Functional characterization of Toxoplasma
gondii SAG1-related sequence 2 and evaluation

of its potential in serodiagnosis

2018

Yang GAO

Doctoral Program in Animal and Food Hygiene
Graduate School of Animal Husbandry

Obihiro University of Agriculture and Veterinary Medicine



FF Y75 X< ® SRS2 4F D REREfENT & Il

BZMPUR & LU T O

ek 30 4
(2018)

[ LR IERE M BRI

= T



Contents

Contents
Contents I
Abbreviations I11
General introduction
1. Toxoplasma gondii and toxoplasmosis 1
2. Life cycle of T. gondii 1
3. SAG1-related super-family of T. gondii 3
4. Diagnosis of toxoplasmosis 4
5. Aims of the present study 5

Chapter 1

Functional analysis of Toxoplasma gondii SAGl-related sequence 2 using

CRISPR/CAS9
1-1. Introduction 7
1-2. Materials and methods 8
1-3. Results 14
1-4. Discussion 16
1-5. Summary 18
Chapter 2

Development and evaluation of an enzyme-linked immunosorbent assay based on

recombinant TgSRS2 for serodiagnosis of Toxoplasma gondii infection in cats



Contents

2-1. Introduction

2-2. Materials and methods

2-3. Results

2-4. Discussion

2-5. Summary

Chapter 3

Seroprevalence of Toxoplasma gondii infection in sheep from northern China

3-1. Introduction

3-2. Materials and methods

3-3. Results

3-4. Discussion

3-5. Summary

General discussion

General summary

Acknowledgments

References

25

26

29

30

31

38

39

40

41

44

50

54

58

59



Abbreviations

Abbreviations and unit abbreviations

BCA Bicinchoninic acid



anov)

DAPI
DHFR
DKO
DNA
E. coli
EDTA
ELISA
FBS
GFP
GPI
GRA
gRNA
GST
HFF

HIV

Abbreviations

Bovine serum alby
Horseradlgg peroxﬁlase
é)lem ntary ﬁxl%/rlbonuclelc acid
anthine xant € guanosine

phoephtnbediddtransferase

(hmstered drlognt audy | Intard poe ad salyoxtst

Palindromic Repeats- associated protein
4'.6-diamidino-2-phenylindole
Dihydrofolate reductase

Double knockout

Deoxyribonucleic acid

Escherichia coli
Ethylenediaminetetraacetic acid
Enzyme linked immunosorbent assay
Fetal bovine serum

Green fluoresent protein
Glycophosphatidyliositol

Dense granule antigen

Guide ribonucleic acid

Glutathione S-transferase

Human foreskin fibroblast

Human Immunodeficiency Virus



Abbreviations

IFAT Immunofluorescent antibody test

IFN-y Interferon gamma

IgG Immunoglobulin G

IHA Indirect hemagglutination

IPTG Isopropyl-B-D-thiogalactopyranoside

IFA Indirect fluorescent antibody assay

kDa Kilodalton

LAT Latex agglutination test

MAT Modified agglutination test

MEME Eagle’s minimum essential medium

NLS Nuclear localization signal

PAM Protospacer-adjacent motif

PBS Phosphate buffered saline

PBST Phosphate buffered saline with Tween-20

PCR Polymerase chain reaction

r Recombinant

RT Room temperature

RNA Ribonucleic acid

SAG Surface antigen

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

SM Skimmed milk

SPF Specific pathogen free



SRS
Tg

WT

SAG1-related superfamily
Toxoplasma gondii

Wild type

Unit abbreviations

bp

ul

°C

ng

nm

mg

pum

min

%

ml

mM

Base pair

Microliter

Degree Celsius

Microgram

Gram

Nanometer

Milligram

Micromolar

Minute

Hour

Percentage

Milliliter

Millimole

Vi

Abbreviations



Abbreviations

VI



General introduction

General introduction

1. Toxoplasma gondii and toxoplasmosis

Toxoplasma gondii is an obligate intracellular protozoan parasite belonging
to the phylum Apicomplexa. T. gondii was first found in a mononuclear cell isolated
from the liver and spleen of the pedicle rats by the French scholars Charles Nicolle
and Louis Manceaux in 1908 in North Africa (Nicolle and Manceaus, 1908). It has a
worldwide distribution and a high prevalence in many areas of the world, some
scholars estimate that a third of the world's human population is infected with T.
gondii, up to 95% in local areas, and about 200,000 new cases of toxoplasmosis
occur every year (Montoya and Liesenfeld, 2004). There are no clear symptoms of
toxoplasmosis in healthy adults. However, toxoplasmosis is life threatening in
immunocompromised individuals (such as those with HIV infection or on
immunosuppressive therapies or post transplantation) (Montoya et al., 2004; Sensini
et al., 2006). In pregnant women, infection with the parasite can cause vertical
infection resulting in stillbirth, neonatal malformations or abortion (Tenter et al.,
2000; Jones et al., 2003). T. gondii is an important zoonotic pathogen that has been
studied by many researchers in recent years. However, there are still many mysteries

of its epidemiology, pathogenic mechanism and natural life cycle.

2. Life cycle of T. gondii

T. gondii can infect a wide range of hosts and has a facultative heteroxenous
life cycle due to its ability to survive in multiple hosts (Levine, 1961; Dubey and

Beattie, 1988; Dubey, 1998). The intermediate hosts which include almost all warm
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blooded animals, can harbor infective tissue cysts. The Felidae, such as domestic
cats, are the definitive hosts that pass the infective oocysts in their feces (Dubey,
1986; Dubey and Beattie, 1988; Jackson and Hutchison, 1989; Dubey, 1993; Frenkel,

2000).

Life cycle of T. gondii within the host is divided into two phases: asexual and
sexual reproduction. Asexual reproduction occurs in intermediate hosts and also
occurs in two phases: first, tachyzoites (or endozoites) replicate rapidly by repeated
endodyogeny in host cells. The next phase starts from the last generation of the
tachyzoites, that transform into tissue cysts in which bradyzoites (or cystozoites)
replicate slowly by endodyogeny (Dubey and Beattie, 1988; Jackson and Hutchison,
1989; Evans, 1992; Dubey, 1993; Dubey et al., 1998). Tissue cysts are mainly
distributed in the eye, central nervous system and cardiac muscles because of their
high affinity for neural and muscular tissues. They are infectious and may persist for

the rest of life of the hosts (Dubey, 1998; Dubey et al., 1998).

The sexual stage of the parasite only develops in the definitive hosts. The
infective tissue cysts multiply rapidly by repeated endopolygeny in the epithelial cells
of the small intestine. The gamogony and oocyst are then formed in the epithelial cells
of the small intestine. Unsporulated oocysts are released into the environment with the
faeces and later transform into infectious oocysts. Although cats secrete oocysts only
in a short period, they release large amounts of oocysts which are resistant to
environmental conditions including freezing and drying (Dubey et al., 1970; Dubey
and Beattie, 1988; Jackson and Hutchison, 1989; Evans, 1992; Dubey, 1993; Dubey et

al., 1998; Bhopale, 2003).
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T. gondii has three infectious stages and these include bradyzoites,
tachyzoites and sporozoites. Both definite hosts and intermediate hosts can be
infected by one of the above infectious stages. Routine infection pathways include
foodborne, animal to human, congenital, and organ transplant or blood transfusion
transmissions. Foodborne transmission happens through ingestion of raw or
undercooked meat that contains encysted bradyzoites; oral ingestion of food which
was contaminated by cutting boards and knives or direct contact with contaminated
meat. Animal to human transmission is the result of accidental ingestion of fruit and
vegetables or drinking water that is contaminated with oocysts. In congenital
transmission, women infected with T. gondii during pregnancy infect offspring by
transplacental transmission of tachyzoites (Tenter et al., 2000; Jones et al., 2012).
Organ transplant or blood transfusion transmission happens in people who received
organ transplantation from an infected donor. As a result, T. gondii may be
transmitted between the intermediate hosts, the final hosts or from intermediate to

definitive host and vice versa (Tenter et al., 2000, Flegr et al., 2014).

3. SAGl1-related superfamily of T. gondi

The SAG1-related superfamily (SRS) is one of coccidian-specific multicopy
gene families of T. gondii (Wasmuth et al., 2009). In total, 182 TgSRS genes have
been identified in three T. gondii strains using comparative genomic analyses
(Wasmuth et al., 2012). A TgSRS gene usually contains one or two domains, every
domain consisting of four to six cysteines, which are involved in disulfide bond and a
glycophosphatidylinositol (GPI) anchor to attach the cell surface (Manger et al.,

1998). TgSRS proteins are the differential expression of numerous closely related
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GPI-anchored surface proteins. They are expressed in a unique developmentally
modulated manner as different, largely non-overlapping sets of TgSRS antigens

(Jung, 2004; Kim, 2007).

These TgSRS proteins perform distinctly different function in the parasite.
TgSRS29B (formerly TgSAGI) can elicit a lethal inflammatory ileitis (Rachinel et
al., 2004). TgSRS57 (TgSAG3), as a ligand, can mediate the identification and
attachment between host cells and parasites (Dzierszinski et al., 2000). TgSRS16B
(TgSRS9) plays an important role in transmissible latent infections and reactivation
in the intestine (Kim et al., 2007). TgSRS29B and TgSRS34A (SAG2A) have high
expression and high immunogenicity which is thought to attract host immunity to
facilitate establishment of a chronic infection of the parasite (Lekutis et al., 2001). T.
gondii expresses and regulates TgSRS super-family to successfully establish chronic

infection in the intermediate hosts (Wasmuth et al., 2009).

