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Abstract: In this study, the efficacy of the commercial modified live PRRSV-1 vaccine “Ingelvac
PRRSFLEX® EU” was assessed in weaned piglets experimentally infected with PRRSV strain
AUT15-33. Seventy-four weaned piglets were allocated to five groups. Vaccinated (groups 1, 2,
and 5) and non-vaccinated piglets (groups 3 and 4), infected with either a low dose (103 TCID50/dose;
groups 2 and 4) or a high dose (105 TCID50/dose; groups 1 and 3) of the virus, were compared
regarding clinical signs, average daily weight gain (ADG), lung lesions, viral load in serum, oral
swabs, and tissue samples. In comparison to vaccinated animals, coughing increased notably in
the second week after challenge in non-vaccinated piglets. During the same time period, vacci-
nated, high-dose-infected piglets showed significantly higher ADG (p < 0.05) than non-vaccinated,
high-dose-infected animals. All infected piglets reached approximately the same viremia levels, but
vaccinated animals showed both a significantly reduced viral load in oral fluid (p < 0.05) and tissue
samples and significantly reduced lung lesions (p < 0.05). In conclusion, vaccination was able to
increase ADG, reduce the amount of viral shedding via oral fluids, and reduce the severity of lung
lesions and the viral load in tissue samples under experimental conditions.

Keywords: porcine reproductive and respiratory syndrome virus (PRRSV); PRRSV-1 AUT15-33;
respiratory model; weaned piglets; challenge model; modified live virus vaccine

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) still has an important
economic impact on pig production worldwide. The virus is responsible for losses in
breeding as well as in growing pig herds [1]. PRRSV is a small enveloped positive-sense
single-stranded RNA virus with a high genetic diversity and belongs to the virus family
Arteriviridae, order Nidovirales [2,3]. There are two species defined [4,5], Betaarterivirus suid 1
(PRRSV-1, previously European genotype 1) and Betaarterivirus suid 2 (PRRSV-2, previously
North American genotype 2). Additionally, there is significant genetic variability among
different PRRSV isolates within each species [6–8].
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PRRSV infection of pigs can occur via several routes, including intranasal, oral [9,10],
intramuscular, intrauterine [11], or vaginal [12,13]. The major clinical signs of PRRS had
already been described before the etiology of the disease was known: late-term abortions,
mummified fetuses, stillborn or weak piglets, anorexia, fever, cyanosis, reduced growth
rates, and post-weaning respiratory problems in piglets [14,15]. However, clinical presenta-
tion varies considerably between herds, from asymptomatic to devastating clinical signs,
including high rates of mortality, and is influenced by virulence differences among PRRSV
isolates, host immune status, host susceptibility, concurrent infections, and several other
management factors [16].

In contrast to the reproductive disease in sows, the respiratory symptoms and lesions of
PRRSV mono-infections in growing pigs are more difficult to reproduce under experimental
conditions, where pigs live under optimal conditions in terms of space, temperature, and
air quality. In contrast, infections in the field are often complicated by secondary infections,
leading to massive financial losses [1,17].

Strategies to control or avoid PRRSV include strict management programs, such as
biosecurity measures and vaccination [18]. Clinical signs caused by PRRSV are often
managed using modified live virus (MLV) vaccines. They induce effective immune re-
sponses, including both humoral and cellular components [19]. One of the major objectives
in the control of PRRSV with the use of MLV vaccines is the reduction in shedding and
transmission of the virus [20].

PRRSV strain AUT15-33, which was used for the experimental infection of piglets in
this study, was detected in an Austrian piglet-producing farm in 2015, where it caused a
severe clinical outbreak [21].

The reproductive syndromes caused by this virus strain were already confirmed in an
experimental infection of pregnant gilts [22]. Thereafter, PRRSV-1 strains closely related to
AUT15-33 were found in different regions of Austria and in Germany [22]. In the current
study, we wanted to assess whether AUT15-33 is also virulent in a respiratory model in
weaned piglets. In the course of this study, the efficacy of the MLV vaccine “Ingelvac
PRRSFLEX® EU” (Boehringer Ingelheim Vetmedica GmbH, Ingelheim am Rhein, Germany)
in decreasing clinical signs, improving weight gain, and reducing viral shedding, lung
lesions, and viral loads in sera and tissue samples after experimental infection with PRRSV
strain AUT15-33 was studied. In addition, two different challenge doses were used to
determine which dose is capable of causing clinical symptoms and lesions in nursery piglets
under experimental conditions.

2. Materials and Methods
2.1. Experimental Design

The entire experiment was carried out according to current Hungarian animal welfare
regulations under the ethical permission number: BA02/2000-43/2017.

The study included seventy-four weaned piglets of PRRSV- and Mycoplasma hyopneu-
moniae-negative origin. The piglets were vaccinated against PCV-2 and tested negative for
Swine Influenza Virus antibodies by ELISA (IDEXX Swine Influenza Virus Ab Test, IDEXX
Montpellier SAS, Montpellier, France). Upon the arrival of the animals, the PRRSV-free sta-
tus of the piglets was confirmed by measuring PRRSV-specific antibodies by ELISA (IDEXX
PRRS X3 Ab Test, IDEXX Europe B.V., Hoofddorp, The Netherlands). They arrived at the
biosafety level 3 facility at 3 weeks of age, and each animal was individually marked with
a numbered ear tag. Piglets were divided into 5 groups: groups 1 to 4 included 16 animals
each, while 10 animals were kept as controls in group 5. The groups were housed separate
from each other, with piglets of groups 1 and 2 and piglets of groups 3 and 4 sharing the
same air space (Table 1).

At four weeks of age (study day 0), animals of groups 1, 2, and 5 were vaccinated
intramuscularly with a dose of 1 mL of the commercial MLV vaccine Ingelvac PRRSFLEX®

EU (Boehringer Ingelheim Vetmedica GmbH, Germany), a live attenuated PRRSV-1 vaccine
containing strain 94881 (full genome Gen Bank accession number KT988004) at a minimum
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dose of 104.4—106.6 TCID50 (Tissue Culture Infectious Dose 50). The animals of groups 3
and 4 were sham-treated intramuscularly with 1 mL of saline solution per piglet on study
day 0.

Table 1. Experimental design: grouping of the animals.

Group No. of
Animals Room Treatment

(Study Day 0)
PRRSV Challenge

(Study Day 28)

1 (vacc 1 high) 16 A Vaccination 105 TCID50
2/dose

2 (vacc low) 16 A Vaccination 103 TCID50/dose
3 (non-vacc high) 16 B Sham treatment 105 TCID50/dose
4 (non-vacc low) 16 B Sham treatment 103 TCID50/dose
5 (vacc control) 10 C Vaccination Sham inoculation

1 vacc: vaccinated; 2 TCID50: Tissue Culture Infectious Dose 50.

On study day 28, piglets of groups 1 to 4 were inoculated intranasally with the PRRSV
isolate AUT15-33. They were retained by use of a snare, and the virus was vaporized
directly into the nostrils of the piglets within seconds (5 mL of cell culture supernatant
including the virus per side) using a mucosal atomization device (LMA MAD Nasal™,
Teleflex Medical GmbH, Athlone, Ireland). The particle size of 30–100 µm enables the rapid
absorption of the inoculum via the mucous membranes. Two different infection doses were
used: 105 TCID50 for piglets in groups 1 and 3, and 103 TCID50 for piglets in groups 2 and
4. The animals of group 5 were sham-inoculated intranasally with cell culture medium (the
same medium as used for the culture of PAMs to grow the virus) on study day 28.

