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A

Abbreviations

AAT: animal African trypanosomosis

AAA(+): ATPases associated with diverse cellular activities
BCT: buffy coat technique

B. bigemina: Babesia bigemina

B. bovis: Babesia bovis

BSF: bloodstream form

CATT: card agglutination test for trypanosomiasis
d.p.i. : Days post-infection

Eerl: Eeyarestatin |

ELISA: enzyme linked immunosorbent assay

EMF: epimastigote form

ER: endoplasmic reticulum

ERAD: endoplasmic reticulum associated protein degradation
EST: expressed sequence tags

FBS: fetal bovine serum

GST: glutathione S-transferase

Hsp90: Heat shock protein 90

ICT: immunochromatographic test

IFAT: indirect fluorescent antibody test
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ISG75: invariant surface glycoprotein 75

ITS: internal transcribed spacer

LAMP: loop-mediated isothermal amplification
mAECT: minianion exchange centrifugation technique
MCF: metacyclic form

OD: optical density

OREF: open reading frame

PBS: phosphate-buffered saline

PCF: procyclic form

PCR: polymerase chain reaction

PDI: protein disulfide isomerase

PI: propidium iodide

P46-ELISA: rTcP46-based ELISA

rTcP46: recombinant TclL3000.0.25950 protein
SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis
semi-nPCR: semi-nested PCR

SPP: signal peptide peptidase

T. annulata: Theileria annulata

T. b. brucei: Trypanosoma brucei brucei

T. b. gambienese: Trypanosoma brucei gambiense

T. b. rhodesiense: Trypanosoma brucei rhodesiense


http://en.wikipedia.org/wiki/Trypanosoma_brucei_gambiense
http://en.wikipedia.org/wiki/Trypanosoma_brucei_rhodesiense

T. congolense: Trypanosoma congolense
TcP46: TclL3000.0.25950 protein

T. evansi: Trypanosoma evansi

T. orientalis: Theileria orientalis

T. vivax: Trypanosoma vivax

VATSs: variable antigen types

VSG: variant surface glycoprotein

WHO: world health organization



General introduction

1. Trypanosomosis in general

Trypanosomosis is a widespread protozoan disease that mainly affects poor and marginal
population in Latin America, Africa, and Asia, and is caused by protozoan parasites of genus
Trypanosoma infecting both humans and animals (Silsen et al., 2008). American
trypanosomosis, or Chagas disease is caused by the parasite Trypanosoma cruzi, which is
endemic throughout much of Mexico, Central and South America. In the 1980s, American
trypanosomosis was believed to infect over 24 million people with another 100 million
considered at risk, although these estimates have since been reduced (Schofield and Kabayo,
2008). African trypanosomosis causes sleeping sickness in humans and nagana in animals.
This disease is prominent on the World Health Organization (WHO) list of neglected tropical
diseases and is a major problem to the poorer countries in the world, especially throughout
sub-Saharan Africa. Trypanosomosis is a serious constraint to both animal and human health
and is one of the most important factors restricting economic development in Africa today
(Steverding, 2008). Trypanosomosis caused by T. evansi remains an economically important
disease in many developing countries of the world, affecting a wide range of wild species and
livestock population. T. evansi has the widest geographical distribution among all pathogenic

parasitic species prevalent in Africa, Asia and South America (Eyob and Matios, 2013).

2. Animal African trypanosomosis and the life cycle of trypanosomes
AAT or nagana disease is responsible for over 3 million cattle and other livestock deaths
each year across sub-Saharan Africa with more than 46 million cattle at risk of infection with

the disease leading to a considerable impact on the agricultural economy. Direct production
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losses amount to approximately $1.2 billion each year. The estimates are as much as $4.7
billion a year when indirect losses from the inability to use land and livestock to their fullest
potential are included (Grady et al., 2011). AAT is spread by tsetse flies carrying a variety of
trypanosomes, the most important species in this disease are T. brucei brucei, T. congolense
and T. vivax (Nakayima et al., 2012). Trypanosomes cause relatively mild infections in wild
animals, while in domestic animals they cause a severe, often fatal disease. All domestic
animals can be affected by nagana and the symptoms are fever, listlessness, emaciation, hair
loss, discharge from the eyes, oedema, anaemia and paralysis (Steverding, 2008).
Trypanosomes are single-celled organisms. Like all parasitic protozoa, they display
extreme adaptation to their environment that constitutively exhibit complex life cycles. They
undergo both metabolic and morphological changes between the mammalian host and tsetse
vector during their life cycle (Matthews and Gull, 1997; Leak, 1999; Matthews, 2005). In the
mammalian host, bloodstream forms (BSF) are covered with a dense coat consisting of
approximately 10 copies per cell of VSG that is famously involved in antigenic variation,
allowing the trypanosome population to avoid elimination by the host immune system
(Alsford et al., 2012). When BSF trypanosomes are consumed by a tsetse during its blood
meal, they enter the insect midgut and a subpopulation differentiates to procyclic forms
(PCFs) that are adapted to life in the midgut (Eyford et al., 2011). The dividing PCFs first
establish in the tsetse midgut and then only a few of them migrate to proboscis (T.
congolense) or salivary gland (T. brucei spp.) to mature as differentiated dividing
epimastigote forms (EMFs). The EMFs continuously divide while adhering to the epithelial
cells throughout the life span of the tsetse fly. Finally, the dividing, adherent EMFs undergo a
cell differentiation process called metacyclogenesis differentiate into non-dividing,
non-adherent, VSG-expressing and animal infectious metacyclic forms (MCF) (Vickerman,

1973; Hendry and Vickerman, 1988.). The MCF trypanosomes are injected into the host



bloodstream when tsetse takes a blood meal and complete the life cycle.

3. Diagnosis of animal African trypanosomosis

In the epidemiology and control of any disease, precise diagnosis and definitive
identification of the causative agent is extremely important. However, there are no specific
clinical signs of the infection, and the intermittent and usually low parasitaemias make the
diagnosis of trypanosomosis difficult (Pillay et al., 2013). The diagnosis of AAT has therefore
been the subject of extensive research over the century following David Bruce’s discovery of
associations among the nagana, the tsetse fly and the trypanosome. The diagnosis of
trypanosomosis is basically divided into direct and indirect detection techniques of the
parasite.

Examination of blood smears is rapid and best suitable method to screening herds in the
field. Although the examination of blood smears alone is a relatively insensitive way to detect
infection, but the method is simple and with great practical significance (Reyna-Bello et al.,
1998). The more sensitive direct method to detect T. congolense and T. vivax infections is
examination of wet preparations of the microhaematocrit buffy coat under microscope. In
order to improve the sensitivity of parasitological diagnosis, the Maect was elaborated to
concentrate the parasite in blood prior to microscopic examination (Chappuis et al., 2005).
This method has been used for the diagnosis of especially human sleeping sickness (Camara
et al., 2011). However, it is not yet widely used in animals under field conditions as the
technique is impractical for routine veterinary purposes.

Because of the difficulty of detecting trypanosomes in the blood numerous indirect tests
have been applied to the diagnosis of trypanosomosis. A range of serological tests has been
applied to the diagnosis of animal trypanosomosis. However, the serological diagnosis could

not differentiate the current from the past infections, and cross reactions often occur between



some trypanosome species. The CATT has been found useful in the diagnosis of T. evansi
infections in water buffalo, but this method is less likely to be applicable to T. congolense and
T. vivax than the Trypanosoon species because of difficulty in identifying suitable variable
antigenic types (VATS) in these species (Luckins, 1992). The most successful serological
adjuncts to diagnosis of trypanosomosis are the IFAT and the ELISA. IFAT has been shown to
be both sensitive and specific in the bovine anti-trypanosome antibodies (Luckins and Mehlitz,
1978), although there is cross-reactivity among T. b. brucei, T. congolense and T. vivax. The
antibody-detection ELISA has particularly been used for epidemiological surveys to detect
trypanosome antibodies and it was shown to be capable of detecting specific antibodies in
trypanosome-infected cattle. However, the detection techniques involve use of either whole
parasite or crude parasite lysate as the antigen which are not often standardized (Hopkins et
al., 1998).

The development of sensitive and specific molecular detection techniques has facilitated
epidemiological studies of trypanosomosis in many African countries including Uganda,
Ivory Coast and Burkina Faso (Mugittu et al., 2001). These techniques could rapidly detect
and identify trypanosome species in both mammalian hosts and the tsetse vector with high
sensitivity and specificity (Mwandiringana et al., 2012). Various types of molecular methods
have been used in the diagnosis of AAT. These applications have clearly demonstrated the
potential use for wide-scale application of molecular diagnostic methods in the epidemiology

of AAT.

4. Treatment of animal African trypanosomosis
The field control of AAT mainly relies on two broad strategies: vector control and using
chemotherapeutic agents on infected animals. Attempts to control tsetse have been made for

over 60 years. Initially, they included eradication of wildlife, clearing of fly barriers to prevent



the advance of the vector and widespread bush clearing to destroy breeding habitats.
Following the introduction of modern chemicals, the principal method employed to control
tsetse populations has been the use of insecticides alone or in conjunction with traps and
screens. In the 1980's, application of the sterile male technique received considerable attention
and this method has reduced fly populations in limited trails (Adamu et al., 2011).

In general, the chemotherapeutic approach is used much more widely than vector control,
because it is easier to Kill the trypanosomes than the flies. Drug control of animal
trypanosomosis relies essentially on three drugs, namely: Homidium (Homidium
chloride-Novidium and Homidium bromide-Ethidium), Diminazine aceturate (Berenil) and
Isometamidium chloride (Samorin, Trypamidium). Recently, Quinapyramine sulphate
(Antrycide) has been reintroduced because of the need to combat camel trypanosomosis
(Delespaux and de Koning, 2007). Diminazine aceturate (Berenil) is a widely used
chemotherapeutic drug, which is effective against AAT. Isometamidium (Samorin,
Trypa-midium) also the commonly employed trypanocides. Its main advantage is prophylactic
use against trypanosomosis. The Homidium is the excellent chemotherapeutic agents for T.
congolense and T. vivax. These three drugs have been in the market more than 40 years, drug
resistance that started from one point has made them become ineffective over large area of
Africa (Chitanga et al., 2011). Furthermore, the toxicity and adverse effect of these
compounds pose to human and animal health are also significant problems. Despite of this
risk, the three established compounds remain available and popular and their use is well

established in Africa.

5. Aims of the present study

AAT is a parasitic disease that causes serious economic losses in livestock due to

anaemia, loss of condition and severe emaciation (Steverding, 2008). The effective control
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and management of this disease relies on accurate diagnosis and subsequent treatment of the
infected animals. Concerning serodiagnosis, the discovery and production of trypanosome
specific antigens by recombinant DNA techniques is particularly important because such
strategy produces pure and highly specific recombinant trypanosome antigens than the
native preparations. Since recombinant antigens are standardized and have minimum
batch-to-batch variation, they could be easily optimized for use in ELISA and ICT systems.
Hence, complementing the other established diagnostic methods, such as microscopy and
IFAT for the diagnosis of AAT. For the molecular diagnostic methods, PCR has been widely
applied for the detection of trypanosomes and has been shown to be highly sensitive and
specific. The use of PCR for detecting trypanosome DNA is the most reliable and accurate
technique available for the specific identification of natural animal infections (Ahmed et al.,
2013). Thus, PCR-based diagnosis of trypanosomosis in livestock has now been used in a
number of studies in Africa. Despite severe adverse effects in currently available
trypanocidal drugs, treatment of HAT and AAT heavily depend on those drugs. Hence, the
drug resistance is widely spread over Africa. Therefore, new trypanocidal drugs are urgently

needed.

