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ABSTRACT

The clinical manifestations of Rhodesian human African trypanosomiasis (rHAT), which is
caused by T. b. rhodesiense, range from acute illness to chronic illness. The basis of this is poorly
understood but is suggested to involve host and pathogen factors, and their interaction. Among
other factors, host immune factors, including cytokines, play a role which has begun to unravel, and
has been shown to vary depending on the host, pathogen species and strain, and mode of infection.
These factors have also been suggested to be potential diagnostic biomarkers. With clinical
diagnosis important in HAT, understanding the underlying basis of varying infection outcomes is
important. In this study, the vervet monkey (Chlorocebus aethiops), a non-human primate (NHP)
model of HAT, was employed to investigate the involvement of cytokines in the manifestation of
different clinical outcomes of rHAT. The work utilised pathological data along with cryopreserved,
archived serum and cerebrospinal fluid (CSF) samples obtained from previously infected animals.
Two groups of vervet monkeys were infected with strains KETRI 3801 and KETRI 3928 to
represent acute and chronic disease forms, respectively, alongside an uninfected control group.
Three animals per group (n=3) for plasma analysis and two animals per group(n=2) for CSF
analysis were selected due to limited resources available. Quantities of immune modulators, namely
INF-y, TGF-B, TNF-a, IL-1p, IL-6, IL-10, I1L-12, IL-13 and a brain damage biomarker protein,
S100B were determined, and pathological data, including survival time, parasitaemia, packed cell
volume (PCV), temperature, weight and food intake, were analysed. The levels of individual
cytokines showed variations in the course of infection. Levels of 1L-12, IL-6 and IL-1B cytokines
were significantly increased (p<0.05) from the early stage through to the onset of late-stage disease.
Additionally, cerebrospinal fluid (CSF) parasite counts and white blood cell (WBC) levels were
higher in KETRI 3801 infections compared to KETRI 3928. IL-12, IL-6 and IL-1 cytokines were
particularly higher in acute infection, possibly contributing to the severity of the disease in KETRI
3801 infections, while the interaction between IL-1f, IL-6 and IL-10 played a typical pro- and
counter-inflammatory response during infection progression. Fluctuations in parasitaemia were
observed in infected animals, with the KETRI 3801 cohort exhibiting a higher parasitaemia (peak
antilog 8.7) than KETRI 3928 (peak antilog 7.8). In addition, infected animals had higher febrile
temperature, lower body weight and PCV, which these much pronounced in acute as compared to
chronic infections. Monkeys infected with KETRI 3801 and KETRI 3928 had a mean survival time
of 28 and 95 days, respectively. The findings suggest strain-directed and host-dependent
immunomodulation as the basis of the different infection outcomes. Also, cytokines are key
regulators of disease progression and severity in the NHP model of HAT, and they are essential for

understanding the differences in infection outcomes
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CHAPTER ONE
INTRODUCTION
1.1 Background information

African trypanosomes (genus Trypanosoma) are flagellated parasitic protozoa responsible
for a set of diseases collectively known as African trypanosomiasis (AT). In humans, the disease is
commonly referred to as sleeping sickness (human African trypanosomiasis, HAT), while in cattle
it is commonly called nagana (African animal Trypanosomiasis, AAT). Transmission occurs during
a blood meal through a bite by an infected tsetse fly (Glossina spp.), a vector that is confined to 37
sub-Saharan African countries where the disease remains endemic. Within this region, over 70
million people and about 45 to 50 million cattle have been reported to be at risk, while
approximately 21 million people are reported to reside in high-risk zones (Simarro et al., 2012;
Salah et al., 2015). The cattle industry alone suffers annual economic losses estimated at USD 1.0-
1.3 billion (Salah et al., 2015), while the Food and Agriculture Organization (FAO) estimates
overall agricultural losses at about USD 4.75 billion annually in terms of GDP (FAO, 2012,
Vreysen et al., 2013). Because the disease affects both humans and livestock, its socioeconomic
burden is immense. The two main control strategies applied are chemotherapy and transmission
disruption through vector control, both of which suffer several limitations. In addition, diagnostic
methods remain inadequate. This underscores the pressing need for more effective and innovative
approaches to disease control and diagnosis.

Nagana is caused by different African trypanosome species, namely T. brucei, T.
congolense, and T. vivax. Other forms in domestic animals also exist and include surra disease in
camels caused by T. evansi, and dourine, a venereal disease of equines caused by T. equiperdum.
AAT has a huge economic impact, including reduced milk and meat production in cattle, as well as
reduced draught power, which is important in mixed farming (Oluwafemi et al., 2007; Thumbi et
al., 2010). In addition, there are deaths, reduced calving, abortions and poor quality of hide of
infected animals. This hugely impacts the livelihood of people living in tsetse-infested areas, the
majority of whom are among the world’s poorest (Mpanya et al., 2012; Shaw et al., 2010; WHO,
2013). Notably, both livestock and wild animals serve as reservoirs for African trypanosomes that
can infect humans (Ng’ayo et al., 2005; von Wissmann, 2011).

Human African trypanosomiasis (HAT), commonly known as sleeping sickness, is caused
by two subspecies of Trypanosoma brucei: T. b. rhodesiense (Tbr) and T. b. gambiense (Tbg). The
Rhodesiense form (rHAT), associated with Tbr, generally causes an acute and rapidly progressing
iliness in eastern and southern Africa, whereas the Gambiense form (gHAT), linked to Thg, leads to
a more chronic disease in western and central Africa. Following the bite during a blood meal by an

infected tsetse fly, the infection develops in two distinct clinical stages. The first, referred to as the
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early or haemolymphatic stage, is characterised by parasite proliferation in blood, lymphatic fluid
and other tissues. Subsequently, the parasites traverse the blood-brain barrier (BBB) and/or the
blood cerebrospinal fluid (BCF) barrier, infiltrating the central nervous system (CNS) and
cerebrospinal fluid (CSF). This progression marks the onset of the second, late stage of the disease,
also known as the meningoencephalitic or CNS stage. The disease symptoms are similar to other
tropical diseases. Therefore, timely diagnosis is essential to prevent neurological complications.
Currently, the World Health Organization (WHO) identifies microscopic detection of parasites in
blood or lymph node aspirates as the preferred diagnostic standard (Brun et al., 2010; WHO, 2022).
If the test is positive, disease staging involves performing a lumbar puncture to examine
cerebrospinal fluid for trypanosomes and/or a white blood cell (WBC) count above 5 cells/uL.
These procedures suffer several limitations, including low sensitivity, inapplicability in remote
settings where the disease is endemic and the need for skilled personnel and health infrastructure
that are absent or limited in endemic foci (Mwanakasale et al., 2013). These limitations hinder the
elimination of the disease. Therefore, there is a pressing need for diagnostic methods that are both
more reliable and widely accessible. Here, diagnostic and staging biomarkers are needed.

The disease progression and pathogenesis have been associated with the host and pathogen
factors, environment and a combination of these (MacLean et al., 2010). The host’s immune
response is a key determinant in shaping disease progression, influencing pathogenicity and
ultimately affecting the overall outcome of infections. Notably, African trypanosomes deploy an
elaborated mechanism of immune evasion termed antigenic variation. The parasites undergo
sequential and periodic changes in their surface coat protein, known as the variable surface
glycoprotein (VSG), which enables them to evade the host’s immune system. This mechanism
allows the parasites to persist for extended periods, sometimes even decades, increasing the window
for cyclic transmission. VSG also affects the immune elements through the induction of cytokines
and antibodies (Magez et al.,, 2002). Other parasite factors, including trypanosome-derived
lymphocyte triggering factor (TLTF), trigger T cells to produce interferon (IFN)-y and modulate the
immune system (Abdulla et al., 2013). Due to the parasite’s highly sophisticated immune evasion
strategies, timely diagnosis and rapid initiation of treatment are critical for effective disease control
and management. This is especially vital for achieving global goals of elimination and eventual
eradication. In addition, early detection before progression into stage 2, which is more challenging
to manage and involves the use of less effective and toxic drugs, is more desirable. Consequently,
the identification of novel detection and staging biomarkers is urgently needed. The cytokines
produced during immune system activation show a significant variation in levels throughout the
early and late phases of the disease (Kato et al., 2015; Maranga et al., 2013). This knowledge on

variations is important in understanding pathogen-host interactions and host immune response in
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infection outcome in Thr infection, which poses a significant challenge in disease management and
control.