4. Diagnosis of toxoplasmosis

Development of accurate diagnostic methods is crucial for proper
management and control of T. gondii infection in humans and animals. A number of
diagnostic methods have been developed and widely practiced. They have variable
specificities and sensitivities depending on equipment, trained personnel, direct or
indirect detection. They include histologic demonstration, isolation of the organism,
amplification of specific nucleic acid sequences and serological tests. These methods
can be used singly or in combination (Montoya, 2002). Clinical signs of
toxoplasmosis are non-specific and are similar to several other infectious diseases

resulting into unreliability on a definite diagnosis (Hill and Dubey, 2002).
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Serological diagnosis is commonly used to detect the antibodies against T.
gondii. A number of serological procedures are available for detection of T. gondii
antibodies, including Sabin-Feldman test, direct agglutination test, indirect
fluorescent antibody assay (IFA), immunosorbent agglutination assay test (IAAT),
indirect hemagglutination assay, latex agglutination test (LAT) and enzyme-linked
immunosorbent assay (ELISA) (Frenkel et al., 1970; Remington et al., 1995; Hill and
Dubey, 2002). LAT is considered the “gold standard” for
detecting T. gondii infection, but has low specificity and a high cost (Dannemann,
1990). ELISAs seem to be the most suitable for routine mass diagnosis such as in
sero-epidemiological investigations (Montoya, 2002). The specificity and sensitivity
of these serologic methods depend mostly on the diagnostic antigen used. Several
recombinant proteins hold potential to be used for diagnosis in cats and humans, and
among them are the major surface antigens (TgSAGs) and dense granule antigens
(TgGRAs) that have been shown to be good candidates (Kotresha and Noordin,

2010).

5. Aims of the present study

T. gondii is an important zoonotic parasite not only having a serious public
health concern in humans, but also a significant reproductive and economic impact in
animals. Thus development of accurate diagnostic methods is crucial for proper

management and control of T. gondii infection in humans and animals.

A better understanding of the antigens that play important roles for growth or
virulence of T. gondii is important for developing a sensitive and specific diagnostic

method, even in designing a safe and effective vaccine. The TgSRS superfamily
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express largely nonoverlapping sets of TgSRS antigens which are thought to
dominate the surface of T. gondii (Kim, 2007). The TgSRS antigens might provide
some types of protective barrier, act as diverse arrays of cellular receptors, and/or
function as immune activators or mediators of immune evasion that facilitates
parasite survival and propagation. SAG1-related sequence 2 (TgSRS2) is a major
tachyzoite surface antigen and has been identified to be expressed on the surface of
Toxoplasma tachyzoites (Manger, 1998). The survival rate of mice significantly
increased when infected with lethal dose of TgSRS2 overexpressing mutant parasites
(Wasmuth et al., 2012). These indicate TgSRS2 may be an important virulence factor

in T. gondii.

The domestic cat as a pet and definitive host of the parasite plays an important
role in the transmission of T. gondii. It may be the main source of contamination,
because millions of oocysts may be excreted by domestic cat and can be spread
widely to contaminate the environment. Therefore, it is urgent to develop a sensitive
and specific diagnostic method for T. gondii in cats. In recent years, a growing
number of surveys of T. gondii infection in sheep have been carried out worldwide,
and several surveys have shown that T. gondii infection in sheep is common in some
provinces of China. However, there is a gap in knowledge of T. gondii infection in

sheep in northern China.

The aims of current study can be summarized as follows: (1) to preferably
understand the function of TgSRS2 in T. gondii; (2) to develop an accurate
diagnostic method of T. gondii infection in cats; (3) to comprehensively understand

the occurrence of toxoplasmosis in sheep in northern China.
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Chapter 1

Functional analysis of Toxoplasma gondii SAG1-

related sequence 2 using CRISPR/CAS9

1-1. Introduction

Toxoplasma gondii is one of the most successful protozoan parasites because
of its ability to infect any warm-blooded animal (Robert-Gangneux, 2012). The other
coccidian parasites including Plasmodium, Theileria and Cryptosporidum, however,
possess a limited host range. Their patterns of infection depend on the physical
interactions with the host. Some apicomplexans have evolved surface proteins that
promote the parasite's attachment, invasion and evasion of host immunity (Morrissette,

2002; Templeton, 2007; Wasmuth et al., 2012 ).

The SAGlI-related superfamily (SRS) is one of the apicomplexan-specific
multicopy gene families in the T. gondii genome. Unlike P. falciparum var genes, that
only express a single locus by increasing ectopic recombination rate to promote rapid
sequence variation, the TgSRS proteins are present in a developmentally regulated
manner which show different and largely non-overlapping set of proteins (Scherf et
al., 1998; Jung, 2004; Wasmuth et al., 2009; Wasmuth et al., 2012). These TgSRS
proteins perform distinctly different functions in the parasite. TgSRS29B (SAG1) is a

virulence determinant that can elicit a lethal inflammatory ileitis in mice and mediates
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adhesins (Mineo et al., 1993; Rachinel et al., 2004). TgSRS57 (TgSAG3) plays an
important role in recognition and attachment between host cells and parasites
(Dzierszinski et al., 2000). TgSRS16B (TgSRS9) plays an important role in
transmissible latent infections and reactivation in the intestine (Kim et al., 2007).
TgSRS29B and TgSRS34A (TgSAG2A) have high expression and high
immunogenicity which is thought to attract host immunity to facilitate establishment
of a chronic infection of the parasite (Lekutis et al., 2001). T. gondii may express and
regulate TgSRS super-family to successfully establish chronic infections in the

intermediate host (Wasmuth et al., 2009).

T. gondii expresses high level of SAG1 and SAG2A proteins to induce strong
immunity during infection (Boothroyd et al., 1998). The double knockout (DKO)
TgSAG1 and TgSAG2A mutant showed apparent upregulation of TgSRS2 protein,
with expression level similar with the mouse avirulent type II and III parasites
(Wasmuth et al., 2012). Upregulation was more likely to be regulated
posttranscriptionally. Importantly, the virulence of DKO mutant was significantly
attenuated. Subsequently, researchers constructed TgSRS2 overexpression transgenic
parasites based on type I RH strain, and also observed that the mutant parasites

attenuated the virulence of the wild type in mice by 60 to 70% (Wasmuth et al., 2012).

These date indicate the TgSRS2 proteins play an important role in the virulence of T.

gondii.

1-2. Materials and methods

Ethics statement
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The recommendations of the Guide for the Care and Use of Laboratory
Animals of the Ministry of Education, Culture, Sports, Science and Technology,
Japan were strictly followed in this study. The protocol was approved by the
Committee on the Ethics of Animal Experiments at the Obihiro University of
Agriculture and Veterinary Medicine. All painful experimental treatments were

implemented after general anesthesia induced with isoflurane.
Animals

Six-week-old female ICR and BALB/c mice, and female Japanese white
rabbits were purchased from Clea Japan. They were fed in a specific animal facility at
the National Research Center for Protozoan Diseases of Obihiro University of

Agriculture and Veterinary Medicine.
Cell and parasite cultures

In the current study, T. gondii virulent type I RH with HXGPRT deficient and
avirulent type II PLK strains were used. The parasites were maintained in Vero cells
that were cultured in EMEM (Sigma) supplemented with 8% FBS (Biowest) and 1%
penicillin-streptomycin (Sigma) at 37 °C and 5% CO,. To purify the tachyzoites, host
cells infected with parasites were washed with PBS and removed from flask with a
cell scraper (BD Biosciences Inc.). The final pellet was re-suspended in EMEM,
passed through a 27-gauge needle three times, and filtered through a 5.0-um pore

filter (Millipore).
Amplification and cloning of the TgSRS2 gene

Total RNA of T. gondii was extracted using Trizol (Life Technologies) from
5x10” parasites and then reverse transcribed to cDNA using SuperScript III First

Strand Synthesis Kit (Invitrogen, USA) according to the manufacturer's protocol. To

9
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compare the nucleotide sequences of TgSRS2 from RH and PLK strains, a pair of
primers was designed based on the predicted TgSRS2 sequences (Toxoplasma
Genomics Resource TGGT1 233480 and TGME49 233480). The TgSRS2 open
reading frame full-length was amplified from cDNA of the RH and PLK strains using
the above described primers with Sacl and NotI restriction enzyme sites (underlining):
forward  5’-CGAGCTCATGGCGACGCGTGCGTCTT-3> and reverse 5’-
ATAAGAATGCGGCCGCATCAATAGGCAAGTGCCGTC-3’. The PCR products
were cloned into the pGEM-T Easy vector (Promega, USA). The positive plasmids
pGEM-T-TgSRS2 were sequenced by a Big Dye Terminator Cycle Sequencing kit
(Applied Biosystems) and an ABI PRISM 3100 genetic analyzer (Applied

Biosystems).

Expression of TgSRS2 recombinant protein

The cDNA fragment of TgSRS2 from PLK strain was obtained from pGEM-
T-TgSRS2 plasmid by cutting Sacl and Notl restriction sites. The fragment was
inserted into Escherichia coli expression vector pGEX-4T-1 (Amersham Pharmacia
Biotech, Sweden). Recombinant protein was expressed in E. coli BL 21 DE3 cells.
The recombinant TgSRS2 with GST tag (rTgSRS2) was expressed in E. coli BL 21
DE3 cells at 37 °C under induction with ImM isopropyl B-D-1-thiogalactopyranoside
(IPTG) (Wako, Japan). The purification of rTgSRS2 was performed as described
previously (Fereig et al., 2017). In addition, the recombinant TgSAGI1 fused with
GST tag (rTgSAG1) (Kimbita et al., 2001) was also purified for preparation of anti-

rTgSAGI sera.

