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ABSTRACT
Background

African trypanosomiasis is a parasitic disease that can infect both humans and animals. In humans,
the disease is known as human African trypanosomiasis (HAT), while the animal form is called
animal African trypanosomiasis (AAT). Although the burden of HAT has significantly decreased
over the years, AAT remains a significant constraint to livestock production in several sub-Saharan
African countries, including Ghana. Several species of African trypanosomes can infect humans,
domestic and/or wild animals. As majority of parasite, trypanosomes rely on host-derived iron for
survival and disease establishment. Consequently, the parasites express a divergent transferrin

receptor (TfR) that facilitates host transferrin uptake to satisfy their iron needs.

Previous studies reported that TfR diversification enables trypanosomes to expand their
mammalian host reservoirs, but these studies were primarily performed using in-vitro systems. It
remains unknown whether this phenomenon occurs during natural infections. Additionally, TfR is
co-transcribed from the same polycistronic transcription unit as Variant Surface Glycoproteins
(VSGs), which are critical for immune evasion. There are ~10 million densely packed VSG
molecules per trypanosome cell that shield invariant surface proteins from host-derived antibodies.
VSGs can exist either as homodimers or trimers, but whether VSG oligomerisation influences the
uptake of essential ligands such as transferrin remains unknown. Numerous studies have identified
iron deficiency as the primary cause of anaemia during AAT, yet only a limited number have

described changes in iron status in naturally-infected livestock.

In light of these knowledge gaps, this study sought to examine the prevalence of AAT in cattle,
sheep, goats, and pigs in the Greater Accra Region, Ghana, assess changes in the iron status of

livestock during trypanosome infection, determine whether TfR variability facilitates trypanosome

XViii



colonisation of livestock during natural infections, and finally, examine whether VSG

oligomerisation influences the uptake of host ligands.

Methods

Blood samples were collected from 456 animals (155 cattle, 138 sheep, 132 goats, and 31 pigs)
from six farms in the Greater Accra region. DNA was extracted from the blood collected, and
nested diagnostic polymerase chain reactions (PCRs) were performed using Trypanosoma species-
specific primers amplifying tubulin gene. Subsequently, PCR amplicons were subjected to Sanger
sequencing for trypanosome species validation. ELISA and colourimetric assays were performed
using the serum to determine ferritin concentration, total serum iron (TSI), transferrin saturation
(TS), and total iron-binding capacity (TIBC) as indicators of iron status during infections.
Additionally, the haematocrit (HCT) levels were compared between infected and non-infected
livestock. To determine the variable region of TfR, RNA was extracted from the blood of livestock
infected with T. b. brucei. Following this, cDNA was synthesised and used to perform
conventional PCR. Finally, cell lines expressing different VSGs belonging to the main classes
(dimers and trimers) were used to measure transferrin uptake.

Results

Of the 456 animals screened, 73 (16%) were infected, of which 50 (11%) were infected with T.
brucei, 16 (3.5%) with T. theileri, and 5 (1.1%) with T. congolense. Mixed infections with T.
congolense and T. theileri were observed only in two animals at two study sites. Overall, sheep
were the most infected, with an infection of rate 29.7% (41/138), compared to 16.8% (26/155) in
cattle, 3.8% (5/132) in goats, and 3.2% (1/31) in pigs. An increase in ferritin concentration was
observed in infected cattle (Mean = 394 ng/mL) compared to non-infected controls (Mean = 283

ng/mL); the difference observed was statistically significant (p-value = 0.047). However, the
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ferritin concentration in infected and non-infected sheep was low (Mean = 39 ng/mL). TIBC was
very high in infected cattle and sheep (p-value = 0.0001) compared to non-infected animals, while
TSI and TS showed a decrease in all the infected livestock compared to non-infected controls.
Moreover, a significant reduction in HCT levels in goats was observed compared to cattle and
sheep (p-value = 0.0001); however, the difference between infected and non-infected animals was
not significant. TfR sequences from sheep, cattle, and goats were compared, a huge diversity was
observed between and within the different livestock species in the variable region of ESAG7 that
was analysed. Finally, a significant reduction in transferrin uptake was observed in trimeric VSG-

expressing cell lines compared to dimeric VSG cell lines (p-value = 0.001).

Conclusion

The prevalence of AAT in this study was low; the predominant circulating trypanosome species
was T. brucei, and sheep were the most infected animals. This is the first study to report a high
prevalence of AAT in sheep in the Greater Accra Region. Therefore, as seen in cattle, equal
attention should be given to other livestock when implementing control measures for AAT
elimination. Furthermore, the data showed that during AAT, there are significant changes in the
iron status of infected livestock. Also, for the first time, this study reported diversity in TfR
sequences in trypanosomes from naturally infected livestock. Therefore, this suggests that
parasites express a unique TfR in different mammal hosts. Finally, this study provided evidence

that the VSG structure may influence nutrient uptake.
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CHAPTER ONE

1.1 Introduction

Trypanosomiasis is a severe disease caused by protozoan parasites found in sub-Saharan Africa
both humans and animals can be infected. Trypanosomes are etiologic agents of the disease and
members of the genus Trypanosoma. Trypanosomes can proliferate in the blood, lymphatic and
nervous systems (Muhanguzi et al., 2017). Only T. brucei rhodesiense and T. brucei gambiense
can cause human infection, sleeping sickness commonly called human African trypanosomiasis
(HAT). Meanwhile, T. congolense, T. vivax, T. theileri, and T. brucei brucei cause animal African
trypanosomiasis (AAT) also called nagana (Auty et al., 2016; Ofori et al., 2022; Ekloh et al.,
2023). Other trypanosome species such as T. godfreyi, T. simae, T. evansi, T. dionisii, T.
elephantis, T. vegrandis, T. gilleti can also infect many domestic and wild animals, but the
susceptibility of mammal hosts to specific strains of trypanosomes varies (Anderson et al., 2011;
Kasozi et al., 2021). Although the incidence of HAT has drastically reduced, and the disease is
likely to be eliminated by 2030 (Franco et al., 2022), the challenge persists with AAT which is
recognised as a severe infectious disease limiting the livestock expansion in SSA (Auty et al.,
2016; Dieng et al., 2022). In Africa, reports have shown that about 55 million cattle are at risk of
being infected by various trypanosome species; additionally, about 3 million of these cattle are
thought to die yearly (Dieng et al., 2022; Giordani et al., 2016). A systematic review published in
2022 reported the prevalence of AAT in several African countries located in various regions (East,
Central, Southern and West Africa). Two countries recorded the highest AAT prevalence:
Zimbabwe and Ghana, 53% and 61%, respectively (Dieng et al., 2022). The high prevalence of

AAT reported, therefore, calls for concern. Also, several studies have clearly shown that animals



are now reservoirs for the human species, T. brucei gambiense (Njiokou et al., 2010) and T. brucei
rhodesiense (Hamill et al., 2013). The presence of these reservoirs has been suggested to be the
major factor causing a resurgence of the disease after the implementation of specific protective
measures (Njiokou et al., 2010; Hamill et al., 2013). Trypanosomes are mostly present in the blood
of hosts. Also, studies have demonstrated that these parasites can be found sequestered in adipose
tissue (Trindade et al., 2016) and under the skin (Capewell et al., 2016). Furthermore,
trypanosomes can also be found in the brain during the late phase of the infection (Smith et al.,
2017). Infected tsetse flies (Glossina sp.) are responsible for transmitting trypanosomes to a
different host by a bite during the blood meal.

In the livestock population, an essential feature of trypanosome pathogenesis is the hyper-
activation of macrophages, causing massive destruction of erythrocytes by phagocytosis resulting
in anaemia (Stijlemans et al., 2018). Anaemia experienced during AAT results from various
factors; however, the most important among them is iron-homeostasis dysregulation. Like in other
chronic diseases, during trypanosomiasis, signs of anaemia are associated with an imbalance
between erythrophagocytosis and erythropoiesis (Stijlemans et al., 2018). This directly impacts
iron homeostasis by affecting the recycling process and sequestration performed by macrophages.
All these events induce iron depletion, causing a severe challenge for extra-cellular parasites to
establish and maintain the infection. Moreover, the host’s immune defence plays a critical role in
iron availability through mechanisms requiring cytokines, cellular proteins, peptides, and
hormones (Ebanga et al., 2020). Hepcidin, secreted by hepatocytes, is essential to create low-iron
conditions mainly by down-regulating ferroportin; this, therefore, affects the cellular export of iron

to the bloodstream. Evidences suggest that during trypanosomiasis, several changes occur in the



host affecting iron homeostasis; however, this has not yet been studied in naturally infected

livestock.

African trypanosomes require iron, just like every other living organism for their survival in the
host. Iron is an essential and crucial cofactor for several biological processes, like cell proliferation,
gene expression, regulation, and synthesis of DNA, RNA as well as proteins (Basu et al., 2016).
The most important source of iron for these parasites is transferrin (Tf), an iron-binding protein
(Taylor & Kelly, 2010). During T. brucei’s life cycle, the parasite passes from the vector to the
mammalian host. Throughout this cycle, the parasite takes several forms to adapt to various
environmental changes and ensure its survival. T. brucei, precisely the bloodstream form,
expresses a unique receptor that binds to the host’s Tf. The receptor is the T. brucei transferrin
receptor (TfR), which is critical for iron uptake through endocytosis of the host’s Tf (Kariuki et
al., 2019; Benz et al., 2018). Expression site-associated genes (ESAG) 6 and 7 encode for TfR,
which is a heterodimeric protein complex. The association of ESAG6 and ESAG7 is needed to
interact with the Tf protein (Steverding et al., 1995). ESAGs are always co-transcribed with the
variant surface glycoprotein (VSG) gene, which constitutes the major component of the compact
surface coat that gives the parasite the ability to elude the host’s defence system, essentially both
arms of the immune system (Didier Salmon et al., 1994). In the past, VSGs were described as
homodimers, but recently researchers have reported two main classes: dimers and trimers (Sara et
al., 2023). The expression of both VSG and TfR is essential for the parasites to establish the
infection. The genome of trypanosomes contains about 15 specific expression sites; ESAGs are
multi-copy genes and are present in each expression site; only one is active at a specific time
(Hertz-Fowler et al., 2008). Several expression sites encode TfR that might be structurally related

but differ in function. Therefore, few studies reported little diversity between TfR among different



mammalian hosts, which can significantly impact the binding affinity for Tf, as well as the ability

of trypanosomes to survive in the sera of these mammalian hosts (Bitter et al., 1998).

1.2 Rationale

In Ghana, like in several African countries, AAT is a major constraint to livestock production.
This is confirmed by the high prevalence recently reported (Dieng et al., 2022). Moreover, in
Ghana, livestock production has considerable economic and socio-cultural benefits. Especially to
rural households, via the provision of nutrition, as an employment avenue as well as capital
accumulation for owners. Generally, livestock production in SSA accounts for 40% of the total
household income and in Ghana, these statistics are similar; the range varies between 44.1% and
51.5% (Agriculture Ghana report, 2020). When there is a reduction in production, this might
significantly impact the livelihoods of most rural dwellers (Abro et al., 2021). The dependence of
farmers on livestock is undeniable; therefore, appropriate measures must be put in place to improve
the management of AAT in the country. Although the prevalence of AAT seems to be high in the
country, most of the data obtained were from the Northern region, and only cattle were sampled
(Bakari et al., 2017; Dieng et al., 2022; Ofori et al., 2022). Limited studies describe the dynamics
and the burden of AAT in livestock in other regions of Ghana, such as the Greater Accra region.
Therefore, the prevalence reported is not representative of the whole country, and the dynamics of
the disease still need to be described in many regions where several private and public farms are
also found. Furthermore, few studies have been conducted to determine the impact of the disease
on other primary livestock, such as sheep, goats, and pigs. Also, the pathogenesis of AAT in
infected livestock has not been fully described. Anaemia is the most important symptom
experienced during trypanosomiasis and is used to determine the severity of the disease (Degneh

etal., 2017; Meharenet & Tsegaye, 2020). Studies suggest that iron deficiency is the leading cause



of anaemia during AAT. However, no study describes changes in the iron status of naturally
infected animals. Also, it remains unclear if there is a correlation between those changes and
disease pathogenesis. Though during the infection, iron levels in the hosts are depleted, T. brucei
is still able to fulfil its iron needs through the uptake of the host Tf available in the serum via a
unique receptor TfR. The hypothesis is that T. brucei expresses a specific TfR depending on the
final host to increase the binding affinity with the Tf molecule. TfR is essential for Tf uptake, but
it is unknown if the sequence polymorphisms correlate with infections in different livestock
(Trevor etal., 2019). The type of TfR expressed might influence Tf uptake, just as the type of VSG
(dimeric or trimeric). This is because of the genomic location of ESAG6 and ESAG7 as well as
VSG genes and the fact that these genes are always co-transcribed together. However, no study

has been conducted so far to determine the possible influence of the VSG expressed on Tf uptake.

1.3 Hypotheses and aims

1.3.1 Hypotheses

1. Important changes occur in the iron status of infected livestock, and those changes vary among

different hosts.

2. TfR sequence polymorphism allow trypanosome adaptation and transferrin uptake in different

hosts.

3. Transferrin uptake is influenced by TfR sequence polymorphism and the type of VSG expressed.



1.3.2 The aims of the study

Aim 1: Determine the prevalence of AAT and describe the iron status of trypanosome-infected
livestock.

Aim 2: Identify transferrin receptor sequence diversity in vivo in different livestock and determine

the correlation between the type of VSG expressed and transferrin uptake.

1.3.3 Specific objectives

1. Determine AAT prevalence and trypanosome species circulating in livestock (cattle, sheep,
goats, and pigs).

2. Describe changes in the iron status of trypanosomes-infected livestock.

3. ldentify TfR sequence polymorphisms in trypanosome-infected livestock.

4. Determine the influence of the type of VSG expressed on the transferrin uptake.

1.4 Significance of the study

The data generated from this study will describe the real burden of the animal African
trypanosomiasis in the primary livestock in the Greater Accra region. The main trypanosome
species in circulation and places with high disease incidence will also be identified. Also, the key
iron parameters that are significantly modified in the infected livestock will be determined. These
findings are relevant because they will provide meaningful information required to design
appropriate strategies for better disease management. Finally, this study will discover if T. brucei
expresses a unique transferrin receptor in various animal hosts and if the structure of the VSG

expressed influence transferrin uptake.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 African trypanosomiasis

African trypanosomiasis is a severe parasitic infection endemic in sub-Saharan Africa (SSA),
affecting humans and animals. Some blood-feeding flies and tsetse flies transmit trypanosomes;
these insects are primarily found in humid and semi-humid parts of Africa. The animal form of the
disease, animal African trypanosomiasis (AAT), affects cattle and other livestock. AAT is
predominantly caused by Trypanosoma congolense (T. congolense), Trypanosoma vivax (T.
vivax), and Trypanosoma brucei spp (T. brucei spp) (Haag et al., 1998; Ekloh et al., 2023). AAT
is found within a mainland of approximately 10 million km?, including 36 counties in Africa where
exposure to the main vector (tsetse fly) and trypanosome infection is high (Meyer et al., 2016).
AAT causes important reduction in the farming sector affecting the quality of the meat and milk
delivered to the market and impacting the global economy. AAT is the topmost constraint on SSA's
food production and economic growth. Also, the human form of the disease exists, known as
human African trypanosomiasis (HAT). Two subspecies of T. brucei cause HAT. Although AAT
and HAT are found in similar geographical locations in Africa, rhodesiense HAT is predominant
in East and South Africa. In contrast, gambiense HAT is dominant in Central and West Africa.
However, the incidence of HAT has reduced drastically, and the disease has been targeted for

elimination (Jose et al., 2022).



2.2 Human African trypanosomiasis

2.2.1 Epidemiology and distribution

T. b. gambiense and T. b. rhodesiense, two subspecies of the flagellated unicellular protozoan
parasite T. brucei, cause sleeping sickness or HAT (Blscher et al., 2017). Infected tsetse flies
(Glossina) transmit the disease within specific foci of endemicity in SSA (Jose et al., 2022;

Simarro et al., 2012; Simarro et al., 2010).

Studies have reported that HAT is not only detected in SSA countries but also in Europe, America,
and Asia among travellers, tourists, and migrants (Simarro et al., 2012). HAT caused by T. b.
gambiense is considered anthroponotic (Blscher et al., 2018) and represents the majority of
reported disease cases (Jose et al., 2020). However, HAT caused by T. b. rhodesiense is a zoonotic
disease; livestock and wildlife can serve as reservoirs of the parasites (Fevre et al., 2008; Franco
et al., 2014; Matovu et al., 2020; WHO, 2013). Furthermore, the disease progression is different
for these two parasites; gambiense HAT produces a chronic form of the disease, while rhodesiense
HAT results in the acute form (Jose et al., 2014; Kennedy, 2013). If HAT is wrongly diagnosed

and untreated, the outcome is death (Jamonneau et al., 2012).

HAT mainly affects people living in poor communities in SSA, which is why the disease is
considered a neglected tropical disease (WHO, 2012). HAT caused several disastrous epidemics
in the past; therefore, the disease was tagged as a “colonial disease” (Headrick, 2014; Wylie and
Lyons, 1994). The most recent escalation in infection cases was in the 1990s, when per year, more
than 25,000 cases were reported (Hide, 1999; Smith et al., 1998). In 1997 and 1998, about 35,000
cases were reported (WHO, 2013), and over 300,000 people were at risk of the disease. As a result,
volunteers and stakeholders formed the National Sleeping Sickness Control Programs (NSSCPs)

in various endemic countries for better disease management. NSSCPs were coordinated by the
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WHO and supported many non-governmental organisations, pharmaceutical companies, several
research institutions, and charitable foundations (Simarro et al., 2011; Simarro et al., 2008). Due
to the spectacular achievement of these collective efforts, within a decade, the incidence of HAT

drastically reduced, and the disease has been under effective control for a long time.

HAT was targeted for elimination as a public health problem by 2020; however, due to the
COVID-19 pandemic and other challenges, this could not be achieved, although most known foci
were reported disease-free. Therefore, WHO's new goal is to eliminate HAT caused by T. b.

gambiense by 2030 (Compaoré et al., 2022; WHO, 2022).

2.2.2 Clinical Manifestations

Clinical symptoms of HAT, whether caused by T. b. gambiense or T. b. rhodesiense, are similar.
Sleeping sickness symptoms and signs are divided into two main stages. The first stage during
which trypanosomes are found in the lymphatic systems and the bloodstream exclusively, is called
the hemolymphatic phase. Generally, during this phase, patients experience non-specific
symptoms such as joint pain, headaches, and fever; these are mostly misdiagnosed, leading to poor
disease management. The second stage is the meningoencephalitic phase, where trypanosomes
invade the central nervous system. Specifically, trypanosomes bypass the blood-brain barrier
(BBB), modify the sleep cycle, and cause mental disorders and paralysis. These symptoms can
lead to patient death if treatment is not administered. The sleeping pattern modification during the
infection results in “sleeping sickness”. The two phases described above during gambiense HAT
last almost three years, whereas for rhodesiense HAT progression to the second stage requires a
few weeks, and death results within months (Odiit et al., 1997). The unique way of differentiating
the two infections is the possible appearance of the trypanosomal chancres after the tsetse fly bite.
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For gambiense HAT, the appearance of the chancre is rare, but patients infected with T. b.
rhodesiense mostly experienced trypanosomal chancre (Boatin et al., 1986; Blum et al., 2012;
MacLean et al., 2010). Local erythema characterises the chancre and is described as the lesion that
appears at the bite site. Other signs can also be associated with the chancre, such as heat,
tenderness, and oedema. When the trypanosomal chancre is present, this can be useful for clinical

diagnosis (Boatin et al., 1986; Blum et al., 2012; MacLean et al., 2010).

2.2.3 Diagnosis of HAT

Diagnosis of HAT has improved considerably in terms of sensitivity, specificity, and cost. Also,
the number of equipped health facilities has expanded, reinforcing the capacity for passive
detection and increasing epidemiological understanding of the disease (WHO, 2022). HAT is
distinguished by the discontinuous presence of parasites in the patient’s blood and irregular fever.
The diagnosis aims to establish that a person is infected using parasitological, serological, and
molecular methods. Various samples such as serum, blood, urine, and cerebrospinal fluid can be
used to achieve this. During the first stage of the disease, parasitological techniques are the most
indicated (Magona et al., 2003). The presence of motile parasites can be detected by examining
wet blood film, albeit lacking sensitivity. Moreover, centrifugation can be performed to
concentrate the parasites, and the buffy coat can be examined; these techniques are relatively
sensitive (Kasozi et al., 2021). When parasitaemia is low, phase contrast and dark field microscopy
improve sensitivity.

Serological and molecular methods are more sensitive and specific than parasitological techniques.
Serological tests frequently used are enzyme-linked immunosorbent assay (ELISA) and indirect

fluorescent antibody technique (IFAT), and the card agglutination test for trypanosomiasis
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(CATT) to diagnose gambiense HAT. For the molecular tests, the most used are PCR,

LOOP/LAMP and low-flow assay (LFA) (Omowumi et al., 2020).

