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The goals of our study were to compare the immune response to different killed and
modified live vaccines against PRRS virus and to monitor the antibody production and
the cell mediated immunity both at the systemic and local level. In the experiment,
we immunized four groups of piglets with two commercial inactivated (A1 —Progressis,
A2 —Suivac) and two modified live vaccines (B3—Amervac, B4 —Porcilis). Twenty-one
days after the final vaccination, all piglets, including the control non-immunized group
(CH), were i.n., infected with the Lelystad strain of PRRS virus. The serum antibody
response (IgM and IgG) was the strongest in group A1 followed by two MLV (B3 and B4)
groups. Locally, we demonstrated the highest level of IgG antibodies in bronchoalveolar
lavages (BALF), and saliva in group A1, whereas low IgA antibody responses in BALF and
feces were detected in all groups. We have found virus neutralization antibody at DPV
21 (days post vaccination) and higher levels in all groups including the control at DPI
21 (days post infection). Positive antigen specific cell-mediated response in lymphocyte
transformation test (LTT) was observed in groups B3 and B4 at DPV 7 and in group B4 at
DPV 21 and in all intervals after infection. The IFN-y producing lymphocytes after antigen
stimulation were found in CD4~CD8* and CD4TCD8™ subsets of all immunized groups
7 days after infection. After infection, there were obvious differences in virus excretion.

Dynamics and Differences in Systemic
and Local Immune Responses After
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Commercial Vaccines and
Subsequent Subclinical Infection With
PRRS Virus. Front. Immunol. 10:1689.
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The virus was detected in all groups of piglets in serum, saliva, and occasionally in feces
at DPI 3. Significantly lower virus load was found in groups A1 and B3 at DPI 21. Negative
samples appeared at DPI 21 in B3 group in saliva. It can be concluded that antibodies
after immunization and infection, and the virus after infection can be detected in all
the compartments monitored. Immunization with inactivated vaccine A1 —Progressis
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induces high levels of antibodies produced both systemically and locally. Immunization
with MLV-vaccines (Amervac and Porcilis) produces sufficient antibody levels and also
cell-mediated immunity. After infection virus secretion gradually decreases in group B3,
indicating tendency to induce sterile immunity.

Keywords: porcine reproductive and respiratory syndrome, virus, antibody, cell-mediated immunity, inactive

vaccine, modified-live vaccine

INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS) is
the most economically significant infectious disease currently
affecting swine worldwide. Typical clinical symptoms of PRRS
are mild to severe respiratory disease in infected newborn and
growing pigs, and reproductive failure in pregnant sows. Two
genotypes of the PRRS virus (PRRSV) have been identified:
European (type 1) and North American (type 2). There are
considerable genetic and virulence differences between and
within PRRSV genotypes (1-3) correlated with a lack of
cross-protection by vaccines (4-8). Highly pathogenic strains
of PRRSV (HP-PRRSV) have been identified within both
genotypes (9-11). Depending on viral strain and immune status
of the host, some swine farms may have pigs subclinically
infected, whereas others experience severe reproductive, and/or
respiratory disease. Infection with both “classical” and highly
pathogenic strains is associated with aberrant host immune
response (9, 12).

Swine are the only known natural host of PRRSV and the
primary target cells for replication of PRRSV are porcine alveolar
macrophages (PAMs) (13). The first stage is represented by
acute infection, resulting in viremia 6-12h post-infection (PI),
and lasting for several weeks despite the presence of circulating
antibodies. In the second, persistent stage of infection, the virus
is no longer detected in blood and lungs, and pigs no longer
exhibit signs of clinical disease. In this stage, viral replication is
primarily localized in lymphoid organs, including tonsils, and
lymph nodes (14).

Infection with PRRSV elicit poor innate and adaptive immune
responses associated with immune modulation and incomplete
viral clearance in most of the pigs, depending on their age, and
immune status (12, 15-17). Infection with certain PRRSV strains
induced significant suppression of NK cell cytotoxic activity
(18). The quantity of pro-inflammatory cytokines is significantly
lower than in other viral infections and is strain dependent
(19). PRRSV is also a poor inducer of IFN-a. Infection with
PRRSV induces an antibody response (production) by 7-9 DPI
but with no evidence of protection against PRRSV infection;
serum neutralizing antibodies appear only later, typically >28
days PI (20). The virus also evades host cell-mediated immunity
most likely by the promotion of immunosuppressive cytokines
IL-10 and TGF-B resulting in delayed onset of Thl immune
response (18). Similarly, an immunosuppressive function of
PRRSV was shown to probably be mediated by the cytokines IL-
10 and TGF-B and action of Treg (21-23). Immunosuppression
induced by PRRSV facilitates other viral and bacterial infections
(18, 24, 25).

Vaccination is the principal means used to control and
treat PRRSV infection. Several comprehensive review articles
have been published recently. They critically evaluate different
vaccination approaches against the PRRS virus and indicate
the main weaknesses of current vaccines and vaccination
strategies (26-29). Among others the problem are caused by high
heterogeneity and occurrence of highly pathogenic strains and
therefore efforts have been made to develop vaccines with a broad
spectrum of effects (4, 5, 7, 30-33). However, the opinion still
prevails that vaccination is more cost-beneficial over other health
interventions (34-36).

Our study had the following three aims:

1) to establish complex immune response characteristics using
several methodological approaches;

2) to monitor the dynamics in different compartments and
in a time-dependent manner after vaccination and the
challenging infection;

3) to compare the types of immune responses after vaccination
with inactivated or live attenuated vaccines and subsequent
challenge using a homologous strain.

MATERIALS AND METHODS

Animals

Twenty-five weaned piglets aged 8 weeks and weighing 8-12kg
of the Large White breed from a PRRSV negative herd were used.
The negative status of the animals was confirmed by serology
using commercial ELISA kit (Idexx Labs). The use of animals
was approved by the Branch Commission for Animal Welfare
of Ministry of Agriculture of the Czech Republic (approval
protocol No. MZe-1487) as a part of project as a part of project
Respig (QJ1210120).

Vaccines
Four commercial vaccines were used. Their characteristics are in
Table 1.

Challenge Virus

Lelystad strain PRRSV (CAPM V-490) was obtained from the
collection of animal pathogenic microorganisms (CAPM) at the
Veterinary Research Institute (Brno, Czech Republic). The virus
was propagated on the MARC-145 cell line and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Thermo
Scientific), 1% antibiotics (Antibiotic Antimycotic Solution
100x: 10,000 units penicillin, 10 mg streptomycin, and 25 pg
amphotericin B per mL; Sigma-Aldrich) at 37°C and 5% COs.
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TABLE 1 | Characteristics of vaccines used in the experiment.

Name Producer Type Group of animals Virus strain Adjuvans
Progressis Merial Inactivated Al P120 Water in ol

Suivac PRRS-In Dyntec Inactivated A2 VD-E1, -E2, -A1 Water in oil saponin
Amervac PRRS Hipra Modified live B3 VP-046BIS Diluent A3 levamisole
Porcilis PRRS Intervet Modified live B4 DV Diluent Diluvac forte

The virus was clarified by centrifugation, and its concentration
was determined by plaque assay. The concentration of stock virus
used in experiments was 5 x 10° plaque forming units per mL.

