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CHAPTER 18
SLEEPING SICKNESS AND NAGANA DISEASE
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Abstract. The hemoflagellate Trypanosoma brucei is the causative agent of human and animal African trypanosomiasis, also known as sleeping sickness and nagana disease, respectively. The infectious disease is transmitted by the bite of infected tsetse flies and afflicts mainly rural populations in sub-Saharan Africa. The subspecies T. b. gambiense and T. b. rhodesiense are responsible for the two forms of human African trypanosomiasis, the West and East African sleeping sickness, respectively. A third subspecies, T. b. brucei, is only infective for animals. The disease progresses in two stages. In the first stage, the parasites are restricted to the blood and lymphatic system while in the second stage they invade the central nervous system. The presence of the parasites in the brain of humans is associated with disturbance of the sleep-wake cycle which is the main characteristic symptom of second stage sleeping sickness and in many languages gives the disease its name. Without treatment, infected humans and animals will within months or years. Only few drugs are available for treatment of sleeping sickness and nagana disease but most of them are difficult to administer and show serious side effects. Although T. brucei has been extensively studied and many unique molecular and cellular features have been discovered for this organism, no new drugs have been developed for treatment of sleeping sickness and nagana disease since the 1970s. New methods for diagnosis, therapy and vector control are needed if eradication of the devastating disease is to be achieved.
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18.1. Introduction
Trypanosoma brucei ssp. is the etiological agent of sleeping sickness in humans (human African trypanosomiasis) and nagana disease in livestock (animal African trypanosomiasis). The subspecies T. b. gambiense and T. b. rhodesiense are infectious to both humans and animals whereas the subspecies T. b. brucei is only infective to animals. The protozoan parasites are transmitted by the bite from infected tsetse flies (Glossina spp.) and live and multiply extracellularly in blood and tissue fluids of their mammalian host. Both diseases are exclusively found in sub-Saharan Africa and are restricted to the distribution of tsetse flies. African trypanosomiasis is one of the most neglected tropical diseases, affecting mainly poor people living in remote areas of Africa. Sleeping sickness is a major cause for both morbidity and mortality while nagana disease is of economic importance making livestock breeding very difficult in the concerned regions.

18.2. Morphology and physiology of T. brucei
Trypanosoma brucei is a zooflagellate distinguished by the presence of a single flagellum (Fig. 18.1). Another characteristic feature of T. brucei is that it undergoes morphological changes during the course of its life cycle (polymorphism). In the insect vector, the parasite occurs in an epimastigote form and in a trypomastigote form while the latter is the only found in the mammalian host. Both forms have a C- or S-shape and are between 20-50μm long and 1-3 μm wide (Fig. 18.2). In the trypomastigote form the flagellum emerges at the posterior end whereas in the epimastigote form the flagellum exits in the middle of the cell. In both forms the flagellum is attached along its length to the cell body by a network of cytoskeletal and membranous connections that collectively make up the flagellum attachment zone (Ralston et al 2009). In cross-section, the flagellum has the typical 9×2+2 microtubule pattern. Near the basal body that anchors the flagellum, a DNA containing, disk-like structure can be observed, the kinetoplast. This organelle defines flagellates of the class of Kinetoplastida to which T. brucei belongs. The shape of the cell body is stabilized by microtubules orientated parallel to the long axis of the cell forming a helical array linked to the membrane. The cell surface of T. brucei is covered with a coat of glycoprotein attached to the cell membrane via GPI-anchors. In the case of the mammalian bloodstream forms, this coat is composed of densely packed variant surface glycoprotein (VSG) which undergoes antigenic variation in order to escape the immune response of the mammalian host (see below) (Borst and Rudenko 1994). The coat of insect life cycle stages is formed of an invariant glycoprotein termed procyclin (Roditi et al 1998). In other respects, T. brucei has all the typical organelles found in other eukaryotic cells. However, the parasite has only one elongated mitochondrion. In addition, T. brucei possesses a special organelle called glycosome, peroxisome-related microbodies found only in trypanosomatids.
Asexual proliferation of T. brucei occurs by asymmetric fission. First, the basal body is duplicated, and then the kinetoplast followed by the outgrowth of a new flagellum and finally the nucleus. Sexual reproduction of T. brucei has been shown to occur in the insect vector (Peacock et al 2009). Meiosis happens in the salivary glands and promastigote-like gametes interact with each other via their flagella followed by cell fusion (Peacock et al 2014).
Trypanosoma brucei lives only on soluble nutrients which are abundantly available in tissue fluids and intestinal contents of their hosts. The uptake of nutrients occurs via endocytosis at the membrane of the flagellar pocket, an invagination of the plasma membrane where the flagellum exits the cytoplasm. Mammalian bloodstream forms have a glycolytic metabolism and rely entirely on glucose as energy source. Glucose is broken down to pyruvate which is then excreted. They consume about 50-100% of their dry-weight in glucose per hour and as they do not store polysaccharides, they need a continuous supply of the sugar. Mammalian bloodstream forms do not have a functional tricarboxylic acid cycle and are deficient of respiratory chain enzymes. Insect forms have an oxidative metabolism but mainly burn up amino acids, especially proline.

18.3. Molecular and cellular features of T. brucei
Although T. brucei is a eukaryotic cell, the parasite has developed special molecular and cellular features which are unique to this organism.

18.3.1. Antigenic variation. As extracellular blood parasite T. brucei is constantly exposed to the immune defense of its mammalian host. However, the parasite found a way to circumvent the host’s immune response: it changes regularly its surface antigens (Vickerman 1978, Borst and Rudenko 1994). Each bloodstream form trypanosome is covered by a 15 nm thick surface coat (Fig. 18.3) composed of densely packed variable protein molecules known as variant surface glycoproteins (VSGs). During an infection with T. brucei, the host’s immune system produces antibodies against the VSG molecules of the first intruders. Most parasites of this first T. brucei population are killed by the antibodies but a few cells survive because they produce a new, different VSG molecule (Fig. 18.4). These cells multiply and give rise to a new population of parasites until the immune system has produced new antibodies against this second generation of VSG molecules (Fig. 18.4). Once more most parasites are killed yet a few have replaced their surface coat with a new VSG molecule. Again, these cells escape the attack of the antibodies and expand to a new parasite population (Fig. 18.4). This process of antigenic variation recurs numerous times during the course of an infection because T. brucei has about 2000 genes for different VSG molecules (Berriman et al 2005). The switching between VSG genes can occur by two major mechanisms, duplicative transposition and in situ switch (Fig. 18.5) (Borst et al 1997). In order to be expressed, a VSG gene has to be in an expression site, a specialized locus at the end of chromosomes. Although T. brucei has approximately 20 expression sites, only one is fully active at a time in bloodstream forms to transcribe its VSG gene. In the case of duplicative transposition, the VSG gene of the active expression site is replaced by a copy of a non-telomeric, archived VSG gene. In the second mechanism, the in situ switch, the active expression is switched off while an inactive expression site is switched on with the result that another VSG gene is transcribed.

