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based on an inactivated
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hyopneumoniae with an
embedded/integrated porcine
circovirus type 2 (PCV2) capsid
protein and concurrent
administration with monovalent
of M. hyopneumoniae and PCV2
intradermal vaccine

Jeongmin Suh, Sehyeong Ham and Chanhee Chae*

Department of Veterinary Pathology, College of Veterinary Medicine, Seoul National University, Seoul,
Republic of Korea

Background: Efficacy of an intradermal all-in-one vaccine based on an
inactivated recombinant Mycoplasma hyopneumoniae strain with an embedded/
integrated porcine circovirus type 2 (PCV2) capsid protein thereof, as the single
active substance, is provided.

Objective: To evaluate and compare an intradermal M. hyopneumoniae and
PCV2 all-in-one vaccine with monovalent of M. hyopneumoniae and PCV2
intradermal vaccines administered concurrently.

Animals: A total of 60 pigs were randomly divided into three groups (20 pigs per
group; male =10 and female = 10) in each of three farms.

Methods: The clinical field trials were conducted on three farms, each
suffering from PCV2 infection and enzootic pneumonia. The pigs in the all-
in-one-vaccinated groups were injected intradermally with 0.2 mL of the
all-in-one vaccine through a needle-free device. The pigs in the concurrent-
vaccinated groups were injected with 0.2 mL of PCV2 vaccine and 0.2 mL of
M. hyopneumoniae vaccine intradermally through a needle-free device, which
allows two vaccines each in their separate vials to be applied simultaneously.
The pigs in the unvaccinated groups were administered an equal volume of
phosphate buffered saline in the same manner at 21 days of age.

Results: Intradermal vaccination improved pig production performance. It was
also able to stimulate systemic humoral and cell-mediated immune responses
to M. hyopneumoniae and PCV2d, which reduced M. hyopneumoniae nasal
loads and the severity of mycoplasmal lung lesions. Through this stimulation,
PCV2 blood viral load and lymphoid severity were also reduced.
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intradermal vaccines were considered efficacious and

conferred cross-protection of pig herds suffering from PCV2 infection and
enzootic pneumonia.
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Introduction

Porcine circovirus type 2 (PCV2) is the primary causative
pathogen of porcine circovirus-associated disease (PCVAD), which
collectively represents the many clinical manifestations of PCV2
infections such as postweaning multisystemic wasting syndrome
(PMWS), porcine respiratory disease complex (PRDC), reproductive
disorders, and enteric diseases (1-3). Subclinical PCV2 infection is
currently considered the most common form of PCVAD due to the
widespread use of efficacious PCV2 vaccine (3). Similarly, the
worldwide spread of enzootic pneumonia is often caused by
Mycoplasma hyopneumoniae, which frequently leads to subclinical pig
infection. This is categorized by a chronic dry cough, unthrifty pig
appearance, and reduced pig growth (4, 5).

Pig coinfection of pigs with PCV2 and M. hyopneumoniae is
recognized as part of PRDC, which is responsible for enormous
economic losses to global pig industry (6, 7). Until the recent
introduction and gain in popularity of intradermal vaccines,
traditional, intramuscularly-administered bivalent vaccines have been
the most commonly used worldwide method of controlling PCV2 and
M. hyopneumoniae coinfections in pigs. Intradermal vaccination can
prime a strong humoral and cellular immune response comparable to
that obtained by intramuscular vaccination (8). Additional advantages
in using a needle-free intradermal route of antigen administration are
pig pain and stress minimization, and an improvement in meat quality
due to the lack of needle-induced injection site lesions and the
removal of needle breakage risk. The development and usage of
intradermal vaccines is likely to continue growing within the
veterinary field due to these apparent advantages.

Although commercially available intradermal monovalent
vaccines are used to control either M. hyopneumoniae or PCV2
infection (9, 10), an intradermal bivalent vaccine used to control both
pathogens is not yet commercially available. This study evaluated an
all-in-one vaccine (MHYOSPHERE® PCV ID, Laboratorios HIPRA
S.A., Amer, Spain) that is based on an inactivated recombinant
M. hyopneumoniae strain called Nexhyon with an embedded/
integrated PCV2 capsid protein thereof, as the single active substance.
MHYOSPHERE® PCV ID was explicitly developed for intradermal
administration using a needle free and intradermal injector (11). An
all-in-one vaccine (MHYOSPHERE® PCV ID, Laboratorios HIPRA
S.A.) conferred protection against co-challenge of M. hyopneumoniae
and PCV2d under experimental conditions (11). Therefore, the
objective of this study was to determine and compare the efficacy of a
new intradermal vaccine of M. hyopneumoniae and PCV2 (hereafter
called the “all-in-one vaccine”) with the intradermal monovalent
vaccines of M. hyopneumoniae and PCV2 administered through a
needle-free device which allows two monovalent vaccines in two
separate vials to be applied simultaneously (hereafter called the
“concurrent vaccine”) under field conditions.
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Materials and methods
Ethical statement

All of the methods were approved by the Seoul National University
Institutional Animal Care and Use, and Fthics Committee
(SNU-220117-1).