In Tbr infection, the parasite can affect a broad spectrum of wild and domesticated animals,
making interruption of transmission unrealistic. Recently, some regions have reported re-emergence
of the disease despite not reporting any cases in the past 30 years (Abera et al., 2024). This can be
attributed to the mutation of Tbb strain that infects animals and not humans (Gibson, 2005).
Consequently, there is a need to understand host immunity and disease progression.

The host immune response significantly influences disease pathogenicity and progression of
HAT. There are varying pathogenicity and infection outcomes in African trypanosome infections,
with two forms of HAT being classic examples. Generally, rHAT, caused by T. b. rhodesiense, is
considered acute, killing patients in weeks or months, while gHAT, caused by T. b. gambiense, can
last up to a year and is chronic. However, rHAT with characteristic acute, chronic and
asymptomatic (MacLean et al., 2004; Ormerod, 1967) outcomes have been recorded. This
phenomenon has been associated with parasite and host genetics or a combination of both
(MacLean et al., 2010), with intra-specific variation in the parasite and gene polymorphism of host
immune factors, specifically cytokines (Courtin and Garcia, 2007), potentially involved. These
immune factors, specifically IFN-y and TNF-a, have also been implicated in parasite invasion of the
CNS (Amin et al., 2012; Masocha et al., 2004; MacLean et al., 2004), indicating a role in
progression and outcome. However, the comprehensive role of immune factors in varying disease
outcomes in humans remains unclear. Improving our understanding in these areas is important, with
insight gathered on potential applications in the identification of diagnostic and staging biomarkers,
and also predicting the possible disease outcomes to allow better management. Notably, this can
allow optimisation of clinical diagnosis, especially in areas with poor health infrastructure and other
tropical diseases with similar clinical signs and their diagnosis is also poor.

Most of our current understanding of AT immunology is from mouse model studies. For
HAT, a murine model as well as a non-human primate (NHP), particularly the vervet monkey
(Chlorocebus aethiops, African Green Monkey) has been used (Brun et al., 2001). Other studies,
which are quite informative, have involved sleeping sickness cases (MacLean et al., 2001;
MacLean et al., 2004; MacLean et al., 2012) but suffer from serious limitations. For example, it is
difficult to determine infection time and consequently disease onset in human cases. Additionally,
monitoring host factors, including immune system factors, periodically with disease progression is
not possible. Hence, the vervet monkey model of HAT (Schmidt & Sayer, 1982) is useful.
Previously, studies described a vervet monkey HAT model in which infection occurred via the bite
of a single infected tsetse fly, closely replicating the natural transmission of sleeping sickness

(Thuita et al., 2008). Here, levels of cytokines in blood and CSF samples from vervet monkeys
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previously infected with two strains of Thr responsible for varying pathogenesis were evaluated. To
understand variations of these factors under investigation, monkey clinical data were retrieved and

analysed for comparison (Thuita & Masiga, 2016).

1.2 Statement of the problem

The rhodesiense infection kills in a matter of days or weeks if untreated. Current diagnostic
and disease staging methods, more specifically, microscopic detection of the parasite in infected
body fluids and/or elevated white blood cell counts in the CSF above 5 cells/ pL, are not sensitive
enough. Controlling Tbr infection has posed a challenge due to re-emergence in regions where
disease control had been achieved. This can be attributed to the fact that Tbr is a Thb mutant that is
animal-infective, making animal reservoirs important in disease transmission (Gibson, 2005). In
addition, infections with Tbr can result in varying disease outcomes, with some strains and/or
patients showing acute or chronic infections. The role of host immune factors in the varying
infection outcomes and disease progression remains unclear and is important in revealing the
dynamic host-pathogen interactions involved. Consequently, this study sought to reveal immune
changes associated with Tbr infection and disease progression in the NHP HAT model that result in

varying disease outcomes.

1.3 Objective

1.3.1 General objective

To investigate the role of cytokines in varying rHAT disease outcomes in a vervet monkey model of
HAT.

1.3.2 Specific objectives
i.  To identify cytokines in vervet monkeys infected with two strains of T. b. rhodesiense
responsible for acute and chronic infections.
ii.  To investigate the variations in cytokine levels with disease progression.
iii. To investigate the role of cytokines in T. b. rhodesiense disease pathogenicity.

1.4. Null hypotheses
I.  There is no cytokine difference between acute and chronic infections.
ii.  The variations in cytokine levels are not associated with disease progression.
iii.  There is no relationship between cytokine levels and disease pathogenicity in T. b.

rhodesiense infection.



1.5 Justification

Insights on the role of host immune factors in modulating disease outcomes reveal
interactions between host and pathogen factors during infection. In rHAT, which is an acute
infection that kills within a short period, this holds importance because of several reasons: First, it
provides an understanding of the contribution of specific host immune factors in varied disease
outcomes. Secondly, the knowledge of varying immune factor levels can permit the identification
and subsequent validation of potential detection and/or stage biomarkers. These are particularly
needed to improve diagnosis and eliminate the painful and invasive lumbar puncture process of
disease staging. Thirdly, it contributes to the knowledge at the molecular level of host-pathogen
interactions associated with varied disease outcomes and progression. This will further enable
understanding of the basis of observed clinical signs, which can help resolve clinical diagnosis and
hence improve disease management. Lastly, understanding the contribution of the immune system
to the modulation of disease outcomes is important in the development of better and optimal
treatment therapy, including anti-disease therapies as a part of a toolkit for effective disease
management. In sum, insights on alterations associated with varying Tbr infection outcomes will
reveal dynamic trypanosome-primate interaction that can be exploited in the discovery of candidate

diagnostic and staging biomarkers and a novel disease management approach.



CHAPTER TWO
LITERATURE REVIEW
2.1 African trypanosomiasis

African trypanosomiasis (AT) is a tropical disease caused by flagellated protozoan parasites
known as African trypanosomes (genus Trypanosoma). Transmission occurs through the bite of the
tsetse fly (Glossina spp.), which serves as the insect vector. In humans, the disease is referred to as
sleeping sickness (human African trypanosomiasis, HAT), while in livestock it is known as nagana
(African animal trypanosomiasis, AAT). AT is confined to 37 African countries where tsetse flies
are present, though other forms of the disease that do not involve tsetse transmission are found
beyond the continent. The endemic zone is a fertile region where agriculture is practiced by
dwellers. Consequently, the disease exerts a substantial health and economic burden, with nearly 70
million people residing in endemic areas at risk of infection, an estimated 300,000 active cases and
between 10,000 and 40,000 deaths reported annually (Franco et al., 2020; Simarro et al., 2012;
WHO, 2013). The estimated losses in cattle production annually are approximately USD 1.3 billion
(Salah et al., 2015). These losses are high, especially in a region inhabited by the world’s poorest,
who suffer from a myriad of other tropical diseases. Therefore, the control of the disease is essential
for enhancing the quality of life of the population and aligns with the objectives of major global
health initiatives, including the former Millennium Development Goals (MDGs) and the ongoing
Sustainable Development Goals (SDGS).

The major control strategies for AT are vector control and chemotherapy. Vector control
involves the prevention of a bite by tsetse, consequently disrupting the transmission of the parasite.
In case of a bite by an infected tsetse and consequently an infection, chemotherapy remains the
mainstay of the control approach applicable. If the disease is not treated, death is highly likely.
Here, various drugs are used for treatment. However, most suffer from chemo-resistance and
chemo-toxicity. Notably, diagnosis is also poor, significantly limiting the control and management
strategies deployed. This necessitates improvement and/or development of novel diagnostic and

control strategies for improved management of AT.