18.3.2. Trans-splicing. In contrast to most other eukaryotic cells, the protein-coding genes of T. brucei do not have introns. Instead they are organized in polycistronic transcription units. These units are transcribed by an upstream located promoter as a whole and a polycistronic pre-mRNA is produced, i.e. a transcript that contains the information for several proteins (similar to bacterial transcription). Mature monocistronic mRNAs are created in a concerted action of trans-splicing and polyadenylation (Fig. 18.6) (Liang et al 2003). This process involves the addition of a 39 nucleotide long spliced leader sequence (mini-exon) from a donor RNA at the 5’-terminus of a protein-encoding RNA and 3’-end cleavage/polyadenylation. Thus, through the process of trans-splicing exons of two different RNAs are linked to each other.

18.3.3. RNA editing. RNA editing is the posttranscriptional correction of mRNAs through insertion and/or deletion of one or several nucleotides. This unusual process was first discovered in T. brucei and concerns the protein-coding genes of the mitochondrial DNA (Stuart et al 2005). As most of the mitochondrial genes are encrypted, RNA editing is necessary to change illegible sequences into translatable sequences. Through insertion and to a minor degree deletion of uridine residues correct open reading frames and initiation site are created (Fig. 18.7). This can be quite extensive and up to 50% of the nucleotides in an mRNA molecule may have been added in course of the editing. This process is regulated by small RNA molecules called guide-RNAs (gRNAs), which encode complementary sequence information for the insertion and deletion of uridine residues. In T. brucei, RNA editing is developmentally regulated and occurs only in the insect forms.

18.3.4. Kinetoplast. The kinetoplast contains the mitochondrial DNA and consists of two classes of circular DNA molecules: ~50 identical 22-kb maxicircles and ~10,000 heterogeneous1-kb minicircles (Stuart et al 2005). The DNA molecules are catenated together similar to a chain amour and form an extraordinary disk-like structure located within the matrix of the single mitochondrion (Fig. 18.2 and 18.3). The maxicircles code for 18 cryptogenes and gRNAs while the minicircles code for more than 1,200 different gRNAs.

18.3.5. Glycosome. The glycosome is a special organelle in trypanosomes which is related to peroxisomes of higher eukaryotes (Michels et al 2006). In mammalian bloodstream forms of T. brucei, glycosomes contain the first seven enzymes of the glycolytic pathway (Fig. 18.8) which made up 90% of their protein content. This compartmentation of glycolysis is unique among eukaryotes. It appears to be essential for the regulation of the glycolytic pathway and enables bloodstream forms of T. brucei to overcome short periods of anoxia.

18.3.6. Alternative oxidase. As mammalian forms of T. brucei rely on blood glucose as their sole source of energy and do not express respiratory chain enzymes, they need an alternative way to re-oxidize the NADH produced during glycolysis. A cyanide-insensitive alternative oxidase located in the mitochondrion, is key to this process (Chaudhuri et al 2006). NADH is re-oxidixed through a glycerol-3-phosphate/dihydroxyacetone phosphate shuttle between glycosomes and the mitochondrion, where then an alternative oxidase transfers the electrons to oxygen to form water (Fig. 18.8). The trypanosome alternative oxidase is essential for the survival of bloodstream forms of T. brucei. As mammals do not have an alternative oxidase, this enzyme is a promising chemotherapeutic drug target for African trypanosomiasis.

18.3.7. Trypanothione. In T. brucei the cellular thiol redox homeostasis is maintained by trypanothione, a thiol molecule composed of two molecules of glutathione joined by a spermidine linker (Fig. 18.9) (Krauth-Siegel and Comini 2008).The major function of trypanothione is to donate electrons for the synthesis of DNA and for the reduction of hydroperoxides. Trypanothione is kept reduced by a parasite-specific trypanothione reductase which links the NADPH- and the thiol-based redox metabolisms (Fig. 18.9). As mammals use the glutathione/glutathione reductase system for maintenance of their cellular thiol redox homeostasis, trypanothione reductase has been considered as a target for the development of drugs against T. brucei.

18.4. Life cycle of Trypanosoma brucei
Trypanosoma brucei has a complex digenetic life cycle between a mammalian host and an insect vector (Fig. 18.10). During a blood meal of an infected tsetse fly, about 20,000 infectious metacyclic trypomastigote forms of T. brucei are injected with saliva into the connective tissue of the skin of a human host. Within the next 2-4 weeks, the parasites transform into actively dividing long slender trypomastigotes and are spread via the lymph and blood throughout the body. The parasites continuously replicate by binary fission until a certain cell density is reach. At the peak of parasitemia, most long slender forms change into non-dividing short stumpy trypomastigotes (pleomorphism). The short stumpy forms are eliminated by the immune response of the human host and subsequently the number of parasites in the blood falls considerable. However, some of the remaining long slender forms escape the immune response by antigenic variation (see above) and give rise to another parasitemic wave. This interplay between long slender and short stumpy forms continues almost indefinitely in the human host and is the reason for the chronic nature of sleeping sickness.
Tsetse flies become infected with trypanosomes when taking a blood meal containing short stumpy forms. The short stumpy forms are pre-adapted to the life in the insect vector and transform in actively dividing procyclic trypomastigotes in the fly’s midgut. Eventually the procyclic forms leave the midgut and migrate to the salivary glands where they change into epimastigote forms. At first, the epimastigotes multiply by asymmetric fission and then transform into non-dividing, human infectious metacyclic forms. The cycle in the tsetse flies takes about 2-3 weeks.

