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4. GENERAL INTRODUCTION 

 

I. African trypanosomosis 

Threat of the disease 

     African trypanosomosis is one of the most important, arthropod-borne protozoan 

diseases which spread widely in sub-Saharan Africa. Human African trypanosomosis 

(HAT) is caused by Trypanosoma brucei rhodesiense and T. b. gambiense, and known 

as African sleeping sickness, which is lethal if left untreated (70). HAT threatens 65 

millions of people and causes up to 20,000 new infections per year (136). Meanwhile, 

animal African trypanosomosis (AAT) is caused by T. congolense, T. b. brucei and T. 

vivax, and known as Nagana. The AAT prevents production of meat and milk, and 

causes an extensive economic loss, US$ 4.75 billion per year (73). Both the HAT and 

AAT are transmitted by tsetse fly (Glossina spp.) (3). This vehicle for spread of the 

diseases habitats in 37 countries in sub-Saharan Africa (Fig. 1) (3, 136, 140). They are 

quite serious constraints to both human life and livestock production in this area. 

  

Clinical symptoms 

     In the clinical course, HAT is divided into two stages (136). In the 

hemolymphatic stage (stage 1), after the tsetse bite for blood meal, trypanosome 

parasites migrate to the draining lymph node and reach blood circulation. The parasites 

rapidly divide in the peripheral hemolymphatic systems. Subsequently, in 

meningoencephalitic stage (stage 2), T. brucei migrates to central nervous system 
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(CNS). Briefly, after the parasites proliferate in host blood stream, they invade CNS via 

the paracellular position of blood cerebrospinal border in accordance with population 

peaks in blood. Therefore, parasites travel along subarachnoid in the cerebrospinal fluid 

(CSF) and manifest between pial cells to evade from the trypanocidal effect of 

cerebrospinal fluid (86, 90, 108, 142). Finally, T. brucei infects to the brain parenchyma 

as the terminal stage of HAT (86, 90, 100, 101, 108, 129, 132, 142). Trypanosoma 

brucei gambiense infection follows chronic course over several months or years without 

any specific symptoms in the stage 1 (69). After invasion to CNS (stage 2), the disease 

progresses with immunosuppression, severe headache, sleep disorder, weight loss and 

endocrine abnormalities (70, 142). Neuropsychiatric symptoms also appear with painful 

paresthesis, disturbed rhythms and psychotic symptoms (100, 101, 142). Finally, a 

general wasting appears, and once brain invasion commences, the patient slips into a 

coma, followed by death (136). On the other hand, the infection with T. b. rhodesiense 

follows more acute course, and manifest higher fever, rapid coma and death within 

weeks (136).  

     The general clinical signs of AAT are parasitemia, intermittent fever, severe 

anemia, weight loss, reduced productivity caused by progressive weakness, abortion and 

infertility on breeding animals, and mortality during acute cases of diseases (83). 

Survivor becomes chronically infected for months or years, displaying low levels of 

fluctuating parasitemia, and serves as a reservoir for the diseases (93). 
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Diagnoses 

     The rapid and accurate diagnosis of African trypanosomosis is important for 

reducing the risk of disease progression, choice of medicine and prevention of the 

disease. Microscopic examination technique for direct detection of trypanosomes in 

blood and/or CSF is a classical, but reliable diagnosis method (110). Although this 

method is inexpensive and field-applicable, it has a low-sensitivity and is not suitable 

for mass screening (60). Serological techniques, such as card agglutination test (CATT), 

enzyme-linked immunosorbent assay (ELISA) and indirect fluorescence antibody assay 

(IFA), have been utilized for diagnosis and epidemiological surveillance of the 

trypanosomosis (28, 82, 98, 106). Although these serological methods are suitable for 

mass screening, they can not distinguish between the past and current infections. 

Recently, polymerase chain reaction (PCR)-based methods have been applied to the 

detection of trypanosome (15, 60). The advantages of this method are high-specificity, 

sensitivity, and rapid identification of the trypanosome species (40). In addition to the 

PCR methods, a loop-mediated isothermal amplification (LAMP) technique has been 

developed for the detection of African trypanosomes, as it is a more specific, sensitive, 

cost effective and field applicable diagnosis method than PCR ones (96, 97, 130, 131).  

 

Treatments 

     All people diagnosed as HAT should have treatment. The specific drug and 

treatment course are depend on the trypanosome species (T. b. gambiense or T. b. 

rhodesiense) and the clinical stage (stage 1 or 2) (8). In the case of HAT, suramine and 
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pentamidine are commonly used for the hemolymphatic stage (stage 1). Suramine is 

used as the first choice for T. b. rhodesiense, while pentamidine is used for T. b. 

gambiense (8). In case of CNS stage (stage 2), melarsoprol is used as the traditional 

drug for both T. b. rhodesiense and T. b. gambiense infections (79, 136). An ornithine 

decarboxylase inhibitor, eflonithine, has been applied to the CNS stage of T. b. 

gambiense infection, especially for melarsoprol-refractory of trypanosomosis in 1981 

(16, 79). Hereby, the first choice of treatment for T. b. gambiense is eflonithine, instead 

of melarsoprol (121). Furthermore, nifurtimox/eflonithine-combination treatment has 

been undergoing since 2003 (19). In the case of AAT, quinapyramine dimethosulfate, 

pyrothidium bromide, isometadium chloride, diminazene aceturate and suramine are 

generally used (126). In the endemic areas, quinapyramine dimethosulfate, pyrithidium 

bromide and isometamidium chloride are also used for the chemoprophylaxis (78). 

     Trypanocidal drugs listed above have significant problems. The main problem is 

severe side effects. For example, melarsoprol, a derivative of organic arsenical, causes a 

reactive encephalopathy in about a fifth of all patients receiving this treatment, while 

substantial proportion of the patients (2-12%) die (102, 135). Furthermore, unaffordable 

price (102), drug resistant parasites (4, 21), poor availability (79), drug residues (91) 

and emerging treatment failure (79) have been reported. However, the development of 

more effective trypanocidal drugs has not been vigorously pursued, as it is evidently not 

profitable for pharmaceutical companies (135).  
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II. Biology of African trypanosomes 

Parasites and vectors 

     African trypanosomes belong to the genus Trypanosoma that is within phylum 

Euglenozoa, class Kinetoplastidae and order Trypanosomatida (87). HAT is caused by T. 

b. gambiense in West and Central Africa and by T. b. rhodesiense in East Africa (121, 

136). On the other hand, AAT is caused by T. b. brucei, T. vivax, T. congolense, T. 

simiae and T. godfreyi (6, 89). All of these trypanosomes are biologically transmitted by 

tsetse flies (Glossina). Glossina consists of 31 species with three groups, namely fusca, 

palpalis and morsitans, and distributes from the south of Sahara and Somali deserts to 

north of Kalahari and Namib deserts in Africa (139). Trypanosoma brucei gambiense is 

transmitted by G. palparis, while T. b. rhodesiense is transmitted by G. morsitans (52). 

Because of this vector difference, the epidemic area of T. b. gambiense is the West and 

Central Africa, while that of T. b. rhodesiense is East Africa (52). On the other hand, T. 

congolense can be transmitted by several Glossina sp (43). Therefore, AAT spreads all 

over the tsetse distribution 

(http://www.fao.org/docrep/006/x0413e/x0413e02.htm#ref1.4.2). Because the tsetse 

distributions in Africa looks like a belt-shape, it is called “Tsetse belt” (140). .  

 

Life cycle 

     African trypanosomes undergo cell differentiation events during their life cycle in 

tsetse and vertebrate host. The developmental stages of African trypanosome are 

divided into four stages, namely blood stream form (BSF), procyclic form (PCF), 
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epimastigote form (EMF) and metacyclic form (MCF) (20, 127). The BSF parasitizes 

interstitial space, blood, lymphatic or tissue fluid of vertebrate host. Although BSF 

parasites are generally natant, T. congolense BSF parasites have a remarkable affinity 

for endothelial cell layers and primarily accumulate at the walls of blood capillaries 

(117). The BSF stage of T. brucei is pleomorphic and divided into the replicating long 

slender and non-proliferative short stumpy forms (116). Only the stumpy form can 

adapt to tsetse midgut, and differentiate into PCF (47, 69, 83, 129). After the BSF 

parasites are ingested by tsetse fly, they immediately differentiate into the PCF in the 

midgut. The PCF parasites can proliferate in the tsetse midgut, and express PCF-stage 

specific surface proteins to protect the parasite against proteases of tsetse midgut (1, 5, 

13, 42, 48, 111). The PCF differentiates into EMF, and migrates to labrum of tsetse 

proboscis (T. congolense) or salivary glands via proboscis (T. brucei) (99, 109). 

Trypanosoma congolense EMF strongly adheres to the lining of tsetse labrum or plastic 

surface of in vitro culture flask, using their flagella by their hemidesmosome-like 

structure (Fig. 2) (78, 123). In contrast, T. brucei EMF adheres to epithelium of tsetse 

salivary gland (Fig. 3) (9, 26, 80, 129). Finally, the EMF differentiates into 

non-adherent, non-proliferative but mammal-infective MCF that appears in tsetse 

hypopharynx (26). During bloodmeal, MCF parasites are inoculated into mammalian 

host, and they differentiates into BSF within 6 hs and then multiplies for a few days at 

the site of tsetse bite before invading the blood stream and lymphatics (112). 

     Trypanosoma congolense is the only African trypanosome that can be maintained 

stably in vitro (61). The BSF of T. congolense adheres weakly on the culture bottom by 
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using their flagellar while proliferate, and non-adherent BSF is contained in the 

supernatant (61). On the other hand, PCF is non-adherent and proliferates in the culture 

supernatant. After PCF is maintained for several weeks, The PCF differentiates into 

EMF. The EMF adheres strongly on the culture bottom and proliferates. MCF 

differentiates from the EMF, and floats in the EMF-culture supernatant. The main 

population is non-adherent EMF, and while minor population is MCF in the 

EMF-culture supernatant. 

 

Immune evasion and vaccine 

     Vaccine is a quite useful tool for disease control. However, all attempts to 

establish effective vaccines against BSF have been unsuccessful, because BSF can 

evade host immune responses by antigenic variations of their dense variant surface 

glycoprotein (VSG) (56). Mammalian hosts infected with trypanosome raise the specific 

antibody to VSG coated on the surface of BSF cell, and the BSF parasites are 

eliminated from host bloodstream. However, since the antigenic variation of VSG 

continuously occurs within the population of infected trypanosome, the parasites can 

escape from recognition by the antibodies, in which the escape causes a prolonged 

infection (56). In addition, BSF can rapidly sweep out the antibodies which bind their 

VSG, by their endocytosis (95). Because of these mechanisms of antigenic variation of 

VSG and rapid antibody clearance, development of effective vaccine targeting BSF has 

not been achieved for a realistic field setting (74). 
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     For controlling African trypanosomosis, transmission-blocking vaccine (TBV) is 

expected as a new prevention tool. The aim of TBV is to block and/or interfere with the 

parasite development in vector, and to repress the transmission to other mammalian 

hosts (31). TBVs target the proteins, which have essential/important function for 

survival of the parasites in vector or for vector itself (31). However, TBV for 

trypanosomosis has not been developed yet, although several TBV-candidate proteins 

have been reported for leishmaniosis, malaria and several tick borne diseases (32, 34, 39, 

94, 107, 143).  



 9 

 III. The importance of heme for trypanosomes  

Heme synthesis in eukaryotes 

     Many living organisms consume oxygen for energy production. Heme proteins, 

the proteins containing heme as co-factor, are greatly involved in the metabolism of 

oxygen. Heme proteins have essential roles in various biological activities. For example, 

cytochrome c, which is known as one of many heme proteins, is an essential component 

of electron transport chain (141). Catalase and peroxidase are also heme proteins, and 

they reduce levels of hydrogen peroxide and lipid peroxides to protect the organism 

from oxidative damage (16). Cytochrome P450 is the superfamily protein containing 

heme. The P450 can catalyze a variety of molecules as substrates, and involve the drug 

metabolism (56, 84, 141). In addition, because of high oxidative activity of heme, 

organisms have heme homeostasis mechanism to avoid not only heme deficiency but 

also the excess (71). Thus, heme is an essential molecular for living organisms, because 

the heme proteins contribute to many biological functions. 

     Because of such a high biological necessity of heme, eukaryotes are generally 

capable of de novo heme synthesis (10). Shown in Fig. 4, heme is synthesized from 

succinyl Co-A and glycine through eight catalytic steps, and then incorporated into 

heme proteins, such as cytochrome c and peroxidase (9, 80). In eukaryotes, 

5-aminolevulinic acids (ALA) synthesis from succinyl Co-A and glycine by 

ALA-synthase in mitochondrion is the first step of heme synthesis (100, 118). After 

transportation of ALA from mitochondrion to cytoplasm, two molecules of ALA are 

combined, and become a porphobilinogen (PBG) by ALA-dehydrogenase (11). Four 
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molecules of PBG are combined through a deamination into a hydroxymethyl bilane 

(HMB) by PBG-deaminase (114). Then, HMB is hydrolysed to form a circular 

tetrapyrrole uroporphyrinogen III (UP-III) by UP-III synthase (53), and the UP-III is 

decarboxylated into a coproporphyrinogen III (CP-III) by UP-III decarboxylase (64, 

126). Protoporphyrinogen IX (PPG-IX), which is a CP-III oxide by CP-III oxidase, is 

transported to mitochondrion (62). The PPG-IX is further oxidized by PPG-IX oxidase, 

and become a protoporphyrin IX (PP-IX) (12). The PP-IX is a precursor of many 

metalloporphyrins, including heme (58, 81). Heme, which is combined with iron ion by 

ferrochelatase, is one of metalloporphyrins (101). The heme, synthesized via this system, 

consists into many proteins and plays many important roles as co-factor of heme 

proteins. 