Experiment Design

Twenty-five piglets were used in the experiment. The piglets
were assigned to five groups of five animals each according to
weight and gender. The animals were housed in BSL2 isolation
rooms, keeping animals from only one experimental group in
each room. The animals were left to acclimate for 14 days
after stocking. All piglets were clinically healthy at the time
the experiment started. On day 0 (DO) two groups of piglets
(A1 and A2) were immunized. Each animal was administered
2ml of inactivated vaccine by an intramuscular (i.m.) injection.
After 21 days (D21), piglets in these groups were revaccinated
with the same dose, and piglets from the other two groups
(B3 and B4) were immunized with 2ml of a MLV vaccine.
The health status of piglets was monitored on a regular basis,
including temperature measurements, and samples of blood and
other body fluids were taken for respective examinations at pre-
set time intervals. After an additional 21 days (D42), all pigs,
including control group (C5), were infected with 2ml of the
live PRRS virus. The piglets were monitored for another 21
days and then slaughtered (D63). Euthanasia was performed by
exsanguination after combined anesthesia with a TKX (Telazol-
Ketamin-Xylazin) mixture containing 12.5 mg/mL tiletamine
and 12.5 mg/mL zolazepam (Telazol, Virbac, Carros, France),
12.5 mg/mL ketamine (Vetoquinol, Lure, France), and 12.5
mg/mL xylazine (Bioveta, Ivanovice na Hane, Czech Republic),
administered intramuscularly in a final volume of 0.2 mL/kg
body weight. As well as collection of blood and other body
fluids (intestinal contents, bronchoalveolar lavage), an autopsy
was performed and organs (lung parenchyma, spleen, lymph
nodes,...) were collected for virological examination.

Sampling
Blood samples for serum and heparin-treated blood samples were
taken from the jugular vein. Group saline samples were collected
using ropes which were left in the hutch for 3 h. Individual fecal
samples were collected when handling the animals.
Bronchoalveolar lavage fluid (BALF) sampling was performed
for the first time on live animals and for the second time
after slaughter. The intravital lavage was performed with the
animals under general anesthesia (a mixture of Xylazine and
Ketamin) without the use of an endoscope by a method described
earlier (37). Pigs were positioned in the sternal recumbency. An
endotracheal tube was inserted into the trachea and 20 ml of

sterile PBS (pH 7.2) was injected into the distal parts of the
airways, toward the bronchus. About 60% of the infused saline
was recovered as BALF aspirate and was filtered and centrifuged
for 15min at 200 g. Supernatant was stored at —20 C prior to
serological analyses.

Quantitative RT-PCR for Viral Load

Detection

Total RNA from experimental samples of sera, oral fluids,
and BAL (100 pL) was extracted using a NucleoSpin®
RNA II kit (MACHEREY-NAGEL), in accordance with the
manufacturer’s instructions (protocol for total RNA preparation
from biological fluids). The RNA obtained was eluted in
60 pL RNase-free water and immediately used for qRT-
PCR amplification. Remaining RNA was frozen at —80°C for
subsequent use.

Isolated RNA was used for qRT-PCR amplification by EZ-
PRRSV™ MPX 4.0 Real Time RT-PCR kit (Tetracore), in
accordance with the manufacturer’s instructions. Quantification
of the virus genome copies was based on quantification standards
included in the kit.

Serology Evaluation
For the evaluation of systemic and local antibody production two
ELISA methods were used.

All swine sera tested were examined by commercially
available ELISA test INGEZIM PRRS UNIVERSAL (Ingenasa),
in accordance with the manufacturer’s instructions, to examine
for the presence of N protein specific IgG antibodies.

All swine sera, oral fluids, and BAL tested were examined
by home-made indirect ELISA test based on recombinant
nucleocapsid protein N of PRRS virus (developed previously
in our department) for detection of specific IgM, IgG, and
IgA antibodies.

Optimal antigen, serum, and antibodies concentrations
were determined by checkerboard titration of positive and
negative porcine sera. The cut-off value was determined by
defining the upper prediction limit based on the upper tail
of the t-distribution of negative control OD readings, at a
confidence level of 99.5%. Positive serum with an absorbance
corresponding to the calculated cut-off was included in all
test plates.

The recombinant N protein diluted in 50 mM Bicarbonate-
Carbonate Buffer pH 9.6 to a final concentration of 1.5 ug/mL
was coated on 96-well-microtiter plates (Maxisorp II
Immunoplates, Nunc, Denmark) overnight at 26°C. The wells
were then blocked with 3% skimmed milk in PBS for 90 min
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FIGURE 1 | Levels of antibodies in sera. Levels of antibodies were measured in sera with home-made ELISA (A-IgM) or the commercial ELISA test Ingezim PRRS
universal (B-IgG) Levels of virus neutralization antibodies 21 days after vaccination and 21 days after infection (C). *statistically significant difference (o < 0.05) from

D63

at 37°C and then washed with PBS. Positive and negative
controls were included in each test plate. Each sample diluted
in 3% skimmed milk in T-PBS (PBS with 0.1% Tween 20
and 0.5M NaCl) was added in duplicates on antigen-coated
wells with some differences among different types of samples.
One hundred microliters of serum samples diluted 1:40
(for detection of IgM antibodies) or 100 WL of non-diluted
samples of BAL (for detection of IgG and IgA antibodies)
were incubated for 60min at 37°C. Two hundred and fifty
microliters of oral fluids diluted 1:2 were incubated 16h at
4°C (for detection of IgG antibodies). Subsequently the plates
were washed three times with T-PBS and antibody binding
was detected by incubation for 60 min at 37°C with 100 pL of
anti-Pig IgM peroxidase conjugate (1:10,000, Bethyl), anti-Pig
IgG peroxidase conjugate (1:30,000, Sigma), or with anti-Pig
IgA peroxidase conjugate (1:3,000, Bethyl) separately (diluted
in T-PBS with 3% skimmed milk). After washing the plates
as described above, 100 pL per well of the TMB-Complete
(TEST-LINE) substrate was added. The optical density (OD)
was measured at 450 nm after an incubation time of 5-10 min at
room temperature.

Virus Neutralization Test

The virus neutralization test for detection of PRRSV
neutralization antibodies was performed as follows. Samples
of sera were diluted 1:4 in DMEM medium (Sigma-Aldrich)
supplemented with 3% FBS. Then, heat inactivated sera
(56°C for 60 min) were diluted 2-fold serially in flat-bottom
96-well-microplate (NUNC). Next, equal volume (50 pL)
of media containing 50 PRRSV PFU (Lelystad—CAPM
V-490) was added to each well. Following incubation
(60min at 37°C) MARC-145 cells were added to each
well (3 x 10* per well) in 100 wL media per well. After 5
days of cultivation (37°C, 5% CO;), the cytopathic effect
(CPE) of PRRSV on MARC-145 was evaluated by optical
microscopy. The reciprocal value of the last sera dilution causing
50% reduction of CPE was defined as virus neutralization
antibody titer.

Lymphocyte Transformation Test

The lymphocyte transformation test was performed according to
the method published earlier (38). Peripheral blood mononuclear
cells (PBMC) were obtained by gradient centrifugation
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TABLE 2 | Summary of immune responses and virus excretion of individual vaccines used in the experiment.