2.2.4 Chemotherapy

Human African trypanosomiasis is generally treated using few drugs; prescription is done
considering the stage of the disease and the infecting T. brucei subspecies. These drugs
are eflornithine, suramin, melarsoprol, pentamidine, and nifurtimox. T. b. gambiense infections
are treated during the first stage with pentamidine administrated intravenously for a week. Some
of the adverse reactions associated with this treatment are discomfort due to the introduction of the
needle to administer the drug, hypotension, and also hypoglycaemia (Santos et al., 2014). For the
second stage, the drug of choice is melarsoprol for gambiense HAT. Studies indicated that this
drug is not well tolerated because of adverse reactions such as peripheral neuropathy, skin rash,
vein sclerosis, and encephalopathic syndrome. In some endemic regions, resistance to melarsoprol
was reported (Fairlamb & Horn, 2018). Therefore, this drug was replaced by eflornithine for the
second-line treatment. Whereas for rhodesiense HAT, the drug used is suramin for about 30 days
during the first stage of the disease; for the second stage, melarsoprol is used. Previous studies
showed that T. b. rhodesiense is resistant to eflornithine (Santos et al., 2014). Recently, in 2019
an oral drug, fexinidazole, was recommended by the WHO for treating gambiense HAT.
Fexinidazole is currently used to treat stage | and non-severe stage Il infections. It reduces
treatment logistics as an oral treatment taken once daily for ten days, but patients must stick to the
therapy to prevent relapse (Dickie et al., 2020). Using fexinidazole as an oral medication has made

it simple to treat HAT and demonstrated that producing safer and simpler drugs was possible.
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2.3 Animal African Trypanosomiasis (AAT)

2.3.1 Geographic distribution

The main pathogenic Trypanosoma species causing AAT are T. vivax, T. congolense, and T. b.
brucei, belonging to the salivary group (Haag et al., 1998). These have been named due to their
mode of transmission to the mammalian host, which occurs through the saliva of an infected tsetse
fly. Domestic animals such as cattle, pigs, sheep, goats, and many others are prone to nagana with
one or multiple species of Trypanosoma (mixed infection, frequently observed). Animals can
experience acute or chronic forms of the disease, resulting in colossal mortality, morbidity and
even infertility if no treatment is administered (Leach & Roberts, 1981; Connor, 1992). AAT
causes a significant reduction in farming and agricultural production, negatively impacting the
economy in SSA. Trypanosome species transmitted by tsetse flies are endemic in SSA, known as
the tsetse fly belt occurring roughly between latitudes 10 degrees North and 20-30 degrees South.
In addition, some tsetse fly species are found in the southwestern parts of the Arabian Peninsula.
Due to animal importation and mechanical transmission, T. vivax can spread above the tsetse fly
belt, favouring the establishment of T. vivax in the Caribbean, Central and South America regions,
typically tsetse flies free. Some trypanosomes causing AAT and their preferred hosts are

summarised in Table 2.1.
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Table 2.1: Some trypanosome species and their hosts

Host species Trypanosome References
species
Horses, pigs, cattle, goats, sheep, donkey T. vivax ( Nimpaye et al., 2003, Birhanu et

Sheep, goats, pigs, cattle, horses, dogs

Cattle

Monkey, pigs, cattle

Cattle, horses, dogs, cats, camels, sheep,
goats, and pigs

Camel, horse, goat, sheep, donkey, pig
Crocodiles

Horse, donkeys

Pigs

Humans, pigs, sheep, cattle,

Humans, pigs

Pigs

T. congolense

T. theileri

T. simiae

T. b. brucei

T. evansi
T. grayi

T. equiperdum

T. suis

T. b gambiense

T. b rhodesiense

T. godfreyi

al., 2015; Bakari et al., 2017; Fetene
etal., 2021)

( Nimpaye et al., 2003; Nakayima et
al., 2012)

(Bakari et al., 2017; Matowvu et al.,
2020; Ofori et al., 2022, Ngomtcho
etal., 2017)

(Nimpaye et al., 2003), (Nakayima
et al., 2012), (N’Djetchi et al., 2017)

(Cordon-Obras et al., 2010; Jirkn et
al., 2015; Ngomtcho et al., 2017)

(Jirku et al., 2015)
(Fermino et al., 2013)
(Claes et al., 2005; Davaasuren et
al., 2019)

(Rodrigues et al., 2020)

(Cordon-Obras et al., 2010;
N’Djetchi et al., 2017; Njiokou et
al., 2010)

(Hamill et al., 2013)

(Hamill et al., 2013)
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2.3.2 Transmission

So far, various types of transmission have been described: cyclical and mechanical. Natural
biological vectors for trypanosomes are Glossina ssp, commonly called tsetse flies, responsible for
the cyclical transmission of these parasites to mammalian hosts (Uilenberg, 1998). The
development of trypanosomes in the vector requires one or more weeks to become fully infective
(Santos et al., 2014). Also, African trypanosomes can be transmitted mechanically through other
bloodsucking insects (Masiga et al., 1996). Mechanical transmission might be most relevant for T.
vivax (because of the short life cycle); this was observed in South America. Furthermore, in that
region, Stomoxys spp and Tabanidae are suggested to be the primary vectors, and additionally,
venereal and placental transmission have also been described (Santos et al., 2014). Once infected
with trypanosomes, animals become chronic carriers, and any stress can reactivate the silent
infection. The survival of trypanosomes outside the host like in the environment is drastically

reduced.

2.3.3 Clinical signs

Clinical manifestations of AAT in species such as goats, cattle, pigs and sheep have been well-
documented compared to other animal species, though these signs are often rare (Santos et al.,
2014). Many cases are chronic, but an acute form of the disease can be observed, leading to death
within weeks. Generally, a localised swelling is observed at the fly’s bite, but the chancre is barely
noticed. During the infection, primary symptoms are anaemia, lymphadenopathy, fever, and
weight loss often associated with reduced meat and milk production. Furthermore, a loss of
appetite and diarrhoea can be experienced by the animals, followed by the development of oedema,

cardiac lesions, corneal opacity, and several neurological signs. Early abortions and cases of
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infertility have also been described (Silva et al., 2013). Immunosuppression was described during
infection with African trypanosomes, resulting in secondary infections (Onyilagha & Uzonna,
2019). If untreated, animals presenting chronic signs can die, and also, during the recovery period,
if animals are stressed, they can recidivate. Acute, chronic and sub-clinical forms of AAT were

documented in dogs, and the symptoms are the same as in ruminants (Desquesnes et al., 2022).

2.3.3.1 Immune response to trypanosomes infections and anaemia

African trypanosomes interact with their mammalian hosts, which triggers the activation of innate
and adaptive immune responses. These parasites are extracellular and continuously exposed to the
host’s immune system. Due to co-evolution, described as a balanced growth regulation system,
trypanosome parasites survive longer without causing the host’s death to complete their life cycle
and ensure transmission (Paulnock et al., 2010). This uncommon balance has two essential
components, an effective type 1 cellular/pro-inflammatory immune response and a strong humoral
antiparasite B-cell response during the first peak of parasitaemia resulting in parasite control and
temporal host resistance (Magez et al., 2008; Stijlemans et al., 2012). Significantly, trypanosomes
have developed several immune mechanisms such as antigenic variation, immunosuppression and
B-cell depletion/loss of B-cell memory to avoid elimination and, therefore, ensure the disease
establishment (Stijlemans et al., 2018). If unchecked, the pro-inflammatory immune response
mediated by the activated myeloid phagocyte system can cause severe damage to the host.
Therefore, the degree of the inflammatory response triggered and the ability of the host to control
this response determine whether immunopathology (anaemia and tissue damage) develops and

helps differentiate between trypanosusceptible and trypanotolerant livestock.
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In vivo models using mice where specific genes were knocked were helpful in revealing
mechanisms involved in trypanosomiasis-associated pathogenicity and anaemia (Stijlemans et al.,
2018). Generally, during African trypanosomiasis, anaemia occurs at all stages of the disease and
can be divided into separate phases. First, there is a massive erythrophagocytosis during the acute
stage following the parasite clearance. Then, a recovery phase is observed, and finally, the chronic
phase coincides with the development of progressive anaemia. Facts stated previously suggest the
critical role of myeloid cells in anaemia development. In addition, pro and anti-inflammatory

cytokines were reported to play a role in anaemia onset and progression (Musaya et al., 2015).

2.3.3.2 Host and parasite-derived factors that contribute to acute anaemia

Anaemia is defined as a condition where the number of red blood cells in circulation is low, and
the mechanisms underlying African trypanosomes-associated-anaemia are multifactorial. Several
molecules were shown to influence the development of anaemia at various disease stages.
Available data suggest that acute anaemia results as part of the innate immune response in response
to the infection, where parasite-derived factors (extracellular vesicles) and host-derived factors
(M1 type cells) trigger the production of pro-inflammatory molecules to control the disease.
Specifically, during the acute phase, INF- y produced is the main factor causing acute anaemia
(Naessens, 2006). Additionally, the parasites' extracellular vesicles can fuse with the red blood
cells (RBC), causing erythrophagocytosis and potentially enhancing anaemia (Naessens, 2006). A
partial recovery phase mediated through erythropoiesis and production of anti-inflammatory (IL-
10) helps moderate the pathogenic effects of M1. Importantly, depending on the severity of the
infection and the host’s ability to mount and maintain IL-10 production, anaemia is either moderate
(trypanotolerant animals) or severe (trypanosusceptible). Another important host-derived factor

regulating the progression of anaemia is the macrophage migration inhibitory factor (MIF) which
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promotes continuous activation of the pro-inflammatory immune response and inhibits the
production of RBC. Moreover, IFN- vy, TNF-a, and MIF are molecules that favour the massive
destruction of RBC and inhibit erythropoiesis (Stijlemans et al., 2018). On the contrary, the
production of IL-10 promotes erythropoiesis by reducing the effects of pro-inflammatory
cytokines (Stijlemans et al., 2018). The degree of anaemia during the infection is determined by
the balance between pro and anti-inflammatory cytokines (Musaya et al., 2015). Reports suggest
that chronic anaemia is caused by a disproportional immune response (Naessens, 2006). Briefly,
the mechanisms behind the development of the chronic anaemia experienced by the animals during
AAT seem to differ based on the trypanosome species. Therefore, studies suggest that anaemia
during infections with T. b. brucei and T. congolense is caused by two different mechanisms
(Stijlemans et al., 2018). Anaemia development caused by T. b. brucei infections are due to the
persistence of M1 promoting massive destruction of RBC as well as iron retention and reduced
erythropoiesis due to low iron condition and the presence of pro-inflammatory cytokines that
inhibits maturation of RBC. However, anaemia developed during T. congolense infections is
suggested to be caused by iron accumulation in the spleen, followed by an increased release of
bilirubin in the blood (Stijlemans et al., 2018). Furthermore, hyperbilirubinemia could trigger the
externalisation of phosphatidylserine on RBC and then promote the destruction of RBC.
Specifically, during T. congolense infections, an increased ferritin expression causing low iron
conditions, thrombocytopenia and splenomegaly results in hemodilution, the primary proposed

mechanism underlying anaemia development (Tilg et al., 2002).
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2.3.4 Diagnosis

Animals infected with African trypanosomes present barely any clinical symptoms; therefore, the
clinical examination does not help to establish a proper diagnosis (CABI, 2019). The diagnosis
requires identifying trypanosomes in animals’ blood using parasitological methods (CABI, 2019).
Parasites are likely to be isolated in the blood at the early stages of the infection. Trypanosomes
are not expected to be identified in animals with chronic disease and are hardly detected in
asymptomatic carriers. Animal blood freshly collected is used to perform blood films and
examined microscopically to identify motile parasites. The motility of trypanosomes is determined
using phase-contrast illumination or a brightfield background. Thick and thin blood films are
prepared to be examined after staining with agents such as methylene blue, Giemsa and May-
Grunwald-Giemsa (Uilenberg, 1998). Moreover, other techniques such as haematocrit
centrifugation, quantitative buffy coat technique, mini anion-exchange chromatography and the
phase contrast buffy coat technique/dark field are useful to diagnose trypanosome infections.

Mixed infections are reported when animals are infected with more than one trypanosome species.

2.3.4.1 Serological techniques

Serodiagnosis of AAT requires various serological techniques to detect specific antibodies
produced or circulating trypanosomal antigens. The specificity and sensitivity of these tests are
variable (Bengaly et al., 2002). For instance, the diagnosis of T. evansi involved the use of ELISA
and card agglutination test for trypanosomiasis (CAAT), which rely on detecting antigen-antibody
reactions (Reid & Copeman, 2003). In the field, the sensitivity of ELISA is 81.7%, but the
specificity is 15% which is very low (Desquesnes et al., 1999). Rapid diagnostic tests are available

and are fast and straightforward to use; therefore, they can be integrated routinely for the diagnosis
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of livestock. Some of these tests are: CAAT and indirect detection card agglutination tests
(LATEX) (Verloo et al., 2000), the specificity of these tests is 95% and 82%, respectively. During
latent infections, parasitological techniques are not helpful; therefore indirect latex agglutination
test (Suratex), which can detect circulating trypanosomal antigens, is used (Nantulya & Diall,
1998). CAAT can specifically detect immunoglobulin (Ig)M produced at the early stage of the
disease; this test can detect AAT early. Once the disease has been established, IgM produced can
be detected by ELISA. Many studies have demonstrated that ELISA is specific and sensitive for
diagnosing trypanosomes (Singh et al., 1993; CABI, 2019). However, a survey by Desquesnes et
al. (2011) has shown that the sensitivity of CAAT in cattle was only 12%. Still, in horses and
camels, the sensitivity was high (Desquesnes et al., 2011). Moreover, specific parasite antigens
circulating in the blood can be detected using antibodies directed against them. This usually
confirms the presence of the parasite within the host. However, antibodies being detected indicate
trypanosomal infection, but whether it is an active or passive infection is challenging to prove.
After treating animals with recommended drugs, though trypanosomes are cleared, antibodies are
still detectable. This is one of the disadvantages associated with the use of serological tests. Studies
have shown that trypanosomal antigens circulating in the system are rapidly cleared once parasites
are killed; therefore, the presence of these antigens in the animals indicates that the parasites are
alive (Uilenberg, 1998).

Serology is indicated mainly for a presumptive diagnosis because past infections cannot be
distinguished from active infections; cross-reactions with other trypanosome species are frequent.

Finally, using serological tests in case of low parasitaemia is not recommended.
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2.3.4.2 Molecular techniques

The most popular molecular technique, PCR, is used to identify trypanosomes precisely at the
genus, species or subspecies level in tissue samples or blood. Currently, the World Organization
for Animal Health (OIE) is prone to using PCR assays to identify trypanosome species. Most
available primers allow the detection of T. b. brucei, T. theileri, T. congolense and T. vivax and
many other species; however, identifying some specific species remains challenging. To amplify
many trypanosome species, internal transcribed spacer-1 (ITS-1) (Bakari et al., 2017; Cox et al.,
2010) or tubulin genes can be targeted using the PCR technique, and gel electrophoresis is
performed to differentiate these organisms according to fragment size (Ofori et al., 2022).

Aside from PCR, another technique called Loop-mediated isothermal amplification (LAMP) can
detect trypanosomes in animals. LAMP is extremely sensitive and do not require thermal cycling
steps. The assay is performed at the same temperature (isothermal reaction); this reduces the

reaction’s time allowing the amplification of the parasite DNA in the sample (Kuboki et al., 2003).

2.3.4.3 Treatment and control of AAT

The incidence of AAT in endemic areas is high; therefore, achieving effective treatment and proper
control of the disease is challenging. Nevertheless, over the last decades, many improvements have
been made concerning the treatment and management of AAT. Few chemical compounds are
available for treating of AAT, but diminazene aceturate and isometamidium chloride are the two
drugs primarily used because of their confirmed efficacy (Singh et al., 1995; Jithendran et al.,
1997; Jain et al., 2000; Singh & Choudhri, 2002). Furthermore, drugs such as suramin (specific to
T. evansi), quinapyramine chloride (used to prevent AAT in livestock), quinapyramine sulphate,

cymelarsan (appropriate for camel), and many others (Table 2.2), are used to treat AAT. OIE
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recommends administering diminazene aceturate intramuscularly to treat sheep, goats, pigs, and
cattle. In certain parts of the world, trypanosomes have developed resistance against diminazene
aceturate (Giordani et al., 2016). Therefore, either isometamidium chloride or melarsomine
hydrochloride is administrated intramuscularly when resistance against the drug of choice
diminazene aceturate is observed (Desquesnes, 2004). To avoid trypanosome resistance,
alternating diminazene aceturate and isometamidium chloride is recommended (Desquesnes,

2004).
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Table 2.2: Some drugs available for the treatment of AAT

Drug

Homidium
Bromide
Homidium

chloride

Diminazene aceturate

Quinapyramine
sulphate

Isometamidium

chloride

Suramin sodium

Melarsomine

dihydrochloride

Proposed
mechanism

Inhibits
topoisomerase- 11
during DNA
biosynthesis

Inhibits kinetoplastid
DNA biosynthesis

Trypanostatic,

Inhibits
Kinetoplastid DNA
biosynthesis, loss of
ribosomal function

Inhibits
topoisomerase-11
during DNA

biosynthesis

Non-specifically
binds to L-a-
glycerophosphate
oxidase

Inhibition of
trypanothione
reductase

Route of
administration

Action/Species/host

IM (deep cattle),
IV (sheep, goats,
pigs)

(Prophylaxis and
treatment)/ T.vivax,
T. congolense (less
active T. b brucei, T.
evansi) Cattle, sheep,
goats and dog

(Treatment)/ T. IMor SC

congolense,

T. vivax (less
effective T.b. brucei,
T. evansi) Cattle,
sheep, goats and dogs

(Treatment)/ T. SC
congolense, T. vivax,

T. b brucei and T.

evansi, T. simiae, T.

equiperdum/ Camels,

horses, pigs, dogs,

cattle

(Prophylaxis and
treatment)/ T.
congolense,

IM (deep)

T. vivax (less

effective T. brucei, T.
evansi)/ cattle, sheep,
goats, horses, camels

(Treatment and v
prophylaxis)/ T.

evansi, T. b. brucei,

T. equiperdum/

Camels, horses

(Treatment)/ T. SCorIM
evansi, T. b. brucei,

T. equiperdum/
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Limitations
Side effects

Toxic, drug
resistance

Highly polar,
poor
penetration
BBB, toxic

Toxic at high
doses, fast
resistance
acquisition

Toxic, highly
irritant

May be toxic
for horses,
IM can cause
necrosis

Metabolise
fast in the
plasma

References

(Giordani et al.,
2016; Kasozi et
al., 2022)



2.3.5 Current status of vaccine development

Progress in developing a vaccine against African trypanosomes has been promising, although
hampered by several considerable challenges such as antigenic variation, the complexity of the
parasite’s life cycle, lack of success in identifying non-variable immunogenic proteins and
moderate immune response during the infection. Therefore, until today no functional vaccine is
available against African trypanosomiasis, mainly because of the abovementioned challenges.
Vaccines against trypanosomiasis initially targeted the VSG parasite surface coat. Ideally, VSG
would have been a promising vaccine candidate if not for the antigenic variation. The first attempts
to develop a vaccine used VSG molecules as targets (Cornelissen et al., 1985); however, with time,
researchers in the field realised that using that approach was challenging due to antigenic variation.
In the past decades, three main strategies have been explored to develop an anti-trypanosome

vaccine, non-variable antigen vaccine, transmission-blocking and anti-disease.

Using invariant trypanosome proteins or a mixture of such targets is the rationale behind several
attempts to develop an anti-trypanosome vaccine. The flagellar pocket (FP) plays a central role in
nutrient uptake. FP is composed of several surface receptors and invariant surface molecules like
haptoglobin-haemoglobin and low-density lipoprotein receptors, invariant surface glycoprotein
(ISG) ISG65 and 1SG75, and serum resistance-associated (SRA) (Field and Carrington, 2009). FP
was targeted using two independent approaches, mainly due to this organelle’s high number of
molecules and receptors. In an initial study, an antigen derived from T. b. rhodesiense FP was
inoculated into cattle; then, those animals were released to their natural habitat to be exposed and
challenged by infected tsetse flies (Mkunza et al., 1995). The experiment was conducted for 15
months, corresponding to three rainy seasons; results showed a decrease in the disease prevalence

among immunised cattle compared to untreated controls. In the second study, a mouse model was
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used instead of cattle allowing researchers to have better control over some parameters.
Immunisation was performed using T. brucei purified material. When mice were challenged with
500 parasites (BSF of T. brucei) for 100 days, about 60% did not develop parasitaemia (Radwanska
et al., 2000). However, no protection was observed when the number of parasites used to challenge

mice was increased (1000 parasites or more).

When 1SG65 and ISG75 were discovered, these molecules are invariant trypanosome surface
proteins, and they were thought to be good vaccine candidates. However, although it was reported
that ISG75 triggers the production of antibodies, no protection was observed when recombinant
proteins were administered as a vaccine (Ziegelbauer & Overath, 1993). In another attempt, mice
were immunised once without any boost, then 175 days later, challenged with 500 T. brucei
GVR35 parasites. Results were similar to those observed when mice were immunised with FP-
derived antigens and challenged with fewer parasites. Briefly, partial protection was observed for
60 days (Lanca et al., 2011); the protection observed was strongly associated with 1gG2a antibody
response, indicating an IFN-y cytokine environment. Also, Ca?* ATPase TBCA2 antigen
formulated in a Vibrio cholera ghost-based vaccine was used to immunise BALB/c mice; results
obtained were once again similar to those previously reported with FP-derived antigens and ISG75

DNA vaccine (Ramey et al., 2009).

Trypanosome tubulin and actin proteins were used as vaccine candidates in many studies (Kateete
etal., 2012; Kurup & Tewari, 2012; San Qiang Li et al., 2009; Lubega et al., 2002; Tewari et al.,
2015). These proteins constitute the intracellular cytoskeleton structure and are involved in
motility and intra-cellular organelle transport. However, they are reachable by the host immune

defence, making them attractive as vaccine candidates. In almost all the studies where those
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proteins were used, the resting period separating the final boost and the challenge with parasites
was relatively short of characterising the vaccine-induced memory. However, the proposed
mechanism of immunisation with either tubulin or actin proteins was the activation of the innate
immune response due to an improved inflammatory environment resulting in better control of

parasitaemia during trypanosome infection.

Almost all studied anti-trypanosome vaccines were performed in mice because relevant hosts are
difficult to handle in the laboratory environment. However, this approach has been questioned by
many researchers, suggesting that relevant hosts should be used to study the effectiveness of
potential vaccine candidates. So far, only a few vaccine candidates have been tested in cattle; one
of them is T. congolense cysteine proteinase (CP) congopain; however, after vaccination, only
trypanotolerant N'Dama cattle were able to mount a proper 1gG1 response while Boran cattle
which are trypanosusceptible did not (Greca & Magez, 2011; Magez et al., 2020). Fully vaccinated
cattle presented high titres of anti-CP serum and anti-VSG antibodies, indicating better
parasitaemia control (Authié et al., 2001). To improve immunogenicity, CP was coupled with the
catalytic domain of the a2-macroglobulin enzyme (Huson et al., 2009); different adjuvants were
used. However, Quil A™ was the adjuvant selected for future studies (Kateregga et al., 2012).
The main concept of this approach is to modulate the trypanosome-induced pathology and reduce
the inflammatory response caused by the disease; here, the parasite is not directly targeted.
However, the complete molecular basis or the mechanism underlying this approach is poorly

understood.