18.5. Human infectivity of Trypanosoma brucei
Generally, humans are resistant to infection by African trypanosomes. This innate immunity is due to a trypanosome lytic factor (TLF) found in normal human serum and consists of a polipoprotein L-I (apoL1) and haptoglobin-related protein (Hpr) (Vanhollebeke and Pays 2010). These proteins are associated with two serum complexes, a high density lipoprotein subfraction (HDL3) termed TLF1 and an IgM/apolipoprotein A-I complex called TLF2 (Vanhollebeke and Pays 2010). Uptake of these factors leads to killing of trypanosomes through lysis induced by the pore-forming activity of apoL1. Only the two subspecies T. b. gambiense and T. b. rhodesiense can resist this defense mechanism and thus can infect humans causing sleeping sickness.
In T. b. rhodesiense the factor inactivating apoL1 is a VSG-like protein termed serum resistant associated (SRA) protein (Xong et al 1998). The N-terminal helical domain of the SRA protein interacts with the C-terminal helical domain of apoL1 in the lysosome preventing the release of the pore-forming protein and subsequently the lysis of the parasite (Vanhamme et al 2003). Trypanosoma brucei gambiense does not contain the SRA protein and has developed independently a different, multifactorial mechanism to resist the lysis by TLF. First, a specific truncated T. b. gambiense VSG (TgsGP) confers resistance to apoL1 by stiffening and increasing the curvature of endosomal membranes which probably impairs the pore-forming activity of apoL1 (Uzureau et al 2013). Second, apoL1 is degraded faster in T. b. gambiense due to increased cysteine protease activity in early endosomes (Uzureau et al 2013). Third, TLF-1 is inefficiently taken up by T. b. gambiense due to a single mutation in the TLF-1 receptor (De Jesus et al 2013).

18.6. Clinical presentation of sleeping sickness and nagana disease

18.6.1. Sleeping sickness. Human African trypanosomiasis occurs in two forms depending on the T. brucei subspecies involved (Table 18.1). Trypanosoma brucei gambiense is responsible for West African sleeping sickness (Fig. 18.11) which accounts for 98% of all reported sleeping sickness cases and causes a chronic infection (WHO 2014). A patient can be infected for months or even years before any major symptoms of the disease present. Trypanosoma brucei rhodesiense is the etiological agent of East African sleeping sickness (Fig. 18.11) which currently accounts for only 2% of all notified sleeping sickness infections and gives rise to an acute illness (WHO 2014). First symptoms of the disease are already observed a few weeks after infection. Without treatment, both forms of sleeping sickness are normally fatal. The mean survival time for West African sleeping sickness patients is three years, while that of East African sleeping sickness patients is six months.
The symptoms of sleeping sickness are generally the same for both forms of the disease but differ in their severity and frequency of appearance (WHO 2013). The disorder occurs in two stages, the first or early stage, also known as the hemolymphathic stage, defined by the restriction of the parasites to the lymphatic and blood system, and the second or late stage, also known as the neurological stage, characterized by the active invasion of the central nervous system by the parasites. Around five days after the bite of an infected tsetse fly, a local inflammatory skin reaction called trypanosome chancre may develop at the inoculation site. This trypanosome chancre is observed in about 50% of all T. b. rhodesiense infections but rarely seen in T. b. gambiense cases.

18.6.1.1. First stage symptoms. Early stage symptoms appear about 2-4 weeks after infection when the parasites have spread into the lymph and blood. These include chronic and intermittent fever, headache, pruritus, lymphadenopathy, weakness, anemia, musculoskeletal pain, hepatosplenomegaly, cardiac involvement and endocrine dysfunctions (WHO 2013). The fever episodes can last from one day up to one week and are separated by afebrile intervals of a few days to a month. They occur when the parasitemia drops and are triggered by cell debris and metabolites from disintegrating parasites. Fevers are more pronounced and more frequent in the early stage than in the late stage of the disease while the reverse is true for headaches. 
Itching is a more subjective complaint and occurs more frequently with the duration and severity of the disorder. Generalized lymphadenopathy is a typical sign for human African trypanosomiasis. In West African sleeping sickness enlargement of the posterior cervical lymph nodes, known as Winterbottom’s sign, is characteristic, whereas in East African sleeping sickness submandibular, axillary and inguinal lymph nodes tend to be swollen. Musculoskeletal pain, hepatomegaly and splenomegaly are other common non-specific signs often observed in sleeping sickness patients. 
Electrocardiographic alterations (Q-Tc prolongation, repolarization changes and low voltage) are frequently observed in both stages of West African sleeping sickness patients but rarely leads to clinically relevant heart failure. However, in East African sleeping sickness, myocarditis, pericarditis and congestive cardiac failure can develop early and lead to death during the first stage. Endocrine disorders may include a permanent feeling of being cold, reduced or increased appetite, excessive thirst, loss of libido, impotence and amenorrhea.

18.6.1.2. Second stage symptoms. Late stage symptoms appear after weeks in East African sleeping sickness and after months is West African sleeping sickness. This stage of the disease is associated with severe headache, sleep abnormalities, motor system disturbances and mental changes (WHO 2013). The sleep disorder is the main characteristic sign of late stage sleeping sickness and in many languages gives the disease its name. It consists of a reversal of the circadian rhythm of the sleep-wake cycle with night-time insomnia and day-time somnolence and frequent uncontrollable sleep episodes of short duration. The reason for the sleep disturbance lies in a dysregulation of the normal sleep-wake cycle and a fragmentation of the sleep pattern. In addition, the structure of the sleep is altered with an early onset of rapid-eye movement sleep. Motor abnormalities include motor weakness, tremor, bradykinesia, walking difficulties, abnormal movements and speech disturbances (i.e., slurred speech). Another characteristic feature of the late stage of sleeping sickness is the impairment of mental functions and personality and behavioral changes. These include lassitude, apathy, loss of concentration, confusion, mood changes, anxiety, irritability, hallucinations, delirium, and the inability to cope with the tasks of everyday life. Finally the patient enters a terminal somnolent and an advanced cachexial state. Eventually an untreated patient will succumb to starvation or to secondary infections (mostly pneumonia).

