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a b s t r a c t
Porcine reproductive and respiratory syndrome virus (PRRSV) is endemic in most parts of Asia, where
genotype I and II strains of diverse virulence may coexist. This study evaluated the outcome of infection with a highly virulent Asian genotype II PRRSV isolate in piglets vaccinated with a genotype I
vaccine. Twenty-one 3-week-old piglets were divided in three groups: Pigs in group V (n = 8) were
vaccinated with an attenuated genotype I commercial PRRSV vaccine, while pigs in group U (n = 8)
and a control group (group C; n = 5) were unvaccinated; 6 weeks later, pigs in groups V and U were
challenged intranasally with a highly virulent strain of genotype II PRRSV (1  105 50% tissue culture
infectious doses/mL), while pigs in group C received a placebo. Over a period of 21 days after challenge, vaccinated pigs had signiﬁcantly lower mortality (0/8 versus 2/8), fewer days of fever, a lower
frequency of catarrhal bronchopneumonia, higher weight gains (13.4 versus 6.6 kg) and lower levels
of viraemia compared to unvaccinated challenged pigs. Immunisation with a genotype I attenuated
PRRSV vaccine provided partial protection against challenge with a highly virulent genotype II
strain.
Ó 2011 Elsevier Ltd. All rights reserved.

Introduction
Porcine reproductive and respiratory syndrome virus (PRRSV) is
a major source of economic losses in pigs, causing reproductive
failure in sows and respiratory disease in piglets, in the latter case
often complicated by secondary bacterial pneumonia. In 2006,
‘high fever syndrome’, characterised by haemorrhagic lesions, pyrexia and increased mortality, emerged in pigs in China. This disease
was caused by genotype II strains of PRRSV that shared a discontiguous 30 (29 + 1) amino acid deletion in the non-structural protein
(NSP) 2 region (Li et al., 2007; Tian et al., 2007; Tong et al., 2007).
This deletion was not directly related to the virulence of isolates,
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but instead was an epidemiological marker (Zhou et al., 2009).
The highly virulent PRRSV is thought to be derived from a genotype
II strain from China, which probably accumulated a series of mutations and changes over time and is now widespread in Southeast
Asia (Wu et al., 2009; An et al., 2010).
PRRSV currently is present in all major pig-producing countries
of Asia. There is a predominance of genotype II PRRSV strains in the
region, but there appears to be an increasing prevalence of genotype I strains (Amonsin et al., 2009; Lee et al., 2010; Wang et al.,
2010; Chen et al., 2011) and both PRRSV genotypes may circulate
concurrently. Attenuated PRRSV vaccines derived from genotype I
or II strains are licensed in several Asian countries, including Vietnam, the Philippines, Thailand and Cambodia.
Strains of PRRSV with low, medium (genotypes I and II) and
high (genotype II) virulence may co-circulate in localities where
pigs may have been vaccinated against genotype I, genotype II,
both genotypes or neither. The aim of the present study was to
determine the effects of challenge with a highly pathogenic genotype II strain of PRRSV on pigs vaccinated with an attenuated genotype I vaccine.
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Materials and methods
Experimental design
Twenty-one 3-week-old piglets were randomly selected at weaning from a farm
conﬁrmed by serological testing by ELISAs to be free of PRRSV (Herdcheck2XR,
IDEXX Laboratories; Civtest Suis PRRS A/S; Civtest Suis PRRS E/S, Laboratorios Hipra
S.A.), Aujeszky’s disease virus (Civtest Suis ADVgE, Laboratorios Hipra S.A.) and
swine inﬂuenza virus (Civtest Suis Inﬂuenza, Laboratorios Hipra S.A.). Piglets were
seropositive for porcine circovirus 2 (PCV2) by ELISA (Ingezim Circo, Ingenasa), but
