance (ANOVA) with a post hoc Tukey’s
test was used to compare the primary variables (immunohistochemical
scores) among groups. The continuous data for PCV2 and PRRSV serol-
ogy and PCV2 DNA and PRRSV cDNA quantifications were analyzed
using an ANOVA for each time point. When one-way ANOVA revealed a
significance level with a P value of �0.05, Tukey’s honestly significant
difference test was used to determine the significance of individual be-
tween-group differences. Discrete data (histopathologic lung and lym-
phoid lesion scores) were analyzed by the chi-square and Fisher’s exact
tests. P values of �0.05 were considered to be significant.

RESULTS
Serology of PCV2. At challenge, all pigs vaccinated against PCV2
were seropositive, and all nonvaccinated pigs were negative by
ELISA and SVN tests. Pigs which received the PCV2 vaccine fol-
lowed by PCV2 challenge only (group 1), pigs which received the
PCV2 vaccine followed by dual challenge (group 2), and pigs
which received both the PCV2 and PRRSV vaccines followed by
dual challenge (group 5) had significantly higher anti-PCV2 IgG
antibody levels (P � 0.001) and NA titers (P � 0.01) (Fig. 1A) than
those of pigs which received the PRRSV vaccine followed by dual
challenge (group 4), pigs which were challenged with PCV2 only
(group 6), and pigs which were challenged with both PCV2 and
PRRSV (group 8) at 10 and 21 dpc. Pigs in group 6 had signifi-
cantly higher anti-PCV2 IgG antibody levels (P � 0.01) than those
of pigs in groups 4 and 8 at 21 dpc.

Serology of PRRSV. At challenge, all pigs vaccinated against
PRRSV were seropositive, and all nonvaccinated pigs were nega-
tive by ELISA. Pigs which received the PRRSV vaccine followed by
PRRSV challenge only (group 3), pigs which received the PRRSV
vaccine followed by dual challenge (group 4), and pigs which re-
ceived both the PCV2 and PRRSV vaccines followed by dual chal-
lenge (group 5) had significantly higher anti-PRRSV IgG antibody
levels (P � 0.001) than pigs which received the PCV2 vaccine
followed by dual challenge (group 2), pigs which were challenged
with PRRSV only (group 7), and pigs which were challenged with
both PCV2 and PRRSV (group 8) at 10 dpc. Pigs which received
PRRSV followed by PRRSV challenge only (group 3) and pigs
which received both the PCV2 and PRRSV vaccines followed by
dual challenge (group 5) had significantly higher anti-PRRSV IgG
antibody levels (P � 0.05) than pigs in the other 4 groups (2, 4, 7,
and 8) at 21 dpc (Fig. 2A). Low PRRSV NA titers (�2 log2) were
detected in all 8 groups throughout the experiment.

Quantification of PCV2 DNA in blood. At challenge, no
genomic copies of PCV2 were detected in any of the serum sam-
ples from all 8 groups. Pigs which received the PRRSV vaccine
followed by dual challenge (group 4) and pigs which were chal-
lenged with both PRRSV and PCV2 (group 8) had significantly
more genomic copies of PCV2 in the serum than pigs which re-
ceived the PCV2 vaccine followed by PCV2 challenge only (group
1), pigs which received the PCV2 vaccine followed by dual chal-
lenge (group 2), pigs which received both the PCV2 and PRRSV
vaccines followed by dual challenge (group 5), and pigs which
were challenged with PCV2 only (group 6) at 10 and 21 dpc (P �
0.05). Pigs which were challenged with PCV2 only (group 6) had
significantly more genomic copies of PCV2 in the serum than pigs
which received the PCV2 vaccine followed by PCV2 challenge
only (group 1), pigs which received the PCV2 vaccine followed by
dual challenge (group 2), and pigs which received both the PCV2

and PRRSV vaccines followed by dual challenge (group 5) at 10
and 21 dpc (P � 0.05) (Fig. 1B). No genomic copies of PCV2 were
detected in any of the serum samples from nonchallenged pigs
(groups 3, 7, and 9) throughout the experiment.