The overall objective of this study was to develop novel diagnostic methods of AAT and
to evaluate new drug targets of African trypanosomes to facilitate drug discovery, with
specific objectives as follows: 1) To identify and characterize T. congolense novel antigen for
application in the serodiagnosis (chapter 1); 2) To establish and evaluate the potential use of
TclL3000.0.25950 gene from T. congolense in semi-nested PCR assay (chapter 2); and, 3) To

evaluate the trypanocidal activities of the compounds targeting the different components of



endoplasmic reticulum associated protein degradation (ERAD) pathway (chapter 3).



Chapter 1

Identification and characterization of a Trypanosoma congolense 46

kDa protein as a candidate serodiagnostic antigen

1-1. Introduction

T. congolense is a major pathogen responsible for AAT (nagana), which is transmitted by
the tsetse fly (Glossina spp.) (Coustou et al., 2010). The disease can affect various species of
mammals, and it is particularly important in cattle from the economic viewpoint (Kristjanson
et al.,, 1999). The clinical manifestations of the acute stage after infection are fever,
listlessness, emaciation, edema, anemia and eventually death (Mendoza-Palomares et al.,
2008). The disease is the main constraint to livestock agriculture in large parts of the African
continent, where it causes serious economic losses on an annual basis. The definitive
diagnosis of acute AAT depends heavily on the direct detection of the parasite in blood by
light-microscopy (Herber and Lumsden, 1976; Woo, 1970). However, microscopy has
limitations in latent infections where the parasite is often difficult to detect in blood because
of extremely low parasitemia. PCR and LAMP have recently been developed for detecting T.
congolense infection with high sensitivity and specificity (Cox et al., 2010; Gillingwater et al.,
2010; Laohasinnarong et al., 2011; Thekisoe et al., 2007). Although these molecular tests
potentially improve the specificity and sensitivity of AAT diagnosis, the field application of
these state-of-the-art tests is hampered by the requirement for a specialized laboratory setup
and skilled personnel. Alternatively, a variety of serodiagnostic tests have been developed for

trypanosomosis (Chappuis et al., 2005; Hilali et al., 2004; Nantulya et al., 1989). In order to

8



detect antibody responses against trypanosome infection, card agglutination test, antibody
detection ELISA and IFAT are commonly utilized as recommended tests (OIE. 2012). These
tests, however, use trypanosome cell lysate or fixed parasite antigens, whose qualities often
vary from batch to batch (Goto et al., 2011; Rebeski et al., 2000). In contrast, recombinant
antigens can easily be prepared in large scale, are relatively stable and have higher specificity
than parasite cell lysate antigens (Tran et al., 2009). Thus, development of recombinant
trypanosome antigen-based ELISA tests is urgently needed. T. congolense has at least four
developmental stages in its life cycle, namely BSF, PCF, EMF and MCF (Peacock et al.,
2012). Among these forms, BSF and MCF are animal-infective stages, which are the major
targets for diagnosis and treatment. Both BSF and MCF express VSG, which allows antigenic
variation to evade host antibody responses (Donelson et al., 1998). In general, VSGs are not
suitable as diagnostic antigens, because of their antigenic variation. In contrast, the invariant
antigens are likely to provoke protective immune responses including high antibody responses
in the chronic phase of T. congolense infection (Agur and Mehr, 1997). Therefore, the
invariant antigens are good candidates for diagnosis and vaccine development. The
recombinant ISG75 has been successfully expressed in E. coli, and rISG75-ELISA showed
high specificity and sensitivity for T. evansi infection in camels (Tran et al., 2009). In
previous studies, Eyford reported EST analysis and differential protein expression in each life
cycle stage of T. congolense (Eyford et al., 2011; Helm et al., 2009). The present study
focused on identification of the proteins highly expressed in BSF and/or MCF stage from the
EST and the proteome data sets and sought to evaluate novel invariable proteins as candidate

serodiagnostic antigens for T. congolense infection.

1-2. Materials and methods

Parasites. T. congolense 1L3000 strain is a savanna type parasite that was discovered



near the Kenya/Tanzania border in 1966 (according to the records of the Biological Services
Unit at the International Livestock Research Institute, Nairobi, Kenya). Samples of this
parasite were stored in liquid nitrogen at the National Research Center for Protozoan Diseases
in Japan. The PCF and BSF were cultured using TVM-1 and complete Hirum’s modified
Iscove’s medium (HMI)-9 medium, respectively (Hirumi and Hirumi, 1991). The EMF and
MCEF of these parasites were produced from in vitro PCF culture (Coustou et al., 2010;
Hirumi and Hirumi, 1991; Sambrook and Russell, 2001). PCF were routinely maintained by
diluting 3 ml of log-phase parasite suspension with 7 ml of fresh medium every 2 days.
Adherent EMF appeared in PCF cultures 1-2 months after the initiation of PCF cultures. EMF
colonies became confluent within 2 months. The plastic-adherent EMF cultures were
maintained by replacing the entire culture supernatant with fresh medium every 2 days. Live
PCF were obtained from cultures by centrifugation at 1,500 g for 10 min at 4°C. Live EMF
were prepared from culture flasks by washing adherent cells three times with 10 ml of PBS
containing 1% glucose (PSG) to remove non-adherent cells, and the remaining cells were
removed with a rubber cell scraper followed by centrifugation at 1,500 xg for 10 min at 4°C.
Since differentiation from EMF to MCF continuously occurs in EMF cultures, MCF
accumulates in the culture supernatant. Hence, MCF was purified from EMF culture
supernatants by DE 52 anion-exchange column chromatography (Whatman Plc.,
Buckinghamshire, U.K.) (Lanham and Godfrey, 1970).

Cloning of the TcP46. Total DNA was extracted from the parasite using a Puregene
DNA Purification System Kit (Qiagen, Dusseldorf, Germany) according to the manufacturer’s
instructions and stored at -30°C until used. The open reading frame of the TcP46 gene (Gene
ID: TclL3000.0.25950) was amplified by PCR from T. congolense total DNA using primers
with the Eco RI and Sal 1 sites (underlined), namely P1 (5’-GCGAATTC ATG AAC GGA

TCG GCT GT-3’) and P2 (5’-GCGTCGAC TTA GTA ATT CGC CTC GC-3’). The PCR
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products were inserted into the pCR2.1-TOPO vector and sequenced with M13 forward and
M13 reverse primers. The hydrophilic and antigenic characteristics of TcP46 were predicted
using the DNASTAR analyzer program (Netwell, Tokyo, Japan). The putative N-terminal
signal peptide was analyzed using the SignalP server
(http://www.cbs.dtu.dk/services/SignalP/).

Southern blot analysis. Total DNA was prepared from T. congolense by the
phenol-chloroform method (Sambrook and Rusell, 2001). For Southern blot analysis, total
DNA was digested overnight with Hind 111, Kpn 1, Sal I, Xba I, Bcg I, Bsp M1, Msc | and Xho
| restriction enzymes and electrophoresed on 1.0% (w/v) agarose gel. The electrophoresed
DNA samples were transferred to a nylon membrane (Hybond-N*, GE Healthcare, Pittsburgh,
PA, U.S.A)) as previously described (Sakurai et al., 2008). Preparation of the labeled cDNA
probe with the full-length TcP46 gene, DNA hybridization and labeling of the probe were
performed using AlkPhos Direct Labeling Kit and Detection Systems (GE Healthcare). The
result was visualized by using CDP-star (GE Healthcare) according to the manufacturer’s
instructions. Imaging was performed using X-ray film (Eastern Kodak Company, Rochester,
NY, U.S.A).

Expression and purification of rTcP46. The ORF of the TcP46 gene in the
pCR2.1-TOPO vector was subcloned into a pGEX-4T-1 Escherichia coli expression vector
(GE Healthcare). The correct orientation and sequence of the subcloned TcP46 gene was
examined by sequence analysis and designated as the pGEX-4T-1/TcP46. rTcP46 was
expressed as a GST-fusion protein in the E. coli BL21 strain according to the manufacturer’s
instructions (GE Healthcare). In order to purify rTcP46, E. coli was suspended in TNE buffer
(50 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 2 mM EDTA), sonicated and then centrifuged
at 9,000 x g for 10 min at 4°C. The rTcP46-GST fusion protein was affinity purified from the

supernatant using glutathione-Sepharose 4B beads (GE Healthcare). Protein concentrations
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were measured using a modified Lowry protein assay kit (Thermo Scientific, Pittsburgh, PA,
U.S.A).

Preparation of mouse anti-rTcP46 immune sera. Five six-week-old ICR mice (Clea,
Tokyo, Japan) were immunized intraperitoneally with 100 pg of purified rTcP46-GST in an
equal volume of TiterMax® Gold (TiterMax USA Inc., Norcross, GA, U.S.A.) for the primary
immunization. Two booster immunizations were given at 14 day intervals using the same
amount of the antigen emulsified in TiterMax® Gold. Serum samples were collected two
weeks after the last immunization. The experiment was conducted in accordance with the
Guiding Principles for the Care and Use of Research Animals of the Obihiro University of
Agriculture and Veterinary Medicine (No. 24-135).

Indirect fluorescent antibody test and confocal laser scanning microscopy. Blood
smears of T. congolense PCF, EMF, MCF and BSF stages were fixed with 100% methanol for
30 min. Anti-rTcP46 mouse serum, diluted 1:100 with PBS containing 0.5% bovine serum
albumin (PBS-BSA), was applied to the fixed smears as the primary antibody and incubated
for 1 hour at 37°C. After three washings with PBS, Alexa-Fluor® 488 conjugated goat
anti-mouse IgG secondary antibody (1:600 dilution in PBS-BSA, Molecular Probes, Eugene,
OR, U.S.A)) was applied and incubated for 30 min at 37°C. The slides were washed four
times with PBS and incubated with 6.25 pg/ml Pl (Molecular Probes) containing 100 pg/ml
RNase A (Qiagen) for 10 min at 37°C. After three washings with PBS, the glass slides were
mounted by adding 50 ul of a 50% glycerol-PBS (v/v) solution and then covered with a cover
glass. The slides were examined by confocal laser scanning microscopy (Leica, Solms,
Germany).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis. To identify the molecular mass of native TcP46 throughout the life

cycle stages of T. congolense, the mouse anti-rTcP46 serum was used to detect the native
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TcP46 from trypanosome cell lysates by Western blot analysis. Each life cycle of the parasite
was harvested from in vitro culture and washed three times with PBS. The parasite pellets
were treated with cell lysis buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM CacCl,,
10% glycerol and 1% Triton X-100) and incubated at 4°C for 1 hour. The cell lysates were
sonicated and centrifuged at 7,000 xg for 20 min. The supernatants were collected, and BCA
protein assay was used for protein quantification (BCA Protein Assay Kit, PIERCE Chemical
Company, Rockford, IL, U.S.A.)). The supernatant (50 pg/lane) was then subjected to
SDS-PAGE. The cell lysates were mixed with SDS-PAGE sample buffer (125 mM Tris-HCI
(pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 3% (v/v) 2-R-mercaptoethanol and 0.02%
bromophenol blue. After incubating at 100°C for 5 min, the lysates were separated by
SDS-PAGE with 10% gel. The separated parasite proteins were then transferred to an
Immobilon-P transfer membrane (Millipore, Billerica, MA, U.S.A.). Western blot analysis
was carried out as previously described (Bannai, et al, 2003). To determine the antibody
response against the 46.4 kDa protein (TcP46) in mice infected with T. congolense, the
GST-rTcP46 (25 pg/lane) and GST protein (25 ug/lane) were subjected to SDS-PAGE, and
transferred to a membrane, and then probed with 100 times diluted infected mouse sera and
pre-infected mouse sera, respectively, by Western blot analysis.