Parameters Time A1—inactivated A2—inactivated B3—miv B4—mlv
(Progressis) (Suivac) (Amervac) (Porcilis)

Serum Dynamics: IgM D24 + + - _
D28 ++ + - _
D35 ++ + ++ +
Dynamics: IgG D28 ++ + - _

D35 ++ + ++ ++

Virus neutralization Ab D42 + + ++ +

Local response Saliva IgG D35 + - — _

BALF IgG D35 +++ + + -

BALF IgA D35 ++ ++ ++ +

LTT: non-stimulated cells All +++ +++ ++ -
LTT: stimulated cells (Sl) All not evalable not evaluable + at D28 ++ at D28, D42, D49, D63
IFNy in Ag-stimulated subsets

Elispot IFNy

serum saliva feces serum saliva feces serum saliva feces serum saliva feces
Post immunization D24 - - - - - - ++ ++ - ++ ++ -
D42 - - - - - - +++ ++ - ++ - ++

Post infection

The end of experiment

[ post vaccination (DO-D42) + + + positive (high); ++ positive (mid); + positive (low); + positive in some animals.

post infection (D45-D63) —negative.
All intervals.
Groups of 5 piglets were immunized i.m with inactivated vaccine A1 (Progressis) or A2 (Suivac PRRS-In) at intervals DO and D21. Groups of 5 piglets were immunized i.m with modified live vaccine B3 (Amervac PRRS) or B4 (Porcilis
PRRS) at interval D21. All animals were infected with a challenge virus on D42, including the group of control non-immunized piglets (C5). All levels or activities after vaccination or infection are expressed as — (negative) or + to + + +
as positive at different intensity.

‘[ 18 Uewo|

UOITBUIDOBA ASHHd 81y esuodsey sunwiw|


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Toman et al.

Immune Response After PRRSV Vaccination

(Histopaque-1077, Sigma-Aldrich). Concentration of the
cells was adjusted to 200,000 cells in 200 pL of RPMI-1640
medium supplemented with 10% of autologous serum, 100
IU/mL  penicillin, 100 pg/mL streptomycin, and 4pg/mL
gentamicin). They were incubated with the 20 pg of optimal
concentration of the specific antigen (MOI 1.0) for 5 days
at 37°C in 5% CO;. Negative controls were incubated with
RPMI-1640 medium only. All samples were evaluated in
triplicate. *H-thymidine was added on the last day of cultivation.
Subsequently, the cells were harvested (FilterMate Harvestor,
Packard Bioscience Company, USA), and *H-thymidine
incorporation was measured by a microplate scintillation and
luminescence counter (TopCount NXT™, Packard Bioscience
Company) in counts per minute (CPM). The results were
expressed in terms of stimulation indexes (SI), which were
calculated as the ratio of CPM in stimulated samples vs. CPM in
non-stimulated controls.

ELISpot (for IFN-y Production)

The number of IFN-y producing cells was calculated by ELISpot
techniques. Commercially available Porcine IFN-y ELISpot kit
(3130-4HPW-10, MABTECH) was used in accordance with the
manufacturer’s instructions. The number of cells used in the
test was 5 x 10°/well. PRRSV was used for stimulation of the
antigen-specific response in multiplicity of infection (MOI) 0.5.
Mitogen ConA at a concentration 66ug/mL was used as a
positive control. Cells without stimulation were used as a negative
control. Incubation lasted for 20h. Spots were detected using
ELISpot reader system ELRO7TL (AID, Germany). The results
were recalculated to the number of CD3" lymphocytes.

Identification of Lymphocyte
Subpopulation Producing IFN-y After

Antigen Stimulation

The 5 x 10° of PBMC per well was stimulated with PRRS virus
in MOI 0.5 for 20 h. The 5 x 10° of cultured PBMC were pelleted
and 20 pL of primary monoclonal antibody cocktail containing
anti-CD4 (IgG2b, clone 74-12-4, WSU, Monoclonal Antibody
Center, USA), anti-CD8 (IgG2a, clone 76-2-11, WSU, USA),
and anti-y3 TCR (IgG1, clone PGBL22A, WSU, USA) and 20
WL of heat-inactivated goat serum was added. The cells were
incubated for 20 min at 4°C and then rinsed twice with cell
washing solution. Then, 50 WL of goat anti-mouse secondary
antibody cocktail (anti-IgG2b: DyLight 405, anti-IgG2a: Alexa
Fluor 647, and anti-IgG1: PE-Cy7) was added and the cells were
incubated for another 20 min at 4°C. The cells were rinsed and
then 70 pL of anti-CD3 antibody (IgG1, clone PPT3, Southern
Biotech, pre-stained with Alexa Fluor 488 dye using Zenon
Antibody Labeling Kit, Invitrogen) was added and the cells were
incubated, rinsed twice, and fixation and permeabilization for
subsequent intracellular staining was performed by solutions A
and B of Intra Stain Kit (DAKO Cytomation, USA) (39). Finally,
5 wL of RPE-conjugated anti-IFN-y antibody (clone CC302,
AbD Serotec UK) was added and the cells were incubated for
30 min. The cells were measured as soon as possible using BD
LSR Fortessa flow cytometer (Becton-Dickinson, USA). At least

100,000 events were acquired. The post-acquisition analysis of
data was performed using the FACS Diva software (Becton-
Dickinson, USA). The following lymphocyte subpopulations
were identified: (CD3%) y3+tCD8*, (CD3%) y3TCDS8™,
(CD3%y3~) CD4+CD8™, (CD3*y8~) CD4~CD8™, (CD3*y5)
CD4+tCD8~, (CD3%y8~) CD4-CD8~, and CD3~CDS8T.
The percentage of IFN-y-positive cells was established for
each subpopulation.

Statistical Analysis

The normality of data distribution were confirmed. Experimental
groups were compared using non-parametric Man-Whitney test.
Data from different dates were compared using non-parametric
Wilcoxon test for paired samples.

Legend on the Figure

Groups of five piglets were immunized i.m. with inactivated
vaccine Al (Progressis) or A2 (Suivac PRRS-In) at intervals
DO and D21. Groups of five piglets were immunized i.m. with
modified live vaccine B3 (Amervac PRRS) or B4 (Porcilis PRRS)
at interval D21. All animals were infected with a challenge
virus on D42, including the group of control non-immunized
piglets (C5).

RESULTS

Detection of Antibody Levels in Sera

After vaccination with inactivated vaccines (A1l and A2) the first
IgM in the serum started to appear 14 days after the first dose in
some piglets, and 7 days after the second dose in all animals of the
Al group (Figure 1A and Table 2). IgG antibodies appeared in all
animals of both groups 7 days after the second dose (Figure 1B).
The level of antibodies in the Al group was significantly higher
than in the group given the A2 vaccine. In groups of piglets
vaccinated with MLV vaccines (B3 and B4), both IgM and IgG
antibodies appeared 14 days after vaccination. On day 21 after
immunization, their antibody responses were comparable to that
of the A1 group.

