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Abstract
Increasing clinical lines of evidence have shown the coinfection/superinfection of porcine

circovirus type 2 (PCV2) and classical swine fever virus (CSFV). Here, we investigated

whether PCV2 and CSFV could infect the same cell productively by constructing an in vitro
coinfection model. Our results indicated that PCV2-free PK15 cells but not ST cells were

more sensitive to PCV2, and the PK15 cell line could stably harbor replicating CSFV (PK15-

CSFV cells) with a high infection rate. Confocal and super-resolution microscopic analysis

showed that PCV2 and CSFV colocalized in the same PK15-CSFV cell, and the CSFV E2

protein translocated from the cytoplasm to the nucleus in PK15-CSFV cells infected with

PCV2. Moreover, PCV2-CSFV dual-positive cells increased gradually in PK15-CSFV cells

in a PCV2 dose-dependent manner. In PK15-CSFV cells, PCV2 replicated well, and the

production of PCV2 progeny was not influenced by CSFV infection. However, CSFV repro-

duction decreased in a PCV2 dose-dependent manner. In addition, cellular apoptosis was

not strengthened in PK15-CSFV cells infected with PCV2 in comparison with PCV2-

infected PK15 cells. Moreover, using this coinfection model we further demonstrated PCV2-

induced apoptosis might contribute to the impairment of CSFV HCLV strain replication in

coinfected cells. Taken together, our results demonstrate for the first time the coinfection/

superinfection of PCV2 and CSFV within the same cell, providing an in vitromodel to facili-

tate further investigation of the underlying mechanism of CSFV and PCV2 coinfection.

Introduction
Virus coinfection or superinfection, a simultaneous or consecutive infection, has become a
common phenomenon which involves the infection of the same type virus, a closely related
virus or different virus species. For the past few years, some novel reassortant influenza A
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viruses were observed to sequentially assemble when a different subtype of avian flu virus, such
as H7N9 [1, 2], H10N8 [3], H17N10 [4] and H18N11 [5] was coinfected or coexisted in indi-
viduals and populations. Moreover, infection of not only homologous viruses but also heterolo-
gous viruses was found to form hybrid viruses [6–9] or result in persistent infections [10] and
interference between viruses [11–18]. Recently, porcine circovirus type 2 (PCV2), an immuno-
suppressive virus, was found persistently to be co-infected with other viruses, such as classical
swine fever virus (CSFV) [19, 20], porcine reproductive and respiratory syndrome virus
(PRRSV) [21–24] and porcine parvovirus (PPV) [25–28]. Undoubtedly, coinfection and super-
infection are potential serious threats to public health and animal husbandry.

CSFV, a notifiable virus to the World Organization for Animal Health, is a small, enveloped
virus with a non-segmented, single-stranded positive RNA genome and belongs to the genus Pes-
tivirus of the family Flaviviridae. PCV2, which lies in the genus Circovirus of the family Circoviri-
dae, is non-enveloped and contains an ambisense, single-stranded, closed-circular DNA genome
[29, 30]. Prior clinical studies have reported that PCV2 infection interfered with the protective
efficacy of an attenuated CSFV vaccine, whether applied simultaneously or consecutively [19,
20]. Recent research has also shown that PCV2 could decrease the infection and replication of an
attenuated CSFV in primary porcine alveolar macrophages [20]. However, why and how PCV2
as a DNA virus interferes with replication of CSFV as an RNA virus is unknown due to the lack
of an appropriate coinfection/superinfection model system. Thereby, we aimed to establish a
coinfection system of CSFV and PCV2 in vitro, and provide an efficient way to study the poten-
tial underlying mechanism for CSFV and PCV2 coinfection and other virus coinfection, as well.

The present study explores an in vitro coinfection system of CSFV and PCV2 in a cell
model. We found that the PK15 cell line could harbor high levels of replicating CSFV
(PK15-CSFV cells). Furthermore, PK15-CSFV cells could be coinfected with PCV2 with a high
replication rate and support the entire life cycle of both viruses. In this model system, PCV2
could replicate well, and the production of PCV2 progeny was not influenced in PK15-CSFV
cells. However, reproduction of CSFV was impaired in a PCV2 dose-dependent manner. The
coinfection of PCV2 and CSFV did not enhance cellular apoptosis in PK15-CSFV cells. Our
study provides a cell model for deeper investigations of the collaborative pathogenesis of PCV2
and CSFV coinfection.

Materials and Methods

Cells, viruses and antibodies
PCV-free porcine kidney epithelial (PK15) cells [31] and swine testicle (ST) cells kept in our
laboratory were maintained in minimal essential medium (MEM) (Gibco, Carlsbad, CA), and
porcine alveolar macrophages 3D4/31 cells (CRL–2844, ATCC, Rockville, MD) [32] in RPMI–
1640 medium (1640) (Gibco), supplemented with 10% Co–60 radiated fetal bovine serum
(FBS) (Gibco) respectively. The PCV2 strain HZ0201 (AY188355, 106.4 TCID50/0.1ml), iso-
lated from a pig with naturally occurring postweaning multisystemic wasting syndrome
(PMWS), was propagated in PK15 cells [33]. The polyclonal antibodies (pAb) and monoclonal
antibody (mAb) against PCV2 Cap protein were prepared in our laboratory [34]. The attenu-
ated lapinized Chinese strain of CSFV (HCLV strain, 104.0 TCID50/0.1ml) was kept in our labo-
ratory, and mAbWH303 to CSFV E2 protein [35] was kindly gifted by Prof. Trevor Drew of
Animal and Plant Health Agency (former Veterinary Laboratories Agency), Weybridge, UK.
Tandem dye pairs for super-solution microscopy, CyTM 3/Alexa Fluor

1

647-conjugated don-
key anti-rabbit IgG and Alexa Fluor

1

405/Alexa Fluor
1

647-conjugated donkey anti-mouse
IgG, were kindly gifted by Hangjun Wu from Core Facilities of Zhejiang University School of
Medicine, Hangzhou, China.
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Inoculation with PCV2 and CSFV in cell lines
PK15, ST and 3D4/31 cell lines were used to propagate virus progenies. PCV2 was directly inoc-
ulated into cell subculture medium at the indicated multiplicity of infection (MOI) after the
cells were adhesive, while CSFV was added at different MOIs when the cells monolayers had
grown to 80–90% confluency and were washed gently three times with culture media before
infection. Cells infected with viruses were kept at 37°C with 5% CO2 for 2 h, and culture media
were replaced with fresh complete growth media containing 10% FBS for PCV2 and mainte-
nance media containing 3% FBS for CSFV. At 72 h post-infection (hpi), cells were fixed to detect
the infection rate by indirect immunofluorescence assay or collected for total RNA extraction to
examine the virus mRNA level. Both cells and culture supernatants were subjected to three suc-
cessive freeze-thawed to obtain the virus stocks for subsequent experiment use.

Indirect immunofluorescence assay (IFA), confocal laser scanning
microscopy (CLSM) and super-resolution microscopy (SRM)
The inoculation procedure and IFA protocol were performed as previously described [31]. Briefly,
cells were seeded in 96-well plates at 2.0 × 104 cells/well and the infection of PCV2 or CSFV as
described above. After incubation at 37°C for 72 h, cells were washed twice with phosphate-buff-
ered saline (PBS), fixed with a methanol-acetone mixture (1:1, v/v) at -20°C for 20 min and then
blocked with PBS with 5% skimmedmilk at 37°C for 1 h. For IFA, the cells were incubated with
mouse mAb against PCV2 Cap or mouse mAb against CSFV E2 for 1.5 h at 37°C, followed by
incubation with FITC-conjugated goat anti-mouse IgG [Kirkegaard & Perry Laboratories Inc.
(KPL), Gaithersburg, MD] for 1 h at 37°C. The stained cells were observed using an IX71 inverted
fluorescence microscope (Olympus, Tokyo, Japan). The infection status of virus in cell lines were
determined by counting numbers of positive cells using ImageJ software.