18.6.2. Nagana disease. Trypanosoma brucei brucei causes relative mild infections in wild animals whereas it can cause severe, often fatal disease in domestic animals. In cattle and pigs the course of the disease is relatively mild while in sheep and goat more moderate and in horses, donkey and dogs rather severe (Taylor and Authié 2004). The symptoms of the disease are fever, listlessness, emaciation, drop in milk production, hair loss, discharge from eyes, edema, anemia and paralysis (Taylor and Authié 2004). As the disease progresses, the animals become weaker and weaker and eventually unfit for work. The poor condition of infected animals gave the disease its name from the Zulu word “N’gana” which means powerless/useless.

18.7. Diagnosis of sleeping sickness and nagana disease
18.7.1. Sleeping sickness. The presence of clinical symptoms (fever, swollen lymph nodes or neurological signs) can raise suspicion of sleeping sickness in a patient but is insufficient in order to start chemotherapeutic treatment (WHO 2013). Diagnosis of sleeping sickness is generally laboratory-based and follows a three-step pathway: screening, parasitological confirmation and staging (Fig. 18.12). However, as sleeping sickness occurs in rural areas, only those diagnostic methods that are cheap, quick, simple and reliable should be used (WHO 2013).

18.7.1.1. Screening
18.7.1.1.1. Serological tests. The standard serological assay for the detection of T. b. gambiense is the long-established card agglutination test for trypanosomiasis (CATT) (WHO 2013). The test was developed in 1978 and is provided by the Institute for Tropical Medicine in Antwerp. The CATT employs fixed and stained bloodstream forms of T. b. gambiense of the variable antigen type LiTat1.3[footnoteRef:1] and is based on direct agglutination of specific antibodies with antigens exposed on the surface of the trypanosomes. The assay can be performed on undiluted whole blood or on diluted blood, serum or plasma. One drop of the test sample is put on the test area of a plastified card and then mixed with one drop of the CATT antigen. The card is rocked on an orbital rotator for five minutes. Visible agglutination indicates a positive reaction. The sensitivity of the CATT ranges between 78-99% with a negative predicted value of 99-100%. However, the low positive predictive value of the CATT is the reason why all positive tested individuals require parasitological confirmation. Because of the much higher antigenic variation of T. b. rhodesiense, no equivalent of the CATT is available for the detection of this subspecies. [1: The identity of a clone of T. brucei is determined by the variable antigen expressed at the surface. Different variable antigen types are designated by a code composed of letters indicating the laboratory that originally characterized the antigen type, a letter indicating the subgenus, and two letters as an abbreviation of the words “antigenic type”, followed by a number. For example, LiTat 1.3 stands for Lille Trypanozoon antigen type 1.3. The molecule responsible for a variable antigen type is the VSG.] 

Immunofluorescence assay (IFA) is another serological technique for diagnosis of sleeping sickness (WHO 2013). The IFA can be used for serodiagnosis of both T. b. gambiense and T. b. rhodesiense infections. In this test, whole trypanosomes coated on slides are incubated with diluted test serum, then with fluorescein-labelled anti-human IgG and finally inspected with a fluorescence microscope. The sensitivity of the test with serum has been reported to be 75-95% for West African sleeping sickness, and 71-92% for East African sleeping sickness.
Numerous enzyme-linked immunoabsorbent assays (ELISAs) have been developed for the detection of antibodies in sleeping sickness patients (WHO 2013). For diagnosis of T. b. rhodesiense infections, crude trypanosome extracts are usually used as antigens while for T. b. gambiense infections purified LiTat 1.3 or 1.5 VSG antigens are employed. The various ELISAs have sensitivities and specificities of 95-100% and 97-100%, respectively.
More recently, two rapid diagnostic tests (RDTs) have been developed for T. b. gambiense sleeping sickness, the SD Bioline HAT marketed by Standard Diagnostic, Inc. and the HAT Sero-K-SeT introduced by CorisBioConcept. Both RDTs are lateral flow tests (immunochromatographic strip tests) and use equimolar mixtures of the T. b. gambiense VSGs LiTat 1.3 and 1.5 as antigens (Büscher et al 2014). On whole blood samples, the HAT Sero-K-SeT test performs better than the SD Bioline HAT (sensitivity 98.5% vs 89.3%, specificity 98.6% vs. 94.6%).

18.7.1.1.2. Molecular tests. Molecular methods to detect trypanosome DNA or RNA for diagnosis of sleeping sickness have been developed over the years. Although molecular techniques such as polymerase chain reaction (PCR) or nucleic acid sequence-based amplification (NASBA) show generally high sensitivity and specificity and can be performed on various specimens (e.g. whole blood, frozen blood, blood stored on filter paper, cerebrospinal fluid (CSF)), their requirements of laboratory instruments for nucleic acid extraction, amplification and visualization limit their use to reference centers. In contrast to conventional molecular methods, loop-mediated isothermal amplification (LAMP) is a much simpler technique that does not require nucleic acid extraction and amplifies DNA at constant temperature. 
A LAMP test has recently been developed into a commercially available kit, the Loopamp™ Trypanosoma brucei kit, which is marketed by Eiken Chemical Co., Ltd. This field-applicable test uses the repetitive insertion mobile element (RIME) as targeted DNA and can be used for the detection of both T. b. gambiense and T. b. rhodesiense. The test shows good diagnostic accuracy and excellent reproducibility with a sensitivity of 87.3-93.0% and a specificity of 92.8-96.4% (Mitashi et al 2013).

18.7.1.2. Parasite detection. The demonstration of the presence of parasites in T. b. gambiense sleeping sickness is notoriously difficult because of the cyclical parasitemia which makes it necessary to repeat examinations on a daily basis. In T. b. rhodesiense sleeping sickness, the detection of parasites is easier because of the much higher density of circulating trypanosomes. Parasitological confirmation relies usually on microscopic search for trypanosomes in aspirates collected from enlarged cervical lymph nodes or in blood films (WHO 2013). Because of the low parasitemia in West African sleeping sickness, concentration methods such as micro-hematocrit centrifugation technique (mHCT), quantitative buffy coat test (QBC) or mini-anion-exchange centrifugation technique (mAECT) may be necessary in order to increase the density of trypanosomes in test samples (WHO 2013).