FIG 1 (A) Mean serum NA titers against PCV2. (B) Mean genomic copy
numbers of PCV2 DNA in serum samples. (C) Mean numbers of PCV2-spe-
cific IFN-�-SCs in PBMCs. �, pigs which received the PCV2 vaccine followed
by PCV2 challenge only (group 1); �, pigs which received the PCV2 vaccine
followed by dual challenge (group 2); �, pigs which received the PRRSV vac-
cine followed by dual challenge (group 4); Œ, pigs which received both the
PCV2 and PRRSV vaccines followed by dual challenge (group 5); Œ, pigs which
were challenged with PCV2 (group 6); �, pigs which were challenged with
PCV2 and PRRSV (group 8). Different letters (a, b, and c) indicate significant
(P � 0.05) differences between groups.
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Quantification of PRRSV cDNA in blood. At challenge, no
genomic copies of PRRSV were detected in any of the serum sam-
ples from all 8 groups. Pigs which received the PCV2 vaccine fol-
lowed by dual challenge (group 2), pigs which received the PRRSV
vaccine followed by dual challenge (group 4), pigs which were

challenged with PRRSV only (group 7), and pigs which were chal-
lenged with both PCV2 and PRRSV (group 8) had significantly
more genomic copies of PCV2 in the serum than pigs which re-
ceived the PRRSV vaccine followed by PRRSV infection only
(group 3) and pigs which received both the PCV2 and PRRSV
vaccines followed by dual challenge (group 5) at 10 and 21 dpc
(P � 0.05) (Fig. 2B). No genomic copies of PRRSV were detected
in any of the serum samples from nonchallenged pigs (groups 1, 6,
and 9) throughout the experiment.

PCV2-specific IFN-�-SCs. No PCV2-specific IFN-�-SCs
were detected in PBMCs at �28 dpc for any of the pigs. PCV2-
specific IFN-�-SCs were detected in PBMCs from the PCV2-
vaccinated pigs (groups 1, 2, and 5) at 0 dpc. Pigs which re-
ceived the PCV2 vaccine followed by PCV2 challenge only
(group 1), pigs which received the PCV2 vaccine followed by
dual challenge (group 2), pigs which received both the PCV2
and PRRSV vaccines followed by dual challenge (group 5), and
pigs which were challenged with PCV2 only (group 6) had
significantly more PCV2-specific IFN-�-SCs than pigs which
received the PRRSV vaccine followed by dual challenge (group
4) and pigs which were challenged with both PCV2 and PRRSV
(group 8) at 10 and 21 dpc (P � 0.01) (Fig. 1C).

PRRSV-specific IFN-�-SCs. No PRRSV-specific IFN-�-SCs
were detected in PBMCs at �28 dpc for any of the pigs. PRRSV-
specific IFN-�-SCs were detected in PBMCs from the PRRSV-
vaccinated pigs (groups 3, 4, and 5) at 0 dpc. Pigs which received
the PRRSV vaccine followed by PRRSV infection only (group 3)
or followed by dual challenge (group 5) had significantly more
PRRSV-specific IFN-�-SCs than pigs which received the PCV2
vaccine followed by dual challenge (group 2), pigs which received
the PRRSV vaccine followed by dual challenge (group 4), pigs
which were challenged with PRRSV only (group 7), and pigs
which were challenged with both PCV2 and PRRSV (group 8) at
10 and 21 dpc (P � 0.01). Pigs which received the PCV2 vaccine
followed by dual challenge (group 2) and pigs which were chal-
lenged with PRRSV only (group 7) had significantly more PRRSV-
specific IFN-�-SCs than the pigs in 2 groups (groups 4 and 8) at 21
dpc (P � 0.01) (Fig. 2C).

Identification of CD4� CD8� double-positive cells. Pigs
which received the PCV2 vaccine followed by PCV2 challenge
only (group 1), pigs which received the PCV2 vaccine followed by
dual challenge (group 2), and pigs which received both the PCV2
and PRRSV vaccines followed by dual challenge (group 5) had
significantly larger proportions of CD4� CD8� double-positive
cells than pigs which received the PRRSV vaccine followed by dual
challenge (group 4), pigs which were challenged with both PCV2
and PRRSV (group 8), and negative-control pigs (group 9) at 21
dpc (P � 0.05). Negative-control pigs had significantly larger pro-
portions of CD4� CD8� double-positive cells than pigs which
received the PRRSV vaccine followed by dual challenge (group 4)
and pigs which were challenged with both PCV2 and PRRSV
(group 8) at 21 dpc (P � 0.05) (Fig. 3A).

