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Summary 

Yearly, infectious diseases cause untold mortalities and economic losses worldwide. 

While the existing curative measures could alleviate the situation, the inadequacies of 

diagnostics prevent early case detection. Technological advancement brought diagnostics that 

have high performance but they are laboratory-based, require skilled personnel, time 

consuming and costly. Altogether, they are inaccessible by rural dwellers where infectious 

diseases are highly prevalent. Delayed diagnosis causes mild infections to progress resulting 

in death, disability and transmissions. Moreover, the absence of effective tests prevents early 

detection of drug resistant parasites or persistent infections ascribed to counterfeit drugs.  

Technology for transforming complex immunodiagnostics into point-of-care (POC) 

tests is well established. These POC tests detect antigen through monoclonal antibodies 

(MAbs) that are immobilized on a solid support or infection-induced host antibodies through 

immobilized antigen. Antigen detection reliably reveals ongoing infection unlike antibody 

detection whose specificities are compromised by persistence of antibodies even after 

clearance of infections. While antigen detecting POC tests would suffice in rural settings, 

efforts to develop them are thwarted by inability of the tests’ MAbs to outcompete infection-

induced host antibodies which are directed against the same epitopes on the antigen thereby 

affecting sensitivity. The recombinant variable portion of a camelid heavy-chain antibody (cf. 

Nanobody) is able to overcome this challenge. Indeed, Nanobodies (Nbs) have a pronounced 

CDR3 thereby reaching cryptic epitopes inaccessible by short CDRs of the conventional 

antibodies and evading the competition. 

This study explored the development of Nb-based antigen detection assay for African 

Animal Trypanosomiasis (AAT), which affects livestock industry in rural Sub-Saharan 

Africa. As a preliminary, a pilot surveillance study was conducted in a typical AAT endemic 
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region (Uganda) and, indeed, trypanosome parasites were detected among other 

hemoparasites. T. congolense being the most predominant pathogenic trypanosome was 

chosen as a model parasite for the development of a Nb-based antigen detection Enzyme-

linked Immunosorbent Assay (ELISA) that will be translated into a POC test device. The 

target biomarker of this immunoassay was the fructose 1,6-bisphosphate aldolase (aldolase) 

enzyme which is found in the glycosomes of trypanosomes. Because there is no gold standard 

for evaluation of the final assay, comparative performance of the nested ITS PCR and 18S-

PCR-RFLP pan-trypanosome assays was performed for this purpose. Given that the nested 

ITS PCR could detect mixed infections better than the 18S-PCR-RFLP, this makes the test 

more reliable. Thus, once the Nb-based ELISA is translated into a future POC test, its 

performance should be evaluated against the nested ITS PCR. 
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Samenvatting 

Jaarlijks veroorzaken infectieuze ziektes wereldwijd tal van sterftes en morbiditeiten 

wat vervolgens gepaard gaat met ernstige economische verliezen. Ondanks het feit dat 

bestaande curatieve maatregelen mogelijk de situatie zouden kunnen verhelpen, hebben de 

beschikbare diagnostica beperkingen voor wat betreft de detectie tijdens de vroege fase van 

infectie. Ondanks het feit dat er technologische vooruitgang geboekt is op het gebied van 

diagnose qua performantie van de detectie, kunnen deze tests enkel uitgevoerd worden in 

gespecialiseerde laboratoria, vereisen ze getraind personeel en zijn deze tijdrovend en relatief 

duur. Bijgevolg kunnen deze tests niet gebruikt worden door de locale bevolking en in rurale 

gebieden waar de ziektes endemisch zijn. Indien infecties niet vroegtijdig worden 

gedetecteerd kunnen deze aanleiding geven tot verergering van de ziekte wat in eerste 

instantie gepaard gaat met werkonbekwaamheid en in een later stadia zelfs de dood tot 

gevolg. Tevens zal ook de transmissiekans verhogen. Door gebrek aan efficiente/gevoelige 

detectiesystemen kunnen drug-resistente parasieten of chronische infecties door het gebruik 

van illegale drugs zich verder verspreiden/manifesteren. 

Echter, dankzij de technologische vooruitgang kunnen complexe immunodiagnostica 

omgezet worden in een point-of-care (POC) test. Deze POC tests zijn gebaseerd op (i) 

detectie van antigeen d.m.v. monoclonale antilichamen (MAbs) die geimmobilisserd zijn op 

een vaste drager of (ii) detectie van infectie-geïnduceerde gastheer antilichamen d.m.v. een 

geimmobiliseerd antigeen. Hierbij laat antigen-gebaseerde detectie toe een aanwezige infectie 

te detecteren, terwijl de specificiteit van de antilichaam-gebaseerde detectie geconfronteerd is 

met gastheer-geïnduceerde antilichamen die in de circulatie blijven zelfs nadat de infectie 

verdwenen is. Bijgevolg zouden antigeen-gebaseerde POC tests in princiepe voldoende zijn in 

een rurale omgeving. Echter, het ontwikkelen van deze tests is bemoeilijkt door het feit dat 
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deze Mabs niet in staat zijn voldoende in competitie te treden met infectie-geïnduceerde 

gastheer antilichamen gericht tegen hetzelfde epitoop op het antigeen. Hierdoor kunnen er 

problemen optreden qua gevoeligheid van de assays. In deze context zouden de recombinate 

variabele gedeelten van de zware keten antilichamen afkomstig van kameelachtigen (cf. 

Nanobodies) een mogelijke oplossing voor dit obstakel kunnen bieden. Doordat deze 

Nanobodies (Nb) een langere CDR3 hebben die in staat is cryptische epitopen te bereiken, die 

niet toegankelijk zijn voor de korte CDRs van conventionele antilichamen, zouden deze 

minder onderhevig zijn aan competitie problemen. 

In dit onderzoek werd een Nb-gebaseerde antigeen detectie assay ontwikkeld voor 

dierinfecterende Afrikaanse Trypanosomose (cf. Animal African Trypanosomosis, AAT), een 

ziekte die voornamelijk ernstige economische problemen veroorzaakt voor de vee-industrie in 

sub-Sahara Afrika. Om te beginnen, werd er een pilot studie uitgevoerd in een typisch AAT 

endemisch gebied ( Uganda) en werden er inderdaad trypanosome parasieten gedetecteerd 

naast andere hemoparasieten. Aangezien T. congolense de meest overheersende/voorkomende 

pathogene trypanosoom is werd deze als een model parasiet gekozen voor de ontwikkeling 

van een Nb-gebaseerde antigeen detectie Enzyme-linked Immunosorbent Assay (ELISA) die 

vervolgens omgezet zal worden in een POC test. Fructose-1,6-bisphosphate aldolase 

(aldolase), dat voorkomt in glycosomen van trypanosomen, werd als doelwit biomarker 

gebruikt voor deze immunoassay. Aangezien er geen gouden standard bestaat voor de 

evaluatie van de uiteindelijke assay, werd de performantie van de bestaande geneste ITS PCR 

en de 18S-PCR-RFLP pan-trypanosome assays vergeleken. Aangezien de geneste ITS PCR 

gevoeliger was voor detectie van gemengde infecties dan de 18S-PCR-RFLP, werd deze 

beschouwd als een betrouwbaardere test. Bijgevolg, van zodra de Nb-gebaseerde ELISA 
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omgezet zal worden in een POC test, zal de performantie ervan moeten vergeleken worden 

met de geneste ITS PCR. 
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1.0 Preamble 

This chapter introduces trypanosomes as well as immunodiagnostics and nanobodies 

(Nbs), the latter being assessed as a tool for the development of a future diagnostic test. 

Because there are many species and subspecies of human as well as animal infective 

trypanosomes, the opening sections were devoted to the classification of trypanosomes 

whereby known differences among these parasites such as structure, geographical location, 

clinical manifestation of the infections and the severity, and affected host (s) have been 

reviewed. Other key subjects highlighted in the opening sections are the mechanisms used by 

trypanosomes to evade the immune system and the relative resistance to trypanosome 

infections by certain breeds of livestock ‘trypanotolerant animals’. In middle sections of this 

chapter, the human form of African trypanosomiasis was briefly discussed. Thereafter, T. 

congolense the species of trypanosome that was studied, was singled-out and discussed in 

detailed, whereby the basic biology as well as the current diagnostic and control methods 

were emphasized. In the concluding sections, the endemic hemoparasitic diseases in Sub-

Saharan Africa manifesting similar signs like AAT were briefly mentioned before shifting 

attention to Nbs. The review of Nbs entails its origin, structure and selected 

biomedical/research applications.  

1.1 The African trypanosomes  

1.1.1 Historical perspectives 

African trypanosomes are a group of unicellular blood- and tissue fluid-borne 

protozoan parasites that infect the mammalian host. There are several species of this parasite 

that are responsible for a debilitating disease known as African trypanosomiasis. The animal 

form of the disease is called African Animal Trypanosomiasis (AAT), while the human form 
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is called Human African Trypanosomiasis (HAT) or ‘sleeping sickness’. Although African 

trypanosomiasis is an ancient disease [1], the causative agents were independently discovered 

between late 18
th

 and early 19
th

 centuries (Table 1.1).  For instance, in 1734 a disease 

manifesting clinical symptoms resembling HAT was noticed in slaves and ship captains [1]. 

Thereafter, David Livingstone (in 1852) encountered cattle suffering from typical AAT 

disease around river Zambezi and Limpopo as well as Lake Nyasa and Tanganyika [1]. After 

several years, various workers then independently identified the causative agents of the 

previously unknown human and animal epidemics as trypanosomes. These identified parasites 

were found to vary in geographical location, modes of transmission, affected host, virulence, 

structure and genetic makeup. The parasites were later classified based on these differences. 

However, some species of African trypanosomes are very similar to an extent that their 

classifications remain contentious [2]. 

Table 1.1: Timeline of the discovery of different pathogenic African trypanosomes 

Trypanosome First identified by Year Place Host (s) Reference 

T.  evansi  Griffith E.    1880 India  Horses and camels  [3]  

T. equiperdum Rouget J. 1894 Algeria Horse [2]  

T. brucei brucei Bruce D. 1895 Zululand Cattle [1]  

T. b. gambiense Forde RM. 1901 Gambia Human [1]  

T. congolense Broden A. 1904 Congo Ass & Sheep [1,3]  

T. vivax Ziemann H. 1905 Togoland Cattle [1,3]  

T. suis Ochmann R. 1905 Tanzania Pig [4]  

T. b. rhodesiense Stephens JWW. et al. 1910 Zambia Human [1]  

T. simiae Bruce D. 1912 - - [5]  
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1.1.2 Classification of trypanosomes 

The African trypanosomes belonged to the genus Trypanosoma of which the 

pathogenic species are distributed over the subgenera Dutonella, Nannomonas, Trypanozoon 

and Pycnomonas (Fig. 1.1). The trypanosomes in these subgenera are collectively known as 

salivaria trypanosomes and are transmitted biologically by tsetse flies (Glossina spp) or 

mechanically by hematophagous organisms. Other species of trypanosomes are found in the 

subgenera Herpetosoma, Megatrypanum, Schizotrypanum and Tejeraia. These trypanosomes 

are called the stercoraria and are transmitted through fecal contamination of bite wounds. The 

only important parasite among the stercoraria is T. cruzi which is an endemic intracellular 

human parasite transmitted by triatomine bugs. T. cruzi is found in South America where it 

infects heart muscles leading to myocarditis and death [6]. 

The subgenus Duttonella contains T. vivax and T. uniforme of which T. vivax is an 

important parasite of livestock in Sub-Saharan Africa and South America. The African strains 

of T. vivax are 24.5±6.5 µm long and the South American parasites are 22±4 µm long. In 

early stages of infection, the African T. vivax strains are characterized by slender forms which 

transform into short-stumpy forms at peak parasitemia while the South American strains 

consist of slender forms only [7]. Generally, T. vivax has a stunted undulating membrane, 

extended free flagellum (3-6 µm), extremely large terminal kinetoplast which is situated in its 

rounded posterior end (Fig. 1.2B) and the parasite moves vigorously in wet smears. 

Additionally, the parasite has an extremely low number of mini-chromosomes of about 1-2 in 

comparison to other salivaria trypanosomes which have about 100. More so, T. vivax has a 

smaller amount of kinetoplast DNA (kDNA) minicircles than other species and the reverse is 

true with the kDNA maxicircles [5]. 
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The subgenus Nannomonas lacks a free flagellum (except for few cases of T. simiae) 

and has marginally placed kinetoplast. The species within the subgenus Nannomonas varied 

in their satellite DNA repeat and ribosomal DNA internal transcribed spacer-1 sequences 

(ITS-1) [8]. More so, the glutamic acid- and alanine-rich protein (GARP) genes [9], which 

encode the coat protein of T. congolense procyclics [10], are missing in the genomes of T. 

simiae and T. godfreyi. Further difference between T. congolense and T. simiae exist in their 

repetitive DNA [11] and enzymes [12].  Of the species within the Nannomonas, T. congolense 

is the most frequently encountered parasite and was found to infect a diverse host range. 

Although there is an existing slight variation in size and shape, T. congolense is largely a 

monomorphic trypanosome [13]. A typical bloodstream form (BSF) T. congolense is 13.5±4.5 

µm long, has a poorly developed undulating membrane and a blunt posterior end (Fig. 1.2A). 

The parasite moves sluggishly in wet smears and consistently adheres to erythrocytes [14]. 

The occurrence of genetic variants within T. congolense allowed identification of 

Kilifi/Kenya coast [11,15], Savannah-type, Forest-type [15] and Tsavo-type [16] subspecies. 

The enzymatic analysis as well demonstrated the existence of Kilifi/Kenya coast [17,18], 

Savannah-type and Forest-type [18]. Data collected from epidemiological surveys indicate 

that the distribution patterns of these T. congolense sub-species within the Sub-Saharan Africa 

are not uniform. Except for the Savannah-type which occurs in the Western [19], Eastern [20] 

and Southern [21] parts of Sub-Saharan Africa; the Forest-type is endemic in the Western [22] 

and Southern [23]; and Kilifi-type is mainly found in the Eastern [18] and Southern [21]. The 

second most common Nannomonas parasite is T. simiae which is 18±6 µm long and 

polymorphic [24]. The parasite consists of long-stout forms (which have a prominent 

undulating membrane), long-slender forms, and short-stout forms. The short-stout forms have 

a poorly developed undulating membrane and are indistinguishable from T. congolense. The 
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Figure 1.1: Hierarchical classification of trypanosomes. The pathogenic African trypanosomes are clustered in the salivaria section. Note that T. congolense and T. brucei 

species are further subdivided into types and subspecies, respectively. Adapted from [7]. 
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 long-stout forms are the most abundant (90%) followed by long-slender forms (7%) and then 

short-stout forms (3%) [13]. The parasite infects pigs causing fatal disease [25], whereby 

infected animals succumb in 2 days to 4 weeks without showing specific clinical signs [26]. 

The natural reservoirs of T. simiae are wild suids such as warthog [27]. The least common 

Nannomonas is T. godfreyi, which is different from the other members of Nannomonas by 

having a distinct repetitive DNA sequence that has so far been used for its detection [28]. The 

parasite is 15.5±6.5 µm long with a conspicuous undulating membrane. This parasite causes a 

chronic disease in pigs [13]. 

The subgenus Trypanozoon contains T. brucei (subspecies T. b. brucei, T. b.  

gambiense and T.  b. rhodesiense), T. evansi and T. equiperdum species. T. brucei is a 

polymorphic trypanosome with well developed undulating membrane and a sub terminal 

kinetoplast located 4 µm distal to the posterior end. The long slender form measures 26.5±3.5 

µm long, has free flagellum, pointed posterior end (Fig. 1.2C) and predominates initial stages 

of infection. The intermediate form which measures 22.5±2.5 µm long is flagellated and has a 

blunt posterior end.  The short-stumpy form measures 19.5±2.5 µm in length, lacks free 

flagellum, has a broad posterior end and is mainly encountered during chronic infection [29]. 

While T. b. brucei predominantly infects animals, T. b. gambiense infects humans and T.  b. 

rhodesiense is zoonotic [30]. T. b. brucei is distinguishable from T. b. rhodesiense by PCR 

which targets mobile genetic elements (MGE) [31] and the serum resistance-associated (SRA) 

gene [32]. Whereas the profiles of amplified MGE differ in both species, amplification of 

SRA gene is only possible in T. b. rhodesiense. Then T. b. gambiense is discriminated from T. 

b. brucei or T. b. rhodesiense by karyotypic analysis [5]. T. b. gambiense is subdivided in type 

1 and 2 parasites. The type 1 parasite has a conserved gene called the T. b. gambiense specific 

glycoprotein [33] which has been employed in designing a species-specific primer pair for 
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detection of T. b. gambiense [34]. T. evansi parasite (Fig. 1.2D) is a Trypanozoon that is 

morphologically identical to the long slender forms of T. brucei and is monomorphic although 

few cases of short-stumpy forms occur. The parasite is 24.5±9.5 µm long, has a free-

flagellum, a well developed undulating membrane and a rudimentary sub terminal kinetoplast 

which is completely absent in some strains [35]. According to other school of thought, T. 

evansi originated from T. b. brucei that have shifted from a biological to a mechanical mode 

of transmission with subsequent loss of its kinetoplast [36]. Presently, T. evansi is the most 

widely distributed pathogenic trypanosome with occurrence reported in South America, 

Africa, Asia and the Mediterranean Europe [35]. Given that the NADH dehydrogenase 

subunit 5 genes located on the kDNA maxicircles of T. b. brucei and T. equiperdum is lacking 

in T. evansi genome, this feature is employed for differentiation of T. evansi from other 

Trypanozoon [37]. T. equiperdum is not clearly distinct from T. brucei except for its coital 

mode of transmission. Like T. evansi, the parasite is morphologically identical to the long 

slender forms of T. brucei. T. equiperdum is a Trypanozoon that is sparsely distributed on all 

the four continents. The parasite is transmitted sexually although mechanical transmission has 

been suggested [2]. Foals naturally infected with T. equiperdum were encountered, indicating 

possible occurrence of other modes of transmission [38]. Horses and donkeys are the only 

natural hosts of T. equiperdum [2] whereby it causes a more severe disease in horses than in 

donkeys [26]. Infections of goats, sheep, dogs, rabbits and mice with T. equiperdum have 

been demonstrated under laboratory conditions [2]. 

T. suis is the only pathogenic trypanosome in the subgenus Pycnomonas. The parasite 

is monomorphic measuring 16.5±2.5 µm long, stout, has a short free flagellum, a moderately 

developed undulating membrane and a small sub terminal kinetoplast. T. suis was first 

discovered in pigs which is the only known domestic host [5]. The organism causes severe 
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and acute infection of piglets [26]. Apparently, the trypanosome is transmitted by tsetse flies 

as it was isolated from G. pallidipes in Mombasa, Kenya. The salivary gland forms are not 

infective and full maturation occurs in the hypopharynx of the fly [5]. There is no recent 

report of the occurrence of T. suis and the parasite is thought to be T. congolense Tsavo-type 

as shown by species-specific PCR and 18s rRNA gene analysis performed on cryo-preserved 

samples [4]. 

A B

C D

 

Figure 1.2: Panels showing key morphological features of important animal trypanosomes. (A) T. 

congolense. The parasite is short-stumpy, has rudimentary undulating membrane (black wedge), marginal 

kinetoplast away from the blunt posterior end (arrow) and no free flagellum; adapted from [39].  (B) T. vivax. 

The parasite is long, has rudimentary undulating membrane (black wedge), large terminal kinetoplast (arrow) 

located at the rounded posterior end and free flagellum; adapted from [40]. (C) T. brucei. The parasite is long, 

has well developed undulating membrane (black wedge), sub terminal kinetoplast (arrow), pointed posterior end 

and free flagellum; adapted from [https://microbewiki.kenyon.edu/index.php/File:Trypanosoma-brucei.jpg]. (D) 

T. evansi. The parasite is morphologically identical to T. brucei; adapted from [35]. 

1.2 The African Animal Trypanosomiasis 

African Animal Trypanosomiasis is a general name for 3 diseases caused by African 

trypanosomes namely nagana, surra and dourine.  

1.2.1 Nagana 

‘Nagana’ is a Zulu word for ‘low in spirit’ which was coined in reference to the 

physical appearance of livestock that were suffering from AAT (Fig. 1.3A). The causative 



 Chapter 1  

 

Page | 11  

 

agents of nagana are T. congolense, T. b. brucei, T. vivax and T. simiae [41]. These 

trypanosomes infect diverse species of domestic animals and the susceptibility of domestic 

animals to each of the species of trypanosome is variable [42]. While ruminants and equines 

are highly susceptible to T. congolense, T. b. brucei and T. vivax; dogs and camels are highly 

susceptible to T. congolense and T. b. brucei.  T. simiae and T. suis are known for causing 

severe disease in pigs only. Although the causative agents of nagana might vary, usually 

susceptible animals manifest similar clinical signs. 

1.2.1.1 Clinical manifestations of T. congolense infections 

Animals infected with virulent strains of T. congolense show overt clinical signs. 

Infection of less tolerant breeds of cattle is followed by development of chancres and 

enlargement of draining lymph nodes 1-2 weeks post infection [43]. Thereafter, high fever in 

coincidence with parasitemia [44] and sharp reduction in erythrocytes occurs usually on the 

second week of infection [45]. The decline in mature erythrocytes is followed by appearance 

of polychromatophilic erythrocytes and normoblasts [44]. Affected animals have low levels of 

thrombocytes [46,47] as well as leucocytes [44,48], which is attributed to a reduction in 

monocytes, eosinophils and basophils [49]. As the infection becomes chronic, there is extreme 

emaciation [44], low levels of total serum protein [50], hemoglobin [49] and plasma thyroxin 

[51]. On the contrary, the levels of urea nitrogen and bilirubin [44] are elevated. Abnormal 

morphology of spermatozoa [50] and malfunction of the hypothalamic-pituitary-adrenal axis 

[52] have been recorded in experimental infection. 

In sheep, susceptible breeds manifest fever, decline in packed cell volume (PCV) and 

loss of body weight during high parasitemia [53]. Hematological changes are low levels of 

erythrocytes [54,55], which has been attributed to phagocytosis [54] mediated by sialidases 

[56]. Early infection is characterized by macrocytic and hypochromic anemia [55,57] which 
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later progresses to normocytic and hypochromic anemia as the disease becomes chronic [55]. 

There is an elevated level of leucocytes due to lymphocytosis [57]. Affected animals have low 

serum iron concentration [58], hyperglobulinemia [59], which is attributed to an increase in 

the levels of circulating antibodies [55] and hypoalbuminemia [59]. There is a reduction in 

total lipids due to hypocholesterolemia and hypophospholipidemia [57]. The leydig cells of 

affected rams become insensitive to luteinizing hormones [60] causing insufficient production 

of testosterone [61] and consequently loss of libido [62]. Deformed sperm cells, low volume 

of ejaculate, deceased motility and number of sperm cells with azoospermia are noticeable in 

extreme cases [62]. The zona fascicularis of the adrenal gland is hypertrophied; the cortex and 

medullar zones are invaded with mononuclear cells accompanied by a generalized hyperemia 

and focal coagulative necrosis [63]. 

In goats, high parasitemia occurs during acute infections and declines in chronic stages 

[64].  Acute infection is characterized by fever, progressive emaciation and low PCV [53]. 

Chronically affected animals have sustained low PCV levels, reduced erythrocyte counts and 

hypohemoglobinemia [55,65]. Where infection is associated with anorexia, the affected 

animals have high levels of non-esterified fatty acids and beta-hydroxy butyrate [66]. 

Pregnant goats may abort or have still births [64]. Experimental infections of female goats led 

to irregular and shorter estrous cycles, which became completely blocked in chronic stages of 

the infection. There is decreased level of plasma progesterone, atresia of the ovary, and 

reduced numbers of primordial and primary follicles. Larger follicles become atretic and 

corpora lutea disappears [67]. Infected males show degeneration of testicular tissues and 

desquamation of germinal epithelia. The tubules and epididymis are devoid of spermatozoa 

[68]. In the pituitary glands, there is reduced degranulation of basophils and slight 

hypertrophy of acidophils. Adrenal cortices are characterized by occurrence of both atrophied 
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and hypertrophy regions. In acute stages, goats have high plasma cortisol and low thyroxin 

[69]. There is impairment of Gonadotrophin Releasing Hormone production by the 

hypothalamus [70]. Bucks have depressed levels of testosterone [68]. The thyroid glands of 

chronically infected goats are degenerated and atrophied [71]. 

 Other domestic animals like pigs and dogs also suffer from T. congolense infection; 

however, clinical disease due to natural infection has not been commonly reported in pigs. 

Dogs naturally infected with T. congolense Forest-type showed typical signs of nagana 

including seizures, anemia, fever, weight loss and hypoglycemia [39]. The blood parameters 

recorded from experimental infected dogs are leucopenia due to lymphopenia and anemia 

[72]; and serum biochemical changes recorded were high levels of alkaline phosphatase, 

alanine aminotransferase, aspartate aminotransferase, conjugated bilirubin, blood urea 

nitrogen and creatinine [73]. Pigs infected under experimental conditions had elevated level of 

alanine amino transferase, aspartate amino transferase, creatinine and globulin with 

subsequent hypoalbuminemia [74].  

1.2.1.2 Clinical manifestations of T. vivax infections 

Experimental infections were shown to cause an acute, sub-acute or chronic disease 

depending on the virulence of the infecting strains [75].  Naturally infected cattle are 

characterized by low milk output [76], anorexia, and enlarged lymph nodes and sometimes 

acute deaths [77]. Other signs include diarrhea [78,79], hemorrhage from the orifices [77], 

jaundice [76] and ophthalmitis [78]. Sometimes affected cattle manifest neurological signs, 

drooling saliva, vaginal discharges, petechiation, and submandibular edema [80]. Horses 

infected with T. vivax showed intermittent edematous swelling of the abdomen, prepuce and 

vulva [81]. Although ophthalmitis was encountered in goats, acute deaths were observed in 

goats and sheep without prior signs [82].     
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The general blood picture and serum biochemical changes caused by T. vivax were 

hypoglycemia, leucocytosis and increased fibrinogen in cattle [80] and horses [81].  There is a 

decline in hemoglobin and erythrocyte levels, accompanied by increase in protein, blood urea 

and gamma globulin. Hypoalbuminemia was observed in naturally infected horses [81] and 

experimentally infected sheep [83]. Gross lesions reported in sheep were enlargement of 

organs (liver, spleen and lymph nodes), hemorrhage in the serosa and the sub-mucosa of the 

alimentary canals. Histopathological lesions were observed in the spleen, liver, adrenal and 

pituitary glands, brain and lymph nodes [83]. 

1.2.1.3 Clinical manifestations of T. b. brucei infections 

In contrast to experimental infections, natural T. b. brucei infections are usually less 

virulent than other AAT infections and severe pathology is a feature of exotic breeds only. 

For this reasons, pathologies associated with natural infections are rarely encountered. 

Pathologies frequently noticed in experimentally infected animals are fever, anorexia and 

lethargy which later progresses to anemia, corneal opacity, edema of body parts and 

emaciation. In sheep, fever, dullness, weakness and edema have been reported [84]. In cattle, 

experimental infections produced neurological signs [85] attributed to extravasations of the 

parasites into the brain tissue [85,86]. The general lesions which characterize T. brucei 

infection are enlargement of spleen and lymph nodes, extensive tissue damage, thrombosis 

and necrotizing vasculitis.  Calves that were experimentally infected with T. b. brucei showed 

anemia, fever, lymphocytosis, neutropenia, increased monocytes, edema of the adrenal 

glands, testes, brain, proliferation of spleen and lymph nodes [87]. Associated 

histopathological lesions include marked cellular infiltration [88] and sometimes 

trypanosomes are seen in connective tissues [89].  In rats, acute infections causes increased 

levels of pituitary luteinizing hormones and decreased testosterone [90]. Experimental study 
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revealed disruption of spermatogenesis in boars [91], which might be due to destruction of 

testicular parenchymal tissues. The clinical hematological pictures observed in dogs infected 

with T. b. brucei were a drop in both red and white blood cells [72]. Additionally, infected 

dogs showed an elevation in serum activities of enzymes (alkaline phosphatase, aspartate 

aminotransferase and alanine aminotransferase) and high serum levels of creatinine, 

conjugated bilirubin and blood urea nitrogen [92]. 

1.2.1.4 Clinical manifestations of T. simiae infections 

T. simiae is extremely pathogenic to pigs where the infection can be hyper-acute or 

acute. Natural infections of pigs previously reported in Gold Coast were characterized by 

inappetence, shivering, weakness of the hind limbs and progressive anemia. Postmortem 

lesions were enlargement of internal organs particularly lungs, heart, and spleen [25]. Other 

signs are hemorrhages of the internal organs and low blood glucose levels [93].  Although 

there are no recent reports of T. simiae outbreaks in domestic pigs, latent infections are 

frequently encountered in domestic animals [94], wildlife [95] and tsetse flies [20]. 

1.2.2 Surra 

Surra is a disease of diverse species of livestock caused by T. evansi. Natural 

infections have been reported in dogs [96], camels [97], horses [98], deers [99], buffaloes [35] 

and cattle [100] among other animals. The clinical manifestations, hematological picture and 

serum biochemical changes are not different from nagana, particularly the one caused by T. b. 

brucei. Frequently observed clinical signs are fever, corneal opacity, edematous swellings on 

the body and ataxia (Fig. 1.3B). 
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1.2.3 Dourine 

Dourine is an AAT of horses and donkeys caused by T. equiperdum [38]. The clinical 

signs for dourine are grouped into three stages namely 1, 2 and 3 characterized by genital 

lesions, skin lesions and neurologic lesions, respectively [101]. Generally, affected horses 

exhibit fever, edematous swellings of the sub cutis, prepuce, scrotum and vulva. Other clinical 

signs are widespread alopecia and de-pigmentation of skin around the vulva, periglandular 

inflammation of the vulva and vagina with affected animals showing constant desire to urinate 

[102]. Edematous plaques on the skin (Fig. 1.3C) and neurological signs such as ataxia and 

ptyosis of the lips are frequently observed [101]. Histological pictures observed were 

inflammation of the skin, nerves and the central nervous system [102]. 

A. Nagana B. Surra C. Dourine

 

Figure 1.3: Animals manifesting signs of AAT. (A) A dull and cachexic cow suffering from Nagana [103]; (B) 

Ataxia in a horse naturally infected with T. evansi [104] and (C) Urticarial wheals on the skin and edematous 

ventrum (arrow) in a horse naturally infected with T. equiperdum [101]. 

 

1.3 Evasion of the immune system by African trypanosomes 

Susceptible animals infected with pathogenic African trypanosomes are usually 

incapable of clearing the parasite without treatment intervention, even in the presence of 

immune responses mounted during the infection. Once infected, animals produce antibodies 

against the variant surface glycoprotein (VSG), which partially clears the first wave of 

parasitemia. The parasites are incompletely eliminated because a new population emerges 
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expressing a different VSG that is not recognizable by the initial anti-VSG antibodies [29]. 

These clones multiply consequently eliciting a new set of antibodies which again eliminates 

the second wave while sparing yet another developing clone expressing a new VSG. The new 

clone escapes the second anti-VSG antibodies eventually multiplying into to a third wave of 

parasitemia (Fig. 1.4). This phenomenon known as ‘VSG switching’ allows persistent 

infection until death of an animal or self recovery following the exhaustion of VSG gene pool 

[105]. The VSG switching in African trypanosomes is caused by re-arrangements of over 

1000 genes or alternative activation of different expression sites [106,107]. This re-

arrangement involves transcription units that are located downstream of an active promoter. 

Through homologous recombination, driven by direct repeats flanking a particular VSG-type, 

recombination switching can occur. In addition, VSG switching can occur by alternative 

activation of a different expression site (transcription switching), which involves of 

transcription starting from the promoter that controls expression of VSG gene on one 

chromosome and simultaneous activation of elongation by an alternative promoter located on 

a different chromosome [107]. The switch leads to a new parasite clone covered with VSG 

coat proteins that vary in the amino acid sequence from those of the previous clone. The 

molecular mechanisms by which VSG switching occurs have been elucidated in T. brucei and 

very little is known about the mechanism that controls VSG switching in other species of 

pathogenic trypanosomes. Because every generation of trypanosome clones expresses VSGs 

with different epitopes, they are not affected by antibodies raised against previous clones.  

However, high variation of VSG only occurs on the exposed surface, sparing the C-terminally 

placed glycophosphatidylinositol (GPI) anchor region, which explains occurrence of partial 

cross-reactivity of antibodies [108]. The GPI is a highly conserved molecule that could render 

possible elimination of infection by anti-GPI antibodies, but under normal circumstance this 
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does not occur because the conserved portions are inaccessible to conventional antibodies 

[109]. 

The destruction of internalized antibodies also contributes to the deficiency of the 

humoral responses in controlling trypanosome infection. As shown in the T. brucei model, the 

endocytosis of antibodies adhering on the parasite surface occurs during VSG recycling [110]. 

Furthermore, chronic infections with trypanosomes are known to cause the disruption of B-

cell homeostasis [111] and an impairment of the B-cell memory [112], thereby making the 

functioning of the antibody-mediated defenses ineffective. 

 

Figure 1.4:  Diagram showing the mechanism of antigenic variation in African trypanosomes. Re-shuffling 

of VSG gene expression through genetic re-arrangement allows a continuous build-up of clones that are naive to 

the immune system, causing parasitemia waves required for a sustained and chronic infection. Adapted from 

http://www.bio.davidson.edu/courses/immunology/students/spring2006/ryan/Figure11_3Janeway.jpg  
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1.4 Trypanotolerance in livestock 

Certain breeds of livestock namely the Bos taurus (N’dama cattle) [113] and Djallonke 

sheep [114] control parasitemia and limit pathologies caused by pathogenic African 

trypanosomes. This trait referred to as ‘trypanotolerance’ is less understood and it is under 

investigation. However, it was experimentally shown that trypanotolerant animals are capable 

of limiting parasitemia through innate mechanisms, because the depletion of CD4+ cells in 

these breeds neither aggravate parasitemia nor prevent effective control of anemia [115]. 

Moreover, the tolerant breeds were shown to produce appreciable amounts of IgG1 antibodies 

against invariant trypanosome antigens, which are thought to contribute to the observed 

resistance. In another study it was shown that the humoral response (IgM and IgG) in tolerant 

breeds is rapid and higher than in susceptible breeds [116]. At present, a genomic approach is 

being employed to get insight into the mechanism of trypanotolerance [117]. For instance, the 

gene expression profiles during trypanosome infections between the N’Dama and Zebu were 

compared to detect occurrence of differentially expressed genes and their roles in 

trypanotolerance [118]. This knowledge might open perspective for inducing resistance to the 

trypanosusceptible breeds and on the other hand it may unravel markers which can be used for 

genetic selection of trypanotolerance traits [119].  

1.5 Epidemiology of African Animal trypanosomiasis 

African Animal trypanosomiasis threatens the economy of those countries where the 

disease is endemic. The disease is widely distributed in Sub-Saharan Africa as a consequence 

of the massive occurrence of the tsetse vector, which currently occupies 10 million km
2
 of the 

continent [30]. It was estimated that the tsetse infested region has only 6% of the entire 

population of cattle on the continent [120]. The annual economic losses due to low beef and 
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milk production, money spent on treatment and control, and indirect losses incurred from the 

inability to utilize animals for traction is estimated at US $4.5 billion [120]. These losses 

could be reduced through implementation of effective control measures. Strategic applications 

of control measures require knowledge of the spatial-temporal distribution pattern of the 

disease, alternative modes of transmission and other factors that are sustaining the disease.      