2.1.1. African animal trypanosomiasis (AAT)

Nagana, also known as African animal trypanosomiasis (AAT), is a debilitating wasting
disease of livestock caused by African trypanosomes transmitted through tsetse flies. The parasites
are spread by nearly 30 different species of Glossina (Diptera: Glossinidae) that inhabit
approximately 10 million km? (Brun et al., 2010) and cover 37 countries in Africa. Nagana is
caused by several distinct species of African trypanosomes, including T. congolense, T. brucei

brucei and T. vivax. Other forms include surra disease in camels caused by T. evansi, dourine in
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equines caused by T. equiperdum and T. suis, which causes the disease in pigs. The parasites are
primarily transmitted through the bite of an infected tsetse fly during a blood meal. Because tsetse
flies feed on a broad range of hosts, including wild animals, the distribution of AAT is widespread.
More so, most wild animals, such as buffalo, act as reservoirs, enabling continuous transmission
that significantly limits control and management strategies deployed. T. evansi is mechanically
transmitted by insects, mainly by biting flies such as tabanus and stomoxys, on their mouthparts
from one host to another during interrupted feeding. T equiperdum is transmitted during coitus.

The tsetse belt covers an estimated 10 million km? with nearly 60 million cattle at risk of
infection (Connor & Van Den Bossche, 2004; Cecchi et al., 2009) (Figure 1). Therefore, mixed
farming is hugely affected. Worth noting is the mechanical transmission of T. vivax by tabanids,
namely Atylotus agrestis (Desquesnes & Dia, 2003), increasing the endemic region beyond Africa
to also include South America (Jones & Davila, 2001). In Africa, the AAT endemic region also
represents the most fertile parts of the continent. Therefore, the disease imposes severe agricultural
losses and significantly undermines the economies of the affected countries.

The inoculation of the trypanosomes after a tsetse bite causes swelling and the development
of a chancre at the site of inoculation. The parasites spread to the blood and lymph nodes and
localise in different sites depending on the infecting parasites. Antigenic variation, the systematic
and periodic change of the pathogen surface coat by the bloodstream parasite forms, prevents
parasite clearance and prolongs their survival in the host. Prolonged survival leads to antibodies
building up from the immune reactions and the consequent deposition of the immune complexes
resulting from the disease-forming lesions (Ponte-Sucre, 2016). These factors interfere with the
normal organ function. Thus, the infected animals become weaker with time. In animals, the
infection typically manifests in acute, sub-acute or chronic forms, and is characterised by anaemia,
recurrent bouts of fever, rapid loss of condition and occasional diarrhea, which can terminate in
death if the animals are not treated (Shaw et al., 2014). As the disease progresses, the animals
become increasingly debilitated and ultimately, the affected animals become unfit as a source of
draught power. In addition, low milk yields, low calving rate, high calf mortality rate and high
treatment costs are incurred. Therefore, AAT reduces, directly and indirectly, food (both crop and
animal) production and constrains optimal utilisation of fertile land (Shaw et al., 2014). This impact
is huge, with losses in cattle production alone approximated to be USD 1.3 billion (Salah et al.,
2015), and total agricultural loss approximated to be USD 4.75 billion annually (FAO 2012,
Vreysen et al., 2013).
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Figure 1: Distribution of African trypanosomiasis. Colour codes show the distribution of the tsetse
fly vector, cattle and trypanotolerant cattle
Figure adapted from Connor and Van Den Bossche (2004)

2.1.2. Human African trypanosomiasis (HAT)

Sleeping sickness, or human African trypanosomiasis (HAT), is caused by two subspecies
of Trypanosoma brucei: T. b. rhodesiense (Tbr) and T. b. gambiense (Tbg). The Rhodesiense form
(rHAT), found in eastern and southern Africa, is typically acute, whereas the Gambiense form
(gHAT), prevalent in central and western Africa, develops as a chronic disease (Figure 2). It is
worth noting that the disease has been observed to present with a wide spectrum of clinical

outcomes, including asymptomatic cases (Jamonneau et al., 2004; Kuepfer et al., 2011; Maclean et



al., 2010). In both cases, the disease proceeds through
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Figure 2: Distribution of Human African Trypanosomiasis (HAT). Colours show T. b. gambiense

and T. b. rhodesiense incidence; black line marks areas of overlap (Brun et al., 2010)

two stages. Following the bite of an infected tsetse fly, the parasites initially colonise the blood and
body tissues, leading to stage 1, also referred to as the early or haemolymphatic phase. As the
infection progresses, the parasites penetrate the blood-brain barrier (BBB) or the blood
cerebrospinal fluid (BCF) barrier, gaining access to the cerebrospinal fluid (CSF) and central
nervous system (CNS). This marks the onset of stage 2, known as the late or meningoencephalitic
stage. The second stage is characterised by neurological complications, most notably disruptions of
the sleep-wake cycle, a hallmark feature that gave the disease its name. The clinical signs observed
include edema, fever, fatigue, asthenia, skin rash, anorexia, joint and muscle pain (lumbalgia,
arthralgia and myalgias), headaches, endocrine dysfunction, hematological alterations such as
anaemia, ocular pathology such as keratitis and choroidal atrophy, psychiatric symptoms,
cardiovascular alterations and impairment of motor functions (Blum et al., 2006; Kennedy, 2008;
Kupfer et al., 2011; MacLean et al., 2010). The symptoms of the disease progress from chronic to

intermittent fever, pruritus, headaches, lymphadenopathy, hepatosplenomegaly, sleep disturbance



and neuropsychiatric symptoms, to coma and death if the disease is left untreated (Brun et al.,
2010).

The rhodesiense infection is zoonotic, with both wildlife and cattle acting as main reservoirs
of Tbr (Ng’ayo et al., 2005; Simarro et al., 2011). However, epidemics in Eastern and Southern
Africa have shown a possible and significant role of humans in the transmission of Thr (Franco et
al., 2014). gHAT, on the other hand, has humans as the main reservoir of Thg. With transmission
dynamics slightly varying for the two forms, various control strategies have been employed. In
addition, evidence suggests a potential overlap of the two disease forms within Uganda (Brun et al.,
2010).

HAT is a focal disease with about 360 known foci and affects 37 Sub-Saharan African
countries (Franco et al., 2020; WHO, 2013). Out of 37 countries, the Gambian form is found in 24
countries with around 300 foci grouped depending on the disease transmission intensity of high to
very high levels, moderate levels and low to very low levels (Cecchi et al., 2009; Franco et al.,
2020; WHO, 2014). Rhodesiense form has about 60 foci in 13 sub-Saharan African countries,
categorised according to their pattern of transmission into areas where wild animals are kept in
protected areas and areas where cattle are the main reservoir (Simarro et al., 2013; WHO, 2020). As
demonstrated by the foci, rHAT accounts for just 2% of cases, with the rest (98%) due to gHAT
(Welburn et al., 2009). This region is extensively remote and is characterised by high poverty levels
and poor and/or no health infrastructure. The impact data might not be quite accurate and are likely
an underestimation (Holmes, 2015; Simarro et al., 2008) because non-hospitalised cases are not
reported, poor roads render some regions inaccessible and reduced disease detection efforts due to

reduced cases. Therefore, the burden of HAT is huge.

2.2. Impact of African trypanosomiasis

The estimated number of people at risk of infection and living in the Tsetse belt is about 70
million people, with the estimated mortality rate ranging between 10,000 and 40,000 per year
(Franco et al., 2014). With the disease affecting both human and livestock, its medical, veterinary

and socio-economic impact is huge. These impacts are reviewed below.

2.2.1 Impact of human African trypanosomiasis

The approximate number of people living in the endemic areas and at risk of infection is
about 70 million, with 300,000 infected and about 10,000-40,000 annual deaths (Franco et al.,
2014; WHO, 2013). In 2011, the estimated number of reported cases was 6,743 people with about
960 deaths (Simarro et al., 2012). Together with costs incurred in seeking treatment, after death and

loss of sometimes skilled and core members of the family, the costs are high. Time and resources
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used in caring for the sick could be used in other economic activities that contribute to improving
the lives of the already poor communities. In addition, the sick people are unable to work, limiting
their contribution to economic activities, including agriculture, which is the main occupation in the
affected regions.