18.7.1.3. Staging. Once sleeping sickness has been confirmed in a patient, the determination of the disease stage is mandatory because of the toxicity of the drugs used for treatment of the late stage of the disease. For stage determination, CSF taken by lumbar puncture is examined for the presence of trypanosomes and for an increased white blood cell (WBC) count (WHO 2013). The CSF is examined under a microscope using a counting chamber. Patients with no trypanosomes and < 5 WBC per microliter in the CSF are considered to be in the first stage while those with trypanosomes and/or ≥ 5 WBC per microliter in the CSF are regarded to be in the late stage (WHO 2013). As the number of WBCs in normal CSF is usually low and an accurate WBC count is imperative for correct patient management, the CSF should not be diluted for counting. As the sensitivity of direct detection of trypanosomes in CSF is usually low, parasites can be concentrated by centrifugation.

18.7.2. Nagana disease. A presumptive diagnosis of nagana disease can be based on clinical signs such as anemia in combination with poor condition. However, as for sleeping sickness, parasitological demonstration of the presence of trypanosomes in the blood of an animal is mandatory before commencing any treatment. The techniques for parasite detection are similar to those describe for sleeping sickness and include direct microscopy of blood films, concentration techniques and animal inoculation (e.g. mice or rats) (Molyneux 1975).

18.8. Treatment of sleeping sickness and nagana disease
18.8.1. Sleeping sickness. Therapy for sleeping sickness is currently unsatisfactory as only a five drugs, pentamidine, suramin, eflornithine, nifurtimox and melarsoprol (Fig. 18.13), are available. All of these drugs were developed over 40 years ago (Steverding 2010). The main drugs used for treatment of early and late stage sleeping sickness have to be administered parenterally, display toxic side effects and are sometimes ineffective. All anti-sleeping sickness drugs are donated to the World Health Organization by Bayer and Sanofi and the companies have agreed to secure the supply of the drugs until at least 2017 (WHO 2013).
Pentamidine is used as first-line treatment for early stage T. b. gambiense sleeping sickness (Table 2). Pentamidine is a synthetic aromatic diamidine, chemically related to the antidiabetic drug phenformin. It was introduced in 1937 and is nowadays given as the isethionate salt (WHO 2013). The most common adverse side effects are hypoglycemia and hypotension (WHO 2013). Because of the hypoglycemic effect of pentamidine, patients are given sweet food or drinks before the administration of the drug. Pentamidine can also be used as alternative treatment for early stage T. b. rhodesiense sleeping sickness (Table 18.2).
Although suramin is effective against the first stage of both forms of sleeping sickness, today its use is restricted to first-line treatment for early stage T. b. rhodesiense disease (Table 18.2). This is because suramin is also active against onchocerciasis which is prevalent in West African sleeping sickness areas and its treatment with suramin could give rise to severe immunological reactions in co-infected patients (WHO 2013). Suramin is a polysulfonated naphthyl urea introduced in 1922 (WHO 2013). Frequent side effects are renal failure, peripheral neuropathy, skin lesions and bone marrow toxicity (WHO 2013). Because hypersensitivity reactions (anaphylactic shock) can occasionally occur the drug needs to be tested at a low dose before commencing treatment.
The standard first-line treatment for late stage T. b. gambiense sleeping sickness is now the nifurtimox-eflornithine combination therapy (NECT) (Table 18.2). Nifurtimox is a 5-nitrofuran derivative and was introduced for treatment of Chagas disease in the late 1960s (Steverding 2008). In the past, nifurtimox was used on compassionate grounds for treatment of T. b. gambiense sleeping sickness patients who did not respond to melarsoprol (see below). Adverse effects associated with nifurtimox are anorexia, weight loss, psychological changes, excitability, sleepiness and gastrointestinal symptoms. Eflornithine (DL-α-difluoromethylornithine, DFMO) is a specific and irreversible suicide inhibitor of ornithine decarboxylase. It was initially developed in the 1970s as a potential anti-cancer drug and was approved in 1990 for treatment of late stage sleeping sickness caused by T. b. gambiense (Steverding 2008). The much shorter half-life of ornithine decarboxylase in T. b. rhodesiense is the reason why this drug is ineffective against this subspecies. The major drawbacks of eflornithine are its high costs and its requirement for large doses. The main side effects of the drug include bone marrow toxicity, alopecia, seizures and gastrointestinal symptoms (WHO 2013). Compared with eflornithine monotherapy, NECT shows less adverse events and has a lower relapse rate (WHO 2013). Eflornithine monotherapy remains an alternative to NECT when nifurtimox is not available or is contraindicated (Table 18.2) (WHO 2013).
Melarsoprol is the only treatment for late stage T. b. rhodesiense sleeping sickness (Table 18.2). Melarsoprol is a trivalent organic arsenical and was introduced in 1949 for treatment of the late stage of both West and East African sleeping sickness (Steverding 2008). The drug has a wide-range of adverse effects including hepatic toxicity, peripheral neuropathy, skin rash, acute phlebitis and vein sclerosis (WHO 2013). However, the most serious complication is a reactive encephalopathy which occurs in 5-18% of patients, 10-70% of whom die, leading to an average mortality for the treatment of about 5% (WHO 2013). Melarsoprol is nowadays only indicated in the treatment of T. b. gambiense sleeping sickness in the case of a relapse after NETC (Table 18.2) (WHO 2013).
After successful treatment, patients should be regularly monitored every six months for two years. Patients are considered cured if no trypanosomes can be found in blood, lymph and CSF and the WBC count in the CSF remains normal at the end of the follow-up period.

18.8.2. Nagana disease. For treatment and prophylaxis of nagana disease caused by T. brucei only three drugs, quinapyramine, diminazene and isometamidium (Fig. 18.13), are available (Holmes et al 2004). All these drugs have been developed and introduced between 1950 and 1961. Quinapyramine is a bis-quaternary compound and can be used as therapeutic as well as prophylactic drug (Table 18.3). It is effective against T. brucei infection in cattle, sheep, goats and pigs. Due to the development of drug resistance, quinapyramine was withdrawn from the market in many parts of Africa in the 1970s. Quinapyramine is nowadays mainly used as prophylactic in pigs to prevent infections with T. brucei. Diminazene is like pentamidine an aromatic diamidine. Because diminazene is very quickly eliminated, it can be only used for therapy of nagana disease (Table 18.3). As it is not very toxic for cattle, it is mainly employed for treatment of bovine trypanosomiasis. It is also used for therapy of T. brucei infection in dogs. Isometamidium is a phenanthrinium derivative and effective against T. brucei infections in equids (Table 18.3). The drugs can be used as therapeutic and prophylactic agent (Table 18.3).