The occurrence of a particular species of trypanosome in a given location is greatly 

influenced by its mode of transmission. For instance, tsetse-transmitted trypanosomes are 

found in Africa between 15° N and 29° S, which is the tsetse fly belt. T. vivax which is 

capable of biological as well as mechanical transmission extends beyond the tsetse belt. The 

mechanically transmissible T. evansi and sexually transmissible T. equiperdum have 

worldwide occurrence (Fig. 1.5). Whereas T. evansi is spread over vast area, T. equiperdum is 

sparsely distributed. The difference in the density of T. evansi and T. equiperdum could be 

linked to variation in the host range and the mode of transmission (Table 1.2).   

Tsetse flies have varied vectorial capacity and this influences the distribution of 

biologically transmitted trypanosomes. T. congolense and T. b. brucei are extensively 

distributed in Sub-Saharan Africa, because their transmissions are supported by several 

species of tsetse flies. These two trypanosomes are capable of being transmitted by tsetse flies 

belonging to the subgenera Glossina (the morsitans group/‘Savannah’ tsetse flies) found in 

savannah woodland, the Nemorhina (Palpalis group/Riverine tsetse flies) found in Western 

and Central Africa, and Austenina (Fusca group/Forest tsetse flies) particularly G. brevipalpis 

inhabiting the thickets in Eastern and Southern Africa. Likewise, the extensive distribution of 

T. vivax within Sub-Saharan Africa could be explained by its transmission by more than one 

species in each of the subgenera Glossina and Nemorhina as well as biting flies. The rarely 
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encountered T. simiae and T. suis are both transmitted by two species of tsetse flies (G. m 

morsitans spp. and G. brevipalpis) only [41].  

 

Figure 1.5: Global distribution of pathogenic animal trypanosomes. T. vivax, T. evansi and T. equiperdum 

are widely distributed beyond the tsetse fly belt. T. vivax and T. evansi overlap in Africa and South America; T. 

equiperdum overlaps with T. evansi in Africa, Mediterranean Europe and Asia. Adapted from [121]. 

 

Seasonal variation also influences the prevalence of AAT. Indeed, the population of 

subgenus Glossina decreases during dry season [122] meaning that when it is the only vector 

in a given location then prevalence of AAT also reduces. Furthermore, in rainy seasons the 

number of biting flies increases drastically and this also correlates with the high incidence of 

biologically and mechanically transmitted AAT [13].      

The risk of infection with a given species of trypanosomes is also linked to prolonged 

exposure to certain habitats. For example, dogs from temperate countries that have visited 

West Africa and Asia have been diagnosed with T. congolense Forest-type [39] and T. evansi 
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[123], respectively. Additionally, the infections of livestock by trypanosomes that are 

transmitted by tsetse flies occur along forest edges during grazing. As a result of habitat 

fragmentation, the population of tsetse flies has greatly reduced [124] and this has lowered the 

cases of AAT in some parts of Africa [125]. Much as the habitat fragmentation has led to a 

decline in AAT, encroachment into game reserves inhabited by trypanosome infested wildlife 

[27] might be of concern as this practice still exposes domestic animals to sylvatic AAT. 

Tsetse flies have preferential feeding behavior [126]. For example, species that 

belonged to the Glossina mainly feed on ruminants and suids [13]. Therefore, ruminants and 

suids are at high risk of infection with T. congolense, T. vivax, T. brucei, T. simiae and T. 

godfreyi because they are carried by species of tsetse flies in the subgenus Glossina. The 

species of tsetse flies in the subgenus Nemorhina feed on diverse hosts including humans and 

reptiles. For this reason, they are capable of transmitting both human as well as animal 

infective trypanosomes. Small ruminants are infrequently infected by AAT because they have 

characteristic repulsive behavior which chases tsetse and biting flies, thereby offering low 

chances of being fed on and subsequent infection.  

The movement of animals between regions is another factor contributing to the spread 

of AAT between regions [127]. A recent outbreak of T. evansi in Spain and T. equiperdum in 

Italy was linked to importation of camels from Canary Islands [128] and horses from the 

Netherlands [102], respectively. Other than direct involvement in the spread of AAT, the 

movement of animals leads to introgression. It could be hypothesized that relative 

susceptibility of a new generation of West Africa Dwarf goats whose ancestors were 

trypanotolerant might have resulted from genetic exchange with susceptible breeds.  Much as 

genes may play important role, susceptibility of an individual to trypanosomes is also linked 
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to existence of immunosuppressive conditions such as poor nutrition, existence of concurrent 

infections and other stress causing factors. 

The spread of AAT would have been limited by adoption of appropriate control 

practices. Currently, most of the livestock farmers in countries where there is AAT are not 

fully engaged in modern vector control. The lack of vector control practices is attributed to 

scarcity of resources required for the facilitation of the entire AAT control programme. 

Instead farmers, particularly the pastoral community, have resorted to ineffective ways of 

repulsing biting flies such as burning of cow dung inside the kraal and burning of the 

surrounding bushes. 

1.6 The Human African Trypanosomiasis 

 Besides animals, humans are also infected with African trypanosomes as previously 

mentioned. African trypanosomiasis of humans (HAT) is caused by the T. brucei subspecies 

gambiense and rhodesiense.  The T. b. gambiense is more prevalent compared to the T. b 

rhodesiense parasite and it accounts for 95% of the HAT cases. The T. b. gambiense parasite, 

which is endemic in the Western and Central parts of Sub-Saharan Africa, causes chronic 

infections. Although its transmission by other means (blood transfusion and congenital) has 

been suggested, T. b. gambiense is primarily transmitted by G. fuscipes and G. palpalis. On 

the other hand, T. b. rhodesiense parasite accounts for 5% of the HAT cases and the infection 

is often acute. The T. b. rhodesiense disease, found in the Eastern and Southern parts of Sub-

Saharan Africa, is mainly transmitted by G. fuscipes [283]. Currently, the existence of a 

distinct geographical boundary between the T. b. gambiense and the T. b. rhodesiense HAT 

appears not to be absolute as it has been reported that the two diseases have merged in 

Uganda [284]. 



 Chapter 1  

 

Page | 24  

 

Table 1.2: A summary of basic epidemiological information on pathogenic animal trypanosomes 

Trypanosome Transmission (s) Affected animal hosts Occurrence Disease 

  Domestic animals Wildlife reservoirs   

T. congolense Glossina spp. (develops in midgut & proboscis) 

, possible by mechanical route 

Cattle and dogs (+++); sheep, goats, camels 

& equids (++); pigs (+) & cats (+++) 

Several wild mammals Sub-Saharan Africa Nagana 

T. b. brucei Glossina spp. (develops in midgut, foregut & 

salivary glands), & seldom oral route 

Sheep, goats, equids & dogs (+++); camels 

(++); cattle & pigs (+). 

Several wild mammals “ “ 

T. simiae Similar to T. congolense Pigs (+++), equids (++), & cattle (±) Warthog, bush pig " “ 

T. vivax Glossina spp. (develops in proboscis), 

hematophagous insects (Stomoxys spp., 

tabanids) & vampire bats 

Cattle, sheep, goats & equids (++); pigs (±) Several wild mammals Africa, South 

America 

“ 

T. evansi Hematophagous insects (Stomoxys spp., 

tabanids), vampire bats & seldom oral route  

Equids, dogs & camels (+++); Sheep & 

goats (++); cattle & water buffalo  (+) 

Several wild mammals Africa, South 

America, Europe, 

Asia 

Surra 

T. equiperdum Venereal Camels, equids (+++) Not known Africa, South 

America, Europe, 

Asia 

Dourine 

(+++) = All forms of the disease but commonly acute disease, (++) = The infection is usually chronic, (+) = Chronic infection with spontaneous recovery and (±) = Resistant 
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In early stages of the disease, patients suffering from T. b. gambiense HAT manifest 

clinical signs such as lymphadenopathy, fever, headache, pruritus, muscle pain, 

splenomegally, hepatomegally, cardiac dysfunction, gastrointestinal disorders and edema. As 

the disease gets becomes chronic, then neurological signs characterized by sleep disturbance 

(that give the disease its name sleeping-sickness) are observed [285]. The T. b. rhodesiense 

parasite causes similar clinical manifestations like the T. b. gambiense parasite, but the 

disease progresses more rapidly with the second stage occurring within few weeks leading to 

death in 6 months. It is believed that the second stage of HAT occurs when the parasite 

crosses to the brain [286]. 

The first-line treatment for early stage T. b. gambiense and T. b. rhodensiense HAT is 

pentamidine and suramin, respectively; while the second-line treatment for early stage T. b. 

gambiense and T. b. rhodensiense disease is suramin and pentamidine, respectively. Suramin 

causes toxicity in <5% of patients [287]. The first-line treatment for the second-stage 

gambiense disease is Eflorthinine-nifurtimox combination therapy and the second-line 

treatment is melarsoprol. For the T. b. rhodesiense HAT, the only treatment for the second-

stage disease is melarsoprol [285]. Melarsoprol is quite toxic and 5% of patients treated with 

this drug die because of toxicity [285]. The risk associated with the side-effects of HAT drugs 

means that treatment should only be initiated on individuals that are confirmed positive.    

As a result of joint intervention by the World Health Organizations (WHO), Pan 

Africa Tsetse and Trypanosomiasis Eradication Campaign and private partners like the Bill 

and Melinda Gates Foundation, there is a decline of new HAT cases which had re-emerged 

from the early 1980’s to late 1990’s [283]. Between the year 2000 - 2013, the number of new 

T. b. gambiense and T. b. rhodesiense HAT cases reported to WHO had dropped from 25,865 

- 6,228 and 706 - 86, respectively [283]. Part of the success of this eradication campaign can 
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be attributed to the political-will by the affected countries and advocacy. The current gain in 

the control of HAT cases demands constant surveillance for new cases and prompt response 

to prevent future epidemics. A reliable screening tests for HAT, which is currently 

unavailable, would be instrumental for early case-detection. 

1.7 Trypanosoma congolense: a model trypanosome employed in this study  

The development of control measures for an infectious disease entails in-depth 

knowledge of the causative agent (s). Thus, solution for the AAT problem requires 

understanding of its causative agents. This study employed T. congolense, which is a highly 

pathogenic and prevalent animal trypanosome, as an African trypanosome model. 

Furthermore, the genome sequence of T. congolense is available in the database. In addition, 

the parasite can be cultured in vitro and this prevents unnecessary use of animal models or 

tsetse flies for its propagation [129] and it grows well in laboratory animals [130]. This 

section is dedicated to examining the biology, diagnosis and control measures of T. 

congolense. 

1.7.1 Histological features 

T. congolense BSF has a flagellum which originates from the flagellar pocket [131] 

and run along the margin of an inconspicuous undulating membrane until the anterior end 

where it terminates into a rudimentary structure (Fig. 1.6). Generally, trypanosomes use the 

flagellum for locomotion [132], attachment [133] and sweeping-off surface attached 

antibodies [30]. The flagellar pocket is a subpellicular microtubule-free surface where VSG 

recycling, the intake of material and exocytosis of metabolic by-products occurs [134]. 

The exposed surface of T. congolense, except the flagellar pocket, is covered by a 

cysteine-rich VSG coat [135] which has a charge heterogeneity [136] conferred by sialic acid 
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[137]. The VSG coat is unique to the BSF and metacyclic parasites [138]. The GARP [139] 

and protease resistant surface molecules [140] are the equivalents of VSG in the T. 

congolense PCF parasites. On the other hand, the surface of T. congolense epimastigote 

parasites are coated with GARP [141] and the Congolense Epimastigote-Specific Protein 

[142]. The surface coat proteins enable the parasites to withstand the hostile environment of 

the host [10] and act as an environment sensor that directs development of trypanosomes at 

different sites in the gut of the tsetse flies [143]. Beneath the VSG is a plasma membrane, 

which is supported by pellicular complex [144] made of microtubules [131]. The microtubular 

network offers structural support to the parasite and it facilitates parasite adherences to host 

cells [145] by acting in synergy with the sialic acid [146]. 
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Figure 1.6: Schematic diagram showing a longitudinal-cross section of bloodstream form T. congolense 

parasite. The cytosol of the parasite is crowded with organelles. Note: the cytosol contains typical as well as 

atypical eukaryotic cell organelles. Adapted from http://www.microbiologybook.org/Portuguese/para-port-

chapter3.htm   

 

The genetic material of T. congolense is in the nucleus and the kinetoplast [144]. 

These two organelles are clearly visible in Giemsa or 4',6-diamidino-2-phenylindole (DAPI) 

stained parasites. While the nuclear DNA content remains constant irrespective of the 
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developmental stage and geographical origin of the parasite [147], the overall relative DNA 

content slightly varies with T. congolense type, whereby it is known to be lower in Savannah 

than Kilifi or Forest-type [148]. The size of mini-chromosomes is smaller in the Savannah and 

Forest (~50-100) kb compared to the Kilifi (~100-250) kb [148]. The Kilifi has the largest 

number of small chromosomes (~300-400) kb. The Savannah-type which has the lowest DNA 

content possesses many small chromosomes than the Forest [148]. The kDNA of T. 

congolense is made of maxicircles [149], which code for RNAs, apochytochrome b and 

NADH dehydrogenase [150]; and minicircles [149], which code for guide RNA required for 

the editing [150] of a maxicircle kDNA expressed genes [30]. 

Traversing the entire length of T. congolense BSF is a single tubular mitochondrion 

[151] whose lumen is studded with cristae [144]. Other important intracytoplasmic organelles 

include the glycosome [152] which compartmentalizes the glycolytic pathway, allowing high-

level utilization of glucose by the trypomastigotes, and the acidocalcisosomes which are 

required for balancing the pH and salt concentration in the cytosol [30]. 

1.7.2 Respiration: The Glycosome and Aldolase 

 There is scarce information concerning the generation of ATP and high energy 

electron carrier (NADH) in T. congolense unlike in T. brucei. The BSF T. brucei generates 

energy anaerobically by degrading glucose to pyruvate. In trypanosome and other 

kinetoplastidea [288], the series of glycolytic steps where glucose is enzymatic breakdown to 

3-phosphoglycerate (3-PGA) occur in the glycosomes and the 3-PGA by-product is exported 

into the cytosol where it is finally degraded stepwise into pyruvate (Fig. 1.7). However, 

glycolysis in other eukaryotic cells occurs in the cytosol. It is suggested that 

compartmentalization of some enzymes in the glycosome allows them to be in close 

proximity in order to improve the efficiency of shared catabolic and anabolic processes [288]. 
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Overall, a single BSF T. brucei contains about 80 glycosomes [289] and the glycolytic 

enzymes make up to 90% of its protein content [290]. Besides glycolysis, other metabolic 

processes that occur inside glycosomes are the pentose-phosphate pathway, β-oxidation of 

fatty acids, purine salvage, and biosynthetic pathways for pyrimidines, ether-lipids and 

squalenes [290]. 

Glycosomes are populated by proteins and other contents from the cytosol by 

importation through several carrier proteins that are located on its membrane [291]. For 

proteins, targeting only occurs to those ones that possess one of the several groups of signal 

sequences called peroxisomal targeting sequences [292] that are recognized by the 

glycosomal membrane transporters. The glycosomes of the PCF trypanosomes, which are 

known to generate energy through oxidative phosphoryration in the mitochondrion, are 

repressed [293] and have low quantity of the glycolytic enzymes [294]. In contrast, the BSF 

trypanosomes have repressed mitochondria and highly active glycosomes [293,294]. The 

generation of energy in the PCF involves the oxidation of proline amino acid [288], which 

occurs aerobically and this is the most probable explanation for the repressed glycosomal 

activity in insect-stage parasite. It is suggested that the high oxygen environment in the gut of 

tsetse fly could be the reason why PCF respire aerobically and hence its utilization of 

mitochondrion. 

The aldolase is one of the seven glycolytic enzymes of kinetoplastids which are 

targeted to the glycosome. In the BSF T. brucei, aldolase is the most highly abundant of those 

glycolytic enzyme found inside the glycosomes. Of the 90% (at 150 mg/ml) glycosomal 

protein content attributed to glycolytic enzymes, 33.5% is made of aldolase [296]. The 

aldolase enzyme catalyzes a reversible reaction in the glycolytic pathway where fructose 1,6-
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bisphosphate is cleaved to dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-

phosphate (G-3-P). The trypanosome aldolase belongs to class I aldolase like those found in 

Fructose 1,6-bisphosphate aldolase

 

Figure. 1.7: Schematic diagram showing glycolytic pathway in bloodstream form T. brucei. In the 

kinetoplastids, glycolytic reactions from step 1 to 7 occur inside the glycosome. The reactions from step 10 to 12 

occur in the cytosol. Enzymes: Hexokinase, 1; Phosphoglucose isomerase, 2; Phosphofructokinase, 3; Fructose 

1,6-bisphosphate aldolase (Aldolase), 4; Triosephosphate isomerase, 5; Glyceraldehyde 3-phosphate 

dehydrogenase, 6; Phosphoglycerate kinase, 7; Glycerol-3-phosphate dehydrogenase, 8; Glycerol kinase, 9; 

Phosphoglycerate mutase, 10; Enolase, 11; pyruvate kinase, 12; Glycerol-3-phosphate oxidase, 13. 

Abbreviations: 1,3-BPGA, 1,3-bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; G-3-P, 

glyceraldehyde-3-phosphate; Gly-3-P, glycerol-3-phosphate; PEP, phosphoenolpyruvate; 2-PGA, 2-

phosphoglycerate; 3-PGA, 3-phosphoglycerate. Substrate and metabolite transporters in membranes are 

indicated by circles. Adapted from [295]. 

 

higher mammals, plants and bacteria [297]; class II aldolases occur in bacteria, fungi, yeasts, 

molds and some algae. Whereas class I aldolase is a homotetramer of 160 kDa, class II 

aldolase is a homodimer of 78 kDa [298]. Other differences between class I and II aldolase 

are: (1) unlike class II aldolase, class I aldolase breaks fructose 1,6-bisphosphate to DHAP 

and G-3-P by going through a step that involve the formation of a Schiff-base; and (2) class II 

aldolase requires zinc as a co-factor for its activity [298]. Class I aldolase enzyme of 

mammals is subdivided into A-type (found in muscles and red blood cells), B-type (found in 

the liver, kidney and small intestine) and C-type (found in the neurons, brain and smooth 
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muscles).  The primary sequence of trypanosome aldolase is more homologous to the A-type 

aldolase than to the B-type [299]. Enzyme activity inhibition assay showed that adenine 

nucleotides and phosphates could inhibit the trypanosome as well as the rabbit muscle 

aldolase at the same concentration range where the Staphylococcus aeureus enzyme was less 

affected [300] and this could arise from the similarity between the mammalian A-type 

aldolase and that of trypanosomes. There is ongoing research on trypanosome aldolase as a 

potential drug target [301]. By the fact trypanosome aldolase catalytic activity is similar to the 

mammalian aldolase; extra care should be taken to avoid selection of cross-reactive drug 

compounds that will cause side-effects like observed with some of the drugs currently being 

used for the treatment of HAT. 

1.7.3 Trafficking of macromolecules: the endocytic compartment and the exosomes 

The movements of macromolecules between the interior and exterior of trypanosomes 

involve organelles such as endoplasmic reticulum, coat protein II (COPII) vesicles, Golgi 

apparatus, endosomes and lysosomes which are all located between the nucleus and flagellar 

pocket [144]. During inward trafficking, macromolecules bind to receptors at the flagellar 

pocket [153] followed by internalization [154] into the endocytic vesicles from which they 

traverse tubular structures (early endosomes and late endosomes) as the go into the lysosomes 

and digestive vesicles [155]. Those cargos that are destined for export from the cytosol to the 

exterior are packaged in the endoplasmic reticulum. The packed cargos bud as COPII vesicles 

which then coalesce with the Golgi apparatus where they emptied. While inside the Golgi 

apparatus, the cargos are sorted and exported to the flagellar pocket through the recycling 

vesicles [131].               

The release of materials from trypanosomes, particularly the soluble proteins also 

occurs through alternative routes instead of the endocytic compartment. Previously, soluble 
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trypanosome antigens were demonstrated in the sera of animals infected with T. vivax and T. 

brucei [156]. Some of these released soluble trypanosome antigens [157] were thought to exit 

the trypanosome cell following autolysis of dead parasites [158]. Examples of these released 

products are T. congolense phospholipase [159] which causes hemolysis and prevents clotting 

[160], and T. congolense peptidase which is suspected for interfering with the activity of its 

homologue in the host [161]. Then recently, various T. congolense excreted-secreted proteins 

(secretomes) were recovered from the secretion media in which the BSF parasites were 

incubated [162]. The mechanism by which these antigens exited T. congolense parasite was 

not established although the authors suggested non-classical secretion route. In T. brucei 

[157] and in Leishmania donovani [302], a non-classical protein secretion has been 

documented as an alternative route by which the parasite antigens escape to the cell exterior. 

This non-classical export of materials occurs by means of excretory micro vesicles known as 

exosomes. The exosomes are released from the cell through the coated plasma membrane coat 

by way of budding [157]. So far, some of the proteins that were recovered from the exosomes 

of T. brucei [157,303] are homologous to those previously encountered in the purified 

exosomes of leishmania [302]. Apparently, this non-classical export route is involved in the 

release of toxic parasite compounds. As shown in a recent study [303], the T. brucei 

exosomes are incriminated in the transfer virulence factors which suppress the innate immune 

response and cause anemia. A number of glycosomal proteins have been encountered among 

the T. congolense secretome [162] and inside the exosome of trypanosomes [157] as well as 

those of the leishmania [302]. Aldolase, a virulence factor used by apicomplexa to invade host 

cells, is one of the glycosomal proteins encountered in the secretome of T. congolense [162] 

and in association with the exosomes of T. brucei [157]. At present, there is no proof that the 

exported trypanosome aldolase contributes is a virulence factor of the trypanosomes. The 
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recent discovery of exosomes in trypanosome offered insights to the past mystery that 

surrounded the existence of a non-classical excretory pathway in trypanosomes and the 

mechanism by which this parasite releases its virulence factors. 

1.7.4 Life cycle  

The life cycles of T. congolense (Fig. 1.8) and other tsetse transmitted trypanosomes 

follow similar pathway with few exceptions as reviewed [133]. For T. congolense, the BSF 

parasite is ingested by the tsetse fly during a blood meal and goes into the mid-gut from where 

the VSG is shed and parasites continue to proliferate as trypomastigotes. The proliferative 

trypomastigotes in the mid-gut cross the peritrophic membrane into the ectoperitrophic space 

and undergo retrograde migration to the proventriculus, where they stop dividing. The 

duration between parasite ingestion and arrival at the proventriculus is about 6 days. From the 

proventriculus, the non-dividing trypomastigotes migrate to the proboscis and cibarium in 

about 13 days from the time when the BSF are ingested [163]. While in the proboscis and 

cibarium, the trypomastigotes differentiate into long slender epimastigotes with a nucleus 

which is located posterior to the kinetoplast. The attached epimastigotes divide and again 

differentiate into pre-metacylic trypomastigotes, which migrate to the hypopharynx where 

they mature into infective aflagellate and VSG coated metacyclic forms, which are ready for 

transmission [163]. 

1.7.5 Diagnosis of T. congolense infections  

Clinical manifestations of AAT are a less reliable method used for tentative diagnosis 

in the field. Where definitive diagnosis is required, special laboratory tests are employed. The 

laboratory tests for detection of trypanosomes are broadly classified into parasitologic, 

immunologic and molecular assays [164]. Of these assay categories, the most commonly used 
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tests for detection of T. congolense and other trypanosomes in Sub-Saharan Africa are the 

parasitologic methods. 

Inoculation of metacylic trypanosomes into host during blood meal

Ingestion of bloodstream form trypanosomes during blood meal

 

Figure 1.8: Life cycle of T. congolense. The parasite undergoes several development stages in synchrony with 

the morphological and metabolic changes. Note that such morphological changes include the positioning of the 

kinetoplast in relation to the nucleus. As seen from above picture, the kinetopast is proximal to the nucleus in the 

epimastigotes but distal in the rest of the developmental stages. The changes occur in response to the 

environmental factors in the mammalian as well as tsetse hosts. Adapted from [163].      

1.7.5.1 Diagnosis based on clinical signs 

This is a general method for diagnosis of AAT, which is applicable to all other species 

of pathogenic trypanosomes. Although clinical signs may indicate an ongoing infection, it is 

not definitive due to the lack of cardinal signs linked to T. congolense parasites and 

sometimes the infection is latent. Moreover, mixed infections may complicate the disease 

outcome rendering an unreliable diagnosis based on clinical signs. Even though clinical 

manifestations of the disease may not be a reliable way for diagnosis, it is a preliminary step 

towards selection of a confirmatory laboratory test.  
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1.7.5.2 Parasitologic assays 

1.7.5.2.1 Microscopy 

Microscopy is a general and ancient technique for detection of trypanosomes. The 

technique is used for direct visualization of trypanosomes in a sample (often blood) prepared 

as wet film, thick film or thin film [165]. Though, thin film allows classification of the 

different trypanosomes, generally all these techniques are less sensitive with the detection 

limit for T. congolense being 2.5x10
4
 trypanosomes/ml [166] and labor intensive, whereby at 

least 100 fields are examined before declaring a negative sample [164].  

The micro-hematocrit technique (MCHT) [167] and dark ground Buffy coat technique 

(BCT) [168] were introduced to improve the sensitive of microcopy. In both techniques, 

blood is aspirated in a capillary tube followed by centrifugation on a microhematocrit 

centrifuge to concentrate trypanosomes at the Buffy-coat/plasma interface. In the MHCT, the 

Buffy-coat/plasma interface is directly examined under the microscope for motile parasites. 

The BCT entails breaking the capillary tube at the Buffy-coat using a diamond pencil and 

extruding the Buffy-coat together with the upper layer of erythrocytes on the microscope slide 

followed by examination of the wet smear. The detection limit of MHCT and BCT for T. 

congolense is 2.5x10
4
 and 2.5x10

2
 trypanosomes/ml, respectively [166]. Although the 

concentration techniques improved the conventional microscopy, they are less effective when 

sample examination is delayed and the involvement of expensive equipments makes the 

techniques costly. Other variants of concentration technique are the double centrifugation 

[169] and the silicone concentration technique [170]. The silicone concentration technique 

detection limit for T. congolense is not better than MHCT or BCT [165].  The double 

centrifugation and silicone concentration techniques face similar limitations like MHCT and 

BCT.  
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Another less popular microscopy-based technique is miniature anion-exchange 

centrifugation method (mAEC). Here parasites are purified on diethyl-amino ethyl (DEAE-

52) cellulose followed by concentration [165]. An assessment on the assay’s sensitivity 

revealed a detection limit of 2.5x10
4
 T. congolense/ml [165]. mAEC is time consuming, 

complex and its sensitivity is not better than thin film or concentration techniques [165]. The 

operation of mAEC may not be possible in the near future because GE Healthcare has 

discontinued production of DEAE-52 matrix. 

1.7.5.2.2 Animal sub-inoculation and xenodiagnosis 

Animal sub-inoculation involves injecting blood/cerebrospinal fluid collected from a 

suspected case into a laboratory animal and the animal model is monitored for development of 

parasitemia [171]. In xenodiagnosis, tsetse flies are fed on suspects and then dissected to 

establish infection of the salivary gland [164]. Following sub-inoculation of mouse with T. 

congolense strain (58/98), a detection limit of 1x10
4
 trypanosomes/ml [165] was attained. 

Altogether, the sensitivity of animal sub-inoculation and xenodiagnosis are governed by 

factors such as virulence of the parasite strain and susceptibility of the animal model or tsetse 

fly to the infection. Neither of the methods gives instant results and they are costly in terms of 

keeping animals and maintaining the tsetse colony. 

1.7.5.3 Immunologic assays 

Research on commercial immunoassays for detection of T. congolense infections has 

proceeded for over 3 decades, whereby several promising antibody and antigen detection 

assays for T. congolense were reported but none of these tests have been commercialized to-

date. 
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1.7.5.3.1 Antibody detection assays 

The antibody detection immunoassays for trypanosomiasis has evolved from 

complement fixation test which was initiated for diagnosis of surra more than 90 years ago 

[172] to a more recent tests such as Enzyme linked immunoassay (ELISA) [173], 

agglutination assays [174], and a lateral flow test (LFT) assay prototype [175]. ELISA is 

probably the most common laboratory-based antibody detection immunoassay for 

trypanosomiasis. The technique is versatile in terms of sensitivity and it is suitable for large-

scale epidemiological studies. The simplest format of antibody detection ELISA for T. 

congolense infections employed lysate (complex mixture of total parasite proteomes) antigen 

for trapping infection-induced host antibodies. However, lysate is an unreliable antigen for 

diagnosis of trypanosomiasis, because it is impossible to standardize its contents between 

different batches [172]. Other than that, whole lysate contains specific as well as cross-

reactive antigens and the latter lowers the specificity of lysate-based ELISA [176]. To 

overcome challenges attributed to lysate, attention has been diverted to purified recombinant 

proteins. Candidate antigens for this assays format are obtained through proteomic selection 

[177], genomic approach [178,179] and in silico techniques [180]. The criteria followed when 

selecting these antigens are the uniqueness to the parasite, immunogenicity, abundance and 

solubility. Although recombinant proteins are a better antigen source than lysate, the process 

is lengthy, costly and often selected antigens do not perform to the expectation. For example, 

a protein may be unique to the parasite and expresses well but can be less immunogenic. 

Another general challenge is that antibody detection tests are unable to distinguish an active 

from past infection due to the fact that antibodies remain in serum for several months after 

clearance of the infection [181]. On the other hand, the appearance of antibodies only several 

days after infection jeopardizes the sensitivity of the antibody detection assays especially 
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during early stages of infection. For these reasons, antibody detection assays are not perfect 

tools for diagnosis although it can be used for epidemiological survey. 

1.7.5.3.2 Antigen detection assays 

Antigen detection ELISA which uses anti-sera to trap T. congolense antigen was first 

reported in 1984 [182], however, for unknown reasons the project did not materialize. 

Perhaps, the morale was lost upon discovering that anti-serum meant for specific detection of 

T. evansi (that was produced in a similar manner as for the T. congolense) indiscriminately 

recognized other species of trypanosomes. Later on, monoclonal antibodies (MAbs) for 

detection of T. congolense were successfully produced [183]. However, independent 

evaluation of the MAb-based ELISA revealed a specificity that was much lower than reported 

[184]. Meanwhile, the ELISA was already developed into a kit by FAO/IAEA and distributed 

for field evaluation in the AAT endemic regions of Sub-Saharan Africa. Although the 

specificity of the new kit was almost reproducible, its sensitivity was low [185]. Further 

evaluation of the kit under controlled experimental conditions showed poor sensitivity and 

specificity [186]. Given these outcome, the promotions of the ELISA kit as well as its latex 

agglutination assay (Congotex) derivative [187] were halted. The most recent attempt to 

develop different formats of the antigen detection ELISA (i.e. direct and indirect competitive 

ELISA, indirect inhibition ELISA, and indirect sandwich ELISA) for the detection of T. 

congolense was reported [188] and the authors suggested field evaluation, but so far no 

progress has been reported.  

The development of a proficient antigen detection immunoassay relies mainly on the 

abundance of the diagnostic marker and the affinity of the antibody for the antigen. In most 

cases, natural infections are accompanied by low levels of antigen attributed to sequestration 

by immune complex [188,189] and low parasite density in the circulation [188]. These 
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situations are a major impediment to the development of antigen detection tests for infectious 

diseases and this requires alternative approaches. Despite all the efforts invested in developing 

an antigen detection ELISA for trypanosomes, no success has been realized and thus no 

commercial antigen detection test neither for T. congolense nor other species of trypanosomes 

is available.   

1.7.5.4 Isoenzyme assay 

Living organisms have enzymes with identical functions but differ at a molecular level 

[13] such as in net charge or size to an extent that they migrate at different speed when 

subjected to an electric field [190]. Such alterations are caused by mutations, which could be 

substitution, deletion and insertion of one or more amino acids. Therefore, judging from the 

migration pattern of selected identical enzymes in an electric field; two organisms are 

considered related if these enzymes migrate at the same level. This method was used for 

classification of the various stocks of T. congolense [191]. The weakness of isoenzyme 

analysis is that enzymes may still migrate at the same level when an amino acid is replaced by 

another with similar charge. This limitation is partially corrected for by analysis of several 

enzymes simultaneously.  Due to its inherent complexity, isoenzyme analysis is more suitable 

for taxonomic classification rather than routine diagnosis. 

1.7.5.5 DNA-based assays   

First generation molecular techniques were mainly used for characterization of 

trypanosome species. Further advancement in this technology saw the invention of rapid, 

sensitive and specific tests that could detect as low as one trypanosome per ml of 

blood/cerebrospinal fluid. Nowadays, there are molecular tests for the detection of virtually 

all the pathogenic animal trypanosomes in biological samples. 
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1.7.5.5.1 DNA hybridization  

The discovery of DNA offered an opportunity for which organisms can be 

differentiated based on unique regions present in their nucleotide sequences. The use of 

oligonucleotide sequence, which anneals to a specific complementary strand in the genome of 

infectious organisms, a technique called DNA hybridization, was the initial application of 

DNA in diagnosis [192]. This technology was effectively used for characterization of the 

subgenus Nannomonas, whereby T. congolense was distinguished from T. simiae [193]. The 

precision of the technique for detection of T. congolense is relatively high, because results of 

the DNA hybridization correlated well with the isoenzyme result [191]. The major challenges 

with this technique are its low specificity and sensitivity. While the specificity of the original 

DNA hybridization assay was compensated by incorporation of restriction enzymes in the 

analysis [194], the sensitivity was improved through the use of fluorescently radio-labeled 

probes [13] as well as amplification of the target DNA sequence prior to hybridization [195]. 

The additional steps have made the process lengthy and complicated. To-date, there are no 

commercial probes for diagnosis of AAT and even if these probes were available their use 

would have been limited by costs, associated health risk and their short half-life. To overcome 

challenges associated with costs and fluorescent quenching of radio-labeled probes, enzyme-

labeled probes would be an alternative [196], unfortunately they are less sensitive [13]. For 

this reason, the DNA hybridization technique does not meet the requirements of an ideal test 

for diagnosis of diseases of rural dwellers such as AAT.        

1.7.5.5.2 Polymerase Chain Reaction  

Since the development of the PCR technology in the year 1985, the technique gained 

wide application in various fields of science. Its admirable features such as high specificity, 

high sensitivity and high throughput rendered the assay useful for diagnosis of infectious 
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diseases. The detection of T. congolense can be done through PCR assays that employ 

species-specific primers (Table 1.3) or universal primers (Table 1.4). While the species-

specific primers target repetitive DNA, universal primers target ribosomal DNA (rDNA). 

These universal primers are preferred because they reduce cost and time required for multiple 

examinations per sample such as when targeting several species using species-specific PCRs. 

Thus, the onus is on the diagnostician to choose from the available PCRs when faced with 

diagnostic challenge. On the whole, PCR is preferred for large-scale epidemiological studies 

and diagnosis in the laboratory setting, but the entire process is lengthy rendering high the 

chances of error occurring. Other than this, the technique itself is very costly (in terms of 

equipment and reagents required) and it can only be operated by trained personnel, thereby 

limiting its application to the affluent communities. Considering that the technique relies 

heavily on electric driven gadgets, its adaptability in non-laboratory environments remains 

uncertain. 

