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Abstract

Pathological and Immunological Evaluation of
Bivalent Vaccine Containing Porcine Circovirus

Type 2b and Mycoplasma hyopneumoniae

(Supervisor: Chanhee Chae, D.V.M., Ph.D.)

Yongjun Ahn

Veterinary Pathobiology and Preventive Medicine (Pathology)
Department of Veterinary Medicine

Graduate School of Seoul National University

In countries with a developed pig industry such as Korea, porcine
circovirus type 2 (PCV2) and Mycoplasma hyopneumoniae are very
important pathogens that cause complex infections like porcine
respiratory disease complex (PRDC) and impact economic damage to
the pig industry. Therefore, by vaccinating against both pathogens,
they have been trying to control disease and reduce damage to farms.
Vaccines against both pathogens have been proven effective and are

supplied by several companies. In order to reduce the number of



injections, combination vaccines using two pathogens as antigens or
vaccines that can be used by mixing each vaccine are being supplied.
Most PCV2Z vaccines were based on PCVZ2a. However, the prevalence
of PCV2d, which was called ‘mutant PCV2b’, is increasing. Recently,
a new single dose bivalent vaccine containing PCV2b and M. Ayo-
pneumoniae has been developed and introduced into Korea. This
vaccine contains two types of pathogens, and is unlike existing other
vaccines that are injected ?2ml dose at 3 weeks of age, it can be
vaccinated 1Iml dose from 10 days of age, so it was necessary to
evaluate the effectiveness and efficacy of the vaccine. Therefore, in
this study, we tried to verify the effectiveness and efficacy of this
new bivalent vaccine through experimental dual challenge with PCV2

and M. hyopneuomoniae and field evaluation

In chapter I, to evaluate the efficacy of the vaccine, 24 pigs were
purchased and divided into 3 groups as Vaccinated/Challenged
(Vac/Ch), Unvaccinated/Challenged (UnVac/Ch) and Unvaccinated/
Unchallenged (UnVac/UnCh), vaccination were conducted at 10 days
of age (=25 days post-challenge (dpc)). Vac/Ch and UnVac/Ch were
challenged by inoculation with PCV2b and M. Ayopneumoniae at 5
hours intervals. Pigs were observed from 10 days of age (=25 dpc) to
56 days of age (21 dpc), and euthanized at 21 dpc then lung lesions
and lymphoid lesions were evaluated. As a result, the Vac/Ch group
showed significantly lower respiratory symptoms during the study

compared to the UnVac/Ch group, and the Vac/Ch group and the



UnVac/UnCh group showed significantly higher average daily weight
gain (ADWG) compared to the UnVac/Ch group for weight gain. In
evaluation of blood samples and nasal swabs collected at -15, —14, O,
7, 14 and 21 dpc, the Vac/Ch group showed significantly less PCV2
genomic copies and M. hyopneumoniae genomic copies than
UnVac/Ch group. The Vac/Ch group showed significantly higher
humoral and cell-mediated immune responses and lower score of lung

and lymphoid lesion than the UnVac/Ch group.

In chapter II, for field evaluation, 10-day-old pigs were received
1Iml single dose of bivalent vaccine in 3 farms which had a history of
subclinical PCV?2 and clinical M. hAyopneumoniae, and compared with
a control group received phosphate buffered-saline at the same time.
In order to evaluate the effectiveness of the vaccine, clinical signs
were observed and recorded weekly until 175 days of age, and the
live weight of each pig was measured at the test start date (10 days
of age), 70, 112 and 175 days of age, and ADWG was analyzed for
each time section. To evaluate the efficacy of vaccine, levels of
PCV2d viremia and nasal shedding of M. hAyopneumoniae were
measured through samples of blood and nasal swabs at 0, 18, 39, 81
and 102 dpv, and indicators of humoral and cell-mediated immunity
were measured. As a result, the clinical score was significantly lower
in the vaccinated group compared to the unvaccinated group, and the
ADWG and the growth performance of vaccinated groups were

higher than those of unvaccinated group. The vaccinated group
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showed significantly lower Ilevels of PCV2d viremia and nasal
shedding of M. hyopneumoniae, and the immune response had
significantly higher markers of humoral and cell-mediated immunity

compared to the unvaccinated group.

Through these two studies, it was confirmed that the new single
dose bivalent vaccine containing PCV2b and M. hAyopneumoniae was
effective against subclinical PCVZ2 and clinical M. Ayopneumoniae
even when vaccinated at 10 days of age, and that the immune
response to each pathogen was also well established. It can be
concluded that it can be used for the purpose of prevention in the

field in Korea, where PCV2d is most prevalent genotype.

Keywords: Porcine circovirus type 2b (PCV2b);, Mycoplasma
hyopneumoniae, Bivalent vaccine; Dual challenge; Porcine respiratory

disease complex (PRDC)

Student number: 2020-20725
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GENERAL INTRODUCTION

Porcine circovirus type 2 (PCV2) and Mycoplasma hyopneumoniae
are important pathogens causing economic impact to the global pig
industry. They can cause disease on their own, but usually infect
with other pathogens, making the disease more serious. PCV2Z is the
primary causative agent of porcine -circovirus—associated diseases
(PCVAD). Representative PCVADs include Postweaning multisystemic
wasting syndrome (PMWS), Porcine dermatitis and nephropathy
syndrome (PDNS), Porcine respiratory disease complex (PRDC) and
reproductive failure. PCV2 1is genetically very diverse, and some
studies have classified it into 8 groups. Coinfection of pigs with
PCV2 and M. hyopneumoniae is the most frequent combination in

field PRDC cases.

Vaccines have been using to control these pathogens in countries
with developed pig industries. The use of vaccines against both
pathogens 1improves growth performance and alleviates clinical
symptoms of disease associated with both pathogens, or suppresses
the spread of diseases. Currently, in order to reduce the number of
injections, the use of a bivalent vaccine or mixable vaccines 1is

increasing in pig farms.

Recently, the single-dose bivalent vaccine containing PCV2b and

M. hyopneumoniae has been developed. Most of the commercial



vaccines targeting PCV2 are based on PCVZ2a, and the administration
1s from 3 weeks of age. However, the dominant virus worldwide has
been changing from PCV2a to PCVZ2b and PCV2d, also, there are
studies that Mycoplasma start infection a little earlier than porcine
circovirus. This new vaccine contains a different antigen (PCV2b)
and 1s recommended administration earlier than the existing vaccines,
thus it was thought there is necessary to evaluate the efficacy of the

vaccine.

It is expected that vaccination could reduce clinical symptoms
caused by PCV2 and M. hyopneumoniaec and improve growth
performance. In addition, it is expected that the immune response to
the two pathogens will be achieved, so that viremia of PCVZ2 and
nasal shedding of M. Ayopneumoniae will be reduced, and lung and

lymphoid lesions will be less.

The objective of this dissertation was to evaluate the new
single-dose bivalent vaccine containing PCV2b and M. hyo-
pneumoniae based on clinical, microbiological, immunological and
pathological analysis under field conditions and experimental dual

challenge.



LITERATURE REVIEW

1. Porcine circovirus type 2
1.1. Background

Since postweaning multisystemic wasting syndrome (PMWS) was
reported as a new syndrome [1, 2], porcine circovirus type 2 (PCV2)

has been considered as the most important pathogen in pig industry.

Research of PCV began actively in 1990's, since then, additional
PCVs have been identified. There are four types: Porcine circovirus
type 1 (PCV1) [3, 4], Porcine circovirus type 2 (PCV2) [5], Porcine
circovirus type 3 (PCV3) [6] and Porcine circovirus type 4 (PCV4)
[7]. PCV3 and PCV4 were identified recently, so there are lack of

research results.

Although PCV1 has been found in both wild and farmed pigs, it is
generally considered non-pathogenic for swine. Because no disease
associated with PCV1 was observed in naturally or experimentally
infected pigs [3, 4]. In contrast pathogenicity of PCV2 was
established by virus isolation from PMWS affected pigs, experimental
infection, histopathology, in addition to immunohistochemistry (IHC)

and in situ hybridization (ISH) to detect antigen or genome [8 — 11].

In case of PCV3, it was discovered by metagenomic sequencing on

tissue samples from pigs with PMWS, PDNS, reproductive failure,



myocarditis and multi-systemic inflammation [6, 12], but despite there
were a lot of attention and research, PCV3 isolation in cell culture
has only been successful by Korean researcher [13]. PCV4 was also
identified by sequencing in pigs with various health conditions from

two farms in Hunan province, China [7].

This review concentrates PCVZ2 and PCVZ2-associated syndromes

and diseases.

1.2. Etiology

Porcine circovirus is a small, non—-enveloped virus with a single-
strand circular DNA genome in the genus Circovirus, family Circo-
viridae [14]. The genome of PCV2 contains 1767 — 1768 nucleotides
and the nucleocapsid of PCV2 contains 60 capsid (Cap) protein
elements exhibit icosahedral symmetry [15]. PCV2 genes are arranged
in 11 putative open reading frames (ORFs) [16], but protein
expression has been described for only three. ORF1 (Rep gene) is
located on the positive strand and in clockwise orientation and
encodes two viral replication-associated proteins, Rep and Rep’, by
differential splicing and these are essential for viral replication [17 -
19]. ORF2 (Cap gene) is on the complementary strand and oriented
counterclockwise and encodes the capsid protein, which has the
ability to bind to host cell receptor [20 - 22]. The capsid protein is

the only structural protein and the primary immunogenic protein [23,



24], thus it has been the target for development of vaccine and
sero—diagnostic assays for tracking PCVZ2-specific immune responses
[25 - 27]. ORF3 encodes for a nonstructural protein. An ORF3-
deficient PCV2 mutant was shown to be less virulent in pigs

compared with wild-type PCV2 [28].

The research on the genetic diversity of PCV2 has been conducted
actively. Initially, several research groups identified in their own
terms many PCV2 genotypes that lacked uniformity. For this reason,
the EU Consortium on Porcine Circovirus Diseases has proposed a
standardized nomenclature for the PCVZ genotypes: PCVZ2a, PCVZ2b
and PCV2c [29, 30]. PCV2a and PCV2b have both been associated
with clinical Porcine circovirus associated disease (PCVAD) of
varying degrees of severity [31 - 37]. After introduction of PCV2
vaccine using PCVZ2a-based antigen, the prevalence of PCVZ2 showed
a tendency to shift from PCV2a to PCV2b between roughly 2003 and
2006 [37], then PCV2b shifted to PCV2d between 2010 and 2015 [38,
39]. Some researcher diverse the genotype of PCV2 to eight (a
through h) by analyzing ORF2 sequences [38], otherwise another
researcher proposed five genotypes (a through e), they defined PCV2f
and PCV2h as intermediate (IM) groups IM3 and IMI1, respectively,
and PCV2d and PCV2g as same cluster [40]. Despite the diverse
genotypes of PCVZ2, immunity induced by one genotype has a

protective effect against the other [36].



1.3. Epidemiology

PCV2 has been found in both domestic and wild pigs [41], and
pig-to-pig transmission was experimentally confirmed [42 - 44]. In
case of systemic infections, it can be expected that PCVZ can be
shed In many body secretions. In naturally and experimentally
infected pigs, PCV2 virus shed in oral and nasal secretions, feces and
urine [45, 46]. In addition, it has been found in tonsillar, bronchial,
and ocular secretion, colostrum, milk and semen [46 - 48]. The virus
shedding period in pig naturally infected with PCV?2 at around 13 day
old was shown to be at least 209 days [43] or 69 days after
experimental PCV2 infection [45]. Through the colostrum of infected
sows, naive piglet can be infected [49]. Naive sow can be infected by
insemination with PCVZ2 contaminated semen, but it is considered
dose dependent. High level dose could induce reproductive failure and
infect their fetuses, but low-level dose failed to infect sow [50, 51].
Transplacental transmission by intranasal exposing [52] and
intrauterine transmission [53] are confirmed. Horizontal transmission
of PCV2 can occur through infected pigs direct contact with naive
pigs when they are mixed [54]. Longitudinal studies quantifying
PCV2 in serum, nasal excretions, and feces found that most pigs

became infected at 4 — 11 weeks of age, depending on the farm [55, 56].