18.9. Epidemiology of sleeping sickness and nagana disease
18.9.1. Geographical distribution of T. brucei, sleeping sickness and nagana disease
The distribution of T. brucei is restricted to that of tsetse flies which are exclusively found in a belt that stretches south of the Sahara Desert and north of the Kalahari Desert between 14° North and 20° South latitude (Fig. 18.11).Whereas nagana disease occurs throughout this area, sleeping sickness has a spatially discrete distribution and currently occurs in some 250 rural foci scattered over 36 African countries (Fig. 18.11) (WHO 2014). In addition, the two human pathogenic sub-species of T. brucei have distinct allopatric distribution which coincides with the geographical extension of their respective tsetse fly vectors. Trypanosoma brucei gambiense has a much broader range and is found in 24 countries in west and central Africa while T. b. rhodesiense occurs in 13 countries in eastern and southern Africa (Fig. 18.11 and Table 18.1) (WHO 2014). Uganda is the only country in which both T. b. gambiense and T. b. rhodesiense co-occur but in different regions without overlapping (WHO 2014).

18.9.2. Vectors. Tsetse fly populations are one of the most important factors in the epidemiology of sleeping sickness and nagana disease. There are 31 species and subspecies of tsetse flies but only members of the palpalis and the morsitans group are important vectors for the transmission of T. brucei. Whereas T. b. brucei is transmitted by both groups of tsetse flies, T. b. gambiense and T. b. rhodesiense are transmitted by members of the palpalis and morsitans group, respectively (Table 18.1). The reason for the focal distribution of sleeping sickness (Fig. 18.11) is unknown and there are areas where tsetse flies are found but no cases of sleeping sickness. Transmission of the disease usually occurs when people enter the natural habitat of tsetse flies (Table 18.1) to carry out activities such as farming, fishing and hunting. Humans are the epidemiologically important reservoir for West African sleeping sickness while animals for East African sleeping sickness (Table 18.1). Livestock usually contract nagana disease when farmers take their animals into tsetse fly infested areas for grazing.

18.9.3. Epidemics. There are some historical accounts of sleeping sickness epidemics from as long ago as medieval times (Steverding 2008). In the 20th century three major sleeping sickness epidemics are documented (Steverding 2008, WHO 2014). The first began in 1896 and lasted until 1906 with 300,000 to 500,000 people estimated to have died. It affected mainly the Busoga focus in Uganda and Kenya and the Congo Basin. The second started in 1920 in a number of African countries which eventually began to die down in the late 1940s. The availability of chemotherapy in combination with systematic case detection and vector control led to a dramatic reduction in the incidence of sleeping sickness in the mid-1960s (Fig. 18.14). Since the end of the 1970s sleeping sickness had re-emerged in many African countries. The resurgence of the disease was closely linked to the collapse of the surveillance and control programs in most endemic countries after decolonization. This was the beginning of the third sleeping sickness epidemic in the 20th century (Fig. 18.14). By the end of the 1990s, the scale of the epidemic had almost reached pre-World War Two levels. Due to reinforced surveillance the number of reported new cases has steadily dropped ever since (Fig. 18.14).

18.9.4. Current situation. Since 2009, the number of registered cases of sleeping sickness fell below 10,000 for the first time in 50 years (Fig. 18.14) (WHO 2014). At present the actual number of human African trypanosomiasis cases is estimated to be 20,000 and the population at risk to be 70 million people (WHO 2014). Most sleeping sickness cases are reported from the Democratic Republic of Congo accounting for 83% (5983) of all new cases registered in 2012 (WHO 2014). Seventeen endemic countries seem to be free of sleeping sickness as they have not reported any new cases for over a decade (Table 18.1) (WHO 2013, 2014).
Because of nagana disease, livestock production is difficult in many parts of sub-Saharan Africa. The affected area comprises currently about 10 million km2 of arable land. The situation is exacerbated by the increasing occurrence of drug resistant trypanosomes.

18.9.5. Sleeping sickness in non-endemic countries[footnoteRef:2]. Although sleeping sickness is uncommon among patients from non-endemic countries, 244 cases of the disease have been documented in Europe and the USA between 1902 and 2012 (Neuberger et al 2014). Most of these sleeping sickness cases were reported before 1920 and after 2000. However, there has been a change in the epidemiology of sleeping sickness among patients from non-endemic countries over the past century. In the colonial era (1902-1966) 74.3% of cases were diagnosed in expatriates, missionaries and soldiers while in the post-colonial era (1967-2012) 72.8% of the patients were tourists visiting safari-parks in eastern and southern Africa. This change in patients affected is reflected by a shift in the T. brucei subspecies involved. Whereas before 1966 the majority of cases were due to infections with T. b. gambiense (76.2%), after 1966 most cases was the result from infections with T. b. rhodesiense (76.6%). [2:  Dr. Manuel Augusto Pirajá da Silva (1939), a pioneer in the study of intestinal schisosomiasis, suggested that many cases of “banzo” (sadness) of African slaves in Brazil were due to sleeping sickness (CBM).] 


