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Abstract

Background: Porcine reproductive and respiratory syndrome virus (PRRSV) is the causative agent of porcine
reproductive and respiratory syndrome (PRRS) and porcine circovirus type 2 (PCV2) is associated with postweaning
multisystemic wasting syndrome (PMWS) in pigs. Coinfection with highly pathogenic PRRSV (HP-PRRSV) and PCV2
in the field has recently become extensive in some Asian countries. A synergistic pathogenicity between PRRSV and
PCV2 infections has previously been reported. However, the consequences of the sequential infection of pigs with
these two viruses are unknown.

Methods: Thirty 35-day-old piglets were randomly divided into six groups (n = 5 each): HP-PRRSV/PCV2 (group 1,
inoculated with HP-PRRSV, then inoculated with PCV2 one week later), PCV2/HP-PRRSV (group 2, inoculated with
PCV2, then inoculated with HP-PRRSV one week later), HP-PRRSV+PCV2 (group 3, inoculated with HP-PRRSV and
PCV2 concurrently), HP-PRRSV (group 4, inoculated with HP-PRRSV), PCV2 (group 5, inoculated with PCV2), and the
control (group 6, uninfected). This experiment lasted 28 days. Clinical symptoms and rectal temperatures were
recorded each day after inoculation, body weight was recorded weekly, and serum samples were obtained for viral
nucleic acid quantification and antibody titration. Variations in CD3*, CD4" CD8~, CD3*, CD4", and CD8" cells,
natural killer (NK) cells, and mononuclear cells were determined by flow cytometry. The serum concentrations of
interferon y (IFN-y), tumor necrosis factor a (TNF-a), interleukin 10 (IL-10), and macrophage granulocyte-colony
stimulating factor (GM-CSF) were determined. Pathological changes in different tissues from the experimentally
infected pigs were recorded.

Results: The piglets in group 1 had the highest viral loads, the lowest antibody titers, the most-severe clinical signs,
and the highest mortality (3/5, 60%; the mortality in the other groups was 0%), and interstitial pneumonia was
more severe in this group compare to the other HP-PRRSV infected groups. The serum levels of IFN-y, TNF-q, IL-10,
and GM-CSF varied (increased or decreased) most widely in group 1, as did each immunocyte subgroup.

Conclusions: HP-PRRSV infection followed by PCV2 infection enhanced the replication of both viruses in the
experimental piglets and led to more-severe clinical signs and lesions, indicating greater synergistic effects during
the sequential infection of piglets with HP-PRRSV and then PCV2.
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Background

Porcine reproductive and respiratory syndrome virus
(PRRSV) infections are characterized clinically by repro-
ductive failure, including weak neonatal piglets, abortion,
stillbirths, and mummified fetuses, impaired respiration,
and high mortality [1]. PRRSV was first reported in the
USA in 1987 [2], and first isolated in the Netherlands
[3]. It was detected in China in 1996. A PRRSV mutant
strain with a 90-nucleotide deletion in the gene encoding
the viral nonstructural protein 2 has prevailed in South
China since 2006. This strain, highly pathogenic (HP)-
PRRSYV, causes high fever and high morbidity and mor-
tality in pigs and is responsible for severe economic
losses in the pork industry [4-6]. Porcine circovirus type
2 (PCV2) causes postweaning multisystemic wasting
syndrome (PMWS) [7], which is characterized by any or
a combination of the following clinical signs: progressive
wasting, anemia, lymphadenopathy, pneumonia, nephritis,
and hepatitis in weaned piglets. PMWS was first described
in western Canada in 1991 [8] and subsequently in other
countries [9-12]. Mixed PRRSV and PCV2 infections
have been reported [13,14] and have attracted wide-
spread attention. Because coinfection with PRRSV and
PCV2 is common in the pig populations of China, an
in-depth understanding of the synergistic pathogenicity
of the two viruses is vital. In 2000, Allan et al. [15]
reported that PRRSV and PCV2 coinfection enhanced
PCV2 replication, with no significant effect on PRRSV,
and in 2001, Harms et al. [16] showed that PCV2 can
increase the severity of the interstitial pneumonia
caused by PRRSV during coinfection with the viruses.
Rovira et al. [17] reported that pigs first infected with
PRRSV and seven days later with PCV2 developed a
more-severe clinical disease and more macroscopic and
microscopic lesions. The objective of the present study was
to determine the synergistic effects of sequential infection
with HP-PRRSV and PCV2, in animals coinfected with
HP-PRRSV and PCV?2 in different sequences.

Results

Clinical signs

The average rectal temperatures (ART) (18-21 days
postinoculation [dpi]) and average clinical scores (ACS;
17-21 dpi) of group 1 were significantly higher than
those of group 2 (ART, p < 0.05; ACS, p < 0.05), group 3
(ART, p < 0.01; ACS, p < 0.05), and group 4 (ART, p < 0.01;
ACS, p < 0.05; see Additional file 1: Table S1 for details).
In group 1, three of the (= 40.5°C) at 6-24 dpi, all pig-
lets developed severe wasting disease, and three died of
severe respiratory distress at 21 dpi (14 days after
PCV2 inoculation). The two remaining piglets in this
group had severe dermatitis from 15 dpi to the end of
the experiment. The mortality in group 1 was 60% (3/5),
whereas it was 0% (0/5) in all other groups. The other HP-
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PRRSV-inoculated groups (groups 2—4) had less-severe
clinical signs and all the piglets in these groups exhibited
moderate wasting, dermatitis, and mild respiratory distress
from 17 dpi (20 dpi in group 2) to the end of the experi-
ment, with no deaths. In group 1, the average body weight
of the piglets decreased over time, whereas it increased
over time in the other groups (Figure 1 and Table 1).