Mice infections.  After collection of blood to obtain pre-infection mouse sera, three ICR
mice (female, 8 weeks old) were inoculated intraperitoneally with in vitro prepared BSF (10°
parasites/mouse). The parasitemia of each mouse was examined every day for 78 days.
Thereafter, it was examined weekly for another month. The level of parasitemia was estimated
according to the matching method (Hilali, et al., 2004). This experiment was conducted in
accordance with the Guiding Principles for the Care and Use of Research Animals
promulgated by Obihiro University of Agriculture and Veterinary Medicine (No. 24-135).

Enzyme-linked immunosorbent assay (ELISA). Individual wells of a microtiter plate
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(Thermo Scientific) were coated with the purified GST-rTcP46 protein (0.5 pg / well) or the
control GST protein (0.5 pug/well) in an antigen coating buffer (0.05 M carbonate-bicarbonate
buffer, pH 9.6) overnight at 4°C. The plates were then blocked with PBS containing 3% (w/v)
skim milk for 1 hour at 37 °C. After washing, the plates were incubated with 200 times
diluted mice serum samples or cattle serum samples. The plates were washed six times with
PBST and then incubated with horseradish peroxidase (HRP) conjugated to goat anti-mouse
IgG or HRP conjugated to goat anti-bovine 1gG (Invitrogen, Carlsbad, CA, U.S.A.) diluted to

1:5,000 with the blocking solution for 1 hour at 37°C. Thereafter, the enzyme reaction was

developed with 3,3°,5,5’-tetramethylbenzidine (TMB, Kirkegaard & Perry Laboratories,
Gaithersburg, MD, U.S.A.) at room temperature. Finally, 50 pl of stop solution (I M
phosphoric acid) was added, and the absorbance was read at 450 nm (Nguyen et al., 2012).
The cut-off value was defined as the mean value plus 3 standard deviations of the mean
optical density (OD) obtained from 9 SPF mice serum samples and 26 normal cattle serum
samples, respectively. At the same time, ELISA was also performed according to the OIE
Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (2012) using PCF cell lysate
antigen. Each microplate well (Thermo Scientific) was coated with 160 ng of antigen and
incubated overnight at 4 °C. The subsequent protocols were performed as described above.
Serum samples. The serum samples used in this study include 6 serum samples from
mice experimentally infected with T. congolense 1L3000 strain, 9 samples from SPF mice, 26
samples from healthy cattle obtained in Japan, 9 samples from cattle experimentally infected
with Babesia bovis, 15 samples from cattle experimentally infected with Babesia bigemina

and 5 samples from cattle experimentally infected with Anaplasma marginale.

1-3. Results

Identification and characterization of the TcP46 gene. Four proteins which were
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found to have greater expression in MCF and/or BSF stages were selected from the previously
reported differential protein expression data set (Table 1) (Eyford et al., 2011). All of these
proteins were successfully expressed by the bacterial expression system and purified for
preliminary evaluation as diagnostic antigens. Western blot analysis of T. congolense-infected
mouse sera was used for this evaluation. As a result, only the recombinant TclL3000.0.25950
protein was recognized in the infected mouse sera (Data not shown). Analysis of the putative
N-terminal signal peptide in the TcIL3000.0.25950 protein (TcP46) sequence using the
SignalP server showed that this sequence had no signal peptide. The TcP46 consisted of highly
hydrophilic amino acid residues and its predicted antigenic index was high throughout the
entire sequence (Fig. 1A).

Southern blot analysis. Southern blot analysis was performed to determine the copy
number of the TcP46 gene in the parasite genome. The genomic DNA probed with TcP46
cDNA showed a single hybridization band after DNA digestion by Hind Ill, Kpn I, Sal | and
Xba I, which did not cut the TcP46 open reading frame (Fig. 1B, lanes 1-4). However, Bcg |,
Bsp MI, Msc | and Xho | cut a single site within the TcP46 gene, yielding three bands with a
common fragment at 4 kbp (Fig. 1B, lanes 5-8). These results suggest that genomic DNA of T.
congolense contains at least 2 copies of tandemly arranged TcP46 genes. The distance between
the tandemly arranged TcP46 genes is 2.8 kbp.

Detection of anti-rTcP46 antibody from T. congolense-infected mouse sera. The
full-length TcP46 gene was cloned into prokaryotic expression vector pGEX-4T-1 and
expressed in E. coli as a soluble GST-fusion protein with a molecular mass of approximately
72 kDa, including the 26 kDa GST tag (Fig. 2, lane 1). The rTcP46 protein was recognized in
sera from mice experimentally infected with T. congolense by Western blot analysis (Fig. 2,
lane 3), whereas there was no reaction with the GST protein (Fig. 2, lane 4). Neither

GST-rTcP46 nor GST was recognized in pre-immune sera (Fig. 2, lanes 5 and 6).
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Characterization of the native TcP46. Mouse anti-rTcP46 sera were prepared, and
used to identify native TcP46 in all life cycle stages of T. congolense by means of Western blot
analysis and confocal laser scanning microscopy. The anti-rTcP46 sera specifically reacted
with the approximately 46 kDa protein in parasite lysates of all life cycle stages by Western
blot analysis. Although the bands were broad, the molecular mass of native TcP46 was
consistent with the expected mass (Fig. 3A). This indicates that TcP46 is an invariable protein
constitutively-expressed throughout the life cycle stages. Meanwhile, specific and stronger
reactions were detected in BSF and MCF-stage parasites in comparison with the weak
reactions in the EMF and PCF-stage parasites (Fig. 3A). To determine the cellular localization
of TcP46, all stages of T. congolense parasites were probed with the mouse anti-rTcP46 serum.
Confocal laser scanning microscopy demonstrated that the expression of native TcP46 was
mainly in the cytoplasm in all of the developmental stages (Fig. 3B).

Specificity and sensitivity of the rTcP46-based ELISA. The specificity of the
rTcP46-based ELISA (P46-ELISA) was evaluated using the sera of mice experimentally
infected with T. congolense and the sera of non-infected SPF mice. The cut-off value of the
P46-ELISA was 0.07. This was calculated by the OD value from the serum samples of 9 SPF
mice. Furthermore, the six serum samples from mice experimentally infected with T.
congolense showed a high absorbance value. There was no cross-reaction with 26 serum
samples from healthy cattle, 9 samples from B. bovis-infected cattle, 15 samples from B.
bigemina-infected cattle or 5 samples from A. marginale-infected cattle (Fig. 4). The cut-off
value of the rP46-ELISA for cattle serum samples was 0.46 (Fig. 4B). The sensitivity of
rP46-ELISA was examined using sera sequentially obtained from 3 mice infected with T.
congolense 1L3000. Specific antibodies against TcP46 were detected from sera of the 3 mice
as early as 8 days post-infection. High antibody titers were maintained until the chronic stage

of infection, which was characterized by undetectable levels of parasitemia (Fig. 5A). This
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P46-ELISA could detect the infection 6 days earlier than PCF cell lysate ELISA (Fig. 5B).

1-4. Discussion

T. congolense infection (nagana) causes significant losses in livestock production in
Africa. To control this disease, it is important to develop sensitive and reliable serological
tests for the detection of T. congolense infection in animals. So far, only a few recombinant
antigens have been identified to develop serological diagnostic methods of trypanosome
infection (Bannai et al., 2003; Boulange et al., 2002; Sengupta et al., 2012; Tran et al., 2009).
Therefore, there is a need to seek more candidate diagnostic antigens in order to develop
accurate and sensitive serodiagnostics for nagana. Since T. congolense undergoes a complex
developmental cycle, each developmental stage of the parasite expresses both stage-specific
and constitutive proteins. In this study, | focused on the proteins with high expression levels in
the MCF and BSF stages, because of their importance in serodiagnosis. Four proteins
(TclL3000.0.25950, TclL3000.0.10.3480, TclL3000.8.629, and TclL3000.7.1980) were
selected from the data for differential protein expression in all life cycle stages of T. congolense
(Table 1) (Eyord et al., 2011). All of these proteins were successfully expressed by the
bacterial expression system and purified for preliminary evaluation as a diagnostic antigen by
Western blot analysis using T. congolense-infected mouse sera (Data not shown). As a result,
only the recombinant TcIL3000.0.25950 protein was recognized by T. congolense-infected
mouse sera (Fig. 2). Thus, | decided to further investigate the TcIL3000.0.25950 protein as a
candidate serodiagnostic antigen. The TcIL3000.0.25950 gene contained an ORF of 1,218 bp
encoding a 46.4 kDa protein (TcP46). Southern blot analysis revealed that at least 2 copies of
the TcP46 gene are tandemly arranged in the parasite genome (Fig. 1B). The TcP46 protein is
expressed throughout the life cycle stages of the parasite as an approximately 46 kDa protein

(Fig. 3A). As the TcP46 was predicted to be a soluble protein, TcP46 was localized in the
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parasite cytosol (Fig. 3B). Meanwhile, a strong reaction was observed in the BSF and MCF
parasite stages compared with EMF and PCF. This result, in part, consists with the previously
reported proteome analysis which revealed that TcP46 showed 5.36 times higher expression
levels in MCF than EMF parasite levels (Eyord et al., 2011). The potential of rTcP46 as a
serodiagnostic antigen was evaluated by ELISA with sequentially collected serum samples
from T. congolense experimentally infected mice. The results showed that rTcP46-based
ELISA was able to detect a specific antibody response from 8 days post-infection until the end
of the experiment (92 days post-infection) (Fig. 5). This would imply that rTcP46-based
ELISA may be an applicable diagnostic test of both the acute and chronic stages of the
infection. In addition, the high antigenicity suggested that TcP46 may play an important role
in the host immune response during T. congolense infection. No false-positive samples due to
cross-reaction with sera derived from cattle infected with B. bovis, B. bigemina or A.
marginale were detected by P46-ELISA. Since mixed infection of these protozoan parasites
and T. congolense possibly occurs, the result indicates that ELISA could be a specific test.

In conclusion, the TcP46 gene was identified and characterized as an immunodominant
antigen that was a candidate serodiagnostic antigen of T. congolense infection. The
GST-rTcP46-based ELISA had high specificity and was applicable for both the acute and
chronic stages of infection. Overall, TcP46 might be a useful serodiagnostic antigen for T.
congolense infection. A further study will require the use of a number of serum samples from

T. congolense-infected cattle in order to evaluate its practical use in the field.
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1-5. Summary

T. congolense is a major livestock pathogen in Africa, causing large economic losses with
serious effects on animal health. Reliable serodiagnostic tests are therefore urgently needed to
control T. congolense infection. In this study, we have identified one T. congolense protein as a
new candidate serodiagnostic antigen. The TcP46 is expressed 5.36 times higher in metacyclic
forms than epimastigote forms. The complete nucleotide sequences of TcP46 contained an
open reading frame of 1,218 bp. Southern blot analysis indicated that at least two copies of
the TcP46 gene were tandemly-arranged in the T. congolense genome. The recombinant
rTcP46 was expressed in Escherichia coli as a GST fusion protein. Western blot analysis and
confocal laser scanning microscopy revealed that the native TcP46 protein is expressed in the
cytoplasm during all life-cycle stages of the parasite. Moreover, an ELISA based on rTcP46
detected the specific antibodies as early as 8 days post-infection from mice experimentally
infected with T. congolense. No cross-reactivity was observed in the rTcP46-based ELISA
against serum samples from cattle experimentally infected with Babesia bigemina, B. bovis
and Anaplasma marginale. These results suggest that rTcP46 could be used as a

serodiagnostic antigen for T. congolense infection.
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Kyte-Doolittle Hydrophilicity Plot

Jameson-Wolf AntigenicIndex

Fig. 1. Genetic and molecular characterizations of TcIL3000.0.25950 protein (TcP46). (A)
Software analysis of hydrophilicity and antigenicity of TcP46. (B) Southern blot analysis of
TcP46. Genomic DNA was treated with Hind 111 (lane 1), Kpn I (lane 2), Sal | (lane 3), Xba
I (lane 4), Beg | (lane 5), Bsp MI (lane 6), Msc | (lane 7) and Xho | (lane 8). The restriction
enzymes used for lanes 1-4 did not cut the TcP46 open reading frame (ORF), while the

enzymes used for lanes 5-8 cut a single position within the ORF.