Any cough that occurred was monitored and recorded from study days 0 to 42 using
the “cough monitor” (Pig respiratory distress package, SoundTalks NV, Belgium). The
package contains a portable hardware platform (SOMO) to process audio in real time,
the SoundTalks microphone, and the pig respiratory distress monitoring software. One
microphone was placed in each room (room A: both vaccinated, infected groups (groups 1
and 2); room B: both non-vaccinated, infected groups (groups 3 and 4); room C: vaccinated
control group (group 5)). The output of this cough monitoring is an algorithm-based
respiratory distress index that takes the number of coughs and the number of pigs in the
room into account.

Clinical observation, including parameters such as behavior, appetite, dyspnea, cough-
ing, and nasal or eye discharge, was performed once a day from study day 28 to study
day 70 by a blinded observer. The same person performed the observations throughout
the entire study period. The measurement of rectal temperature was performed for the
first 14 days post-challenge, from study day 28 to study day 42. The body weight of the
animals was recorded on study days 0, 28, 35, 42, and 70 to calculate the mean of the
average daily weight gain (ADG) for each group for the time period prior to challenge
(from study day 0 to 28), from days 28 to 35 (first week post-challenge), from days 35 to 42
(second week post-challenge), and from days 42 to 70 (first necropsy until necropsy of the
remaining animals).

Half of the animals from each treatment group were euthanized and necropsied on
study day 42. The remaining animals were followed until study day 70, when necropsies
were performed (Figure 1).

2.2. Challenge Virus

The PRRSV-1 isolate AUT15-33 (Gen Bank accession number MT000052.1) was used
as the challenge virus. The virus was isolated for the first time in 2015 from sera of
piglets showing acute illness by passage on porcine alveolar macrophages (PAMs), partially
sequenced (ORF2-7) and grouped as PRRSV-1, subtype 1 [21]. Kreutzmann et al. compared
AUT15-33 to different PRRSV strains, of which the phenotypic characterization and whole-
genome sequence have already been published [22]. For the current study, the virus was
propagated on primary porcine alveolar macrophages for three passages to obtain 50 mL
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of virus stock (5.6 × 105 TCID50/mL) for challenge infection. PAMs were prepared as
described in [21] by lavage of the lung of a euthanized 10-week-old pig. Titrations were
carried out on PAMs using indirect immunofluorescence with a monoclonal antibody
anti-N [23].
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2.3. Sample Collection and Necropsy

Blood samples, as well as oral swabs (sterile dry cotton swabs), were collected on
study days 0, 14, 21, 28, 31, 33, 35, 37, 39, 42, 49, 56, 63, and 70 to evaluate viral RNA copy
numbers in sera and in swabs. Serum was also used to detect PRRSV-specific antibodies.
The blood samples were centrifuged, and the sera were collected in capped tubes and
frozen at –80 ◦C. Oral swabs were also stored at –80 ◦C until further processing.

At termination, every piglet was humanely euthanized according to current animal
welfare regulations in Hungary. Complete necropsies were performed on all piglets, and
pathologic findings were recorded. Tissue samples were collected to assess viral loads in
the lungs, tracheobronchial lymph nodes, and tonsils. One sample of each of the seven lung
lobes (2 × 2 cm) of each piglet was fixed in 10% neutral buffered formaldehyde solution for
24–48 h, dehydrated with a series of alcohol and xylene, and subsequently embedded in
paraffin wax. Then, 3–4 µm thick slices were cut and mounted on glass slides for routine
staining with hematoxylin and eosin for histologic evaluation of lung lesions.

Gross lung lesions, such as tan mottled areas and areas of firm consistency of each
lung lobe, were macroscopically classified according to the percentage of the affected lung
lobe. The relative weights of the different pulmonary lobes according to Christensen et al.
(1999) were used to calculate the total weighted lung lesion score [24].

2.4. Histologic Lung Assessment

One blinded pathologist scored seven lung lobes from each piglet histologically for
severity and extension (severity scored as 0: no lesion; 1: mild; 2: moderate or 3: severe,
extension: 0: not present; 1: focal; 2: multifocal; 3: diffuse distribution of the given lesion)
of the following five lesions: pneumocytic hypertrophy and hyperplasia, septal infiltration
with mononuclear cells, intra-alveolar necrotic debris, intra-alveolar inflammatory cell
accumulation, and perivascular inflammatory cell accumulation. The total histologic score
(histo score) was calculated from the sum of the lesion severity and lesion extension of
each histologically examined parameter in all lung lobes (maximum score of 42 per lesion
per piglet; maximum total score of 210 per piglet) [25]. Hematoxylin-and-eosin-stained
slides were scanned and digitalized with the Pannoramic Midi slide scanner (3D Histech,
Budapest, Hungary). The representative images were obtained with the SlideViewer
software (3D Histech).

2.5. Serum Antibody Detection

A commercial enzyme-linked immunosorbent assay (ELISA) kit (IDEXX PRRS X3 Ab
Test, IDEXX Europe B.V., Hoofddorp, The Netherlands) was used to detect PRRSV-specific
antibodies in serum samples collected on study days 0, 14, 28, 35, 42, and 70. The ELISA
was performed according to the manufacturer’s instructions; samples with a sample-to-
positive control (S/P) ratio equal to or higher than 0.4 were considered to be positive for
PRRSV-specific antibodies.
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2.6. Virological Analysis—PRRSV qRT-PCR

Viral loads were determined as described by Kreutzmann et al. [22]. In brief, AUT15-
33-optimized ORF7-based qPCR was employed using primers and probes as used by
Kreutzmann et al. [22]. The only difference was the qPCR platform, as a Rotorgene 5plex
(Qiagen GmbH, Hilden, Germany) has replaced the Perkin Elmer 7300 instrument used by
Kreutzmann et al.

Tissue and organ sections (50 mg) were extracted with 600 µL of Qiazol (Qiagen GmbH,
Hilden, Germany) using 3 stainless steel beads (3 mm) in a 2 mL screwcap tube (SARSTEDT
AG & Co. KG, Nümbrecht, Germany) for homogenization in a TissueLyser II instrument
(Qiagen GmbH, Hilden, Germany) at full speed for 3 min. The homogenate was briefly cen-
trifuged, and 300 µL of chloroform was added. The capped tubes were thoroughly vortexed
and centrifuged for phase separation at 13,000× g for 5 min. Then, 200 µL of the aqueous
phase was collected and further processed using the ViralPathogen Kit in a QiaCubeHT
instrument (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocol.
Two microliters of the eluted RNA was used for ORF7-specific RT-qPCR using the Luna
Onestep RT PCR Kit (New England Biolabs). The primer sequences were adapted from
Egli et al. [26] to fit the sequence of PRRSV-1 strain AUT15-33 (PRSq1 forward: TCAACT-
GTGCCAGTTGCTGG; PRSq2 reverse: TGRGGCTTCTCAGGCTTTTC; and PRSq3 probe:
5′Fam-CCCAGCGYCRRCARCCTAGGG Tamra-3′). To assess the presence of the vaccine
strain contained in Ingelvac PRRSFLEX® EU, the primer set PRSq1 forward: TCAACT-
GTGCCAGTTGCTGG, PRSq4 reverse: TGTGGCTTCTCAGGCTTCTTC and PRSq5 probe:
5′Fam CCCAGCGCCAGCAAYCTAGGG Tamra-3′ was employed. The detection of β-actin
was performed as described by Kreutzmann et al. [22] as the extraction control.