For CLSM and SRM, cells grown on glass bottom dishes (In Vitro Scientific, Sunnyvale, CA)
were inoculated with viruses for the indicated time, washed, fixed, permeabilized with 0.2% Tri-
ton X–100 in PBS and incubated at 4°C with primary antibodies overnight. The primary anti-
bodies used included swine anti-Cap pAb and mouse anti-E2 mAbWH303. After being washed
gently with PBS for five times, the cells were then incubated with FITC-conjugated goat anti-
swine IgG (KPL) and Alexa Fluor

1

546-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad,
CA) as secondary antibodies at 37°C for 1 h. Cellular nuclei were stained with 1 μg/ml 40-6-dia-
midino-2-phenylindole (DAPI) (Roche, Mannheim, Germany) at room temperature for 5 min,
and then cells viewed with a LSM780 confocal laser scanning microscope (Zeiss, Oberkochen,
Germany). For four-color CLSM, cells were labeled with a terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick end labeling (TUNEL) kit (described below), inocubated with a rabbit
anti-Cap pAb and a mouse anti-E2 mAbWH303 as primary antibodies and then inoculated
with Alexa Fluor

1

546-conjugated donkey anti-rabbit IgG (Invitrogen) and CFTM 647-conju-
gated donkey anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) as secondary antibodies. For
SRM, cells were inoculated with rabbit anti-Cap pAb and mouse anti-E2 mAbWH303 as pri-
mary antibodies as well, followed by tandem dye pairs, CyTM 3/Alexa Fluor

1

647-conjugated
donkey anti-rabbit IgG and Alexa Fluor

1

405/Alexa Fluor
1

647-conjugated donkey anti-mouse
IgG, as secondary antibodies. Cells were viewed with the N-stochastic optical reconstruction
microscopy system (N-STORM) (Nikon, Tokyo, Japan).

Titer determination of virus stocks
TCID50 values were introduced to detect infectivity of progeny viruses in virus stocks obtained
as mentioned above. The titrations of PCV2 and CSFV were carried on PK15 and ST cells,
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respectively. The inoculation procedure for serially diluted virus stocks and IFA protocol were
described above. The titers were determined by viewing the infected cells under a Olympus
fluorescent microscope and calculated using the Reed-Muench method [36].

Copies of the viral genome in virus stocks were measured by absolute quantitative real-time
PCR. For PCV2, total virus DNA was extracted from 100 μl of the stock samples by using the
UNlQ–10 column virus genomic DNA isolation kit (Sangon Biotech Co., Ltd., Shanghai,
China) following the manufacturer’s instructions. Sense (5’ GGTAACGCCTCCTTGGATACGT
CAT 3’) and anti-sense (5’ CGCTTCTTCCATTCTTCTTGC 3’) primers were used to amplify
a 136-bp fragment in PCV2 genome, including the full length of PCV2 stem-loop structure,
which was cloned into the pMD™18-T vector (TaKaRa, Dalian, China) as a standard curve tem-
plate for PCV2.

For CSFV, the viral RNA genome in the virus stocks was prepared with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Reverse transcription of RNA was
carried out using the Super Script First-Strand Synthesis System (Fermentas, Pittsburgh, PA)
based on the manufacturer’s protocol. Sense (5’ CGACTGTCCATTGTGGGTTAC 3’) and anti-
sense (5’ GGATTCTGGTGGTTTATTCTTGTT 3’) primers were used to amplify a 253-bp frag-
ment between the Npro gene and the C gene of CSFV, which was cloned into pMD™18-T vector
as a standard curve template for CSFV. The viral genomes were assayed in triplicate by real-
time PCR using the SYBR Premix Ex Taq (TaKaRa) in an ABI 7500 sequence detector system
(Applied Biosystems, Carlsbad, CA). The virus copy number for each sample was calculated as
the mean value of triplicate reactions.

To detect CSFV mRNA levels in cells, total celluar RNA samples were extract with TRIzol
reagent. The next steps for relative quantitative real-time PCR were the same as that described
above, except the β-actin gene was used as an internal standard for comparison of mRNA levels
in cells instead of preparing a standard curve template. The sense (5’ TCATCACCATCGGCA
ACG 3’) and anti-sense (5’ TTGAAGGTGGTCTCGTGGAT 3’) primers for β-actin amplified a
100-bp fragment.

Establishment of PK15 and ST harboring replicating CSFV
PK15 cells and ST cells were individualized with 0.5% Trypsin-EDTA (Gibco) and adjusted to
2.0 × 105 cells/ml in MEM with 10% FBS. After the cells grew to 80–90% confluency, CSFV
was added as described above. About 48 hpi, when cells infected with CSFV were fully conflu-
ent and serially subcultured. Passaged cells were maintained in MEM with 10% FBS for 72 h
and then fixed for detecting proportions of CSFV-infected cells by flow cytometry or freeze-
thawed to determine copies and TCID50 of virus stocks.

Flow cytometry
After being individualized with 0.5% Trypsin-EDTA, washed and resuspended in PBS at the
indicated time, the cells were fixed with 75% ethanol at -20°C for 20 min, rehydrated in PBS at
room temperature for 5 min and then permeabilized with 0.05% Triton X–100 in PBS at 4°C
for 20 min. The cells were incubated in PBS with 10% normal bovine serum followed by the
mAbWH303 for 30 min at 4°C. Meanwhile, irrelevant antibodies served as background con-
trols. Subsequently, the cells were incubated with a secondary antibody FITC-conjugated goat
anti-mouse IgG at 1:500 dilution for 30 min at 4°C. All samples were placed on a shaker and
protected from light. Thereafter, the antibody-labeled cells were washed three times with PBS
and analyzed with an FC500 flow cytometer (Beckman, Brea, CA). Acquisition of> 5,000
events was performed, and data analysis was conducted using CXP software (Beckman).

Coinfection of CSFV and PCV2 In Vitro
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Cell proliferation assay
Cell proliferation activity was assayed by Cell Counting Kit–8 (CCK–8) (Beyotime Institute of
biotech, Nantong, China) according to the manufacturer’s instructions. Briefly, cells in 96-well
plates (2.0 × 103 cells/well) were incubated in 100 μl of medium for various time points. At the
end of each incubation period, cells in test wells were incubated with 10 μl CCK–8 at 37°C for 1
h in the dark. Wells containing medium without cells were assayed as background. The absor-
bance measured at 450 nm using an enzyme-linked immunosorbent assay reader (Bio Tek
Instruments, Winooski, VT) was directly proportional to the activity of living culture cells.

TUNEL assay
Apoptotic cells were detected using the TUNEL BrightGreen Apoptosis Detection Kit (Vazyme
Biotech Co., Nanjing, China) to label the 3’-end of fragmented DNA according to the manufac-
turer’s instructions. The FITC-labeled TUNEL-positive and DAPI-labeled cells were imaged
under a fluorescent microscope. After several (3 or more) fields were randomly selected from
each sample, numbers of apoptotic cells and total cells were counted using ImageJ software.
Ratios of TUNEL-positive cells to the total cells were calculated.

Luminescent caspase–3/7 activation assay
Cells in a 96-well plate were inoculated with PCV2 at the indicated MOI. At 72 hpi, cells were
gently mixed with Caspase-Glo

1

3/7 reagent (Promega, Madison, WI) and incubated for 1 h in
the dark at room temperature. The culture supernatants were then transferred to a white
opaque 96-well plate. Culture medium without cells served as the background control. The
enzymatic activity of caspase–3/7 was measured using a SpectraMax M5 plate reader (Molecu-
lar Devices, Sunnyvale, CA).

Inactivation of PCV2 with BPL
PCV2 inactivation was carried out by adding BPL (Yuanye Biological Technology co., Shang-
hai, China) into the virus stocks to a final concentration of 0.5‰, inocubating at 4°C for 36 h
and decomposing BPL at 37°C for 2 h.

Inoculation of PCV2 components
PCV2 proteins and genome were added to individualized and adherent cells at the final con-
centration of 1 μg/ml. At 72 h later, cells were fixed for analysis by the TUNEL assay or freeze-
thawed to obtain virus stocks. PCV2 proteins were generated in prokaryotic expression systems
with (His-Rep, His-ORF3, and His-ORF4) or without (Cap deleted the nucleus localization sig-
nal, dCap) a His-taq and kept in our lab. The PCV2 genome was extracted from concentrated
PCV2 stocks and kept in our lab.

Statistical analysis
Data were statistically analysed and graphed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA). Statistically significant differences between groups were determined using the
Student t test or ANOVA. A P value of less than 0.05 was considered statistically significant.

Ethics statement
Production of pAb and mAb in animals was approved by the Institutional Animal Care and
Use Committee (IACUC) of Zhejiang University (Permit No. SYXK 2012–0178). All animal
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experimental procedures were performed in full accordance with the Regulations for the
Administration of Affairs Concerning Experimental Animals approved by the State Council of
PR China.

Results

Selection of sensitive cell lines exposed to PCV2 and CSFV
In order to select a cell line sensitive to infection with PCV2 and CSFV, three widely used por-
cine cell lines PK15, ST and 3D4/31 were inoculated with PCV2 or CSFV at different MOIs.
After the cells were infected with PCV2 at the MOIs, average percentages of PCV2-positive
cells were counted by selecting four random fields of view of the tested cells, and progeny virus
titers were determined in PK15 cells. The results indicated that all three porcine cell lines could
be infected with PCV2 (Fig 1A and 1B). However, the susceptibility of different cell lines to
infection varied. The PK15 cell line had the highest virus-positive cell percentages and progeny
virus titers in stocks, compared with those of the ST and 3D4/31 cell lines. Moreover, the per-
centage of PCV2-positive cells and titer of progeny virus increased with the increase of MOI in
different cell lines. These results showed that the PK15 cell line was the most permissive for
PCV2 and could be infected in a PCV2 dose-dependent manner.