Gross pathology

The macroscopic characteristics of the piglets are sum-
marized in Table 2. Briefly, lesions were predominantly
observed in the lymphatic system, lungs, and kidneys.
Enlarged lymph nodes were observed in all piglets,
except those in group 6. In each HP-PRRSV-inoculated
group, the piglets developed lymph-node lesions that
were usually characterized by moderate hemorrhage,
whereas the hemorrhage in group 1 was severe. The pigs
inoculated with concurrent or individual viruses had
noncollapsed lungs with interstitial edema and enlarged
interstitial tissue areas. Of the three piglets that died in
group 1, all had swollen brown-colored kidneys and severe
pulmonary venous congestion.

Histopathology

In the piglets inoculated with HP-PRRSV and/or PCV2
(groups 1-5), histopathological analyses revealed ne-
crosis and/or lymphoid depletion in the lymph nodes,
lymphocytic infiltration of the liver portal areas, throm-
boses in the small pulmonary blood vessels and alveolar
capillaries, varying degrees of interstitial pneumonia
(Figure 2), and plasma cell infiltrates in the duodenum,
which are consistent with the results of a previous study
[16] (Table 3). The kidneys of the PCV2-inoculated piglets
(except those in groups 4 and 6) had mild perivascular
infiltration of lymphocytes and macrophages. Intracy-
toplasmic inclusion bodies were observed in the renal
macrophages of the piglets inoculated with PCV2 and
HP-PRRSV (groups 1-3). The histological lesions were
most severe in the HP-PRRSV/PCV2 group, followed
by groups PCV2/HP-PRRSV and HP-PRRSV+PCV2,
HP-PRRSV, and PCV2, when assessed according to a
previously reported scoring system (data not shown) [16].

HP-PRRSV viremia and distribution in tissues

HP-PRRSV viremia was detected in the serum samples
from the HP-PRRSV-inoculated piglets from 3 dpi until
21 or 28 dpi, and in all postmortem tissues (Additional
file 2: Table S2 and Additional file 3: Table S3). The
highest levels of viral nucleic acids were detected in
the sera (Figure 3A). The differences between the HP-
PRRSV-inoculated groups were significant (p < 0.05) at
14 dpi (highest in group 2), 14 dpi, and 21 dpi (highest
in group 1, lowest in group 3).
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Figure 1 Variation in mean rectal temperatures, scores for main clinical signs, and body weights in each infected group. (A) The
average rectal temperature of the HP-PRRSV/PCV2 group (18-21 dpi) was significantly higher than that of the PCV2/HP-PRRSV sequentially
infected group, the HP-PRRSV+PCV2 group, or the HP-PRRSV group. The temperatures of the uninfected control group and the PCV2 group were
normal. (B) Variations in the mean clinical sign scores. The mean score is the sum of five individual scores, each ranging from 0 to 2, resulting in
a final score that ranges from 0 to 10 (0 = normal = without symptoms, 1 = symptoms, 2 = severe symptoms). The three coinfection groups
(9-21 dpi) had significantly higher scores than the HP-PRRSV and PCV2 groups. Among the coinfection groups, the HP-PRRSV/PCV2 group
showed the highest score (see Additional file 1: Table S1 for details). (C) The average daily weight gain in the HP-PRRSV/PCV2 group was negative
(14-21 dpi), whereas the gains of the other groups were positive. Error bars show the standard deviations. * indicates significantly higher or lower

HP-PRRSV antibodies

HP-PRRSV antibodies were detected in each group by 7
dpi (1:50), although antibodies were detected in group 4
at 5 dpi (1:50). The antibody titers increased with time,
but the titer in group 1 was significantly lower than that
in the other groups (p < 0.05), and this difference in titer
gradually increased. The antibody titers of group 4 were
significantly higher than those of the three coinfection
groups (p < 0.05; Figure 4A).

PCV2 viremia and distribution in tissues

PCV2 viremia was detected in group 1 at 10 dpi, peaked
at 21 dpi, and continued until 28 dpi. In all other groups,
PCV2 viremia peaked at 14 dpi, followed by a gradual
reduction in the viral load (Additional file 2: Table S2
and Additional file 3: Table S3). Viral nucleic acids were
detected in all postmortem tissues, and the lymphoid
organs had the highest viral loads. The viral load in the
serum samples from group 1 was significantly higher

Table 1 Frequency of selected clinical signs (n = 5 pigs per group)

Group Clinical signs
Depression Erythema Dyspnea Conjunctivitis Emaciation

HP-PRRSV/PCV2 (group 1) 5/5 5/5 5/5 5/5 5/5
PCV2/HP-PRRSV (group 2) 2/5 2/5 3/5 4/5 4/5
HP-PRRSV+PCV2 (group 3) 5/5 2/5 3/5 5/5 5/5
HP-PRRSV (group 4) 1/5 0/5 2/5 5/5 2/5
PCV2 (group 5) 0/5 0/5 0/5 0/5 0/5
Control (group 6) 0/5 0/5 0/5 0/5 0/5
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Table 2 Frequency of selected macroscopic lesions (n = 5 pigs per group)

Lesions Groups

HP-PRRSV/PCV2 PCV2/HP-PRRSV ~ HP-PRRSV+PCV2 HP-PRRSV  PCV2 Control

(group 1) (group 2) (group 3) (group 4) (group 5) (group 6)
Lymph-node hemorrhage 5/5 3/5 3/5 2/5 1/5 0/5
Endocardial hemorrhage 4/5 3/5 1/5 2/5 0/5 0/5
Congestion of liver 2/5 1/5 2/5 2/5 0/5 0/5
Splenic infarction 3/5 1/5 1/5 0/5 0/5 0/5
Pulmonary congestion 5/5 2/5 3/5 2/5 1/5 0/5
Kidney gray spot 3/5 3/5 5/5 5/5 3/5 0/5
Brain edema 0/5 0/5 0/5 0/5 0/5 0/5
Duodenal mucous membrane swelling 2/5 2/5 2/5 2/5 0/5 0/5

than those of the other groups (p < 0.01) and peaked at
21 dpi. The viral loads in the coinfection groups were
significantly higher than that in group 5 (p < 0.05;
Figure 3B).