18.10. Vector control
As sleeping sickness and nagana disease are transmitted by tsetse flies, vector control is an important strategy for protecting humans and animals from acquiring trypanosome infections: without tsetse flies, there can be no African trypanosomiasis. The aim of control measures is to lower the number of tsetse flies or to eradicate tsetse fly populations in order to reduce the spread of disease or eliminate transmission entirely. Several control strategies have been tried since the discovery of tsetse flies as the vector for African trypanosomiasis.
One of the oldest measures to reduce tsetse fly populations is bush clearing in order to destroy resting and breeding habitats of the insects (Steverding 2008, WHO 2013). This strategy was introduced in 1910 in many parts of Africa, although with varying degree of success. Elimination of wild animal hosts is another effective measure in the control of tsetse flies, which has been employed since the 1920s (Steverding 2008, WHO 2013). The reduction of game animals on which tsetse flies feed reduces the number of tsetse flies rapidly, thus lessening trypanosomiasis transmission. However, habitat and game destruction are not anymore justifiable because of conservation concerns.
With the discovery of insecticides, ground and aerial spraying was the method of choice for tsetse fly vector control during the 1950s to the 1970s (Steverding 2008, WHO 2013). As most insecticides have the potential to interfere with ecosystems by affecting non-target species, their use is highly controversial nowadays. In addition, there also exists the risk of the development of resistance to insecticides, although this has not yet been reported for tsetse flies (WHO 2013). Nevertheless, insecticide spraying still remains an important part of an integrated tsetse fly vector control management.
Trapping is another useful measure to reduce quickly tsetse fly populations, owing to their low reproduction rate (WHO 2013). The traps deployed have different sizes and shapes and usually consist of black and blue panels of cotton cloth. The trapping efficiency can be increased when the traps are combined with appropriately designed dispensers for attractants (odor-baited traps) such as acetone, a tsetse fly attracting chemical found in the breath of cattle. Additional impregnation of traps with insecticides ensures that caught tsetse flies will be killed. Odor-baited and insecticide impregnated traps have been used in many African countries and have shown to suppress tsetse fly populations by 99% (WHO 2013). Cattle coated with insecticides can serve as mobile bait to catch and destroy tsetse flies (WHO 2013).
Sterile male technique is the key method when it comes to eradicating tsetse flies (WHO 2013). The basis for this method is the fact that female tsetse flies usually mate only once in their lifetimes. Females fertilized by sterile male will produce no viable offspring resulting in a decline in the wild tsetse fly population. Male tsetse flies are sterilized by gamma radiation and then released into the wild in overwhelming numbers, approximately at 10 sterile males to 1 female. This method works best when the density of tsetse fly population is low. Therefore, tsetse fly populations need to be reduced first by over 95% using other methods (WHO 2013). The sterile male technique can only be used effectively if the targeted area is isolated; otherwise, reinvasion from neighboring tsetse fly infested regions will occur. This measure was successfully used in the eradication of G. austeni from the island of Zanzibar off the Tanzanian coast.
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Table 18.1: The two forms of human African trypanosomiasis.
	
	West African sleeping sickness
	East African sleeping sickness

	Pathogen
	Trypanosoma brucei gambiense
	Trypanosoma brucei rhodesiense

	Endemic countries
	Angola, Benin1, Burkina Faso1, Cameroon, Chad, Central African Republic, Congo, Côte d’Ivoire, Democratic Republic of the Congo, Equatorial Guinea, Gabon, Gambia1, Ghana, Guinea, Guinea Bissau1, Liberia1, Mali1, Niger1, Nigeria, Senegal1, Sierra Leone1, South Sudan, Togo1, Uganda
	Botswana1, Burundi1, Ethiopia1, Kenya, Malawi, Mozambique1, Namibia1, Rwanda1, Swaziland1, United Republic of Tanzania, Uganda, Zambia, Zimbabwe

	Vectors
	Palpalis group:
Glossina palpalis gambiensis
G. p. palpalis
G. fuscipes fuscipes
G. f. quanzensis
	Morsitans group: 
Glossina morsitans morsitans
G. m. centralis
G. pallidipes

	Natural habitat
	Forested rivers and shores
	Savannah

	Animal reservoir
	Predominantly anthroponosis: animal reservoir is considered as epidemiologically unimportant
	Zoonosis: large natural host reservoir consisting of both wild and domestic animals (ungulates)

	Clinical picture
	Chronic disease
CNS involvement after months
Death within years
	Acute disease
CNS involvement after weeks
Death within months


1No reported new cases since 2000.


Table 18.2: Treatment for early and late stage sleeping sickness.
	Disease
	Stage
	First-line treatment
	Dosage
	Alternative treatment(s)

	T. b. gambiense sleeping sickness
	Early stage
	Pentamidine isothionate
	4 mg/kg/d i.m. or i.v. (diluted in saline and given in 2-h infusion) for 7 days
	

	
	Late stage
	Nifurtimox plus eflornithine (NECT)
	Nifurtimox:
15 mg/kg/d p.o. in three doses for 10 days
Eflornithine:
400 mg/kg/d i.v. in two 2-h infusions (each dose diluted in 250 ml water) for 7 days
	Eflornithine:
400 mg/kg/d i.v. in four 2-h infusions (each dose diluted in 100 ml water) for 10 days

Melarsoprol (second-line treatment in case of relapse after NECT):
2.2 mg/kg/d i.v.(dissolved in propylene glycol) for 10 days

	T. b. rhodesiense sleeping sickness
	Early stage
	Suramin
	Test dose of 4-5 mg/kg i.v. (day 1), then 20 mg/kgi.v. (dissolved in water) weekly for 5 weeks (e.g. days 3, 10, 17, 24, 31) (maximal dose/injection: 1 g)
	Pentamidine isothionate:
4 mg/kg/d i.m. or i.v. (diluted in saline and given in 2-h infusion) for 7 days

	
	Late stage
	Melarsoprol
	2.2 mg/kg/d i.v. (dissolved in propylene glycol) for 10 days
	




Table 18.3: Treatment for T. brucei nagana disease.

	Drug
	Animal
	Use
	Dosage

	Qinapyramine
	Cattle
Sheep
Goats
Pigs
	Therapy

Prophylaxis
	5 mg/kg s.c.

3-5 mg/kg s.c.

	Diminazene
	Cattle
Dogs
	Therapy
	3.5-7 mg/kg i.m.

	Isometamidium
	Equids
	Therapy

Prophylaxis
	0.25-0.5 mg/kg i.m.

0.5-1 mg/kg i.m.




Figure Captions

Fig. 18.1: Trypanosoma brucei in human blood. Giemsa stained blood smear.

Fig. 18.2: Ultrastructure of T. brucei. Shown are bloodstream trypomastigote form of the mammalian host (left) and salivary gland epimastigote form of the insect vector (right). EN = endosome; ER = endoplasmatic reticulum; FL = flagellum; FP = flagellar pocket; GL = glycosome; GO = Golgi apparatus; KI = kinetoplast; LY = lysosome; MI = mitochondrion; NU = nucleus; VE = vesicle.

Fig. 18.3: Surface coat of bloodstream forms of T. brucei. The surface coat (red) has been labelled with a fluorescent antibody specific for the variant surface glycoprotein (VSG). Nucleus (N) and kinetoplast (K) have been labelled with the DNA stain 4’,6-diamidino-2-phenylindole (DAPI).

Fig. 18.4: Antigenic variation of T. brucei. During the course of an infection with T. brucei, different clones with different surface coats (indicated by different colors) outgrow in succession. Although the immune system produces each time specific antibodies which kill most parasites, yet some few survive because they have changed their surface coat and thus evade the immune response of their host.