The susceptibility of cells lines PK15, ST and 3D4/31 to CSFV infection was determined by
inoculating with the CSFV HCLV strain at two different MOIs (0.03 and 0.1), and titers of
progeny virus were tested correspondingly in ST cells. As shown in Fig 1C and 1D, the low per-
centages of CSFV-positive cells and titers of CSFV in 3D4/31 cells indicated that they could
barely be infected with CSFV. The PK15 cell line showed a moderate level of permissivity for
CSFV, but the infection rate was still unsatisfactory. Among the three cell lines tested, ST was
the most permissive for CSFV infection. However, CSFV-positive cells and progeny virus titers
were not correlated with the amount of virus inoculum, indicating that the permissivity of
these cell lines and not the original amount of virus affected the CSFV infection rate.

Establishment of PK15 cell line harboring replicating CSFV
Based on the results above, PK15 and ST cells were selected to establish cell lines harboring rep-
licating CSFV. Cell monolayers at 80–90% confluency were inoculated with the CSFV HCLV
strain at the MOI of 0.03 and subcultured at 48 hpi. CSFV-inoculated PK15 cells were desig-
nated PK15-CSFV and recorded as F0, while the first set of subcultured cells was labeled as F1,
and so forth. PK15-CSFV cells were selected randomly after subculture for 72 h to detect CSFV-
positive cells and virus titers. Flow cytometric analysis (Fig 2A) indicated that the percentages of
CSFV infected cells gradually increased by serial passaging. As shown in Fig 2B, the indexes of
CSFV infection increased gradually at the initial passages (F0 –F7). However, percentages of
positive cells, genomic copies and TCID50 of CSFV in PK15-CSFV cells from the 8th passage
were maintained at levels of more than 90%, 5 × 105 copies/μl and 10−3.6/0.1 ml, respectively.
Virus growth curves showed that CSFV titers increased gradually with the increase in culture
time, reached a peak at 48 h (Fig 3A) and remained at a relatively stable level. Thus, the results
indicated that CSFV maintained a high infection rate since the 8th passage in PK15-CSFV cells.
Similar results were revealed in the ST cell line harboring replicating CSFV (ST-CSFV cells),
which reached a nearly 90% positive rate and maintained a stable infection level (106.26 copies/
μl and of 104.1 TCID50/0.1 ml) as early as the 2nd passage (data not shown).

To compare proliferation rates, PK15-CSFV cells and parental PK15 cells were seeded into
96-well plates at the same density, and then the CCK–8 assay was carried out after different
time periods (Fig 3B). The results showed that after being cultured for 24 h and 48 h, the prolif-
eration activities of PK15 and PK15-CSFV cells showed no difference. As time went on, the cell
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proliferation activities started to differ significantly (P< 0.01) at 64 h, reached a peak and
remained at a stable level at subsequent time points. The TUNEL assay was carried out to
determine if CSFV replication would cause any damage to the cells. As shown in Fig 3C, only
cell apoptosis was not significant in PK15-CSFV cells as compared with PK15 cells (P> 0.05),
indicating that the replicating CSFV did not change the normal characteristics of those cells.

PCV2 and CSFV can productively infect the same cell
Immunofluorescence analyses were performed to assess whether CSFV and PCV2 can replicate
in the same cell and whether PCV2 replication could affect the subcellular localization of CSFV
proteins. PK15-CSFV cells were inoculated with PCV2 (MOI = 1) and then fixed after various
time periods. The PCV2 Cap protein and CSFV E2 protein were labeled with the correspond-
ing Ab to determine the subcellular localization of each virus. Observation by CLSM (Fig 4A)
showed that in all randomly selected fields the CSFV and PCV2 signals could be detected
simultaneously in the same PK15-CSFV (upper) and ST-CSFV (lower) cells, indicating that
CSFV and PCV2 could coexist in or coinfect a cell. Dynamic analysis in PK15-CSFV cells (Fig
4B) revealed that the PCV2 Cap protein accumulated in the nucleus at 24 hpi, started to appear
in the cytoplasm at 48 hpi and mainly localized in the cytoplasm with little remaining in the
nucleus at 72 hpi. By contrast, the CSFV E2 protein was mainly distributed in the cytoplasm of
PK15-CSFV at the early stage of PCV2 infection but not in the nucleus, similar to the observa-
tion of PCV2-free PK15-CSFV cells. Interestingly, at the middle and the late stage of PCV2
infection, a few CSFV E2 proteins started to appear in the nucleus. Super-resolution micros-
copy (Fig 4C) further showed that the distance between of the PCV2 Cap (green) and CSFV E2
(red) were relatively close (yellow) both in the nucleus (white arrows) and in the cytoplasm
(blue arrows). These results indicated that an entire life cycle of PCV2 and CSFV could be com-
pleted within the same cells.

Fig 1. Infectivity of PCV2 and CSFV in different porcine cell lines. 3D4/31, ST and PK15 cell lines were
inoculated with PCV2 at MOI = 1, 4, 7 and 10 or with CSFV at MOI = 0.03 and 0.1, respectively. After culture
for 72 h, cells were fixed and stained for IFA, and then four fields were randomly chosen to count the
percentage of the positive cells. Meanwhile, the cells were freeze-thawed to obtain virus stocks for
determining virus titers. The percentage of PCV2-postive cells (A), PCV2 titer (B), percentage of CSFV-
positive cells (C) and CSFV titer (D) were determined in 3D4/31, ST and PK15 cells.

doi:10.1371/journal.pone.0139457.g001
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PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 7 / 19



Coinfection rate of PCV2 and CSFV in PK15-CSFV and ST-CSFV cells
To investigate the coinfection efficiency of PCV2 in the same cell, cells were inoculated with
PCV2 at the MOI of 1 or 10, and the rate of dual-positive cells for PCV2 and CSFV was quanti-
fied by counting the numbers of positive cells. As shown in Fig 5A, naïve PK15 cells were nega-
tive for both PCV2 and CSFV, and PK15-CSFV cells were negative for PCV2 and positive for
CSFV. When inoculated with PCV2 at the MOI of 1, the rate of PCV2 positivity was
11.5 ± 1.6% in PK15 cells, while 11.9 ± 0.8% of PK15-CSFV cells were PCV2-CSFV dual-posi-
tive. After inoculation (MOI of 10), 27.6 ± 3.6% of PK15 cells were PCV2-positive cells and
26.4 ± 2.6% of PK15-CSFV cells were PCV2-CSFV dual-positive. The data indicated that the
percentage of cells infected with PCV2 was dependent on the dose of virus inoculum in both
PK15 and PK15-CSFV cells. Similar results also were observed in PCV2-infected ST and
ST-CSFV cells (Fig 5B), albeit they had lower sensitivity to PCV2 infection in comparison with
PK15 and PK15-CSFV cells. Interestingly, the difference in percentage of PCV2-positive cells
and PCV2-CSFV dual-positive cells was insignificant between either PK15 and PK15-CSFV
cells or ST and ST-CSFV cells (P> 0.05), indicating that the infection efficiency of PCV2 in
PK15-CSFV cells was similar to that of PCV2 in PK15 cells. These data demonstrated that it
was PK15-CSFV but not ST-CSFV cells that could ensure a high rate of dual infection and rep-
lication of PCV2 and CSFV.

Fig 2. Viral infection status of CSFV in PK15 cell line harboring replicating CSFV. PK15 cells were
infected with CSFV and then serially subcultured. Different passages of PK15-CSFV harboring replicating
CSFV were collected to detect the viral infection status. (A) Histogram and proportion of CSFV-positive cells
by flow cytometry. The red line indicates the positive gate for the cell population. (B) Three indexes of viral
infection of PK15-CSFV cells: proportion of CSFV-positive cells using flow cytometry, viral genomic copies in
virus stocks by absolute quantitative real-time PCR and infectivity of virus stocks by measurement of TCID50.
Data are represented as means ± SD (n = 3).

doi:10.1371/journal.pone.0139457.g002

Coinfection of CSFV and PCV2 In Vitro
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Fig 3. Biological characteristics of PK15-CSFV cells. PK15-CSFV cells were seeded into 6- or 96-well
plates and cultured for indicated time points to detect the virus titer, cell viability and apoptosis. (A) Growth
curve of CSFV in PK15-CSFV cells. (B) Viability of PK15-CSFV cells by CCK–8. (C) Proportion of TUNEL-
positive cells at 72 h. Data are represented as means ± SD (n = 3 or 5; ns, P > 0.05; *P < 0.05; **P < 0.01).