 

Hemoglobin metabolism 

     Hemoglobin (Hb), a tetramer protein containing heme, is contained in red blood 

cell (RBC) and transports oxygen to whole body (29). Fetal Hb can bind to the oxygen 

with a greater affinity than adult Hb to get enough oxygen from maternal (36). Unlike 

adult Hb consisting α-subunit and β-subunit, fetal Hb consists of the α-subunit and 

γ-subunit (7, 104, 115).  

     Because Hb has a high oxidative reactivity, the released Hb from RBC by 

hemolysis can injure other cells, oxidatively (41). Haptoglobin (Hp), one of serum 

proteins, immediately binds to the released Hb and constitutes a 

haptoglobin-hemoglobin complex (HpHb) to protect the tissue and cells from oxidative 
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damage (21, 105). After constitution of the HpHb, HpHb is scavenged by macrophage 

via CD163 receptor and digested in the lysosome of macrophage (105, 132). Finally, the 

heme is released from digested Hb and degenerated into innocuous bilirubin (132).   

 

Heme uptake in Trypanosomatida 

     As described above, heme is an essential molecule for almost all living organisms 

as a component of many heme proteins, in which almost all eukaryotes have a de novo 

heme synthesis pathway highly conserved among organisms (9, 27, 37, 141). On the 

other hand, previous studies and a whole genome analysis revealed that 

trypanosomatids, such as Trypanosoma and Leishmania, lacked key enzymes for the 

heme biosynthesis (14, 26, 113). Trypanosoma parasites lack all of the heme synthases 

(ALA-synthase, ALA-dehydrogenase, PBG-deaminase, UP-III synthase, UP-III 

decarboxylase, CP-III oxidase, PPG-IX oxidase and ferrochelatase, shown in the blue 

and red boxes of Fig. 4) while Leishmania parasites lack ALA-synthase and 

ALA-dehydrogenase (Fig. 4, red boxes (26)). These parasites, therefore, are considered 

to depend on their hosts as a source of heme (134). Hb- and heme-uptake mechanisms 

have ever been studied in T. cruzi, T. brucei and Leishmania spp. The T. cruzi possesses 

an ATP-binding cassette (ABC) transporter for Hb uptake, whereas Leishmania spp. 

have an Hb receptor and an ABC transporter (24, 33, 63, 77). On the other hand, T. 

brucei possesses a haptoglobin (Hp)-Hb complex receptor (TbHpHbR), which is 

exclusively expressed in the BSF of parasite (138). After Hb (or HpHb)-binding to the 

uptake receptors, the Hb are endocytosed, mediated by clathrin, and transported to 
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lysosome via early/late endosome (23). The Hb are digested in the lysosome, and heme 

are released, from the digested Hb. Heme are transported to cytosol via heme 

transporters that are present at the lysosome membrane, and then utilized to produce 

various heme proteins (23). The heme proteins play the various and important roles for 

the surviving of trypanosome, such as mitochondrial respiration, antioxidant activity 

and so on (133). 

 

  



 13

IV. Objective of this study 

     Development of new control methods for HAT and AAT has been strongly 

desired for a long period, because of difficulty of the development of effective vaccine 

and trypanocidal medicine. The objective of this study was set to clarify heme-uptake 

mechanism in African trypanosome, in order to develop a new control strategy for HAT 

and AAT. Trypanosoma congolense, the most pathogenic parasite of Nagana, was 

chosen as my research material, because T. congolense is the only African trypanosome 

that all stages of their life cycle can be continuously maintained in vitro (61). In chapter 

I, I identified a T. congolense epimastigote-specific free-hemoglobin receptor 

(TcEpHbR). In chapter II, I evaluated the potential of TcEpHbR as a candidate 

molecule for TBV against African trypanosomosis.  
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Fig. 1. Predicted distribution of tsetse fly. The underlying data were modified by the 

information from a wide range of sources, and incorporated into these analyses, 

including eco-climatic data, elevation cattle density, cultivation level, and human 

population for the prediction of the tsetse-flies distribution 

(http://www.fao.org/ag/againfo/programmes/en/paat/documents/maps/pdf/ tserep.pdf.). 

A: The potential range of Glossina palpalis group tsetse flies transmitting T. b. 

gambiense. B: The potential range of G. morsitans group tsetse flies transmitting T. b. 
rhodesiense (140).  

A

B

A. 

B. 
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Fig. 2. Morphological schema of Trypanosoma EMF parasite. The EMF parasites 

can attach the proboscis or salivary gland by using their flagella (45, 129). The 

kinetoplast in EMF is located at the anterior vicinity of the nucleus in the cell (99). The 

endo/exocytosis in trypanosomes are performed by the flagellar pocket that is the 

flagellar invagination into the cell body (50). This figure was cited from Souza, 1999 

and edited (123).  
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Fig. 3. Comparison of the PCF and EMF parasitisms of T. congolense and T. 

brucei in tsetse fly. A: After T. congolense PCF proliferates in tsetse midgut, it 

differentiates into EMF and migrates into proboscis. Trypanosoma congolene EMF 

strongly adheres to the lining of tsetse proboscis using its flagella. B: After T. brucei 

PCF proliferates in tsetse midgut, it differentiates into EMF and migrates into salivary 

gland of tsetse fly via proboscis. Finally, T. brucei EMF adheres to the epithelium of 

salivary gland of tsetse fly.  
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Fig. 4. Heme-synthesis pathway in eukaryote cell. Heme is synthesized from glycine 

and succinyl Co-A via 8 catalytic reactions. Trypanosoma lacks the enzymes in both of 

blue and red boxes, while Leishmania has the enzymes indicated in red boxes. 
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5. CHAPTER I 

Characterization of an epimastigote-stage-specific hemoglobin 

receptor of Trypanosoma congolense 

 

5-1. Introduction 

     In this chapter, I aimed to identify the hemoglobin (Hb)-uptake receptor and 

analyze the Hb uptake in all life cycle stages of Trypanosoma congolense in vitro. 

Previously, a haptoglobin (Hp)-Hb complex receptor (HpHbR) had been identified in T. 

brucei, and named as T. brucei HpHbR (TbHpHbR, Gene ID: Tb927.6.440), which is 

exclusively expressed in the blood stream form (BSF) of the parasite (138). In 

mammalian blood, Hb, which was released through a hemolysis, immediately binds to 

Hp to form a complex (HpHb), which is immediately detoxified and taken up by 

macrophages for Hb metabolism (72). In mammalian blood stream, T. brucei BSF also 

take up the Hb as HpHb via TbHpHbR (59, 138). Firstly, HpHb, when bound to 

TbHpHbR, is taken up into the BSF of T. brucei by clathrin-mediated endocytosis via 

flagellar pocket (88). Next, the endosomes including HpHb are transported to lysosome, 

and the cargo proteins are digested there (23). Heme contained in Hb is then released 

within lysosome, and transported to cytosol by T. brucei heme response gene protein, to 

be used for heme proteins (23). On the other hand, it had been only predicted that T. 

congolense also possessed an orthologue of the tbhphbr, T. congolense HpHbR 

(TcHpHbR, Gene ID: TcIL3000.10.2930) (46). Interestingly, an exhaustive proteome 
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analysis suggested that, unlike TbHpHbR, the TcHpHbR might be exclusively 

expressed in the epimastigote form (EMF) of T. congolense (46, 75). The vector stages 

of trypanosomes, particularly the procyclic form (PCF) and EMF, appear to require a 

greater amount of heme than the BSF, due to their fully activated cytochrome-mediated 

mitochondrial respirations (18, 85). However, the mechanisms underlying heme or Hb 

uptake still remain to be elucidated in the vector stages of African trypanosomes. The 

tsetse fly (Glossina spp.), which is the sole vector of African trypanosomes, periodically 

ingests blood meals from mammalian hosts, and free Hb is released from hemolyzed red 

blood cells (RBCs). Thus, it has been expected that the vector stages of the parasite 

would be exposed to a high concentration of free Hb derived from each blood meal of 

the tsetse fly. Based on the data of proteomic analysis (46), therefore, I also 

hypothesized that the TcHpHbR would be the EMF-specific Hb receptor of the parasite. 

As T. congolense IL3000 (TcIL3000) strain can be cultured in all of the four main life 

cycle stages in vitro (30, 61, 92), I utilized this cell line to characterize the 

developmental expression of TcHpHbR, and analyzed the Hb uptake in all of the life 

cycle stages.  
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5-2. Materials and Methods 

Trypanosomes and culture conditions 

     TcIL3000 strain, which had been isolated near the border of Kenya and Tanzania 

in 1966 (according to the records of the Biological Service Unit at the International 

Livestock Research Institute, Nairobi, Kenya), and T. b. brucei GUTat 3.1 (Tbb GUTat 

3.1) strain, which had been isolated in Uganda in 1966, were used in this study. The T. 

congolense and T. brucei BSF parasites were cultured in Hirumi’s Modified Iscove’s 

medium-9 (HMI-9) at 33ºC or 37ºC, respectively (17, 51, 60, 61). The HMI-9 

composed of Iscove’s Modified Dulbecco’s Medium (IMDM, Sigma-Aldrich Co., MO, 

U. S. A.) supplemented with 100 U/L penicillin-100 µg/mL streptomycin (Thermo 

Fisher Scientific Inc., Waltham, MA, U. S. A.), 2 mM L-glutamine (Thermo Fisher 

Scientific Inc.), 0.1 mM bathocuproine (Sigma-Aldrich Co.), 1 mM sodium pyruvate 

(Sigma-Aldrich Co.), 10 μg/mL insulin, 5.5 μg/mL transferrin, 5.0 ng/mL sodium 

selenite (ITS-X supplement, Thermo Fisher Scientific Inc.), 1 mM sodium 

hypoxanthine, 16 μM thymidine (HT supplement, Thermo Fisher Scientific Inc.), 

0.001% 2-mercaptoethanol (Sigma-Aldrich Co.), 2 mM L-cysteine (Sigma-Aldrich Co.), 

0.4 g/L bovine serum albumin (BSA, Sigma-Aldrich Co.), 60 mM HEPES 

(Sigma-Aldrich Co.), and 20% fetal bovine serum (FBS, 178 µg/mL Hb, Batch No. 

S10123S1650, Biowest, Nuaillé, France) (61). The T. congolense PCF and EMF 

parasites were cultured in T. vivax medium-1 (TVM-1) at 27ºC (30). The TVM-1 

composed of Eagle’s Minimum Essential Medium (EMEM, Sigma-Aldrich Co.) 
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supplemented with 60 mM HEPES, 10 mM L-prorine (Sigma-Aldrich Co.) and 20% 

FBS (61). The T. congolense MCF was separated from the supernatant of culture, while 

the T. congolense EMF was confluently grown, was purified using anion-exchange 

column chromatography (DE 52, GE Healthcare Bio-Sciences Corp., Little Chalfont, U. 

K.) (76). 

 

Nucleic acid extraction 

     Trypanosoma congolense and T. b. brucei BSF parasites were separated from 

each culture supernatant by centrifugation at 1,500 x g for 10 min at 4ºC. The parasite 

pellets were resuspended in a DNA extraction buffer (150 mM NaCl, 10 mM Tris-HCl 

(pH. 8.0), 10 mM EDTA and 0.1% sodium dodecyl sulfate (SDS)) containing 100 

µg/mL Proteinase K (Wako Pure Chemicals Industries Ltd., Osaka, Japan), and 

incubated over night at 55ºC. The genomic DNAs (gDNAs) were purified from the 

suspension by twice extractions with phenol-chloroform-isoamylalcohol 

(Sigma-Aldrich Co.) and twice extractions with chloroform (Wako Pure Chemicals 

Industries Ltd.). Subsequently, the extracted gDNAs were precipitated by adding with 

0.1 volume of 3 M sodium acetate (pH 5.5) and 1 volume of isopropyl alcohol (Wako 

Pure Chemicals Industries Ltd.). After centrifugation at 22,500 x g for 20 min at 4ºC, 

the pellet was rinsed with 75% ethanol (Wako Pure Chemicals Industries Ltd.), air-dried 

and dissolved in a distilled water. Extracted gDNAs were stored at -30ºC until use.  

     On the other hand, total RNAs of parasites were extracted from each stage of the 
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cultured TcIL3000 parasites. The BSF and PCF parasites were purified from each 

culture supernatant by centrifugation at 1,500 x g for 10 min at 4ºC, and then washed 

three times with phosphate-buffered saline (PBS). The flask of EMF culture was 

washed with PBS three times to remove the non-adherent cells. The MCF parasites 

were purified from EMF culture supernatant by DE 52 column chromatography. The 

float cells (BSF, PCF and MCF) were collected by centrifugation at 1,500 x g for 10 

min at 4ºC, and then resuspended in a TRIzol reagent (Thermo Fisher Scientific Inc.). 