Some T. brucei enzymes have also been used as vaccine targets, especially trans-sialidase (TSE)

was targeted. Mice were immunised with a single dose of a TSE encoding plasmid DNA, then
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challenged with 500 T. brucei GVR35 parasites after 175 days. Partial protection was observed for
a minimum of 60 days (Coustou et al., 2012). Unfortunately, no molecular mechanism explaining
this protection was provided. However, in another attempt to develop a vaccine against T.
congolense, using Tco, TSE protection levels observed were around 15-40% (Silva et al., 2009).
Once again, the vaccine-induced protection mechanism was not addressed, mainly due to the short

period between the final boost and the parasite's challenge (fewer days).

The last approach re-explored by the Magez group is the anti-pathology vaccination; unlike other
anti-trypanosome vaccination, the idea is to stop the disease progression. This was further explored
after discovering the VSG-GPI anchor, the critical protein driving inflammatory pathology and
macrophage-derived tumour necrosis factor (TNF) production (Magez et al.,1998). This
vaccination approach was applied for T. congolense, T. b. brucei and T. evansi using a liposome-
based GPI vaccine. Mice received many doses of the GPI liposome vaccine; then, the parasite
challenge was performed, and the severity of the infection was reduced, increasing the lifespan of
immunised mice (Stijlemans et al., 2007). Various experiments concluded that the vaccine could
cause modulation of the inflammatory response explaining the protection observed (Stefan Magez

et al., 2020).

More recently, systematic genome-led vaccinology was applied using a mouse model to search for
potential vaccine candidates against AAT caused by T. vivax. Briefly, immunisation was done with
a unique recombinant protein containing the extracellular region of a conserved cell surface protein
located to the flagellum membrane, named invariant flagellum from 7. vivax’ (IFX) (Autheman et
al., 2021). Vaccination with IFX significantly reduced the parasite multiplication rate, and robust,

long-lasting protection was elicited beyond at least 170 days. Also, it was shown that immune
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serum was passively transferred, and monoclonal antibodies produced could induce sterile
protection. Furthermore, immunised mice were dissected many months after parasite inoculation;
interestingly, no viable parasite was detected. However, one limitation was that sera from infected
cattle found in AAT endemic areas were not immunoreactive to IFX, raising questions about the
suitability of this vaccine candidate in naturally infected hosts. The various vaccine candidates

identified are summarised in Table 2.2.
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Table 2.3:

Summary of some available vaccine candidates

Type of
vaccine

Intra-
muscular

1.p.

1.p.

Sub-
cutaneous

Sub-
cutaneous

Intra-
muscular

Sub-
cutaneous

Sub-
cutaneous

Sub-
cutaneous

Intra-
muscular

1.p.

1.p.

Notes: I.p.

Antigen

T. b. rhodesiense FP

T. b. brucei AnTaR
FP

T. b. brucei MITat
1SG65, ISG75

T. b. brucei ISG75

T. b. brucei
GuTat10.0 Ca?*
ATPase TBCA2

T. brucei
(UTRO010291B)
Tubulin rich fraction
T. evansi (STIB806)
B-Tubulin

T. evansi
(EU483116) B-
Tubulin

T. evansi
(EU483116) B-
Tubulin

T. evansi (STIB806)
Actin

T. congolense CP1 &
CP2

T. b. brucei Sialidase

T. congolense
Sialidase

T. b. brucei AnTat
GPI

intraperitoneal;

Antigen
preparation

Parasite
isolated

Parasite
isolated

Recombinant
protein
Plasmid DNA

Recombinant
protein

Parasite
isolated

Recombinant
protein

Plasmid DNA

Recombinant
protein

Recombinant
protein

Recombinant

Boosts/host

3/cattle

3/mouse
(Balb/c)

3/mouse
(C57bl/6)

1/mouse
(Balb/c)

3/mouse
(Balb/c)

3/mouse (no
strain
indication)

3/mouse
(Balb/c)

2/mouse (Swiss
albino)

2/mouse (Swiss
albino)

3/mouse
(Balb/c)

4/cattle (Boran)

protein
Plasmid DNA 1/mouse
(Balb/c)
Recombinant 4/mouse
protein (Balb/c)
GPI- 2/mice
Liposomes (C57bl/6 and
KOs)
FP, Flagellar Pocket;

Time gap
boost-
challenge

14 days or
more

3 weeks

11 days

175 days

6 weeks

Not
indicated

6 days

35 days

14 days

6 days

1 month

175 days

10-14 days

3 weeks

ISG,

Parasite
load

Natural

exposure

500-10°

104

500

108

10%-10°

108

10°

108

108

Tsetse bite

500

104

5x 10°

Invariant

Outcome

Partial
protection

Partial/no
protection

No protection

Partial
protection

No protection

Partial (cross-
species)
protection

Partial (cross-
species)
protection

No protection

No protection

Partial (cross-
species)
protection

Improved
recovery

Partial
protection

Partial
protection

Cross-species

anti-pathology

Surface

Glycoprotein;

References

(Mkunza et al.,
1995)

(Radwanska et
al., 2000)

(Ziegelbauer &
Overath, 1993)

(Langa et al.,
2011)

(Ramey et al.,
2009)

(Ramey et al.,
2009)

( San Qiang Li.,
2007)

(Kurup &
Tewari, 2012)

(Tewari et al.,
2015)

(San Qiang Li et
al., 2009)

(Authié et al.,
2001)

(Coustou et al.,
2012)

(Benoit
Stijlemans et al.,
2007)

(Perdomo et al.,
2016)

GPI,

glycosylphosphatidylinositol; CP, Cysteine protease., IFX; Invariant flagellum antigen from T. vivax’.
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2.4 Trypanosome parasites

2.4.1 Introduction

Trypanosomes are unicellular parasites belonging to the Kinetoplastea class and the
Trypanosomatida order. Kinetoplastea are organisms that have a nucleus, mitochondrion, and
flagellum. These parasites exhibit different forms, from long, thin, motile spindle shapes to
spherical organisms with a tiny flagellum. A unique feature of kinetoplatids is the architecture of
their mitochondrial DNA, known as the kinetoplast, visible by light microscopy after appropriate
staining like DAPI. Trypanosomes present remarkable biological features and have been used as
a reference model for several aspects of eukaryotic molecular cell biology (Walochnik & Duchéne,

2016).

2.4.2 The life cycle of Trypanosoma brucei

T. brucei has a complex lifecycle, with five crucial developmental stages occurring in the
mammalian host and the tsetse fly. These are the forms the parasite can take: slender metacyclic
trypomastigotes, stumpy, metacyclic trypomastigotes, epimastigotes, and procyclic forms. An
infected tsetse fly during a blood meal injects metacyclic forms of the parasites causing infections
in humans or animals. Trypanosomes enter the lymphatic system and colonise the bloodstream.
Once in the host, they differentiate into slender forms, which are proliferative. These parasites can
also migrate to other parts, such as the adipose tissues, the central nervous system, and the skin.
Long slender forms differentiate into short stumpy non-replicative forms. Then, stumpy forms are
picked by tsetse flies during a blood meal. Trypanosomes multiply via binary fission; their life
cycle within the hosts is exclusively extracellular. They transform into procyclic form in the tsetse

fly midgut, then move to the salivary gland and differentiate into epimastigotes. When these
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parasites reach the salivary glands, they continue their proliferation and differentiate into non-
proliferative metacyclic, infective forms. The development of the parasites within the vector takes
20 to 30 days to complete their maturation (Aksoy et al., 2003; Fenn & Matthews, 2007) (Figure

2.1).

Stumpy and slender forms exhibit biological variations essential for the T. brucei life cycle. One
main variation occurs in the proteins expressed on the parasite’s surface. Unlike the stumpy forms,
slender forms express the variant surface glycoprotein (VSG), allowing the bloodstream forms
(BSF) to change their surface coat constantly. Antigenic variation is a crucial feature that allows

the parasite to evade the host immune system (Santos et al., 2014)

g
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R ~
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form form
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Figure 2.1: The lifecycle of Trypanosoma brucei. (A) Procyclic forms are present in an infected tsetse fly. However,
after approximately14 days' trypanosomes colonise the salivary glands to be transformed into free-swimming parasites
(B) metacyclic trypanosomes are the infective forms transmitted to mammal hosts. Once in the host, metacyclic forms
are transformed into (C) long slender forms and later into (D) short stumpy forms, which can be picked by another
tsetse fly during a blood meal, and the life cycle starts again. Source: Biorender
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2.4.3 Modifications during the life cycle

The life cycle of T. brucei and other trypanosome species shows some variations. For all
trypanosome species, controlling the cell cycle requires tight regulation of gene expression to
respond to various extracellular changes. According to many studies, the only well-documented
stage is the differentiation of BSF of T. brucei to stumpy forms. It was shown that the transition
from slender to stumpy forms is regulated by quorum sensing (QS). When the density of the long
slender forms is optimal, this leads to the secretion of a specific molecule, the "stumpy induction
factor” (SIF). Stumpy forms are formed once the concentration of SIF reaches a certain threshold.
QS has been studied extensively; briefly, the primary function of this process is to prolong the
parasite’s survival within the host and promote transmission because stumpy forms cannot
multiply in the blood; they survive better and colonise the midgut of the tsetse fly.

Recently, a group of researchers showed that slender forms could survive in the fly’s midgut and
differentiate directly into the procyclic stage, improving the success of tsetse flies infection
(Schuster et al., 2021). Also, they discovered that highly motile long slender forms could arrive at
the entry of proventriculus; this migration event occurs before the parasite moves to the next stage

of the life cycle (Schuster et al., 2021).

2.4.4 African trypanosomes genetics

Trypanosomes have a complex genome with specific features not found in other eukaryotic
genomes. The genome is organised in a polycistronic transcriptional unit (PTUs); therefore, to
produce mature mRNAs, trans-splicing and polyadenylation must occur. Trans-splicing requires
the addition of a spliced leader (SL), a sequence of 39 nucleotides derived from the SL-RNA to
the 5’end of the mRNA (Martinez-Calvillo et al., 2010). SL contains a 7-methylguanosine cap

and 4 methylated nucleotides at the sequence start to generate mature mRNA (Giinzl et al., 2015).
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PTUs are also conserved; the degree of synteny between different species is high. Previously,
scientists thought that trypanosomatids lack introns. However, two introns were found after re-
examining the T. brucei genome; T. brucei PAP gene encoding poly (A) polymerase and T. brucei
(Th927.8.1510) encoding a putative RNA helicase (Giinzl, 2010). Therefore, these mMRNAs are
processed by cis and trans splicing mechanisms. Protein-coding genes are in large PTUs containing
10 to 100 genes oriented in the same direction. Several reports have shown that among
trypanosomatids, the gene order within PTUs is relatively conserved (Martinez-Calvillo et al.,
2010). Within the PTUs, genes do not have the same function and can therefore be expressed at
different stages. A single transcriptional start site (TSS) can transcribe only one PTU; this
drastically reduces the role of several gene expression regulators. For instance, in T. brucei, most
genes down-regulated are closer to the TSS, whereas up-regulated genes are distant. Furthermore,
the location of genes within the PTUs influences the process of gene expression during different
stages of the cycle (Siegel et al., 2011). Surprisingly, the position of many genes does not depend
on their transcriptional regulation (Campbell et al., 2003; Martinez-Calvillo et al., 2010; Kelly et

al., 2012).

In trypanosomes, processing and controlling mRNA stability are two essential mechanisms.
Specific elements in the 3' untranslated region (UTRS) regulate the stability of the mRNA. The
half-lives of fully mature mRNA are variable among trypanosome species and depend on the life
cycle stage. Also, both stability of the mRNA and the rates of degradation of the precursor mMRNA
are essential for the half-life of the mRNA. If polyadenylation occurs late, the chances for the
MRNA to be degraded increase (Clayton, 2014; Jackson et al., 2015).

RNA-binding proteins (RBPs) have been described to bind regulatory elements in the 3' UTR of

their target genes to achieve their primary function, regulating gene expression. RBPs are more
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abundant than mRNAs, the abundance of RBPs influences the stability of mMRNA and, thus, protein
translation (Clayton, 2014; Clayton, 2013). Furthermore, protein-coding genes can be regulated

during the translation process.

2.4.4.1 RNA Polymerase I transcription

Expression Site Associated Genes (ESAGs) and VSG are organised in PTUs with a unique
promoter found 67 bp upstream of the TSS (Glnzl et al., 2015). Bloodstream expression sites
(BESS) in the PTUs are specific to trypanosomes and are only transcribed by RNA polymerase |
(RNA pol ). However, RNA pol I transcribe ribosomal RNA (rRNA) in eukaryotes (Gilinzl et al.,
2015). RNA pol | in T. brucei can transcribe 45S rRNA and procyclin and BESs genes found
outside the nucleolus (Das et al., 2008). Studies suggest that T. brucei uses RNA pol I at the BES
to allow the high-rate transcription occurring at the active expression site to generate VSG mRNA

(Alsford et al., 2012).

2.4.5 Surface molecules

2.4.5.1 Variant surface glycoprotein (VSG)

The BSF of T. brucei is protected by a thick coat of VSG, described as homodimers for many
years. However, recently another class has been characterised by concentration-dependent trimers
(Saraet al., 2023). VSGs represent about 5-10% of the cell proteins, and the molecular weights of
the VSG molecules vary between 50-65 kDa. All mature VSG proteins are attached to the surface
of the parasite by GPI-anchor and have two regions, an N-terminal domain (NTD), which is large
(300-400 amino acids), and a C-terminal domain (CTD), smaller with only about 80-120 amino

acids. The NTD is the region that harbours the GPI anchor (Aresta-Branco et al., 2019). On the
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other hand, the CTD is less immunogenic, and the sequence is highly conserved compared to NTD
(Saraet al., 2023). However, NTD is thought to be highly immunogenic and only 10-30% identity
is observed in the sequence from variant to variant (Berriman et al., 2005). This implies that the

NTD of VSGs are essential for antigenic variation in African trypanosomes.

The BSF of T. congolense and T. brucei have another essential protein, the transferrin receptor,
encoded by two genes, ESAG 6 and 7. These genes are located upstream of VSG genes within the
expression site and are co-expressed. The parasite expresses both the VSG and the transferrin

receptor to ensure its survival within the host.

2.4.6 Antigenic variation and monoallelic exclusion

Antigenic variation is a mechanism used by African trypanosomes to evade the immune response
mounted by the host by constantly changing their surface coat (Vanhamme et al., 2000).
Approximately 10 million, monoallelelically-expressed molecules of VSGs coat undergo repeated
cycles of switching critical for the parasite’s survival within the host (Bangs, 2019; Horn, 2019;
Manna et al., 2014). This allows a cyclic process of rapid parasite growth, increasing the
parasitemia, immune response and then the prevalent VSG variant is cleared. Subsequently, there
is a noticeable growth of immune-escape parasites expressing different VSGs (Sara et al., 2023).
This contributes to maintaining the infection state in the host, causing long-term morbidity and
mortality and the only means to clear the infection is by using appropriate drugs (Mugnier et al.,
2016). The key factors essential for antigenic variation are the thousands of VSG genes and
pseudogenes in T. brucei genome serving as the parasite’s extensive antigen repertoire (Sara et al.,
2023). One VSG gene is expressed at each point in time; although the parasites have more than
2000 VSG genes and pseudogenes (Alsford et al., 2012).
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Before transcription occurs, VSG genes must be placed either in a BES or a metacyclic expression
site (MES), which are telomeric expression sites (Jackson et al., 2013). This depends on where the
activation occurred, either within the mammalian host or the tsetse fly salivary glands. BESs have
been studied extensively due to their abundance in the genome. Also, they contain large PTUs and
carry many other genes ESAGs, and most have been described as cell surface proteins (Jackson et
al., 2013).

BES has been described as the main site where antigenic variation occurs, as they contain the
unique active VSG locus in the host. At each point in time, one BES is active, and only one VSG
gene is transcribed. The genome of T. brucei harbours 15 BESs expressing similar but not identical
copies of VSG and ESAGs (Hertz-Fowler et al., 2008). In T. brucei Lister 427, all the BESs are
highly conserved in the overall structure and the order of the genes (Hertz-Fowler et al., 2008).
However, one specific expression site in T. b. rhodesiense is described as a resistant expression
site because it carries the serum-resistance associated (SRA) gene conferring resistance to the lysis
by human serum (Bart et al., 2015). African trypanosomes achieve antigenic variation using four
defined mechanisms: in-situ switch, gene conversion, telomere exchange and segmental gene
conversion (Vanhamme et al., 2000). Activation of a new BES is described as in-situ switch and
when in the active expression site homologous recombination of the VGS occurs, this mechanism
is telomere exchange. The two mechanisms described above, trigger limited variation, and occur
mainly during the early stage of the infection. However, segmental gene conversion and gene
conversion mechanisms require gene recombination resulting in a new VSG sequence (Alsford et
al., 2012; Vanhamme et al., 2001). The two last mechanisms described have a higher potential to

generate diversity and enable the parasite to prolong the infection.
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2.5 Importance of iron in trypanosomes

Iron is one of the essential nutrients in both prokaryotes and eukaryotes (Basu et al., 2016). The
ability to catalyse several electron transfer reactions makes iron indispensable for many pathways
(Rouault & Klausner, 1997). Iron generally exists in two main forms, Fe?* and Fe®*, but other
forms have also been described. Due to its toxicity, cells have evolved systems to regulate iron
uptake. Besides solving iron supply challenges, cells must also regulate free iron levels. In excess,
iron can catalyse the "Fenton reaction”, and the products of this reaction cause severe damage to
the cell (Stadman, 1993) and other essential molecules such as DNA, proteins, and lipids
(Gudjoncik et al., 2014; Imlay & Linn, 1988; Kaplan & Ward, 2013; Krewulak & Vogel, 2008;
Waldvogel-Abramowski et al., 2014). Fenton reaction is toxic, explaining the need for specific
proteins to maintain iron homeostasis in many living organisms. Iron homeostasis checks iron
absorption and sequestration in eukaryotic cells to maintain reasonable free iron levels.
Furthermore, iron can be stored in either soluble or insoluble form, corresponding to ferritin and

hemosiderin, respectively.

Iron plays multiple functions in almost all living organisms, including T. brucei and most of these
functions are shared by the parasite and the host. Some of these functions are cytochrome-based
oxidative respiration and reduction of ribonucleotides for DNA synthesis (Weinberg, 2010). The
quantity of iron absorbed by a mammal host daily after a regular meal is about 1.5 mg.
Furthermore, enterocytes perform iron absorption via complex mechanisms in the upper part of
the gut, the duodenum, and the proximal jejunum. Iron is absorbed in two forms: haem-iron (from
haemoproteins) or non-haem-iron (from vegetables and grain), and several import proteins are
involved in the absorption of the two primary ionic forms, Fe?* and Fe3* (Reyes-L6pez et al.,

2015).
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Serotransferrin (Tf) is the unique transporter of Fe3* in the blood serum of mammals. Tf is a bi-
lobe glycoprotein with a molecular weight of 80 kDa; each lobe has two domains with Fe3* binding
sites. Depending on the physiological pH of the serum, Tf can bind either mono-or di-ferric iron
atoms, transforming an Apo-Tf (iron-free) into holo-Tf (iron-laden) (Aisen & Listowsky, 1980;
Brummett et al., 2017). The binding affinity of the two lobes differs; reportedly, the C-terminal
lobe binds Fe** more tightly, and then iron molecules are slowly released (Reyes-Lépez et al.,
2015). Tf is expressed in the spleen, kidneys, liver, and CNS of most mammals (Macedo & de

Sousa, 2008).

Like all pathogens, African trypanosomes successfully established infection by colonising the host.
However, this process requires the presence of nutrients and growth factors, such as iron. The
interaction between parasites and their hosts is complex in that; the hosts obtain iron from the diet
to satisfy their iron demands; they must simultaneously sequester this nutrient from various
invaders (Reyes-Lopez et al., 2015). This mechanism of defence is called nutritional immunity;
several hosts use this process to protect their essential nutrients, and this results in the killing of
these invading pathogens put in a vulnerable state. Tf is an iron-carrier protein, but neither
transferrin nor its homolog exists in many protozoan parasites, specifically in T. brucei. Therefore,
to fulfil their iron needs these parasites must obtain iron from the host Tf through a receptor called
T. brucei transferrin receptor (TfR). Moreover, several parasites such as Plasmodium spp (Haldar
et al., 1986; Rodriguez & Jungery, 1986), Trichomonas (Sutak et al., 2008), Leishmania spp
(Voyiatzaki & Soteriadou, 1992), Trypanosoma cruzi (Corréa et al., 2008), and Entamoeba
histolitica (Reyes-Lopez et al., 2001), express TfR that recognises the same transferrin molecule

of mammalian cells.
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2.6 Transferrin receptor genomic location, context, and structure

The TfR is essential for iron uptake through receptor-mediated endocytosis (Benz et al., 2018;
Kariuki et al., 2019). ESAG 6 and 7 encode for TfR, which is a heterodimeric protein complex.
ESAG6 has been described as a heterogeneously glycosylated protein containing a GPI anchor,
but ESAG7 is a glycoprotein with no GPI. The association of ESAG6 and ESAG7 is needed to
interact with Tf molecule (Steverding et al., 1995). ESAGs are generally co-transcribed with VSG
genes (Figure 2.2), constituting the major component of the compact surface coat that gives
trypanosomes the ability to elude the host's defence system (Didier-Salmon et al., 1994).
Expression of VSG and TfR is essential for the disease establishment by T. brucei parasite
(Tiengwe et al., 2017). Several expression sites encode multiple TfR structurally related but with
different binding affinities to various Tf. Reportedly, differences between TfRs are observed
among various mammalian hosts, which influence the binding affinity for Tf, and therefore the

ability of trypanosomes to survive in the sera of these hosts (Bitter et al., 1998; Trevor et al., 2019).
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Figure 2.2: Expression of both Trypanosoma brucei transferrin receptor and variant surface
glycoprotein. Two expression site-associated genes (ESAG6 and 7) encode for the transferrin
receptor, a heterodimeric protein. These two genes are co-transcribed with VSG genes encoding
the variant surface glycoprotein, constituting the trypanosome's primary surface coat. Multiple
expression sites exist; however, a unique polycistronic VSG mRNA is transcribed with the help of
the RNA pol | from the active expression site. Source: Biorender adapted from Stevending et al.,
2003.