PCV2 antibodies

PCV2 antibodies were detected in groups 2, 5, 3, and 1
at 7 (1/5, 1:50), 7 (1/5, 1:50), 10 (2/5, 1:50), and 14 (1/5,
1:50) dpi, respectively, and increased gradually with time.
The antibody titers in group 1 were significantly lower
than those in the other three groups (p < 0.05) and the
antibody titer in the group inoculated with PCV2 only
was significantly higher than those in the three coinfection
groups (p < 0.01; Figure 4B).

Cytokines

The levels of TNF-« in all the coinfection groups were
elevated at 14 and 21 dpi, at which time the concentra-
tion of TNF-a (range, 83 + 9.1-104 + 8.6 pg/mL) was
significantly higher in group 1 than in the other groups
(p < 0.05 or 0.01; Figure 5A). In group 1, the IFN-y con-
centrations were 124 + 12.6 and 168 + 13.4 pg/mL at 14
dpi and 21 dpi, respectively, and the GM-CSF concentra-
tions were 38 + 5.6 and 41 + 7.6 pg/mL, respectively,
whereas those in the other infected groups were signifi-
cantly higher (p < 0.05 or 0.01; Figure 5B, C). The IL-10
level in group 1 (90 + 7.4 pg/mL) at 14 dpi was higher
than that in any other group (p < 0.05 or 0.01; Figure 5D).
There were no significant differences in the assayed

Figure 2 Representative histopathological sections of lung from each infected group (200x). Healthy control group (A) and PCV2 group
(B): no evident pathological changes. HP-PRRSV group (C), HP-PRRSV+PCV2 group (D), and PCV2/HP-PRRSV group (E) showed the same
pathological changes: interstitial pneumonia and some stenosis or obstruction of the pulmonary alveoli. (F) The HP-PRRSV/PCV2 group had the
most-severe pathological changes: severe congestion in small vessels and stenosis or obstruction of most pulmonary alveoli, which were full of
necrotic and deciduous endothelial cells. Hematoxylin and eosin (HE) staining.
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Table 3 Histological lesions in the experimentally infected groups (n = 5)

Tissues lesion Groups
HP-PRRSV/PCV2 PCV2/HP-PRRSV HP-PRRSV+PCV2 HP-PRRSV PCV2 Control
(group 1) (group 2) (group 3) (group 4) (group 5) (group 6)
Lymphocytes infiltrating heart 3/5 2/5 3/5 2/5 0/5 0/5
Hepatic granular degeneration 1/5 0/5 4/5 3/5 0/5 0/5
Spleen lymphocyte depletion 4/5 1/5 0/5 0/5 1/5 0/5
Interstitial pneumonia 5/5 5/5 5/5 5/5 1/5 0/5
Tonsil lymphocyte depletion 2/5 1/5 0/5 0/5 0/5 0/5
Lymph-node lymphocyte depletion 4/5 3/5 1/5 2/5 1/5 0/5
Brain neuronal swelling 2/5 0/5 0/5 0/5 0/5 0/5
Duodenal histiocytosis 5/5 3/5 1/5 3/5 1/5 0/5
cytokine levels among groups 2-5, except in the IL-10
level in group 4 at 21 dpi.
Flow cytometry
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:Z Hﬁh e Figure 6A). With the exception of group 5, in which a
3 70 o reduction occurred, the ratio of CD3"/CD4~/CD8" cells
2 60 “3 to CD3" cells increased from 7 dpi, and group 1 showed
£ 50 the most significant increase (p < 0.05 or 0.01; Figure 6B).
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% ZZ pecially groups 1, 3, and 4) compared with the control
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Figure 3 Variation in HP-PRRSV and PCV2 nucleic acid loads in
each experimentally infected group. (A) The HP-PRRSV nucleic
acid load in the HP-PRRSV/PCV2 group, in which viremia (in serum)
was higher than in the other groups from 7 dpi and increased
gradually thereafter. (B) PCV2 nucleic acid load in the HP-PRRSV
/PCV2 group, in which viremia (in serum) was higher than in the
other groups from 14 dpi, increased gradually, and peaked at 21 dpi.
Error bars show the standard deviations. * indicates significantly
higher or lower values. * p < 0.05, ** p < 0.01; and ns,,

not significant.

(p < 0.05 or 0.01; Figure 6C). The percentage of monocytes
in group 1 started to increase at 7 dpi and was significantly
higher than in the other infected groups from 14 dpi
onward (p < 0.05 or 0.01; Figure 6D).

Discussion

This study demonstrates that coinfection with HP-PRRSV
and PCV2 can result in a more serious disease than
infection with HP-PRRSV or PCV2 alone. A previous
study showed that pigs inoculated with PRRSV before
PCV2 can develop severe disease, with clinical manifes-
tations and lesions characteristic of both PMWS and
PRRS [17]. However, no previous study has compared
sequential coinfection with HP-PRRSV and PCV2 or
PRRSV and PCV2. The objective of this study was to
systematically clarify the synergistic effects of HP-PRRSV
and PCV2. As in other studies, the group infected with
PCV2 alone showed no clinical signs, in contrast to the
groups coinfected with HP-PRRSV and PCV2 [18], and
the group infected with HP-PRRSV alone did not develop
the clinical signs observed in the field (i.e., persistent
high fever and high mortality). However, the presence
of viral RNA/DNA and antibodies directed against
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Figure 4 Variations in levels of antibodies directed against HP-PRRSV and PCV2 in each experimentally infected group. (A) The
antibody titer was significantly lower in the HP-PRRSV/PCV2 group than in the other groups. (B) The titer of PCV2 antibodies was significantly
lower in the HP-PRRSV/PCV2 group than in the other three infected groups. The antibody titer was significantly higher in the PCV2 group than in
the three coinfection groups. Error bars show the standard deviations. * indicates significantly higher or lower values. * p < 0.05, ** p < 0.01; and