Because there are many shedding route of PCVZ2, traces of PCV2
can be found in various places or objects. Therefore, the

environmental load of PCVZ2 can be considered as an important



indicator of herd health. A study shows that high levels of PCV?2
DNA have been detected in dust particles in the air of production
facilities, up to 10" genome copies/m® air [57]. The possibility of
airborne transmission cannot be excluded in high-density pig farm
areas. Another study found PCVZ2 DNA in houseflies that were
captured in pig farms, which was matched to those in fecal samples
from pigs in each farm. It seems possible that flies can serve as

mechanical vectors in pig-to—pig or farm-to-farm transmission [58].

1.4. Pathogenesis

The mechanism of PCVZ2 pathogenesis is understood poorly and
there is little information regarding the target cells for initial viral
replication, the early events of viral infection. PCV2 does not code for
its own DNA polymerase, so they may need cells in the S phase for
the virus to complete its infectious cycle [59], if so, cells with a high
mitotic rate should be the most efficient for viral replication.
Macrophages and lymphocytes were found that they may support
replication [60]. PCV2-infected leukocyte from peripheral blood
mononuclear cells (PBMCs) showed that circulating T lymphocytes
(CD4+ and CD8+) and B lymphocytes support PCV2 replication, but
not PBMC-derived monocytes [60]. Monocytes seem to serve as a
mechanism to disseminate PCVZ2 rather than replication of PCV2

within the host [61].



PCV2 viremia is first detected around 7 days post-inoculation (dpi)
and peaks at 14 - 21 dpi [41, 62]. PCV2 is mainly detected in
lymphoid tissue [63], but it may also be detected in epithelial cells
from the kidney and respiratory tracts, endothelial cells, lymphocytes,
enterocytes, hepatocytes, smooth muscle cells, and pancreatic acinar

and ductal cells [63, 64]

1.5. Postweaning multisystemic wasting syndrome (PMWS)

Postweaning multisystemic wasting syndrome (PMWS) is the most
important porcine circovirus associated disease (PCVAD). Since its
first description is healthy herds in Canada in 1991 [1, 2], PMWS has
been reported from all major pig—producing countries. Infection with
PCV?2 is necessary for PMWS to develop, but most research has
shown that PCVZ2 needs one or more co—factors for PMWS to
develop into severe and even fatal disease [65]. Several pathogens
such as porcine parvovirus [66], PRRSV [67] and Mjycoplasma
hyopneumoniae [68] have been shown to enhance the severity of

PCV?2 infections.

PMWS most commonly affects pigs at 2 - 4 months of age [56].
Clinically affected pigs have a higher concentration of virus in the
serum, shed virus and demonstrate a weaker antibody response
compared with subclinically infected pigs [56]. During PMWS, most

affected herds experienced heavy losses mainly due to a significant



Increase in post-weaning mortality. A study demonstrates mortality
ranges from 4 % to 20 % [69]. PMWS is characterized clinically by
wasting, pallor of the skin, respiratory distress, diarrhea and icterus
[1, 2] In the early clinical phase, PMWS lesions are primarily found
in lymphoid tissues, and enlarged lymph nodes are the most
prominent feature [1, 63]. Normal sized, or even atrophied, lymph
nodes are usually seen in more advanced phases of PMWS [70] and
thymus is frequently atrophied in affected pigs. Enlarged and
non—collapsed lungs and pulmonary consolidation may be found, these

findings correspond microscopically to interstitial pneumonia [1, 70]

A diagnosis of PMWS in a herd level should be based on two
conditions: (i) a significant increase in mortality associated with
clinical signs of PMWS, and (ii) an individual diagnosis in at least

one of the three to five necropsied pigs [71].

Another diagnostic criteria are as follow: (i) growth retardation and
wasting, frequently with dyspnea and enlargement of inguinal lymph
nodes and occasionally with jaundice; (ii) moderate—to—severe
characteristic histopathological lesions in lymphoid tissues; (iii)
moderate-to—high amounts of PCV2 within the lesions in lymphoid

and other tissues of affected pigs.

1.6. Porcine dermatitis and nephropathy syndrome (PDNS)

Porcine dermatitis and nephropathy syndrome (PDNS) affects



nursery to adult pigs [72] and PDNS-affected pigs have significant
gross lesions in skin and Kkidneys [73, 74]. Skin lesions are several
round to irregularly shaped red-purple macules and papules that
coalesce over the hind limb and perineal area. The kidneys are
bilaterally enlarged and have pale cortices with multiple red circular

haemorrhagic cortical foci.

The microscopic lesions of PDNS are characterized by generalized
severe necrotizing vasculitis and fibrinonecrotic glomerulonephritis [73,
75]. The vasculitis associated with PDNS is thought to involve an
immune-mediated mechanism [74, 76]. Some studies showed PCV2
was not detected in endothelial cells in PDNS-affected pigs [73, 75,
76], it suggest that PCV2 causes vascular lesions indirectly such as

immune-mediated mechanism.

PMWS and PDNS are PCV2-associated disease, but there is no
direct relationship. The pigs with one of them never progress into the
others. As a result of one study, a large amount of PCV2 nucleic
acid was detected in lymph nodes in the case of PMWS and in the
kidneys in the case of PDNS [75]. It seems that the disease depends

on tissue tropism of PCV2.

1.7. Porcine respiratory disease complex (PRDC)

Porcine respiratory disease complex (PRDC) is a serious health

problem in growing and finishing pigs. PRDC caused by a

10 ] 2-t}] &l



combination of infectious viral or bacterial pathogens, environmental
stressors and various management practices. PRDC is characterized
by respiratory symptoms, anorexia, poor growth and decreased feed
efficiency [77, 78]. PCV2 plays a very important role in the
development of PRDC, and there are many viral and bacterial
pathogens such as porcine reproductive and respiratory syndrome
virus (PRRSV), swine influenza virus (SIV), M. hyopneumoniae,
Actinobacillus pleuropneumoniae, and Pasteurella multocida 77, 78].
Especially PCV2, PRRSV and M. hyopneumoniae are considered to be
the most clinically important pathogens for PRDC. The infection of
PCV2 has been identified in most PRDC cases, and coinfection with

one or more other pathogens produces more severe PRDC symptoms.

In case of coinfection with PCV2 and M. hAyopneumoniae, M.
hyopneumoniae potentiated the severity of PCV2-associated lung and
lymphoid lesions in pigs inoculated with M. Ayvopneumoniae 2 weeks

prior to PCV2 [68].

In a study of the interaction between PCV?2 and M. Ayopneumoniae,
M. hyopneumoniae enhanced the level of PCV2 viremia but PCV?2 did
not enhance Mycoplasmal nasal shedding in dually infected pigs
compared to singular infected pigs under experimental conditions [79].
In field condition, M. hAyvopneumoniae infection in pigs occurs slightly

prior to PCV2 infection [80, 81].

11 M L1



1.8. Reproductive failure

PCV2-associated reproductive failure is characterized by late-term

abortion and delivery of stillborn or immature piglets.

It was confirmed PCV2 can induce reproductive failure by the
experimental studies such as direct intrafetal inoculation [82], artificial
insemination with PCV2-contaminated semen [83] and intranasal
inoculation to pregnant sows [52]. Direct intrafetal inoculation at 57,
75, and 92 days of gestation showed that PCV2 replicated in all
inoculated fetuses, with significantly higher replication in fetuses
inoculated at 57 days of gestation [82]. Another study of direct
intrafetal inoculation showed different results depending on the time
of inoculation. The study reported mummification in fetuses inoculated
at 57 days of gestation and transmission of PCV2 to noninoculated
fetuses. At farrowing, there were stillborn in fetuses inoculated at 75
days of gestation and there was no lesion in fetuses inoculated at 92
days of gestation [84]. Sows inseminated with PCV2a-contaminated
semen failed to be pregnant whileas Sows inseminated with
PCV2b-contaminated semen became pregnant and maintained
pregnancy to farrow but there were mummified fetuses with
myocardial lesion [83]. Intranasal inoculation to pregnant sows at
around 3 weeks before the farrowing date induced abortion or

premature farrowing [52].
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1.9. Vaccine and Immune response

Both neutralizing antibodies and cell-mediated immune responses
are Important to protect against PCVZ2Z infection or improve growth
performance. PCV2-infected pigs develop PCV2-specific neutralizing
antibodies at 10 - 28 dpi [85, 86] and interferon gamma (IFN-y) gene
expression in PBMCs were detected [85]. A poor neutralizing
antibody response is associated with increased viral load in serum,

severe lymphoid lesions [85, 86].

Most commercial PCV2 vaccines are based on inactivated PCV2
virus or are subunit vaccines containing capsid protein as antigen.
These also induce to develop neutralizing antibodies and cell-mediated
immune responses. The obvious effects of the PCVZ2 vaccine on pig
farms are the improvement of the average daily gain (ADG) and the
reduction of mortality. Most commercial PCV?Z vaccines are for
piglets, it must be possible to minimize or overcome interference from

maternal derived antibodies.

PCV2 vaccines supplied by multinational companies registered in
Korea are shown in the Table 1 [87]. All vaccines are recommended
to inject piglets from at least 3 weeks of age, and most of the
administrative route is intramuscular method, but recently, intradermal

vaccine was also introduced.
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Table 1 PCV2 vaccines registered in Korea.

Vaccine Manufacturer Antigen Usage Administration
Circovac Merial Inactivated PCV2 Sows IM 2 ml
Ceva—Phylaxia Piglets > 3 weeks old IM 0.5 ml

Circumbent PCV
Fostera™ PCV

Fostera™ PCV Metastim®

CircoMax

(Fostera™ Gold PCV)*

Ingelvac CircoFLEX®

Porcigen® PCV2
(Suigen PCV2)!

Porcilis® PCV

Porcilis® PCV ID

Intervet (MSD)

Zoetis

Zoetis

Zoetis

Boehringer
Ingelheim

Virbac

Intervet (MSD)

Intervet (MSD)

PCV2a subunit (ORF2)
Inactivated chimeric PCV1—2a

Inactivated cPCV1-2

Inactivated chimeric PCV1—-2a &
Inactivated chimeric PCV1—-2b

PCV2a subunit (ORF2)

Inactivated PCV2d (H strain)

PCV2 subunit (ORF2)

PCV2 subunit (ORF2)

Piglets > 3 weeks old
Piglets > 3 weeks old

Piglets > 3 weeks old

Piglets > 3 weeks old

Piglets > 3 weeks old

Piglets > 3 weeks old

Piglets > 3 weeks old

Piglets > 3 weeks old

IM 2 ml 3 week—interval

IM 2 ml once or
IM 1 ml twice 3 week— interval

IM 2 ml once

IM 2 ml once or
IM 1 ml twice 3 week—interval

IM 1 ml once

IM 1 ml once

IM 2 ml once

ID 0.2 ml

' Product name in the country of manufacture
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2. Mycoplasma hyopneumoniae

2.1. Background

Mycoplasma hyopneumoniae 1s the primary pathogen of enzootic
pneumonia and plays a role in the porcine respiratory diseases
complex (PRDC), economically one of the most important disease in
pig industry. The prevalence of M. hyopneumoniae is very high in

almost all swine producing areas.

M. hyopneumoniae has small sized genome, lacks a cell wall and is
a pleomorphic. M. hAyopneumoniae is very difficult to isolate because
of its slow growth and overgrowth of other swine Mycoplasmas. M.
hyopneumoniae is primarily found on the mucosal surface of the
trachea, bronchi, and bronchioles, and adherence of M. Ayopneumoniae
to the ciliated epithelium is precondition for initiation of the infection

[88].

