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Porcine circovirus type 2 (PCV2) was first recognized as a causative agent of
porcine circovirus associated diseases (PCVAD) in Canada in 1991. Subsequently,
PMWS has become a major economic problem to the swine industry worldwide
including Thailand. Importantly, virological, serological study and also development of
vaccine and serological assay are useful for prevention and control of PCVAD. Genetic
characterizations of PCV2 isolates from Thai pigs with PCVAD during 2007-2010
revealed that all recent Thai PCV2 sequences belong to genotype 1 (PCV2b) and
subgroup 1A/B was predominated in this study. Later, an indirect ELISA was developed
and validated for PCV2 antibody detection using a recombinant truncated capsid
(rntCap) protein expressed in E. coli system. Swine serum samples were obtained and
tested using the indirect ELISA comparing with IPMA as a gold standard for serological
assay. The results demonstrated that the diagnostic sensitivity, specificity and accuracy
of a developed indirect ELISA are 98.33%, 93.33% and 96.67%, respectively. Finally,
the efficacy of a developed subunit PCV2b vaccine using a rmtCap protein expressed in
E. coli was determined in PCVAD-affected farm. The results indicated that vaccination
by a developed subunit PCV2b vaccine could induce specific antibody and partially
control PCV2 viral load in serum suggesting that using higher protein concentration
dose and/or using an appropriate adjuvant could enhance the better efficacy.
Department :  Pathology Student’'s Signature.................oel
Field of Study : Pathobiology Advisor's Signature............o.oooeennn.

Academic Year : 2013 Co-advisor's Signature.....................



Vi

ACKNOWLEDGMENTS

| would like to express my appreciation and grateful thanks to my advisors, Prof.
Dr. Roongroje Thanawongnuwech and Asst. Prof. Dr.Komkrich Teankum for their
guidance and helpful suggestion throughout this work as my mentor. And | would like to
express my appreciation thanks to committee members for their suggestion to my work.

| would like to thank Drs. Suparlark Nuntawan Na Ayudhya, Donruethai Sreta,
Roongtham Kedkovid, Thanin Mulaseewa for their assistant in vaccination and sample
collection. | am grateful to all my peer graduate students and all the members of the
Veterinary Diagnosis Laboratory, Pathology, Virology and Microbiology department,
Faculty of Veterinary Science, Chulalongkorn University, for their warmhearted, kindness
helps and encouragement.

| do appreciate the financial support of this work by grants from National
Research Council of Thailand and The National Research University from Chulalongkorn
University (Health Cluster-HR1164A7). | would like to thank to the grant supporting for
my Doctor of Philosophy Program in Veterinary Pathobiology study by the Royal Golden
Jubilee Ph.D. (RGJ) Program from the Thailand Research Fund (TRF) and
Chulalongkorn University (PHD/0252/2550).

Finally, | would like to express my sincerely thank to my parents (Mr.Surapon and
Mrs.Suporn Jittimanee) and my sisters (Ms.Jutharat and Ms.Suthasinee Jittimanee) for

their support throughout my Doctor of Philosophy study.



CONTENTS

ABSTRACT (THAI) ..,

ABSTRACT (ENGLISH) ...
ACKNOWLEDGMENTS. ...,
CON T EN T S e
LIST OF TABLES. ..o
LIST OF FIGURES. ... e
LIST OF ABBREVIATIONS . ...

CHAPTER | INtrOAUCHION. .. e e e

T INIrOAUCTION. e,

1.2 ODJECHVES. e
1.3 Literature RevVIEW. ... ..o
CHAPTER II. Genetic characterization and phylogenetic analysis of

porcine circovirus type 2 in Thai pigs with porcine circovirus

associated diseases (PCVAD) during 2007 - 2010......................
2.0 INErOAUCTION. L1 e e
2.2 Materials and Methods..........oviiiiiie,
2.3 RESUNS. ot

2.4 IS CUSSION. ettt

CHAPTER Ill. Development of an indirect enzyme-linked immunosorbent

assay using a recombinant truncated capsid protein of porcine

CITCOVITUS 2. ettt e e
B INIrOAUCTION. ..
3.2 Materials and Methods........ccoooiiiiii
3.3 RESUNS . e

B IS CUSSION. ettt et

Vi

Vii



Page

CHAPTER IV. Enhancing specific antibodies using a developed subunit
PCV2b vaccination in a PCV2-affacted herd.......................oe 43
A INTTOAUCTION. L.t 43
4.2 Materials and MethodSs. ... 44
A3 RESUIS. .. 47
44 DISCUSSION. ..ttt 51
CHAPTER V. CONCIUSION. ... vt 54
REFERENGCES. ... o e 60
APPENDICES. .....cuiiviinien s it o S7Fe + « v miammns  + e s e sensensennsensenns 78
APPENDIX A e 79
APPENDIX B .ot 81
APPENDIX Coie i e, 83
APPENDIX Do 92
APPENDIX E. .ot 95

BIOGRAPHY ..o e s s e i e 98

viii



Table

1.1

1.2

2.1

3.1

4.1

E.1

LIST OF TABLES

Summary of historical events related with the information on

POICINE CIFCOVITUSES....vviviiiiii e,

Details of commercial porcine circovirus type 2 vaccines

currently available.................oco

Classification of 12 Thai PCV2 isolates com

pared with 8 PCV2

reference strains in the same group by nucleotide and

deduced amino-acid sequences of ORF2..

Comparison of area under the receiver ope

rating curve values,

sensitivity, specificity and accuracy between an indirect

ELISA and the IPMA test on different cut-off OD value..................

Results of IPMA, indirect ELISA assays and quantitative PCR

obtained from the vaccinated group and the control group

on different trial day (0, 14, 28, 77, and 119.dpV).........ccovvvvinnnnn,

Detail of concentrations dose of vaccine and number of

vaccination among the experimental groups

Page

15

22

37

49

95



Figure

1.1
1.2
1.3
1.4
2.1

2.2

3.1

3.2

3.3

4.1

4.2

4.3

LIST OF FIGURES

Page
Morphology of Circovirus partiCles........ccoovveviiiiiiiiiiiienn, 5
Demonstration of PCV2 genome ..., 6
Geneticmap of PCV2.. .o 7
Typical microscopic lesions of PCVAD and PDNS field case........ 10
Alignment of amino acids predicted from the ORF2
Nucleotide sequences of the 12 Thai PCV2 sequences
Auring 2007 = 2070 ..o 24
Phylogenetic tree constructed from the current 12 Thai PCV2
sequences during 2007-2010 in this study with 19 ORF2
of PCV2 sequences reported in GenBank.......................oo 25
SDS gel electrophoresis and Western blot of the recombinant
truncated capsid (mtCap) protein expression ...........ccceevvvvenn... 35
Comparing ELISA OD values obtained from the rtCap
protein and GST coating protein. ..o 36
Correlation between log10 IPMA titers of 16 known serum
samples and OD ratios from the rtCap indirect ELISA............... 39
Mean group log2 serum antibody titers measured by IPMA
between the vaccinated group and the control group
on different trial days (0, 14, 28, 77, and 119dpV)...........ccceee. ... 48
Mean group sample-to-positive (S/P) ratios in serum samples
obtained from the vaccinated group and the control group
on different trial days (0, 14, 28, 77, and 119.dpV)............cceeni. 50

Mean group amount of log10 PCV2 DNA in serum samples
obtained from the vaccinated group and the control group

on different trial days (0, 14, 28, 77, and 119.dpVv)............ocevne.. 51



Page
Thailand map show the three provinces that all 12 sequences
in this study were collected during 2007 - 2010...........ccoeeeeeen. 80
Positive PCV2-infected PK-15 cells from IPMA..............oco 94
Mean S/P ratio obtained from 4 groups on different trial weeks

(0,1,2,4,6,8an0 T2 WPV)..oiiiiiiiiiiieii e 97



AEC
BSA
CIAP
dpv
DC
ELISA
GS4B
GST
HRP

IFA

IPMA

IPTG

LB

NLS

ntCap

ORF

PBS-T
PCR

PCV2
PCVAD
PDNS
PK-15 cells
PMWS
PRRSV
SDS-PAGE

rntCap

Xii

LIST OF ABBREVIATIONS

3-amino-9-ethylcarbazole

Bovine serum albumin

Calf intestinal alkaline phosphatase

Day post vaccination

Dendritic cells

Enzyme -Linked Immunosorbent Assay
Glutathione-Sepharose 4B

Glutathione S-transferase

Horseradish Peroxidase

Interleukin

Indirect fluorescent antibody assay
Immunoperoxidase monolayer assay
Isopropyl thiogalactopyranoside
Luria-Bertani

Nuclear localizing signal

NLS truncated capsid

Open reading frame

Phosphate buffer saline - 0.5% Tween-20
Polymerase chain reaction

Porcine circovirus type 2

Porcine circovirus associated diseases
Porcine dermatitis & nephropathy syndrome
Porcine kidney-15 cells line

Postweaning multisytemic wasting syndrome
Porcine reproductive and respiratory syndrome virus
Sodium dodecyl! sulfate polyacrylamide gel electrophoresis

Recombinant NLS truncated capsid



Xiii

S/P ratio = Sample / positive ratio
TBS-T = Tris-buffered saline — 0.5% Tween 20
T™MB = Tetramethylbenzidine

gPCR Quantitative polymerase chain reaction



CHAPTER |

1.1 INTRODUCTION

Porcine circovirus type 2 (PCV2) has been recognized as a causative agent of
postweaning multisystemic wasting syndrome (PMWS), a multi-factorial disease in swine
(Harding and Clark, 1997). PCV2 has also been associated with several clinical and
pathological conditions in pigs including porcine respiratory disease complex (PRDC),
reproductive failures, porcine dermatitis and nephropathy syndrome (PDNS),
proliferative and necrotizing pneumonia and congenital tremor (Darwich et al., 2004;
Fenaux et al., 2004; Chae, 2005). Currently, porcine circovirus associated diseases
(PCVAD) was commonly used and previously was first recognized in Canada in 1991.
PCVAD has subsequently been observed in almost all intensive pig production regions
of the world (Allan and Ellis, 2000; Chae, 2005). However, major problems of PCV2-
affected herds are mostly due to co-infection with other pathogens such as porcine
reproductive and respiratory syndrome (PRRSV), swine influenza virus (SIV), porcine
parvovirus (PPV), Streptococcus suis and Mycoplasma hyopneumoniae.

Although, PCVAD can be subclinical or severe clinical manifestations depending
on four main factors consist of virus, host, co-infections and immune modulation
(Opriessnig et al., 2007). The morbidity rate varies from 4% to 30%, according to the
health status of the affected herd, but the mortality rate of affected pigs is high (70-80%)
(Harding and Clark, 1997). As a result, PCV2 is one of the major causative agents
leading to economic loss in the swine industry worldwide. The economic impact of
PCVAD in the United States (US) has cost producers an average of 3-4 dollars per pig
and up to 20 dollars per pig in peak losses (Gillespie et al., 2009). Factors underlying
the economic losses consist of lesser amount of pigs at slaughter, reduced feed

conversion rates, increased costs for medication and management of poorly pigs and



costs of other diseases following PCV2-associated immunosuppression (Segalés et al.,
2004%).

In Thailand, PMWS was firstly reported in 1998 (Tantilertcharoen et al., 1999)
and a PCV2 retrospective study using nested PCR from formalin-fixed tissues, paraffin-
embedded (FFPE) of PMWS pigs in Thailand identified PCV-infected case occurring as
early as in 1993 (Kiatipattanasakul-Banlunara et al., 2002). Recently, data from the
Chulalongkorn University-Veterinary Diagnostic Laboratory (CU-VDL) based on swine
diagnosis annual report in 2009 (unpublished data) found increasing incidence of
PCVAD in the cases of swine systemic infection (41.62%, n = 197) and the number of
cases seemed to increase in 2010 (47.06%, n = 304) and 2011 (41.89%, n = 592). This
report indicates that PCV2 is one of the major causative agents of Thai swine industry.

PCV2 can be divided into 2 genotypes: PCV2a and PCV2b (Cheung et al., 2007;
Takahagi et al., 2008; Kim et al., 2009b). In addition, PCV2c genotype has also been
described and found only in Denmark (Segalés et al., 2008). Recently a new type of
PCV referred to PCV1/2a was found in Canada in 2009 and has raised the concern on
its origin, possibly from the chimeric killed vaccine. In Thailand, it should be noted that
only one isolate of Thai PCV2 has been submitted to GenBank (AY864814) in 2004 and
the genetic information of PCV2 in Thai swine herds are needed.

Traditionally, virus isolation is regarded as a gold standard technique in viral
diagnosis. However, PCV2 virus isolation is difficult and time consuming because PCV2
does not produce cytopathic effects and having some difficulties to passage through
infected-cells after treated with d-glucosamine. PCVAD can be recognized by
expression of hallmark lesions associated with PCV2 antigen or DNA in the particular
organs. Currently, immunohistochemistry (IHC), in situ hybridization (ISH) and a rapid

PCR technique are considered as alternative diagnostic assays for PCVAD (Kim et al.,



2009°). However, a rapid and sensitive assay is not suitable for large-scale population-
based screening of swine herds. Therefore, to develop serological techniques that can
accurately detect the presence of PCV2 antibody in swine sera is necessary. Routine
serological tests for detection the antibodies against PCV2 are currently performed by
indirect fluorescent antibody (IFA) tests and immunoperoxidase monolayer assays
(IPMA) which are highly time-consuming and labor intensive. An indirect enzyme-linked
immunosorbent assay (ELISA) is much simpler to produce and perform, time-saving, low
cost and suitable for large scale surveys of PCV2 infection. It is also good for evaluation
of the efficacy of various vaccines against PCV2. This ELISA test would be beneficial for
obtaining epidemiological information on the prevalence of PCV2 in the herds, and
providing the data for the better control and management of the disease.

