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ABSTRACT

Porcine circovirus 2 (PCV2) replication is characterized by high variation among infected pigs. This
study investigated the role of immunologic responses in causing this variation. Twelve gnotobiotic
pigs were inoculated with PCV2. Four of these pigs were treated with cyclosporin A (CysA) to mon-
itor the effect of the adaptive immunity on the development of the PCV2 infection. Through lymph
node biopsies at 10, 15, and 21 days postinoculation (DPI), PCV2 replication in lymphoid tissues
was monitored. The production of total PCV2-specific and PCV2-neutralizing antibodies was fol-
lowed, together with interferon-� (IFN-�) mRNA expression levels in peripheral blood monocytes
as a marker for cellular immunity. In general, the CysA-treated pigs showed the highest PCV2 titers,
indicating that the adaptive immunity is necessary to restrain PCV2 replication. Three different
PCV2 replication patterns were observed in non–CysA-treated pigs. Pattern 1: In two pigs, PCV2
was not detected. They had the highest neutralizing antibody titers, appearing from 15 DPI. In these
pigs a good cellular response was indicated by a peak in IFN-� mRNA at 15 DPI. Pattern 2: Five
pigs contained low to moderate PCV2 titers at 15 DPI, remaining constant or decreasing towards
21 DPI. Lower neutralizing antibody titers were observed and no rise in IFN-� was detected. Pat-
tern 3: In one pig, a low PCV2 titer at 15 DPI dramatically increased toward 21 DPI. Although an
antibody response against PCV2 was mounted, no PCV2-neutralizing antibodies were detected. This
pig also showed no rise in IFN-�. The study findings indicate that variation in the onset of the adap-
tive immunity may account for variation in PCV2 replication among pigs. Absence of PCV2-neu-
tralizing antibodies may be an important factor in the development of an increased virus replica-
tion.
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INTRODUCTION

PORCINE CIRCOVIRUS 2 (PCV2), a small single-stranded
DNA virus, is a member of the family of circoviri-

dae. Among various other animal viruses, the circoviri-
dae also contain some recently identified human viruses

(32). PCV2 is a widespread virus. In pig-dense regions,
this virus is known to infect all weaned pigs in conven-
tional farms. In farms affected by the postweaning mul-
tisystemic wasting syndrome (PMWS), a disease that has
been associated with PCV2 infection (8,26), the major-
ity of PCV2 infections remain subclinical. In subclini-
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cally infected pigs, a humoral immune response is in-
duced as shown by the production of antibodies (18,22)
and the virus is efficiently cleared from the body. In some
cases, in conditions that have not yet been elucidated, the
infection of susceptible pigs will lead to the development
of PMWS (3). A characteristic feature of this disease is
the presence of high amounts of PCV2 in lymphoid and
non-lymphoid organs of affected pigs (4,36), while at the
same time non-affected littermates are virologically neg-
ative or contain very low titers of PCV2 in their organs.
The presence of high amounts of PCV2 in lymphoid or-
gans of naturally PMWS-affected pigs is correlated with
the presence of B and T lymphocyte depletion and mono-
cyte infiltration (6,30), possibly clue factors in the patho-
genesis of the disease.

During experimental inoculations of the virus, similar
observations were made. When susceptible pigs were 
inoculated with PCV2, high variation was observed in
the level of PCV2 replication. In some pigs the virus 
was hardly detectable, whereas in others high titers of
PCV2 were detected several weeks after inoculation
(1,17,31,34). Only in pigs with a high level of PCV2
replication were the typical histopathological lesions, de-
scribed above, observed (27,35). When the clinical signs
of PMWS could be reproduced in some of these studies,
they were always found in pigs with high levels of PCV2
replication (17). The combined results of field and ex-
perimental studies suggest that pigs that experience high
PCV2 replication are predisposed to develop PMWS,
whereas pigs with low PCV2 replication are very unlikely
to develop the disease. The elucidation of the mechanism
that forms the basis of this event could be an important
step in further understanding the pathogenesis of PCV2
infection and possibly of PMWS.