Pigs which received the PCV2 vaccine followed by PCV2 chal-
lenge only (group 1), pigs which received the PCV2 vaccine fol-
lowed by dual challenge (group 2), pigs which received the PRRSV
vaccine followed by PRRSV infection only (group 3), pigs which
received both the PCV2 and PRRSV vaccines followed by dual
challenge (group 5), and negative-control pigs (group 9) had sig-
nificantly larger proportions of CD4� cells than pigs which re-
ceived the PRRSV vaccine followed by dual challenge (group 4)

FIG 2 (A) Mean anti-PRRSV IgG antibody levels in serum samples. (B) Mean
genomic copy numbers of PRRSV DNA in serum samples. (C) Mean numbers
of PRRSV-specific IFN-�-SCs in PBMCs. �, pigs which received the PCV2
vaccine followed by dual challenge (group 2); }, pigs which received the
PRRSV vaccine followed by PRRSV challenge (group 3); �, pigs which re-
ceived the PRRSV vaccine followed by dual challenge (group 4); Œ, pigs which
received both the PCV2 and PRRSV vaccines followed by dual challenge
(group 5); o, pigs which were challenged with PRRSV (group 7); �, pigs
which were challenged with PCV2 and PRRSV (group 8). Different letters (a, b,
and c) indicate significant (P � 0.05) differences between groups. S/P, sample
to positive ratio of �0.4 is considered to be positive.
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and pigs which were challenged with both PCV2 and PRRSV
(group 8) at 21 dpc (P � 0.03) (Fig. 3B).

Histopathologic lesion scores. The typical granulomatous in-
flammatory reaction and lymphoid depletion that are associated
with PCV2 infection in pigs, which are consistent with the histo-
pathologic lesions in PCVAD, were observed in the lymph nodes
from pigs which received the PRRSV vaccine followed by dual
challenge (group 4) (Fig. 4A) and pigs which were challenged with
both PCV2 and PRRSV (group 8). Pigs in these groups (4 and 8)
had significantly higher lymphoid lesion scores than pigs in the
other 6 groups (1, 2, 3, 5, 6 [Fig. 4B], and 7) (P � 0.03). Pigs which
were challenged with PCV2 only (group 6) had significantly
higher lymphoid lesion scores than pigs in the other 5 groups (1, 2,
3, 5, and 7) (P � 0.03). No histopathologic lymph node lesions
were observed in the negative-control pigs (group 9).

The pulmonary histopathologic lesions were characterized by
alveolar proteinaceous and karyorrhectic debris that was inter-
spersed with macrophages. The alveolar septa in the pigs which

were challenged with both PCV2 and PRRSV (group 8) were
thickened with increased numbers of interstitial macrophages and
lymphocytes. Pigs which received the PCV2 vaccine followed by
dual challenge (group 2), pigs which received the PRRSV vaccine
followed by dual challenge (group 4) (Fig. 5A), pigs which were
challenged with PRRSV only (group 7), and pigs which were chal-
lenged with both PCV2 and PRRSV (group 8) had significantly
higher pulmonary lesion scores than pigs in the other 4 groups (1,
3 [Fig. 5B], 5, and 6) (P � 0.05) at 21 dpc (Table 2). The lungs of
the negative-control pigs (group 9) were normal.