M. hyopneumoniae affects the mucosal clearance system by
disturbing the cilia, it modulated the immune system of the
respiratory tract [89]. Therefore M. hyvopneumoniae predisposes pigs
to concurrent infections with other pathogens including bacteria,

parasites and viruses.
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2.2. Etiology

Adhesion on M. hyopneumoniae to the ciliated epithelial cells is
followed by the induction of ciliostasis, loss of cilia, and eventually
epithelial cell death [90]. M. hAyopneumoniae proteins have been
associated with cell adhesion, including several related to the
P97/P102 paralog families and other surface proteins that moonlight
as adhesins [91, 92]. P97 is one of the most important adhesins of .
hyopneumoniae and contains two repeat regions (R1 and R2), located
in the C-terminal portion. Both R1 and RZ2 are involved in the
attachment of M. hyopneumoniae to the extracellular matrix of the
respiratory tract [93]. Some swine extracellular matrix molecules, such
as fibronectin and plasminogen, also provide binding sites for surface
adhesins of M. hyopneumoniae [94] and extracelluar actin is also
used as a surface receptor by different proteoforms of M. hAyo-

pneumoniae P97 adhesin and other proteins [95].

It was confirmed that M. hyopneumoniae can produce H>O-, in the
presence of glycerol in vitro, but this is strain dependent and further

investigation is required [96].

Lipid associated membrane proteins (LAMP) have also been
implicated in the pathogenicity of mycoplasmas. They interact with
the hos immune system mainly through Toll-like receptors (TLRs),
such as TLR2 [97]. In M. hyopneumoniae, whole membrane
lipoprotein fractions induced apoptosis in various cell types, including

porcine peripheral blood mononuclear cells (PBMCs) [98].
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2.3. Epidemiology

The main route of M. Ayopneumoniae transmission is close contact
between infected and susceptible pigs through nose-to—nose. Because
in—utero transmission has not been reported, piglets are considered
free from M. hyopneumoniae, and first exposure events occur during
the lactation period by contacting with dams shedding M. Ayo-
pneumoniae [99]. Infection with M. hyopneumoniae in most herds by
transmission via nose-to—nose contact from sow to pigs. So the
length of the lactation period has been considered as one risk factor

for infection of piglet with M. Ayopneumoniae.

Sows and piglets in the breeding herds are considered the reservoir
of M. hyopneumoniae infections for the entire production system.
Transmission of M. Ayopneumoniae occur between existing sow and
incoming gilt, which is way to maintain the pathogen within the farm
and the bacterial shedding to newborn piglets [99, 100]. In this way,
addition of gilts and birth of piglets constantly provide susceptible
populations needed to maintain pathogen transmission. M.
hyopneumoniae infects individuals for long periods and there is report
to be isolated from the respiratory tract for 214 days [101]. A critical
aspect of the epidemiology of M. hAyvopneumoniae is based on the long

pathogen persistence.

In a majority of herds, significant transmission among pen-mates
begins at weaning, although M. Ayopneumoniae can be isolated as

early as 1 week of age [102]. However, overt signs of mycoplasmal
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pneumonia are typically not observed in pigs under 6 weeks of age,

even though all ages of pigs are susceptible [103].

Airborne transmission of M. hAyopneumoniae has been documented.
An experimental report demonstrated M. hyopneumoniae can travel
for at least 300 m [104], and a report showed aerosol transport of M.

hyopneumoniae for up to 9.2 km [105].

2.4. Pathogenesis and immune responses

The disease initiates by binding to the cilia of epithelial cells and
colonizing of M. hyopneumoniae in the airways of the pig [106]. The
P97 protein is involved in adherence of M. Ayopneumoniae to cilia, as
monoclonal antibodies to this protein block adherence of the organism
in vitro [107]. While P97 has been recognized as important in
adherence to the cilia, vaccination against this protein alone was not
protective against clinical disease or colonization in vivo [108].
Colonizing of M. hyopneumoniae also modulate the innate and
adaptive respiratory immune response [78]. This altered immune
response prevents systemic spread of M. Ayopneumoniae, but cannot
rapidly clear the infection that results in chronic colonization of the

airways and a prolonged pulmonary inflammatory response.

Toll-like receptor 2 (TLR2) and TLR6 are important in the
recognition of M. hyopneumoniae by porcine alveolar macrophages

[109]. The activated signal induces macrophages to produce
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pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a),
interleukin (IL)-1, IL-6 and IL-8 [111, 112]. TLR2 and TLR6
receptors were blocked, it led to less TNF-a production by
macrophages. It indicates that alveolar macrophages are involved in
inflammatory and innate immune responses during M. hyopneumoniae

infection.

After experimental infection, M. hAyopneumoniae—specific serum IgG
antibodies are detected 3 - 4 weeks post-infection, peak after 11 - 12
weeks and the decrease very gradually [112]. M. hyopneumoniae
—-specific IgM can be detected as early as 9 days post-infection, peak

after 14 days and rapidly decreases afterwards [113].

T cell-mediated immune responses are generally considered
important for protection against M. hvopneumoniae [89], T cells are
key in the regulation of immune responses and have a critical impact

on the development of Mycoplasma induced pneumonia [114].

A  study showed that the level of IFN-y-secreting blood
lymphocytes in vaccinated pigs is higher than non-vaccinated ones
before and after experimental infection [110]. Another study for
vaccination of M. hyopneumoniae found a lower CDA4+/CD8+ ratio,
and thus a higher relative number of CD8+ cells in pigs vaccinated
comparing to in pigs controlled, which suggest CD8+ T cells have a

protective role in M. hyopneumoniae infections [115].
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2.5. Clinical signs and lesions

M. hyopneumoniae causes disease by itself, but when infected with
other pathogens, it induces more complex PRDCs and acts as a
promoter for other pathogens. A typical characteristic of mycoplasmal
pneumonia is a dry, nonproductive cough which may last from weeks
to months. Coughing is the direct result of the lung lesions observed
in affected animals, which consist of purple to grey consolidated
areas affecting the apical and middle lobes and cranial part of
diaphragmatic lobes [116]. In mono infection, the lesions affect a
smaller portion of the lungs and the parenchyma is relatively uniform
in color on cut surface, and the catarrhal exudate is expressed from
the airways. But in case of secondary pathogenic bacterial infection,
the lesions affect a larger portion of the lungs and affected lungs are
firmer and heavier, and grey-to-white mucopurulent exudate in the
airways. In recovered lesions, whitish firm and thickened interlobular
connective tissue formation can be observed [117]. At microscopic
level, M. hyopneumoniae causes well-differentiated broncho-interstitial
pneumonia. In the initial stages of infection, perivascular and peri—
bronchial lymphoid hyperplasia, alveolar type II hyperplasia and edema
fluid are observed in the alveolar space with neutrophils, macrophages
and plasma cells [88]. In more chronic lesions, lymphocytic cuffs are
more prominent and contain lymphoid nodules. Increased numbers of
goblet cells and hyperplasia of submucosal glands may be observed

in bronchi. In recovering lesions, alveoli are collapsed and/or
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emphysematous, and lymphoid nodules as well as fibrosis are

common in peribronchial regions [117].

2.6. Diagnosis

Although typical clinical signs and lung lesions can lead to
diagnosis, a definitive diagnosis requires laboratory tests. Detection of
M. hyopneumoniae in lung tissue can be accomplished with several
techniques such as immunohistochemistry (IHC) [68], in situ
hybridization (ISH) [118] and polymerase chain reaction (PCR) [119].
IHC and ISH allow for detection of M. Ayopneumoniae on respiratory
epithelium lining airways. The application of PCR has significantly
increased the detection of M. Ayopneumoniae in various sample types,
and recently real-time PCR constitutes one of the most common
methods for the detection of M. hAyvopneumoniae. Lung tissue,
bronchial swabs, or bronchial washings are the most useful samples,
while detection of M. hAyopneumoniae from nasal swabs is more

variable.

Serology is the most common tool used to determine herd status as
positive or negative. Antibodies against M. Avopneumoniae are
developed several weeks after initial infection [117] or vaccination and
can be detected with ELISA test. Although based on different
antigens and ELISA platforms, commercial ELISA Kkits are available

for M. hyopneumoniae antibody detection, they exhibit similar
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accuracy [113, 120]. They are equally unable to differentiate
vaccine—induced antibodies from those of infection. There is no
correlation between vaccine-induced antibody levels and protection

from colonization and disease has been observed [121, 122]

2.7. Vaccines

Vaccination is a very effective and widely used tool to control the
diseases associated with M. Ayopneumoniae. Most commercial
vaccines consist of 1nactivated whole-cell of M. hAyopneumoniae.
Vaccination can reduce clinical signs and lung lesions and improve
the growth performance. Vaccines induce production of antibodies and
cell-mediated immune responses [110, 115]. Although the serum A.
hyopneumoniae—specific antibodies raised after vaccination, it is not

suited to evaluate protective immunity [121].

Different vaccination strategies should adopted, depending on the
type of herd, the production system, management practices and the
infection pattern. Usually, piglets are exposed first from carrier sow
during the lactation period and horizontal transmission among

pen—-mates occurs after weaning.

Table 2 shows the vaccines registered in Korea and their summary
[87]. These are all inactivated whole—cell bacterin vaccines. It can be
seen that the recommended administrative method and age of

vaccination vary.
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Table 2 Mycoplasma hyopneumoniae vaccines registered in Korea.

Vaccine

Manufacturer

Antigen

Usage

Administration

Hyogen

Ingelvac MycoFLEX®

M+ PAC®

MycoGard™-1 TIME

MYPRAVAC

Porcilis® M hyo ID

Once

Respisure ONE

Ceva—Phylaxia

Boehringer Ingelheim

Schering—Plough
(MSD)

Pharmgate
BIOLOGICS INC
HIPRA

Intervet (MSD)

Zoetis

M. hyopneumoniae
(Strain 2940)

M. hyopneumoniae

M. hyopneumoniae

M. hyopneumoniae
(ATCC strain #25095)

M. hyopneumoniae
(Strain J)

M. hyopneumoniae
(Strain 11)

M. hyopneumoniae
(Strain P5722-3)

Piglets > 3 weeks old
Piglets > 1 week old

Piglets at 3—4 weeks old

Piglets at 7—10 days old

Piglets at 6 weeks old

Piglets > 2 weeks old

Piglets at 7—10 days old

Piglets at 2 weeks old

Piglets > 1week old

IM 2 ml once or
IM 1 ml twice 2—3 week—interval

IM 1 ml once

IM or SC 1 ml twice 2 week—interval

IM 2 ml once

IM 1ml once

IM 2 ml twice 3 week—interval

ID 0.2 ml once

IM 2 ml once
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3. Coinfection of PCV2 and M. Ayopneumoniae

As mentioned earlier, PCV2 and M. Ayopneumoniae are very
important pathogens in the swine industry. These two pathogens can
cause clinical lesions by themselves, but under general field
conditions, they infect together with other pathogens and promote
them, resulting in serious situation. In addition, these two pathogens
are the causative agents of PRDC, and there have been many cases

of simultaneous infection of the two pathogens.

A study of experimental dual infection demonstrates that M.
hyopneumoniae potentiated the severity of PCVZ2-associated lung and
Iymphoid lesions, and increased the incidence of PCVAD in pigs that
were innoculated with M. Ayopneumoniae in advance and then
inoculated with PCV2 weeks later [68]. Another study as same as a
sequential dual infection method shows that M. Ayopneumoniae
enhanced the level of PCV2 viremia compared to PCVZ2 singular
infection, whereas PCV2 didn’t enhance the level of M. hAyo-
pneumoniae nasal shedding compare to M. hyopneumoniae singular

infection [79].