After infection, we identified a further increase in antibodies
in the vaccinated groups. For the A1 group, a further increase in
serum IgG antibodies was observed after 1 week and especially
at 14 and 21 days after infection, when this antibody level
significantly exceeded the values in the MLV immunized groups
(B3 and B4) and the control one (C5). The A2 group showed a
sharp increase on post infection days 14 and 21, and the level
of serum IgG antibodies at these intervals was comparable to
Al. In groups immunized with MLV (B3 and B4), serum IgG
levels increased after 7, 14, and 21 days post infection, but did
not reach the Al group values. In the control, non-immunized
group, the first IgM antibodies appeared 3 days after infection,
with a significant increase on day 7 and 14. IgG antibody levels
appeared 14 and 21 days after infection but were lower than in
the immunized groups.

The virus neutralization antibody was detected in sera of
animals 21 days after vaccination (Figure 1C). These antibodies
were detected in some animals in the groups Al and A2 only.
At the end of experiment (D63, 21 days post-infection) the high
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level of virus neutralization antibodies were detected in all groups
except B3 group, in which significantly lower level was found
(Figure 1C).

Detection of Antibody Levels in

Other Compartments

Local antibodies in the BALF performed 14 days post vaccination
we detected low levels of IgA in all immunized groups
(Figure 2A) and IgG in A1, A2, and B3 (none in B4) with the level
in the Al group being significantly higher (Figure 2B). 21 days
after infection we detected low levels of IgA antibodies in A2,
B3, B4, and control group (C5) and low levels of IgG antibodies
in all immunized groups (none in C5). Local antibodies were
detected in the saliva of the Al group in low concentrations
14 and 21 days after the second vaccination and in all groups
after infection with variability in individual intervals and with no
statistically significant between-group difference (Figure 2C). In
the feces, local antibodies (IgA) were detected from 1 week after
the second immunization dose in groups Al and A2, and from 1
week after MLV immunization in groups B3 and B4 (Figure 2D)
Increased levels of antibody were detected in all groups including
control after infection with no statistically significant between-
group difference.

Cell Mediated Immune Response

A positive cell-mediated response after lymphocyte stimulation
with specific antigen in vitro (stimulation index in LTT above
3) was observed in the B4 group after 7 and 21 days post
vaccination and 7 and 21 days post-infection (Figure3). A
positive stimulation index was detected in the B3 group at 7 days
post vaccination only as a non-specific basal stimulation occurred
from 21 days post vaccination in this group (Figure 3A).

Groups immunized with inactivated vaccines Al and A2
showed a marked non-specific stimulation of cells even without
using antigen (Figure 3A) and, therefore, it was impossible to
demonstrate the effect of antigen addition and thus cell-mediated
immune response.

Cell-mediated immune response after challenge infection
was positive in all vaccinated groups and in the control
group after 21 days post infection, using ELISpot in PBMC
from bronchoalveolar lavages. The results were recalculated to
the number of CD3" lymphocytes. The differences between
individual animals, but no significant differences between groups
were detected (Figure 3D).

We detected IFN-y producing lymphocytes after PRRS
antigen stimulation. The most marked differences from control
were found in CD4~CD8* and CD4"CD8* (and partly also in
CD37 8" and y378™) subsets of all immunized groups 7 days
after infection.

Virus Load and Clinical Signs

In the groups vaccinated with live vaccines (B3 and B4), the
virus load was demonstrated in serum and saliva from day
3 after immunization, in BALF 14 days after immunization
(the only time point when the lavage was taken), and in feces
occasionally 7 days after vaccination, then in all piglets 14 days
after immunization (data not shown).

No clinical signs were observed in piglets after infection.
Elevated body temperature was occasionally found in the first 2
days, independent of the experimental group.

However, viral shedding was noted, with between-group
differences. The virus appeared in serum, saliva, and feces in
all groups including the control group 3 days after infection
(Figures 4A,B,D). The virus was detected in BALF 21 days
after infection in Al, A2, and C5 groups (Figure 4C). Virus
shedding was decreased in immunized groups 14 and 21 days
after infection with the level in the Al and B3 group being
significantly lower compared to control group 21 days after
infection. Negative samples appeared 21 days after infection in
saliva (in B3 group) and in feces (B3 and B4 groups).

DISCUSSION

The goals of our study were (1) to establish comprehensive
immune response characteristics using several methodological
approaches and monitor the dynamics in different compartments
and in a time-dependent manner after vaccination and the
challenging infection and (2) to compare the immune response
to different killed and modified live vaccines against PRRS using
these methodological tools. In order to compare the immune
response after vaccination with different vaccines, we used a
model of vaccinations of young piglets (beginning at 8 weeks of
age) and given vaccination intervals and subsequent infections,
regardless of the fact that manufacturers’ reccommendations were
different (especially in Progressis).

There are only a few papers published providing a
comprehensive picture of immune response after vaccination
against PRRSV (40-43) because the majority of the existing
studies are based mainly on the evaluation of the vaccination
effectiveness by monitoring the immune responses found
in the blood (5, 30, 33, 44-46). Our results show that
antibodies after immunization and infection, and the virus after
infection, can be detected in all the monitored compartments
(blood, respiratory tract, intestine). By repeated sampling and
simultaneous monitoring of the antibody and cell-mediated
immunity and virus shedding systematically and locally, we
have managed to get comprehensive information about the
dynamics of the immune response after vaccination or PRRS
virus infection.

In practical diagnostics of field samples is an effort to
seek simple approaches to obtain tentative information on the
epidemiological situation of the herd. One current trend is the
monitoring of antibody levels and shedding of the virus in the
oral fluid (41-43). In our experiment, the antibody detection
rate in the oral fluid collected with ropes in pens was sufficient.
The levels of antibodies detected after vaccination were low,
but they increased after challenge infection. These findings
confirms the possibility of using this approach for preliminary
characteristics in the herd. It was interesting to observe the
dynamics of antibody levels and viral shedding in feces too. This
is an approach which is not often used for PRRSV infection
monitoring but is used in other situations where feces samples
are more readily available than samples from other sources (47,
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48). We were wondering, among other things, to what extent
infections occurring systemically, or locally in the respiratory
tract occur in this remote compartment. Our findings show that
fecal samples can also be used for PRRSV infection monitoring.
Detection of both the viruses and antibodies is not entirely
consistent, because they appear in individual animals, and cease
at later intervals, therefore, it is necessary to consider these
findings as approximate. They can be used for herd- or pen- level
testing, but not for establishing a diagnosis in individual animals.