20


http://www.jenabioscience.com/cms/en/1/browse/936#HindIII
http://www.jenabioscience.com/cms/en/1/browse/937#KpnI
http://www.jenabioscience.com/cms/en/1/browse/940#SalI
http://www.jenabioscience.com/cms/en/1/browse/943#XbaI
http://www.jenabioscience.com/cms/en/1/browse/943#XbaI

< 72 kDa

37

Fig. 2. SDS-PAGE and Western blot analysis of the recombinant TcP46. M: Molecular size
marker. The rTcP46 fused with GST (lane 1) and purified rGST (lane 2) were stained by
amide black. The GST-rTcP46 (lane 3) and the rGST (lane 4) were reacted with serum from

mice infected with T. congolense. The rTcP46 (lane 5) and the rGST (lane 6) were reacted

with pre-immune mouse sera.
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Fig. 3. Detection of the native TcP46 from all life cycle stages of the parasite. (A) Lane M:
Molecular size marker. Western blot analysis of the native TcP46 was carried out using the
cell lysate from BSF, MCF, EMF and PCF stages of T. congolense and anti-rTcP46 mouse
serum. (B) Cellular localizations of the TcP46 in all four life cycle stages of T. congolense
(PCF, EMF, MCF and BSF) were examined by immunofluorescence staining and confocal
laser scanning microscopy. Green indicates immunofluorescence staining of TcP46, and red

indicates nucleus and kinetoplast.
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Fig. 4. Evaluation of the specificity of rTcP46-based ELISA. (A) Evaluation of specificity
with T. congolense experimentally infected mouse sera (n=6); SPF mouse sera (n=9),
dashed line indicates the cutoff value (0.07). (B) Evaluation of specificity with Babesia bovis
experimentally infected cattle sera (n=9); Babesia bigemina experimentally infected cattle
sera (n=15); Anaplasma marginale experimentally infected cattle sera (n=5), dashed line
indicates the cutoff value (0.46).
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Fig. 5. (A) Detection of the specific antibody response against TcP46 in three mice

experimentally infected with T. congolense by rTcP46-based ELISA. (B) Detection of the

antibody responses in three mice experimentally infected with T. congolense by means of

PCF cell lysate antigen ELISA.
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Table 1. Selected genes express higher in BSF and/or MCF than PCF and EMF.

Gene ID Length BSF—PCF PCF—EMF EMF— MCF—BSF
(bp) MCF
TcIL3000.0.25950 1,218 0.26 DNR 5.36 DNR
TcIL3000.10.3480 744 0.12 DNR 8.98 DNR
TcIL3000.8.6290 318 DNR 0.37 6.94 DNR
TcIL3000.7.1980 1,179 DNR DNR DNR 7.96

Number indicates fold expression level of each protein in the two life-cycle stages

[Eyford et al., 2011].

“DNR” means the data not reliable.
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Chapter 2

Field evaluation and validation of a semi-nested PCR for the diagnosis

of Trypanosoma congolense infection in cattle and dog in South Africa

2-1. Introduction

T. congolense is a tsetse fly-trasmitted protozoan parasites responsible for AAT ( nagana)
in cattle and other vertebrates including dogs, pigs, sheep, goats, and laboratory rodents
(Coustou et al., 2010). The disease leads to serious economic losses of livestock production in
37 countries of sub-Saharan Africa (Inoue et al., 2000; Swallow, 2000; Shaw, 2009). Signs of
acute infection include anemia, intermittent fever, parasitemia, lymphadenopathy, jaundice,
progressive emaciation, loss of production, weakness, and death if it is untreated.
Chemotherapy and vaccination have not proved to be quite effective against the disease due to
the development of drug resistance and the switching their dense protective coat of
immunodominant VSG, respectively (Horn and McCulloch, 2010; Mungube et al., 2012).
Therefore, an early and correct diagnosis is essential to control the disease.

The definitive diagnosis of acute AAT heavily depends on the direct detection using
direct observation of wet blood films under light microscope, or concentration techniques
such as the buffy coat technique (BCT) by light microscope (Woo, 1970; Herbert and
Lumsden, 1976; Murray et al., 1977). However, microscopy has limitations in latent
infections where the parasite is often difficult to detect in blood because of extremely low
parasitemia. Consequently, the PCR based techniques have been widely used in the course of

epidemiological studies of trypanosomosis by several investigators (Reifenberg et al., 1997,
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Clausen et al., 1998; Mugittu et al., 2001). Recently, the PCR test based on the ITS of
ribosome DNA (Kin PCR) showed a multiple species diagnosis of the main livestock
trypanosomes (Desquesnes et al., 2001). Although recent study suggests that the ITS- PCR is
less sensitive than the species-specific primers, it is able to simultaneously screen samples for
other pathogenic trypanosomes, and it may be a better choice of test in multi-disease studies
(de Clare Bronsvoort et al., 2010). Therefore, it is required to develop a specific assay to T.
congolense particularly for improving the sensitivity in field application. In my previous study,
Southern blot analysis of the TcP46 gene indicated that at least two copies were included in
the T. congolense genome as a tandemly arranged orientation (Zhou et al., 2014). The TcP46
gene shared a low nucleotide sequences identity with T. b. brucei and no match with the other
Trypanosoma spp. and apicomplex paresites when detected by BLAST. Therefore, the TcP46
gene may be a candidate target gene for developing a specific and sensitive diagnostic method
to screen the T. congolense infection in the field.

The objective of the study was to evaluate the diagnostic efficiency of the TcP46 gene for
the diagnosis of T. congolense infection in a semi-nPCR and compare it with that Kin PCR
commonly used in to screen trypanosomes infection in the field. Despite AAT being a very
important disease of domestic animal in South Africa, there is insufficient data on the
epidemiology and genotypes of T. congolense isolate in the area. Therefore, this new method

was used to detect the prevalence of T. congolense infection in South Africa.

2-2. Materials and methods

Sample collections and DNA extraction. During March and April 2013, 96 bovine and
29 canine blood samples were collected from 6 districts in Kwazulu-Natal province of South
Africa (Fig. 6). The bovine blood DNA was extracted using a QlAamp DNA Blood Mini Kit

according to the manufacturer’s protocol (Qiagen, Germany). The extracted DNA was eluted

27



with 100 ul of the kit elution buffer, and then stored at -30°C. On the other hand, the each

canine blood sample was blotted and dried on the FTA card (Whatman, United Kingdom).
The card was washed by FTA purification reagent (Whatman, United Kingdom), and then
eluted by TE (10mM Tris-HCI, 0.1 mM EDTA, pH 8) buffer, DNA on the washed punch was
ready to be used as the source of template DNA for PCR.

Parasites cultivation and DNA extraction. T. congolense 1L3000 savannah strain
isolated near Kenya/Tanzania border was used. Detail of in vitro cultivation and genomic
DNA extraction were described in Materials and Methods for Chapter 1.

Development of a semi-nested PCR. Primers for the semi-nPCR were designed based
on the target sequence of TcP46 gene from T. conglense (TclIL3000.0.25950) (Table 2). PCR
were carried out under standard and enhanced conditions. For first-round amplification, a 1 pl
aliquot of extracted DNA was added to a PCR reaction mix, containing 2 pl of 10 x Ex Taq
Buffer (TaKaRa, Japan), 2 ul ANTPs (2.5 mM), 1 ul of each of the primers (10 mM), 0.1ul of
Ex Taq polymerase (TaKaRa, 5 unite/ul), and 12.9 ul of ultra-pure water to yield a final
volume of 20 pl. The amplification was carried out by set up PCR with initial denaturation at

95°C for 5 min, followed by 35 cycles of 45s denaturation at 94°C for 45s, 45s primer
annealing at 59°C and 1 min primer extension at 72°C. The final primer extension step was
carried out for 10 min at 72°C. Thereafter, second round amplification (semi-nPCR) was

carried out in an exactly similar manner except that the DNA sample was a 0.2 pl aliquot of
the first-round PCR product and ultra-pure water was 13.7 pl. The primers and the annealing
temperature employed were shown in the Table 2. Finally, a 10 pl aliquot of the semi-nPCR
product was separated by agarose gel (1.5%) electrophoresis and stained with ethidium
bromide solution.

Specificity and sensitivity testing. The specificity of the developed nPCR method was

tested using the genomic DNA extracted from B. bovis, B. bigemina, B. canis, T. evansi, T.
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annulata, T. orientalis, N. caninum, and T. gondii and healthy cattle blood. Futhermore, the
sensitivity of the semi-nPCR for T. congolense was estimated using 10-fold serial dilution of
the cultured parasites (Start from 1x10° trypanosomes/ml). Then, DNAs were extracted from
different trypanosome dilutions (500 pl) and eluted into 50 pl of ultra-pure water. The
semi-nPCR assay was carried out using each DNA sample. In addition, the detection limit of
the semi-nPCR was determined using the serially diluted DNA of T. congolense, and the
semi-nPCR assay was carry out using the different concentration DNA samples.

Evaluation of the semi-nested PCR in mouse models. Five 6-week-old female
BALB/c mice (CLEA, Japan) were infected intraperitoneally with 1 x 10° T. congolense BSF.
Every day, 60 pl of blood was collected into hematocrit capillaries from the tail vein. Then 10
ul blood was centrifuged for 5 min at 10,000 xg to obtain the buffy coat. A drop of the buffy
coat was placed on a glass slide and examined for motile parasites under a light microscope.
The remaining (50 pl) whole blood was used for total DNA preparation with the QIAamp
DNA Blood Mini Kit (Qiagen). The DNA was detected by both the semi-nPCR and Kin PCR
(Desquesnes et al., 2001).

Detection of T. congolense infection from field samples. Field blood samples collected
from cattle and dogs were screened for T. congolense using the semi-nPCR as described
above and the Kin PCR as described by Desquesnes et al (2001). The obtained results were
compared to evaluate their practical utility for field detecting of T. congolense infection.

Cloning and sequencing of nPCR products. Three T. congolense-positive bovine or
canine blood DNA were randomly selected from all the examined districts, and subjected to
DNA cloning and sequencing of TcP46 genes. The PCR product purification, cloning, and

sequencing were performed according to previous description (Cao et al., 2012).

2-3. Results
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Specificity and sensitivity of the semi-nPCR. The specific outer and inner primers of
semi-nPCR based on TcP46 specially produced the amplifications of 816 bp and 590 bp from
the T. congolense genomic DNA, while no amplification was detected from other parasites
used as the negative control. (Fig. 7 Aand B).

The sensitivity of the semi-nPCR. | evaluate the sensitivity of this semi-nested with
the extract DNAs from dilutions of T. congolense in the in vitro culture. In the first round
PCR, positive band of 816 bp was detected from DNA extracted from dilutions of T.
congolense with 1 x 10° trypanosome ml™ (Fig. 8A, lane 4.). In the second round PCR, a
positive band of 590 bp was detected from DNAs extracted from dilutions of T. congolense
with 1 x 10% trypanosome ml™ (Fig. 8B, lane 5.). In the merged PCR, a positive band of 590
bp was detected from DNAs extracted from dilutions of T. congolense with 10 trypanosome
ml™ (Fig. 8C, lane 6.). In addition, | also evaluated the sensitivity of this semi-nested with
10-fold diluted genomic DNA. The detection limit for the first round PCR was 0.07 ng/ul (Fig.
9A, lane 4.), for the second round PCR was 7 pg/ul (Fig. 9A, lane 5.), for the merged PCR
was 0.7 pg/ul (Fig. 9A, lane 7.), respectively.