Extensive researches have focused on the development of vaccines against
PCV2 and several commercial vaccines are now available. The first available one is an
inactivated PCV2 oil adjuvant vaccine used for sows and gilts to protect the piglet
through passive transfer of PCV2-protective maternal antibody via colostrums. The
other vaccines are recommended for piglets, one is killed chimera PCV combining the
antigenic capsid gene of PCV2 into the PCV1 backbone (Fenaux et al., 2004) and others
are subunit vaccines from a recombinant capsid protein expressed in baculovirus
(Fachinger et al., 2008). Experimental results indicate that vaccines against PCV2 are
helpful in reducing viremia and PCV2-associated lesions in challenge models (Patterson
et al., 2008; Fort et al., 2009; Opriessnig et al., 2010%). From the previous studies, the
capsid protein is the preferred antigen for both serological tests and subunit vaccine
candidate because of its strong immunoreactivity (Blanchard et al., 2003b; Zhou et al.,
2005). The difficulties in expressing ORF2 protein in Escherichia coli cells are most
likely due to the specific amino acid composition of nuclear localization signal (NLS). As

a result, the fusion of ORF2 with glutathione-S-transferase (GST) allowed expression in



minute amounts. Accordingly, the expression of recombinant capsid protein was
successful primarily in the baculovirus expression system (Fan et al., 2007).
Nevertheless, the problem of expression in the eukaryotic system is somewhat
expensive. Recently a recombinant capsid and a recombinant NLS truncated capsid
(rntCap) protein has successfully been expressed in the codon optimized E. coli cells
and it was reacted with PCV2 positive swine serum in immunoblot (Trundova and Celer,
2007; Marcekova et al.,, 2009). The rtCap protein retains antigenic properties
indicating some functionally important epitopes, and thus be interesting for further
studies to develop serological diagnostic assays and vaccines against PCV2 associated
diseases.

In our preliminary study on the efficacy of a developed subunit vaccine on
immunological response in pigs revealed that the rntCap protein expressed in the E. coli
system could react with anti-PCV2 antibody and also induce the specific antibody
responses in the experimental pigs especially in the two shot vaccinations (Jittimanee et
al., 2010). Interestingly, our developed subunit vaccine could be used as a potential
vaccine candidate in the future. However, the efficacy of this vaccine in a PCV2-

affected Thai swine herd is undergoing investigation.

1.2 OBJECTIVES The objectives of this study are:
1. Toinvestigate the genetic characterizations of current Thai PCV2 isolates
2. To develop an in-house indirect ELISA for PCV2 diagnosis in Thailand.
3. To develop a subunit vaccine against PCV2 and investigate the efficacy of this
vaccine on enhancing specific antibodies and reducing viremia in a PCV2-

affected swine herd.



1.3 LITERATURE REVIEW
1.3.1 Porcine circovirus type 2 (PCV2)

Porcine circovirus (PCV) belonging to the family Circoviridae, is a small, non-
enveloped, single-stranded DNA virus enclosing a circular genome of 1767-1768
nucleotides as shown in Figure 1.1 (Hamel et al., 1998). The Circoviridae contains two
genera. The Gyrovirus genus is represented by chicken anemia virus (CAV). The
Circovirus genus contains porcine circovirus with other animal viruses consisting of
beak and feather disease virus of psittacine birds and columbid circovirus of pigeon
(Mankertz et al., 2000; Chae, 2004). PCV is classified into 2 groups, which are
antigenically and genetically different from each other (Mahé et al., 2000). Porcine
circovirus type 1 (PCV1) was firstly identified as a persistent non-cytopathic contaminant
of the porcine kidney (PK-15) cell line (Tischer et al., 1982). On the other hand porcine
circovirus type 2 (PCV2) has been isolated from both healthy and clinically diseased
pigs associated with post-weaning multisystemic wasting syndrome (PMWS) and
porcine circovirus associated disease (PCVAD) (Allan et al., 1998": Ellis et al., 1998:

Morozov et al., 1998).

Figure 1.1: Morphology of Circovirus particles (adapted from Saha et al., 2012)



The genome of PCV2 contains 3 major open reading frames (ORFs). ORF1
encodes a replication protein of 35.7 kDa involved in virus replication which is highly
conserved in all circoviruses (Mankertz et al., 1998). ORF2 encodes a major structural
capsid protein of 27.8 kDa (Nawagitgul et al., 2000). ORF3 is essential for virus-induced
apoptosis (Liu et al., 2006). The origin of replication is located in the intergenic region
between the beginnings of ORF1 and ORF2 as shown in Figure 1.2 (Faurez et al., 2009).

Recently, a novel ORF4 gene was discovered and it was about 180 bp in length,
located within ORF3 in the same direction (Figure 1.3). The functions of ORF4 involved
in suppressing caspase activity and regulating CD4+ and CD8+ T lymphocytes during

PCV2 infection (He et al., 2013).

AXT A

Origin of replication

CGGCAGEGGCAGLALLTCGGCAGCACC TCAGCAG
H1 ~ H2 H3 Hé"

ORF2 encodes

Cap protein ORF1

encodes Rep and Rep' proteins
Genome of
PCV2

Figure 1.2: Demonstration of PCV2 genome; Black arrow: ORF1, located on the positive
strand which encodes Rep and Rep' protein. Grey arrow: ORF2, located on the
negative strand, which encodes Cap protein. Between ORF1 and ORF2 are intergenic
regions. The origin of replication is located in the intergenic region between the
beginnings of the two ORFs. H1, H2, H3 and H4 are hexamers (adapted from Faurez et

al., 2009).



Figure 1.3: Genetic map of PCV2; The ORF2 ORF3 and ORF4 genes are transcribed

leftward and the ORF1 gene is transcribed rightward (He et al., 2013).

Porcine circovirus associated diseases (PCVAD)

Postweaning multisystemic wasting syndrome (PMWS) or recently known as
porcine circovirus associated disease (PCVAD) and PCV2-systemic disease (PCV2-SD),
a multi-factorial disease of swine caused by porcine circovirus type 2 (PCV2) was firstly
observed in Canada in 1991 (Harding and Clark, 1997). After initial reports, the huge
spread of PMWS occurred in nearly all pig-producing countries around the world (Allan
and Ellis, 2000). A summary of the historical events related with the information on
porcine circoviruses are shown in Table 1.1 (Segalés et al., 2013).

PCVAD affected pigs of 7 to 15 weeks of age were clinically characterized by
progressive weight loss, respiratory signs, lymph nodes enlargement, pallor, jaundice
and diarrhea (Darwich et al., 2004; Segalés et al., 2004b). Generally, PCVAD is often co-
infected with other pathogens such as porcine reproductive and respiratory syndrome
(PRRSV), swine influenza virus (SIV), porcine parvovirus (PPV), Hemophillus parasuis,
Actinobacillus pleuropneumoniae, Streptococcus Suis and Mycoplasma
hyopneumoniae (Kim and Chae, 2002; Rovira et al., 2002; Chae, 2004). PCV2 induces
lymphoid depletion in lymphoid organ, resulting in an increased susceptibility to other
pathogens infection. This immunosuppression has been proved in PCV2-affected pigs

(Darwich et al., 2003).



Table 1.1: Summary of historical events related with the information on porcine circoviruses (adapted from Segalés et al., 2013).

Year Event References
1962 Earliest retrospective evidence of porcine circovirus type 2 (PCV2) detection by (Jacobsen et al., 2009)
PCR
1982 First description of porcine circovirus (nowadays PCV1) as a very small porcine (Tischer et al., 1982)
virus with circular single-stranded DNA
1985 Earliest retrospective evidence of PCV2-systemic disease (PCV2-SD) (Jacobsen et al., 2009)
1996 First description of a new, sporadic disease named postweaning multisystemic (Harding and Clark, 1997)
wasting syndrome (PMWS) — initial cases from 1991 to 1994. Association with a
porcine circovirus-like agent (subsequently identified as PCV2)
1997 First descriptions of PCV2-SD as severe disease outbreaks in Europe (Segalés et al., 1997)
1998 First isolation and characterization of PCV2 isolates (Allan et al., 1998b; Ellis et al., 1998)
1998 First sequences of complete PCV2 genome available (Morozov et al., 1998; Meehan et al.,
2001)
1997 - 1999 First descriptions of PMWS as severe disease Outbreaks in Asia (Choi et al., 2000)
1998 First case of PMWS observed in Thailand (Tantilertcharoen et al., 1999)
1999 First experimental reproduction of PMWS by means of PCV2 and porcine parvovirus  (Allan et al., 1999°)




co-inoculation

Year Event References

2004 First PCV2 vaccine available in France and Germany; inactivated, adjuvant product  (Segalés et al., 2005)
temporarily licensed for its use in sows

2004 - 2005 First descriptions of PCVAD as severe disease outbreaks in North-America (Carman et al., 2006)

2006 First year of availability of PCV2 vaccines in North-America; products licensed for (Opriessnig et al., 2007)
using in piglets (USA and Canada) and sows (Canada)

2007 First year of general availability of PCV2 vaccines all over the world (Chae, 2012)

2008 Formal proposal of nomenclature and definition of PCV2 genotypes by a EU (Segalés et al., 2008)

consortium on PCVD

However, wasting in weaning and growing pigs are the most typical appearance and additional pathological conditions of PCV2-

affected pigs can be observed, including porcine dermatitis and nephropathy syndrome (PDNS), porcine respiratory disease complex

(PRDC), proliferative and necrotizing pneumonia, reproductive failures and congenital tremor (Segalés et al., 2004°; Chae, 2005). Gross

lesions of PCVAD are wasting with or without respiratory disorder, diarrhea, jaundice and generalized lymphadenopathy (Chae, 2004;

Darwich et al., 2004). However, a few PCV2-affected pigs present nephropathy, hepatitis, gastric ulcer and anemia (Chae, 2005).
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Typical microscopic lesions of PCVAD in lymphoid tissue are characterized by variable
degree of lymphoid depletion, granulomatous lymphadenitis (Figure 1.4 A) with
multinucleated giant cells and the present of basophilic intracytoplasmic inclusion
bodies in histiocytes (Chae, 2004; Darwich et al., 2004). Hepatic lesions in PCV
affected pigs are observed with lymphoid and histiocytes infiltration in portal area with
perilobular fibrosis. PDNS cases are characterized by a diffuse necrotizing vasculitis
and fibrinonecrotic glomerulonephritis shown in Figure 1.4B. These lesions are also
observed in subcutis and dermis (Chae, 2005). Microscopic lesions of PCV2-
associated PRDC are bronchointerstitial pneumonia with peribronchiolar fibrosis, thicken

alveolar septum caused by infiltration of macrophages and hypertrophy of pneumocytes

type 2 (Kim et al., 2002).

Figure 1.4: Typical microscopic lesions of PCVAD and PDNS field case. A: lymph node
of PCVAD case revealed lymphoid depletion and histiocytic to granulomatous
replacement of the follicle with multinucleated giant cells (arrow) (Hematoxylin and
eosin, bar = 40 um); B: kidney of PDNS case characterized by a diffuse necrotizing

vasculitis and fibrinonecrotic glomerulonephritis (Hematoxylin and eosin, bar = 4 ym).
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1.3.2 Immunology of PCV2 infection

PCV2 spread via infected peripheral blood mononuclear cells (PBMC).
Consequently, the virus referentially replicate in B and T lymphocytes leading to
lymphoid depletion. As a result, leukopenia can be identified early in PCVAD-affected
pigs characterized by marked apoptosis of lymphocytes or lymphocyte depletion
(Shibahara et al., 2000; Nielsen et al., 2003; Darwich et al., 2004) but less found of
depletion in monocytic/ macrophage lineage and in dendritic cells (DC) (Vincent et al.,
2005; McCullough et al., 2007). In addition, the macrophages infected with PCV2
produce high amounts of tumor necrotic facto -alpha (TNF-QU), interleukin-8 (IL-8) and
present upregulation of neutrophil chemotactic factor-Il and monocyte chemotactic
protein-1 (MCP-1) level which associated in the pathogenesis of granulomatous
inflammation in PCVAD-affected pigs (Kim and Chae, 2003). The damage of lymphoid
follicle by PCV2 infection was resulting in abnormal of neutralizing antibodies (Fort et al.,
2007). However, the presence of PCV2 in dendritic cells does not impair their
immunological interaction with the lymphocytes (Vincent et al., 2005; McCullough et al.,
2009). The dendritic cells remain processing and presenting antigen. Nevertheless,
PCV2 is the immunomodulatory being effect through the reaction of natural interferon-
producting cells (NIPCs). Myeloid DC maturation was clearly impaired, caused by
PCV2-induced inhibition of interferon alpha (IFN-Ol) and tumor necrosis factor (TNF-QL)
(Vincent et al., 2005; McCullough et al., 2009). Double-strand DNA replicative form of
PCV2 are manifested as implement of danger recognition (via Toll-like receptors; TLR9)

by antigen presenting cells of the innate defenses (McCullough et al., 2009).
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1.3.3 Genetic diversity of PCV2

Several studies suggested that PCV2 could be divided into 2 major genotypes
referred to PCV2a and PCV2b (Carman et al., 2006; Cheung et al., 2007; Ma et al., 2007;
Takahagi et al.,, 2008; Kim et al., 2009b). However, PCV2c genotype has been
described, but it has only been found in Denmark in the past (Segalés et al., 2008).
Currently, two novel genotypes referred to PCV2d and PCV2e genotype were reported
in China (Wang et al., 2009; Guo et al., 2010).

It should be noted that the signature motif in ORF2 can be used to differentiate
between 2a and 2b. PCV2a viruses, the motif is 1480-1469 ACC/AAC/AAA/ATC [amino
acid sequence TNKI] and PCV2b viruses, the motif is 1479-1468 TCA/AAC/CCC/
CG(T)C [amino acid sequence SNPR(L)] (Cheung et al., 2007). Previously, the
presence of both PCV2a and PCV2b DNA in tissues of the same infected swine was
reported indicating that the pigs was co-infected with both PCV2 subgroups and PCV2
can even undergo recombination (Cheung, 2009; Lefebvre et al., 2009). However, the
virulence of PCV2a and PCV2b isolates was similar in the conventional SPF pig model
but the virulence of isolates within the same cluster was different (Opriessnig et al.,
2008b). Alternatively, PCV2 can be classified into 8 subgroups 1A to 1C and 2A to 2E
(Olvera et al., 2007) but those were not associated with disease condition or geographic
area. The nucleotide substitution rate of PCV2 is high among single-stranded DNA
viruses, and it was estimated to be approximately 1.2x10° substitutions/site/year (Firth et
al., 2009). Therefore, the emerging of novel PCV2 genotypes is possible in the future.