Immunohistochemical scores. Pigs which received the
PRRSV vaccine followed by dual challenge (group 4) (Fig. 4A) and
pigs which were challenged with both PCV2 and PRRSV (group 8)
had significantly more PCV2-positive cells per unit area in the
lymph node and lung than pigs which received the PCV2 vaccine
followed by PCV2 challenge only (group 1), pigs which received
the PCV2 vaccine followed by dual challenge (group 2), pigs
which received both the PCV2 and PRRSV vaccines followed by

FIG 3 Analyses of CD4� CD8� double-positive cells (A) and CD4� cells (B) in PBMCs from the different groups. From left to right, the bars indicate the
following groups: pigs which received the PCV2 vaccine followed by PCV2 challenge only (group 1), pigs which received the PCV2 vaccine followed by dual
challenge (group 2), pigs which received the PRRSV vaccine followed by PRRSV challenge (group 3), pigs which received the PRRSV vaccine followed by dual
challenge (group 4), pigs which received both the PCV2 and PRRSV vaccines followed by dual challenge (group 5), pigs which were challenged with PCV2 (group
6), pigs which were challenged with PRRSV (group 7), pigs which were challenged with PCV2 and PRRSV (group 8), and negative-control pigs (group 9).
Different letters (a, b, and c) indicate significant (P � 0.05) differences between groups.
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dual challenge (group 5), and pigs which were challenged with
PCV2 only (group 6) (Fig. 4B) (P � 0.05). Pigs in group 6 had
significantly more PCV2-positive cells per unit area in the lymph
node and lung than pigs in groups 1, 2, and 5 (P � 0.05).

Pigs which received the PRRSV vaccine followed by dual chal-
lenge (group 4) and pigs which were challenged with both PCV2
and PRRSV (group 8) had significantly more PRRSV-positive cells
per unit area in the lung than pigs which received the PCV2 vac-
cine followed by dual challenge (group 2), pigs which received the
PRRSV vaccine followed by PRRSV challenge only (group 3) (Fig.
5B), pigs which received both the PCV2 and PRRSV vaccines fol-
lowed by dual challenge (group 5), and pigs which were chal-
lenged with PRRSV only (group 7) (P � 0.02).

DISCUSSION

The goal of the present study was to determine the effects of PCV2
and PRRSV vaccinations in pigs that were challenged with
PCV2, PRRSV, or both. Our study focused on the PRRSV vaccine-
PCV2-PRRSV and PCV2 vaccine-PCV2-PRRSV interactions.
With the single-challenge model, the PCV2 and PRRSV vaccines
reduced PCV2 and PRRSV viremia, respectively, in pigs. How-
ever, it was surprising that the reduction of those viruses in the
blood by each of the vaccines was different in the dual-challenge
model than in the single-challenge model. Theoretically, one way

to minimize the effect of the PRRSV-associated enhancement of
the replication of PCV2 and the induction of PMWS may be the
PRRSV-based vaccination of preweaned pigs in PCV2-PRRSV-
coinfected herds. Interestingly, pigs which received the PRRSV
vaccine followed by dual challenge showed significantly increased
PCV2 viremia, PCV2-induced lesions, and PCV2 antigens com-
pared to pigs challenged with PCV2 only but did not significantly
differ from pigs challenged with both PCV2 and PRRSV. Hence,
the PRRSV vaccine-PCV2-PRRSV model suggests that the PRRSV
vaccine and/or PRRSV itself could potentially result in the en-
hancement of PCV2 replication rather than in its control.

Pigs have a prominent CD4� CD8� double-positive cell pop-
ulation (reportedly up to 60% of total lymphocytes) in the periph-
eral blood (29). These CD4� CD8� double-positive cells are
memory and effector cells and have the capacity to produce large
amounts of IFN-�. Hence, these double-positive cells might play a
role in protective immunity against viral diseases (30). Although
depletion of CD4� CD8� double-positive cells by PCV2 was not
demonstrated directly, enhancement of PCV2 replication may
impair the immune system. Once the replication of PCV2 reached
high levels, the numbers of CD4� CD8� double-positive cells and
PRRSV-specific IFN-�-SCs were significantly reduced at 10 dpc in
pigs which received the PRRSV vaccine followed by dual chal-

FIG 4 Immunohistochemistry for detection of PCV2 antigens in lymph
nodes. (A) PCV2 antigens (arrows) were detected at 21 dpc in granulomatous
inflammations of lymph nodes from pigs which received the PRRSV vaccine
followed by dual challenge (group 4). (B) PCV2 antigens (arrow) were occa-
sionally detected at 21 dpc in macrophages of lymph nodes from pigs which
were challenged with PCV2 (group 6).