Farm history

The clinical field trial was conducted on three farms. Farms were
labeled as “A, B, and C” and were 410-sow, 210-sow, and 320-sow
(respectively) farrow-to-finish swine operations with an all-in-all-out
production system. Sows from the three farms were not immunized
for either PCV2 or M. hyopneumoniae. All piglets received
vaccinations for PCV2 and M. hyopneumoniae at 3 weeks of age. The
status of porcine reproductive and respiratory syndrome (PRRS) was
stable, with no active PRRSV circulation (high-parity sows are the
only seropositive animals in the herd) on three farms.

Farms A, B, and C were selected based on their history of
subclinical PCV?2 infection and M. hyopneumoniae infection. Each
farm consistently suffered pig loss over several months due to growth
retardation and respiratory disease during the late post-weaning and
growing stages. Previous diagnoses fulfilled the definition of
subclinical PCV2 infection (3) to include decreased average daily gain
without overt clinical signs, absence of or minimal histopathological
lesions in superficial inguinal lymph nodes, and a low amount of
PCV2 antigen presence in superficial inguinal lymph nodes as
determined by immunohistochemistry in two out of three suspected
pigs from the three farms. PCV2d was detected in serum from three
pigs with each of these three farms, where logl0 DNA copies/mL
ranged from 5.99 to 6.72 from farm A, 4.77 to 6.66 from farm B, and
6.02 to 7.03 from farm C by real-time PCR DNA in two out of three
pigs at the 8 weeks of age from farm A, in two out of two pigs at
9 weeks of age from farm B, and two out of four pigs at the 8 weeks of
age from farm C. In addition, a histological lung examination was
performed at the same age, which confirmed that two out of three pigs
from farm A, one out of two pigs from farm B, and two out of four pigs
from farm C had mycoplasma pneumonia lesions.

Clinical field design

The experimental design for the field study strictly adhered to the
guidelines set by the Republic of Korea’s Animal, Plant & Fisheries
Quarantine & Inspection Agency (QIA, http://www.qia.go.kr). To
minimize sow variation, six 18-day-old piglets (three males and three
females, of similar weight) were randomly selected using the random

02 frontiersin.org


https://doi.org/10.3389/fvets.2025.1428263
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://www.qia.go.kr

Suh etal.

number generator function (Excel, Microsoft Corporation, Redmond,
WA, United States) from each sow and assigned evenly (one male and
one female per sow) to each of the three groups in each of three farms.
A total of 60 pigs were randomly divided into three groups (20 pigs
per group; male =10 and female = 10) using the same software and
function in each of three farms. Pigs were identified by ear notching.

At 0 days post-vaccination (dpv, 21 days of age), the pigs in the
VacAl, VacB1, and VacCl1 groups were each administered 0.2 mL of
M. hyopneumoniae and PCV?2 all-in-one vaccine (MHYOSPHERE®
PCV HIPRA S.A.
M. hyopneumoniae: relative potency >1.3, antigen content of PCV2:

ID, Laboratorios antigen content of
relative potency >1.3) through the intradermal route through a
needle-free device (Hipradermic®, Laboratorios HIPRA S.A.). Each
farm received a different vaccine serial as follows: Farm A = Batch No.
I0EH5 (Expiration date Apr-2025), Farm B = Batch No. I0EH6
(Expiration date Apr-2025), and Farm C=Batch No. I0OEH7
(Expiration date Apr-2025). The pigs in the VacA2, VacB2, and VacC2
groups received 0.2 mL of monovalent PCV2 vaccine (Porcilis® PCV
ID, antigen content of PCV2: antigen unit >1,436, Lot No. A079A01,
Expiration date: May-2024, MSD Animal Health, Boxmeer,
Netherlands) and 0.2 mL of monovalent M. hyopneumoniae vaccine
(Porcilis® M HYO ID ONCE, antigen content of M. hyopneumoniae:
packed cell volume units inducing >6.5 log, antibody titer, Lot No.
A094B01, Expiration date: 29-Aug-2024, MSD Animal Health)
through the intradermal route with a needle-free device (twin-nozzle
IDAL® 3G Twin, Henke-Sass Wolf, Germany) which allows two
vaccines in two separate vials to be applied simultaneously as
concurrent vaccine. The pigs in the UnVacA, UnVacB, and UnVacC
groups were administered an equal volume of phosphate buffered
saline (PBS, 0.01 M, pH 7.4, 0.2 mL) through the intradermal route
through a needle-free device (Hipradermic®, Laboratorios HIPRA
S.A.). Pigs were allowed to commingle between treatments to
minimize pen variation. They were randomly reassigned into six pens
(10 pigs per pen) within the same building. All animals were housed
within the same building in similar conditions, received the same feed,
and were subjected to the same management practices.