It appeared to be technically difficult to demonstrate specific
cell-mediated immunity. The partial results were provided by
each of the three methods used and a comprehensive picture
could be obtained by compiling this information. Therefore,
it was not possible to use only data of IFN-y production in
ELISpot, although it is currently the most commonly used
method for CMI (5, 29, 37, 38, 49, 50). A positive cell-mediated
response after lymphocyte stimulation with specific antigen
in vitro (in lymphocyte transformation test) was observed in
MLV groups and especially in the B4 group as a non-specific
basal stimulation occurred from 21 days post-vaccination in B3
group. The strong non-specific stimulation of PBMC without
specific antigen were detected in groups Al and A2 immunized

with inactive types of vaccine. This non-specific stimulation
of cells in vivo masks the overall picture, and thus specific
cell-mediated immunity cannot be demonstrated. This effect is
attributed to the use of strong adjuvants in inactivated types of
vaccines. In the test of IFN-y production and detection with
ELISpot, which is very often used to identify CMI both in
experimental studies (5, 37), and in the field (49, 50), we have
shown an increase in both blood and cells acquired by lavage,
but the individual variability among the animals was too high
and, consequently, there were no differences found between
the groups under study. We detected also IFN-y producing
lymphocytes after PRRS antigen stimulation in all immunized
groups 7 days after infection. The most marked differences from
control were found in CD4~CD8" and CD4TCD8" (and partly
also in CD3~CD8" and y3TCD8™) subsets of lymphocytes. The
CD4~CD8* subpopulation belongs to cytotoxic groups of cells,
CD41CD8" is considered a group of Thl memory cells (51).
In another study the expression of cytotoxic CD4TCD8" and
CD47CD8~ was described which help to recover from PRRS
infection (52).

There were qualitative and quantitative differences in the
immune responses to the inactivated vaccines and to MLV ones.
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After immunization with the inactivated vaccine (especially A1—
Progressis), high levels of antibodies were produced generally
(serum), which were mostly of the IgM, and IgG isotypes, and
also locally (saliva, BALF), both IgG and IgA. Nevertheless it
should be noted that we have applied Progressis to piglets in our
study, while the manufacturers declare the use of this vaccine
for gilts and sows. Cell-mediated immunity was detected only
after infection, high non-specific cell stimulation was detected
after vaccination and therefore any specific response could not
be demonstrated in these intervals. The antigen specific cell
mediated immunity after inactivated vaccine is rarely described
(50). Most work describes low or no CMI after vaccination with
inactivated vaccine.

After immunization with MLV vaccines, sufficient levels
of antibodies in serum and BALF (IgG) were also produced,
but lower than after the inactivated vaccine administration.
The levels of IgA antibodies in BALF were comparable
but low. Low levels of virus neutralization antibodies after
vaccination can be explained by a short interval between
vaccination and infection, since neutralizing antibodies

after vaccination or PRRS infection occur within 28
days (42).

The dynamics of virus shedding after vaccination and
infection is often used for monitoring vaccine efficacy (30, 40, 49).
The decrease in virus secretion was observed 14 days after MLV
immunization and disappearance in 28 days (42). In another
study the excretion of virus was described still for 21 days
after vaccination with for Porcilis or Amervac vaccine (53).
Demonstration of cell-mediated immunity and reduction in viral
load correlate with studies by other authors and support the
preferred use of MLV vaccines in the control of PRRS infection
(29, 46).

The question is to what extent these results are influenced
by the composition of vaccines from different manufacturers
and to what extent different types of vaccines (inactivated vs.
live attenuated). There was an obvious difference in the quality
between the inactivated vaccines, whereas the character of the
immune response to both MLV vaccines was similar with only
partial differences in the time-related response dynamics. The

vaccine B3 (Amervac) showed a more pronounced decrease
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in virus secretion and a tendency to induce sterile immunity,
while B4 (Porcilis) vaccine had a more pronounced of CMI in
lymphocyte transformation test. It should be noted that the strain
used in Porcilis had a higher genetic link with the Lelystad strain
compared to the strain of Amervac (54, 55) which, however,
probably did not significantly affect the above characteristics.
Despite the fact that many studies focused on PRRS
immunoprophylaxis have already been published and many
procedures are implemented in the agricultural industry, a
universal model does not yet exist (46-60). The use of live
attenuated vaccines is generally preferred as was also confirmed
in our field study (61). In this study, we controlled the infection
by a repeated blanket immunization with MLV vaccine (Porcilis),
followed by targeted immunization of gilts, and sows. The success
of the strategy selected and evidence of virus eradication from the
given herd were demonstrated by introducing sentinel animals
into a fattening herd. Based on this result, we believe that
control programs can be adopted even in herds with continual
throughput housing without interrupting production. However,

in this case, vaccination is only one of the necessary preconditions
and the introduction of very strict principles of good biosecurity
is of no less importance.

ETHICS STATEMENT

The use of animals was approved by the Branch Commission for
Animal Welfare of Ministry of Agriculture of the Czech Republic
(approval protocol No. MZe 1487) as a part of project as a part of
project Respig (QJ1210120).

AUTHOR CONTRIBUTIONS

MT, VG, JS, and MF designed the study. MT, LL, JS, and KN
performed the experiments. LL, HK, LK, PO, and JF performed
the lab work and analyzed the data. LK produced the figures
and statistical analysis. MT wrote the manuscript. JS and MF
participated in manuscript preparation. All authors read and
approved the final manuscript.

Frontiers in Immunology | www.frontiersin.org

10

August 2019 | Volume 10 | Article 1689


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Toman et al.

Immune Response After PRRSV Vaccination

FUNDING

The study was supported by Projects No.

QJ1210120,

QJ1510108, and ROO0518 of the Ministry of Agriculture

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Stadejek T, Oleksiewicz MB, Potapchuk D, Podgorska K. Porcine reproductive

and respiratory syndrome virus strains of exceptional diversity in Eastern
Europe support the definition of new genetic subtypes. ] Gen Virol. (2006)
87:1835-41. doi: 10.1099/vir.0.81782-0

. Stadejek T, Oleksiewicz MB, Potapchuk D, Scherbakov AV, Timina AM,

Krabbe JS, et al. Definition of subtypes in the European genotype of porcine
reproductive and respiratory syndrome virus: nucleocapsid characteristics
and geographical distribution in Europe. Arch.Virol. (2008) 153:1479-88.
doi: 10.1007/500705-008-0146-2

. Darwich L, Gimeno M, Sibila M, Diaz I, de la Torre E, Dotti S, et al.

Genetic and immunobiological diversities of porcine reproductive and
respiratory syndrome genotype I strains. Vet Microbiol. (2011) 150:49-62.
doi: 10.1016/j.vetmic.2011.01.008

. Mengeling WL, Lager KM, Vorwald AC, Koehler KJ. Strain specificity of the

immune response of pigs following vaccination with various strains of porcine
reproductive and respiratory syndrome virus. Vet Microbiol. (2003) 93:13-24.
doi: 10.1016/50378-1135(02)00427-3

. Park CH, Seo HW, Han K, Kang I, Chae CH. Evaluation of the efficacy of a new

modified live porcine reproductive and respiratory syndrome virus (PRRSV)
vaccine (Fostera PRRS) against heterologous PRRSV challenge. Vet Microbiol.
(2014) 172:432-44. doi: 10.1016/j.vetmic.2014.05.030

. Geldhof ME, Vanhee M, Van Breedam W, Van Doorsselaere J, Karniychuk U,

Nauwynck, HJ. Comparison of the efficacy of autogenous inactivated porcine
reproductive and respiratory syndrome virus (PRRSV) vaccines with that of
commercial vaccines against homologous and heterologous challenges. BMC
Vet Res. (2012) 8:182. doi: 10.1186/1746-6148-8-182