HAT is ranked second in terms of mortality rate and fourth in disability adjusted life years
(DALYs) (Matemba et al., 2010). It is also a neglected tropical disease (NTDs) or “disease of
poverty” (neglected in terms of drug and diagnosis development due to low investment returns due
to low purchasing power of the affected) with global disease burden (GDB) estimates of about
108.7 million DALYs or 4.4% of the total global burden of diseases and injury (Matemba et al.,
2010). Currently, there has been a significant reduction of DALY from 1.82 million to 829,000 and
to 560,000 in the years 2000, 2005 and 2013, respectively (Hackett et al., 2014). An estimate of
1,609,041 DALYs lost was reported in 2004 (Fevre et al., 2008). These indicate a continued
reduction in the disease burden over the years, a consequence of global, regional and national
resolutions implemented under WHO Control and eradication of NTDs as of January 2012 (WHO,
2012). More so, the restoration of political and socioeconomic stability in some of the affected
nations, such as the Democratic Republic of Congo (DRC), Congo Brazzaville and Angola,
amongst others, contributed to this success (Blscher et al., 2017). The reduction of the disease
burden is also contributed to by the resolutions aimed at controlling the disease.

The implementation of the resolution, which involved surveillance, disease detection and
treatment, has resulted in a reduction of the reported cases, with the gHAT cases showing a 69%
reduction (36,585 to 11,382) while the rhodesiense form had 21% from 1997 to 2006 (Simarro et
al., 2008). The period between the years 1998 to 2011 registered a reduction of 82.3% of reported
cases from 37,991 to 6,743 at the continental level (Simarro et al., 2012). In 2009, 19 countries out
of the 37 countries where the disease is endemic registered no new cases (Simarro et al., 2011). In
2015, the total number of reported cases was reduced to 2,801 and further in 2016 to 2,164 cases
(Franco et al., 2018). The estimated area of the region having moderate to higher risk from 2012 to
2016 was 280,000 km? (Franco et al., 2018). These figures show a 92% and 61% reduction in 2015
and 2016, respectively. In recent years, 992 cases were documented in 2019, followed by 663 cases
in 2020 (Franco et al., 2022). During the 2011 to 2020 period, a total of 49 cases were identified in
countries outside the endemic regions, where 71% of the cases were Tbr infections from travelers
(Franco et al., 2022). Despite the efforts towards disease elimination, there are cases of
reemergence of HAT infection. Tbr reemergence has recently been reported in Ethiopia, where two
out of four patients died due to delayed treatment (Abera et al., 2024). While there is notable
improvement, elimination and eradication will require not only better detection and drugs for

treatment but also other improved and/or novel tools that disrupt transmission, implemented in
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effective and efficient ways. This challenge will require our increased knowledge in various fields,
including identification, validation and development of novel diagnostic and drug targets,

transmission dynamics in endemic foci, and disease progression and pathology, amongst others.

2.2.2 Impact of animal African trypanosomiasis

The effects of Nagana on livestock production and the general health of cattle are
devastating. Generally, the impact of the disease has both direct and indirect effects on livestock
production. In total, the annual agricultural loss is estimated to be US$4.5 billion (FAO, 2004; Yaro
et al., 2016). This could be an underestimate if other losses associated with the disease are included.
For example, both human and animal migration and settlement are due to epidemics and disruption
of other human activities, including agriculture (Swallow, 2000).

Direct loss includes losses associated with health and animal production. First, the disease
affects livestock management in various ways, including livestock numbers kept, grazing and the
species and breed composition of the herd (Connor, 1994). The number of animals kept by the
farmer has reduced due to death. This leads to reduced herd size and consequently reduced
productivity. Animal productivity is measured by reproductive performance, parasitemia status,
lactation off-take and animal mortality. In general, productivity is determined by the animal output
in terms of the cost of treatment, milk and meat production and animal traction (Swallow, 2000).
Sick animals have low milk production and a very low calving rate, the meat production is low and
the animals cannot work in the farms due to weakness, yet these regions are characterised by
farming using animals. In total, an estimated loss of about US$1300 million is incurred every year
in poor rural settings (Shaw, 2004; Shaw et al., 2015), which is significant because of the poverty
levels. Secondly, the infected animals are generally weak due to infection-associated pathogenesis
and pathology. These animals cannot therefore offer draught power, limiting mixed farming, which
is common in the affected areas. Thirdly, infected animals are difficult to relocate when in search of
pasture and water. In the tsetse fly-infested areas, pastoralism is common. Consequently, most lands
are not optimally utilised and farming activities are limited (Swallow, 2000).

The indirect effects are various. First, the loss associated with infected animals limits mixed
farming, more specifically, crop production. Infected animals become too weak to provide draught
power. High mortality reduces manure production, which reduces crop yield (Swallow, 2000).
Notably, reduced crop yield means limited plant material to be used as animal feed. Therefore, the
economic benefit associated with agriculture is reduced due to the disease. Secondly, other human
economic activities are affected due to the uninhabitable nature of the tsetse-infected areas.

Therefore, improved control of the disease is needed to limit the losses involved.
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The cost of controlling the disease is high. Chemotherapy, which is widely used by farmers
in the tsetse fly-infested areas, is costly and is estimated in 2004 to be about US$30 million
(Holmes et al., 2004). In 2015, it was estimated that the total cost of curative and prophylactic
treatment per animal was US$5.69 and US$3.57 per animal annually (Mhanguzi et al., 2015).
Together with developing drug resistance, the overall cost increases. On the other hand, the use of
restricted insecticide application protocol (RAP), which involves the application of pyrethroid
insecticides on the ears, legs and bellies of the animals, costs about US$0.57 per animal per single
spray, which is costly in the long run (Mhanguzi et al., 2015). Because both humans and animals
are affected, its impact is huge and consequently improved and/or novel control strategies are
urgently needed. Moreover, with climate change affecting agriculture and disease transmission
dynamics, novel tools and a better understanding of vector-borne infectious diseases are necessary
to enable adaptation of affected local communities, who at present bear a huge burden.

2.3. Control of African trypanosomiasis

The main control strategies of AT include vector control and chemotherapy. The campaigns
towards the eradication and elimination of the disease have utilised these two control strategies and
registered some success in the past. The control strategies and the campaign by the WHO and other
nongovernmental organisations (NGOSs) significantly reduced case numbers to less than 3,000 in
2015, through case detection and treatment of the gHAT (Franco et al., 2018). In contrast, control
of rHAT is made complex by the involvement of wildlife in parasite reservoirs, and hence control in
the reservoirs, reduction of the vector population and medical interventions are deployed (WHO,

2020). For AAT, reduction of the vector numbers and treatment of infected animals are applied.

2.3.1. Vector control

The reduction of the vector population is important in the eradication of AT and more
especially for rHAT and AAT, where domestic and wild animal reservoirs play a vital role in
disease transmission. This is not applicable in gHAT, where human infections can last months and
even years without clinical signs (Rock et al., 2015), with man playing a central role in
transmission. Vector control involves disruption of the transmission cycle. It is particularly
important in cases where active surveillance campaigns are costly because of the low endemicity,
making protection of the population against the vector a more viable option. Various approaches
have been deployed and can be categorised into four, including the use of the sequential aerosol
technique (SAT), the stationary attractive devices, the live bait technique and the sterile insect
technique (SIT).
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2.3.1.1. Sequential aerosol technique (SAT)

The sequential aerosol technique (SAT) involves applying low doses of insecticides using
helicopters or fixed-wing aircraft, which operate at an altitude of approximately 10-15 meters above
the tree canopy. Depending on the temperatures, the spraying is done in 5-6 cycles a day separated
by about 16-18 days before the next spray (Allsopp & Hursey, 2004). The success of this method is
dependent on droplet sizes, which should be appropriate because small droplets remain suspended
in air for longer periods, while larger droplets are denser. This method kills the adult flies when
they come in contact with the insecticide mist. Subsequent spraying cycles kill the flies that are
emerging before they attain their reproductive stage.

The use of modern technologies has improved the approach. For example, GPS-guided
spray and navigation systems such as the SATLOCK have been deployed (Vreysen et al., 2013).
Such improvements have made the SAT effective for covering wider areas in dense humid forests
and open savannah ecosystems (Kgori et al., 2006). In 2001 and 2002, for example, an area of
about 7180 km? and 8722 km* respectively, was covered in the Okavango delta located in
Botswana, utilising the same technique using an application dose rate of 0.26g/ha (Allsopp &
Phillemon-Motsu, 2002). In addition, the technique is cost-effective and rapid and does not cause
detrimental effects to the environment. However, the effects on organisms within the environment
are a challenge, posing limitations.