Because not all experimentally inoculated pigs with
high PCV2 replication developed clinical symptoms, re-
search has been focused on identifying co-factors that in-
fluence the reproduction of the disease. Until now, a syn-
ergy has been described between PCV2 and two other
viruses: porcine reproductive and respiratory disease
virus (PRRSV) (1) and porcine parvovirus (PPV) (2). A
general stimulation of the immune system has also been
shown to influence the clinical outcome of the infection
in gnotobiotic pigs (15). The mechanism of the syner-
gistic effect between PCV2 infection, on one hand, and
other viruses or immune stimulation, on the other hand,
is not clarified. At present, the onset of the adaptive im-
mune response against PCV2 and its influence on the ki-
netics of the PCV2 replication in the host have only par-
tially been characterized. Starting from 10–14 days
post-inoculation (DPI), PCV2-specific antibodies (Ab)
have been detected (17,33). The appearance of the Ab
coincided with a drop in PCV2 DNA copies in the blood
of the host (17,28). Neutralizing antibodies have been de-
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scribed only starting from 28 DPI (29). The onset of the
cellular immunity upon PCV2 infection and its influence
on PCV2 replication remain undocumented. Therefore,
the aims of this study were to monitor the humoral and
cellular immune responses upon PCV2 infection and to
examine which immunological mechanism determines
the development of the PCV2 replication kinetics in the
pig and thereby possibly the clinical outcome of the in-
fection.

MATERIALS AND METHODS

Pigs. Sixteen gnotobiotic piglets were derived from
two Belgian Landrace sows at 114 days of gestation by
cesarean section. They were raised individually in a ster-
ile environment in Horsfall-type isolators. At 19 days of
age, they were randomly divided into four groups (group
A, four pigs; group B, eight pigs; group C, two pigs;
group D, two pigs).

Virus inoculation. At 19 days of age, the pigs in group
A (A1, A2, A3, A4) and group B (B1, B2, B3, B4, B5,
B6, B7, B8) were oronasally and intraperitoneally inoc-
ulated with 104.3 TCID50 of PCV2 strain 1121 (21). This
PCV2 stock was propagated by four passages in PK-15
cells. The pigs in group C (C1, C2) and group D (D1,
D2) were mock-inoculated with equal volumes of cell
culture medium.

Cyclosporin treatment. Starting from 12 h before the
PCV2 or mock inoculation up to the end of the study, the
pigs in groups A and C were treated with cyclosporin A
(CysA) (Neoral-Sandimmun, Novartis Pharma, Vilvo-
orde, Belgium) at a dose of 23 mg/kg/day (10) adminis-
tered in two feedings per day, diluted in milk. By artifi-
cially suppressing the onset of the adaptive immune
response on the PCV2 infection with CysA, the influence
of the adaptive immunity on the development of PCV2
infection was monitored.

Clinical monitoring and sampling. During the study,
the pigs were monitored for clinical signs that have 
been described in association with PMWS; these were
cachexia, depression, respiratory distress, and jaundice
(3). At the end of the study, the pigs were weighed and
the average weight of each group was calculated and
compared as a marker for the general clinical condition
of the pigs throughout the study.

To follow the replication of PCV2 longitudinally in the
inguinal lymph nodes of the pigs, the lymph nodes were
surgically sampled. At 10 DPI a biopsy sample was taken
from the left inguinal lymph node and at 15 DPI, a biopsy
sample was taken from the right inguinal lymph node.
To take lymph node biopsy samples the pigs were anes-
thetized by intramuscular injection of 2.2 mg tiletamine
and 2.2 mg zolazepam (Zoletil®, Virbac) dissolved in
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0.22 ml 2% Xylazine (XYL-M® 2%, VMD) per kilogram
of body weight. An incision was made in the overlaying
skin and half the inguinal lymph node was excised. The
wound was closed by mersilene sutures (Mersutures®,
Ethicon, Somerville, NJ). At 21 DPI, all pigs were euth-
anized and the remaining parts of both left and right in-
guinal lymph nodes were collected.

At 0, 10, 15, and 21 DPI, blood was taken (with 15
U/ml heparin) from all pigs to monitor the onset and evo-
lution of both humoral and cellular immunity against
PCV2.

All animal experiments performed in this study were
approved by the ethical committee of the Faculty of Vet-
erinary Medicine, Ghent University, Belgium.