2.6.1 TfR localisation

T. brucei lives extracellularly in the host’s bloodstream and the TfR is only expressed by the BSF
to mediate Tf endocytosis. However, this receptor is structurally and evolutionary distinct from
the host TfR and is found within the parasite's flagellar pocket (Maier & Steverding, 1996;
Steverding et al., 2012; Steverding et al., 1995). Two essential proteins constitute TfR and, are
encoded by ESAG6 and ESAG7. For the binding of host Tf, an association of ESAG6 and ESAG7
proteins is required (Hertz-Fowler et al., 2008; Steverding et al., 2000). Trypanosomatids have
developed an organelle-like compartment, the flagellar pocket, where uptake of various nutrients
occurs. This justifies the presence of the TfR within the flagellar pocket, which is the only known
site of exocytosis and endocytosis (Landfear & Ignatushchenko, 2001; Perdomo et al., 2016).
Interestingly, Tf is internalised by trypanosome parasites by a known molecular mechanism

different from that observed in mammals.
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Briefly, the GPI anchor found on the cell membrane ensure binding of TfR to Tf resulting in Tf
internalisation by clathrin-coated pits. Due to the low pH in the endosome, iron is released from
the Tf molecule resulting in the low affinity of Tf for the TfR (Maier & Steverding, 1996).
Therefore, apo-Tf (iron-free molecule) is released, then transported to lysosomes, and degraded
by cysteine-protease and cathepsins-specific enzymes found in T. brucei (Steverding et al., 2012;
Steverding et al., 1995). TfR is then recycled to the flagellar pocket to bind a new holo-Tf (Mehlert
et al., 2012; Steverding et al., 2012). The entire mechanism is described in (Figure 2.3). Unlike T.

brucei, in mammalian cells, Tf is attached to the receptor and transported to the extracellular milieu

to bind new iron (Steverding et al., 2012).
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Figure 2. 3: Iron acquisition in Trypanosoma brucei via transferrin-mediated endocytosis. The delivery of iron
into the bloodstream forms of T. brucei is mediated by host transferrin that is taken up via a unique receptor (transferrin
receptor) expressed by the parasite. The parasite internalises host transferrin by receptor-mediated endocytosis. Holo
transferrin (iron-loaded molecule) is bound by the T. brucei transferrin receptor (TfR), which is located at the flagellar
pocket; clathrin-coated pits, therefore, internalise the complex (transferrin-TfR). After acidifying the pH within the
endosomes, iron is released and transported to the cytoplasm. A transferrin-free molecule or apo-transferrin is cleaved
by specific enzymes in the lysosomes. Finally, the TfR is recycled by Rabl11-positive vesicles and returned to the
membrane of the flagellar pocket to be used again. Source: Biorender adapted from Reyes-Lopez et al., 2012
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2.6.2 Structure of T. brucei transferrin receptor (TfR)

TR subunits share an identical fold with VVSGs, the trypanosome surface coat (Salmon et al., 1997;
Didier-Salmon et al., 1994; Steverding, 1997). Furthermore, TfR recognises their ligand only when
VSG is densely packed; endocytosis occurs in vesicles that emerge from the parasite flagellar
pocket (Steverding et al., 1995). Antibodies have access to the flagellar pocket and the cell surface
of T. brucei. This, therefore, raises an important question about how TfR avoids detection. No

research has been conducted to answer this question confidently.

Using the T. brucei Lister 427 genome, 14 TfRs families were identified, and the structure of TfR
was solved (Trevor et al., 2019). Trevor and colleagues observed that ESAG6 and ESAG7 are
elongated heterodimers containing three long alpha-helices. The N-terminal presents two helices;
this corresponds to the long helices of VSGs, and the third helix strengthens the fold. Each subunit
of the membrane-proximal side contains a short alpha-helix linking the two subunits of the
heterodimer. Data further confirmed that ESAG6 and ESAG?7 share similar folds; the sequence
identity is 80%. The membrane-distal loops adopt multiple conformations to allow asymmetric

binding of both subunits to one Tf molecule (Trevor et al., 2019).

2.6.3 Transferrin receptor polymorphism

Different expression sites (ES) encode TfRs that are not identical but similar (Bitter et al., 1998;
Steverding et al., 1995) which results in the polymorphisms observed in the TfR. Bitter and
colleagues previously established that these subtle variabilities in the TfR affect the binding
affinity to transferrin from different hosts and, subsequently, this might affect the ability of T.
brucei to survive in the bloodstream of these hosts. To prove this, an in-vitro system was used

where the BSF of T. brucei was exposed to transferrin from many mammals. Data confirmed that
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the binding affinity varied, influencing the iron uptake rate. T. brucei infects a wide range of
animals, such as cattle, pigs, goats, sheep, and many other animals; each of these animals’
transferrin varies, therefore requiring a unique TfR.

Previous studies suggest that depending on the host where T. brucei is found, a unique TfR having
high affinity with that transferrin molecule is expressed. This is only possible because the parasite
can switch between different expression sites. Several experiments were performed to confirm
this; details of experimental procedures and results are found in the paper published by Bitter et
al. (1998). Furthermore, the study results by Mussmann and colleagues also reported the existence
of polymorphisms in the TfR (Mussmann et al., 2004; Trevor et al., 2019). The variant 221a (lab-
strain) producing TfR with low affinity for canine Tf was cultured and transferred to a dog serum-
based medium. This triggered the selection of clones that have switched to at least three different

ES compared to the wild type (Hirumi & Hirumi, 1989; Trevor et al., 2019).

However, all these findings were recently challenged by new the data Trevor and colleagues
published, indicating that a single TfR binds transferrin from various mammalian hosts.
Previously, most studies suggested that polymorphism in TfR is required to cope with different
transferrin sequences, allowing this parasite to infect various mammals (Bitter et al., 1998; Fast et
al., 1999). To refute this old thought, when BES1 and BES17 receptors were used, the binding
affinity to Tf from eight different hosts was analysed, and surface plasmon resonance was used to
measure the binding of Tf variants. Interestingly, results showed that BES17 bound all eight Tf
variants but with different binding affinities. This suggests that a unique receptor BES17 can
ensure appropriate T uptake under favourable physiological conditions. Also, the results indicate
that TfR saturation ensures that Tf covers the surface of the receptor most exposed. This inhibits

antibody recognition and decreases the risk of the host immune system detecting and clearing the
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parasite (Trevor et al., 2019). The second receptor tested BES1 was shown to bind weakly to some
Tf variants, and for four of these variants, no binding was observed (Trevor et al., 2019). Binding
affinities of BES17 to the eight Tf were more significant than the BES1. Therefore, the new
hypothesis is that trypanosomes express several receptors to avoid clearance by immunoglobulins
produced to target Tf binding site, ensuring continuous Tf uptake (Trevor et al., 2019). The
mechanism of receptor switching to a novel antigenic variant might reset the system to limit
possible competition. The diversity of TfR allows antigenic variation because polymorphism is
not focused on residues in contact with Tf but rather across the third membrane-distal of the

receptor, which is predominantly exposed.

2.7 The regulation of iron and trypanosome transferrin receptor

Iron plays a central role in many pathways, but this nutrient's uptake and concentration in the cell
must be controlled (Stijlemans et al., 2015). Therefore, the expression level of TfR is regulated to
control the uptake of iron in the parasite and to prevent the generation of reactive free radicals
causing damage in the cell in the physiological presence of oxygen (Taylor & Kelly, 2010). The
mechanism of iron regulation in mammalian cells is performed by iron regulatory proteins (IRP)
binding iron-responsive elements (IRE) (Fast et al., 1999; Manta et al., 2000), but how this task is

achieved in T. brucei remains unclear.

2.7.1 Iron regulation in mammals vs trypanosomes

In mammalian cells, two different aconitases were identified: mitochondrial and cytosolic
aconitases. Several studies described cytosolic aconitase as iron regulatory protein-1 (IRP1)
(Gruer et al., 1997; Fast et al., 1999; Manta et al., 2000). Aside from being involved in regulating

iron in mammalian cells, this enzyme plays a vital role in the citric acid cycle. Moreover, another
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iron-regulatory protein was described (IRP-2), but the function of this protein has not been studied
extensively (Pantopoulos, 2004). However, some studies have been conducted to understand how
IRP-1 or cytosolic aconitase works (Gruer et al., 1997; Pantopoulos, 2004). Due to evolution,
cytosolic aconitase has gained the ability to bind RNAs harbouring iron-responsive elements (IRE)
(Gruer et al., 1997). T. brucei contains one copy of aconitase gene encoding isozymes active in
both the cytosol and the mitochondria. In comparison, multicellular eukaryotes contain different
genes encoding mitochondrial and cytosolic aconitases (Mullner et al., 1989). In mammalian cells,
IRP-1 can switch between aconitase to RNA binding activities, but IRP-2 has only RNA-binding
protein activity (Pantopoulos, 2004).

Regulation of transferrin receptor and iron storage through ferritin protein is essential to achieve
iron homeostasis. Studies revealed that mMRNAs of TfR and ferritin carry IREs within their UTRs
(Menotti et al., 1997; Erlitzki et al., 2002; Paul, Piccinelli & Tore Samuelsson, 2007). Under low
iron conditions, IRP-1 and IRP-2 bind to IREs, stabilising the TfR mRNA and inhibiting ferritin
mMRNA's translation. This increases TfR-dependent uptake while reducing the storage of iron into
ferritin. If the intracellular iron level is high, the interaction between IRP/IRE decreases, and TfR
MRNA is degraded. In contrast, the ferritin mRNA is translated, resulting in iron storage
(Pantopoulos, 2004) (Figure 2.4). IRP/IRE system described above is required for iron homeostasis
in mammalian cells, but this system is not active in trypanosomes. However, under low iron
conditions without aconitase, TfR is up-regulated, suggesting that aconitase is not the IRP in the
parasites (Fast et al., 1999). Therefore, this model of iron regulation is questioned which suggests

that T. brucei might have developed another mechanism to achieve iron homeostasis.
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Figure 2.4: Iron regulation via the control of transferrin receptor (TfR) mRNA in mammals.
(A) Iron starvation. Under low iron conditions, iron-regulatory proteins (IRPs) bind to iron-
responsive elements (IRESs); this leads to the protection of the TFR mMRNA and induces an increase
in the levels of TfR. (B) High level of iron. However, under excess iron conditions, IRPs bind to
ferritin (Fe), inducing the degradation of the TFfR mRNA, and this causes a significant decrease in
the TR levels. Source: Biorender adapted from Anderson et al., 2012

2.7.2 Regulation of T. brucei transferrin receptor

Fast and colleagues were the first to report that aconitase is not the IRP in T. brucei and that
expression of TfR is regulated by the level of iron available in the host (Fast et al., 1999). After
inducing iron starvation in the BSF of T. brucei using deferoxamine, an increase of TfR expression
was observed (a 3-fold change), and subsequently, transferrin uptake rate. This confirms that the
availability of iron in the environment modulates the expression of the parasite TfR. Also, the
amount of ESAG6 mRNA, one of the genes encoding TfR, was fivefold regulated by a post-
transcriptional modification (PTM), suggesting that PTMs are essential for iron regulation in T.
brucei (Fast et al., 1999). To understand the function of the cytoplasmic aconitase in T. brucei,
aconitase gene was deleted, and results showed that aconitase was not essential for iron regulation

in T. brucei (Fast et al., 1999).
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T. brucei, acquires iron exclusively from the host, which is done using the TfR as mentioned
previously. Excess or low levels of iron conditions lead to the parasite's death, and the necessity
to find the right balance is undeniable. Therefore, the only way for the parasite to achieve iron
homeostasis is by controlling the expression of the TfR according to the need. This explains why

this receptor has been studied extensively over the years.

2.8 New perspective of AAT in Ghana and direction for future work

The farming sector is an essential part of agriculture in Ghana and contributes to economic and
social development. Specifically, livestock and crop production are critical in generating food and
revenue farming a significant part of the agricultural GPD (Adams et al., 2021). AAT is a major
constraint in livestock production in Ghana. Several efforts have been put in place to improve
disease management in the country. However, to achieve this, it is essential to understand the
dynamics of the disease. In Ghana, some studies have reported the prevalence of AAT and
trypanosome species in circulation (Bakari et al., 2017; Ekloh et al., 2023; Nakajima et al., 2012;
Ofori et al., 2022). However, for most of these studies, the animals sampled were only cattle; also,
the sample size was not representative and finally, few areas were visited. Therefore, in some parts
of the country, the dynamics of AAT is still poorly understood, making it difficult to evaluate the
real burden of the disease, and this impairs the disease management in the country. Studies must
be conducted determining the incidence of AAT in many parts of the country and so identify
trypanosome species in circulation to determine the severity of the infection in the major livestock.
Iron is an essential nutrient for the survival of African trypanosomes within the host. Several
studies showed that inducing iron starvation in trypanosomes results in death; hence exploring that

field can be interesting to gain more knowledge about the parasite’s biology and possibly identify
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new drug targets. To fulfil their iron needs, the parasites use TfR for transferrin uptake an iron-
loaded molecule found in the host. The structure of TfR was recently described (Trevor et al.,
2019), boosting studies in that field. Moreover, polymorphisms in this receptor were reported but
whether this is observed in field parasites collected from various animals remains unknown.

Moreover, transferrin uptake can be influenced by polymorphism in the TfR, this was reported
many years ago. However, another key factor that might influence transferrin uptake is the
structure (dimer or trimer new classification) of the VSG expressed (unpublished data). Therefore,
studies must be conducted to answer all these relevant questions and to add to the current

knowledge.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Ethics statement

Ethical clearance was sought from the Council for Scientific and Industrial Research (CSIR)
(RPNO12/CSIR-ACUC/2020). Furthermore, approval was obtained from the respective farms
where blood samples were collected. Farm managers and heads of units were asked to sign an
informed consent form containing the study's purpose, procedures, voluntariness, risks, and
benefits. Experienced animal handlers restrained animals humanely before a well-trained

veterinarian collected the blood.

3.2 Study sites

For this study, six farms located in four districts in the Greater Accra region (GA) (Figure 3.1)
were selected. Those study sites were: The University of Ghana Livestock and Poultry Research
Centre (LIPREC) located at Ashaley Botwe, Prampram (Potters city), the Council for Scientific
and Industrial Research (CSIR) at Katamanso and Pokuase, and two private farms located at
Apollonia and Oyibi. The farms in these geographical areas were selected based on the prevalence
of the disease (AAT) reported previously (Ofori et al., 2022; Ekloh et al., 2023), the vegetation
surrounding the farm, the breed of the selected animals, and the density of tsetse flies. At almost
all the study sites the vegetation observed is the savannah-type but at the Pokuase site the
vegetation is semi-forest. More details about the breed of the livestock sampled at each study site

are found in Table 3.1.
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Figure 3.1: Greater Accra map showing the four main districts where sample collection was
performed. Kpome Katamanso (Katamanso), Adenta (Ashaley Botwe, Appolonia and Oyibi),
Greater Accra South (GA South) Pokuase Ningo Prampram (Potters city). Map adapted from
Aninagyei et al., 2020), Get Map was used to draw the map.
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Table 3.1: Animal species and breed at the different study sites

Study sites Animal species Breed
Ashaley-Botwe Cow Sanga, Sanga cross and WASH
(LIPREC)?
Sheep Nungua type, Sahelian and
Forest type
Goat Short-legged type and Long-
legged type
Pig NA
Katamanso (CSIR)P Cow N’DAMA, WASH, Sanga, and
Sanga cross
Sheep Crossbreed and Sahelian type
Goat Crossbreed and Short-legged
Pig NA
Pokuase (CSIR) Cow N’DAMA,
Sheep Crossbreed
Prampram Cow Sokoto
Appolonia and Oyibi Sheep Nungua type and Crossbreed
Goat Short-legged and Crossbreed

WASH: West African Shorthorn a) Livestock and Poultry Research Centre; b) The Council for
Scientific and Industrial Research
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3.3 Sample collection

A cross-sectional study was carried out; samples were collected on two separate occasions, the
first round from January 2020 to August 2020 and the second round from January 2022 to April
2022.

During the first sample collection, the livestock selected were cattle, sheep, goats, and pigs (Figure
3.2) aged between 1-9 years and randomly sampled regardless of breed or sex. Almost all the
livestock species were sampled for the second round except pigs. In total, 456 animals were
screened for the detection of trypanosome infections, 132 goats, 155 cattle, 138 sheep and 31 pigs.
The number of animals sampled per site was 175 at Ashaley Botwe, 118 at Katamanso, 80 at
Pokuase, 45 at Prampram, and 20 and 18 at Appolonia and, Qyibi, respectively.

Table 3.1 summarises all the livestock sampled at the various study sites for the first round; details
about the animals sampled during the second occasion are found in the appendices (appendix C1,
C2 and C3). Animals sampled for this study did not receive any treatment against AAT for at least
a year before blood samples were collected. Each animal was bled from the jugular vein, and
sometimes the tail and 10 mL of blood was taken, 2 mL was transferred in EDTA tubes (Sarstedt
AG & Co, Numbrecht, Germany) and 3 mL in Tempus RNA tube (Invitrogen, Applied
Biosystems™, USA) and 5 mL in a tube without anticoagulant. Tubes containing blood (EDTA
tubes) were placed on ice and immediately transported to the Small Animal Hospital to perform a
cell blood count (CBC). The remaining samples were taken to the Molecular Biology Laboratory
at the Biochemistry, Cell and Molecular Biology Department, University of Ghana. RNA, DNA,
and serum were extracted using appropriate molecular techniques and kept at the recommended

temperature for further use.
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Figure 3.2: Four livestock species sampled. (A) cattle showing signs of weight loss; (B) sheep
breed Nungua black head and the Sahelian breed; (C) goats cross breed; (D) collection of blood
by a veterinarian from the jugular vein of a pig.
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3.4 Experimental procedures

3.4.1 Microscopy for the identification of motile parasites in the blood of livestock

Thin films were prepared from a drop of whole blood collected into EDTA tubes, using a Pasteur
pipette. These were fixed with 3 drops of absolute methanol and air-dried. After drying, the slides
were stained with 30 % Giemsa solution for 20 minutes. The stained slides were washed under
running water for 5-10 seconds and placed in a vertical position to air dry. When dried, the slides

were viewed under light microscopy at 100X magnification with a single drop of immersion oil.

3.4.2 DNA extraction from the blood of animals

DNA was extracted from the cattle, goats, sheep, and pigs’ blood using Qiagen QIAmp DNA blood
maxi kit (spin protocol) (QIAGEN, Hilden, Germany), following the manufacturer’s
recommendations. Briefly, the blood collected in the EDTA tube was used for the DNA extraction.
Out of the 3 mL, only 200 pL of the blood was transferred into a 1.5 mL microcentrifuge tube
containing 20 uL QIAGEN Protease and mixed. The lysis Buffer AL (200uL) was added, and the
mixture was vigorously shacked and incubated at 56°C for 10 minutes. Then, 70% ethanol was
added and mixed thoroughly, and the mixture was transferred onto the QIAamp Mini spin column
and centrifuged at 8000 rpm for 1 minute. The flow-through and the collection tube were
discarded. The QlAamp Mini spin column was placed in a new 2 mL collection tube, and 500 pL
of the Buffer AW1 was added and centrifuged at 8000 rpm for 1 minute. The flow-through and
the collection were discarded, the QIA amp Mini spin column was placed into a new 2 mL
collection tube, and 500 pL of Buffer AW2 was added, then centrifuged at full speed for 3 minutes.
The flow-through and the collection tube were discarded. Finally, for the elution step, the QIA

amp spin column was placed in a new 1.5 mL microcentrifuge, 200 pL Buffer AE was added and
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incubated at room temperature for 15 minutes and centrifuged at 8000 rpm for 1 minute to elute

the DNA.

3.4.3 RNA extraction

RNA was extracted using the PAXgene Blood RNA kit (PreAnalytiX by QIAGEN) according to
the manufacturer’s recommendations with few modifications. Blood from various animal species
(cattle, goats, sheep, and pigs) were collected in Tempus tubes. These tubes contain 6 mL of an
RNA stabilising solution which lyses the cells considerably; then 3 mL of the animal blood was
directly transferred into the tube and vigorously mixed for 10 seconds. Briefly, the content of the
Tempus tube was transferred into a 50 mL falcon tube and 3 mL of PBS was added, bringing the
final volume in the falcon tube to 12 mL. Then the falcon tube was vortexed at the maximum speed
for 30 seconds, followed by a centrifugation step at 4°C at 3000g for 30 minutes. After
centrifugation, the supernatant was carefully removed, and the tube was left inverted for 2 minutes.
To resuspend the RNA pellet, 350 pL of resuspension buffer was added into the tube and briefly
vortexed. The sample was then transferred into a 1.5 microcentrifuge tube, and 300 uL of binding
buffer and 40 uL of proteinase K were added and mixed for 5 seconds and incubated at 55°C using
a shaker incubator for 10 minutes. The lysate obtained from the previous step was directly pipetted
into a PAXgene Shredder Spin column and centrifuged at full speed for 3 minutes. The supernatant
was transferred into a new 1.5 microcentrifuge tube, and 350 uL of absolute ethanol was added
and vortexed, then moved into a new PAXgene RNA Spin column and centrifuged. Then 350 pL
of the wash bufferl was added into the column and centrifuged; next, 80 pL of DNase | was added
onto the column and incubated a room temperature for 15 minutes. Then, 350 pL of the wash
bufferl was pipetted into the column and centrifuged. Next, 500 pL of the wash buffer2 was added

into the column and spun. This process was repeated twice. Lastly, 80 uL of the elution buffer was
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added to the column, incubated for 5 minutes at room temperature, and centrifuged. The pure RNA
obtained in a fresh Eppendorf tube was incubated at 65°C for 5 minutes, then immediately stored

at -80°C for further use.