Despite the improvements and wide application, a key limitation of this method is the risk of
re-invasion when the treated area is not geographically isolated. The insecticide’s effect on the non-
targeted organisms is also detrimental. In the 1950s, there were reported severe mortality rates of
wildlife from the toxic residual insecticides (Adam et al., 2013). Initially, the ground spraying was
done using DDT and later replaced by the deltamethrin insecticide, which posed many detrimental
effects to the non-target organisms in Zimbabwe (Lambert et al., 1991). Findings have
demonstrated that the insecticide exhibits acute toxicity toward a broad spectrum of invertebrates
inhabiting tree trunks, silverfish (Thysanura: Lepismatidae) and plant-hoppers (Homoptera:
Fulgoroidea) with reported population reduction. The introduction of non-residual endosulfan and
pyrethroids used in SAT has reduced these effects to minor levels, but does not eliminate the effects
of these insecticides on non-targeted organisms (Adam et al., 2013). Therefore, further
improvements are necessary to eliminate these limitations. Furthermore, addressing other
challenges emerging due to the successful implementation of SAT is necessary within the
ecosystem.

One of the interesting effects of the success of this technique is the negative interaction
between humans and wildlife. In Zimbabwe, the elimination of tsetse led to an expansion of arable

lands and consequently, the number of elephants was reduced (Murwira et al., 2010). The extensive
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cattle rearing increases competition with the wild fauna for land, causing major land degradation
and negative effects on the ecosystem through overgrazing (Holt et al., 2016). A study conducted in
Senegal suggested that the successful elimination of the tsetse flies, coupled with trypanotolerant
animal rearing, will result in decreased herd sizes (Bouyer et al., 2014).

2.3.1.2. Stationary attractive devices

Stationary attractive devices involve the attraction of the flies to a device such as targets or
cloth traps, which kills the flies through tarsal contact with insecticides on these devices, or
starvation or heat after guiding the flies to the non-return cage (Brightwell et al., 1991; Vale, 1993).
The method is enhanced especially in the savannah areas with oduor attractants and its efficiency is
achieved if the traps or targets are impregnated with the insecticides (Rayaisse et al., 2010). For
improved efficiency, the setting and deployment of the traps and targets are important. Maintenance
of these devices is essential, with periodic replenishing of the oduors, use of cloths with the
appropriate reflective patterns and use of appropriate insecticides that are not degraded by UV light
from the sun (Vreysen, 2001). Thus, the success of its use requires constant improvement and
modification of traps and targets.

Vector control strategies in HAT foci have been undertaken through modification of the
existing insect-treated targets to make them cost-effective and sustainable. The tiny targets made up
of small squares of blue cloth that are flanked by similar-sized pieces of the black net are more
efficient and cost-effective in the control of Gambian vector species (Shaw et al., 2015). In
addition, cases of decreased insect dispersal require an increase in device density to achieve high
efficiency. The method is suitable for local use by the farmers to protect smaller areas, but is
uneconomical for large areas (Kappmeier et al., 2007). However, compared to the SAT, it is much
cheaper.

The method has limitations associated with its use. Though this method is important in the
suppression of the insect density, it does not apply to eradication (Kagbadouno et al., 2011). In
West Africa, for example, this method has proved effective when the blue-black target was
increased but the size reduced by 1/16 of the original size (Lindh et al., 2009). Furthermore, it is
labour-intensive and time-consuming, particularly with the need for maintenance of the traps and
targets. Despite its successful use in the savannah ecosystem, the method is not efficient for the

riverine ecosystem.

2.3.1.3. Live bait technique
The method involves insecticide treatment of livestock to prevent and/or disrupt tsetse flies'

feeding. The lethal insecticide kills the tsetse flies while they feed. The insecticide application is
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easy and rapid, with the pour-on formulations requiring cheaper equipment. In addition, limited
maintenance is required.

The live bait technique has limitations in its application. In a riverine ecosystem, the method
was not effective because of the tendency of G. p. gambiensis to return to the same host of the
initial blood meal (Bouyer et al., 2007). Secondly, the method is limited in cases where cattle
density is high within a region. In addition, high treatment frequencies, cost of insecticides,
insecticide residues in the animal dung and resistance to the insecticides are major limiting factors
(Torr et al., 2007).

2.3.1.4. Sterile insect technique (SIT)

The sterile insect technique (SIT) entails the large-scale release of sterilised male flies,
which, upon mating with wild females, produce no offspring, ultimately leading to a reduction in
the tsetse population (Dyck et al., 2005). With the ratio of sterile to wild type increasing, the
method becomes efficient in lowering the insect density populations (Vreysen & Robinson, 2011).
SIT has advantages over SAT concerning effects on the environment.

SIT is environmentally friendly and poses no harmful effects on non-target organisms (Ciss
et al., 2019). Therefore, the method can be integrated with other biological controls. The method is
economical and efficient (Shaw et al.,, 2013). Over time, SIT proves to be economically
advantageous, particularly when incorporated into area-wide integrated pest management (AW-
IPM) programmes. Its effectiveness is most pronounced in areas with low target population
densities and relies heavily on a comprehensive understanding of the ecology and biology of the
tsetse species involved (Vreysen, 2001). Earlier applications in Zimbabwe and Burkina Faso in the
1960s and 1970s, respectively, demonstrated the potential of the technique in riverine and savannah
ecosystems (Cuisance et al., 1973; Dame & Schmidt, 1970; Van der Vloedt et al., 1980). The
method was applied successfully in Zanzibar Island and demonstrated high efficiency (Kabayo,
2002). However, challenges associated with its application are notable.

The method requires release and monitoring methods that are applied in wider areas
(Vreysen, 2005). In addition, its success is also dependent on the quality of the released sterile
males that should be able to adapt to the environment and compete effectively against the wild
population (Vreysen, 2005). Furthermore, its application is constrained by practical challenges,
including the diversity of tsetse species responsible for transmission, the high initial costs and the
reliance on substantial infrastructure such as irradiation plants, large-scale insectaries and aircraft
(Rogers & Randolph, 2002).

Generally, growing knowledge in population genetics of the vector is aimed at the

identification of the natural barriers to fly dispersal and routes. This will enhance the field control
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programs that reduce the density of the vector using traditional methods such as the SIT, aerial
sprays and traps/targets (Aksoy et al., 2013; Solano et al., 2010). The limitation of the applicability
of some methods in vector control, the development of insecticide resistance and the environmental
disruptions associated make chemotherapy an important toolkit in the control of African

trypanosomiasis.

2.3.2. Chemotherapy

Upon infection, the only available control method is drug administration. Vaccines are not
available due to the parasite's systematic change of surface coat, the variable surface glycoprotein
(VSG), through a mechanism known as antigenic variation. Before drug administration, a diagnosis
must be accurate. This is particularly important in HAT, where treatment is species-specific. The
early-stage disease is treated using pentamidine (Pentacarinat®) and Suramin (Moranyl®) for
gHAT and rHATS, respectively. For second-stage disease, melarsoprol (Arsobal®), eflornithine
(DFMO  or  a-difluoromethylornithine,  ornidyl®), and combination therapy  of
Eflornithine/Nifurtimox are administered (Table 1). Some of these drugs are toxic, presenting a
huge risk to infected individuals. In addition, drug resistance is also observed. Treatment efficacy
varies from 70 to 95% depending on the drug (Robays et al., 2008). Their administration regimen is
complex and thus requires close monitoring of the patients (Brun et al., 2010). The treatment
process is further complicated by the fact that WHO supplies the drugs upon diagnosis of the
disease, except for pentamidine, used to treat other infections, including leishmaniasis (Franco et
al., 2022). Such cases have led to increased death rates, especially in acute infection (Abera et al.,
2024). Therefore, treatment is challenging and complicated further by limited health infrastructure,

specialised monitoring and long hospitalisation required.