. Choi K, Park CH, Jeong J, Chae CH. Comparison of protection provided

by type 1 and 2 porcine reproductive and respiratory syndrome field
viruses against homologous and heterologous challenge. Vet Microbiol. (2016)
1191:72-81. doi: 10.1016/j.vetmic.2016.06.003

. Correas I, Osorio FA, Stefen D, Pattnaik AK, Vu HLX. Cross efficacy of

immune responses to porcine reproductive and respiratory syndrome virus
infection. Vaccine. (2017) 35:782-8. doi: 10.1016/j.vaccine.2016.12.040

. Xiao S, Mo D, Wang Q, Jia JY, Qin LM, Yu XC, et al. Aberrant

host immune response induced by highly virulent PRRSV identified
by digital gene expression tag profiling. BMC Genomics. (2010) 11:544.
doi: 10.1186/1471-2164-11-544

Karniychuk U, Geldhof M, Vanhee M, Van Doorsselaere J, Saveleva TA,
Nauwynck, HJ. Pathogenesis and antigenic characterization of a new East
European subtype 3 porcine reproductive and respiratory syndrome virus
isolate. BMC Vet Res. (2010) 6:30. doi: 10.1186/1746-6148-6-30

Han ], Zhou L, Ge X, Guo X, Yang H. Pathogenesis and control of the Chinese
highly pathogenic porcine reproductive and respiratory syndrome virus. Vet
Microbiol. (2017) 209:2017. doi: 10.1016/j.vetmic.2017.02.020

Loving CL, Osorio FA, Murtough MP, Zuckermann, FA. Innate and adaptive
immunity against porcine reproductive and respiratory syndrome virus. Vet
Immunol Immunopathol. (2015) 167:1-14. doi: 10.1016/j.vetimm.2015.07.003
Duan X, Nauwynck, HJ, Pensaert MB. 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) 142:2483-97. doi: 10.1007/s007050050256
Allende R, Laegreid WW, Kutish GF, Galeota JA, Willis RW, Osorio
FA. Porcine reproductive and respiratory syndrome virus: description of
persistence in individual pigs upon experimental infection. J Virol. (2000)
80:3994-4004. doi: 10.1128/jvi.74.22.10834-10837.2000

Mateu E, Diaz I. The challenge of PRRS imunology. Vet J. (2008) 177:345-51.
doi: 10.1016/j.tvjl.2007.05.022

Gomez-Laguna J, Salguero FJ, Pallares FJ, Carraso L. Immunopathogenesis of
porcine reproductive and respiratory syndrome in the respiratory tract of pigs.
Vet J. (2013) 195:148-55. doi: 10.1016/j.tvjl.2012.11.012

of the

Czech Republic and by project LO1218 with

financial support from the Ministry of Education, Youth,

and Sports of the Czech Republic under the NPU
I program.
17. Lunney JK, Fang Y, Ladinig A, Chen N, Yanhua L, Rowland B, et al. Porcine

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

reproductive and respiratory syndrome virus (PRRSV): pathogenesis and
interaction with the immune system. Annu Rev Anim Bosci. (2016) 4:129-54.
doi: 10.1146/annurev-animal-022114-111025

. Renukaradhya GJ, Aleksejev K, Jung K, Fang Y, Saif L]. Porcine reproductive

and respiratory syndrome virus-induced immunosuppression exacerbates the
inflammatory response to porcine respiratory coronavirus. Viral Immunol.
(2010) 23:457-66. doi: 10.1089/vim.2010.0051

. Van Reeth K, Labarque G, Nauwynck H, Pensaert M. Differential production

of proinflammatory cytokines in the pig lung during different respiratory
virus infections: correlation with pathogenicity. Res Vet Sci. (1999) 67:47-52.
doi: 10.1053/rvsc.1998.0277

Yoon IJ, Joo HS, Goyal SM, Molitor TW. A modified serum neutralization
test for the detection of antibody to porcine reproductive and respiratory
syndrome virus in swine sera. J Vet Diagnost Invest. (1994) 6:289-92.
doi: 10.1177/104063879400600326

Johnsen CK, Botner A, Kastrup S, Lind P, Nielsen J. Cytokine
mRNA profiles in bronchoalveolar cells of piglets
infected with porcine reproductive and respiratory syndrome virus:
association of sustained expression of IFN-y and IL-10 after viral
clearance. Viral Immunol. (2002) 15:549-56. doi: 10.1089/088282402320
914494

Suradhat S, Thanawoghuwech R, Poovoran Y. Upregulation of II-
10 gene expression in peripheral blood mononuclear cells by porcine
reproductive and respiratory syndrome virus. ] Gen Virol. (2003) 84:453-9.
doi: 10.1099/vir.0.18698-0

Diaz I, Darwich I, Pappatera G, Pujols J, Mateu E. Immune response
of pigs after experimental infection with European strain of porcine
reproductive and respiratory syndrome virus. ] Gen Virol. (2005) 89:1943-51.
doi: 10.1099/vir.0.80959-0

Kavanova L, Prodelalova ], Nedbalcova K, Matiasovic ], Volf ], Faldyna
M, et al. Immune response of porcine alveolar macrophages to a
concurrent infection with porcine reproductive and respiratory syndrome
virus and Haemophilus parasuis in vitro. Vet Microbiol. (2015) 180:28-35.
doi: 10.1016/j.vetmic.2015.08.026

Kavanova L, Matiaskova K, Levé L, Nedbalcova K, Matiasovic J, Faldyna M,
et al. Current infection of monocyte-derived macrophages and with porcine
reproductive and respiratory syndrome virus and Haemophilus parasuis: a role
of IFNa in pathogenesis of co-infections. Vet Microbiol. (2018) 225:64-71.
doi: 10.1016/j.vetmic.2018.09.016

Kimman TJ, Cornelissen LA, Moormann RJ, Rebel JMJ, Stockhofe-
Zurwieden N. Challenges for porcine reproductive and respiratory
syndrome  virus(PRRSV) vaccinology. Vaccine. (2009) 27:3704-18.
doi: 10.1016/j.vaccine.2009.04.022

Murtaugh MP, Genzow M. Immunological solutions for treatment and
prevention of porcine reproductive and respiratory syndrome (PRRS).
Vaccine. (2011) 29:8192-204. doi: 10.1016/j.vaccine.2011.09.013
Renukaradhya GJ, Meng X], Calvert JG, Roof M, Lager, KM. Inactivated
and subunit vaccines against porcine reproductive and respiratory
syndrome: current status and future direction. Vaccine. (2015) 33:4069-80.
doi: 10.1016/j.vaccine.2015.06.092

Renukaradhya GJ, Meng X], Calvert JG, Roof M, Lager, KM. Live
porcine  reproductive respiratory  syndrome  virus
current status and future direction. Vaccine. (2015)
doi: 10.1016/j.vaccine.2015.04.102

Diaz I, Gimeno M, Callen J, Pujols ], Lopez S, Charreyre C, et al. Comparison
of different vaccination schedules for sustaining immune response against
porcine reproductive and respiratory syndrome virus. Vet J. (2013) 197:438-
44. doi: 10.1016/j.tvj1.2013.02.008

Bonckaert C, Van der Meulen K, Rodriguez-Bellara I, Pedrazuela Sanz
R, Martinez ME, Nauwynck HJ. Modified-live PRRSV subtype 1 vaccine
UNISTRAIN PRRS provides a partial clinical and virological protection upon

experimentally

vaccines:
33:3065-72.

