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Infection of animals with a molecular viral clone is critical to study the genetic determinants of viral
replication and virulence in the host. Type 2 porcine circovirus (PCV2) has been incriminated as the cause of
postweaning multisystemic wasting syndrome (PMWS), an emerging disease in pigs. We report here for the
first time the construction and use of an infectious molecular DNA clone of PCV2 to characterize the disease
and pathologic lesions associated with PCV2 infection by direct in vivo transfection of pigs with the molecular
clone. The PCV2 molecular clone was generated by ligating two copies of the complete PCV2 genome in tandem
into the pBluescript SK (pSK) vector and was shown to be infectious in vitro when transfected into PK-15 cells.
Forty specific-pathogen-free pigs at 4 weeks of age were randomly assigned to four groups of 10 each. Group
1 pigs served as uninoculated controls. Pigs in group 2 were each inoculated intranasally with about 1.9 � 105

50% tissue culture infective doses of a homogeneous PCV2 live virus stock derived from the molecular clone.
Pigs in group 3 were each injected intrahepatically with 200 �g of the cloned PCV2 plasmid DNA, and pigs in
group 4 were each injected into the superficial iliac lymph nodes with 200 �g of the cloned PCV2 plasmid DNA.
Animals injected with the cloned PCV2 plasmid DNA developed infection resembling that induced by intra-
nasal inoculation with PCV2 live virus stock. Seroconversion to PCV2-specific antibody was detected in the
majority of pigs from the three inoculated groups at 35 days postinoculation (DPI). Viremia, beginning at 14
DPI and lasting 2 to 4 weeks, was detected in the majority of the pigs from all three inoculated groups. There
were no remarkable clinical signs of PMWS in control or any of the inoculated pigs. Gross lesions in pigs of
the three inoculated groups were similar and were characterized by systemically enlarged, tan lymph nodes and
lungs that failed to collapse. Histopathological lesions and PCV2-specific antigen were detected in numerous
tissues and organs, including brain, lung, heart, kidney, tonsil, lymph nodes, spleen, ileum, and liver of infected
pigs. This study more definitively characterizes the clinical course and pathologic lesions exclusively attrib-
utable to PCV2 infection. The data from this study indicate that the cloned PCV2 genomic DNA may replace
infectious virus for future PCV2 pathogenesis and immunization studies. The data also suggest that PCV2,
although essential for development of PMWS, may require other factors or agents to induce the full spectrum
of clinical signs and lesions associated with advanced cases of PMWS.

Porcine circovirus (PCV) was originally isolated as a cell
culture contaminant of a porcine kidney cell line (PK-15) (56,
60). PCV is a small, nonenveloped virus that contains a single-
stranded circular DNA genome of about 1.76 kb. PCV is clas-
sified in the family of Circoviridae, which consists of three other
animal circoviruses (chicken anemia virus [CAV], psittacine
beak and feather disease virus, and the recently discovered
columbid circovirus [CoCV] from pigeons) and three plant
circoviruses (banana bunchy top virus, coconut foliar decay
virus, and subterranean clover stunt virus) (11, 35, 37, 38, 39,
61). Members of the three previously recognized animal circo-

viruses (PCV, CAV, and psittacine beak and feather disease
virus) do not share nucleotide sequence homology or antigenic
determinants with each other (11, 61). The genome of the
newly identified columbid circovirus shared about 40% nucle-
otide sequence identity with that of PCV (37). Recently, a
novel human virus with a circular genome, designated TT virus
(TTV), was identified from individuals associated with post-
transfusion hepatitis (40, 45) and a human TTV-like minivirus
(TLMV) was also identified from normal blood donors (12,
55). The genomic organization of both human TTV and
TLMV is similar to that of the CAV (12, 40, 55). Although
antibodies to PCV were found in various animal species, in-
cluding humans, mice, cattle, and pigs (1, 15, 16, 26, 44, 58, 59),
little is known regarding the pathogenesis of PCV in these
animal species. Experimental infection of pigs with the PK-15
cell-derived PCV did not produce clinical disease, and, thus,
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this virus is not considered to be pathogenic to pigs (2, 57). The
nonpathogenic PCV derived from the contaminated PK-15 cell
line was designated PCV1.

Postweaning multisystemic wasting syndrome (PMWS) is an
emerging disease in pigs first described in 1991 (25). PMWS
primarily affects pigs between 5 and 18 weeks of age. Clinical
PMWS signs include progressive weight loss, dyspnea, tachy-
pnea, anemia, diarrhea, and jaundice. Mortality rate may vary
from 1 to 2% up to 30% in complicated cases. Microscopic
lesions characteristic of PMWS include granulomatous inter-
stitial pneumonia, lymphadenopathy, hepatitis, and nephritis
(9, 25). PMWS has now been recognized in pigs in Canada, the
United States (3, 5, 9, 17, 24, 30, 33, 39, 41), many European
countries (5, 9, 16, 28, 36, 48, 53, 62), and some countries in
Asia (13, 46) and potentially has serious economic impact on
the swine industry worldwide.