Table 1.3: Subspecies-specific PCR primers frequently used for the detection of T. congolense infections 

Subspecies Primers Sequence 5' to 3' Product size (bp) References 

Savannah TCS1: 

TCS2: 

CGAGAACGGGCACTTTGCGA 

GGACAAACAAATCCCGCACA 

316 [197]  

     

 ILO344: 

ILO345 

CGAGCGAGAACGGGCAC 

GGGACAAACAAATCCCGC 

320 [198]  

     

 TCN1: 

TCN2: 

TCGAGCGAGAACGGGCACTTTGCGA 

ATTAGGGACAAACAAATCCCGCACA 

341 [199]  

     

Forest TCF1: 

TCF2: 

GGACACGCCAGAAGGTACTT 

GTTCTCGCACCAAATCCAAC 

~350 [197]  

     

Kenya 

Coast/Kilifi 

TCK1: 

TCK2: 

GTGCCCAAATTTGAAGTGAT 

TACTCAAAATCGTGCACCTCG 

294 [197]  

     

Tsavo ILO892: 

ILO893: 

CGAGCATGCAGGATGGCCG 

GTCCTGCCACCGAGTATGC 

450 [16]  
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Table 1.4: Different rDNA-based pan-trypanosome PCR tests for detection of African trypanosomes 

Versions of rDNA 

PCR  

Primer sequence 5' to 3'   Target DNA sequence Reference 

1. Internal 

transcribed spacer 1 

(ITS-1) PCR 

Kin1 forward: GCGTTCAAAGATTGGGCAAT 

Kin2 reverse: CGCCCGAAAGTTCACC 

Non-coding DNA 

between the 18S and 

5.8S rRNA genes (ITS-1) 

[200] 

    

2. 18S-PCR-RFLP 18ST nF2 forward: CAACGATGACACCCATGAATTGGGGA, 

18ST nR3 outer reverse: GTGTCTTGTTCTCACTGACATTGTAGTG and 18ST nR2 

inner reverse: TGCGCGACCAATAATTGCAATAC 

18S rRNA gene [201] 

    

3. Internal 

transcribed spacer 1 

(ITS-1) PCR* 

ITS1 CF forward: CCGGAAGTTCACCGATATTG and  

ITS1 BR reverse: TTGCTGCGTTCTTCAACGAA 

Non-coding DNA  

between 18S and 5.8S 

rRNA genes (ITS-1) 

[202] 

    

4. Nested ITS PCR ITS1 outer forward: GATTACGTCCCTGCCATTTG, ITS2 outer reverse: 

TTGTTCGCTATCGGTCTTCC, ITS3 inner forward: 

GGAAGCAAAAGTCGTAACAAGG and ITS4 inner reverse: 

TGTTTTCTTTTCCTCCGCTG 

DNA sequence between 

18S and 28S rRNA genes 

(ITS-1, 5.8S, and ITS-2) 

[203] 

* PCR cannot distinguish T. congolense savannah and T. congolense forest in mixed infections. 
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1.7.6 Treatment and Control of T. congolense infections   

The control of AAT dates back in time when the causative agents of the disease were 

not yet established. By then, pastoralists would clear bushes surrounding kraal/homestead and 

smear animals with herbs to repel flies which they suspect for causing the epidemic. The 

knowledge of the causative agents of the AAT and the mode of transmissions only led to 

evolution of these control methods. As of now, AAT is being contained by targeting 

trypanosomes and the vectors. Control methods reviewed are applicable to T. congolense 

parasites as well as other species of African trypanosomes.  

1.7.6.1 Chemotherapy and chemoprophylaxis 

Many compounds have been screened for treatment of T. congolense and other 

trypanosomes. Tryparsamide [204], dimidium bromide [205], cinnoline compound [206] and 

cis-diammineplatinum [II]-polyglutamic acid complex [207] are among the compounds 

previously examined for the treatment of T. congolense infections. The chemotherapeutic 

(curative) drugs that were finally commercialized are diminazene aceturate (Berenil
®
), 

isometamidium chloride (Samorin
®
), quinapyramine dimethylsulphate (Trypanocide 

sulphate
®
), homidium chloride (Novidium

®
) and homidium bromide (Ethidium

®
) [208]. 

Because of its side-effects and loss of efficacy, quinapyramine dimethylsulphate was 

abandoned except for use in camels and horses [208]. Homidium salts (Novidium
®
 and 

Ethidium
®
) were also withdrawn from the market because it became less efficacious and the 

drugs were discovered to be a potential carcinogen. At present, Berenil
®
 and Samorin

®
 are the 

only remaining drugs used for the treatment of T. congolense infections [208]. While Berenil
®

 

is a curative drug; Samorin
®
 is a curative as well as preventive drug. 
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1.7.6.1.1 Diminazene aceturate (Berenil
®

) 

Berenil
®
 is used for the treatment of T. congolense, T. vivax, T. brucei and T. evansi 

[208].  The application of this drug is mainly restricted to cattle and small ruminants because 

they tolerate it well. Berenil
®
 is administered through intramuscular route [208] at a dosage 

ranging from 3.5 - 7 mg/Kg live body weight [208]. In West Africa, Berenil
®
 is being used as 

prophylactic drug in trypanosome high risk area, where it is administered at 3.5 mg/Kg [103] 

on a monthly basis. The use of Berenil
® 

for treatment of dogs and equids is guarded, because 

they have small therapeutic index for the drug [208] and toxicity usually occurs even at the 

recommended dosage [13].  

Berenil
®
 is internalized through a P2 transporter and it kills trypanosomes by 

inhibiting the parasite’s S-adenosylmethionine decarboxylase required for the synthesis of 

trypanothione. The deficiency of trypanothione causes oxidative stress, which eventually kills 

the parasite. 

1.7.6.1.2 Isometamidium hydrochloride (Samorin
®

) 

Samorin
®
 is a chemoprophylactic drug for prevention of T. vivax, T. brucei and T. 

evansi; and a chemotherapeutic drug for treating cattle [13] infected with T. congolense [208].  

The drug is administered by intramuscular route at dose rate of 0.5 and 1 mg/Kg live body 

weight [209] for cure and prevention of the disease [13], respectively. The preventive dosage 

is administered to susceptible cattle at 0.5 mg/Kg on monthly basis in medium challenge area 

or 1 mg/Kg in an interval of 3 months in a high challenge area. To avoid the risk of 

developing Samorin
® 

resistant trypanosome strains, administration of prophylaxis is usually 

commenced two weeks after Berenil
®

 treatment and then continued for a year [13]. 

Simultaneous administration of Samorin
®

 and other trypanocidal drugs is not recommended.  
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Trypanosomes internalize Samorin
®
 through facilitated diffusion across the plasma 

membrane and the drug accumulates inside the mitochondria [210], where it destroys 

trypanosome’s kDNA-topoisomerase complexes eventually killing the parasite. 

1.7.6.1.3 Occurrence of drug resistant T. congolense 

Field isolates of T. congolense that are refractory to Benenil
®
 [211], Samorin

® 
[212] or 

both drugs [213] have been reported. The mechanism by which these parasites acquire 

resistance varies with the drug; resistance to Berenil
®
 is attributed to low uptake due to 

mutation of the P2-type purine transporter [214] and resistance to Samorin
® 

is attributed to 

drug efflux [215] or reduced uptake [216] into the mitochondria.  Like T. congolense, drug 

resistance has been detected in T. vivax [209] and this might explain high prevalence of these 

two species [217]. The origin of drug resistance is not well understood although inappropriate 

use of drugs has been suggested as the probable cause [218,219].        

1.7.6.1.4 Detection of drug resistance 

There are direct and indirect tests that are employed to detect occurrence of drug 

resistance in order not to confuse with re-infection [220]. For direct testing, suspected parasite 

strains are incubated in various concentrations of trypanocidal drug for a defined time period 

in order to determine the effect of the drug on the parasite [214]. Examples of such tests are 

akinetoplastic induction [221], drug incubation infectivity test [222,223] and drug incubation 

Glossina infectivity test [224]. An approach similar to these in vitro assays is where mice or 

cattle are inoculated with suspected isolates and those animals that develop parasitemia are 

treated with curative dosage of trypanocidal [225]. The challenge of the in vivo approach is 

that of its limitation to those isolates that grow in animal models. 
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Indirect tests for drug resistance involve the use of tools that detect genetic markers 

that are linked to drug resistance. The notable indirect tests for drug resistant trypanosomes 

are PCR [226] and PCR-RFLP [227]. For example, the detection of Samorin
® 

resistant T. 

congolense strains can be achieved through MboII-PCR-RFLP. This technique discriminates 

Samorin
®
 resistance strains based on size polymorphism of a putative gene which is 384 bp in 

resistant trypanosomes and 381 bp in sensitive trypanosomes [214]. Similarly, Berenil
®

 

resistant strains of T. congolense can be detected with a variant of PCR-RFLP which uses the 

BclI enzyme for digestion of the amplified gene coding for the P2-type purine transporter 

(TcoAT1). In this case, the restriction patterns of drug resistant and sensitive strains differ as a 

result of the substitution of guanine with adenine in the TcoAT1 gene of the resistant strains 

[214].  

For surveillance of drug resistance in endemic regions, susceptible animals are treated 

with preventive drugs and followed for development of parasitemia over a given time period 

[226,228]. When conducting this type of investigation, monitoring of treated cattle for the 

levels of Samorin
® 

can be done through an ELISA [229] to ensure that the plasma drug 

concentration does not drop below the therapeutic threshold. 

1.7.6.2 Breeding for trypanotolerance  

The traits which contribute to trypanotolerance are under investigation with the aim of 

finding a possible genetic solution to the problem of African trypanosomiasis (Section 1.4). In 

an attempt to exploit trypanotolerance, the multiplication of breeds that are resistant to 

trypanosome infections has been encouraged, however, this idea was opposed because the 

trypanotolerant animals are less productive compared to the trypanosusceptible breeds [230].  

Another fear associated with introducing trypanotolerant breed to other parts of Africa has 

been the possibility of the trypanotolerant breed being susceptible to the local strains of 
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trypanosomes circulating in the new area and the problem of the logistics required for the 

introduction of these ‘exotic’ breeds [121]. It was then suggested that introgression by cross-

breeding the trypanotolerant with the trypanosusceptible might be a better alternative but this 

did not attain the required levels of expectation by the fact that the N’Dama-Zebu crosses only 

exhibit partial resistance. Lastly, breeding for trypanotolerance is limited in scope to only few 

species of animals (cattle, sheep and goats) forgetting that trypanosomiasis is a disease 

affecting diverse species of animals.   

1.7.6.3 Vector control 

Vectors that transmit African trypanosomiasis are diverse and widespread although 

frequently T. congolense, T. brucei and T. vivax are transmitted by Glossina spp. The 

Glossina spp is divided into three groups (palpalis, morsitans and fusca) of which there are 

different species and subspecies [30]. The species/subspecies of Glossina spp (in the palpalis 

group) that are incriminated in transmitting T. congolense is the G. palplis spp [41,231] and 

G. tachinoides [41]; in the morsitans group are the G. morsitans morsitans [163], G. m. 

submorsitans, G. swynnertoni, G. pallidipes [232] and G. longipalpis; and in the fusca group 

are the G. brevipalpis [232] and G. longipennis [122]. Having insight of the biology of these 

vectors would pave the way for the development of appropriate vector control methods. There 

are different control methods that were devised, but the adoption is strongly influenced by 

their user-friendliness, the geographical location where it can be applied and the availability 

of resources.  

1.7.6.3.1 Insecticides 

The use of insecticides in Sub-Saharan Africa for controlling tsetse and biting flies is a 

common practice [233]. Most of the insecticides are the pyrethroids and organophosphates. 
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The insecticides are applied through aerial spray, ground spraying on trees, animal bait, ‘pour-

on’, neck collars and ear tags. The major concerns associated with these insecticides are 

indiscriminate killing of non-target insects and potential environmental hazards. The other 

limitation is that ground spraying cannot be performed over wide areas and aerial spray is not 

economically viable [234].  

1.7.6.3.2 Traps 

The insecticide impregnated traps have been used in some parts of Africa to reduce the 

population of tsetse flies. These traps are made of pieces of cloth that are colored blue on its 

exterior to attract tsetse flies and dark in the interior to encourage attracted flies to land [235]. 

Instead of using color, odor baits (chemical attractants) are other alternative ways for 

attracting flies to the traps [236]. There is also a non odor-baited target which has been 

developed for the riverine tsetse flies. The use of fly traps is effective only in small areas 

rendering high the likelihood of re-invasion [237]. 

1.7.6.3.3 Sterile Insect Technique 

The Sterile Insect Technique (SIT) involves aerial release of irradiated sterile male 

tsetse flies to compete with wild males for mating. SIT is an environmentally friendly tsetse-

control method. The principle behind SIT is by the fact that a female tsetse fly mate only once 

in a life time, thus its insemination by a sterile male makes it infertile forever [238]. The 

success story of SIT was reported when its application on Unguja Island in Zanzibar led to 

eradication of G. austeni [239].  However, one should be aware that SIT is a very expensive 

technique [240] and artificially bred sterile males have shorter lifespan compared to their wild 

counterparts [121]. The technique also has low chances of succeeding in the areas where there 

are multiple species of tsetse flies. 
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1.7.6.4 Vaccine development  

Through immunization several infectious diseases of animals were controlled [241] 

and it could be reasoned that this approach might as well prevent AAT. The immunization of 

animals against AAT would provide a more effective alternative strategy for controlling the 

infections: firstly, it does not disturb the ecosystem; and secondly, an effective vaccine offers 

lifelong protection unlike the use of preventive drugs that require regular boosting at short 

intervals. Ongoing research on AAT vaccines against AAT is following both conventional 

and non-conventional approaches. 

1.7.6.4.1 Conventional vaccine development 

The observation that sera from trypanosome infected animals could protect against 

challenge with homologous strains raised hope for the development of a vaccine against AAT. 

Thus, trials such as inoculation of animals with live-attenuated whole trypanosomes, infection 

with virulent strains followed by drug treatment and inoculation with formalin-killed 

trypanosomes were the initial attempts to develop AAT vaccines. The live-attenuated whole 

trypanosome vaccine was unsuccessful because attenuated parasites instead infected the 

immunized animals, the infection-drug treatment vaccine strategy provided only a transient 

protection and the immunization with formolized parasites could not offer protection against 

heterologous strains [42]. Subsequently, another trial with whole irradiated trypanosomes 

which showed high level of protection in mice failed to protect dogs and cattle [242]. The 

latest approach is where the infections with low virulent strains led to protection from virulent 

strains [243].      

Advancements in AAT vaccine research involved trials with the antigenic components 

of trypanosomes the so called ‘subunit vaccines’. In this respect, VSG was investigated for its 

vaccine potential but the molecule was abandoned because of its high variability to an extent 
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that it does not cross-protect vaccinated animals against heterologous parasite strains. To 

overcome the limitation encountered with VSG, invariant antigens such as flagellar pocket 

[244] were sought. Unfortunately, in living trypanosomes these potential invariant candidate 

antigens are either buried beneath VSG [245] or are intracellular [246] which makes them 

inaccessible to antibodies [109] and macrophages [247]. All these factors hindered efforts of 

developing an effective vaccine against trypanosomes. Moreover, studies conducted to 

understand the effect of trypanosomiasis on B-cell development showed that these cells 

undergo apoptosis during the infection and in the end affects vaccine efficacy [112]. Thus, 

going by these observations, the hope for development of a potent AAT vaccine remains 

untenable [248]. 

1.7.6.4.2 Non-conventional vaccine development 

Transmission blocking vaccines: The glutamic acid-proline dipeptide repeats (EP) 

protein expressed inside tsetse gut [249] protects the fly against trypanosome infection. This 

natural resistance is being mimicked by way of transmission blocking vaccines. For this, the 

tsetse gut is rendered hostile to trypanosomes in that the parasites die before maturing into 

infective metacyclics. The precursory approach to this vaccination strategy started with 

inhibiting the development of trypanosomes in tsetse flies by feeding them on animals 

immunized with uncoated parasites [250] although it was not successful. The latest study in 

this sphere involves the use of an engineered tsetse gut flora called Sodalis glossinidus to 

deliver a trypanolytic Nanobody (Nb_An46) with the hope of killing trypanosomes inside 

tsetse flies [251]. The foreseen challenge is whether the environment of the tsetse gut will not 

affect the potency of the trypanolytic Nb.  

Anti-disease vaccines: Both living and dead trypanosomes release toxic protein 

components in the body of infected mammals [159] such as proteases which were recovered 
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in an in vitro experiment [162] and in the natural infections [252]. It was, therefore, 

hypothesized that antibody-mediated neutralization of these toxic proteins would mitigate the 

pathology observed in infected trypanosusceptible animals. One of these T. congolense 

proteases, cysteine protease (congopain), has been investigated for its potential application as 

an anti-disease vaccine [253]. Although some level of success with congopain-based anti-

disease vaccine was attained, the realistic time period for which the vaccinated animals 

remain protected is yet uncertain [248].  

So far, in the last 15 years AAT vaccine research has stalled as no successful field 

result could support the initial experimental data. For this to succeed, a thorough and well-

thought background study should be conducted to understand the biology of this pathogen, the 

host as well as the intricacies of the trypanosome-host interaction in order to get a better 

insight for guiding the process of vaccine development. 

1.8 Differential diagnoses of the African Animal Trypanosomiasis  

 Besides animal trypanosomiasis, there are rampant important parasitic diseases of 

animals in Sub-Saharan. The most outstanding of these parasitic diseases are Theileriosis 

(East Coat Fever), Anaplasmosis (Gall sickness), Babesiosis (Red water) and Cowdriosis 

(Heart water). The principal causative agents of these diseases are mainly transmitted by tick. 

In Sub-Saharan Africa, Theileria spp the agent of Theileriosis is transmitted by Rhipicephalus 

appendiculatus, Anaplasma spp the agent of Anaplasmosis is transmitted by Boophilus 

decoloratus among other ticks, Babesia spp the agent of Babesiosis is transmitted by B. 

Microplus and Ehrlichia ruminantium the agent for Cowdriosis is transmitted by Amblyomma 

variegatum. Because each of these infections as well as AAT does not have typical cardinal 

clinical signs, there are high chances of miss diagnosis in a field setting. Often, these 
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infections manifest clinical signs that overlap with AAT and sometimes they exist as mixed 

infections between themselves or with AAT. This makes the detection of these infections and 

AAT based on clinical signs very challenging. The most common clinical manifestations of 

animal trypanosomiasis are: anemia (a feature also shared by Theileriosis, Anaplasmosis, and 

Babesiosis); weight loss (a feature also shared by Anaplasmosis); lymph node enlargement (a 

feature also associated with Theileriosis); weakness (a feature also associated with 

Anaplasmosis, Babesiosis and Cowdriosis) and pyrexia (a feature also associated with 

Theileriosis, Anaplasmosis, Babesiosis and Cowdriosis) [304]. For this reason, availability of 

a POC test that specifically detects each of these infections as well as AAT in a rural setting 

would overcome this diagnostic challenge and allow proper drug prescription.         

1.9 Nanobodies 

1.9.1 Development of the Nanobody technology 

  In the early 1990’s, two kinds of unique IgGs (IgG2 and IgG3) that are devoid of light 

chains were coincidentally encountered in the serum of camel (Camelus dromedarius) [254]. 

The light chain-deficient IgG, heavy-chain antibody (HCAb), was further studied to 

understand its structure in relation to its function. For this, the primary structure of the antigen 

binding portion was elucidated through sequencing of a cloned cDNA corresponding to the 

region between the 5' end of the variable (VH) and the constant domain of heavy-chain 

(CH2). This work revealed the lack of a distal constant domain (CH1) in HCAb, which is a 

usual constituent of the constant region of the heavy chain in the conventional IgG. By 

lacking CH1, CH2 of HCAb is bridged to VH through a hinge (Fig. 1.9A) which is more 

extended in IgG2 than IgG3 [254]. The elucidation of the complementarity determining 

regions (CDRs) showed that both CDR1 and CDR3 of HCAbs were longer than in the 
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conventional IgGs [255] (Fig. 1.9B). The pronounced extensions of these two CDRs are 

thought to compensate for the antigen binding strength that would have been reduced by the 

lack of the light chain. A detailed insight into the entire sequence of the HCAbs VH 

fragments, called VHH, revealed the substitution of hydrophobic amino acids (leucine 11, 

valine 37, glycine 44, leucine 45 and tryptophan 47) with hydrophilic residues (serine 11, 

phenylalanine 37, glutamate 44, tyrosine 45 and glycine 47) on the surface that normally, in 

the conventional IgG VH, forms contact with the variable domain of the light chain (VL) 

[255]. These mutations allow solubility of the naturally unpaired VH which would otherwise 

aggregate if the hydrophobic amino acids were retained. 

The information obtained from structural studies of HCAbs gave useful insight into 

the potential applications of its VHH domain, which is an entity that would overcome the 

technical limitations faced with conventional monoclonal IgG or its engineered fragments. 

For this reason, a protocol was developed, whereby the VHH gene of the HCAb is amplified 

and cloned in an expression vector. The cloned gene is then expressed as soluble recombinant 

protein (~15kDa) in yeast cell or Escherichia coli. The recombinant VHH protein is now 

popularly known as Nanobody (Nb). The crystal structure of Nbs reveals the occurrence of 

intra-chain disulfide bond that connects CDR1 to CDR3 in the camel-derived Nbs and frame 

work 2 (FR2) to CDR3 in Alpaca-derived Nbs, respectively. There is an additional intra-chain 

canonical disulfide bond that connects FR1 to FR3 [256]. 

Apart from camelids, a variant of HCAb called shark’s new antigen receptor 

(Fig.1.9A) are found in sharks [257]. This type of HCAb has a constant region which consists 

of five domains (CNAR1-5) and a single variable domain (V-NAR) which is also ~15 kDa 

[258]. However, it is more divergent in primary- and α-structural organization than the mouse 
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(or human) IgGs and Nbs [256]. Like with the Nb, V-NAR is being investigated for potential 

applications in biomedical fields. 

1.9.2 Nanobody engineering 

To engineer Nbs against an antigen, a camelid (Alpaca, Ilama, or Dromedary) is 

injected subcutaneously with an antigen (up to100 µg per immunization) during six weeks. 

1 2 3

BA

 

Figure 1.9: Features of Heavy-Chain only IgG antibodies and conventional IgG antibodies. (A) 

Comparison of structures of Camelid, Shark and Mouse antibodies adapted with modifications from [259]. 

While the variable domains of camelid Single-Domain IgG antibody (A1) and Shark Single-Domain New 

Antigen Receptor (A2) are monomeric i.e. VHH and VNAR respectively, that of conventional IgG antibody 

(A3) is a dimer made of VH and VL. The whole antibody molecules differ in structure and size but the molecular 

weight (MW) of the antigen-binding variable domain is constant (~15 kDa). (B) Comparative features through 

schematic illustration of the primary sequences of variable domains of the conventional IgG antibody (VH) and 

Camelid Heavy-Chain only IgG antibody (VHH) adapted from [260].  It is discernible that the CDR1 and CDR3 

of VHH are longer than in VH. Furthermore, the hydrophobic residues at positions 37, 44, 45 and 47 in VH are 

substituted with hydrophilic residues in VHH. 

Then, the immunized animal is bled for isolation of peripheral blood lymphocytes from which 

mRNA is extracted and cDNA synthesized. Using a set of primers (Call001 and Call002), the 

cDNA sequence coding for the VH fragment is amplified and resolved by electrophoresis on 

agarose gel to separate those that belonged to conventional IgGs from the HCAbs. The HCAb 

VH DNA band on the agarose gel corresponding to ±700bp is excised and extracted. Another 
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set of nested primers called A6E and Primer 38 which anneal to Framework region 1 (FR-1) 

and Framework region 4 (FR-4) of HCAb VH, respectively, are then used to amplify a 

specific region which codes for the Nb gene.  The amplified fragment is digested with 

restriction enzymes (PstI and NotI) and ligated in a phagemid vector, usually pHEN4 

(Appendix II, Fig. A1.A) followed by transformation into E. coli (TG1). During the 

enrichment for binders, the library is infected with helper phages (M13K07) to display the 

binders which are then panned on coated antigen for 2-4 cycles (Fig. 1.10). The enriched 

library from each of the panning cycle is screened, for colonies expressing binders against the 

antigen of interest, by ELISA. For quality control, it is strongly advised to sequence Nb genes 

in the positive colonies after every sub cloning step. Those genes that have passed quality 

control check (have correct reading frame) are then sub cloned in an expression vector, 

followed by transformation into an expression host. The production of Nbs and purification 

are performed following standard protocols used for the production and purification of 

recombinant soluble proteins as described [277]. 

1.9.3 Potential applications of Nanobodies  

1.9.3.1 Biomedical applications 

Owing to their desirable features, Nbs have gained wide applications in biomedical 

sciences especially in areas where the performance of MAbs have been unsatisfactory. 

1.9.3.1.1 Nanobodies in drug development 

Prior to the invention of the Nb technology, immunotherapy relied on MAbs (±150 

kDa) which are tissue impenetrable and not readily cleared by the kidneys. The small size of 

Nbs (±15kDa) is advantageous in terms of access to targets in obscure location and renal 

clearance. These properties have made Nbs to become potential tool for drug development. 
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Figure 1.10: The schematic illustration of Nanobody (VHH) library generation and screening steps. 

Adapted from [260] with modifications.  

Accordingly, the molecules (Nbs) are being investigated for their toxin neutralizing effect 

(antidote). Examples of these anti-toxin Nbs are those that are capable of neutralizing snake 

venoms [261], Shiga toxin [262], Anthrax toxin [263] and Clostridium difficile toxin [264]. In 

another study, Nb against vascular endothelial growth factor receptor was shown to have 

potential for treating cancer by preventing angiogenesis and eventually causing the death of 

cancerous cells through nutrient deprivation [265]. As demonstrated through an in vitro assay, 

Nb can be a potential drug for treating African trypanosomiasis, whereby an anti-VSG 

Nb_An05 incubated with BSF trypanosomes was shown to kill the parasite by preventing 

VSG recycling [266]. Because the cellular response cascade can be modulated by blocking 

the binding of ligands to the cell surface receptors, this principle was exploited in treatment of 

collagen induced arthritis through Nb-based blocking of tumor necrotic factor-α activity 

[256]. Nbs may also find application in drug delivery. For example, β-lactamase could be 

targeted to cancer cells when coupled to a Nb recognizing a unique cancerous cell surface 

antigen [257]. Similarly, an anti-VSG NbAn33 has been successfully used to target truncated 
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apolipoprotein L-1 [267] and pentamidine [268] in order to boost the influx of these 

trypanolytic compounds inside trypanosomes. It is also foreseen that Nbs against surfactant A 

may offer opportunity for effective delivery of drugs used for the treatment of respiratory 

infections [269]. 

1.9.3.1.2 Nanobodies for immunodiagnostics 

In an effort to improve diagnosis, there is ongoing refinement of conventional tests 

and search for new tools. Going by evidence gathered from recent studies, Nbs are potential 

tools for diagnosis of various diseases. First, cell-surface binding Nbs coupled to fluorescent 

dyes are capable of precise imaging of cancer [270] and atherosclerosis [271], and 

immunofluorescent detection of African trypanosomes (Fig.1.11). Second, several studies 

have been shown that Nbs in an ELISA are able to detect antigenic components of infectious 

agents. The potential application of Nbs for diagnosis of infectious diseases in an ELSA 

format were shown through Nb-based antigen-capture sandwich ELISA for Taenia solium 

cysticercosis [272], Porphyromonas gingivalis [273], and influenza H5N1 [274]. Third, the 

Nb technology itself offers an alternative strategy for proteomic identification of candidate 

antigens with diagnostic potential. In this respect, the Nb technology was instrumental in 

identification of the paraflagellar rod protein [275] and glycosomal fructose 1,6-bisphosphate 

aldolase [276] which are both antigenic components of African trypanosomes. These findings 

show prospects for development of both antigen- as well as antibody-detection immunoassays 

through Nb technology approach. 
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Figure 1.11: Immunofluorescent detection of T. congolense (red and white arrows) in wet blood smear that 

are bound by Alexa488 dye-labeled anti-VSG Nb. The parasitized blood was examined under visible light 

(Panel A, left) or UV light (Panel B, right). The latter abolished background interference due to erythrocytes 

thereby enhancing the visibility of parasites. Adapted from [277]. 

1.9.3.1.3 Nanobodies in vaccine development 

As highlighted previously (Section 1.7.6.4.2), there are efforts to block the 

transmission of trypanosomes through trypanolytic Nbs that are expressed in the gut of tsetse 

flies [251]. Because the Nb technology offers opportunities for identification of target antigen 

[276], the technology can as well be applied to screen for vaccine candidates. 

1.9.3.2 Biotechnological applications of Nanobodies 

The application of MAbs as tool for stabilizing proteins during crystallization was 

limited by low binding affinity, whereby complexes formed would easily crumble. Because of 

their inherent high affinity, Nbs have become favorite crystallization aids [278,279]. 

Furthermore, Nbs are a powerful tool that can exert their function inside cells [280]. This is 

being exploited for studying the dynamics of sub-cellular structures [281] and metabolic 

pathways through protein knock out [282]. 
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2.0 Research Objective 

The lack of effective diagnostic tests deters AAT control. Ideally, a diagnostic test for 

disease of the developing world should be Affordable, Sensitive, Specific, User-friendly, 

Equipment-free and Delivered to those who need it (ASSURED) as required by the WHO. 

However, despite several years of improvement parasitologic tests for AAT are still far from 

ideal and the nucleic acid amplification assays are unaffordable. Although the new generation 

immunoassays for AAT are near ideal, they detect very few species of trypanosomes. 

Additionally, these tests detect trypanosome-induced host antibodies, hence they are an 

unreliable indicator of ongoing infections and have low specificity. These limitations could be 

addressed through antigen-detection immunoassays, but the eminent set-back of MAb-based 

antigen-detection immunoassays is the low sensitivity resulting from the competition for the 

circulating parasite antigen between the test’s antibody reagents and the infection-induced 

host’s antibodies. This study, therefore, explored the application of Nbs as alternative tools 

for the development of an antigen-detection test for AAT where T. congolense was used as 

a model. The long CDR3 of Nbs facilitates access to cryptic epitopes, consequently 

circumventing the interference by host-induced antibodies of its binding to the target antigen.  

The specific objectives that were addressed are the following: (1) Demonstrate the 

endemicity of hemoparasites of domestic animals in Sub-Saharan Africa by testing 

convenient samples collected at a referral veterinary diagnostic laboratory in Uganda, (2) 

Engineer a potent anti-T. congolense soluble proteome Nb, demonstrate the diagnostic 

potential and identify the target antigen, and (3) Experimentally select between 2 pan-

trypanosome nested PCR assays as a gold standard test for future evaluation of the Nb-

based assay. 
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3.0 Preamble 

Tropical climate favors survival of various vectors that transmit important 

hemoparasites of humans and animals. A high density of these vectors leads to a high rate 

of infections. In this instance, diagnosis based on clinical manifestation of a disease 

becomes unreliable when the infections are mixed and where the prevalent parasites cause 

diseases with overlapping symptoms. This is a challenge frequently faced by veterinary 

practitioners in Sub-Saharan Africa who are working in remote places where there are no 

diagnostic laboratories.  

Through cross-examination of blood samples collected from domestic animals 

mainly from central Uganda using a set of parasitologic-molecular tests for endemic 

tropical hemoparasites, it was evident that indeed there are diverse species of 

hemoparasites infecting domestic animals. The hemoparasites detected were Theileria spp, 

Babesia spp, Leishmania spp, Trypanosoma spp, Herpetomonas spp and microfilaria 

which occurred as single or mixed infections. The finding of this survey demonstrates a 

typical situation of endemic hemoparasites of domestic animals as it presently occurs in 

Sub-Saharan Africa under realistic field conditions. Therefore, there is need to devise 

effective means of controlling these parasites and priority should be given to the highly 

pathogenic and prevalent infections.  

3.1 Abstract 

We employed thin blood smear, BCT and 18S-PCR-RFLP to investigate endemic 

hemoparasites in blood samples that were submitted to a referral diagnostic laboratory in 

the College of Veterinary Medicine, Animal Resources and Bio-security (COVAB), 

Makerere University (Uganda). Out of 351 samples examined, single infections 
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encountered were Anaplasma spp (n=3), Babesia spp (n=1), Theileria spp (n=29), 

Trypanosoma congolense (n=4), T. brucei (n=4), T. evansi (n=1), T. theileri (n=8), 

Leishmania spp (n=76), Herpetomonas spp (n=6) and Microfilaria (n=1). Mixed infections 

detected were Anaplasma spp/Herpetomonas spp (n=1), Babesia spp/Leishmania spp 

(n=1), Theileria spp/T.theileri (n=4), Theileria spp/Leishmania spp (n=11), T. 

congolense/Leishmania spp (n=2), T. brucei/Herpetomonas spp (n=1), and Leishmania 

spp/Herpetomonas spp (n=4). Tick-borne hemoparasites were detected with thin blood 

smear. Three cases of trypanosomes (which included two T. congolense and one T. evansi) 

and one of microfilaria were detected with BCT. The 18S-PCR-RFLP detected additional 

cases of trypanosomes including those that were detected by the BCT, Leishmania spp and 

Herpetomonas spp. Overall, combined utilization of the three tests improved the rate and 

diversity of hemoparasites detected. Information obtained from this study is vital for 

setting of priority for controlling animal hemoparasites. 

3.2 Introduction 

Hemoparasitic diseases of animals are responsible for tremendous reduction in 

productivity of livestock [1] and suffering of pet animals [2] particularly in Sub-Saharan 

Africa where a high vector activity and dispersion continue causing rapid transmission of 

these pathogens. Common pathogens in this group are tick-borne parasites [3], 

trypanosomatids [4,5] and helminths [6]. Various measures aimed at eradicating these 

hemoparasites such as vector control [7,8], chemoprophylaxis [9] and chemotherapy [10] 

have been regularly implemented but with limited success. Vector refractoriness to 

pesticides [11], absence of vaccine, inadequate resources and occurrence of wildlife 

reservoirs [12] are some of the factors hindering the eradication campaign. Where there are 
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limited resources, selective control of key hemoparasites would alleviate the suffering but 

this cannot be achieved because surveillance data that is required for policy formulation is 

usually unavailable.   

As a contribution toward generation of surveillance data for endemic 

hemoparasites in Sub-Saharan Africa, a study was conducted to determine the prevalence 

and diversity of hemoparasites of domestic animals circulating in Uganda through a set of 

diagnostic tests. For this study, relatively broad-range diagnostic tests for hemoparasites 

comprising the thin blood smear [13], BCT [14] and 18S-PCR-RFLP [15] were employed 

to minimize costs usually incurred from testing a sample multiple times when parasite 

species-specific tests are employed. Thin blood smear enabled cost-effective 

detection/characterization of various extra- and intra-cellular hemoparasites, BCT was 

used for detection of trypanosomes as well as heminths such as microfilaria, and the 18S-

PCR-RFLP was used for sensitive detection/characterization of trypanosomes and other 

trypanosomatids. Where necessary, additional auxiliary molecular tests for clarification of 

certain 18S-PCR-RFLP results such as T. evansi specific PCRs [16,17] and sequencing of 

the amplified 18Sssu-rDNA were employed. The parallel applications of these robust tests 

allowed detection of several species of hemoparasites and more so their occurrence as 

mixed infections. 