2.7. Statistical Analysis

Statistical analysis was performed with IBM SPSS® Statistics (version 25.0). All col-
lected data were tested for normal distribution using the Shapiro–Wilk test. The main
objective was to compare vaccinated with non-vaccinated piglets infected with either a
high dose or low dose of PRRSV in order to evaluate vaccine efficacy. For this comparison,
T-tests with Bonferroni post hoc corrections were used for data showing normal distri-
butions. Rectal body temperature was compared among vaccinated and non-vaccinated
piglets infected with either a high dose or low dose of PRRSV using repeated measures
ANOVA with Bonferroni post hoc corrections. For data without a normal distribution,
non-parametric tests (Kruskal–Wallis test/Mann–Whitney U test) were used to compare
the results between the respective groups; p-values < 0.05 were considered statistically
significant, and p-values < 0.1 were considered numerical differences.

3. Results
3.1. Clinical Observation

No piglets died due to PRRSV AUT15-33 infection in the current study. During
the daily clinical examination, coughing and dyspnea were observed occasionally in the
infected groups, both vaccinated and non-vaccinated. The rectal body temperature of
the vaccinated, infected piglets showed no statistically significant difference to the body
temperature of the non-vaccinated, infected piglets, neither between low-dose-infected
groups nor between high-dose-infected groups (Figure 2). No further clinical signs were
observed during the daily examination.

3.2. Cough Monitor

The cough monitor, which collected all cough events occurring from study day 0 to
study day 42, recorded more coughing than observed during the clinical examination.
There was a notable increase in cough events in the non-vaccinated, infected groups in the
second week after challenge, but no statistically significant differences in the area under
the curve (AUC) of cough events were detected between vaccinated and non-vaccinated,
infected piglets (Figure 3).
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3.3. Average Daily Weight Gain

The average weight of the piglets per treatment group on study day 0 was between 6.5
and 7.5 kg, and the differences between treatment groups were not statistically significant.
The average daily weight gain of each treatment group for different time periods is shown
in Figure 4. In the first time period (prior to challenge, study days 0–28), the mean ADG
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of the piglets ranged from 427.9 g to 542.9 g without significant differences between
vaccinated and non-vaccinated groups (p > 0.05). In the second week after challenge
(study days 35–42), vaccinated, high-dose-infected piglets showed significantly higher
ADG (p < 0.05) than non-vaccinated, high-dose-infected animals. During the same time
period, vaccinated, low-dose-infected piglets showed a numerically higher ADG (p < 0.1)
compared to non-vaccinated, low-dose-infected piglets. In the last time period (study
days 42–70), vaccinated, low-dose-infected piglets again showed a numerically higher
ADG (p < 0.1) compared to non-vaccinated, low-dose-infected piglets.
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3.4. Serology

PRRSV-specific antibodies in serum were detected on study day 14 in all vaccinated
animals, while non-vaccinated animals remained negative in the time period prior to
challenge (Figure 5).

After infection on study day 28, the non-vaccinated, high-dose-infected animals
showed a faster increase in the S/P ratio (mean ± sd S/P ratio on study day 35: 0.12 ± 0.08;
study day 42: 1.6 ± 0.29) compared to the animals of the non-vaccinated, low-dose-infected
group (study day 35: 0 ± 0.03; study day 42: 1.04 ± 0.56).

3.5. Viral Load in Serum

All animals were monitored for the presence of MLV with PRRSFLEX® EU–specific
qPCR on study days 0, 14, 21, 28, 31, 33, 35, 37, 39, 42, 49, 56, 63, and 70. Viral genomes
were detected on study day 14 in two, on day 21 in three, on day 28 in six, and on day 31 in
three vaccinated animals. After study day 31, the vaccine virus was no longer detected by
PRRSFLEX® EU–specific qPCR.
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non-vaccinated, low dose infected; vacc control: vaccinated, non-infected) in serum samples collected
over time.

The viral load in serum, which was determined using AUT15-33-specific qRT-PCR,
which is not cross-reactive with the MLV genome, increased in all infected piglets after
challenge. No significant differences were detected in the AUC of viral load in the serum
between the infected groups. Non-infected animals remained negative in AUT15-33-specific
PCR. Viremia was first detected in all groups of infected animals on study day 31, 3 days
post-infection (dpi). A slower increase in viral load in sera was measured in the groups that
were infected with the lower dose than in those infected with the higher dose of the virus.
The viral load of piglets in the respective non-vaccinated group increased more rapidly
compared to piglets in the vaccinated group. On study day 39 (11 dpi), all infected piglets
reached approximately the same viremia levels (average 108 GE/mL). Thereafter, the viral
load decreased in all four groups of infected animals. By study day 70, only a few animals
remained positive in AUT15-33-specific qRT-PCR (Figure 6).

3.6. Viral Load in Oral Swabs

All infected animals shed the virus through oral fluids. Piglets from the vaccinated,
infected groups shed less virus than the non-vaccinated, infected animals, and the duration
of shedding was shorter in vaccinated piglets than in non-vaccinated piglets (Figure 7). A
significant difference (p < 0.05) was detected in the area under the curve (AUC) of viral
shedding through oral fluids between the vaccinated, low-dose-infected piglets and the non-
vaccinated, low-dose-infected piglets, as well as between the vaccinated, high-dose-infected
and the non-vaccinated, high-dose-infected piglets.

Piglets that were infected with the lower PRRSV dose (vaccinated and non-vaccinated
piglets) showed a rebound of shedding on study day 63. Afterwards, the amount of shed
virus decreased in both groups. On study day 70, the viral load in oral swabs was lower
than on day 63 in all groups except in the non-vaccinated, high-dose-infected piglets.
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Figure 6. Viral load in serum. Mean and standard deviation of qRT-PCR results from serum samples
(log10 GE/mL) of each infected group (vacc high: vaccinated, high dose [105 TCID50 /dose] infected;
vacc low: vaccinated, low dose [103 TCID50/dose] infected; non-vacc high: non-vaccinated, high dose
infected; non-vacc low: non-vaccinated, low dose infected) at different time points after infection
(study days).
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Figure 7. Viral load in oral swabs. Mean and standard deviation of qRT-PCR results from oral swabs
(log10 GE/mL) of each infected group (vacc high: vaccinated, high dose [105 TCID50 /dose] infected;
vacc low: vaccinated, low dose [103 TCID50/dose] infected; non-vacc high: non-vaccinated, high dose
infected; non-vacc low: non-vaccinated, low dose infected) at different time points after infection
(study days). Significant differences in the AUC values are indicated (p < 0.05).

3.7. Macroscopic Lung Lesions

Animals from all infected groups showed gross lung lesions, such as tan mottled
areas and areas of firm consistency (Figure 8). During the first necropsy (study day 42),
macroscopic lung lesions were more distinct than during the second necropsy (study
day 70). A significant difference (p < 0.05) in gross lung lesions between the vaccinated,
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high-dose-infected and the non-vaccinated, high-dose-infected piglets was detected, while
there was a numerical difference (p < 0.1) between vaccinated, low-dose-infected and
non-vaccinated, low-dose-infected animals during the first necropsy. During the second
necropsy, no more significant differences in macroscopic lung lesions were found.
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Figure 8. Macroscopic lung lesions. Total lung lesion score (corresponding to % of lung affected)
of animals necropsied on either study day 42 (first necropsy) or study day 70 (second necropsy) in
each group (vacc high: vaccinated, high dose [105 TCID50 /dose] infected; vacc low: vaccinated,
low dose [103 TCID50/dose] infected; non-vacc high: non-vaccinated, high dose infected; non-vacc
low: non-vaccinated, low dose infected; vacc control: vaccinated, non-infected). Boxplots show
25th and 75th percentiles and median values, and whiskers show minimum and maximum values
within 1.5 × interquartile range (IQR). Outliers are values with more than 1.5 × IQR (indicated
using circles ◦), and extreme values are values with more than 3 × IQR (indicated using asterisks *).
P-values < 0.1 are indicated using brackets.