were not viraemic, as determined by PCR (Olvera et al., 2004).
Animals were ear-tagged and moved to experimental facilities, where they
were randomly assigned into three groups: V, vaccinated and challenged (n = 8),
U, unvaccinated and challenged (n = 8) and C (control), unvaccinated and not challenged (n = 5). One week later (at 4 weeks of age), pigs in group V were vaccinated
IM with 2 mL of a commercial attenuated genotype I vaccine (Amervac PRRS, Laboratorios Hipra S.A.) containing 1  104.6 50% tissue culture infectious doses (TCID50)
of the vaccine virus. Groups U and C received water as a placebo. Animals were kept
at the experimental farm for the next 5 weeks and then were transferred to Biosafety Level 3 facilities at the Centre de Recerca en Sanitat Animal (CReSA) for the
challenge phase. Pigs were left to acclimatise for 1 week and then animals in groups
V and U were challenged intranasally with the highly virulent genotype II strain HPPRRS21 (1  105 TCID50/mL, 1 mL/nostril) or received uninfected cell culture as a
negative control (group C).
Animals were monitored for the next 21 days and the experiment was terminated by euthanasia of pigs with an overdose of sodium pentobarbital. All experiments were carried out according to internal guidelines for care and use of
experimental animals and the model for the vaccination/challenge procedure was
approved by the Commission for Ethics in Animals and Human Experimentation
of the Universitat Autònoma de Barcelona (CEEAH) (approval number 665).
Viruses
The highly virulent genotype II PRRSV strain HP-PRRS21 was derived from natural cases of highly virulent PRRS in Asia and was propagated in MARC-145 cells
and used at passage 3. Titrations were performed in MARC-145 cells and TCID50
was assessed by the immunoperoxidase monolayer assay (IPMA) using monoclonal
antibody SDOW17 (SDOW17-B; 1/100 dilution; Rural Technologies). To conﬁrm the
identity of the virus, complete nsp2 and ORF5 segments were ampliﬁed by PCR, sequenced and compared to data in GenBank. The nsp2 and ORF5 regions of HPPRRS21 shared >99% nucleotide identity with the equivalent regions of PRRSV
JXA1 strain (GenBank EF112445; Tian et al., 2007). The challenge inoculum was free
of Pestivirus spp. (Hofmann et al., 1994; Katz et al., 1993) and Mycoplasma spp. (Wirth et al., 1994; Uphoff and Drexler, 1999) by PCR. The inoculum was also negative
for foot-and-mouth disease virus by serial passage in BHK-21 cells and negative for
PCV2 by PCR (Olvera et al., 2004).
Clinical, pathological and microbiological evaluation
From the day of challenge until the termination of the experiment, pigs were
examined daily for the development of clinical signs. Rectal temperatures were also
recorded from day 2 post-inoculation (PI) until the end of the experiment. Fever
was deﬁned as a rise in body temperature >40.0 °C. For each day and pig, a clinical
score was calculated according to the criteria shown in Table 1. Animals were also
weighed individually at day 0 PI and weekly thereafter.
At the termination of the study, pigs were subjected to a detailed postmortem
examination and gross lesions were recorded. Tissues from the lungs (right cranial,
middle caudal and accessory lobes), tonsils, lymph nodes (submandibular, mediastinal and sternal), spleen and kidneys were collected and one portion from each site
was ﬁxed in neutral buffered formalin, embedded in parafﬁn, stained with haematoxylin and eosin and examined histologically. Interstitial pneumonia was evaluated on the following scale: 0, absence of lesions; 1, mild; 2, moderate; and 3,
severe.
When ﬁbrinous polyserositis was evident at postmortem examination, swabs of
exudates were inoculated into brain–heart infusion (BHI) plus nicotinamide adenine dinucleotide (NAD), chocolate, Columbia blood and MacConkey agars and
incubated for 3 days at 37 °C in 5% CO2.