The causative agent of PMWS is believed to be a pathogenic
strain of PCV designated PCV2 (3, 5, 7, 9, 17, 24, 39, 41). The
complete genomic sequence of the PMWS-associated PCV2
has been determined (20, 24, 35, 38, 39, 41). Sequence analyses
revealed that the PMWS-associated PCV2 shared only about
75% nucleotide sequence identity with the nonpathogenic
PCV1. Experimental reproduction of clinical PMWS in gnoto-
biotic pigs and conventional pigs with tissue homogenates from
pigs with naturally occurring PMWS and with cell culture-
propagated PCV2 produced mixed results. Clinical PMWS was
reproduced in gnotobiotic pigs and colostrum-deprived and
caesarean-derived pigs coinfected with PCV2 and porcine par-
vovirus (PPV) (8, 32) and in PCV2-inoculated gnotobiotic pigs
when their immune system was activated by keyhole limpet
hemocyanin in incomplete Freund’s adjuvant (31). However,
clinical PMWS was not reproduced in gnotobiotic pigs infected
with PCV2 alone (4, 6, 8, 10, 18, 29, 31, 32, 47). The virus
inocula used in these studies were either homogenates of tis-
sues from pigs with naturally occurring PMWS or virus prop-
agated in PK-15 cell cultures (4, 6, 8, 10, 18, 29, 31, 32, 47).
Since tissue homogenates may contain other common swine
agents, such as PPV and porcine reproductive and respiratory
syndrome virus (PRRSV) (4, 8, 9, 19, 48), and since the ATCC
PK-15 cell line used for PCV2 propagation was persistently
infected with PCV1 (15), the clinical disease and pathologic
lesions reproduced in those studies may not be solely attribut-
able to PCV2 infection (4, 6, 8, 9, 19). Therefore, it will be
advantageous to construct an infectious clone of PCV2 so that
a biologically pure and homogeneous infectious virus stock can
be generated for pathogenesis studies.

We report here for the first time that a molecular DNA
clone of PCV2 is infectious when injected directly into the liver
and lymph nodes of pigs. The course of clinical disease, virus
distribution, and pathologic lesions associated with PCV2 in-
fection was more definitively characterized by using this mo-
lecular DNA clone and a biologically pure and homogeneous
infectious PCV2 virus stock derived from the molecular DNA
clone.

MATERIALS AND METHODS

Source of PCV2. The PCV2 isolate used in this study was from a spleen tissue
sample of a pig with naturally occurring PMWS (PCV2 no. 40895) (20). Immu-
nohistochemical staining (IHC) with PCV2 specific antibody confirmed the pres-

ence of PCV2 antigen in the tissue (data not shown). The spleen tissues were
stored at �80°C until use.

Generation of a PK-15 cell line free of PCV1 contamination by end point
dilution. The PK-15 cell line purchased from the American Type Culture Col-
lection was persistently infected with PCV1 (15). Since only a subpopulation of
PK-15 cells was persistently infected (15), we therefore attempted to generate a
PK-15 cell line that was free of PCV1 contamination by end point dilution. PK-15
cells were grown in minimum essential medium (MEM) with Earle’s salts and
L-glutamine (Life Technologies, Inc., Grand Island, N.Y.) supplemented with
10% fetal bovine serum and 1� antibiotic (Life Technologies, Inc.). Confluent
cell monolayers were trypsinized, and the cells were then counted and serially
diluted to an end point with one cell per 0.2 ml. The end point dilution was plated
in 96-well plates and allowed to grow into a monolayer starting from a single cell.
Cells from each well were tested for PCV1 DNA using a PCR-restriction frag-
ment length polymorphism (RFLP) assay capable of detecting and differentiating
PCV1 and PCV2 (20). PK-15 cells from wells that tested negative for PCV1 by
the PCR-RFLP assay were subsequently expanded. The PCV1-free PK-15 cell
line used in this study was subcultured five additional passages and was found
negative for PCV1 DNA by PCR at each passage.

Construction of PCV2 molecular DNA clone. A pair of PCR primers was
designed according to the published sequence of the PCV2 isolate 40895 (20):
forward primer F-PCVSAC2 (5�-GAACCGCGGGCTGGCTGAACTTTTGAA
AGT-3�) and reverse primer R-PCVSAC2 (5�-GCACCGCGGAAATTTCTGA
CAAACGTTACA-3�). This pair of primers amplifies the complete genome of
PCV2 with an overlapping region containing the unique SacII restriction enzyme
site (Fig. 1). Briefly, DNA was extracted using the QIAamp DNA Minikit
(Qiagen, Inc., Valencia, Calif.) from a spleen tissue sample of a pig with naturally
occurring PMWS (isolate 40895) (20). The extracted DNA was amplified by PCR
with AmpliTaq Gold polymerase (Perkin-Elmer, Norwalk, Conn.). The PCR
consisted of an initial enzyme activation step at 95°C for 9 min, followed by 35
cycles of denaturation at 94°C for 1 min, annealing at 48°C for 1 min, extension
at 72°C for 3 min, and a final extension at 72°C for 7 min. The PCR product of
expected size was separated by gel electrophoresis and purified with the glass
milk procedure with a Geneclean Kit (Bio 101, Inc., La Jolla, Calif.).

To construct a molecular DNA clone containing a tandem dimmer of the
PCV2 genome, the PCR product containing the complete PCV2 genome was

FIG. 1. Construction of an infectious PCV2 molecular DNA clone.
The relative positions of the primer pair used to amplify the complete
PCV2 genome are indicated by the arrows (reverse primer,
R-PCVSAC2; forward primer, F-PCVSAC2). The PCV2 genomic
DNA amplified by PCR is digested with the SacII restriction enzyme
and purified. The purified and SacII-digested genomic DNA was li-
gated to form concatemers. Ligated concatemers were separated by gel
electrophoresis; the tandem genome dimmer of PCV2 was purified
and cloned into the pSK vector, which is predigested with the SacII
enzyme to produce a molecular PCV2 DNA clone.
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first ligated into the advanTAge plasmid vector (Clontech, Palo Alto, Calif.).
Escherichia coli DH5� competent cells were transformed. The recombinant
plasmids were verified by restriction enzyme digestion. The full-length PCV2
genomic DNA was excised from the advanTAge vector by digestion with the
SacII restriction enzyme. The digested PCV2 genomic DNA was ligated with T4
DNA ligase at 37°C for only 10 min, which favors the production of tandem
dimmers. The tandem dimmers were subsequently cloned into the pBluescript
SK (pSK) vector (Stratagene, La Jolla, Calif.) (Fig. 1). Recombinant plasmids
containing tandem dimmers of the PCV2 genome (referred to as the PCV2
molecular DNA clone) were confirmed by PCR, restriction enzyme digestion,
and DNA sequencing. The DNA concentration of the recombinant plasmids was
determined spectrophotometrically.