Five pigs from each group were randomly selected and euthanized
for necropsy at 91 days post-vaccination (dpv) (112 days of age). The
rest of the pigs from each group were euthanized for necropsy at 154
dpv (175 days of age). Pigs were sedated by an intravenous injection
of sodium pentobarbital and then euthanized as previously described
(12). Tissues such as lung and subinguinal lymph node were collected
from each pig at necropsy and fixed for 24 h in 10% neutral buffered
formalin, routinely processed, and embedded in paraffin.

Sampling collection

Blood, and fecal and nasal swabs will be collected from all pigs at
0 (21 days of age), 28 (49 days of age), 49 (70 days of age), 91 (112 days
of age), and 154 (175 days of age) dpv.
Clinical observation

Pigs were monitored daily and scored weekly for clinical signs.

Scoring was defined according to the following scale: 0 (normal), 1
(rough haircoat), 2 (rough haircoat and mild dyspnea), 3 (mild
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dyspnea and abdominal breathing), 4 (moderate dyspnea and
abdominal breathing), 5 (severe dyspnea and abdominal breathing),
and 6 (death). Scoring observers were blinded to vaccination status.

Growth performance

The live weight of each pig was measured at 0 (21 days of age), 49
(70 days of age), 91 (112 days of age), and 154 (175 days of age) dpv.
The average daily weight gain (ADWG; gram/pig/day) was analyzed
over three time periods: (i) between 0 and 49 dpv, (ii) between 49 and
91 dpv, (iii) between 91 and 154 dpv, and (iv) between 0 and 154 dpv.
ADWG during the different production stages was calculated as the
difference between the starting and final weight divided by the
duration of the stage. Data for dead or removed pigs were included in
the calculation.

Mortality

During the field trials, dead pigs were submitted to the diagnostic
laboratory at Seoul National University. Diagnosis was carried out
using routine methods, as previously described (13).

Quantification of PCV2d DNA in serum,
nasal and fecal samples

DNA was extracted from serum, and nasal and fecal samples
using the commercial kit (QIAamp DNA Mini Kit, QIAGEN,
Valencia, CA) to quantify PCV2d genomic DNA copy numbers by
real-time PCR. The assay’s detection limit was 1.2 x 10* genomic copy
numbers of PCV2d (14, 15).

Quantification of Mycoplasma
hyopneumoniae DNA in laryngeal samples

DNA was extracted from laryngeal swabs using the commercial
kit (QIAamp DNA Mini Kit, QIAGEN) to quantify the
M. hyopneumoniae genomic DNA copy numbers by real-time PCR
(16). The assay’s detection limit was 1.3 x 10* genomic copy numbers
of M. hyopneumoniae (16, 17).

Serology

The presence of PCV2 and M. hyopneumoniae antibodies was
evaluated in serum samples by use of commercially available enzyme-
linked immunosorbent assay (ELISA) kits (Porcine Circovirus type 2
Antibody Test, BioChek B.V., Reeuwijk, Holland and M. hyo Ab test,
IDEXX Laboratories Inc. Westbrook, Maine, United States) according
to the manufacturer’s instructions. Serum samples were considered
positive for the presence of PCV2 antibody when the average sample-
to-positive ratio (S/P) ratio was >0.5 and as positive for
M. hyopneumoniae antibody if the S/P ratio was >0.4. The serum viral
neutralization test was performed in 96-well microtitration plates
using PK-15 cells as the indicator (14, 18, 19).
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Enzyme-linked immunospot

An enzyme-linked immunospot (ELISpot) assay was conducted
to measure the numbers of PCV2d- and M. hyopneumoniae-specific
interferon-y secreting cells (IFN-y-SC). Peripheral blood mononuclear
cells (PBMC) were stimulated using the aforementioned challenge
strains for PCV2d and M. hyopneumoniae with results reported as the
number of IFN-y-SC per million PBMC (14, 20).

Pathology

Two pathologists at the Seoul National University scored the
severity of macroscopic lung lesions blindly in order to estimate the
percentage of the lung affected by pneumonia (21). Two blinded
veterinary pathologists then examined the collected lung and
lymphoid tissue sections. The severity of lung lesions was evaluated
for presence of peribronchial and peribronchiolar lymphoid
hyperplasia, and the amount of inflammation in the lamina propria of
bronchi and bronchioles ranging from 0 to 6 (0 = normal; 1 = mild
multifocal; 2 = mild diffuse; 3 = moderate multifocal; 4 = moderate
diffuse; 5 = severe multifocal; 6 = severe diffuse) (22). The severity of
lymphoid lesions was evaluated for presence of lymphoid depletion
and inflammation, and given a score ranging from 0 to 5 (0 = normal;
1 =mild lymphoid depletion; 2 =mild to moderate lymphoid
depletion and histiocytic replacement; 3 = moderate diffuse lymphoid
depletion and histiocytic replacement; 4 = moderate to severe
lymphoid depletion and histiocytic replacement; 5 = severe lymphoid
depletion and histiocytic replacement) (23).