Detection of T. congolense infection in mouse models. Diagnostic experimentations in
the mouse models revealed that specific amplifications were first observed at 24 h post
infection by the semi-nested PCR in all the mice. However, the BCT could detect the parasite
on the 6™ d. p. i. in one of the five mice. The Kin-PCR could detect the parasite on the 3 d. p.
I. in one of five mice (Table 3).

Screening for T. congolense infection. The field DNA samples collected from cattle
and dogs in South Africa were investigated using the semi-nPCR and Kin PCR assays in order
to demonstrate the field utility of these methods as a diagnostic tool for epidemiological
studies. The semi-nPCR detected 27 (28.13%) cattle and 5 (17.24%) dogs as positive for T.

congolense, while the Kin PCR assay indicated that 8 (8.34%) cattle and 0 (0%) dog samples
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were positive for T. congolense (Table 4).

Cloning and sequencing of TcP47 genes of T. congolense. Two bovine samples from
each farm and 5 canine positive samples were amplified for subsequent cloning and DNA
sequence analyses. After ligation and subsequent cloning, the nucleotide sequences of the
target gene fragments were determined. Homology search and alignment of the sequenced
TcP46 fragments revealed that the gene was conserved among the T. congolense isolates from
cattle and dogs in the five farms of South Africa. The partial TcP46 sequence of South African
isolates shared 98.47% nucleotide sequence identity and 97.45% amino acid identity with that

of T. congolense 1L3000 savannah strain (Gene ID: TcIL3000.0.25950).

2-4. Discussion

T. congolense is widespread in many countries of sub-Sahara Africa, posing a real threat
to the livestock industry (Gillingwater et al. 2010). The presence of T. congolense may require
early and urgent diagnosis and veterinary intervention for minimizing the disease burden. As
previously reported, PCR has advantages over the conventional methods used for the
diagnosis of trypanosomosis (Desquesnes et al., 2001; Masake et al., 2002; Geysen et al.,
2003; Li et al., 2007). However, the usual one-step PCR amplification from the field sample
may not achieve sufficient sensitivity (Mekuria and Gadissa, 2011; Nakayima et al., 2012;
Takeet et al., 2013). Therefore, in present study, in order to increase the detection threshold, I
developed a semi-nested PCR assay. The sensitivity of the semi-nPCR was evaluated using
the 10-fold diluted T. congolense genomic DNA. The result indicated that this semi-nPCR
method can detect the template as little as 0.7 pg, which was more sensitive than the widely
used Kin PCR (Njiru et al., 2005). Thus, the semi-nPCR may be suitable for screening the
parasite DNA in the subclinically infected cattle or other host during early infection.

Diagnosis of trypanosomoses requires highly sensitive and specific tests. In many cases
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the identification of parasites concerns their epidemiology and it is important to distinguish
species and subspecies. Therefore, highly specific tests are important in the diagnosis of
trypanosomosis. In the present study, | found that the TcP46 gene, at least the parts used for
PCR target was conserved within the trypanosome species through in silico analysis using
NCBI BLAST server. Moreover, the semi-nPCR assay with B. bovis, B. bigemina, B. canis, T.
evansi, T. annulata, T. orientalis, N. caninum, and T. gondii DNA also did not shown
amplification, which demonstrated that the specific region of TcP46 gene might be suitable
for molecular identification of T. conglense with maximal specificity.

Comparison of the methods for detection of T. congolense showed that this semi-nPCR
was more sensitive than the conventional microscopy and commonly used Kin PCR method.
Experimental infection in mice revealed the presence of parasite only on the 6" d. p. i. by
buffy coat examination and on the 3" d. p. i. by Kin PCR amplification. However, semi-nPCR
could detect the parasitic DNA as early as 1% d. p. i. The DNA sample from one mouse failed
to amplify any DNA on the 8" d. p. i. which may have been due to sampling problems or
arising from low number of parasites in the circulation. Furthermore, the records of the
Kin-PCR detection also demonstrated that the Kin-PCR was uncontinuous and unstable for
detecting the parasite. Although I recoded the difference in detecting the infection in mice, but
the semi-nPCR was capable of detecting the parasite earlier than BCT and Kin-PCR. This
result was consistent with previous reports (Thumbi et al., 2008).

In South Africa, tsetse-transmitted trypanosomosis has been the cause of stock losses in
past and present, and a major problem to livestock owners in certain areas of KwaZulu-Natal
(Motloang et al.,, 2012). Recent study indicated that AAT was still prevalent in
KwaZulu-Natal and that T. congolense was the dominant causative organism (Van den
Bossche et al., 2006). Therefore, the field samples from KwaZulu-Natal of South Africa were

examined by the semi-nPCR and Kin-PCR methods for assessing the suitability of the
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semi-nested PCR for use with field samples. The results suggest that the semi-nested PCR
method was suitable for diagnosis of the field samples. It revealed higher prevalence for T.
congolense infection in cattle (28.13%) and dogs (17.24%) than Kin-PCR.

In conclusion, these results demonstrate that the semi-nPCR based on the TcP46 gene
specifically detected T. congolense at low parasitermias in parasite cultivation and mouse
models. The semi-nPCR can also be used as a reliable and potential tool for epidemiological
survey of the T. congolense-infected animals. Moreover, the present study provideds a new
evidence to confirm that the T. congolense is a widely epidemic species in cattle and dogs in
South Africa. The identical sequences of TcP46 gene were detected among the T.
congolense-infected cattle and dogs in South Africa, and slightly different with T. congolense
IL3000 savannah strain. Therefore, further large and wide-scale investigations are necessary
to provide essential information about the geographical distributions, host specificities, and

genotypes of T. congolense isolates.
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2-5. Summary

T. congolense is a major pathogen responsible for nagana in cattle and other vertebrate
animals including dogs, pigs, sheep, and goats, as well as laboratory rodents. Therefore,
sensitive and specific molecular diagnostic tests are urgently required for appropriate control
of T. congolense infection. The aim of this study was to develop a semi-nPCR for the
detection of T. congolense using oligonucleotide primers designed from a tandemly-arranged
gene of T. congolense (TcP46). Two sets of primers produced the expected amplifications of
816 bp (external primers) and 590 bp (internal primers) with the T. congolense DNA, whereas
no amplifications were observed with the genomic DNA extracted from the other
hemoparasites including the B. bovis, B. bigemina, B. canis, T. evansi, T. annulata, T.
orientalis, N. caninum, and T. gondii. Thereafter, the sensitivity of the method was determined
as 0.7 pg purified DNA or 10 trypanosomes ml™. Furthermore, the semi-nPCR could detect
the presence of the parasites as early as one d. p. i. in experimentally T. congolense-infected
mice blood, which was more sensitive than the conventional buffy coat technique as 6 d. p. i.
and the previously reported PCR test based on the ITS1 of rDNA (Kin-CR) as 3 d. p.i. In
addition, | screened 96 bovine and 29 canine blood DNA samples from South Africa by the
present semi-nPCR method. The results revealed that the 28.13% and 17.24% were positive
for cattle and dog samples, respectively. Sequence analysis using partial TcP46 gene revealed
that the South Africa isolates shared 98.5% nucleotide sequence identity with that of T.
congolense 1L3000 strain. Altogether, the primer pairs described in this study will be useful
for epidemiological studies on T. congolense infection. The result also demonstrated a high
prevalence of T. congolense in South Africa calling for the need to design effective control

programs in the further study.
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Fig. 6. Regions for collecting samples in South Africa.
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816-bp

590-bp

Fig. 7. Specificities of semi-nPCR method. (A) First round of semi-nested PCR. (B) Second
round of semi-nPCR. In all panels, Lane M is 100-bp ladder DNA marker. Lane 1, 2, 3, 4, 5,
6, 7, 8, 9 and10 represent the T. congolense, B. bovis, B. bigemina, B. canis, T. evansi, T.

annulata, T. orientalis, N. caninum, T. gondii, and bovine blood DNA.
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500-bp— —816-bp
B

500-bp— —590-bp
C

500-bp — —3590-bp

Fig. 8. Sensitivity of the semi-nPCR method. The semi-nPCR method was carried out
using the DNAs from T. congolense. (A) First round of semi-nested PCR. (B) Second round
of semi-nPCR. (C) Merged semi-nested PCR. In all panels, Lane M is 100-bp ladder DNA
marker. Lane 1, 2, 3,4, 5, 6, 7, 8, 9 and10 represent the different concentration of purified T.
congolense in each dilution, 1 x 10° 1 x 10°, 1 x 10%, 1 x 10% 1 x 10% 1 x 10%; 1 x 10°, 1 x

10, 1 x 10 and 0 trypanosomes ml™.
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Fig. 9. Sensitivity of the semi-nPCR method. The semi-nPCR method was carried out
using the 10-fold diluted T. congolense genomic DNA. (A) First round of semi-nested PCR.
(B) Second round of semi-nPCR. (C) Merged semi-nested PCR. In all panels, Lane M is
100-bp ladder DNA marker. Lane 1: 70 ng/ul; 2: 7 ng/ul; 3: 0.7 ng/ul; 4: 0.07 ng/ul; 5: 7

pg/ul; 6: 0.7 pg/ul; 7: 0.07 pg/ul; 8: 7 tg/ul; 9: 0.7 fg/ul; 10: 0 fg/ul.
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Table 2. Oligonucleotide primers of T. congolense based on the TcP46 (TCIL3000.0.25950)

gene.
Location in Annealing
Code Sequence(5°-3”) Fragment
gene Tm
Outer primer
Forward
GAGGTACGGAAACCGATT 138-155
primer
816-bp 59C
Reverse
GCACCAAACTGCCTACTC 935-953
primer
Inner primer
Forward
GAGGTACGGAAACCGATT 138-155
primer
590-bp 60°C
Reverse
CATTCACCTTCGCCTCGT 710-727

primer

39



Table 3. Sequence analysis of blood

samples from mice infected with T. congolense

Result on day post infection

Mouse no. Method
1 3 4 5 6 7 8 10
Buffy coat - - - - -+ ¢ -
1 Kin PCR - ... g .
Semi-nested PCR + + 4+ + + + 4 +
Buffy coat - - - - -+ - +
2 Kin PCR - ... g .
Semi-nested PCR + + 4+ + + + 4 +
Buffy coat - - .- Lo .
3 Kin PCR - T )
Semi-nested PCR + + + + o+ o+ 4 +
Buffy coat - - - - - -
4 Kin PCR ; - L+ + 4 +
Semi-nested PCR - + 4+ 4+ o+ o+ - +
Buffy coat - e .
5 Kin PCR - o+ - -+ 4 +
Semi-nested PCR + + + + o+ o+ 4 +

1L3000.
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Table 4. Screening the South African cattle and dogs for T. congolense infection by the

Kin-PCR and the semi-nested PCR assays.