MgCl2, 0.2 mM each dNTP, 25 pmol each oligonucleotide primer (forward, USF 50 ATGAGGTGGGCAACTGTTTT-30 ; reverse 50 -CTTTTGTGGAGCCGTGCTAT-30 ), 2 U Taq
DNA polymerase (Ecogen) and 2.5 lL cDNA.
For virus titrations, sera (100 lL) were diluted from 100 to 106 in modiﬁed Eagle’s medium and seeded onto MARC-145 cells (8 wells/dilution). Growth of PRRSV
was assessed at 96 h by IPMA using monoclonal antibody SDOW17. Antibodies
against PRRSV were determined by ELISA (Herdcheck2XR, IDEXX Laboratories)
and by a virus neutralisation test (VNT; Díaz et al., 2005) using the highly virulent
HP-PRRS21 strain.
Statistical analysis
Statistical analysis was performed with StatsDirect 2.7.8 using the Kruskal–
Wallis test with multiple comparisons (Conover–Inman method) and the v2 test.
Statistical signiﬁcance was set at P < 0.05.

Results
Clinical signs
Prior to inoculation (days 2 to 0 PI) the average rectal temperature of pigs was 39.6 °C (standard deviation 0.25 °C). Inoculated
animals developed fever from day 2 PI onwards, although some
animals were pyrexic from day 1 PI (Fig. 1a). Most vaccinated animals exhibited a peak of fever by day 7 PI (mean 40.8 ± 0.4 °C, with
3/8 pigs >41.0 °C), with a subsequent return to normality. By day
12 PI, none of the vaccinated pigs had a rectal temperature
>40.0 °C. In unvaccinated pigs, there was an initial rise in rectal
temperature at day 2 PI, followed by a decrease at day 4 PI (average
39.6 ± 0.4 °C), then another increase from day 5 to day 9 PI (average 40.8 ± 0.4 °C, with 3/8 pigs >41.0 °C) and 2/8 pigs still had rectal temperatures >40.2 °C at day 14. The proportion of pigs with
fever was signiﬁcantly higher (P < 0.05) in unvaccinated animals
on at least two occasions (days 11 and 12 PI; 5/8 versus 0/8 at both
time points). There were no signiﬁcant increases in rectal temperatures in negative control pigs.
At day 4 PI, all unvaccinated challenged pigs in group U (8/8)
exhibited intense conjunctivitis compared to 1/8 animals in the
vaccinated group (P < 0.05). Lethargy and/or anorexia were observed from day 4 PI; from days 7–17 PI, all pigs (8/8) in group U
exhibited varying degrees of lethargy, while for the same period
no more than 2/8 pigs in group V exhibited lethargy at any time
point. Laboured breathing was evident from days 6–19 PI in up
to 4/8 pigs in group U, but only in 1/8 pigs on days 6 and 7 PI in
group V. In the unvaccinated group, 2/8 pigs died at day 19 PI,
while no deaths were recorded in vaccinated pigs. Fig. 1b shows
the evolution of clinical scores. Animals in group C remained
healthy throughout the study.
Prior to challenge, body weights were similar in all groups
(group V: 31.1 ± 6.4; group U: 32.7 ± 3.8 kg; group C: 31.3 ± 2.3)
(Fig. 2). After challenge, pigs in group V gained 13.4 kg from days
0–21 PI, with an average body weight (ABW) of 46.1 kg at day 21
PI, pigs in group U gained 6.6 kg (ABW 37.2 kg at day 21 PI) and
pigs in group C gained 21.2 kg (ABW 52.5 kg at day 21 PI)
(P < 0.05). Pigs from group V gained 6.8 kg more than pigs from
group U (P < 0.05). There was no weight gain between days 7 and
14 PI in pigs in group U.
Pathology and microbiology

Viraemia and humoral response
Blood samples were taken after vaccination, 5 weeks post-vaccination (immediately before moving animals to CReSA) and at days 0, 3, 7, 10, 14 and 21 PI. Sera
were used to determine viraemia by reverse transcriptase (RT)-PCR for ORF5 and
virus titration in MARC-145 cells. For RT-PCR, total RNA was extracted from
150 lL serum using Nucleospin RNA (Macherey–Nagel). Reverse transcription
was carried out using 1 RT buffer, 300 ng random hexamers, 0.5 lM deoxynucleotide triphosphates (dNTPs), 5 nM dithiothreitol (DTT), 1 lL RNase inhibitor, 100 U
RT Superscript II (Invitrogen) and 2 lL total RNA in a total volume of 20 lL. PCR for
ORF5 was performed in a total volume of 50 lL containing 1 PCR buffer, 1.5 mM