Production of polyclonal antibodies against TgSRS2 and TgSAG1

Seven-week-old female ICR mice were intraperitoneally immunized with 100

10
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pg of purified rTgSRS2-GST emulsified in an equal volume of Freund’s complete
adjuvant (Sigma, USA) on day 0. Mice were immunized again with 50 pg of the same
protein in Freund’s incomplete adjuvant (Sigma, USA) on day 14 and 28 after the first
immunization. The anti-rTgSRS2 sera were collected on day 14 after the last
immunization. Mice anti-tTgSAG1 sera were similarly prepared. In the same period,
a female Japanese white rabbit was subcutaneously injected with 1 mg of purified

rTgSAGI1-GST to produce rabbit anti-rTgSAGI sera.
Western blot analysis

Western blot analysis was performed as previously described (Fereig et al.,

2017). The target sample was mixed with 5XSDS gel loading buffer and heated at

95 °C for 5 min. The proteins were separated on a 12% polyacrylamide gel and
transferred to a nitrocellulose membrane (Whatman GmbH, Germany) after SDS. The
membrane was blocked with PBS containing 3% (w/v) skimmed milk (PBS-SM) for
1 h at room temperature (RT). After washing twice with PBS-T, the membrane was
incubated with mouse anti-TgSRS2 or anti-TgSAGI1 serum (1:500) diluted in PBS-
SM at room temperature for 1 h. After four washes, the membrane was incubated with
HRP-conjugated immunoglobulin G (1:2,000) (Amersham Pharmacia Biotech, USA)
for 1 h at RT. After washing five times, the target protein was visualized by
VersaDoc™ imaging system (Nippon Bio-Rad Laboratories, Japan) using ECL™

western blotting detection reagents(GE Healthcare, UK).
Indirect fluorescent antibody test (IFAT)

IFAT was carried out as described previously (Leesombun et al., 2016).
Briefly, 1 x 10° Vero cells per well in 12-well plates were incubated for 24 h, and

then infected with T. gondii. They were fixed with 4% paraformaldehyd, 24 h post

11
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infection, and then permeabilized with 0.3% Triton X-100 in PBS for six min at RT.
This was followed by washing in PBS and blocking with 3% bovine serum albumin
(BSA) in PBS for 30 min at RT. Incubation with mouse anti-SRS2 serum (1:500) in
3% BSA, followed, for 1 h at RT. After washing, the cells were incubated with Alexa
488-conjugated goat anti-mouse fluorescent antibody (1:1000) (Thermo Fisher, USA).
Nuclei were labeled with DAPI (Sigma, USA). Finally, the coverslips were fixed on a
glass slide and examined by ALL-in-One Fluorescence Microscope (BZ-9000,

Keyence, Japan).

Generation of RH and PLK SRS2-knockout parasites

To investigate the function of SRS2 in T. gondii, the plasmids (named pHX
and pDF) were used to generate SRS2-knockout parasites. Briefly, both the vector
backbones contained targeted gene’s guide RNA sequence (gRNA), CAS9, GFP, and
HXGPRT/dihydrofolate reductase (DHFR) expression cassettes as shown in Fig. 2. In
the current study, only the gRNA sequence was changed into TgSRS2 targeting
sequence designed using E-CRISP (E-Crisp.org), and the final plasmids were
designed as the pHX-RH-SRS2 and pDF-PLK-SRS2. Purified RH and PLK
tachyzoites were transfected with 10 pg circular pHX-RH-SRS2 and pDF-PLK-SRS2
DNA respectively using Amaxa Human T Cell Nucleofector Kit (LONZA, Germany),
and immediately used to infect Vero cells. Selection of parasites stably transfected
resistant to mycophenoloic acid/xanthine or pyrimethamine was performed as
described earlier (Donald and Roos, 1998; Reynolds et al., 2001). To isolate clones,
these stable transfected parasites were diluted into Vero cells grown on 96-well plates.
Single-plaque wells were collected and further analyzed by Western blotting and

IFAT.

12
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Invasion assay

Vero cells were cultured at 1 x 10° cells/well in 12-well plates and incubated
for 24 h. These cells were then infected with wild types and derivatives of T. gondii
(three separate wells per experiment). After 2 h post infection, the extracellular
parasites were washed away with PBS and MEME supplemented with 8% FBS was
added. To determine parasites invasive ability, the infection rates were calculated by
IFAT at 24 h post-infection as follows: [(number of SAG1-positive Vero cells) / (200

randomly selected Vero cells)] x 100. Three independent experiments were conducted.
Replication assay

To compare the growth of knockout and wild types parasites, replication assay
was performed. RH, PLK, and knockout parasites were purified and used for
inoculation of Vero cells in 12-well culture plates (2 X 10° tachyzoites/well). After 2
h of incubation, the extracellular parasites were washed away with PBS, and the
parasites were incubated for another 22 h. The percentage of vacuoles containing
different number of parasites was counted by IFAT in at least 100 vacuoles per well

(three separate wells per experiment). Three independent experiments were conducted.
Fatality assay

Seven-week-old female BALB/c mice were intraperitoneally injected with T.
gondii (type I, 100 tachyzoites/mouse; type II, 1 x 10* tachyzoites/mouse) (n = 5 for
each group). The survival rate and body weight were recorded for 30 days post-

infection. Two or three independent experiments were conducted.
Statistical analysis

Statistical analysis was performed with GraphPad Prism 5 software (GraphPad

13
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Software, Inc.) using unpaired Student’s t-test and two-way analysis of variance
(ANOVA) followed by the Tukey-Kramer test. Survival analyses for significant
differences were generated using the long-rank method. Results were considered to be

statistically significant difference when the P value was <0.05.

1-3. Results

Analysis of TgSRS2 amino acid and its native expression

The nucleotide sequence of TgSRS2 amplified from RH and PLK strains were
consistent with the predicted sequences of Type I (TGGT1 233480) and Type II
(TGME49 233480), respectively. The full length of the open reading frame of
TgSRS2 was 1,119 bp and encoded 372 amino acid residues. Amino acid sequence
alignment showed that TgSRS2 of PLK contains four amino acid substitution
compared to that of RH strain (Fig. 1A). The rTgSRS2 was expressed in E. coli as
GST-fused protein and its molecular weight was the same as the expected size (Fig.
1B). Furthermore, the purified rTgSRS2 could be recognized by serum from mice
experimentally infected with the PLK strain in Western blot analysis (Fig. 1B). The
same size of native TgSRS2 was detected in RH and PLK strains by anti-TgSRS2

serum from mice (Fig. 1C).

CRISPR/CAS9-mediated TgSRS2 disruption in RH and PLK strains

Previous studies have shown that CRISPR/CAS9 with specific gRNA can be
used to generate target gene disruption in T. gondii (Shen et al., 2014; Zheng et al.,
2015; Yang et al., 2016; Zheng et al., 2016). To investigate the function of TgSRS2 in
T. gondii, TgSRS2-knockout parasites (ATgSRS2) were generated using

CRISPR/CAS9 technology. The knockout plasmids pHX-RH-SRS2 and pDF-PLK-

14
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SRS2 were constructed with same TgSRS2 gRNA sequence (Fig. 2A) and different
selectable marker cassettes (Fig. 2B). After transfection and selection, ATgSRS2
parasites were identified using western blot (Fig. 2C) and IFAT analyses (Fig. 2D).
The expression of TgSRS2 could be detected in RH and PLK strains but not in mutant

of each strain. These results confirmed the loss of TgSRS2 in the ATgSRS2 parasites.

ATgSRS2 parasites exhibit defect in invasive ability in vitro

T. gondii possesses the ability to invade and infect any nucleated cell. Previous
study indicated that the surface protein TgSAG3, a member of the TgSRS family, was
associated with host cell invasion (Dzierszinski et al., 2000). Thus, the role of
TgSRS2 in this process was also evaluated in current study. The results of these
experiments showed no significant difference in percentage of infected cells between
RH and ATgSRS2 parasites (Fig. 3A). However, the percentage of infected cells by
PLK strain was significantly higher than that infected by ATgSRS2-A4 and
ATgSRS2-C4 parasites (Fig. 3B). The results therefore reveal that TgSR2 plays an

important role in host cell invasion in strain-specific pattern.

TgSRS?2 is dispensable for T. gondii growth in vitro

Since the loss of TgSRS2 affected host cell invasion, replication assay was
performed to evaluate its effect on parasite growth in vitro. After 24 h post infection,
the number of parasites per vacuole was counted. The percentages of both RH and
PLK strains vacuoles containing specific parasite number were similar to that of their
ATgSRS2 mutants (Fig. 4A and 4B). These results indicate that TgSRS2 is

dispensable for parasite replication in Vitro.