PCV2 or PRRSV indicated that the piglets in groups 4
and 5 were successfully infected with HP-PRRSV and
PCV2 respectively. An explanation of this phenomenon
has been given previously [17], insofar as the different
strains, inoculum methods, inoculation routes, doses,

the severity of the

and on the results

and source of pigs used are probably responsible for

clinical disease. However, based on

the coinfections frequently reported in the field [13,14]

of this study, it is more likely that

coinfections and the interactions of the infective agents
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Figure 5 Changes in cytokine levels in each experimentally infected group. (A) The concentration of TNF-a was significantly higher in the
HP-PRRSV/PCV2 group than in the other groups. The concentrations of IFN-y (B) and GM-CSF (C) were lower in the coinfection groups, especially
the HP-PRRSV/PCV2 group, than in the single-infection groups. (D) The concentration of IL-10 was higher in the coinfection groups, especially the
HP-PRRSV/PCV2 group. Error bars show the standard deviations. * indicates significantly higher or lower values. * p < 0.05, ** p < 0.01; and ns,,

not significant.

are involved in the induction of severe pathogenesis.
This explanation better describes the single infection
phenomena of groups 4 and 5. In the present study,
piglets coinfected with HP-PRRSV and PCV2 had more-
severe disease manifestations than those infected with
HP-PRRSV or PCV2 alone, which is consistent with
previous findings [17]. Like PRRSV, HP-PRRSV displays
a synergistic effect with PCV2, which is consistent with
the present experimental results. However, there was a
large difference in pathogenicity among the three
different coinfection combinations: HP-PRRSV/PCV2
had the strongest effect and caused the most-severe
clinical signs, whereas only wasting and coarse hair
were observed in the other groups.

The levels of HP-PRRSV and PCV2 nucleic acids were
higher in the sera of pigs in the coinfected groups than
in the sera of the singly infected groups, indicating that
the two viruses synergistically affected replication. The
sera of the piglets in the coinfection groups also contained
sufficient numbers of viral copies (4.61 x 10° copies/mL)
to induce clinical signs of PMWS [19]. However, group

1 displayed the most-severe PMWS symptoms and had
the highest viral load among the coinfection groups
(group 1, 6.31 x 107 copies/mL; group 2, 5.21 x 10° copies/
mL; and group 3, 543 x 10° copies/mL). Consequently,
more-severe lesions occurred in group 1, such as greater
lymphocytic depletion in the lymph nodes, more-severe
interstitial pneumonia, and more-severe clinical signs,
and these lesions occurred in a larger number of piglets
(3-5/5) than in the other coinfection groups (1-5/5 in
group 3 and 0-5/5 in group 2; Tables 1, 2 and 3). These
results are strong objective evidence of the synergistic
effects of the viruses.

An analysis of postinfection antibody production showed
that the antibody levels in the groups infected with the
highly pathogenic viral combination HP-PRRSV/PCV2
were generally lower than those in the groups infected
with the weakly pathogenic viral combinations PCV2/
HP-PRRSV and HP-PRRSV+PCV2, and that the antibody
levels correlated negatively with the viral load. Briefly,
the pathogenicity of the coinfections was higher than
that of the single infections, and the pathogenicity of
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J

the HP-PRRSV/PCV2 coinfection was higher than that
of the PCV2/HP-PRRSV and HP-PRRSV+PCV2 co-
infections. The main reason for these findings is that
higher viral loads in the tissues led to more-severe
damage to the immune system, which strongly inhibited
antibody production. In contrast, infection with either
of these viruses can suppress the immune response
[1,20,21], which favors subsequent infections. Given the
greater pathogenicity of HP-PRRSV, group 1 suffered
from more severe disease than the other groups. It has
also been reported that porcine alveolar macrophages
(PAMs) that are infected with PCV2 in vitro can
secrete large amounts of IFN-y, thereby inhibiting sub-
sequent infections of PAM by PRRSV [15]. This finding
indirectly accounts for the higher levels of viral nucleic
acids detected in group 1 (the HP-PRRSV/PCV2 group)
than in those of group 2 (the PCV2/HP-PRRSV group)
or group 3 (the HP-PRRSV+PCV2 group), and the
more-severe organ lesions and lower antibody produc-
tion in group 1. In contrast to a previous report [16],
PCV2 nucleic acid was detected in all PCV2-inoculated
pigs at 14 dpi, but not at 7 dpi, which was probably
attributable to differences in the pigs used in the two
studies.

A high TNF-a concentration can cause severe patho-
logical damage [22], including hypersensitivity and

severe bronchial constriction, which could have been
an important cause of death in the experimental ani-
mals and might explain the highest mortality in group
1 (the HP-PRRSV/PCV2 group). The TNF-a levels in
group 1 peaked at 14 and 21 dpi, and two piglets in this
group died at 21 dpi. These TNF-a levels were signifi-
cantly higher than those in the other groups. The levels
of the positive immunoregulatory factors, GM-CSF and
IFN-y, were lower in the coinfection groups, especially in
group 1. This suggests that the coinfection groups showed
a weaker immune response than the single-infection
groups, and that the response of group 1 was the weakest.
IL-10, which plays a major role in the negative regulation
of the immune response, was also highest in group 1,
confirming that infection with HP-PRRSV before PCV2
led to a more severe disease state.

NK cells and monocytes are the major functional cells
of the innate immune system, and a deficiency in these
cells may significantly compromise the innate immune
response in infected pigs. Subsets of immune cells, includ-
ing CD4" T and NK cells, were significantly reduced in
the coinfection groups, especially in group 1, indicating
that their adaptive and innate immune responses had
been acutely suppressed. Nevertheless, at 14 dpi, group
1 had the highest level of CD8" T cells, which mediate
cellular immunity by killing target cells, although they can
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also indirectly cause serious tissue damage. Together,
these results are evidence that the predominant immune
response in the mid-anaphase of infection is cellular
immunity. In group 1, the monocyte concentration in-
creased markedly over time from 14 dpi to the end of
the experiment, which was mistakenly considered to be
a beneficial effect directed against the viral infection.
However, an increase in monocytes and a reduction in
CD25" cells are characteristic of PMWS in the field
[23]. The piglets in group 1 developed the most-severe
infections, even though the ratio of CD25" cells did not
change, which is consistent with the clinical data and
the micro- and macropathological changes observed.