3.8. Histologic Lung Lesions

Histologic lung lesions were found in animals of all groups (Figure 9). Regarding
the five different histologic lesions that were examined (pneumocytic hypertrophy and
hyperplasia, septal infiltration with mononuclear cells, intra-alveolar necrotic debris, intra-
alveolar inflammatory cell accumulation, and perivascular inflammatory cell accumulation),
significant differences (p < 0.05) were found in all lesions between vaccinated and non-
vaccinated animals during the first necropsy (Figure 9A–E). During the first necropsy
(study day 42), the total histo score was significantly higher in non-vaccinated compared
to vaccinated animals (Figure 10). During the second necropsy, no significant differences
were present between treatment groups, and lesions were less severe compared to the first
necropsy time point (Figures 10 and 11).

3.9. Viral Load in Tissue Samples

The viral load in lung tissue differed significantly (p < 0.05) between vaccinated and
non-vaccinated infected animals during the first necropsy. In lung tissues from the second
necropsy, no more statistically significant differences were present in viral levels between
animals of vaccinated and non-vaccinated groups (Figure 12A).
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Figure 9. Histologic lung lesions. Histologic lung lesions of animals necropsied on either study day
42 (first necropsy) or study day 70 (second necropsy) in each group (vacc high: vaccinated, high dose
[105 TCID50 /dose] infected; vacc low: vaccinated, low dose [103 TCID50/dose] infected; non-vacc
high: non-vaccinated, high dose infected; non-vacc low: non-vaccinated, low dose infected; vacc
control: vaccinated, non-infected). All seven lung lobes from each piglet were scored histologically for
severity and extension (scored as 0: no lesion; 1: mild; 2: moderate; or 3: severe) of the following five
lesions: pneumocytic hypertrophy and hyperplasia (A), septal infiltration with mononuclear cells (B),
intra-alveolar necrotic debris (C), intra-alveolar inflammatory cell accumulation (D), and perivascular
inflammatory cell accumulation (E). Maximum score was 42 per lesion per piglet. Boxplots show
25th and 75th percentiles and median values, and whiskers show minimum and maximum values
within 1.5 × interquartile range (IQR). Outliers are values with more than 1.5 × IQR (indicated
using circles ◦), and extreme values are values with more than 3 × IQR (indicated using asterisks *).
p-values < 0.1 are indicated using brackets.
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Viral loads in tracheobronchial lymph nodes differed significantly (p < 0.05) between
vaccinated, high-dose-infected and non-vaccinated, high-dose-infected animals during the
first necropsy. Viral levels in tracheobronchial lymph nodes during the second necropsy dif-
fered significantly between vaccinated, high-dose-infected and non-vaccinated high-dose-
infected animals, as well as between vaccinated, low-dose-infected and non-vaccinated,
low-dose-infected animals (Figure 12B).

Viral loads in tonsils differed significantly (p < 0.05) between vaccinated, low-dose-
infected and non-vaccinated, low-dose-infected animals during the first necropsy. Other-
wise, no significant differences in viral loads of tonsil tissue were detected between the
vaccinated and non-vaccinated animals (Figure 12C).
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Figure 10. Total histo score. Total histo score of animals necropsied on either study day 42 (first
necropsy) or study day 70 (second necropsy) in each treatment group (vacc high: vaccinated, high
dose [105 TCID50 /dose] infected; vacc low: vaccinated, low dose [103 TCID50/dose] infected; non-
vacc high: non-vaccinated, high dose infected; non-vacc low: non-vaccinated, low dose infected; vacc
control: vaccinated, non-infected). Boxplots show 25th and 75th percentiles and median values, and
whiskers show minimum and maximum values within 1.5 × interquartile range (IQR). Outliers are
values with more than 1.5 × IQR (indicated using circles ◦), Extreme values are values with more
than 3 × IQR (indicated using asterisks *). Significant differences (p < 0.05) between vaccinated and
non-vaccinated piglets are indicated.
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1 and the necropsy time point (group.necropsy time point). The most severe lesions are seen in the 
non-vaccinated groups (3 and 4) with severe interstitial pneumonia and massive alveolar necrosis. 
The lesions are milder and no longer statistically significant between the groups at the second nec-
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Figure 11. Representative histologic pictures of lung tissues obtained from the different groups at
both necropsy time points (1: 14dpi; 2: 42dpi). The numbers indicate the groups according to Table 1
and the necropsy time point (group.necropsy time point). The most severe lesions are seen in the non-
vaccinated groups (3 and 4) with severe interstitial pneumonia and massive alveolar necrosis. The
lesions are milder and no longer statistically significant between the groups at the second necropsy
time point. Histologic scores of the five lesions (pneumocytic hypertrophy and hyperplasia, septal
infiltration with mononuclear cells, intra-alveolar necrotic debris, intra-alveolar inflammatory cell
accumulation, and perivascular inflammatory cell accumulation for severity (0: no lesion; 1: mild;
2: moderate; or 3: severe) and extension (0: not present; 1: focal; 2: multifocal; 3: diffuse distribution)
for the lung lobes) were: 1.1: 19/30; 2.1: 18/30; 3.1: 22/30; 4.1: 25/30; 5.1: 2/30; 1.2: 11/30; 2.2: 10/30;
3.2: 12/30; 4.2: 9/30; 5.2: 2/30.
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Viral loads in tracheobronchial lymph nodes differed significantly (p < 0.05) between 
vaccinated, high-dose-infected and non-vaccinated, high-dose-infected animals during 

Figure 12. Viral load in tissue samples. Boxplots show 25th and 75th percentiles and median values,
and whiskers show minimum and maximum values within 1.5 × interquartile range (IQR). Outliers
are values with more than 1.5 × IQR (indicated using circles ◦), and extreme values are values with
more than 3 × IQR (indicated using asterisks *). (A): Viral load in lung tissue (log10 GE/mg) from
piglets necropsied on either study day 42 (first necropsy time point) or study day 70 (second necropsy
time point) in each infected treatment group (vacc high: vaccinated, high dose [105 TCID50 /dose]
infected; vacc low: vaccinated, low dose [103 TCID50/dose] infected; non-vacc high: non-vaccinated,
high dose infected; non-vacc low: non-vaccinated, low dose infected). Significant differences (p < 0.05)
between vaccinated and non-vaccinated groups are indicated. (B): Viral load in tracheobronchial
lymph node (log10 GE/mg) from piglets necropsied on either study day 42 (first necropsy time
point) or study day 70 (second necropsy time point) in each treatment group. Significant differences
(p < 0.05) between vaccinated and non-vaccinated piglets are indicated. (C): Viral load in tonsils (log10

GE/mg) from piglets necropsied on either study day 42 (first necropsy time point) or study day 70
(second necropsy time point) in each treatment group. Significant differences (p < 0.05) between
vaccinated and non-vaccinated piglets are indicated.