Longitudinal monitoring of PCV2 replication in in-
guinal lymph nodes. Because it has been shown that the
PCV2 titer in the inguinal lymph nodes is very well cor-
related with the titer in other lymphoid and non-lymphoid
target organs (17,34), the titer in the inguinal lymph node
can be considered to be a good marker for the general
replication of the virus in the body of the host. At 10, 15,
and 21 DPI, PCV2 titers were determined in the biopsy
samples and inguinal lymph nodes of all pigs. Ten per-
cent of tissue suspensions were made of a part of the
biopsy samples and lymph nodes, and the PCV2 titer was
determined by virus titration on PK-15 cells as described
elsewhere (33). The detection limit of this assay was 102.4

TCID50 PCV2 per gram of lymph node tissue.
Monitoring of the adaptive immune response. Pe-

ripheral blood mononuclear cells (PBMCs) were sepa-
rated from blood, collected at different time points, by
density centrifugation at 750 g on Ficoll-Paque® (Amer-
sham Pharmacia Biotech AB, Upsalla, Sweden) to mon-
itor the cellular immune response. Plasma was collected
to determine the humoral immune response against
PCV2.

Humoral immune response. The presence of PCV2-
specific antibodies in plasma was determined by an im-
munoperoxidase monolayer assay (IPMA) as described
earlier (33). This assay detects all antibodies that react
with PCV2 antigens and does not discriminate between
neutralizing or non-neutralizing antibodies. This dis-
crimination was made by using a seroneutralization as-
say adapted from that described by Delputte et al. (7).
Briefly, 103.7 TCID50 PCV2 was incubated for 1 h with
25% of plasma at 37°C. Subsequently this mixture of
virus and plasma was inoculated on PCV-negative 
PK-15 cells. After 1 h of incubation, the inoculum was
removed, cell cultures were washed twice, and new
medium was added. At 36 h post-inoculation, after the
first replication cycle of PCV2 was completely finished
(23), the cultures were fixed and PCV2-infected PK-15
cells were stained by an immunoperoxidase reaction us-

VARIATION IN PCV2-INDUCED IMMUNE RESPONSE

ing polyclonal anti-PCV2 antibodies. The number of in-
fected cells was counted by light microscopy. The PCV2-
neutralizing capacity of the plasma was determined by
calculating the reduction in PCV2-infected cells com-
pared to cells inoculated with PCV2 incubated with
plasma of the same pig from day 0 (i.e., before PCV2-
inoculation).

IFN-� response. In this study, the level of IFN-�
mRNA in freshly isolated PBMCs was determined by
real-time reverse transcriptase–polymerase chain reaction
(RT-PCR) as described by Verfaillie et al. (37). Briefly,
RNA from PBMCs was extracted with the Trizol®

reagent (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. In a next step, RNA was trans-
formed into cDNA by means of reverse transcriptase (Su-
perscript™ II reverse transcriptase; Invitrogen). In a final
step, the number of cDNA copies coding for IFN-� and
cyclophilin was determined by real-time PCR using the
Lightcycler FastStart DNA Master SYBR Green I kit
(Roche Applied Science, Penzberg, Germany) in a Roche
LightCycler (Roche applied science, Penzberg, Ger-
many). The level of IFN-� mRNA was compared with
the level of mRNA transcription of the household gene
cyclophilin that served as an internal control. The level
of IFN-� mRNA was determined by calculating the ra-
tio of IFN-� mRNA to cyclophilin mRNA. To circum-
vent individual variation between pigs, the results of this
test were expressed as the IFN-� mRNA expression level
at the day of testing divided by the level at day 0.

Statistical analysis. The statistical significance of dif-
ferences between medians of different groups was tested
by applying two-sided Mann-Whitney tests. Bonferroni
corrections for multiple comparisons at different time
points were used. Differences were considered signifi-
cant at values of p � 0.05.

RESULTS

Clinical monitoring of pigs. During the study, no clin-
ical signs were observed in pigs in group B (non–CysA-
treated, PCV2-inoculated) and group D (non–CysA-
treated, non–PCV2-inoculated). All pigs in groups A and
C (respectively, CysA-treated, PCV2-inoculated and
CysA-treated, non–PCV2-inoculated) showed diarrhea
starting between the days 5 and 10 of CysA treatment
and lasting until the end of the study. At the end of the
study these pigs showed moderate jaundice. Other clini-
cal signs such as respiratory distress, anorexia, or de-
pression were not observed during the study. The exci-
sion of lymph node biopsy samples did not cause
noticeable discomfort to the pigs. At the end of the study,
no major differences were observed among the mean
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body weights of pigs in different groups (group A, 5.1
kg; group B, 4.9 kg, group C, 5.3 kg; group D, 5.4 kg)
or among the body weights of individual pigs in the same
group.