3.4.4 Serum separation

Blood samples collected in tubes without anti-coagulant were placed on the bench at room
temperature to clot for 4 hours, and serum was separated by centrifugation at 2500 rpm for 15
minutes. The sera obtained were aliquoted into three 1.5 mL Eppendorf tubes for each sample and

kept at -80°C until further use.

3.4.5 Conventional PCR primers

This study used different sets of primers for trypanosome identification, RNA trapping, cDNA
preparation and amplification of T. brucei transferrin receptor (TfR). The first set of primers was
nested multiplex primers described by Ofori et al., 2022. These primers specifically targeted part
of the tubulin gene cluster (Figure 3.3). They were designed using available databases to identify
known and unknown trypanosome species by nested PCR (Table 3.2, Table 3.3). These primers
are specific, sensitive and cost-effective (Ofori et al., 2022). The second set of primers was
carefully designed to capture trypanosome RNA mixed with host RNA. A specific trypanosome
parasite feature explored was the SL, a sequence of 39 nucleotides ligated to the mature messenger
RNA. Therefore, SL primers were designed and synthesised (Eurofins Genomics, company). Also,
primers such as oligodT and TfR (ESAG6&7) were used respectively for the cDNA synthesis and

to amplify TfR (Table 3.4).
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Table 3.2: Primers used for the first round of the PCR reaction

Primer

Primer sequence (5’ to 3°)

Outer forward

Outer reverse 1

Outer reverse 2

Outer reverse 3

GGTGAGTTCTCCGAGGCCCGTG

CCGTGCTCGTCGCTGATCAC

CCGTGCTCATCGCTGATCAC

CCGTGCTCGTCACTGATCAC

Table 3.3: Primers used for the second round of the PCR reaction

Primers

Primer sequences (5’ to 3°)

AD 00523 (Inner Forward) TTAA CTGATCACYTCCCAGAACTT

TP1 (Inner Reverse)

TP2 (Inner Reverse)

TCGA GAGGAGGAYGTKGGAGGAGTACTA

TCAG GAGGAGGAYGTKGGAGGAGTACTA

Table 3.4: Primers used for cDNA synthesis and to confirm the expression of TfR

Primer Primer sequence

CT573 GATCTACAGTTTCTGTACTAT
CT739 AACTAACGCTATTATTAGAA
CT865 CCCTTTACAAAATTGAGGATTC
CT866 CATCACTGCATTTTTTGCTTC

56



Figure 3.3: Cluster of tubulin genes in Trypanosoma brucei. (A) Tubulin genes are organised
in tandem repeat; an alternation of alpha and beta genes is observed roughly in the genome. There
are about 20 copies. Specifically, one alpha beta repeat is 3800 base pairs. (B) Segment of the gene
amplified by nested PCR. The primers designed simultaneously amplify both parts of alpha and
beta tubulin gene from trypanosome species possibly present in various whole blood DNA to be
screened. Amplicon size is between 400 — 600 bp, depending on the trypanosome species.

3.4.6 Molecular identification of trypanosome species

Nested PCR was performed to identify trypanosome species. These primers were used to target
the alpha and beta subunits of tubulin gene. The PCR master mix was prepared for each experiment,
and the final volume was 50 pL. Specifically, 5 uL of unpurified whole blood DNA from various
animal species (cattle, goats, sheep, and pigs) was used, and 45 puL of the master reaction was
added. The master mixture of the reaction was made using 5X Mango Taq non-coloured reaction
buffer with 1.5 mM MgCl,, ImM dNTPs, 1uM outer primers (both forward and reverse), and 1U
polymerase Mango Taq (Bioline Reagents Ltd, UK). The PCR conditions were the initial
denaturation step for 4 minutes at 94°C, subsequently, 30 cycles. For each cycle, 94°C for 40
seconds, 61°C for 40 seconds for the annealing step, 72°C for 45 seconds, the final extension at
72°C for 5 minutes and the cooling at 4°C. For the second round of PCR, the master mix of 50 pL

was prepared, and the components were 5 pL of the PCR product of the first reaction and the set
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of outer primers targeting alpha and beta intergenic segments of tubulin gene were changed and
replaced by inner primers (Table 3.6). The PCR conditions used for the second round were not
changed. Then, 10 pL of the PCR product from the second round obtained after amplification was
run on 1.5 % agarose gel; the voltage was 100 V for 60 minutes. Ethidium bromide was used as
the intercalating agent to visualise using ultraviolet (UV) light using GE Healthcare Amersham
Imager gel dock (Little Chalfont, UK); identifying trypanosomes was based on the band size of
the PCR product. For trypanosome species confirmation, gel extraction was performed, and

samples were sent for Sanger sequencing.

3.4.7 Gel extraction

Samples previously identified as trypanosomes positive by conventional PCR were selected for
gel extraction. However, this method relied on the band size to determine the trypanosome-
infecting species. The primers can identify four trypanosome species (T. brucei, T. congolense, T.
vivax and T. theileri). Briefly, PCR products of the second round of the PCR of all the positive
samples were used for this experiment. A 2% agarose gel was prepared, and ethidium bromide was
added as the intercalating agent, then gently mixed and poured into a gel tray. Combs were used
to create wells deep enough to load about 37 puL of PCR product for each positive sample, adding
3 uL of the loading dye. The samples were run for 60 minutes, and UV light was used to visualise
and facilitate the excision of the bands. A sterile scalpel blade was used to excise the individual
band from the agarose gel carefully and transferred directly to a sterile Eppendorf tube. Then, a
pipette tip was used to break the gel into small pieces, and 300 uL of Buffer QG was added and
vortexed and placed in a water bath set at 50°C for 30 minutes incubation. However, in between,

vortexing steps were done after 10 minutes and 20 minutes and the final vortexing was done before
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adding 100 pL isopropanol, then vortexed again. The mixture was applied to a column and
centrifuged for 1 minute at 3000 rpm, then 500 pL of Buffer QC was applied to the column once
again and centrifuged for 1 minute at 3000 rpm. Then 750 pL of Buffer PE was pipetted into the
column and allowed to rest at room temperature for 5 minutes, then centrifuged for 1 minute at the
same speed (3000rmp). Finally, the column was transferred into a fresh Eppendorf sterile tube,
and 30 pL of water (appropriate in case samples are intended to be sent for sanger sequencing)
was added and incubated for 15 minutes before centrifugation; this step was repeated. Pure DNA

was quantified immediately using Nanodrop and kept at -20°C before sequencing.

3.4.8 Sanger sequencing for species confirmation

Nested PCR was performed in order to select samples that were trypanosomes positive. Primers
used for the two rounds of PCR targeted the outer and inner parts of the tubulin gene cluster.
Relying on PCR alone is not enough to confirm the trypanosome species, although the primers are
specific. Therefore, performing sequencing is a critical step, purified DNA obtained after gel
extraction was used for Sanger sequencing. The samples were prepared following the instructions
of the sequencing facility. Briefly, 10 puL of the DNA sample was mixed with 10 pL of the forward
inner tubulin primer (AD00523). The concentration required for the PCR fragment and the primer
was 20ng and 10 pmol/pL, respectively. The samples were shipped and sent to the University of
Cambridge, where Sanger sequencing was performed. The nucleotide sequences obtained after
sequencing were evaluated using BioEdit software (version 7.2), and based on the chromatograph
quality, the sequence ends were trimmed before performing the Basic Local Alignment Search
Tool (BLAST) using TriTrypDB (https://tritrypdb.org/tritrypdb/app) and NCBI database

Nucleotide Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) databases.
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3.4.9 Enrichment of T. brucei RNA and amplification of the T. brucei transferrin receptor

Limited protocols describe how T. brucei RNA can be selectively enriched from field samples.
There was a need to adapt a working protocol only to enrich trypanosome parasites’ RNA. Before
processing the field samples, the protocol was optimised using T. brucei cells adapted lab strain
(GUTat 3.1) added to the blood collected from six uninfected calves. Briefly, 3 mL of blood from
each calf collected into Tempus tubes containing 6 mL stabilising reagent was spiked with 1 x 10°
to 10° cells/mL of T. brucei cells to mimic natural infections. Then, after adding a known T. brucei
cell density, RNA was extracted from each tube using the PAXgene Blood RNA kit (PreAnalytiX
by QIAGEN), following the manufacturer’s recommendations. Next, cDNA was prepared from

the various RNA extracted using SuperScript™ [1l First-Strand Synthesis System (Invitrogen™).

3.4.10 Synthesis of the first strand cDNA (single-stranded cDNA: ss-cCDNA)

SuperScript 111 was used for the cDNA synthesis, the instructions given by the manufacturer were
followed with few modifications. Briefly, for the first step, 6 uL of total RNA was mixed with 1
pL of Oligo d(T)23, random primer-mix and RNAse-out the mixture was incubated at 65°C for 10
minutes and spun briefly then snapped on ice for 5 minutes. Next, to the mixture were added 4 pL
of RT buffer, 2 uL of MgCly, DTT, SuperScript 11l RT and 1 pL of dNTPs and incubated at 50°C
for 50 minutes, then at 85°C for 5 minutes and complete denaturation of the template RNA was
done by adding 1pL RNase H (2U) and incubated at 37°C for 20 minutes. The cDNA obtained
was purified using Zymo DNA clean and concentrator described by the manufacturer. However, a
slight modification was done for the final step; for the elution, 12 pL of nuclease-free water was

used instead of the elution buffer provided to obtain a pure cDNA.
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3.4.11 Synthesis of the double-stranded cDNA (ds cDNA)

The purified cDNA was used to synthesise a double-stranded cDNA, and the parasite’s mRNA
enrichment was performed at this stage. The cDNA obtained in the previous step was still a mixture
of host and trypanosome parasites cDONA. Trypanosome-specific RNA was enriched by PCR using
SL primers. Previous studies (Cuypers et al., 2017; Mulindwa et al., 2014) have shown that using
SL to enrich trypanosome mRNA can be useful. The set-up for PCR was the following, 12 pL of
pure cDNA mix and 38 pL of the master mix containing (5X Mango Taq noncolored reaction
buffer, 1.5 mM MgClz, ImM dNTPs, 1uM SL forward primer and 1U polymerase Mango Taq
(Bioline Reagents Ltd, UK). The thermo-cycler was programmed with the following conditions:
98°C for 20 seconds, 95°C for 1 minute, 50°C for 60 minutes and 72°C for 60 minutes. Next, the
ds cDNA was amplified briefly; to the second strand cDNA synthesis mix, 1 pL of each component
was added, SL reverse primer, MangoTaq polymerase and SL forward primer. The following
program was used for 10 cycles 95°C for 30 seconds, 39°C for 30 seconds and 68°C for 2 minutes,
with a final extension at 68°C for 10 minutes. The ds cDNA was purified using a QIAquick PCR

purification kit (Qiagen); then elution was done in 30 pL of EB buffer.

3.4.12 Amplification of the variable region of T. brucei transferrin receptor and next
generation sequencing (NGS)

A study by Trevor and colleagues suggested that trypanosome parasites express a single transferrin
receptor (TfR) to bind a variety of host transferrin (Trevor et al., 2019). However, the study was
conducted using in vitro systems. For this current work, only the variable regions of TfR were
amplified from confirmed trypanosome-positive field samples. Briefly, pure T. brucei ds cDNA

obtained in the previous step was used to amplify TfR; the primers used in this study targeted a
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portion of ESAG6/7 genes. The PCR components were 5 uL of pure ds cDNA used as a template
and 45 pL of the master mix containing (5X Mango Taqg noncolored reaction buffer, 1.5 mM
MgClz, ImM dNTPs, 1uM outer primers (CT865 and CT866), and 1 U polymerase Mango Taq
(Bioline Reagents Ltd, UK). The PCR conditions were as follows: initial denaturation at 95°C for
4 minutes, and subsequent 25 cycles. For each cycle, denaturation was done at 95 °C for 1 minute,
the annealing step at 58°C for 1 minute, then the extension was done at 72°C for 2 minutes,
followed by a final extension at 72°C for 10 minutes, and the cooling was done at 4°C.
Subsequently, 10 pL of the amplicon was resolved on 1.5 % agarose gel at 100 V for 60 minutes.
Ethidium bromide was used as the intercalating agent to enable the visualisation by ultraviolet
(UV) light using GE Healthcare Amersham Imager gel dock (Little Chalfont, UK); to confirm that
TfR was successfully amplified. Then, the next step was to load the rest of the 40 uL, the band
was cut out, and gel extraction was performed. Then, the products obtained were sequenced on the

Illumina HiSeq platform by BGI technologies (Beijing, China).

3.4.13 Analyses of NGS data

The paired-end reads generated were aligned to the T. brucei clone 427 2018 reference genome
v46 downloaded from TriTrypDB, using Bowtie2 as previously described by Langmead an
Salzberg 2012, with the ‘very-sensitive-local’, MAPQ>10 and pre-set alignment option. The
alignments were converted to BAM format, reference sorted and indexed with Samtools as
previously described by Li et al., 2009. Fragment counts were determined from the BAM files
using featureCounts (Liao, Smyth, & Shi, 2014) with the following setting: -p (pair-end) -B (both
ends successfully aligned) -C (skip fragments that have their two ends aligned to different

chromosome) -t transcript (count level) -g gene_id (summarization level). Counts were normalized
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by dividing the number of counts in each sample by the total number of reads, and genes with a
count of less than 5 were excluded. The data were then normalized using the maximum value and
clustered by rows and columns using the seaborn Python package (Waskom, 2021). Furthermore,
to quantify the count frequency of the first variable region of ESAG?7 that binds the TfR (Cordon-
Obras et al., 2013). “TTGGGTGCGGAAAGTATT(. *?)TGTAACCTAATGC” a specific regular
expression was used in order to differentiate ESAG7 and ESAG6. The relevant reads were
extracted from the RNA-seq FASTQ files using a custom Python script and counts were
performed. To normalize the counts, the number of counts in each sample was divided by the total
number of reads, and target sequences with a count of less than 2000 were excluded. Data were
then normalized by raw using the z-score and clustered by rows and columns using the seaborn
Python package (Waskom, 2021). The DNA sequences were converted to amino acid sequences

using the Biopython python package (Cock et al., 2009).

3.4.14 Cell blood count, haematocrit determination and measurement of key parameters to
determine the iron status of trypanosome-infected animals

3.4.14.1 Complete cell blood count and haematocrit determination

For this part of the project, only blood collected during the second round of sample collection was
used. Briefly, blood was collected in EDTA tubes and mixed gently to run a complete cell blood
count (CBC) using the URIT-5240Vet machine. The results were printed-out and analysed by a
well-trained technician, and reports obtained were used to determine parameters such as

(haemoglobin haematocrit, number of red blood cells and others).
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3.4.14.2 Determination of the total iron binding capacity (TIBC) in infected and non-infected
livestock

TIBC, the capacity of transferrin to bind iron, was measured in the trypanosome-infected and non-
infected animals’ serum. The kit used to perform this assay was Total Iron-Binding Capacity
(TIBC) and Serum Iron Assay Kit (Colorimetric) (Sigma-Aldrich). TIBC was determined by a
colorimetric method, and the absorbance was measured at 570 nm for standards and samples
according to the manufacturer’s recommendations. The following equation was used to determine

the actual concentration of TIBC in each sample:
TIBC (umol iron/L) = % x D x 103

where:
X = TIBC iron amount from a standard curve (nmol)

D = Sample dilution factor (if applicable; D = 1 for undiluted samples)
10% = Conversion factor mL to L

V = Volume of Serum Sample (uL)

3.4.14.3 Measurement of total serum iron (TSI) in infected and non-infected livestock
To determine the effect of trypanosome parasites on the circulating iron in infected animals, the
TSI in the serum of some animals was measured using the same kit used to measure TIBC. TSI

was measured by a spectrophotometric assay and calculated with the following equation:
Total serum iron (umol iron/L) = % x D x 103

where:

Y = Serum Iron amount from the standard curve (nmol)

D = Sample dilution factor (if applicable; D =1 for undiluted samples)
10° = Conversion factor mL to L

V = Volume of Serum Sample (uL)
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3.4.14.4 Determination of transferrin saturation (TS) in infected and non-infected livestock
Transferrin saturation (TS), which measures how much iron in the blood is bound to transferrin,

was expressed as a percentage and determined with the formula below:

Total serum iron (umol iron/L)

% Transferrin Saturation = x 100

Total iron binding capacity (umoliron/L)

3.4.14.5 Determination of the serum ferritin concentration in infected and non-infected
livestock

Ferritin concentration was measured in cattle, goats, and sheep serum by competitive and sandwich
ELISA. Competitive ELISA was used for goats and cattle using Goat H-ferritin (FTH) and Bovine
Ferritin (FE) ELISA Kits, respectively. However, ferritin was measured in sheep serum by two-
site sandwich ELISA using Sheep Ferritin heavy chain (FTH1). The ELISA Kits were purchased
from MyBioSource, and assays were performed according to the manufacturer’s instructions. To
quantify ferritin in goats and cattle, 100 uL of standards and samples (each sample was run in
duplicate) were added to each well of a microtiter plate coated with anti-ferritin antibodies PBS
(pH 7.0-7.2) was used at the blank control well; 50 uL of the conjugate was dispensed to each well
except the blank control well and mixed gently before incubation at 37°C for 1 hour Then the
microtiter plate was washed with the 1x washing solution and inverted and blot dried by hitting
the plate onto absorbent paper. Subsequently, 50 L of substrate A and 50 uL of substrate B were
added to each well, including the blank control well; the microtiter plate was covered and incubated
at 37°C for 20 minutes. Next, 50 uL of stop solution was added to all the wells and mixed several

times. The optical density (OD) was immediately determined at 450 nm using a microplate reader
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(Thermo Scientific Varioskan LUX). Results obtained from the standards were used to plot a
standard curve to calculate ferritin concentration in the samples tested.

For sheep samples, the procedure was a little different; the principle of the FTH1 ELISA Kit is
sandwich ELISA as previously indicated. Briefly, 100 uL of standards and samples (in duplicate)
was added to the wells covered with adhesive films and incubated at 37°C for 2 hours. Each well
was aspirated and washed. The process was repeated 3 times; the plate was inverted and blotted
against a clean paper. Then, 100 pL of biotin-conjugate (1x) was added to each well, covered and
incubated at 37°C for 1 hour. The plate was washed and dried, 100 pL of streptavidin-HRP (1x)
was added to each well, and the microtiter was covered with the adhesive films and incubated at
37°C for 1 hour. Subsequently, washing was performed, the plate was dried, then 100 pL of the
substrate solution was added to all the wells and incubated at 37°C for 20 minutes. Finally, 50 pL
of the stop solution was added to each well, the OD was determined within 5 minutes using a
microplate reader set at 450 nm. Standards were used to plot the standard curve, and ferritin

concentration in sheep serum was measured.

3.4.15 Determination of the influence of the VSG structure on nutrient uptake

3.4.15.1 Determination of the growth rate of dimeric and trimeric VSG cell lines

T. brucei brucei Lister 427 (dimeric and trimeric VSGs) cell lines were grown at 37°C with 5%
COzin HMI-9 medium supplemented with 10% foetal bovine serum (FBS), 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco). All the different characteristics of the cell lines used are
summarized in Table 3.5. The following drugs were added to the cultured cell lines for selection:
5 pg/mL G418 with 10 pg/mL blasticidin (VSG2, VSG3 and VSG615) or with 2.5 pg/mL

phleomycin, 0.2 pg/mL puromycin and 5 pg/ml hygromycin (VSG1.8, VSG11 and VSG224 or
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VSG3parental) - Oply 5 pg/mL hygromycin and 2.5 pg/mL phleomycin were used to select

metacyclic VSG1954 (mVSG1954) and finally, 5 ug/mL G418 with 10 pg/mL blasticidin and 0.2

ug/mL puromycin for E7 GPI clones. For most experiments performed, cells were harvested during

the exponential phase (~0.5-1.5 x 10° cells/mL). To determine the growth rate of the various cell

lines and draw growth curves, cells were diluted to 1 x 10° cells/mL, counted every 24 hours and

diluted back to 1 x 10° cells/mL for 4 days.

Table 3. 5: Characteristics of the different cell lines

MITat VSG Class Local names  Copies BES MW (kDa) NTD AA
1.2 VSG2 Dimer VSG221 1 1 51.0 N2 476
1.3 VSG3 Trimeric VSG224 2 7 53.8 N4 509
111 VSG 11 Trimeric VSGbR2 2-3 15 70.0 N4 518
1.8 VSG 1.8  Trimeric VSGOD1 2 12 56.5 N4 466
M1.615 VSG615 Trimeric NA NA NA 51.2 N4 480
M1.1954 VSG1954 Trimeric NA NA NA 53.9 N4 521

MITat: Monomorphic strain; VSG: variant surface glycoprotein; NTD: N-terminal domain; AA: Amino acid; MW:
Molecular weight; BES: Bloodstream expression site, NA: Not available.
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3.4.15.2 Determination of the receptor-mediated endocytosis and transferrin uptake by
fluorescence-activated cell sorting (FACS)

Cells were harvested (1 x 10°) for all the cell lines described above and washed 3 times with HMI-
9 medium containing 0.5 mg/mL bovine serum albumin (BSA). Following that, cells were
resuspended in HMI-9/BSA and incubated at 37°C for 40 minutes. Following, 10 pg/mL of
Alexa6467 conjugated Tf (Tf-467) from Human Serum (Invitrogen™) or 20 pg/mL Dylight 594-
conjugated tomato lectin (TL-467) (Invitrogen™) were added, and incubation performed at 37°C
for 45 minutes. Finally, cells were washed once using 1 x HEPES-buffered saline with glucose
(HBSG), resuspended in 1 mL 1 x HBSG, transferred in a sterile tube and analysed with BD
Fortessa Il with excitation wavelength 650 nm and emission detection at 665 nm. Data analysis

was performed using FlowJo v10.8.1 Software (BD Lifesciences).