Immunohistochemistry

Immunohistochemistry for PCV2 was performed as previously
described (24). Three sections were cut from each of three blocks of
tissue from a lymph node of each pig and prepared on slides for the
morphometric analyses of immunohistochemistry. Quantitative data
were analyzed from the prepared immunohistochemistry slides using
the NIH Image] 1.45s Program.! PCV2 analysis was conducted by the
random selection of 10 fields, where number of the positive cells per
unit area (0.25 mm?) was determined as previously described (25).
The mean values were also calculated.

Statistical analysis

For statistical processing, real-time PCR data and neutralizing
antibody titers were converted into decimal logarithmic and binary
logarithmic values, respectively. A normal distribution was determined
with the Shapiro-Wilk on these data. Whether or not the groups had
statistically significant differences between them at various timepoints
was then determined by performing a one-way ANOVA. For further
evaluation, a post-hoc test for a pairwise comparison with Tukey’s
adjustment was conducted with a statistical significance result from a
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one-way ANOVA test. A Kruskal-Wallis test was additionally
performed only in cases where the normality assumption was not met.
Results which showed statistical significance from the Kruskal-Wallis
test were further evaluated with the Mann-Whitney U test to compare
the differences among the groups. Results were reported in p-values
and the values of p < 0.05 were considered significant.

Results
Clinical signs

In farm A, two vaccinated groups had significantly (p < 0.05) lower
respiratory sign scores than those in the unvaccinated group at 56, 63,
and 77 dpv (Figure 1A). In farm B, two vaccinated groups had
significantly (p < 0.05) lower respiratory sign scores than those in the
unvaccinated group at 35,42, 49, 63,77, 84, 98, and 119 dpv (Figure 1B).
In farm C, two vaccinated groups had significantly (p < 0.05) lower
respiratory sign scores than those in unvaccinated group at 35, 42, and
91 dpv. The all-in-one-vaccinated group had significantly (p < 0.05)
lower respiratory sign scores than those in unvaccinated group at 49
and 77 dpv (Figure 1C). No statistical difference occurred between the
two vaccinated groups at all three farms.

Mortality

One all-in-one-vaccinated pig in the VacAl group died from
streptococcal meningitis at 87 days old. One concurrent-vaccinated
pig in the VacA2 group died of bronchopneumonia from a coinfection
of M. hyopneumoniae (PCR positive) and Pasteurella multocida
(isolation) at 109 days old. Three unvaccinated pigs in the UnVacA
group died from bronchopneumonia by coinfection of
M. hyopneumoniae (PCR positive) and P. multocida (isolation) at
80 days old (one pig) and M. hyopneumoniae (PCR positive) and
Trueperella pyogenes (isolation) at 93 days old (two pigs).

One all-in-one-vaccinated pig in the VacB1 group died from
polyserositis by infection of Glaesserella parasuis (isolation) at
101 days old. Two concurrent-vaccinated pigs from the VacB2 group
died of bronchopneumonia by coinfection of PCV2d (PCR positive),
M. hyopneumoniae (PCR positive), and Staphylococcus aureus
(isolation) at 95 days old, and from polyserositis by a coinfection of
PCV2d (PCR positive) and G. parasuis (isolation) at 108 days old,
respectively. One unvaccinated pig in the UnVacB group died from
caused by a PCvV2d (PCR positive),
M. hyopneumoniae (PCR positive), and T. pyogenes (isolation)

bronchopneumonia

coinfection at 86 days old.

One concurrent-vaccinated pig in the VacC2 group died from
hemorrhagic enteritis with unknown etiology at 104 days old. One
unvaccinated pig in the UnVacC group died from bronchopneumonia
resulting from a coinfection of PCV2d (PCR positive) and P. multocida
(isolation) at 87 days old and unknown etiology at 108 days old.

Growth production

Although body weights were not significantly different at the
beginning of the study (0 dpv, 21 days of age), statistical difference was
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FIGURE 1
Respiratory clinical scores. (A) Mean values of respiratory clinical scores in the farm A. (B) Mean values of respiratory clinical scores in the farm B.
(C) Mean values of respiratory clinical scores in the farm C. Variation is expressed as the standard deviation. Different letters within a sampling point
mean statistically significant differences (p < 0.05).

measured at 91 (112 days of age) and 154 (175 days of age) dpv between
the two vaccinated and the unvaccinated group in three farms. In farms,
A and C, two vaccinated groups had a significantly (p < 0.05) higher
ADWG than that of the unvaccinated group throughout the fattening
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period (49 to 91 dpv, 70 to 112 days of age) and overall period (0 to 154
dpv; 21 to 175 days) (Figures 2A,C). In farm B, the all-in-one-vaccinated
group had a significantly (p < 0.05) higher ADWG than that of the
unvaccinated group throughout the fattening period (49 to 91 dpv, 70 to
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112 days of age). Two vaccinated groups had a significantly (p < 0.05)
higher ADWG than that of the unvaccinated pigs during the overall
period (0 to 154 dpv; 21 to 175 days of age) (Figure 2B).