Table 1: Drugs for treatment of gambiense and rhodesiense forms of HAT

Strain Early stage Late Stage
Thg Pentamidine (Pentacarinat) Eflornithine (DFMO or a-difluoromethylornithine)
Fexinidazole Melarsoprol (Arsobal)

Nifurtimox—eflornithine ~ combination  therapy

(NECT)
Fexinidazole
Tbr Suramin (Moranyl) Melarsoprol (Arsobal)
Fexinidazole Fexinidazole
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2.3.2.1. Early-stage treatment

The early-stage disease is treated using pentamidine (Pentacarinat), fexinidazole and
Suramin (Moranyl) for gambiense and rhodesiense forms. Pentamidine is a diamidine drug that is
relatively well-tolerated due to low toxicity levels. However, the drug is unable to cross the BBB
sufficiently to clear the parasites (Bray et al., 2003) and only clears the Thg parasite and not Thbr.
The drug demonstrates good safety and efficacy levels with its cure rate ranging from 93 to 98%
and the lethality levels being less than 0.5% (Balasegaram et al., 2006). The prescribed dosage is 4
mg/kg administered daily over a period of 7 days through the intramuscular route. The most
frequently incurred side effects are nausea, vomiting, hypoglycemia and pyogenic abscess. The rare
side effects include diabetes, cardiac arrhythmias, allergic reactions and nephrotoxicity. To avert
some of the side effects, such as hypoglycemia, the patient is encouraged to take sweets before the
injection. In the prevention of hypotension, the patients are maintained in a supine position, after
which they are allowed to rest for 1 to 2 hours after the injections. Monitoring of glucose, hepatic,
renal, pancreatic, creatinine, potassium and calcium levels is mandatory. The limitations of the drug
are the toxicity levels and its inability to cross the BBB, and it is stage and strain-specific.

The World Health Organization (WHO) recommended fexinidazole as the preferred first-
line therapy for Human African trypanosomiasis (HAT) in individuals aged six years and above,
weighing at least 20 kilograms, provided the cerebrospinal fluid (CSF) leukocyte count is below
100 cells/uL. (WHO, 2019; WHO, 2024). The drug demonstrates efficacy in treating both stages of
the disease. In cases where the leukocyte count reaches or exceeds 100 cells/uL, or when there are
clinical signs suggestive of severe second-stage disease, treatment with a nifurtimox—eflornithine
combination is advised. The drug has proven effective for both stages of the infection (Babokhov et
al., 2013). The drug is orally administered at a dosage of 1800 mg daily for 4 days, followed by
another dosage of 1200 mg daily over a period of 6 days, administered orally with a meal. The drug
has demonstrated efficacy in the treatment of the Gambian infection (Lindner et al., 2020; Mesu et
al., 2018). The drug can be used by pregnant women to prevent maternal transmission (Welburn et
al., 2016). Notably, fexinidazole may be administered without the need for a lumbar puncture if
there is no clinical indication of advanced-stage disease.

Suramin is administered in the treatment of the early stage of rHAT. The drug has a low
lethal rate of less than 1% and cure rates of about 95% (Fairlamb, 2003). The regimen
recommended for treating the infection is 20mg/kg of body weight administered intravenously in
five doses, a single dose per week. Common side effects are conjunctivitis, hypersensitivity,
asthenia, hyperpyrexia, anorexia, polyuria and arthralgias. Uncommon side effects are dermatitis,

stomatitis, proteinuria, renal failure and neuropathy. Monitoring of the renal function and
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erythrocyte count is recommended. The drug is limited by the toxicity levels, the treatment regimen,

parasite specificity and the inability to cross the BBB.

2.3.2.2. Late-stage treatment

The late stage of the disease is treated using melarsoprol (Arsobal), eflornithine, also known
as DFMO (a-difluoromethylornithine), and combination therapy of Eflornithine/Nifurtimox (Table
1). Melarsoprol is an arsenic drug combined with dimercaprol, which is an arsenic antidote. The
drug was originally the first-line and sole treatment option for late-stage Rhodesiense infection;
however, it is no longer recommended as the primary therapy for HAT, as the World Health
Organization now endorses fexinidazole (Chappuis, 2007; WHO, 2019; WHO, 2024). Melarsoprol
has a low toxicity rate of about 3 to 10% and is fatal in about 5% of patients (Kennedy, 2008). The
treatment failures in Gambian infection have been reported to reach 30% (Chappuis, 2007). The
recommended dosage is 2.2 mg/kg administered daily for a period of 10 days intravenously,
accompanied by 1.0 mg/kg of prednisolone orally (Schmid et al., 2005). Occasionally, a former
therapeutic protocol is used where 3.6 mg/kg of the drug is administered intravenously, separated
by rest periods of 7 days (Sindato et al., 2008). The drug has severe side effects and is often
administered under close supervision and assessment of renal, liver and blood parameters. The
complication of reactive arsenical encephalopathy develops in 10% of the treatment cases, causing
50% lethality (Blum et al., 2001).

Eflornithine was developed as an anti-tumor drug and has proved efficient in the treatment
of late-stage Gambian infection with an efficacy of about 90 to 95% (Chappuis et al., 2005). It is
the first-line drug in the treatment of late-stage Gambian infection. Treatment using the drug is
cumbersome, costly and requires venous administration for 14 days. The dosage recommended is
100 mg/kg of body weight administered every 6 hours for 14 days through intravenous perfusions
every 2 hours. The drug has low bioavailability in children below the age of 12 years, requiring a
higher dosage of 150 mg/kg (Chappuis et al., 2005). Monitoring of blood parameters is
recommended after treatment.

Nifurtimox—eflornithine combination therapy (NECT) is an important treatment regimen for
late-stage gHAT recommended by WHO in 2009 (WHO, 2009). Nifurtimox is administered orally
and has limited efficacy when used as monotherapy (Legros et al., 2002). Combination therapy
involves the dosage of single drugs for different durations and routes of administration (Priotto et
al., 2009). The recommended dosage of eflornithine is 200mg/kg every 12 hours for 7 days through
intravenous infusions done for 2 hours. Concurrently, 5 mg/kg of nifurtimox is orally administered
every 8 hours for 10 days. The therapy has a wide range of side effects, including tremors,

abdominal pains, psychotic reactions, arrhythmia and insomnia, among others. Monitoring of the
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blood parameters and behaviour of the patient is highly recommended during treatment. The use of
the therapy in a rural setup is difficult because it is expensive, requires good logistics and is difficult
to administer (Schmid et al., 2005).

Generally, the main challenge in chemotherapy is drug resistance, toxicity and more often a
complex treatment regimen that requires long hospitalisation and regular screening, which mainly
requires lumbar puncture to check the presence of parasites in CSF and screening for organ
function. Notably, the parasites are developing resistance to these drugs and recent efforts in
retooling some of the trypanocidal drugs and trials of novel drugs have been done in the recent past
(Mesu et al., 2018).

2.3.2.3. New drugs for HAT treatment

Acoziborole is an oral drug under preclinical trials and has shown efficacy in the treatment
of all stages of T. b. gambiense after administration of 960mg as a single dose (Kumeso et al.,
2023). In a trial involving 41 patients with an early stage of T. b. gambiense, a success rate of 100%
was achieved at 18 months, while in 167 patients with a late stage of the disease, a success rate of
95% was achieved (Kumeso et al., 2023; Tarral et al., 2023). Therefore, the drug would eliminate
the need to perform a lumbar puncture, which is an invasive and painful process for patients.

Clearly, both transmission disruption through vector control and chemotherapy suffer
limitations. With a disease that most likely results in death if untreated, improved and/or novel

control strategies are urgently needed.

2.3.3. Other potential control strategies

Various alternative control approaches are being explored, with most being under
investigation. The disruption of parasite establishment in tsetse is an approach that is under
interrogation, with our knowledge of molecular host-pathogen interaction increasing. Here, tsetse
limits trypanosome effects through their immune response (Dyer et al., 2013). Studies into
molecular details of this complex interaction reveal insights into parasite colonisation of tsetse
midgut, modulation of tsetse immune response and impact of the modulation on parasite
transmission dynamics (Aksoy et al., 2014; Weiss & Aksoy, 2011). Alterations of such interactions
could prevent the establishment of the parasite in the vector, disrupting transmission. In addition,
tsetse's association with endosymbionts can allow the introduction of modified endosymbionts that
disrupt trypanosome establishment and/or kill the tsetse. One of the vector’s symbionts, Sodalis, has
been identified and anti-trypanosomal molecules expressed to reduce the infection of the vector by
the parasite (De Vooght et al., 2012; De Vooght et al., 2014). Insights gathered from such studies
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can greatly aid the development of novel control strategies not only for AT, but other vector-borne
infectious diseases.