Recently, a new type of PCV referred to PCV1/2a was identified in Canada in
2009. Based on sequence analyses, this new PCV genome contains the ORF1 of PCV1
and the ORF2 of PCV2a and its entire viral genome nucleotide identity compared to

PCV1, PCV2a and 2b are 86.4%, 88.7% and 86.5%, respectively (Gagnon et al., 2010).
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1.3.4 PCV2 in Thailand

The first PMWS case of 7 to 9 week-old pigs from Rachaburi province, Thailand
was reported in 1998 (Tantilertcharoen et al., 1999). A retrospective study of Thai PCV2
detection using nested PCR from formalin-fixed tissue, paraffin-embedded (FFPE) found
the earliest PCV-infected case in 1993 (Kiatipattanasakul-Banlunara et al., 2002). An
IHC investigation on FFPE tissues from suspected cases occurring during 2000-2002
demonstrated approximately 38.76% of PCV2 infection (50/129) (Bunlunara, et al.,
2002). Recently, the seroprevalence in year 2007 (unpublished data from CU-VDL) was
performed in 316 pigs (sows and finishers) from 21 farms using commercial competitive
blocking ELISA (SERELISA® PCV2 Ab Mono Blocking, Synbiotics, France). PCV2
antibodies were found in 220 pigs (69.6%) from 21 farms. Currently, data from CU-VDL
based on swine diagnosis annual report in 2009 (unpublished data) found increasing
incidence of PCVAD in the cases of swine systemic infection (41.62%, n = 197) and the
number of cases tend to increase in 2010 (47.06%, n = 304) and 2011 (41.89%, n =
592). This report indicates that PCV2 is one of the major causative agents of swine
diseases in the Thai swine industry.

It should be noted that only one isolate of Thai PCV2 has been submitted to
GenBank (AY864814) in 2004 and it was classified into 1C subgroups (Manokaran et al.,
2008; Wiederkehr et al., 2009). Genetic information about PCV2 in Thai swine herds is

still not available and needed further investigation.

1.3.5 Diagnosis

PCV2 can be found in both clinically healthy and diseased pigs (Allan and Ellis,
2000). A PCVAD pig is diagnosed by the presences of microscopic lesions

incorporated with PCV2 antigen in the respective organs (Darwich et al., 2004; Chae,
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2005). Laboratory tests for PCV2 diagnosis are the important tools, both direct and
indirect methods. The direct methods compose of virus isolation, IHC, ISH, PCR, real
time PCR and electron microscope (EM). However, viral DNA or viral antigens are much
preferred over an indirect method such as PCV2-specific antibody detection.
Nevertheless, antibody detection can be a very useful tool in epidemiological
information on the prevalence of PCV2 in swine herds. For the indirect methods, several
serological assays; IFA, IPMA, SN and ELISA have been used for detecting antibody
against PCV2. Among these assays, ELISA test has been the most commonly used in
veterinary diagnostic laboratories to detect anti-PCV2 antibodies since this test is simple
to produce and perform, time-saving, and suitable for large scale surveys of PCV2
infection at low cost. The development of the appropriated ELISA test would be useful

to obtain epidemiological information on the prevalence of PCV2 in the herds.

1.3.6 PCV2 vaccines

Prior to the availability of PCV2 vaccines, no specific treatment is available for
PCVAD. Primarily treatment and control of PCVAD had focused on good production
practices, minimizing co-infections and eliminating potential factors that trigger
progression of PCV2 infection to PCVAD. The unsatisfactory situation creates a good
rationale for the development of effective vaccines against PCV2 (Fachinger et al.,
2008). The first commercial PCV2 vaccines for use in breeding stock pigs become
available in Europe and Canada in 2006 (Opriessnig et al., 2007). Currently, five
commercial vaccines against PCV2 used in both breeding stock pigs and piglets are
now available (Table 1.2). Vaccination of sows and gilts are used for inducing PCV2
antibody titers in serum and colostrums in order to protect the piglets through passive

transfer of maternal antibody against the development of PCVAD (Opriessnig et al.,
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2009). Piglets are vaccinated after 3 weeks of age when maternal antibodies wane. This
will elicit a neutralizing antibody response and will reduce or delay PCV2 infection

during weaning or fattening (Fort et al., 2008; Opriessnig et al., 2009).

Table 1.2: Details of commercial porcine circovirus type 2 (PCV2) vaccines currently

available (adapted from Grau-Roma et al., 2010)

Vaccine Company Antigen Administration Licensed for
Ingelvac circoflex  Boehringer PCV2 ORF2 1 mlIM single Piglets
Ingelheim protein dose (>2 wks of age)
Fostera Zoetis Inactivated 2 ml IM single Piglets
(Suvaxyn) (Fort Dodge PCV1-2 dose (>4 wks of age)
Pfizer) Chimera
Porcilis PCV (EU) Intervet-Schering PCV2 ORF2 2mlIM 1or2 Piglets
Circumvent Plough Animal protein doses/2 doses (>3 days/ >3
PCV(US) Health wks of age)
Cirvovac Merial Inactivated 2 ml IM 2 doses sows and gilts
PCV2

All of these vaccines have proved effective under both experimental and field

trial, reducing the incidence of PMWS and improving average daily weight gain and
feed conversion ratios (Fachinger et al., 2008; Horlen et al., 2008; Pejsak et al., 2009;
Segalés et al., 2009). Furthermore, vaccination reduces the number of co-infections

(Kixmoller et al., 2008) and the severity of lesions in lymphoid tissues (Segalés et al.,

2009). Other experimental works have also suggested that vaccines (either single or
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double doses) reduce the PCV2 viremia and the severity of microscopic lesions, even in
the presence of maternal antibodies (Fort et al., 2008; Opriessnig et al., 2008°).

In Thailand, a field trial with killed PCV1-2 chimera vaccine in a PCV2-affected
herd has also shown that vaccine reduce the level of PCV2 viremia and the severity of
gross lesions (Paphavasit et al., 2009).

Due to strong immunoreactivity, the capsid protein is the preferred antigen for
serological tests and vaccine candidate (Nawagitgul et al., 2002; Blanchard et al.,
2003"; Racine et al., 2004). This protein has been identified as the major immunogenic
and protective protein of PCV2. The expression of recombinant capsid protein was
successful primarily in the baculovirus system (Nawagitgul et al.,, 2000) and the
expressed protein assembled into virus-like particles (VLPs) structures. In addition, the
others developed vaccines include viral-vectored vaccines (Wang et al., 2007; Fan et
al., 2008°) and DNA vaccines (An et al., 2008; Shuai et al., 2013) were further reported.
However, the production of VLPs for vaccination in eukaryotic systems and the other
type of PCV2 vaccine are costly for veterinary applications. On the other hand,
heterologous protein expression in E. coli is in focus as an alternative choice of capsid
protein production (Liu et al., 2001b). Nevertheless, the difficulties of ORF2 protein
expressed in E. coli are likely due to the specific amino acid sequence at NLS position.
Arginine displays significant differences in codon usage between viral and E. coli. For
this reason, the fusion of the whole ORF2 with GST allowed expression in less amounts.
Recently, recombinant NLS-truncated capsid protein and full-length capsid protein have
been expressed in optimized E. coli (Zhou et al., 2005; Trundova and Celer, 2007) and
react with PCV2 positive swine sera in immunofluorescent test and Western blot (Zhou et

al., 2005; Marcekova et al., 2009).
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Several PCV2 vaccine approaches have been tested under experimental
conditions in mice and/or pigs including a killed PCV2vaccine and an ORF2 subunit
vaccine (Blanchard et al., 2003" Fenaux et al., 2004). The most successful vaccine
candidates were those based on the induction of an active immune response against
the capsid protein of PCV2. The vaccine candidates reduced PCV2 viremia and
histopathological lesions following experimental challenge. Moreover, field studies
conducted on the efficacy of vaccine demonstrated decreasing PCV2 viremia and
improving overall growth performance (Fachinger et al., 2008; Kixmoller et al., 2008).

Available data on efficacy of a developed subunit PCV2 vaccine using
recombinant capsid protein expressed in E. coli expression system are still
inconclusive. Therefore, the objectives of this study are to develop a subunit vaccine
against PCV2 and to investigate the efficacy of this vaccine on enhancing specific
antibodies and reducing PCV2 viremia in a PCV2-affected swine herd under natural

condition.



CHAPTER 1l

Genetic Characterization and Phylogenetic Analysis of Porcine Circovirus Type 2 in

Thai Pigs with Porcine Circovirus Associated Diseases (PCVAD) during 2007-2010

2.1 Introduction

Porcine circovirus type 2 (PCV2) was first recognized as a causative agent of
postweaning multisystemic wasting syndrome (PMWS), a multi-factorial disease in swine
in Canada in 1991 (Harding and Clark, 1997). Subsequently, it has been reported in
almost all intensive pig production countries worldwide (Allan and Ellis, 2000; Chae,
2004). PCV2 causes several clinical and pathological conditions in pigs including
porcine respiratory disease complex (PRDC), reproductive failures, porcine dermatitis
and nephropathy syndrome (PDNS), proliferative and necrotizing pneumonia and
congenital tremor (Darwich et al., 2004; Chae, 2005). Currently, these associated
diseases and conditions linked to PCV2 are called porcine circovirus associated
diseases (PCVAD). PCV2 belonging to the family Circoviridae, is a smallest mammalian,
non-enveloped, single-stranded DNA virus enclosing a circular genome about 1.76 kb
(Mankertz et al., 1997). The genome of PCV2 contains 3 major open reading frames
(ORFs): ORF1, ORF2 and ORF3. The Cap protein is the main structural and major
immunogenic of PCV2, which is encoded by ORF2. As a result, ORF2 is commonly used
for reconstruction of the phylogenetic tree similar to the whole PCV2 genome study
(Olvera et al., 2007).

Several studies suggested that PCV2 could be divided into 2 major genotypes
(Carman et al., 2006; Cheung et al., 2007; Ma et al., 2007; Takahagi et al., 2008; Kim et
al., 2009°). Recently, both genotypes were proposed and referred to PCV2a (PCV2-

genotype 2) and PCV2b (PCV2-genotype 1). However, PCV2c genotype has been
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described, but only found in Denmark (Segalés et al., 2008). Interestingly, the virulence
of PCV2a and PCV2b isolates was similar in the conventional SPF pig model, but the
virulence of the isolates within the same cluster differed (Opriessnig et al., 2008b).
Alternatively, PCV2 can be classified into 8 subgroups 1A to 1C and 2A to 2E (Olvera et
al., 2007), but those were not associated with the disease conditions or geographic
areas. Recently, a new type of PCV referred to PCV1/2a was reported and later found to
be a chimeric virus containing ORF1 of PCV1 and ORF2 of PCV2a in Canada in 2009
(Gagnon et al., 2010).

In Thailand, PMWS caused by PCV2 was firstly reported in 1998
(Tantilertcharoen et al., 1999) and a PCV2 retrospective study in Thailand identified
PCV-infected case occurring as early as in 1993 (Kiatipattanasakul-Bunlunara et al.,
2002). It should be noted that only one Thai PCV2 isolate from our group has been
submitted to GenBank (AY864814) in 2004 and it was classified into subgroup 1C
(Manokaran et al., 2008; Wiederkehr et al., 2009). However, genetic information about
PCV2 in Thai swine herds has still been unavailable. Therefore, the objective of this
study was to determine the genetic characterizations of ORF2 genome of current 12

PCV2 isolates from Thai pigs with PCVAD during 2007-2010.

2.2 Materials and Methods
2.2.1 Field samples

Clinical samples (serum or lymphoid tissue) from different farms in high pig
density provinces of Thailand submitted to Chulalongkorn University-Veterinary
Diagnostic Laboratory (CU-VDL) and Department of Pathology, Faculty of Veterinary
Science, Chulalongkorn University during 2007 - 2010 were included in this study.
These samples were kept in -80°C until performing DNA extraction and PCR. Viral DNA

was extracted from lymphoid tissue homogenates and serum samples using NucleoSpin
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Extract Viral DNA Kit (Macherey-Nagel, Diren, Germany) according to the

manufacturer’s instructions.

2.2.2 PCR amplification of ORF 2 gene

A full-length ORF2 gene of PCV2 was amplified by PCR with forward primer,
PCV2-f1 (5'-CCATGCCCTGAATTTCCATA-3’) and reverse primer PCV2-r1 (5-ACAGCG
CACTTCTTTCGTTT-3’) previously published (Takahagi et al., 2008), in a 50 pl reaction
mixture. The amplification reaction was performed with an initial step at 94°C for 2 min,
followed by 35 cycles of denaturation at 94°C for 30 sec, annealing at 60°C for 30 sec
and extension at 72°C for 1 min and a final extension step at 72°C for 7 min. The PCV2

positive samples of 702 nucleotides were used for DNA sequencing.

2.2.3 Viral sequences and phylogenetic analysis

The PCR products were separated by 1.5% agarose gel electrophoresis and
purified with NucleoSpin Extract Il (Macherey-Nagel, Diren, Germany) for viral
sequences. DNA sequencing was carried out by 1st BASE Company (Singapore) with
primers used in the previous PCR reaction. A total of 12 ORF2 sequences from Thai
pigs with PCVAD during 2007-2010 were obtained and translated into amino acid
sequences for analysis. The 12 Thai PCV2 sequences were analyzed together with 19
representative ORF2 sequences reported in GenBank including 16 reference strains of
PCV2a and PCV2b, the former Thai isolate in 2004 (THA_O1NP1, AY864814), PCV2c
ORF2 sequence (EU148503) and PCV1 (AY193712). A phylogenetic trees was
constructed by MEGA 4 software (Tamura et al., 2007) based on the sequence of ORF2
to determine the distribution and evolutionary trend of PCV2 in Thailand using the

neighbor-joining (NJ) method with 1000 bootstrapping replicates (Saitou and Nei, 1987).
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2.3 Results
2.3.1 Genetic characterization

All 12 Thai ORF2 of PCV2 sequences in this study had a genome length of 702
nucleotides and revealed nucleotide identities ranged between 97.7-99.8% (Table 2.1),
indicating no significant differences between PCV2 genotype. However, the nucleotide
substitutions in the ORF2 gene among the 12 Thai PCV2 sequences compare to the
former Thai PCV2 sequences in 2004 (THA_O1NP1, AY864814) were observed. These
substitutions led to amino acid changes located between amino acid positions 46-90,

121-131 and 190-191 as shown in Figure 2.1.