In vitro transfection with PCV2 molecular DNA clone and generation of a
biologically pure and homogeneous PCV2 infectious virus stock. To test the
infectivity of the molecular DNA clone in vitro, PK-15 cells free of PCV1
contamination were grown in eight-well LabTek chamber slides. When the
PK-15 cells reached about 85% confluency, cells were transfected with the
molecular DNA clone using Lipofectamine Plus Reagents according to the
protocol supplied by the manufacturer (Life Technologies, Inc). Mock-trans-
fected cells with empty pSK vector were included as controls. Three days after
transfection, the cells were fixed with a solution containing 80% acetone and
20% methanol at 4°C for 20 min and an immunofluorescence assay (IFA) using
a PCV2-specific rabbit polyclonal antiserum was performed to determine the in
vitro infectivity of the molecular DNA clone (see below).

To generate a biologically pure and homogeneous PCV2 infectious virus stock
for the animal inoculation experiment, PK-15 cells free of PCV1 contamination
were cultivated in T-25 culture flasks and transfected with the PCV2 molecular
DNA clone. Briefly, PK-15 cells were grown to about 85% confluency in T-25
flasks. The cells were washed once with sterile phosphate-buffered saline (PBS)
buffer before transfection. For each transfection reaction in a T-25 flask, 12 �g
of the PCV2 plasmid DNA was mixed with 16 �l of Plus Reagent in 0.35 ml of
MEM. A flask of mock-transfected cells with empty pSK vector was included as
the negative control. After incubation at room temperature for 15 min, 50 �l of
Lipofectamine Reagent diluted in 0.35 ml of MEM was added to the mixture and
was incubated at room temperature for another 15 min. The transfection mixture
was then added to a T-25 flask of PK-15 cells containing 2.5 ml of fresh MEM.
After incubation at 37°C for 3 h, the media were replaced with fresh MEM
containing 2% fetal bovine serum and 1� antibiotics. The transfected cells were
harvested at 3 days posttransfection and stored at �80°C until use. The infectious
titer of the virus stock was determined by IFA (see below).

Virus titration by IFA. To determine the infectious titer of the homogeneous
PCV2 virus stock, PK-15 cells were cultivated on eight-well LabTek chamber
slides. The virus stock was serially diluted 10-fold in MEM, and each dilution was
inoculated onto 10 wells of the monolayers of the PK-15 cells growing on the
LabTek chamber slides. Wells of noninoculated cells were included as controls.
The infected cells were fixed at 3 days postinoculation with a solution containing
80% acetone and 20% methanol at 4°C for 20 min. After washing of the cells with
PBS buffer, the infected cells were incubated with a 1:1,000-diluted PCV2 spe-
cific rabbit polyclonal antibody (50) at 37°C for 1 h. The cells were then washed
three times with PBS buffer and were incubated with a secondary fluorescein
isothiocyanate-labeled goat anti-rabbit immunoglobulin G (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, Md.) at 37°C for 45 min. After the slides were
washed three times with PBS buffer, they were mounted with fluoromount-G,
coverslipped, and examined under a fluorescence microscope. The 50% tissue
culture infective dose (TCID50) per ml was calculated. Initially, we transfected
cells with a plasmid construct containing a single copy of PCV2 genome, but the
infectious PCV2 titer from the single genome construct was much lower than the
one containing the tandem genome (data not shown). Therefore, the plasmid
construct containing the dimeric form of PCV2 genome was used for the in vitro
and in vivo transfection experiments in this study.

In vivo transfection of pigs with PCV2 molecular DNA clone and experimental
inoculation of pigs with homogeneous PCV2 infectious virus stock. Forty spe-
cific-pathogen-free (SPF) swine of 4 weeks of age were randomly assigned into
four rooms of 10 animals each. Prior to inoculation, the SPF pigs were tested for
antibodies to PCV, PRRSV, PPV, and swine hepatitis E virus. Pigs in group 1
were uninoculated and served as negative controls. Pigs in group 2 were each
inoculated intranasally with about 1.9 � 105 TCID50 of the PCV2 infectious virus
stock derived from the PCV2 molecular DNA clone. Pigs in group 3 received
direct intrahepatic injection of the recombinant plasmid DNA of the PCV2
molecular clone. Each pig was injected with a total of 200 �g of recombinant
plasmid DNA, through an ultrasound-guided technique, into six different sites of
the liver. Pigs in group 4 were each injected with a total of 200 �g of the
recombinant PCV2 plasmid DNA into the superficial iliac lymph nodes, and each

lymph node received two separate injections. The animals were monitored daily
for clinical signs of disease. Serum samples were collected from each animal at
0, 7, 14, 21, 28, and 35 days postinoculation (DPI). At 21 DPI, five pigs were
randomly selected from each group and necropsied. The remaining five animals
in each group were necropsied at 35 DPI. Various tissues and organs were
collected during necropsy and processed for histological examination and immu-
nohistochemical staining (see below).

Clinical evaluation. Pigs were weighed on 0 DPI and at the time of necropsy.
Rectal temperatures and clinical respiratory disease scores, ranging from 0 to 6
(0 � normal; 6 � severe) (23), were recorded every other day from 0 to 35 DPI.
Clinical observations, including evidence of central nervous system disease, liver
disease (icterus), musculoskeletal disease, and changes in body condition, were
also recorded daily. Clinical evaluation was performed by a team of two people.

