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Abstract

Background: Post-weaning multisystemic wasting syndrome (PMWS) associated with PCV2 is one of the most
costly diseases currently faced by the swine industry. The development of effective vaccines against PCV2 infection
has been accepted as an important strategy in the prophylaxis of PMWS.

Methods: In the present study, a PK-15 cell-adapted formalin-inactivated prototype vaccine candidate was
prepared using a strain of PCV2 from China. Inactivation of the virus was accomplished using a standard formalin
inactivation protocol. The protective properties of the inactivated PCV2 vaccine were evaluated in piglets. Ten
28-day-old pigs were randomly assigned to two groups, each with five. Group 1 was vaccinated intramuscularly
with the inactivated virus preparation; Group 2 received sterile PBS as a placebo. By 28 days post-vaccination (DPV),
Groups 1 and 2 were challenged intranasally and intramuscularly with 5 × 107 TCID50 of a virulent PCV2 isolate.

Results: The vaccinated pigs seroconverted to PCV2 and had high levels of serum antibodies to PCV2 at 28 days
after vaccination, whereas the control pigs remained seronegative. No significant signs of clinical disease were
recorded following the challenge with PCV2, but moderate amounts of PCV2 antigen were detected in most
lymphoid organs of the control pigs. PCV2 was detected in two out of the five vaccinated pigs. Furthermore,
pathological lesions and viremia were milder in the vaccinated group.

Conclusions: The obtained results indicate that the inactivated PCV2 virus vaccine with an oil adjuvant induce an
immunological response in pigs that appears to provide protection from infection with PCV2. The vaccine,
therefore, may have the potential to serve as a vaccine aimed to protect pigs from developing PMWS.

Keywords: Porcine circovirus type 2, Post-weaning multisystemic wasting syndrome, Single-dose immunization,
Formalin-inactivated vaccine
Background
Post-weaning multisystemic wasting syndrome (PMWS)
was first observed in piglets of a high-health herd in
western Canada in 1991 [1], and similar disorders were
subsequently observed in herds in Europe, the United
States and Asia [2-7]. PMWS primarily affects pigs be-
tween 5 and 18 weeks of age [8]. The clinical signs of this
syndrome include progressive weight loss, unthriftiness,
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paleness of the skin and dyspnea, and, less frequently,
diarrhea and jaundice. Grossly, the main features of
PMWS are generalized lymphadenopathy (with the
superficial inguinal, submandibular, mesenteric and
mediastinal lymph nodes being the most affected) and
tan-mottled, non-collapsed lungs [9]. Histopatho-
logical findings are characterized by lymphocyte deple-
tion of follicular and interfollicular areas together with
macrophage infiltration of lymphoid tissues, interstitial
pneumonia, hepatitis and nephritis [9]. The mortality rate
may vary from 1 to 2% up to 30% in complicated cases [5].
The accumulated evidence indicates that PCV2 is the
major pathogen in the etiology of PMWS [10-13].
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Moreover, PCV2 has also been associated with other
swine diseases, such as porcine dermatitis and
nephropathy syndrome (PDNS), porcine respiratory
disease complex (PRDC) and reproductive failure,
which are now collectively referred to as PCVAD or
PCV2-associated diseases, a name that the American
Association of Swine Veterinarians (AASV) uses to
group together all the diseases attributed to PCV2,
including PMWS [14]. PCV2 is a non-enveloped, sin-
gle-stranded, circular DNA virus with a 1.76-kb ambi-
sense genome [15]. The PCV2 genome is assumed to
have 11 potential open reading frames (ORF1-11)
[16]. Previous studies have demonstrated that ORF1,
-2 and −3 encode a 35.7 kDa replication (Rep) pro-
tein involved in virus replication [17], a 27.8 kDa cap-
sid (Cap) protein involved in PCV2 immunogenicity
[18-20] and a protein involved in PCV2-induced
apoptosis [21], respectively. Immunization against
PCV2 has been studied intensely and found to be the
most effective strategy for protecting pigs against
PCV2 infection. Over the years, various PCV2 vac-
cines, including DNA vaccines [22,23], chimeric
PCV1-2 vaccines [24] and subunit vaccines [25], have
been described for the control of PCV2 infections.
Although both DNA vaccination and subunit vaccin-
ation based on the ORF2 gene have shown relatively
satisfactory immunization against PCV2, DNA vaccin-
ation is not suitable for clinical application because of
the possibility of carcinogenesis [26]. Subunit vaccin-
ation is safer but not suitable for farmers in develop-
ing countries due to its high cost. Inactivated
vaccines are theoretically advantageous because they
represent a complex mixture of viral antigens closely
resembling the native virion. Formalin is known to
interact and induce the cross-linking of viral proteins,
leading to the loss of virus infectivity. The formalin
inactivation of a virus has been successfully used to
develop safe and efficacious human and veterinary
vaccines since 1955 [27]. The use of formalin inactiva-
tion for virus vaccine development is attractive from a
safety perspective as the virus cannot revert to a virulent
form, because there is no virus replication during
immunization. The use of formalin to inactivate viruses is
also attractive from a manufacturing perspective as the in-
activation process is relatively simple to develop.
Therefore, we prepared a PK-15 cell culture-derived,