2.3.2 Phylogenetic analyses

The phylogenetic analysis in this study reconstructed from the 12 Thai ORF2
sequences during 2007-2010 along with 19 ORF2 sequences published in GenBank
database representing all PCV2 genotypes shown in Figure 2.2. All 12 Thai PCV2
sequence belonged only to genotype 1 (PCV2b) according to the classification
proposed previously (Grau-Roma et al., 2008). Based on the subgroup terminology
described previously (Olvera et al., 2007), nucleotides 262-267 and amino acids 88-89
of ORF2 were compared and classified. The nucleotide sequences “CCCCGC”,
“CCCCTC” and “AAAATC” are the signatures motif for PCV2b subgroup 1A/B, 1C and
PCV2a, respectively. The amino acid “PR” was enclosed with subgroup 1A/B, while the
PL and Kl were related with subgroup 1C and PCV2a. All 12 Thai PCV2 genotype 1
were divided into 2 subgroups consisting of 1A/ B (10/12, 83.33%) and 1C (2/12,
16.67%). This results indicates that the predominant Thai PCV2 in this study is genotype
1 (100%) particularly subgroup 1A/B (83.33%). It should be noted that previously found
subgroup 1C (01NP1) in 2004 was still observed (09NP165 and 09NP290) in 2009 in the

same province.
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Table 2.1: Classification of 12 Thai PCV2 isolates compared with 8 PCV2 reference

strains in the same group by nucleotide and deduced amino-acid sequences of ORF2

Nucleotide Amino acid

% NT
Accession sequence  sequence . o
Genotype  subgroup Country/area identity
number (262-267) (86-87)
FJ905468 CCCCGC PR PCV2b 1A/B Korea 100
AY484409 CCCCGC PR PCV2b 1A/B Netherland 100
THA_O7NP88  CCCCGC PR PCV2b 1A/B Nakhon Pathom 98.9/98.6
THA_07NP144 CCCCGC PR PCV2b 1A/B Nakhon Pathom 99.6/99.6
THA_08NP113 CCCCGC PR PCV2b 1A/B Nakhon Pathom 99.8/99.8
THA_08NP266 CCCCGC PR PCV2b 1A/B Nakhon Pathom 99.8/99.8
THA_10SB01 CCCCGC PR PCV2b 1A/B Saraburi 99.6/99.6
THA_10SB02  CCCCGC PR PCV2b 1A/B Saraburi 99.8/99.4
THA_10SB03  CCCCGC PR PCV2b 1A/B Saraburi 99.4/99.4
THA_10SB04  CCCCGC PR PCV2b 1A/B Saraburi 99.1/99.1
THA_10NPO1 CCCCGC PR PCV2b 1A/B Nakhon Pathom 99.5/99.5
THA_10AY01 CCCCGC PR PCV2b 1A/B Phra Nakhon 99.3/99.3
Si Ayutthaya
AY864814 CCCCTC PL PCV2b 1C Thailand 100
(01NP1)
EU302140 CCCCTC PL PCV2b 1C Indonesia 100
THA_09NP165 CCCCTC  PL PCV2b 1C Nakhon Pathom 98.4/98.6
THA_09NP290 CCCCTC  PL PCV2b 1C Nakhon Pathom 97.7/98.1
AY256455 AAAATC Kl PCV2a 2C Hungary 100
AY322004 AAAATC Ki PCV2a 2D France 100
EU148503 CCCCTC PL PCV2c - Denmark 100
AY 193712 ATCTTC IF PCV1 - China 100

1 .
Boldface letters are reference strains

2Compared with the reference nucleotide sequences in the same group

2.4 Discussion

Porcine circovirus type 2 (PCV2) is divided into 2 major genotypes based on
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sequencing analysis. However, several nomenclature have been used such as group |
and Il, pattern 321 and 422, SG3 and SG1/SG2, group 1 and 2, and Group A and B
(Olvera et al., 2007; Segalés et al., 2008; Timmusk et al., 2008). Recently, both
genotypes were proposed and referred to PCV2a and PCV2b (Segales et al., 2008). In
Thailand, PMWS was firstly reported in 1998 (Tantilertcharoen et al., 1999). It should be
noted that only one Thai PCV2 isolate belonging to genotype 1 was submitted to
GenBank (AY864814) in 2004. In this study, we characterized and reconstructed
phylogenetic analysis of 12 Thai ORF2 of PCV2 sequences collected from pigs with
PCVAD during 2007-2010 to accurately determine the cluster relationships. All 12 Thai
PCV2 isolates in this study were closely related (The nucleotide identities ranged
between 97.7-99.8%) based on ORF 2 sequence. The main position of amino acid
replacements among Thai ORF2 sequences in this study were located at amino acid
positions 46-90, 121-131 and 190-191 within heterogenic regions (Fig. 2.1) similar to
previous reports (Larochelle et al., 2002; Grau-Roma et al., 2008). The phylogenetic
analysis of the 12 Thai PCV2 isolates revealed that all studied Thai PCV2 sequences
belonged to genotype 1 (Fig. 2.2), according to previous classification (Grau-Roma et
al., 2008).

Previous studies revealed that both genotypes were associated with PCVAD-
affected and non-affected herds (Cheung et al., 2007; Carman et al., 2008; Grau-Roma
et al., 2008; Horlen et al., 2008; Wiederkehr et al., 2009). However PCV2b is currently
prevailing in naturally occurring infections (Takahagi et al., 2008; Timmusk et al., 2008;
Cortey et al., 201 Tb). Although the virulence of PCV2a and PCV2b isolates was similar in
the SPF pig model, the virulence of isolates within the same cluster was different
(Opriessnig et al., 2008%). On the other hand, many recent publications have reported a

shift from PCV2a to PCV2b genotype that might be related to the occurrence of PMWS
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outbreaks in Canada (Gagnon et al., 2007), Sweden (Timmusk et al., 2008), Switzerland

(Wiederkehr et al., 2009) and Spain (Cortey et al., 20117, indicating that PCV2b may be

more virulent than PCV2a.
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Alignment of amino acids predicted from the ORF2 nucleotide sequences

of the 12 Thai PCV2 sequences during 2007-2010 compared with the former Thai

sequences in 2004 (01NP1) revealing amino acid changes located between amino acid

positions 46-90, 121-131 and 190-191. Regions reported by Grau-Roma et al. (2008) as

more heterogenic are highlighted in black lines.
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Figure 2.2: Phylogenetic tree based on neighbor-joining (NJ) method is constructed

from the 12 Thai PCV2 sequences during 2007-2010 in this study with 19 ORF2 of PCV2
sequences reported in GenBank including 16 reference strains of PCV2a and PCV2b,
the former Thai isolate (THA_01NP1), PCV2 group 3 (PCV2c) sequence (EU148503) and

PCV1 (AY193712) strain.
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All 12 Thai PCV2 isolates in this study were classified within only one PCV2
genotype (genotype 1: 1A/B and 1C) similar to several countries such as Cuba
(genotype 1: 1A) and Indonesia (genotype 1: 1C). Interestingly 10 Thai PCV2
sequences were located within subgroup A/B (10/12, 83.33%) together with the other
PCV2 sequences from Korea (FJ905468), the Netherlands (AY484409) and USA
(EU340258). These PCV2 isolates subgroup A/B were found in PCVAD pigs from
Nakhon Pathom (2007, 2008 and 2010), Saraburi (2010) and Phra Nakhon Si Ayutthaya
province (2010). The other 2 Thai PCV2 sequences (THA_09NP165 and THA_09NP290)
from Nakhon Pathom province were classified within subgroup 1C (2/12, 16.67%) similar
to the previous Thai PCV2 isolate (THA_O1NP1, AY864814), a Chinese isolate
(AY035820) and 2 Indonesian isolates (EU302140 and EU302141) which were found in
Indonesian pigs imported to Singapore (Manokaran et al., 2008).

Nevertheless, the sequence and phylogenetic analyses performing in this study
did not show any evidence of recombination as reported in PCV type 2 isolated in Hong
Kong, Korea and USA (Ma et al., 2007; Choi and Chae, 2008; Horlen et al., 2008).
However, a few amino acid replacements among Thai ORF2 sequences in this study
were observed. Due to the high nucleotide substitution rate of PCV2 compared to other
single-stranded DNA viruses, it was estimated approximately 1.2x10° substitutions/site/
year (Firth et al., 2009). Therefore, the emerging of any new PCV2 genotype is possible
in the future. Since the samples in this study were collected from the highest pig density
provinces located in central Thailand, the results yielded in this study can demonstrate
at least 2 introductions of PCV2 genotype 1 into Thailand. Imported swine breeders and
semen appear to be the major route or transmission. Another evidence of introducing
new virus strain into the swine herds is using improper killed chimeric vaccine in

Canada (Gagnon et al., 2010). It should be noted that no chimeric virus or no PCV2a
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was found in this study even though that killed chimeric vaccine has been commercially
available in Thailand a few years ago (Paphavasit et al., 2009). In order to yield the
accurate data, more PCV2 strains from different parts of the country should be
examined for more epidemiological information of PCV2 in the Thai swine herds.

In summary, based on the sequences and phylogenetic analysis of all current 12
Thai PCV2 isolates, two subgroups: 1A/B and 1C of genotype 1 were found in Thailand.
A few specific substitution patterns in each subgroup were observed in amino acid
positions. This report revealed that PCV2 genotype 1 was predominated in Thai pigs
with PCVAD. This finding provides some useful information about PCV2 molecular

epidemiology in Thailand with at least 2 introductions into the country.



CHAPTER IlI

Development of an indirect enzyme-linked immunosorbent assay using a recombinant

truncated capsid protein of porcine circovirus-2

3.1 Introduction

Porcine circovirus (PCV) is a non-enveloped, single-stranded, circular-genome
DNA virus with a diameter of 17 nm, belonging to the family Circoviridae. Porcine
circovirus type 1 was first isolated as a nonpathogenic contaminant virus from a porcine
kidney cell line (Tischer et al., 1982; Allan et al., 1995). In contrast, porcine circovirus
type 2 (PCV2) was first recognized as a causative agent of postweaning multisystemic
wasting syndrome (PMWS), a multi-factorial disease in swine firstly identified in Canada
in 1991(Harding and Clark, 1997). Subsequently, PCV2 has been reported in most
intensive pig producing countries worldwide including Thailand (Allan et al., 1998
Balasch et al., 1999; Tantilertcharoen et al., 1999; Allan and Ellis, 2000; Darwich et al.,
2004; Prickett et al., 2011).  PCV2 presently causes several clinical and pathological
conditions in pigs composing of porcine respiratory disease complex (PRDC),
reproductive failures, porcine dermatitis and nephropathy syndrome (PDNS) and
congenital tremor which currently known as porcine circovirus associated diseases
(PCVAD) (Darwich et al., 2004; Chae, 2005). The genome of PCV2 contains 3 open
reading frames (ORFs): ORF1, ORF2 and ORF3. ORF1 encodes the Rep proteins of
35.7 kDa involving in viral replication, while ORF2 encodes the structural capsid protein
of 30 kDa involving in immunogenicity of PCV2 (Nawagitgul et al., 2000; Mankertz et al.,
2004) and ORF3 protein is involving in PCV2-induced apoptosis(Liu et al., 2005).

The most reliable serological diagnostic assays for antibody detection against

PCV2 consist of immunoperoxidase monolayer assays (IPMA) (Allan et al., 1999%) and
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indirect immunofluorescent antibody assay (IFA) (Allan et al., 1999b). However, These
conventional assays are expensive, highly time-consuming and carry the risk of virus
contamination whereas commercially available Enzyme-Linked Immunosorbent Assay
(ELISA) based on recombinant capsid protein expressed in baculovirus expression
systems (Blanchard et al., 2003 Liu et al., 2004) or bacterial expression systems (Wu et
al., 2008; Marcekova et al., 2009; Sun et al., 2010; Yin et al., 2010) are more convenient.
However, the production of recombinant proteins in the eukaryotic expression system is
costly. It should be noted that several antigenic epitopes of PCV2 capsid protein were
demonstrated at amino acid residues 47-85, 165-200, 230-233 (Lekcharoensuk et al.,
2004) and 65-87, 113-147, 157-183, 193-207 (Mahé et al., 2000). On the other hand, a
recent report (Guo et al., 2011) demonstrated that the recognition epitope was also
located in the nuclear localization signal (NLS) of capsid protein at amino acid residues
26-36. Nevertheless, most information of antigenic epitopes of PCV2 suggested that 41
amino acid residues located in the NLS region might not be the major domains for the
conformational epitopes. As a result, in this present study a recombinant NLS truncated
capsid (rtCap) protein of PCV2 expressed in Escherichia coli system was used as an
antigen for an indirect ELISA development. The objectives of this study were to
establish and validate the rntCap indirect ELISA diagnostic assay to detect anti-PCV2

antibodis.

3.2 Materials and Methods
3.2.1 PCV2 genomic DNA and sera

The genomic DNA obtained from the purified PCV2-infected PK15 cell lysate of
the PCV2 isolate THA_07NP88; GenBank accession number JQ866913 (Jittimanee et

al.,, 2011) was used as a template PCR. This Thai PCV2 (genotype 1 or PCV2b) was
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originally isolated from a lymph node tissue of a pig having PCVAD in 2007. A total of
90-field serum samples (30 IPMA-negative and 60 IPMA-positive) were used to evaluate

the performance of the established indirect ELISA assays.

3.2.2 Construction of the rntCap in expression plasmids

The PCR was amplified to generate the NLS truncated capsid (ntCap) fragment
of PCV2. The forward (5° GCGGCCGCAATGGCATCTTCAACGC 3’) and reverse (5’
GCGGCCGCTTAGGGGTTAACTCGGGGGTC 3') primers were designed to incorporate
the Notl restriction sites (underlined) at both ends of the PCR product. The purified PCR
products of ntCap gene were cloned into the pGEM®—T—easy vector (Promega
Corporation, WI, USA) according to the manufacturer’s instructions. Subsequently, the
PGEM/ntCap plasmids were transformed into E. coli JM109 for plasmid amplification
and further extracted with Nuc:leoSpin® Plasmid (Macherey-Nagel, Duren, Germany).
Consequently, the purified pGEM/ntCap plasmids were digested by Not/ endonuclease
(New England Biolabs Inc., MA, USA), separated by 1.5% agarose gel electrophoresis
and purified with NucleoSpin Extract II. The expression plasmid, pGEX-5x-3 (GE
Healthcare Limited, Buckinghamshire, UK) was also digested with Not/ endonuclease
and dephosphated by using calf intestinal alkaline phosphatas (CIAP) (New England
Biolabs Inc., MA, USA). The digested pGEM/ntCap fragments were transferred into the
digested pGEX-5x-3 using T4 ligase enzyme (Promega Corporation, WI, USA) resulted

in the recombinant pGEX-pGEM/ntCap (rntCap) plasmid.