ATgSRS2 strains exhibit attenuated virulence in mice

15
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Previous studies proved that TgSRS2 was an important regulator of acute
virulence in mice (Wasmuth et al., 2012). Therefore, I investigated the virulence of
ATgSRS2 strains in mice. BALB/c mice were intraperitoneally injected with RH (107),
ATgSRS2-B4 (10%), PLK (10%, 10°) and ATgSRS2-A4 (10%, 10°) tachyzoites.
Interestingly, all the mice infected with virulent type I succumbed to the infection
within 7-9 days (Fig. 5A), and body weight loss was observed following infection
(Fig. 5B). Meanwhile, the survival rates of mice challenged with ATgSRS2-A4 (10*,
10%) were significantly higher than those challenged with equal number PLK strain
tachyzoites (Fig. 5C), and body weight loss following infection was only observed in
the mice infected with PLK (10°) following infection (Fig. 5D). All these results

indicate that TgSRS2 is an important virulence factor in PLK.

1-4. Discussion

TgSRS2 was initially identified as a stage-specific member of the SAG1-related
gene family that is differentially expressed at the post-transcriptional level in virulent
and avirulent strains of T. gondii but not at the transcriptional level (Manger et al.,
1998; Wasmuth et al., 2012). However, the function of TgSRS2 was unclear. Thus, in
the current study, functional analysis of TgSRS2 was performed by knocking out this
gene using CRISPR/CAS9 technology. The phenotypic analysis indicates that the
ATgSRS2 parasites can still invade the host cells and replicate in vitro, indicating that
TgSRS2 protein is not essential for the development of T. gondii. Interestingly, unlike
the RH strain, the loss of TgSRS2 in PLK strain significantly affects the invasive
ability in vitro and virulence in mice. However, no difference was observed in growth
of cell lines between the WT and TgSRS2 deficient parasites. The amino acid

sequence alignment of the two genotypes reveals that the PLK SRS2 allele possesses
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four amino acid polymorphisms relative to the RH allele. Previous study has proved
that small amount of TgSRS2 is expressed in the highly virulent type I, whereas high
quantity of this protein is detected in the avirulent type II (Manger et al., 1998). In
another study, either overexpression caused by double knockout of SAGI and
SAG2A or transoverexpression of type I SRS2 or type II SRS2 in RH strain,
dramatically decreased its virulence in mice (Wasmuth et al., 2012). All theses data
indicate that the expression level of TgSRS2 is important for its function in T. gondii.
Thus the different effects in invasion and virulence caused by deletion of TgSRS2 in

RH and PLK strains may be related to the difference in its abundance.

T. gondii is able to invade almost any nucleated cells within its mammalian hosts
but the mechanism of invasion is not yet fully understood. TgSRS proteins are
thought to play an important role in attachment to the host cell. TgSRS2, just like
other surface proteins has an N-terminal signal peptide and is anchored with the
glycosylphosphatidylinositol (GPI) which associated with host cell attachment
(Tomavo et al., 1989; Manger et al., 1998). A previous report also showed that
targeted disruption of GPI anchored TgSAG3 decreased parasite invasive ability
(Dzierszinski et al., 2000). TgSRS29B (formerly TgSAG1), is an important surface
adhesin that can bind host cell (Wasmuth et al., 2012). Consistent with these reports,
deletion of TgSRS2 resulted in attenuated infectivity in PLK strain in this study,

which could be associated with its glycosylphosphatidylinositol structure.

Remarkably, loss of TgSRS2 resulted in a dramatic attenuation of PLK strain
virulence in mice. Similarly, disruption of TgSAG3 or TgSRS29B also showed a
markedly reduced capacity to cause mortality in mice. Thus the decreased virulence
may be due to a reduction of the invasion ability, or an altered host immune response.
Interestingly, the transoverexpression of type II TgSRS2 in RH strain, dramatically
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decreased its virulence in mice (Wasmuth et al., 2012). An opposite role of TgSRS2
was observed in RH and PLK strains. These results suggest that TgSRS2 may act in
different pathway in the two strains and the phenotypes of the two strains could be

caused by deletion and overexpression of TgSRS2 together with other proteins.

Pszenny found that high levels TgSRS2 protein of RH strain dramatically
reduced the levels of gamma interferon (IFN-y) at the peak of in vivo infection
(Wasmuth et al., 2012). Acute infection usually causes the dysregulation of [FN-y and
interleukin-12 leading to severe immunopathology and death (Gavrilescu and Denkers,
2001; Mordue at al., 2001). Thus, TgSRS2 antigen may play a role in fine-tuning or
negatively regulating the proinflammatory effector to alter cytokine induction and/or
the signaling pathway resulting in dysimmunity with other molecules of RH parasite
or host cell (Rachinel et al., 2004; Saeij et al., 2006; Saeij et al., 2007; Peixoto et al.,
2010). However, there is no report on the role of TgSRS2 in immune response of the
host to PLK strain infection. Therefore, further studies should be performed to
explore the mechanism through which TgSRS2 regulates the virulence of different T.

gondii strains in mice.

1-5. Summary

T. gondii is an opportunistic pathogenic protozoon, it can cause abortion in
pregnant women and cause fetal congenital diseases, it’s also fatal in
immunodeficient individuals. Cellular invasion by T. gondii is an active complex
multistep event. The process is initiated by contact between the parasite and the cell
surface of the host. The surface antigens of T. gondii are important for attachment to

host cells in the process of T. gondii infection. TgSRS2 is differentially expressed
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among different Toxoplasma genotypes, although its function remains unknown. In
this study, [ used CRISPR-CAS9 system to generate knockout SRS2 gene in T. gondii
RH and PLK strains. Phenotype analysis revealed that TgSRS2 knockout significantly
inhibited the invasion, but did not affect the replication of T. gondii PLK genotype.
Mouse experiments demonstrated that PLK TgSRS2 knockout parasites significantly
reduced the pathogenicity of T. gondii in mice. However, deficiency of TgSRS2 in
RH genotype did not have any effect on invasion, replication and virulence in Vivo.
Overall, TgSRS2 of PLK strain may play an important role in host cell invasion and

pathogenicity in mice. This study helps to better understand the function of TgSRS2.
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Fig. 1. Western blot analysis. (A) The predicted amino acid sequences for the primary
translation product of the TgSRS2 gene in two T. gondii strains. (B) Western blot
analysis of rTgSRS2 protein. Lane 1, Purified rTgSRS2 incubated with serum from
mice experimentally infected with T. gondii. Line 2, Purified rTgSRS2 incubated with
a serum from healthy mouse. (C) Tachyzoite lysates of RH and PLK strains

incubated with anti-TgSRR2 serum from mice.
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Fig. 2. TgSRS2 knockout in RH and PLK strains. (A) TgSRS2 gRNA sequence and
locus in TgSRS2 genomic sequence. PAM, protospacer-adjacent motif. (B) Schematic
illustration of knockout plasmids. Both plasmids contain four important genes: CAS9,
TgSRS2 gRNA, GFP and hypoxanthine xanthine guanosine phosphoribosyl
transferase (HXGPRT)/dihydrofolate reductase (DHFR). The genes’ promoters (pro)
are labeled. NLS, nuclear localization signal. (C) Western blot analysis. TgSRS2 and
TgSAG1 were detected using mice anti-TgSRS2 and mice anti-TgSAGI1 sera,
respectively. Lane 1, wild type RH strain; Line 2, ATgSRS2 of RH strain; Line 3,
wild type PLK strain; Line 4, ATgSRS2 of PLK strain. (D) IFAT analysis. ATgSRS2

was detected by mice anti-TgSRS2 serum (red).
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Fig. 3. Deletion of TgSRS2 affects host cell invasion in vitro. (A, B) The percentage
of cells invaded and re-invaded by equal number tachyzoites of each strain (2 %
10°/well) was calculated by IFAT. After the parasites were allowed to invade 2 h,
extracellular parasites were washed away with PBS. After further 22 h of growth,
IFAT was performed. Results represent means = SEM of triplicates. **, P < 0.05,

determined by one-way ANOVA Tukey’s multiple comparison test.
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Fig. 4. Deletion of TgSRS2 does not affect parasite growth in vitro. (A, B)
Replication of each strain was evaluated by IFAT. At least 100 vacuoles were counted
in each well, in each condition. Error bars represent mean percent values = SEM of

triplicates.

23



Survival rate (%)

Survival rate (%)

Chapter 1

A
100 44A
- - 2
] P ——— RH-HX- 10

] ' , 227 = ATgSRS2-B4 102
- == ATeSRS2-B4 10- n=10

i n=10 910-
404 bl | E 18+

1

20- 16_

0 T T T T T T T T 1 T T 1 14 T T T T T T T T T 1

01234567 8 9101112 el eSS S6 s SO

Days p.i. Days p.i.
100 244
e 5 -
804 o PLK‘m‘ . = PLK 10°
= ATgSRS2-A4 10° 22+ . ene 5
* n=10 ) ~¥ ATeSRS2-A4 10°
6809 = 4 ) n=10
= 204

40 e
™ 18-

0 T T T T 16 T T T T T 1

0 15 20 25 30 0 5 i 15 20 25 30

Days p.i. Days p.i.
B

Fig. 5. Loss of TgSRS2 affects parasite virulence in mice. Survival rate (A) and body
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body weight (D) of mice infected with PLK and ATgSRS2-A4 strains. *, P = 0.0197,

determined by the long-rank test.
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Chapter 2