The TRIzol reagent was directly added into the washed EMF-cultured flask, and then 

collected by a cell scraper. The total RNAs were extracted following manufacture 

instructions of the TRIzol reagent, and dissolved in a DNase/RNase-free water (Thermo 

Fisher Scientific Inc.). Extracted total RNAs were stored at -80ºC until use. 

      

Gene cloning and in silico amino acid (AA) sequence analysis 

     Fragments of the tchphbr and tbhphbr were amplified by PCR using a 

Taq-polymerase (Thermo Fisher Scientific Inc.) from gDNAs of TcIL3000 and 

TbbGUTat 3.1, respectively. The PCR primers were designed to remove the signal 

sequences and glycosylphosphatidylinositol-anchor-modified sequences because these 

regions were of high hydrophobicity (Table 1). The truncated tchphbr and tbhphbr 

fragments were TA-cloned into a pCRTM 2.1 cloning vector (Thermo Fisher Scientific 

Inc.), and then transformed into Mach1 Escherichia coli (Thermo Fisher Scientific Inc.). 

The nucleotide sequence of tchphbr was determined using an automatedsequencer 

(3100 Genetic Analyzer, Thermo Fisher Scientific) with a BigDye Terminator Cycle 
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Sequencing kit (Thermo Fisher Scientific Inc.). The determined nucleic sequence of 

tchphbr was translated into AA sequence using a GENETIX software (GENETIX 

CORPORATION, Tokyo, Japan), and AA sequence alignments were performed among 

the deduced TcHpHbR, and obtained TcHpHbR candidate and TbHpHbR sequences 

from the kinetoplastid genomic resource (TriTrypDB, http://tritrypdb.org/tritrypdb/) by 

an alignment software (ClustalW, http://clustalw.ddbj.nig.ac.jp). The three-dimensional 

structure of TcHpHbR and TbHpHbR were predicted by using a structure-prediction 

software (I-TASSER, http://zhanglab.ccmb.med.umich.edu/I-TASSER/). 

  

Production of recombinant TcHpHbR and TbHpHbR proteins 

     The truncated tchphbr and tbhphbr were subcloned into a pET28a (Novagen 

Merck Millipore, Darmstadt, Germany) or pGEX6p-1 (GE Healthcare Bio-Sciences 

Corp.) plasmids to produce his- or GST-tagged recombinant proteins, respectively. 

Prepared expression plasmids were transfected into BL21 E. coli. The expressions of 

his-tagged and GST-tagged recombinant proteins were induced in the BL21 by adding 

with 100 µM isopropyl-β -thiogalactoside (Wako Pure Chemicals Industries Ltd.) at 

37ºC for 5 hs with a gentle agitation. After the induction, E. coli was collected by 

centrifugation at 13,000 x g for 10 min at 4ºC, and resuspended in PBS. Fifty 

micrograms per milliliter lysozyme were added to the suspension, and then incubated 

for over night at 4ºC with a gentle agitation. Next, the suspension was sonicated for 5 

min on ice, and then centrifuged at 13,000 x g for 10 min at 4ºC. From the supernatant, 

the his-tagged or GST-tagged proteins were purified using an Ni-beads column 
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(QIAGEN, Venlo, Netherland) or a glutathione sepharose beads column (GE Healthcare 

Bio-Sciences Corp.), respectively. In detail, to immobilize the recombinant proteins 

bound on the affinity beads, the supernatant containing his-tagged or GST-tagged 

recombinant proteins were added into Ni-beads column or glutathione sepharose beads 

column, respectively, and the columns were incubated at 4ºC for over night with a 

gentle agitation. The recombinant proteins-immobilized beads were washed three times 

with PBS. Then, the his-tagged recombinant proteins immobilized on Ni-beads column 

were eluted by an elution buffer (100 mM NaPO4, 10 mM Tris-HCl, 200 mM imidazole, 

pH 6.3). In contrast, GST-tagged recombinant proteins immobilized on glutathione 

sepharose beads column were eluted by a GST elution buffer (50 mM Tris-HCl (pH 

8.0), 16 mM reduced glutathione), or cleaved the GST-tag from recombinant protein by 

a prescission protease buffer (50 mM Tris-HCl (pH. 7.0), 150 mM NaCl, 1 mM EDTA) 

containing 160 U/mL precision protease (GE Healthcare Bio-Sciences Corp.). The 

eluted recombinant proteins were dialyzed three times using a dialysis membrane 

(Thermo Fisher Scientific Inc.) against 1 L of PBS at 4ºC. Finally, concentrations of the 

recombinant proteins were measured using a protein colorimetric assay kit (Thermo 

Fisher Scientific Inc.), and then adjusted to the final concentration of 1 mg/mL prior to 

use. The GST-tagged recombinant proteins were used as the bait protein for GST 

pull-down assay, while his-tagged recombinant proteins were used for immunization. 

These recombinant proteins were kept at -30ºC until use. 
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Immunization  

     Five female 7-week-old Jcl:ICR mice (CLEA Japan, Inc., Tokyo, Japan) were 

immunized with 50 µg (50 µL in volume) of his-tagged recombinant TcHpHbR 

(his-rTcHpHbR), which was emulsified in an equal volume of adjuvant TITERMAX® 

GOLD (TiterMax U. S. A. Inc., Norcross, U. S. A.). The immunizations were 

performed by subcutaneous injection (one primary and four booster injections) at 

2-week intervals. Two weeks after the last booster injection, blood was collected by 

cardiac puncture at terminal anesthesia. Serum was prepared by centrifugation of the 

coagulated blood at 15,000 x g for 1 min at room temperature (RT). The animal 

experiments were performed in accordance with the standards of animal 

experimentations in Obihiro University of Agriculture and Veterinary Medicine 

(approval No. 27-92). 

 

Southern blot analysis 

     Ten micrograms of gDNAs extracted from TcIL3000 were digested with a 

restriction enzyme, NsiI (Roche Diagnostics K. K., Tokyo, Japan), SacII or PstI (New 

England Bio Labs, MA, U. S. A.). After the digestion by restriction enzyme, the DNAs 

(10 µg/well) were separated in a 1% agarose gel. The electrophoretically separated 

DNAs were transferred onto a nylon membrane (GE Healthcare Bio-Sciences Corp.). 

The probe that was PCR-amplified using the TcHpHbR-SG primer pairs (Table 1), was 

labeled by using a DNA labeling kit (Alkphos Direct Labeling Reagent, GE Healthcare 

Bio-Sciences Corp.). The blotted membrane was hybridized with the alkaline 
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phosphatase-labeled DNA probe under a high stringency condition. For visualizing, the 

membrane was incubated in a CDP-STAR detection reagent (GE Healthcare 

Bio-Sciences Corp.), following the manufacture’s instruction. The membrane was 

exposed onto an X-ray film (GE Healthcare Bio-Sciences Corp.), and the signals were 

detected using the developing machine (CEPROSQ, FUJIFILM, Tokyo, Japan) 

 

Northern blot analysis 

     Ten micrograms of total RNAs were separated on a 0.8% agarose gel containing 

2.2 M formaldehyde in a 3-N-morpholino propanesulfonic acid (MOPS) buffer. The 

RNAs were transferred onto a nylon membrane (GE Healthcare Bio-Sciences Corp.), 

and then, the membrane was then fixed by UV-induced crosslinking using a UV cross 

linker (UVC 500, Hoefer, CA, U. S. A.). The transferred RNAs were probed with the 

alkaline phosphatase-labeled DNA probe distributed above, under a high-stringency 

condition. The DNA probes used for Southern blot analyses were reused to detect the 

TcHpHbR mRNA. The DNA probes to detect the internal reference transcript (18S 

ribosomal RNA, rRNA) were prepared by PCR using the primers shown in Table 1 

(128). The signals were detected, following the method described above.  

 

Western blot analysis 

     Total proteins were extracted from each life stage of T. congolense by incubating 

in a cell lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM MgCl2, 1 mM 

CaCl2, 10% glycerol, 1% Triton-X 100, protease inhibitor cocktail (Roche Diagnostics 
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K. K.)) for 4 hs at 4ºC. Concentrations of the total proteins were measured in the protein 

colorimetric assay described above. The extracted proteins (2 μg) were separated by 

10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and electrophoretically 

transferred onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare 

Bio-Sciences Corp.). After blocking of the membrane in 5% skim milk PBS at RT for 

1h, the blotted membrane was incubated with the anti-rTcHpHbR (α-rTcHpHbR) mouse 

immune serum diluted at 1:1,000 with PBS as 1st antibody at 27ºC for 1 h. The 

membrane was washed three times with PBS containing 0.05% Tween 20 (PBS-T), and 

then incubated with anti-mouse IgG conjugated with horseradish peroxidase (HRP) (GE 

Healthcare Bio-Sciences Corp.) (1:2,500 in PBS) at 27ºC for 1 h. After washing with 

PBS-T for three times, the signals were detected in a 3, 3’-diaminobenzidine detection 

system (DAB, Sigma-Aldrich Co.). 

 

Indirect fluorescent antibody method (IFA) 

     The BSF, PCF, and EMF of parasites were collected from culture supernatants. 

The MCF cells were purified from EMF culture supernatant by DE 52 column 

chromatography (76). Collected cells were washed three times with PBS. The cell 

suspensions were spread over glass slides (MATSUNAMI GLASS IND., LTD, Osaka, 

Japan), air-dried and fixed with 100% methanol. The specimens were incubated with 

α-rTcHpHbR mouse immune serum at 1:100 dilution and 20 µg/mL biotinylated tomato 

lectin (Vector Laboratories, Burlingame, U. S. A.) to label the endocytic compartments 

(flagellar pocket and endosome) (120). After washing with PBS-T, the slides were 
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incubated with 1:200 diluted anti-mouse IgG conjugated with fluorescein isothiocyanate 

(FITC, Thermo Fisher Scientific Inc.) and 30 µg/mL streptavidin conjugated with 

fluorochrome (Vector laboratories). Nucleus and kinetoplast DNAs were stained with 

Hoechst 33342 (Dojindo, Kumamoto, Japan). A confocal laser scanning microscope 

(Leica Microsystems GmbH, Wetzlar, Germany) was used to observe the prepared 

specimens.  

 

The analyses of hemoglobin (Hb) and haptoglobin (Hp) uptakes to trypanosome 

     RBCs purified from defibrinated bovine whole blood (22) were washed three 

times in PBS by centrifugation at 910 x g for 7 min at 4ºC. The RBCs were then 

resuspended in PBS, diluted 10 times with sterilized distilled water to induce a 

hemolysis by the hypoosmotic stress (54, 124) and then centrifuged at 15,000 x g for 10 

min at 4ºC. The supernatant was lyophilized by using a freeze-drier (VD-500R, 

TAITEC, Saitama, Japan), and the obtained bovine Hb powder was kept at -30ºC until 

use. Bovine Hb and commercially purchased bovine Hp (Life Diagnostics Inc., West 

Chester, U. S. A.) were labeled with Alexa 488 (Hb A488 and HpA488, respectively) 

(Thermo Fisher Scientific Inc.). HpA488Hb complex was prepared by mixing equal 

volumes of 2 mg/mL HpA488 and 2 mg/mL Hb solutions for 30 min at 37ºC. The 

TcIL3000 PCF, EMF and MCF were incubated in TVM-1 medium with 20 µg/mL of 

the HbA488, HpA488 or HpA488Hb complex for 2.5 hs at 27ºC, while TcIL3000 BSF 

parasites were incubated in HMI-9 medium with 20 µg/mL of the HbA488, HpA488 or 

HpA488Hb complex for 2.5 hs at 33ºC (61). Thereafter, the parasites were washed three 
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times with PBS, placed on glass slides, air-dried and fixed with 100% methanol for 10 

min at RT. Nucleus and kinetoplast DNAs were stained with Hoechst 33342 for 30 min 

at 37ºC. The fixed parasites were incubated with PBS containing 20 µg/mL biotinylated 

tomato lectin for 1 h at 37ºC. The parasites were then washed with PBS-T for three 

times, and then incubated with PBS containing 30 µg/mL fluorochrome-labeled 

streptavidin for 1 h at 37ºC. A confocal laser scanning microscope (TCS-NT, Leica 

Microsystems GmbH) was used to observe the prepared specimens. 

 

GST pull-down assay 

     To qualitatively analyze the interaction between TcHpHbR and its ligand (bovine 

Hb), a GST pull-down assay was performed using GST-tagged recombinant TcHpHbR 

(GST-rTcHpHbR) with glutathione sepharose beads 4B. The GST-rTcHpHbR and 

beads were incubated with 2 mg/mL Hb in PBS, FBS diluted twice with PBS, or PBS 

with a gentle agitation at 4ºC for overnight. After washing with PBS, the immobilized 

proteins to glutathione sepharose beads 4B were eluted with an SDS sample buffer (125 

mM Tris pH 6.8, 10% 2-mercaptomethanol, 4% sodium dodecyl sulfate, 10% sucrose, 

0.01% bromophenol blue), and then incubated at 98ºC for 5 min. Finally, the eluted 

samples were separated by 15% SDS-PAGE, and stained with a Coomassie Brilliant 

Blue R-250 (CBB, Wako Pure Chemicals Industries Ltd.). 