PCV2d DNA in serum samples

Vaccination of two groups within farm A significantly (p < 0.05)
lowered the amount of measured PCV2d genomic copies in the serum
samples compared to the unvaccinated group at 28, 49, and 91 dpv
(Figure 3A). Within farm B, the all-in-one-vaccinated group resulted
in a significantly (p < 0.05) lower amount of PCV2d genomic copies
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FIGURE 2

Average daily weight gain (ADWG). (A) Mean values of ADWG in the
farm A. (B) Mean values of ADWG in the farm B. (C) Mean values of
ADWG in the farm C. Variation is expressed as the standard deviation.
Different letters within a sampling point mean statistically significant
differences (p < 0.05).
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as measured from serum samples than those of the unvaccinated
group at 49 and 91 dpv. The concurrent-vaccinated group significantly
(p < 0.05) lowered the amount of PCV2d genomic copies in the serum
samples compared to the unvaccinated group at 91 dpv (Figure 3B).
In farm C, the all-in-one-vaccinated group resulted in a significantly
(p < 0.05) lower amount of PCV2d genomic copies in the serum
samples than those from the unvaccinated group at 28, 49, and 91 dpv.
The concurrent-vaccinated group significantly (p < 0.05) lowered the
amount of PCV2d genomic copies in the serum samples compared to
the unvaccinated group at 49 dpv (Figure 3C).

Mycoplasma hyopneumoniae DNA in
laryngeal samples

Vaccination of two groups in both farms, A and C, significantly
(p < 0.05) lowered the amount of M. hyopneumoniae genomic copies
in the laryngeal samples compared to the unvaccinated group at 28
and 49 dpv. All-in-one vaccination resulted in a significantly (p < 0.05)
reduced amount of M. hyopneumoniae genomic copies in laryngeal
samples compared to the unvaccinated group at 91 dpv (Figures 3D,F).
Within farm B, all-in-one-vaccination significantly (p < 0.05) reduced
the amount of M. hyopneumoniae genomic copies in the laryngeal
samples compared to the unvaccinated group at 28 and 91 dpv.
Vaccination of both groups significantly (p <0.05) reduced the
amount of M. hyopneumoniae genomic copies in the laryngeal samples
compared to the unvaccinated group at 49 dpv (Figure 3E).

Immune responses against PCV2

Vaccination of two groups in farm A (VacAl and VacA2) yielded
significantly (p < 0.05) higher PCV2 S/P ratios compared to the
unvaccinated group (UnVacA) at 28 and 49 dpv. The concurrent-
vaccinated group (VacA2) had significantly (p < 0.05) higher PCV2
S/P ratios compared to the unvaccinated group (UnVacA) at 154 dpv
(Figure 4A). Vaccination of two groups in farm B yielded significantly
(p < 0.05) higher PCV2 S/P ratios compared to the unvaccinated
group (UnVacB) at 28, 49, 91, and 154 dpv. The all-in-one-vaccinated
group (VacB1) yielded significantly (p < 0.05) higher PCV2 S/P ratios
than that of the concurrent-vaccinated group (VacB2) at 154 dpv
(Figure 4B). Within farm C, the two vaccinated groups (VacCl and
VacC2) had significantly (p < 0.05) higher PCV2 S/P ratios than that
of the unvaccinated group (UnVacC) at 28, 49, 91, and 154 dpv. The
all-in-one-vaccinated group (VacCl1) yielded a significantly (p < 0.05)
higher PCV2 S/P ratios compared to the concurrent-vaccinated group
(VacC2) at 28 and 91 dpv (Figure 4C).

Within farm A, the two vaccinated groups (VacAl and VacA2)
had significantly (p < 0.05) higher neutralizing antibody titers against
PCV2d compared to the unvaccinated group (UnVacA) at 28, 49, 91,
and 154 dpv. The all-in-one-vaccinated group (VacAl) had
significantly (p < 0.05) higher neutralizing antibody titers against
PCV2d compared to the concurrent-vaccinated group (VacA2) at 28,
49, and 154 dpv (Figure 5A). Within farm B, the two vaccinated
groups (VacBl and VacB2) had significantly (p <0.05) higher
neutralizing antibody titers against PCV2d compared to the
unvaccinated group (UnVacB) at 28, 49, 91, and 154 dpv. The all-in-
one-vaccinated group (VacB1) had significantly (p < 0.05) higher
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within a sampling point mean statistically significant differences (p < 0.05).
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neutralizing antibody titers against PCV2d compared to the
concurrent-vaccinated group (VacB2) at 49 dpv (Figure 5B). Within
farm C, the two vaccinated groups (VacCl and VacC2) had
significantly (p < 0.05) higher neutralizing antibody titers against
PCV2d compared to the unvaccinated group (UnVacB) at 28, 49, and
91 dpv. The all-in-one-vaccinated group (VacCl) had significantly
(p < 0.05) higher neutralizing antibody titers against PCV2d compared
to the concurrent-vaccinated group (VacC2) at 28 dpv (Figure 5C).
Within farm A, vaccination of two groups (VacAl and VacA2)
yielded significantly (p < 0.05) higher numbers of PCV2d specific
IFN-y-SC than those of the unvaccinated group (UnVacA) at 28
(except for VacA2), 49, and 91 dpv. The all-in-one-vaccinated group
(VacAl) had significantly (p < 0.05) higher numbers of PCV2d specific
IFN-y-SC at 49 dpv compared to the concurrent-vaccinated group
(VacA2) (Figure 6A). Within farm B, the two vaccinated groups
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(VacB1 and VacB2) yielded significantly (p < 0.05) higher IFN-y-SC
against PCV2d than those of the unvaccinated group (UnVacB) at 28,
49, 91, and 154 dpv (Figure 6B). Within farm C, the two vaccinated
groups (VacCl and VacC2) yielded significantly (p < 0.05) higher
IFN-y-SC against PCV2d than those of the unvaccinated group
(UnVacB) at 49, 91, and 154 dpv (Figure 6C).