In summary, the pathogenesis of HP-PRRSV and PCV2
is synergistic, especially when an animal is infected with
HP-PRRSV before PCV2. As reported previously, PCV2
can be detected in normal healthy pigs [24-26], suggesting
that PCV2 can hide in the body until another pathogen
infects the host. This has been confirmed by Krakowka
[27], who concluded that an immunogen can trigger
PMWS in pigs infected with PCV2. The usual explanation
is that the replication of circoviral DNA is dependent
upon host cell enzymes expressed during the S-phase of
the cell cycle, when the cell stimulated with a mitogen.
We hypothesized that if this stimulation occurs before
PCV2 infection, PCV2 would be replicated rapidly and
abundantly, leading to a severe disease state. Furthermore,
if the stimulus is a pathogen that causes immunosuppres-
sion, such as PRRSV [28], the disease will be even more
severe. PRRSV infection can cause hyperplasia of the
lymph nodes, particularly at 7-10 dpi [29], which suggests
that PRRSV can be considered a mitogen of immunocytes.
This has been confirmed by Rovira et al. [17]. In the HP-
PRRSV/PCV2 group in the present study, the HP-PRRSV
infection created the conditions for PCV2 replication
in the cells, after which the pathopoiesis of HP-PRRSV
and PCV2 combined into one unit, with an amplifica-
tion effect. This is supported by the finding of clinical
symptoms, average daily weight gains, gross lesions,
pathology, antibody yield, viral loads in the sera, and
specific cytokine and immunocyte subgroups. In the
simultaneous coinfection group and the PCV2/HP-
PRRSV group, competitive inhibition may have occurred
as these two viruses vied for resources, or the optimal
time for PCV2 replication after infection did not coincide
with the optimal conditions induced by the HP-PRRSV
infection.

It is widely known that a weak innate immune re-
sponse results in a weak adaptive immune response.
Monocytes/macrophages and the cytokines they secrete
play crucial roles in initiating the adaptive immune
response. Interestingly, PRRSV and PCV2 can replicate
in monocyte/macrophage-lineage cells, including alveolar
macrophages, in the lymph nodes and tissues [30,31].
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TNF-a and IL-10 are mainly secreted by activated mono-
cytes/macrophages, and PRRSV infection can significantly
enhance the expression of these two kinds of cytokines
[32,33]. Therefore, in group 1, the earlier HP-PRRSV in-
fection primed the expression of TNF-a and IL-10 in the
first seven days, which was then enhanced by the PCV2
infection. With the immunosuppression of IL-10, the
expression of other cytokines was inhibited, as were the
immunocyte subgroups whose proliferation is mediated
by many cytokines responsible for the positive regulation
of the immune response. Therefore, the proportions of
CD4" and NK cells decreased. Interestingly, the numbers
of CD8" cells increased. Further research is required to
understand why.

Conclusions

In this study, the effects of sequential HP-PRRSV and
PCV2 infections were investigated, and the synergistic
pathogenesis of the two pathogenic viruses was analyzed
comprehensively. The data suggest that an earlier HP-
PRRSV infection and a subsequent PCV2 infection can
increase the severity of the disease. Our findings provide
a foundation for further research to clarify the mechanism
underlying the synergistic pathogenicity of HP-PRRSV
and PCV2.

Materials and methods

Cell lines and viruses

Two cell lines, Marc-145 (derived from the African
green monkey kidney cell line) and porcine kidney (PK),
were infected with a highly pathogenic mutated strain of
PRRSV (HP-PRRSV strain HBR) or PCV2 (PCV2b, Y]
strain; GenBank accession no. HM038032) isolated at the
Harbin Veterinary Research Institute (Chinese Academy
of Agricultural Sciences, Harbin, China). The experiments
with infected animals were performed with viruses from
the 10th passage of these two viruses in culture and the
viral infectious dose was adjusted to 10*® 50% tissue
culture infective doses (TCIDs)/mL.

Experimental design

Thirty 35-day-old healthy, conventional, mixed-sex York-
shire piglets from four different litters were used in this
study. All the piglets were seronegative for PRRSV, PCV2,
porcine parvovirus, pseudorabies virus, and classic swine
fever virus according to enzyme-linked immunosorbent
assays (ELISAs), and were free of viral nucleic acids
according to reverse transcription—polymerase chain
reaction (RT-PCR) and PCR analyses [34-38]. The piglets
were housed in a physical containment level 2 laboratory
at 25°C throughout the experiment. This study was
approved by the Harbin Veterinary Research Institute,
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Chinese Academy of Agricultural Sciences (approval
number Heilongjiang-SYXK-2006-032).

The piglets were randomly divided into six groups of
five piglets each: HP-PRRSV/PCV2 (group 1), in which
HP-PRRSV was inoculated first and PCV2 seven days
later; PCV2/HP-PRRSV (group 2), in which PCV2 was
inoculated first and HP-PRRSV seven days later; HP-
PRRSV+PCV2 (group 3), in which the viruses were inoc-
ulated concurrently; HP-PRRSV only (group 4); PCV2
only (group 5); and uninfected pigs (group 6), as the
control. These piglets were managed according to a
previous study [16]. Briefly, the piglets were housed in
separate isolation rooms with negative pressure ventilation.
Workers had had no other contact with pigs for 12 h
and showered and changed their clothes before entry
into the isolation rooms. Before entering, all personnel
changed into coveralls, hairnets, face masks, gloves,
and disposable boots and used a foot bath. The flow of
people was unidirectional from the uninoculated rooms
to the inoculated rooms, and separate equipment was
supplied to each room. Each pig was inoculated with 1 mL
of virus intranasally and 1 mL of virus intramuscularly
in the neck, a total of 2 mL of inoculum per pig per
virus. The HP-PRRSV and PCV2 inocula were given
separately, not mixed, when install/infect into another
nostril/infection site one after the other, which was applied
to both virus. Rectal temperatures and clinical symptoms
were recorded daily and body weights were measured
weekly. Blood samples were collected at 0, 3, 5, 7, 10, 14,
and 21 dpi for flow cytometry and serum separation.