Vaccines must be used appropriately for simultaneous protection
against these two pathogens. PCV?2 is infected usually after weaning
or at the beginning of grower, while infection period of M.
hyopneumoniae varies from lactation to grower, so it is important to

accurately diagnose the farm situation first.
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3.1. Bivalent vaccines

In the case of vaccines, a strategy should be established according
to the farm situation and the most effective vaccine program should
be operated. As labor costs accounted for a significant portion of the
farm'’s production cost, reducing the labor force became a concern of
the farm. These two pathogens must be controlled as they have a
significant impact on farm productivity. For this reason, recently,
there is a demand for effective vaccines against both pathogens while
reducing the labor force in farms. Among commercial vaccines, there
are bivalent vaccines composed of two antigens and vaccines that can

be used by mixing the two vaccines as needed.

The previous bivalent vaccine used PCV2a as PCV2 antigen
because vaccines were developed when PCVZ2a was predominant
virus. PCV2d virus is increasing in the field, which is genetically
closely related to PCV2b, and has been formerly called ‘mutant
PCV2b'. The bivalent vaccine used in these studies contains PCV2b
as PCV2 antigen for the first time. Theoretically, it is expected that
the PCVZb-based bivalent vaccine will be more useful than the
PCV2a-based bivalent vaccine in preventing PCV2d and M.

hyopeumoniae in pig farms.

Table 3 shows the vaccines registered in Korea [87]. There are
bivalent vaccines and mixable vaccines. CircoMycoGard® is a PCV2b-
based bivalent vaccine using in these studies and CircoMax Myo

containing Inactivated chimeric virus 1is the latest registered
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combination vaccine. While other vaccines recommend a vaccination
age of at least 3 weeks and one dose of 2 ml as same as PCV2
monovalent vaccine, CircoMycoGard® recommends administration to
piglet from 10 days of age with 1 ml dose. In coinfection of PCV2
and M. hyopneumoniae, veterinarians recommended using each
monovalent vaccine when infection of M. hAyopneumonae was
confirmed at earlier age, but if the bivalent vaccine can be

administered from 10 days of age, it can be applied without change.

;
¥ [
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Table 3 Bivalent vaccines of PCV2 and M. hyopneumoniae registered in Korea.

Vaccine Manufacturer Antigen Usage Administration
CircoMycoGard® Pharmgate PCV2b subunit (ORF2) Piglets > 10 days old ~ IM 1 ml once
BIOLOGICS INC M. hyopnuemoniae
CircoMax Myco Zoetis Inactivated chimeric PCV1-2a & PCV1-2b  Piglets > 3 weeks old IM 2 ml once or
(Fostera Gold PCV MH) M. hyopneumoniae (strain P5722-3) IM 1 ml twice 3 week—interval
Fostera PCV MH Zoetis Inactivated chimeric PCV1-2a Piglets >3 weeks old  IM 2 ml once
M. hyopneumoniae (strain P5722-3)
Porcilis® PCV M Hyo Intervet (MSD) ~ PCV2 subunit (ORF2) Piglets > 3 weeks old  IM 2 ml once
Inactivated M. Ayopneumoniae (strain J)
Ingelvac CircoFLEX®" Boehringer PCV2a subunit (ORF2) .
| Piglets > 3 weeks old IM 2 ml once
Ingelheim M. hyopneumoniae

Ingelvac MycoFLEX®’

1 New bivalent vaccine, * mixable 1:1
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CHAPTER I

Efficacy evaluation of a bivalent vaccine
containing porcine circovirus type 2b and
Mycoplasma hyopneumoniae against an

experimental dual challenge
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Abstract

The purpose of this study was to evaluate the efficacy of a new,
single-dose bivalent vaccine containing porcine circovirus type 2b
(PCV2b) and Mycoplasma hyopneumoniae against a dual PCV2b and
M. hyopneumoniae challenge. At -25 days post challenge (dpc, 10
days of age), one pig group (designated as the vaccinated/challenged
group) received a single, 1.0 ml dose of bivalent vaccine. Pigs in both
the vaccinated/challenged and unvaccinated/challenged groups were
then inoculated intranasally with PCV2b and M. Ayopneumoniae at 0
dpc (35 days of age). Pigs in vaccinated/challenged group induced
significantly higher levels of neutralizing antibodies against PCV2b
and cell-mediated immunity against PCVZ2b and M. Ayopneumonia
when compared with pigs in unvaccinated/challenged group. The
vaccination of pigs with a bivalent vaccine also reduced PCVZ2b
viremia, reduced mycoplasmal nasal shedding, and decreased the
severity of both lung and lymphoid lesions for PCVZ2b and M.
hyopneumoniae infection, respectively. The results of this study
demonstrated that the evaluated bivalent vaccine was effective in

protecting pigs against PCV2b and M. hAyopneumoniae infection.

Keywords: Mycoplasma hyopneumoniae, porcine circovirus type 2,

porcine respiratory disease complex
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Introduction

Pneumonia caused by multiple infectious agents has been described
with the term “Porcine Respiratory Disease Complex (PRDC)”. PRDC
infection 1s categorized by reduced pig performance, increased
medication costs to the producer, and an increased mortality rate
during the finishing process (15 to 20 weeks of age) [1]. The etiology
of PRDC i1s extremely diverse and occurs in both all-in—all-out as
well as in continuous production systems. The main three causative
agents of PRDC are porcine circovirus type 2 (PCV2), porcine
reproductive and respiratory syndrome virus (PRRSV), and
Mycoplasma hyopneumoniae, which are known to be responsible for
serious economic damages within the global pig industry [1]. Among
the three, coinfection of pigs with PCV2 and M. Ayvopneumoniae is
the most frequent combination in field PRDC cases and is the most
rapidly increasing within the Asian pork industry [2]. Vaccination is
routinely implemented to control PRDC in relation to PCV2 and M.
hyopneumoniae infection [3]. This increase in vaccination numbers
has led to a demand for single-dose bivalent vaccines containing
PCV2 and M. hyopneumoniae. This experimental challenge study was
designed to help meet this demand by evaluating the efficacy of a
new bivalent PCV2b and M. hyopneumoniae vaccine (Circo/Myco
Gard, Pharmgate Animal Health, Wilmington, NC, USA) containing
killed Baculovirus vector and M. hyopneumoniae bacterin vaccine
with a trivalent-adjuvanted formulation against an experimental

challenge of PCV2b and M. Ayopneumoniae.
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Material and methods

Animals

A total of 24 colostrum-fed, cross-bred, conventional piglets were
purchased at 7 days of age from a PRRSV- and M. hAyopneumoniae—
free commercial farm. The negative status of the farm was based on
serological testing of the breeding herd, and long term clinical and
slaughter history. Sows residing on the commercial farm were n aive
to vaccination against PCV2 and M. Ayopneumoniae, while all piglets
were vaccinated against both pathogens at 21 days of age. The pigs
were weaned early at 7 days of age before vaccination of PCV2 and
M. hyopneumoniae and selected for this study based on their
seronegative results for PRRSV (IDEXX PRRS X3 Ab test, IDEXX
Laboratories Inc., Westbrook, Maine, USA), M. hyopneumoniae (M.
hyo. Ab test, IDEXX Laboratories Inc.), and PCV2 (PCV2 Ab Mono
Blocking, Synbiotics, Lyon, France). In addition, negative results for
viral and mycoplasmal infections were also obtained for PCVZ2 and
PRRSV from sera samples and for M. hyopneumoniae from nasal

swabs as tested by real-time polymerase chain reaction (PCR) [4 -

6l.

Experimental Design

A total of 24 pigs were randomly allocated into 3 groups that
contained 8 piglets per groups (4 = male and 4 = female). Three
rooms, uniform in design that allowed free access to feed and water

troughs each contained 2 pens in facility of Seoul National University.
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Four pigs were randomly assigned to the pens from each of the three
groups. All randomizations were performed using the random number
generator function (Excel, Microsoft Corporation, Redmond, WA,
USA).

At -25 days post challenge (dpc, 10 days of age), pigs in the
Vaccinated/Challenged (Vac/Ch) group were vaccinated intra-
muscularly on the right side of the neck with 1.0 mL of a bivalent
vaccine containing PCV2b and M. hyvopneumoniae (Circo/MycoGard,
Serial No: CMG-18007, Expiration date: 02.28.2020). Pigs in the
Unvaccinated/Challenged (UnVac/Ch) and Unvaccinated/Unchallenged
(UnVac/UnCh) groups received a 1.0 mL injection of phosphate
buffered saline (PBS, 0.01M, pH 7.4) in the same anatomical location
as the Vac/Ch group.

At 0 dpc (35 days old), pigs in the Vac/Ch and UnVac/Ch groups
were challenged by inoculation with PCV2b (strain SNUVR000463,
GenBank no. KF871068). Five hours later, an M. hAyopneumoniae
(strain SNU98703) challenge was administered. Coinfection with
PCV2b (strain SNUVR000463) and M. hyopneumoniae (strain
SNU98703) induced severe pneumonia in lungs and lymphoid depletion
in the lymph node in infected pigs [7]. The wait interval was
performed to avoid the mixture of two pathogens which could have
resulted in an infectivity decrease. During the PCV2b challenge, a 3
mL inoculation containing 1.2 X 10° (50 % tissue culture infective
dose (TCIDs)/mL) was administered intranasally. Five hours post-

PCV?2 inoculation, pigs were intramuscularly anesthetized with a
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mixture of 2.2 mg/kg xylazine hydrochloride (Rompun, Bayer), 2.2
mg/kg tiletamine hydrochloride, and 2.2 mg/kg zolazepam hydro—
chloride (Zoletil 50, Virbac). Then, pigs were inoculated intratracheally
with 7 mL of M. hyvopneumoniae (strain SNU98703) culture medium
containing 10" color changing units (CCU)/mL. All study methods
were approved previously by the Seoul National University
Institutional Animal Care and Use, and Ethics Committee (SNU-
181018-8-2).

At 21 dpc (56 day old), all pigs were sedated with an intravenous
injection of sodium pentobarbital prior to euthanasia by electrocution
as previously described [8]. Tissues were collected from each pig at
necropsy. Tissue preparation included fixation in a 109 neutral
buffered formalin solution for 24 hours before they were routinely

processed and embedded in paraffin.

Clinical Observations

Pigs were monitored daily and scored weekly for clinical signs as
previously described [9]. Scores ranged from 0 to 6: 0 = normal; 1 =
rough haircoat; 2 = rough haircoat and dyspnea, 3 = mild dyspnea
and abdominal breathing; 4 = moderate dyspnea and abdominal

breathing; 5 = severe dyspnea and abdominal breathing; 6 = death.

Growth Performance
Pigs were weighed at 10 (25 dpc) and 56 (21 dpc) days of age.

Average daily gain (ADG) was calculated as the difference between
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the starting and final weight divided by the number of days spanning
the duration of the stage, and included data for pigs that died or

were removed from the study.

Quantification of M. Ayopneumoniae DNA in the Nasal Swab
Blood and nasal swabs were collected from all pigs at -25, —14, 0,
7, 14, and 21 dpc. A commercial kit (QIAamp DNA Mini Kit,
QIAGEN, Valencia, CA, USA) was use to extract DNA from serum
samples and nasal swabs. The number of genomic DNA copies for
M. hyopneumoniae was quantified by real-time PCR [4]. To construct
a standard curve, real-time PCR was performed in quadruplicate in
10-fold serial dilution of chromosomal DNA from M. Ayopneumoniaes
strain SNU98703, with concentrations ranging from 10 ng/mL to 1
fg/mL. One fetogram of chromosomal DNA from M. hyopneumoniae
is considered to be approximately one genome equivalent [10]. A
negative control was included in each run using double distilled water

as the template.

Quantification of PCV2b in the Blood

The number of genomic DNA copies for PCV2b was quantified by
real-time PCR [3]. To construct a standard curve, real-time PCR was
performed in quadruplicate in two different assays: (i) 10-fold serial
dilutions of the PCVZ2b plasmid were used as the standard, with
concentrations ranging from 10 to 10° copies/mL, and (i) 10-fold

serial dilutions of PCV2b cultured in PCV1-free PK-15 cells were
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used at concentrations ranging from 10*° TCIDsy/mlL to 107°°
TCIDsy/mL. The PCV2b plasmid was prepared as described previously
[3]. Culture supernatants of PCV1-free PK-15 cells were used as

negative control.