doi:10.1371/journal.pone.0139457.g003

Coinfection of CSFV and PCV2 In Vitro

PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 9 / 19



PCV2 infection decreases CSFV replication in PK15-CSFV cells
Thus far, we had demonstrated that PCV2 could infect PK15-CSFV cells at the same efficient
infection rate as in PK15 cells. To investigate if the PCV2 progeny replicated in PK15-CSFV

Fig 4. Subcellular localization of viral proteins in PK15 cells coinfected with PCV2 and CSFV.
PK15-CSFV cells were seeded on glass bottom dishes and inoculated with PCV2 at MOI = 10. At indicated
time points after PCV2 infection, cells were fixed and immunostained for PCV2 Cap (green) and CSFV E2
protein (red) as well as DAPI-stained for the nucleus (blue) and observed using CLSM and super-resolution
microscopy. The red bar in the merged image represents 10 μm. (A) Overview of PCV2 infection at 72 hpi in
PK15-CSFV and ST-CSFV cells. White arrows indicate double-stained cells. (B) Dynamic subcellular
localization of viral proteins of PCV2 and CSFV in PK15-CSFV cells. (C) Super-resolution microscopy of
PCV2 and CSFV in cells. Cells were fixed and immunostained for N-STORM. Images were taken and
reconstructed to obtain 3D models of colocalization of PCV2 Cap and CSFV E2 proteins in the nucleus (white
arrows) and in the cytoplasm (blue arrows).

doi:10.1371/journal.pone.0139457.g004
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was mature and infectious and to determine the ability of cells to harbor CSFV, PCV2 and
CSFV titers were determined by measuring TCID50 and viral genomic copies in PK15-CSFV
cells. As shown in Fig 6A and 6B, infectious PCV2 was efficiently produced in both PK15 and
PK15-CSFV cells. No difference (P> 0.05) in titers of the PCV2 progeny was observed
between PK15 and PK15-CSFV cells inoculated with PCV2 at the same MOI, indicating that
PCV2 could replicate well in PK15 cells irrespective of the presence or absence of replicating
CSFV. Therefore, we concluded that no significant exclusion of PCV2 occurred in its superin-
fection with CSFV.

However, as seen in Fig 6C and 6D, with the increase of PCV2 inoculum, TCID50 and geno-
mic copies in stocks of progeny CSFV decreased gradually, and differences between PCV2-in-
fected groups and mock-infected group (MOI = 0) gradually became more significant as well
(P< 0.05 or P< 0.01). The mRNA analysis (Fig 6E) further showed that the CSFV transcripts
decreased significantly (P< 0.05 or P< 0.01) in a PCV2 dose-dependent manner in
PK15-CSFV cells. In particular, with PCV2 at the MOI of 15, the relative CSFV mRNA level
reached as low as 0.115 ± 0.006% (P< 0.01), compared with that in PK15-CSFV cells without
PCV2. This result confirmed that the reproduction of CSFV HCLV strain progeny was inhib-
ited by PCV2 in PK15-CSFV cells and was dose-dependent.

Fig 5. Coinfection rates of PCV2 and CSFV in PK15-CSFV and ST-CSFV cells. PK15-CSFV (A) and
ST-CSFV (B) cells were adjusted to a density of 2.0 × 105 cells/ml, inoculated with or without PCV2 at the
MOI of 1 or 10 and then fixed for CLSM at 72 hpi. The infection rate of each virus and coinfection rate of PCV2
and CSFV were quantified by counting numbers of positive cells using ImageJ software. PK-C and ST-C
represent PK15-CSFV cells and ST-CSFV cells, respectively. Data are represented as means ± SD (n = 4;
ns, P > 0.05).

doi:10.1371/journal.pone.0139457.g005
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PCV2-induced apoptosis in PK15-CSFV cells
To further explore the possible mechanism by which PCV2 influenced CSFV replication, apo-
ptosis was analyzed by the TUNEL assay and caspase 3/7 enzymatic activities were determined
in PK15-CSFV cells with PCV2 infection. In both PK15 and PK15-CSFV cells infected with
PCV2, the localization of PCV2-positive cells with TUNEL-positive cells was observed at 72
hpi of PCV2 infection (Fig 7A). The statistical analysis showed that the most predominant cells
were TUNEL-PCV2 dual-positive cells in all labeled (TUNEL or immunostained) PK15 and
PK15-CSFV cells after infection with PCV2, but the proportions of TUNEL-PCV2 dual-posi-
tive PK15 cells and PK15-CSFV cells were not significantly different (Fig 7B, P> 0.05). Subse-
quently, when cells were inoculated with PCV2 of MOIs, the TUNEL cells increased gradually

Fig 6. Replication of PCV2 and CSFV in PK15-CSFV cells. PK15 and PK15-CSFV cells were inoculated
with PCV2 at MOI = 0.5, 1, 4, 7, 10 and 15. At 72 hpi, cells and supernatants were freeze-thawed to obtain
virus stocks. Titers were determined by measurement of TCID50 in PK15 or ST cells and by absolute
quantitative real-time PCR. (A) TCID50 of PCV2. (B) Genomic copies of PCV2. (C) TCID50 of CSFV. (D)
Genomic copies of CSFV. (E) Total RNA of cells was extracted, and relative quantitative real-time PCR was
used to detect the replication level of CSFV in PK15-CSFV cells infected with PCV2 at different MOIs. The
ratio of CSFVmRNA to β-actin mRNA in mock-infected PK15-CSFV was defined as 1, and then the relative
CSFVmRNA ratio in PCV2-infected PK15-CSFV cells was determined. Data are represented as means ± SD
(n = 3; ns, P > 0.05; *P < 0.05; **P < 0.01).

doi:10.1371/journal.pone.0139457.g006
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in a dose-dependent manner (Fig 7C). Correspondingly, caspase 3/7 activities increased signifi-
cantly in a PCV2 dose-dependent manner in PK15 and PK15-CSFV cells, but there showed no
significant difference between PK15 cells and PK15-CSFV cells at the same MOI (Fig 7D,
P> 0.05). These results showed that cellular apoptosis was only induced by PCV2 infection in
PCV2-CSFV coinfected cells.

Viral components of PCV2 do not contribute to cellular apoptosis in
PK15-CSFV cells
To investigate whether PCV2-induced apoptosis involves viral components of PCV2, cells
were treated with His-Rep, dCap, His-ORF3, His-ORF4 or genomic DNA of PCV2 and β-pro-
piolactone (BPL)-inactivated PCV2, then the TUNEL assay and titration of CSFV were carried
out. Data shown in Fig 8A and 8B revealed that none of the viral components of PCV2 tested
caused apoptosis in PK15 or PK15-CSFV cells and did not affect CSFV replication. Similarly,
PK15 and PK15-CSFV cells infected with the inactivated PCV2 could not further induce apo-
ptosis and did not decrease the yield of CSFV in PK15-CSFV cells (MOI = 1 and 10) (Fig 8C
and 8D). The results further confirmed that PCV2 replication but not viral components of

Fig 7. PCV2-induced apoptosis. (A) Cells infected with PCV2 (MOI = 1) were fixed for the TUNEL assay at
72 hpi and immunostained for viral proteins. Apoptotic cells (green), PCV2 Cap proteins (red), CSFV E2
proteins (blue) and nuclei (grey) are shown. (B) Statistical analysis of PCV2-induced apoptosis. Total
numbers of TUNEL-positive, PCV2-positive and TUNEL-PCV2 dual-positive cells were counted, and
proportions of each type of cells in all labeled (TUNEL or immunostained) cells were calculated in four
random fields. (C and D) Cells inoculated with PCV2 of different MOIs were determined by TUNEL assay (C)
and measurement of luminescent caspase–3/7 activities (D). The red bar in the merged image indicates
10 μm. Data are represented as means ± SD (n = 3 or more; ns, P > 0.05).

doi:10.1371/journal.pone.0139457.g007
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PCV2 induced the apoptosis of PK15 and PK15-CSFV cells, and that the viral components of
PCV2 did not interfere with the production of CSFV progeny.

Discussion
Clinically PCV2 coinfection with viral pathogens is common in pig herds and becoming a
greater concern [19–27, 37, 38], but a model for two or more viruses coinfecting or coexisting
simultaneously within a single cell has not been constructed. The kidney has been reported as
one of the major targets for replication of both PCV2 and CSFV in vivo [39–41], and 3D4/31
cells, developed from alveolar macrophages, support replication of CSFV [32] and PCV2 [42,
43]. In the present study, ST, 3D4/31 and PK15 cells were selected as host cells for constructing
a model of CSFV and PCV2 coinfection/coexistence in a replicating context. PK15 cells were
found to support the replication of PCV2 well but not that of CSFV, although a high CSFV
titer was produced in ST cells (Fig 1). Additionally, the 3D4/31 cells could not support the effi-
cient replication of PCV2 or CSFV. Therefore, considering that PCV2 could not propagate well
in ST and 3D4/31 cells, the PK15 cell line in which CSFV could replicate well and stably (Figs 2
and 3) was chosen to construct an in vitromodel system that allows for the coinfection/coexis-
tence of both CSFV and PCV2.