Longitudinal monitoring of PCV2 replication in in-
guinal lymph nodes. The results of the evolution of
PCV2 replication in inguinal lymph nodes of the pigs are
shown in Fig. 1. In the inguinal lymph nodes of the
non–PCV2-inoculated pigs (groups C and D), PCV2 was
never detected. At 10 DPI, PCV2 could not be detected
in the inguinal lymph nodes of any of the PCV2-inocu-
lated pigs. Starting from 15 DPI, PCV2 was detected in
inguinal lymph nodes of 10 of 12 PCV2-inoculated pigs,
and different evolutions in PCV2 titers over time were
observed. The pigs in group A (CysA-treated, PCV2-in-
oculated) showed significantly higher median titers at 15
and 21 DPI compared to the pigs from group B. Two of
these pigs (A2 and A3), the pigs with the highest titers
at 15 DPI (respectively 106.2 and 105.2 TCID50 per gram
of lymph node tissue) reached the maximal level of PCV2
replication at this time point; the two other pigs in this
group (A1 and A4) showed an increase in PCV2 titer
from 15 DPI (103.7 TCID50 per gram of lymph node tis-
sue) to 21 DPI (105.2 and 105.4 TCID50 per gram of lymph
node tissue).

In group B (non–CysA-treated, PCV2-inoculated),
three different patterns in PCV2 replication were ob-
served. From the lymph nodes of two of eight pigs in this
group (B1 and B5), PCV2 could not be isolated during
the study (pattern 1). PCV2 could be isolated from the
inguinal lymph nodes of the six other pigs in this group

MEERTS ET AL.

at various amounts. Five of these pigs (B2, B4, B6, B7,
B8) showed a maximal PCV2 titer at 15 DPI (between
102.7 and 103.7 TCID50 per gram of lymph node tissue),
after which the titer remained similar or decreased to-
ward 21 DPI (pattern 2). In one pig (B3) a very distinct
evolution in PCV2 replication was observed; at 15 DPI
this pig showed one of the lowest PCV2-titers of group
B (102.7 TCID50 per gram of lymph node tissue). A dra-
matic increase in PCV2 replication was observed towards
21 DPI (104.9 TCID50 per gram of lymph node tissue)
(pattern 3). The evolution in PCV2 replication in this pig
was comparable to the evolution in pigs A1 and A4
(CysA-treated, PCV2-inoculated), in which a steep in-
crease in the PCV2-titer also was observed between 15
and 21 DPI. At 21 DPI, the PCV2 titer in the inguinal
lymph nodes of this pig was between 1.6 and 2.2 log 10
times higher compared to the titers in the other pigs in
group B, and was situated closer to the mean of the titers
of the artificially immunosuppressed pigs in group A than
it was to the mean of group B.

Monitoring of the PCV2-specific adaptieve immune
response.

Humoral immune response. The IPMA Ab titers
against PCV2, as determined in the plasma of pigs at dif-
ferent time points during the study, are shown in Fig. 2.
The non–PCV2-inoculated pigs in groups C and D did
not show PCV2-specific antibodies during the study. This
comfirms that they were not infected with PCV2. All
PCV2-inoculated pigs showed seroconversion against
PCV2 during the study. In all pigs in group B (non–CysA-
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FIG. 1. Evolution of porcine circovirus 2 (PCV2) titers in inguinal lymph nodes of PCV2-inoculated and non–PCV2-inoc-
ulated pigs. The PCV2 titers at 10 and 15 days post-inoculation (DPI) are titers in the lymph node biopsy samples exised on
those days. The titers at 21 DPI are the average titers of the remaining parts of the left and right lymph nodes collected when
pigs were euthanized.
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treated, PCV2-inoculated), anti-PCV2 Ab were detected
for the first time at 15 DPI (IPMA titers ranging from
41.7 to 42.7), clearly showing that all pigs in group B be-
came infected upon PCV2 inoculation. The IPMA Ab
titer increased in these pigs toward 21 DPI (IPMA titers
ranging from 43.7 to 45.7). The pigs in group A (CysA-
treated, PCV2-inoculated) also seroconverted against
PCV2 but Ab were detected for the first time at 21 DPI.
At this time point the Ab titers in these pigs were simi-
lar to the Ab titers in pigs in group B at 15 DPI (IPMA
titers ranging from 41.7 to 42.7).