Development and evaluation of an enzyme-linked
immunosorbent assay based on recombinant TgSRS2
for serodiagnosis of Toxoplasma gondii infection in

cats

2-1. Introduction

Toxoplasmosis in animals has a significant reproductive and economic impact,
especially in sheep and goats (Buxton, 1998). Development of accurate diagnostic
methods is crucial for proper management and control of T. gondii infection in
humans and animals. A number of methods have been developed. They include
histologic demonstration, isolation of the organism, amplification of specific nucleic
acid sequences and serological tests (Montoya, 2002). The latex agglutination test
(LAT) is considered the “gold standard” for detecting T. gondii infection, but has low
specificity and high cost (Dannemann, 1990). Enzyme-linked immunosorbent assays
(ELISAs) seem to be the most suitable for routine mass diagnosis such as in
seroepidemiological investigations (Montoya, 2002). The specificity and sensitivity of

these serologic methods depend mostly on the diagnostic antigen used.
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Several recombinant proteins hold potential to be used for Toxoplasma diagnosis
in cats and humans, and among them major surface antigens (TgSAGs) and dense
granule antigens (TgGRAs) have been shown to be good candidates (Kotresha and
Noordin, 2010; Khanaliha et al., 2014; Cai et al., 2015; Abdelbaset et al., 2017).
SAG1-related superfamily (TgSRS) proteins are expressed in a stage-specific manner,
are essential for entry into the host cell, and regulate host immunity to promote
chronic infection (Jung et al., 2004). SRS29B (TgSAG1) and SRS34A (TgSAG2A)
have been used in indirect ELISA for serodiagnosis of feline toxoplasmosis (Kimbita
et al., 2001; Huang et al., 2002). TgSRS2 has been identified by Manger in 1998,
however its antigenicity is unknown. In the present study, I describe the performance

of TgSRS2 for application in serological surveys.

2-2. Materials and methods

Parasites and host cells

The T. gondii RH (Type I strain) and PLK (Type II strain) tachyzoites were
grown in vitro on human foreskin fibroblast (HFF) cell monolayers in minimum
essential medium supplemented with 10% heat-inactivated fetal bovine serum (FBS)
and penicillin-streptomycin. The cultures were incubated at 37°C in a 5% CO,

atmosphere.

Mice
ICR (6-7 weeks of age) were purchased from Clea Japan (Tokyo, Japan) and
housed in the mouse room of the National Research Center for Protozoan Diseases

under the Guiding Principles for the Care and Use of Research Animals promulgated

by the Obihiro University of Agriculture and Veterinary Medicine.
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Purification of TgSRS2 and GST

pGEX-TgSRS2 plasmid has been constructed in previous study (chapter 1). In
the current study, pGEX-TgSRS2 and pGEX-4T-1 (plasmid without insert) were
expressed as a glutathione-S-transferase (GST) fusion protein in E. coli strain BL21
strain. The expression was achieved at 16°C for 24 h after induction with 1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG). The E. coli culture was centrifuged at
10,000 x g for 10 min, and the pellet was suspended in STE buffer (50 mM Tris-HCl
[pH 9.5], 1 mM EDTA [pH 8.0] and 150 mM NaCl). Triton X-100 was added to the
samples to a final concentration of 1% (w/v) Triton X-100, and the samples were
sonicated on ice for 10 min. The supernatant that contained the soluble fraction was
purified with Glutathione Sepharose 4B beads, according to the manufacturer's
protocols (GE Healthcare, UK). The bound GST-fused recombinant proteins were
eluted with the elution buffer (16 mM reduced glutathione , 100 mM Tris-HCI [pH §],
5 mM EDTA, 100 mM NaCl). The amount of recombinant TgSRS2 and GST were
measured using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the concentrations were measured by bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher, USA) according to the manufacturer's protocol (Pierce

Biotechnology, USA).

ELISA

MaxiSorp plates (Nunc, Denmark) were coated with each recombinant antigen
(TgSRS2, GST) at a final concentration of 1 pg/ml in a coating buffer (50 mM
carbonate, pH 9.6) and were incubated overnight at 4°C. Plates were blocked with 3%
skim milk in phosphate-buffered saline for 1 h at 37°C. Tested sera were diluted at
1:100 and were added to the wells and incubated for 1 h at 37°C. Plates were washed

6 times and incubated at 37°C for 1 h with horseradish peroxidase (HRP)-conjugated
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goat IgG (Thermo Fisher, USA) diluted at 1:5,000. After washing, 100 pl of substrate
solution [0.1 Mcitrate buffer, pH 4, 0.003% H,0, and 0.3 mg/ml 2, 20-Azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid); Sigma-Aldrich, USA] was added to each well.
The absorbance was measured at 415 nm using an ELISA reader (Corona micro plate
reader MTP-120; Corona, Japan) after 1 h of incubation at RT. Each sample was
examined at least twice. Sera collected from mice before parasite infection served as

negative controls.

Sera

To prepare T. gondii- and N. caninum-infected sera, 7 week-old ICR female mice
were intraperitoneally inoculated with 10° tachyzoites of T. gondii PLK or 10*
tachyzoites N. caninum. Sera were collected every week until the 12" week post
infection. Tested sera consisted of 76 clinical serum samples and 32 SPF serum
samples were obtained from Clinical Laboratory Department of Malpie - Lifetech Inc
in Osaka. The serum samples were stored at -30°C and later used for testing TgSRS2
based ELISA. The cutoff value of each recombinant antigen was calculated as the

average OD of 32 SPF cat serum samples plus 3 standard deviations.

LAT

Antibodies to T. gondii were detected using a latex agglutination test (LAT) kit
(Toxocheck®MT, Eiken Chemical, Japan) according to the manufacture’s
instructions. In brief, the LAT was carried out in a 96-well U bottomed plate with
two-fold dilutions from 1:16 to 1:2,048. The plate was slightly shaken for about 2 min
and then incubated at room temperature for at least 18 hours without shaking. Test
samples at a dilution rate of at least 1:64 that showed a layer of agglutinated latex

beads after incubation were considered positive.
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Statistical analysis

The results of ELISA and LAT were used to evaluate sensitivity, specificity,
percentage of agreement, and the kappa values of the new diagnostic test

(http://vassarstats.net/).

2-3. Results

Expression of rTgSRS2 and GST in E.coli

The molecular masses of rTgSRS2 and GST proteins were estimated as 67 kDa

and 26 kDa, respectively, as expected (Fig. 6A).

Evaluation of the rTgSRS2 based ELISA using experimentally infected mice

To evaluate the potential use of rTgSRS2 for diagnosis of T. gondii infection,
ELISA based on recombinant proteins was performed. The ELISA based on rTgSRS2
succeeded in clearly differentiating T. gondii-infected mouse sera and non-infected
mouse sera or Neospora caninum-infected sera (Fig. 7A). Furthermore, to determine
the sensitivity of the developed ELISA, T. gondii-infected mouse sera were serially
sampled post-infection (Fig. 7B). rTgSRS2 based ELISA could detect specific

antibody starting from the 3rd week after infection.

Evaluation on field cat samples

The developed ELISA assays were evaluated on cat samples. Among the 76 cat
samples, rTgSRS2 based ELISA detected T. gondii-specific antibodies in 49 (64.5%)
samples. Next, the performance of the ELISA was compared to LAT as a reference

able 1). The sensitivity and specificity of r were o an 0,
(Table 1). Th itivity and specificity of rTgSRS2 ELISA 95% and 71%
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respectively. ELISA based on rTgSRS2 showed high concordance (84%) and

substantial agreement (kappa value > 0.61) with the results of LAT (Table 2).

2-4. Discussion

Toxoplasmosis is one of the most common zoonotic diseases and remains a
worldwide public health problem (Hill et al., 2013). As the most common definitive
host, cats play an extremely important role in the transmission of T. gondii (Webster,
2007). Therefore, for control of toxoplasmosis it is necessary to develop an accurate

method to detect T. gondii infection in cats.

In the present study, the performances of ELISA employing rTgSRS2 was
evaluated in sera of T. gondii experimentally infected mice and clinical cats. The lack
of reactivity with normal or N. caninum-infected mouse sera indicates the specificity
of the rTgSRS2 based ELISA. rTgSRS2 ELISA succeeded in the detection of
antibody to T. gondii in the acute and chronic stages. Detection of antibodies to T.
gondii in the chronic stage may contribute to the diagnosis of disseminated
toxoplasmosis that could be reactivated by immune-suppression due to viral infection

or cancer (Kimbita et al., 2001).

In the field cat samples, rTgSRS2 demonstrated a good diagnostic performance.
Hence, the higher positive rate of rTgSRS2 may indicate that some of the samples are
from chronically infected cats, and also suggests that rTgSRS2 has good antigenicity.
The antigenic properties of rTgSRS2 can be explained by the fact that this protein is
an important regulator of virulence capable of the development of protective

immunity (Wasmuth et al., 2012). rTgSRS2 ELISA has higher sensitivity but lower
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specificity than previously reported rTgSAG2, rTgGRA7 and rTgGRAI14 based

ELISA (Terkawi et al., 2013).

Although LAT shows the advantage that it can be used in serum samples from
various animals, it does not provide information on the stage of infection as it does
not detect specific IgM to T. gondii in feline sera (Lappin et al., 1991). Antigens of
bacterial recombinant proteins have many advantages in diagnosis, with low cost of
production and better standardization of the tests (Pietkiewicz et al., 2004). In the
current study, recombinant protein TgSRS2 showed good antigenicity and reactivity
with mouse and cat serum samples when tested as an ELISA antigen. My results
suggest that ELISA with rTgSRS2 could be a useful diagnostic tool for detection of T.

gondii infection in animals.