The pigs in the simultaneous coinfection group
(group 3) and the single infection groups (groups 4
and 5) were killed at 21 dpi, whereas the piglets in
the sequential coinfection groups and control group
(groups 1, 2, and 6) were killed 28 days after the first
inoculation. Heart, liver, spleen, lung, kidney, brain, duo-
denal, and lymph-node tissues were harvested for histo-
pathological analysis and nucleic acid detection. To test
for the presence of viral nucleic acids, the tissues were ho-
mogenized and subjected to three freeze/thaw cycles, after
which the supernatants were collected. The severity of the
clinical signs was scored and evaluated using cumulative
scores, as described by Opriessnig et al. (2004) [39]
(Figure 1).

HP-PRRSV RNA detection

Total RNA was extracted from serum and tissue samples
using TRIzol Reagent (BioFlux Corp., Tokyo, Japan) and
stored at —80°C. Viral RNA was detected in the serum
and tissues, and was also quantified in the serum by real-
time RT-PCR using a Rotor Gene 3000 Real-Time PCR
instrument (Corbett Robotics Pty., Ltd, Brisbane, Australia),
according to the manufacturer’s instructions [40].
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PRRSV antibody detection
PRRSV antibodies were detected in sera using the immu-
noperoxidase monolayer assay (IPMA) [41].

PCV2 DNA detection

Viral DNA was isolated from serum and tissue samples
with proteinase K digestion (Takara Bio, Inc., Shinga,
Japan) and phenol-chloroform—isoamyl alcohol extrac-
tion. Viral DNA was detected in the sera and tissues
and was also quantified in the serum samples with a
quantitative PCR method, as reported by Opriessnig
et al. (2003) [42].

PCV2 antibody detection
PCV2 antibodies were detected in the serum samples using
the IPMA method [43].

Cytokine detection

Levels of porcine interferon y (IFN-y), tumor necrosis
factor o (TNF-a), interleukin 10 (IL-10), and granulocyte
macrophage-colony stimulating factor (GM-CSF) were
measured in the serum samples using commercial ELISA
kits (Market, USA).

Flow cytometry

Cluster of differentiation (CD)3*/CD4*/CD8~, CD3*/CD4*/
CD8", natural killer (NK), and CD37/CD4~/CD8" cells
in the peripheral blood were quantified by three-color
flow cytometry using a fluorescence-activated cell sorter
(FACSAria flow cytometer, Becton Dickinson & Company,
Franklin Lakes, NJ, USA). The monoclonal antibodies used
in this study were mouse anti-pig CD3-spectral red
(SPRD), anti-pig CD4—fluorescein isothiocyanate (FITC),
and anti-pig CD8—phycoerythrin (PE) (SouthernBiotech,
Birmingham, AL, USA). Monocytes (SWC3a*/SSC'*/7)
were quantified by one-color flow cytometry using a
mouse anti-pig SWC3a—PE monoclonal antibody (Becton
Dickinson & Company). *SWC3a (swine workshop cluster
number 3a) is expressed on the cell membranes of mono-
cytes, macrophages, and granulocytes; SSC (side scatter)
indicates cellular granularity.

Statistical analysis

Statistical analyses were performed with SPSS (PASW Sta-
tistics, Chicago, IL, USA) and Microsoft Excel software
(Microsoft Corp., Redmond, WA, USA). All data were
averaged and the differences in mean values between
each pair of groups were analyzed with multivariate
analysis of variance using Tukey’s honestly significant
difference (HSD) post hoc test.



Fan et al. Virology Journal 2013, 10:265
http://www.virologyj.com/content/10/1/265

Additional files

Additional file 1: Table S1. Comparison of average rectal temperatures
and clinical sign scores of with each group on days postinoculation.

Additional file 2: Table S2. Detection of HP-PRRSV and PCV2 viremia in
each infected group by RT-PCR/PCR (days postinoculation).

Additional file 3: Table S3. Detection of HP-PRRSV and PCV2 in each
organ of each infected group by RT-PCR/PCR.

Competing interests

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

Authors’ contributions

Puihu Fan and Yanwu Wei performed all the experiments, participated in the
study design, and drafted the manuscript. Longjun Guo, Hongli Wu, and
Liping Huang performed the immunoassays. Jianbo Liu dissected some of
the experimental piglets at the end of the experiment. Changming Liu
conceived the study, participated in its design, and helped to draft the
manuscript. All the authors have read and approved the final manuscript.

Acknowledgments

This work was supported by the Public Welfare Special Funds for Agricultural
Scientific Research (grant no. 201203039), the National High Technology R&D
Program (863) of China (grant no. 2011AAT0A208), the National Science
Foundation (grant no. 31101837), and the State Key Laboratory of Veterinary
Biotechnology (grant no. SKLVBP201203).

Received: 14 February 2013 Accepted: 25 June 2013
Published: 26 August 2013

References
1. Rossow KD: Porcine reproductive and respiratory syndrome. Vet Pathol
1998, 35:1-20.

2. Conzelmann KK, Visser N, Van Woensel P, Thiel HJ: Molecular
characterization of porcine reproductive and respiratory syndrome virus,
a member of the arterivirus group. Virology 1993, 193:329-339.

3. Wensvoort G, Terpstra C, Pol JM, ter Laak EA, Bloemraad M, de Kluyver EP,
Kragten C, van Buiten L, den Besten A, Wagenaar F, et al: Mystery swine
disease in The Netherlands: the isolation of Lelystad virus. Vet Q 1991,
13:121-130.

4. LiY, Wang X, Bo K, Wang X, Tang B, Yang B, Jiang W, Jiang P: Emergence
of a highly pathogenic porcine reproductive and respiratory syndrome
virus in the mid-eastern region of China. Vet J 2007, 174:577-584.

5. Tian K Yu X, Zhao T, Feng Y, Cao Z, Wang C, Hu Y, Chen X, Hu D, Tian X,
et al. Emergence of fatal PRRSV variants: unparalleled outbreaks of
atypical PRRS in China and molecular dissection of the unique hallmark.
PLoS One 2007, 2:e526.