3.4.15.3 Generation of parasites having TfR with two GPI anchors

The plasmid construct for ESAG7-GPI (E7¢P!, making an E7 expressing a GPl-anchored fusion
of E6 C-terminus to C-terminus of E7) is described here (Tiengwe et al., 2017). Linearization was
done using Clal and FeSI with CutSmart as the buffer; then ethanol precipitation was performed.
Briefly, for the ethanol precipitation, 295 L of the linearized plasmid was used and 3 volumes of
absolute ethanol added, the mixture was frozen for 60 minutes at -20°C. Centrifugation was done
at 4°C for 25 minutes, and the supernatant was gently removed, and 1 mL of 70% ethanol added
and mixed by inversion and centrifuged at 4°C for 5 minutes. Finally, the supernatant was
removed, and the plasmid-DNA was air-dried for 15 minutes and resuspended in 30 pL of sterile

water.
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The cells used for the transfection were in total 5 x 107; after harvesting the cells, they were
resuspended in 100 pL of transfection buffer (Roditi Th-BSF). Then, 20 ug of the linearized
plasmid was added to the mixture and transferred gently into the transfection cuvette, and
electroporation was done using Amaxa Nucleofector™ 2b (Lonza) set to the program X00-1. Cells
were gently removed and transferred into a culture flask containing 25 mL of warmed HMI-9
medium supplemented with 10% FBS without antibiotics; cells were allowed to recover for 6
hours, at 37°C with 5% CO. After 6 hours the appropriate drugs were added for clone selection
and then plated into 24 well plates with 1 mL media per well and grown at 37°C, 5% CO; for 7
days before clone selection. The screening for transfected clones started on day 7 post-transfection,
wells with noticeable cell growth were marked and checked closely till the density was
considerably high. Then, the clones were transferred into 6 well plates, containing 5 mL of HMI-
9 medium per well with the selected drugs. The obtained clones were grown, and then regularly

diluted to be used for further experiments after appropriate validation.

3.4.15.4 Western blotting (anti-VSG and anti-TfR)

Cells were harvested (5 x 10°) and washed once with 1 x phosphate-buffered saline (PBS). Then
the same volume of SDS loading buffer and PBS were added to the cells and heated using a heating
block set at 100°C for 10 minutes. Protein separation was performed by SDS-PAGE and Trans-
Blot Turbo Transfer system (Bio-Rad) was used for the transfer onto PVDF membranes. Skimmed
milk (5%) was prepared using PBST to block the membranes; this was done at 4°C overnight. The
following day, membranes were incubated at room temperature for 60 minutes with the primary
antibody. These were the antibodies used: anti-VSG221 (rabbit, 1:10000), and anti-TfR (rabbit,

1:2000). The various antibodies were diluted in 5% skimmed milk in PBST. After incubation, the
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membranes were washed with PBST 3 times for 1 minute, 2 times for 5 minutes, and 1 time for
10 minutes. Then, the membranes were incubated with the secondary antibody, horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit 1gG (1:5000) for 1 hour. Then, the washing step
was carried out as described previously; however, the only difference was that for the last step, the
time of the final washing was doubled. The SuperSignal West Pico Plus chemiluminescent
substrate (Thermo Fisher Scientific) was prepared and immediately added to the top of the
membranes just before visualization. Imaging was performed with the ChemicDoc XRS+ Imaging
system (Bio-Rad) and the images were saved in a specific folder. Finally, the membranes were
incubated with Ponceau S staining solution (Thermo Fisher Scientific) for 15 minutes for protein
quantification and normalisation. The membranes were immediately imaged, using the same

equipment and the program used was the Coomassie Fluor Orange.

3.4.15.5 Relative quantifications of TfR and VSG transcripts by Real-Time PCR (QRT-PCR)
Cells were harvested (1 x 107) from the various cell lines and RNA was extracted using the RNeasy
Plus MiniKit (Qiagen). RNA concentration was determined with the Nanodrop, then diluted before
performing qRT-PCR using the Luna Universal One-Step RT-gPCR Kit (New England Biolabs).
The experiments were conducted following the manufacturer’s recommendations. The various
primers used are found in Table 3.6. All the various reactions were performed in triplicate, with
technical and biological replicates. The comparative Ct (AACt) method was used to determine the

fold change with ZFP3 as the endogenous gene for control and normalization.
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Table 3.6: Primers used for qPCR

Primer Sequence (5’ to 3°)

ThZFP3 F CAGGGGAAACGCAAAACTAA
ThZFP3 R TGTCACCCCAACTGCATTCT
ESAGG6 F AACAGATACTGACGGTGTATTGG
ESAG6 R CCACCCTCAACGTACATACTTC
ESAGT7 F GACGGAGGTTTGCTGAAAGATA
ESAG7 R GTGAGAACTGACATCACCGTATT
VSG2 F CGCTGAAAGCCAACAACAAG
VSG2 R CCGCATCGTTATGCCATTTG
VSG3 F TTTCAATCGGACCCTACTTGG
VSG3 R CCCTGTTTCTGAGTTCCTCTG

3.4.15.6 Amplification of TfR, sanger sequencing and data analysis

RNA previously extracted from the different cell lines was also used for cDNA synthesis. Briefly,
cDNA was synthesized from 50 ng of RNA using iScript cDNA Synthesis Kit (Bio-Rad). The
cDNA newly synthesized was used to perform conventional PCR to amplify TfR (ESAG6 and
ESAGT7). PCR products were run in 1.5 % agarose gel at 100 V for 45 minutes to confirm that TfR
was successfully amplified. Then, gel extraction was performed using QIAquick Gel Extraction
Kit (Qiagen) following the manufacturer’s instructions. The purified PCR products obtained were
sent for sanger sequencing (Eurofins Genomics, UK). Samples were premixed with the forward

and reverse primer in separate tubes; the final volume was 17 pL and the concentration was 20 ng.
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The AB1 files obtained from the sequencing facility were used for sequence analysis. Benchling
and FinchTV chromatogram viewer were used to view and check the sequence quality.
Furthermore, FinchTV was also used to edit and clean the sequences before base calling.
TriTrypDB was used to run a blastn to confirm that sanger sequences were indeed for TfR genes
and to download the reference gene (Th427.BES40.2). Then, Ugene-Unipro and Benchling were
used to perform multiple sequence alignments using both the forward and reverse sequences of

each sample.

3.5 Data analysis

GraphPad® Prism version 8.1 (GraphPad® Software Inc., California, USA) and RStudio version
4.13 software were used to analyse the data and to generate the various figures. Comparison
between groups was done using either a t-test or Wilcoxon test, depending on the distribution of
the data. To compare more than two groups, Anova or Kruskal Wallis was used, followed by Dunn

test or Bonferroni as post-hoc tests. P-value < 0.05 was considered statistically significant.

72



CHAPTER FOUR

4.0 RESULTS

4.1 Molecular identification of trypanosome in livestock

To identify trypanosome species infecting the livestock, blood samples were collected from 456
animals (155 cattle, 138 sheep, 132 goats, and 31 pigs) at six study sites in the Greater Accra, a
region previously reported to have low tsetse flies’ density. Throughout the time that different
livestock were screened, AAT outbreak was observed once at the Ashaley-Botwe. However, at
one of the study sites (Katamanso), farmers reported symptoms observed in a specific group of
sheep like those experienced during the acute form of AAT; unfortunately, this was not verified.
The approach was to bleed the livestock listed above; purified DNA was obtained from the blood
and used to identify infecting trypanosome species by performing nested PCR targeting the
intergenic region between the alpha and beta tubulin genes (Ofori et al., 2022). The representative
agarose gels showing the identification of trypanosomes by PCR in sheep and cattle are shown in
Figure 4.1 and Figure 4.2, respectively.

Trypanosomes were identified based on the band sizes of the products: T. brucei (424 bp), T.

congolense (456 bp), T. vivax (586 bp) and T. theileri (646 bp).
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Figure 4.1: Identification of trypanosomes in the blood sheep livestock. An agarose gel picture
shows the bands used to identify the trypanosome spp in each sheep. M: marker, P: positive control

NC-: PCR H20 and 1-13: sheep IDs. Expected band sizes by nested PCR were T. brucei: 424 bp,
T. congolense: 456 bp and T. vivax: 586 bp.
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Figure 4.2: Identification of trypanosomes in cattle. An agarose gel picture shows the bands
used to identify the trypanosome spp in each cow. M: marker, P: positive control NC-: PCR H20

and 1-17: cattle IDs. Expected band sizes by nested PCR were T. brucei: 424 bp, T. congolense:
456 bp and T. vivax: 586 bp.
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4.2 The prevalence of trypanosome infections in livestock

The prevalence of AAT in livestock in GA and the proportions of single and mixed infections are
shown in Figures 4.3A and 4.3B, respectively. The prevalence of trypanosome infections was
73/456 (16%), and most animals were infected with a single trypanosome species 71/73 (97%).
2/73 (3%) animals were infected with more than one trypanosome species or mixed infections.
The proportion of infections in female animals was 54/326 (16.6%) and in males 19/130 (14.6%),
the difference observed was not statistically significant (p-value > 0.05). Trypanosomes were
detected in all four livestock; the proportion of the infection in each livestock species and the
species identified are described in Table 4.1. Sheep were the most infected livestock, with 41/138
(29.7%), followed by cattle with 26/155 (16.8%). The lowest infection proportions were observed

in goats and pigs, with 5/132 (3.8%) and 1/31 (3.2%), respectively.

A B
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= Infected = Non-infected = Mixed-infection

Figure 4.3: Trypanosome infections in livestock. (A) Prevalence of trypanosome infections in
livestock. (B) Proportions of single and mixed infections. Sample size (n=456).
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Table 4.1: Trypanosome species identified in livestock (percentages are shown in brackets)

Livestock T. brucei T. theileri T. congolense Mixed Total
infection infection
Cattle 21(80.7) 3(11.5) 1(3.9) 1(3.9) 26(16.8)
Sheep 26(63.4) 13(31.7) 2(4.9) 0 41(29.7)
Goats 3(60) 0 1(20) 1(20) 5(3.8)
Pigs 0 0 1(100) 0 1(3.2)
Total 50(68.5) 16(21.9) 5(6.8) 2(2.8) 73(16)

* Mixed infection = T. congolense + T. brucei
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4.2.1 Trypanosomes identified in sheep

For sheep, all 138 (30 males and 108 females) animals sampled during the two rounds of sample
collection were screened, and trypanosome species were identified. The analysis of the various gel
electrophoresis coupled with Sanger sequencing showed that sheep were infected with the three
most common pathogenic trypanosomes (T. brucei, T. theileri and T. congolense). Out of the 138
sheep, 41 (29.7%) were trypanosome positive. Of the infected sheep, T. brucei accounted for 73%
(26/41), T. theileri for 32% (13/41) and T. congolense for 5% (2/41). Of the 108 female animals,
29 (27%) were infected, while out of the 30 males 12 (40%) were infected. However, the difference
observed was not statistically significant (p-value = 0.18). Female sheep were infected with all
three trypanosomes (T. brucei = 17, T. theileri = 10 and T. congolense = 2). However, male animals
were only infected with two trypanosome species (T. brucei = 9 and T. theileri = 3). Of the 93
blackhead sheep 26 (28%) were infected, and for the crossbreed 15 out 45 (33%) were infected,
the difference observed was not statistically significant (p-value = 0.4). The summary of

trypanosomes identified and other details about the infected sheep are shown in Figures 4.4A — D.
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Figure4.4: Description of trypanosome infections in sheep. (A) Trypanosome species identified
in sheep livestock. (B) Trypanosome infections per sex. (C) Distribution of trypanosome infections
per the breed. (D) Distribution of trypanosome species per the sex of infected sheep. Sample size
(n=138).
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4.2.2 Trypanosomes identified in cattle

In total, 155 (40 males and 115 females) cattle were sampled, and screened to identify
trypanosomes. Representative gel electrophoresis showing trypanosome species was previously
shown in Figure 4.2. The three main trypanosome species infecting sheep were also the same as
those infecting cattle. Out of the 155 cattle, 26 (16.8 %) were trypanosome positive and T. brucei
accounted for 81% (21/26), T. theileri for 11% (3/26), T. congolense for 4% (1/26) and mixed
infection of T. congolense and T. brucei for (4%) 1/26. Of the 40 males, 6 (15%) were infected
and of the 115 female animals, 20 (17.4 %) were infected but the difference observed was not
significant (p-value = 0.72). Female cattle were infected with all three trypanosomes identified,
and the mixed infection was observed in a female animal (T. brucei = 15, T. theileri = 3, T.
congolense = 1 and mixed infection of T. congolense and T. brucei = 1). However, male animals
were only infected with one trypanosome species (T. brucei = 6). Of the infected cattle, 40%
(12/30) were N’Dama breed, 22.5% (9/40) were Sanga breed and Sokoto breed 11% (5/45). The
difference observed between the various breed infected was not statistically different. The
summary of trypanosomes identified and other details about the infected cattle are shown in

Figures 4.5A — D.
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Figure 4.5: Description of trypanosome infections in cattle. (A) Trypanosome species identified
in cattle livestock. (B) Trypanosome infections per gender. (C) Distribution of trypanosome
infections per the breed. (D) Distribution of trypanosome species per the sex of infected cattle.
Sample size (n=155).
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4.2.3 Trypanosomes identified in goats

In total, 132 (46 males and 86 females) goats were sampled, and screened to identify trypanosomes.
Only two trypanosome species were identified in goats. Of the 132 goats, 5 (3.8%) were
trypanosome positive. Of the infected, T. brucei encounted for 60% (3/5), T. congolense for 20%
(1/5) and mixed infection of T. congolense and T. brucei for 20% (1/5) (Figure 4.6A). Of the goats
infected, 2% (1/46) was infected while 5% (4/86) females were found to test positive for
trypanosomes. Female goats were infected with T. brucei and T. congolense. Mixed infections
with T. congolense and T. brucei was observed in only male goats infected (Figure 4.6B). The
infection observed in the different breeds were, 3% (2/66) short-legged, 10% (2/20) long-legged
and 4.3% (1/46) crossbreed (Figure 4.6C). The summary of trypanosomes identified and other

details about the infected goats are shown in Figures 4.6A — D.
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Figure 4.6: Description of trypanosome infections in goats. (A)Trypanosome species identified
in goats. (B) Trypanosome infections per gender. (C) Distribution of trypanosome infections per
the breed. (D) Distribution of trypanosome species per the sex of infected goats. Sample size
(n=132).
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4.2.3 Trypanosomes identified in pigs

A total of 31 (14 males and 17 females) pigs were screened to detect trypanosome infections by
performing nested PCR. Of the 31 pigs, 1 female (3.2 %) was trypanosome positive. Information
about the breed of the pigs sampled for this study was not recorded. Figure 4.7 shows the

electropherogram of trypanosome identified in pigs. Based on the band size, the pig was infected

with T. congolense.

MNC12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 PC M

Figure 4.7: Identification of trypanosomes in pigs. An agarose gel picture shows the bands used
to identify the trypanosome spp in each pig. M: marker, P: positive control NC-: PCR H20 and 1-
21: Pigs IDs. Expected band sizes by nested PCR were T. brucei: 424 bp, T. congolense: 456 bp
and T. vivax: 586 bp.
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4.3 Predominant trypanosome species infecting various livestock

Trypanosome species identified in the livestock screened in this study were compared to determine
the most prevalent trypanosome species. Out of 73 animals that were trypanosome positive, 50
(68.5 %) were infected with T. brucei, 16 (21.9 %) with T. theileri, 5 (6.8 %) and mixed infections
with T. congolense and T. brucei was observed in two animals. T. brucei was the dominant species
in almost all livestock except pigs. However, T. theileri was the second most dominant species and
was only identified in sheep and cattle. Of the 16 animals infected with T. theileri, 13 (81.2 %)
were found in sheep, and 3 (18.8 %) were cattle. Statistically, the trypanosome infection rate in
sheep was significantly higher (p-value = 0.006) than in other livestock. Although cattle were the
second most infected livestock species, the observed difference (p-value = 0.4) compared to goats
and pigs was not statistically significant, even though a lower prevalence was recorded. All the
details about trypanosomes and the infection proportions in the various livestock are summarised

in Table 4.2.
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Table 4.2: Summary of trypanosome species identified in livestock (percentages are shown
in brackets)

Livestock T. brucei

Cattle

Sheep

Goats

Pigs

Total

21(80.7)

26(63.4)

3(60)

50(68.5)

T. theileri

3(11.5)

13(31.7)

16(21.9)

T. congolense

1(3.9)

2(4.9)

1(20)

1(100)

5(6.8)

Mixed Total infection
infection

1(3.9) 26(16.8)
0 41(29.7)

1(20) 5(3.8)
0 1(3.2)

2(2.8) 73(16)

%2
value

0.02

7.42

3.31

NA

P-
value

0.87

0.006*

0.09

1.19

*Statistically significant, p-value < 0.05, mixed infection = T. congolense + T. brucei, Fisher’s

exact test was performed for pigs.
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4.4 Trypanosome species identified at the various study sites and livestock affected

Livestock animals from six study sites (private and non-private farms) were sampled for this study.
Those study sites were Ashaley Botwe (Liprec farms), CSIR farms located at Katamanso and
Pokuase, the private zoo at Prampram and farms located at Appolonia and QOyibi. Samples
collected from all the sites were processed to identify trypanosome infections. Trypanosomes were
identified at almost all the study sites except Oyibi, where no animal was found to be infected. The
infection rate varied from one study site to another; however, T. brucei was the only trypanosome
species identified at all the five study sites. Pokuase was the only study site where all three
trypanosomes (T. brucei, T. congolense and T. theileri) were in circulation simultaneously. Mixed
infections were observed at two specific sites: Pokuase and Ashaley Botwe. Pokuase was the only
site where T. theileri was identified; however, T. congolense was identified at four study sites
(Ashaley Botwe, Katamanso, Pokuase and Appolonia). Prampram was the only study site where
only one trypanosome species (T. brucei) was circulating (Figure 4.8A).

Infecting species were analysed to confirm the preference of certain trypanosome species for
specific livestock. Cattle and sheep were infected with the three trypanosomes identified in this
study; goats were only infected with two species (T. brucei and T. congolense). The only pig that
was found to be trypanosome positive was infected with T. congolense. Infections with two
trypanosome species (mixed infections) were observed in cattle and goats. Finally, T. congolense

was the only species detected in all four livestock screened (Figure 4.8B).
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Figure 4.8: Trypanosomes identified per study site and livestock species. (A) Study sites and (B)
Livestock species. NA: Trypanosomes DNA not detected, Mixed infection: T. congolense + T.
brucei
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4.5 Trypanosome infections in livestock in the Greater Accra region

Trypanosome infection rates varied across the various study sites. Of the 175 livestock sampled at

Ashaley Botwe, trypanosomes DNA was detected in 21 (12 %) animals. At Katamanso, 118

animals were screened, and 16 (13.6 %) were infected, while at Pokuase, 29 (36.3 %) animals were

infected. Of the 45 animals sampled at Prampram, 5 (11 %) were trypanosome positive. Only two

animals were infected at Appolonia of the 20 animals screened. No animal was found to have

trypanosomes DNA at Oyibi (Table 4.3).

Table 4.3: Prevalence of Animal Trypanosomiasis in the Greater Accra Region

Study sites

Ashaley Botwe
(LIPREC)?

Katamanso (CSIR)P

Pokuase (CSIR)

Oyibi

Appolonia

Prampram

Number
screened

175

118

80

18

20

45

a) Livestock and Poultry Research Centre

b) The Council for Scientific and Industrial Research

Number
infected

21

16

29

88

Prevalence
(%)

12

13.6

36.3

NA

10

111

¥2 value

1.16

0.30

8.26

NA

0.22

0.38

P-value

0.28

0.58

0.004

NA

0.63

0.53



4.6 Determination the haematocrit level to describe the of degree of anaemia the livestock

Anaemia is a condition in which the number of red blood cells or the haemoglobin concentration
within them is lower than normal. Anaemia can be determined by the haematocrit, haemoglobin
levels and number of red blood cells. Low haematocrit, haemoglobin levels and number of red
blood cells indicate anaemia. To evaluate the degree of anaemia during trypanosome infections in
selected livestock, haematocrit was measured and compared between infected and non-infected
animals. Of the total 216 livestock screened for anaemia, (95 cattle, 80 sheep, and 41 goats); only
54 (25%) animals were anaemic. All goats sampled at the two study sites (Pokuase and Katamanso)
were anaemic, representing 75% of all the livestock presenting anaemia, and 37.5% of the anaemic
animals were infected with at least one trypanosome species (Table 4.4). Sheep were the most
infected animals presenting anaemia. There was no statistical difference between infected and non-
infected anaemic animals (p-value = 0.62). Age and sex of the livestock screened was not
considered when comparing the haematocrit levels between trypanosome infected and non-
infected. Similarly, the potential effect of the livestock species was assessed by comparing the

respective proportions of each livestock per study site; the difference was not significant.