Serology

The presence of M. hyopneumoniae and PCV?2 antibodies were
evaluated in serum samples by use of commercially available
enzyme-linked immunosorbent assay (ELISA) kits (M. hyo Ab test,
IDEXX Laboratories Inc and SERELISA PCV2 Ab Mono Blocking,
Synbiotics). Testing was conducted in accordance with each
manufacturer’'s kit instructions, where samples were considered as
positive for M. hyopneumoniae antibody if the sample-to-positive
(S:P) ratio was > 04 and as positive for PCV2 antibodies if the
reciprocal ELISA titer was > 350. Serum samples were also tested

for serum virus neutralization against PCV2b [11].

Enzyme-Linked Immunospot Assay

Inactivated M. Ayopneumoniae and PCV2b antigens using challenge
strains for M. hyopneumoniae and PCVZ2b were prepared for
enzyme-linked immunospot (ELISpot) assay as previously described
[12, 13]. An ELISpot assay was conducted to measure the numbers
of M. hyopneumoniae— and PCV?2b-specific interferon-y secreting
cells (IFN-y-SC). Peripheral blood mononuclear cells (PBMC) were

stimulated with inactivated M. hAyopneumoniae and PCVZ2b antigens
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and results reported as the number of IFN-y-SC per million PBMC
[12, 14].
Phytohemagglutinin (Roche Diagnostics GmbH, Mannheim, Germany)

and PBS used as a positive and negative control, respectively.

Pathology

Lung lesion scoring was performed for M. Ayvopneumoniae infection
and Ilymphoid lesion for PCVZ2b infection by two veterinary
pathologists. Severity of lung lesion was scored (0 to 6) based on
peribronchiolar and perivascular lymphoid tissue hyperplasia [15].
Severity of lymphoid lesion was scored (0 to 5) based on lymphoid

depletion and granulomatous inflammation [16].

Statistical Analysis

All real-time PCR data was transformed to loglO values prior to
statistical analysis. The Shapiro-Wilk test evaluated data for normal
distribution. One-way analysis of variance (ANOVA) was used to
examine Wwhether there were statistically significant differences at
each time point within the three groups. If a one-way ANOVA test
resulted in a statistical significance, data was further evaluated by
conducting a post-hoc test for a pairwise comparison with Tukey’s
adjustment. The Kruskal-Wallis test was performed if the normality
assumption was not met. Kruskal Wallis test results which showed a
statistical significance were further evaluated with the Mann—-Whitney

test to include Tukey's adjustment to compare the differences among
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the groups. The Pearson’s correlation coefficient was used to assess
the correlation of PCV2b viremia with neutralizing antibody titers
against PCV2b, PCV2b viremia with PCVZ2b-specific IFN-y-SC, and
nasal shedding of M. hAyopneumoniae and M. hyopneumoniae-specific
IFN-y-SC. Results were reported in P-value where a value of P <

0.05 was considered to be significant.
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Results

Clinical Observations

The mean scores for respiratory disease were significantly lower (P
< 0.05) in pigs from the Vac/Ch group (mean *+ standard deviation,
0.38 £ 052 for 7 dpc, 0.75 £ 0.71 for 14 dpc, and 0.63 = 0.52 for 21
dpc) when compared with the UnVac/Ch group (mean = standard
deviation, 1.00 = 0.53 for 7 dpc, 2.13 + 0.83 for 14 dpc, and 2.13 =*
0.83 for 21 dpc) at 7, 14, and 21 dpc. Pigs from the Group 3

remained normal throughout the experiment.

Growth Performance

The body weight of the pigs did not differ significantly among 3
groups at study day O (the time of vaccination, 10 days of age). Pigs
from the Vac/Ch (mean * standard deviation, 301.1 + 11.3) and
UnVac/UnCh (mean = standard deviation, 309.2 + 4.8) groups had
significantly higher (£ < 0.05) ADG (unit = gram/pig/day) between
10 and 56 days of age when compared with those from UnVac/Ch

(mean * standard deviation, 277.5 + 16.4) group.

Quantification of M. Ayopneumoniae and PCV2b DNA

Nasal swabs evaluation between 7 to 21 dpc reported significantly
less (P < 0.0b) M. Ayvopneumoniae genomic copies in pigs from the
Vac/Ch group when compared with the UnVac/Ch group (Fig. 1A).
Blood sample evaluation from the same timeframe (7 to 21 dpc) also

reported significantly less (2 < 0.05) PCV2d genomic copies in the
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FIGURE 1 Mean values of the genomic copy number of Mycoplasma
hyopneumoniae DNA in nasal swabs (A) and porcine circovirus type 2b in
blood (B) from Vac/Ch (@), UnVac/Ch (@), and UnVac/UnCh (@) groups.
Variation is expressed as the standard deviation. Different superscripts (a, b,

and c¢) indicate significant (P < 0.05) difference among 3 groups.
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Vac/Ch group when compared with the UnVac/Ch group (Fig. 1B).
No M. hyopneumoniae or PCV2 were detected in the pigs from the
UnVac/UnCh group.

Serology

Pigs in the Vac/Ch group had a significantly higher (£ < 0.05)
M. hyopneumoniae ELISA S/P ratio in their -14 to 21 dpc serum
samples when compared with the UnVac/Ch group (Fig. 2A). Pigs in
the Vac/Ch group had a significantly higher (2 < 0.05) PCV2 ELISA
titer from -14, to 21 dpc in their serum samples when compared with
the UnVac/Ch group (Fig. 2B). Pigs in the Vac/Ch group had
significantly higher (2 < 0.05) neutralizing antibody titers against
PCV2b from -14 to 21 dpc when compared with the UnVac/Ch group
(Fig. 2C). There was a correlation between number of genomic copies
of PCV2b in the blood and neutralizing antibody titers against PCV2b
(r = -0.810, P = 0.015). M. hyopneumoniae and PCV2 antibodies were

not detected in pigs from the UnVac/UnCh group.
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FIGURE 2 ELISA antibody levels of Mycoplasma hyopneumoniae(A),
ELISA antibody levels of porcine circovirus type 2 (B), and neutralizing
antibody titers against porcine circovirus type 2b (C) in serum from Vac/Ch
(@), UnVac/Ch (@), and UnVac/UnCh (@) groups. Variation is expressed
as the standard deviation. Different superscripts (a, b, and c¢) indicate

significant (P < 0.05) difference among 3 groups.

Enzyme-Linked Immunospot Assay

Pigs in the Vac/Ch group had a significantly higher (P < 0.05)
number of M. hyopneumoniae— (Fig. 3A) and PCV2b- (Fig. 3B)
specific IFN-y-SC in their PBMC from -14, 0, 14, and 21 dpc when
compared with the UnVac/Ch group. There was a correlation between
the number of genomic copies of M. hyopneumoniae in the nasal
swabs and numbers of M. hyopneumoniae—specific IFN-y-SC (r =
-0.758, P = 0.029). M. hyvopneumoniae and PCV2b-specific IFN-y-SC

were not detected in pigs from the UnVac/UnCh group.
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FIGURE 3 Frequency of Mycoplasma hyopneumoniae-specific interferon-y
secreting cells (IFN-y-SC) (A) andporcine circovirus type 2b-specific IFN-y
-SC (B) in peripheral blood mononuclear cells (PBMC) from Vac/Ch (@),
UnVac/Ch (@), and UnVac/UnCh (@) groups. Variation is expressed as the
standard deviation. Different superscripts (a, b, and c¢) indicate significant (P

< 0.05) difference among 3 groups.
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Pathology

Pigs in the Vac/Ch group had significantly lower (P < 0.05)
macroscopic (mean * standard deviation, 17.4 = 5.3) and microscopic
(mean * standard deviation, 0.9 * 0.34) lung lesion scores for
M. hyopneumoniae infection at 21 dpc when compared with the
UnVac/Ch group with macroscopic (mean + standard deviation, 45.8 +
3.2) and microscopic (mean * standard deviation, 35 * 0.4) lung
lesion scores (Table 1). Pigs in the Vac/Ch group also had
significantly lower (P < 0.05) microscopic lymphoid lesions scores
(mean * standard deviation, 0.7 £ 0.2) for PCV2b infection at 21 dpc
when compared with the UnVac/Ch group with microscopic lymphoid
lesions scores (mean * standard deviation, 3.5 = 0.5). Macroscopic
and microscopic lung lesions, and microscopic lymphoid lesions were

not observed in pigs from the UnVac/UnCh group (Table 1).

Table 1 Lung lestion score for M. hyopneumoniae and lymphoid
lesion score for PCV2

Lung lesion score Lymphoid lesion score

for M. hyopneumoniae for PCV2
Macroscopic Microscopic Microscopic

Vac/Ch 174 + 53" 0.9 + 0.34" 07 + 0.2
UnVac/Ch 45.8 + 3.2 35+ 04 35+ 05

*Significant difference (P < 0.05) between Vac/Ch group and UnVac/Ch
group.
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Discussion

The study results demonstrated that the evaluated bivalent vaccine
containing PCV2b and M. hyopneumoniae against a dual challenge of
PCV2b and M. hyopneumoniae is efficacious in protecting pigs. The
evaluation of growth performance was identified as the critical factor
in determining the efficacy of this bivalent vaccine as PCVZ2 and
M. hyopneumoniae coinfection is mainly characterized by poor growth
performance. Vaccination of pigs with the evaluated bivalent vaccine
resulted in improved growth performance when compared with
unvaccinated pigs.

The bivalent vaccine tested in this study was administered to
piglets at 10 days of age. There was potential, therefore, for
interference with maternally derived antibodies. In this study,
interference by maternally derived antibodies was not evaluated as
pigs tested as seronegative against PCVZ prior to study initiation. It
can be deduced, however, maternally derived antibodies did not
significantly interfere with the induction of both humoral and
cell-mediated immunity in piglets post PCV2 vaccination [17].

M. hyopneumoniae is known to have a potentiating effect on the
level of PCV2 viremia in pigs coinfected with M. Ayopneumoniae and
PCV2 [15]. The reduction of PCV2b viremia was therefore an effect
of bivalent vaccination but not contribute to an Immunosuppressive
effect of M. hyopneumoniae infection in vaccinated pigs challenged
with PCV2b and M. Ayvopneumoniae.

Neutralizing antibodies and IFN-y-SC are responsible for the
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reduction of PCV2 viremia [18 - 20], where these levels are
considered measurements of protective immunity [19, 20]. The amount
of neutralizing antibodies present correlated with the PCV2b viremia
reduction in the present study, while frequency of IFN-y-SC did not.
On other hands, it should be noted that the protective immunity
mechanism against M. hyopneumoniae is not fully understood, and
therefore caution should always be exercised with evaluating it
against study conclusions. Cell-mediated immunity has proven to play
an important role in controlling M. hyvopneumoniae infection [21]. In
the present study, cell-mediated immunity as measured by IFN-y-SC
correlated with a significant reduction in the amount of M. Ayo-
pneumoniae loads through nasal shedding. This study demonstrated
that pig vaccination and challenge induced high levels of protective
immunity, reduced the amount of PCVZ2b viremia and severity of
lymphoid lesions, and reduced the amount of M. Ayopneumoniae nasal

shedding and severity of lung lesions.

69 M =T



References

1. Chae C., 2016. Porcine respiratory disease complex: Interaction of

vaccination and porcine circovirus type 2, porcine reproductive and
respiratory syndrome virus, and Mycoplasma hyopneumoniae.

Veterinary Journal 212, 1 - 6.

Kim J, Chung H-K, Chae C. 2003. Association of porcine
circovirus 2 with porcine respiratory disease complex. Veterinary

Journal 166, 251 - 256.

. Park C, Jeong J, Choi K, Chae C., 2016. Efficacy of a new bivalent
vaccine of porcine circovirus type 2 and Mycoplasma hyo-
pneumoniae (Fostera™ PCV MH) under experimental conditions.