The evolution of PCV2-neutralizing Ab (neutraliza-
tion of PCV2 infection) in the plasma is shown in Fig.

VARIATION IN PCV2-INDUCED IMMUNE RESPONSE

3. Pigs in groups C and D (non–PCV2-inoculated pigs)
did not contain neutralizing Ab in their plasma during
the study. At 10 DPI, the median outcome of the PCV2-
inoculated pigs did not differ significantly from the me-
dian of the non–PCV2-inoculated pigs, indicating that
at this time no evidence for the presence of PCV2-neu-
tralizing Ab in the plasma of PCV2-inoculated pigs was
found. At 15 and 21 DPI a significant difference was
found between the median outcome of non–PCV2-in-
oculated and PCV2-inoculated pigs, indicating the
presence of PCV2-neutralization in the sera of PCV2-
inoculated pigs. Starting from 15 DPI, PCV2-neutral-
izing Ab were detected in 10 of 12 PCV2-inoculated

337

FIG. 2. Evolution of anti–porcine circovirus 2 (PCV2) antibodies (IPMA) in plasma of PCV2-inoculated and non–PCV2-in-
oculated pigs.

FIG. 3. Porcine circovirus 2 (PCV2)–neutralizing activity in plasma of PCV2-inoculated and non–PCV2-inoculated pigs.
Lines represent values of individual PCV2-inoculated pigs. Gray area represents range (minimal and maximal values) in which
values of the four non–PCV2-inoculated pigs were situated
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pigs (all except A2 and B3). The PCV2-neutralization
at this time point ranged from 30% to 62%, increasing
toward 21 DPI (ranging from 41% to 93%). At 21 DPI,
neutralization was also found in plasma of pig A2 (neu-
tralization of 38%). In the plasma of one pig in group
B, pig B3 (the pig with the strong increase in PCV2
replication between 15 and 21 DPI), PCV2 neutraliza-
tion could not be detected during the course of the
study. The highest PCV2 neutralization at 21 DPI was
found in plasma of pigs B1 and B5, the pigs from which
no PCV2 could be isolated during the study.

IFN-� response. In all pigs, a basal level of IFN-�
gene transcription in PBMCs was detected before
PCV2 inoculation. The evolution of IFN-� mRNA ex-
pression levels in PBMCs of individual pigs during the
study is shown in Fig. 4. Because of poor RNA-qual-
ity after isolation, the results of some pigs at some time
points were not available (C1: 10 DPI; A2: 10 and 21
DPI; A4: 21 DPI). Non–PCV2-inoculated pigs (groups
C and D) generally showed low IFN-� mRNA expres-
sion levels (between 0.02 and 1). All pigs in group A
(CysA-treated, PCV2-inoculated) and six of eight pigs
from group B (non–CysA-treated, PCV2-inoculated)
showed IFN-� mRNA expression levels ranging be-
tween 0.1 and 2.3. In these pigs, no clear peak in IFN-
� mRNA expression levels in PBMCs was observed
during the study. Two pigs in group B (B1 and B5)
showed a peak in IFN-� mRNA at 15 DPI (respectively
to 5.8 and 4.6), decreasing (B1) or remaining at the
same level (B5) toward 21 DPI. These pigs were the
two inoculated pigs from which no PCV2 could be iso-
lated during the study.

MEERTS ET AL.

DISCUSSION

In the present study, an effect of the PCV2-adaptive
immune response on the replication of the virus was ob-
served. A detectable humoral and cellular immune re-
sponse was observed in some pigs and was correlated
with a replication level of the virus below the detection
limit of the assay used. On the other hand, a correlation
was described between a complete absence of PCV2-neu-
tralizing antibodies and the presence of an increased
PCV2 replication in one pig. This study was performed
in gnotobiotic piglets that did not encounter any im-
munologic stimulation before PCV2 infection, and there-
fore their immune response might deviate to some extent
from pigs raised in a more conventional environment
(24).