 

Surface plasmon resonance (SPR) assay  

     Detail interactions between TcHpHbR and its ligand (bovine Hb, Hp and HpHb) 
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were measured in an SPR assay. The SPR assay was performed using a Biacore X 

analytical system (GE healthcare Bio-Sciences Corp.). The qualitative interactions 

between the his-rTcHpHbR or his-tagged recombinant TbHpHbR (his-rTbHpHbR) and 

the analytes (free-Hb, free-Hp or HpHb complex) were measured at a flow rate of 20 

µL/min. Free-Hb and free-Hp were diluted to 1 µg/mL, 10 µg/mL and 100 µg/mL with 

a running buffer (HBS-EP, GE Healthcare Bio-Sciences Corp.). Hp-Hb complexes were 

prepared by the conjugating free-Hp and free-Hb at various concentrations; HpHb 10-50 

(Hp 10 µg/mL and Hb 50 µg/mL), HpHb 50-50 (Hp 50 µg/mL and Hb 50 µg/mL), 

HpHb 100-50 (Hp 100 µg/mL and Hb 50 µg/mL), HpHb 50-10 (Hp 50 µg/mL and Hb 

10 µg/mL) and HpHb 50-100 (Hp 50 µg/mL and Hb 100 µg/mL). His-rTcHpHbR and 

his-rTbHpHbR were diluted to 100 µg/mL with 10 mM sodium acetate, pH 4.5 (GE 

Healthcare Bio-Sciences Corp.) and coupled on the surface of CM5 sensor chips (GE 

healthcare Bio-Sciences Corp.). The final amounts of immobilized his-rTcHpHbR and 

his-rTbHpHbR were 5,450 resonance unit (RU) and 8,000 RU, respectively. 

     The quantitative interactions between recombinant proteins and analytes were 

measured at a flow rate of 20 µL/min. Free-Hb and free-Hp were serially diluted to 10, 

1, 0.1, 0.01, 0.001, and 0.0001 µM with HBS-ER as analyte solutions. His-rTcHpHbR 

and his-rTbHpHbR were diluted to 10 µg/mL with 10 mM sodium acetate (pH 4.5), and 

immobilized on the CM5 sensor chips. The final amounts of immobilized 

his-rTcHpHbR and his-rTbHpHbR were 800 RU and 480 RU, respectively. The 

dissociation constants (Kd) were calculated by the kinetics analysis, using a 

BIAevaluation software (BIACORE Co., Ltd. Tokyo, Japan). 
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5-3. Results 

Cloning and sequencing of tchphbr and tbhphbr 

     The truncated tchphbr was PCR-amplified from TcIL3000 gDNA, based on the 

reported sequence (Gene ID: TcIL3000.10.2930). In order to determine the copy 

number of the tchphbr in the genome of TcIL3000, a Southern blot analysis was 

performed. In single-digestion of the tchphbr with NsiI or SacII, case three signals were 

observed in each with a common 1,800-bp signal (Fig. 5A, lanes 1 and 2). Upon PstI 

treatment, which cut the flanking region of the tchphbr, only two signals (3,400 bp and 

15,900 bp) were observed (Fig. 5A, lane 3). These results indicated that tchphbr was a 

two-copy gene as shown in the gene map (Fig. 5B). The determined DNA sequence of 

TcHpHbR (Accession No. LC190899) showed 18 base-substitution compared with the 

reference alignment of TcHpHbR (data not shown). And the translated AA sequence 

from the LC190899 showed 7 AA substitutions, as compared with the reference 

alignment of TcHpHbR (Fig. 6A, V28A, A34G, A86V, N94D, A134V, T138V and 

N153D). On the other hand, the determined AA sequence of TbHpHbR was completely 

consistent with the reference alignment of TcHpHbR (Fig. 6B). The determined AA 

sequence of TcHpHbR displayed 30% identity with TbHpHbR (Fig. 6C). As the results 

of the structure-prediction of TcHpHbR and TbHpHbR, both of them were consisted 

primarily of a three-helical bundle (data not shown). 

 

The expression profile of TcHpHbR 

     In order to examine the expression profile of TcHpHbR during the life cycle of 
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the parasite, northern blotting, western blotting and confocal laser scanning microscopic 

analyses were performed. Northern blotting analysis revealed that the transcription of 

TcHpHbR mRNA (2 kb) was exclusively occurred in the EMF stage of the parasite (Fig. 

7A, lane 3). In western blotting analyses, the TcHpHbR protein was detected as 42-kDa 

and 37-kDa proteins in the EMF and MCF stages (Fig. 7B, lanes 3 and 4), although the 

signals in the MCF were weaker than that in EMF. To analyze the cellular localization 

of TcHpHbR in the parasite, each life cycle stage of the parasite (from in vitro cultures) 

was incubated with α-rTcHpHbR mouse immune sera, and examined in confocal laser 

scanning microscopy. Consistent with the results of the northern and western blot 

analyses, the cell surface and cytosol of EMF stage parasite was specifically stained by 

the polyclonal antibody (Fig. 7C). Especially, the signal of TcHpHbR was strong near 

the flagellar pocket of EMF (Fig. 7C, (3 and 3’), arrow head). 

 

Hemoglobin uptake in T. congolense 

     To clarify the Hb uptaking in T. congolense, the uptake of free-HbA488, 

free-HpA488 or HpA488Hb complex was examined in each life cycle stage of the parasite 

(Fig. 8). Endocytic compartments (endosome, flagellar pocket and lysosomes) were also 

visualized as red spots using biotinylated tomato lectin and fluorochrome-labeled 

streptavidin. The EMF-specific uptake of free-HbA488 was visualized as green spots 

indicated by arrows closed to the nucleus and kinetoplast of parasite (Fig. 8, EMF panel 

of the first row). In addition, the free-HbA488 (green spot) was found to co-localization 

with biotinylated tomato lectin (red spot), a marker for endocytic compartments, in only 



 33

the EMF parasites. On the other hand, no detectable signals of free-HpA488 and 

HpA488Hb complex uptake were observed in any developmental stages of the parasite 

(Fig. 8, panels of the second and third rows). 

 

Direct interactions of TcHpHbR and free-hemoglobin components 

     The direct interaction of TcHpHbR and free-Hb was qualitatively examined by a 

GST pull-down assay. Free-Hb purified from bovine RBCs occurred as 25.8-kDa Hb 

dimer and as 12.8-kDa α-subunit and 13.2-kDa β-subunit (Fig. 9, lane 1). On the other 

hand, the GST-rTcHpHbR was observed to have an expected molecular mass of 64 kDa 

(Fig. 9, lanes 2-4), while that of GST was 25 kDa (Fig. 9, lanes 5-7). When the 

GST-rTcHpHbR was incubated with 2 mg/mL of free-Hb, Only the α- and β-subunits of 

Hb were co-precipitated (Fig. 9, lanes 2). In addition, the 12.8-kDa α-subunit and a 

13.0-kDa γ-subunits of fetal Hb were co-precipitated, when the GST-rTcHpHbR was 

incubated with FBS (Fig. 9, lane 3). In contrast, GST did not interact with any Hb (Fig. 

9, lanes 5-6).  

 

Investigation of the specific ligand of TcHpHbR 

     To compare the binding affinity of TcHpHbR with that of TbHpHbR, SPR assays 

were performed. The results showed that the rTbHpHbR had a low binding affinity for 

both free-Hp (Kd = 1.8 µM) and free-Hb (Kd = 5.3 µM) (Fig. 10A, panels (1) and (2)). 

In contrast, the rTcHpHbR displayed a high affinity for both the free-Hp and free-Hb 

(Fig. 10A, panels (3) and (4)). However, the affinity of rTcHpHbR for free-Hb (Kd = 
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20.5 nM) was 10-times higher than that for free-Hp (Kd = 220 nM). These results 

indicated that free-Hb was possibly a specific ligand for the rTcHpHbR, while both the 

free-Hb and free-Hp were not specific ones for the rTbHpHbR. Our findings were 

consistent with the previous report that TbHpHbR displayed a high affinity for HpHb 

(138), because the RUs increased in proportion to the amount of free-Hp against 

free-Hb (Fig. 10B, panel (1)). In other words, when the amount of free-Hp against 

free-Hb was increased, the amount of HpHb was also Hp increased, depended on the Hp 

dose. In contrast, for rTcHpHbR, the RUs decreased inversely and proportionally, to the 

amount of free-Hp against free-Hb (Fig. 10B, panel (3)), indicating that the amount of 

free-Hb bound was decreased due to the increased amount of HpHb complex. The RUs 

of both TbHpHbR and TcHpHbR were increased due to the increase of the amount of 

free-Hb against free-Hp (Fig. 10B, panels (2) and (4)). 
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5-4. Discussion 

     Unlike other eukaryotes, trypanosomes obtain heme sources extracellularly, 

because they lack a pathway for heme synthesis (14). As seen in Trypanosoma and 

Leishmania, heme uptake is important for the growth and development of the parasites 

(2, 138). For example, TbHpHbR knockout mutants caused a decrease in the 

proliferation rate of T. brucei in the infected mice (138). In contrast to the mammalian 

life cycle stage of trypanosomes, the vector life cycle stages of trypanosomes require 

much higher amounts of heme, because they need to produce many heme proteins for an 

active electron transport chain mitochondrial respiration in the stages (17, 18, 85). Thus, 

Hb uptake via Hb receptors has been suggested to be more essential for the survival of 

the vector life cycle stages than that of mammalian stage in Trypanosoma parasites. 

Nevertheless, the mechanisms, by which the vector life cycle stages of African 

trypanosomes, such as the PCF and EMF, take up the heme, have not been examined 

well. 

     In chapter I, I examined the expression profile, binding specificity and binding 

parameters of TcHpHbR, which had previously been reported as a T. congolense 

orthologue of tbhphbr (138). Although the tbhphbr had ever been described as a single 

copy gene, our work showed that it was a two copy-gene with a tandem arrangement. 

The AA sequences of TcHpHbR and TbHpHbR indicated that they shared 30% identity. 

Previously, Higgins et al. (2013) reported that TcHpHbR was structurally similar to two 

well-characterized trypanosome GPI-anchored surface proteins (namely, VSG MITat 

1.2 and glutamic acid/alanine-rich protein) in terms of their characteristic three-helical 
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bundle (59). Note that, the seven AA substitutions between the determined AA 

sequence and reference AA sequence of TcHpHbR displayed similar properties. 

Because of the similarity of these substitutions, the three-dimension structure of 

obtained TcHpHbR could be highly conserved. The result of structure prediction of 

TcHpHbR supported this speculation (data not shown). Additionally, the core AAs were 

completely conserved that contributed to the interaction between TcHpHbR and free-Hb 

(75). Thus, I concluded that these substitutions did not abolish the three-dimension 

structure and biological function of TcHpHbR. 

     Next, tchphbr was exclusively transcribed and translated as 37-kDa and 42-kDa 

proteins in the EMF of T. congolense in protein expression analysis. Presumably, the 

37-kDa protein was an unmodified form of TcHpHbR without the N-terminal signal 

peptide (Met1 to Val37), while the 42-kDa protein was suggested to be a 

post-translationally modified TcHpHbR. The molecular mass of TcHpHbR was similar 

to the predicted molecular mass of TbHpHbR (43.3 kDa), the apparent mass of which 

was 72 kDa because of N-glycosylation (138). Thus, TcHpHbR might be expressed 

with fewer post-translational modifications than TbHpHbR. It was reported that 

TcHpHbR was structurally truncated as compared to TbHpHbR, presumably, because 

the TcHpHbR does not need to protrude above a VSG layer, which is absent on the cell 

surface of EMF parasites (59). These differences between TcHpHbR and TbHpHbR 

might be related to their different expression profiles during the parasites life cycle. 

     Unlike TbHpHbR, the cellular localization of TcHpHbR was not limited to the 

flagellar pocket, rather it was expressed throughout the entire surface of EMF cells. 
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However, since the Hb uptake should occur through the flagellar pocket (44), the 

TcHpHbR located on the cell surface seemed to translocate to the flagellar pocket when 

it has bound Hb. Weak signals of TcHpHbR were also observed in MCF in the western 

blot analyses. The result of proteome analysis throughout the life cycle of T. congolense 

showed that the expression level of TcHpHbR in MCF was 11~17% as compared with 

in EMF (46). I considered that the weak signals in MCF were due to the result of the 

miner population of MCF, which had differentiated immediately from EMF, because 

the RNA transcription of TcHpHbR was undetectable in northern blot analysis.   

     The ligand specificity of TcHpHbR was also different from that of TbHpHbR. 

TbHpHbR was an Hp-Hb complex-specific receptor (59, 138), whereas TcHpHbR 

bound free-Hb with a high affinity. The ligand-binding characteristics of TcHpHbR and 

TbHpHbR were differed when the amount of free-Hp was exchanged against the 

specific amount of free-Hb (50 µg/mL). It suggested that the majority of free-Hb 

molecules might not form the HpHb complex in the tsetse midgut due to a lack of 

sufficient amount of Hp molecules, where excessive amount of Hb would be released 

from digested RBCs in tsetse midgut. The different ligand specificity between 

TcHpHbR and TbHpHbR might have evolved as a consequence of adaptation of the 

different life cycle stages of the two species to their different parasitism within their 

vector (57). Since T. congolense EMF occupies in the proboscis at the tsetse fly vector 

(99), it seems that they are periodically exposed to a high level of free-Hb during blood 

meals. Hence, T. congolense EMF may effectively take up the free-Hb by using the 

specific receptor, TcHpHbR. In contrast, T. brucei EMF inhabit in the salivary glands of 
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their tsetse fly vector (109). Thus, the parasites do not come in contact with free-Hb. 