2-5. Summary

Toxoplasmosis is an important zoonosis widely prevalent in humans and animals.
To develop a specific and sensitive serodiagnostic assay, the SAG1-related sequence
2 of T. gondii (TgSRS2) was expressed in Escherichia coli and its diagnostic potential
was evaluated in an enzyme-linked immunosorbent assay (ELISA). The specificity
and sensitivity of recombinant TgSRS2 (rTgSRS2) was confirmed in the ELISA using
a series of mouse serum samples. The results showed that the ELISA based on
rTgSRS2 could detect specific antibodies in both acute and chronic infections. A total
of 76 clinical cat samples were also examined by the ELISA based on rTgSRS2, and
the results were compared with those of the latex agglutination test (LAT). rTgSRS2
had a higher rate of positivity, with concordance (84%) and kappa value (0.68) in

comparison with the results using LAT. The ELISA-rTgSRS2 showed high sensitivity
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(95%) but low specificity (71%). This is the first report evaluating TgSRS2 as a
serodiagnostic antigen. These results suggest that the ELISA based on rTgSRS2 could

be a useful tool for routine testing in the clinic and mass screening of samples in the

field.
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Fig. 6. SDS-PAGE of expression of recombinant proteins in E. coli. M, molecular

marker; Lanes 1, rTgSRS2; Lanes 2, GST.
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Fig. 7. Detection of antibodies to T. gondii by ELISA using recombinant antigens in
the sera of experimentally infected mice. (A) The reactivity of rTgSRS2 and GST
with sera from normal mice, experimentally T. gondii-infected mice and
experimentally N. caninum-infected mice at the 4th week after infection were

evaluated by ELISA (n = 4). (B) The reactivity of recombinant antigens with

experimentally T. gondii-infected mouse sera collected weekly (1th-12th).
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Table 1. Comparison of the results for T. gondii antibodies in cat samples examined

by ELISA and LAT.
ELISA+ ELISA— Total
LAT+ 39 (51.3%) 2 (2.6%) 41 (53.9%)
LAT— 10 (13.2%) 25 (32.9%) 35 (46.1%)
Total 49 (64.5%) 27 (35.5%) 76 (100%)
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Table 2. Specificity and sensitivity of ELISA with recombinant protein in detection of

specific Toxoplasma antibodies in cats compared with the results in LAT.

Detection method  Sensitivity (%)  Specificity (%) Concordance (%) Kappa value

rTgSRS2-ELISA 95 71 84 0.68
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Chapter 3

Seroprevalence of Toxoplasma gondii infection in

sheep from northern China

3-1. Introduction

Toxoplasma gondii can infect animals and humans via three pathways: ingestion
of oocysts from the environment, ingestion of tissue cysts in undercooked meat, and
congenital transmission from an infected mother to the fetus during pregnancy
(Montaya and Liesenfeld, 2004; Dubey, 2010). Ingestion of raw or undercooked meat
of animals harboring tissue cysts is considered the most important source of human
infection (Hill and Dubey, 2015). Thus, humans can get infected with T. gondii by
ingestion of undercooked lamb and mutton. As many people have the habit of eating
undercooked ‘barbecue’ and ‘instantly boiled mutton’ in China, the risk of contracting

T. gondii infection constantly exists.

In recent years, a growing number of surveys of T. gondii infection in sheep have
been carried out worldwide (Gebremedhin et al., 2014; Hammond-Aryee et al., 2015;
Tegegne et al., 2016; Ozmutlu and Karatepe., 2017), and several surveys have shown
that T. gondii infection in sheep is common in some provinces of China (Wu et al.,

2011; Wang et al., 2011; Xu et al., 2015; Liu et al., 2015; Yin et al., 2015; Zou et al.,
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2015). However, there is a gap in knowledge about T. gondii infection in sheep in
northern China. Considering the public health importance and economic significance
of products from sheep, it is essential to determine the prevalence of T. gondii

infection, and to develop a specific and sensitive serodiagnostic method in sheep.

As a reference, latex agglutination test (LAT) is widely used in detection of T.
gondii antibody in different animal species, but has a high cost (Dannemann, 1990;
Huang et al., 2002; Shahiduzzaman et al., 2011; Kyan et al., 2012; Matsuo et al.,
2014). T. gondii SAG1-related sequence 2 (TgSRS2) is a surface antigen expressed in
the tachyzoite stage of the parasite (Manger, 1998). In my previous study, this protein
showed good antigenicity and high sensitivity when used as an antigen to detect the T.
gondii antibody in cats (chapter 2). In the current study, a survey was performed to
evaluate the seroprevalence of T. gondii infection in sheep from northern China and to
assess the risk factors for infection using LAT and an enzyme-linked immunosorbent

assay (ELISA) based on rTgSRS2 protein.

3-2. Materials and methods

Study areas and animals

A total of 288 blood samples were collected from asymptomatic sheep in June,
2017 in four northern provinces of China (Fig. 8), namely Chifeng, Inner Mongolia (n
=76), Jiamusi, Heilongjiang (n = 80), Siping, Jilin (n = 65) and Tangshan, Hebei (n =
67). Age, gender and rearing system details were recorded. Animals were reared in
extensive and intensive systems for meat and were generally kept in herds of 50-100
and more than 100 animals, respectively. Approximately 5 ml of blood was obtained

from the jugular vein of each sheep, then serum samples were separated after
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centrifuging at 3,000 % g for 5 min and stored at -20°C until tested for antibodies to T.

gondii.
Serological examination

Antibodies to T. gondii were detected using a LAT kit (Toxocheck®™-MT, Eiken
Chemical, Japan) according to the manufacturer’s instructions and ELISA based on
rTgSRS2 where GST protein was used as a control. In brief, the LAT was carried out
in a 96-well U bottomed plate with two-fold dilutions from 1:16 to 1:2,048. The plate
was slightly shaken for about 2 minutes and incubated at room temperature for least
18 hours without shaking. Test samples at a dilution rate of at least 1:64 that showed a
layer of agglutinated latex beads after incubation were considered positive. The
ELISA was carried out using methods from chapter 2. Twenty sheep serum samples
which were seronegative tested by LAT and Western blot were used to calculate the

cutoff value of ELISA.

Statistical analysis

T. gondii seroprevalence per age groups, rearing systems, gender and different
locations was calculated and compared using the 95% Confidence Interval (CI) of
Odds Ratio (OR) (http://www.vassarstats.net/). The differences were considered

statistically significant if P < 0.05.

3-3. Results

The T. gondii antibody titers by LAT in 288 sheep are presented in Table 3.

Antibody titers in positive samples ranged from 1:64 to 1:1,024. These samples were
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also screened by ELISA method using rTgSRS2 with GST tag (Table 2). Overall, 87
(30.2%), 101 (35.1%) and 73 (25.5%) samples were positive for anti-T. gondii
antibodies according to LAT, ELISA, and both tests, respectively. The seroprevalence
in Hebei were the highest at 46.3%, 53.7% and 38.8%; followed by Heilongjiang at
33.8%, 38.8% and 28.8%; Jilin at 24.6%, 29.2% and 20%; Inner Mongolia at 17.1%,
19.7% and 14.5% according to LAT, ELISA, and both tests, respectively (Table 4). In

addition, significant difference was observed between Inner Mongolia and Hebei.

The seroprevalence of T. gondii was 12.3% in the age group of 0-1 year, 25.5%
in 1-2 years and 34.1% in > 2 years. Sheep of less than 1 year were less likely to be
seropositive than those of 1-2 and those of > 2 years, and the difference was

statistically significant (Table 4).

The seroprevalence in female sheep (26.9%) was slightly higher than in male
sheep (22.1%), although the difference was not statistically significant (Table 4). With
regards to the rearing system, the seroprevalence in sheep raised intensively (20.4%)

was significantly lower than in those raised extensively (31.3%) (Table 4).

The recombinant protein TgSRS2 was used as antigen for ELISA to evaluate
its diagnostic performance with field sheep sera. The result of ELISA with rTgSRS2
showed higher positive rate than LAT for the detection of T. gondii antibodies (Table
4). The kappa value of rTgSRS2 was 0.67, which demonstrates substantial agreement

between the rTgSRS2 ELISA and LAT (Table 6).

3-4. Discussion

The present study investigated the presence of antibodies against T. gondii in

sheep from Hebei, Heilongjiang, Jilin and Inner Mongolia, Northern China. Both the
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LAT and TgSRS2-based ELISA results showed that anti-T. gondii antibodies are
prevalent in the 4 provinces with significant difference between Inner Mongolia and
Hebei. There are two likely reasons for this notable difference. Firstly, the winter
season is nearly 5 months and is longer in Inner Mongolia than in Hebei, and the
oocysts of T. gondii excreted from cat faeces can hardly become infective under low
temperatures. Secondly, the seroprevalence of T. gondii in its definitive hosts cats is
significantly higher (57.3%) in Hebei than in Inner Mongolia (10.3%) (Ding et al.,
2017), which may be a major risk factor for the high infection in Hebei, as cats play a

significant role in T. gondii transmission (Dubey and Schares, 2011).

The overall seroprevalence of T. gondii (25.3%) obtained in the present study
was far lower than in Bangladesh (69.9%) (Rahman et al., 2014) and India (50%)
(Singh et al., 2015), but higher than in some other provinces of China (Table 5).
These differences could be associated with the detection methods, age distribution of
the samples, sample sizes, rearing systems, ecological conditions and climates in each
investigation. However, all these reports provide strong evidence that T. gondii
infection is common in sheep in China, and could cause considerable economic losses

and pose health risk in both animals and humans.