3.3 Materials and methods 

3.3.1 Reference trypanosomatids used for molecular analysis  

Control DNA samples for the 18S-PCR-RFLP and sequencing were obtained from 

T. congolense Savannah TC13, T. b. brucei AnTat1.1E, T. vivax ILRAD 700, T. evansi 

STIB 816 and L. major IR75. Reference DNA samples for T. evansi Rode Trypanozoon 



 Chapter 3 

 

Page | 94  

 

antigen type (RoTat) 1.2 VSG PCR and non-RoTat 1.2 VSG PCR were obtained from T. 

evansi ITMAS080109.P12 and T. evansi KETRI 2479, respectively. T. congolense TC13 

was a gift from Dr. Henry Tabel (Canada) to the CMIM laboratory. The rest of 

trypanosomes including L. major IR75 were previously obtained from the Institute of 

Tropical Medicine (ITM), Antwerp (Belgium). For preparation of DNA samples, groups of 

mice (C57BL/6) were infected with reference trypanosomes and L. major. While 

trypanosome infected mice were bled by cardiac puncture on day 5-7 post-infection when 

parasitemia was about 1x10
7
/ml, mice infected with L. major (IR75) were also bled by 

cardiac puncture on the 4
th

 week post-infection when lesions on the footpad were 

prominent. An aliquot of the blood (75 µl) was immediately spotted separately on FTA 

classic card (Whatman
®

) for later DNA extraction. 

3.3.2 Study area 

The study samples were obtained from districts in central and western Uganda (Fig. 3.1). 

 
 

Figure 3.1: Map of Uganda showing different regions and districts (indicated by figures). Blood 

samples were traced to 15 districts (white asterisks) including Kampala (29), Wakiso (76), Mityana (56), 

Sembabule (72), Kayunga (36), Mukono (61), Mubende (60), Nakasongola (64), Luweero (48), Gomba (89), 

Masaka (51), Lynatonde (100), Kiboga (38), Kiruhura (40), and Ntoroko (106). (Source: Adapted with 

modifications from http://en.wikipedia.org/wiki/Districts_of _Uganda) 
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3.3.3 Study subjects, sample and sample collection 

The study subjects were sick and apparently healthy domestic animals. Sampling of 

whole blood was done in a passive manner (not by random sampling technique), whereby 

we received and analyzed samples brought by the veterinary clinicians to the College of 

Veterinary Medicine, Animal Resources and Bio-security (Makerere University) clinical 

laboratory for diagnosis. The samples were from cattle (n=274), goats (n=40), dogs 

(n=30), cats (n=3), camels (n=3), and a horse (n=1). The distribution of the samples 

according to animal species and district of origin are summarized in Table 3.1. Upon 

delivery in the laboratory, samples were processed for parasitologic examination (by thin 

blood smears and BCT) and an aliquot of it (75 µl) was archived on a FTA card for DNA 

extraction. 

3.3.4 Parasitologic tests 

3.3.4.1 Thin blood smear 

  Five µl of blood was spread across a slide and air-dried, followed by fixation with 

100% methanol for 3 min. The smear was stained with 10% Giemsa (VWR) in distilled 

water for 30 min. Stained smear was rinsed with distilled water and 100 fields were 

examined under microscope (Olympus, Japan) for presence of hemoparasites under oil 

immersion objective lens at 1000x magnification. 

3.3.4.2 Buffy coat technique  

Whole blood was passively aspirated into heparinized micro-hematocrit capillary tubes 

(Hirschmann
®
 laborgerate) until two-third full and fitted on a hematocrit centrifuge 

(Sigma
®
 1-15P No. 11024, Germany) followed by centrifugation at 6000 g for 5 min. The 

hematocrit tubes were cut with a diamond pencil at the white blood cells/serum interface 
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(Buffy coat) and its content extruded on a slide. Buffy coat smears were microscopically 

examined for motile hemoparasites by scanning up to 100 fields at 400x magnification. 

Table 3.1: Species and number of domestic animals sampled by district 

Districts Species of domestic animals Total 

 Cattle Goats Dogs Cats Camels Horse  

        

Kampala 22 1 29 3 - - 55 

Wakiso 48 4 - - - - 52 

Mityana 1 - - - - - 1 

Sembabule 79 10 - - - - 89 

Kayunga 17 - 1 - - 1 19 

Mukono 1 - - - - - 1 

Mubende 26 5 - - - - 31 

Nakasongola 8 - - - - - 8 

Luweero 1 10 - - 3 - 14 

Gomba 3 - - - - - 3 

Masaka 2 - - - - - 2 

Lyantonde - 10 - - - - 10 

Kiboga 18 - - - - - 18 

Kiruhura 37 - - - - - 37 

Ntoroko 11 - - - - - 11 

Total 274 40 30 3 3 1 351 
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3.3.5 Molecular tests 

3.3.5.1 The 18S-PCR-RFLP 

DNA was extracted from blood spotted on FTA cards using the QIAamp
®
 Kit 

(Qiagen
®

). The concentration of extracted DNA was determined by NanoDrop™ (Thermo 

Scientific) and samples were stored at -20 °C until analyzed. The18Sssu-rDNA gene in the 

sample was amplified in a semi-nested fashion as described previously [15]. The master 

mix was prepared from 5µl 5x GoTaq
® 

buffer (Promega), 0.5 µl 10 mM dNTP, 0.6 µl 20 

µM 18ST nF2 forward primer and 0.6 µl 20 µM 18ST nR3 reverse primer for the first 

PCR or 0.6 µl 20 µM 18ST nR2 reverse primer for the semi-nested PCR and 0.15 µl 5 u/µl 

GoTaq
®
 G2 DNA polymerase. The master mixes of the first and second PCR was adjusted 

with distilled water to 20 µl and 24 µl, respectively. Whereas the master mix of the first 

PCR was later seeded with 5 µl of DNA template (50 ng DNA), the master mix of the 

second PCR was seeded with 1 µl of first PCR product. Then both PCR were carried out 

on programmable thermal cycler that was set as follows: lid temperature, 105°C; pre-cycle, 

95 °C for 4 min; [92 °C for 30 sec; 58°C for 45 sec; 72 °C for 60s] x40 cycles; post-cycle 

72°C for 10 min; and paused at 4°C. Amplified products were resolved by electrophoresis 

on 2% agarose (Lonza) in a 1x buffer made of Tris, Borate and EDTA (TBE). The 

electrophoresis was conducted at 100V for 40 min. The positive samples (with bands at +/-

600bp) were double digested with MspI (New England Biolabs
®
) and Eco57I (Thermo 

Fisher Scientific). For digestion, 4µl sample was added to 11 µl premix prepared from 0.12 

µl 20000 u/ml MspI, 0.48 µl 5u/µl Eco57I, 1.5 µl 10x Cut smart buffer (New England 

Biolabs
®

), 0.3 µl 50x SAM buffer (Thermo Fisher Scientific) and 8.6 µl distilled water. 

The mixture was incubated overnight at 37°C. The digested PCR products were resolved 

by electrophoresis on 2% agarose small fragments (Eurogentec) in 1x TBE at 100V for 40 
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min. The profiles were interpreted according to the RFLP profiles obtained from the 

reference strains (Fig. 3.2) and as reported in previous studies [15,18].  

3.3.5.2 Trypanosoma evansi RoTat 1.2 and non-RoTat 1.2 VSG PCR 

T. evansi was discriminated from T. brucei by a T. evansi RoTat 1.2 PCR or T. 

evansi non-RoTat PCR. T. evansi RoTat 1.2 VSG PCR master mix was prepared from 6 µl 

5x GoTaq
® 

buffer, 0.6 µl 10mM dNTP mix, 0.5 µl 20 µM RoTat 1.2 VSG-F1 (5'-

CAAAACTAACAGCCGTTGCAGCG-3'), 0.5 µl 20 µM RoTat 1.2 VSG-S1 (5'-

AGTTCCGGTACCTTCTCCATTTC-3') primers (acquired courtesy of Chen Rui, 

Zhejiang Academy of Medical Sciences) 0.3 µl GoTaq polymerase and 50 ng DNA 

template. The mixture was adjusted to a final volume of 30 µl with distilled water. 

Conditions used for PCR was as follows: lid temperature, 105°C; pre-cycle, 94 °C for 4 

min; [94 °C for 30 sec; 60°C for 30 sec; 72 °C for 40 sec] x35 cycles; post-cycle 72°C for 

5min and paused at 4°C. PCR products were resolved by electrophoresis on 2% agarose. 

The rest of the samples that had T. brucei-like restriction profiles and found 

negative by RoTat 1.2 PCR were further examined for T. evansi non-RoTat strain using 

non-RoTat VSG 1.2 PCR. The T. evansi non-RoTat 1.2 VSG PCR used JN 2118Hu 

forward primer (5'-TTCTACCAACTGACGGAGCG-3') and JN 2118Hu reverse primer 

(5'-TAGCTCCGGATGCATCGGT-3') as described in [17]. The quantity of reagents for 

non-RoTat 1.2 VSG PCR and cycle conditions were the same as for the RoTat 1.2 VSG 

PCR. However, the amount of DNA template was increased from 50ng to 100ng and the 

number of cycles was raised from 35 to 40.   
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3.3.5.3 Sequencing of amplified 18Sssu-rDNA and homology search in the databank  

At least two representative semi-nested PCR products, randomly selected from 

every category of the restriction profiles and reference strains, were cross validated 

through sequencing with 50pmol 18ST_nR2 reverse primer. Two hundred ng of PCR 

products destined for sequencing were each processed by incubating with enzyme premix 

(3 µl) containing 2 µl 1 u/µl alkaline phosphatase (FastAP, Thermo Scientific) and 1 µl 20 

u/µl Exonuclease I (Thermo scientific). The incubation was performed on a thermal cycler 

(MWG BIOTECH Primus 96
plus

) set at 37°C for 15 min and then at 80°C for 15 min. The 

sequencing of processed samples was outsourced to a VIB genetic service facility 

(University of Antwerp). Homology search in the databank was performed using Clone 

Manager Professional 9-Sci-Ed bioinformatics software. 

3.3.6 Statistical analysis 

The frequencies of the different hemoparasites detected in the blood samples were 

computed using statistical software SPSS16 (Polar Engineering and Consulting). Chi-

square (χ
2
) test was employed for the comparison of frequencies. The chosen confidence 

level (α) was 0.05 and p values lower than 0.05 were reported as statistically significant. 

3.4 Results 

3.4.1 Frequencies of hemoparasites detected according to the diagnostic test 

3.4.1.1 Thin blood smear 

In general, 14.2% (50/351) of the samples were positive for hemoparasites by thin 

blood smear. Of these positives, 88% (44/50) had Theileria spp, 8% (4/50) were 

Anaplasma spp, and 4% (2/50) were Babesia spp. The frequency of Theileria spp was 



 Chapter 3 

 

Page | 100  

 

significantly higher than Anaplasma spp (χ
2
=33.3, df=1, p<0.05) or Babesia spp (χ

2
=38.3 

df=1, p<0.05). There was no significant difference between the frequency of Anaplasma 

spp and Babesia spp (χ
2
=0.67, df=1, p>0.05). 

3.4.1.2 Buffy coat technique 

The BCT on the other hand showed that 1.1% (4/351) of the samples had 

hemoparasites. Of the 4 positive cases, 50% (2/4) were T. congolense infections 

encountered in cattle, 25% (1/4) was a T. evansi infection in a camel and the other 25% 

(1/4) was a microfilaria infection in a dog. There was no significant difference in 

frequencies of hemoparasites detected through BCT (χ
2
=0.5, df=1, p>0.05). 

3.4.1.3 18S-PCR-RFLP 

The amplified18Sssu-rDNA of reference strains migrated at +/-600bp irrespective 

of the trypanosomes (Fig.3.2A) and restriction digestion of these amplicons yielded 

specific profiles except for the Trypanozoon (T. b. brucei and T. evansi) which were less 

distinct (Fig.3.2B).  
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Figure 3.2: The 18S-PCR-RFLP profiles of reference trypanosomes. Amplified 18Sssu-rDNA (A) and 

the corresponding restriction digestion products (B). Lanes M, DNA marker; lanes Tcs, T. congolense 

Savannah TC13; lanes Tbb, T. b. brucei AnTat1.1E; lanes Tv, T. vivax ILRAD 700; lanes Te, T. evansi STIB 

861; lanes Tcs/Tbb, T. congolense Savannah TC13/T. b. brucei AnTat 1.1E mixed infection; lanes Tcs/Tv, T. 

congolense TC13/T. vivax ILRAD 700 mixed infection; lanes Tbb/Tv, T. b. brucei AnTat 1.1E/T. vivax 

ILRAD 700 mixed infection; lanes Tcs/Tbb/Tv, T. congolense Savannah TC13/T. b. brucei AnTat 1.1E/T. 

vivax ILRAD 700 mixed infection; lane –ve1, negative control of the first PCR; lane +ve, positive control of 

the PCR and lane –ve 2, negative control of the second PCR. 

 

Based on restriction profiles generated from reference strains and the literature, we 

first identified domestic animals that were positive for T. brucei/T. evansi showing 4 bands 

at (~182, 170, 150 & 125) bp, T. theileri showing 2 bands at (~324 & 300) bp or a single 

band at ~324 bp and T. congolense Savannah showing 3 bands at (~300, 200 & 160) bp. 

Then, cross-examination of samples showing a T. brucei/T. evansi banding pattern using 

RoTat 1.2 VSG PCR identified T. evansi RoTat 1.2 strain in one sample collected from a 

sick camel. The rest of samples showing T. brucei/T. evansi profiles and negative on T. 

evansi RoTat as well as non-RoTat PCRs were considered positive for T. brucei. Among 

the 18S-PCR-RFLP positive samples, there were 4 categories of PCR products whose 

digestion profiles could not be readily interpreted. The first category had three bands 
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migrating at (~326, 180 & 80) bp; the second category had a single band at +/- 700 bp; the 

third category had two bands at (~380 & 300) bp; and the fourth category had 2 bands at (~ 

249 &230) bp. Category 1 was later identified as being Leishmania spp based on 

homology of the amplified 18Sssu-rDNA sequence with the one available in the Gene 

Bank and by comparing the amplified 18Sssu-rDNA RFLP profiles with that of the L. 

major IR75. The other mysterious restriction profiles (categories 2-4) were identified as 

Herpetomonas spp based on homology of the 18Sssu-rDNA sequences with those 

available in the Gene Bank. The organisms reported here are those that had hits with 

highest percentage of identity. The digestion profiles encountered with exception of T. 

theileri profile with single band at 324 bp and category 3 are represented (Fig. 3.3). 

From the sequences of the PCR products we retrieved different species of 

trypanosomatids from the DNA repository in the Gene Bank that were homologous to the 

reference strains, familiar or unfamiliar RFLP profiles. When sequences of PCR products 

of reference strains and familiar profiles where searched in DNA database, we retrieved 

the expected species (Table 3.2). However, sequences of T. brucei/T. evansi like profiles 

retrieved both species reiterating the inability to discriminate between the two species 

based on 18Sssu-rDNA sequence. 

Altogether the 18S-PCR-RFLP revealed that 35% (123/351) of the samples 

examined had hemoparasites. Of these positive cases, 71.5% (88/123) were Leishmania 
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Figure 3.3: Representative RFLP patterns of various trypanosomatids encountered in blood samples 

obtained from domestic animals. Lane M, 50bp ladder; lanes 1, 9, 10, 11 and 12 are Leishmania spp, Lane 

2, T. brucei; lane 3, T. evansi; lanes 4 and 5, T. theileri; lanes 6 and 7, T. congolense Savannah; lanes 8, 13 

and 12, Herpetomonas spp. All the different trypanosomatids gave constant restriction patterns with the 

exception of Herpetomonas spp which exhibited polymorphism. 

spp, 9.8% (12/123) were T. theileri,  5.7% (7/123) were Herpetomonas spp, 3.3% (4/123) 

were T. congolense Savannah, another 3.3% (4/123) were T. brucei spp and 0.8% (1/123) 

was a T. evansi single infection. Mixed infections involving Leishmania 

spp/Herpetomonas spp complex were 3.3% (4/123), Leishmania spp/T. congolense 

complex were 1.6% (2/123) and T. brucei/Herpetomonas spp complex was 0.8% (1/123). 

Going by individual hemoparasites, the fraction of positive samples (detected by 

the 18S-PCR-RFLP) constituting Leishmania spp was 72.3% (94/130), T. theileri 9.2% 

(12/130), Herpetomonas 9.2% (12/130), T. congolense Savannah 4.6% (6/130), T. brucei 

3.8% (5/130) and T. evansi 0.8% (1/130). Overall there was a significant difference in 

frequencies of infection detected by the 18S-PCR-RFLP (χ
2
=293.97, df=5, p<0.05), which 

was attributed to a high frequency of Leishmania spp. 
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Table 3.2: The species of trypanosomatids retrieved after searching the DNA database against the 18Sssu-rDNA sequences. The lists were retrieved as of 10th September, 

2014                    

RFLP fragments (bp) Expected 

trypanosomatid  

Reference Query 

length (bp) 

Highest hit retrieved Accession No. E-value Identity 

(%) 

~300, 200 & 160 T. congolense Savannah   850 T. congolense 68Q AJ223563.1 0.0 92 

~182, 170, 150 & 125 T. brucei or T. evansi  864 T. evansi evansi/T. brucei gambiense 

/T. b. brucei 

AB551922.1/AB301938.1/AL929603.2 5e-97 86 

~324 & 300 T. theileri  658 Trypanosoma spp. JW-2014b isolate CeL1002/T. 

theileri isolate Bt7201Hka/T. theileri isolate cow 

2073 Clone Cl 9 

KJ195890.1/KF924256.1/JX178182.1 0.0 98 

~324 T. theileri   918 T. theileri isolate Bb871/ T. theileri isolate 

Bt14ZA 

KJ397592.1/KF924257.1 0.0 93 

~326, 180 & 80 - - 916 L.  mexicana/L. tropica GQ332360.1/GQ332363.1 0.0 94 

~700 -  - 596 Herpetomonas spp  TCB-2012B isolate 

TCC266E   

JQ359720.1 0.0 95 

~380 & 300 -  - 707 Herpetomonas spp.  TCB-2012B isolate 

TCC266E 

JQ359720.1 0.0 98 

 ~ 249 &230 -  - 710 Herpetomonas spp. TCB-2012B isolate 

TCC266E/H. isaaci isolate MMO-02/H. isaaci 

strain PNG-M01 

JQ359720.1/KC205992.1/KC709667.1 0.0 99 
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3.4.2 Combined results of the three diagnostic tests 

Summary of different hemoparasites including infection type (single or mixed) 

detected by each of the tests is displayed (Table 3.3). 

3.4.3 Proportions of animals detected with hemoparasites 

Of the cattle samples 46.4% (127/274) were positive, goats 35% (14/40), dogs 

43.3% (13/30), cats 66.7% (2/3) and camels 33.3% (1/3). Cattle were detected with 

different tick-borne hemoparasites including Theileria spp (n=44); Anaplasma spp (n=2); 

and Babesia spp (n=1). The frequency of Theileria spp was significantly higher than 

Anaplasma spp (χ
2
=38.3, df=1, p<0.05) or Babesia spp (χ

2
=41.1, df=1, p<0.05). Besides 

the tick-borne hemoparasites, cattle samples were positive for other trypanosomatids 

including T. congolense (n=5), T. theileri (n=12), T. brucei (n=3), Leishmania spp (n=73), 

and Herpetomonas (n=9). The frequency of the occurences of these trypanosomatids 

varied (χ
2
=1.7 df=4, p<0.05). This difference was attributed to the high frequency of 

Leishmania spp. Goats blood samples were positive for Anaplasma spp (n=2), Leishmania 

spp (n=11), T. brucei (n=1) and Herpetomonas spp (n=1). Frequencies of trypanosomatids 

detected in goats also varied (χ
2
=15.4 df=2, p<0.05). Likewise, the difference was 

attributed to the high frequencies of Leishmania spp. The hemoparasites detected in dog 

samples were one of each case of (Babesia spp, microfilaria, T. congolense, T. brucei and 

Herpetomonas spp) infections and 9 cases of Leishmania spp. Similarly, the frequencies of 

infections encountered in dogs varied (χ
2
=22.9, df=5, p<0.05) and this difference was 

attributed to Leishmania spp. A summary of the detected hemoparasites in each domestic 

species as single or mixed infections are outlined (Table 3.4). 
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Table 3.3: Hemoparasitic infection types detected with each of the diagnostic tests. Thin blood smear, BCT, 

and PCR-RFLP tests revealed single infections. Besides single infections, PCR-RFLP also detected mixed 

infections 

 

Hemoparasites Infection type  No. Technique 

Anaplasma spp Single 3  Thin blood smear 

Babesia spp Single 1  Thin blood smear 

Theileria spp Single 29 Thin blood smear 

T. congolense Single 4 BCT & PCR-RFLP
a
 

T. brucei spp Single 4 PCR-RFLP 

T. evansi Single 1 BCT & PCR-RFLP
b
 

T. theileri Single 8 PCR-RFLP 

Leishmania spp Single 76 PCR-RFLP 

Herpetomonas spp Single 6 PCR-RFLP 

Anaplasma spp/Herpetomonas spp Mixed 1 Thin blood smear/PCR-RFLP
c
 

Babesia spp/Leishmania spp Mixed 1 Thin blood smear/PCR-RFLP
d
  

Theileria spp/T.theileri Mixed 4 Thin blood smear/PCR-RFLP
e
 

Theileria spp/Leishmania spp Mixed 11  Thin blood smear/PCR-RFLP
f
 

T. congolense/Leishmania spp
g
 Mixed 2                              PCR-RFLP 

T. brucei/Herpetomonas spp
h
 Mixed 1                              PCR-RFLP 

Leishmania spp/Herpetomonas spp
i
 Mixed 4                               PCR-RFLP 

Microfilaria Single  1                                        BCT 

Total   157  

a
Both BCT and PCR-RFLP detected 2 cases of T. congolense, and an additional 2 cases were detected with 

PCR-RFLP alone;  
b
Both BCT and PCR-RFLP detected T. evansi; 

c
Anaplasma spp/Herpetomonas spp mixed 

infection where Anaplasma spp was detected with thin blood smear and Herpetomonas spp with PCR-RFLP; 
d
Babesia spp/Leishmania spp mixed infection where Babesia spp was detected with thin blood smear and 

Leishmania spp with PCR-RFLP; 
e
Theileria spp/T.theileri mixed infections where Theileria spp was 

detected with thin blood smear and T. theileri with PCR-RFLP; 
f
Theileria spp/Leishmania spp mixed 

infections where Theileria spp was detected with thin blood smear and Leishmania spp with PCR-RFLP; 
g
T. 

congolense/Leishmania spp mixed infections detected with PCR-RFLP alone; 
h
T. brucei/Herpetomonas spp 

mixed infection detected with PCR-RFLP; and 
i
Leishmania spp/Herpetomonas spp mixed infection detected 

with PCR-RFLP. 
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Table 3.4: Type and number of single or mixed hemoparasitic infections detected in each animal species 

Hemoparasites Animal species  

 Cattle Goats Dogs Cats Camel 

Anaplasma spp 1 2 - - - 

Babesia spp - - 1 - - 

Theileria spp 29 - - - - 

T. congolense 3 - 1 - - 

T. brucei spp 2 1 1 - - 

T. evansi - - - - 1 

T. theileri 8 - - - - 

Leishmania spp 57 10 8 1 - 

Herpetomonas spp 5 - - 1 - 

Anaplasma spp/Herpetomonas 

spp
j
 

1 - - - - 

Babesia spp/Leishmania spp
j
 1 - - - - 

Theileria spp/T.theileri
j
 4 - - - - 

Theileria spp/Leishmania spp
j
 11 - - - - 

T. congolense/Leishmania spp
j
 2 - - - - 

T. brucei spp/Herpetomonas spp
j
 1 - - - - 

Leishmania spp/Herpetomonas 

spp
j
 

2 1 1 - - 

Microfilaria - - 1 - - 

Total 127 14 13 2 1 

j
Mixed infections. 
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3.4.4 Hemoparasites encountered in different districts 

Summary of different hemoparasites detected in all the districts are displayed 

(Table 3.5). 

Table 3.5: Number of individual hemoparasites detected per district  

Districts Hemoparasites detected Number* 

 Th.sppk B.sppl A.sppm T.thn T.co T.bp T.eq L.sppr H.spps Mft  

Kampala 9 1 - - 1 1 - 17 4 1 34 (61.8) 

Wakiso 16 - 1 3 - - - 15 1 - 36 (69.2) 

Mityana 1 - - - - - - - - - 1 (100) 

Sembabule  2 - 1 - 1 1 - 25 2 - 32 (36) 

Kayunga 2 - - 2 - - - 3 - - 7 (36.8) 

Mukono 1 - - - - - - - - - 1 (100) 

Mubende 3 - - 3 - 1 - 3 2 - 12 (38.7) 

Nakasongola - - - 1 - - - 6 - - 7 (87.5) 

Luweero - - 2 - - - 1 4 1 - 8 (57.1) 

Gomba - - - - - - - 2 - - 2 (66.7) 

Masaka - - - - - - - 1 - - 1 (50) 

Lyantonde - - - - - - - 3 - - 3 (30) 

Kiboga 3 - - 1 - - - 6 1 - 11 (61.1) 

Kiruhura 5 1 - 1 1 2 - 8 1 - 19 (51.3) 

Ntoroko 2 - - 1 3 - - 1 - - 7 (63.6) 

Total 44 2 4 12 6 5 1 94 12 1 181 (51.6) 

k
Theileria spp; 

l
Babesia spp; 

m
Anaplasma spp; 

n
T. theileria; 

o
T congolense; 

p
T. brucei; 

q
T. evansi; 

r
Leishmania spp; 

s
Herpetomonas spp; and 

t
Microfilaria 

* The number in bracket is the rate of infection expressed in percent; that is (number of positive cases 

divided by the overall number of samples collected in a particular district) x 100.   

3.5 Discussion  

There are several species of pathogenic hemoparasites of animals in Sub-Saharan 

Africa. In this surveillance, the occurrence of tick-borne hemoparasites, trypanosomatids 

and blood-borne helminths in Uganda (mainly central region) were established using 

selected tests. Every test used contributed for a part to the overall results. Thin smear aided 

the detection of Theileria spp, Babesia spp and Anaplasma spp. BCT played a significant 

role by detecting trypanosomes and microfilaria. However, the BCT results for 
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trypanosomes were redundant considering the fact that 18S-PCR-RFLP was able to detect 

trypanosomes in both BCT positive and negative samples. In addition, 18S-PCR-RFLP 

revealed Leishmania spp and Herpetomonas spp infection that could not be detected by 

thin blood smear or BCT. Another important attribute was the ability of combined tests to 

expose mixed infections with unrelated hemoparasites which is important for therapeutic 

intervention [19].  

Tick-borne hemoparasites encountered in cattle were Theileria spp, Anaplasma spp 

and Babesia spp. Anaplasma spp and Babesia spp were also detected in goats and dogs, 

respectively. The most frequent tick-borne hemoparasites detected was Theileria spp, 

which is in agreement with previous studies conducted in Uganda [10,20,21] and Kenya 

[22]. The high burden of Theileria spp when compared to other tick-borne hemoparasites 

could be attributed to the known susceptibility of cattle to R. appendiculatus [1,23] 

responsible for the transmission of Theileria spp relative to B. microplus [24], which is 

responsible for the transmission of both Anaplasma spp and Babesia spp. The high 

frequency of Theileria spp parasites might also be linked to its pathogenesis. Firstly, the 

clearance of blood stage forms of Theileria spp, Anaplasma spp and Babesia spp could be 

occurring in the spleen as it was shown for Plasmodium spp [25]. This mechanism might 

not be as effective for the control of Theileria spp because the Theileria-infected 

lymphoblasts continuously shed high numbers of merozoites in blood and the released 

merozoites infect fresh erythrocytes, thereby replenishing the blood-stage piroplasma. 

Secondly, the alteration in physiology of schizonts-infected lymphoblasts [26] could 

compromise their immune-defensive role to the advantage of Theileria spp. All these 

factors, solely or in combination, confer more virulence to Theileria spp making it more 

persistent than Anaplasma spp or Babesia spp. 
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The overall prevalence of pathogenic trypanosomes was 0.85% (3/351) and 3.4% 

(12/351) by BCT and 18S-PCR-RFLP, respectively. BCT detected 3 cases of 

trypanosomes (T. congolense in 2 cattle and T. evansi in a camel) and the 18S-PCR-RFLP 

confirmed all the BCT positives, as well as 5 cases of T. brucei and an additional 4 cases 

of T. congolense. The inclusion of 18S-PCR-RFLP enhanced the detection of more 

trypanosomes, which is in agreement with previous studies [27]. Taken together, the cases 

of trypanosomes encountered are lower than those reported in the past [28,29] and in the 

recent studies [30,31]. However, the comparison with previous studies should be very 

carefully interpreted due to the following variations: (i) sample size, (ii) study site, (iii) 

study subjects. In our study, the sample size was relatively small and covered diverse 

animal species including relatively trypanotolerant species like goats [32] or those animals 

that have low risk of getting infected like urban dogs and cats. Cattle, a species known for 

its attractiveness for Glossina spp and its trypanosusceptibility, were comparatively less 

represented than in previous studies, thereby providing a possible explanation for the low 

cases of trypanosomes detected in this study. Another factor that could explain the 

observed low rate of trypanosomes detected is the fact that most samples were collected 

from central Uganda where encroachment has drastically reduced the tsetse population. 

Moreover, farmers in this region adopted intensive farming practices which prevent 

livestock from tsetse challenge like open grazing systems [33]. In addition, the region is 

favoured by its location in the vicinity of Kampala city, which has the highest 

concentration of veterinary supplies and services required for an efficient control of animal 

diseases. Indeed, most pathogenic trypanosomes were detected in samples originating from 

distant and densely forested districts like Ntoroko, Kiruhura, Mubende, Sembabule, and 

Luwero districts. However, in our study two samples of dogs from Kampala districts were 
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each found positive for T. congolense and T. brucei. The occurrence of trypanosomes in 

the peri-urban Kampala was previously reported [34] and AAT cases have also been 

reported the dogs living in other urban areas [35,36], which is in disagreement with the 

common belief that the disease is confined to rural areas. Wild rodents have been reported 

for their implication in the maintenance of the urban and peri-urban trypanosomiasis cases 

[37].  Nonetheless, results of this study testifies the positive impact of the trypanosomiasis 

control programme within the country unlike in the past where high cases of trypanosomes 

were reported in peri-urban Kampala [34]. From this study, it is also clear that more 

resources required for the control of trypanosomes should to be channelled to the country-

side where the disease burden remains high.   

Besides trypanosomes, low rate of microfilaria at 0.28% (1/351) was detected by 

BCT in a dog. The rate of microfilaria recorded in this study may not reflect its true status 

in the entire region because 97% of the dogs examined were from Kampala city where 

most pet owners practice routine de-worming in contrast to those in the country-side. 

Furthermore, the prevalence might have gone higher if a sensitive diagnostic test like PCR 

for specific detection of microfilaria [38,39] was applied. With microfilaria being reported 

elsewhere [40], its occurrence in dogs should be of interest for further investigation in 

order to understand their involvement in morbidity of animals in Sub-Saharan Africa. 

The 18S-PCR-RFLP revealed a high rate of Leishmania infections in cattle, dogs, 

goats and cat. This parasite was the most frequently detected making up to 26.78% 

(94/351) and it covered 13/15 districts of sample origin. The 18Sssu-rDNA sequence of 

the detected parasite had 94% identity with L. mexicana and L. Tropica, thereby confusing 

the correct identity of the parasite species; however, it was helpful for confirming the 

parasite genus. In this context, a more reliable method for typing Leishmania spp is based 
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on the heat shock protein 70 gene [41]. It is not surprising to find animal leishmaniasis in 

Uganda because evidence of occurrence has been pointed in a recent study [42] and 

domestic animals have been incriminated in the maintenance of the infection [43]. A high 

rate of Leishmania spp in Uganda is expected because there is no ongoing active national 

case surveillance [44] and treatment of diseased animals. Being a zoonotic disease capable 

of infecting immuno-compromised individuals, neglecting animal leishmaniasis would be 

disastrous to humans especially in Africa where there is high rate of human immune 

deficiency viral infections. There is a growing evidence of high human cases in pastoral 

communities where animals are in close contact to humans [45,46] which calls for urgent 

attention. 

Herpetomonas spp exhibited three polymorphic forms based on 18Sssu-rDNA 

profiles. Homology search with the 18Sssu-rDNA sequence of all the different forms 

retrieved Herpetomonas isaaci. The 18Sssu-rDNA sequence homology result is tentative; 

a more reliable method used for typing Herpetomonas spp has been described [47]. 

Herpetomonas spp is an insect parasite which is capable of infecting immuno-

compromised individuals [47]. The opportunistic nature of the parasite could be a reason 

for occurrence of up to 50% of cases encountered as mixed infections, and considering the 

fact that all the samples were collected from sick animals, it is also possible that the other 

50% of the cases were mixed infections with pathogens undetectable with the diagnostic 

tests employed.  

To this end, the survey highlighted Theileria spp and Trypanosoma spp as 

important animal parasites in Uganda considering their prevalence. As such, the two 

parasites should be prioritised in the disease control programme. However, the association 
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of Leishmania spp and Herpetomonas spp with diseases of domestic animals or loss of 

productivity require further investigation.  
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CHAPTER 4 

Development of a specific Nanobody-based ELISA test for detecting 

Trypanosoma congolense infections targeting glycosomal fructose 1,6-

bisphosphate aldolase 
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4.0 Preamble 

Hereby described is an approach that was taken to develop a Nb-based ELISA test for 

T. congolense and subsequent identification of a glycosomal aldolase of T. congolense as the 

target that is detected by the assay. The study was undertaken in the context of AAT, which is 

a severe endemic disease of livestock in Sub-Saharan Africa with a huge economic impact. 

For example, once a traction animal is infected the debilitating effect of the disease prevents 

its utilization for crop cultivation and transportation of goods. Other costs incurred include 

money spent on drugs, low meat and milk yield. Whereas these negative impacts of AAT 

could be alleviated through prompt and targeted drug therapy, there is no reliable test for its 

detection. The current tests for AAT are not ‘ASSURED’. The findings reported in Chapter 4 

shows that an anti-trypanosome glycosomal aldolase Nb can be used for the detection of T. 

congolense infection, offering the opportunity for further exploration of Nb as a tool for the 

development of an AAT detection test. Going by the proof-of-principle ELISA results, this is 

a step towards development of an alternative cost-effective Nb-based immunodiagnostic for 

detection of infectious diseases in a field setting. In the end, the discovery might overcome 

those limitations currently affecting progress towards development of suitable MAb-based 

immunodiagnostics for many infectious diseases. In addition, the technology presents an 

alternative strategy for the identification of novel parasite biomarkers. 

4.1 Abstract 

Infectious diseases pose a serious threat worldwide to human and livestock health. 

While early diagnosis could enable prompt preventive interventions, the majority of these 

diseases are found in rural settings where basic laboratory facilities are scarce. Under such 

field conditions, POC immunoassays provide an appropriate solution for rapid and reliable 
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diagnosis. The limiting steps in the development of the assay are the identification of a 

suitable target antigen and the selection of appropriate high affinity capture and detection 

antibodies. To meet these challenges, we describe the development of a Nb-based antigen 

detection assay generated from a Nb library directed against the soluble proteome of an 

infectious agent of which T. congolense was used as a model.  