Gross pathology and histopathology. Five pigs from each group were ran-
domly selected for necropsies at 21 and 35 DPI. The necropsy team was blinded
to infection status of the pigs at necropsy. Complete necropsies were performed
on all pigs. An estimated percentage of the lung with grossly visible pneumonia
was recorded for each pig based on a previously described scoring system (23).
The scoring system is based on the approximate volume that each lung lobe
contributes to the entire lung: the right cranial lobe, right middle lobe, cranial
part of the left cranial lobe, and the caudal part of the left cranial lobe contribute
10% each of the total lung volume, the accessory lobe contributes 5%, and the
right and left caudal lobes contribute 27.5% each. Other lesions, such as en-
largement of lymph nodes, were noted separately. Sections for histopathological
examination were taken from nasal turbinate, lungs (seven sections) (23), heart,
brain, lymph nodes (tracheobronchial, iliac, mesenteric, and subinguinal), tonsil,
thymus, liver, gall bladder, spleen, joints, small intestine, colon, pancreas, and
kidney. The tissues were examined in a blinded fashion and given a subjective
score for severity of lung, lymph node, and liver lesions. Lung scores ranged from
0 (normal) to 3 (severe lymphohistiocytic interstitial pneumonia). Liver scores
ranged from 0 (normal) to 3 (severe lymphohistiocytic hepatitis). Lymph node
scores were for an estimated amount of lymphoid depletion of follicles ranging
from 0 (normal or no lymphoid depletion) to 3 (severe lymphoid depletion and
histiocytic replacement of follicles).

Serology. Blood was collected on arrival at 11 to 12 days of age and from all
pigs at 0, 7, 14, 21, 28, and 35 DPI. Serum antibodies to PRRSV were assayed
using Herd Check PRRSV enzyme-linked immunosorbent assay (IDEXX Lab-
oratories, Westbrook, Mass.). Serum antibodies to PPV were detected by a
hemagglutination inhibition (HI) assay (27). Serum antibodies to PCV2 were
detected by a modified indirect enzyme-linked immunosorbent assay based on
the recombinant ORF2 protein of PCV2 (42). Briefly, a partially purified PCV2
antigen was prepared from Hi Five cells (Invitrogen, Carlsbad, Calif.) infected
with recombinant baculovirus containing the major capsid ORF2 protein of
PCV2 (43). Cell lysates of Hi Five cells infected with wild-type baculovirus were
prepared similarly and served as negative control antigen. The Immulon 2 HB
polystyrene microtiter plates (Dynex Technologies Inc, Chantilly, Va.) were
coated with optimal concentrations of positive and negative antigens at 4°C for
36 h. One hundred microliters of each serum sample diluted 1:100 in 5% milk
diluent (Kirkegaard & Perry Laboratories, Inc.) was added into each well. The
serum samples were tested in quadruplicate: two wells for negative control
antigen and two parallel wells for PCV2 antigen. Positive control and negative
control sera were included in each plate. The sera were incubated at 37°C for 30
min and then washed five times with 0.1 M PBS buffer containing 0.1% Tween
20. A peroxidase-labeled secondary anti-swine immunoglobulin G (Sigma Chem-
ical Co., St. Louis, Mo.) was incubated at 37°C for 30 min. The plates were
washed again and incubated with 2,2�-azino-di-(3-ethylbenzthiazoline-6-sulfo-
nate) (Kirkegaard & Perry Laboratories, Inc.) at 37°C for 15 min for color
development. The optical density (OD) was read at 405 nm. The corrected OD
of each tested and control serum was calculated by subtraction of mean OD of
the wells containing negative antigen from that of the parallel wells containing
PCV2 antigen. The data were normalized by dividing the corrected OD of a
tested serum sample by that of the positive control serum and were reported as
ratios. The samples with serum sample/positive control serum ratios of �0.12,
0.12 to 0.2, and �0.2 were considered negative, equivocal, and positive, respec-
tively.

PCR-RFLP analyses. To measure PCV2 viremia in pigs transfected with PCV2
molecular DNA clone and in pigs infected with PCV2 infectious virus stock,
serum samples collected on different DPI were tested for the presence of PCV2
DNA by a previously described PCR-RFLP assay (20). Viral DNA was extracted
from 50 �l of each serum sample using the DNAzol reagent according to the
protocol supplied by the manufacturer (Molecular Research Center, Cincinnati,
Ohio). The extracted DNA was resuspended in DNase-, RNase-, and proteinase-
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free water and tested for PCV2 DNA by PCR-RFLP (20). PCR products from
selected animals were sequenced to verify the origin of the virus infecting pigs.

IHC. IHC detection of PCV2-specific antigen was performed on all tissues
collected during necropsies on DPI 21 and 35. A rabbit polyclonal PCV2-specific
antiserum was used for the IHC. The procedures have been previously described
(50).

RESULTS

Generation of PK-15 cell line free of PCV1 contamination.
Four cell lines that were negative for PCV1 contamination
were produced by end point dilution of the persistently in-
fected PK-15 cells from the American Type Culture Collec-
tion. The cell lines remained negative for PCV1 by PCR after
five additional passages. One of the cell lines was subsequently
expanded and was shown to be able to support PCV2 replica-
tion when the cells were transfected with the PCV2 molecular
DNA clone (Fig. 2) and were infected with PCV2 virus (data
not shown). The cloned cells were further used for the in vitro
transfection of the PCV2 molecular DNA clone to generate a
biologically pure PCV2 infectious virus stock for the animal
inoculation experiment.

Construction of infectious PCV2 molecular DNA clone. The
complete genome of the PCV2 (isolate 40895) was amplified
by PCR. Two copies of the complete PCV2 genome were
ligated in tandem into the pSK vector to produce the PCV2
molecular DNA clone (Fig. 1). The infectivity of the PCV2
molecular DNA clone was determined by in vitro transfection
of the PK-15 cells. IFA with PCV2 specific antibody confirmed
that the molecular DNA clone was infectious in vitro and that
about 10 to 15% of the PK-15 cells were transfected. PCV2
specific antigen was visualized by IFA in the nucleus and to a
lesser degree in the cytoplasm of the transfected cells (Fig. 2).
The cells mock transfected with the empty pSK vector re-
mained negative for PCV2 antigen.