Vaccine 34, 270 - 275.

Dubosson CR, Conzelmann C, Miserez R, Boerlin P, Frey ],
Zimmermann W, Hiani H, Kuhnert P., 2004. Development of two
real-time PCR assays for the detection of Mycoplasma
hyopneumoniae in clinical samples. Veterinary Microbiology 102, 55

- 60.

Gagnon CA, del Castillo JR, Music N, Fontaine G, Harel ],
Tremblay D., 2008. Development and use of a multiplex real-time
quantitative polymerase chain reaction assay for detection and
differentiation of Porcine circovirus—-2 genotypes 2a and 2b in an
epidemiological  survey. Journal or Veterinary  Diagnostic

Investigation 20, 545 - 558.

e SR



. Wasilk A, Callahan JD, Christopher-Hennings J, Gay TA, Fang Y,
Dammen M, Reos ME, Torremorell M, Polson D, Mellencamp M,
Nelson E, Nelson WM., 2004. Detection of U.S., Lelystad, and
European-like porcine reproductive and respiratory syndrome
viruses and relative quantitation in boar semen and serum samples

by real-time PCR. Journal of Clinical Microbiology 42, 4453 - 4461.

Jeong J, Kang I, Kim S, Park KH, Park C, Chae C., 2018.
Comparison of 3 vaccination strategies against porcine reproductive
and respiratory syndrome virus, Mycoplasma hyopneumoniae, and
porcine circovirus type 2 on 3 pathogen challenge model. Canadian

Journal of Veterinary Research 82, 39 - 47.

. Beaver BV, Reed W, Leary S, McKiernan B, Bain F, Schultz R,
Bennett BT, Pascoe P, Shull E, Cork LC, Francis-Floyd R, Amass
KD, Johnson R, Schmidt RH, Underwood W, Thornton GW, Kohn
B., 2001. 2000 Report of the AVMA panel on euthanasia. Journal of

American Veterinary Medicine Association 218, 669 - 696.

. Seo HW, Park S-J, Park C, Chae C., 2014. Interaction of porcine
circovirus type 2 and Mycoplasma hyopneumoniae vaccines on

dually infected pigs. Vaccine 32, 2480 - 2486.

10. Kurth KT, Hsu T, Snook ER, Thacker EL, Thacker BJ, Minion
FC., 2002. Use of a Mycoplasma hyopneumoniae nested polymerase
chain reaction test to determine the optimal sampling sites in

swine. Journal of Veterinary Diagnostic Investigation 14, 463 - 469.

71 "':l‘\-_i _'k.:_‘-'_ T



11. Pogranichnyy RM, Yoon KJ, Harms PA, Swenson SL, Zimmerman
JJ, Sorden SD., 2000. Characterization of immune response of young
pigs to porcine circovirus type 2 infection. Viral Immunology 13,

143 - 153.

12. Bandrick M, Pieters M, Pijoan C, Molitor TW., 2008. Passive
transfer of maternal Mycoplasma hyopneumoniae-specific cellular

immunity to piglet. Clinical and Vaccine Immunology 15, 540 - 543.

13. Rodriguez-Arrioja GM, Segalés J, Balasch M, Rosell C, Quintant
J, Folch JM, Plana-Duran J, Mankertz A, Domingo M., 2000. Serum
antibodies to porcine circovirus type 1 and type 2 in pigs with and

without PMWS. Veterinary Record 146, 762 - 764.

14. Seo HW, Han K, Oh Y, Park C, Chae C., 2000. Efficacy of a
reformulated inactivated chimeric PCV1-2 vaccine based on clinical,
virological, pathological and immunological examination under field

conditions. Vaccine 30, 6671 - 6677.

15. Opriessnig T, Thacker EL, Yu S, Fenaux M, Meng X-J, Halbur
PG., 2004. Experimental reproduction of postweaning multisystemic
wasting syndrome in pigs by dual infection with Mycoplasma

hyopneumoniae and porcine circovirus type 2. Veterinary Pathology

41, 624 - 640.

16. Kim J, Chae C., 2004. Expression of monocyte chemoattractant
protein-1 and macrophage inflammatory protein-1 1in porcine

circovirus 2-induced granulomatous inflammation. Journal of

72 -":lx_= _'\a.:.'\-'_'l'_: F;



Comparative Pathology 131, 121 - 126.

17. Martelli P, Saleri R, Ferrarini G, De Angelis E, Cavalli V, Benetti
M, Ferrari L, Canelli E, Bonilauri P, Arioli E, Caleffi A, Nathues H,
Borghetti P., 2016. Impact of maternally derived immunity on
piglets’ immune response and protection against porcine circovirus
type 2 (PCV2) after vaccination against PCV2 at different age.
BMC Veterinary Research 12, 77.

18. Fort M, Fernandes LT, Nofrarias M, Diaz I, Sibila M, Pujols ],
Mateu E, Segalés J., 2009. Development of cell-mediated immunity
to porcine circovirus type 2 (PCV2) 1in caesarean—derived,

colostrum-deprived piglets. Veterinary Immunology and Immuno-

pathology 129, 101 - 107.

19. Meerts P, Misinzo G, Lefebvre D, Nielsen ], Botner A, Kristensen
CS, Nauwynck H]J.,, 2006. Correlation between the presence of
neutralizing antibodies against porcine circovirus 2 (PCV2) and

protection against replication of the virus and development of

PCV2-associated disease. BMC Veterinary Research 2, 6 - 16.

20. Meerts P, Van-Gucht S, Cox E, Vandebosch A, Nauwynck HJ.,,
2005. Correlation between type of adaptive immune response
against porcine circovirus type 2 and level of virus replication.

Viral Immunology 18, 333 - 341.

21. Thacker EL, Thacker BJ, Kuhn M, Hawkins PA, Waters WR,,

2006. Evaluation of local and systemic immune responses induced

73 "':l‘\-_i _'k.:.': ok



by intramuscular injection of a Mycoplasma hyopneumoniae
bacterin to pigs. American Journal of Veterinary Research 61, 1384

- 1389.

74 s g kel gy



CHAPTER 1II

Field evalustion of a single—-dose bivalent vaccine
of porcine circovirus type 2b and

Mycoplasma hyopneumoniae
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Abstract

The field efficacy of a bivalent vaccine containing porcine
circovirus type 2b (PCV2b) and Mycoplasma hyopneumoniae was
evaluated on three pig farms.

Three pig farms were used, two of which had a history of
subclinical PCV2 and clinical M. Ayopneumoniae infections between
84 and 126 days of age while concurrent porcine circovirus—associated
disease and clinical M. hAyopneumoniae infection between 70 and 105
days of age. Each farm vaccinated pigs with a single dose of a
bivalent vaccine at 10 days of age while unvaccinated pigs were
administered a single dose of phosphate buffered-saline at the same
age.

Vaccination improved growth performance and reduced clinical
scores significantly (p < 0.05) when compared with unvaccinated
animals. The amount of PCV2d loads in blood and M. Ayopneumoniae
loads in nasal swabs of vaccinated animals were also significantly
lower (p < 0.05) when compared with unvaccinated animals.
Immunologically, vaccinated groups elicited a significantly higher (p <
0.05) level of protective immunity against PCV2d such as neutralizing
antibodies and interferon-y secreting cells (IFN-y-SC), as well as
protective immunity against M. hyopneumoniae such as IFN-y-SC
when compared with unvaccinated animals. Pathologically, vaccination
significantly lowered (p < 0.05) the scores of M. hyopneumoniae—
induced pneumonia and PCVZ2-associated lymphoid lesions when

compared with unvaccinated animals.
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The evaluated bivalent vaccine provided good protection against

PCV2d and M. hyopneumoniae infection under field conditions.

KEYWORDS
Enzootic pneumonia, Mycoplasma hyopneumoniae, Porcine circovirus
type 2, Porcine circovirus—associated disease, Subclinical porcine

circovirus type 2 infection
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Introduction

Porcine circovirus type 2 (PCV2) and Mycoplasma hyopneumoniae
are two worldwide economically important dominating pathogens.
PCV2 is a very small DNA virus which can be divided into at least
eight different genotypes (‘a’ to ‘h’) based on its sequence identity in
open reading frame 2 (ORF2) [1 - 4]. Currently, PCV2d is the pre-
dominant genotype in Asia and North America [2]. PCV2 causes
different clinical diseases and syndromes which are collectively
referred to as porcine circovirus—associated disease (PCVAD). In
Korea, PCV2 infection is so widespread that essentially all pig herds
are infected with the pathogen. The decrease in PCVAD outbreaks
since 2008 is attributed to the successful introduction of efficacious
PCV2 vaccines to the market. Near or fully-asymptomatic subclinical
PCV2 infection remains the most common disease, leading to poor
growth that increases days to market as described by other countries

[5 - 8L

Mycoplasmas including M. hAyopneumoniae, are the smallest
self-replicating bacteria and are distinguished by the lack of a cell
wall that is present in most bacteria [9]. M. hyvopneumoniae is the
primary causative agent for enzootic pneumonia; one of the most
widespread and costly diseases in the swine respiratory disease
worldwide today. It is characterized by significant economic losses

due to slower growth and poor feed conversion.
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Coinfection with PCV2 and M. hyopneumoniae is one of the most
devastating and damaging combinations of pig diseases. Vaccination
against PCV2 and M. hyopneumoniae 1s one of the most cost-
effective strategies and is widely used in Asian pork production. A
new bivalent vaccine containing PCV2b and M. Ayopneumoniae
(Circo/MycoGard, Pharmgate Animal Health, Wilmington, NC, USA)
was first introduced into the Asian market. In particular, this bivalent
vaccine 1s clinically interesting because it contains the PCVZb
genotype. Genetically, PCV2b and PCV2d (initially called a mutant of
PCV2b) are more closely related than PCV2a and PCV2d [4]. The
objective of this study was to evaluate the new single-dose bivalent
vaccine containing PCV?2b and M. hAyopneumoniae based on clinical,
microbiological, immunological, and pathological analysis under field
conditions in accordance with the registration guidelines of the
Republic of Korea’s Animal, Plant & Fisheries Quarantine &

Inspection Agency (QIA, http://www.gia.go.kr).
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Materials and methods

Farm history

The clinical field trial was conducted on three farms (A, B, and C)
between May—-October of 2019. Farms A, B, and C were each a
380-sow, 160-sow, and 430-sow, (respectively) farrow—to—finish swine
farm with an all-in—all-out production system. All three farms are
located in Chungcheongnam-do. Sows from these selected farms had
not received vaccines against PCV?2 or M. hyopneumoniae, while all
piglets from this production system were immunized against both
pathogens. Farms A and C were selected based on history of
concurrent subclinical PCV2 infection and enzootic pneumonia. Herds
approximately 12 -18 weeks of age displayed subclinical PCV2
infection and enzootic pneumonia characterized by respiratory signs
and growth retardation which were mainly associated with a marked
increase in the mortality rate (approximately 7 % and 5 % of Farms
A and C, respectively) from 21 to 140 days of age. Lungs were
examined at the slaughterhouse where it was confirmed that 12 out
of 20 Farm A pigs and 15 out of 20 Farm C pigs had mycoplasmal
pneumonia lesions based on scoring from a previous method [10].
Submitted cases from two farms met the definition of subclinical
PCV2 infection [8] including decreased average daily gain without
overt clinical signs, no or minimal histopathological lesions in inguinal
lymph nodes, and the presence of low amounts of PCVZ in inguinal

lymph nodes by immunohistochemistry in 4 out of 5 suspected pigs
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from Farm A, and 5 out of 5 suspected animals on Farm C.
Histopathologicial mycoplasmal lung lesions were observed in three of
the five pigs submitted from Farm A, and four of the five pigs
submitted from Farm C. Farm B was selected based on a history of
concurrent clinical PCVAD and enzootic pneumonia. Farm C swine
displayed clinical signs of PCVAD and M. Ayopneumoniae infection
characterized by wasting, respiratory signs, and growth retardation
which were mainly associated with a marked increase in the
mortality rate (approximately 13 %) at approximately 13 - 18 weeks of
age. A lung examination was performed at the slaughterhouse, which
confirmed that 8/10 pigs had mycoplasmal pneumonia lesions.
Submitted cases from Farm B met the definition of PCVAD [11]
including wasting and growth retardation, lymphoid granulomatous
inflammation with grape-like intracytoplasmic inclusion bodies, and
the presence of PCVZ2 antigen in lymphoid lesions by immuno-—

histochemistry in 4 out of 5 suspected animals.