The seropositivity for T. gondii was significantly related to the age of the sheep.
This result agrees with previous reports (Ramzan et al., 2009; Xu et al., 2015), and a
similar association has been reported in other species such as cattle (Qiu et al., 2012).
This suggests the possibility of horizontal transmission in the investigated regions and
provides evidence for the increased infection risk for older animals, as they have a
longer period to potentially be exposed and infected by T. gondii. Animal gender did
not affect the seropositivity to T. gondii whereas rearing system was a significant risk
factor. This result is in accordance with a previous investigation in Shenyang province
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of China (Xu et al., 2015), indicates that the gender has no significant effect on the
prevalence of T. gondii in sheep. The effects of rearing system were also reported in
Heilongjiang and Liaoning provinces of China (Wang et al., 2011; Xu et al., 2015).
The intensive system of raising sheep implements strict hygiene practices, including
restriction of animal movement. Thus, they have fewer chances to contact or ingest

the oocysts of T. gondii excreted by infected cats.

Previously, TgSRS2 showed potential as diagnostic antigen for the detection of
antibodies of toxoplasmosis in domestic cats (chapter 2). The ELISA based on
rTgSRS2 can clearly differentiate the samples between Neospora caninum-infected
sera, non-infected mouse sera and T. gondii-infected mouse sera. The sensitivity of
the TgSRS2 ELISA was determined by serial T. gondii-infected sera, and the specific
antibody could be detected as early as the third week after infection. Furthermore,
high concordance (85%) and substantial agreement of the ELISA based on TgSRS2
also demonstrated that TgSRS2 is a promising antigen in detecting T. gondii
antibodies. This is the first report to use TgSRS2-based ELISA to detect antibodies of
toxoplasmosis in sheep. The results of TgSRS2-based ELISA highly matched with the
results of LAT, with high kappa value and concordance, suggesting it is a potential

diagnostic tool for routine screening against toxoplasmosis.

In conclusion, the present survey revealed that antibodies to T. gondii are
widespread in sheep in northern China, which has great significance for both livestock
economy and public health. In addition, it can be inferred that extensive rearing
system is a potential risk factor for T. gondii infection in China. These data could
provide a foundation for prevention and control of T. gondii in sheep in the examined

provinces.
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3-5. Summary

Toxoplasma gondii is an important zoonotic parasite causing significant health
problems to humans and animals. In the recent years, a number of investigations
about the seroprevalence of T. gondii in China have been reported, but little is known
on the prevalence of toxoplasmosis in sheep in northern China. In the present study, a
total of 288 sheep serum samples were collected from Inner Mongolia, Heilongjiang,
Jilin and Hebei provinces of northern China for T. gondii antibody survey using LAT
and TgSRS2-based ELISA. Overall, 87 samples (30.2%) of 288 serum samples were
positive for antibodies to T. gondii from the northern China. Seroprevalence of T.
gondii infection in sheep was 53.7% in Hebei, 38.8% in Heilongjiang, 29.2% in Jilin
and 19.7% in Inner Mongolia according to ELISA. Age and rearing system
significantly affected seropositivity. The present survey indicates that antibodies to T.
gondii are widely prevalent in sheep in northern China, and these results will be

useful as surveillance data for toxoplasmosis in animals and humans in the study area.
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Table 3. T. gondii antibody titers, by latex agglutination test (cut-off > 64) in 288

sheep sera.
Titer No. of sample (%) Results by LAT
<1:32 201 (69.8) -
1:64 32 (11.1) +
1:128 17 (5.9) +
1:256 14 (4.9) +
1:512 19 (6.6) +
1:1024 5(1.7) +
=+ : positive, — : negative
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Table 4. Comparison of the results for T. gondii antibodies in sheep samples

examined by ELISA and LAT.

LAT ELISA LAT/ELISA
Characteristics No. of No. of No. of No. of Odd ratio
tested positive(%) positive(%) positive(%) (OR) (95% CI) P-value
Location
Inner Mongolia 76 13 (17.1) 15 (19.7) 11 (14.5) Reference
Heilongjiang 80 27 (33.8) 31 (38.8) 23 (28.8) 0.40 (0.19-0.86) 0.014
Jilin 65 16 (24.6) 19 (29.2) 13 (20.0) 0.63 (0.28-1.44) 0.19
Hebei 67 31 (46.3) 36 (53.7) 26 (38.8) 0.24 (0.11-0.52) <0.001
Age (year)
0-1 57 8 (14.0) 9 (15.8) 7 (12.3) Reference
1-2 149 46 (30.9) 54 (36.2) 38 (25.5) 0.37 (0.16-0.83) 0.009
>2 82 33 (40.2) 38 (46.3) 28 (34.1) 0.24 (0.10-0.58) <0.001
Gender
Male 95 25(26.3) 29 (30.1) 21 (22.1) Reference
Female 193 62 (32.1) 72 (37.3) 52 (26.9) 0.75 (0.44-1.30) 0.19
Rearing system
Extensive 131 49 (37.4) 57 (43.5) 41 (31.3) Reference
Intensive 157 38(24.2) 44 (28.0) 32 (20.4) 1.87 (1.13-3.11) 0.011
Total 288 87 (30.2) 101 (35.1) 73 (25.3)

46



Table 5. Reported prevalence rates of T. gondii infection in sheep in China.

Chapter 3

Provinces/cities Year of No. tested  Positive (%)  Serologic References
sampling test”
Heilongjiang 2008-2010 792 3.0 IHA Wang et al., 2011
Liaoning 2011 566 4.4 IHA Yang et al., 2013
Liaoning (Jinzhou) 2012 402 17.9 MAT Xuetal., 2015
Qinghai (Tibet) 2011 455 5.7 IHA Wuetal., 2011
Qinghai 2012-2013 600 21.3 ELISA Liu et al., 2015
Gansu 2013-2014 1732 20.3 MAT Yin et al., 2015
Yunnan 2012-2013 154 9.7 IHA Zou et al., 2015
Henan 2015-2016 779 12.7 MAT Zhang et al., 2016

* MAT: modified agglutination test, ELISA: enzyme-linked immunosorbent assay,

IHA: indirect hemagglutination assay
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Table 6. Specificity and sensitivity of ELISA with recombinant protein compared to

LAT for detection of Toxoplasma antibodies in sheep.

Detection method  Sensitivity (%)  Specificity (%) Concordance (%) Kappa value

rTgSRS2-ELISA 84 86 85 0.67
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General discussion

Toxoplasma gondii is an obligate intracellular protozoan parasite belonging to
the phylum Apicomplexa. It can infect most warm-blooded animals and has a
worldwide distribution (Tenter et al., 2000). Scholars estimate that about 200,000 new
cases of toxoplasmosis occur every year. There are no clear symptoms of
toxoplasmosis in healthy adults. However, toxoplasmosis is life threatening in
immunocompromised individuals (Jones et al., 2003). The increasing emergence of
toxoplasmosis has resulted in demands for effective diagnostic methods and urgent
preventive strategies to detect and control the disease. In the current study, in order to
better understand the function of TgSRS2, I generated ATgSRS2 parasites using
CRISPR/CAS9 technology both in RH and PLK strain, and analyzed the change in
their phenotypes. TgSRS2 may not be crucial for the development of the parasite
because the mutant parasites didn't show any defect in replication in vitro. Loss of
TgSRS2 in PLK strain dramatically reduced the efficiency of the invasion and
virulence in mice, but this was not observed in RH mutant strain. In a previous study,
TgSRS2 showed a higher expression level in the avirulent type II than the virulent
type I (Manger et al., 1998). In transgenic parasites, TgSRS2 overexpression in type |
or type II RH strain can significantly reduce virulence in mice (Wasmuth et al., 2012).
This data indicate that the expression level of TgSRS2 is an important key to regulate
its function in T. gondii. Like other surface proteins, TgSRS2 has an N-terminal signal
peptide and is anchored with the GPI which associated with host cell attachment
(Tomavo et al., 1989; Manger et al., 1998). Previous reports showed that TgSRS29B

and TgSAG3 are important surface adhesin that can bind to host cell (Dzierszinski et
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al., 2000; Wasmuth et al., 2012). Thus the attenuated infectivity of ATgSRS2 in PLK

strain could be associated with its GPI structure.

In animal experiment, all mice infected with 100 tachyzoites of ATgSRS2 RH
or parental strains succumbed within 7-9 days post-infetcion. Interestingly, mice
infected with 10* tachyzoites of ATgSRS2 PLK showed 100% survival rate while
only 60% survival rate was observed when infected with the same dose of the PLK
strain. Moreover, mice infected with 10° tachyzoites ATgSRS2 PLK also showed
significantly higher survival rate than those infected by the PLK strain. The results
indicate that TgSRS2 may be an important virulence factor. The reduced invasive
ability of ATgSRS2 PLK might have contributed to the higher survival rate. The
similarity in pathogenicity between ATgSRS2 RH and parental RH strains could be
due to the little expression of TgSRS2 in RH (Manger et al., 1998). A previous study
proved that TgSRS2 was a regulator of RH strain virulence (Wasmuth J D et al.,
2012). This suggests that TgSRS2 may act in different pathways in the two strains.
High levels of TgSRS2 protein in RH strain dramatically reduced the levels of IFN-y
at the peak of the in vivo infection (Wasmuth J D et al., 2012). Usually acute infection
can cause the dysregulation of IFN-y leading to severe immunopathology and death
(Gavrilescu LC, Denkers EY., 2001; Mordue DG at al., 2001). Therefore, TgSRS2
protein may play a role in fine-tuning or negatively regulating the proinflammatory
effector to alter cytokine induction and/or the signaling pathway resulting in
dysimmunity with other molecules of RH parasite or host cell (Rachinel N, et al.,
2004; Peixoto L, et al., 2010; Saeij JP, et al., 2006; Saeij JP, et al., 2007). However,
no study has reported on the immunoreaction of the host against PLK strain in relation

to TgSRS2.