Table 4.4: Haematocrit and trypanosome infections

HCT Nbr screened Proportion Infected  Non-infected %2 P-value
(%)
Anaemic 54 25 15(37.5) 39(22.2)
1.84 0.62
Non- 162 75 25(62.5) 137(77.8)
anaemic
Total 216 100 40(100) 176(100)

HCT: Hematocrit, Nbr = number
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4.6.1 Comparison of the haematocrit levels in trypanosomes infected livestock

Haematocrit levels of infected and non-infected livestock were compared. This was done for the
three primary livestock: cattle, sheep and goats. Among all the livestock, goats had the lowest
hematocrit levels compared to cattle and sheep. However, in cattle and sheep, haematocrit levels
were not different. The comparion between infected and non-infected livestock was performed.
For cattle and goats, haematocrit levels in infected and non-infected animals were not stastistically
different. However, in sheep, haematocrit level in infected animals was lower compared to the
non-infected animals and the difference was statistically significant (p-value = 0.036). More details

are found in Figure 4.9.
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Figure 4.9: Haematocrit levels in infected and non-infected livestock. (A) Comparison of the
haematocrit levels in the various livestock species: cattle, sheep, and goats. (B) Comparison of the
haematocrit levels in infected vs. non-infected cattle. (C) Comparison of the haematocrit levels in
infected vs. non-infected sheep. (D) Comparison of the haematocrit levels in infected vs. non-
infected goats. Data from all the livestock collected at the various study sites were used in the
analyses. The horizontal bar represents the Mean + SEM. Statistical significance was tested using
the Kruskal-Wallis test followed by the Dunn test, also Wilcoxon test and student-test were used
where required to test the difference between infected and non-infected. p-value < 0.05 and ****p-
value < 0.01 were considered as statistically significant. Total sample size (n=216), cattle (n=95),

sheep (n=80) and geats (n=41).
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4.6.2 Iron homeostasis in trypanosomes infected and non-infected livestock

To investigate the iron status of livestock during trypanosome infections, specific serum
biochemical parameters such as serum ferritin, total iron binding capacity (TIBC), serum iron
(TSI), and transferrin saturation (TS) were measured and compared between infected and non-
infected livestock. Attributable to the dynamics of the disease, comparisons were made
considering the host (sheep, cattle, and goats), the trypanosome infecting species, and the study

site. Other factors, such as sex, breed, and age were not considered.

4.6.2.1 Ferritin concentration in livestock

Ferritin concentration was measured in 120 animals (59 cattle, 40 sheep and 21 goats) these
included both infected and non-infected. The results showed that serum ferritin concentration
varied from host to host; sheep had the lowest concentration compared to cattle and goats. There
was an increase in the serum ferritin concentration observed in infected cattle compared to non-
infected animals. The difference observed was statistically significant (p-value = 0.046). However,
for sheep, there was no significant difference observed between infected and non-infected animals
(p-value = 0.89). Finally, an increase was observed in ferritin concentration in infected goats

compared to non-infected goats Figure 4.10.
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Figure 4.10 : Ferritin concentration in trypanosomes-infected and non-infected livestock.
Comparison of (A) ferritin concentration in cattle, sheep, and goats. (B) Ferritin concentration in
infected vs. non-infected cattle. (C) Ferritin concentration in infected vs. non-infected sheep. (D)
Ferritin concentration in infected vs. non-infected goats. Data from all the livestock collected at
the various study sites were used in the analyses. The horizontal bar represents the Mean = SEM.
Statistical significance was tested using the Kruskal-Wallis test followed by the Dunn test and
Wilcoxon test was used to test the difference between infected and non-infected. p-value < 0.05
and ****p-value < 0.01 were considered as statistically significant. Total sample size (n= 120),
cattle (n=59), sheep (n=40) and goats (n=21).
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4.6.2.2 Determination of the total iron binding capacity, the total serum iron, and the
transferrin saturation during trypanosome infections

To measure total iron binding capacity, total serum iron and determine the transferrin saturation
sera from the animals were analysed using colorimetric assays. Two groups of animals were used,
infected animals confirmed to be anaemic (cattle=10, sheep=10 and goats=2), and the control
group was non-infected and non-anaemic animals from the same species (cattle=10, sheep=10 and
goats=18). In general, sheep recorded the highest TIBC concentration compared to the other
livestock. TIBC was more increased in infected sheep and cattle compared to non-infected animals.
The difference observed was statistically significant (p-value = 0.0001). In goats, TIBC in non-
infected animals was higher than in infected animals (Figure 4.11). TSI was significantly decreased
in trypanosomes-infected cattle and sheep, but an exception was observed in goats (p-value = 0.04)
(Figure 4.12). Also, transferrin saturation was low in trypanosomes-infected and anaemic cattle
and sheep compared to non-infected animals (p-value = 0.0001). However, TS in infected goats
was higher than in non-infected animals (p-value = 0.04) (Figure 4.13).

These different iron parameters were also compared between infected and non-infected livestock
according to the study sites where samples were taken (Pokuase, Katamanso, Ashaley-Botwe, and
Prampram), and there was no difference. Likewise, the infecting trypanosome species, T. brucei,
T. theileri, and T. congolense, were considered to perform various comparisons. Then again, results

showed no significant difference in the iron status of the multiple herds.
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Figure 4.11: Effect of trypanosome infection on the total iron binding capacity (TIBC) in
sheep, cattle, and goats. MeanSE. *P-value <0.05, ****P-value < 0.01 were considered
statistically significant. Animal status: red (infected) and blue (non-infected).
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Figure 4.12: Effect of trypanosome infection on the total serum iron (TSI) in sheep, cattle,
and goats. Mean+SE. *P-value <0.05, ****P-value < 0.01 were considered statistically
significant. Animal status: red (infected) and blue (non-infected).

96



80+

Transferrin saturation (%)
s [#)]
o o

N
o

wRWW

*
% %k % *x

Sheep Cattle Goats
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and goats. MeantSE. *P-value <0.05, ****P-value < 0.01 were considered statistically
significant. Animal status: red (infected) and blue (non-infected).
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4.7 ldentification of transferrin receptor sequence diversity in naturally infected animals
To examine TfR sequence diversity in natural infections in livestock (cattle, sheep, goats), blood
was collected, and the presence of trypanosome species confirmed. Then, RNA was extracted for
only T. brucei positive animals and cDNA was synthesized and enrichment of trypanosome
specific material was performed. The double stranded cDNA obtained was used to perform
conventional PCR to amplify the variable region of TfR (ESAG6 and ESAG7), Figure 4.14 shows
the variable region amplified and the consensus sequence analysed in the different livestock. The
PCR amplicon was gel purified and sent for Illumina sequencing. The TfR sequences were
compared from 10 infections: Cattle (n = 4), sheep (n = 5) and goat (n =2) and wild type GUTat
3.1 (wild-type) as a reference. The reads were mapped to the reference genome; in this case, Lister
427 was used.

Ligand binding
Variable region Homologous region

EG6
E7

TfR

‘VEs==NR

216

c

H

Figure 4.14: The transferrin ligand binding region (variable region) of TfR amplified for
sequencing and the consensus sequence of amino acids analysed.
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4.7.1: Mapping to chromosomes and expression sites, and analysis of sequence diversities
The reads were mapped to the various chromosomes and also to the expression sites, taking into
consideration the 15 expression sites exist (Hertz-Fowler et al., 2008).

The reads were from the following samples: sheep (SH1-5), Cattle (CP1-3) and goat (GT1-2) and
wild-type (GUTat 3.1); the dataset corresponds to read counts of a specific TfR gene in the T.
brucei genome.

The heatmap was therefore generated (Figure 4.15), the colors show relative “levels of expression”
(frequency distribution of reads) mapped to each expression site. High levels of expression (blue)
and low levels of expression (white). For the samples, GT2-CP3, reads mapped to few expression
sites mostly BES3, BES12. However, the reads for SH4 and CP4 mapped to at least 10 different
BES and the wild-type used as a control mapped to almost all the 15 BES. The read counts in
BES4, BES5 and BES7 were significantly low.

Next, the variable region was examined, specifically the VEQ/K sequence from the variable region
of ESAG7. The consensus sequence in BES1 is VEQRKNRG but the consensus sequence from
the animal data is VEQGENRG matching 19 out of 34 sequences. The results showed a significant
difference in the livestock sequences analysed and those differences are observed between and

within animal species, as shown in Figure: 4.16.
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Figure 4.16: Analysis of the consensus sequence in TfR sequences of trypanosomes isolated
from sheep, cattle, and goats. The figure clusters the samples (columns) and sequence counts
(rows) of the first variable region in TfR that binds transferrin. Based on protein sequence
similarity, 2 clusters of genetically diverse TfRs were observed. Trypanosomes in Cattle and 1
sheep clustered with the WT and those in Goats and most of the sheep clustered together.
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4.8 Determination of the influence of the type of VSG expressed by T. brucei on the

transferrin uptake

4.8.1 Cell lines characterisation and comparison of the growth rate

There are two main classes of VSG: dimers and trimers (Sara et al., 2023). The main goal was to
determine whether the structure of the VSG expressed influences transferrin uptake. To answer
this question, T. brucei various cell lines (Lister 427 strain) expressing the two main VSGs
described were used. Briefly, the cell lines used were dimeric-VSG (VSG2) and trimeric-VSG
(VSG3, VSG11, VSG615 and VSG1954). These cells were from the same and unique bloodstream
expression site (BES1). Specifically, some of these cells were engineered via gene conversion such
that the expression site 221 was replaced with VSG11 and VSGL1.8.

First, the doubling time was determined over 72 hours for all the cell lines. Generally, the doubling
time for most of the cells was approximately 8 hours. The data showed that there was not a
significant difference in the doubling time of both dimeric and trimeric-VSG cell lines. However,
among the trimeric-VSG, the doubling time of VSG1954 was approximately 20 hours and that for
VSG615 was approximately 26 hours, these two cell lines are described as metacyclic VSGs. The
difference observed was statistically significant (p-value = 0.041). The growth curves of all the

cells used are summarized in Figure 4.17.
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Figure 4.17: Growth rates of dimeric and trimeric VSG cell lines. Growth curve of (A) VSG2
and VSG3. (B)VSG2, VSG3 and VSG1954. (C)VSG11 and VSG1.8. (D)VSG615 and VSG1954.
Cells were counted every 24 hours and diluted back to 1 x 10° cells/mL. Data presented as mean +

SD. * p-value < 0.05 by unpaired t-test. n = 3 biological replicates.
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4.8.2: Determination of the influence of the VSG-structure on transferrin uptake

To investigate whether the class of the VSG expressed influences nutrient uptake, specifically
transferrin (Tf) uptake flow cytometry was performed to measure the uptake of Tf-467 in the
different cell lines previously described. Cells were pre-incubated in HMI-9 media serum-free this
to trigger TfR turnover, therefore replacing ligated TfR on the surface of the parasites with un-
ligated TfR freshly synthesized as described here (Tiengwe et al., 2017). However, normal
receptor-mediated endocytosis was measured using a specific marker, tomato lectin (TL-467). TL-
467 can bind poly-LacNAc repeats and the ManGIcNAc: core of paucimannose N-glycans on the
flagellar pocket, this favours endocytosis and delivery to the lysosome (Fujimoto et al., 2008;
Schwartz et al., 2013). There was no difference in TL-467 uptake between dimeric and trimeric
cell lines (Figure 4.18A), this is an indication that general endocytosis was the same. Although
there was a slight difference between VSG2 and VSG3, the difference was not statistically
significant (p-value = 0.49). However, Tf uptake was reduced in VSG3 which is a trimeric VSG
compared to VSG2 which is a dimer, the difference observed was statistically significant (p-value
=0.002). Likewise, Tf uptake was significantly reduced in VSG1.8 and VSG11 compared to VSG2
(p-value = 0.0071 and p-value = 0.001). In general, there was an important reduction of
approximately 75% in Tf uptake in some trimeric VSG cell lines compared to the dimeric VSG.
Furthermore, there was a reduction of more than 50% in Tf uptake observed among the different
trimeric VSGs (VSG3, VSG11 and VSGL1.8) and the metacyclic VSGs (VSG615 and VSG1954).
The Tf uptake was significantly higher approximately 3-fold increase in VSG615 compared to
VSG3 (p-value = 0.0001). Similarly, a significant Tf uptake increase was observed in VSG1954

compared to VSG11 (p-value = 0.0006) (Figure 4.18B).
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Figure 4.18: Transferrin uptake in dimeric and trimeric cell lines. (A) TL-467 and (B) Tf-467
uptake in the various cell lines. Median fluorescent intensity (arbitrary units) of n = 3 biological
replicates. Dimeric VSG: VSG2; trimeric VSG: VSG3, VSG1.8, VSG11 and Metacyclic VSGs
(VSG615 and VSG1954). Data presented as mean = SD. **p-value < 0.01, ***p-value <0.001,
****p-value < 0.0001 by unpaired t-test.
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4.8.3 Quantification of TfR levels in the different VSG cell lines

The results described above showed 75% reduction of Tf uptake in some trimeric VSG cell lines
(VSG3, VSG11 and VSG1.8). TfR is essential for Tf uptake; therefore, it was necessary to
determine whether the reduction observed in Tf uptake was due to the low expression of TfR by
examining the ESAG6 and ESAG7 genes. To do this, mRNA was extracted from the different cell
lines and gRT-PCR was performed to quantify the expression levels of the TfR genes. The primers
used targeted ESAG6 and ESAG?7 specifically, and to normalize, the endogenous gene T. brucei
zinc finger protein 3 (ZFP3) was used. Results showed a reduction of approximately 50% and 60%
of ESAG6 and ESAG7 mRNA levels in some trimeric VSGs (VSG11 and VSG1.8) compared to
VSG2 and VSG3, respectively. However, there was no significant difference between VSG2 and
VSG3 (p-value = 0.08). Likewise, no difference was observed when comparing the mRNA levels
of ESAG6 and ESAG7 in VSG2 and the metacyclic VSGs; VSG615 (p-value = 0.22) and
VSG1954 (p-value = 0.09) (Figures 4.19A-B). Next, a Western blot was performed to check
whether the reduction in ESAG6 and ESAG7 in some cell lines resulted in a reduced TfR protein.
TfR protein levels was not reduced in trimeric VSG expressing cells, this indicates that the reduced

Tf uptake is not due to low TfR (Figure 4.19 C-D).
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Figure 4.19: Quantification of TR mRNA and protein levels in dimeric and trimeric cells.
(A) gRT-PCR analysis of ESAG6 transcripts and B) ESAGY transcripts presented as a fold change.
ZFP was used as an endogenous control for normalization and data presented as mean + SD. n =
3 biological repeats, each in technical triplicate. (C) Anti-TfR western blot and protein
quantification. Ponceau stain included as a loading control for normalisation. E6: 50-60 KDa and
E7: 42 KDa. Dimeric VSG: VSG2 (used to normalise other cells); trimeric VSG: VSG3,
VSG224, VSG1.8, VSG11 and Metacyclic VSGs (VSG615 and VSG1954).
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4.8.4: Characterisation of TfR expressed in the different cell lines

To investigate whether the reduction in Tf uptake observed in some cell lines was caused by the
difference in the TfR sequence, the full-length TfR was amplified and sequenced. To do that, both
dimeric and trimeric cell lines previously described were used. However, all these cells are from
the same and unique bloodstream expression site (BES1). Therefore, technically the TfR expressed
should be the same for all the cell lines. To verify this, mRNA was extracted, and cDNA
synthesised, then amplification of the TfR was done by conventional PCR (Figure 4.20A), and the
PCR products were gel purified and Sanger-sequenced. After getting the various sequences,
BLAST was performed to validate that those sequences corresponded to T. brucei TfR. Following
that, multiple sequence alignment was done, and the results showed that all the TfR sequences
analysed were highly similar; the sequence identity varied between 97% and 98%. Therefore, there
was no significant difference in the TfR expressed in both dimeric and trimeric VSG cell lines as
expected. However, a single nucleotide change was observed from A to G, which is a transition in

only the metacyclic VSGs (VSG615 and VSG1954); more details are found in Figure 4.20B.
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Figure 4.20: Comparison of TfR sequence in dimeric and trimeric cell lines. (A) Agarose gel
pictures showing the amplification of TfR. M: marker, NC: negative controle and PC:positive
controle and the samples are the different cell lines. Expected band size: 1250 bp (B)
Chromatogram for a single the single nucleotide variant, indicated with the red arrow.
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4.8.5 Generation of an ESAG7-GPI (E7¢P!) anchor expressing cell line

TR is formed by two proteins (ESAG6 and ESAG7), only ESAG6 has a GPI anchor. Previously,
it was reported that the GPI-valence in the bloodstream stage of T. brucei influences intracellular
trafficking precisely transferrin uptake (Tiengwe et al., 2017). Therefore, the next step was to
investigate whether making a TfR protein with two GPI anchors will rescue Tf uptake. VSG3WT
cell lines were used to transfect with the plasmid (E7CP") (the plasmid construct is found in the
appendix). Then, the uptake of Tf-467 was measured in VSG3WT and the new E7CP! cell lines by
FACS as previously described. The same marker which is tomato lectin (TL-467) was used to
control for general receptor-mediated endocytosis. There was an increase in the general
endocytosis, the difference between TL-467 uptake in VSG3WT and E7°"' was statistically
significant (p-value = 0.0436) (Figure 4.21A). However, a considerable reduction of 70% was

observed in Tf-467 uptake in E7°"' compared to the wild type (p-value = 0.0002) (Figure 4.21B).
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Figure 4.21: Transferrin uptake in E7¢P!' expressing cell lines. (A) TL-467 and (B) Tf-467
uptake in VSG3"T and E7¢" cell lines. Median fluorescent intensity (arbitrary units) of n = 2
biological replicates. Data presented as mean + SD. *p-value < 0.05, ****p-value <0.001 by
unpaired t-test.
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CHAPTER FIVE

5.0 DISCUSSION, LIMITATIONS, CONCLUSION, AND RECOMMENDATIONS

5.1 Discussion

This study was conducted to provide the current burden of animal trypanosomiasis in the primary
livestock (cattle, sheep, goats, and pigs) in the Greater Accra Region and to understand the
dynamics of the disease, provide information about anaemia levels and the iron status of
trypanosome-infected animals, identify polymorphism in transferrin receptor in naturally infected
livestock and determine how the VVSG structures influence transferrin uptake.

The approach was to first detect circulating trypanosome DNA by a sensitive nested PCR (Ofori
et al., 2022) confirmed by sequencing amplicons and to determine haematocrit levels, serum
ferritin, total iron binding capacity, total serum iron, and transferrin saturation by performing
colourimetric and ELISA assays. Further, RNA was extracted from the blood of trypanosome-
infected animals, and cDNA was synthesised, and the variable region of TfR amplified and
sequenced. Finally, specific cell lines from the two main VSG classes were used to measure

transferrin uptake using FACS.

Trypanosome infections in livestock in Greater Accra

For this study, trypanosome infection could not be detected by microscopy, which could be firstly
due to the low sensitivity of the parasitological diagnostic technique. Secondly, low parasitaemia
is often observed in naturally infected animals. Therefore, molecular characterization through PCR
remains the method of choice to identify Trypanosoma species due to its sensitivity and specificity.

The sensitivity of PCR techniques has been shown in various epidemiological studies of
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trypanosomiasis in livestock and other wild animals (Eregat et al., 2020; Fetene et al., 2021;
Habeeb et al., 2021; Ofori et al., 2022) .

The overall prevalence of AAT in the Greater Accra Region is 16% and seems relatively low
compared to other studies (Dieng et al., 2022; Ereqat et al., 2020; Muhanguzi et al., 2017).
Specifically, in the Northern Region of Ghana, the prevalence of AAT was reported to be (61%)
which was extremely high (Dieng et al., 2022). This could be explained by the importance of the
farming sector in that region of the country. Many farms are found there, and the vegetation is very
dense, helping to maintain a high tsetse fly challenge. Therefore, the low prevalence recorded in
Greater Accra might be explained by factors such as, low tsetse fly challenge observed in the
region in general and at the different study sites. Another important factor is the season during the
sampling. Previously, some studies showed that depending on when the samples are collected,
either during the rainy or the dry season, this can influence the prevalence of trypanosome
infections. More infections are usually observed during the dry season compared to the rainy
season (Majekodunmi et al., 2013). For this present study considerable number of animals were
sampled during the rainy season. Also, the overall number of animals screened for this study could
explain the result obtained, in the sense that studies that reported a high prevalence sampled a
considerable number of animals. However, some studies conducted in other countries have
recorded a lower prevalence than what is reported in this current study (Ebanga-Echi et al., 2020;
Idehen et al., 2018).

The livestock were sampled on two separate occasions; for the first and second occasions, the
prevalence of trypanosome infections was 13.8% and 18.5%, respectively. The difference

observed, although not significant, might be due to the study sites for the two occasions of sample
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collection not the same farms were visited. However, all the samples were collected during the
same season even though it was not the same year.

Trypanosome infections greatly varied across the different study sites. Pokuase (CSIR-farm)
recorded the highest infection rate, mainly in sheep. The second study site with a high number of
infected animals (sheep and cattle) was Katamanso (CSIR-farm), followed by Ashaley-Botwe
(LIPREC). The difference in the infection rates observed might be due to variations in the number
of animals sampled per study site and the vegetation surrounding the different places. Another
critical parameter that could have influenced the infection rate is the handling of these animals by
the farm managers and owners. Some farmers administer some drugs, including diminazene
aceturate, to the livestock to prevent various infections, although this usually depends on the health
state of these animals.

Trypanosomes were identified in all four livestock species sampled, even though the infection
rates varied among these animals. The primary livestock sampled were (cattle, sheep, goats, and
pigs) at different sites. Sheep were the livestock mostly infected; this result is contrary to
observations that cattle are the most infected livestock (Eregat et al., 2020; Muhanguzi et al., 2017;
Tweneboah et al., 2021). A study conducted in Nigeria also reported a high infection rate in sheep
compared to cattle and other livestock (Idehen et al., 2018). However, the infection rate reported
in sheep by Idehen and colleagues was 6.9% significantly lower than what is reported in the present
study (29.7%). The low infection rate (16.8%) recorded in cattle in this study might be due to the
small sample size; only 155 animals were screened, as other studies reporting high disease
prevalence in cattle sampled huge numbers (Habeeb et al., 2021; Muhanguzi et al., 2017,
Tweneboah et al., ;2021). However, the infection rate presently recorded (16.8%) is higher than

what some studies reported (Ebanga-Echi et al., 2020; Idehen et al., 2018; Tweneboah et al., 2021).