Positive numbers (%)

Total number of collected

Animal semi-nested
samples Kin PCR
PCR
Cattle 96 8 (8.34) 27 (28.13)

Dog 29 0 (0) 5 (17.24)
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Chapter 3

Validation of endoplasmic reticulum-associated degradation pathway

as a chemotherapeutic target for African trypanosomosis

3-1. Introduction

African trypanosomes, protozoan parasites of the genus Trypanosoma are the etiological
agents of HAT and AAT, which are transmitted through the bite of tsetse flies (Glossina spp.)
(Michels, 1988, Steverding and Sextone, 2013). The most important trypanosome species in
sub-Saharan Africa are Trypanosoma brucei gambiense and T. b. rhodesiense in human and T.
b. brucei, T. congolense, T. vivax in animal (Awulu et al., 2013). Every year, over 60 million
people and 46 million cattle living in 36 sub-Saharan countries are threatened with sleeping
sickness and nagana (Steverding et al., 2005). Drugs are the only therapeutic option for the
treatment as there is no vaccine and no prospects that one will be developed (MacGregor et
al., 2012). Currently, chemotherapy of African trypanosomosis still relies on a few drugs
developed decades ago, these drugs display undesirable toxic side effects and the emergence
of drug-resistant trypanosomes has been reported (Merschjohann and Steverding, 2006;
Phillips, 2012). Therefore, new drugs are urgently needed for chemotherapy of sleeping
sickness and nagana disease.

ERAD is responsible for the degradation of aberrant or misfolded proteins in the ER,
providing an important protein folding “quality control” mechanism, which has emerged as a
potential target for pharmacological intervention with cancer (Li and Li, 2011; Verfaillie et al.,
2013 ) and parasitic diseases (Chung, et al., 2012). ERAD requires a number of molecular

chaperones for identification of the misfolded proteins and dedicated ER resident reductases
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for cleaving disulfide bonds in these proteins to facilitate retrograde transport to the cytosol.
Heat shock protein 90 (Hsp90) is a phylogenetically conserved, abundant, and essential
molecular chaperone, it has been shown to maintain membrane-embedded ERAD substrates
in a soluble state and to help extract and determine the fate of ERAD substrates (Youker et al.,
2004; Taylor et al., 2010). Several tumor types study demonstrated that Hsp90 inhibitor,
17-DMAG possesses marked in vitro antitumor activity (Smith et al., 2005). PDI is one of the
most abundant ER proteins, which maintains a sentinel function in organizing accurate protein
folding and recognition and repair of aberrant protein assembly (Lovat et al., 2008; Hoffstrom,
et al., 2010). 16F16 is the irreversible inhibitor of the PDI, it has provided necessary tools to
further understand the role of PDI in human disease (Hussain et al., 1982). ERAD substrates
are retro-translocated across the ER membrane into the cytosol for degradation. SPP plays an
important role in this process (Li et al., 2009). Inhibition of SPP activity resulted in the
accumulation of the cleaved signal peptide in the membrane (Hussain et al., 1982).
Gamma-secretase and SPP inhibitors have been demonstrated in impairing the development
of P. berghei in vitro in hepatoma cells as well as in vivo in mouse liver (Parvanova et al.,
2009). Furthermore, the AAA(+) adenosine triphosphatase withdraws ERAD substrates from
the retrotranslocation channel to the cytosol where they are degraded by the ubiquitin/
proteasome system (Meyer, 2012). The AAA+ ATPase p97 is a key element of ubiquitin
regulated processes. Eerl, a chemical inhibitor that can block ERAD, has been shown to have
preferential cytotoxic activity against cancer cells (Wang et al., 2008). Eerl targets p97
complex to inhibit deubiquitination of p97-associated ERAD substrates, which is required for
the degradation process. In addition, DBeQ a reversible inhibitor of the p97 ATPase activity,
was found to be a potent activator of caspases in cancer cells and to inhibit both ERAD and
autophagosome maturation (Chou et al., 2011; Chou and Deshaies, 2011). Ubiquitin-tagged

substrates are degraded by the 26S proteasome that is a multisubunit complex comprising a
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proteolytic 20S core particle capped by 19S regulatory particle. Epoxomicin targeting 20s
proteasome has been identified as a proteasome inhibitor in previously study (Hanada et al.,
1992; Meng et al., 1999).

ERAD pathway has also been identified as a potential drug targets for treating parasitic
protozoan infections (Chung et al., 2012). To explore the potential of African trypanosome
ERAD pathway as a drug target, | employed both bioinformatics and biochemical techniques.
My approach began with bioinformatics analysis of the ERAD pathways of T. b. brucei and T.
congolense. ERAD pathway of these parasites was highly simplified relative to that of
mammalian cells. Subsequently, a panel of known inhibitors was screened against the
components of the ERAD pathway using in vitro cultures with the aim of identifying novel
targets for AAT. T. b. brucei and T. congolense were vulnerable to the small molecules that
have been established to inhibit proteins within the ERAD system. The screening and
follow-up studies resulted in the identification of a series of inhibitors as novel T. b. brucei

and T. congolense inhibitors, the properties of which are described in this study.

3-2. Materials and methods
Homology searching. T. b. brucei and T. congolense genome sequence data were

searched at TriTrypDB (http://tritrypdb.org/tritrypdb). The database was screened for the

components of ERAD using the extensive list of query sequence corresponding to the
components identified in human ERAD networks (Christianson et al., 2011).

Chemicals and reagents. 17-DMAG, 16F16, LY-411575, L-658,485, LY-374973,
DBeQ and Eeyarestatin | were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
(Z-LL),-Ketone and Epoxomicin purchased from Millipore (Watford, UK) and Cayman
Chemical (Ann Arbor, Michigan, USA), respectively. Cell Counting Kit-8 (CCK-8) was

purchased from Dojindo Molecular Technologies (Dojindo, Japan). All reagents were of
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highest quality commercially available and the chemical structure of these compounds was
showed in Fig. 10. The compounds were prepared as 100 mM stock solutions in dimethyl
sulphoxide (DMSO) (16F16, LY-374973, DBeQ, Eeyarestatin 1), 50 mM stock solutions in
DMSO (LY-411575, (Z-LL),.Ketone ) and 20 mM stock solutions in DMSO (17-DMAG,
L-658,485). Epoxomicin was purchased from the company and already prepared as 180 uM
stock in DMSO. These stock solutions were then stored at -30 or 4 “C. From these stock
solutions, further drug dilutions were made for use in the in vitro drug sensitivity assays,
using DMSO as a solvent. Drug dilutions were made fresh on the day of each experimental
assay procedure.

In vitro cultivation of T. b. brucei and T. congolense. The bloodstream form T. b.
brucei GUTat 3.1 strain and T. congolense 1L3000 strain were stored in the liquid nitrogen at
National Research Center for Protozoan Diseases in Japan and used in assays for assessment
of compound sensitivity in vitro. The T. b. brucei and T. congolense were routinely cultured in
T-75 vented cap flasks and kept in humidified incubators at 5% CO,, 37°C and 33°C,
respectively. The parasite culture media was complete Hirum’s modified Iscove’s medium
(HMI)-9 medium containing 20% fetal bovine serum (FBS) and 100 units penicillin and 0.1
mg/mL streptomycin (Invitrogen, Carlsbad, California, USA) (Hirumi and Hirumi, 1991).
Parasites were utilized when in the log phase of growth.

Mammalian cell cultures. The HFF cells were stored in the liquid nitrogen at National
Research Center for Protozoan Diseases in Japan. And the HFF cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma, USA) supplemented with 10% fetal
FBS and 100 units penicillin and 0.1 mg/mL (Invitrogen, Carlsbad, California, USA) with
incubation at 37 °C and 5% CO- in humidified conditions.

Limit of detection. CCK-8 assays were performed according to the manufacturer’s

protocol (Dojindo). Prior to each assay, cells were grown to mid-logarithmic phase and were

45



pelleted by centrifugation. The cells were suspended in their culture medium. 100 ul of 2-fold
serial dilutions T. b. brucei cells culture were dispensed into each well, range from 17-4.5x10°
cells/well. 10 ul of CCK-8 solution was added to each well and the plates were incubated for
4 h at 37°C. For the T. congolense, 100 ul of 2-fold serial dilutions T. congolense cells were
dispensed into each well, range from 43-5.625x10° cells/well. 10 ul of CCK-8 solution was
added to each well and the plates were incubated for 4 h at 33°C. For the HFF cells, when the
cell culture was confluent, the cell monolayer was washed with culture medium, trypsinized
and 100 ul of 2-fold serial dilutions were distributed in flat-bottomed 96-well plates, range
from 137-1.75x10° cells/well. The plate was incubated for 16 h at 37°Cfor cell adherence. 10
ul of the CCK-8 solution was added to each well of the plate, followed by another 2 h
incubation. Absorbance of each plate was measured using MTP-500 micro-plate reader (450
nm). The limit of detection was calculated as the number of cells giving a signal greater than
the mean signal of the blank wells plus 3 times the standard deviation of the blank wells.

In vitro growth inhibition assay for T. b. brucei. To prepare for growth inhibition
assay, T. b. brucei parasites in log phase growth were counted and diluted to 2x10°/ml in
HMI-9 media. Compounds to be tested were serially diluted in DMSO and 0.5 ul added to
49.5 ul media in 96-well plates. 50 ul diluted parasite culture was added to each well to give a
final concentration of 1x10* parasites / well, and the final DMSO concentration was 0.5%.
After 68 h of incubation, 10 ul of the CCK-8 solution was added to each well, and the plates
were incubated for an additional 4 h. To assess cell viability, absorbance of each plate was
measured using MTP-500 micro-plate reader (450 nm). The data points were analyzed and
Graphpad Software was used to generate sigmoidal dose-response curves for the
determination of 1Cs values.

In vitro growth inhibition assay for T. congolense. T. congolense parasites in the log

phase of growth were diluted with HMI-9. Parasites were diluted to 2 x 10° cells/ml in HMI-9
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to evaluate trypanocidal activity. For 1Cso determination, compounds were serially diluted in
DMSO and 0.5 pl added to 49.5 ul HMI-9 into 96-well plates. Parasites from the diluted
culture were added to each well (50 pl) to give a final concentration of 10° parasites / well and
a final DMSO concentration of 0.5%. After 68 h incubation, 10 ul of CCK-8 solution was
added to each well of the plate, and the plates were incubated for 4 hours in the incubator and
read on a microplate reader using a test wavelength of 450 nm, and data evaluation as
described for the T. b. brucei assay.

Mammalian cell cytotoxicity asssy and selectivity index. To prepare for assay, HFF
cells in log growth phase were removed from the T-75 flask using 5 ml of 0.05% trypsin and a
10 ul aliquot was counted using a hemocytometer to determine cell concentration. Cells were
diluted to 4x10* cells / ml in DMEM to prepare for plating, and 100 pl of cells was added to a
96-well plate. Cells were allowed to adhere for 16 h prior to removal of plating media and
replacement with 99.5 ul of fresh medium into each of the wells. Compounds to be tested
were serially diluted in DMSO and 0.5 ul of the dilutions added to the 99.5 ul of DMEM
already in the plates. After 70 h of incubation at 37 “Cand 5% CO, 10 ul of CCK-8 solution
was added to each well of the plate, and the plates were incubated for 2 h in the incubator and
read on a microplate reader using a test wavelength of 450 nm, and data evaluation as
described for the T. b. brucei assay. The selectivity index (SI) value was calculated to select
compound that selective to trypanosome parasites and had low toxicity effects on mammlian
cells by using the formula: Selectivity index (SI) = ICso value (cytotoxicity)/ IC50 value

(trypanocidal activity).

3-3. Results
Homology searching. My study using standard orthologue detection tools revealed

highly simplified ERAD pathway in T. b. brucei and T. congolense relative to mammalian
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cells. All functional modules of the ERAD pathway (Christianson et al., 2011), including
protein recognition, translocation, ubiquitin ligation and protein extraction, showed far fewer
orthologues in T. b. brucei and T. congolense relative to the corresponding mammalian
pathway. Moreover, the identity of each protein level was lower relative to mammalian cells,
which may result in the relatively high selectivity of the inhibitors for the components in
ERAD pathway for T. b. brucei and T. congolense (Table 5).