50



General discussion

As a major surface antigen, TgSRS2 was used as a diagnostic antigen for
ELISA to develop a specific and sensitive serological diagnosis for toxoplasmosis in
domestic cats. The cat is the definitive host of T. gondii and plays an important role in
transmission of toxoplasmosis (Dubey and Schares, 2011). This was the first use of
rTgSRS2 antigen in detection of antibodies against T. gondii. rTgSRS2-based ELISA
can differentiate mice serum from T. gondii infected and non-infected mice, and there
is no cross reactivity with Neospora caninum-infected mice sera. To evaluate its
usefulness in the field samples, 76 clinical cat samples were collected from Japan and
tested for antibodies against T. gondii. The results of ELISA had good performance
with high sensitivity, specificity and reliable kappa value compared with the results of
LAT. This data indicate that the rTgSRS2-based ELISA could be useful tool for

epidemiological surveys on toxoplasmosis in the field.

In China, most people like "barbeque" and "slightly boiled mutton",

considering the public health and economic importance of sheep products, a survey on
toxoplasmosis in sheep from different part in northern China was done. The TgSRS2-
based ELISA and LAT were used to investigate the sero-prevalence of T. gondii. LAT
is widely used in epidemiological studies of T. gondii in many animal species (Matsuo
and Husin, 1996, Kyan et al., 2012). The ELISA in this chapter had a high sensitivity,
specifity and kappa value relative to LAT. The survey provides a comprehensive
record of the seroprevalence of T. gondii antibodies in northern China due to the the
number of studied areas. Risk factors were analyzed to determine the impact of
sampling area, gender, age and rearing system on toxoplasmosis prevalence. There
was a significant difference of seroprevalence between sheep from Hebei and Inner
Mongolia. This could be due to Inner Mongolia being colder than Hebei. The occysts

can hardly develop into an infectious stage under low temperatures. The higher
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seropositive rates of cat in Hebei (57.3%) than in Inner Mongolia (10.3%) may also
be an explanation (Ding et al., 2017), because cat can significantly affect T. gondii
transmission (Dubey and Schares, 2011). Animal age is another risk factor that can
dramatically influence the seropositivity for T. gondii in the investigated areas, which
is similar with other reports (Ramzan et al., 2009; Xu et al., 2015), suggesting that
toxoplasmosis can be transmitted via horizontal transmission. The sheep raised
intensively had higher seropositive rates than those raised extensively, the possible
reason is that sheep raised intensively are usually caged leading to fewer chances of

infection by oosysts of T. gondii excreted in the environment.
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General summary

Toxoplasmosis as an important worldwide zoonosis caused by apicomplexan
protozoan T. gondii and is associated with high morbidity in animals and human
beings. Human and animals can be infected by ingestion of contaminated water,
vegetables and meat products that contain infectious oocysts or tissue cysts. The
increasingly emergence of toxoplasmosis has resulted in demands for effective

diagnostic methods and urgent preventive strategies to detect and control the disease.

The main purpose of this study was to develop an accurate diagnostic method
against toxoplasmosis. An in-depth understanding of the antigens that play a key role
in the growth and virulence of parasites is important in developing a specific and
sensitive diagnostic tool. The newly established serological diagnostic method has
been applied the detection of specific anti-T. gondii antibodies in sheep from northern

China.

In chapter 1, functional analysis of TgSRS2 in RH and PLK strains was
performed using CRISPR/CAS9 technology. Amino acid sequence alignment showed
that TgSRS2 contained four polymorphic amino acids. Invasion assay showed that the
percentage of cells infected by ATgSRS2 PLK strain was significantly lower than that
of those infected by the parental strain. In addition, deletion of TgSRS2 significantly
decreased the virulence of the PLK strain in mice. However, no difference was
observed between the phenotypes of ATgSRS2 RH and parent strains, which could be
due to the low expression of TgSRS2 in RH strain. These results indicate that
TgSRS2 plays an important role in invasion and virulence of T. gondii PLK strain in

mice.
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In chapter 2, the immunogenicity and antigenicity of rTgSRS2 was evaluated
using serum from mice experimentally infected with T. gondii and clinical cat
samples in an ELISA reaction. The performance of the rTgSRS2 based ELISA was
compared with that of LAT. The specificity and sensitivity of the ELISA were 95%
and 71%, respectively. ELISA showed high concordance (84%) and substantial
agreement (kappa value > 0.61) with the results of LAT. These results suggest that the
rTgSRS2-based ELISA could be a useful tool for routine testing in clinical and mass

screening of samples in the field.

In chapter 3, a survey was performed to evaluate the seroprevalence of T. gondii
infection in sheep from northern China and to assess the risk factors for infection
using LAT and rTgSRS2-based ELISA. Of the 288 serum samples, 87 samples
(30.2%), 101 samples (35.1%), and 73 samples (25.5%) were positive for anti-T.
gondii antibodies according to LAT, ELISA, and both tests, respectively.
Seroprevalence of T. gondii infection in sheep was 53.7% in Hebei, 38.8% in
Heilongjiang, 29.2% in Jilin and 19.7% in Inner Mongolia using ELISA. Age and
rearing system significantly affected seropositivity. The findings obtained in this
study may be helpful in designing appropriate measures for the prevention and control

of toxoplasmosis in sheep, other animals and humans.

Overall, the present study analyzed the function of SRS2 in T. gondii, and
evaluated the sensitivity and specificity of rTgSRS2 based ELISA and determined the
seroprevalence of T. gondii infection in sheep in northern China using this ELISA
method. These results provide useful information for understanding the functional

characteristic of TgSRS2 and its ability to detect T. gondii infection in cats and sheep.
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N YT ITAIEIL, TEa T Ly 7 APDORR Toxoplasma gondii

ICkvglEE s NBIEREYYETH Y . AL T D, AR

BT A— X MG R ENTZHEIKRRLEM bV A N EHRBW A B
THZEICEVEYET S, MY T T XAIEOTRITERBOHYE & HI#E 72D

ZIXE N2 WEDOESLN RO BTV 5,

F1ETIE, MY 7T A~vOREHURDF Td D TgSRS2 OMEIRARHT
BiTo7-, RH B (GEf7 1 A) & PLK & GEME T 2%) @ TgSRS2 #%
TgSRS2CRISPR/CAS9 A= FiRERIEIZ LD /v 77Uk (KO) L7zfgic, 20
Oy F DOREREMRNT 24T > 72, WFRRICIZ 4 DT 2 VBT NRD Hivl=, PLK
BROBERR L KO RO M~ DERAREZF T2 ZAH, BEDHNHEI
KT Lz, £ U ANORFEMEGRE O MME -T2, L2, RH #RD
WP AERE & KO BRINCI3E A~ DR AR L = 7 ZA~OIFIRMEICH B 22055
bgnote, ZHUE, RH HRIZEIT D TeSRS2 DIRREHRIZER T D EE R
BN, ZNHDOFERICTE Y, TeSRS2 1T DB AW TIEREDRE
FHf~DRAEL ~ T ZASOIFFRMEIC BN THEBEREE 2RI 2 &R

N7,

2B TlL, TgSRS2 DOHFUFIEIZ DWW THNT L7-, KIGHE TR IHET~
FHHAEZ TgSRS2 1E., RV 7T A<~ 7 A Mg &8 < i L, 2l A

PR & LCOAMMEIN RSNz, RIS, PR YT TADRIELTH DM
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DMLIFIZOWT, #AH#L X TeSRS2 2Pl & L7oBeR e EflE (ELISA) 7hLH
TDZ T v 7 g (LAT) {EO T 21T o 72, ELISA 1%, LAT {£&
84%D—EM A /R LTz, F 7o, ELISA IEDORFRME & EEZIZZNZI 95%& 1%
Tholz, TNOHORERLY | fH# 2 TgSRS2 % FV /= ELISA I3 O ik 2

WricHAHTH D Z LRI NT,

53 FTIE, M X TgSRS2 Z P & L7 ELISA ik & LAT 2 Fv T
EALEHIIC BT B ED h ¥ Y F T XIS T D MEFRE AT o2, F
137 288 > L, 87 Ho 7L (30.2%) & 101 B> 7L (35.1%) MNZEh
FABGME & HIE STz, Fiz, 13 7L (25.5%) XA L B IS L f
E STz, ELISA iECIE, b, BELd. 58, WEr a0 aIRRH
ROFEMIFGY T NDEHERBZNZH 38. 8%, 28.8%, 20.0%, 14.5%Td >
Too o, Hlin L WHBEIC L D2BMEROZIL LD Lz, ZNHDORER K
D, KR Z TgSRS2 Z P & L7z ELISA JEIE, HED h& Y 7T X~ EDE

MEICHAHTHD Z LR ENT,

ULzl n s, AMRETIEIINR Y T I XA~OXREHIHRTH S
TgSRS2 (X, HADE EMA~DRAICEET 55 FThHY ., £z, Mz

TgSRS2 1X bV 7T XA~<EDIMEZHPRE LTHLHEHATHDL Z AR LT,
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