Generation of biologically pure and homogeneous PCV2
infectious virus stock. The lack of a biologically pure form of
PCV2 infectious virus stock has impeded the understanding of
PCV2 pathogenesis and the etiological role of PCV2 in
PMWS. In this study, we generated a biologically pure PCV2
infectious virus stock by transfection of PK-15 cells with the
PCV2 molecular DNA clone. PCV2 virions produced by in
vitro transfection were infectious, as the transfected cell lysates
were successfully used to infect PK-15 cells. Thus, the PCV2
molecular DNA clone is capable of producing infectious PCV2
virions when transfected in vitro. The infectious titer of the
homogeneous PCV2 virus stock prepared from transfected
cells was determined to be 104.5 TCID50/ml, and this virus
stock was used to inoculate pigs in group 2. Lysates of cells
mock transfected with the empty pSK vector were unable to
infect PK-15 cells.

PCV2 molecular DNA clone is infectious when injected di-
rectly into liver and superficial iliac lymph nodes of SPF pigs.
Serum samples were collected from all control and inoculated
animals at 0, 7, 14, 21, 28, and 35 DPI and assayed for PCV2
viremia by detection of PCV2 DNA (20). PCV2 DNA was not

FIG. 2. The cloned PCV2 plasmid DNA is infectious when trans-
fected in vitro in PK-15 cells. (A) Detection of PCV2 antigen by IFA
in PK-15 cells transfected with the cloned PCV2 plasmid DNA. In-
tense immunolabeling of PCV2 antigen was visualized in the nucleus
and to a lesser degree in the cytoplasm of the transfected cells. (B)
Mock-transfected PK-15 cells.

TABLE 1. Detection of viremia (PCV2 DNA) by PCR in sera of inoculated and control pigs

Group Inoculum Route of
inoculation

DPI Total no. positive/
no. tested0 7 14 21 28 35

1 None 0/10a 0/10 0/10 0/10 0/5 0/5 0/10
2 PCV2 live virusb Intranasal 0/10 0/10 7/10 5/10 0/5 0/5 8/10
3 PCV2 DNAc Intrahepatic 0/10 0/10 8/10 6/10 3/5 3/5 9/10
4 PCV2 DNAc Intralymphoid 0/10 0/10 2/10 8/10 2/5 0/5 8/10

a Ten pigs in each group; number positive/number tested.
b A biologically pure and homogeneous PCV2 virus stock generated by transfection of PK-15 cells with the PCV2 molecular DNA clone.
c Cloned PCV2 genomic DNA in pSK plasmid.
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detected in the group 1 uninoculated control pigs at any DPI
(Table 1). Viremia was detected in 7 of 10 pigs from group 2 at
14 DPI, and 8 of 10 pigs had viremia by 35 DPI (Table 1).
Viremia lasted only a few weeks, as the PCV2 DNA was not
detectable at 28 and 35 DPI in all five remaining pigs from
group 2. Of the pigs from group 3 that were intrahepatically
injected with PCV2 molecular DNA clone, 8 of 10 were vire-
mic at 14 DPI and 9 of 10 had had detectable viremia by 35
DPI (Table 1). Group 4 pigs were injected with PCV2 molec-
ular DNA clone into the lymph nodes. Two of 10 pigs at 14
DPI and 8 of 10 pigs at 21 DPI from group 4 were viremic
(Table 1). PCR products amplified from selected animals were
sequenced. The sequence of the PCR products amplified from
selected animals was identical to the corresponding region of
the PCV2 molecular DNA clone (data not shown).

All inoculated pigs from groups 2, 3, and 4 were negative for
PCV2 antibodies at 0 DPI. Two pigs in the uninoculated con-
trol group 1 had detectable PCV2 maternal antibody at 0 DPI.
The maternal antibody in these two piglets waned by 7 DPI
(Table 2). No seroconversion to PCV2 antibody was detected
in any of the 10 uninoculated control pigs. Of the group 2 pigs
intranasally inoculated with PCV2 infectious virus, one piglet
seroconverted to PCV2 antibody at 21 DPI. By 35 DPI, four of
the five remaining group 2 pigs had seroconverted (Table 2).
Seroconversion in transfected animals from groups 3 and 4 first
appeared at 28 DPI. By 35 DPI, five of five remaining pigs from
group 3 and three of five remaining pigs from group 4 had
seroconverted to the PCV2 antibody (Table 2).

PPV antibodies were tested at 3 and 21 DPI for all pigs and
at 35 DPI for the remaining pigs. As expected, maternal anti-
bodies to the ubiquitous swine agent PPV were detected in the
SPF piglets. The PPV HI antibody titers in all piglets but one

decreased significantly from 3 DPI (an average titer of 1:2,665)
to 21 DPI (an average titer of 1:246), indicating that the anti-
body detected in these piglets was passively derived. One piglet
had a slightly increased PPV HI titer from 1:32 at 3 DPI to 1:64
at 21 DPI, which was likely due to testing variation. Serum
samples collected from all pigs at 0, 21, and 35 DPI were
further tested for PPV DNA with a published PCR assay (51).
No PPV viremia was detected from any pigs at DPI 7, 21, or 35,
further indicating that the pigs were not infected by PPV.

Clinical evaluation. None of the control and inoculated pigs
showed obvious signs of disease resembling those of clinical
PMWS. There was no difference in weight gain or mean rectal
temperatures between any of the four groups (data not shown).
The group 1 control pigs remained normal throughout the
study. There was mild transient respiratory disease observed in
the majority of the pigs in PCV2 DNA-transfected and PCV2
virus-infected groups from 8 to 14 DPI. This was characterized
by mild dyspnea (clinical respiratory scores of 1 to 2) of 1 to 2
days’ duration in individual pigs and 5 to 6 days’ duration for
the group.