Fig. 18.5: Molecular mechanisms for VSG switching in T. brucei. Only VSG genes situated in an expression site located at the end of chromosomes (telomeres, indicated by a grey box) are expressed. T. brucei has about 20 expression sites only one of which is active at a given time. In addition to VSG genes located in expression sites, the T. brucei genome contains 2000 different VSG genes (indicated by colored boxes) most of which are located in subtelomeric regions of different chromosomes. (A) Duplicative transposition: The transcription of the “blue” VSG gene is driven by the promoter (black box) of the active expression site and the corresponding VSG surface coat is “blue” (phenotype). During the switching process, the “blue” VSG gene is replace by a copy of a non-telomeric “red” VSG gene and the VSG surface coat changes to “red”. (B) In situ switch: The active expression site containing the “blue” VSG gene is switched off and the inactive expression site harboring the “green” VSG gene is switched on. As a result, the VSG surface coat changes from “blue” to “green”.

Fig. 18.6: Trans-splicing and polyadenylation in T. brucei. Tandem repeats of mini-exon genes (left, grey boxes) are individually transcribed from promoters (grey flags) located directly in front of each mini-exon gene generating 140 nt long mini-exon RNAs. Polycistronic arranged protein-coding genes (right, black boxes) are transcribed together from a single promoter (black flag) producing a polycistronic pre-mRNA. Pre-mRNAs are matured by cleavage for poly-A addition and by trans-splicing for joining with mini-exon RNAs to generate mature mRNA molecules (bottom).

Fig. 18.7: General mechanism of RNA-editing in T. brucei. Shown are the catalytic events in insertion (left) and deletion (right) of uridine residues. After the 5’ region of a gRNA(grey) has formed an anchor duplex with its cognate mRNA (black) 3’ region at the editing site, the pre-mRNA is cleaved by an endonuclease. Uridine residues (grey) are either added to the 5’ cleavage fragment by a TUTase (using UTP) in the insertion editing or removed from the 5’ cleavage fragment by an ExoUase (released as UMP) in the deletion editing, as specified by the sequence of the gRNA. The 5’ and 3’ fragments are then religated by an RNA ligase. Several cycles of editing occur until all of the sites specified by a gRNA have been processed.

Fig. 18.8: Schematic representation of the catalytic pathways in the glycosome of bloodstream forms of T. brucei. The microbody-like organelle comprises the first seven enzymes involved in glycolysis (hexokinase,phosphoglucose isomerase, phosphofructokinase, aldolase, triosephosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase) while the last three glycolytic enzymes (phosphoglyceratemutase, enolase and pyruvate kinase) are located in the cytosol. The consumption and production of ATP and NADH is balanced within the glycosome (shown in grey): the consumption of ATP by hexokinase and phosphofrutokinase is compensated by the ATP production by phosphoglycerate kinase while the NADH generated by glyceraldehyde-3-phosphate dehydrogenase reaction is re-oxidized by glycerol-3-phosphate dehydrogenase using dihydroxyacetone phosphate. The resulting glycerol-3-phosphate is then re-oxidized back to dihydroxyacetone phosphate by a mitochondrial glycerol-3-phosphate oxidase which comprises an FAD-dependent glycerol-3-phosphate dehydrogenase, ubiquinone and a cyanide-insensitive alternative oxidase using molecular oxygen as final electron acceptor. This respiratory process is not involved in free-energy transduction. The glycosome itself is not involved in the net production of ATP which occurs in the cytosol where phosphoenolpyruvate is converted to pyruvate.

Fig. 18.9: Structure of the oxidized and reduced forms of trypanothione. The molecule consists of two gluthathione moieties (black) linked via a spermidine bridge (grey). Reduction of oxidized trypanothione into its dithiol form is catalyzed by the NADPH-dependent flavoenzyme trypanothione reductase.

Fig. 18.10: The life cycle of T. brucei. With the bite of an infected tsetse fly, metacyclicforms (MC) are injected into the skin of a human host. After transforming into long slender forms (LS), the parasite enters the lymphatic system and the bloodstream. A tsetse fly gets infected when it takes up short stumpy forms (SS) with a blood meal. In the insect midgut the parasite differentiates into procyclic forms (PC). After migration into the salivary glands, the parasite develops into epimastigote forms (EM). Finally, the epimastigote forms transform into human-infective metacyclic forms (MC). Life cycle stages with a variant surface coat are shown in grey.

Fig. 18.11: Distribution of T. brucei, sleeping sickness and nagana disease. The approximate geographical distributions of the two human pathogenic subspecies T. b. gambiense and T. b. rhodesiense are indicated by the red and blue shaded areas, respectively. The geographical extension of T. b. brucei and nagana disease encompasses both shaded areas. The distribution of the two forms of sleeping sickness is indicated by red (West African sleeping sickness) and blue (East African sleeping sickness) spots.

Fig. 18.12: Example of a diagnostic algorithm for T. b. gambiense sleeping sickness. As the prevalence of sleeping sickness varies greatly between foci, the diagnostic algorithm applied should be adapted according to the disease prevalence. The algorithm shown is for populations with rather high disease prevalence (above 2%) (Chappuis et al 2005).* For the detection of trypanosomes in the blood, concentration methods such as micro-hematocrit centrifugation technique (mHCT), quantitative buffy coat test (QBC) or mini-anion-exchange centrifugation technique (mAECT) may be needed to employ. **In high prevalence areas, serologically suspected patients (positive CATT of 1:4) with negative parasitological examination should be monitored when their CATT plasma end-dilution titer is ≥1:16.CATT = card agglutination test for trypanosomiasis; neg. = negative; pos. = positive; Tryp neg. = trypanosome negative; Tryp pos. = trypanosomes positive; WBC = white blood cells.

Fig. 18.13: Structures of drugs currently used for treatment of African trypanosomiasis. Suramin, melarsoprol, pentamidine and eflornithine are used as monotherapies while nifurtimox is used together with eflornithine in combination for therapy of sleeping sickness. Quinapyramine, diminazene and isometamidium are used for treatment of nagana disease caused by T. brucei.

Fig. 18.14: Number of annually reported new cases of sleeping sickness since the end of the Second World War up to 2012. Data according the World Health Organization (WHO 2000, 2013).
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