formalin-inactivated prototype vaccine candidate for
PCV2. Animal experiments were designed to evaluate
the immunogenicity and efficacy of the inactivated
PCV2 vaccine in combination with an oil adjuvant in
conventional pigs following intramuscular (IM) adminis-
tration. The protective efficacy of the immunological re-
sponse was evaluated by challenge with PCV2 via the
intranasal (IN) and intramuscular (IM) routes.
Methods
Virus
The WuHan strain of PCV2 (GenBank: FJ 598044) was
used to prepare both the vaccine and the challenge in-
oculum for the animals. The virus was propagated in
porcine kidney cells (PK-15) free of PCV1 contamination
and grown in Minimal Essential Medium (MEM) con-
taining 10% fetal bovine serum. The titer of the virus
stock was 107 TCID50/ml.

Vaccine preparation
The PCV2 was produced according to the methods
described by Tischer et al. [28], with minor modifica-
tions. Briefly, the PCV2 WuHan strain was inoculated
into PK-15 cells by one-step inoculation and incubated
at 37 °C with 5% CO2 in MEM containing 10% fetal bo-
vine serum. One day after seeding, the medium was
removed, and the cultures were incubated with 300 mM
D-glucosamine in Hank’s salt solution (HSS) for 30 min
at 37°C in a volume sufficient to cover the monolayer.
Thereafter, the treated PK-15 cell cultures were incu-
bated in growth medium for two additional days in
MEM containing 2% fetal bovine serum at 37°C with 5%
CO2. The inoculated cells were frozen and thawed three
times. After centrifugation at 5000 × g for 20 min, the
supernatant was titered and then inactivated by incuba-
tion with formalin at a 0.3% final concentration for
48 hours at 37°C. Virus inactivation was confirmed by
the inoculation of the formalin-treated samples into PK-
15 cells. The formalin in the samples was then neutra-
lized by the addition of one part 0.2% (w/v) sodium
metabisulfite to 100 parts of vaccine. The titer of the
virus suspension prior to inactivation was 107 TCID50/
ml. The inactivated viral suspension was then mixed
with an oil adjuvant (MARCOL 52, EXXonMobile, USA)
at an appropriate ratio.

Animals and housing
Ten healthy, weaned, three-week-old crossbred piglets
were obtained from a pig farm that was negative for
PCV2 and PRRSV infections. The selected animals were
transported to the animal facilities at the Huazhong
Agricultural University and allowed to acclimatize for
seven days before the PCV2 vaccination. All experi-
mental protocols were approved by the Research Ethics
Committee of College of Veterinary Medicine, Huazhong
Agricultural University, Hubei, China (No. 2009–0012).
The animals were randomized into two groups with five
pigs each and raised separately in two isolation rooms
with individual ventilation. The pigs were provided com-
mercial diets and water ad libitum. During that period,
the animals were weighed and bled to assess their sero-
logical and virological status to PCV2, and all piglets
were confirmed to have neither serological nor
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virological evidence of previous exposure to PCV2 prior
to the vaccination (data not shown).

Experimental design and sample collection
After arriving at the animal facilities, the piglets were
given an identity and distributed into two groups with
stratification by their weight, namely Group 1 and
Group 2. The animal care was provided under an Insti-
tutional Animal Care and Use Committee approved
protocol. At 4 weeks of age, each piglet in Group 1 was
intramuscularly injected with 2.0 ml of prepared inacti-
vated PCV2 vaccine on the right side of the neck,
whereas each piglet in Group 2 received 2.0 ml of sterile
PBS as a placebo. Next, four weeks after the immunization
(8 weeks of age), all pigs were challenged with 5 ml (2.5 ml
intranasally and 2.5 ml intramuscularly) of the WuHan
strain of PCV2 at a dose of 107 TCID50/ml. After the in-
oculation, the pigs were monitored for 28 days. Dur-
ing this period, the pigs were clinically examined, and
rectal temperatures were recorded on a daily basis.
Body weight was measured before the immunization,
at challenge and at the time of necropsy. The relative
daily weight gains (expressed as daily weight gains/
primary body weight, RDWG) were determined. Blood
samples were collected from the vena cava at the time
of the vaccination and at weeks 1, 2 and 3 post-
vaccination (PV), at the time of challenge and on a
weekly basis thereafter. Sera were obtained and stored
at −80°C until the serological and virological test were
performed. Twenty-eight days after the challenge, the
animals were euthanized with an intravenous overdose
of sodium pentobarbital, and a complete necropsy was
performed. All tissue collection procedures were
performed according to the protocols approved by the
Hubei Province PR China for Biological Studies Ani-
mal Care and Use Committee. Macroscopic and
microscopic lesions were compared between the
groups. The amount of PCV2 antigen in the lymphoid
tissues was determined by immunohistochemistry
(IHC).