With chemotherapy being crucial after infection, early diagnosis of the infection is
paramount. More so, the most likely result of untreated infection is death. Therefore, accurate

detection is important.

2.4. Diagnosis and staging of HAT

Diagnosis of rHAT is problematic due to the low sensitivity and specificity of most
detection methods, with some suffering from high cost and difficulties in applying in remote
settings with limited or no infrastructure, including electricity. Consequently, clinical diagnosis is
also applied, as it can raise suspicion of an infection. Notably, other infections that occur in HAT-
endemic areas have similar clinical signs. Therefore, a combination of detection methods could be

applied. These methods include parasitological, serological and molecular detection.

2.4.1. Parasitological detection

Parasite detection is the microscopic observation of trypanosomes in body fluids and the
definitive diagnosis of HAT. It is the WHO gold standard method of detection (WHO, 1998), from
which staging and appropriate treatment commence after positive detection. Microscopic
examination, though highly specific, suffers from low sensitivity. Numerous techniques have been
established that rely on microscopic detection of parasites in blood, lymph node aspirates and
cerebrospinal fluid (CSF). In rhodesiense infection, the microscopic examination of the chancre is
important in the earlier detection of trypanosomes (Lutumba et al., 2007). Trypanosomes are
frequently identifiable in the chancre several days before their detection in the bloodstream.

Following the confirmation of the parasite in blood and/or lymph node aspirates, the next
step involves disease staging, the confirmation of CNS invasion. CSF examination is only for
staging and not diagnosis. In rare cases where other parasitological examinations are negative, yet
there is high suspicion for HAT, CSF aspirates can be examined (Cattand et al., 1988; Lejon et al.,
2003).

Staging involves assessing the presence of trypanosomes in the cerebrospinal fluid (CSF)
and/or identifying a white blood cell (WBC) count exceeding 5 cells per uL (WHO, 1998), after a
painful and invasive lumbar puncture. It suffers several limitations, including low specificity and
sensitivity, inapplicability within rural regions where the disease is prevalent, and the need for
skilled personnel and health infrastructure that are always absent (Mwanakasale et al., 2013).
Therefore, it is essential to identify reliable diagnostic and staging biomarkers, a goal that can be

pursued by investigating the molecular aspects of disease progression during infection.
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Parasite detection is a labour-intensive process and is limited to suspected cases only. In
cases of Gambian infection, the trypanosome load is low and in some cases below parasitological
detection limits. Therefore, a negative result does not often mean that there is no infection, but
requires further confirmatory tests. In most cases, a concentration technique allowing examination
of larger volumes of the sample is used. The time between sampling and examination has to be
minimal to reduce the chances of trypanosome lysis and immobilization. In cases of delay, the
trypanosome survival can be kept longer if stored at 4°C. Various parasitological-based techniques
applied in diagnosis have been developed and are explained below.

2.4.1.1. Micro-haematocrit centrifugation technique

The micro-haematocrit centrifugation technique is also known as the Woo test or the
capillary tube centrifugation method (Woo, 1971). In this test, blood is filled three-quarters way
into anticoagulant-containing capillary tubes, then one of the ends is sealed with plasticine or
through a flame with caution not to heat the blood. The blood is then centrifuged at 12000 g for 5
minutes in a haematocrit centrifuge. Trypanosomes aggregate alongside white blood cells in the
layer between erythrocytes and plasma. The capillary tubes are subsequently observed under low
magnification, either using a specialised holder or by positioning them between a microscope slide

and cover slip, with water added between the glass surfaces to minimize light diffraction.

2.4.1.2. Quantitative buffy coat test

The quantitative buffy coat (QBC) technique, initially developed for differential leukocyte
counts, has been adapted for detecting haemoparasites such as trypanosomes and plasmodium
(Lutumba et al., 2007). The method combines centrifugation with fluorescent staining of
trypanosome kinetoplast and nuclear DNA using acridine orange. The capillaries are coated with
acridine orange and ethylenediaminetetraacetic acid (EDTA) and the presence of trypanosomes is
determined through their fluorescent kinetoplast and nuclear DNA. Ultraviolet light is generated by
an LED module, which is linked via a glass fiber to the microscope objective containing a mounted
filter. In this technique, the capillary tubes are expensive and the need for a dark room makes it

costly and inapplicable in a field environment.

2.4.1.3. Mini-anion-exchange centrifugation technique (MAECT)

Anion exchange chromatography is applied to separate the trypanosomes because, at pH 8.0,
the trypanosomes remain neutral while the red blood cells (RBCs) are negatively charged (Buscher
et al., 2009). Blood is added to a column containing diethylaminoethyl cellulose, where red blood

cells are retained while trypanosomes are eluted and collected in a separate tube. Trypanosomes are
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then concentrated at the bottom of the tube by centrifuging at 1,000 x g for 15 minutes. The tube tip
is subsequently examined under low magnification using a specialised holder (Bischer et al., 2009).
Buffy coat fraction can be viewed using this technique after centrifugation, with the fraction applied
to the column (Camara et al., 2010). The sensitivity is 92.1 to 96% because it can detect fewer than
10 trypanosomes/ml (Camara et al., 2010; Inojosa et al., 2006). However, this technique is limited

by cost and time. The columns are expensive and the whole process is tedious and time-consuming.

2.4.2. Serological detection

During an infection by trypanosomes, the parasite factors induce the production of high
levels of antibodies, including IgM and IgG, that form the basis of serological tests. The sensitivity
and specificity of the test depend on the particular antigens employed. For diagnosing Gambian
infection, a rapid agglutination test is available and is commonly used for screening large
populations. The rhodesiense infection lacks such tests and hence, surveillance is difficult to
undertake. Common limitations of serological-based tests are low sensitivities and specificities that
result in false positives due to cross-reactive antigens and antibodies from other pathogens (Gillet et
al., 2013). In addition, antibodies remain present after parasite clearance, giving false-positive
detection. However, these methods are very valuable in field environments, where infrastructure is

limited and for surveillance.

2.4.2.1. Card agglutination test for gHAT

The card agglutination test for trypanosomiasis (CATT) is a simple test used for screening
gHAT by detecting specific antibodies (Camara et al., 2023; Magnus et al., 1978). The test is used
in screening the population because it is simple, reliable and cost-effective. The introduction of
CATT reduced the limitation of time faced by parasitological examinations. Therefore, the use of
the test improved the effectiveness of screening for the infection. The antigen used is the complete
bloodstream forms of Thg variable antigen type LiTat 1.3. To prepare these antigens, trypanosomes
are first purified from the blood of infected rats, then fixed, stained and freeze-dried. The complete
test kit includes the reagent, positive and negative control sera and all necessary materials for
performing the test on whole blood, such as test cards, capillary tubes, stirring rods, syringes,
suction bulbs and droppers. The packaging makes the screening process easy and saves time. The
test uses whole blood only, with blood drawn from the finger, which is less painful and the results
are read after 5 minutes. The sensitivity of the test is 91% and the specificity of 97% (Robays et al.,
2004). Despite its simplicity and importance in surveillance, there are limitations to the use of
CATT. The reagents need to be stored at 4°C for long-term preservation, necessitating a

maintained cold chain. Additionally, each vial contains fifty test doses, and once opened and
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reconstituted, the reagents should be used within one week when stored at 2-8 °C or within eight
hours if maintained at 37 °C. Therefore, the use of this test is important in active screening, but not

passive screening, where few clinical cases are detected.

2.4.2.2. Immunological rapid diagnostic tests

Rapid individual lateral flow immunochromatographic tests are available for gHAT
(Buscher et al., 2013). Two formats are used to detect trypanosome-specific antibodies: HAT Sero-
Strip and HAT Sero-K-Set. In the first category, the test strip is placed in a tube containing a
mixture of plasma, blood, serum and buffer. In the second case, a plastic cassette contains a test
strip with a small well designed to hold a drop of blood, plasma or serum, followed by buffer. The
results are read after 15 minutes of incubation, with one or two colors developing on the strip. The
control line has to develop after the incubation period for the test results to be accepted. The test is
effective for passive screening of Gambian infection with a sensitivity of 89 to 99% and specificity
of 95 to 99% (Buscher et al., 2013).