At postmortem examination, gross lesions in vaccinated animals (group V) were limited to interstitial pneumonia (4/8), ﬁbrinous pleurisy and polyserositis (2/8) and interstitial nephritis (1/8).
Unvaccinated and challenged pigs (group U) had interstitial pneumonia (5/8), catarrhal bronchopneumonia (4/8; P < 0.05), interstitial nephritis (5/8, P = 0.06), ﬁbrinous pleurisy and polyserositis
(5/8), oedema of the gall bladder (3/8), ﬁbrinous arthritis (3/8)
and necrosis of sternal lymph nodes (3/8). Two pigs showed ascites
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Table 1
Clinical scores applied in the examination of pigs.
Score
0

+1

+2

+3

+4

Breathing
Behaviour

Normal
Active

Dyspnoea + tachypnoea + cyanosis
Agonal

Normal eating
behaviour

Clear dyspnoea
Apathetic even when
stimulated
Does not eat

Dyspnoea + tachypnoea
Prostration

Anorexia

Slight dyspnoea
Apathetic but responding to
stimulation
Eats less than normal

–

–

Rectal temperature °C

a 41.5
a a

41

a

a
a

a

a a
a

a

40.5

a
a

40
39.5
39

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Days post-inoculation

b

10

0 to 7 dpi

7 to 14 dpi

14 to 21 dpi

9
8
7
6
5
4
3
2
1
0
Vaccinated

Unvaccinated

Controls (not challenged)

Days post-inoculation

2.5
2

Clinical score

Average weekly weight gain (kg/week)

Clinical
signs

a

1.5
1
0.5
0
1 2

3 4

5 6

7

8 9 10 11 12 13 14 15 16 17 18 19 20 21

Days post-inoculation
Vaccinated

Unvaccinated

Controls (not challenged)

Fig. 1. Changes in rectal temperatures (a) and clinical scores (b) of pigs inoculated
with a highly virulent genotype II isolate of porcine reproductive and respiratory
syndrome virus (PRRSV). Pigs in group V had been vaccinated previously with an
attenuated genotype I PRRSV vaccine. Different letters indicate statistically significant differences among groups (P < 0.05) as determined by the Kruskal–Wallis test
with multiple comparisons (Conover–Inman method). Bars indicate standard error
of the mean.

Fig. 2. Weekly weight gains after challenge with a highly virulent genotype II
isolate of porcine reproductive and respiratory syndrome virus (PRRSV) in pigs
vaccinated with an attenuated genotype I PRRSV vaccine, unvaccinated pigs and
unchallenged control pigs. Different letters indicate statistically signiﬁcant differences (P < 0.05) as determined by the Kruskal–Wallis test with multiple comparisons (Conover–Inman method).

There were no differences in viral titres in serum at day 3 PI,
with all viraemic animals having viral loads P106 TCID50/mL. At
day 7 PI, 7/8 vaccinated pigs (group V) that were positive by virus
isolation had viral titres in serum from 104 to 105 TCID50/mL, while
8/8 unvaccinated pigs (group U) had 106.3 TCID50/mL (P < 0.05). At
14 days PI, viral loads in viraemic animals were 101.3–106 TCID50/
mL.
On day 21 PI, 1/8 pigs in group V and 2/6 surviving pigs in group
U were PCR positive but negative on virus isolation (Fig. 3). Unchallenged animals remained negative for PRRSV by PCR and virus
isolation.
Humoral immune response