6. Zhou YJ, Hao XF, Tian ZJ, Tong GZ, Yoo D, An TQ, Zhou T, Li GX, Qiu HJ, Wei
TC, Yuan XF: Highly virulent porcine reproductive and respiratory syndrome
virus emerged in China. Transbound Emerg Dis 2008, 55:152-164.

7. Allan G, Meehan B, Todd D, Kennedy S, McNeilly F, Ellis J, Clark EG, Harding
J, Espuna E, Botner A, Charreyre C: Novel porcine circoviruses from pigs
with wasting disease syndromes. Vet Rec 1998, 142:467-468.

8. Ellis J, Hassard L, Clark E, Harding J, Allan G, Willson P, Strokappe J, Martin K,
McNeilly F, Meehan B, et al: Isolation of circovirus from lesions of pigs
with postweaning multisystemic wasting syndrome. Can Vet J 1998,
39:44-51.

9. Allan GM, McNeilly F, Kennedy S, Daft B, Clarke EG, Ellis JA, Haines DM,
Meehan BM, Adair BM: Isolation of porcine circovirus-like viruses from
pigs with a wasting disease in the USA and Europe. J Vet Diagn Invest
1998, 10:3-10.

10.  Choi C, Chae C: In-situ hybridization for the detection of porcine
circovirus in pigs with Postweaning Multisystemic Wasting Syndrome.

J Comp Pathol 1999, 121:265-270.

11, Wellenberg GJ, Pesch S, Berndsen FW, Steverink PJ, Hunneman W, Van der
Vorst TJ, Peperkamp NH, Ohlinger VF, Schippers R, Van Oirschot JT, de Jong
MF: Isolation and characterization of porcine circovirus type 2 from pigs

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 11 of 12

showing signs of post-weaning multisystemic wasting syndrome in The
Netherlands. Vet Q 2000, 22:167-172.

Trujano M, Iglesias G, Segalés J, Palacios JM: PCV-2 from emaciated pigs in
Mexico. Vet Rec 2001, 148:792-792.

Pallares FJ, Halbur PG, Opriessnig T, Sorden SD, Villar D, Janke BH, Yaeger
MJ, Larson DJ, Schwartz KJ, Yoon KJ, Hoffman LJ: Porcine circovirus type 2
(PCV-2) coinfections in US field cases of postweaning multisystemic
wasting syndrome (PMWS). J Vet Diagn Invest 2002, 14:515-519.
Wellenberg GJ, Stockhofe-Zurwieden N, Boersma WJ, De Jong MF, Elbers
AR: The presence of co-infections in pigs with clinical signs of PMWS in
The Netherlands: a case-control study. Res Vet Sci 2004, 77:177-184.
Allan GM, McNeilly F, Ellis J, Krakowka S, Meehan B, McNair |, Walker |,
Kennedy S: Experimental infection of colostrum deprived piglets with
porcine circovirus 2 (PCV2) and porcine reproductive and respiratory
syndrome virus (PRRSV) potentiates PCV2 replication. Arch Virol 2000,
145:2421-2429.

Harms PA, Sorden SD, Halbur PG, Bolin SR, Lager KM, Morozov |, Paul PS:
Experimental reproduction of severe disease in CD/CD pigs concurrently
infected with type 2 porcine circovirus and porcine reproductive and
respiratory syndrome virus. Vet Pathol 2001, 38:528-539.

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

Segalés J, Calsamiglia M, Rosell C, Soler M, Maldonado J, Martin M,
Domingo M: Porcine reproductive and respiratory syndrome virus
(PRRSV) infection status in pigs naturally affected with post-weaning
multisystemic wasting syndrome (PMWS) in Spain. Vet Microbiol 2002,
85:23-30.

Liu Q, Wang L, Willson P, Babiuk LA: Quantitative, competitive PCR
analysis of porcine circovirus DNA in serum from pigs with postweaning
multisystemic wasting syndrome. J Clin Microbiol 2000, 38:3474-3477.
Thanawongnuwech R, Thacker EL, Halbur PG: Effect of porcine reproductive
and respiratory syndrome virus (PRRSV) (isolate ATCC VR-2385) infection on
bactericidal activity of porcine pulmonary intravascular macrophages
(PIMs): in vitro comparisons with pulmonary alveolar macrophages (PAMs).
Vet Immunol Immunopathol 1997, 59:323-335.

Chiou M-T, Jeng C-R, Chueh L-L, Cheng C-H, Pang VF: Effects of porcine
reproductive and respiratory syndrome virus (isolate tw91) on porcine
alveolar macrophages in vitro. Vet Microbiol 2000, 71:9-25.

Aggarwal B, Natarajan K: Tumor necrosis factors: developments during
the last decade. Eur Cytokine Netw 1996, 7:93-124.

Segalés J, Alonso F, Rosell C, Pastor J, Chianini F, Campos E, Lopez-Fuertes L,
Quintana J, Rodriguez-Arrioja G, Calsamiglia M, et al: Changes in peripheral
blood leukocyte populations in pigs with natural postweaning
multisystemic wasting syndrome (PMWS). Vet Immunol Immunopathol
2001, 81:37-44.

Allan GM, Ellis JA: Porcine circoviruses: a review. J Vet Diagn Invest 2000,
12:3-14.

Kim J, Chae C: Differentiation of porcine circovirus 1 and 2 in formalin-fixed,
paraffin-wax-embedded tissues from pigs with postweaning multisystemic
wasting syndrome by in-situ hybridisation. Res Vet Sci 2001, 70:265-269.

Kim J, Chae C: Optimized protocols for the detection of porcine
circovirus 2 DNA from formalin-fixed paraffin-embedded tissues using
nested polymerase chain reaction and comparison of nested PCR with
in situ hybridization. J Virol Methods 2001, 92:105-111.

Krakowka S, Ellis JA, McNeilly F, Ringler S, Rings DM, Allan G: Activation of
the immune system is the pivotal event in the production of wasting
disease in pigs infected with porcine circovirus-2 (PCV-2). Vet Pathol 2001,
38:31-42.