Recently, PCV2 was demonstrated to be transported via direct interaction of the Cap pro-
tein with the cytoplasmic dynein IC1 subunit [44]. The presence of PCV2 Cap in the nucleus is
indicative of PCV2 transcription [45], while PCV2 Cap in the cytoplasm suggests that whole
progeny virus coated by Cap is forming and ready to be released [46]. In this study, dynamic
subcellular localization analysis showed that PCV2 Cap proteins were located in the nucleus of

Fig 8. PCV2 but not PCV2 genome or PCV2-encoded components affects CSFV replication in
PK15-CSFV cells.Cells were inoculated with PCV2 at MOI of 1 or 10 and pretreated with inactivated PCV2,
genomic DNA of PCV2 or PCV2-encoded components. (A and C) Percentage of TUNEL-positive cells. (B
and D) Titration of CSFV progeny at 1 (B) and 10 (B) MOI of BPL-inactivated PCV2. Data are represented as
means ± SD (n = 3 or more; ns, P > 0.05; *P < 0.05; **P < 0.01).

doi:10.1371/journal.pone.0139457.g008
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PK15-CSFV cells at the early stage of PCV2 infection and in the cytoplasm of PK15-CSFV at
the late stage of PCV2 infection (Fig 4B), indicating that an entire life cycle of PCV2 could be
completed in cells harboring replicating CSFV. On the other hand, retention in the endoplas-
mic reticulum (ER) has been widely described for the E2 proteins of viruses within the family
Flaviviridae, such as hepatitis C virus (HCV) [47] and bovine viral diarrhea virus (BVDV)
[48]. During replication the E2 glycoprotein of CSFV has been found predominantly at intracy-
toplasmic membranes and only traces at plasma membranes [49, 50]. In our study, we demon-
strated the colocalization of PCV2 Cap and CSFV E2 protein in coinfected cells (Fig 4C) and
showed that PCV2 and CSFV could grow stably in coinfected PK15 cells (Fig 6). The results
above indicated that PCV2 could replicate in the same PK15 cell harboring replicating CSFV.
In addition, we observed that CSFV E2 was mainly diffusely distributed in the cytoplasm, how-
ever, gradually appeared in the nucleus as the PCV2 infection progressed (Fig 4B). The abnor-
mal localization of E2 protein of CSFV HCLV strain possibly resulted from the coinfection
with PCV2 in cells. However, determining whether PCV2 replication may induce the translo-
cation of CSFV E2 protein from the cytoplasm to nucleus and defining the protein interactions
between PCV2 and CSFV in coinfected cells will require further investigation.

Previous research showed that both hepatitis B virus and HCV could replicate in the same
cell without overt interference, and specific inhibition of one virus did not affect the replication
and gene expression of the other, arguing against superinfection exclusion (SE) [51]. Similarly,
in this study we demonstrated that the entire life cycle of PCV2 was completed without inter-
ference or decrease in production in PK15 cells harboring replicating CSFV (Fig 6), indicating
the absence of SE of PCV2 by CSFV. Conversely, PCV2 replication could decrease the replica-
tion of CSFV in a dose-dependent manner. SE has been observed for many viruses as a phe-
nomenon in which an established virus infection interferes with or prevents a secondary virus
infection, whether it is of the same, a closely related or even a different type [52]. Generally, it
is restricted to homologous viruses and can occur at several stages during the viral life cycle,
thus favoring entry of newly produced progenies into uninfected cells nearby and protecting a
primary infecting virus from a competing virus [51]. Recently, a study of varicella-zoster virus
and herpes simplex virus 1 displayed efficient SE in fibroblast cells and also in neurons with
much lower efficiency [53]. Moreover, SE between homologous BVDV but not between heter-
ologous vesicular stomatitis virus was observed to display possibly two mechanisms, one of
which was at the viral entry level that required the E2 viral glycoprotein and the other at the
viral RNA replication level [54]. However, the inhibition of CSFV replication by PCV2 in our
study was different from those previous reports because PCV2 was inoculated in PK15-CSFV
cells. Therefore, the mechanism for PCV2-mediated inhibition of CSFV replication in
PK15-CSFV cells warrants further exploration in the future.

PCV2 has been shown to induce apoptosis by activating caspase–8 and caspase–3 pathways
through the ORF3 viral protein in vitro [55], and ORF3 was found to play an important role in
PCV2-induced apoptosis and pathogenesis in vivo [56]. CSFV was also reported to induce apo-
ptosis via the 5’ and 3’UTR of the genome of CSFV ALD strain and LPC strain [57, 58],
whereas the Npro of moderately virulent strain [59] and the NS2 of virulent Shimen strain [60]
proteins could inhibit apoptosis. In our study, PCV2-induced apoptosis indeed appeared in
PK15 and PK15-CSFV cells, and was dose-dependent (Figs 3, 7 and 8). However, this apoptosis
showed no significant difference between PK15 and PK15-CSFV cells, although the inhibition
of CSFV replication was positively correlated with PCV2-induced TUNEL-positive cells and
activation of caspase 3/7. In addition, when the cells were pretreated with viral proteins and
genomic DNA of PCV2, cellular apoptosis was not induced in PK15 and PK15-CSFV cells.
These results indicated that the coinfection of PCV2 and CSFV did not enhance the apoptosis
of infected cells.
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In conclusion, we have determined two common cell lines which could be used as host cells
for studies of CSFV and PCV2 coinfection. To obtain a higher coinfection rate and better
understanding of CSFV and PCV2 coinfection, we established the cell lines PK15-CSFV and
ST-CSFV which could stably harbor replicating CSFV in PK15 and ST cells, respectively, as
demonstrated by flow cytometry and virus titering. The subcellular locations of PCV2 Cap pro-
tein and CSFV E2 protein in PK15-CSFV were detected, and we found that PCV2 could com-
plete an entire lifecycle in PK15-CSFV cells and affect the localization of E2 slightly. The model
system we established in PK15-CSFV cells ensured a high coinfection rate for both CSFV and
PCV2 viruses and provided an efficient reference for other virus coinfection studies. We also
demonstrated in this coinfection model system that PCV2 could replicate well and the produc-
tion of PCV2 progeny was not influenced in PK15-CSFV cells, although generation of CSFV
was impaired in a PCV2 dose-dependent manner. Further analysis indicated that PCV2-in-
duced apoptosis in cells decreased the CSFV HCLV strain replication, which probably explains
the serious clinical symptoms associated with CSFV and PCV2 coinfection and failure of the
live-attenuated CSFV HCLV strain vaccine in vivo.

Acknowledgments
We thank Ms. Yunqin Li for technical assistance on CLSM and Mr. Hangjun Wu for help of
super-resolution microscopy.

Author Contributions
Conceived and designed the experiments: NZ JYZ. Performed the experiments: NZ GX JWZ
CQL. Analyzed the data: NZ QW BLH JYG JYZ. Contributed reagents/materials/analysis tools:
NZ GX YLJ QWML JYZ. Wrote the paper: NZ ML JYZ.

References
1. Gao RB, Cao B, Hu YW, Feng ZJ, Wang DY, HuWF, et al. Human Infection with a Novel Avian-Origin

Influenza A (H7N9) Virus. New England Journal of Medicine. 2013; 368(20):1888–97. doi: 10.1056/
Nejmoa1304459. WOS:000318896200008. PMID: 23577628

2. Yu XF, Jin T, Cui YJ, Pu XY, Li J, Xu J, et al. Influenza H7N9 and H9N2 Viruses: Coexistence in Poultry
Linked to Human H7N9 Infection and Genome Characteristics. J Virol. 2014; 88(6):3423–31. doi: 10.
1128/Jvi.02059-13. WOS:000332126000033. PMID: 24403589

3. Chen HY, Yuan H, Gao RB, Zhang JX, Wang DY, Xiong Y, et al. Clinical and epidemiological character-
istics of a fatal case of avian influenza A H10N8 virus infection: a descriptive study. Lancet. 2014; 383
(9918):714–21. doi: 10.1016/S0140-6736(14)60111-2. WOS:000331653300032. PMID: 24507376

4. Tong SX, Li Y, Rivailler P, Conrardy C, Castillo DAA, Chen LM, et al. A distinct lineage of influenza A
virus from bats. P Natl Acad Sci USA. 2012; 109(11):4269–74. doi: 10.1073/pnas.1116200109.
WOS:000301426700051.

5. Tong SX, Zhu XY, Li Y, Shi M, Zhang J, Bourgeois M, et al. NewWorld Bats Harbor Diverse Influenza A
Viruses. Plos Pathogens. 2013; 9(10). doi: ARTN e1003657 doi: 10.1371/journal.ppat.1003657.
WOS:000330383800029.