Immune responses against Mycoplasma
hyopneumoniae

The two vaccinated groups within farms A and C had significantly
(p <0.05) higher M. hyopneumoniae S/P ratios than those of their
corresponding unvaccinated group at 28, 49, 91, and 154 (except for
VacC2) dpv (Figures 7A,C). Within farm B, the all-in-one-vaccinated
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FIGURE 4
Porcine circovirus type 2 (PCV2) antibodies. (A) Mean values of the ELISA PCV2 antibodies in the farm A. (B) Mean values of the ELISA PCV2 antibodies
in the farm B. (C) Mean values of the ELISA PCV2 antibodies in the farm C. Variation is expressed as the standard deviation. Different letters within a
sampling point mean statistically significant differences (p < 0.05).

group (VacB1) had significantly (p < 0.05) higher M. hyopneumoniae S/P
ratios than the unvaccinated group (UnVacB) at 28, 49, 91, and 154 dpv.
The all-in-one-vaccinated group (VacB1) had a significantly (p < 0.05)
higher M. hyopneumoniae S/P ratios than the concurrent-vaccinated
group (VacB2) at 28 and 91 dpv. The concurrent-vaccinated group
(VacB2) had significantly (p < 0.05) higher M. hyopneumoniae S/P ratios
than the unvaccinated group (UnVacB) at 28 and 49 dpv (Figure 7B).

Frontiers in Veterinary Science

Vaccination of two groups at each farm (A, B, and C) resulted in
significantly (p < 0.05) higher numbers of M. hyopneumoniae specific
IFN-y-SC compared to the corresponding unvaccinated group at 28,
49 (except for farm B), 91 dpv. A significant difference in the number
of M. hyopneumoniae specific IFN-y-SC was not found among the
three groups (two vaccinated and one unvaccinated) at 49 dpv on
farm B (Figures 8A-C).
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Porcine circovirus type 2d (PCV2d) neutralizing antibodies. (A) Mean values of the PCV2d neutralizing antibodies in the farm A. (B) Mean values of the
PCV2d neutralizing antibodies in the farm B. (C) Mean values of the PCV2d neutralizing antibodies in the farm C. Variation is expressed as the standard
deviation. Different letters within a sampling point mean statistically significant differences (p < 0.05).

Pathology farms A, B (Figures 9A-C), and C at 91 and 154 dpv. The all-in-one-
vaccinated group within farms A, B, and C significantly (p < 0.05)

The macroscopic lung lesions, characterized by well-demarcated ~ lowered the severity of macroscopic pulmonary lesions compared to
areas of dark-red to purple firm parenchyma, were observed in  the scores of the unvaccinated group at 91 and 154 dpv. The
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Porcine circovirus type 2d (PCV2d)-specific interferon-y secreting cells (IFN-y-SC). (A) Mean values of the PCV2d-specific IFN-y-SC in the farm A.

(B) Mean values of the PCV2d-specific IFN-y-SC in the farm B. (C) Mean values of the PCV2d-specific IFN-y-SC in the farm C. Variation is expressed as
the standard deviation. Different letters within a sampling point mean statistically significant differences (p < 0.05).
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Mycoplasma hyopneumoniae antibodies. (A) Mean values of the ELISA M. hyopneumoniae antibodies in the farm A. (B) Mean values of the ELISA M.
hyopneumoniae antibodies in the farm B. (C) Mean values of the ELISA M. hyopneumoniae antibodies in the farm C. Variation is expressed as the
standard deviation. Different letters within a sampling point mean statistically significant differences (p < 0.05).

microscopic lung lesions, characterized by peribronchiolar lymphoid
tissue hyperplasia, were observed in farms A, B, and C
(Figures 10A-C) at 91 and 154 dpv. The concurrent-vaccinated
group within farms A and C significantly (p < 0.05) lowered the
severity of macroscopic pulmonary lesions compared to the scores
of the unvaccinated group at 91 and 154 (except for farm A) dpv

Frontiers in Veterinary Science

11

(Table 1). The concurrent-vaccinated group within farms A and C
significantly (p < 0.05) lowered the severity of microscopic
pulmonary lesions compared to the scores of the unvaccinated
group at 91 (except for farm C) and 154 dpv (Table 1). Vaccination
of both groups within farms A (Figures 10D-F), B, and C
significantly (p < 0.05) lowered the severity of lymphoid lesions
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FIGURE 8