In this study, PCV2 replication in lymphoid organs was
followed for the first time using a method of inguinal
lymph node biopsy samples. In this way, titers could be
obtained at different time points in the same pig and
PCV2 replication kinetics could be compared among in-
dividual pigs. Through this technique, the number of pigs
necessary to demonstrate significant differences could be
reduced. At 10 DPI, a discrepancy was detected between
the experimental inoculation performed in the present
study and similar inoculations performed previously in
our laboratory (34). In experimentally inoculated piglets
studied previously, PCV2 titers could already be detected
starting from 10 DPI. At this time, the titers in the inter-
nal organs of the piglets (including the inguinal lymph
nodes) were relatively high. In the present study, PCV2
could not be detected in the inguinal lymph nodes of the
inoculated piglets at 10 DPI despite identical procedures.

338

FIG. 4. Interferon-� (IFN-�) mRNA expression levels in peripheral blood mononuclear cells of porcine circovirus 2
(PCV2)–inoculated and non–PCV2-inoculated pigs.
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The only differences between these pigs were their age
at inoculation (1 day of age versus 19 days of age in this
study) or minor environmental factors that may have oc-
curred without our knowledge. Our findings show that
minor factors can have important consequences on the
further evolution of PCV2 replication in its host. This
may explain the high variation in virological and clinical
results from different PCV2 inoculation experiments per-
formed by different research groups (17,34).

Although the eight PCV2-inoculated, non–CysA-
treated pigs used in this study were derived from only
two litters, three distinct patterns in PCV2 replication
were observed. In pattern 1, from the lymph nodes of two
of these eight pigs (25%), no PCV2 could be isolated.
These pigs did become infected by the virus, as shown
by their normal IPMA antibody response. In pattern 2,
among five pigs, the majority of the pigs (63%) showed
a low to moderate PCV2 replication remaining constant
or decreasing toward the end of the study. In pattern 3,
a very different evolution was observed in the last pig
(one of eight pigs, or 13%), which experienced an intense
increase in PCV2 replication from 15 to 21 DPI. To un-
derstand fully the pathogenesis of a PCV2 infection in
its host, it is important to understand the basis for these
different patterns.

An important mechanism contributing to the variation
in virus replication seems to be represented by the onset
and efficacy of the adaptive immune response of the in-
dividual pig against PCV2 infection. This could be con-
cluded from correlating the PCV2 replication patterns
with the immunological parameters investigated in this
study. During the study, four PCV2-inoculated pigs were
treated with CysA to artificially suppress their adaptive
immunity (group A). CysA is known to interrupt the 
T-cell receptor signal transduction pathway and by do-
ing this, inhibiting T-cell proliferation (12,20). By this
mechanism, CysA treatment inhibits the onset of the cel-
lular immune response and the thymus-dependent hu-
moral immune response upon virus-infection (5). CysA
treatment has already been shown to render pigs more
susceptible to PCV2 replication (16). The CysA-treated
pigs showed a delay in production of IPMA antibodies
against PCV2 and low levels of neutralizing antibodies
compared to the non–CysA-treated pigs. The late onset
of antibody production indicates that the CysA treatment
inhibited the humoral immunity but did not completely
block it. Because IFN-� is produced by activated Th1
cells, its transcription in a virus-inoculated host can be
used to monitor the onset of the cellular immunity against
infection (14). No rise in IFN-� mRNA expression was
detected in the CysA-treated pigs. At 21 DPI, all four of
the CysA-treated piglets contained PCV2 titers that were
significantly higher compared to the titers in seven of
eight non–CysA-treated, PCV2-inoculated pigs at the
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same time point, indicating that the adaptive immunity
plays an important role in controlling PCV2 infection.
When the evolution in PCV2 replication in CysA-treated
pigs and in non–CysA-treated pigs was compared, it was
clear that the pigs with replication patterns 1 and 2
mounted an adaptive immune response upon PCV2 in-
fection that was able to control the level of PCV2 repli-
cation. The PCV2-titer at 21 DPI of the non–CysA-
treated pig with pattern 3 did not significantly differ from
the titers of the CysA-treated pigs, indicating that the
virus was able to replicate as intensively in this pig as in
the pigs with artificial immunosuppression. The pigs with
pattern 1 mounted the most efficient adaptive immune re-
sponse against the virus. This was shown by the peak in
IFN-� mRNA in PBMCs, indicating a Th1-mediated im-
mune response, and by the very high PCV2-neutralizing
antibody levels in these pigs. The efficient immunologi-
cal response in these animals coincided with strong pro-
tection against the virus. In contrast, the pig with pattern
3 did not show a peak in IFN-� mRNA, nor did it pro-
duce any PCV2-neutralizing antibodies in its plasma.
This coincided with weak virological protection. In be-
tween these opposites, the pigs with pattern 2 did not
show an IFN-� mRNA peak but did have PCV2-neu-
tralizing antibodies. Differences in IFN-� mRNA ex-
pression levels were most likely not induced by other in-
fectious agents. Bacteriological examinations of internal
organs and feces demonstrated that the pigs were nega-
tive, and serological examinations confirmed that the pigs
remained seronegative to various common porcine
viruses throughout the study (data not shown). From our
study it cannot be concluded whether the pigs in which
an increase in IFN-� mRNA expression level in PBMCs
was not detected mounted no cellular immune response
at all. It is possible that an increase in IFN-� mRNA could
have been present in lymphocytes in lymph nodes or other
target organs. This was not investigated in the present
study.