6. Wei YW, Li JR, Zheng JT, Xu H, Li L, Yu L. Genetic reassortment of infectious bursal disease virus in
nature. Biochemical and Biophysical Research Communications. 2006; 350(2):277–87. doi: 10.1016/j.
bbrc.2006.09.040. WOS:000241389900005. PMID: 17010936

7. Shi LX, Li HB, Ma GP, Zhou JY, Hong LL, Zheng XJ, et al. Competitive replication of different genotypes
of infectious bursal disease virus on chicken embryo fibroblasts. Virus Genes. 2009; 39(1):46–52. doi:
10.1007/s11262-008-0313-2. WOS:000267299900006. PMID: 19104927

8. Delwart EL, Panganiban AT. ROLE OF RETICULOENDOTHELIOSIS VIRUS ENVELOPE GLYCO-
PROTEIN IN SUPERINFECTION INTERFERENCE. Journal of Virology. 1989; 63(1):273–80. WOS:
A1989R376600033. PMID: 2535733

9. Zhao K, HeWQ, Xie SN, Song DG, Lu HJ, PanW, et al. Highly Pathogenic Fowlpox Virus in Cutane-
ously Infected Chickens, China. Emerg Infect Dis. 2014; 20(7):1208–10. doi: 10.3201/eid2007.131118.
WOS:000338389900017. PMID: 24963887

Coinfection of CSFV and PCV2 In Vitro

PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 16 / 19

http://dx.doi.org/10.1056/Nejmoa1304459
http://dx.doi.org/10.1056/Nejmoa1304459
http://www.ncbi.nlm.nih.gov/pubmed/23577628
http://dx.doi.org/10.1128/Jvi.02059-13
http://dx.doi.org/10.1128/Jvi.02059-13
http://www.ncbi.nlm.nih.gov/pubmed/24403589
http://dx.doi.org/10.1016/S0140-6736(14)60111-2
http://www.ncbi.nlm.nih.gov/pubmed/24507376
http://dx.doi.org/10.1073/pnas.1116200109
http://dx.doi.org/10.1371/journal.ppat.1003657
http://dx.doi.org/10.1016/j.bbrc.2006.09.040
http://dx.doi.org/10.1016/j.bbrc.2006.09.040
http://www.ncbi.nlm.nih.gov/pubmed/17010936
http://dx.doi.org/10.1007/s11262-008-0313-2
http://www.ncbi.nlm.nih.gov/pubmed/19104927
http://www.ncbi.nlm.nih.gov/pubmed/2535733
http://dx.doi.org/10.3201/eid2007.131118
http://www.ncbi.nlm.nih.gov/pubmed/24963887


10. Karpf AR, Lenches E, Strauss EG, Strauss JH, Brown DT. Superinfection exclusion of alphaviruses in
three mosquito cell lines persistently infected with Sindbis virus. J Virol. 1997; 71(9):7119–23. WOS:
A1997XQ79900105. PMID: 9261447

11. Bratt MA, Rubin H. SPECIFIC INTERFERENCE AMONGSTRAINS OF NEWCASTLE DISEASE
VIRUS. 3. MECHANISMSOF INTERFERENCCE. Virology. 1968; 35(3):395-&. doi: 10.1016/0042-
6822(68)90218-3. WOS:A1968B538900007. PMID: 5662869

12. S F.T., R H.. The mechanism of interference between an avian leukosis virus and Rous sarcoma virus.
I. Establishment of interference. Virology. 1966; 29(4):628–41. PubMed Central PMCID: PMC4287698
PMID: 4287698

13. S F.T., R H.. The mechanism of interference between an avian leukosis virus and Rous sarcoma virus.
II. Early steps of infection by RSV of cells under conditions of interference. Virology. 1966; 29(4):642–
53. PMID: 4287699

14. Simon KO, Cardamone JJ Jr., Whitaker-Dowling PA, Youngner JS, Widnell CC. Cellular mechanisms
in the superinfection exclusion of vesicular stomatitis virus. Virology. 1990; 177(1):375–9. PMID:
2162110.

15. Wildurn S, Schindler M, Munch J, Kirchhoff F. Contribution of Vpu, Env, and Nef to CD4 down-modula-
tion and resistance of human immunodeficiency virus type 1-infected T cells to superinfection. J Virol.
2006; 80(16):8047–59. doi: 10.1128/Jvi.00252-06. WOS:000239557700026. PMID: 16873261

16. Dutta SK, Myrup AC, Thaker SR. In vitro interference between equine herpesvirus types 1 and 2. Am J
Vet Res. 1986; 47(4):747–50. PMID: 2421620.

17. Meurens F, Schynts F, Keil GM, Muylkens B, Vanderplasschen A, Gallego P, et al. Superinfection pre-
vents recombination of the alphaherpesvirus bovine herpesvirus 1. J Virol. 2004; 78(8):3872–9. PMID:
15047803; PubMed Central PMCID: PMC374301.

18. Jarosinski KW. Dual Infection and Superinfection Inhibition of Epithelial Skin Cells by Two Alphaher-
pesviruses Co-Occur in the Natural Host. Plos One. 2012; 7(5). doi: ARTN e37428 doi: 10.1371/
journal.pone.0037428. WOS:000305343100027.

19. Huang Y-L, Pang VF, Lin C-M, Tsai Y-C, Chia M-Y, Deng M-C, et al. Porcine circovirus type 2 (PCV2)
infection decreases the efficacy of an attenuated classical swine fever virus (CSFV) vaccine. Veterinary
Research. 2011; 42. doi: 10.1186/1297-9716-42-115. WOS:000301738800001.

20. Huang Y-L, Pang VF, DengM-C, Chang C-Y, Jeng C-R. Porcine circovirus type 2 decreases the infec-
tion and replication of attenuated classical swine fever virus in porcine alveolar macrophages. Research
in Veterinary Science. 2014; 96(1):187–95. doi: 10.1016/j.rvsc.2013.11.020 PMID: 24370262

21. Allan GM, McNeilly F, Ellis J, Krakowka S, Meehan B, McNair I, et al. Experimental infection of colos-
trum deprived piglets with porcine circovirus 2 (PCV2) and porcine reproductive and respiratory syn-
drome virus (PRRSV) potentiates PCV2 replication. Arch Virol. 2000; 145(11):2421–9. Epub 2001/02/
24. PMID: 11205128.

22. Rovira A, Balasch M, Segales J, Garcia L, Plana-Duran J, Rosell C, et al. Experimental inoculation of
conventional pigs with porcine reproductive and respiratory syndrome virus and porcine circovirus 2. J
Virol. 2002; 76(7):3232–9. Epub 2002/03/09. PMID: 11884547; PubMed Central PMCID: PMC136035.

23. Chang HW, Jeng CR, Liu JJ, Lin TL, Chang CC, Chia MY, et al. Reduction of porcine reproductive and
respiratory syndrome virus (PRRSV) infection in swine alveolar macrophages by porcine circovirus 2
(PCV2)-induced interferon-alpha. Veterinary Microbiology. 2005; 108(3–4):167–77. doi: 10.1016/j.
vetmic.2005.03.010. WOS:000230261200002. PMID: 15936905

24. Cecere TE, Meng XJ, Pelzer K, Todd SM, Beach NM, Ni YY, et al. Co-infection of porcine dendritic
cells with porcine circovirus type 2a (PCV2a) and genotype II porcine reproductive and respiratory syn-
drome virus (PRRSV) induces CD4(+)CD25(+)FoxP3(+) T cells in vitro. Vet Microbiol. 2012; 160(1–
2):233–9. Epub 2012/05/29. [pii]. PMID: 22633482; PubMed Central PMCID: PMC3443269.

25. Allan GM, Kennedy S, McNeilly F, Foster JC, Ellis JA, Krakowka SJ, et al. Experimental reproduction of
severe wasting disease by co-infection of pigs with porcine circovirus and porcine parvovirus. J Comp
Pathol. 1999; 121(1):1–11. doi: 10.1053/jcpa.1998.0295 PMID: 10373289.

26. Allan GM, McNeilly F, Meehan BM, Ellis JA, Connor TJ, McNair I, et al. A sequential study of experi-
mental infection of pigs with porcine circovirus and porcine parvovirus: immunostaining of cryostat sec-
tions and virus isolation. J Vet Med B Infect Dis Vet Public Health. 2000; 47(2):81–94. Epub 2000/04/
14. PMID: 10763376.

27. Kim J, Choi C, Chae C. Pathogenesis of postweaning multisystemic wasting syndrome reproduced by
co-infection with Korean isolates of porcine circovirus 2 and porcine parvovirus. J Comp Pathol. 2003;
128(1):52–9. Epub 2003/01/18. S0021997502906055 [pii]. PMID: 12531687.