Murtaugh MP, Xiao Z, Zuckermann F: Immunological responses of swine
to porcine reproductive and respiratory syndrome virus infection.

Viral Immunol 2002, 15:533-547.

Halbur PG, Paul PS, Frey ML, Landgraf J, Eernisse K, Meng XJ, Lum MA,
Andrews JJ, Rathje JA: Comparison of the pathogenicity of two US
porcine reproductive and respiratory syndrome virus isolates with that
of the Lelystad virus. Vet Pathol 1995, 32:648-660.

Gilpin DF, McCullough K, Meehan BM, McNeilly F, McNair I, Stevenson LS,
Foster JC, Ellis JA, Krakowka S, Adair BM, Allan GM: In vitro studies on the
infection and replication of porcine circovirus type 2 in cells ofthe
porcine immune system. Vet Immunol Immunopathol 2003, 94:149-161.


http://www.biomedcentral.com/content/supplementary/1743-422X-10-265-S1.doc
http://www.biomedcentral.com/content/supplementary/1743-422X-10-265-S2.doc
http://www.biomedcentral.com/content/supplementary/1743-422X-10-265-S3.doc

Fan et al. Virology Journal 2013, 10:265
http://www.virologyj.com/content/10/1/265

31, Duan X, Nauwynck HJ, Pensaert MB: Virus quantification and identification
of cellular targets in the lungs and lymphoid tissues of pigs at different
time intervals after inoculation with porcine reproductive and
respiratory syndrome virus (PRRSV). Vet Microbiol 1997, 56:9-19.

32. Wang X, Eaton M, Mayer M, Li H, He D, Nelson E, Christopher-Hennings J:
Porcine reproductive and respiratory syndrome virus productively infects
monocyte-derived dendritic cells and compromises their
antigen-presenting ability. Arch Virol 2007, 152:289-303.

33. Suradhat S, Thanawongnuwech R: Upregulation of interleukin-10 gene
expression in the leukocytes of pigs infected with porcine reproductive
and respiratory syndrome virus. J Gen Virol 2003, 84:2755-2760.

34, McGinley MJ, Todd DL, Hill HT, Platt KB: Detection of pseudorabies virus
infection in subunit-vaccinated and nonvaccinated pigs using a
nucleocapsid-based enzyme-linked immunosorbent assay. J Vet Diagn
Invest 1992, 4:164-169.

35. Choi C, Chae C Detection of classical swine fever virus in boar semen by
reverse transcription-polymerase chain reaction. J Vet Diagn Invest 2003,
15:35-41.

36. Kim J, Chae C: A comparison of virus isolation, polymerase chain
reaction, immunohistochemistry, and in situ hybridization for the
detection of porcine circovirus 2 and porcine parvovirus in
experimentally and naturally coinfected pigs. J Vet Diagn Invest 2004,
16:45-50.

37. Cao S, Chen H, Zhao J, LG J, Xiao S, Jin M, Guo A, Wu B, He Q: Detection of
porcine circovirus type 2, porcine parvovirus and porcine pseudorabies
virus from pigs with postweaning multisystemic wasting syndrome by
multiplex PCR. Vet Res Commun 2005, 29:263-269.

38. Qing L, Lv J, Li H, Tan Y, Hao H, Chen Z, Zhao J, Chen H: The recombinant
nonstructural polyprotein NS1 of porcine parvovirus (PPV) as diagnostic
antigen in ELISA to differentiate infected from vaccinated pigs.

Vet Res Commun 2006, 30:175-190.

39. Opriessnig T, Thacker EL, Yu S, Fenaux M, Meng XJ, Halbur PG:
Experimental reproduction of postweaning multisystemic wasting
syndrome in pigs by dual infection with Mycoplasma hyopneumoniae
and porcine circovirus type 2. Vet Pathol 2004, 41:624-640.

40. Chen N-H, Chen X-Z, Hu D-M, Yu X-L, Wang L-L, Han W, Wu J-J, Cao Z,
Wang C-B, Zhang Q, et al: Rapid differential detection of classical and
highly pathogenic North American porcine reproductive and respiratory
syndrome virus in China by a duplex real-time RT-PCR. J Virol Methods
2009, 161:192-198.

41. Botner A, Nielsen J, Bille-Hansen V: Isolation of porcine reproductive and
respiratory syndrome (PRRS) virus in a Danish swine herd and
experimental infection of pregnant gilts with the virus. Vet Microbiol
1994, 40:351-360.

42. Opriessnig T, Yu S, Gallup JM, Evans RB, Fenaux M, Pallares F, Thacker EL,
Brockus CW, Ackermann MR, Thomas P, et al: Effect of vaccination with
selective bacterins on conventional pigs infected with type 2 porcine
circovirus. Vet Pathol 2003, 40:521-529.

43, Liu G Ihara T, Nunoya T, Ueda S: Development of an ELISA based on the
baculovirus-expressed capsid protein of porcine circovirus type 2 as
antigen. J Vet Med Sci / Jpn Soc Vet Sci 2004, 66:237-242.

doi:10.1186/1743-422X-10-265

Cite this article as: Fan et al.: Synergistic effects of sequential infection
with highly pathogenic porcine reproductive and respiratory syndrome
virus and porcine circovirus type 2. Virology Journal 2013 10:265.

Page 12 of 12

Submit your next manuscript to BioMed Central
and take full advantage of:

* Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BioMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results
	Clinical signs
	Gross pathology
	Histopathology
	HP-PRRSV viremia and distribution in tissues
	HP-PRRSV antibodies
	PCV2 viremia and distribution in tissues
	PCV2 antibodies
	Cytokines
	Flow cytometry

	Discussion
	Conclusions
	Materials and methods
	Cell lines and viruses
	Experimental design
	HP-PRRSV RNA detection
	PRRSV antibody detection
	PCV2 DNA detection
	PCV2 antibody detection
	Cytokine detection
	Flow cytometry
	Statistical analysis

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgments
	References