or gastric ulcers in each of V and U groups. On histopathological
examination, there were no differences in mean score of four lobes
for interstitial pneumonia among pigs in groups V and U (1.4 versus 1.6; P < 0.05). Histopathological examination of the kidneys
conﬁrmed interstitial nephritis. There were no signiﬁcant lesions
in uninfected animals. Microbiological examination of swabs collected from ﬁbrinous exudates did not yield signiﬁcant pathogens.
Viraemia
At day 3 PI, 6/8 vaccinated pigs (group V) and 7/8 unvaccinated
pigs (group U) were viraemic by virus isolation. At day 7 PI, 7/8
vaccinated pigs (group V) and 8/8 unvaccinated pigs (group U)
developed viraemia, as shown by virus isolation and PCR. At day
14, only 3/8 vaccinated pigs (group V) were viraemic by virus isolation, while 6/8 unvaccinated pigs (group U) were still viraemic
(P = 0.12). No virus was detected in serum by virus isolation at
day 21 PI (Fig. 3).

All vaccinated animals were positive for serum antibodies
against PRRSV by ELISA at day 0 PI. Challenge did not produce a signiﬁcant increase in S/P ratios of these previously vaccinated animals. Upon challenge, pigs in group U developed antibodies
against PRRSV that were detectable in 4/8 pigs by day 7 PI. All challenged animals were seropositive at day 14 PI. Signiﬁcant differences in the average S/P ratios were found between vaccinated
and unvaccinated pigs for the ﬁrst 14 days after challenge
(Fig. 4), S/P ratios being higher for previously vaccinated pigs. Neutralising antibodies against PRRSV (genotype I or II) were not detected before challenge. At day 21 PI, most of the pigs in groups
V and U were negative and none of the animals had neutralisation
titres >1:4 against the highly virulent PRRSV.
Discussion
The emergence of highly virulent PRRSV strains in China in 2006
(Tian et al., 2007; Li et al., 2007) has been a cause of much concern
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for the pig industry and for animal health authorities worldwide.
At present, the co-circulation in Asia of high and medium virulence
genotype II strains, along with genotype I strains, and the use of
genotype II and genotype I vaccines, creates a unique situation.
The present study examined the effects of infection with a highly
virulent genotype II PRRSV strain on pigs vaccinated with a genotype I vaccine.
After challenge with virulent PRRSV, unvaccinated animals
developed high fever (up to 40.8 °C) and respiratory signs. They
had 69% lower average body weight gain from 0 to 21 days PI than
unchallenged pigs (+21.2 kg vs. +6.6 kg, respectively). Mortality in
unvaccinated pigs was 2/8 (25%). The most prominent lesions at
postmortem examination were interstitial pneumonia, interstitial
nephritis, oedema of the gall bladder and ﬁbrinous polyserositis.
These ﬁndings are similar to those observed in pigs infected with
highly pathogenic PRRSV in the ﬁeld (Li et al., 2007; Tian et al.,
2007; Tong et al., 2007). In the present study, although these lesions may have derived from bacterial complications, no bacteria
were isolated. Furthermore, pigs used for the experiment were
screened thoroughly to exclude other common porcine pathogens,
including PCV2.
Pigs vaccinated with the PRRSV genotype I vaccine had less severe clinical signs and enhanced weight gains compared to unvaccinated pigs, indicating that the vaccine conferred partial
protection against disease due to virulent genotype II PRRSV. No
fatalities were recorded among vaccinated animals, lesions (bronchopneumonia and interstitial nephritis) were less frequent in vaccinated pigs compared to their unvaccinated counterparts and the
mean body weight of vaccinated pigs was 8.9 kg higher than
unvaccinated pigs at 21 days PI. These results suggest that heterologous vaccination is not detrimental when vaccinated pigs are
challenged with a virulent PRRSV strain. In a ﬁeld trial, sows vaccinated with the same genotype I vaccine used in the present study
had signiﬁcantly fewer stillborn piglets than non-vaccinated sows
when the farm was infected with a highly pathogenic strain of
PRRSV (Quilitis, 2009).
When pigs were vaccinated with an attenuated vaccine based
on a highly pathogenic PRRSV strain and challenged with the
homologous virulent ﬁeld strain, protection was dose-dependent
(Tian et al., 2009). Thus, pigs vaccinated with 103 TCID50 of the