28. Andersson M, Ahlberg V, Jensen-Waern M, Fossum C. Intestinal gene expression in pigs experimen-
tally co-infected with PCV2 and PPV. Vet Immunol Immunopathol. 2011; 142(1–2):72–80. doi: 10.
1016/j.vetimm.2011.04.012 PMID: 21605916.

Coinfection of CSFV and PCV2 In Vitro

PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9261447
http://dx.doi.org/10.1016/0042-6822(68)90218-3
http://dx.doi.org/10.1016/0042-6822(68)90218-3
http://www.ncbi.nlm.nih.gov/pubmed/5662869
http://www.ncbi.nlm.nih.gov/pubmed/4287698
http://www.ncbi.nlm.nih.gov/pubmed/4287699
http://www.ncbi.nlm.nih.gov/pubmed/2162110
http://dx.doi.org/10.1128/Jvi.00252-06
http://www.ncbi.nlm.nih.gov/pubmed/16873261
http://www.ncbi.nlm.nih.gov/pubmed/2421620
http://www.ncbi.nlm.nih.gov/pubmed/15047803
http://dx.doi.org/10.1371/journal.pone.0037428
http://dx.doi.org/10.1371/journal.pone.0037428
http://dx.doi.org/10.1186/1297-9716-42-115
http://dx.doi.org/10.1016/j.rvsc.2013.11.020
http://www.ncbi.nlm.nih.gov/pubmed/24370262
http://www.ncbi.nlm.nih.gov/pubmed/11205128
http://www.ncbi.nlm.nih.gov/pubmed/11884547
http://dx.doi.org/10.1016/j.vetmic.2005.03.010
http://dx.doi.org/10.1016/j.vetmic.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15936905
http://www.ncbi.nlm.nih.gov/pubmed/22633482
http://dx.doi.org/10.1053/jcpa.1998.0295
http://www.ncbi.nlm.nih.gov/pubmed/10373289
http://www.ncbi.nlm.nih.gov/pubmed/10763376
http://www.ncbi.nlm.nih.gov/pubmed/12531687
http://dx.doi.org/10.1016/j.vetimm.2011.04.012
http://dx.doi.org/10.1016/j.vetimm.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21605916


29. Hamel AL, Lin LL, Nayar GPS. Nucleotide sequence of porcine circovirus associated with postweaning
multisystemic wasting syndrome in pigs. Journal of Virology. 1998; 72(6):5262–7.
WOS:000073497600085. PMID: 9573301

30. He J, Cao J, Zhou N, Jin Y, Wu J, Zhou J. Identification and Functional Analysis of the Novel ORF4 Pro-
tein Encoded by Porcine Circovirus Type 2. J Virol. 2012. Epub 2012/11/16. doi: 10.1128/jvi.01443-12
PMID: 23152517.

31. Zhou JY, Shang SB, Gong H, Chen QX, Wu JX, Shen HG, et al. In vitro expression, monoclonal anti-
body and bioactivity for capsid protein of porcine circovirus type II without nuclear localization signal.
Journal of Biotechnology. 2005; 118(2):201–11. doi: 10.1016/j.jbiotec.2005.02.017.
WOS:000230580300008. PMID: 15964652

32. Weingartl HM, Sabara M, Pasick J, van Moorlehem E, Babiuk L. Continuous porcine cell lines devel-
oped from alveolar macrophages—Partial characterization and virus susceptibility. Journal of Virologi-
cal Methods. 2002; 104(2):203–16. doi: Pii S0166-0934(02)00085-X doi: 10.1016/S0166-0934(02)
00085-X. WOS:000177144500011. PMID: 12088830

33. Zhou JY, Chen QX, Ye JX, Shen HG, Chen TF, Shang SB. Serological investigation and genomic char-
acterization of PCV2 isolates from different geographic regions of Zhejiang province in China. Veteri-
nary Research Communications. 2006; 30(2):205–20. doi: 10.1007/s11259-006-3203-x.
WOS:000234484300008. PMID: 16400605

34. Shang SB, Jin YL, Jiang XT, Zhou JY, Zhang X, Xing G, et al. Fine mapping of antigenic epitopes on
capsid proteins of porcine circovirus, and antigenic phenotype of porcine circovirus Type 2. Molecular
Immunology. 2009; 46(3):327–34. doi: 10.1016/j.molimm.2008.10.028. WOS:000262810400003.
PMID: 19059648

35. Lin M, Lin F, Mallory M, Clavijo A. Deletions of structural glycoprotein E2 of classical swine fever virus
strain Alfort/187 resolve a linear epitope of monoclonal antibodyWH303 and the minimal N-terminal
domain essential for binding immunoglobulin G antibodies of a pig hyperimmune serum. J Virol. 2000;
74(24):11619–25. doi: 10.1128/Jvi.74.24.11619-11625.2000. WOS:000170365900023. PMID:
11090160

36. Reed L.J. M H. A simple method of estimating fifty percent endpoints. AMER JOURHYG. 1938;
27:493–7.

37. Shen HG, Beach NM, Huang YW, Halbur PG, Meng XJ, Opriessnig T. Comparison of commercial and
experimental porcine circovirus type 2 (PCV2) vaccines using a triple challenge with PCV2, porcine
reproductive and respiratory syndrome virus (PRRSV), and porcine parvovirus (PPV). Vaccine. 2010;
28(37):5960–6. doi: 10.1016/j.vaccine.2010.07.002 PMID: 20637768.

38. Opriessnig T, O'Neill K, Gerber PF, de Castro A, Gimenez-Lirola LG, Beach NM, et al. A PCV2 vaccine
based on genotype 2b is more effective than a 2a-based vaccine to protect against PCV2b or combined
PCV2a/2b viremia in pigs with concurrent PCV2, PRRSV and PPV infection. Vaccine. 2013; 31
(3):487–94. doi: 10.1016/j.vaccine.2012.11.030. WOS:000314139700009. PMID: 23174198

39. Yu S, Opriessnig T, Kitikoon P, Nilubol D, Halbur PG, Thacker E. Porcine circovirus type 2 (PCV2) dis-
tribution and replication in tissues and immune cells in early infected pigs. Veterinary Immunology and
Immunopathology. 2007; 115(3–4):261–72. doi: 10.1016/j.vetimm.2006.11.006.
WOS:000244374200007. PMID: 17175030

40. Fenaux M, Halbur PG, Haqshenas G, Royer R, Thomas P, Nawagitgul P, et al. 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. Journal of Virology. 2002;
76(2):541–51. doi: 10.1128/Jvi.76.2.541-551.2002. WOS:000172965300010. PMID: 11752145

41. Lohse L, Nielsen J, Uttenthal A. Early pathogenesis of classical swine fever virus (CSFV) strains in
Danish pigs. Veterinary Microbiology. 2012; 159(3–4):327–36. doi: 10.1016/j.vetmic.2012.04.026.
WOS:000309316000007. PMID: 22608103

42. Misinzo G, Meerts P, Bublot M, Mast J, Weingart HM, Nauwynck HJ. Binding and entry characteristics
of porcine circovirus 2 in cells of the porcine monocytic line 3D4/31. Journal of General Virology. 2005;
86:2057–68. doi: 10.1099/vir.0.80652-0. WOS:000230220300022. PMID: 15958685

43. Misinzo G, Delputte PL, Meerts P, Lefebvre DJ, Nauwynck HJ. Porcine circovirus 2 uses heparan sulfate
and chondroitin sulfate B glycosaminoglycans as receptors for its attachment to host cells. J Virol. 2006;
80(7):3487–94. doi: 10.1128/Jvi.80.7.3487-3494.2006. WOS:000236305200036. PMID: 16537616

44. Cao J, Lin C, Wang H, Wang L, Zhou N, Jin Y, et al. Circovirus Transport Proceeds via Direct Interac-
tion of the Cytoplasmic Dynein IC1 Subunit with the Viral Capsid Protein Journal of Virology. 2015; 89
(5):2777–91. Epub 24 December 2014 doi: 10.1128/JVI.03117-14 PMID: 25540360

45. Liu Q, Tikoo SK, Babiuk LA. Nuclear localization of the ORF2 protein encoded by porcine circovirus
type 2. Virology. 2001; 285(1):91–9. Epub 2001/06/21. doi: 10.1006/viro.2001.0922 S0042-6822(01)
90922-5 [pii]. PMID: 11414809.