4. Discussion

Although it is difficult to experimentally reproduce respiratory symptoms as a con-
sequence of PRRSV mono-infection, particularly using PRRSV-1 field isolates [27–29], we
managed to provoke clinical signs and lung lesions in weaned piglets after experimental
infection with PRRSV strain AUT15-33, both with the low dose (103 TCID50/dose) and
with the high dose (105 TCID50/dose) of the virus. Since the experimental infection was
successful in the current study, the efficacy of a PRRS-MLV vaccine could be assessed by
comparing clinical signs, viral load in serum, viral load in oral swabs (viral shedding),
macroscopic and histologic lung lesions, and viral load in tissue samples of vaccinated and
non-vaccinated animals after PRRSV infection. The investigated parameters were used to
evaluate vaccine efficacy, since viremia levels alone are inadequate [30,31].
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A weakness of the current study was the fact that animals of the low-dose-infected
groups were housed in the same airspace as the animals of the respective high-dose-infected
group. However, vaccinated and non-vaccinated pigs were housed in different air spaces,
and the piglets of the groups housed in the same air space did not have direct contact with
piglets of the respective other group. In addition, separate equipment, clothing, boots, and
gloves were used for the different groups. The initial difference and subsequent accordance
of the viral load in sera between low-dose- and high-dose-infected animals suggest that
infection with different doses worked out despite the suboptimal housing conditions.

In the current study, hardly any coughing was observed during the daily clinical
examination, while the cough monitor recorded more coughing and a notable increase
in cough events in non-vaccinated, infected animals in the second week after infection.
These results show that the use of the cough monitor enables an objective, continuous
measurement of respiratory symptoms compared to the very subjective clinical examination
by humans once a day. In addition to the increased cough events, there was a significantly
(p < 0.05) lower average daily weight gain in non-vaccinated, high-dose-infected piglets
compared to vaccinated, high-dose-infected animals in the same time period. For the
average daily weight gain, it must be kept in mind that there were no field conditions in
this study. However, several studies performed under field conditions also showed a higher
average daily weight gain in MLV-vaccinated compared to non-vaccinated pigs [32–34].
Due to the fact that about 55% of the costs of PRRSV infection in general in the US are
caused by infection of growing pigs [1], vaccination of piglets can be a useful strategy to
reduce clinical signs and thus costs [35,36].

ELISA S/P ratios are not related to protection from PRRSV infection [37]; rather, they
show whether the animals have had prior contact with PRRSV, either by vaccination with
MLV vaccine or by field virus infection. In the current study, PRRSV-specific antibodies
were detected in all vaccinated animals after vaccination and prior to PRRSV challenge.
In the non-vaccinated, infected animals, antibodies were detected only after infection,
suggesting that none of the animals had prior contact with PRRSV before vaccination or
infection. Viremia was not mitigated by vaccination in the current study. The viral load
in serum increased in all infected piglets after challenge. The highest peak of viral load is
typically reached 7–14 days post-PRRSV infection [16]. In this case, a slower increase in
viral load in sera was measured in the groups that were infected with the lower dose than
in those infected with the higher dose of the virus. Nevertheless, on study day 39 (11 dpi),
all infected piglets reached approximately the same viremia levels. This initial difference
and subsequent accordance of the viral load between low-dose- and high-dose-infected
animals suggest that the virus isolate replicated very quickly, regardless of the infection
dose. It has been described that a higher viral load in serum is detected after infection with
highly virulent PRRSV strains, that the virus replicates to higher titers in younger pigs, and
that the duration of viremia is prolonged in younger compared to older experimentally
infected pigs [38–41].

In contrast to the results of the current study, Kreutzmann et al. described a signifi-
cantly lower AUC of the serum viral load in vaccinated compared to non-vaccinated gilts,
which were also infected with PRRSV-1 AUT15-33. The gilts were vaccinated with the same
PRRSV-1 vaccine strain (94881, ReproCyc® PRRS EU, Boehringer Ingelheim Vetmedica
GmbH, Germany) as the piglets in the current study. However, the gilts were not vacci-
nated once, but twice before insemination and once in mid-gestation [22]. The time period
between vaccination and infection is another factor influencing the effect of vaccination,
as shown by Balka et al. (2016) in a field study in which piglets were vaccinated with
“Ingelvac PRRSFLEX® EU” 6–8 weeks prior to PRRSV infection and were thus protected
from natural infection in terms of both viremia levels and the proportion of viremic ani-
mals [42]. Another difference in the study design between the recent study of Kreutzmann
et al. and the current study was the challenge dose and the route of infection. The gilts in
the above-mentioned study were inoculated both intramuscularly and intranasally with a
total dose of 3 × 105 TCID50/gilt [22]. The non-vaccinated gilts reached approximately the
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same viremia levels as the piglets in the current study, which is in contrast to the literature
describing a higher viral load in younger pigs [39,43]. The relatively high viral load in sera,
regardless of the age of the animals, and the appearance of clinical signs after experimental
infection in both studies indicate that the PRRSV isolate AUT15-33 is of significant virulence.
However, the route of infection must not be disregarded, as the various routes of exposure
differ in the likelihood that a given dose will result in infection, and it is known that pigs
are more susceptible to infection via parenteral exposure [44].

Although vaccination was not able to prevent viremia, it led to significantly lower
excretion of the virus via oral fluids in vaccinated compared to non-vaccinated animals.
This is one of the greatest benefits of vaccination, especially in areas with high pig density,
since it reduces the probability of virus transmission from vaccinated animals to other
animals [45]. This includes both virus transmission between pigs within a herd but also
virus introduction into neighboring herds.

The two different necropsy time points in this study were chosen to assess macroscopic
and histologic lung lesions and viral load in tissue samples at 14 dpi and 42 dpi. As expected
and similarly seen in other studies [25], both macroscopic and histologic lung lesions were
more severe at 14 dpi than at 42 dpi. Without secondary infections, the extent of lung
involvement is noticeably decreased by 4 weeks after initial PRRSV exposure [46]. After
the acute phase of PRRSV infection and in the absence of secondary bacterial pathogens,
necrotic cells are removed, neutrophils are absent, and damaged lung tissue is replaced
by proliferating type II pneumocytes [25]. Another interesting observation, especially at
the first necropsy time point, was that low-dose-infected animals had a higher total lung
lesion score and total histo score than high-dose-infected animals. This may be due to
the chosen necropsy time point and the dose of infection. The high-dose-infected animals
have probably already overcome the acute phase of the disease, and the lungs are already
recovering. In the low-dose-infected piglets, the peak of viral replication might be delayed
by a few days, which was also supported by the viremia data; additionally, more replicating
virus was present in the lungs of low-dose-infected piglets at 14 dpi, explaining the higher
lung lesion score.

In a previous study, Kreutzmann et al. found the lowest detection rate and viral load
in the lungs compared to the tracheobronchial lymph nodes and tonsils of infected gilts
around three weeks after infection. These findings may be related to the time point of
necropsy, which was performed 3 weeks after experimental infection, and like the results
of the current study, reflect the typical course of a PRRSV infection [22].

In the tracheobronchial lymph nodes, there was a significant difference (p < 0.05) in
viral load between vaccinated, high-dose-infected and non-vaccinated, high-dose-infected
animals not only during the first necropsy but also during the second necropsy in the current
study. Kreutzmann et al. also detected a significantly lower viral load in tracheobronchial
lymph nodes of vaccinated compared to non-vaccinated gilts three weeks after experimental
infection with PRRSV AUT15-33 [22].

In the acute stage of infection, the lung is the preferential location for viral replication
since porcine alveolar macrophages are the primary target cells for PRRSV [37,47]. During
later stages of infection, viral replication is primarily localized in lymphoid organs such as
the tonsils and lymph nodes, where the virus can persist for months [48,49]. The observed
significantly lower viral load in tracheobronchial lymph nodes of vaccinated animals
compared to non-vaccinated animals at both necropsy time points showed another positive
effect of vaccination, as continuous viral replication in the lymph nodes contributes to the
efficient transmission of the virus.