Gross lesions. There were no gross lesions observed in the
control pigs at necropsy. Pigs in the three inoculated groups
had gross lesions limited to the lungs and lymph nodes (Table
3). The lesions were similar among pigs in the PCV2 plasmid
DNA-transfected and PCV2 virus-infected groups. Lungs
failed to collapse and had random, multifocal, moderately well
demarcated areas of tan-to-purple consolidation involving 0 to
2% of the lung (Fig. 3) at 21 DPI and 0 to 13% of the lung at
35 DPI. Lymph nodes were systemically enlarged two to five
times the normal size and were firm and tan (Fig. 3) at both 21
and 35 DPI in most of the pigs from all three PCV2-inoculated
groups.

TABLE 2. Seroconversion to PCV2 specific antibodies in pigs inoculated with PCV2 live virus or directly injected
with cloned PCV2 plasmid DNA

Group Inoculum Route of inoculation
DPI

0 7 14 21 28 35

1 None 2/10a 0/10 0/10 0/10 0/5 0/5
2 PCV2 live virusb Intranasal 0/10 0/10 0/10 1/10 1/5 4/5
3 PCV2 DNAc Intrahepatic 0/10 0/10 0/10 0/10 1/5 5/5
4 PCV2 DNAc Intralymphoid 0/10 0/10 0/10 0/10 1/5 3/5

a PCV2 antibody was measured with an enzyme-linked immunosorbent assay; number positive/number tested.
b A biologically pure and homogeneous PCV2 virus stock generated by transfection of PK-15 cells with PCV2 molecular DNA clone.
c Cloned PCV2 genomic DNA in pSK plasmid.

TABLE 3. Gross lesions of lung and lymph nodes in control and PCV2-inoculated pigs

Group Inoculum Route of inoculation

Results at:

21 DPI in: 35 DPI in:

Lymph nodes Lung Lymph nodes Lung

1 None 0/5a 0/5 0/5 0/5
2 PCV2 live virusb Intranasal 5/5 1/5 (0–1)c 5/5 4/5 (0–5 )
3 PCV2 DNAd Intrahepatic 2/5 2/5 (0–2) 5/5 2/5 (0–13)
4 PCV2 DNAd Intralymphoid 4/5 5/5 (0–1) 3/5 1/5 (0–9 )

a Five pigs from each group were necropsied at 21 DPI, and the remaining five pigs were necropsied at 35 DPI. Number positive/number tested.
b A biologically pure and homogeneous PCV2 virus stock generated by transfection of PK-15 cells with the PCV2 molecular DNA clone.
c Number with lesions/number tested (range of estimated percentage of the lung affected by grossly visible pneumonia lesions, 0 to 100%).
d Cloned PCV2 genomic DNA in pSK plasmid.
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FIG. 3. (A) Lung from a pig inoculated by the intralymphoid route with PCV2 DNA and necropsied at 21 DPI. The lungs were rubbery, failed
to collapse, and were mottled tan-red. Tracheobronchial lymph nodes were markedly enlarged and were tan (arrows). (B) Microscopic section of
a normal lung from a control pig (magnification, �21.25). (C) Microscopic section of the pig lung shown in Fig. 3A. Note the peribronchiolar
lymphohistiocytic inflammation and mild necrotizing bronchiolitis (magnification, �21.25). (D) Immunohistochemical staining of the lung shown
in Fig. 3A. Note the PCV2 antigen in macrophages (arrows) and fibroblast-like cells (arrowhead) around airways (magnification, �54.4).
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Microscopic lesions. Microscopic examination revealed no
lesions in any tissues of the control pigs except for the livers.
Eight of 10 control pigs had very mild multifocal lymphoplas-
macytic inflammation predominately in the periportal regions
of the liver, as is commonly observed in normal pigs and con-
sidered normal background (22).

Pigs from the two PCV2 plasmid DNA-transfected groups
(intrahepatic and intralymphoid) and the PCV2 virus-infected
group (intranasal) had similar lesions in brain, lung, heart,
kidney, lymphoid tissues (tonsil, lymph nodes, and spleen),
ileum, and liver (Table 4). Brain lesions were observed in 23 of
30 of the pigs from the three inoculated groups and were
characterized as mild-to-moderate multifocal lymphoplasma-
cytic meningoencephalitis with perivascular cuffing and gliosis.
Lung lesions were observed in 28 of 30 PCV2-inoculated pigs
and were characterized as mild-to-moderate peribronchiolar
lymphoplasmacytic and histiocytic bronchointerstitial pneumo-
nia (Fig. 3C). One pig from PCV2 virus-infected group 2 nec-
ropsied at 21 DPI, and one pig each from the two PCV2
plasmid DNA-transfected groups necropsied at 35 DPI had
ulcerative and proliferative bronchiolitis with fibroplasia and
granulomatous inflammation in the lamina propria and peri-
bronchiolar regions of bronchi. Mild multifocal lymphoplas-
macytic myocarditis was also observed in 18 of 30 PCV2-inoc-
ulated pigs. Mild-to-moderate multifocal lymphoplasmacytic
interstitial nephritis was observed in 14 of 30 of the PCV2-
inoculated pigs. No lesions were observed in the thymuses.
Mild-to-moderate lymphoid depletion (Fig. 4B) and histiocytic
replacement of follicles were observed in the tonsil of 8 of 30,
in the spleen of 7 of 30, and in the lymph nodes of 26 of 30 of
the PCV2-inoculated pigs. Moderate granulomatous lymphad-
enitis with giant cells (Fig. 4C) was observed at 21 DPI in three
pigs inoculated intranasally with PCV2 virus and in one pig at
35 DPI in each of the PCV2 plasmid DNA-transfected groups.
Mild lymphoplasmacytic and histiocytic enterocolitis was ob-
served in three of five pigs in the PCV2 virus-infected group, in
three of five pigs in the intrahepatically PCV2 plasmid DNA-
transfected group, and one of five pigs in the intralymphoidally
PCV2 plasmid DNA-transfected group at 35 DPI. One pig in
each of the PCV2 plasmid DNA-transfected groups had mild
lymphoid depletion with histiocytic replacement and low num-

bers of giant cells in the Peyer’s patches. Mild-to-moderate
lymphoplasmacytic hepatitis was observed in 29 of 30 of the
PCV2-inoculated pigs. Low numbers of widely scattered indi-
vidually necrotic hepatocytes surrounded by lymphohistiocytic
inflammation were observed in one pig in each of the PCV2
plasmid DNA-transfected groups at 21 DPI. Lesions in other
tissues were unremarkable.