Quantitative real-time PCR for evaluation of viremia
DNA extraction from the serum samples collected on
the day of challenge and on DPC 7, 14, 21 and 28
was performed using the E.Z.N.A.TM Viral DNA Kit
(OMEGA, USA) according to the manufacturer’s
instructions. The DNA was used to quantify the PCV2
genomic DNA copy numbers by real-time PCR. Gen-
Bank entry FJ598044 was used for the primer and probe
design. The Cap gene region (corresponding to nucleo-
tides 1033–1734 bp of the whole PCV2 genome)
[19,29,30] was chosen for the primer and probe design
because it has a lower nucleotide homology with porcine
circovirus type 1 (PCV1) than ORF1 (~65%) [31]. The
forward (5'-CCAGGAGGGCGTTCTGACT-3') and re-
verse (5'-CGTTACCGCTGGAGAAGGAA-3') primers
and probe (5'-AATGGCATCTTCAACACCCGCCTCT-
3') were designed using the Primer Express v.1.5 soft-
ware (ABI Prism 7500 User’s Guide, Applied Biosystems,
Foster City, CA, USA). The primers and probe were
selected to work under universal conditions (ABI Prism
7500 User’s Guide, Applied Biosystems, USA). The probe
was labeled on the 5' end with FAMTM (6-carboxyfluor-
escein) and on the 3' end with TAMRATM (6-carboxyte-
tramethylrhodamine). The PCR reaction contained a
final concentration of 1× THUNDERBIRD Probe qPCR
Mix (TOYOBO, Japan), 0.3 μM each primer, 0.2 μM
Taqman Probe, 0.04 μl of 50× ROX reference dye and
DNA equivalent to that of 1 ml serum as the template.
Autoclaved nanopure water was added to bring the final
volume to 25 μl. All reactions were conducted in tripli-
cate on an ABI7500 (Applied Biosystems). The PCR pro-
gram consisted of one cycle of 95°C for 1 min and
40 cycles of 95°C for 15 s and 60°C for 1 min. For a
standard curve, serial dilutions of plasmid pORF2 (the
ORF2 gene cloned into the pMDTM 18-T Vector) were
used to quantify the virus genomic copy number. The
numbers of virus copies for each sample were presented
as the mean value of triplicate reactions.
Serological tests
Cap protein-specific antibodies were determined with an
endpoint ELISA using the recombinant Cap protein
antigen as described previously [32]. The titers were
expressed as the reciprocal of the highest dilution of sera
producing ratio values of 2:1.
Histopathology
Formalin-fixed, paraffin-embedded tissue samples were
cut into 4 μm thick slices, stained with hematoxylin-
eosin and examined for lesions compatible with PMWS.
The sections for histopathological examination were
taken from lung and lymphoid tissues, including the
lymph nodes (mesenteric and superficial inguinal), ton-
sil, and spleen. The tissues were examined in a blinded
fashion and given a subjective score for the severity of
the lesions. The lung scores ranged from 0 (normal) to 3
(severe lymphohistiocytic interstitial pneumonia).
Lymphoid tissues were evaluated for the presence of
lymphoid depletion, ranging from 0 (normal) to 3 (se-
vere), and for histiocytic inflammation and the replace-
ment of follicles, ranging from 0 (normal) to 3 (severe)
[32]. The overall microscopic lymphoid lesion score was
the average of the five studied tissues (lung, tonsil,
spleen, and the mesenteric and superficial inguinal
lymph nodes).



Table 2 PCV2 prevalence in the serum of pigs following
intranasal and intramuscular inoculations with PCV2, and
the mean viral load of the PCV2-positive pigs (log10)

Groups Day post-challenge

7 17 21 28

PCV2 in serum

Vaccinated group 3 of 5 3 of 5 2 of 5 0 of 5

Control group 5 of 5 5 of 5 5 of 5 5 of 5

Viral load in positive pigs

Vaccinated group 7.69 ± 0.11 7.67 ± 0.22 7.76 ± 0.26 0.00 ± 0.00

Control group 8.31 ± 0.40 8.41 ± 0.91 8.77 ± 0.55 7.72 ± 0.55
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Immunohistochemistry
IHC for the detection of PCV2-specific antigens was per-
formed on lymphoid tissues, including lymph nodes (mes-
enteric and superficial inguinal), tonsil, and spleen
collected during the necropsy at 28 DPC. A rabbit poly-
clonal antiserum against PCV2 was used for IHC follow-
ing procedures described previously [33]. The amount of
PCV2 antigen distributed in the tissues was scored in a
blinded fashion by assigning a score ranging from 0 for no
signal to 3 for a strong positive signal. The mean group
score was determined for each tissue and compared be-
tween groups.
Statistical analysis
The statistical analysis was performed by one-way analysis
of variance using SPSS version 17.0 (SPSS). The results
were considered to be statistically significant for P < 0.05.
Results
Clinical presentation
None of the animals developed clinical signs compatible
with PMWS during the entire experiment. The number of
days in which the rectal temperature exceeded 40.0°C and
the relative daily weight gain (expressed as the daily
weight gain/primary body weight, RDWG) were recorded.
As shown in Table 1, no significant differences in the body
weight or rectal temperature were observed between the
groups at any of the sampling times.
Incidence and amount of PCV2 DNA in serum
PCV2 DNA was not detected in any of the serum samples
on the day of the challenge. The log transformed group
mean amounts of PCV2 DNA for both groups are sum-
marized in Table 2. In the challenge-control group, all pigs
had PCV2 viremia, which persisted for at least 28 days.
However, in the vaccination-challenge group three out of
five pigs had PCV2 viremia that persisted for 21 days after
the PCV2 challenge. At 28 days after the PCV2 challenge,
no viremia was observed. In addition, compared with the
challenge-control pigs, those in the vaccination-challenge
group exhibited a reduction in the level of viremia, al-
though this difference was not significant. This result indi-
cated that the viremia presented in the vaccination-
challenge group was lighter than that in the challenge-
control group.
Table 1 Clinical signs and weight gain of pigs following intra