Mycoplasma hyopneumoniae-specific interferon-y secreting cells (IFN-y-SC). (A) Mean values of the M. hyopneumoniae-specific IFN-y-SC in the farm
A. (B) Mean values of the M. hyopneumoniae-specific IFN-y-SC in the farm B. (C) Mean values of the M. hyopneumoniae-specific IFN-y-SC in the farm
C. Variation is expressed as the standard deviation. Different letters within a sampling point mean statistically significant differences (p < 0.05).

compared to the scores of the unvaccinated group at 91 and 154 dpv =~ compared to the scores of the unvaccinated group at 91 and 154
(Table 1). (except for farm A) dpv (Table 1).
The all-in-one-vaccinated group within farms A, B, and C
significantly (p < 0.05) lowered the number of lymphoid PCV2 ) )
antigen-positive cells from lymph nodes compared to the scores of the Discussion
unvaccinated group at 91 and 154 dpv. The concurrent-vaccinated
group within farms A, B, and C significantly (p < 0.05) lowered the The intradermal vaccines tested in the present field trials were
number of lymphoid PCV2 antigen-positive cells from lymph nodes  found efficacious against PCV2 and M. hyopneumoniae infection.
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FIGURE 9

Macroscopic lung lesions in pigs from farm B at 91 dpv. (A) Minimal well-demarcated areas of dark-red to purple firm parenchyma (arrow) was
observed in pigs from VacB1. (B) Moderate well-demarcated areas of dark-red to purple firm parenchyma (arrows) was observed in pigs from VacB2.
(C) Severe well-demarcated areas of dark-red to purple firm parenchyma (arrows) was observed in pigs from UnVacB

FIGURE 10

UnVacA

Histopathology of lung in pigs from farm C and lymph node in pigs from farm A at 91 dpv. (A) Minimal peribronchiolar lymphoid hyperplasia was
observed in pigs from VacC1. (B) Moderate peribronchiolar lymphoid hyperplasia (arrows) was observed in pigs from VacC2. (C) Severe peribronchiolar
lymphoid hyperplasia (arrows) was observed in pigs from VacC2 at 91 dpv. (D) Minimal lymphoid depletion was observed in pigs from VacAl

(E) Minimal lymphoid depletion was observed in pigs from VacA2. (F) Severe diffuse lymphoid depletion and histiocytic replacement in pigs from

Similarly, intradermal simultaneous two-separated vaccination with
monovalent PCV2 and M. hyopneumoniae vaccines evaluated in the
present study were as effective in herds as in the previous field study
(10). Intradermal vaccination improved the production performance
in herds suffering from PCV2 infection and enzootic pneumonia.
Although a statistical difference was not calculated between the two
vaccinated groups about growth improvement, a numerical difference
(most likely due to the small animal sample size per group) was noted.
Key production parameters such as body weight and ADWG (where
a numerical difference was observed), would have resulted in a
positive economic impact had the entire herd received the vaccine.
Vaccination also benefits pigs indirectly, as observed in these field
trials, by reducing viral shedding. Of note, a direct comparison of the
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two types of intradermal vaccines found that the all-in-one vaccine
resulted in a significantly greater reduction of fecal and nasal shedding
of PCV2d and mycoplasma nasal shedding compared to the
concurrent vaccine. These clinical data indicate that the all-in-one
vaccination reduced the subsequent infectious pressure and the
positive effects would only increase if all study pigs had been
vaccinated in the same manner.

Intradermal vaccination evoked systemic humoral and cell-
mediated immune responses to M. hyopneumoniae. In particular, the
cell-mediated immune response measured by the number of IFN-y-SC
-28).

The development of IFN-y-SC by an intradermal vaccine resulted in

correlated well with pig protection against M. hyopneumoniae (

the reduction of M. hyopneumoniae loads in the larynx and
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TABLE 1 Pathological outcomes (mean + standard deviation) in different groups at 91 and 154 days post-vaccination (dpv).

Gross lung Histopathology PCV2 antigen in lymph
lesions (%) node (+cell/0.25 mm?)
Mycoplasmal lung Lymph node
lesions (score 0—6) lesions (score
0-5)

91 74577 0.24+0.17° 0.6 +0.57° 0.93 + 0.92°
VacAl

154 6+ 2.50° 0.4 +0.24° 0.2+0.2 0.33 4 0.75"

91 6+7.5° 0.32 + 0.30° 0.64 +0.71° 124126
VacA2

154 11+ 7.5 1+0.47° 1.240.69 2.8+ 1.61°

91 29 + 14.93* 1.56 + 0.83* 2.72 4 0.27° 467 +1.7*
UnVacA

154 27 + 15.55° 1.92 + 0.56" 1.96 + 0.92° 10.27 + 5.84°

91 6+ 2.5 0.4 +0.32° 0.6 +0.37° 1.6+ 0.6°
VacB1

154 5425 0.4+0.2° 0.56 + 0.17° 1.4+0.98

91 13 +9.13® 0.72 + 0.87% 0.56 + 0.67° 1.47 + 1.54°
VacB2

154 11+ 4.79% 0.92 +0.61° 1.12+0.36° 2.8 +0.96"