and

Frontiers in Immunology | www.frontiersin.org

August 2019 | Volume 10 | Article 1689


https://doi.org/10.1099/vir.0.81782-0
https://doi.org/10.1007/s00705-008-0146-2
https://doi.org/10.1016/j.vetmic.2011.01.008
https://doi.org/10.1016/S0378-1135(02)00427-3
https://doi.org/10.1016/j.vetmic.2014.05.030
https://doi.org/10.1186/1746-6148-8-182
https://doi.org/10.1016/j.vetmic.2016.06.003
https://doi.org/10.1016/j.vaccine.2016.12.040
https://doi.org/10.1186/1471-2164-11-544
https://doi.org/10.1186/1746-6148-6-30
https://doi.org/10.1016/j.vetmic.2017.02.020
https://doi.org/10.1016/j.vetimm.2015.07.003
https://doi.org/10.1007/s007050050256
https://doi.org/10.1128/jvi.74.22.10834-10837.2000
https://doi.org/10.1016/j.tvjl.2007.05.022
https://doi.org/10.1016/j.tvjl.2012.11.012
https://doi.org/10.1146/annurev-animal-022114-111025
https://doi.org/10.1089/vim.2010.0051
https://doi.org/10.1053/rvsc.1998.0277
https://doi.org/10.1177/104063879400600326
https://doi.org/10.1089/088282402320914494
https://doi.org/10.1099/vir.0.18698-0
https://doi.org/10.1099/vir.0.80959-0
https://doi.org/10.1016/j.vetmic.2015.08.026
https://doi.org/10.1016/j.vetmic.2018.09.016
https://doi.org/10.1016/j.vaccine.2009.04.022
https://doi.org/10.1016/j.vaccine.2011.09.013
https://doi.org/10.1016/j.vaccine.2015.06.092
https://doi.org/10.1016/j.vaccine.2015.04.102
https://doi.org/10.1016/j.tvjl.2013.02.008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Toman et al.

Immune Response After PRRSV Vaccination

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

challenge with East European subtype 3 PRRSV strain Lena. Porcine Health
Manag. (2016) 2:12. doi: 10.1186/540813-016-0029-y

Kristensen CHS, Kvisgaard LK, Pawlowski M, Holmgaard Carlsen S, Hjulsager
CK, Heegaard PMH, et al. Efficacy and safety of simultaneous vaccination
with two modified live virus vaccine against porcine reproductive and
respiratory syndrome virus types 1 and 2 in pigs. Vaccine. (2018) 36:227-36.
doi: 10.1016/j.vaccine.2017.11.059

Sun H, Workman A, Osorio FA, Steffen D, Vu HLX. Development
of a broadly protective modified-live vaccine candidate against porcine
reproductive and respiratory syndrome virus. Vaccine. (2018) 36:66-73.
doi: 10.1016/j.vaccine.2017.11.028

Linhares DCL, Johnson C, Morrison RB. Economic analysis of
vaccination strategies for PRRS control. PloS ONE. (2015) 10:¢0144265.
doi: 10.1371/journal.pone.0144265

Pileri E, Mateu E. Review on the transmission porcine reproductive
and respiratory syndrome virus between pigs and farms and impact
on vaccination. Vet Res. (2016) 47:108. doi: 10.1186/s13567-016-
0391-4

Nathues H, Alarcon P, Rushton J, Jolie R, Fiebig K, Jimenez M,
et al. Cost of porcine reproductive and respiratory syndrome virus at
farm level - an economic model. Prev Vet Med. (2017) 142:16-29.
doi: 10.1016/j.prevetmed.2017.04.006

Nechvatalova K, Knotigova P, Krejci J, Faldyna M, Gopfert E, Satran P, et al.
Significance of different types and levels of antigen-specific immunity to
Actinobacillus pleuropneumoniae infection in piglets. Vet Med Czech. (2005)
50:47-59. doi: 10.17221/5596-VETMED

Stepanova H, Pavlova B, Stromerova N, Matiasovic J, Kaevska M, Pavlik
I, Faldyna M. Cell-mediated immune response in swine infected with
Mycobacterium avium subsp. Avium Vet Immunol Immunopathol. (2011)
142:107-12. doi: 10.1016/j.vetimm.2011.04.005

Zelnickova P, Faldyna M, Stepanova H, Ondracek ], Kovaru F. Intracellular
cytokine detection by flow cytometry in pigs: fixation, permeabilization
and cell surface staining. ] Immunol Methods. (2007) 327:18-29.
doi: 10.1016/j.jim.2007.07.006

Zuckermann FA, Garcia EA, Luque ID, Christopher-Hennings J, Doster
A, Brito M, et al. Assessment of the efficacy of commercial porcine
reproductive and respiratory syndrome virus (PRRSV) vaccines based on
measurement of serologic response, frequency of gamma-IFN-producing cells
and virological parameters upon challenge. Vet Microbiol. (2007) 123:69-85.
doi: 10.1016/j.vetmic.2007.02.009

Kuiek AM, Ooi PT, Yong CK, Chi FN. Comparison of serum and
oral fluid antibody responses after vaccination with modified live (MLV)
porcine reproductive and respiratory syndrome virus (PRRSV) vaccine
in PRRS endemic farms. Trop Anim Health Prod. (2015) 47:1337-42.
doi: 10.1007/s11250-015-0868-6

Rotolo ML, Gimenez-Lirola L, Ji J, Magtoto R, Henao-Diaz YA, Wang CH,
et al. Detection of porcine reproductive and respiratory syndrome virus
(PRRSV)-specific IgM-IgA in oral fluid samples reveals PRRSV infection
in the presence of maternal antibody. Vet Microbiol. (2018) 214:13-20.
doi: 10.1016/j.vetmic.2017.11.011

Woonwong Y, Kedkovid R, Arunorat J, Sirisereewan CH, Nedumpun T,
Poonsuk K, et al. Oral fluid samples used for PRRSV acclimatization program
and sow performance monitoring in endemic PRRS-positive farms. Trop
Anim Health Prod. (2018) 50:291-8. doi: 10.1007/s11250-017-1428-z

Sattler T, Pikalo J, Wodak E, Schmoll F. Ability of ELISAs to detect antibodies
against porcine reproductive and respiratory syndrome virus in serum of pigs
after inactivated vaccination and subsequent challenge. BMC Vet Res. (2016)
12:259. doi: 10.1186/s12917-016-0888-0

Madapong A, Temeeya G, Sang-chuto K, Tripipat T, Navasakuljinda
W, Boonsoongnern A, et al. Humoral immune response and viral
shedding following vaccination with modified live porcine reproductive
and respiratory syndrome virus vaccines. Arch Virol. (2017) 162:139-46.
doi: 10.1007/s00705-016-3084-4

Kroll J, Piontkowski M, Rathkjen PH, Orveillon FX, Kraft CH, Duran
OG. Long duration of immunity against a type 1 heterologous PRRS
virus challenge in pigs immunised with novel PRRS MLV vaccine:
a randomised controlled study. Porcine Health Manag. (2018) 4:11.
doi: 10.1186/s40813-018-0087-4