Groups Days
with
fever
( ≥40°C)

At chal

Vaccinated group 0 14.98 ±

Control group 0.40 ± 0.55 15.16 ±
Humoral response
The evolution of the ELISA titers to PCV2 in the vacci-
nated and non-vaccinated pigs is displayed in Figure 1.
Both groups were seronegative for PCV2 when vacci-
nated on day 0. At the time of the challenge, which was
28 days later, the vaccinated pigs had seroconverted to
PCV2 and had significantly (p < 0.05) higher titers of
antibodies against PCV2 than the control pigs. Both
groups had increased levels of serum antibodies against
PCV2 following the challenge, and the non-vaccinated
control pigs seroconverted to PCV2 between 14 and
28 days post-challenge (days 42 to 56).

Histopathological lesions
To investigate the protective efficacy of the inactivated
PCV2 vaccine, we compared the pathological changes of
the lung and lymphoid tissues between the groups. All
pigs in the control group had mildly to moderately
thicker alveolus walls (Figure 2A) in their lungs on day
28 post-challenge (day 56), with a total score of 9. These
pigs also had mild to moderate histiocytic replacement in
the lymphoid tissues (Figure 2C), with a total score of 8.
In contrast, no signs of disease were recorded in four of
the five vaccinated pigs (Figure 2B and 2D). The fifth vac-
cinated pig had a score of 1 in the lungs and 1 in the
lymphoid tissues.

Detection of the PCV2 antigen in tissues
At necropsy (DPC 28), the incidences of the PCV2 anti-
gen as determined by IHC for the immunized and non-
vaccinated pigs, respectively, were as follows: 2/5 and 5/
5 in the superficial inguinal lymph node sections, 2/5
and 5/5 in the mesenteric lymph node sections, 1/5 and
nasal and intramuscular inoculations with PCV2

Body weight Relative daily
weight gainlenge 28 days pc

1.09 27.96 ± 0.84 0.0311 ± 0.0035

1.32 27.12 ± 0.90 0.0284 ± 0.0036



Figure 1 PCV2-specific antibody detection by ELISA. ELISA assay for PCV2-specific antibodies in the serum of vaccinated and non-vaccinated
pigs from day 28 pre-challenge to day 28 post-challenge. (**) Indicates significantly (P < 0.01) higher PCV2-specific antibody titers in the
vaccinated pigs than in the challenge control pigs.
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4/5 in the tonsil sections, and 1/5 and 3/5 in the spleen
sections (Table 3).The amounts of PCV2 antigen in the
immunized pigs were significantly lower than in the
non-vaccinated pigs in the superficial inguinal lymph
nodes and mesenteric lymph nodes (P < 0.01). In
addition, compared with the challenge-control group
pigs, those in the vaccination-challenge group exhibited
a reduction in the amounts of PCV2 antigen in the
Figure 2 Histological lesions found in the PCV2-challenged pigs. Seve
challenge-control group (A). Severe infiltration with epithelium-like macrop
control group (C). There were no clear histological lesions in the lungs (B)
tonsils and spleen, although these differences were not
significant.

Discussion
Post-weaning multisystemic wasting syndrome (PMWS)
is recognized as a major disease problem of economic
importance in many pig-producing areas of the world
[5,8]. It can cause significant levels of mortality in many
rely thicker alveolus walls were examined in the lung of pigs in the
hages (↑) was examined in the lymph nodes of pigs in the challenge-
or lymph nodes (D) in four out of the five vaccinated pigs.