FIG 5 Immunohistochemistry for detection of PRRSV antigens in the lung.
(A) PRRSV antigens (arrows) were detected at 21 dpc in macrophages in se-
verely thickened alveolar septa of lungs from pigs which received the PRRSV
vaccine followed by dual challenge (group 4). (B) PRRSV antigens (arrow)
were occasionally detected at 21 dpc in macrophages in mildly thickened alve-
olar septa of lungs from pigs which received the PRRSV vaccine followed by
PRRSV challenge (group 3).
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lenge. Decreased numbers of CD4� CD8� double-positive cells
and PRRSV-specific IFN-�-SCs are significant because PRRSV-
specific IFN-�-SCs are predominantly CD4� CD8� double-pos-
itive cells (31) and play key roles in protective cell-mediated im-
munity against PRRSV infection (16, 32).

In the present study, pigs which received the PRRSV vaccine
followed by dual challenge showed significantly increased PRRSV
viremia, PRRSV-associated lesions, and PRRSV antigens com-
pared to pigs challenged with PRRSV only. The impairment of the
protective cell-mediated immunity against PRRSV by PCV2 in the
PRRSV vaccine-PCV2-PRRSV model may have allowed for in-
creases in PRRSV viremia, PRRSV-associated lesions, and PRRSV
antigens rather than their reduction following the PRRSV vaccine.
Because these 3 parameters were significantly reduced in pigs
which received the PRRSV vaccine followed by PRRSV challenge
only compared with pigs challenged with PRRSV only, our results
ruled out its possible limited efficacy against a heterologous virus.
Regarding the efficacy, it is clear that the modified live PRRS vac-
cine offers protection against reinfection with homologous and, in
some cases, heterologous viruses (33).

Regardless of the PRRSV challenge, PCV2 vaccination induces
high levels of NAs and PCV2-specific IFN-�-SCs, which are im-
portant protective immune parameters for the control of PCV2
infection (31, 34–36). The induction of protective immunity sig-
nificantly reduced PCV2 viremia, PCV2-induced lesions, and
PCV2 antigens in both pigs which received the PCV2 vaccine fol-
lowed by PCV2 challenge only and pigs challenged with both
PCV2 and PRRSV compared with pigs challenged with PCV2
only. Our results suggest that PCV2 vaccination is able to reduce
the levels of PCV2 viremia in pigs regardless of the PRRSV infec-
tion status, as reported in a previous study (9). Our results may
explain why the PCV2 vaccine is effective under field conditions
where PCV2 and PRRSV are widespread in the pig population,
and accordingly, it is likely that most herds in which PCV2 vac-
cines are being used are infected with PRRSV (37). In contrast, the
levels of PRRSV viremia were significantly higher in pigs which
received the PRRSV vaccine followed by dual challenge than in
pigs which were challenged with PRRSV only. These results sug-
gest that the reduction of PRRSV viremia by the PRRSV vaccine is
affected by the pig’s PCV2 infection status. Our results agree with
those of previous similar studies, in which PRRSV infection at the
time of PCV2 vaccination had no impact on the efficacy of the
vaccine but PCV2 infection at the time of PRRSV vaccination did

affect the efficacy (38, 39). Our results are clinically meaningful,
indicating that swine practitioners should check PCV2 infection
statuses in pigs before PRRSV vaccines are used to control PRRSV
infection in swine herds. Therefore, the control of PCV2 infec-
tions by the PCV2 vaccine may positively affect the full induction
of immunity by the PRRSV vaccine in herds that are suffering
from a coinfection with PCV2 and PRRSV.

In summary, vaccination against PCV2 reduced PCV2 viremia,
PCV2-induced lesions, and PCV2 antigens in dually infected pigs.
However, vaccination against PRRSV increased PCV2 viremia,
PCV2-induced lesions, and PCV2 antigens in dually infected pigs.
Therefore, the PCV2 vaccine decreased the potentiation of PCV2-
induced lesions by PRRSV in dually infected pigs. In contrast, the
PRRSV vaccine alone did not decrease the potentiation of PCV2-
induced lesions by PRRSV in dually infected pigs.
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