Microscopic lesions in the lung, liver, and lymph nodes were
scored according to published scoring systems (Table 4) (22–
23). There were no acceptable scoring systems for other tissues
and organs. The average scores of lesions in lung and lymph
nodes in pigs of the three PCV2-inoculated groups were sta-
tistically significantly different from those in group 1 control
pigs. The average scores of the liver lesions in pigs of the three
PCV2-inoculated groups were not statistically significantly dif-
ferent from those of control pigs.

Detection and tissue distribution of PCV2 antigen. IHC
staining of PCV2 antigen was done on brain, lungs, turbinate,
heart, kidneys, tonsil, lymph nodes, spleen, thymus, ileum,
liver, gall bladder, and pancreas of all pigs necropsied at 21 and
35 DPI. All tissues from the control pigs were negative for
PCV2 antigen. Tissue distribution of PCV2 antigen in the
three PCV2-inoculated groups was similar (Table 5). In the
brain, PCV2 antigen was found predominately in mononuclear
cells, fibroblast-like cells, and endothelial cells in the meninges
and choroid plexus and less often in endothelial cells and
perivascular mononuclear cells in the cerebrum and cerebel-
lum. In the lungs, PCV2 antigen was detected within alveolar
and septal macrophages and in fibroblast-like cells in the lam-
ina propria of airways (Fig. 3D). In the heart, PCV2 antigen
was detected in widely scattered macrophages and endothelial
cells. In kidneys, PCV2 antigen was detected within tubular
epithelial cells and mononuclear cells in the interstitium. In the
lymphoid tissues (lymph nodes, spleen, tonsil, and Peyer’s
patches), PCV2 antigen was detected primarily within macro-
phages and dendrite-like cells and giant cells within follicles
(Fig. 4D). PCV2 antigen was also detected within macrophages
in the lamina propria of the small intestine. In the liver, PCV2
antigen was detected within mononuclear cells and Kupffer
cells. PCV2 antigen was not detected in turbinate, thymus, or
gall bladder.

TABLE 4. Distribution of histopathological lesions in control and PCV2-inoculated pigs

Group Inoculum Route of inoculation DPIa
Results for:

Lungb Liverc Lymph nodesd Spleen Thymus Ileum Brain Heart Kidney Tonsil

1 None 21 0/5 (0.0) 4/5 (0.8) 0/5 (0.0) 0/5 0/5 0/5 0/5 0/5 0/5 0/5
35 0/5 (0.0) 4/5 (0.8) 0/5 (0.0) 0/5 0/5 0/5 0/5 0/5 0/5 0/5

2 PCV2 virus Intranasal 21 5/5 (1.6) 5/5 (1.2) 3/5 (1.2) 1/5 0/5 0/5 4/5 3/5 1/5 0/5
35 3/5 (0.6) 4/5 (1.0) 4/5 (0.8) 3/5 0/5 3/5 4/5 0/5 1/5 3/5

3 PCV2 DNA Intrahepatic 21 5/5 (1.0) 5/5 (1.0) 5/5 (1.0) 1/5 0/5 0/5 5/5 4/5 1/5 0/5
35 5/5 (1.2) 5/5 (1.0) 4/5 (1.0) 2/5 0/5 3/5 3/5 4/5 5/5 3/5

4 PCV2 DNA Intralymphoid 21 5/5 (1.2) 5/5 (1.0) 5/5 (0.8) 0/5 0/5 0/5 4/5 4/5 3/5 0/5
35 5/5 (1.0) 5/5 (1.2) 5/5 (1.4) 0/5 0/5 1/5 3/5 3/5 3/5 2/5

a Five animals from each group were necropsied at 21 DPI, and the remaining five animals from each group were necropsied at 35 DPI.
b Number positive/number tested (average histological lung score: 0, normal; 1, mild interstitial pneumonia; 2, moderate; 3, severe).
c Average histological liver score: 0, normal; 1, mild hepatitis; 2, moderate; 3, severe.
d Average histological lymphoid (lymph nodes) depletion score: 0, normal; 1, mild; 2, moderate; 3, severe.
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FIG. 4. (A) Normal lymph node from a control pig. Note the well-defined lymphoid follicles (arrows) (magnification, �21.25). (B) Microscopic
section of the tracheobronchial lymph node, from the pig whose lung is shown in Fig. 3A, inoculated 21 days previously by the intralymphoid route
with cloned PCV2 genomic DNA. Lymphoid follicles are poorly defined; there is mild-to-moderate lymphoid depletion and mild, multifocal,
granulomatous inflammation (magnification, �21.25). (C) Same lymph node as shown in Fig. 4B. Note the poorly defined follicle with macro-
phages and giant cells (arrow) replacing follicular lymphocytes (magnification, �54.4). (D) Same lymph node as shown in Fig. 4B. Immunohis-
tochemical detection of PCV2 antigen in macrophages (arrow) and giant cells (small arrowhead) and dendrite-like cells (large arrowhead) in the
follicles (magnification, �54.4).
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DISCUSSION

PMWS is a complex disease syndrome in swine, and multiple
factors may be involved in the clinical presentation of PMWS.
Increasing data indicate that PCV2 is the causative agent of
PMWS (3, 5, 7, 9, 17, 24, 39, 41). However, the difficulty in
producing a biologically pure form of PCV2 due to the pres-
ence of other common swine agents in the tissue homogenates
of diseased pigs has impeded a definitive characterization of
the clinical disease and pathologic lesions solely attributable to
PCV2 infection.