114



The infection rate in goats was significantly low (3.8%) compared to a previous study conducted
in Gabon, where 140 goats were screened, and 7.8% were found to be infected with trypanosomes.
However, the present data corroborate the findings of another study conducted in Nigeria, where
1054 goats were sampled and the prevalence reported was 4% (Behnke et al., 2011; Gutierrez et
al., 2006). Surprisingly, goats and sheep are always kept in the same vicinity at the different study
sites. However, different infection rates are reported; this could be due to the duration of the
infection, the host tropism, or some specific genetic factors. Also, the breed of goats (short-legged)
sampled for this study seems not susceptible to trypanosome infections compared to the other
breed (long-legged), but this should be confirmed by conducting more extensive studies.
Moreover, previously goats were reported to be resistant to trypanosome parasites (Gutierrez et
al., 2006). The lowest infection rate among all the livestock was reported in pigs. This could be
due to the small sample size or the fact that primers used for the molecular diagnosis could not
detect T. simae, which mostly infect pigs. A study conducted by Tweneboah and colleagues also

reported low trypanosome infections in pigs (Tweneboah et al., 2021).

Trypanosome species identified in livestock and study sites

Trypanosome species identified in the livestock were: T. brucei brucei, Trypanosoma theileri, and
T. congolense, similar to other studies (Ekloh et al., 2023; Simwango et al., 2017). Among these
three species identified in this study, two (T. brucei brucei and T. congolense) are known to cause
AAT in livestock (Masumu et al., 2009; N’Djetchi et al., 2017). However, of all the species
identified, T. brucei brucei. was the most dominant (68.5%) across all the study sites. This finding
is relatively uncommon because T. vivax and T. congolense have been reported by several studies

as the prevalent species (Idehen et al., 2018; Muhanguzi et al., 2017; Tweneboah et al., 2021).
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Also, previous studies conducted in our laboratory (Bakari et al., 2017; Ofori et al., 2022) reported
T. vivax as the most dominant species. Meanwhile some of this study’s samples were collected at
the same study sites and seasons. This, therefore, indicates that the prevalence of trypanosome
infections keeps changing. Most of the animals were infected with only one species of
trypanosomes, but co-infections of T. congolense with T. theileri were seen in two animals (cow
and goat). This is contrary to what was observed by Ofori and colleagues, where high number of
co-infections were reported.

Specific trypanosome species were identified in different study sites and livestock. Pokuase was
the only site where all three main trypanosome species were found simultaneously. This could be
explained by the very dense vegetation surrounding the farm, and the high tsetse fly challenge
observed at the site. However, at Ashaley-Botwe, Katamanso and Appolonia, only two species (T.
brucei and T. congolense); this can be explained by the fact the vegetation observed at these sites
was not dense; therefore, the tsetse flies challenge was moderate. T. brucei was identified at almost
all the study sites, this suggests that majority of the flies found at the different study sites were
infected with that specific trypanosome species. The few cases of co-infections observed in the
present study were recorded at two specific sites, Ashaley-Botwe and Pokuase. This suggests that
flies found at these farms were infected with more than one trypanosome species, therefore during

the blood meal the flies transmitted the two species simultaneously.

Effect of sex and breed on trypanosome infections in livestock
Some host factors, such as sex and age, influence the susceptibility to trypanosome infections
(Bezie et al., 2014). Previous studies have reported the impact of sex and breed of the livestock

species on trypanosome infections (Ngongolo et al., 2020; Simwango et al., 2017). Specifically,
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female animals were reported to be more infected with trypanosome species than males (Ereqat et
al., 2020; Simwango et al., 2017). The data from the present study also showed that among the
infected livestock they were more females, and this was observed for most animal species.
However, the difference observed was not statistically significant when comparing trypanosome
infections in females (16.6%) and males (14.6%). This suggests that sex did not likely have any
significant effect on trypanosome infections in the different livestock, corroborating what was
previously reported by Ekloh et al. 2023 (Ekloh et al., 2023). However, the high number of
trypanosome infections observed in females might be simply explained by the fact that more
females were sampled. This is because in all the farms visited, female animals were always more
than males. The reason is that most farmers prefer to keep female animals and have few males for
mating.

The breed of the animal can also influence the susceptibility to trypanosome infections; for this
study many breeds of different animal species were sampled. For cattle, five breeds (Sanga,
Sokoto, WASH, N’Dama and Sanga cross) were sampled and trypanosome infections were found
in three breeds, those were N’Dama, Sanga and Sokoto and the infection rates were 40%, 22.5%
and 11% respectively. However, the difference observed was not significant suggesting that, the
breed did not have a major effect on trypanosome infections in cattle. No trypanosome infection
was found in two breed WASH and Sanger cross; this might be due to the limited number of
animals sampled. For sheep four breeds (Nungua type or blackhead, Sahelian type, Forest type and
Crossbreed) were sampled for this study. Trypanosome infections were found in only two breed,
Nungua type or blackhead and crossbreed the infection rates were 28% and 33% respectively. No
infection was observed in the other breeds, this because few sheep from these breeds were sampled.

Moreover, Sahelian-type and Forest-type sheep are mostly found in the northern region of the
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country. Therefore, it was not a surprise that the two breeds of sheep found to be infected were the
most represented because present in most of the farms that were visited. Finally, the different
breeds of goats sampled were crossbreed, short-legged and long-legged. In general, few goats were
found to be infected with trypanosome species. These findings suggest that goats might be less

susceptible to trypanosomes, this is contrary to what was reported by Amisigo and colleagues.

Trypanosome infections and degree of anaemia in livestock

Haematocrit level was significantly lower in goats compared to cattle and sheep. There was no
significant difference in haematocrit levels in sheep and cattle. Contrary to what other studies
reported, severe anaemia was not observed in infected cattle (Degneh et al., 2017; Meharenet &
Tsegaye, 2020). However, infected sheep and goats were anaemic, this was confirmed with low
haematocrit levels. There was a significant difference in the haematocrit levels of infected and
non-infected sheep although the number of infected animals was not that considerable. However,
goats were found to be anaemic, but only two animals were infected out of the 41 animals sampled.
Anaemia in goats was severe, but surprisingly the infection rate in these animals was very low.
Therefore, this makes it very difficult to draw a proper conclusion while comparing infected versus
non-infected animals. Results from this study showed that majority of animals classified as
anaemic had no detectable trypanosomes. This suggests that other factors such as bacterial or
parasitic infections or poor nutrition can cause anaemia (Degneh et al., 2017). Also, anaemic
animal found to be trypanosome-negative might not be true negative; there is mounting evidence
indicating that blood might not be appropriate for diagnosing trypanosomiasis due to tissue
tropisms. Studies showed that trypanosome parasites prefer other tissues (adipose tissues, skin,

and others) to blood; these parasites hide to avoid immune response and blood flow (Ekloh et al.,
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2023; Trindade et al., 2016). For this study, no association was found between the trypanosome

species identified and the haematocrit level, indicating the degree of the anaemia.

Anaemia and changes in iron status during animal trypanosomiasis

Anaemia is a crucial immunopathological feature associated with trypanosomiasis, and the degree
of the anaemia is a vital indicator of the severity of the infection. During trypanosomiasis, the
immune response is characterized by a robust pro-inflammatory M1-type activation of the myeloid
phagocyte system (MYPS), resulting in a decrease in iron. Over activation of M1-type, MYPS
triggers the development of iron-deficiency anaemia as the most prominent pathological parameter
in the host due to increased erythrophagocytosis (Stijlemans et al., 2015). During infection, the
host sequestered iron to starve the parasite and therefore limit the growth of the parasite, this
phenomenon is known as nutritional immunity. All these facts indicate that there are several
modifications in the iron status of the host. The first parameter that was determined was ferritin,
which is an iron-binding protein. Ferritin was quantified in the different livestock, both infected
and non-infected animals. The normal value of ferritin varies in different hosts, results showed that
compared to cattle and goats, sheep had the lowest ferritin concentration. The result agrees with a
previous study where the normal range of ferritin concentration in sheep was found to be between
6.7 — 32 ng/mL (Badawi, 2014). There was a significant increase in ferritin concentration in
infected cattle and goats compared to non-infected animals. This is in contradiction with what was
observed in camels infected with trypanosomes, where ferritin concentration was rather low (Al-
Rubaie et al., 2020). The observation made in this present study might be the result of trypanosome
infections. However, there was no difference in ferritin concentration between infected and non-

infected sheep.
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TIBC is the capacity of transferrin to bind iron; therefore, when there is an increase of this
parameter, this indicates low iron levels and vice versa. TIBC was significantly high in infected
sheep and cattle compared to non-infected animals, similar results were observed in trypanosome
infected camels (Al-Rubaie et al., 2020). These data, therefore, suggest that in infected cattle and
sheep, the levels of free iron available are low. However, the inverse was observed in goats where
TIBC was higher in non-infected than in infected animals. TSI was measured, and the results
obtained showed that iron concentrations were significantly low in infected sheep and cattle. This
was expected looking at the high TIBC recorded in these two specific livestock. However,
although a slight difference was observed in infected and non-infected goats, iron levels were not
significantly low in general. Normally, in case serum-iron levels are low, TS also decreases; the
results from the present study confirmed those observations. A significant reduction was observed
in TS in infected sheep and cattle; this is due to low serum iron levels observed in these livestock.
Transferrin (holo-transferrin) is an iron-loaded molecule; therefore, if the levels of iron decrease
the consequence is that more apo-transferrin (iron-free) molecules are found in circulation in the
serum of the host, explaining the low TS. The changes observed in the TIBC, TSI and TS are
considerable in trypanosomes-infected animals compared to non-infected animals. This suggests
that trypanosomes cause significant changes in the iron status of infected animals. Similar findings
were reported by Al-Rubaie and colleagues, where the iron status of trypanosomes-infected camels
was significantly modified compared to non-infected camels (Al-Rubaie et al., 2020). The iron
parameters measured in this current study can be good indicators of infection with trypanosomes,
specifically for animals tested negative after diagnosis using techniques such as PCR or

microscopy.
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Polymorphisms in the transferrin receptor in naturally infected hosts

Iron is one of the most essential nutrients required for trypanosomes to survive in their hosts and
to establish the disease. However, the only source of iron for trypanosomes in the host is through
the uptake of transferrin (holo-transferrin). Therefore, T. brucei express a unique receptor TfR to
bind the transferrin of the different hosts. The question was to know whether T. brucei expresses
specific TfR depending on the host, to facilitate ligand binding in different hosts. This is because
mammalian evolution triggered transferrins to diverge considerably; a typical example is that
human and bovine transferrins differ by 30% in amino-acid sequence (Bitter et al., 1998).
Therefore, TfR sequence diversity in natural infections in livestock (sheep, cattle, and goats) were
examined and compared. These animals were selected because they are domestic and economically
important and known to be the hosts of trypanosome parasites.

It was expected that TfR reads should map to a few expression sites (ideally one ES) indicating
high levels of expression while most ES will show low levels of expression. This was the case for
most animal samples but not for the wild type and two animals (SH4 and CP4) which shows high
read counts for most expression sites. This is consistent with published data showing that minor
variants observed at the population level derived from silent ES significantly contribute to the total
available TfR (Gerrits et al., 2002). Data from the present study showed that BES3 and BES12
seem to be the most preferred in naturally infected livestock; however, BES1 is known to be the
most used expression site for majority of the cell lines used for in vitro studies. Previous studies
have identified specific variable regions in TfR, but for this work, only one region from ESAG7
was examined and compared among the different livestock. The results showed that the region
examined was different in all the sequences analysed. Therefore, these data suggest that there is

diversity in TfR expression observed within or between the different livestock species. This
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contradicts findings from another study (Trevor et al., 2019), which reported that T. brucei
expresses only one TfR that can bind transferrin from various mammalian hosts. However, for the
study conducted by Trevor et al. (2019) cell lines (lab-adapted parasites) were exposed to
transferrin from four hosts (Cow, horse, rabbit, and pig). This does not mimic in anyways natural
infections, therefore what was observed in vitro in the previous studies might not precisely reflect
what is happening in vivo. The present study gives a better overview of what happens in a host

infected with trypanosomes.

Effect of the VSG-structure on the growth rate and transferrin uptake

The growth rates of cell lines expressing dimeric and trimeric VSG were compared and the data
showed no significant difference. This means the VVSG structure does not directly affect the growth
of trypanosome parasites. However, transferrin uptake in trimeric VSG cell lines was significantly
low compared to the dimeric VSG. But the general receptor-mediated endocytosis was normal for
all the different cell lines. This suggests that the low transferrin uptake observed in these cells is
not the result of reduced endocytosis. TR is essential for transferrin uptake, therefore reduction in
the expression of this protein can significantly affect the uptake of this nutrient (Bitter et al., 1998;
Gerrits et al., 2002). However, the data did not show a reduction in TfR protein levels in the
trimeric VSG cell lines. This also suggests that the decrease in transferrin uptake is not due to low
or absence of TfR in these cells. Moreover, TfR sequences from the various cell lines were
analysed and no significant difference was observed. This result was expected because the cell
lines although expressing different VSG were from the same bloodstream expression site (BES1),
therefore TfR expressed should be the same (Hertz-Fowler et al., 2008). However, only a point

mutation which was a transition, was observed in only the metacyclic VSGs (trimeric).
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Tiengwe et al. (2017) showed that the GPI-valence influences intracellular trafficking when a TfR
with GPI-anchors was made. Here, the TfR is found at the FP, but with the additional GPI-anchor
added, this increases the quantity of TfR at the cell surface. Having more TfR at the surface of the
parasite should increase transferrin uptake. However, results showed only an increase in the
general receptor-mediated endocytosis, but transferrin uptake was not rescued but decreased.
Overall, these data suggest that nutrient uptake might be influenced by the VSG structure. The
hypothesis therefore is that trimeric VSGs have a complex structure, and probably due to

overcrowding at the cell surface, uptake of some nutrients such as transferrin is affected.

5.2 Potential pitfalls and alternative approaches
1. In some study sites the number of animals sampled was very small and the livestock species
were different. This makes it difficult to compare trypanosome infections across the various study

sites and livestock.

2. To identify diversity in TfR, only the variable region was amplified and sequenced in different

livestock, and a very limited number of livestock were used per animal species.

3. To determine the changes in iron status during animal trypanosomiasis, it would have been
important to use the same number of animals for the two groups infected and non-infected. For
some livestock species, the number of infected animals was low. Further studies should consider

confounding factors such as infection with other parasitic or bacterial diseases.
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5.3 Conclusion

The overall prevalence of AAT in Greater Accra was low, however, Pokuase area recorded a high
infection rate. Trypanosome species identified in circulation in the region are T. brucei, T.
congolense, and T. theileri, with T. brucei being the most dominant species. Trypanosome
infections were detected in all the livestock screened (cattle, sheep, goats, and pigs) and at almost
all the study sites; however, trypanosome infections significantly varied across the different
livestock and study sites. This study showed that of all the livestock screened, sheep were the most
infected. This is the first study to report sheep as the most trypanosome-infected livestock in
Greater Accra. Furthermore, the results of this study brought evidence that several changes occur
in the iron status of trypanosome-infected livestock, suggesting that iron-deficiency anaemia is the
primary type of anaemia during animal trypanosomiasis. These findings indicate that iron
parameters might be good indicators of trypanosome infections in livestock. However, more
studies with larger sample size are needed to confirm this. Furthermore, for the first time, this
study showed that in naturally infected hosts, T. brucei expresses a specific and unique TfR.
Finally, this study demonstrated that the structure of the VSG expressed significantly affects

uptake of some specific nutrients.
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5.4 Recommendations
1. Extensive sampling of primary livestock (sheep, cattle, goats, and pigs) in other regions of the

country should be done to determine the real burden of animal trypanosomiasis.

2. The same attention should be given to sheep and cattle when implementing control measures to

eliminate AAT.

3. Iron parameters such as ferritin concentration, total iron binding capacity, total serum iron and
transferrin saturation should be used to reinforce the diagnosis of trypanosome infections in

livestock.

4. Full TfRs, not only the variable regions from a large number of infected livestock, must be
amplified and sequenced for a better understanding of the importance of the receptor in natural

trypanosome infections.
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APPENDICES
Appendix A: Ethical clearance

Ethical clearance for the study was obtained from the Council for Scientific and Industrial

Research (CSIR) Institutional Animal Care and Use Committee (IACUC), Ghana, with approval

number RPN012/CSIR-ACUC/2020.
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Appendix B: Questions asked to the farmers

1) What is the animal’s age?

2) What is the animal’s breed?

3) When was the last time you administered any anti-trypanosomal drug to the animals?

4) Do all the animals graze the same area
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Appendix C: Description of the various livestock samples at different study site

Table C1: Details of cattle sampled at Liprec farms (Ashaley Botwe)

Sample ID Sex Breed Age (Years)
Cs1 M Wash 5
CS2 M Crossbreed 6
CS3 M Crossbreed 6
CS4 M Crossbreed 5
CS5 M Crossbreed 7
CS6 M Crossbreed 5
CS7 M Wash 6
CS8 M Wash 7
CS9 M Crossbreed 6
CS10 M Crossbreed 5
CS11 F Sanga 5
CS12 F Sanga 6
CS13 F Sanga 6
CS14 F Sanga 5
CS15 F Sanga 5
CS16 F Sanga 4
CS17 F Sanga 5
CS18 F Sanga 4
CS19 F Sanga 4
CS20 F Sanga 6

Notes: CS represents the code used cattle followed by a unique number, F- female and M- male.
Wash is West African Shorthorn.
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Table C2: Details of sheep sampled at Liprec farms (Ashaley Botwe)

Sample ID Sex Breed Age (years)
SS1 M Blackhead 2
SS2 M Blackhead 3
SS3 M Crossbreed 3
SS4 M Crossbreed 2
SS5 M Crossbreed 2
SS6 M Crossbreed 3
SS7 M Crossbreed 2
SS8 M Crossbreed 2
SS9 M Crossbreed 2
SS10 M Crossbreed 3
SS11 F Crossbreed 3
SS12 F Crossbreed 3
SS13 F Blackhead 3
SS14 F Blackhead 3
SS15 E Blackhead 2
SS16 F Blackhead 3
SS17 F Blackhead 2
SS18 F Blackhead 2
SS19 F Blackhead 2
SS20 F Blackhead 2

Notes: *SS represents to code used for sheep; the code is followed by a unique number, F-male
and M-male.
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Table C3: Details of goats sampled at the CSIR farms (Katamanso)

Sample ID Sex Breed Age (years)
CSG1 F Crossbreed 2
CSG2 F Crossbreed 2
CSG3 F Crossbreed 2
CSG4 F Crossbreed 2
CSG5 F Short-Legged 3
CSG6 F Short-Legged 3
CSG7 F Short-Legged 3
CSG8 F Short-Legged 2
CSG9 F Short-Legged 3
CSG10 F Short-Legged 3
CSG11 F Crossbreed 2
CSG12 M Crossbreed 2
CSG13 F Crossbreed 2
CSG14 F Crossbreed 2
CSG15 F Crossbreed 2
CSG16 F Short-Legged 3
CSG17 M Short-Legged 3
CSG18 M Crossbreed 2
CSG19 F Crossbreed 2
CSG20 F Short-Legged 3

Notes: *CSG represents the code used for goats followed by a unique number, F-female and M-male.
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Appendix D: Iron parameters in infected and non-infected livestock
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Figure D1: Iron parameters in infected and non-infected sheep. Total iron binding capacity
(TIBC), total serum iron (TSI), transferrin saturation (TS) and ferritin concentration. *p-value <
0.05 and ****p-value < 0.0001 were considered statistically significant.
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Figure D2: Iron parameters in infected and non-infected cattle. Total iron binding capacity
(TIBC), total serum iron (TSI), transferrin saturation (TS) and ferritin concentration. *p-value <

0.05 and ****p-value < 0.0001 were considered statistically significant.
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Figure D3: Iron parameters in infected and non-infected goats. Total iron binding capacity
(TIBC), total serum iron (TSI), transferrin saturation (TS) and ferritin concentration. *p-value <

0.05 was considered statistically significant.
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Appendix E: Hematological parameters in infected and non-infected livestock
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Figure E1: Hematological parameters in infected and non-infected cattle. Red blood cell
(RBC), hemoglobin (HGB), haematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC). *p-

value < 0.05 was considered statistically significant, ns (non-significant).
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Figure E2: Hematological parameters in infected and non-infected sheep. Red blood cell
(RBC), hemoglobin (HGB), haematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC). *p-

value < 0.05 was considered statistically significant, ns (non-significant).
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Figure E3: Hematological parameters in infected and non-infected goats. Red blood cell
(RBC), hemoglobin (HGB), haematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC). *p-

value < 0.05 was considered statistically significant, ns (non-significant).
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Appendix F: Amplification of TfR in trypanosomes infected livestock and mapping to

specific expression sites
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Figure F1: Amplification of TfR from the dsDNA of trypanosomes infected animals. An
agarose gel picture shows the bands used to identify TfR in livestock. M: marker, C: wild-type T.
brucei (GuTat 3.1), NC: PCR H20 and C1-C4: cattle IDs, S1-S5: sheep IDs and G1-G2: goats
IDs. Expected band size by PCR was 400 bp.
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Table F1: Frequency distribution of mapped reads to the entire genome with Gene IDs
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Figure F1: Frequency distribution of specific sequences mapped to all expression sites. Each
box shows the distribution of sequences from each animal (x-axis) for each BES. The y-axis shows

read counts for different sequences within the ES.
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Distribution of Read Counts for SH2
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Figure F2: Distribution of read counts for all the samples.
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Appendix G: Generation of ESAG7-GPI cell lines and validation of the transfection
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Figure G1: Generation of ESAG7-GPI cell lines. (A) ESAG7-GPI Plasmid construct containing
(5°-3”): 5’ upstream targeting sequences; puromycin resistance cassette (PUR); tubulin Bo-
intergenic region (Tublnt); RNAIir E7 ORF or a fusion construct of native E7 with the C-terminal
GPI signal of E6 from Sacl site (S) to stop codon (GPI); 3> downstream targeting sequences.
Underbar indicates recoded RNAIr region. (B) Representative gel of the plasmid digestion. M:
molecular marker 1kb, E7 (ESAGY7).
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Figure G2: validation of the transfection for the generation of ESAG7-GPI cell lines. Anti-
TfR western blot on whole cell protein from VSG3-WT and ESAG7-GPI cells.
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