91 30 +21.6* 1.76 +£0.71* 224+ 1.34° 4.8 +281°
UnVacB

154 29 +23.23° 2+1.33 2.08 +0.61* 7.6+3.71*

91 12 + 1443 0.32+0.27° 0.64 + 0.38" 1+1°
VacCl

154 9+ 4,79 0.32 +0.23" 0.64 + 0.22° 140,53

91 11+13.15 0.56 + 0.62 0.68 + 0.64° 0.93 + 2.09°
VacC2

154 11+7.5° 0.76 + 0.62° 1.12 + 0.56 293+ 1.26°

91 39 +10.31° 1.64 +1.07° 2.84 +0.26° 3.93 + 1.85°
UnVacC

154 39 +12.5° 1.76 + 0.78 2.48 +0.77° 9.8 +5.24°

Different letters mean statistically significant differences (p < 0.05) within the same farm at 91 and 154 days post-vaccination (dpv). The percentage of gross lung lesions and the quantity of
PCV2 antigen-positive cells in lymph nodes were assessed for normality using the Shapiro-Wilk test. Normally distributed data were analyzed using one-way ANOVA for comparisons among
groups at each time point (dpv 91 and 154), followed by pairwise comparisons with Tukey’s adjustment. Non-normally distributed data, including histopathology scores (mycoplasmal lung

lesion score and lymph node lesion score), were analyzed using the Kruskal-Wallis test, with subsequent pairwise comparisons performed using the Mann-Whitney U test.

mycoplasmal lung lesion severity. Intradermal vaccination is,
therefore, able to elicit sufficient levels of cell-mediated protective
immunity to protect pigs against M. hyopneumoniae infection.

Intradermal vaccination can also stimulate systemic humoral
and cell-mediated immune responses to PCV2d. In particular, it
has been reported that neutralizing antibodies and IFN-y-SC
against specific PCV2 was well correlated with the reduction of
PCV2 viremia (29, 30). In the present study, vaccination of pigs
with the intradermally administered vaccine elicited neutralizing
anti-PCV2d antibody and PCV2d-specific IFN-y-SC, which
reduced the levels of PCV2d blood viral loads. The reduction of
PCV2 viremia is critical in reducing lymphoid lesions (27, 28).
Therefore, intradermal vaccination elicited sufficient levels of
humoral and cell-mediated protective immunity to protect pigs
against PCV2d infection. Nevertheless, there is a slight difference
in the immunokinetics between the all-in-one and concurrent
vaccine. Essentially, the all-in-one vaccine elicits significantly
higher neutralizing antibody titers against PCV2d (in two farms)
and a higher frequency of PCV2d-specific IFN-y-SC than those
that received the concurrent vaccine at 4 weeks post-vaccination
(in one farm). These results indicate that the intradermal
all-in-one vaccine was more efficacious than the intradermal
concurrent vaccine in
PCV2d infection.

The all-in-one vaccine was explicitly developed for intradermal

protecting pigs against early
administration using a needle free and intradermal injector. The
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needle-free device allows a dose volume of 0.2 mL, one-tenth of the
volume typically administered for a commercially available
intramuscular bivalent PCV2 and M. hyopneumoniae vaccine.
All-in-one and concurrent intradermal vaccines are safer for pigs
since they do not cause postvaccinal adverse local (i.e., redness,
swelling, and abscess) and systemic (i.e., diarrhea, anaphylactic shock,
and lethargy) reactions (data not shown). Noteworthy, the intradermal
all-in-one vaccine is a completely ready-to-use vaccine and, therefore,
more convenient to use than the intradermal mixed vaccine for
farm workers.

The all-in-one intradermal vaccine evaluated is based on the
recombinant M. hyopneumoniae strain with an embedded/integrated
PCV2 capsid protein thereof as the single active substance that provides
cross-protection against PCV2d in herds suffering from subclinical
PCV2d infection. The results of the present field trials are consistent
with the previous experimental study, where the same all-in-one
intradermal vaccine also conferred the cross-protection of pigs against
a dual PCV2d and M. hyopneumoniae challenge under experimental
conditions (11). A genetic difference exists between PCV2a (what most
conventional injectable vaccines are made with) and PCV2d (the most
prevalent PCV2 genotype in worldwide circulation that causes
infections). Despite this genetic difference, PCV2a-based vaccines are
able to cross-protect against PCV2d in previous studies (14, 31). This
cross-protection of PCV2d by a PCV2a-based vaccine is clinically
important to the Asian pork industry, as PCV2d is the most
predominant genotype circulating within Asian pig farms (32-35). An
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intradermal all-in-one vaccine comprising M. hyopneumoniae and
PCV2 is a valuable tool in protecting pig herds suffering from PCV2d
infection and enzootic pneumonia.
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