Detection limit. | assessed if there was a direct correlation between absorbance and cell
number by CCK-8 assays on serial dilutions of the trypanosome cells and HFF cells (Fig. 11).
Linear regression analysis showed a strong positive correlation between the level of
absorbance and the number of parasite and HFF cells (T. b. brucei, R=0.98; T. congolense,
R?=0.97, HFF, R?*=0.97). The detection limits of this assay were 81,519 T. b. brucei cells and
45,832 T. congolense cells, respectively. | also sought to determine the limit of detection
achievable with the HFF cells. The detection limit was 141 cells for HFF.

In vitro growth inhibition assay of T. b. brucei. All the compounds display
trypanocidal activities against T. b. brucei GUTat 3.1 strain. 17-DMAG, epoxomicine and Eerl
exhibibit outstanding activity for T. b. brucei with ICs of 0.03 +0.01 nM, 8.54 +1.76 nM and
79.30 +0.13 nM, respectively. 16F16, (Z-LL), Ketone, DBeQ and L-658, 458 were less active
for T. b. brucei with ICsy values in the micromolar range, the ICsy values were 2,959.33 +
332.36 nM, 1,250.33 £ 22.59 nM , 2,004.00 +161.17 nM and 5,392.33 + 752.83, respectively.
LY-411575 and LY-374973 were the least active for T. b. brucei with ICs, of 16,169.00 +
1,495.44 nM and 24,400.33+14,619.30 nM (Table 6).

In vitro growth inhibition assay of T. congolense. In the in vitro assay of T.
congolense 1L3000, all the compounds showed trypanocidal activities. Among which,
17-DMAG, epoxomicine and Eerl demonstrated high efficacy, showing ICs; values of 0.11 +

0.01 nM, 15.65+1.31 nM and 904.80 +40.53 nM, respectively. DBeQ, L-658,458, 16F16 and
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LY-374973 showed lower trypanocidal activity with 1Cs of 1,100.53 +122.72 nM , 2,259.67 +
107.90 nM, 2,414.67 + 388.07 and 8,711.67 £ 773.27, respectively. (Z-LL),Ketone and
LY-411575 resulted in very low 1Csy values for T. congolense compared to other compounds
with ICsg of 11,767.33 £ 572.07 nM and 18,366.67 = 2,903.96 nM.

Cytotoxicity and selectivity of these compounds. Except for the compounds targeting
SPP, all other compounds were also active against HFF cells, with 1Csy values ranging from
11.22 + 4.40 nM to 4,353.00 £ 419.81 nM (Table 6). Some compound showed good
selectivity against these trypanosome strains. 17-DMAG, Eerl and (Z-LL), Ketone were more
selective towards T. b. brucei than towards HFF cells ( SI: 134,976.74, 10.50 and >24.99 ),
whereas epoxomicine and DBeQ were more toxic (SI: 1.31 and 1.95 ). The lowest selectivity
for T. b. brucei was seen for 16F16 with SI of 0.51. On the other hand, 17-DMAG was also
highly selective towards T. congolense than towards HFF cells (SI: 38,923.99). The SPP
inhibitors ((Z-LL), Ketone, LY-411575, L-658, 458, LY-374973) showed lower selectivity
against T. congolense with ICsovalues of >2.66, >3.40, >5.53, >7.17, respectively. DBeQ also
showed lower selectivity against T. congolense (SI: 3.55). The epoxomicine, 16F16 and Eerl
showed the very weak selectivity against T. congolense with Sl values of 0.72, 0.63 and 0.92,

respectively.

3-4. Discussion

Chemotherapy of African trypanosomosis still relies on a few drugs developed decades
ago, most of which show poor efficacy and significant toxicity, and are being increasingly
subject to drug resistance (Delespaux and de Koning, 2007). The identification of novel
targets and antiparasitic compounds is a pressing need for chemotherapy of sleeping sickness
and nagana diseases. Here | show that the ERAD pathway represents an exploitable

vulnerability as a drug target of African trypanosomes.
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ERAD pathway is a complex network that comprises restricted, partially redundant
protein complexes (Vembar and Brodsky, 2008). And many of the individual components
thought to underlie ERAD have been identified through genetic and biochemical analyses in S.
cerevisiae and mammals (Hoseki et al., 2010; Bagola et al., 2011; Christianson et al., 2011).
Although African trypanosomes are highly divergent from yeast and mammals, the general
features of the trypanosome endomembrane system are conserved (Engstler et al., 2007).
Both in silico and functional data indicated a complex ER quality control system in
trypanosome that is required in many higher eukaryotes, and recently research also indicated
the presence of conventional ERAD pathway in trypanosomes (Banerjee et al., 2007; Field et
al., 2010). My finding was consistent with these researches. In this study, based on the
components of human ERAD pathway, homology BLAST was done with TriTryp DB. All
functional modules of the mammalian ERAD pathway showed fewer orthologues in T. b.
brucei and T. congolense, even the identity level of these components at protein level was
lower when compared with human.

In order to identify the novel drug targets of African trypanosome, | performed a small
scale screen of well characterized inhibitors that target an array of ERAD pathway proteins. |
focused on ERAD components identified in T. b. brucei and T. congolense with known
associated inhibitors, including Hsp90 (Smith et al., 2005; Pratt et al., 2010), PDI (Hoffstrom
et al., 2010), ER intramembrane aspartyl protease SPP (Li et al., 2009; Parvanova et al.,
2009), ATPase p97 (Chou et al., 2011 ) and proteasome (Hanada et al., 1992; Meng et al.,
1999). T. b. brucei and T. congolense were indeed susceptible to each of the inhibitors to
varying degrees. In addition, each inhibitor was assayed against the HFF cells, and a
selectivity index was produced to determine the fold increase in potency for the inhibitor
toward T. b. brucei and T. congolense vs. the human cell line. As predicted, the majority of

compounds were more potent for African trypanosomes vs. the human cell line.
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My screening revealed remarkable in vitro trypanocidal activity for both T. b. brucei and
T. congolense for 17-DMAG, and also with a high selectivity index. Resent finding indicated
that Hsp90 has important biological roles in some protozoan parasites like Plasmodium spp,
Toxoplasma gondii and trypanosomatid (Angel et al., 2013). These results demonstrated that
Hsp90 might be the very important chaperone in T. b. brucei and T. congolense ERAD
pathway. Inhibiting PDI activity in T. b. brucei and T. congolense suppresses the growth of
both parasites. However, the cytotoxicity of 16F16 determined for HL-60 cells was too high.
The SPP and the gamma-secretase inhibitor impaired the development of trypanosome strains
in vitro with very low cytotoxicity with HFF cells, which indicated a potential high selective
index for this class of compounds. DBeQ has been identified as a selective, potent, reversible
inhibitor of the p97ATPase, was found to be a potent activator of caspases in cancer cell and
to inhibit both ERAD and autophagosome maturation (Chou et al., 2011). Eeyarestatin | is a
chemical inhibitor that can bind both p97 and ER membrane to influence the downstream
deubiquitination process. However, Eerl treatment cannot lower the ATPase activity of p97
(Wang et al., 2008; Wang et al., 2010). In the current study, DBeQ and Eerl showed good
trypanocidal activity against both trypanosome species, which indicated that p97 inhibition
maybe a potential chemotherapeutic strategy. Epoxomicin is a potent anti-tumor agent
isolated from Actinomycetes that is used as a selective and irreversible inhibitor of the 20S
proteasome. It show dramatic effects on the growth of T. b. brucei and T. congolense, which
suggesting the essential roles of proteasome in protein degradation.

This data suggest that African trypanosomes are susceptible to inhibition of the
components of ERAD pathway. These results were consist with the previous study that
ERAD is a vectorial process, in which the ERAD components are organised into a functional
network, inhibition of any individual component of ERAD will disrupt the homeostatic

balance of the ER (Hoseki et al., 2010; Bagola et al., 2011; Christianson et al., 2011).
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Furthermore, target validation and early lead identification represent the initial stages of a
potential drug development program. In the ERAD case, there is the possibility of taking
advantage of the much more advanced programs in the cancer field. Parasites and cancer cells
share basic characters related to the metobalic requiments associated with their high
proliferation rate (Hooft van Huijsduijnen et al., 2013). Therefore, tapping into the
therapeutics of cancer based on ERAD pathway might have a great value in the development
of drugs against African trypanosomes.

In conclusion, these compounds targeting the components have been shown to display
substantial trypanocidal activity. Targeting ERAD is probably applicable for treatment of
AAT. However, a potential weakness in using the known associated inhibitors designed
against human targets to search for anti-parasitic compounds is that the starting chemical
points are not selective. Therefore, these compounds may serve as lead compounds for the
development of analogues with improved selectivity. Another possibility would be
combination of some of these compounds. Such drug combination regimes may lead to
synergistic effects, in which lower amounts of drugs sufficient to kill the parasites will lead to

a reduction in toxicity.
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3-5. Summary
The current pharmacopoeia to treat the lethal human and animal diseases caused by the

African trypanosomes remain limited. The parasite’s ability antigenic variation represents a
considerable barrier to vaccine development, making the identification of new drug targets
extremely important. In order to find new drug targets, in this study, 9 inhibitors that target the
different components of ERAD pathway were tested for their in vitro activity against BSF of T.
b. brucei, T. congolense and normal HFF cells. All the compounds exhibited trypanocidal
activity, 17-DMAG was the most potent inhibitor in both T. b. brucei (IC50=0.03 +0.01 nM)
and T. congolense (IC5,=0.11 +0.01 nM), while LY-374973 was the least potent inhibitor for T.
b. brucei (1C50=24,400.33 £ 14,619.30 nM) and LY-411575 (I1C50=18,366.67 + 2,903.96 nM)
was the least potent inhibitor for T. congolense. However, some of these inhibitors also
displayed cytotoxicity towards HFF cells. The tested inhibitors showed different selectivity
indeies (SI) for T. b. brucei and T. congolense. 17 DMAG exhibited higher selectivity for both T.
b. brucei (SI=134,976.74) and T. congolense (SI=38,923.99). 16F16 exhibited lowest
selectivity for both T. b. brucei (SI=0.63) and T. congolense (SI1=0.51). According to these
results, targeting the ERAD pathway may be a new strategy in the treatment of trypanosome
infection, in particular, these inhibitors may serve as lead compounds for development of novel

trypanocidal drugs.
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Fig.10. Chemical structures of tested compounds.
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HFF cells. Solid line shows linear regression for the cell number versus absorbance.
Broken line shows detection limit for the assay, calculate as 3 times of the standard

deviation of the blank.
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Table 5. The predicted components of ERAD orthologues in T. brucei and T. congolense

organized by functional modules.