Table 3 Demonstration of PCV2 by immunohistochemistry at the necropsy performed 28 days after the intranasal and
intramuscular inoculations of the pigs with PCV2, shown as the number of PCV2-positive pigs and mean scores

Groups Body organ

Superficial inguinal lymph nodes Mesenteric lymph nodes Tonsils Spleen

Presence of PCV2

Vaccinated group 2 of 5 2 of 5 1 of 5 1 of 5

Control group 5 of 5 5 of 5 4 of 5 3 of 5

Mean score

Vaccinated group 0.40 ± 0.55 0.40 ± 0.55 0.20 ± 0.45 0.20 ± 0.45

Control group 2.40 ± 0.55* 2.00 ± 0.71* 1.00 ± 0.71 0.80 ± 0.84

Values in parentheses are the mean estimated amounts of the PCV2 antigen in lymphoid tissues (range: 0, no antigen detected; 3, high amounts of antigen).
* indicates a difference in the mean value scores between the groups (P < 0.05).
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herds [5]. Although other co-factors have been reported
to contribute to this disease, there is no doubt that the
expression of the clinical disease is dependent on the
presence of PCV2 [34,35]. The development of effective
vaccines against PCV2 infection has been accepted as a
strategy for the prophylaxis of PMWS. Maternal anti-
bodies against PCV2 have been shown to be present in
3-week-old pigs, which gradually decrease to a very low
level in 11-week-old pigs [36]. The low levels of anti-
bodies against PCV2 ensure that the pigs are unable to
handle a PCV2 infection, leading them to develop
PMWS [37,38]. To create a viable PCV2 vaccine ap-
proach, a vaccination method should be designed to in-
duce immunity in piglets prior to the time-point when
the weaning maternal immunity makes the piglets sus-
ceptible to PCV2 infection. The lack of a consistent, pre-
cise and reproducible model of PMWS [14] is one of the
main drawbacks for the experimental evaluation of
PCV2 vaccines. Therefore, the assessment of vaccine ef-
ficacy in terms of protection against clinical disease was
not feasible. This situation applies not only to this study
but also to earlier ones in which only subclinical infec-
tions were developed [24,39-41]. As performed in those
studies, the vaccine efficacy may be validated by evaluat-
ing some parameters related to PCV2 infection, such as
viremia, the presence of microscopic PMWS-like lesions
and the viral load in tissues, or by determining the abil-
ity of the vaccine to induce an immune response.
Reduced PCV2 viremia was observed in PCV2 vaccine

studies in PCV2-negative pigs under experimental con-
ditions [39,41,42]. In the present study, the experimental
model using PCV2 alone as an inoculum did not suc-
ceed in causing PMWS; however, we examined the
PCV2 levels in the sera of pigs by real-time PCR at dif-
ferent times after the challenge, and the results indicated
that the proportion of viremic pigs, the days with
viremia and the viremia levels in the serum were signifi-
cantly reduced in the vaccination-challenge pigs com-
pared with their challenge-control counterparts.
Additionally, the PCV2 antigen was detected in low-to-
high amounts in lymph node, tonsil, and spleen tissues
of the non-vaccinated pigs but not those of the vacci-
nated pigs, with the exception of one pig. This observa-
tion suggests that the inactivated PCV2 vaccine can
partially prevent PCV2 viremia and significantly reduce
the amount of PCV2 virus in the lymphoid tissues,
which are important factors in the pathogenesis of
PCV2-associated diseases [36,43]. PCV2-specific anti-
bodies have been generally accepted to be associated
with protection because field evidence has suggested
that the decrease in antibodies contributes to the devel-
opment of PMWS [2,8,44]. In this study, the ELISA
results showed that the level of antibodies against PCV2
in the serum of vaccinated pigs gradually increased and
that the seroconversion to PCV2-specific antibodies was
detected in two pigs at 14 DPV and all five pigs by 21
DPV. These results confirmed that the inactivated PCV2
whole-virus vaccine with an oil adjuvant could elicit a
high level of humoral immune response in swine. The
PCV2-challenge in this study was performed using both
intramuscular and intranasal routes, which is in contrast
to other groups that used the intranasal route only
[45,46]. The combination of the intranasal and intramus-
cular routes of inoculation was found to be successful in
obtaining a uniform PCV2 infection level in the pigs
[47-49]. We chose to perform both because of the
increased likelihood that not all the pigs inhale an equal
amount of inoculum due to sneezing and/or labored
breathing at the time of inoculation when using only the
intranasal route. This approach was performed to ensure
that all pigs received a certain amount of the virus and
to ensure that the infection was successful. The mean
scores of the microscopic lesions in the lung, lymph
node, spleen, and tonsil tissues of the vaccinated groups
showed that the lesions were less severe (P < 0.05) than
those of the non-vaccinated group. These results indi-
cate that the inactivated PCV2 vaccine may be effective
in protecting pigs from PCV2-associated diseases, but
further studies are required to ensure the efficacy of the
vaccine.
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Conclusions
In conclusion, the results obtained indicate that an inac-
tivated PCV2-virus vaccine with an oil adjuvant induces
an immunological response in pigs that appears to pro-
tect the pigs from PCV2 infection. The vaccine may thus
have the potential to serve as a vaccine to protect pigs
from the development of PMWS.

Competing interests
None of the authors of this paper have a financial or personal relationship
with other people or organizations that could inappropriately influence or
bias the content of this paper.