We report here for the first time that the cloned PCV2
genomic DNA is infectious when directly injected into the
livers and superficial iliac lymph nodes of SPF pigs. Animals
directly injected with the cloned PCV2 plasmid DNA devel-
oped an infection and disease resembling those induced by
infection via the intranasal route of inoculation with a homo-
geneous PCV2 infectious virus stock. It is known that PCV2
replicates in the lymph nodes, lungs, and liver during natural
infection (9, 25, 29, 31, 62). It will be interesting to know if
other routes of injection of the cloned PCV2 plasmid DNA,
such as the intramuscular route, can also initiate an infection.
Through the use of this PCV2 molecular DNA clone, the
clinical disease, pathologic lesions, and virus distribution ex-
clusively attributable to PCV2 infection were more definitively
characterized. Viremia, beginning at 14 DPI and lasting about
2 to 4 weeks, was detected in the majority of the PCV2-inoc-
ulated animals. Similarly, the majority of inoculated pigs nec-
ropsied at 35 DPI seroconverted to PCV2 antibodies. PCV2
antigen was detected in various tissues and organs in inocu-
lated pigs. Gross lesions were limited to the lungs and lymph
nodes and were characterized by systemically enlarged, tan
lymph nodes and lungs that failed to collapse and mild, mul-
tifocal, tan foci of consolidation. Histopathological lesions in
multiple tissues and organs similar to those of PMWS were
reproduced with the PCV2 molecular DNA clone as well as
with the infectious virus prepared in vitro from the molecular
DNA clone. However, we failed to reproduce characteristic
clinical PMWS with the cloned PCV2 plasmid DNA or with a
biologically pure PCV2 infectious virus stock. PCV2 is clearly
responsible for the PMWS-like histopathological lesions repro-
duced in this study, but whether or not PCV2 is the sole cause
of clinical PMWS remains questionable. Clinical PMWS was

reproduced only in gnotobiotic pigs coinfected with PCV2 and
PPV (8) and in PCV2-inoculated gnotobiotic pigs when their
immune system was activated by keyhole limpet hemocyanin in
incomplete Freund’s adjuvant (31). Clearly, more studies are
needed to determine the etiological significance of PCV2 in
clinical PMWS and its interrelationship with PRRSV, PPV,
other infectious swine agents, and immune stimulants.

Will et al. (63) first demonstrated the feasibility of using
cloned hepatitis B virus DNA to infect chimpanzees by direct
in vivo injection. This approach has since been used to study
viral replication and pathogenesis of several other viruses (14,
21, 34, 49, 52, 54, 63, 64). The construction of an infectious
PCV2 molecular DNA clone and the demonstration of infec-
tion by direct injection of cloned PCV2 plasmid DNA into the
liver and lymph nodes of pigs in this study should be very
advantageous for future PCV2 studies. This in vivo transfec-
tion system will enable us to study the structural and functional
relationship of PCV2 genes using recombinant plasmids con-
structed in vitro to test different regions or genes of PCV2 for
their roles in virus replication and pathogenesis in the host.
The replication and pathogenesis of PCV2 can be studied in
vivo without having to produce infectious virus stocks by prop-
agating PCV2 in cell cultures. This is advantageous, as serial
cell culture passages may select for viral variants (1). Another
advantage of using cloned PCV2 genomic DNA, instead of live
virus, for animal studies is its relative ease for quantitation of
the inoculation dose. The amount of the cloned PCV2 DNA
used for animal inoculation can be easily determined by a
spectrophotometer, whereas the dose of live PCV2 virus re-
quires infectivity titration in cell cultures and confirmation of
infection by IFA. Direct injection of animals with cloned PCV2
plasmid DNA eliminates the problems associated with the
presence of other indigenous swine agents in tissue homoge-
nate inocula in animal studies. From the vaccine development
point of view, the relatively easy storage and stability of DNA
and the economy of large-scale recombinant PCV2 plasmid
DNA production should provide an attractive means of deliv-
ering genetically engineered, attenuated PCV2 vaccines to
pigs. However, the intrahepatic and intralymphoid routes of
inoculation used in this study are not practical for vaccine
delivery; thus, future studies are warranted to determine if pigs
can be infected by the intramuscular route of injection with the

TABLE 5. Detection and distribution of PCV2-specific antigen by immunohistochemistry in control and PCV2-inoculated pigs

Group Inoculum Route of inoculation DPIa
Results for:

Lung Liver Lymph nodes Spleen Thymus Ileum Brain Heart Kidney Tonsil

1 None 21 0/5b 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5
35 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5

2 PCV2 virus Intranasal 21 4/5 5/5 5/5 3/5 0/5 3/5 3/5 1/5 1/5 2/5
35 1/5 2/5 3/5 2/5 0/5 0/5 2/5 0/5 0/5 0/5

3 PCV2 DNA Intrahepatic 21 5/5 5/5 5/5 5/5 0/5 0/5 5/5 1/5 0/5 2/5
35 4/5 4/5 3/5 4/5 0/5 3/5 4/5 2/5 2/5 3/5

4 PCV2 DNA Intralymphoid 21 4/5 4/5 5/5 4/5 0/5 3/5 3/5 0/5 0/5 3/5
35 3/5 4/5 5/5 4/5 0/5 2/5 3/5 1/5 0/5 4/5

a Five animals from each group were necropsied at 21 DPI, and the remaining five animals from each group were necropsied at 35 DPI.
b Number positive/number tested.
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PCV2 DNA clone. The intramuscular and intradermal routes
have been successfully used to infect animals with cloned
genomic DNA of other viruses (34, 52, 64).
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