5. Conclusions

In conclusion, vaccination of piglets with the commercial MLV vaccine “Ingelvac
PRRSFLEX® EU” had a positive effect on average daily weight gain, reduced the amount
and duration of viral shedding via oral fluids, reduced the severity of lung lesions, and led
to a lower viral load in tissue samples after experimental infection with PRRSV AUT15-33
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in weaned piglets. Even at low infectious doses, AUT15-33 provoked clinical signs and lung
lesions in weaned piglets after experimental infection, thus confirming that this strain is a
suitable challenge model for both the reproductive syndrome in sows and the respiratory
disease in piglets.

Author Contributions: Conceptualization, A.L., P.H.R., C.K. (Christian Kraft) and S.D.; methodology,
S.D., A.L., G.B., M.Z., T.R. and C.K. (Christian Knecht); validation, A.L., S.D. and T.R.; formal analysis,
S.D. and A.L.; investigation, S.D., A.L., G.B., M.Z., T.R. and C.K. (Christian Knecht); resources, C.K.
(Christian Kraft) and P.H.R.; data curation, S.D.; writing—original draft preparation, S.D.; writing—
review and editing, S.D., A.L. and S.S.; visualization, S.D.; supervision, A.L.; project administration,
A.L.; funding acquisition, A.L., C.K. (Christian Kraft) and P.H.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was funded by Boehringer Ingelheim Vetmedica GmbH.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board of Baranya County Government Office (protocol code BA02/2000-43/2017;
15 May 2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data were included in the study. Raw data are available
upon request by the authors.

Acknowledgments: The authors wish to acknowledge all colleagues from the University Clinic for
Swine and the Institute of Virology who were involved in this project, especially Vera Martin and
Heinrich Kreutzmann, for their valuable proofreading and correction of the manuscript. Additionally,
the authors would like to thank all employees of Boehringer Ingelheim Vetmedica GmbH who
participated in this study, in particular Rebecca Morgenstern. Gyula Balka was supported by the
János Bolyai Research Scholarship of the Hungarian Academy of Sciences. Open Access Funding by
the University of Veterinary Medicine Vienna.

Conflicts of Interest: C.K. (Christian Kraft) and P.H.R. are employees of the sponsor company. The
funder provided support in sample collection during necropsies but was not involved in data analysis,
interpretation of data, the writing of this article, or the decision to submit it for publication. The
authors declare no conflict of interest.

References
1. Holtkamp, D.J.; Kliebenstein, J.B.; Neumann, E.J.; Zimmerman, J.; Rotto, H.F.; Yoder, T.K.; Wang, C.; Yeske, P.E.; Mowrer, C.L.;

Haley, C.A. Assessment of the economic impact of porcine reproductive and respiratory syndrome virus on United States pork
producers. J. Swine Health Prod. 2013, 21, 72–84.

2. Benfield, D.A.; Nelson, E.; Collins, J.E.; Harris, L.; Goyal, S.M.; Robison, D.; Christianson, W.T.; Morrison, R.B.; Gorcyca, D.;
Chladek, D. Characterization of swine infertility and respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J. Vet. Diagn.
Investig. 1992, 4, 127–133. [CrossRef] [PubMed]

3. Cavanagh, D. Nidovirales: A new order comprising Coronaviridae and Arteriviridae. Arch. Virol. 1997, 142, 629–633. [PubMed]
4. Adams, M.J.; Lefkowitz, E.J.; King, A.M.; Bamford, D.H.; Breitbart, M.; Davison, A.J.; Ghabrial, S.A.; Gorbalenya, A.E.; Knowles,

N.J.; Krell, P.; et al. Ratification vote on taxonomic proposals to the International Committee on Taxonomy of Viruses (2015). Arch.
Virol 2015, 160, 1837–1850. [CrossRef]

5. Kuhn, J.H.; Lauck, M.; Bailey, A.L.; Shchetinin, A.M.; Vishnevskaya, T.V.; Bao, Y.; Ng, T.F.; LeBreton, M.; Schneider, B.S.; Gillis, A.;
et al. Reorganization and expansion of the nidoviral family Arteriviridae. Arch. Virol. 2016, 161, 755–768. [CrossRef]

6. Stadejek, T.; Oleksiewicz, M.B.; Scherbakov, A.V.; Timina, A.M.; Krabbe, J.S.; Chabros, K.; Potapchuk, D. Definition of subtypes in
the European genotype of porcine reproductive and respiratory syndrome virus: Nucleocapsid characteristics and geographical
distribution in Europe. Arch. Virol. 2008, 153, 1479–1488. [CrossRef]

7. Shi, M.; Lam, T.T.; Hon, C.C.; Hui, R.K.; Faaberg, K.S.; Wennblom, T.; Murtaugh, M.P.; Stadejek, T.; Leung, F.C. Molecular
epidemiology of PRRSV: A phylogenetic perspective. Virus Res. 2010, 154, 7–17. [CrossRef]

8. Shi, M.; Lam, T.T.; Hon, C.C.; Murtaugh, M.P.; Davies, P.R.; Hui, R.K.; Li, J.; Wong, L.T.; Yip, C.W.; Jiang, J.W.; et al. Phylogeny-
based evolutionary, demographical, and geographical dissection of North American type 2 porcine reproductive and respiratory
syndrome viruses. J. Virol. 2010, 84, 8700–8711. [CrossRef]

9. Magar, R.; Robinson, Y.; Dubuc, C.; Larochelle, R. Isolation and experimental oral transmission in pigs of a porcine reproductive
and respiratory syndrome virus isolate. Adv. Exp. Med. Biol. 1995, 380, 139–144. [CrossRef]

http://doi.org/10.1177/104063879200400202
http://www.ncbi.nlm.nih.gov/pubmed/1616976
http://www.ncbi.nlm.nih.gov/pubmed/9349308
http://doi.org/10.1007/s00705-015-2425-z
http://doi.org/10.1007/s00705-015-2672-z
http://doi.org/10.1007/s00705-008-0146-2
http://doi.org/10.1016/j.virusres.2010.08.014
http://doi.org/10.1128/JVI.02551-09
http://doi.org/10.1007/978-1-4615-1899-0_23


Vaccines 2022, 10, 934 18 of 19

10. Van der Linden, I.F.; van der Linde-Bril, E.M.; Voermans, J.J.; van Rijn, P.A.; Pol, J.M.; Martin, R.; Steverink, P.J. Oral transmission
of porcine reproductive and respiratory syndrome virus by muscle of experimentally infected pigs. Vet. Microbiol. 2003, 97, 45–54.
[CrossRef]

11. Christianson, W.T.; Choi, C.S.; Collins, J.E.; Molitor, T.W.; Morrison, R.B.; Joo, H.S. Pathogenesis of porcine reproductive and
respiratory syndrome virus infection in mid-gestation sows and fetuses. Can. J. Vet. Res. 1993, 57, 262–268. [PubMed]

12. Gradil, C.; Dubuc, C.; Eaglesome, M.D. Porcine reproductive and respiratory syndrome virus: Seminal transmission. Vet. Rec.
1996, 138, 521–522. [CrossRef] [PubMed]

13. Yaeger, M.J.; Prieve, T.; Collins, J.; Christopher-Hennings, J.; Nelson, E.; Benfield, D. Evidence for the transmission of porcine
reproductive and respiratory syndrome (PRRS) virus in boar semen. Swine Health Prod. 1993, 1, 7–9.