Coinfection of CSFV and PCV2 In Vitro

PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9573301
http://dx.doi.org/10.1128/jvi.01443-12
http://www.ncbi.nlm.nih.gov/pubmed/23152517
http://dx.doi.org/10.1016/j.jbiotec.2005.02.017
http://www.ncbi.nlm.nih.gov/pubmed/15964652
http://dx.doi.org/10.1016/S0166-0934(02)00085-X
http://dx.doi.org/10.1016/S0166-0934(02)00085-X
http://www.ncbi.nlm.nih.gov/pubmed/12088830
http://dx.doi.org/10.1007/s11259-006-3203-x
http://www.ncbi.nlm.nih.gov/pubmed/16400605
http://dx.doi.org/10.1016/j.molimm.2008.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19059648
http://dx.doi.org/10.1128/Jvi.74.24.11619-11625.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090160
http://dx.doi.org/10.1016/j.vaccine.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20637768
http://dx.doi.org/10.1016/j.vaccine.2012.11.030
http://www.ncbi.nlm.nih.gov/pubmed/23174198
http://dx.doi.org/10.1016/j.vetimm.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17175030
http://dx.doi.org/10.1128/Jvi.76.2.541-551.2002
http://www.ncbi.nlm.nih.gov/pubmed/11752145
http://dx.doi.org/10.1016/j.vetmic.2012.04.026
http://www.ncbi.nlm.nih.gov/pubmed/22608103
http://dx.doi.org/10.1099/vir.0.80652-0
http://www.ncbi.nlm.nih.gov/pubmed/15958685
http://dx.doi.org/10.1128/Jvi.80.7.3487-3494.2006
http://www.ncbi.nlm.nih.gov/pubmed/16537616
http://dx.doi.org/10.1128/JVI.03117-14
http://www.ncbi.nlm.nih.gov/pubmed/25540360
http://dx.doi.org/10.1006/viro.2001.0922
http://www.ncbi.nlm.nih.gov/pubmed/11414809


46. Finsterbusch T, Steinfeldt T, Caliskan R, Mankertz A. Analysis of the subcellular localization of the pro-
teins Rep, Rep' and Cap of porcine circovirus type 1. Virology. 2005; 343(1):36–46. Epub 2005/09/20.
doi: S0042-6822(05)00476-9 [pii] doi: 10.1016/j.virol.2005.08.021 PMID: 16168452.

47. Cocquerel L, Meunier JC, Pillez A, Wychowski C, Dubuisson J. A retention signal necessary and suffi-
cient for endoplasmic reticulum localization maps to the transmembrane domain of hepatitis C virus gly-
coprotein E2. Journal of Virology. 1998; 72(3):2183–91. WOS:000071997600057. PMID: 9499075

48. Kohl W, Zimmer G, Greiser-Wilke I, Haas LG, Moennig V, Herrler G. The surface glycoprotein E2 of
bovine viral diarrhoea virus contains an intracellular localization signal. Journal of General Virology.
2004; 85:1101–11. doi: 10.1099/vir.0.19740-0. WOS:000221267100004. PMID: 15105527

49. Xu XG, Liu HJ. Baculovirus surface display of E2 envelope glycoprotein of classical swine fever virus
and immunogenicity of the displayed proteins in a mouse model. Vaccine. 2008; 26(43):5455–60. Epub
2008/08/19. doi: S0264-410X(08)01008-6 [pii] doi: 10.1016/j.vaccine.2008.07.090 PMID: 18708107.

50. Gladue DP, Baker-Bransetter R, Holinka LG, Fernandez-Sainz IJ, O'Donnell V, Fletcher P, et al. Inter-
action of CSFV E2 Protein with Swine Host Factors as Detected by Yeast Two-Hybrid System. Plos
One. 2014; 9(1). doi: ARTN e85324 doi: 10.1371/journal.pone.0085324. WOS:000329862500240.

51. Bellecave P, Gouttenoire J, Gajer M, Brass V, Koutsoudakis G, Blum HE, et al. Hepatitis B and C Virus
Coinfection: A Novel Model System Reveals the Absence of Direct Viral Interference. Hepatology.
2009; 50(1):46–55. doi: 10.1002/Hep.22951. WOS:000267605500007. PMID: 19333911

52. Folimonova SY. Superinfection Exclusion Is an Active Virus-Controlled Function That Requires a Spe-
cific Viral Protein. Journal of Virology. 2012; 86(10):5554–61. doi: 10.1128/Jvi.00310-12.
WOS:000303787100013. PMID: 22398285

53. Sloutskin A, Yee MB, Kinchington PR, Goldstein RS. Varicella-Zoster Virus and Herpes Simplex Virus
1 Can Infect and Replicate in the Same Neurons whether Co-or Superinfected. Journal of Virology.
2014; 88(9):5079–86. doi: 10.1128/Jvi.00252-14. WOS:000334353900040. PMID: 24574392

54. Lee YM, Tscherne DM, Yun SI, Frolov I, Rice CM. Dual mechanisms of pestiviral superinfection exclu-
sion at entry and RNA replication. Journal of Virology. 2005; 79(6):3231–42. doi: 10.1128/Jvi.79.6.
3231-3242.2005. WOS:000227366900001. PMID: 15731218

55. 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. Journal of Virology. 2005; 79(13):8262–74.
doi: 10.1128/jvi.79.13.8262-8274.2005. WOS:000229866700032. PMID: 15956572

56. Liu J, Chen I, Du QY, Chua HK, Kwang J. The ORF3 protein of porcine circovirus type 2 is involved in
viral pathogenesis in vivo. Journal of Virology. 2006; 80(10):5065–73. doi: 10.1128/jvi.80.10.5065-
5073.2006. WOS:000237457500042. PMID: 16641298

57. HsuWL, Chen CL, Huang SW,Wu CC, Chen IH, Nadar M, et al. The untranslated regions of classic
swine fever virus RNA trigger apoptosis. PLoS One. 2014; 9(2):e88863. doi: 10.1371/journal.pone.
0088863 PMID: 24533157; PubMed Central PMCID: PMC3923050.

58. Huang SW, Chan MY, HsuWL, Huang CC, Tsai CH. The 3'-terminal hexamer sequence of classical
swine fever virus RNA plays a role in negatively regulating the IRES-mediated translation. PLoS One.
2012; 7(3):e33764. Epub 2012/03/21. doi: 10.1371/journal.pone.0033764 PONE-D-11-19805 [pii].
PMID: 22432046; PubMed Central PMCID: PMC3303849.

59. Ruggli N, Bird BH, Liu L, Bauhofer O, Tratschin JD, Hofmann MA. N-pro of classical swine fever virus is
an antagonist of double-stranded RNA-mediated apoptosis and IFN-alpha/beta induction. Virology.
2005; 340(2):265–76. doi: 10.1016/j.virol.2005.06.033. WOS:000232217800010. PMID: 16043207

60. Tang QH, Guo KK, Kang K, Zhang YM, He L, Wang J. Classical swine fever virus NS2 protein promotes
interleukin–8 expression and inhibits MG132-induced apoptosis. Virus Genes. 2011; 42(3):355–62.
doi: 10.1007/s11262-011-0582-z. WOS:000291492600007. PMID: 21318239

Coinfection of CSFV and PCV2 In Vitro

PLOSONE | DOI:10.1371/journal.pone.0139457 October 2, 2015 19 / 19

http://dx.doi.org/10.1016/j.virol.2005.08.021
http://www.ncbi.nlm.nih.gov/pubmed/16168452
http://www.ncbi.nlm.nih.gov/pubmed/9499075
http://dx.doi.org/10.1099/vir.0.19740-0
http://www.ncbi.nlm.nih.gov/pubmed/15105527
http://dx.doi.org/10.1016/j.vaccine.2008.07.090
http://www.ncbi.nlm.nih.gov/pubmed/18708107
http://dx.doi.org/10.1371/journal.pone.0085324
http://dx.doi.org/10.1002/Hep.22951
http://www.ncbi.nlm.nih.gov/pubmed/19333911
http://dx.doi.org/10.1128/Jvi.00310-12
http://www.ncbi.nlm.nih.gov/pubmed/22398285
http://dx.doi.org/10.1128/Jvi.00252-14
http://www.ncbi.nlm.nih.gov/pubmed/24574392
http://dx.doi.org/10.1128/Jvi.79.6.3231-3242.2005
http://dx.doi.org/10.1128/Jvi.79.6.3231-3242.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731218
http://dx.doi.org/10.1128/jvi.79.13.8262-8274.2005
http://www.ncbi.nlm.nih.gov/pubmed/15956572
http://dx.doi.org/10.1128/jvi.80.10.5065-5073.2006
http://dx.doi.org/10.1128/jvi.80.10.5065-5073.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641298
http://dx.doi.org/10.1371/journal.pone.0088863
http://dx.doi.org/10.1371/journal.pone.0088863
http://www.ncbi.nlm.nih.gov/pubmed/24533157
http://dx.doi.org/10.1371/journal.pone.0033764
http://www.ncbi.nlm.nih.gov/pubmed/22432046
http://dx.doi.org/10.1016/j.virol.2005.06.033
http://www.ncbi.nlm.nih.gov/pubmed/16043207
http://dx.doi.org/10.1007/s11262-011-0582-z
http://www.ncbi.nlm.nih.gov/pubmed/21318239