Authors’ contributions
HQG, YK, and LWT initiated and designed the study; YWD prepared the virus
and vaccine; and YK, LWT, NHH, LXL, WY, CS, and KXG performed the
experimental infection. All authors were involved in the interpretation of the
results and drawing of the conclusions and provided helpful advice in
writing the paper. All authors read and approved the final manuscript.

Acknowledgements
This work was supported by grants from the China Agricultural Research
System (CARS-36).

Author details
1State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural
University, Wuhan 430070, China. 2Institute of Food Science and Technology,
Huazhong Agricultural University, Wuhan 430070, China.

Received: 10 July 2012 Accepted: 12 November 2012
Published: 21 November 2012

References
1. Harding JCS, Clark EG: Recognizing and diagnosing postweaning

multisystemic wasting syndrome (PMWS). Swine Health Prod 1997,
5(5):201–203.

2. Allan G, McNeilly F, Kennedy S, Daft B, Ellis J, Haines D, Meehan B, Adair B:
Isolation of porcine circovirus-like viruses from pigs with a wasting
disease in the USA and Europe. J Vet Diagn Invest 1998, 10(1):3.

3. Choi C, Chae C, Clark EG: Porcine postweaning multisystemic wasting
syndrome in Korean pig: detection of porcine circovirus 2 infection by
immunohistochemistry and polymerase chain reaction. J Vet Diagn Invest
2000, 12(2):151.

4. Larochelle R, Morin M, Antaya M, Magar R: Identification and incidence of
porcine circovirus in routine field cases in Quebec as determined by
PCR. Vet Rec 1999, 145(5):140–142.

5. Madec F, Eveno E, Morvan P, Hamon L, Blanchard P, Cariolet R, Amenna N,
Morvan H, Truong C, Mahé D: Post-weaning multisystemic wasting
syndrome (PMWS) in pigs in France: clinical observations from
follow-up studies on affected farms. Livestock Production Science 2000,
63(3):223–233.

6. Onuki A, Abe K, Togashi K, Kawashima K, Taneichi A, Tsunemitsu H:
Detection of porcine circovirus from lesions of a pig with wasting
disease in Japan. J Vet Med Sci 1999, 61(10):1119.

7. Segales J, Sitjar M, Domingo M, Dee S, Del Pozo M, Noval R, Sacristan C, De
Las Heras A, Ferro A, Latimer K: First report of post-weaning multisystemic
wasting syndrome in pigs in Spain. Vet Rec 1997, 141(23):600–601.

8. Allan GM, Ellis JA: Porcine circoviruses: a review. J Vet Diagn Invest
2000, 12(1):3.

9. Rosell C, Segalés J, Plana-Duran J, Balasch M, Rodriguez-Arrioja G, Kennedy
S, Allan G, McNeilly F, Latimer K, Domingo M: Pathological,
immunohistochemical, and in-situ hybridization studies of natural cases
of postweaning multisystemic wasting syndrome (PMWS) in pigs. J
Comp Pathol 1999, 120(1):59–78.

10. Ellis J, Bratanich A, Clark E, Allan G, Meehan B, Haines D, Harding J, West K,
Krakowka S, Konoby C: Coinfection by porcine circoviruses and porcine
parvovirus in pigs with naturally acquired postweaning multisystemic
wasting syndrome. J Vet Diagn Invest 2000, 12(1):21.
11. Fenaux M, Halbur P, Haqshenas G, Royer R, Thomas P, Nawagitgul P, Gill M,
Toth T, Meng X: Cloned genomic DNA of type 2 porcine circovirus is
infectious when injected directly into the liver and lymph nodes of pigs:
characterization of clinical disease, virus distribution, and pathologic
lesions. J Virol 2002, 76(2):541–551.

12. Harms P, Sorden S, Halbur P, Bolin S, Lager K, Morozov I, Paul P:
Experimental reproduction of severe disease in CD/CD pigs
concurrently infected with type 2 porcine circovirus and porcine
reproductive and respiratory syndrome virus. Vet Pathol 2001,
38(5):528–539.

13. Opriessnig T, Yu S, Gallup J, Evans R, Fenaux M, Pallares F, Thacker E,
Brockus C, Ackermann M, Thomas P: Effect of vaccination with selective
bacterins on conventional pigs infected with type 2 porcine circovirus.
Vet Pathol 2003, 40(5):521–529.

14. Segalés J, Allan GM, Domingo M: Porcine circovirus diseases. Anim Health
Res Rev 2005, 6(2):119–142.

15. Mankertz A, Domingo M, Folch JM, LeCann P, Jestin A, Segalés J,
Chmielewicz B, Plana-Durán J, Soike D: Characterisation of PCV-2 isolates
from Spain, Germany and France. Virus Res 2000, 66(1):65–77.

16. Hamel AL, Lin LL, Nayar GPS: Nucleotide sequence of porcine circovirus
associated with postweaning multisystemic wasting syndrome in pigs.
J Virol 1998, 72(6):5262–5267.

17. Mankertz A, Mankertz J, Wolf K, Buhk HJ: Identification of a protein
essential for replication of porcine circovirus. J Gen Virol 1998,
79(2):381–384.