14. Keffaber, K.K. Reproductive failure of unknown etiology. Am. Assoc. Swine Pract. Newsl. 1989, 1, 1–10.
15. Loula, T. Mystery pig disease. Agri-Practice 1991, 12, 23–34.
16. Zimmerman, J.; Benfield, D.; Dee, S.A.; Murtaugh, M.P.; Stadejek, T.; Stevenson, G.W.; Torremorell, M. Porcine Reproductive

and Respiratory Syndrome Virus (Porcine Arterivirus). In Diseases of Swine, 10th ed.; Zimmerman, J., Karriker, L., Ramirez, A.,
Schwartz, K., Stevenson, G.W., Eds.; John Wiley & Sons, Inc.: Chichester, UK, 2012; pp. 461–486.

17. Zimmerman, J.J.; Yoon, K.J.; Wills, R.W.; Swenson, S.L. General overview of PRRSV: A perspective from the United States. Vet.
Microbiol. 1997, 55, 187–196. [CrossRef]

18. Corzo, C.A.; Mondaca, E.; Wayne, S.; Torremorell, M.; Dee, S.; Davies, P.; Morrison, R.B. Control and elimination of porcine
reproductive and respiratory syndrome virus. Virus Res. 2010, 154, 185–192. [CrossRef]

19. Charerntantanakul, W.; Platt, R.; Johnson, W.; Roof, M.; Vaughn, E.; Roth, J.A. Immune responses and protection by vaccine and
various vaccine adjuvant candidates to virulent porcine reproductive and respiratory syndrome virus. Vet. Immunol. Immunopathol.
2006, 109, 99–115. [CrossRef]

20. Linhares, D.C.; Cano, J.P.; Wetzell, T.; Nerem, J.; Torremorell, M.; Dee, S.A. Effect of modified-live porcine reproductive and
respiratory syndrome virus (PRRSv) vaccine on the shedding of wild-type virus from an infected population of growing pigs.
Vaccine 2012, 30, 407–413. [CrossRef]

21. Sinn, L.J.; Klingler, E.; Lamp, B.; Brunthaler, R.; Weissenboeck, H.; Ruemenapf, T.; Ladinig, A. Emergence of a virulent porcine
reproductive and respiratory syndrome virus (PRRSV) 1 strain in Lower Austria. Porc. Health Manag. 2016, 2, 28. [CrossRef]

22. Kreutzmann, H.; Stadler, J.; Knecht, C.; Sassu, E.L.; Ruczizka, U.; Zablotski, Y.; Vatzia, E.; Balka, G.; Zaruba, M.; Chen, H.-W.; et al.
Phenotypic characterization of a virulent PRRSV-1 isolate in a reproductive model with and without prior heterologous modified
live PRRSV-1 vaccination. Front. Vet. Sci. 2022, 9, 820233. [CrossRef] [PubMed]

23. Weiland, E.; Wieczorek-Krohmer, M.; Kohl, D.; Conzelmann, K.K.; Weiland, F. Monoclonal antibodies to the GP5 of porcine
reproductive and respiratory syndrome virus are more effective in virus neutralization than monoclonal antibodies to the GP4.
Vet. Microbiol. 1999, 66, 171–186. [CrossRef]

24. Christensen, G.; Sørensen, V.; Mousing, J. Diseases of the respiratory system. In Diseases of Swine, 8th ed.; Straw, B.E., D’Allaire, S.,
Mengeling, W.L., Taylor, D.J., Eds.; Iowa State University Press: Ames, IA, USA, 1999; pp. 927–928.

25. Balka, G.; Ladinig, A.; Ritzmann, M.; Saalmueller, A.; Gerner, W.; Kaeser, T.; Jakab, C.; Rusvai, M.; Weissenboeck, H. Immunohis-
tochemical characterization of type II pneumocyte proliferation after challenge with type I porcine reproductive and respiratory
syndrome virus. J. Comp. Pathol. 2013, 149, 322–330. [CrossRef] [PubMed]

26. Egli, C.; Thur, B.; Liu, L.; Hofmann, M.A. Quantitative TaqMan RT-PCR for the detection and differentiation of European and
North American strains of porcine reproductive and respiratory syndrome virus. J. Virol. Methods 2001, 98, 63–75. [CrossRef]

27. Van Reeth, K.; Nauwynck, H.; Pensaert, M. Dual infections of feeder pigs with porcine reproductive and respiratory syndrome
virus followed by porcine respiratory coronavirus or swine influenza virus: A clinical and virological study. Vet. Microbiol. 1996,
48, 325–335. [CrossRef]

28. Done, S.H.; Paton, D.J. Porcine reproductive and respiratory syndrome: Clinical disease, pathology and immunosuppression. Vet.
Rec. 1995, 136, 32–35. [CrossRef]

29. Labarque, G.; van Reeth, K.; van Gucht, S.; Nauwynck, H.; Pensaert, M. Porcine reproductive-respiratory syndrome virus
infection predisposes pigs for respiratory signs upon exposure to bacterial lipopolysaccharide. Vet. Microbiol. 2002, 88, 1–12.
[CrossRef]

30. Nodelijk, G.; de Jong, M.C.; van Leengoed, L.A.; Wensvoort, G.; Pol, J.M.; Steverink, P.J.; Verheijden, J.H. A quantitative assessment
of the effectiveness of PRRSV vaccination in pigs under experimental conditions. Vaccine 2001, 19, 3636–3644. [CrossRef]

31. Labarque, G.; van Gucht, S.; van Reeth, K.; Nauwynck, H.; Pensaert, M. Respiratory tract protection upon challenge of pigs
vaccinated with attenuated porcine reproductive and respiratory syndrome virus vaccines. Vet. Microbiol. 2003, 95, 187–197.
[CrossRef]

32. Lyoo, K.S.; Choi, J.Y.; Hahn, T.W.; Park, K.T.; Kim, H.K. Effect of vaccination with a modified live porcine reproductive and
respiratory syndrome virus vaccine on growth performance in fattening pigs under field conditions. J. Vet. Med. Sci. 2016, 78,
1533–1536. [CrossRef]

33. Kritas, S.K.; Alexopoulos, C.; Kyriakis, C.S.; Tzika, E.; Kyriakis, S.C. Performance of fattening pigs in a farm infected with both
porcine reproductive and respiratory syndrome (PRRS) virus and porcine circovirus type 2 following sow and piglet vaccination
with an attenuated PRRS vaccine. J. Vet. Med. A Physiol. Pathol. Clin. Med. 2007, 54, 287–291. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vetmic.2003.09.015
http://www.ncbi.nlm.nih.gov/pubmed/8269364
http://doi.org/10.1136/vr.138.21.521
http://www.ncbi.nlm.nih.gov/pubmed/8761977
http://doi.org/10.1016/S0378-1135(96)01330-2
http://doi.org/10.1016/j.virusres.2010.08.016
http://doi.org/10.1016/j.vetimm.2005.07.026
http://doi.org/10.1016/j.vaccine.2011.10.075
http://doi.org/10.1186/s40813-016-0044-z
http://doi.org/10.3389/fvets.2022.820233
http://www.ncbi.nlm.nih.gov/pubmed/35464363
http://doi.org/10.1016/S0378-1135(99)00006-1
http://doi.org/10.1016/j.jcpa.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23453491
http://doi.org/10.1016/S0166-0934(01)00358-5
http://doi.org/10.1016/0378-1135(95)00145-X
http://doi.org/10.1136/vr.136.2.32
http://doi.org/10.1016/S0378-1135(02)00104-9
http://doi.org/10.1016/S0264-410X(01)00099-8
http://doi.org/10.1016/S0378-1135(03)00157-3
http://doi.org/10.1292/jvms.16-0137
http://doi.org/10.1111/j.1439-0442.2007.00932.x
http://www.ncbi.nlm.nih.gov/pubmed/17650147