     In this study, the Hb accumulation in flagellar pocket could not be observed in T. 

congolense BSF, PCF and MCF stages. On the other hand, T. congolense BSF and PCF 

parasites could proliferate stably in vitro culture and in vivo, in spite of the requirement 

of heme for surviving (141). These findings suggested that T. congolense BSF and PCF 

might have unknown heme-source uptake mechanisms other than Hb and HpHb. 

Further studies are needed in order to clarify the mechanisms.  

     In conclusion, I revealed that TcHpHbR, a TbHpHbR orthologue in T. congolense, 

was EMF-specific, free-Hb receptor. I, therefore, propose that the TcHpHbR should be 

renamed as T. congolense epimastigote-specific free-Hb receptor (TcEpHbR). 
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Under lines indicate restriction enzyme sites: *BamHI, **NotI 

18s rRNA primers were referred from Suganuma et. al., 2013 (128). 

Table 1. Primers used in this chapter 
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Fig. 5. Southern blot analyses. A: Southern blot analyses of the tchphbr. TcIL3000 

gDNA treated with NsiI (lane 1), SacII (lane 2), PstI (lane 3) or neat TcIL3000 gDNA 

(lane 4) was subjected to Southern blot analyses. B: The predicted genome organization 
and its restriction map of tchphbr.  
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Fig. 6. The AA alignment of TcHpHbR, TcIL3000.10.2930 and Tb927.6.440.  

A: Alignment of the AA sequence of TcHpHbR that was cloned in this study, with 

that of the TcIL3000.10.2930 that was obtained from a TritrypDB database as the 

reference. The conserved residues are shown as: fully conserved (*), strongly 

conserved (:) and weakly conserved (.). Red indicated the AAs that form the core of 
the interaction between TcHpHbR and HpHb (75).  

A. 

TcHpHbR               ----------------------AEGEIKAELKDGDEVAAACELRAQLAGVSIASGILLRP 38 
TcIL3000.10.2930      MRFALLLLCASLLCRASLAQVVAEGEIKVELKDADEVAAACELRAQLAGVSIASGILLRP 60 
                                            ******.****.************************** 
 
TcHpHbR               AVIRNATTEFSRKKSEEILAKGGAAVERASAAVDRVSGLDKANETAQKVRKAAAVAHHAL 98 
TcIL3000.10.2930      AVIRNATTEFSRKKSEEILAKGGAAAERASAAVNRVSGLDKANETAQKVRKAAAVAHHAL 120 
                      *************************.*******:************************** 
 
TcHpHbR               EHVKEEVEIVAKKVNEIVELTAGATEHAKGAKSNGDASVVKVSNLLARAKESEDQYVKKA 158 
TcIL3000.10.2930      EHVKEEVEIVAKKANEITELTAGATEHAKGAKANGDASVVKVSNLLARAKESEDQYVKKA 180 
                      *************.***.**************:*************************** 
 
TcHpHbR               AEECSNSTNYDVTAKSLAAALDKLPGVKEDNAVKTTFQSILTSLDNLDKDVKSVEQRAEE 218 
TcIL3000.10.2930      AEECSNSTNYDVTAKSLAAALDKLPGVKEDNAVKTTFQSILTSLDNLDKDVKSVEQRAEE 240 
                      ************************************************************ 
 
TcHpHbR               LETALEKAERQLEKAEKAAEEAETESSKVETESS---------------------- 252 
TcIL3000.10.2930      LETALEKAERQLEKAEKAAEEAETESSKVETESSTSCPVAVSALLLMGTVAIYAGF 296 
                      **********************************                       
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B: The alignment of the AA sequences of TbHpHbR that was cloned in this study, 

with that of Tb927.6.440 that was obtained from the TritrypDB database as the 

reference. The conserved residues are shown as: fully conserved (*). 

TbHpHbR          -----------------------------------AEGLKTKDEVEKACHLAQQLKEVSI 25 
Tb927.6.440      MEKPSCRGAGWAQLLWCYGTCCALLLRLIVEASQAAEGLKTKDEVEKACHLAQQLKEVSI 60 
                                                    ************************* 
 
TbHpHbR          TLGVIYRTTERHSVQVEAHKTAIDKHADAVSRAVEALTRVDVALQRLKELGKANDTKAVK 85 
Tb927.6.440      TLGVIYRTTERHSVQVEAHKTAIDKHADAVSRAVEALTRVDVALQRLKELGKANDTKAVK 120 
                 ************************************************************ 
 
TbHpHbR          IIENITSARENLALFNNETQAVLTARDHVHKHRAAALQGWSDAKEKGDAAAEDVWVLLNA 145 
Tb927.6.440      IIENITSARENLALFNNETQAVLTARDHVHKHRAAALQGWSDAKEKGDAAAEDVWVLLNA 180 
                 ************************************************************ 
 
TbHpHbR          AKKGNGSADVKAAAEKCSRYSSSSTSETESQKAIDAAANVGGLSAHKSKYGDVLNKFKLS 205 
Tb927.6.440      AKKGNGSADVKAAAEKCSRYSSSSTSETESQKAIDAAANVGGLSAHKSKYGDVLNKFKLS 240 
                 ************************************************************ 
 
TbHpHbR          NASVGAVRDTSGRGGKHMEKVNNVAKLLKDAEVSLAAAAAEIEEVKNAHETKVQEEMKRN 265 
Tb927.6.440      NASVGAVRDTSGRGGKHMEKVNNVAKLLKDAEVSLAAAAAEIEEVKNAHETKVQEEMKRN 300 
                 ************************************************************ 
 
TbHpHbR          GNPIENESETNSGGNAESQGNGDREDKNDEQQQVDEEETKVENGSSEEGSCCGNESNGPH 325 
Tb927.6.440      GNPIENESETNSGGNAESQGNGDREDKNDEQQQVDEEETKVENGSSEEGSCCGNESNGPH 360 
                 ************************************************************ 
 
TbHpHbR          VMKKRHGVGAPRPVDVVS------------------------- 343 
Tb927.6.440      VMKKRHGVGAPRPVDVVSGFRSYASASFALLSLVRVGILQVVV 403 
                 ******************                          

TbHpHb
Tb927.
     

B. 
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TcHpHbR          ------------------------------AEGEIKAELKDGDEVAAACELRAQLAGVSI 30 
Tb927.6.440      MEKPSCRGAGWAQLLWCYGTCCALLLRLIVEASQAAEGLKTKDEVEKACHLAQQLKEVSI 60 
                                                 .:    **  ***  **.*  **  *** 
 
TcHpHbR          ASGILLRPAVIRNATTEFSR---KKSEEILAKGGAAVERASAAVDRVSGLDKANET-AQK 86 
Tb927.6.440      TLGVIYRTTERHSVQVEAHKTAIDKHADAVSRAVEALTRVDVALQRLKELGKANDTKAVK 120 
                 : *:: *.:  :.. .*  :   .*  : :::.  *: *...*::*:. *.***:* * * 
 
TcHpHbR          VRKAAAVAHHALEHVKEEVEIVAKKVNEIVELTAGATEHAKGAKSNGDASVVKVSNLLAR 146 
Tb927.6.440      IIENITSARENLALFNNETQAVLTARDHVHKHRAAALQGWSDAKEKGDAAAEDVWVLLNA 180 
                 : :  : *:. *  .::*.: * .  :.: :  *.* :  ..**.:***:. .*  **   
 
TcHpHbR          AKESE-DQYVKKAAEECSNSTNYDVTAKSLAAALDKLPGVKEDNAVKTTFQSILTSLDNL 205 
Tb927.6.440      AKKGNGSADVKAAAEKCSRYSSSSTSETESQKAIDAAANVGGLSAHKSKYGDVLNKFKLS 240 
                 **:.: .  ** ***:**. :. ..: ..   *:*  ..*   .* *:.: .:*..:.   
 
TcHpHbR          DKDVKSVEQR-----------------AEELETALEKAERQLEKAEKAAEEAETESSK-- 246 
Tb927.6.440      NASVGAVRDTSGRGGKHMEKVNNVAKLLKDAEVSLAAAAAEIEEVKNAHETKVQEEMKRN 300 
                 : .* :*.:                   :: *.:*  *  ::*:.::* *    *. *   
 
TcHpHbR          ---VETESS--------------------------------------------------- 252 
Tb927.6.440      GNPIENESETNSGGNAESQGNGDREDKNDEQQQVDEEETKVENGSSEEGSCCGNESNGPH 360 
                    :*.**.                                                    
 
TcHpHbR          ------------------------------------------- 
Tb927.6.440      VMKKRHGVGAPRPVDVVSGFRSYASASFALLSLVRVGILQVVV 403

C: The alignment of the AA sequences of TcHpHbR that was cloned in this study, 

with that of Tb927.6.440 that was obtained from the TritrypDB database as the 

reference. The conserved residues are shown as: fully conserved (*), strongly 
conserved (:) and weakly conserved (.).  

TcHpHb
Tb927.

    

C. 
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Fig. 7. Expression profile of TcHpHbR. A: The TcHpHbR mRNA expression profile 

was examined by northern blot analysis. Total RNA extracted from TcIL3000 BSF 

(lane 1), PCF (lane 2), EMF (lane 3) and MCF (lane 4) were used for the analysis. The 

DNA probe to detect TcHpHbR mRNA was prepared by a PCR using the primers (18s  

rRNA F and 18s rRNA R) shown in Table 1. 18S rRNA was used as an internal 

reference. B: The TcHpHbR protein expression profile was examined by western 

blotting analysis. Total proteins (2 µg/lane) extracted from TcIL3000 BSF (lane 1), PCF 

(lane 2), EMF (lane 3) and MCF (lane 4) were analyzed by western blotting using 

α-rTcHpHbR mouse immune sera. 
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C: The cellular localization of TcHpHbR in TcIL3000 BSF (1), PCF (2), EMF (3) and 

MCF (4) was examined in an indirect immunofluorescence assay (IFA) using 

anti-rTcHpHbR mouse sera. The signals of TcHpHbR and endocytic compartments 

were abstracted from (3) panel for focus on the co-localization of TcHpHbR and 

endocytic compartment (3’). The green, blue and red signals indicate TcHpHbR, DNA 

(bold arrow: nucleus, fine arrow: kinetoplast) and the endocytic compartment 
(arrowhead), respectively. Bar = 5 µm 

C

(1)

(3) (4)

(2)

C.

(3’)
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PCF EMF MCF

free- 
HbA488

free 
-HpA488

BSF

HpA488Hb

Fig. 8. Comparison of hemoglobin uptake throughout the life-cycle stages of the 

parasite. The lysosomal accumulation of free-HbA488, free-HpA488 or HpA488 Hb 

complex was examined throughout the stages of the TcIL3000 life-cycle. The green, 

blue and red signals indicate Alexa 488-labelled proteins, DNA (nucleus and 

kinetoplast) and the endocytic compartment (flagellar pocket and lysosome), 

respectively. The arrows indicate the accumulation of free-HbA488 in the endocytic 

compartment in EMF. Bar = 5 µm  
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Fig. 9. Assessment of qualitative binding between rTcHpHbR and free-Hb by a 

pull-down assay. The qualitative interaction between rTcHpHbR and free-Hb was 

analyzed by a pull-down assay using glutathione sepharose beads. Free-Hb (lane 1), 

GST-rTcHpHbR (lane 4) and GST (lane 7) were used as the size standards of each 

protein. GST-rTcHpHbR (lanes 2-4) and GST (lanes 5-7) were used as bait proteins. 

Free-Hb (lanes 2, and 5) and diluted FBS (lanes 3 and 6) were used as prey proteins.  
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Fig. 10. SPR assays of rTcHpHbR and rTbHpHbR. The quantitative binding assays 

of his-rTcHpHbR and his-rTbHpHbR were performed in SPR assays. The vertical axis 

shows the binding response (RU), while the horizontal axis shows the running time (in 

seconds). His-rTcHpHbR or his-rTbHpHbR were used as the immobilized receptor. A: 

The interactions were analyzed between his-rTbHpHbR and free-Hp (1), 

his-rTbHpHbR and free-Hb (2), his-rTcHpHbR and free-Hp (3), his-rTcHpHbR and 

free-Hb (4). The concentrations of used analytes were as follows: free-Hp 100 μg/mL 

(i), 10 μg/mL (ii), 1 μg/mL (iii) and free-Hb 100 μg/mL (iv), 10 μg/mL (v), 1 μg/mL 

(vi).  
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B: The interaction between the HpHb complex and his-rTbHpHbR ((1) and (2)) or 

his-rTcHpHbR ((3) and (4)). The concentrations of used analytes were as follows: Hp 

100 μg/mL and Hb 50 μg/mL (i), Hp 50 μg/mL and Hb 50 μg/mL (ii and v), Hp 10 

μg/mL and Hb 50 μg/mL (iii), Hp 50 μg/mL and Hb 100 μg/mL (iv), Hp 50 μg/mL and 

Hb 10 μg/mL (vi).  
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6. CHAPTER II 

Effect of anti- Trypanosoma congolense epimastigote-specific free-Hb 

receptor antibodies against T. congolense epimastigote forms 

 

6-1. Introduction 

     In chapter I, I revealed a novel Hb receptor, namely Trypanosoma congolense 

epimastigote-specific hemoglobin receptor (TcEpHbR), which was only expressed in 

epimastigote (EMF) of T. congolense. This receptor is the first hemoglobin (Hb) 

receptor found in T. congolense. The chapter I also showed unique ligand-binding 

affinity, which was a different life stage-specific pattern from the orthologue of T. 

brucei (75, 144).  