3.2.3 Expression and purification of rntCap proteins in E. coli

The rntCap plasmids were transformed into the E. coli BL21-Rosetta™ 2 (Merck
KGaA, Darmstadt, Germany) using the CaCl-induced transformation method. For

recombinant protein expression, a fresh overnight culture of E. coli carrying the rtCap
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plasmids were diluted 1:50 (v/v) into Luria-Bertani (LB) broth medium containing 100
mg/ml of ampicillin and 20 mg/ml of chloramphenicol and then allowed to grow at 37°C
to an optical density between 0.6 and 0.8 at 600 nm. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Promega Corporation, WI, USA), 0.1 mM were added and
incubated at 30°C for 6 h (Liu et al., 2001% Trundova and Celer, 2007). The rntCap
protein was purified from the bacterial lysate by using a glutathione (GST) affinity

purification module (GE Healthcare Limited, Buckinghamshire, UK).

3.2.4 Protein expression analysis

The purified rntCap proteins were separated by 12% SDS polyacrylamide gel
(SDS-PAGE). For Western blotting, proteins were blotted onto a nitrocellulose membrane
(Pall Corporation, NY, USA) at 110 V for 70 min. As previously described (Liu et al.,
2004) with some modifications, the nitrocellulose strips were blocked with 1% bovine
serum albumin (BSA) in Tris-buffered saline with Tween-20 (TBS-T; 25 mM Tris, 0.9%
NaCl, 0.1% Tween-20, pH 8.0) for 2 h. The strips were then incubated with monoclonal
mouse anti-PCV2 antibodies (Rural Technologies, Inc., SD, USA) for 1 h and later
incubated with HRP-labeled rabbit anti-mouse IgG antibodies (SouthernBiotech, AL,
USA) for 1 h. The reaction was finally developed using 3’, 3'-diaminobenzedine (DAB)

substrate (Merck Millipore, MA, USA).

3.2.5 Optimization of rntCap indirect ELISA working conditions

The rntCap protein was used as the coating antigen for this established indirect
ELISA. A final antigen concentration, serum dilution, conjugate-antibody concentration
and incubation period were determined by the checkerboard titration procedures

(Crowther, 2002). Briefly, the mtCap proteins were coated in different concentrations
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from 0.1 pyg/ml to 10 pg/ml to set the optimal concentration. Subsequently, 100 pl of
swine PCV2 positive serum and negative serum control were diluted in a 2-fold dilution
manner from 1:100 to 1:1600 (in 1% BSA in PBS) to determine the optimization of serum
dilution. In order to determine the final concentration of conjugate, HRP-labeled goat anti-
swine IgG antibodies (Kirkegaard & Perry Laboratories, MD, USA) were diluted in a serial
2-fold dilution manner from 1:500 to 1:64,000. After adding TMB substrate for 15, 30, 60
and 90 min, the colorimetric reactions were developed. The conditions yielding the
highest OD650 ratio between positive and negative sera (P/N value) and the OD650

value of positive serum close to 1.0 were scored as the optimal working conditions.

3.2.6 Immunoperoxidase monolayer assay (IPMA)

IPMA was used as a reference method for detecting the PCV2 antibodies in pig
sera. IPMA was performed in duplication as previously described (Liu et al., 2004) with
some modification. Briefly, 96 well flat bottom plates (eBioscience Inc., CA, USA)
containing the PK15/PCV2-infected cells and the negative control cells (mock-infected
PK15 cells) were fixed in 4% formalin in PBS for 30 min at room temperature. Following
3 washes with PBS-T, diluted-field serum samples (1:400) and positive control (1:500,
monoclonal mouse anti-PCV2 antibodies, Rural Technologies Inc., SD, USA) was added
and then incubated at 37°C for 1 h. After 3 washes, 1:300 dilution of HRP-goat anti-
swine IgG antibodies (New England Biolabs Inc., MA, USA) and 1:300 of HRP-
conjugated rabbit anti-mouse Ig antibodies (SouthernBiotech AL, USA) were added.
Following 1 h of incubation at 37°C, plates were washed 3 times and 3-amino-9-ethyl-
carbazol (AEC) solution (Merck Millipore, MA, USA) was added and incubated for 30

min at 37°C. Color developed from substrate was removed and then the plate was
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washed by tap water. The IPMA plate was examined for dark red staining nuclei under

an inverted light microscope.

3.2.7 Evaluation of assay performance

To evaluate the performance of the rntCap indirect ELISA, 90-field sera tested
by IPMA were run in duplication. Diagnostic accuracy of this assay was determined
by calculating the diagnostic sensitivity (Dsn) and specificity (Dsp). The Dsn and Dsp
of this indirect ELISA calculated using the following formulas: Dsn = TP/(TP + FN) x
100 and Dsp = TN/(TN + FP) x 100 (TP, FN, TN and FP are indicated true-positive,

false-negative, true-negative and false-positive, respectively).

3.2.8 Confirmation of the positive-negative cutoff

Ninety-field serum samples (30 IPMA-negative and 60 IPMA positive sera) were
used for the rntCap indirect ELISA validation. The optical density (OD650) values
obtained from 90 field serum samples were compared with the IPMA results. To
determine a positive—negative cutoff and the diagnostic performance for this assay, a
receiver operating characteristic (ROC) curve analysis was performed. A cutoff value
was determined using maximized diagnostic sensitivity and specificity and minimized

the number of false-negative and false-positive results.

3.2.9 Evaluation of the assay repeatability

Evaluation of the assay repeatability within and between assay were performed
as previously suggested (Jacobson, 1998). Eight-positive sera and 8-negative sera
were designated for the repeatability test. For intra-plate repeatability, 3 replication of

each serum sample were run in the same plate. For inter-plate repeatability, 3
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replication of each sample were consigned in different plates. Mean OD ratio and

coefficient of variation (CV) of each test were analyzed.

3.2.10 Evaluation of the correlation between ELISA and IPMA

The rntCap indirect ELISA OD values obtained from 16 positive serum samples
of known PCV2-infected pigs were compared with the antibody titers determined by
IPMA on PK15-PCV2-infected cells, as previously described (Truong et al., 2001). The
IPMA was performed on serial dilutions of the corresponding sera from 1:100 to
1:51,200. A correlation between the IPMA titers and the OD ratio was determined by the

correlation coefficient.

3.3 Results
3.3.1 Expression and Analysis of PCV2 rntCap protein

The NLS truncated capsid gene fragments containing several immunoreactive
ORF2 epitopes of PCV2 were amplified by PCR. Consequently, the amplified 579
nucleotides encoding the 42-234 peptide of ORF2 protein were sequenced and cloned
into the expression vector pGEX-5-3. The rntCap protein was expressed as GST-tagged
fusion protein and purified by affinity chromatography. The purified rntCap protein was
analyzed by SDS-PAGE and Western blotting. The presence of the mtCap protein in the
bacterial cell lysate after induction and purification was revealed (Figure 3.1).
Approximately, 40 kDa of rntCap protein from the purified protein on lane 4 strongly
reacted with the monoclonal mouse anti-PCV2 antibodies in Western blotting. The
results indicated that this rntCap protein expressed in E. coli could be used as an

antigen for the detection of specific antibodies against PCV2.
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Figure 3.1: Expression of the recombinant nuclear localization signal truncated capsid

(rntCap) protein was analyzed by SDS-PAGE (lanes 1-3) and Western blot (lane 4). A
clear band of 40 kDa (arrow) after purification is demonstrated. Lane 1: crude protein
from noninduced E. coli cell lysate; lane 2: crude protein from IPTG-induced E. coli cell
lysate; lane 3: purified rntCap protein from IPTG-induced E. coli cell lysate; lane 4:

purified rntCap proteins reacting with monoclonal mouse anti-PCV2 antibody.

3.3.2 Optimization of the rntCap indirect ELISA

The optimal working condition of this assay was performed with the final mtCap
protein concentration of 5 pg/ml in 0.05 M sodium carbonate buffer (pH 9.6). The optimal
diluted serum (1:100) was added with further incubation at 37°C for 30 min. The final
dilution of the HRP-labeled goat anti-swine 1gG antibodies was done at 1:10,000 with
further incubation at 37°C for 30 min. After TMB were added and incubated in the dark
for 1 h, the OD was measured at 650 nm to determine serum/positive (S/P) ratio.

Additionally, to determine whether the GST tag interfered with the mtCap indirect

ELISA, the established indirect ELISA was performed using either purified GST protein
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or mtCap protein as the coating antigen. Plates were measured at 650 nm OD after

tested with 8-positive and 8-negative known in duplication (Figure 3.2).

Figure 3.2: Comparing ELISA OD values obtained from the rntCap protein and GST

coating protein. Sixteen-serum samples including 8-positive and 8-negative sera were
used. Each serum sample was run in quad replication, two on the mtCap protein and
two on the GST antigen coated wells. Plates were included with both positive and

negative control sera.

The statistical analysis (paired t-test) between average OD values of the positive

and negative sera tested by both assays (GST alone or rmtCap) revealed that the mean
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OD values of the positive sera tested by the mtCap indirect ELISA was significantly
different compared to the indirect ELISA using the GST alone (p<0.01). The average
OD values of the negative sera tested by the mtCap indirect ELISA was also significantly
different (p<0.05). Moreover, the average OD values tested on the indirect ELISA using
the GST alone was not significantly different among the positive sera and negative sera

(p>0.05).

3.3.3 The positive-negative cutoff and the assay performance

Based on ROC analysis of the mtCap indirect ELISA, the OD value of 90-field
serum samples varied from a minimum of 0.105 to a maximum of 0.551 for negative sera
(n=30) and the OD value ranged from 0.312 to 1.091 for positive sera (n=60). A cutoff
OD of 0.330 was determined an optimal result with a Dsn of 98.33% and a Dsp of

93.33% whereas the accuracy was 96.67% (Table 3.1).

Tables 3.1:Comparison of area under the receiver operating curve (AUC) values
(xstandard deviation), sensitivity, specificity and accuracy between the rmtCap indirect

ELISA and the IPMA test on different cut off OD value

Cutoff OD* AUC Sensitivity (%)  Specificity (%)  Accuracy (%)
0.300 0.988 £0.02 100.00 86.67 95.6
0.315 0.988 +£0.01 98.33 90.00 95.6
0.330 0.988 +£0.01 98.33 93.33 96.7
0.360 0.987 £0.01 95.00 93.33 94.4
0.375 0.987 £0.01 95.00 96.67 95.6
0.400 0.988 +£0.01 90.00 96.67 92.2

*Cutoff determined by receiver operating characteristic (ROC) analysis (n=90).
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3.3.4 The assay repeatability

The intra-plate repeatability test was performed by comparing of the OD ratios
results in triplication of each sample tested in the same plate. The inter-plate
repeatability was also done in different plates at different times. The results from 8-
negative sera revealed the intra-plate CV ranged from 0.37% to 19.86%, with a median
value of 3.74%, whereas those of the positive serum samples ranged from 0.91% to
7.68%, with a median value of 3.82%. The inter-plate CV for the negative sera was
between 5.55% and 30.60%, with a median value of 21.10%, while the CV of the positive
serum samples was between 7.18% and 17.69%, with a median value of 12.21%. These

results indicated that the mtCap indirect ELISA was repeatable.

3.3.5 The correlation between the ELISA and IPMA tests

To determine the correlation between the IPMA titers and the OD ratios of the
rntCap indirect ELISA, endpoint IPMA titers of 16-positive serum samples with variation
of PCV2 antibody levels against the OD ratios of the tested serums were plotted as
shown in Figure 3.3. The correlation between the IPMA titers and the OD ratios of the
rtCap indirect ELISA was revealed the linear regression (Spearman’s correlation
coefficient = 0.772, p<0.05) within a minimum and a maximum limited range,
respectively (2.90 and 3.80 for the IPMA and 0.31 and 0.94 for the OD ratios). As a
result, the OD ratios obtained from the rntCap indirect ELISA could be reliably used to

estimate the IPMA titers.
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Figure 3.3: Correlation between log10 IPMA titers of 16 known serum samples and OD
ratios from the rntCap indirect ELISA. The relationship between the IPMA titers and OD

ratios yielded a linear progression (Spearman’s correlation coefficient of 0.772, p<0.05).

3.4 Discussion

Porcine circovirus type 2 (PCV2) was first recognized as a causative agent of
PMWS in Canada in 1991(Harding and Clark, 1997). Subsequently, the incidence of
PMWS in the swine herds has become a major economic impact to the swine industry
worldwide (Allan et al., 1998 Tantilertcharoen et al., 1999; Allan and Ellis, 2000;
Segalés and Domingo, 2002). Traditionally, virus isolation is regarded as a gold
standard technique in most viral diagnosis. However, PCV2 virus isolation is difficult
and time-consuming since PCV2 does not produce cytopathic effects and is unable to
grow in cell culture with a high virus titer. Previously, several serological diagnostic

methods have been used for PCV2 antibody detection such as IFA and IPMA assays
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(Allan et al., 1999° Allan et al., 1999b). In addition, these assays are time-consuming,
labor-intensive and not suitable for large-scale surveys. It should be noted that using
whole viral particles from PCV2-infected cells could generate cross-reactivity between
the rep proteins of PCV1 and PCV2 when using PCV1 contaminated cell line leading to
false-positive results (Magar et al., 2000). However, no cross-reactivity is found
between the ORF2 capsid proteins of PCV1 and PCV2 when using the rntCap indirect
ELISA of PCV2 (Mahé et al., 2000).

Based on previous studies, the capsid protein of PCV2 is the preferred antigen
for serological tests due to its strong immunoreactivity (Blanchard et al., 2003b; Zhou et
al., 2006). In addition, the antigenic epitopes of PCV2 capsid protein demonstrated that
the amino acid residues located in the NLS region of PCV2 did not involve in the
conformational epitopes (Mahé et al., 2000; Lekcharoensuk et al., 2004).