An alpaca was vaccinated with whole-parasite soluble proteome to generate a Nb 

library from which the most potent T. congolense specific Nb sandwich immunoassay 

(Nb474H-Nb474B) was selected. First, the Nb474-homologous sandwich ELISA (Nb474-

ELISA) was shown to detect experimental infections with high Positive Predictive Value 

(98%), Sensitivity (87%) and Specificity (94%). Second, it was demonstrated under 

experimental conditions that the assay serves as a test-of-cure after Berenil
®
 treatment. 

Finally, this assay allowed target antigen identification. The latter was independently purified 

through immuno-capturing from (i) T. congolense soluble proteome, (ii) T. congolense 

secretome preparation and (iii) sera of T. congolense infected mice. Subsequent mass 

spectrometry analysis identified the target as T. congolense glycosomal aldolase.  

The results show that glycosomal aldolase is a candidate biomarker for active T. 

congolense infections. In addition and by proof-of-concept, the data demonstrates that the Nb 

strategy devised here offers a unique approach to both diagnostic development and target 

discovery that could be widely applied to other infectious diseases. 

4.2 Introduction  

The development of a Nb-based ELISA for specific detection of active pathogen 

infections was investigated on T. congolense, the most important causative agent of AAT. 

Besides vector control, the only way to curb the spread of T. congolense infections is by case 
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detection followed by drug treatment. Unfortunately, current diagnostic tests are not very 

reliable or user-friendly under field conditions. The BCT, which is a general microscopy-

based test for trypanosomes, is limited by sensitivity for the reasons already discussed 

(Section 1.7.5.2.1). While sensitive and specific detection of T. congolense infections can be 

achieved through species specific or pan-trypanosome PCRs (Section 1.7.5.5.2), these 

molecular assays are not widely used for diagnosis of animal trypanosomes. Attempts to 

develop antibody-based ELISAs failed due to lack of specificity [1,2] and antigen detection 

tests were hampered by lack of sensitivity [3]. In general, the limitations of the current 

diagnostic tests for African trypanosomes require that more research be done to discover 

assays that meet the expectations of end-users. 

The Nb technology [4] offers prospects for the detection of pathogens [5,6] and this 

has rejuvenated hope for refining the development of ELISA and POC immunoassays for 

trypanosomes. Nbs possess a relatively high thermo-stability [7] and are thereby attractive for 

the development of immunodiagnostic tests that could be applicable in hot climate such as 

encountered in Sub-Saharan Africa. Moreover, Nbs could be used to overcome certain 

challenges faced by tests based on MAbs. It has been documented that host antibodies usually 

sequester parasite antigens [8]. Given that MAbs are conventional antibodies, the host IgG 

molecules might conceal the epitopes from the MAbs employed in the diagnostic test thereby 

lowering the assay’s sensitivity [9]. Nb-based diagnostics could circumvent this binding 

interference caused by the host’s antibodies. Because Nbs possess extensive CDR3 loops 

[10], this allows tight binding of epitopes distinct from those recognized by conventional 

antibodies [11]. In other words, Nbs should detect both free antigens as well as those bound 

by host antibodies, which would confer sensitivity to Nb-based diagnostic tests. The 
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exploitation of the Nb technology might expedite the development of potent ELISA and POC 

immunodiagnostics for endemic tropical diseases. 

In this study a potent Nb (Nb474) was obtained from an immune cDNA library 

prepared starting from the immunization of an alpaca with T. congolense TC13 soluble 

proteome. Nb474 was used for development of a T. congolense specific antigen detection 

homologous sandwich ELISA (Nb474-ELISA). The results presented here demonstrate the 

potential of Nbs as tools for the specific diagnosis of T. congolense infections and of T. 

congolense glycosomal aldolase (TcoALD) as a candidate biomarker. Moreover, we show 

that the Nb474-ELISA is able to detect active T. congolense infections under experimental 

and natural conditions, and that it serves as a test-of-cure in experimental settings. 

4.3 Materials and Methods 

4.3.1 Ethical statement 

All the animal experiments were performed according to directive 2010/63/EU of the 

European parliament for the protection of animals used for scientific purposes and approved 

by the Ethical Committee for Animal Experiments of the Vrije Universiteit Brussel (clearance 

numbers 11-220-6 and 13-220-3). 

4.3.2 Trypanosomes 

The trypanosomes used in the study were T. congolense TC13, T. b. brucei AnTat 

1.1E, T. vivax ILRAD 700 and T. evansi STIB816 (Section 3.3.1). Other strains of T. 

congolense were IL3000 (obtained from the laboratory of Microbiologie Fondamentale et 

Pathogénicité, Université Bordeaux), STIB68, IL1180, TRT55, J423, Ruko14, MF3cl2, 

MF5cl4, Alick339c2 and Kapeya357c1 (obtained from ITM, Antwerp).       
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4.3.3 Animals, sample collection and examination 

Mice (C57BL/6) approximately 6 weeks old (Janvier) were infected with 5000 

trypanosomes per animal through intra-peritoneal route. Blood was collected by cardiac 

puncture (for one time bleeding) or peri-orbital route (for multiple collections at different time 

points). The blood was stored at 4 °C for at least 17 h to allow clotting prior to serum 

collection for immediate examination or storage at -20 °C. For quantification of parasites, the 

mouse tail tip was nipped with scissors and 2.5 µl of blood was drawn by pipette. The blood 

was diluted (1/200) in 1x Phosphate Buffered Saline (PBS) and trypanosomes were counted 

by hemocytometer.  

Cattle sera consisting of T. congolense IL1180 experimentally infected (n=45) and 

negative control (n=17) used for the evaluation of the Nb-ELISA were kindly provided by 

Prof. Luis Neves of the Faculty of Veterinary Medicine, Universidade Eduardo Mondlane 

(Mozambique). Hemolysed blood samples collected from domestic animals naturally infected 

with various endemic hemoparasites which were used for the assessment of the cross-

reactivity of the assay were obtained from a referral veterinary diagnostic laboratory at 

COVAB. The clinical samples comprised T. congolense positive cattle (n=2), T. brucei 

positive cattle (n=3) and dog (n=2), T. evansi positive camel (n=1), T. theileri positive cattle 

(n=12), Theileri parva positive cattle (n=44), Babesia bigemina positive cattle (n=1), B. canis 

positive dog (n=1), Anaplasma marginale cattle (n=2) and goat (n=2). The Theileria spp, 

Babesia spp and Anaplasma spp were detected by Giemsa-stained smear (Section 3.3.4.1); 

Trypanosoma spp was detected by BCT (Section 3.3.4.2) and 18S-PCR-RFLP (Section 

3.3.5.1); and T. brucei was discriminated from T. evansi by RoTat PCR and non-RoTat PCR 

(Section 3.3.5.2).  
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4.3.4 Propagation of trypanosomes, purification, and preparation of soluble proteome 

Mice were infected with trypanosomes and blood was collected on day 7 post 

infection when parasitemia was about 1x10
8
/ml of blood. The infected blood was centrifuged 

(805 g, 10 min., 22 °C), Buffy coat was collected and loaded onto a PD-10 column (GE 

Healthcare) packed with Phosphate Saline Glucose (PSG) pre-equilibrated DE-52 resin at pH 

7.5 for purification of T. congolense and T. vivax; and pH 8.0 for purification of T. b. brucei 

and T. evansi. Trypanosomes eluted from the column were harvested by centrifugation (1811 

g, 15 min. 22 °C) and pellet was resuspended in PBS (1 ml). T. congolense IL3000 BSF and 

PCF parasites obtained in culture forms were harvested from growth media by centrifugation 

(425 g, 10 min, 22 °C). The resultant pellet was resuspended in PBS (1 ml). 

The soluble proteome of trypanosome was prepared by partially disrupting the 

resuspended cells (in PSG) by three cycles of freeze-thaw (alternating between -80 °C and 37 

°C). The partially disrupted cells were again sonicated for three cycles on ice with each cycle 

lasting 1 min and then pausing for 5min in-between the sonication. The resultant cell lysate 

was subjected to centrifugation (20,817 g, 30 min, 4 °C) and the supernatant was collected. 

The concentration of protein in the supernatant was determined by NanoDrop™ and then 

stored at - 20 °C until use. 

4.3.5 Generation of anti-T. congolense soluble proteome Nanobody gene library  

4.3.5.1 Immunization of alpaca and Ribonucleic acid (RNA) extraction 

An alpaca was injected by subcutaneous route at the skin folding behind the elbow 

once a week, during six weeks, with T. congolense TC13 soluble proteome (100 µg/injection) 

potentiated with GERBU adjuvant LQ (GERBU BIOTECHNIK GmbH).  On the 7
th

 week, 80 

ml of whole blood was collected and peripheral blood lymphocytes were isolated to obtain 
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RNA that was used for constructing the library. Then, 50 ml of the blood was diluted in an 

equal volume of RPMI 1640 (Gibco
®
, Life technologies™) and the diluted blood (30 ml) was 

overlaid on 5 ml Lymphoprep
™

 (Axis-Shield PoC AS, Norway) followed by centrifugation 

(805 g, 20 min, 22 °C). The Buffy coat was collected and resuspended in RPMI 1640 (10 

volumes) followed by centrifugation (805 g, 10 min, 18 °C). This step was repeated once. The 

amount of cells harvested was counted by hemocytometer. Then, TRIzol
®

 (invitrogen™) was 

added (1ml/10
7
 cells) to the cell suspension and mixed by a pipette. Obtained cell lysate was 

stored at -80 °C until extraction of RNA. During RNA extraction, chloroform was added (200 

µl/ml of lysate) to the thawed lysate and shaken vigorously by hand for 15 sec. The lysate was 

incubated for 10 min at 22 °C followed by centrifugation (15,249 g, 10 min, at 4 ˚C). The 

supernatant was collected and transferred into sterile 1.5 ml eppendorf tubes. Isopropanol 

(500 µl) was added to the supernatant and mixed by inverting a few times. The mixture was 

incubated for 10 min at 22°C followed by centrifugation (15,249 g, 10 min, 4 ˚C). The 

supernatant was discarded and 75% ethanol (1 ml) was added to the pellet followed by 

centrifugation (6,135 g, 5 min, 4 ˚C). The supernatant was discarded and the pellet was air-

dried a laminar air flow. Thereafter, the RNA pellet was dissolved in de-ionized water (50 µl) 

containing 0.2% diethylpyrocarbonate (DEPC). The concentration of RNA in the solution was 

measured by a NanoDrop
®
 and stored at -80°C. 

4.3.5.2 Synthesis of cDNA, PCR amplification and ligation in phagemid vector (pHEN4) 

The messenger RNA (mRNA) component of the purified RNA was reverse-

transcribed using oligo (dT) primer 12-18 (Invitrogen). In brief, oligo (dT) primer 12-18 

(Invitrogen) (11 μl) was added to total RNA (40 µg) and DEPC-H2O (84.5 µl) was used to 

bring the final volume of the mixture to 126.5 μl. The mixture was spanned followed by brief 

centrifugation and divided in 0.5 ml eppendorf tubes (23 µl/tube). The contents of tubes were 
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incubated on thermal cycler set at 70 °C for 10 min and then quickly cooled on ice for 5 min. 

Then to each aliquot was added 17 µl of a premix [ made from 44 μl of 5x First-Strand Buffer 

(250 mM Tris-HCl, pH 8.3; 375 mM KCl; 15 mM MgCl2), 10 μl Dithiothreitol (0.1M), 11 μl 

dNTP mix (10mM), 5.5 μl RiboLock
TM

 RNAse Inhibitor (400 u/µl) (Fermentas) and 11 μl 

SuperScript™ II Reverse Transcriptase (200 u/µl) (Invitrogen). The mixture was incubated on 

a thermal cycler programmed set at 42 °C for 1 h, 45 °C for 20 min, 70˚C for 15 min and 

pause at 4 °C.  

Then, the newly synthesized cDNA was amplified using Call001 forward (5'-

GTCCTGGCTGCTCTTCTACAAGG-3') and Call002 reverse (5'-

GGTACGTGCTGTTGAACTGTTCC-3') primers which anneal in a conserved region of the 

leader signal sequence of all V elements of family III and in a region of the CH2 that is 

conserved among all IgG isotypes of camelids, respectively. This PCR produces two 

fragments of varying size [i.e. ±900 bp (VH-CH1-hinge-CH2) and ±700 bp (VHH-hinge-

CH2)]. A master mix for this PCR was prepared from 954 µl distilled water, 120 µl 10x PCR 

buffer, 24 µl dNTPs (10mM), 24 µl Call001 primer (20 µM), 24 µl Call002 primer (20 µM) 

and 6 µl Fast Start Taq DNA polymerase (Roche). The prepared master mix was distributed 

in 24 thin-wall PCR tubes (48 µl/tube). Then 2 sets of 4 PCR tubes per set was each seeded 

with 1 µl or 2 µl of a 2-fold diluted cDNA sample, another 2 sets of 4 PCR tubes per set was 

each seeded with 2 µl or 3 µl of an undiluted cDNA sample and the last set of 7 PCR tubes 

per set was seeded with 4 µl of undiluted cDNA sample bringing the total number of PCR 

tubes used to 24 including one negative control tube. From here, PCR was performed on a 

thermal cycler programmed as follows: lid temperature, 105°C; pre-cycle, 95 °C for 7min; [94 

°C for 1 min, 55°C for 1min, 72 °C for 1 min] x 32 cycles; post-cycle, 72°C for 10 min and 

pause at 4°C. The amplified products from the 5 sets were pooled and 200 µl was resolved by 
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1% agarose gel, at 125 V for 40 min. The band (~700 bp) was eluted from the gel using 

GenElute™ Gel extraction Kit (Sigma) and the DNA concentration was measured by 

NanoDrop™.  

The DNA purified above was amplified by nested primers A6E (5'-

GATGTGCAGCTGCAGGAGTCTGGA/GGGAGG-3') and primer 38 (5'-

GGACTAGTGCGGCCGCTGGAGACGGTGACCTGGGT-3') which anneal at FR-1 and 

FR-4, respectively. The A6E primer enabled incorporation of the PstI and primer 38 enabled 

incorporation of NotI restriction sites (underlined) to the Nb gene sequence for cloning in the 

later step. A master mix for this PCR was prepared from 1990 µl distilled water, 250 µl 10x 

PCR buffer, 50 µl (each of 10 mM dNTP, 20 µM A6E  and 20 µM primer 38) and 12.5 µl 

Fast Start Taq DNA polymerase. Then the master mix was distributed (48 µl/tube) in 50 PCR 

tubes and each tube was seeded with 2 µl (22 ng) DNA template. The PCR was run on a 

thermal cycler programmed as follows: lid temperature, 105°C; pre-cycle, 95 °C for 7min; [94 

°C for 1 min, 55 °C for 1 min, 72 °C for 1 min] x 17 cycles; post-cycle, 72 °C for 10 min and 

pause at 4 °C. A sample of the amplified product was obtained and checked by 

electrophoresis on 1% agarose gel and the rest of the amplified product was cleaned by 

GenElute™ PCR Clean-Up kit (Sigma) prior to restriction digestion. 

As a preparation for ligation, the DNA in the processed PCR product (25 µg) was 

digested in a premix made of 5 µl PstI (Roche), 5 µl NotI (Roche), 50 µl buffer H (Roche) 

and adjusted with distilled water (50 µl) to a final volume of 510 µl. The next day, the 

digestion was cleaned with GenElute™ PCR Clean-Up Kit (Sigma) and subjected to another 

round of digestion. For the second digestion, DNA in the cleaned PCR product (3.7 µg) was 

digested in a premix made of 2 µl PstI (Roche), 2 µl NotI (Roche) and 20 µl buffer H (Roche) 

followed by cleaning with GenElute™ PCR Clean-Up Kit (Sigma). In parallel, DNA of the 
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vector (60 µg) was first digested in a premix containing 9 µl PstI (Roche), 9 µl NotI (Roche), 

90 µl buffer H (Roche) and adjusted distilled water (686 µl) to a final volume of 900 µl.  

After which the digested product was cleaned with GenElute™ PCR Clean-Up Kit (Sigma) 

and the processed DNA (54 µg) was subjected to another round of digestion in premix 

containing 2 µl PstI (Roche), 2 µl NotI (Roche) and 60 µl buffer H (Roche). The next day 

before cleaning, 2 µl XhoI (Roche) was added to the digested vector. It should be noted that 

all the restriction digestions (the PCR products and the vector) were carried at 37 °C for 

overnight with the exception of XhoI digestion which went for 1 h at 37 °C. The 

concentrations of the final processed digested DNA for both samples (PCR and vector) were 

determined by NanoDrop™. 

The ligation of PCR product in pHEN4 vector (Appendix AII, Fig. A1.A) was 

performed in 3 different eppendorf tubes. In tube 1, PCR product (1.7 µg), vector (4.4 µg), 15 

µl 10x ligation buffer and 2.5 µl T4 DNA ligase (5 u/µl) (Fermentas) were added together. 

Then in tubes 2 and 3, the amounts of vector, buffer and ligase added were the same as for 

tube 1 but the PCR product was increased to 3.4 µg in tube 2 and 5.1 µg in tube 3. Thereafter, 

the ligation mixtures in all the 3 tubes were adjusted with distilled water to a final volume 

of150 µl and briefly mixed by centrifugation followed by incubation at 16 °C for 4 h. Then 

another premix prepared from PCR product (8.8 µg), vector (4.4 µg), T4 DNA ligase (3 µl) 

and adjusted with 10x ligation buffer to 85 µl final volume. The fresh premix was added in all 

the 3 ligation tubes (25 µl/tube) and mixed by brief centrifugation followed by incubation at 

16 °C for overnight. The overnight ligation mixture was cleaned off linear DNA fragments. 

Prior to cleaning, all the ligation reactions were heated at 65 °C for 10 min to inactivate T4 

DNA ligase and then pooled (attaining a final volume of 510 µl). To the pooled ligation 

reactions was added distilled water (100 µl) bringing the volume to 610 µl. Then, an equal 
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volume of phenol (610 µl) was added to the diluted ligation solution and mixed by a vortex 

followed by centrifugation (17,949 g, 10 min). After centrifugation, the upper phase of the 

solution was transferred into a fresh 1.5 ml eppendorf tube and an equal volume of 

Chloroform:Isoamylalcohol 24:1 (Sigma) (~600 µl) was added. The solution was mixed by a 

vortex followed by centrifugation (17,949 g for 10 min). Then most of the solution was 

collected by a pipette, leaving only a drop at the bottom of the tube, and transferred into a 

fresh 1.5 ml eppendorf followed by another round of centrifugation (20,817 g for 3 min). The 

upper phase (470 µl) was transferred into a 15 ml Falcon tube to which 0.1 volumes (47 µl) of 

3M sodium acetate at pH 5 was added. To this mixture, 3 volumes (1551 µl) of 100% ethanol 

was added and mixed. The mixture was distributed into two 1.5 ml eppendorf tubes and 

incubated at -80 °C for 30 min followed by centrifugation (17,949 g, 20 min). The 

supernatant was drawn by a pipette and the solution remaining at the bottom of the tube was 

again subjected to another round of brief centrifugation. When all the liquid was drawn out, 

each of the two pellets were air dried and dissolved in 75 µl distilled water adding up to 150 

µl for both tubes. The concentration of DNA in the pooled solution (150 µl) was measured by 

NanoDrop™ and stored at -20 °C until transformation. 

4.3.5.3 Transformation of the pHEN4 vector ligated with Nanobody gene  

The constructed Nanobody library was transformed in an electrocompetent E. coli 

(TG1). The electrocompetent cells were prepared beginning from glycerol stock revived by 

growing for an overnight at 37°C in Luria Broth (LB) medium (10 ml). The overnight culture 

(1.5 ml) was inoculated in 2xTY medium (330 ml) and grown at 37°C until optical density 

(OD)600nm was 1.38. The culture was transferred into six 50 ml Falcon tubes that were pre-

cooled for 2 h on ice. After 1 h, the cooled cultures were centrifuged (2,192 g, 7 min, at 3°C) 

in a pre-cooled centrifuge. To the pellet in each of the Falcon tubes was added 4 ml of pre-
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cooled 1mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 7.0 

followed by gentle resuspension by a pipette. After resuspension, more HEPES buffer was 

added to bring the final volume of the suspension to the original volume of its previous 

culture content. The HEPES resuspended cells were recovered by centrifugation (2,192 g, 7 

min, at 3°C). The obtained pellet was gently resuspended in pre-cooled 10% glycerol (10 ml) 

and then filled with 10 % glycerol until 0.5 volumes of the original culture followed by 

centrifugation (2,192 g, 7 min, at 3°C). Then all the pellets were combined in a single Falcon 

tube and pre-cooled 10% glycerol (20 ml) was added followed by very careful resuspension. 

The cell suspension was centrifuged (2,192 g, 6 min, at 3°C) and the supernatant was drawn 

out by a pipette until roughly 5 ml was left in the tube. The remaining suspension was 

subjected to another centrifugation (2,192 g, 5min, and 3°C). Obtained pellet was 

resuspended in precooled 10 % glycerol (1 ml) and then kept on ice until transformation. 

During transformation, 75 µl of the pHEN4-Nb gene ligated construct at 685.99 ng/µl 

was defrosted and added to the freshly prepared electrocompetent TG1 cells (1 ml) in the 

Falcon tube followed by gentle mixing using a pipette. The mixture (ligation-

electrocompetent TG1 cell) was incubated on ice for 1 min and then distributed into 22 pre-

cooled electroporation cuvettes (BIORAD) at 65 µl per cuvette. In succession, the content of 

each of the cuvettes was subjected to electric shock using E. coli Gen pulser
®
 (BIORAD) set 

at 1.8kV. After electroporation, cells were immediately recovered from the cuvette through 

rinsing with SOC medium (800 µl). All the rinses were pooled in a 50 ml Falcon tube and 

then incubated while shaking at 200 rpm for 1 h at 37°C. The culture was diluted in LB 

medium 10-fold (from 1/10 to 1/10,000) and each of the dilutions (100 µl) was separately 

spread on LB-agar medium supplemented with ampicillin (100 µg/ml) and glucose (2%) in 

round petridishes. The dilutions (1/1000
 
and 1/10,000) used for determining the size of library 
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were plated in triplicate. Then the rest of undiluted culture was spread (2 ml/plate) on LB-agar 

medium supplemented with ampicillin and glucose in big square plates. The cells were 

incubated overnight at 37°C. The next morning, colonies on the big plates were carefully 

scrapped and transferred into a 50ml Falcon tube. Each of the plate was further rinsed with 

LB medium (2 ml) and the suspension was dispensed in the Falcon tube containing scrapped 

colonies followed by vigorous mixing to homogeneity using a vortex. The homogenous 

suspension was distributed into 2 ml cryovials (800 µl/vial) and stored at -80 °C. 

To determine the percentage of colonies transformed with vectors carrying the Nb 

gene, screening was done by PCR using the primers GIII (5′- 

CCACAGACAGCCCTCATAG-3′) and RP (5′-CACACAGGAAACAGCTATGAC-3′). In 

total 31 colonies, from agar plates on which the dilution (1/10,000) was spread, were 

randomly chosen and subjected to PCR. The master mix for PCR was prepared on ice by 

adding 676 µl H2O, 80 µl 10 x PCR buffer, 8 µl dNTPs (10 mM), 16 µl RP primer (20 µM), 

16 µl GIII primer (20 µM), and 4 µl FastStart Taq DNA polymerase (Roche) into a 1.5 ml 

eppendorf tubes. The prepared master mix was briefly mixed by a vortex and dispensed into 

32 PCR tubes (24 µl/tube) with 32
nd

 tube serving as negative control. Using a sterile pipette 

tip, a colony was picked, scratched on labeled spot in a plate with fresh LB-agar medium and 

dipped in a correspondingly labeled PCR tube filled with master mix until the 31
st
 colony was 

reached. The following PCR condition was employed: lid temperature, 105°C; pre-cycle, 95 

°C for 6 min; [94 °C for 45 sec; 55°C for 45 sec; 72 °C for 45 sec] x28 cycles; post-cycle 72 

°C for 10 min; and pause at 4°C. The PCR products were checked by electrophoresis on 1% 

agarose gel and the amplification bands at ±700 bp were considered positive for Nb gene. 
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4.3.6 Generation of phage display Nanobody library and panning 

The phages displaying Nbs were obtained by inoculating the library (800 µl) in 2xTY 

medium (300 ml) supplemented the ampicillin (100 µg/ml) and glucose (1%). Then, the 

culture was grown at 37 °C while agitating at 225 rpm until OD600nm was 0.8, after which it 

was transfected with 10
12

 M13K07 helper phages (Invitrogen™) and kept idle for 20 min at 

22°C. The transfectants were harvested by centrifugation (1,467 g, 10 min. 4 °C) and 

inoculated in 300 ml fresh 2xTY medium supplemented with ampicillin (100 µg/ml) and 

kanamycin (70 µg/ml). The culture was grown overnight at 37 °C while agitating at 225 rpm 

followed by centrifugation (11,325 g, 30 min, 4 °C) to collect the supernatant containing 

phage particles the next day. The phages were precipitated out by adding 1 part sterile 

solution (made of 20% polyethylene glycol 6000 and 2.5 M NaCl) to 4 parts of the 

supernatant followed by incubation on ice for 30 min. The precipitate was collected by 

centrifugation (3,220 g, 30 min, 4 °C) and then resuspended in PBS (1000 µl). The phage 

suspension was subjected to another centrifugation (20,817 g, 2 min, RT) and the supernatant 

was collected. The concentration of phages in the clarified suspension was measured at 

OD260nm by a spectrophotometer (Ultrospec3000
®

).  

The obtained phages displaying Nb (panning round zero) was panned in parallel on 

soluble proteome prepared from 4 different T. congolense strains (STIB68, TRT17, TC13 and 

MF3cl2). For panning, each of the soluble proteome diluted in PBS (250 µg/ml) was adsorbed 

on 96-well Nunc™ plate (Thermo scientific) at 25 μg/well for an overnight at 4 °C. The 

coating buffer was discarded and wells were washed three times with 1x PBS containing 

0.05% Tween
®
 20 (PBS-T) and blocked with 300 µl 5% milk in PBS for 2 h at 22 °C. The 5% 

milk solution (blocking buffer) was discarded and the wells were washed three times with 

PBS-T. Thereafter, 10
11

 phages obtained from zero panning round diluted in 5% milk was 
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added to blocked wells and incubated for 1 h at 22 °C. The wells were washed 10 times with 

PBS-T and phages bound to coated antigen were eluted with 100 µl 100mM triethylamine 

(pH~10). The solution containing eluted phages (of panning round 1) was neutralized with 

100 μl 1M Tris-HCl (pH 8.2). The neutralized solution (10 µl) was serially diluted in wells 

pre-filled with PBS (90 µl) in column 1 and 12 of a 96-well U-bottom plate (Microtest™, 

Becton Dickinson). Then 10 μl of the phage dilutions were transferred to corresponding wells 

on a second 96-well U-bottom plate that were pre-filled with E. coli (TG1) culture (90 µl 

culture /well) at OD600nm 0.6.  The transfection of cells was allowed for 30 min at 37 °C. Then 

10 µl of transfected cell culture from each well was spread in parallel on LB agar medium 

supplemented with ampicillin-glucose and grown overnight at 37 °C. The remaining 

transfected cell culture (90 µl) from the 10
-3

 dilution until 10
-7

 were separately plated on LB 

agar ampicillin-glucose plate and then incubated overnight at 37 °C. To obtain phages for the 

second panning cycle, the phages collected from panning round 1 were re-amplified. For the 

re-amplification, TG-1 cell culture (2 ml) in exponential growth phase was inoculated with 

180 µl of the solution containing the phages eluted from round 1 followed by incubation for 

30 min at 37 °C without agitation. Later, 2xTY medium (8 ml) supplemented with ampicillin 

and glucose as above was added to the infected culture followed by incubation while agitating 

for 20 min at 37 °C. The transfected cells were super-infected with M13K07 (10
7
) helper 

phages without agitation for 20 min at 22°C and the super-infected cells were harvested by 

centrifugation (805 g, 10 min, 4 °C). The obtained cell pellet was resuspended in 2xTY 

medium (1 ml) before inoculating in a fresh 2xTY medium (300 ml) that was supplemented 

with ampicillin and kanamycin as stated earlier. The culture was grown overnight at 37 °C 

while agitating at 225 rpm. The next day, phages released in the culture were harvested and 
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panned on coated antigen as described previously. Then the phages obtained from panning 

round 2 were re-amplified as described previously and used for panning round 3. 

4.3.7 Assessment of library for enrichment 

After three panning cycles, the library enrichment was assessed by ELISA. Briefly, 

soluble proteins of the four T. congolense strains used in panning were coated in parallel on 

Nunc™ plate (1µg/well) and uncoated (control) wells were filled with PBS (100 µl) for an 

overnight at 4°C. In the morning, non-bound protein was discarded and wells were blocked 

with 5% milk for 2 h at 22 °C. The wells were emptied off the blocking buffer and washed 

three times with PBS-T. Display phages (10
10

 in 100 µl blocking buffer) of panning rounds 0-

3 were added (100 µl/well) to coated and uncoated wells. The fifth pair of wells serving as 

control (blank) was filled with the 5% milk only. From this point onward, incubations (to 

allow binding of reagents) went for 1 h at 22 °C. The wells were washed five times to remove 

unbound phages. Thereafter, anti-M13 conjugate horse radish peroxidase (HRP) (GE 

Healthcare) diluted (1/2000) in the 5% milk was added (100 µl) in all the working wells. The 

conjugate was emptied and the wells were washed 5 times. Then, 1-Step™ ultra 3,3′,5,5′-

tetramethylbenzidine (TMB) substrate (Thermo scientific) was added (100 µl/well) and after 

color development, the reaction was stopped with 1M sulphuric acid (50 µl/well). Then, the 

OD450nm was read on a spectrophotometer (ELX808 Ultra-microplate reader, Bio-Tek 

instruments) using Gen5™ software.  

4.3.8 Screening of the enriched library 

For screening, single colonies picked from cells transfected with panning round 2 and 

3 were inoculated in Terrific broth (TB) medium (1 ml) on a 24-well flat bottom plate 

supplemented with ampicillin (100 µg/ml). The mini-culture were grown at 37 °C with 
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shaking at 200 rpm until OD600nm was 0.6 and induced with isopropyl-β-D-thiogalactosidase 

(IPTG) (1 mM). The cells were grown overnight at 28 °C maintaining the same agitation 

speed. In parallel, T. congolense soluble proteins obtained from the four strains was each 

coated in duplicate on a Nunc™ plate (1 μg/well) for overnight at 4 °C. The next day, the 

overnight culture was harvested by centrifugation (2,061 g, 13 min, 4 °C) and subjected to 

lysis by osmotic shock. The lysis of the cells was performed by incubating each pellet in 200 

μl Tris EDTA sucrose (TES) solution followed by agitation at 250 rpm (30 min,  4 °C). Then, 

TES diluted ¼ in distilled water was added (300 µl/pellet) followed by incubation with 

agitation at 250 rpm (1 h, 4 °C). The resultant cell lysate was subjected to centrifugation 

(2,061 g, 15 min., 4 °C). The periplasmic extract (PE) of every clone was dispensed (100 

µl/well) to the Nunc™ plate coated with T. congolense soluble proteins. A screening strategy 

was adopted in order to maximize chances of selecting T. congolense cross-reactive Nbs. 

Thus, clones obtained after panning on TC13 soluble proteome were screened on MF3cl2 

soluble protein; clones obtained after panning on MF3cl2 soluble proteome were screened on 

TC13 soluble proteome; clones obtained after panning on STIB68 soluble proteome were 

screened on TRT17 soluble proteome; and clones obtained after panning on TRT17 soluble 

proteome were screened on STIB68 soluble proteome. Negative control wells (also coated 

with soluble proteome) were filled with PBS (100 µl) instead of PE. Incubation was allowed 

for 1 h at 22 °C after which the PE was emptied and washed three times with PBS-T. Then, 

biotin labeled mouse anti-hemaglutinin (HA) monoclonal antibody (Eurogentec, Covance) 

diluted to (1/1000) in 2.5% milk was added at 100 µl/well. After incubation for 1 h at 22 °C, 

the wells were emptied and washed four times with PBS-T. To report binding of the mouse 

anti-HA, streptavidin horseradish peroxidase (Jackson ImmunoResearch Laboratories) diluted 

(1µg/ml) in 2.5% milk was added (100 µl /well) and incubated for 1 h at 22 °C. The wells 
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were washed five times with PBS-T. Activity of the peroxidase enzyme was revealed by 

adding TMB substrate (100 μl/well). The reaction was allowed to go for 25 min and stopped 

with 1M sulphuric acid and absorbance read at 450nm. Colonies were considered positive 

when the ratio of OD between the test and control wells was ≥ 2. All the positive binders 

selected were re-screened on naive mouse serum diluted (1/10) in PBS in order to identify 

mouse protein binders. To verify the DNA sequences of those binders specifically 

recognizing T. congolense soluble proteins, the genes (in E. coli) expressing Nb protein were 

amplified using GIII and RP primers (section 4.3.5.3). The amplified products were processed 

and submitted for sequencing with 5pmol GIII primer according to section 3.3.5.3. The 

sequences obtained were analyzed using Clone Manager Professional 9-Sci-Ed bioinformatics 

software.  

4.3.9 Subcloning of the Nanobody gene in expression vectors 

One verified sequence with correct reading frame was obtained and assigned code 

number Nb474. This sequence was amplified using GIII and RP reverse primers followed by 

double digestion with PstI (Fermentas) and Eco91I (BstEII) (Fermentas). The Nb474 gene 

was ligated in expression vectors pHEN(6c) (Appendix II, Fig. A1.B) as well as pHEN6cBAD 

(pBAD) (Appendix II, Fig. A1.C) for C-terminal incorporation of sequences coding for a 

hexahistidine tag (His6-tag) and a biotin acceptor domain (BAD) for in vivo biotinylation, 

respectively. 

4.3.9.1 Sub cloning of the Nb474 gene in pHEN(6c) and transformation  

The Nb474 gene was amplified by PCR and the product was purified using 

GenElute™ PCR Clean-Up Kit (Sigma). The purified fragment (1.5 µg) was digested by 

incubation with a premix containing 5µl 10x O-buffer (Fermentas), 1 µl PstI (10 u/µl) 
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(Fermentas) and 1 µl Eco91I (10 u/µl) (Fermentas) and adjusted to 50 µl with distilled water 

for overnight at 37°C. Then, the digestion mixture was heated at 65°C for 20 min. The 

fragment was purified using the GenElute™ PCR Clean-Up Kit (Sigma) and eluted with 

distilled water (50 µl). The concentration of DNA in the sample was determined by 

NanoDrop
™

. In parallel, the pHEN(6c) vector (10 µg)  was digested using the exact amount 

of reagents stated for the digestion of Nb DNA except for distilled water that was adapted to 

bring the final volume to (50 µl). 

During ligation, the digested Nb DNA (50 ng), the digested pHEN(6c) vector DNA 

(50 ng), 2 µl 10x ligation buffer,  0.25 µl T4 DNA ligase (5 u/µl) were added together in a 1.5 

ml eppendorf tube and the final mixture was adjusted to 20 µl with distilled water. The 

ligation was allowed to proceed for 2 h at 22 °C and then purified. During purification, 

distilled water (80 µl) and Phenol:Chloroform:Isoamylalcohol 25:24:1 (Sigma) (100 µl) were 

added to the ligation mixture.  The solutions were mixed by a vortex and centrifuged (17,949 

g, 2 min). After centrifugation, the upper phase of the solution was drawn and transferred into 

a sterile eppendorf tube. Then, 3M sodium acetate at pH 5.2 (12.5 µl) and 100% ethanol (250 

µl) were added to the aqueous liquid. The mixture was inverted five times prior to incubation 

at -80 °C for 30 min. The frozen solution was thawed at 22 °C and then centrifuged (17,949 g, 

20 min). The obtained DNA pellet was dried at 37°C on a heat block and then dissolved in 

DEPC water (4 µl). 