     In this chapter, I aimed to evaluate the possibility of TcEpHbR as a candidate of 

transmission blocking vaccine (TBV) molecule. Considering the necessity of heme for 

trypanosome survival, Hb taken up via TcEpHbR might be an essential step for the 

EMF. Because the growth of TbHpHbR-knock down T. brucei bloodstream form (BSF) 

was attenuated in the mouse infection model (138), a strategy of the interference to 

TcEpHbR with anti-TcEpHbR antibody was hypothesized as a novel trypanosome 

control strategy. In order to evaluate the possibility of TcEpHbR as a TBV target, 

anti-TcEpHbR polyclonal and monoclonal antibodies (mAb) were assessed for their 

trypanocidal effects against T. congolense EMF in vitro. 
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6-2. Materials and methods 

Trypanosomes and culture conditions 

     T. congolense IL3000 (TcIL3000) strain EMF was maintained in vitro as 

described in chapter I. 

 

Production and purification of monoclonal antibodies  

     Sp2/0Ag4 myeloma cells were maintained in 5% fetal bovine serum 

(FBS)-supplemented GIT medium (Wako Pure Chemicals Industries Ltd.) at 37ºC in 

5% CO2. Five BALB/cAJcl seven-weeks-old female mice (CLEA Japan, Inc.) were 

immunized with the his-tagged recombinant TcEpHbR (his-rTcEpHbR) as described in 

chapter I. After four-time immunizations, 50 µL of his-rTcEpHbR solution was injected 

to mice by intravenous injection through their tail vains. Next day, the mice were 

sacrificed under a terminal anesthesia, and the spleens were sampled. The splenocytes 

were aseptically collected from these spleens, while Sp2/0Ag4 myeloma cells were 

harvested from the maintained culture (35). The collected splenocytes and Sp2/0Ag4 

myeloma cells were mixed in a cell number ratio of 5:1, and then fused by polyethylene 

glycol method (119). Fused cells were spread in the hybridoma selective medium that 

composed of GIT supplemented 0.7% methylcellulose (Thermo Fisher Scientific, MA, 

U. S. A.) and hypoxanthine-aminopterin-thymidine (CORNING, NY, U. S. A) (119). 

The colonies of hybridoma cells were picked up from the selective GIT medium, and 

isolated into each well of 96-well plate. After five-day incubation in the selective GIT 

media, mAb-producing hybridoma clones were screened by using an enzyme-linked 
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immunosorbent assay (ELISA), and the antibody activities were evaluated by western 

blot analysis and indirect immunofluorescence assay (IFA).  

     The antibodies that were contained in the hybridoma supernatants were 

concentrated by ammonium-sulfate precipitation and purified by a column 

chromatography of protein G. First, the antibodies were salted out by saturated 

ammonium sulfate (SAS) and dialyzed five times by serial diluted SAS with PBS. After 

the dialysis, the antibodies were purified by using protein-G column-chromatography 

kit (GE Healthcare Corp.), following the manufacture’s instruction. After purification, 

the antibodies were isotyped by using isotyping kit (Roche Diagnostics K. K.). 

 

Enzyme-linked immunosorbent assay (ELISA) 

     The his-rTcEpHbR was dialyzed against phosphate-buffered saline (PBS), and 

diluted with 0.05 M carbonate-bicarbonate buffer at pH 9.6 to a final concentration of 

200 ng/mL. One hundred microliters of the his-rTcEpHbR solution were coated on a 

96-well microplate (Nunc, Roskilde, Denmark) at 4ºC for over night after 2-h 

incubation at 37ºC in a moisture box. After washing three times with PBS containing 

0.05 % Tween 20 (PBS-T), the plate was blocked with 1% bovine serum albumin 

(BSA) in PBS for 1 h at room temperature (RT). The plate was washed three times with 

PBS-T, and 100 µL of 1:5 diluted hybridoma culture supernatants with PBS were 

applied to each well. The plate was incubated for 1 h at 37ºC, and washed 10 times with 

PBS-T, and then 100 µL of horseradish peroxidase (HRP)-conjugated anti-mouse IgG 

(GE Healthcare Bio-Sciences Corp., U. K.) at a dilution of 1:2,500 with 1% BSA in 
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PBS were added to each well. The plate was incubated for 1 h at 37ºC, and washed 10 

times with PBS-T. Then, 100 µL of substrate solution (TMB, Kirkegaad & Perry 

Laboratories, Baltimore, U. S. A.) was added to each well. After 5-min incubation at RT, 

the reaction was terminated by adding 100 µL of 1 M phosphoric acid into each well. 

The absorbance at 450 nm was measured by a microplate reader (MTP-500, CORONA 

ELECTRICS Co.,Ltd., Ibaraki, Japan). 

 

 Western blot analysis 

     Total proteins of EMF were used as antigen, as seen in chapter I. The protein 

extracts (2 μg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and electrophoretically transferred onto a polyvinylidene 

difluoride (PVDF) membrane (GE Healthcare Bio-Sciences Corp.). After blocking with 

5% skim milk in PBS at RT for 1 h, the blotted membrane was incubated with the 1:5 

diluted supernatant from each hybridoma culture with PBS or with 1:1,000 diluted 

α-rTcEpHbR mouse immune sera as 1st antibody at 27ºC for 1 h. The membranes were 

washed three times with PBS-T, and then incubated with 1:2,500 diluted anti-mouse 

IgG conjugated with HRP at 27ºC for 1 h. After wash with PBS-T for three times, the 

signals were detected by a 3, 3’-diaminobenzidine (DAB, Sigma-Aldrich Co., MO, U. S. 

A.) detection system.   
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Indirect immunofluorescence assay (IFA)  

     The EMF parasites were collected from the supernatant of EMF culture, and 

washed three times with PBS. The EMF cells were suspended in the supernatants of 

mAb-producing hybridoma culture or in 1:100-diluted α-rTcEpHbR mouse immune 

serum, and then incubated for 1 h at 27ºC. After the incubation, EMF cells were washed 

with PBS for three times and resuspended with PBS. The EMF suspensions were spread 

over glass slides, air-dried and then fixed with 100% methanol. The specimens were 

incubated with 1:200-diluted anti-mouse IgG conjugated with fluorescein 

isothiocyanate (FITC, Thermo Fisher Scientific Inc.) and 20 µg/mL biotinylated tomato 

lectin (Vector Laboratories, Burlingame, U. S. A.). After three-time washes with PBS-T, 

the specimens were incubated with 30 µg/mL streptavidin conjugated with 

fluorochrome (Vector Laboratories). Nucleus and kinetoplast DNAs were stained with 

Hoechst 33342 (Dojindo, Kumamoto, Japan). A confocal laser scanning microscope 

was used to observe the prepared specimens.  

 

Growth inhibition assay  

     The 1 x 105 parasites of EMF were inoculated in each well of a 96-well plate 

(Thermo Fisher Scientific) and pre-cultured in for 1 day at 27ºC. The adherent cells 

were washed with a flesh T. vivax medium-1 (TVM-1) to remove the non-adherent cells. 

Anti recombinant-TcEpHbR (α-rTcEpHbR) mAbs were diluted to 3 µg/mL, 15 µg/mL 

and 30 µg/mL with TVM-1. One hundred microliters of these mAb containing TVM-1 

were added to each well of the EMF cultures, and the plate was incubated for 5 days at 
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27ºC. After the incubation, the plate was centrifuged at 2,000 rpm for 10 min at RT. 

The living EMF cells collected at the bottom of wells were morphologically observed 

by light microscopy, and assessed for their cell proliferation activities by a BrdU-uptake 

evaluation kit (Roche Diagnostics K. K.), following the manufacture’s instruction.  

 

Preparation of the truncated rTcEpHbRs 

     The truncated rTcEpHbRs were expressed in E. coli as GST-tagged protein as 

discribed in chapter I, and purified by using a glutathione sepharose beads column (GE 

Healthcare Bio-Sciences Corp.). The primers used in this chapter are shown in Table 2, 

and the truncated rTcEpHbR designs are shown in Fig. 9. The truncated GST-tagged 

rTcEpHbRs (GST-rTcEpHbRs) were cleaved from the GST-tag by a prescission 

protease buffer (50 mM Tris-HCl (pH. 7.0), 150 mM NaCl, 1 mM EDTA) containing 

160 U/mL precision protease (GE Healthcare Bio-Sciences Corp.), and then dialyzed as 

described in chapter I. The truncated rTcEpHbRs were named as fragments A to I, and 

kept at -30ºC until use. 

 

Epitope mapping by ELISA 

     The truncated and full length GST-rTcEpHbRs were dialyzed against PBS, and 

diluted with 0.05 M carbonate-bicarbonate buffer at pH 9.6 to a final concentration of 1 

µg/mL. One hundred microliters of these recombinant protein solutions were coated on 

a 96-well microplate (Thermo Fisher Scientific) at 4ºC for overnight after 2-h 

incubation at 37ºC in a moisture box. After three-time washing with PBS-T, the plate 
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was blocked with 1% BSA in PBS for 1 h at RT. The plate was washed three times with 

PBS-T, and 100 µL of 1 µg/mL IgGs, which were purified from mAb-producing 

hybridoma cell culture supernatant, were applied to each well. The plate was incubated 

for 1 h at 37ºC, and washed 10 times with PBS-T, and then 100 µL of anti-mouse IgG 

conjugated with HRP at a dilution of 1:2,500 with 1% BSA in PBS were added to each 

well. The plate was incubated for 1 h at 37ºC, and washed 10 times with PBS-T. Then, 

100 µL of TMB were added to each well. After 5-min incubation at RT, the reaction 

was terminated by adding 100 µL of 1 M phosphoric acid into each well. The 

absorbance at 450 nm was measured by the microplate reader.  

     The fragments H and I of truncated rTcEpHbR were coated on a 96-well 

microplate as described above. After washing three times with PBS-T, serially diluted 

guanidinium chloride (GnHCl, 1 M, 2 M, 4 M and 6 M) were added at 100 µL/well for 

antigen degeneration (103). After 1-h incubation at RT, the microplate was washed 

three times with PBS-T. Following ELISA steps (blocking, 1st antibody reaction, 2nd 

antibody reaction, HRP enzyme reaction and detection) were performed as described 

above.   

 

Inhibition assay of hemoglobin uptake in T. congolense by supplementation with 

mAb 

     The EMF parasites were pre-incubated with TVM-1 on a four-well chamber slide 

(Thermo Fisher Scientific) for 1 day at 27ºC. After the pre-incubation, EMF cells were 

incubated in TVM-1 medium containing 15 µg/mL α-rTcEpHbR mAb for 15 min at 
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27ºC. After three-time washing with a fresh TVM-1, the EMF parasites were incubated 

with 20 µg/mL HbA488 for 2.5 hs at 27ºC. Thereafter, the parasites were air-dried and 

fixed with 100% methanol for 10 min at RT. Nucleus and kinetoplast DNAs were 

stained with Hoechst 33342 for 30 min at 37ºC. After three-time washing with PBS-T, 

the intensities of fluorescence accumulation inside the EMF cells were measured by 

using a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan) with the analyzing 

program (BZ analyzer, Keyence). 

 

Morphological analysis for the EMF parasites degenerated by mAb 

supplementation, using a transmission electron microscope (TEM) 

     To analyze the intracellular morphological change of degenerated EMF parasites, 

TEM observation was performed. EMF parasites were pre-incubated on a six-well 

culture plate (Sigma-Aldrich Co.) for 24 hs at 27ºC. After the pre-incubation, EMF 

parasites were incubated in TVM-1 medium containing 15 µg/mL α-rTcEpHbR mAb 

for 5 days at 27ºC. The parasites were washed three times with PBS, and then fixed by 

2% glutalaldehyde in PBS. Prepared samples were analyzed by using TEM in Hanaichi 

ultrastructure research institute (Aichi, Japan) (137).  

 

Preparation of Hb-depletion TVM-1 medium 

     GST-rTcEpHbR-affinity beads were prepared by following chapter I. Since 

commercial FBS used for the parasites culture, which contains 178 µg/mL Hb as 

certificated by Biowest (Batch No. S10123S1650), the final Hb concentration of 20% 
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FBS TVM-1 was calculated as 35.6 µg/mL. Excess amount of rTcEpHbR-affinity beads 

were added into the 20% FBS TVM-1, and then incubated with a shaking at 4ºC for 

over night, in order to deplete the Hb from medium. The affinity beads were separated 

from the medium, and kept as the Hb sample that was contained in pre Hb-depletion 

TVM-1. New rTcEpHbR affinity beads were added into the 300 µl of the medium again, 

and incubated with a shaking at 4ºC for over night, in order to calculate the residual Hb 

amount in the post Hb-depletion TVM-1. After the incubation, the rTcEpHbR-affinity 

beads were removed from the medium again and kept as the Hb sample that was 

contained in post Hb-depletion TVM-1. The pre and post Hb-depletion sample beads 

were treated with a SDS-PAGE sample buffer. These samples were spread by 

SDS-PAGE, and then, stained with Coomassie Brilliant Blue R-250 (CBB) for 

evaluation of the Hb-depletion efficiency(15). The approximately Hb concentration 

(Hb-Con) in Hb-depletion TVM-1 was estimated by the sample volume (V, mL) and 

CBB staining sensitivity. The detection limit of CBB staining (S) is 0.5 µg/cm2 of 

protein amount (https://www.thermofisher.com/order/catalog/product/20278). The 

square measure of one signal band (A) was approximated in 0.1 cm2.  