In this study, the ntCap gene was expressed in the E. coli as the mtCap with
GST-tagged protein and used as an antigen for the developed rmtCap indirect ELISA.
Since the rntCap protein was a recombinant GST-tagged protein possibly interfering
with the results. To resolve that matter, the mean OD values of 8-positive and 8-negative
serum samples were test and the results demonstrated that the GST-tagged protein in
the rntCap protein was not interfering with this assay. It should be noted that both Dsn
and Dsp of this established assay yielded higher values than those of previous reports
(Shang et al., 2008; Wu et al., 2008). However, the high sensitivity obtained from this
assay might derive from using the non-purified rntCap protein antigen which could
generate false-positive results. Nevertheless, the results from the established mtCap
indirect ELISA demonstrated the appropriate accuracy rate (96.67%) with the IPMA
results when tested with the 90-field swine serum samples. More field samples are

needed to confirm the reliable of this indirect ELISA.
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The repeatability of this assay also revealed a low variability. The intra-plate test
showed minor value differences when compared to the inter-plate test, suggesting that
the stability of the rntCap antigen might not be completed. However, the CV of the
negative and positive serum samples in both assays indicated that the variability of this
established rntCap indirect ELISA was acceptable. The correlation between the rtCap
indirect ELISA and the IPMA demonstrated the linear regression indicating that the OD
ratios from the rmtCap indirect ELISA could be used to predict the IPMA titers. Again,
more samples are needed to enhance the diagnostic sensitivity, specificity and
accuracy rate.

Additionally, based on the results from 59-positive sera (cutoff 0.330) tested by
the rntCap indirect ELISA and collected from vaccinated and non-vaccinated pigs (data
not shown) indicated that the established rmtCap indirect ELISA could detect the
antibodies against PCV2 both from naturally infected pigs and vaccinated pigs. It would
be of interest to observe whether the mtCap indirect ELISA could be used for PCV-2
antibody detection in oral fluid samples as oral fluid sample is currently widely used for
major swine pathogen detection, including PCV-2, in the United States (Ramirez et al.,
2012). Another additional advantage of using the rtCap protein is possibly using for the
development of other diagnostic tests such as a rapid strip test.

In conclusion, the development of the mtCap indirect ELISA for PCV2 antibodies
detection by using the rntCap protein expressed in the E. coli in this report is able to use
as a serodiagnostic tool for PCV2 antibody detection in the swine herds. The
applications of using this ELISA include seromonitoring on NLS-capsid of PCV2
antibodies from maternal derived antibodies, determining the time of infection in the
production cycle and possibly measuring the levels of the antibody level after

vaccination. Those mentioned advantages can be analyzed in the future after gathering
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more data from the field uses. In addition, this assay could be a valuable test for the
routine diagnostic tool for the large-scale samples and could possibly be produced for

commercial purpose.



CHAPTER IV

Enhancing specific antibodies using a developed subunit PCV2b vaccination

in a PCV2-affacted herd

4.1 Introduction

Porcine circovirus type 2 (PCV2) has been identified as a causative agent of
porcine circovirus associated diseases (PCVAD) in pigs, an important swine disease
having a huge impact on swine industry worldwide (Allan and Ellis, 2000; Chae, 2005).
Currently, epidemiological studies indicate that PCV2b is the predominant genotype in
the global pig population (Allan et al., 2007; Patterson and Opriessnig, 2010; Cortey et
al., 2011b) including Thailand (Jittimanee et al., 2011). The first available commercial
PCV2 vaccine is an inactivated PCV2 oil adjuvant vaccine used for breeders (Reynaud
et al., 2004). On the other hand, other three commercial vaccines are recommended for
piglets. One is a killed chimera vaccine combining the antigenic capsid gene of PCV2
into the PCV1 backbone (Fenaux et al., 2004). The others are subunit vaccines from a
recombinant capsid protein expressed in baculovirus system (Fachinger et al., 2008).
All of commercially available vaccines are based on PCV2a genotype. Although
previous experimental results indicated that current commercial vaccines based on
PCV2a could confer cross protection against PCV2b in challenge models (Patterson et
al., 2008; Fort et al., 2009; Opriessnig et al., 2010b). Recently, a PCV2 vaccine trial
concurrent with PCV2, PRRSV and PPV infection mimicking field situation revealed that a
PCV2b vaccine was more effective on reducing viremia than the PCV2a vaccine when
challenged with only PCV2b or both PCV2a and PCV2b (Opriessnig et al., 2013).

Additionally, novel vaccine prototypes based on PCV2b genotype such as subunit
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vaccines or modified live-attenuated vaccines are being developed and may provide
better protection and lower vaccine costs. These developed vaccines include
recombinant capsid protein in different bacterial systems (Liu et al., 2001b; Wang et al.,
2008), viral-vectored vaccines (Wang et al., 2007; Fan et al., 2008°) and DNA vaccines
(An et al., 2008; Shuai et al., 2013). Therefore, most of these studies were performed
only in experimental models (mice or pigs). Moreover, it would be interesting to find
protection efficacy of the PCV2 prototype vaccine under field condition.

Based on preliminary results revealed that a developed subunit PCV2b vaccine
using a recombinant truncated capsid protein expressed in Escherichia coli could
induce the specific antibody responses in the experimental pigs especially when
vaccinated twice (Jittimanee et al., 2010). However, the efficacy of this vaccine trial
under the field condition is undergoing investigation. Therefore, the objective of this
study was to investigate the efficacy of a developed PCV2b vaccine in a PCV2-affected

herd based on serology and viremic parameters.

4.2 Materials and Methods
4.2.1 Subunit vaccine preparation

A subunit PCV2b vaccine was prepared using a purified recombinant truncated
Cap (rtCap) protein based on PCV2b genotype (GenBank accession no. JQ866913)
expressed in E. coli system as previously described (Jittimanee et al., 2012). A
developed subunit PCV2b vaccine was mixed with a commercial water based adjuvant
(MONTANIDE™ GEL-01, SEPPIC Inc., France) to make final concentrations of 50 ug/
2mlL/dose (final concentrations was based on the preliminary results, data shown in

appendix E).
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4.2.2 Farms, housing and study designs

The field trial was conducted on a selected farm containing 1000-sows with
multi-site production and all-in/all-out production system. The experimental farm was
seropositive to porcine reproductive and respiratory syndrome virus (PRRSV) with no
history of PRRS vaccination. This farm had continuous losses in recent months due to
porcine circovirus associated diseases (PCVAD) without using PCV2 vaccination
previously. The clinical signs were observed at approximately 12-18 weeks of age and
preliminary PCV2 DNA was found in five-serum pooled samples from 12, 15, 18, 21 and
24-week-old-pig by a routine PCR. One hundred and ten-5-week old pigs were
randomly allocated into 2 groups; a vaccinated group (n = 55) was received two-shot
vaccinations and a control group (n = 55) was received only an adjuvant. Both studied
group were in separated pens in the same building. Vaccination was done twice on day
0 and day 14 when pigs at 5 and 7 weeks of age. Serum samples were collected from
randomly selected 10 pigs of each group (n=10) before vaccination as the baseline and

at 14, 28, 77 and 119 dpv for serological examination and quantitative PCR.

4.2.3 Serology
4.2.3.1 Enzyme-Linked Immunosorbent Assay (ELISA)

All serum samples were tested in duplication by an indirect rntCap ELISA assay
as described previously (Jittimanee et al., 2012). Briefly, Flat-bottom 96 well plates
(eBioscience Inc., CA, USA) were coated with the rntCap protein and blocked with 1%
BSA in PBS. Subsequently, 100 pl/well of the 1:100 serum diluted were added and
incubated at 37°C for 30 min. Following 4 washes with phosphate buffer saline - 0.5%
tween-20 (PBS-T), the 1:10,000 dilution of the horseradish peroxidase-labeled goat anti-
swine IgG antibodies (Kirkegaard & Perry Laboratories, MD, USA) were added with

further incubated at 37°C for 30 min. The wells were again washed for 4 times and the
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reaction was developed using 100 pl of tetramethylbenzidine solution (Sigma-Aldrich,
MO, USA). After incubation for 1 h at room temperature in the dark, the optical density

was measured at 650 nm.

4.2.3.2 Immunoperoxidase monolayer assay (IPMA)

IPMA was conducted for detecting the neutralizing PCV2 antibodies in pig sera.
IPMA was performed in duplication as previously described (Liu et al., 2004) with some
modification. Briefly, 96 well flat bottom plates containing the PK15/PCV2-infected cells
and the negative control cells (mock-infected PK15 cells) were fixed in 4% formalin in
PBS for 30 min at room temperature. Following 3 washes with PBS-T, 2-fold diluted-field
serum samples and positive control (monoclonal mouse anti-PCV2 antibodies, Rural
Technologies Inc., SD, USA) were added and then incubated at 37°C for 1 h. After 3
washes, 1:300 dilution of HRP-goat anti-swine 1gG antibodies (New England Biolabs
Inc., MA, USA) and 1:300 of HRP-conjugated rabbit anti-mouse Ig antibodies
(SouthernBiotech, AL, USA) were added. Following 1 h of incubation at 37°C, plates
were washed 3 times and 3-amino-9-ethyl-carbazol (Merck Millipore, MA, USA) solution
was added and incubated for 30 min at 37°C. Color developed from substrate was
removed and then the plate was washed by tap water. The IPMA plate was examined

for dark brown staining of PCV2-infected cells under an inverted light microscope.

4.2 .4 Quantification of PCV2 DNA in serum samples

DNA extraction from serum samples (at 0, 14, 28, 77 and 119 dpv) was
performed using the NucleoSpin Extract Viral DNA Kit (Macherey-Nagel, Diren,
Germany) for quantification of PCV2 genomic DNA copy numbers by a SYBR green real-

time PCR as described previously (Mcintosh et al., 2009) with some modification.
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Briefly, The PCR reaction was performed in a 25 pl volume containing: 12.5 pl
QuantiTect SYBR Green PCR Kit (QIAGEN, USA), 150 nM of each forward and reverse
primer (F: 5’ATGCCCAGCAAGAAGAGTGGAAGAAGS’, R.5’AGGTCACTCCGTTGTCCTT
GAGATC3’) and 3 ul of sample DNA extracts or 10-fold dilutions of standard PCV2 DNA
respectively. The amplification was performed under the conditions at 95°C for 15 min
followed by 40 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for 45 sec each.
Means of viral loads were calculated from the individual viral load (PCV2 DNA genomic

copies per ml of serum) of all analyzed animals of each respective sampling day.

4.2.5 Statistical analysis

Values of the IPMA titers and viral loads in serum were transformed to log2 and
log10 values, respectively. Mean comparison of parameters (IPMA, ELISA and viral
load) between vaccinated and control group was analyzed by unpaired t-test. The

significance level (p-value) for all parameters was set at 0.05.

4.3 Results
4.3.1 Serology

IPMA and indirect ELISA were performed in duplication on total serum samples
as the serological assays for this study. Mean log2 IPMA titers, the prevalence of PCV2
seropositive pigs and mean group S/P ratios between vaccinated and control groups of
different sampling days were summarized in Table 4.1. Pigs vaccinated with a
developed subunit PCV2b vaccine had better anti-PCV2 1gG response compared to the
control pigs. The IPMA titers in the vaccinated pigs (mean titers: 4.90 + 0.99 log2) were
significantly higher than those of titers in the control pigs (mean titers: 2.50 + 0.85 log2)
at 28 dpv (p < 0.05). However, at the time of PCV2 vaccinations (on day 0 and 14) and

at 77 and 119 dpv, no significant differences of IPMA titers were detected between two
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groups (Fig. 4.1) but, the ELISA results revealed significant differences (p < 0.05) in
mean S/P ratios between vaccinated and control groups at 28 dpv (0.688 + 0.270 and
0.200 £ 0.17) and at 119 dpv (1.440 + 0.38 and 0.808 + 0.47) as shown in Figure 4.2.
Moreover, the prevalence of ELISA seropositive pigs at 14, 28 and 77 dpv of the
vaccinated group were 70 % (7/10), 100 % (10/10) and 80% (8/10), respectively,
whereas only 30 % (3/10), 20 % (2/10) and 66.67% (6/9) of the control group had

seropositive to PCV2 (Table 4.1)

Figure 4.1: Mean group of log2 serum antibody titers measured by IPMA between the
vaccinated group (n = 10) and the control group (n = 10) on different trial days (at O,
14, 28, 77, and 119 dpv). Asterisks (*) indicating significant differences (p < 0.05). Error

bars represent standard errors.



Table 4.1: Results of IPMA, indirect ELISA assays and quantitative PCR. Gray shaded areas indicate the PCV2 seropositive pigs from the

indirect ELISA test (S/P ratio > 0.3).

IPMA ELISA gPCR
Sampling
Mean log2 PCV2 titer £ SD Prevalence (mean S/P ratio + SD) Mean log10 PCV2 (copies/ml + SD)
e Vaccinated Control Vaccinated Control Vaccinated Control
0 1.90 £ 0.32 2.20+0.63 2/10(0.224 £ 0.17)  5/10(0.303 + 0.21) 412 +0.34 417 £0.29
14 240+ 0.52 2.30+£0.48 7/10 (0.368 + 0.15)  3/10 (0.242 + 0.15) 3.64 £0.27 3.77 £0.30
28 490+0.99* 250+0.85 10/10(0.688 £ 0.27)* 2/10 (0.200 + 0.17) 4.97 + 0.25* 5.20+0.10
7 3.80+0.79 3.10+£0.99 8/10 (0.500 + 0.21) 6/9 (0.373 + 0.20) 4.71 +.0.38* 6.03 £1.41
119 5.20+£0.79 450+1.08 10/10 (1.440 £ 0.38)*  9/9 (0.808 + 0.47) 4.26 + 0.25* 5.03 £ 0.67

* Indicating significant (p < 0.05) differences between the vaccinated and control groups.

6V
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Figure 4.2: Mean group of sample-to-positive (S/P) ratios in serum samples obtained
from the vaccinated group (n = 10) and the control group (n = 10) on different trial
days (at 0, 14, 28, 77, and 119 dpv). An S/P ratio of 0.3 is considered positive. Asterisks

(*) indicating significant differences (p < 0.05). Error bars represent standard errors.

4.3.2 Quantification of PCV2 DNA in serum samples

Quantification of PCV2 DNA in serum samples was performed in duplication
using a modified SYBR green real-time PCR. The group means of log10 of PCV2 DNA
genomic copies per ml of serum were calculated from the individual copy number of
PCV2 genomic from each group transformed into log10 and summarized in table 1. No
statistical differences in means of PCV2 viral load in sera were observed between the
vaccinated and the control pigs at both vaccination days (day 0 and day 14). Therefore,

means of PCV2 viral load in sera of vaccinated group (viral load of 4.97 + 0.25, 4.71 +
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0.38 and 4.26 = 0.25 log10) were significantly (p < 0.05) lower when compared to
means of the control group (5.20 + 0.10, 6.03 £1.41 and 5.03 + 0.67 log10) at 28, 77 and

119 dpv, respectively (Fig. 4.3).