This is the second study describing the existence of
PCV2-neutralizing antibodies. In contrast to the previous
study (29), in which the neutralizing antibodies were de-
tected starting from 28 DPI, neutralizing antibodies could
be detected starting from 15 DPI simultaneously with the
onset of the total anti-PCV2 antibody production. The
difference between these results is probably based on a
difference in sensitivity of the techniques applied. The
total absence of neutralizing antibodies in the pig with
pattern 3, despite the presence of relatively high levels
in other pigs, was a remarkable finding, as the pig with
pattern 3 was able to produce IPMA PCV2 antibody titers
similar to those of other pigs in the group. A possible ex-
planation for the absence of neutralizing antibodies is a
difference in epitope-specific responses as has been
shown for other viruses (9,13,19,24). The inability of a
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subpopulation of pigs to raise neutralizing antibodies
against PCV2 may have an important effect on the fur-
ther evolution of the infection and perhaps on its clinical
outcome. It indicates that high titers of IPMA anti-PCV2
antibodies do not always represent a good protective im-
munity of the host, a feature that will have to be consid-
ered when vaccines against PCV2 are optimized.

In the present study, all CysA-treated pigs developed
diarrhea and jaundice during the study. However, these
clinical signs were observed in both PCV2-inoculated and
non–PCV2-inoculated pigs, indicating that the signs were
not caused by the infection. The presence of an increased
and prolonged PCV2 replication in one pig did not induce
clinical symptoms as described in PMWS-affected pigs
during the time of the study. When PMWS was repro-
duced in PCV2-inoculated animals, the first clinical signs
always appeared within the first 2 or 3 weeks (10,17). The
absence of clinical signs in the present study suggests that
an additional factor is needed for the reproduction of dis-
ease. When it is considered that a high PCV2 replication
is crucial in the pathogenesis of PMWS, as sufficiently
shown in the literature, it can be assumed that pigs that
are not able to mount neutralizing antibodies in field con-
ditions will have a higher chance to suffer the conse-
quences of the infection compared to pigs that are able to
clear the virus efficiently. To prevent PCV2-related clin-
ical signs and their associated economic losses, two dif-
ferent strategies can be followed. The first strategy im-
plies the identification and elimination of the second
factor responsible for the induction of disease upon high
PCV2 replication. This might be a complicated matter, es-
pecially when this factor would be an enzootic virus, as
has been suggested (1,2), or even a general stimulation of
the immunity (15). The second strategy involves the abil-
ity of the pig to control the PCV2 replication. In the pre-
sent study, a gradation was observed in the ability of pigs
to mount a good adaptive immune response against PCV2
infection. The pig with pattern 3 (that is, high PCV2 titers)
was clearly more susceptible to PCV2 replication than the
two pigs showing pattern 1 (no PCV2 detected), with the
majority of the pigs (five showing pattern 2) caught in be-
tween. The differences in susceptibility to PCV2 infec-
tion and sustained replication were in this study correlated
with the adaptive immune response mounted in the pigs.
The results indicate that in the long term, the selection of
pigs toward pattern 1 may be the best way to avoid PCV2-
related problems.
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