 For transformation, the purified ligated DNA (20 ng) was added to electrocompetent 

WK6 cells (50 µl) and then incubated on ice for 1 min. The mixture was transferred to a 

precooled electroporation cuvette and then subjected to electric shock using E. coli Gen 

pulser
®
 set at 1.8 kV. After the electroporation, cells were rinsed by adding SOC medium 

(950 µl) in the cuvette. The rinses were transferred into a 1.5 ml eppendorf tube and incubated 
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at 37°C while agitating at 225 rpm for 1 h. Then concentrated culture (100 µl) and the culture 

diluted (1/100) in SOC medium (100 µl) were separately spread on ampicillin-glucose LB-

agar plates followed by overnight incubation at 37 °C. 

4.3.9.2 Cloning of Nb gene in pBAD expression vector and transformation    

The cloning of the Nb474 gene into pBAD expression vector and transformation were 

performed following the same conditions and procedures described earlier (Section 4.3.9.1). 

However, unlike the Nb474-pHEN(6c) construct that was transformed in empty E. coli WK6 

cells, the Nb474-pBAD construct was transformed in electrocompetent cells already carrying 

the pBirA vector (Appendix II, Fig. A1.D). pBirA vector expresses the enzyme that links 

biotin to the BAD sequence that is C-terminally fused to the Nb gene. Because pBAD 

contains the ampicillin resistant gene and pBirA contains the chloramphenicol resistant gene, 

the transformed WK6 cells were selected on LB-agar medium supplemented with ampicillin 

(100 µg/ml) and chloramphenicol (35 µg/ml). 

4.3.10 Screening for transformants carrying vector ligated with the Nb474 gene    

The colonies that grew on the LB agar plates were randomly screened by PCR to 

identify the ones carrying expression vector ligated with Nb474 gene.  At least 10 colonies 

per plate were subjected to PCR screening using FP (5'-TTCCCAGTCACGAC-3') and RP 

(5'-CACACAGGAAACAGCTATGAC-3') primers. During screening, colonies were picked 

with sterile pipette tip in succession, scratched on a labeled spot on fresh LB agar medium 

and then dipped in correspondingly labeled PCR tubes each filled with 50 µl reaction mixture 

[containing 5µl 10x PCR buffer, 1 µl dNTP (10mM), 1 µl FP primer (20µM), 1 µl RP primer 

(20µM), 0.25 µl Taq DNA polymerase, and 41.75 µl distilled water].  The PCR condition 

employed was as follows: Lid temperature, 105°C; pre-cycle, 95 °C for 3 min; [94 °C for 30 
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sec, 54°C for 30 sec, 72 °C for 45 sec] x 28 cycles; post-cycle, 72°C for 10 min and pause at 

4°C. The amplified fragment was analyzed by electrophoresis on 1% agarose gel. Then, 2 of 

the positive PCR products from each of the constructs [Nb474-pHEN(6c) and Nb474-pBAD] 

were sequenced to confirm if they were in the correct reading frame. Thereafter, glycerol 

stocks were prepared from each of the constructs by adding 50% glycerol (500 µl) to the 

overnight culture (500 µl) and then stored at -80°C. 

4.3.11 Nanobody production and purification  

Starter culture (1 ml) of cells expressing Nb474 was inoculated in 330 ml TB 

supplemented with ampicillin (100 µg/ml) for cells transformed with Nb474-pHEN(6c) 

construct or ampicillin (100 µg/ml) and chloramphenicol (35 µg/ml) for cells co-transformed 

with Nb474-pBAD/pBirA constructs. The cells were grown at 37 °C until OD600nm was 0.6 

and expression induced with IPTG (1mM). For culture of cells carrying pBAD/pBirA vectors, 

D-biotin (ACROS Organics) was added at a final concentration of 0.05 mM about 30 min 

before induction. The induced cells were grown overnight at 28 °C while agitating at 200 

rpm. The next morning, cells were harvested by centrifugation (11,325 g, 8 min, at 14 °C) and 

lysed by osmotic shock. The PE was collected by centrifugation (11,325 g, 30 min, at 4 °C).  

The His6-tag Nb (Nb474H) in the PE was affinity purified by passing the extract 

through a PD-10 column packed with His-Select
® 

Nickel (Sigma) and the trapped protein was 

eluted using 0.5 M imidazole in PBS. For affinity purification of the biotinylated Nb 

(Nb474B), the PE was first dialyzed in 1x PBS twice with each dialysis lasting for 1 h and 

again subjected to a third round of dialysis which lasted for overnight. These dialyses were 

done in order to remove excess of free biotin. Then, purification was done by passing the 

dialyzed PE through a PD-10 column packed with Streptavidin Mutein Matrix (Roche) and 
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the trapped Nb474B protein was eluted with 4 mM D-Biotin solution in 1x PBS at pH 7.2. To 

ensure high-level purity, all the affinity purified protein (Nb474H and Nb474B) were further 

purified by size exclusion chromatography on ÄKTA (GE healthcare). Protein production was 

analyzed through Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis (SDS-PAGE) 

under reducing conditions using a 10% Bis-Tris gel (Novex
®
 Life Technologies) and Western 

blot. 

4.3.12 Analysis of Nb production by SDS-PAGE and western blot   

For SDS-PAGE analysis, 17 µl of PE, flow through, washes, and imidazole or biotin 

elutions were each mixed with 5 µl protein loading dye [composed of 40% NuPAGE
®

 sample 

reducing agent 10x (invitrogen™), 50% NuPAGE
®

 LDS sample buffer dye 4x (invitrogen™) 

and 10% glycerol] and boiled at 95°C on a heating block for 10 min. The boiled samples were 

centrifuged (17,949 g, 1 min) and 20 µl each was resolved on 10% gel in 1x MES buffer 

(Appendix I). The gel was stained with coomassie blue for 15 min and destained with a buffer 

containing 40% methanol (Acros Organics), 10% Acetic acid (Merck) and 50% distilled 

water.  

Western blot commenced with resolution of the samples by SDS-PAGE and then 

electro-blotting on Hybond-C™ nitrocellulose membrane (Amersham Biosciences) for 45 

min at 100V. The blotted membrane was blocked with 5% milk for 2 h. For detection of 

histidine tag Nb (Nb474H), the blotted membrane was incubated in mouse anti-His IgG 

(Serotec) diluted 1/1000 in 5% milk for 1 h at 22 °C. Excess primary antibody was washed 

three times with PBS-T. The washed membrane was incubated in anti-mouse IgG HRP 

(Sigma) diluted (1/1000) in 5% milk for 1 h at 22 °C and then washed four times with PBS-T. 

The protein bands on the membrane were visualized after 15 min of incubation in HRP 
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substrate buffer [made of 4-chloro-1-naphthol (Sigma) (45 mg) dissolved in a buffer 

composed of 74.9% PBS, 0.06% Hydrogen peroxide (Merck), 25% Methanol]. The same 

procedure was followed for the detection of biotinylated Nb (Nb474B); however, strep HRP 

diluted (1 µg/ml) in 5% milk was used instead of the mouse anti-His IgG and anti-mouse IgG 

detection system. 

4.3.13 Titration of Capturing Nb (Nb474H) against Detecting Nb (Nb474B)  

The aim of this study was to develop a prototype proof-of-concept Nb-based sandwich 

test such as described previously [12]. On discovering that Nb474H and Nb474B homologous 

sandwich could detect T. congolense soluble protein, the two Nb formats were titrated in a 

checkerboard fashion in order to arrive at an optimal concentration of capturing and detection 

Nbs required for the highest signal intensity (OD450nm). In this experiment, the capturing Nb 

(Nb474H) was titrated against detecting Nb (Nb474B) using T. congolense TC13 soluble 

proteins. Briefly, Nb474H (1.26 µg/ml) was serially diluted (2-fold) in PBS starting from 

(0.63-0.01) µg/ml. The dilutions were coated (100 µl/well) row-wise (from wells in row A-G) 

in a decreasing concentration. For example, wells in row A and G received 0.63 and 0.01 

µg/ml, respectively. The control wells (row H) received coating buffer only. Uncoated 

Nb474H was washed three times using 1x PBS containing 0.05% Tween™ 20 (PBS-T) and 

wells were blocked with 300 µl 5% milk for 2 h at 22°C. Blocking buffer was washed three 

times and T. congolense soluble proteins were added (0.16 µg/well). Incubation was allowed 

for 1 h at 22 °C and subsequently washed three times with PBS-T. Nb474B (1.26 µg/ml) was 

serially diluted in 5% milk (2-fold) from (0.63-0.0006) µg/ml. The dilutions were added (100 

µl/well) column-wise (from wells in column 1-11) in a decreasing concentration. For 

example, wells in column 1 and 11 received 0.63 µg/ml and 0.0006 µg/ml Nb474B, 
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respectively. Wells in column 12 received 5% milk only. Incubation was allowed for 1 h at 22 

°C and then washed four times with PBS-T. Strep-HRP diluted to 1 µg/ml in 5% milk was 

added (100 µl/well) followed by incubation for 1 h at 22 °C. Conjugate was discarded, wells 

were washed five times with PBS-T and TMB substrate was added (100 µl/well). Color 

development allowed to progress for 25 min and the reaction was stopped using 1M sulphuric 

acid (50 µl/well) and OD450nm was read. 

After checkerboard titration, a protocol for the Nb474-based homologous sandwich 

ELISA was established, whereby a Nunc™ plate is coated with 100 µl/well Nb474H (0.02 

µg/ml) for capturing antigen in the sample.  Then, Nb474B (100 µl) diluted to 0.02 µg/ml is 

added at 100 µl/well for detection of the captured antigen. The rest of the conditions and 

procedures outlined above were adopted.    

4.3.14 Detection limit of Nb474-ELISA 

To determine the detection limit of the Nb474-ELISA, T. congolense TC13 infected 

mouse blood (with 5.86x10
8
 trypanosomes/ml) was serially diluted (4-fold) in naive mouse 

blood. The set of samples were incubated overnight at 4 °C. The following day, plasma was 

harvested and then tested by ELISA. 

4.3.15 Establishment of the ELISA performance upon prolonged storage of infected sera 

To test the ELISA performance upon prolonged storage of sera at different 

temperatures, mice infected with T. congolense (n=10) were bled on day 7 post-infection. 

Sera were collected and pooled followed by incubation at different temperature (4, 22 or 37) 

°C for a specified number of days (1, 3, 5 or 7). The sera aliquots were tested by Nb474-based 

ELISA and the OD450nm was compared.        
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4.3.16 Test-of-cure assay 

To assess if the Nb474-ELISA can be used as a tool for monitoring cure, an infection-

treatment assay was performed and OD450nm was monitored alongside blood parasite load. In 

this experiment, mice were randomly assigned to two groups of 6 animals per group. On day 

0 post-infection, baseline sera were obtained from all the subjects and pooled by group. 

Thereafter, all the subjects in each group were infected with T. congolense TC13. On day 7, 

group 2 was treated with 0.8 mg Berenil
®
 in 50 µl distilled water. During the course of the 

experiment (from day 3 until day 21) mice were bled on alternate days in order to monitor the 

level of antigen and the concentration of trypanosomes in the circulation. In addition to 

microscopy, cure of treated mice was assessed during four weeks by sub-inoculation of naïve 

mice with blood collected from the treated group on weekly basis. 

4.3.17 Labeling Nb474 and antigen localization by immunofluorescence analysis 

Nb474 was labeled at the lysine residues with Alexa Fluor
®
 488 (Molecular probes

® 

Invitrogen™). Briefly, a vial of Alexa Fluor
® 

488 powder was resuspended in 50 µl of 1M 

sodium bicarbonate buffer prepared in distilled water. The dye solution (25 µl) was added to 

500 µg Nb474H dissolved in 500 µl 200mM sodium bicarbonate buffer. The mixture was 

incubated in the dark at 4 °C while rotating on a revolving machine for two days. The labeled 

protein was purified from excess dye and unlabeled protein by size exclusion chromatography 

by AKTA.  

The labeled Nb (0.3 µg) was incubated with purified motile as well as 

paraformaldehyde fixed T. congolense BSF cells and no binding was detected. Thereafter, the 

Nb (0.3 µg) was incubated with cells that were fixed and permeabilized using a commercial 

kit (BD Biosciences). This kit contains paraformaldehyde and detergent (Triton X-100) 
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buffers for fixing and permeabilization of cells, respectively. Briefly, purified cells were 

diluted to 10
7
/ml in cytofix/cytoperm™ solution and incubated on ice for 20 min. With a 

micropipette, cells were resuspended and dispensed (250 µl) in 1.5 ml eppendorf tubes. BD 

Perm/Wash™ (1 ml) was added to the aliquots in the eppendorf tubes followed by 

centrifugation (850 g, 10 min., 22 °C). Cell pellets were resuspended in 100 µl BD 

Perm/Wash™ solution containing 3 µg/ml Alexa labeled Nb and incubated on ice for 30 min 

in the dark. Then BD Perm/Wash™ (1 ml) was added to each eppendorf tubes followed by 

centrifugation (850 g, 10 min). The supernatant was discarded and a drop of Fluoro Gel II 

with 1 mg/ml DAPI (Electron Microscopy Sciences) was added to the pellet and resuspended 

by pipette, followed by incubation for 5 min. Then, 5 µl of the preparation was applied on a 

microscope slide and mounted with a cover slip. The preparation was examined using a Zeiss 

Axio Imager Z1 fluorescence microscope.  

Based on binding results obtained from the second experiment, co-localization of 

Alexa Fluor
®
 488 labeled Nb474 with a TcoALD cross-reactive anti-T. brucei aldolase 

(TbALD) monoclonal antibody (Anti-TbALD MAb) (ProteoGenix) against a synthetic 

peptide PEVMIDGTHDIETCQRVSQHVWS was performed on cultured T. congolense 

IL3000 BSF and PCF parasites. In this experiment, the cultured cells were resuspended in 320 

µl 1% formaldehyde in PBS for 10 min. Then, 1M glycine dissolved in PBS (40 µl) was 

added and mixed by a pipette. The mixture was incubated for 10 min and diluted with PSG 

(800 µl). The dilution (20 µl) was placed in different wells on a microscope slide (Thermo 

scientific) and the liquid on the slide was air-dried in a fume hood. Wells were washed three 

times with 50 µl bovine serum albumin (1 mg/ml) in PBS. An Anti-TbALD MAb (20 µl) 

diluted (1/10) in a diluent solution [1mg/ml BSA in PBS containing 0.1% (v/v) Triton X-100] 

was added  to the wells and incubated for 1 h. Wells were washed three times. Alexa Fluor
®
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594 labeled goat anti-mouse (Invitrogen™) (20 µl) diluted (1/100) in a diluent solution 

containing Alexa Nb474 (3 µg/ml) was added to the washed slide. The slide was then kept in 

a dark humidified box stuffed with moist adsorbent paper for 45 min and washed three time 

with PBS (50 µl/well). DAPI was added to the washed slide and kept in the dark for 3 min. 

Wells were washed three time with PBS (50 µl/well) and the preparation was examined 

immediately. 

4.3.18 Affinity purification of the target antigen 

Starting materials for the purification of the antigen from soluble proteome and plasma 

were 7 mg T. congolense soluble proteome diluted in 20 ml PBS and 30 ml of serum collected 

at the first peak of parasitemia. The purification process was started by concentrating the 

samples using a 100,000 molecular weight cut-off (MWCO) concentrator (Sartorius stedim 

biotech). Thereafter, both fractions (the concentrate and filtrate) were tested by Nb-ELISA 

after normalization for protein concentration. A higher OD450nm was recorded in the 

concentrate compared to filtrate. Then, the concentrate was washed twice by adding 5ml PBS 

to the concentrator and draining by centrifugation (453 g, 4 °C) until 1 ml. Washed 

concentrate was stored at -20 °C until the antigen was purified.  

The homologous Nb sandwich ELISA was then employed to isolate the native target 

antigen from the T. congolense soluble proteome, the sera collected from T. congolense 

infected mice, and the secretome of T. congolense IL3000. Four Nunc™ plates were coated 

with capturing Nb (Nb474H) (5 µg/well) diluted in PBS overnight at 4 °C. The following 

morning, coating was discarded and the plate was washed three times with PBS-T. Protein-

Free T20 Blocking Buffer (Thermo scientific) was added (300 µl/well) for 3 h at 22 °C. 

Blocking buffer was discarded and wells were washed three times with PBS-T. Soluble 
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proteome diluted in Protein-Free T20 Blocking Buffer was added (10 µg/well) to the first pair 

of the plates and the second pair of the plates was filled with sera (100 µl/well) diluted (1/10) 

in Protein-Free T20 Blocking Buffer. Binding of the target antigen to Nb474H proceeded for 

2 h at 22 °C and unbound molecules were discarded. The detection Nb (Nb474B) diluted in 

Protein-Free T20 Blocking Buffer was added (2 ng/well) and incubated for 1 h at 22 °C.  

Subsequently, the unbound Nb474B was discarded and the wells were washed four times with 

PBS-T. Strep-HRP diluted to 1 µg/ml in Protein-Free T20 Blocking Buffer was added (100 

µl/well) to four control wells that were purposely included to serve as reporter for sandwich 

formation. The rest of the wells were filled with Protein-Free T20 Blocking Buffer (100 

µl/well) for 1 h at 22 °C. The plates were emptied and washed five times with PBS-T. Control 

wells were filled with TMB (100 µl/well) and wells where captured antigen was to be eluted 

were filled with 0.3M glycine HCl pH 3.0 (100µl/well).  Elution was proceeded with gentle 

rocking on bench top shaker over 30 min at 22 °C. The eluted samples were collected and 

pooled according to the starting material (soluble proteome or sera). Solutions obtained from 

each pair of plates (about 19.2 ml) was concentrated to 1 ml using a 5000 MWCO 

concentrator of 15 ml capacity and then to 30 µl using a 3000 MWCO concentrator of 400 µl 

capacity. The concentrators with low MWCO and capacities were employed in the last steps 

in order to trap the eluted native target antigen-Nb complex as well as dissociated Nbs. The 

eluted samples (6 µg from lysate plates and 8 µg from serum plates) were resolved on SDS-

PAGE under reducing conditions alongside Nbs (Nb474H and Nb474B) as control and 

proteins visualized using silver staining [13]. For silver staining, the gel was incubated in 

fixing solution (50% Methanol HPLC grade, 10% Acetic acid and 100 mM Ammonium 

acetate) for 15 min. The fixed gel was washed twice with distilled water and each wash lasted 

for 15 min. The washed gel was transferred in sensitizing solution (0.005% Sodium 
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thiosulphate in distilled water) for 15 min. The sensitized gel was transferred to 0.1% silver 

nitrate in distilled water and incubated for 15 min. After treatment with silver nitrate, the gel 

was briefly rinsed twice with distilled water and incubated with developing solution (0.036% 

formaldehyde and 2% sodium carbonate) for 5 min and the development was stopped by 

adding stopping solution (50mM EDTA). The purification of the antigen from T. congolense 

secretome was performed by QuickPick™ IMAC kit (Bio-Nobile). Subsequently, Nb474H, 

flow through, wash, and eluted samples were resolved on SDS-PAGE under reducing 

conditions followed by staining with coomassie blue. The proteins in the bands at ±40 kDa 

that appeared in all the three eluted samples were identified by mass spectrometry (MS). The 

sequencing of purified protein was outsourced to Platéforme-Centre Génomique 

Fonctionnelle Bordeaux (France) as well as Université Catholique de Louvain, Brussels 

(Belgium). 

4.3.19 Nb474H and anti-T. brucei aldolase MAb heterologous sandwich ELISA  

Of the proteins identified by MS, TcoALD had the highest score.  Thus, in order to 

establish if Nb474 was indeed binding to glycosomal aldolase, formation of a sandwich 

between the Nb474H and Anti-TbALD MAb was assessed in a heterologous sandwich ELISA 

where T. congolense TC13 soluble proteome was used as the antigen source. In this ELISA, a 

96-well Nunc™ plate was coated (5 µg/well) with Nb474H diluted in PBS overnight at 4 °C. 

The following morning, coated sample was discarded; wells were washed three times with 

PBS-T and blocked with 300 µl 5% milk for 2 h at 22 °C. Blocking buffer was discarded and 

wells washed three times with PBS-T. The soluble proteome diluted (100 µg/ml) in 5% milk 

was added to the plate (100 µl/well) and incubated for 1 h at 22 °C. Wells were emptied and 

washed three times with PBS-T. An Anti-TbALD MAb diluted (1/100) in 5% milk was added 
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(100 µl/well) to the plate and incubated for 1 h at 22 °C. The antibody was discarded and 

wells washed three times with PBS-T. Anti-mouse HRP conjugate diluted (1/1000) in 5% 

milk was added (100 µl/well) and incubated for 1 h at 22 °C. The conjugate was discarded 

and wells were washed five times with PBS-T. The ELISA was developed and stopped as 

described earlier. 

4.3.20 Cloning glycosomal aldolase genes, expression and Nb474 binding analysis 

Nucleotide sequences coding for aldolase of T. congolense (EMBL-EBI accession no. 

CCC93713.1), T. b. brucei (EMBL-EBI accession no. M19994.1) and L. mexicana (EMBL-

EBI accession no. CAB55315.1) were retrieved from the GenBank and codon-optimized for 

expression in E. coli. The codon-optimized sequences were further processed by 

incorporating nucleotides coding for His6-tag and a proximal tomato etch virus cleavage site. 

Finally, NdeI and XhoI cutting sites were added to the 5′ and 3′, respectively, followed by in 

silico construction in pET-21b (+) expression vector (Novagen). Assembled sequences were 

submitted to a commercial company (GenScript™) for synthesis and ligation in the 

expression vector. The lyophilized ligated construct was delivered in aliquots (4 µg/vial). One 

of the vials was centrifuged 6000 g for 1 min at 4 °C and DEPC water (20 µl) was added 

followed by brief mixing by a vortex for 1 min to dissolve the DNA. Then, 2 µl of the ligation 

solution was added to 60 µl of electrocompetent E. coli BL21(DE3), mixed by a pipette and 

incubated on ice for 1 min.  The mixture was transferred by a pipette into cuvette and 

subjected to electric shock using E. coli GenPulser
®
 set at 1.8kV. The cells were rinsed out of 

the cuvette with SOC medium (900 µl) and incubated at 37 °C for 45 min while shaking at 

200 rpm. Then, 100 µl of undiluted culture and diluted culture (1/10 – 1/10000) were 

separately plated on LB agar medium supplemented with ampicillin (100 µg/ml) and glucose 
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2%). The plates were incubated overnight in an incubator at 37 °C. The next morning, single 

colony was picked from the plate on which 1/10 diluted culture was spread and inoculated in 

LB (10 ml) supplemented with ampicillin (100 µg/ml). The culture was allowed to grow 

overnight at 37 °C and glycerol stocks were prepared as described earlier (Section 4.3.10). 

For the expression of recombinant aldolase, starter culture from a glycerol stock was 

grown overnight at 37 °C in LB medium (5 ml) containing ampicillin (100 µg/ml). The 

overnight culture (1 ml) was sub-cultured by inoculation in LB medium (300 ml) containing 

ampicillin (100 µg/ml). The sub-culture was grown at 37 °C in a shaker incubator agitating at 

200 rpm until OD600nm was 0.8 and an aliquot (5 ml) was collected before adding IPTG (0 h 

post-induction). Then, a final concentration of 1mM IPTG was added and growth was 

continued for 18 h at a low temperature (20 °C). After 18 h post-induction an aliquot (5 ml) of 

the culture was collected. Afterward, the post-induction samples collected at 0 h and 18 h 

were used to prepare crude protein for checking the production of recombinant aldolase by 

SDS-PAGE, western blot and ELISA. The aliquots were harvested by centrifugation (11,325 

g, 8 min, 4 °C) and the pellet was resuspended in lysis buffer (50 mM Tris pH 7.0, 500 mM 

NaCl) for 1 h at 4 °C followed by sonication while on ice. The concentration of protein in the 

crude lysate was determined by NanoDrop™ and expression was checked by SDS-PAGE as 

well as Western blot following the conditions and procedures previously described (Section 

4.3.12). The crude lysate prepared from cultures taken at 0 h and 18 h post-induction were 

resolved by SDS-PAGE on two 10% gels. One gel was stained with coomassie blue and the 

second gel was used for western blot.   For western blot, proteins were electro-blotted on a 

nitrocellulose membrane and probed with Anti-TbALD MAb diluted (1/100) in 5% milk. The 

Anti-TbALD MAb was probed with anti-mouse HRP conjugate diluted (1/1000) in 5% milk. 

Since Nb474 could not detect aldolase expression in Western blot, ELISA was employed for 
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this purpose whereby the crude cell lysate proteins (10 µg/well) were probed with 

homologous (Nb474H-Nb474B) as well as heterologous (Nb474H-Anti-TbALD MAb) 

sandwich ELISA. Concurrently, ELISA involving Anti-His IgG and Anti-TbALD MAb were 

performed on crude cell lysate that were coated (10 µg/well) as positive controls. 

4.3.21 Statistical analysis 

Unpaired t-tests used for group comparisons and the performance of the Nb-based 

ELISA (sensitivity and specificity) were analyzed by GraphPad Prism (version 6.03). Values 

of p ≥ 0.05 were considered non-significant (ns). Where *, **, *** and ****denote p<0.05, 

p<0.01, p<0.001, and p<0.0001, respectively. 

4.4 Results 

4.4.1 Identification of a T. congolense specific binder (Nb474) from an anti-T. congolense 

soluble proteome Nb library 

Using the approach summarized in Fig. 4.1, the most potent T. congolense specific 

binder (Nb474) was obtained. The Nb library, generated against a T. congolense TC13 soluble 

proteome preparation, was panned in parallel on soluble proteomes prepared from various T. 

congolense strains (TC13, MF3cl2, STIB68 and TRT17) to obtain T. congolense cross-

reactive binders. Each of the enriched libraries was screened on heterologous strains whereby 

101 positive colonies were identified. The 7 cross-reactive binders interacting with mouse 

serum components were excluded in the procedure (Fig. 4.2). Thereafter, the remaining 94 

clones were amplified and sequenced. All the in-frame sequences belonged to the same CDR3 

sequence family (Fig. 4.3). 
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Figure 4.1: Schematic illustration of the Nb library generation, panning and screening strategy. The Nb 

library was generated from an alpaca that was immunized with T. congolense TC13 soluble proteome (s.p.). 

Parallel panning was performed on s.p. of T. congolense homologous strain (TC13) or heterologous strains 

(MF3cl2, STIB68 and TRT17). Then panning round 2 and 3 were screened on heterologous strains for colonies 

expressing anti-T. congolense s.p. Nbs. All the positive colonies were re-screened on TC13 s.p. as well as mouse 

serum in order to identify and eliminate those expressing non-specific Nbs. 
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Figure 4.2: Re-screening E. coli colonies expressing T. congolense soluble protein (s.p.) binders on T. 

congolense TC13 s.p. as wells as 10% naïve mouse serum simultaneously in order to detect potential cross-

reaction. As shown, this step aided identification of E. coli colonies expressing non-T. congolense specific 

binders such as MF3cl2 (3.11), STIB68 (2.1), STIB68 (2.4) and STIB68 (2.5) that were as well recognizing 10% 

naïve mouse serum.  

 

 

Figure 4.3: Translated protein sequence of anti-T. congolense glycosomal aldolase Nanobody (Nb474). 

Frame work regions (FR 1-3) and complementarity determining regions (CDRs) are demarcated. The color code 

blue, green and orange represents CDR1, CDR2 and CDR3, respectively. 

4.4.2 Specific diagnosis of experimental T. congolense infections in mice using a Nb474-

ELISA 

The aim of this study was to develop an assay for the specific diagnosis of T. 

congolense infections. The assay consists of a Nb474-based homologous sandwich ELISA, in 

which a His-tagged version of the Nb (Nb474H) (Fig. 4.4A) was used for antigen capturing, 

while a biotin version of the Nb (Nb474B) (Fig. 4.4B) was used for detection. The titration of 

the 2 Nb formats revealed that a better signal is observed at 2 ng capturing and detecting Nbs 

combination (Fig. 4.5). 
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Figure 4.4: Analysis of histidine tagged Nb474 (Nb474H) or biotin tagged Nb474 (Nb474B) expression 

through SDS-PAGE (panels, top and bottom left) and western blot (panels, top and bottom right) 

following affinity purification. While expression of Nb474H was detected with mouse anti-histidine IgG, 

Nb474B was detected with strep-HRP. Lane M, PageRuler™ prestained (Thermo Scientific); lane PE, 

periplasmic extract; lane FT, flow through and lane E, eluted fraction. Prominent bands at 15 kDa on lane E 

(black arrow) is eluted Nb. 
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Figure 4.5: Titration of capture Nb (Nb474H) against detecting Nb (Nb474B). The 2 formats of Nb474 were 

titrated in a checkerboard pattern. Maximum signal was attained when Nb474H and Nb474B were each at 2 ng. 

This concentration (0.02 µg/ml) of capture- and detecting Nb was adopted in the subsequent ELISAs. 
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To test the cross-reactivity of the Nb474-ELISA, the latter was validated on soluble 

proteome of different species of animal infective trypanosomes. As presented in Fig. 4.6A, a 

significant high optical density (OD450nm) was only recorded on T. congolense soluble 

proteome, whereas extracts from T. b. brucei, T. vivax or T. evansi scored negative. Next, the 

ELISA was evaluated for its capacity to diagnose experimental T. congolense infections in 

mice. When comparing the sera of T. congolense positive mice to the sera of naive controls, a 

significant difference in the average OD450nm of about 4.0 was observed between both groups 

(Fig. 4.6B). Having established that the Nb474-ELISA was specific for T. congolense and that 

it can detect an active infection, the assay was validated in a set-up in which mice were 

infected with different strains of T. congolense and other species of trypanosomes. While the 

ELISA identifies T. congolense infected animals irrespective of the parasite strain, the test 

scores negative on mice infected with trypanosome species other than T. congolense (Fig. 

4.6C). 

Additionally, the detection limit of the Nb474-based assay was also investigated as a 

result of uneven OD scores on sera collected from various T. congolense strains. To establish 

the assay’s detection limit, a set of sera samples prepared from blood having different 

concentrations of T. congolense TC13 parasites were tested in the homologous Nb474 

sandwich ELISA. The lowest parasite concentration yielding a signal above the threshold 

OD450nm (at ≥2-fold negative sample) is 1.43x10
5
 trypanosomes/ml (Fig. 4.7). 
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Figure 4.6: Specific recognition of T. congolense by the Nb474-ELISA. (A) ELISA binding assay performed 

on trypanosome soluble proteome (s.p.) reveals specific recognition of T. congolense. (B) ELISA binding assay 

performed on sera collected from naive as well as T. congolense infected mice shows the ability of the ELISA to 

detect infected animals. (C) Assessment of the ELISA on pooled sera collected from mice infected with different 

species of trypanosomes shows specific detection (and cross-reaction with various strains) of T. congolense. The 

OD450nm shown on the graph represents the average value recorded from the duplicate wells. Results are 

expressed +/- standard deviation (SD) and statistical analysis was performed by comparing the OD of non-

infected animals with those of infected animals. n.s. = non-significant, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 4.7: Detection limit of Nb474-ELISA. T. congolense TC13 infected mouse blood with known 

parasitemia was serially diluted (4-fold) in naïve mouse blood and tested by Nb474-ELISA. The lowest 

concentration of parasite detected by the ELISA (the ratio of test sample OD450nm/negative sample OD450nm≥2) 

was 1.43x10
5
trypanosomes/ml. 

 

Finally, to alleviate the fear of possible loss of sensitivity of the test in case 

examination of sample is delayed as often observed with BCT, the ELISA was evaluated on 

T. congolense infected sera samples that were incubated at different temperatures for 

specified time periods. The results illustrate that, storing samples at 4 °C or 22 °C for up to 7 

days does not affect the ELISA signal. However, raising storage temperature to 37 °C for 3, 5 

and 7 days reduced the signal up to 2, 10 and 44 folds, respectively (Fig. 4.8). Given that the 

ELISA signal is unaffected by sample storage at 37°C within a relatively short time frame 

(i.e. 1 day), this would enable the applicability of the Nb474-ELISA under realistic ‘field 

conditions’ where prompt examination of samples is usually delayed by an entire day due to 

electricity failures or transport to diagnostic laboratories. 
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Figure 4.8: Sensitivity of Nb474-ELISA on infected serum stored at different temperatures for specified 

time periods. Sample storage at 4 °C or 22 °C for 7 days does not affect the sensitivity of the ELISA. However, 

storage at 37 °C reduced the sensitivity of the by 2, 10 and 44 folds on day 3, 5 and 7 respectively. 

4.4.3 Application of the Nb474-ELISA as a test-of-cure under experimental conditions 

Next, the Nb474-ELISA was assessed for its capacity to differentiate animals with 

ongoing infections from those cured from trypanosomes after Berenil
®
 treatment in an 

experimental set-up. During the entire course of the experiment, the antigenemia and the 

parasitemia were monitored by the Nb474-ELISA and microscopy, respectively. During the 

early stages of the active infection the antigen profile correlates well with parasitemia (Fig. 

4.9A). After the first parasitemia peak, when the parasitemia is drastically reduced due to host 

immune intervention, the antigen level remains high for 4 days before showing a gradual 

decline. In contrast, after drug-mediated parasite clearance, no antigen could be detected (Fig. 

4.9B). Altogether, these results show that in experimental infections, the Nb474-ELISA can 

be used as a test-of-cure. 

4.4.4 Validation of the Nb474-ELISA for T. congolense diagnosis in cattle  

The diagnostic performance of the Nb474-ELISA for the specific identification of T. 

congolense infections in cattle was examined by testing sera collected (on day 35 post 
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infection) from cattle experimentally infected with T. congolense IL1180 (n=45) and T. 

congolense negative animals (n=17). These results, of which the ELISA OD450nm scores of the  

 
 

Figure 4.9: Effect of Berenil
®
 treatment intervention on antigenemia in mice. (A) The progression of 

antigenemia and parasitemia with no treatment intervention. Antigen levels constantly remained above baseline 

(naive state) when there is active infection. (B) The progression of antigenemia and parasitemia before and after 

Berenil
® 

treatment. Berenil
® 

treatment cleared circulating parasites causing a sharp decline in the levels of 

circulating antigen. The OD450nm shown on the graph represent the average value recorded from pooled sera 

analyzed in duplicate. Results are representative of two experiments consisting of 5 mice per group and 

expressed as +/- standard deviation (SD). Arrows are showing time points where mice were infected with 

trypanosomes and treated with Berenil
®
. 

individual serum samples are displayed in Fig. 4.10A, were employed to determine the i) 

Sensitivity (defined as the proportion of the infected cattle that scored positive), ii) Specificity 

(defined as the proportion of uninfected cattle that scored negative), iii) Positive Predictive 

Value (PPV; defined as the proportion of the true positive in those samples that scored 

positive) and iv) Negative Predictive Value (NPV; defined as the proportion of  true negative 

in those sera that scored negative) of the Nb474-ELISA. The results have been summarized in 

Table 4.1. The test has a sensitivity and specificity of 87% [95% confidence interval (CI), 

73% to 95%] and 94% [95% CI, 71% to 100%], respectively. The PPV is 98% [95% CI, 87% 

to 100%], whereas the NPV is 73% (95% CI, 50% to 89%). 