 

Hb-Con (µg/ml) < S (µg/cm2) * A (cm2)/V 

 

Growth-inhibition assay by mAb-1 in Hb-depletion medium 

     The 1 x 105 parasites of EMF were inoculated in each well of a 96-well plate and 

pre-cultured in for 1 day at 27ºC. Then, the adherent cells were washed with a flesh 
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TVM-1 to remove the non-adherent cells. One hundred microliters of Hb-depletion 

medium or 20% FBS TVM-1 which contained 15 µg/ml of mAb-1 or control mAb were 

added into each well, and then incubated at 27ºC for 5 days. The parasites were 

morphologically observed by microscopy, and the living cell numbers were evaluated 

by their BrdU uptake at the time points of 0, 1, 3 and 5 days. 
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6-3. Results 

Preparation of α-rTcEpHbR mAb reactive to living EMF 

     To assess the possibility of TcEpHbR as a TBV target, α-rTcEpHbR 

mAb-productive hybridoma cells were prepared. The immunoaffinity of α-rTcEpHbR 

mAb were evaluated against rTcEpHbR and EMF cell lysate by ELISA and western 

blotting analysis. In the results of ELISA, 15 lines of hybridoma colonies were selected , 

in which they produced α-rTcEpHbR-mAb that showed the high O. D. values (> 2.0, 

data not shown). In the results of western blotting analysis, 13 of the hybridoma cell 

supernatant, No. 1-3, 5-7, 9-15, exhibited positive reactivities against the EMF crude 

antigen (Fig. 10). Among them, only mAb No. 10 was reactive against living EMF, 

which other hybridoma cell supernatants and α-rTcEpHbR mouse immune serum did 

not react the parasites (Fig. 11). Finally, as the results of IFA, the mAb of No. 10 

hybridoma clone that had showed relatively the highest reactivity against living EMF 

parasites, was selected. The mAb was purified from the supernatant of hybridoma No. 

10, and named as mAb-1. The mAb purified from the supernatant of hybridoma No. 9 

was used for control mAb. The isotypes of mAb-1 and control mAb were IgG 1 and 

IgG 2b, respectively (data not shown). 

 

EMF-growth inhibition by supplementation with mAb-1 

     The growth inhibition activity of α-rTcEpHbR mAb-1 was analyzed. After 5-day 

incubation with the mAb-1, living numbers of EMF parasite were decreased in a 

concentration-dependent manner (Fig. 12). In the supplementation of 15 µg/mL and 30 
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µg/mL α-rTcEpHbR mAb-1, the EMF parasite numbers were significantly reduced to 

43% and 18%, as compared to that of the absence of mAb-1 supplementation, 

respectively (p < 0.01, Fig 12A, mAb-1). Furthermore, the EMF cells were swelled 

under the mAb-1 concentration of 15-30 µg/mL (Fig. 12B, mAb-1). Although the 

control mAb supplementation in EMF culture also caused a slight cell-proliferation 

inhibition, it did not cause any morphological changes in the treated EMF (Fig. 12B, 

control mAb panel). 

 

Epitope mapping by ELISA 

     To determine epitopes of mAb-1 in TcEpHbR, the epitope mapping analysis 

were performed by ELISA under the natural (Fig. 13A) and denatured (Fig. 13B) 

conditions. Anti-TcEpHbR mAb-1 reacted with the 200 and 252 AA of the truncated 

rTcEpHbRs (fragments H, I and full length, Fig. 13A). In the natural conditions, the 

optical density (O. D.) values showed over 2.9. On the other hand, other shorter 

fragments of rTcEpHbR (fragments A-G) did not react with α-rTcEpHbR mAb-1 (O. D. 

value < 0.035), including the fragment F overlapped a region of fragments H and I. 

Under the strong denatured conditions of 2, 3, 4 and 6 M of GuHCl, the antigenicities of 

fragments H and I against mAb-1 were decreased to a half level of natural condition 

(Fig. 13B). On the other hand, the antigenicities of fragments H and I kept same levels 

as the natural condition under the concentration of 1 M GuHCl (Fig. 13B).  
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Interference of α-rTcEpHbR mAb-1 to heme uptake by EMF 

     The uptake of free-HbA488 in EMF was observed in the presence of α-rTcEpHbR 

mAb-1 in vitro. The EMF-specific uptake of free-HbA488 was visualized as green signals 

adjacent to the nucleus and kinetoplast, regardless of the presence of mAb-1 (Fig. 14A). 

The average values of fluorescence intensity each green spot were not significantly 

differenced between the mAb-1 and control mAb (Fig. 14B).   

 

Morphological analysis of the degenerated EMF parasites 

     The degenerated EMF parasites that had been co-cultivated with mAb-1 were 

morphologically analyzed by TEM. EMF parasites were swelled after the incubation 

with α-rTcEpHbR mAb, fixed by glutalaldehyde and observed by TEM. There were 

large endocytic vesicles in the both of EMF cells cultured with mAb-1 and control mAb 

(Fig. 15). However, a large number of electron lucent structures were observed only at 

cytosol of the degenerated EMF cells cultured with the mAb-1 (Fig. 15, arrow). 

 

EMF-growth inhibition assay by mAb-1 in Hb-depletion condition 

     Firstly, the results of Hb depletion by a GST pull-down assay were evaluated. 

Free-Hb occurred as 12.8-kDa α-subunit and 13.0-kDa γ-subunit, as shown in chapter I 

(Fig. 16A, lanes 1 and 2). After the Hb-depletion treatment, the Hb signals became 

undetectable level (Fig. 16A, lane 3). The Hb concentration after Hb depletion was 

estimated under 0.167 µg/mL by the CBB staining sensitivity. Before the Hb depletion, 

20% FBS TVM-1 medium contained 34 µg/mL fetal Hb.  
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     The EMF parasites were cultured in the Hb-depleted medium or 20% FBS 

TVM-1 which contained 15 µg/ml of mAb-1 or control mAb for 5 days, and measured 

the cell numbers and morphological changes. As the results, after 5-day culture, there 

was no difference the cell numbers of EMF parasites between in the presence and 

absence of mAb-1 under the Hb-depletion condition (Fig. 16B, green and orange lines). 

The growth under Hb depletion was tended to inhibit than under 20% FBS TVM-1 (Fig 

16B, red and orange lines). In addition, the remarkable morphological changes were not 

observed between EMF in the presence and absence of mAb-1 under Hb-depletion, 

either (Fig. 16C). 
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6-4. Discussion  

     The Hb is taken up via TcEpHbR by T. congolense EMF as described in chapter I 

(144). The Hb is considered to be the main heme source in T. congolense EMF, because 

the heme is essential for cell surviving (71, 84, 141). Previously, it was reported that 

TbHpHbR knockdown in the BSF stage of T. brucei caused a growth inhibition in the 

infected mice (138). In this chapter II, a growth-inhibitory effect of α-rTcEpHbR mAb 

against the T. congolense EMF was examined, in order to evaluate its potential for a 

TBV. 

     Firstly, α-rTcEpHbR mAbs were prepared and mAbs that had reacted to EMF 

cells were selected by ELISA, western blot analysis and IFA. As the results of IFA, 

α-rTcEpHbR mouse immune serum did not react to the living EMF even though it has 

reacted to EMF in chapter I. Since fixed cells by methanol change the membrane 

permeability, the antigenicity of membrane proteins are increased (68). Therefore, 

α-rTcEpHbR mouse immune serum might react to EMF after fixed by the methanol in 

chapter I. In other words, the native antigenicity of TcEpHbR might not be high before 

fixation by the methanol, as the result of the IFA in chapter II. In fact, the 14 clones out 

of 15 clones of α-rTcEpHbR mAbs did not react against living EMF except mAb-1. 

These results suggested that the native TcEpHbR was low antigenicity, and mAb-1 was 

the very scarce antibody which could recognize native TcEpHbR and caused cell 

degeneration and growth inhibition on EMF.   

     In the results of epitope mapping analysis, the epitope AAs recognized by mAb-1 

were included in the 50-200 AA region, and 1-50 AA region or 200-252 AA regions 
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was essential as epitope, because the 50-200 AA region (fraction F) had no reactivity 

against the mAb-1. In addition, truncated rTcEpHbR reactivity against mAb-1 was 

partially lost under denatured conditions (> 2 M GnHCl, Fig 13B). As high 

concentration of GnHCl denatured the conformation of antigen, antibodies recognizing 

three-dimensional structure usually loose the reactivity (55). These findings suggested 

that the mAb-1 might recognize three-dimensional structure of TcEpHbR. On the other 

hand, the attenuation of antigenicity was just partial event. The denatured TcEpHbR 

under relatively lower concentration of GnHCl might refold and regain the antigenicity 

during washing and/or 1st antibody reaction steps. It suggested that TcEpHbR might 

have a high refolding ability.  

     In the results of morphological analysis for the degenerated EMF parasites by 

TEM, there were a large number of electron lucent vesicles in the cytoplasm of swelling 

cells treated with mAb-1. In previous study, such electron lucent structures were 

reported under the knockout of a kinase (eIF2a kinase of T. cruzi: TcK2), which 

involves a regulation of translation factors in T. cruzi EMF (5). The TcK2 activated 

under a condition of heme starvation suppresses the proliferation of T. cruzi EMF 

parasites and promotes the cell differentiation (5). Additionally, the previous study 

suggested that TcK2 might monitor the levels of intracellular heme presence. 

Resultantly, the TcK2 knockout caused an increasing of intracellular hydrogen peroxide 

level, in which the peroxide might damage to T. cruzi EMF (5). This previous study 

suggested that collapse of intracellular heme homeostasis might cause the manifestation 

of a large number of electron lucent structure with cell proliferation inhibition.  
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     As the results of the interference of mAb-1 to the hemoglobin uptake by EMF, 

mAb-1 did not inhibit the hemoglobin uptake in EMF. In the result of the growth 

inhibition assay of EMF using the Hb depleted medium, the growth of EMF under the 

Hb depletion condition was tended to inhibit compared with TVM-1 medium but the 

cell swelling of EMF was not observed. Additionally, the effects of cell degeneration 

and growth inhibition by mAb-1 were completely disappeared under the condition of 

Hb depletion. These results suggested that the cell degeneration by mAb-1 were caused 

regardless of Hb depletion and Hb presence was essential for the cell degeneration by 

mAb-1.  

     The Hb might be clathrin-mediated endocytosed and transported to a lysosome 

via early/late endosomes. The endosomes are commonly sorted according to the cargo 

proteins and transported to appropriate organelle (42, 48, 49). Such transportation 

systems might be conserved in trypanosomes, because trypanosomes have Rab-family 

proteins, which involve the membrane trafficking (42, 48, 49). Hb are digested in the 

lysosome, and heme are released within the lysosome from digested Hb (23). Heme is 

transported to cytosol via heme transporters that are present at the lysosome membrane, 

utilized to produce heme proteins (23). The growth inhibition might be caused by 

Hb/heme shortage inside cell on the EMF parasites that were cultured in Hb-depletion 

medium. This growth inhibition might be physiologically a normal response because 

EMF parasites which were infected with tsetse were exposed to hemoglobin depletion 

during except blood-sucking time of tsetse. Considering the condition of the tsetse 

proboscis, EMF likely developed a mechanism to adapt themselves to the low 
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hemoglobin condition. On the other hand, the cell degeneration and growth inhibition 

might be caused by the interference to the intracellular transportation of Hb in the EMF 

parasites which were co-cultivated with mAb-1. The electron lucent that were observed 

in the EMF parasites might be related to the interference. The result of the 

disappearance of the cell degeneration activity by mAb-1 under Hb depletion condition 

suggested this hypothesis; TcEpHbR had unknown function involving in Hb/heme 

transport or metabolism, and mAb-1 inhibited this function. In the result of this 

inhibition, the intracellular heme homeostasis was disrupted and the heme out of control 

caused the cell degeneration by its oxidative toxicity. 