T. brucei Identity at Identity at
Functional module Enzymes Gene T. congolense 1L3000
TREU927 protein level (%) protein level (%)

Substrate recognition ~ HSP70 family BiP(GRP78) Th927.11.7460 63.18 TclL3000_0_02950 63.03
and processing HSP90 family GRP94 Tb927.3.3580 33.22 TclL3000_3_2270 33.25
Reductase ERDJ5(HSP40) Th927.2.5160 11.10 TclL3000_2_1270 11.97

ERO1 Th927.8.4890 24.24 TclL3000_0_00060 25.05

Dithiol Isomerase PDI Thb927.4.2450 17.32 TclL3000_4_2300 17.79

Carboxypeptidase CPVL Th927.10.1050 22.98 TclL3000_10_560 22.60

Lectin 0Ss9 Th927.11.10700 8.39 TclL3000.11.11360 9.13

Dislocation Processing protease ~ SPP Tb927.3.4910 22.63 TclL3000_3_2960 25.30
Derlin Derlinl Th927.11.12590 27.80 TclL3000.11.13160 27.03

Derlin2 Th927.11.3170 23.55 TclL3000.11.2970 23.87

Uiquitin ligation gp78 Th927.9.5260 14.00 TcIL3000_9 1750 7.15
complexes UBAC2 Th927.8.6620 14.56 TclL3000_8_6500 12.64
Hrdl Th927.9.5260 17.10 TclL3000_9_1750 7.09

UBE2G2 Th927.11.14200 25.40 TclL3000.11.14520 25.40

SEL1L Th927.8.1250 15.48 TclL3000_8_920 16.53

RNF5 Th927.10.6380 21.34 TclL3000_10_5450 21.12

DOAL10 Th927.11.16240 14.67 TclL3000_0_12420 12.59

Substrate extraction Recruitment factors ~ UFD1L Th927.10.7790 24.30 TclL3000_10_6650 22.82
p97 Tbh927.10.5770 11.07 TclL3000_10_4820 11.50

RAD23 Th927.6.4650 22.31 TclL3000_6_4100 20.47

DOAl Th927.8.6330 20.04 TclL3000_0_44870 10.57

Deubiquitylating YOD1/0TU1 Th927.10.8790 21.25 TclL3000_10_7560 23.71

USP13 Th927.3.4840 25.63 TclL3000_0_42590 25.74

Ubiquitin extension ~ UBE4B Th927.6.2460 12.08 TclL3000_6_1960 12.72
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Table 6. Trypanocidal activity of the inhibitors and their cytotoxicity against HFF cell line.

ICsq £ SD Selective index (SI)
Inhibitors HFF/ HFF/
T .b. brucei (nM) T. congolense (nM) HFF (nM)

T.b. brucei  T. congolense
17-DAMG 0.03+0.01 0.11+0.01 4,353.00 £ 419.81 1,34976.74  38,923.99
16F16 2,959.33 + 332.36 2,414.67 + 388.07 1,518.667 + 331.13 0.51 0.63
(Z-LL), Ketone  1,250.33 + 22.59 1,1767.33 £572.07 >31,250.00* >24.99 >2.66
LY-411575 16,169.00 + 1495.44 18,366.67 + 2903.96 >62,500.00* >3.87 >3.40
L-658,458 5,392.33 £ 752.83 2,259.67 £ 107.90 >12,500.00* >2.32 >5.53
LY-374973 24,400.33 + 14619.30 8,711.67 £ 773.27 >62,500.00* >2.56 >7.17
DBeQ 2,004.00 + 161.17 1,100.53 £ 122.72 3,907.67 + 658.10 1.95 3.55
Eeyarestatin | 79.30+0.13 904.80 + 40.53 832.70 + 143.04 10.50 0.92
Epoxomicin 8.54+1.76 15.65+£1.31 11.22 +4.40 131 0.72

HFF: human foreskin fibroblast cells.

*: The highest concentration tested.

Selective index = ICso (HFF) / ICs (T. b. brucei or T. congolense)
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General discussion

AAT is mainly caused by T. congolense, T. vivax and T. brucei. In wild animals, these
parasites cause relatively mild infections while in domestic animals they cause a severe,
often fatal disease. All domestic animals can be affected by AAT and the symptoms are
fever, listlessness, emaciation, hair loss, discharge from the eyes, oedema, anaemia, and
paralysis. For control of AAT, it is important to block the transmission routes for controlling
the spread of infection. Therefore, the development of reliable and sensitive diagnostic tests
and effective drugs for trypanosome infection is essential for the control of AAT.

The main objectives of this study were to develop the novel diagnostic methods of
AAT and subsequently to discover the potent drug target and drugs for African
trypanosomosis. An ELISA is widely applied for the demonstration of antibodies against a
variety of infectious agents, including African trypanosomes. Currently, ELISA used for
trypanosomosis was developed by using the trypanosome cell lysate antigen as a
recommended test (OIE. 2012). However, the qualities of these ELISA tests often vary from
batch to batch (Goto et al., 2011; Rebeski et al., 2000). In contrast, recombinant antigens
can easily be prepared on a large scale, are relatively stable and have higher specificity than
parasite cell lysate antigens (Tran et al., 2009). Consequently, the development of sensitive
and specific ELISA tests based on the recombinant protein is necessary.

In chapter 1, in order to evaluate novel invariable proteins as candidate serodiagnostic
antigens for T. congolense infection, | focused on the proteins with high expression levels in

the MCF and BSF stages, because of their importance in serodiagnosis. Four proteins
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(TcIL3000.0.25950, TclL3000.0.10.3480, TclL3000.8.629, and TclL3000.7.1980) were
selected from the data for differential protein expression in all life cycle stages of T.
congolense (Table 1) (Eyord et al., 2011). As a result, only the recombinant TcP46 protein
was chosen and characterized.

In order to characterize this candidate antigen, | used the bioinformatics parameters
such as antigenicity plot and hydrophobicity plot of predicted peptide as benchmark for
preliminary screeing of putative antigenic peptides. Subsequently, the results suggested that
this recombinant protein could be the prospective diagnostic candidate. Furthermore,
Southern blot analysis revealed that at least 2 copies of the TcP46 gene are tandemly
arranged in the parasite genome. In order to confirm whether rTcP46 is indeed antigenic,
Western blot analysis was done and this recombinant protein reacted to the sera from mice
infected with T. congolense. Moreover, the Western blot analysis and IFAT with anti-
rTcP46 mice sera indicated that TcP46 protein is expressed in the cytosol throughout the life
cycle stages of the parasite as an approximately 46 kDa protein. Meanwhile, a strong reaction
was observed in the BSF and MCF parasite stages compared with EMF and PCF. Based on
this data, I confirmed that TcP46 are endogenous proteins of T. congolense and may be able
to detect the antibodies induced by this antigen when T. congolense infection happens.
Subsequently, rTcP46-ELISA was performed to ascertain whether this antigen could be used
for the serodiagnosis of T. congolense infection. The results revealed that this antigen is
specific for T. congolense infection only, indicating that it could be a potential antigen for
detection of antibodies against T. congolense. Indeed, the TcP46 gene shared a low

nucleotide sequences identity with T. b. brucei and no match with the other Trypanosoma
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spp. and apicomplex paresites detected by BLAST. Therefore, the TcP46 gene may be a
candidate target for developing a specific and sensitive molecular diagnostic method to
screen the T. congolense infection.

In chapter 2, | assess a semi-nPCR assay based on the TcP46 gene for detecting of T.
congolense infection. The sensitivity of the semi-nPCR assay was evaluated and the results
showed that, this semi-nPCR method could detect the template as few as 0.7 pg, which was
more sensitive than the widely used Kin-PCR (Njiru et al., 2005). Furthermore, comparison
of the methods for the detection of T. congolense showed that this semi-nPCR was more
sensitive than the conventional microscopy and commonly used Kin-PCR method. In
addition, the specificity analysis also demonstrated that the specific region of TcP46 gene
might be suitable for molecular identification of T. conglense with maximal specificity.
Finally, the method was used to detect the prevalence of T. congolense occurring in South
Africa. These results suggest that the semi-nPCR method was suitable for detection the field
samples. It revealed higher prevalence for T. congolense infection in cattle and dogs than
the Kin PCR method. Moreover, the present study provided new evidence to confirm that
the T. congolense is a wide epidemic species that infected cattle and dogs in South Africa.

In chapter 3, | validated ERAD pathway of T. b. brucei and T. congolense as drug target
to facilitate discovery of novel drugs for treatment of AAT. The ERAD pathway of cancer
cells and parasitic protozoa is an attractive chemotherapeutic target, because ERAD s
responsible for the degradation of aberrant or misfolded proteins in the ER, providing an
important protein folding “quality control” mechanism (Li and Li, 2011; Chung, et al., 2012;

Verfaillie et al., 2013). This pathway requires a number of molecular chaperones for
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identification of the misfolded proteins and dedicated ER resident reductases for cleaving
disulfide bonds in these proteins to facilitate retrograde transport to the cytosol, inhibition of
any individual component of ERAD will affect the ERAD system. Therefore, my approach
began with a bioinformatics analysis of the ERAD pathways of T. b. brucei and T.
congolense. Based on the components of human ERAD pathway, homology BLAST was
done with TriTryp DB. A simplified ERAD pathway was found in T. b. brucei and T.
congolense comparing with mammalian ERAD pathway. Subsequently, a panel of known
inhibitors was screened against the components of ERAD pathway using in vitro cultures
with the aim of identifying novel targets for AAT. T. b. brucei and T. congolense were
indeed susceptible to each of the inhibitors in varying degrees. In addition, each inhibitor
was assayed against the HFF cells, and a selectivity index was produced to determine the
fold increase in potency for the inhibitor toward T. b. brucei and T. congolense vs. the
human cell line. As predicted, the majority of compounds were more potent against African
trypanosomes than the human cell line. These results suggested that, targeting ERAD is
probably applicable for treatment of AAT. Thus, this study provides a basis for
development of new trypanocidal drugs targeting ERAD pathways of the parasites.

In conclusion, | identified one recombinant antigen, TcP46, for developing
serodiagnostic methods to detect T. congolense infection and showed that this antigen is
specific to T. congolense infection. ELISA based on the rTcP46 showed that it could be a
marker for both early and chronic stages of T. congolense infection. Therefore,
rTcP46-ELISA could be a promising diagnostic method. Subsequently, the semi-nPCR

assay based on the TcP46 gene specifically detected T. congolense at low parasitermias in
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parasite culture and mouse models. The semi-nPCR also could be used as a reliable and
potential tool for epidemiological survey of the T. congolense-infected animals. Additionally,
growth inhibition effects of a panel of known inhibitors targeting the components of ERAD
pathway were evaluated in tryapanosome species. The effective growth inhibitions of
parasites were observed in T. b. brucei and T. congolense in vitro. Therefore, the ERAD

pathway is a promising drug target of anti-trypanosome drugs.
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General summary

The main objective of this study was to develop diagnostic method of AAT, and to
evaluate drug target of trypanosome parasites to facilitate drug discovery.

In chapter 1, | have identified and characterized a novel antigen of T. congolense and
evaluated its potentiality for serodiagnosis. There was no cross-reactivity observed in the
rTcP46-based ELISA with other parasites and rTcP46-based ELISA could detect both early
and chronic stage infection. The results demonstrated that the rTcP46 was a promising
serodiagnostic antigen to detect T. congolense infection.

In chapter 2, | developed a semi-nPCR for the detection of T. congolense using
oligonucleotide primers designed from a tandemly-arranged TcP46 gene. This semi-nPCR
method with promising specificity and high sensitivity, could be used as a reliable and
potential tool for epidemiological survey of the T. congolense-infected animals. Moreover,
the present study provided new evidence to confirm that the T. congolense is a wide
epidemic species that infected cattle and dogs in South Africa.

In chapter 3, | validated ERAD pathway in T. b. brucei, T. congolense parasites as a
drug target. | evaluated the in vitro activity of 9 inhibitors that targeted the different
components of ERAD pathway against bloodstream forms of T. b. brucei, T. congolense and
normal HFF cells. All the compounds exhibited trypanocidal activity at different levels.
Therefore, these results suggested that targeting the ERAD pathway may be a new strategy
in the treatment of trypanosome infection and these inhibitors may serve as lead compounds

for development of novel trypanocidal drugs.
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In conclusion, the TcP46 is a novel immunodominant antigen that could be used for
serodiagnosis of T.congolense infection. The tandemly-arranged TcP46 gene was also a
good candidate for molecular diagnosis of T. congolense infection. Furthermore, ERAD
pathway is a promising drug target of anti-trypanosome drugs. Inhibitors that target the
different components of ERAD pathway could inhibit the growth of the trypanosome

parasite.
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