The Nb474-ELISA was then tested on clinical field samples to assess the ability of the 

Nb474-based assay to specifically detect natural T. congolense infections. All clinical field 
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samples were investigated by other techniques (Giemsa-stained smear, BCT, PCR) to confirm 

with T. congolense and/or any other endemic tropical parasites. When applying the Nb474-

ELISA, the OD450nm observed on T. congolense positive samples is higher than on any other 

samples tested (Fig. 4.10B), demonstrating that the ELISA can be used to specifically detect 

T. congolense infections in a natural setting. 

Table 4.1: Performance of the Nb474-based ELISA on T. congolense IL1180 experimentally infected cattle and 

naive animals 

 Infection status of cattle sera  

Nb474-ELISA result T. congolense IL1180 positive Naive Total 

Positive (+) 39
a 

1
b 

40 

Negative (-) 6
c 

16
d 

22 

Total 45 17 62 

Sensitivity = 39/(39+6), Specificity = 16/(1+16), Positive Predictive Value = 39/(39+1) and Negative Predictive 

Value = 16/(6+16). 
a
True positive, 

b
false positive, 

c
false negative and 

d
true negative. 

4.4.5 Immunofluorescence localization, capturing and identification of the Nb474 target  

To identify the target of Nb474, a localization study was performed whereby cultured 

T. congolense IL3000 BSF parasites were probed with Alexa Fluor
®
 488 labeled Nb474. The 

fluorescent intracellular structures observed (Fig. 4.11A, panels 3 and 4) had the typical 

appearance of glycosomes [14,15]. To investigate the hypothesis that Nb474 targets a 

glycosomal component, a co-localization experiment was carried out using Alexa Fluor
®

 

labeled Nb474 and an Anti-TbALD, which is a pan trypanosome marker for the glycosomes 

and recognizes a linear epitope. This was performed on both T. congolense BSF and PCF 

parasites. While a clear co-localization is observed for the BSF parasites, Nb474 does not 

label the PCF parasites (Fig. 4.11B). To verify whether Nb474 indeed binds an antigen that is 

unique to BSF parasites, the Nb474-ELISA was used to probe the presence of the target 

antigen in a soluble proteome preparation obtained from both forms of the parasite. As it can 

be seen from Fig. 4.11C, the ELISA scores positive for the BSF parasites, while no signal is 
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observed for the PCF parasites. Collectively, these experiments demonstrate that Nb474 target 

is a glycosome-associated soluble protein that is specific to T. congolense BSF parasites. 

 

Figure 4.10: Nb474-ELISA detected T. congolense infections in experimentally and naturally infected 

cattle. (A) Examination of sera collected from naive and cattle experimentally infected with T. congolense 

IL1180. Average OD450nm recorded on sera of naive cattle was significantly lower than those of infected cattle. 

(B) Examination of a panel of field blood samples collected from various domestic animals positive for different 

endemic tropical parasites has shown that the ELISA efficiently detected samples in two field samples collected 

from cattle that were naturally infected with T. congolense. The OD450nm values plotted on the graph represents 

the average value recorded from the duplicate wells. ** p<0.01. 

Given that the Nb474-ELISA yields a strong positive score when applied to the T. 

congolense soluble proteome (Fig. 4.12A, the sera of infected mice (Fig. 4.12A, Fig.4.12B), 
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or a T. congolense secretome (Fig. 4.12C), it was reasoned that these samples could be used 

as the source material from which the target could be purified by Nb474-mediated immuno- 

 
 

Figure 4.11: Immunofluorescence and ELISA revealed that Nb474 targets a protein in the T. congolense 

BSF.  (A) Preliminary analysis of Alexa-labeled Nb474 binding to fixed and permeabilized T. congolense BSF 

parasites reveals green intra-cytoplasmic structures green (panels 3 and 4). (B) Co-localization of Alexa labeled 

Nb474 and anti-T. brucei aldolase MAb (Anti-TbALD) performed on T. congolense BSF shows the binding of 

the Nb matched with the Anti-TbALD. (C) The Nb474-ELISA specifically recognizes T. congolense BSF 

soluble proteome (s.p.), which is an indication of target uniqueness to the BSF. 

capturing. To this end, two distinct approaches were employed. In the first immuno-capturing 

set-up, Nb474H was adsorbed on a 96-well ELISA plate to capture the antigen from the 

soluble proteome and infected serum. In the second experimental setting, Nb474H was 

immobilized on nickel beads via its His6-tag to capture the antigen from the secretome in an 

attempt to retrieve the antigen-Nb-bead complex with a Pickpen™. The results of both 

experiments are shown in Fig. 4.13 A on the left and right panel, respectively. In both cases, 

the analysis of the eluted samples via SDS-PAGE reveals a distinct, consistent protein band 



 Chapter 4 

 

Page | 164  

 

with an approximate molecular mass of 40 kDa (Fig. 4.13A, Left pane, lanes 3 and 4; Fig. 

4.13A, Right panel, lane 4). The three bands were analyzed by mass spectrometry to 

determine the identity of the target. The mass spectrometry results pointed toward TcoALD 

(UniProtKB accession no. G0UWE7) as the target antigen (Supplementary information, S4.1 

Fig). To support the MS findings, a heterologous sandwich ELISA was carried out with 

Nb474H and Anti-TbALD as capturing and detecting reagents, respectively. A strong, 

significant OD450nm signal is observed in the wells coated with Nb474H followed by the 

subsequent addition of T. congolense TC13 soluble proteome and the Anti-TbALD compared 

to the control wells (Fig. 4.13B). 

 

 

Figure 4.12: Nb474-ELISA recognized T. congolense infected mouse serum, soluble protein and 

secretome.  (A) Pooled naive and positive mice sera were tested alongside TC13 soluble proteome (s.p.). (B) 

Pooled naive and positive mice sera were tested alongside T. congolense IL3000 secretome. A high OD450nm was 

observed on T. congolense positive serum, soluble proteome and secretome suggesting occurrence of a common 

antigen in all the three sample types. The OD450nm shown on the graphs represents the average value of the 

duplicate wells. n.s. = non-significant, ** p<0.01, *** p<0.001. 

 



 Chapter 4 

 

Page | 165  

 

 
 

Figure 4.13: Detection of Nb474H immuno-affinity captured glycosomal aldolase. (A) Nb474H immuno-

affinity captured glycosomal aldolase (TcoALD) detected by SDS-PAGE under reducing conditions. Panel (top 

left): Native TcoALD was captured from the soluble proteome (s.p.) or infected sera on a 96-well ELISA coated 

with Nb474H, eluted from the plate and analyzed on a 10% SDS-PAGE developed with silver staining. Lane M, 

protein ladder; lane 1, pure Nb474H; lane 2, pure Nb474B; lane 3, eluted protein captured from s.p. (6 µg); lane 

4, eluted protein captured from infected sera (8 µg). Panel (top right): Native TcoALD was captured from 

secretome on nickel beads linked to Nb474H, eluted and analyzed on a 10% SDS-PAGE developed with 

coomassie blue. Lane M, protein ladder; lane 1, Nb474H; lane 2, flow through; lane 3, wash; lane 4, eluted 

protein. Native TcoALD protein migrated at ±40 kDa (arrows, top) and the Nb474 migrated at ±15kDa (arrows, 

bottom). (B) Nb474H immuno-affinity captured TcoALD from T. congolense TC13 s.p. detected by Anti-T.  

brucei aldolase MAb (Anti-TbALD MAb) in ELISA. Bar (left): OD450nm levels in wells filled with coating buffer 

followed by addition of T. congolense TC13 s.p. and then Anti-TbALD MAb; bar (middle): OD450nm in wells 

coated with the Nb followed by addition of Anti-TbALD MAb; and bar (right): OD450nm in wells coated with the 

Nb followed by addition of T. congolense TC13 s.p. and then Anti-TbALD MAb. In the last step goat anti-mouse 

IgG conjugated to Horse radish peroxidase (HRP) was added to all the wells and then developed with 1-Step™ 

ultra 3,3′,5,5′-tetramethylbenzidine (TMB) substrate. The OD450nm shown on the graph represents the average 

value of duplicate wells. *** p<0.001. 
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Because it was unanticipated that Nb474 could bind TcoALD with such a high level of 

specificity (given that aldolase is a highly conserved enzyme), lysate of E. coli expressing 

recombinant version of the enzyme (SDS-PAGE, Fig.4.14A; Western blot, Fig. 4.14B) was 

probed with Nb474-ELISA to confirm this finding. In this validation experiment, lysates 

prepared from E. coli producing recombinant TbALD and Leishmania mexicana aldolase 

(LmALD) were included as control samples. While from Fig. 4.15A it is evident that all three 

recombinant proteins are successfully produced in E. coli, Fig. 4.15B demonstrates that the 

anti-TbALD MAb effectively recognizes TcoALD and TbALD but not LmALD. The latter 

can be explained by variation of the linear epitope in LmALD. In accordance with all of the 

previous experiments, both the homologous (Nb474H-Nb474B; Fig. 4.15C) and heterologous 

(Nb474H-Anti-TbALD MAb; Fig. 4.15D) sandwich ELISAs clearly show that Nb474 binds 

to TcoALD with high specificity. 
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Figure 4.14: Expression of recombinant aldolase of three different organisms: T. congolense (Tc), T. b. 

brucei (Tb) and L. mexicana (Lm) in E. coli. (A) Expression of all the three aldolase was successful as shown 

by bands at ±40 kDa in samples taken after induction (18 h) which is almost absent on lanes of cultures obtained 

before induction (0h). (B) The expression could be confirmed by western blot using anti-aldolase MAb which 

could only recognize Tc and Tb but not Lm aldolase. 
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Figure 4.15: ELISA binding assay performed on recombinant glycosomal aldolase expressed in E. coli. 

Crude lysate prepared from cultures obtained before induction of protein expression (0 h) and after induction (18 

h) were probed. (A) Anti-His IgG or (B) Anti-T. brucei aldolase MAb (Anti-TbALD MAb) was used for probing 

the presence of expressed aldolase in crude lysate coated on ELISA plate.  Anti-His IgG detected all the three 

recombinant aldolase and Anti-TbALD MAb only detected trypanosome aldolase (C) Nb474-based homologous 

sandwich ELISA (C) or (D) Nb474H-Anti-TbALD MAb heterologous sandwich ELISA was used to probe the 

presence of expressed aldolase in crude lysate. Both homologous (Nb474H-Nb474B) and heterologous 

(Nb474H-Anti-TbALD MAb) sandwich ELISA detected T. congolense aldolase only. The OD450nm shown on the 

graphs represent the average value recorded from the duplicate wells. 

4.5 Discussion  

The continuous monitoring of infectious diseases is crucial for disease control and 

treatment.  Improved methods for the detection of low levels of pathogen infection and 

transmission are vital for quick and appropriate responses to prevent any outbreaks. Over the 
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years, immuno-based POC tests have become common diagnostic platforms because of their 

ability to rapidly and reliably detect infections under field conditions. These assays can be 

formatted in two ways. Detection of infection can be antibody- or antigen-based and both 

formats have their advantages and drawbacks. Antibody-based diagnosis assays are relatively 

sensitive as the immune response of the host is used as natural amplification mechanism for 

pathogen detection. However, a recurring issue with these assays is cross-reactivity, which 

reduces their specificity. For instance, unrelated diseases associated with polyclonal B-

cell/antibody amplification can increase the number of false-positive readings [16]. 

Furthermore, in some cases host antibodies can circulate in the host long after a pathogen has 

been cleared thereby yielding a false image of the actual status of the infection. In contrast, 

antigen-based assays can differentiate between ongoing and past infections [17]. The hurdle 

in antigen-based detection is the selection of a suitable target antigen. Apart from not cross-

reacting in diagnostic tests for the detection of other endemic parasites, the target antigen 

should be present in detectable quantities during an active infection [9,18]. An additional 

requirement is that the capture and detection antibodies targeting the antigen should be able to 

out-compete the host anti-pathogen antibodies induced during infection [8,9]. In this paper, 

we have devised a Nb-based approach that could circumvent the above-mentioned issues 

hampering the development of antigen-based pathogen detection. Our rationale consists of 

vaccinating an alpaca with whole-pathogen soluble proteome and applying a stringent 

panning and screening strategy to deliver the most specific Nbs. While the use of the Nb 

technology allows the selection of specific antigen-binding entities that recognize epitopes 

different from those bound by conventional antibodies [11], the library generation and 

screening rationale are performed such as to allow the acquisition of Nbs that recognize 

unique antigens. Considering that the activity spectrum of diagnostic tests as well as vaccines 
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based on highly immuno-dominant surface antigens of trypanosomes are narrowed by their 

variant nature, a non-biased antigen source (T. congolense s.p.) was used to ensure selection 

of potent Nb(s) recognizing target(s) that are conserved across the different strains of T. 

congolense. 

To test our strategy, we employed T. congolense as a case study. The application of 

our approach led to the identification of a potent T. congolense specific Nb, Nb474. By 

making His-tagged and biotinylated versions of this Nb (Nb474H and Nb474B, respectively), 

we were able to construct a homologous sandwich ELISA that was tested for its diagnostic 

potential in different scenarios. In an experimental mouse model, the assay is able to detect 

infections with different T. congolense strains, although there is a significant variation in the 

measured OD values. The observed variation is attributed to uneven parasite densities at the 

time point when samples were collected. Overall, the fact that all the strains tested show OD 

readings significantly above those of the negative samples or those taken from mice that were 

infected with trypanosomes other than T. congolense is an indication of the assay’s specificity 

for the diagnosis of T. congolense infections.  

The T. congolense infected and untreated mice display a typical parasitemia profile, 

which is characterized by a parasitemia peak around day 7 post infection. This first parasite 

wave rapidly drops due to the rapid destruction of trypanosomes by the host (commonly 

known as ‘trypanolytic crisis’), after which the parasitemia drops below the detection limit of 

parasitological techniques. Indeed, in accordance with the literature [17,19], the blood 

parasite load was very scanty by microscopy after the parasite peak in untreated mice despite 

the presence of trypanosomes in the circulation. Interestingly, the antigenemia detected via 

the Nb474-ELISA remains significantly high, even after the first parasite wave. In this 

antigen detection ELISA, it remains to be investigated whether or not the peak signal detected 
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around the peak of parasitemia reflects a true value, or if it was lowered due to the saturation 

of the test. In case of the latter, testing diluted serum samples might provide further 

information on the true ratio of the detection signals between peak-stage samples and post-

peak samples. There are scenarios, more so with antibody-detection assay, where dilution of 

sera usually amplifies the assay’s signal. A peculiar observation that was noticed in the 

infected-untreated mice is persistent high ELISA signal despite a low blood parasitemia 

compared to situation in which parasite clearance through drug treatment led to a sharp-drop 

in the signal. The tendency of T. congolense to adhere to blood vessels could possibly in part 

explain the presence of antigenemia in the absence of visible parasitemia. Then, the observed 

rapid clearance of the antigen upon drug treatment could have been potentiated by 

immunomodulating effect of Berenil
®
 [27]. To this end we noted that a true decline in 

parasitemia leads to a corresponding decline in the signal of the Nb474-ELISA suggesting 

that the occurrence of the target antigen is linked to the presence of parasites in the host and 

that the antigen does not persist after parasite clearance. Hence, in experimental mice 

infections, the Nb474-ELISA has the ability to distinguish active infections from a cured state 

and can thus be employed as a test-of-cure. By being able to differentiate sick animals from 

cured, the assay might in part qualify as the first-line of test for drug resistance. This feature 

of the ELISA, from a clinician’s perspective, is useful for monitoring the efficacy of 

trypanocidal drugs. 

The Nb474-ELISA was also able to diagnose T. congolense infections in 

experimentally and naturally infected cattle. The obtained results showed potential application 

of the diagnostic tool in a laboratory setting. Additionally, it seems that delayed sample 

investigation does not affect the assay’s sensitivity provided that the samples are kept in cold-

chain. In the endemic areas, delayed sample investigation is often experienced in case of 
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electricity failure or when there are no efficient means of sample delivery to the laboratory. 

Together with its current level of performance, the option of delayed sample investigation 

would make this assay a suitable tool for monitoring T. congolense infections in remote 

settings and retrospective analysis of archived samples. We plan to further validate this assay 

on larger collections of field samples from different geographical locations where the disease 

is endemic. 

Finally, we identified the target antigen of the Nb474-ELISA as being TcoALD, which 

is a glycolytic enzyme found in the glycosomes [20]. Interestingly, TcoALD has been 

reported to be a part of the so-called T. congolense secretome [21]. However, the exact 

mechanism by which the enzyme reaches the host’s circulation is not well understood. The 

findings in this paper demonstrate that TcoALD is a suitable biomarker for the identification 

of T. congolense infections, despite its high sequence identity with the glycosomal aldolase of 

other parasites (Supplementary information, S4.1 Table). This is not the first report presenting 

aldolase as a specific biomarker for pathogen detection. The enzyme variant encoded by 

Plasmodium vivax serves as a biomarker for the diagnosis of malaria [22]. Based on the 

crystal structures of aldolases encoded by T. brucei and L. mexicana [23], Toxoplasma gondii 

[24] and P. falciparum [25], it is expected that TcoALD is a homo-tetramer in solution. This 

also explains why the Nb474 sandwich ELISA can be used in a homologous set-up. In the 

case of a monomeric target antigen, the same Nb could evidently not be used as a capturing 

and a detection reagent because the antigen would harbor only a single binding site for the 

Nb, which necessitates the development of a heterologous sandwich ELISA. However, the 

principle of a homologous sandwich ELISA is applicable for an oligomeric target antigen 

[26]. The observation that Nb474 can be used for antigen capturing as well as detection 

suggests the occurrence of at least two Nb474-binding sites on TcoALD. However, this 
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remains speculative as the structural and biophysical determinants of the specific Nb474-

TcoALD interaction remain yet to be investigated. We expect that these studies will help us 

improve the robustness of the Nb474-ELISA to specifically monitor T. congolense infections 

in the field. Moreover, the advantage of a selective test for trypanosomiasis in the regions of 

sub-Saharan Africa where animals are infected with human as well as animal infective 

trypanosomes is that it discriminates between the two parasite groups, hence enabling 

assessment of the potential risk for human infection [18]. Further development of the ELISA 

will bring us a step closer towards obtaining an antigen-detection immuno-based POC test 

that can be used for rapid and reliable detection of pathogen infections. 
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Supplementary information 

 

 

S4.1 Figure: Mass spectrometry (MS) detected peptides that matched the shaded regions on the sequence 

of T. congolense glycosomal aldolase. MS analysis recovered several peptides covering up to 36.29% of the 

entire TcoALD sequence. 

 

 

 S4.1 Table: Percent identity matrix showing the similarity in the sequence of T. congolense glycosomal 

aldolase to that of other trypanosomes, L. mexicana and cattle 

 Cattle T. vivax T. congolense T. brucei T. evansi T. cruzi L. mexicana 

Cattle  45.1 46.9 46.9 47.5 47.5 47.7 

T. vivax 45.1  85.2 86.0 86.6 84.9 80.9 

T. congolense 46.9 85.2   94.1 94.9 87.9 80.1 

T. brucei 46.9 86.0 94.1  99.2 86.3 79.8 

T. evansi 47.5 86.6 94.9 99.2  87.1 80.4 

T. cruzi 47.5 84.9 87.9 86.3 87.1  79.8 

L. mexicana 47.7 80.9          80.1 79.8 80.4 79.8  

T. congolense (UniProtKB accession no. G0UWE7), cattle (UniProtKB accession no. Q3T0S5), T. vivax  

(UniProtKB accession no. G0U6L2), T. brucei (UniProtKB accession no. P07752), T. evansi  (TriTrypDB  

accession no. TevSTIB805.10.5960), T. cruzi (UniProtKB accession no. K4LE5) and L. mexicana (UniProtKB  

accession no. Q9U5N6).
a
 TriTrypDB accession no. TevSTIB805.10.5960. 
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5.0 Preamble 

In the preceding chapter we saw that Nbs are potential tools for developing 

immunodiagnostics for AAT. However, suitability of the new Nb-based test for screening 

aparasitemic subclinical/carrier cases (not readily detected through conventional parasitologic 

technique) predominating the AAT endemic regions requires further examination. Thus, 

identification of an existing test for AAT which has demonstrable levels of performance is a 

pre-requisite for further validation of the Nb-ELISA of field samples. An appropriate ‘gold 

standard’ for this purpose should be one that is sensitive, able to discriminates T. congolense 

from the rest of animal trypanosomes and pan-reactive. While sensitivity of such a ‘gold 

standard’ would prevent incidences of relative false positives, its high discriminatory power 

would assess the ELISA’s specificity and pan-reactivity would reduce cost. For these reasons, 

we identified the nested ITS PCR and the 18S-PCR-RFLP pan-trypanosome PCRs which 

both have appreciable levels of sensitivity and capable of discriminating T. congolense from 

other species of trypanosomes as potential ‘gold standard’.  In order to choose between the 2 

PCRs, a comparative evaluation study was conducted and based on experimental data 

obtained the nested ITS PCR is more suitable for this purpose. 

5.1 Abstract 

We compared the nested ITS PCR and the 18S-PCR-RFLP pan-trypanosome assays 

in a cross-sectional survey of bovine trypanosomiasis in 358 cattle in Kwale County, Kenya. 

The prevalence of trypanosomiasis as determined by the nested ITS PCR was 19.6% (70/358) 

and by 18S-PCR-RFLP was 16.8% (60/358). Of the pathogenic trypanosomes detected the 

prevalence of T. congolense and T. vivax was greater than that of T. simiae.  The nested ITS 

PCR detected 83 parasite events, whereas the 18S-PCR-RFLP detected 64, however, overall 
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frequencies of infections and the parasite events detected were not different between the 

assays (χ
2 

=0.8, df = 1, p>0.05) and (χ
2 

= 2.5, df = 1, p>0.05), respectively. The kappa statistic 

(0.8) showed good agreement between the tests. The nested ITS PCR and the 18S-PCR-

RFLP had comparable sensitivity although the nested ITS PCR was better at detecting mixed 

infections (χ
2 

=5.4, df = 1, p<0.05). 

5.2 Introduction  

The performance of all the upcoming diagnostic tests for AAT should be documented 

in different geographic locations where the disease is endemic in order to establish their 

applicability for disease surveillance under natural field condition. Lesson was learnt, for 

example, where it was found that certain geographic isolates of T. b. gambiense in Cameroon 

lacked LiTat 1.3 gene rendering impossible their detection through Card Agglutination Test 

for Trypanosomiasis (CATT) which detects the parasite based on host antibodies induced 

against the LiTat 1.3 protein [1]. Similarly, a strain of T. evansi that lacked RoTat 1.2 gene 

and cannot be detected by T. evansi RoTat 1.2 PCR was discovered in Kenya [2]. These 

experiences make it prudent to investigate the performance of the new Nb-based ELISA test 

for T. congolense on well characterized field samples collected from various geographical 

locations where AAT is endemic.   

The evaluation of the new Nb-based immunoassay for T. congolense requires a suitable 

gold standard and this can be obtained from the various AAT diagnostic tests including 

parasitologic, immunologic and molecular methods [3]. While the parasitologic methods give 

definitive result, they have inherent low sensitivity, poor discriminatory power and are labor 

intensive when dealing with large numbers of samples. On the other hand, there is no single 

immunologic test that can be claimed as a gold standard test for detection of T. congolense. 
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This, therefore, leave us with PCR as the only option for sensitive screening of animal 

trypanosomiasis and retrospective analysis. As reviewed (Section 1.7.5.5.2), T. congolense 

infections are detected through species-specific PCR (Table 1.3) or pan-trypanosome PCR 

(Table 1.4). The species-specific PCRs require multiple reactions per sample to detect the 

different species of trypanosomes [4,5] and this is overwhelming during large-scale 

operation. Thus, pan-trypanosome PCRs are the preferred assays for large-scale 

epidemiological survey targeting multiple species of trypanosomes. 

The rDNA-based PCRs are commonly used pan-trypanosome assay for detection and 

discrimination of animal trypanosomes [6,7,8]. The sensitivity of rDNA based pan-

trypanosome PCRs has been improved through the nested ITS PCR and the 18S-PCR-RFLP, 

where the target DNA is amplified twice (nested amplification) and then detected on agarose 

gel. The extra amplification step makes both assays qualify as sensitive test for diagnosis of 

AAT infections. Because there is lack of comparative performance data between the 2 assays 

for factual judgment of their sensitivities, a comparative study was conducted to evaluate the 

two assays for further validation of the Nb474-ELISA on field samples. In this study, the 

performance of the 2 assays was compared on field samples obtained from Kwale County 

(Kenya) where trypanosomiasis is endemic. Kwale County is covered with dense vegetation 

and all-season streams, consequently providing the required humidity for proliferation of the 

vectors. The occurrence of the various species of animal trypanosomes in the region has been 

reported [9,10] making it an attractive field site for evaluation of the diagnostic tests for 

AAT. Additionally, it was important to understand the current burden of bovine 

trypanosomiasis in the region as a follow-up on the ongoing control efforts. 
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5.3 Materials and Methods 

5.3.1 Reference trypanosomes, study population, study site and sample collection 

The reference trypanosome DNA samples were prepared as described (Section 3.3.1). 

Cattle samples were collected from 2 villages, namely Shimba Hills (4°21'16.8"S and 

39°24'54.2"E) and Kichaka simba (4°20'59.35"S and 39°21'33.61"E) in May 2013 (Table 

5.1). During sampling, cattle were restrained in a crush pen and whole blood (2 ml) was 

collected from the jugular vein (Fig. 5.1) into EDTA coated tubes (Becton, Dickinson and 

Company). The animal experiments were approved by the Ethical Committee for Animal 

Experiments of the Vrije Universiteit Brussel (clearance number 11-220-6). 

 
 

Figure 5.1: Veterinarians and farmers participating in sample collection at Kwale County, Kenya. Cattle 

were retrained in crush pens during sampling and each of the collected blood samples was carefully coded to 

enable traceability. These photographs were taken at the community dip tanks in Shimba Hills (A) and Kichaka 

simba (B). 

 

Table 5.1: Number of cattle sampled per location according to age or sex* 

Location Age group Total  Sex Total 

 ≥ 1 yr <1 yr   Females Males  

Shimba Hills 134 25 159  92 67 159 

Kichaka simba 155 44 199  100 99 199 

Total 289 69 358  192 166 358 

* ≥ = Cattle one year old or more; < = Cattle less than one year old 
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5.3.2 DNA extraction and amplification by PCR 

DNA was extracted from whole blood (10 µl) using DNeasy
®

 Blood and Tissue kit 

(Qiagen); the concentration was determined using NanoDrop™, and samples were stored at -

20 °C until analyzed. The samples were examined for trypanosome DNA by the nested ITS 

PCR as described previously [11]. Briefly, the first run consisted of 5 µl of the template (50 

ng DNA), 1x GoTaq
®
 buffer (Promega), 0.2 mM of each dNTP, 0.4 µM of each primer (ITS1 

and ITS2), 1.25 u GoTaq
®
 DNA polymerase (Promega), and adjusted with distilled water to 

25 µl/reaction . For the second run, the product of the first run (1 µl) was seeded in 24 µl of a 

fresh master mix prepared as above except the ITS3 and ITS4 primers were used in the place 

of ITS1 and ITS2. The cycle conditions were the following: the lid temperature, 105°C; 

initial denaturation, 95°C for 5 min; [94°C for 30s; 57°C for 30s; 72°C for 60s] x 35 cycles; 

post-cycle 72°C for 10 min; and paused at 12°C. The amplified products of the second run 

were separated by electrophoresis on a 1.5% agarose at 100V for 40 min. While the nested 

ITS PCR profiles on gels were scored according to the standard profiles obtained from 

reference trypanosomes (Fig. 5.2A) and a previous study [11], the detection of trypanosome 

DNA using the 18S-PCR-RFLP was performed as described in section 3.3.5.1 and scored in 

accordance with Fig. 5.2B. 

5.3.3 Statistical analysis 

Statistical analysis was performed using SPSS16 and frequencies were compared 

using the chi-square (χ
2
) test. Chosen confidence level (α) was 0.05 and p values <0.05 were 

considered significant. The level of agreement between the 2 tests was estimated using kappa 

statistics [12]. 
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Figure 5.2: Amplified profiles of the reference trypanosome strains by the nested ITS PCR (A) or 18S-

PCR-RFLP (B). The photographs were part of reference standard used for interpreting results of the 2 PCR 

tests. Lanes M, DNA marker; lanes Tcs, T. congolense Savannah TC13; lanes Tbb, T. b. brucei AnTat1.1E; 

lanes Tv, T. vivax ILRAD 700; lanes Te, T. evansi STIB 861; lanes Tcs/Tbb, T. congolense Savannah TC13/T. 

b. brucei AnTat 1.1E mixed infection; lanes Tcs/Tv, T. congolense TC13/T. vivax ILRAD 700 mixed infection; 

lanes Tbb/Tv, T. b. brucei AnTat 1.1E/T. vivax ILRAD 700 mixed infection; lanes Tcs/Tbb/Tv, T. congolense 

Savannah TC13/T. b. brucei AnTat 1.1E/T. vivax ILRAD 700 mixed infection; lane Mouse DNA, DNA 

extracted from whole blood of a naïve mouse and lane Blank, master mixed only. 

5.4 Results  

5.4.1 Prevalence of trypanosomiasis by the nested ITS PCR and the 18S-PCR-RFLP 

In both nested ITS PCR (Fig. 5.3A) and 18S-PCR-RFLP (Fig. 5.3B) assays, infections 

encountered were caused by T. congolense (Savannah and Kilifi), T. vivax, T. simiae, and T. 

theileri.  

The overall rate of positive animals determined by the nested ITS PCR was 19.6% 

(70/358). Of the 19.6%, cases of single infections due to T. congolense Savannah was 2% 

(7/358), T. congolense Kilifi was 3.4% (12/358), T. vivax was 4.7% (17/358), T. simiae was 

1.4% (5/358), and T. theileri was 4.7 % (17/358). Mixed infections due to T. congolense 

Savannah/ T. vivax was 0.3% (1/358), T. congolense Kilifi/T. vivax was 0.6% (2/358), T. 
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congolense Kilifi/T. theileri was 0.3% (1/358), T. vivax/T. simiae was 2% (7/358), and T. 

congolense Kilifi/T. vivax/T. simiae was 0.3 % (1/358) (Table 5.2). 

 

Figure 5.3: Representative PCR band profiles of the different trypanosomes detected by the nested ITS  

PCR (A) or 18S-PCR-RFLP (B). Lanes M, DNA marker; lanes Tcs, T. congolense Savannah; lanes Tck, T.  

congolense Kilifi; lanes Tv, T. vivax; lanes Tt, T. theileri and lanes Ts, T. simiae. Note: Tcs and Tck are 

indistinguishable by the nested ITS PCR. Also the 18S-PCR-RFLP profiles of Tt and Ts are similar. However, 

conflict between the Tcs and Tck was resolved by allowing longer migration of the products alongside reference 

strain standards and cross-referencing with the 18S-PCR-RFLP. The T. theileri and T. simiae detected by the 

18S-PCR-RFLP could be differentiated by sequencing of the PCR products and cross-referencing with the 

nested ITS PCR. 

The 18S-PCR-RFLP scored positive on 16.8% (60/358) of the samples, and detected T. 

congolense Savannah 2.2% (8/358), T. congolense Kilifi 3.9% (14/358), T. vivax 4.5% 

(16/358), T. simiae 0.6% (2/358) and T. theileri 4.7 % (17/358), T. vivax/T. simiae mixed 

0.6% (2/358), and T. congolense Kilifi/T. vivax/T. simiae mixed 0.3 % (1/358) (Table 5.3). 

There was no significant difference in rates of positive samples detected between the 2 

tests (χ
2 

=0.8, df = 1, p>0.05) and kappa statistics showed a substantial agreement (Table 5.4, 

kappa = 0.8). However, the nested ITS PCR detected more mixed infections than the 18S-

PCR-RFLP (χ
2 

=5.4, df = 1, p<0.05). 
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Table 5.2: Single and mixed trypanosome infections detected with the nested ITS PCR according to location, 

animal sex or age group* 

Variable Trypanosome species Positive 

rate 

            

 Tc Tv Ts Tt Tcs/ 

Tv† 

Tck/ 

Tv 

Tck/ 

Tt 

Tv/ 

Ts 

Tck/Tv/T

t 

 

 Tcs Tck          

SH 3 8 16 3 13 0 2 0 7 0 52/159 

Ks 4 4 1 2 4 1 0 1 0 1 18/199 

Female 6 4 8 2 10 0 2 1 4 1 38/192 

Male 1 8 9 3 7 1 0 0 3 0 32/166 

≥ 1 yr 7 12 16 4 17 1 1 1 7 1 67/289 

< 1 yr 0 0 1 1 0 0 1 0 0 0 3/69 

* Tc = T. congolense; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tv = T. vivax; Ts = T. simiae; 

Tt = T. theileri; SH = Shimba Hills; Ks = Kichaka simba; yr = year; †(/) = mixed infections. 

 

Table 5.3: Single and mixed trypanosome infections detected with the 18S-PCR-RFLP according to location, 

animal sex or age group* 

Variable Trypanosome species Positive 

rate 

         

 Tc Tv Ts Tt Tv/ 

Ts† 

Tck/Tv/ 

Ts 

 

 Tcs Tck       

         

SH 3 11 15 2 12 2 1 46/159 

Ks 5 3 1 0 5 0 0 14/199 

Female 6 4 9 2 9 2 1 33/192 

Male 2 10 7 0 8 0 0 27/166 

≥ 1 yr 8 13 15 1 17 2 1 57/289 

< 1 yr 0 1 1 1 0 0 0 3/69 

* Tc = T. congolense; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tv = T. vivax; Ts = T. simiae; 

Tt = T. theileri; SH = Shimba Hills; Ks = Kichaka simba; yr = year; †(/) = mixed infections. 

 

 

              Table 5.4: The agreement between the 18S-PCR-RFLP and BCT* 

  18S-PCR-RFLP  Total 

  Positive Negative  

Nested ITS PCR Positive  56 14 70 

 

Negative 4 284 288 

Total  60 298 358 

        *Kappa = 0.8; p < 0.05 
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5.4.2 Trypanosome events detected by the nested ITS PCR and the 18S-PCR-RFLP 

The nested ITS PCR detected 83 parasite events, whereas the 18S-PCR-RFLP 

detected 64, but the difference was not significant (Table 5.5) (χ
2 

=2.5, df = 1, p>0.05). We 

compared the frequency with which each of the assays detected the important species of 

trypanosomes (T. congolense, T. vivax, and T. simiae) in order to assess if either test was 

better at detecting a particular species. The nested ITS PCR and the 18S-PCR-RFLP detected 

T. congolense (Savannah and Kilifi), T. vivax, and T. simiae at similar levels (χ
2 

=0.02, df = 1, 

p>0.05), (χ
2 

=1.72, df = 1, p>0.05), and (χ
2 

=2.9, df = 1, p>0.05), respectively. We assessed 

the predominant species responsible for bovine trypanosomiasis in the region and found that 

their frequencies varied significantly (χ
2 

=14.8, df = 4, p<0.05). T. congolense and T. vivax 

occurred at the same frequency (χ
2 

=0.07, df = 1, p>0.05). When the frequencies of T. 

congolense (Savannah and Kilifi) and T. vivax were compared to T. simiae, there were 

significant differences (χ
2 

=5.8, df = 1, p<0.05) and (χ
2 

=7.05, df = 1, p<0.05), respectively. 