Clinical field study design

The experimental design for the field study strictly adhered to the
guidelines set by QIA. QIA guidelines required that 20 piglets (male
= 10 and female = 10) were selected and assigned to each group of
vaccinated and unvaccinated animals. In an effort to minimize sow
variation, four to six 7-day-old piglets were randomly selected from
each sow and assigned evenly to either the vaccinated or

unvaccinated group using the random number generation function in
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Excel (Microsoft Corporation, Redmond, WA, USA). The pigs in the
vaccinated (VacA, VacB, and VacC) groups were injected
intramuscularly in the right side of the neck with 1.0 mL of the
bivalent vaccine containing PCV2b and M. hAyopneumoniae
(Circo/MycoGard, Serial No: CMG-18007, Expiration date: 02.28.2020,
Pharmgate Animal Health) at 10 days of age. An equal volume of
phosphate buffered saline (PBS, 0.01M, pH 7.4) was injected in the
same anatomical location in pigs of the unvaccinated (UnVacA,
UnVacB, and UnVacC) groups. Both vaccinated and unvaccinated
pigs were comingled before they were randomly distributed into 4
different pens kept within 1 room. Each pen contained 10 pigs with a
similar proportion of each treatment per pen. Pens were identical in
design and equipment which included free access to a feed and water
trough. Standard farm procedures were followed regarding the feeding
and watering of study animals. Blood and nasal swabs were collected
at 0 (10 days of age), 18 (28 days of age), 39 (49 days of age), 81
(91 days of age), and 102 (112 days of age) days post vaccination
(dpv). All methods used in this study were approved by the Seoul
National University Institutional Animal Care and Use Committee

(SNU-180625-3).

Clinical observations
Pigs were monitored and scored weekly for clinical signs as
previously described [12]. Briefly, scoring was defined as follows 0

(normal), 1 (rough haircoat), 2 (rough haircoat and dyspnea), 4
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(severe dyspnea and abdominal breathing), and 6 (death). Observers

were blinded to vaccination status.

Growth performance

The live weight of each pig was measured at 10 (0 dpv), 70 (60
dpv), 112 (102 dpv), and 175 (165 dpv) days of age. The average
daily weight gain (ADWG; gram/pig/day) was analyzed over three
time periods: (1) between 10 and 70 days of age, (2) between 70 and
112 days of age, and (3) between 112 and 175 days of age. 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.

Quantification of PCV2d DNA in blood

DNA was extracted from serum samples by use of a commercial
kit (QIAamp DNA Mini Kit, QIAGEN, Valencia, CA, USA). Real-time
PCR was used to quantify the number of genomic DNA copies for

pPCvad [13].

Quantification of M. Ayopneumoniae in nasal swabs

DNA was extracted from nasal swabs by use of a commercial kit
(QIAamp DNA Mini Kit, QIAGEN). Real-time PCR was used to
quantify the number of genomic DNA copies for M. hyopneumoniae

were quantified by real-time PCR [14].
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Serology

Enzyme-linked immunosorbent assay (ELISA) was used to test for
both PCV2 and M. hyopneumoniae antibodies with commercial ELISA
kits (SERELISA PCV2 Ab Mono Blocking, Synbiotics, Lyon, France,
and M. hyo Ab test, IDEXX Laboratories Inc. Westbrook, ME, USA).
Serum samples were considered as positive for anti-PCV2 antibodies
if the reciprocal ELISA titer was > 350 and as positive for
M. hyopneumoniae antibody if the sample-to-positive (S/P) ratio was
> 0.4 in accordance with the manufacturer’s instructions for each Kit.
Serum samples were also tested for neutralizing antibodies (NA)

against PCV2d [15].

Enzyme-linked immunospot assay

Enzyme-linked immunospot assay was used to measure the
numbers of M. hyopneumoniae and PCV2d-specific interferon—y
secreting cells (IFN-y-SC). Peripheral blood mononuclear cells
(PBMC) were stimulated wusing the aforementioned challenge
M. hyopneumoniae and PCV2d strains [16] with results reported as
the numbers of IFN-y-SC per million PBMC.

Pathology

The severity of macroscopic lung lesions was scored by two
pathologists (Chae and one graduate student) at the Seoul National
University (Seoul, Republic of Korea) to estimate the percentage of

the lung affected by pneumonia. Scoring was performed out of 100
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total possible points over the entire lung as follows: 10 points each to
the right cranial lobe, right middle lobe, left cranial lobe, and left
middle lobe, 27.5 points each to the right caudal lobe and left caudal
lobe, and 5 points to the accessory lobe) [17].

Collected lung and lymphoid tissue sections were examined by two
blinded veterinary pathologists (Chae and one graduate student). The
severity of peribronchiolar and perivascular lymphoid tissue
hyperplasia was assessed by scoring mycoplasmal pneumonia lesions
(0 to 6) [18]. Mycoplasmal pneumonia lesions were confirmed by
real-time PCR from lung lesions [14]. The severity of lymphoid
lesions were scored (0 to 5) based on the severity of lymphoid

depletion and granulomatous inflammation [19].

Immunohistochemistry

Immunohistochemistry for PCVZ2 was performed as previously
described [20]. For the morphometric analyses of immuno-
histochemistry, 3 sections were cut from each of three blocks of
tissue from lymph node of each pig. The slides were analyzed using
the NIH Image J 1.45s Program (http://imagej.nih.gov/ij/download.
html) to obtain the quantitative data. For the analysis of PCV2, 10
fields were randomly selected, and the number of positive cells per
unit area (0.95 mm?) was determined as previously described [21].

The mean values were also calculated.
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Statistical analysis

Prior to statistical analysis, real-time PCR and neutralizing antibody
data were transformed to loglO and log2 wvalues, respectively. Data
was tested for the normal distribution using the Shapiro-Wilk test
and either the Student’s t-test or Mann-Whitney test were used to
examine whether significant statistical differences existed between the
two groups at each time point. The student’s t-test was conducted to
compare the difference between the two groups, only if the normality
assumption was met, while the Mann-Whitney test was performed to
compare the differences between the two groups when the normality
assumption was not met. A value of P < 0.05 was considered to be

significant.
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Results

Clinical evaluation

The vaccinated group on Farm A had the significantly lower (p <
0.05) clinical scores between 25 and 74 dpv when compared with the
unvaccinated group. Clinical scores were significantly lower (p <
0.05) in the Farm B vaccinated group between 32 and 74 dpv, and at
95 and 102 dpv when compared with the unvaccinated group. Farm C
clinical scores were significantly lower (p < 0.05) between 32 and 95
dpv in the vaccinated group when compared with the unvaccinated

group (Fig. 1).

Clinical Sign Score

0 4 11 18 25 32 39 46 53 60 67 74 81 8 95 102 109 116 123 130 137 144 151 158 165
(10) (14) (21) (28) (35) (42) (49) (56) (63) (70) (77) (84) (91) (98) (105) (112) (119) (126) (133) (140) (147) (154) (161) (168) (175)

Days post vaccination (age, days)

FIGURE 1 Mean respiratory score from VacA (A) and UnVacA (@), VacB
(A) and UnVacB (@), and VacC (A) and UnVacC (@) groups. Variation is
expressed as the standard deviation. *Significant difference (p < 0.05) between

vaccinated and unvaccinated group within the same farm.
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Growth performance

A significant difference (p < 0.05) in the ADWG was observed on
Farm A between vaccinated and unvaccinated group between 10 and
70, between 70 and 112, and between 112 and 175 days of age. The
ADWG in the Farm B vaccinated group during the 10 - 70 and 112
- 175 days period was significantly higher (p < 0.05) than that of
the unvaccinated group. The overall growth performance of all three
farms (10 to 175 days of age) of vaccinated groups was significantly

higher (p < 0.05) than that of unvaccinated group (Table 1).

Mortality

Farm A mortality included one unvaccinated pig that died of
suppurative leptomeningitis as determined by the isolation of
Streptococcus suis from the meninges at 63 days of age, and one
unvaccinated pig that died of Glasser's disease as determined by the
1solation of Glaesserella parasuis from the pericardium at 70 days of
age. Two additional unvaccinated pigs died of enzootic pneumonia as
determined by a combination of M. Ayopneumoniae that was detected
with PCR and Pasteurella multocida that was isolated from the lungs
at 92 and 117 days of age. Causes of death on Farm B included one
vaccinated pig that died of hemorrhagic enteritis by unknown etiology
at 84 days of age, and one unvaccinated pig that died of colibacillosis
that was determined by the isolation of Escherichia coli from the
small intestine at 53 days of age. Two additional unvaccinated pigs

died of suppurative bronchopneumonia and M. Ayopneumoniae that
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Table 1

Average daily weight gain (ADWG), mortality rate, and pathology between vaccinated (Vac)
and unvaccinated (UnVac) animals on 3 Farms.

Age Farm A Farm B Farm C
(day)
VacA UnVacA VacB UnVacB VacC UnVacC
ADWG
(gram/pig/day)
10-70 369+20"  344+22 375+20° 350+26 360 =27 343 £29
70-112 751 +£37°  720+25 738 +36 733 +30 770 £43 761 £59
112-175 774 +28" 748 +37 771 28" 742+36 741 £36 730 +31
10-175 620+ 10" 594+ 14 620+ 15" 600=15 610+£27" 519+24
Initial 10 33+0.3 34+0.2 33+£04 34+03 33+£04 33+04
body weight (kg)
Market 175 105.6+1.6" 101.4+2.4 105.5+2.47102.1+2.5 104.1+1.17 101.5+2.4
body weight (kg)
Mortality rate 0/20 4/20 1/20 4/20 1/20 3/20
Lung lesion score
Macroscopic 175 12+£4.06° 42+10.95 15+£2.71" 48+7.76 16 £5.24" 53+ 14.60
Microscopic 175 0.8+0.28" 2.5+0.83 0.8+0.33" 3.0+0.50 1.3+£0.33" 2.7+0.54
Lymphoid 175 04+041" 1.6+043 1.0£0.48" 23+044 0.9+0.54" 1.7+0.41
lesion score
PCV2-antigen 175 3+1.08" 7.6+6.14 41+1.34" 7.6+3.1 46+2.13" 16+4.40

positive cells

*Significant difference (P < 0.05) between vaccinated and unvaccinated groups within the

same farm.
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was detected by PCR and ZTrueperella pyogenes that was isolated
from the lungs at 89 and 90 days of age. A fourth unvaccinated pig
died of pneumonia, as determined by M. hyopneumoniae detection
with PCR. PCV2 was also detected by immunohistochemistry
methodology in this fourth unvaccinated pig at 104 days of age. Farm
C mortality included one vaccinated pig that died of exudative
epidermitis that was determined by the isolation of Staphylococcus
hyicus from skin at 62 days of age, and one unvaccinated pig that
died of pneumonic pasterellosis that was determined by the isolation
of P. multocida from the lung at 93 days of age. A second
unvaccinated pig died of pneumonia complications. M. Ayopneumoniae
was detected by PCR along with PCV2 as detected with immuno-
histochemistry methodology at 101 days of age in the second
unvaccinated pig. A third and final unvaccinated pig died of
suppurative  bronchopneumonia, Wwhere M. Ayopneumoniae WwWas
determined as the causative agent through PCR. 7. pyogenes was
also isolated from the lung of this third unvaccinated pig at 111 days

of age.