Figure 4.3: Mean group of log10 PCV2 DNA copies in serum samples obtained from the
vaccinated group (n = 10) and the control group (n = 10) at 0, 14, 28, 77, and 119 dpv.
Asterisks (*) indicating significant differences (o < 0.05). Error bars represent standard

errors.

4.4 Discussion

Since PCV2 has been identified as a causative agent of PCVAD in pigs, the
incidence of PCVAD in the swine herds has become a major economic impact to the
swine industry worldwide (Allan et al., 1998% Allan and Ellis, 2000; Segalés et al., 2002).
Currently, epidemiological studies indicate that PCV2b is the predominant genotype
causing major losses in the global pig population (Patterson and Opriessnig, 2010;

Cortey et al,, 2011b) including Thailand (Jittimanee et al., 2011). While, several



52

commercial PCV2 vaccines based on PCV2a are still widely used for the protection
against PCVAD, cross protection against PCV2b has been demonstrated in
experimental models (Patterson et al., 2008; Fort et al., 2009; Opriessnig et al., 2010b).
However, PCVAD outbreaks in vaccinated pig herds still occurred. Recently, a PCV2
vaccine trial concurrently with PCV2, PRRSV and PPV infections mimicking field situation
revealed that a PCV2b vaccine is more effective on reducing viremia than a PCV2a
vaccine when challenged with PCV2b or combined PCV2a/2b (Opriessnig et al., 2013).
The result suggested that a new prototype vaccine based on PCV2b genotype might be
useful and necessary.

Several previous studies of capsid protein expressed in E. coli suggested that
this particular recombinant capsid protein had a potential as a vaccine candidate (Zhou
et al., 2005; Fan et al., 2008b; Marcekova et al., 2009). However, the efficacy of a
subunit vaccine trail using a recombinant capsid protein is still needed. Moreover, it
would be of interest to find protection efficacy of a subunit PCV2 vaccine prototype
tested under the field condition.

This study investigated the efficacy of a developed subunit PCV2 vaccine based
on PCV2b recombinant capsid protein expressed in E. coli on enhancing humoral
antibodies and reducing viremia in a PCV2-affected farm. The results from IPMA and
indirect ELISA tests revealed that pigs vaccinated with a developed subunit PCV2b
vaccine had better anti-PCV2 1gG response compared to the control pigs.

However, the significant differences between the vaccinated and control groups
were observed only at 28 dpv by IPMA and at 28 dpv and 119 dpv by the indirect ELISA
(Table 4.1). No significant differences between the two groups were shown at 77 dpv.
This result indicated that vaccination by a subunit PCV2b vaccine might induce a
moderate level of IPMA titer (mean titer: 4.90 + 0.99 log2) and might partially control

PCV2 infection measured by viremic reduction and the PCV2 antibody seemed to rise
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again after pigs exposed to PCV2 naturally at 119 dpv. The short protection period of
this developed subunit PCV2b vaccine might be due to having insufficient recombinant
capsid protein or using an inappropriate adjuvant type. Moreover, the percentages of
seropositive pigs in the vaccinated group were higher than those of the control group at
14, 28 and 77 dpv.

The gPCR results revealed that means of PCV2 viral load in sera of the
vaccinated group were significantly lower than those of the control group at 28, 77 and
119 dpv. These results indicated that a developed subunit PCV2b vaccine could
reduce viral load in serum samples of naturally infected pigs. Nevertheless, the
vaccinated group showed lower viral load than that of the control group. However, viral
load within the vaccine group seemed to increase at 28 dpv onward possibly due to
after the natural infection. As a result, a subunit PCV2b vaccination could partially
reduce the PCV2 viremia or improving the clinical signs caused by PCV2 infection.

In summary, a developed subunit PCV2b vaccine could enhance specific
antibody and reduce the PCV2 viral load in serum samples in the studied PCV2-affected
farm. Therefore, humoral immune responses induced by a developed subunit PCV2b
vaccine could partially contribute to the PCV2 control and clearance of PCV2 clinical
signs under field conditions. In addition, increased concentration dose of protein used
and/or using an appropriate adjuvant could enhance better efficacy of this developed
subunit vaccine. This study demonstrated that a developed subunit PCV2b vaccine has
a potential use as a future vaccine candidate. However, more filed trials and other
measured parameters such as production parameter, cell mediated immune response,
viral shedding from excretion or organs are needed for the better evaluation of the

efficacy.



CHAPTER V

CONCLUSION

This dissertation was conducted to investigation of three main objectives. The
first objective was to genetically characterize the current Thai PCV2 isolates during
2007-2010. The second objective was to develop an in-house indirect ELISA for PCV2
diagnosis. And the last objective was to develop a subunit vaccine against PCV2 and
investigate the efficacy of this vaccine on enhancing specific antibodies and reducing
viremia in a PCV2-affected swine herd.

In Thailand, PMWS was first reported in 1998. However, only one isolate of Thai
PCV2 from our group has been submitted to GenBank (AY864814). The first objective of
this dissertation was to determine the genetic characterizations of the current Thai PCV2
isolates from clinical PCVAD pigs located in the high pig density provinces during 2007-
2010. Twelve ORF2 of Thai PCV2 sequences were analyzed together with 19
representative ORF2 sequences. Interestingly, all 12 recent Thai PCV2 sequences
belonged to two subgroups referred to 1A/B (10/12, 83.33%) and 1C (2/12, 16.67%) of
PCV2b (genotype 1) similar to the previous Thai PCV2 isolate (AY864814) that also
belong to subgroups 1C. Based on genetic characterization and phylogenetic analysis,
all Thai PCV2 isolates in this study were closely related (the nucleotide identities ranged
between 97.7-99.8%). Only a few specific substitution patterns were observed in amino
acid positions and PCV2b genotype, subgroup 1A/B was predominated in Thai pigs with
PCVAD in this study. Since all samples in this study were collected from the highest pig
density provinces located in central and western part of Thailand (Phra Nakhon Si
Ayutthaya, Saraburi and Nakhon Pathom province), imported swine breeders and
semen could be at least 2 major routes of introductions of PCV2b genotype into

Thailand.
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In addition, another PCV2 study in PMWS-positive farms in Thailand were found
7 from total 10 PCV2 isolates belong to PCV2b cluster 1A/B similar to our study. While,
three remaining isolates were grouped in the new subtype called PCV2e (Jantafong et
al., 2011).

Previously, only three PCV2 genotypes were accepted from the available
sequences in GenBank using the criteria for PCV2 genotype definition (Grau-Roma et
al., 2008; Segalés et al., 2008). Recently, a novel genotype referred to PCV2d genotype
was reported in China (Wang et al., 2009; Guo et al., 2010). Lastly, a fifth genotype
called PCV2e have also been reported in China (Wang et al., 2009), Thailand (Jantafong
et al., 2011) and wild boars from Europe and South America in preliminary data (Cortey
etal., 2011%).

Nowadays, epidemiological studies indicate that genotype PCV2b is the
predominant genotype in the global pig population (Allan et al., 2007; Patterson and
Opriessnig, 2010; Cortey et al., 2011°) including Thailand (Jittimanee et al., 2011). Up
to date, no evident of PCV2a, PCV2c and PCV2d genotypes were observed in Thailand.
Therefore, continuous monitoring for PCV2 infection is needed to investigate the
existence of the other genotype and the emerging of any new PCV2 genotype is
possible in the future.

The second objective was to develop an indirect ELISA assay for PCV2 infection
in Thailand. In general, IPMA and IFA assays are the standard serological diagnostic
assays for antibody detection against PCV2 (Allan et al., 1999%). However, these
conventional assays are expensive, time-consuming and not suitable for large-scale
surveys of PCV2 infection in Thailand. For the second objective, we establish and
validate an indirect ELISA for PCV2 antibody detection using a recombinant truncated
capsid (rtCap) protein expressed in Escherichia coli system as a coating antigen.

Then, 90-field swine serum samples were obtained and tested using the developed
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rntCap indirect ELISA and IPMA induplicate. The diagnostic sensitivity (Dsn) and
specificity (Dsp) of the rmtCap indirect ELISA are 98.33% and 93.33%, respectively
when comparing to the IPMA. It should be noted that both Dsn and Dsp of this
established assay yielded higher values than those of previous reports (Shang et al.,
2008; Wu et al., 2008). However, the high sensitivity obtained from this assay might
derive from using the non-purified rmtCap protein antigen which could generate false-
positive results since the rmtCap protein was a recombinant GST-tagged protein.
However, the results from 8-positive and 8-negative serum samples demonstrated that
the GST-tagged protein in the rntCap protein was not interfering with this assay.
Moreover, the results from the established rmtCap indirect ELISA demonstrated the
appropriate accuracy rate (96.67%) with the IPMA results. The correlation between the
established mtCap indirect ELISA assay and IPMA demonstrated as the linear
regression (Spearman’s correlation coefficient = 0.772, p<0.05) indicating that the
optical density ratio obtained from rntCap indirect ELISA could be used to predict the
levels of IPMA titers.

We suggest that the development of the rntCap indirect ELISA for PCV2
antibodies detection by using the rntCap protein expressed in the E. coli is able to use
as a serodiagnostic tool for PCV2 antibody detection in the swine herds. The
applications of using this indirect ELISA include seromonitoring on PCV2 antibodies
from maternal derived antibodies, determining the time of PCV2 infection and possibly
measuring and monitoring the levels of the antibody after vaccination. It would be of
interest to observe whether the established indirect ELISA could be used for PCV-2
antibody detection in oral fluid samples as oral fluid sample is currently widely used for
major swine pathogen detection, including PCV-2, in the United States (Ramirez et al.,
2012). Additional advantage of using the rntCap protein is possibly using for the

development of other diagnostic tests such as a rapid strip test and this assay could
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possibly be produced for commercial purpose. In addition, those mentioned
advantages can be analyzed in the future after gathering more data from the field uses.

The third objective was to develop a subunit vaccine against PCV2 and
investigate the efficacy of this vaccine on enhancing specific antibodies and reducing
viremia in a PCV2-affected swine herd. Several previous studies of capsid protein
expressed in E. coli suggested that this particular recombinant capsid protein had a
potential as a vaccine candidate (Zhou et al., 2005b; Fan et al., 2008b; Marcekova et al.,
2009). However, the efficacy of a subunit vaccine trail using a recombinant capsid
protein is still needed. Currently, several available commercial PCV2 vaccines based on
PCV2a are widely used for the protection against PCVAD. Even through cross
protection against PCV2b using PCV2a vaccination have been reported in challenge
models (Fort et al., 2009; Opriessnig et al., 2010%), PCVAD outbreaks in vaccinated pig
herds still occurred (Opriessnig et al., 2013) due to many factors involving in vaccination
failure. This report suggested that a new prototype vaccine based on PCV2b genotype
might be necessary.

For the third objective of this dissertation, we determine the efficacy of a
developed subunit PCV2b vaccine using a recombinant truncated capsid protein
expressed in Escherichia coli in a pig farm affected by PCVAD. Five-week old
conventional pigs were allocated into 2 groups referred to the vaccinated and the
negative control group. IPMA and in-house indirect ELISA were used to evaluate
antibody level and viral load of PCV2 in serum was determined by a modified real-time
PCR. The IPMA and indirect ELISA results revealed that vaccinated pigs had
significantly higher antibody level than the control group. The PCV2 viral loads in
vaccinated pigs were also revealed significant lower levels than those of in the control
pigs. However, after the vaccinated pig having the exposure with the natural PCV2

infection, the viral loads were rather high from 28 day post first vaccination onward.
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These results demonstrated that humoral immune responses induced by our developed
subunit PCV2b vaccine could partially contribute to the PCV2 viral load control and
clearance of PCV2 clinical signs under field conditions. The short protection period of
our developed subunit PCV2b vaccine are possibly due to insufficient amount of
recombinant capsid protein or using an inappropriate adjuvant type. We suggest further
investigation to optimize a concentration dose of protein used and/or using an
appropriate adjuvant are needed to enhance better efficacy of this developed subunit
vaccine.

In conclusion, this study indicated that only two subgroups referred to 1A/B and
1C of PCV2b genotype had been observed in pigs with PCVAD in Thailand during 2007-
2010 and subgroup 1A/B was predominated with a few specific substitution patterns
were observed in amino acid positions.  Currently, five PCV2 genotypes have been
reported (PCV2a to PCV2e) and PCV2b genotype is the predominant genotype in the
global pig population including Thailand. Up to date, no evident of PCV2a, PCV2c and
PCV2d genotypes were observed in Thailand.  The nucleotide substitution rate of PCV2
is approximately 1.2x10° substitutions/site/year (Firth et al., 2009) and it was high among
single-stranded DNA viruses. Therefore, continuous monitoring for PCV2 infection is
needed to investigate the existence of other genotypes, and the emerging of the novel
PCV2 genotype is possible in the future. In addition, monitoring of PCV2 serological
surveillance also should be continuous for evaluation of the PCV2 status in swine herds.
Hence, the PCV2 serological status can be helpful for prevention and control program of
PCV2 infection in swine herds. Moreover, due to PCV2b genotype is the predominant
genotype in Thai swine herd. As a results, the developed indirect ELISA using PCV2b
recombinant protein as a coating antigen could be appropriated use as a routine
serodiagnostic assay for PCV2 serological surveillance in Thailand.  However,

comparing a developed indirect ELISA with the other available commercial ELISAs is



59

needed to investigate a true efficacy of our indirect ELISA. Prevention and control of
PCVAD on pig farms depend on good management, biosecurity which avoiding the
introduction of carrier animals and vaccination program. It should be noted that several
PCV2a commercial vaccines are widely used for prevention and control PCVAD in the
markets. However, PCVAD outbreaks in vaccinated herds still occurred. As a result, a
new prototype vaccine based on PCV2b genotype might be necessary. Interestingly,
our developed subunit PCV2b vaccine using mtCap protein expressed in E. coli could
enhance specific antibody and reduce the PCV2 viral load in serum samples in the
studied PCV2-affected farm and it has a potential use as a future vaccine candidate.
However, more filed trials and other measured parameters such as production
parameter, cell mediated immune response, viral shedding from excretion or organs are
needed for the better evaluation of the efficacy.

Moreover, besides PCV2b spreading and the international trade of pig genetic
lines might have contributed a novel PCV2 genotype in the future. As a result,
continuous monitoring for PCV2 infection is still needed in the future. Additionally, more
focus on specific antigenic epitope of capsid protein and its functional might be useful

for further studies to develop an effective serological diagnostic assays and vaccines.
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APPENDIX A

Criteria of sample collection and farm selection

Sample collection

Serum samples or lymphoid tissue (lymph node and tonsil) samples from
clinical PCVAD submitted to Chulalongkorn University - Veterinary
Diagnostic Laboratory (CU-VDL) and Department of Pathology, Faculty
of Veterinary Science, Chulalongkorn University during year 2007 - 2010
were included in chapter Il of the study. The samples were kept in
- 80°C until performing DNA extraction and PCR. Serum samples were
also kept in - 20°C for an indirect ELISA development in chapter Il of the

study.