Also T. congolense Kilifi was more prevalent than T. congolense Savannah (χ
2 

=4.5, df = 1, 

p<0.05). 

Table 5.5: Events of the different species (subspecies) of trypanosomes detected by the nested ITS PCR and the 

18S PCR-RFLP* 

Trypanosomes Nested ITS 

PCR 

18S-PCR-RFLP  Both nested ITS PCR & 

18S-PCR-RFLP 

Total 

Tcs 0 0 8 8 

Tck 4 3 12 19 

Tv 10 1 18 29 

Ts 7 0 5 12 

Tt 3 1 16 20 

* Tc = T. congolense; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tv = T. vivax; Ts = T. simiae; 

Tt = T. theileri 
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5.5 Discussion 

Animal trypanosomes encountered in this study were T. congolense (Savannah and 

Kilifi), T. vivax, T. simiae, and T. theileri, which occurred as single and mixed infections. In 

certain instances, the nested ITS PCR would detect mixed infections and the 18S-PCR-RFLP 

would score positive on the same sample, but only revealing a single parasite infection. 

Failure of the 18S-PCR-RFLP to detect a co-infecting species in mixed infections might be 

attributed to low amounts of trypanosome DNA or obstruction of the profile by a co-infecting 

species [13]. From this observation, mixed infections are more likely to be missed with the 

18S-PCR-RFLP than with the nested ITS PCR. The nested ITS PCR could clearly 

differentiate all the species, however, the profiles of the 2 T. congolense Savannah and Kilifi 

subspecies were conflicting (Fig. 5.3A). To clearly distinguish the nested ITS PCR profiles of 

T. congolense Savannah from Kilifi, the PCR products were separated on agarose gel for 50 

min at 100V and in parallel with the reference strain samples. In addition, cross-referencing 

with the 18S-PCR-RFLP results resolved the conflicts between the 2 T. congolense 

subspecies. We also observed that the 18S-PCR-RFLP could not readily differentiate T. 

theileri from T. simiae (Fig. 5.3B) as was reported previously [14]. The 2 species were 

differentiated by sequencing of the PCR products and cross-referencing with the nested ITS 

PCR results. Alternatively, T. theileri and T. simiae amplified by the 18S-PCR-RFLP can be 

differentiated by digesting the PCR product using the MobII restriction enzyme [14]. 

 Of these 3 pathogenic trypanosomes (T. congolense, T. vivax, T. simiae), analysis of 

frequencies showed no difference between T. vivax and T. congolense; the frequency of T. 

simiae was lower than T. congolense and T. vivax. The detection of fewer T. simiae compared 

to T. congolense or T. vivax was not surprising as both species are principal pathogens of 

cattle unlike T. simiae, which is more commonly encountered in pigs [15]. The number of 
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cattle infected with T. simiae was considerable, yet recent studies [9,10] did not report the 

presence of this trypanosome in the region where we conducted the study. The occurrence of 

T. simiae in cattle could be attributed to transmission of infections from infected wild pigs to 

cattle considering the location of the study sites being in the vicinity of Shimba Hills National 

Reserve. Previous studies employed parasitologic techniques; therefore, failure to identify T. 

simiae could possibly be the result of parasite loads below the detection limit of the technique 

or misclassification of the parasite. Analysis of T. congolense at subspecies level revealed a 

higher frequency of T. congolense Kilifi than Savannah. This could be attributed to the fact 

that cattle might tolerate higher levels of the less pathogenic trypanosomes [16] and this 

might provide the same explanation for the high prevalence of T. vivax. Where the circulating 

strain of trypanosomes is less virulent, infected animals will not readily succumb or manifest 

signs that would alert their owners. This promotes accumulation of less virulent species to a 

higher frequency compared to the more virulent species that are highly likely to be detected 

and treated. 

 We recommend the use of the nested ITS PCR for detection of trypanosomes as it 

proved to be a sensitive technique for detection of trypanosomes occurring in both single and 

mixed infections. Practically, the inability of the assay to classify certain species (subspecies) 

is of less importance if the aim of detection is therapeutic intervention, because these 

trypanosomes are treated with the same drugs. The methodological disadvantage of the 18S-

PCR-RFLP is the additional step that involves digestion of amplified product, which makes 

the assay time consuming, costly, and as well affects its sensitivity in cases where the 

concentration of amplified product is low. Nevertheless, unique restriction patterns provided 

by the 18S-PCR-RFLP allow easy characterization of trypanosomes because only a few 

species have conflicting profiles by this assay. 
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6.0 General Discussion 

The current burden imposed by deadly infectious diseases would have been drastically 

lowered if their detection were swift. Because the majority of these cases are endemic in the 

poverty-stricken regions of the world, simple but reliable diagnostic tests that are applicable 

in these kinds of environments are highly demanded [1]. Unlike other diagnostic methods, it 

is relatively easy to translate an immunodiagnostic from a laboratory-based test to a user-

friendly and field device based on observation of the various immuno-based POC tests being 

commercialized as LFT [2]. On this premise, we sought to discover and then advance a Nb-

based antigen detection test for AAT into a portable LFT device. AAT is a highly prevalent 

disease of the poor communities that can only be controlled through case detection and 

treatment. Nbs are being investigated as an alternative for MAbs because the latter has 

inherent low sensitivity and past efforts to discover MAb-based antigen detection tests for 

AAT have failed [3,4]. Now, we have demonstrated that a Nb-based test is capable of 

detecting AAT caused by T. congolense as well as establish cure after drug treatment [5]. 

Further work remains to translate the test into a field device and to discover similar assays for 

the diagnosis of other infectious diseases that are endemic in underprivileged communities.               

Beforehand, a survey was conducted to investigate hemoparasites of domestic animals 

in Uganda and the result alluded to the occurrence of Leishmania spp, Theileria spp, 

Trypanosoma spp, Herpetomonas spp, Microfilaria, Anaplasma spp and Babesia spp, 

indicating the importance of these genera in the causation of parasitic diseases in Sub-Saharan 

Africa. Except for the Herpetomonas spp which causes opportunistic infections [6], other 

genera encountered in the survey contain important pathogens that infect humans, animals or 

both. The Leishmania spp, has got species that severely disfigure its host [7] more so when it 
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is aggravated by immunosuppressive conditions [8]. The revelation of animal leishmania in 

samples that were collected from central Uganda where neither the disease nor its vector has 

been reported requires further investigation. Moreover, it is highly recommended to ascertain 

if the encountered leishmanial infections are due to the pathogenic type. For the Theileria spp, 

infections were due to the T. parva which is a hemoparasite of cattle which causes ECF [9]. 

Geographically, T. parva is endemic in the regions within Eastern and Central Africa where 

the climate favors the survival of R. appendiculatus vector [10]. Although ECF is highly 

lethal to exotic cattle (Bos taurus), the economic burden is low in the indigenous cattle (Bos 

indicus) and the disease responds well to oxytetracyline [9] which is a low-cost drug.  It is 

also possible to immunize cattle against ECF using the Muguga cocktail vaccine [11]. 

Microfilaria, Anaplasma spp and Babesia spp are animal infective hemoparasites with low 

prevalence. While microfilariasis is preventable by prophylactic administration of 

anthelmintics such as ivermectin, Babesiosis and Anaplasmosis are treatable with diminazene 

aceturate and oxytetracycline, respectively.  It is, therefore, perceivable that the well-being of 

people living in the resource-poor setting can be rapidly uplifted through prioritizing the 

control of Trypanosoma spp which is a genus comprising several pathogenic trypanosomes 

that are widely distributed causing social as well as economic setback. While the WHO 

classifies trypanosomiasis as a neglected tropical disease [12], the World Organization for 

Animal Health (OIE) considers it a notifiable disease [13]. AAT causes direct and indirect 

losses to livestock industry resulting in food insecurity [14]. 

The solution of African trypanosomiasis partly relies on availability of effective case 

detection tools. Because it is difficult to detect trypanosomiasis due to low parasitemia in 

infected animals, efforts are underway to develop sensitive POC tests that detect antigenic 

components of the parasite such as those that are released in the body fluids [15]. 
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Accordingly, we hypothesized that diagnostic Nbs can be obtained from a library generated 

against these kinds of antigens. To avoid technical challenges faced with the identification 

and purification of adequate amounts of these potential biomarkers starting from an assorted 

trypanosome proteome, the Nb library was generated against a mixture of soluble proteomes. 

T. congolense being the most predominant and highly pathogenic animal trypanosome in Sub-

Saharan Africa was chosen as a model trypanosome. The published T. congolense ‘secretome’ 

[16] combined with sequence information in the Gene Bank 

(http://www.sanger.ac.uk/resources/downloads/protozoa/trypanosoma-congolense.html) 

provide valuable resources for rapid identification of these potential target antigens and 

cloning of their corresponding genes. The T. congolense PCF as well as BSF parasites can be 

grown in an in vitro culture system [17], thereby preventing the cost incurred from using 

laboratory animals for parasite propagation.  

T. congolense TC13 which is a cloned parasite [18] and other strains of T. congolense 

including field isolates were employed to drive the entire process towards selection of cross-

reactive Nbs. For this work, the library was generated against soluble proteome of T. 

congolense TC13 and screened for binders on a set of soluble proteomes prepared from T. 

congolense TC13, T. congolense field isolate (MF3cl2) as well as stocks (TRT17 & STIB68) 

that have been maintained in the laboratory for several years. This approach caused selection 

of a potent Nb which specifically binds to TcoALD as demonstrated by ELISA and 

immunofluorescence assay. The Nb-ELISA operates in a homologous fashion due to the 

oligomeric nature of TcoALD, which allows Nbs to bind the antigen symmetrically like 

previously reported in an antibody-based ELISA for detection of human tumor necrotic factor 

[19].        
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The relative abundance of a target diagnostic biomarker is one of the desirable 

attributes required for proper function of an assay [20]. The VSG which is a highly abundant 

protein of trypanosomes making up to 15-20% of the total cell protein [20], would be a 

suitable target biomarker but the limitation of this homodimeric coat protein lies in the high 

variability of the exposed domain which prevents cross-reaction in a range of different 

parasite strains. For this reason, there is intensive search for invariant parasite antigens of 

diagnostic value through special computer soft wares [21,22] that predict special features of a 

given protein, like the occurrence of  B-cell epitopes, relative abundance, solubility, 

uniqueness to the pathogen of interest and the occurrence of signal peptide for translocation of 

the protein outside the cell. Whereas an in silico approach is admired for its rapidity, it is 

biased and prone to error as incorrectly annotated sequences in the database can be screened 

for or against. This might explain why some of the selected candidate antigens that had 

seemingly desirable prediction profiles fail to meet the expected requirements such as being 

able to express well in E. coli [21]. A recent approach is where anti-infectome antibodies are 

blindly used to capture cognate antigens in the trypanosome lysate [23]. The major weakness 

of this system is that captured antigens again go through in silico screening ending up with 

similar challenges encountered with direct in silico approach. It is hereby [5] and elsewhere 

[24] shown that the Nb technology offers a non-bias approach for identification of a 

trypanosome biomarker. In this particular study, random mixtures of soluble proteome were 

the antigens used for generation of the Nb library. Eminently, the challenges embedded in 

using a complex antigen source were, how to eliminate those Nbs generated against 

biomarkers with unwanted features such as highly variable epitopes, highly conserved 

sequences across eukaryotic cells and low abundance. As discussed above, selection against 

Nbs recognizing highly variable antigens was achieved through panning and screening of the 
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library on soluble proteome prepared from different strains of T. congolense including field 

isolates as well as laboratory stocks. Then, selection against Nbs recognizing highly cross-

reactive eukaryotic proteins was achieved through re-screening of binders on other species. 

The selection for Nbs recognizing abundant soluble proteins were attained through 

adjustments of the concentration of the complex antigen that was coated on the ELISA plate 

during panning and screening. Furthermore, the less abundant antigens (and weak binders) 

were eliminated through intensive washing steps which would rinse off rare proteins. Through 

this strategy a potent Nb reagent that is specific to T. congolense was identified. Although the 

Nb technology based approach could identify candidate diagnostic biomarkers starting from 

an assorted proteome, it is not completely free from limitation. Application of this technology 

led to identification of a paraflagellar rod protein as a potential diagnostic biomarker [24]. The 

paraflagellar rod protein is found in other kinetoplastids [25] meaning that its biomarker 

potential is questionable because a diagnostic test targeting paraflagellar rod protein might be 

faced with low specificity as evident from the cross-reaction of the obtained anti-paraflagellar 

rod protein binder (Nb392) with the different species of trypanosomes [24]. Additionally, the 

limitation of paraflagellar rod protein biomarker is that of being an internal antigen which is 

not exposed and cannot be detected in an intact trypanosome. Nevertheless, the approach 

offers perspectives for further investigation of the Nb technology as an unbiased tool for 

discovery of novel targets for immunodiagnosis of parasitic infections. 

The primary sequence of TcoALD has high identity to related parasites and the 

aldolase enzymes from different organisms have only minor variations in catalytic activity 

[26] as well as global structure [27,28]. Thus, from the outset it would appear that any test 

targeting aldolase will have low specificity due to sequence conservation and, indeed, this is 

true for a test that detect aldolase-induced host antibodies [29]. However, this was not the case 
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with our ELISA which uses Nb to detect TcoALD. The ELISA did not cross-react with other 

species of trypanosome and non-trypanosome hemoparasites of domestic animals frequently 

encountered in the AAT endemic regions. Moreover, the Nb-based ELISA could only detect 

TcoALD of the BSF parasite indicating a high level of specificity. The doubt that TcoALD 

may not be expressed in PCF explaining the failure of the ELISA to detect this parasite stage 

is unlikely since a cross-reactive anti-TbALD MAb could recognize TcoALD inside the BSF 

as well as PCF parasites. Additionally, there is evidence of the occurrence of this particular 

enzyme in both developmental stages (BSF and PCF) of T. b. brucei [30]. Thus, the 

specificity of Nb474 to TcoALD suggests the existence of ultra structural differences among 

the glycosomal aldolase enzymes of the different trypanosomes. Because epitope mapping 

was not done, we highly speculate that the Nb474 could be binding to a conformational 

epitope that might be modified in the different developmental stages and species of 

trypanosomes. The fact that Nb474 could not detect TcoALD on western blot under reducing 

conditions provides further supports for recognition of a conformational epitope.  

Independently this work has again brought forward the potential role of aldolase as a 

biomarker for the detection of protozoal infections which was previously reported [31]. We 

have experimentally shown that T. congolense aldolase in serum exhibits some levels of 

stability at room temperature and upon cold storage [5], which is an important attribute that 

allows retrospective analysis of archived samples.There seem to be structural variations 

among the enzymes from various parasite species, which is responsible for the specificity of 

the aldolase-based diagnostic tests. Because it is possible to clone glycosomal aldolase [32] 

and express in E. coli [33,34], adequate amounts of the purified recombinant protein can be 

obtained and used as starting antigen to expedite the process of generating diagnostic Nbs 

targeting the aldolase of other pathogens.  
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As evident from this preliminary investigation; Nbs and glycosomal aldolase could be 

good candidates for development of novel diagnostic tests for AAT. The ELISA in its current 

format can already be used for laboratory-based epidemiology studies. However, there is 

ongoing effort to evaluate the test on field samples prior to further work that is aimed at 

translating the entire assay format into a pen-side test inform of LFT device. To this effect, 

the nested ITS PCR and 18S-PCR-RFLP were comparatively evaluated with the aim of 

selecting a gold standard test between the two assays for field evaluation of the Nb-ELISA. 

Because of its sensitivity combined with high discriminatory power, the nested ITS PCR has 

proven a reliable ‘gold standard’ for the assessment of the performance of the Nb-ELISA. 

6.1 Perspectives 

The study conducted here has provided new insights and answers with respect to 

development of a future LFT for the diagnosis of AAT. At the same time, the study raised 

several questions that could be answered in future research projects. At this stage, three major 

research topics could arise from the work presented here, i.e. (i) a continuation of the AAT 

LFT development involving the selection of new Nb pairs, (ii) the investigation of the biology 

of aldolase as part of the trypanosome secretome, and it’s role in the host-parasite interaction 

interface, and (iii) a clarification of the results of Leishmania detection in Uganda. 

First, in Chapter 4 we reported the generation of a Nb that specifically targets the 

enzyme of T. congolense BSF parasite and its development into a homolgous sandwich 

ELISA. This ELISA cannot be translated into a sensitive LFT device unless a major technical 

challenge that might affect the assay’s binding performance is overcome. The LFT device for 

antigen detection requires two antibody reagents each binding to a completely different 

epitope on a common antigen (i.e. heterologous sandwich). Thus, when an antibody reagent is 
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used for trapping as well as detection of an antigen (homologous sandwich) as is the case with 

our assay, the sensitivity of the assay is compromised. The sensitivity will be low because in a 

LFT, the antigen is first mixed with exceedingly high amounts of detecting antibody reagent 

(that is conjugated to nano-particles such as gold) to form an immune complex which 

migrates by capillary flow towards a perpendicular line of printed capturing antibody reagent. 

The stationary capturing antibody reagent then binds a different epitope on the antigen 

thereby retaining the complex leading to the formation of a sandwich between the capturing 

and detecting antibodies. The accumulation of the immune complexes at the capturing 

antibody line leads to appearance of a line in the reading window. But if the detecting and 

capturing antibodies recognize the same epitope, then, the prior mixing of the antigen with 

detection reagent will get all the epitopes on the antigen saturated to an extent that no more 

will be left for the capturing antibody reagent. In this instance, the majority of the complexes 

will escape across the capture line thereby very faint or no signal at all will be observed at the 

test line. For this reason, we will propose 2 strategies to maximize chances of obtaining an 

anti-TcoALD Nb (s) that will pair heterologously with Nb474 in our possession. The first 

strategy will be to perform panning, whereby phage library displaying anti-T. congolense 

soluble proteome Nbs is mixed with excess amounts of Nb474 during panning on TcoALD. 

The second strategy will be to immunize alpaca with TcoALD and generate a library with 

abundant anti-TcoALD binders, which is then panned on TcoALD as described in the first 

strategy. The competitive panning strategy in both cases is necessary to force for the selection 

and enrichment of phage clones displaying Nbs that recognize epitopes different from that of 

Nb474. Upon getting the heterolgous pair (s), one can proceed to translate the best pair(s) into 

a LFT device. Further work that should be done to ensure that the aldolase in a sample 

remains stable is to find a proper storage temperature and also a buffer that can extend the 
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half-life of the enzyme whenever the sample analysis is to be delayed. It will also be 

necessary to measure the affinity of interaction between the selected Nbs and the cognate 

TcoALD in different buffers get appropriate buffer condition which favor the interaction 

between the two molecules to be used in the LFT. After successful generation of this Nb-

based test device, a MAb-based version of the aldolase detection LFT should be developed 

and the performance compared with the Nb-based counterpart. Results obtain from this study 

will help to verify if a Nb-based LFT is superior to a MAb-based LFT.    

Currently, the methods being used for the diagnosis of HAT are equally unreliable like 

for AAT [35]. When the aldolase antigen detection Nb-based LFT for AAT proves effective, 

this will open perspective for future development of a similar assay for early detection and 

surveillance of HAT. Furthermore, because it is now possible to obtain specific Nb to certain 

forms of aldolase, this offers opportunity for the development of an alternative immuno-based 

commercial kit for clinical detection of aldolase that is released during diseased conditions 

like liver or muscle injury. The common method used to measure the presence of aldolase in a 

sample is through colorimetric detection of the enzyme activity. This assay can be performed 

using commercial kits such as (BioVision, K665-100) or (Sigma, MAK223). These kits 

indirectly detect the activity of aldolase in a sample by measuring the accumulation of NADH 

produced in step 6 of the glycolytic pathway (Section 1.6.2, Fig 1.7) following the same 

principle previously described in [36]. Because the catalytic property of aldolases from 

different organisms can be similar [26], the kit that reveals the presence of aldolase in serum 

through detecting its activity is likely to score false positive on patients that are infected with 

parasites that release parasite-specific aldolase in blood. However, in a situation where a 

highly specific immunoassay that directly detects the enzyme such as discovered in this study 

is employed, it is easy to overcome this problem. 
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Second, we also reported in Chapter 4 that aldolase of trypanosomes is released in the 

serum of infected animals, but it could not be established if the released enzyme affects the 

host in anyway. More so, T. congolense aldolase being an intracellular enzyme without any 

known export signal sequence [16] was the least expected to be released. This then brings to 

question the mechanism by which this protein exits the cell. However, T. brucei [37] and 

leishmania [38] export some of their glycosomal protein content by means of exosomes. In 

terms of aiding parasite virulence, aldolase has been reported to provide a bridge between 

cells and as such it is used by the apicomplexa parasite to invade host cells [39,40]. Thus, this 

finding brings us to the question concerning the alternative role of the exported trypanosome 

aldolase in causation of the pathology observed in AAT. It was reported that the exosomes of 

T. brucei contain virulence factors which dampen the immune system of its host as well as 

destruction of erythrocytes [41] and the analysis of the protein content of T. brucei exosome 

revealed the occurrence of aldolase [37]. So far there is no evidence that the released 

trypanosome aldolase contributes to the pathology observed in trypanosomiasis. Thus, further 

study should be conducted to investigate if the released trypanosome aldolase affects the host. 

If this is will be the case, then, the potential of Nb474 to ameliorate this pathology is then 

investigated. All these suggestions for future study should be tackled after a detailed 

understanding of the fundamentals of the different aldolases found in parasites as well as 

mammalian hosts. 

Third, as reported in Chapter 3, Leishmania spp were encountered in a region where 

its vector has never been reported. In case it is true that sandflies do not exist in central 

Uganda, then, this brings to question a possible occurrence of another mode of transmission 

of the parasite in the region and this is a subject that needs to be investigated. However, it is 

more likely that fact that sandflies do occur in Uganda but that decent epidemiological data on 
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insect distribution is lacking. In any case, the observed results, which in the mean time have 

been confirmed by independently repeated PCR assays, suggest that a thorough investigation 

of the situation of leishmaniasis needs to be conducted in Uganda.          
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A I. Media and Buffers/Solutions 

Culture media: Recipes 

2xTY working (1L) 16g Tryptone/ Peptone (Duchefa Biochemie, Cat. No. T1332.0500), 10g 

Yeast (Duchefa Biochemie, Cat. No.Y1333.500), 5g NaCl (Fisher 

Scientific, CAS: 7647-14-5, MW=54.88), filled with distilled water to 1L , 

autoclaved and stored at room temperature.  

  

Lauria broth (LB) working (1L) 10 g Tryptone/ Peptone (Duchefa Biochemie), 5g Yeast (Duchefa 

Biochemie), 10g NaCl (Fisher Scientific), add distilled H2O  to 1L , 

autoclaved and stored at room temperature or at 4 °C for longer time 

  

Preparation of Ampicillin-

glucose LB agar (1L) 

In 1000ml scot duran bottle, add 15g Bacto/Micro- agar (Duchefa 

Biochemie, Cat. No.M1002.1000,), and 25g LB broth high salt (Duchefa 

Biochemie, Cat. No. L1704.0500) or alternatively use (10 g tryptone, 10 g 

NaCl & 5 g yeast) for LB high salt. Add distilled H2O until 900ml then 

autoclave. Allow the medium to cool to 55°C. Add 100ml autoclaved 

glucose 20% and 1ml ampicillin 100 mg/ml. Mix by rolling the closed 

bottle back and forth in a laminar flow. Pour around 20ml into sterile 

plates. Allow the medium to solidify for about 1h. Store the plates at 4°C 

in an inverted position. Before use, incubate the plate at 37°C in the 

inverted position for 1h to remove condensation. 

  

SOB (100ml) 2g Tryptone/ Peptone (Duchefa Biochemie), 0.5g Yeast (Duchefa 

Biochemie), 0.5ml  NaCl 2M, 1ml  KCl 250mM filled with distilled water  

to 100ml, aliquot, autoclaved and stored at room temperature  

   

  

SOC working (26ml) 25ml SOB, 500µl  glucose20%, 250 µl MgSO4 1M, 125 µl MgCl2 2M 

  

Terrific broth (TB) working (5L) 11.5g KH2PO4 (Merck, Cat. No. 1.04873.1000, MW=136.08), 82g 

K2HPO4.3H2O (Merck, Cat. No. 1.05099.1000, MW=228.23), 60g 

Tryptone/Peptone (Duchefa Biochemie), 120g Yeast (Duchefa 

Biochemie), 20ml Glycerol 100% (Duchefa Biochemie, Cat. No. 

G1345.1000, MW=92.1), filled with distilled H2O  to 5L , autoclaved and 

store at room temperature. 

 

Buffers/Solutions: Recipes 

  

20% D-Glucose stock solution 

(100ml) 

20g D-Glucose monohydrate (Duchefa Biochemie, Cat. No. G0802.1000, 

MW=198.2.). Add distilled H2O to final volume100ml, stir to solubilise, 

autoclave and store at room temperature. 

  

2M MgCl2 stock (50ml) 20.33g MgCl2. 6H2O  (Duchefa Biochemie, Cat. No. M0533.1000, 

MW=203.3). Add distilled H2O to 50ml, stir and autoclave. Store at room 

temperature. 
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Buffers/Solutions: Recipes 

1M Isopropyl-ß-D-

thiogalactoside stock solution 

(50ml) 

11.92g IPTG (Duchefa Biochemie, Cat. No.I1401.0025, MW=238.3). Add 

distilled H2O to 50ml, stir to dissolve and filter with 0.2µm Gyrodisc CA-

PC 30mm (Orange Scientific). Store at -20°C in aliquots. 

  

100mM Na2EDTA stock solution 

(50ml) 

1.86g  Na2EDTA .2H2O (Duchefa Biochemie, Cat. No. E0511.1000, 

MW=372.2). Add distilled H2O to 50ml, stir to dissolve and autoclave. 

Store at room temperature. 

  

1M Tris-hydrochloric acid (HCl) 

pH 8.0 

121.1g Tris (Sigma, Cat. No. T1503.1KG, MW=212.14), solubilise in 

900ml distilled H2O. Adjust pH to8.0 with HCl solution 37% (Merck, Cat. 

No. 1.00317.1000). Adjust to 1L with distilled H2O, autoclave and store at 

room temperature. 

  

Tris-EDTA Sucrose (TES) 

working solution (1L) 

171.15g sucrose (Duchefa Biochemie, Cat. No. S0809.1000, MW=342.2), 

5ml Na2EDTA 100 mM, 200ml Tris-HCl 1M (pH 8.0), Keep in brown 

bottle at 4°C 

  

TES diluted ( ¼) in distilled H2O 

(1L) 

750ml distilled water and 250ml TES, store in brown bottle at 4 °C 

  

10x Phosphate buffered saline 

(PBS) stock solution (1L) 

2g KCl, (Merck, Cat. No. 1.04936.0500, MW=74.55), 80g NaCl (Fisher 

Scientific) 2.4g KH2PO4 (Merck), 18g Na2HPO4.2H2O (Merck, Cat. No. 

1.06580.1000, MW=177.99), solubilised in 900ml distilled H2O. Adjust to 

1L with distilled H2O, filter with 0.2µm Gyrodisc CA-PC 30mm (Orange 

Scientific), autoclave and store at 4 °C. 

  

1x Phosphate saline glucose 

working solution (1L) 

0.43g NaH2PO4.H2O (Merck, Cat. No. A166546, MW=137.99), 2.13g 

NaCl (Fischer Scientific), 8.45g Na2HPO4.2H2O (Merck), 16.9g Glucose 

monohydrate (Duchefa Biochemie, Cat. No. G0802.1000, MW=198.2). 

Add distilled H2O to 800 ml, adjust pH by adding HCl 37% and fill to 1L. 

  

0.5M Imidazole in PBS working 

solution (100ml). Prepare fresh. 

3.5g imidazole (Sigma, Cat. No. I202-500G, MW=68.08), solubilised in 

90ml PBS and adjust pH to 7.5 with HCl solution 37%  (Merck). Then 

bring to 100ml and filter with 0.2µm Gyrodisc CA-PC 30mm (Orange 

Scientific). Store at 4 °C. 

  

50mM  D(+)-Biotin stock 

solution, pH 7 (20ml) 

0.224g D (+)-Biotin (Acros Organics™, Cat. No. A230090050, 

MW=244.31) dissolved in 15ml PBS and add drops of 3M NaOH to 

completely dissolve. The fill to a final volume of 20ml 

  

Triethylamine buffer (5ml) 

Prepared fresh. 

70 µl  TEA 99% (Sigma, Cat. No. T-0886, MW=101.19) in 5 ml distilled 

H2O (pH > 10) 

  

20% Polyethylene glycol 20% 

2.5M NaCl stock solution (1L) 

200g PEG (6000) (Duchefa Biochemie, Cat. No. P0805.1000, MW=6000), 

146.1g NaCl (Fisher Scientific) and adjusted to 1L final volume with hot 

H2O. 

Heparin 1000U/ml stock (50ml) 273 mg Heparin sodium (Sigma, Cat. No. H9399-1,  at 183≥USP units/mg) 

and adjust to 50ml  in PBS. 
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Buffers/Solutions: Recipes 

10x Tris Borate EDTA (TBE) 

stock solution (1L) 

108g Tris (Sigma), 55g Boric acid (Sigma, Cat. No. 31146-1KG, 

MW=61.83), and 40ml Na2EDTA 0.5M pH 8.0. Adjust to 1L with distilled 

H2O. Store at room temperature. 

  

1% Agarose gel 5g Agarose (Lonza, Cat. No. 50004). Add 500mls 1x TBE  and  boil in 

microwave until completely dissolved, keep in the oven at 50°C. 

  

10mg/ml Ethiduim bromide 

stock solution 

1g ethiduim bromide and dissolved in distilled H2O to 100mls and store at 

room temperature. Working concentration is 1µg/ml. Store in secure place 

because ethidium bromide is a potential carcinogen. 

10x DNA sample loading buffer 

stock solution for agarose 

Composition of the buffer is 50% Glycerol, 0.25%bromophenol blue 

(Merck, Cat.No.1081220025, MW= 666.96), 0.25%xylene cyanol (Merck, 

Cat. No. 8.18754.1000, MW=106.74), 15%Ficoll™400 (Amersham 

Biosciences, Cat. No. 17-0300-10) in distilled H2O. Work this out for any 

required volume. Alternatively for 100ml solution: dissolve 250mg 

bromophenol blue and 250 mg OmniPur
® 

xylene cyanol FF (Cat. No. 

9710-25MG) in 33ml Tris 150mM pH7.6, add 60ml glycerol and 7ml 

distilled H2O. Store at room temperature. 

  

1x Protein Transfer buffer 

working solution (1L) 

3g Tris (Sigma, T1503-1KG, MW=121.14), 14.4g Glycine (Acros 

organics, Cat. No. 15527-1KG-R, MW=75.07), 200ml methanol (Acros 

organics, CAS:67-56-1). Add distilled H2O to make 1L, stir to mix and 

store at room temperature.  

  

20x MES buffer stock solution 

for SDS-PAGE electrophoresis 

(1L) 

195.2g 1x [2-(N-Morpholino) ethanesulfonicacid] monohydrate (MES) 

(Duchefa Biochemie, Cat. No. M1503.1000, MW=213.2), 121.2g Tris 

(Sigma), 20g SDS (Sigma, Cat. No. L3771-500G, MW=288.38), 6g 

Na2EDTA.2H2O (Duchefa Biochemie) and bring to 1L with distilled H2O. 

  

Coomassie blue protein staining 

solution (1L) 

50% methanol (Acros Organics, Cat. No. 444310050, MW=32.04), 10% 

Acetic acid 96% stock  (Merck, Cat. No. 1.00062.2511), 1.25g 

Coomassie® brilliant blue R250 (MP Biomedical Inc., Cat. No. 190682, 

MW=826) and bring to 1L with distilled H2O. Store at room temperature. 

  

Coomassie blue destain solution 

(1L) 

400ml methanol (Acros Organics™), 100ml Acetic acid 96% (Merck) and 

bring to 1L with H2O. 

  

Reducing protein loading buffer 

stock (1ml) 

400µl NuPAGE
®
 Sample Reducing Agent 10x (novex

®
, NP 0007), 500µl 

NuPAGE
®
 LDS Sample Buffer 4x (novex

®
, NP 0009) and 100µl Glycerol 

100% (Duchefa Biochemie, Cat. No. G1345.1000) 

  

Horseradish peroxidase (HRP) 

substrate (prepared fresh) 

45mg 4-chloro-1-naphthol (Sigma, C-8890, MW=178.6), 45ml PBS, 

100µl Hydrogen peroxide 35%, 1L=1.13Kg (Merck, Cat. No. 8600.2500, 

MW=34.01), 15ml Methanol (Acros Organics™). 
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Buffers/Solutions Recipes 

0.05% PBS-Tween
®
20 working 

solution  (1L) 

Add 100ml Tween
®
20 (Sigma, Cat. No. P1375-500ML, MW=1228) to 

PBS to have final volume of 1L. 

  

1x ABTS working solution (1L) Prepare citrate buffer by dissolving 6.2g (=50mM) sodium citrate 

dihydrate (Merck, Cat. No.  1.06432.1000, MW=294.10) and 6.07g 

(=50mM) citric acid monohydrate (Duchefa Biochemie, C1303.1000, 

MW=210.1) in final volume of 1L distilled H2O and adjust pH to 4.0. 

Then dissolve 200mg 2’2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (Sigma, Cat. No. A1888-2G, MW=54.68) in citrate 

buffer to a final volume of 1L. Filter 0.22 µm and store in the dark or 

cover storage bottle with aluminum foil at 4°C. 

  

1M Sulphuric acid stock solution 

(1L) 

Add 54.366 ml concentrated H2SO4 (MW=98.08g/mol, 1L=1.84Kg) acid 

to 945.634 ml distilled H2O. Final vol of acid adjusted for 2% impurity. 

 

Antibiotics: Recipes 

100mg/ml Ampicillin stock 

solution (50ml)  

5g Ampicillin (Sigma, Cat. No. A9518-25G, MW=317.39), 35ml Ethanol 

Absolute 99% (Fisher Scientific, BP2818500, MW=46.07) 15ml distilled 

H2O and filter with 0.22µm filter, store at -20°C. Working concentration  

20 - 100 µg/ml 

  

70mg/ml Kanamycin stock 

solution  (50ml) 

3.5 g Kanamycine sulphate monohydrate (Duchefa Biochemie, Cat. No. 

K0126.0025, MW=600.6) in 50 ml distilled H2O. Filter with 0.22µm 

filter, and store at -20°C. Working concentration  10 - 50 µg/ml 

  

35mg/ml Chloramphenicol stock 

solution (30ml) 

7.05g Chloramphenicol (Duchefa Biochemie, Cat. No. C0113, 

MW=323.1) in 30ml Ethanol Absolute 99% (Fisher Scientific). Filter and 

store at -20°C. Working concentration  25 - 170 µg/ml 
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A II. Maps of Vectors used for the cloning and expression of Nanobody genes 
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Figure A1.  Nanobody cDNA library was cloned in pHEN4 phagemid vector (A). Gene coding for 

Nb474 protein was sub cloned in the pHEN6c (B) and pHEN6cBAD (C) expression vectors for C-

terminal incorporation of His-tag and biotin acceptor domain (BAD) sequences, respectively. The 

linking of biotin molecule to BAD sequence fused with Nb protein (in vivo biotinylation) was 

catalyzed by BirA enzyme expressed by a pHEN6cBAD co-transformed called pBirA plasmid (D).
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