Vaccines 2022, 10, 934 19 of 19

34. Jeong, J.; Kim, S.; Park, K.H.; Kang, I.; Park, S.J.; Yang, S.; Oh, T.; Chae, C. Vaccination with a porcine reproductive and respiratory
syndrome virus vaccine at 1-day-old improved growth performance of piglets under field conditions. Vet. Microbiol. 2018, 214,
113–124. [CrossRef] [PubMed]

35. Charerntantanakul, W. Porcine reproductive and respiratory syndrome virus vaccines: Immunogenicity, efficacy and safety
aspects. World J. Virol. 2012, 1, 23–30. [CrossRef] [PubMed]

36. Cano, J.P.; Dee, S.A.; Murtaugh, M.P.; Pijoan, C. Impact of a modified-live porcine reproductive and respiratory syndrome virus
vaccine intervention on a population of pigs infected with a heterologous isolate. Vaccine 2007, 25, 4382–4391. [CrossRef]

37. Lunney, J.K.; Fang, Y.; Ladinig, A.; Chen, N.; Li, Y.; Rowland, B.; Renukaradhya, G.J. Porcine Reproductive and Respiratory
Syndrome Virus (PRRSV): Pathogenesis and Interaction with the Immune System. Annu. Rev. Anim. Biosci. 2016, 4, 129–154.
[CrossRef]

38. Guo, B.; Lager, K.M.; Henningson, J.N.; Miller, L.C.; Schlink, S.N.; Kappes, M.A.; Kehrli, M.E., Jr.; Brockmeier, S.L.; Nicholson, T.L.;
Yang, H.C.; et al. Experimental infection of United States swine with a Chinese highly pathogenic strain of porcine reproductive
and respiratory syndrome virus. Virology 2013, 435, 372–384. [CrossRef]

39. Van der Linden, I.F.; Voermans, J.J.; van der Linde-Bril, E.M.; Bianchi, A.T.; Steverink, P.J. Virological kinetics and immunological
responses to a porcine reproductive and respiratory syndrome virus infection of pigs at different ages. Vaccine 2003, 21, 1952–1957.
[CrossRef]

40. Cho, J.G.; Dee, S.A.; Deen, J.; Trincado, C.; Fano, E.; Jiang, Y.; Faaberg, K.; Murtaugh, M.P.; Guedes, A.; Collins, J.E.; et al. The
impact of animal age, bacterial coinfection, and isolate pathogenicity on the shedding of porcine reproductive and respiratory
syndrome virus in aerosols from experimentally infected pigs. Can. J. Vet. Res. 2006, 70, 297–301.

41. Klinge, K.L.; Vaughn, E.M.; Roof, M.B.; Bautista, E.M.; Murtaugh, M.P. Age-dependent resistance to Porcine reproductive and
respiratory syndrome virus replication in swine. Virol. J. 2009, 6, 177. [CrossRef]

42. Balka, G.; Dreckmann, K.; Papp, G.; Kraft, C. Vaccination of piglets at 2 and 3 weeks of age with Ingelvac PRRSFLEX(R) EU
provides protection against heterologous field challenge in the face of homologous maternally derived antibodies. Porc. Health
Manag. 2016, 2, 24. [CrossRef]

43. Cho, J.G.; Dee, S.A.; Deen, J.; Guedes, A.; Trincado, C.; Fano, E.; Jiang, Y.; Faaberg, K.; Collins, J.E.; Murtaugh, M.P.; et al.
Evaluation of the effects of animal age, concurrent bacterial infection, and pathogenicity of porcine reproductive and respiratory
syndrome virus on virus concentration in pigs. Am. J. Vet. Res. 2006, 67, 489–493. [CrossRef] [PubMed]

44. Hermann, J.R.; Munoz-Zanzi, C.A.; Roof, M.B.; Burkhart, K.; Zimmerman, J.J. Probability of porcine reproductive and respiratory
syndrome (PRRS) virus infection as a function of exposure route and dose. Vet. Microbiol. 2005, 110, 7–16. [CrossRef] [PubMed]

45. Pileri, E.; Gibert, E.; Soldevila, F.; Garcia-Saenz, A.; Pujols, J.; Diaz, I.; Darwich, L.; Casal, J.; Martin, M.; Mateu, E. Vaccination with
a genotype 1 modified live vaccine against porcine reproductive and respiratory syndrome virus significantly reduces viremia,
viral shedding and transmission of the virus in a quasi-natural experimental model. Vet. Microbiol. 2015, 175, 7–16. [CrossRef]
[PubMed]

46. Mengeling, W.L.; Lager, K.M. A brief review of procedures and potential problems associated with the diagnosis of porcine
reproductive and respiratory syndrome. Vet. Res. 2000, 31, 61–69. [CrossRef]

47. Duan, X.; Nauwynck, H.J.; Pensaert, M.B. Effects of origin and state of differentiation and activation of monocytes/macrophages
on their susceptibility to porcine reproductive and respiratory syndrome virus (PRRSV). Arch. Virol. 1997, 142, 2483–2497.
[CrossRef]

48. Allende, R.; Laegreid, W.W.; Kutish, G.F.; Galeota, J.A.; Wills, R.W.; Osorio, F.A. Porcine reproductive and respiratory syndrome
virus: Description of persistence in individual pigs upon experimental infection. J. Virol. 2000, 74, 10834–10837. [CrossRef]

49. Wills, R.W.; Doster, A.R.; Galeota, J.A.; Sur, J.H.; Osorio, F.A. Duration of infection and proportion of pigs persistently infected
with porcine reproductive and respiratory syndrome virus. J. Clin. Microbiol. 2003, 41, 58–62. [CrossRef]

http://doi.org/10.1016/j.vetmic.2017.12.023
http://www.ncbi.nlm.nih.gov/pubmed/29408022
http://doi.org/10.5501/wjv.v1.i1.23
http://www.ncbi.nlm.nih.gov/pubmed/24175208
http://doi.org/10.1016/j.vaccine.2007.03.031
http://doi.org/10.1146/annurev-animal-022114-111025
http://doi.org/10.1016/j.virol.2012.09.013
http://doi.org/10.1016/S0264-410X(02)00822-8
http://doi.org/10.1186/1743-422X-6-177
http://doi.org/10.1186/s40813-016-0037-y
http://doi.org/10.2460/ajvr.67.3.489
http://www.ncbi.nlm.nih.gov/pubmed/16506914
http://doi.org/10.1016/j.vetmic.2005.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16098692
http://doi.org/10.1016/j.vetmic.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25439650
http://doi.org/10.1051/vetres:2000108
http://doi.org/10.1007/s007050050256
http://doi.org/10.1128/JVI.74.22.10834-10837.2000
http://doi.org/10.1128/JCM.41.1.58-62.2003

	Introduction 
	Materials and Methods 
	Experimental Design 
	Challenge Virus 
	Sample Collection and Necropsy 
	Histologic Lung Assessment 
	Serum Antibody Detection 
	Virological Analysis—PRRSV qRT-PCR 
	Statistical Analysis 

	Results 
	Clinical Observation 
	Cough Monitor 
	Average Daily Weight Gain 
	Serology 
	Viral Load in Serum 
	Viral Load in Oral Swabs 
	Macroscopic Lung Lesions 
	Histologic Lung Lesions 
	Viral Load in Tissue Samples 

	Discussion 
	Conclusions 
	References