1

1

0

0
0

3

7

14

21

Days post-inoculation
Vaccinated-isolation

Unvaccinated-isolation

Vaccinated-nRT-PCR

Unvaccinated-nRT-PCR

Vaccinated-titre

Unvaccinated-titre

Fig. 3. Viraemia determined by viral titres (titration on MARC-145 cells) and
reverse transcriptase (RT)-PCR in vaccinated (n = 8) and unvaccinated (n = 8) pigs
after inoculation with a highly virulent genotype II porcine reproductive and
respiratory syndrome virus strain. Error bars show standard deviation of virus load
from the positive animals.  At day 21 post-inoculation, two animals in the
unvaccinated group died.

3.5
a

a

a

3

S/P ratios ELISA

4

2.5
2
1.5
1
0.5
0
0

3

7

14

21

Days post-inoculation
Vaccinated

Unvaccinated

Fig. 4. Humoral immune response as determined by ELISA (S/P ratios) after
inoculation with a highly virulent genotype II porcine reproductive and respiratory
syndrome virus strain. Bars show standard deviations. Letters indicate statistically
signiﬁcant differences (P < 0.05) as determined by the Kruskal–Wallis test.

homologous attenuated strain of PRRSV were partially protected
against the development of clinical signs (1/5 animals developed
clinical signs and there was no mortality), but rectal temperatures
were >40 °C from at least day 5 PI to days 9–10 PI. Protection
against development of clinical signs was only achieved with a
dose P104.0 TCID50. In the present study, the dose of the heterologous genotype I vaccine was 104.6 TCID50 and the result of the vaccination/challenge procedure was similar to that obtained by Tian
et al. (2009) using 103.0 TCID50. This indicates that a certain level of
heterologous cross-protection existed and suggests that epitopes
potentially relevant for protection are probably shared between
strains of different virulence, even within different genotypes. Recognition of such epitopes may be an essential element for the
development of universal vaccines against PRRSV even of different
genotypes.
In our study, 1/8 vaccinated pigs did not have detectable viraemia following challenge with virulent genotype II PRRSV, but
there were no statistically signiﬁcant differences between vaccinated and unvaccinated pigs. Generally, it is assumed that viral
loads are associated with PRRSV virulence; for example, the more
virulent MN184 and Lena strains produce higher viral loads than
other less virulent genotype I or II strains (Johnson et al., 2004;
Karniychuk et al., 2010). However, Wu et al. (2009) reported that
strains that replicate more efﬁciently in vitro do not necessarily
produce more severe disease. Opriessnig et al. (2007) demonstrated almost complete protection against the development of
viraemia in a model of heterologous challenge using only genotype
II strains both as immunising and challenge agents.
Since pigs did not develop signiﬁcant neutralising titres following infection with the challenge strain of PRRSV, cell-mediated
immunity is likely to be responsible for the control of infection
in vaccinated animals, although cell-mediated immune responses
were not measured. Similarly, in a study of heterologous challenge
within a given PRRSV genotype, cross-protection was attributed to
cell-mediated immunity (Martelli et al., 2009). In contrast, pigs
vaccinated with P103.0 TCID50 of an attenuated highly virulent isolate of genotype II PRRSV developed neutralising antibody titres
upon challenge (Tian et al., 2009). This difference probably reﬂects
limited cross-reactivity of neutralising antibodies raised against
different genotypes (Plagemann et al., 2002). The extent of crossprotection in genotype I vaccinated pigs infected with virulent
genotype II strains does not seems not to be related to the genomic
similarity of the strains based on ORF5 sequencing (Díaz et al.,
2006; Prieto et al., 2008).
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Conclusions
Immunisation with a genotype I attenuated PRRSV vaccine can
afford partial protection against challenge with a highly virulent
genotype II strain. This partial protection is sufﬁcient to signiﬁcantly reduce weight loss and development of clinical signs in vaccinated pigs compared to unvaccinated pigs.
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