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hrazdilova K, Dadakova E, Brozova K, Modry D, Vodicka R, Celer V.
New species of Torque Teno miniviruses infecting gorillas and chimpanzees.
Virology. (2016) 487:207-14. doi: 10.1016/j.virol.2015.10.016

Dadakova E, Brozova K, Piel AK, Steward FA, Modry D, Celer V,
et al. Adenovirus infection in savanna chimpanzees (Pan troglodytes
schweinfurthii) in the Issa Valley, Tanzania. Arch Virol. (2018) 163:191-6.
doi: 10.1007/500705-017-3576-x

Stadler ], Naderer L, Beffort L, Ritzmann M, Fiebig K, Saalmiller A,
et al. Safety and immune response after intradermal application of Porcilis
PRRS in either neck or the perianal region. PloS ONE. (2018) 13:e0203560.
doi: 10.1371/journal.pone.0203560

Piras F, Bolard S, Laval E Joisel F, Reynaud G, Charreyre C, et al. Porcine
reproductive and respiratory syndrome (PRRS) virus-specific Interferon-y™
T-cell responses after PRRS virus infection or vaccination with inactivated
PRRS vaccine. Virol Immunol. (2005) 18:381-9. doi: 10.1089/vim.2005.18.381
Saalmuller A, Verner T, Fachinger V. T-helper cells from naive
to commited. Vet Immunol Immunopathol. (2002) 87:137-45.
doi: 10.1016/S0165-2427(02)00045-4

Chung CHJ, Cho SH, Grimm AL, Ajithdoss D, Rzepka J, Chung G, et al. Pig
that recover porcine reproduction and respiratory syndrome virus infection
develop cytotoxic CD4TCD8" and CD4"CD8™ T-cells that kil virus infected
cells. PloS ONE. (2018) 13:0203482. doi: 10.1371/journal.pone.0203482
Martinez-Lobo FJ, de Lome LC, Diez-Fuertes F, Segales ], Garcia-Artiga C,
Simarro I, et al. Safety of reproductive and respire syndrome modified live
virus (MLV) vaccine strains in a young pig infection model. Vet Res. (2013)
44:115. doi: 10.1186/1297-9716-44-115

Shi M, Lam TTY, Hon CH, Hui RK, Faaberg KS, Vennblom T, et al. Molecular
epidemiology of PRRSV: a phylogenetic perspective. Vet Res. (2010) 154:7-17.
doi: 10.1016/j.virusres.2010.08.014

Wang X, Yang X, Rong Z, Zhou L, Ge X, Guo X. Genomic
characterization and pathogenicity of a strain of type 1 porcine
reproductive and respiratory syndrome virus. Virus Res. (2016) 225:40-9.
doi: 10.1016/j.virusres.2016.09.006

Heller P, Schagemann G, Schroder C, Stampa E, Ohlinger V, Wendt M.
Elimination of PRRS virus (EU-type) from farrow-to finish breeding farm
by vaccination with Ingel-vac ¥ PRRS MLV under unfavourable conditions.
Praktische Tierarzt. (2011) 92:416-20.

Zhao Z, Qin Y, Lai Z, Peng L, Cai X, Wang L, et al. Microbial ecology of
swine farms and PRRS vaccine vaccination strategies. Vet Microbiol. (2012)
155:247-56. doi: 10.1016/j.vetmic.2011.09.028

Werdeling F, Mues G, Offenberg S, Zantz S, Fiebig K. Development
and control of an acute PRRS field virus infection in an endemic PRRS
breeding herd after vaccination with modified live vaccine. Praktische Tierarzt.
(2012) 93:722-7.

Cheah ZH, Ooi PT, Phang LY, Chua V, Low SE, Cheah HC, et al. Different
porcine reproductive and respiratory syndrome (PRRS) vaccine regimes and
its effect on pig immunity status at South Asia pig farms. Trop Biomed.
(2017) 34:388-95.

Jeong J, Kim S, Park KH, Kang I, Park SJ, Park CH, et al. Evaluation of the
effect of a porcine reproductive and respiratory syndrome (PRRS) modified-
live virus vaccine on sow reproductive performance in endemic PRRS farm.
Vet Microbiol. (2017) 208:47-52. doi: 10.1016/j.vetmic.2017.07.016

Toman, M, Celer V, Smola J. Successful elimination of PRRS virus from
an infected farrow-to-finish herd by vaccination. Vet Med Czech. (2017)
62:553-8. doi: 10.17221/68/2017-VETMED

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Toman, Celer, Kavanovd, Levd, Frolichova, Ondrdckovd,
Kudldckovd, Nechvitalovd, Salat and Faldyna. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

12

August 2019 | Volume 10 | Article 1689


https://doi.org/10.1186/s40813-016-0029-y
https://doi.org/10.1016/j.vaccine.2017.11.059
https://doi.org/10.1016/j.vaccine.2017.11.028
https://doi.org/10.1371/journal.pone.0144265
https://doi.org/10.1186/s13567-016-0391-4
https://doi.org/10.1016/j.prevetmed.2017.04.006
https://doi.org/10.17221/5596-VETMED
https://doi.org/10.1016/j.vetimm.2011.04.005
https://doi.org/10.1016/j.jim.2007.07.006
https://doi.org/10.1016/j.vetmic.2007.02.009
https://doi.org/10.1007/s11250-015-0868-6
https://doi.org/10.1016/j.vetmic.2017.11.011
https://doi.org/10.1007/s11250-017-1428-z
https://doi.org/10.1186/s12917-016-0888-0
https://doi.org/10.1007/s00705-016-3084-4
https://doi.org/10.1186/s40813-018-0087-4
https://doi.org/10.1016/j.virol.2015.10.016
https://doi.org/10.1007/s00705-017-3576-x
https://doi.org/10.1371/journal.pone.0203560
https://doi.org/10.1089/vim.2005.18.381
https://doi.org/10.1016/S0165-2427(02)00045-4
https://doi.org/10.1371/journal.pone.0203482
https://doi.org/10.1186/1297-9716-44-115
https://doi.org/10.1016/j.virusres.2010.08.014
https://doi.org/10.1016/j.virusres.2016.09.006
https://doi.org/10.1016/j.vetmic.2011.09.028
https://doi.org/10.1016/j.vetmic.2017.07.016
https://doi.org/10.17221/68/2017-VETMED
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Dynamics and Differences in Systemic and Local Immune Responses After Vaccination With Inactivated and Live Commercial Vaccines and Subsequent Subclinical Infection With PRRS Virus
	Introduction
	Materials and Methods
	Animals
	Vaccines
	Challenge Virus
	Experiment Design
	Sampling
	Quantitative RT-PCR for Viral Load Detection
	Serology Evaluation
	Virus Neutralization Test
	Lymphocyte Transformation Test
	ELISpot (for IFN-γ Production)
	Identification of Lymphocyte Subpopulation Producing IFN-γ After Antigen Stimulation
	Statistical Analysis
	Legend on the Figure

	Results
	Detection of Antibody Levels in Sera
	Detection of Antibody Levels in Other Compartments
	Cell Mediated Immune Response
	Virus Load and Clinical Signs

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