Farm selection

The field trial study in chapter IV was performed on a farm contains at
least 500-sow herds with all-in/all-out production system.

Farm had a history of continuous losses in several recent months due to
porcine circovirus associated disease (PCVAD) with or without PCV2
vaccination.

Farm had seropositive status by ELISA cross-sectional survey at least 2-
month-period before experimental start.

The clinical signs of PCVAD should be observed in weaning or/and
finishing pigs and the necropsy examination or PCR were also performed

to confirm a PCV2-affected status.
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Saraburi

Phra Nakhon Si Ayutthaya

Nakhon Pathom

Figure A.1: Thailand map show the three provinces that had high pig density which all
12 sequences in this study were collected during 2007 - 2010. Those provinces include
Saraburi, Phra Nakhon Si Ayutthaya and Nakhon Pathom Province from the central part

of Thailand.
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APPENDIX B

Protocol for PCV2 detection and ORF2 genetic characterization

1. Primers used in this study

For screening PCR and gPCR

Primer name Sequence (5" — 3)
ORF1 PCV2 F ATGCCCAGCAAGAAGAGTGGAAGAAG
ORF1 PCV2 R AGGTCACTCCGTTGTCCTTGAGATC

For capsid gene sequencing (Takahagi et al., 2008)

Primer name Sequence (5" — 3)
ORF2 PCV2 F CCATGCCCTGAATTTCCATA
ORF2 PCV2 R ACAGCGCACTTCTTTCGTTT

Protocol for PCR and gqPCR of partial ORF1 gene

Three microliters of extracted DNA in a 25 pl reaction mixture contains 10 pM/ul
of forward and reverse primers, 12.5 ul of 2x GoTag® Green Master Mix (Promega,
USA) and nuclease-free water to make up the final volume. The amplification
reaction was performed in a thermocycler with an initial step at 94°C for 2 minutes,
followed by 35 cycles consisting denaturation at 94°C for 30 seconds, primer
annealing at 55°C for 30 seconds and extension at 72°C for 1 minute, and a final

extension step at 72°C for 5 minutes.
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3. Protocol for Genetic Characterization of ORF2 gene

Five microliters of extracted DNA in a 50 pl reaction mixture contains 10 pM/ul of
forward and reverse primers published by (Takahagi et al.,, 2008), 25 pl of 2x
GoTag® Green Master Mix (Promega, USA) and nuclease-free water to make up the
final volume. The amplification reaction was performed in a thermocycler with an
initial step at 94°C for 2 minutes, followed by 35 cycles consisting denaturation at
94°C for 30 seconds, primer annealing at 60°C for 45 seconds and extension at

72°C for 1 minute, and a final extension step at 72°C for 5 minutes.
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APPENDIX C

Nucleotide sequences

Porcine circovirus 2 isolate THA_07NP88 capsid protein gene, partial cds

GenBank: JQ866913.1

AATGGCATCTTCAACGCCCGCCTCTCCCGCACCTTCGGATATACTATCAAGCGAACCA
CAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATATTAATGACTTTCT
TCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATACTACAGAATAAG
AAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGTGACAGGGGAGT
GGGATCCAGTGCTGTCATTCTAGATGATAACTTTGTAACAAAGGCCACAGCCCTCACC
TATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCCCTTCTCCTACC
ACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATTACTTCCAACCA
AACAACAAAAGAAATCGGCTGTGGCTGAGACTACAAACTGCTGGAAATGTAGACCAC
GTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATACAATATCCGT
GTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCGAGTTAACCCCTA

A
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Porcine circovirus 2 isolate THA_07NP114 capsid protein gene, complete cds

GenBank: JQ387582.1

ATGACGTATCCAAGGAGGCGTTACCGGAGAAGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTAT
CAAACGAACCACAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATAT
TAATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGT
GACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCA
CAGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCC
CTTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATT
ACTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAA
TGTAGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATA
CAATATCCGTGTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCAC

TTAACCCTTAA
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Porcine circovirus 2 isolate THA_08NP113 capsid protein gene, complete cds

GenBank: JQ866914.1

ATGACGTATCCAAGGAGGCGTTACCGGAGAAGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTAT
CAAGCGAACCACAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATAT
TAATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGT
GACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCA
CAGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCC
CTTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATT
ACTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAA
TGTAGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATA
CAATATCCGTGTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCAC

TTAACCCTTAA
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Porcine circovirus 2 isolate THA_08NP266 capsid protein gene, complete cds

GenBank: JQ866915.1

ATGACGTATCCAAGGAGGCGTTACCGGAGAAGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTAT
CAAGCGAACCACAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATAT
TAATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGT
GACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCA
CAGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCC
CTTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATT
ACTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAA
TGTAGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATA
CAATATCCGTGTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCAC

TTAACCCTTAA
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Porcine circovirus 2 isolate THA_09NP165 capsid protein gene, partial cds

GenBank: JQ866916.1

ATGACGTATCCAAGGAGGCGTTTCCGCAGACGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAAAAGAAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTGT
GAAGAAAACCACAGTCAGAACGCCCTCCTGGGCGGTGGACATGATGAGATTTAATAT
TAACGATTTCCTTCCCCCAGGAGGGGGCTCAAACCCCCTCACTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCAATCACCCAGGGTG
ACAGGGGAGTTGGATCCACTGCTGTTATTCTAGATGATAACTTTGTACCAAAGGCCAC
AGCCCTGACTTATGATCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCCC
TTCTCCTACCACTCCCGGTACTTTACCCCCAAACCTGTTCTTGATTCCACTATTGATTAC
TTCCAACCAAATAACAAAAGGAATCAGCTTTGGCTGAGGCTACAAACCTCTGCAAATG
TGGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGACTACA
ATATCCGTGTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCACTTA

ACCCTAAA
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Porcine circovirus 2 isolate THA_09NP290 capsid protein gene, partial cds

GenBank: JQ866917.1

ATGACGTATCCAAGGAGGCGTTTCCGCAGACGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAAAAGAAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTGT
GAAGAAAACCACAGTCAGAACGCCCTCCTGGGCGGTGGACATGATGAGATTTAATAT
TAACGATTTCCTTCCCCCAGGAGGGGGCTCAAACCCCCTCACTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCAATCACCCAGGGTG
ACAGGGGAGTTGGATCCACTGCTGTTATTCTAGATGATAACTTTGTACCAAAGGCCAC
AGCCCTGACTTATGATCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCCC
TTCTCCTACCACTCCCGGTACTTTACCCCCAAACCTGTTCTAGATTCCACTATTGATTAC
TTCCAACCAAACAACAAAAGGAATCAGCTTTGGCTGAGGCTACAAACCGCTGCAAAT
GTGGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATAC
AATATCCGTGTAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCACTT

AACCCTAAA
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Porcine circovirus 2 isolate THA_10SB01 capsid protein gene, complete cds

GenBank: JQ866918.1

ATGACGTATCCAAGGAGGCGTTACCGGAGAAGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTAT
CAAGCGAACCACAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATAT
TAATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGT
GACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCA
CAGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCC
CTTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATT
ACTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAA
TGTAGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATA
CAATATCCGTGTAACCATGTACGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCAC

TTAACCCTTAA
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Porcine circovirus 2 isolate THA_10SB02 capsid protein gene, complete cds

GenBank: JQ866919.1

ATGACGAAATCAGGGAGGCGTTACCGGAGAAGAAGACACCGCCCCCGCAGCCATCT
TGGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCCCGCCACCGTTACCGCT
GGAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTAT
CAAGCGAACCACAGTCAAAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATAT
TAATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATAC
TACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGT
GACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCA
CAGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCC
CTTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATT
ACTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAA
TGTAGACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATA
CAATATCCGTGTAACCATGTACGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCAC

TTAACCCCTAA
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Porcine circovirus 2 isolate THA_10AY01 capsid protein gene, complete cds

GenBank: JQ866920.1

ATGACGTATCCAAGAGGCGTTACCGCAAGAAGAAGACACCGCCCCCGCAGCCATCTT
GGCCAGATCCTCCGCCGCCGCCCCTGGCTCGTCCACCCACGCCACCGTTACCGCTG
GAGAAGGAAAAATGGCATCTTCAACACCCGCCTCTCCCGCACCTTCGGATATACTATC
AAGCGAACCACAGTCAGAACGCCCTCCTGGGCGGTGGACATGATGAGATTCAATATT
AATGACTTTCTTCCCCCAGGAGGGGGCTCAAACCCCCGCTCTGTGCCCTTTGAATACT
ACAGAATAAGAAAGGTTAAGGTTGAATTCTGGCCCTGCTCCCCGATCACCCAGGGTG
ACAGGGGAGTGGGCTCCAGTGCTGTTATTCTAGATGATAACTTTGTAACAAAGGCCAC
AGCCCTCACCTATGACCCCTATGTAAACTACTCCTCCCGCCATACCATAACCCAGCCC
TTCTCCTACCACTCCCGCTACTTTACCCCCAAACCTGTCCTAGATTCCACTATTGATTA
CTTCCAACCAAACAACAAAAGAAATCAGCTGTGGCTGAGACTACAAACTGCTGGAAAT
GTATACCACGTAGGCCTCGGCACTGCGTTCGAAAACAGTATATACGACCAGGAATAC
AATATCCGTGCAACCATGTATGTACAATTCAGAGAATTTAATCTTAAAGACCCCCCACT

TAACCCTTAA



92

APPENDIX D

Protocol for PCV2 isolation in porcine kidney-15 (PK-15) cells

Preparation of PK-15 cells for PCV2 isolation

1.

PK-15 cells - free of PCV1 were cultured in Eagle's minimal essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics
containing penicillin (100 U/ml) and streptomycin (100 mg/ml) in 25 cm?2 flasks,
then the culture flash was incubated at 37°C in 5% CO2 atmosphere for 48
hours.

For sub-cultivation, after remove MEM and following 3 washed with PBS , a
monolayer - confluent of PK-15 cells were digested by trypsin-versene (TV) at
37°C for 10 min. Then 3 ml of MEM with 10% FBS were added following flushed
a monolayer of PK-15 cell into a single cell.

Each ml of suspended PK-15 cells was added to another 25 cm’ flasks , then 10
ml MEM with 10% FBS and antibiotics were added and then incubated for a

further 48 hours.

4. PK-15 cells were passaged every 2 days for further use.
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PCV2 isolation by co-cultivation method (adapted from Morozov et al., 1998)

1.

Tissues from lung and lymph node of the pig with PCVAD (positive from PCR
screening test ) were pooled and homogenized in MEM containing penicillin
(100 U/ml) and streptomycin (100 mg/ml) to make an approximately 10%
suspension.

Serum or tissue homogenized sample were filtered through a 0.22 mm-pore-size
filter and used as an inoculum for PCV2 isolation.

Two 25-cm’ flasks of suspended PK-15 cells in 10 ml MEM with 5% FBS and
antibiotics were inoculated with 1ml of inocula and incubated at 37°C in 5%C0O2
atmosphere for 24 hours for virus adsorption.

Following incubation, a semi-confluent PK-15 cells were treated with 1 ul of 300
mM D-glucosamine for 30 min and then incubated for a further 48 hours until
cells were 100% confluences.

One flask was used to confirm the PCV2 isolation by IPMA assay.

Another flask was passaged into fresh 25-cm’ flasks for further propagation by
freezing and thawing in - 80° C three times.

PK-15-PCV2 infected cells were sub-cultivation and passaged every 2 days and
treated with D-glucosamine 24 h after each passage.

The propagated PCV2 virus was stored at - 80° C for viral titration and further

used.
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APPENDIX E

Preliminary study: Vaccine trial in a PCV2-free swine herd
This preliminary study was performed to evaluate the optimal dose of the

vaccine in pigs free from PCV2 infection.

Herd status before animal experiment:

A randomized serum samples of selected PCV2-free swine herd (sow, n = 20;
nursery, n = 40; finisher, n = 40) were tested by an indirect ELISA and PCR against PCV2
DNA (5-sample—pooled sera) to confirm the negativity of the herd in the one-month-

period prior to the first vaccination.

Experimental pigs:

Sixteen-weaned, 4-week-old pigs were randomly allocated into 4 groups and
were housed in small pens in the same building. Dose of vaccine in this experiment was
modified from the results of our previous study (Jittimanee et al., 2010) as shown in table

E.1. All groups were receiving two shot vaccinations within 2 weeks interval.

Table E.1: Detail of concentrations dose of vaccine and number of vaccination among

experimental group.

Group (n) concentrations of protein/ dose (ug) ~ Number of vaccination
A 4 100 2
B 4 50 2
C 4 25 2

D 4 Adjuvant 2
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Serological examination:

The sera were collected on day 0 before the vaccination (3 weeks of age) as the
baseline and at 1, 2, 4, 6, 8 and 12 weeks after first vaccination (wpv) for serological
examination. Antibodies against recombinant NLS truncated capsid (rntCap) protein

was detected using an indirect ELISA.

Statistical analysis:
One-way ANOVA and the Tukey’s test were used for mean S/P ratio comparison

of the normally distributed variables between experiment groups.

Results:

No significantly different of mean S/P ratio among 4 groups was observed at 0,
1, 2 and 8 WPV as shown in figure E.1. However, all experimental groups (A, B and C)
revealed significantly higher of mean S/P ratio than the control group D at 4 WPV
(p<0.05). Nevertheless, at 6 WPV two experimental groups (A and B) showed
significantly different from the experimental group C and the control group D (p<0.05).
These results indicated that a subunit vaccine containing 50 and 100 pg of PCV2 mtCap
protein could induce the specific antibodies higher than that of 25 pg, but there was no

difference between 50 and 100 pg dose of vaccine.
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Figure E.1: Mean S/P ratio obtained from 4 groups on different trial weeks (0, 1, 2, 4, 6,
8 and 12 wpv). Group A, B and C were received 100, 50 and 25 ug of rtCap
protein per dose, respectively and group C was received only adjuvant.

Asterisks (*, **) indicating significant differences (p < 0.05).
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