     In this chapter, essential role of Hb was clarified in the EMF proliferation by 

Hb-depletion assay. My results suggest a potential of TcEpHbR as a target molecule for 

the development of TBV against T. congolense infection. 
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Underlines indicate the restriction enzyme sites: *BamHI, **NotI 

Table 2. Primers used for epitope mapping analysis 

Primer name Sequence (5'-3') 

Epi 1  GGATCC*GCTGAAGGAGAGATCAAGG 

Epi 2  GGATCC*AAATCTGAGGAGATCCTCGC 

Epi 3  GGATCC*GAGGAAGTTGAAATTGTGGC 

Epi 4  GGATCC*TACGTCAAGAAGGCTGCGGA 

Epi 5  GCGGCCGC**CTTCACGTGCTCCAATGCAT 

Epi 6  GCGGCCGC**CTGGTCCTCGCTTTCTTTCG 

Epi 7  GCGGCCGC**GTCCAAAGAGGTCAGAATGG 

Epi 8  GCGGCCGC**TGAGGATTCTGTCTCAACCT 
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Fig. 9. Truncated rTcEpHbRs. Truncated rTcEpHbR lengths are 100, 150, 200 and 

250 AA. The locations of used primers are indicated at upper. Black arrows: forward 

primers, Red arrows: reverse primers. Each fragment was prepared using each primer 

set. Full (252 AA, 26.8 kDa): Epi 1/Epi 8, A (102 AA, 10.6 kDa): Epi 1/Epi 5, B (102 

AA, 10.6 kDa): Epi 2/Epi6, C(101 AA, 10.7 kDa) : Epi 3/Epi 7, D (99 AA, 10.8 kDa): 

Epi 4/Epi 8, E (153 AA, 16.0 kDa): Epi 1/Epi 6, F (152 AA, 16.0 kDa): Epi 2/Epi 7, G 

(150 AA, 16.2 kDa): Epi 3/Epi 8, H (203 AA, 21.3 kDa): Epi 1/ Epi 7, I (201 AA, 21.4 

kDa): Epi 2/Epi 8.   
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Fig. 10. Evaluation of α-rTcEpHbR mAb activities against T. congolense EMF 

crude antigen. Fifteen lines of hybridoma culture supernatants, which were screened by 

ELISA, were used as 1
st
 antibody. Total proteins of T. congolense EMF were used as 

antigen. Hybridoma clone numbers are shown at upper. The P indicates positive control 

(α-rTcEpHbR mouse serum, polyclonal antibody). TcEpHbR signals were shown as two 

signals, 42 kDa and 37 kDa.    

P 4 5 6 7 8 9 10 11 12 13 14 152 31clone No.

50

37
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Fig. 11. Reactivities of α-rTcEpHbR antibodies against living EMF by IFA. Alive 

EMF parasites treated with each hybridoma supernatant or α-rTcEpHbR mouse immune 

serum were observed by confocal laser scanning microscopy. The antibodies used for 

IFA are shown at the corner of the panels (clone No. of hybridoma or mouse immune 

serum (P)). Green signals indicate TcEpHbR. Blue signals indicate nucleus and 

kinetoplast DNAs and red signals (No. 9, 10) indicate endocytic compartment. 
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Fig. 12. EMF-growth inhibition assay by mAb-1. A. Cell proliferations were 

evaluated by BrdU-uptake activity. The data were expressed as the mean 

chemiluminescence value  standard deviation. Y-axis: Cell number ratio to negative 

control (0 µg/mL mAb). Error bar: standard deviation, *: p < 0.05, **:p < 0.01 B: 

Morphological observation of EMF parasites treated with control mAb and mAb-1. 

After five-day incubation with 15 µg/mL mAbs, the parasites were observed by light 

microscopy.    
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Fig. 13. The epitope mapping analysis against mAb-1 under natural and 

denatured conditions. A: Under natural condition. The data were expressed as the 

mean O. D. value ± standard deviation. X-axis indicates the fragments used as 

antigen. B: Under denatured condition. The data were expressed as the mean O. D. 

value ± standard deviation. X-axis indicates the concentration of GnHCl (M). Blue 
bar and orange bars indicate ELISA values of fragments H and I, respectively.        
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Fig. 14. Interference of α-rTcEpHbR mAb-1 to heme uptake by EMF. A: 

Fluorescence microscopy of EMF Hb uptake co-cultured with mAb-1. Green: Hb
A488

, 
Blue: nucleus and kinetoplast DNAs. B: A comparison of fluorescence intensities 

between the control mAb and mAb-1. The data means fluorescence levels ± standard 

deviation. 
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Fig. 15. Morphological analysis of degenerated EMF cells. EMF cells treated 

with control mAb (upper panel) and with mAb-1 (lower panels) for 5 days. 

Nucleus (n), kinetoplast (k), flagellar pocket (fp), endocytic vesicle (ev) and 

electron lucent structure (arrow). Bar = 4 µm  
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Fig. 14 EMF growth assay in Hb depletion meduim. A: Evaluation of Hb depletion 

efficiency by SDS-PAGE. The gel was stained with CBB. lane 1: free-Hb indicator, 

lane 2: before Hb depletion, lane 3: after Hb depletion B: EMF growth inhibition 

assay by mAb-1 in Hb depletion medium. The vertical axis shows the relative 

cell-number against day 0 (= 1). Red, blue, orange and green lines indicate the 

cell-number in 20% FBS TVM-1 containing control mAb, in 20% FBS containing 

mAb-1, in Hb depletion medium containing control mAb and in Hb depletion medium 
containing mAb-1, respectively. 
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C: Morphological analysis of the EMF cells which were treated with mAb-1under 

20% FBS medium (Hb +) and Hb-depletion medium (Hb ) after 5-day cultivation. 
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7. GENERAL DISCUSSION 

 

     Recently, the genome projects for Trypanosoma brucei brucei, T. b. gambiense, T. 

congolense and T. vivax were completed (14, 25, 65, 67). The opened genome 

information combined with cutting-edge molecular biological techniques has 

contributed extremely to biology of African trypanosomes. In particular, establishment 

of molecular biological tools for in vitro culture systems and manipulation of genome 

made numerous developments on biological studies of the parasites. However, African 

trypanosomosis still threatens many people and livestock industry in sub-Saharan Africa 

(73, 136). Since African trypanosomes can evade from acquired immunity of 

mammalian host by its antigen variation of VSG in blood circulation, all attempts for 

vaccine development have been failed until now (56, 74). Because of this difficulty, 

insect vector stage of trypanosomes have been focused as a new target for trypanosome 

control (122).  

     This study aimed to clarify the heme-uptake mechanism of EMF stage, in order to 

develop a novel trypanosome control strategy in its vector. The T. congolense is the 

only African trypanosome, in which all of the life cycle stages can be maintained in 

vitro (61). Previously, T. brucei haptoglobin hemoglobin complex receptor (TbHpHbR) 

had been reported as the only Hb-uptake receptor identified in African trypanosomes 

(38, 59, 138). From the results of the whole proteome analysis of T. congolense, an 

orthologue of TbHpHbR was discovered in T. congolense (46). Initially, this protein, 

TcHpHbR, was considered as a HpHb receptor of T. congolense, because of its high 
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similarity to the TbHpHbR (59). However, my study revealed that TcHpHbR 

considerably differed from TbHpHbR in their expression profiles and ligand 

specificities. The TbHpHbR was previously reported to be an HpHb-uptake receptor in 

BSF stage, while I revealed that T. congolense exclusively takes up the free-Hb only in 

EMF stage, indicating the TcHpHbR as a free-Hb uptake receptor in EMF stage. In 

conclusion of chapter I, therefore TcHpHbR was renamed to T. congolense 

epimastigote-specific free-hemoglobin receptor (TcEpHbR).  

     Differences between TcEpHbR and TbHpHbR supported the hypothesis that the 

different ligand specificities of TcEpHbR and TbHpHbR have evolved as a 

consequence of adaptation of the different life cycle stages of the two species, due to 

their different habitats within their vector (75). Since T. congolense EMF occupy the 

proboscis of the tsetse fly, they are periodically exposed to a high level of free-Hb 

during the blood meals of tsetse fly (75). Hence, T. congolense EMF may effectively 

take up the free-Hb by the specific receptor, TcEpHbR. In contrast, T. brucei EMF 

parasitizes the salivary glands of tsetse fly (109). Thus, the parasites do not come in 

contact with free-Hb. This hypothesis is supported in Lane-Serff et al., 2016 (75). In 

Lane-Serff et al., 2016, they discuss about the difference of heme-source uptake 

mechanism between T. brucei and T. congolense from the evolutionary point of view. 

Firstly, both of the Hb receptors of T. congolense (TcEpHbR) and T. vivax (TvHpHbR) 

were expressed in EMF stage and interacted with free-Hb (66, 144). Secondly, T. brucei 

and T. congolense diverged each other after their last common ancestor which had 

diverged from T. vivax (125). From these points of view, TcEpHbR holds more 
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ancestral property than TbHpHbR, such as binding ability to Hb and expression stage. 

While TbHpHbR was a modified form for adaption to cellular distribution of T. brucei. 

It was presumed that T. brucei EMF firstly have altered their parasitic site from 

proboscis to salivary grand to evade the toxicity of blood meal or avoid the niche 

competition with other trypanosome species such as T. congolense and T. vivax. 

Because of this alternation of parasitic site, it became difficult to take up Hb from blood 

meal for T. brucei EMF in salivary gland, thus T. brucei evolved the new expression 

pattern and function of its Hb receptor, TbHpHbR, to uptake Hb from mammalian 

blood in BSF stage. This evolutional view-point can explain the differences of 

expression stage and function between TbHpHbR and TcEpHbR (75). 

     In chapter II, the growth-inhibition activity of α-rTcEpHbR mAb against T. 

congolense EMF cells was analyzed to evaluate the possibility of TcEpHbR for a TBV 

target. An α-rTcEpHbR mAb, named mAb-1, caused cell degeneration and growth 

inhibition on T. congolense EMF. These results suggested that the TcEpHbR might be a 

target candidate of the TBV. However, the cell degeneration and growth inhibition 

mechanisms have not been elucidated yet fully.  

     The EMF cell degeneration and growth inhibition in the presence of mAb-1 was 

not caused by an inhibition of the Hb uptake by TcEpHbR. On the other hand, the EMF 

growth was decreased in the presence of mAb-1 and Hb depletion condition. 

Additionally, the electron lucent vesicles were appeared in the swelling EMF cells. 

Because electron lucent vesicles were previously reported as the result of intracellular 

heme starvation, the lucent vesicles observed in this study might be the result of heme 
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starvation (5). As a hypothesis from these results and studies, mAb-1 might interfere the 

normal intracellular transport and/or metabolism of Hb by unknown mechanisms. It 

might cause a collapse of intracellular heme homeostasis, and then, the cell 

degeneration and growth inhibition of EMF would be led.  

     The study showed that TcEpHbR was a novel receptor to take up heme source 

from the blood sucked by tsetse fly to T. congolense. In addition, I revealed the different 

function and expression profiles between TcEpHbR and TbHpHbR. This difference 

may occur from evolutional transition of parasitic site of T. congolense and T. brucei in 

tsetse fly (75). Furthermore, the potential of TcEpHbR was presented for a TBV target, 

in which one α-rTcEpHbR mAb (mAb-1) caused cell degeneration and growth 

inhibition of T. congolese EMF in vitro. On the other hand, the low antigenicity of 

TcEpHbR will act as a barrier to develop the TBV. As a possibility, the peptide vaccine 

which targets the epitope of mAb-1 will be able to resolve this problem. Alternatively, 

the unknown mechanism of effect of mAb-1 may be involved in other candidates for 

TBVs or drugs. As a future plan, it needs to be elucidated that detail mechanisms of 

effects of mAb-1, for the development of novel TBV, as well as for clarifying the basic 

biology of trypanosomes. 
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8. CONCLUSSION 

 

     This thesis mainly reported the identification, molecular characterization and 

evaluation as a novel target for transmission blocking vaccine (TBV) of Trypanosoma 

congolense epimastigote-specific free-hemoglobin receptor (TcEpHbR). 

     In order to identify heme-uptake receptor in T. congolense, a T. brucei 

haptoglobin hemoglobin complex receptor (TbHpHbR) orthologue (T. congolense 

haptoglobin hemoglobin complex receptor, TcHpHbR) was sought from whole genome 

and proteome databases. The results of the gene- and protein-expression profiles of 

TcHpHbR revealed that TcHpHbR was exclusively expressed in the epimastigote form 

(EMF) of parasite, and localized at both EMF cell surface and flagellar pocket. 

Furthermore, the results of molecular-interaction analyses between TcHpHbR and 

free-Hb, free-Hp or HpHb, clarified that the TcHpHbR had a high affinity with free-Hb. 

Additionally, in the analysis of Hb uptake in all the life-cycle stages of T. congolense, T. 

congolense was shown to only take up free-Hb in EMF stage, but not to take up other 

hemoglobin associated proteins, free-Hp and HpHb complex, in other life-cycle stages. 

These results indicated that TcHpHbR functioned as the free-Hb receptor in EMF stage 

of T. congolense. Therefore, renamed the TcHpHbR was renamed to T. congolense 

epimastigote-specific free-hemoglobin receptor, TcEpHbR (Chapter I). 

     Next, the potential of TcEpHbR was examined for the development of TBV. 

Firstly, the α-rTcEpHbR monoclonal antibody (mAb), which reacted with living EMF 

of T. congolense, was prepared. The prepared mAb, mAb-1, caused cell degeneration 
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toward the parasites and induced growth inhibition on the EMF of parasites. However, 

the detailed mechanisms of cell degeneration and growth inhibition were not clarified. 

Results of morphological analyses and EMF-growth inhibition assay in the 

Hb-depletion condition suggested a possibility that TcEpHbR might participate in 

intracellular Hb transportation and/or intracellular heme homeostasis of the parasites. 

The findings of this study suggested that TcEpHbR could become a candidate for TBV 

target to control AAT (Chapter II).  

     Here, it was revealed that TcEpHbR was a novel Hb receptor of T. congolense 

EMF stage and that the antibody against TcEpHbR could inhibit a proliferation of T. 

congolense EMF in vitro. The mechanisms of EMF cell degeneration and growth 

inhibition should be clarified in future. 
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