18. Mahé D, Blanchard P, Truong C, Arnauld C, Le Cann P, Cariolet R, Madec F,
Albina E, Jestin A: Differential recognition of ORF2 protein from type 1
and type 2 porcine circoviruses and identification of immunorelevant
epitopes. J Gen Virol 2000, 81(7):1815.

19. Nawagitgul P, Morozov I, Bolin SR, Harms PA, Sorden SD, Paul PS: Open
reading frame 2 of porcine circovirus type 2 encodes a major capsid
protein. J Gen Virol 2000, 81(9):2281–2287.

20. Truong C, Mahe D, Blanchard P, Le Dimna M, Madec F, Jestin A, Albina E:
Identification of an immunorelevant ORF2 epitope from porcine
circovirus type 2 as a serological marker for experimental and natural
infection. Arch Virol 2001, 146(6):1197–1211.

21. Liu J, Chen I, Kwang J: Characterization of a previously unidentified viral
protein in porcine circovirus type 2-infected cells and its role in virus-
induced apoptosis. J Virol 2005, 79(13):8262–8274.

22. Shen H-G, Zhou J-Y, Huang Z-Y, Guo J-Q, Xing G, He J-L, Yan Y, Gong L-Y:
Protective immunity against porcine circovirus 2 by vaccination with
ORF2-based DNA and subunit vaccines in mice. J Gen Virol 2008,
89:1857–1865.

23. Kamstrup S, Barfoed AM, Frimann TH, Ladekjaer-Mikkelsen AS, Botner A:
Immunisation against PCV2 structural protein by DNA vaccination of
mice. Vaccine 2004, 22(11–12):1358–1361.

24. Fenaux M, Opriessnig T, Halbur P, Elvinger F, Meng X: A chimeric porcine
circovirus (PCV) with the immunogenic capsid gene of the pathogenic
PCV type 2 (PCV2) cloned into the genomic backbone of the
nonpathogenic PCV1 induces protective immunity against PCV2
infection in pigs. J Virol 2004, 78(12):6297–6303.

25. Blanchard P, Mahe D, Cariolet R, Keranflec'h A, Baudouard MA, Cordioli P,
Albina E, Jestin A: Protection of swine against post-weaning
multisystemic wasting syndrome (PMWS) by porcine circovirus type 2
(PCV2) proteins. Vaccine 2003, 21(31):4565–4575.

26. Nichols WW, Ledwith BJ, Manam SV, Troilo PJ: Potential DNA
vaccine integration into host cell genome. Ann NY Acad Sci 1995,
772(1):30–39.

27. Furesz J: Developments in the production and quality control of
poliovirus vaccines-Historical perspectives. Biologicals 2006,
34(2):87–90.

28. Tischer I, Peters D, Rasch R, Pociuli S: Replication of porcine circovirus:
induction by glucosamine and cell cycle dependence. Arch Virol 1987,
96(1):39–57.

29. Cheung AK: Transcriptional analysis of porcine circovirus type 2. Virology
2003, 305(1):168–180.

30. Mankertz A, Hillenbrand B: Replication of porcine circovirus type 1
requires two proteins encoded by the viral rep gene. Virology 2001,
279(2):429–438.

31. Liu Q, Tikoo SK, Babiuk LA: Nuclear localization of the ORF2 protein
encoded by porcine circovirus type 2. Virology 2001, 285(1):91–99.



Yang et al. Acta Veterinaria Scandinavica 2012, 54:67 Page 8 of 8
http://www.actavetscand.com/content/54/1/67
32. Fan H, Xiao S, Tong T, Wang S, Xie L, Jiang Y, Chen H, Fang L:
Immunogenicity of porcine circovirus type 2 capsid protein targeting to
different subcellular compartments. Mol Immunol 2008, 45(3):653–660.

33. Sorden SD, Harms PA, Nawagitgul P, Cavanaugh D, Paul PS: Development
of a polyclonal-antibody-based immunohistochemical method for the
detection of type 2 porcine circovirus in formalin-fixed, paraffin-
embedded tissue. J Vet Diagn Invest 1999, 11(6):528.

34. Blanchard P, Mahe D, Cariolet R, Keranflec'h A, Baudouard M, Cordioli P,
Albina E, Jestin A: Protection of swine against post-weaning
multisystemic wasting syndrome (PMWS) by porcine circovirus type 2
(PCV2) proteins. Vaccine 2003, 21(31):4565–4575.

35. Roca M, Balasch M, Segales J, Calsamiglia M, Viaplana E, Urniza A,
Hattermann K, Mankertz A, Plana-Duran J, Domingo M: In vitro and in vivo
characterization of an infectious clone of a European strain of porcine
circovirus type 2. J Gen Virol 2004, 85(5):1259–1266.

36. Larochelle R, Magar R, D'Allaire S: Comparative serologic and virologic
study of commercial swine herds with and without postweaning
multisystemic wasting syndrome. Can J Vet Res 2003, 67(2):114.