Quantification of PCV2d DNA in blood

PCVZ DNA was not detected in the blood of either vaccinated or
unvaccinated animals at 0 and 18 dpv at any of the three farms.
PCV2d was detected in blood at 39 dpv (49 days of age) at all three
farms. Vaccinated pigs from Farms A and C had a significantly

lower (p < 0.05) number of genomic copies of PCV2d in their blood
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at 39 dpv compared to that of unvaccinated animals. Vaccinated pigs
from all three farms had a significantly lower (p < 0.05) number of
genomic copies of PCV2d in their blood between 81 and 102 dpv

compared to that of unvaccinated animals (Fig. 2a).

Quantification of M. Ayopneumoniae DNA in nasal swabs

M. hyopneumoniae DNA was not detected in nasal swabs from
either vaccinated or unvaccinated animals at 0 and 18 dpv from any
of the three farms. Vaccinated animals had a significantly lower (p <
0.05) number of M. hyopneumoniae genomic copies in their nasal
swabs when compared with unvaccinated animals at 39 and 81 dpv

(Farm A), and 81 dpv (Farms B and C) (Fig. 2b).
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FIGURE 2 Mean values of the genomic copy number of PCV2d DNA in
serum of pigs (a) and of M hyopneumoniae DNAin nasal swab of pigs (b)
from VacA (A) and UnVacA (@), VacB (A) and UnVacB (@), and VacC
(A) and UnVacC (@) groups. Variation is expressed as the standard
deviation. *Significant difference (p < 0.05) between vaccinatedand

unvaccinated group within the same farm.
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Immunological responses against PCV2

At the time of vaccination (10 days of age; 0 dpv), significant
differences between vaccinates and non-vaccinates were not detected
at any of the three farms in regard to anti-PCV2 antibodies. The
PCV2 ELISA titers (Fig. 3a) and PCV2-specific NA (Fig. 3b) were
significantly higher (p < 0.05) in the vaccinated group when
compared with the unvaccinated group at 18 - 102 dpv in three
farms. The mean frequencies of PCV2-specific IFN-y-SC remained at
basal levels (< 20 cells/10° PBMC) in both groups until 0 dpv.
Thereafter, the mean number of PCV2-specific IFN-y-SC was
significantly higher (p < 0.05) in the vaccinated group when
compared with the unvaccinated group from 18 to 81 dpv (Farms A

and C) and from 18 to 102 dpv at Farm B (Fig. 3c).
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FIGURE 3 Mean values of the PCV2 ELISA titers (a), the PCV2d-specific

neutralizing antibodies (b), and PCV2d-specific IFN-g-SC/10° PBMC (c)

from VacA (A) and UnVacA (@), VacB (A) and UnVacB (@), and VacC

(A) and UnVacC (@) groups. Variation is expressed as the standard

deviation.

*Significant difference (p < 0.05) between vaccinated and

unvaccinated group within the same farm.
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Immunological responses against M. Ayopneumoniae

At the time of vaccination, (10 days of age; 0 dpv), anti-A.
hyopneumoniae antibodies were not detected in any of the groups or
farms. Vaccinated animals from Farms A and C had significantly
higher (p < 0.05) M. hyopneumoniae ELISA S/P ratios at 39 and 81
dpv (respectively) when compared with unvaccinated animals. Farm B
vaccinated animals had a significantly higher (p < 0.05) M. hyo-
pneumoniae ELISA S/P ratios at 18 and 39 dpv when compared with
unvaccinated animals. The mean number of M. Ayopneumoniac—
specific IFN-y-SC remained at basal levels (< 20 cells/10° PBMC) in
both groups until 18 dpv (Fig. 4a). The mean number of M. hyo-
pneumoniae—specific IFN-y-SC was significantly higher (p < 0.05) in
the vaccinated groups when compared with the unvaccinated groups
from 18 to 81 dpv (Farm A) and from 39 to 81 dpv (Farms B and
C) (Fig. 4b).

Pathology

The results of lung and lymphoid lesion score are summarized in
Table 1. Vaccinated pigs from all three farms had a significantly
lower severity (p < 0.05) of M. hyopneumoniae—induced pneumonia
and PCV2-associated lymphoid Ilesions when compared with
unvaccinated pigs. Vaccinated pigs on three farms also had
significantly lower numbers of PCVZ2 antigen-positive cells within

lymphoid lesions when compared with unvaccinated pigs.
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Discussion

In this field trial, vaccination against PCV2b and M. Ayopneumoniae
resulted in a statistically significant improvement in growth
performance when compared with unvaccinated pigs in all three
farms, regardless of whether the farm was experiencing a subclinical
PCV2 and clinical M. hyopneumoniae concurrent infection (Farms A
and C), or concurrent PCVAD and clinical M. hyopneumoniae
infection (Farm B). Although Farm B received a PCV2a-vaccine,
PCVAD was not eradicated. Commercial PCV2a-based vaccines have
proven to provide cross—protection against PCV2d [4, 22 - 24], yet
vaccine failure (contradicting this cross—protection) due to PCV2d
infection has also been reported in PCV2a-vaccinated herds [25 - 27].
Therefore, vaccines containing PCV2b may provide better protection
against PCV2d, which is genetically closed to PCVZ2b. On the other
hands, despite vaccination with M. Ayopneumoniae on the 3 farms,
clinical signs and mycoplasmal lung lesions were still observed in
pigs at the time of slaughter. Similarly, bivalent-vaccinated pig
groups from all three farms exhibited some degree of clinical signs
and mycoplasmal lung lesions at the time of slaughter. These results
indicate that vaccination alone is not sufficient in protecting pigs

from M. hyopneumoniae.

The most common age of piglet PCV2 vaccination occurs either at
weaning or immediately after weaning (around 3 - 4 weeks of age).

In contrast, the evaluated bivalent vaccine containing PCVZb and
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M. hyopneumoniae recommended administration to the piglets at 10
days old. This younger—aged piglet was still immunologically mature
enough to elicit active immunization after vaccination, as the onset of
active immunity has been proven to begin as early as in 5-day-old
piglets, post-vaccination [28]. Vaccination at such a young age may
result in additional complications, however, as the piglets face
potential interference of maternally derived antibodies (MDA) present
at the time of vaccination. The role of PCV2 MDA plays in active
immunity of piglets after vaccination is a somewhat controversial
issue. It has been stated that PCV2 MDA can affect the age of
PCV2 infection [29] while contradictory evidence exists that
demonstrated that high PCV2 MDA titers (= 10 log2) could interfere
with piglets’ active seroconversion after vaccination [30]. In the
present study, piglets with high ELISA (> 9 log2) or NA (> 7 log2)
titers seemed to show interference with the development of the
humoral immune response after vaccination. Most of the piglets (>
80% in three Farms) had lower ELISA (< 9 log2) or NA (< 7 log2)
titers at the time of vaccination (data not shown). The data presented
in this study supports that the bivalent vaccine can elicit
PCV2-specific NA and IFN-y-SC even in the presence of MDA. It is
therefore concluded that a negative MDA effect on active
immunization after vaccination could not have impacted the efficacy

of the bivalent vaccine.

Optimal timing of vaccination against M. Ayopneumoniae also

continues to be debated because of the interference of MDA. M. Ayo-

98 M 2l



pneumoniae may infect pigs within the first three weeks of life [31,
32]. Similarly, M. hyopneumoniae is frequently detected in laryngeal
swabs from suckling piglets in Korea (personal observation Dr.
Chae). Therefore, an earlier vaccination against M. Ayvopneumoniae at
less than 21 days old may be necessary in order to vaccinate piglets
to prevent the onset of a natural infection. A number of studies have
been conducted to evaluate early piglet vaccination. One experimental
challenge study proved that vaccination of pigs at 7 days old with
M. hyopneumoniae was effective in reducing lung lesions even in the
presence of MDA at a titer considerably higher than what is typically
seen in the field [33, 34]. Moreover, protective immunity against
M. hyopneumoniae is primarily cell-mediated [35, 36] and the present
field trial proved that the bivalent vaccine elicited M.
hyopneumoniae-specific IFN-y-SC even in the presence of MDA.
Therefore, a MDA effect on active immunization after vaccination is

less likely to have an impact on the efficacy of the bivalent vaccine.

The bivalent vaccine is able to elicit protective immunity against
PCV2 and M. hyopneumoniae. PCV2-specific NA and IFN-y-SC are
key needed component to reduce PCV?2 viremia and lymphoid lesions
[30, 37, 39]. PCV2 viremia and Ilymphoid lesions results were
significantly lower in the vaccinated groups when compared with
controls in all three trial farms. Similarly, M. Ayopneumoniae-specific
IFN-y-SC plays a crucial role to reduce nasal shedding of
M. hyopneumoniae and mycoplasmal lung lesions [16, 38]. In the

presented field trials, vaccination resulted in the reduction of nasal
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shedding of M. hyopneumoniae and mycoplasmal lung lesions when

compared with controls.

Vaccination against PCV2 and M. hAyopneumoniae has becomes
standard practice, and almost 100 26 and 80 2 of the Korean herds
are vaccinated against PCVZ2 and M. Ayopneumoniae, respectively
[24]. Use of a bivalent vaccine reduces the number of injections the
pig receives, is more convenient than handling multiple products, and
increases administration efficiency. This bivalent vaccine containing
PCV2b and M. hyopneumoniae provide good efficacy against PCV2d
and M. hyopneumoniae on farms with concurrent subclinical PCV?2
and clinical M. hyopneumoniae infection, and concurrent PCVAD and

clinical M. hyopneumoniae infection.
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GENERAL CONCLUSION

The objective of the dissertation was to evaluate the efficacy of the
single-dose bivalent vaccine of PCV2b and M. Ayopneumoniae
through the experimental dual challenge and the field evaluation.
PCV2 and M. hyopneumoniae coinfection is characterized by poor
growth performance, however two studies showed significant
improvement of growth performance and higher ADWG in vaccinated
pig groups than unvaccinated pig groups.

In the experimental dual challenge, the level of neutralizing
antibodies showed the correlation with the PCV2b viremia reduction,
while frequent of IFN-y-SC did not. Cell-mediated immunity has
proven to play a key role in controlling M. hyopneumoniae infection.
In this study, the level of IFN-y-SC showed the correlation with a
significant reduction in the amount of M. Ayopneumoniae nasal
shedding.

In field evaluation, although vaccinated pig groups showed better
results than unvaccinated ones, vaccinated pig groups from three
farms exhibited some degree of clinical sings and mycoplasmal lung
lesions at the time of slaughter. These results may indicate that
vaccination alone is not sufficient in protecting pigs from M. hAyo-
pneumoniae. The most common age of piglet PCV2 vaccination i1s
around 3 weeks of age, however this new single-dose bivalent
vaccine containing PCV2b and M. hAyopneumoniae is recommended

administration to the piglet from 10 days old. In this study, the data
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support that the bivalent vaccine can elicit PCV2-specific neutralizing
antibodies and IFN-y-SC even 1in the presence of MDA. It 1i1s
considered that a negative MDA effect on active immunization after
vaccination could not have impacted the efficacy of the bivalent
vaccine. PCV?2 viremia and lymphoid lesions results were significantly
lower in the vaccinated groups when compared with controls in all
three trial farms. The protective immunity against M. Avopneumoniae
1s primarily cell-mediated and the present field trial proved that the
bivalent vaccine elicited M. hAyopneumoniae—specific IFN-y-SC even
in the presence of MDA. Vaccinated pig groups showed lower nasal
shedding and mycoplasmal lung lesions than unvaccinated groups in
all three farms.

These studies demonstrated that use of the new single-dose
bivalent vaccine containing PCV?2b and M. hAyopneumoniae induced
high levels of protective immunity, reduced PCV?2 viremia and
Iymphoid lesions, and reduced M. hAyvopneumoniae nasal shedding and
lung lesions. In conclusion, this vaccine can reduce the number of
injections the pig receives, as well as provide good efficacy against

PCV2 and M. hAyvopneumoniae.
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