37. Wallgren P, Brunborg IM, Blomqvist G, Bergstrom G, Wikstrom F, Allan G,
Fossum C, Jonassen CM: The index herd with PMWS in Sweden: Presence
of serum amyloid A, circovirus 2 viral load and antibody levels in healthy
and PMWS-affected pigs. Acta Vet Scand 2009, 51:13.

38. Meerts P, Misinzo G, Lefebvre D, Nielsen J, Botner A, Kristensen CS,
Nauwynck HJ: Correlation between the presence of neutralizing
antibodies against porcine circovirus 2 (PCV2) and protection against
replication of the virus and development of PCV2-associated disease.
BMC Vet Res 2006, 2:6.

39. Fort M, Sibila M, Allepuz A, Mateu E, Roerink F, Segales J: Porcine circovirus
type 2 (PCV2) vaccination of conventional pigs prevents viremia against
PCV2 isolates of different genotypes and geographic origins. Vaccine
2008, 26(8):1063–1071.

40. Fort M, Sibila M, Perez-Martin E, Nofrarias M, Mateu E, Segales J: One dose
of a porcine circovirus 2 (PCV2) sub-unit vaccine administered to 3-
week-old conventional piglets elicits cell-mediated immunity and
significantly reduces PCV2 viremia in an experimental model. Vaccine
2009, 27(30):4031–4037.

41. Opriessnig T, Patterson A, Elsener J, Meng X, Halbur P: Influence of
maternal antibodies on efficacy of porcine circovirus type 2 (PCV2)
vaccination to protect pigs from experimental infection with PCV2. Clin
Vaccine Immunol 2008, 15(3):397–401.

42. Opriessnig T, Madson D, Prickett J, Kuhar D, Lunney J, Elsener J, Halbur P:
Effect of porcine circovirus type 2 (PCV2) vaccination on porcine
reproductive and respiratory syndrome virus (PRRSV) and PCV2
coinfection. Vet Microbiol 2008, 131(1):103–114.

43. Meerts P, Misinzo G, Lefebvre D, Nielsen J, Bøtner A, Kristensen CS,
Nauwynck HJ: Correlation between the presence of neutralizing
antibodies against porcine circovirus 2 (PCV2) and protection against
replication of the virus and development of PCV2-associated disease.
BMC Vet Res 2006, 2(1):6.

44. McIntosh KA, Harding JCS, Ellis JA, Appleyard GD: Detection of Porcine
circovirus type 2 viremia and seroconversion in naturally infected pigs in
a farrow-to-finish barn. Can J Vet Res 2006, 70(1):58.

45. Allan G, McNeilly F, Meehan B, McNair I, Ellis J, Krakowka S, Fossum C,
Wattrang E, Wallgren P, Adair B: Reproduction of postweaning
multisystemic wasting syndrome in pigs experimentally inoculated
with a Swedish porcine circovirus 2 isolate. J Vet Diagn Invest 2003,
15(6):553–560.

46. Rovira A, Balasch M, Segales J, Garcia L, Plana-Duran J, Rosell C, Ellerbrok H,
Mankertz A, Domingo M: Experimental inoculation of conventional pigs
with porcine reproductive and respiratory syndrome virus and porcine
circovirus 2. J Virol 2002, 76(7):3232–3239.

47. Liu X, Wang X, Song Y, Fan J, Gao S, Liu X: A candidate inactivated
chimeric vaccine PCV1-2 constructed based on PCV1 and PCV2 isolates
originating in China and its evaluation in conventional pigs in regard to
protective efficacy against PCV2 infection. Microbiol Immunol 2011,
55:254–266.

48. Xu X, Zhao H, Zhang Q, Ding L, Li Z, Li W, Wu H, Chuang K, Tong D, Liu H:
Oral vaccination with attenuated Salmonella enterica serovar
Typhimurium expressing Cap protein of PCV2 and its immunogenicity in
mouse and swine models. Vet Microbiol 2012, 157(3–4):294.
49. Opriessnig T, Gomes-Neto JC, Hemann M, Shen HG, Beach NM, Huang Y,
Halbur PG, Meng XJ: An experimental live chimeric porcine circovirus
1-2a vaccine decreases porcine circovirus 2b viremia when administered
intramuscularly or orally in a porcine circovirus 2b and porcine
reproductive and respiratory syndrome virus dual-challenge model.
Microbiol Immunol 2011, 55(12):863–873.

doi:10.1186/1751-0147-54-67
Cite this article as: Yang et al.: Efficacy of single dose of an inactivated
porcine circovirus type 2 (PCV2) whole-virus vaccine with oil adjuvant in
piglets. Acta Veterinaria Scandinavica 2012 54:67.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Virus
	Vaccine preparation
	Animals and housing
	Experimental design and sample collection
	Quantitative real-time PCR for evaluation of viremia
	Serological tests
	Histopathology
	Immunohistochemistry
	Statistical analysis

	Results
	Clinical presentation
	Incidence and amount of PCV2 DNA in serum
	Humoral response
	Histopathological lesions
	Detection of the PCV2 antigen in tissues

	Discussion
	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