2.4.2.3. Indirect immunofluorescence assays

The Indirect Immunofluorescence Assay (IFA) is a sensitive serological technique used to
detect antibodies against Trypanosoma species in host serum, indicating exposure or infection. The
procedure begins by fixing Trypanosoma parasites onto a microscope slide. The slide is then
incubated with diluted patient serum for 30 minutes, allowing any specific anti-trypanosome
antibodies present to bind to the immobilized antigens. The slide is then washed with phosphate
saline buffer. After washing to remove unbound antibodies, a fluorescently-labeled secondary
antibody, commonly an anti-human 1gG conjugated with a fluorophore such as FITC (fluorescein
isothiocyanate), is added. This secondary antibody binds to the human antibodies attached to the
parasite antigens. Following a final wash, the slide is examined under a fluorescence microscope. A
positive result is visualized as bright fluorescence outlining the parasites, indicating the presence of
specific antibodies in the serum. The immunofluorescence reagents are stable at 4 °C. This method
is suitable for surveillance and laboratory diagnosis.

2.4.2.4. Enzyme-linked immunosorbent assay (ELISA)

There are several methods of indirect ELISAs for both forms of HAT. The test uses
different body fluids as samples to test for parasite antigens, including serum, plasma, saliva and
CSF (Lejon et al., 1998; Lejon et al., 2003). Generally, the trypanosome antigen is placed in the
wells of a microplate and then blocked using a protein solution, typically milk powder or bovine

serum albumin, before incubation with a diluted sample. After washing the plate, an anti-human
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IgG enzyme conjugate is introduced. The substrate and chromogen solution are added after another
wash. A colour develops after the reaction if the trypanosome-specific antigens are present. The test
is 95 to 100% sensitive and 97 to 100% specific (Lejon et al., 2006). Current improvements in the
technique will further enhance its applicability in disease diagnosis (Geerts et al., 2021).

2.4.3. Molecular detection
The molecular tests are able to detect trypanosome nucleic acids (Deborggraeve & Buscher,
2010). The tests mainly rely on enzymatic amplification of specific DNA or RNA sequences and

subsequent visualisation.

2.4.3.1. Polymerase chain reaction (PCR)

PCR can amplify short fragments of DNA sequences through a series of enzymatic reactions
and thermal cycling, followed by amplicon detection. Here, species and subspecies-specific primers
that are specific to the target region of the DNA fragment are used to amplify the region of interest.
In Gambian infection, TgsGP gene (Koffi et al., 2009) is specifically amplified to detectable levels
that can be visualised by agarose gel electrophoresis after staining by ethidium bromide.
Alternatively, real-time PCR assay allows high-throughput DNA detection (Becker et al., 2004).
TgsGP gene is found in type 1 Gambian infection, which is more chronic than the type 2 form,
which lacks the gene and is a more acute form of gHAT found within western and central Africa
(Berberof et al., 2001; Koffi et al., 2009). For rhodesiense infection, the serum resistance-associated
(SRA) gene present only in T. b. rhodesiense is targeted (Radwanska et al., 2002).

2.4.3.2. Loop-mediated isothermal amplification (LAMP)

The LAMP assay enables isothermal DNA amplification and is used in HAT diagnosis by
targeting specific DNA sequences with four to six primers that recognise six to eight regions of the
target (Kuboki et al., 2003; Namangala et al., 2012). The technique is dependent on autocycling
strand displacement DNA synthesis under isothermal conditions and requires simple heating. The
LAMP product is visualised through a colour change using hydroxynaphthol blue. A lateral flow
dipstick has been developed as a straightforward LAMP readout (Njiru et al., 2008). While suitable

for field use, it remains relatively expensive.

2.4.3.3. Nucleic acid sequence-based amplification
Trypanosome-specific nucleic acid sequence-based amplification assays have been
employed to detect the parasite’s 18S ribosomal RNA. Both lateral flow and real-time formats have

been demonstrated (Mugasa et al., 2009). The technique has a sensitivity ranging from 90% to 97%

25



and specificity from 59% to 99% (Mugasa et al., 2012). However, the commercial kits are not
available. The improvement of the diagnostic and staging tools is important, but to improve on this,
the knowledge of disease pathogenesis is crucial.

Application of PCR on CSF can also be applied in staging. Also, plasma-specific enolase
has been proposed as a diagnostic marker in a study that demonstrated its elevation in the late stage
compared to the early stage (Sternberg & Mitchell, 2014). Cytokines such as IL-10 and IL-6 have
been shown to be up-regulated during the late stage of the infection (Kato et al., 2015; Maranga et
al., 2013). Therefore, there is potential in applying a combination of methods to improve staging.
Based on the fact that the described methods are not 100% effective, there is a need to improve
them or develop novel diagnostic tools. Thus, there is a need to identify host and pathogen-based
biomarkers that can be used in diagnosis and/or staging. The knowledge of the stages of progression

and factors contributing to the outcome is important in this endeavour.

2.5. Pathogenesis in human African trypanosomiasis (HAT)

Infection occurs through a bite by the infected tsetse fly. Upon infection, the disease
progresses through two stages: stage 1 (early or hemato-lymphatic) stage, which occurs after an
incubation period varying from 1 to 3 weeks after an infective bite and stage 2 (late or meningo-
encephalitic), characterised by invasion of the CNS. In stage 1, the parasites proliferate in the blood,
body tissues and lymphatic fluid, and if the patients are not treated, stage 2 ensues. The rate of
progression from early stage to late stage varies depending on the infecting parasite. For Gambian
infection, the early stage can last for months or years before progression to the late stage, while the
progression of rHAT from early to late stage happens within a few weeks of infection (Brun et al.,
2010). The first symptom that is common in the rhodesiense form of the infection is the appearance
of a local skin reaction at the site of the tsetse fly's bite after a minimum of five days, called the
trypanosomal chancre, which is usually followed by lymphadenopathy (Stich et al., 2002).

Overall, both forms present with nonspecific clinical signs resembling other common
illnesses, such as malaria. Fever is an early symptom that may persist for several weeks due to
successive waves of parasitaemia. In rhodesiense infection, symptoms at this stage can be severe
and potentially fatal if untreated, often due to myocardial involvement (Brun et al., 2010). The
Gambian form shows a faint rash and hepatosplenomegaly, but more specific lymphadenopathy in
the posterior triangle of the neck (Winterbottom's sign) is also observed (Stich et al., 2002).

Invasion of the CNS results in chronic encephalopathy accompanied by headache and
mental problems. The patients show mental dysfunction, difficulty concentrating, irritation and a
somnolent state characterised by sleeping disorders (Stich et al., 2002). This stage is characterised

by an alteration of circadian rhythm with sleeping hours being normal but an altered sleep-wake
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cycle (Brun et al., 2010). This is the hallmark of the disease from which it derives its name. The
second stage of the disease has varied clinical presentations (De Atouguia & Kennedy, 2000). The
symptoms have been categorised into wider groups such as motor, psychiatric, sleep-wake
disturbances and sensory abnormalities. The motor system involved has been linked to the tongue
and limb muscle fasciculation, limb tremors, pyramidal weakness and limb hypertonia, choreiform
and athetoid movements, cerebellar ataxia, dysarthria and polyneuritis (De Atouguia & Kennedy,
2000; Kristensson et al., 1995). The psychiatric involvement could be subtle, including headache,
overt psychiatric presentations such as hallucinations, violence, suicidal tendencies and mania,
irritability, apparent personality changes and lassitude (De Atouguia & Kennedy, 2000; Kennedy,
2004). The sensory signs may manifest a puritis, deep hyperaesthesia (Kerandel’s sign) and painful
hyperaesthesia (Kennedy, 2004). Symptoms of sleep disturbance include distractibility, fatigue and
irresistible sleepiness, along with a reversed sleep-wake cycle characterised by daytime drowsiness
and nocturnal insomnia. If the patient is not treated, the progression to the final stage results in
cerebral edema, double incontinence, seizures, severe somnolence, systemic organ failure, coma
and inevitable death (Kennedy, 2004). There is no doubt that these symptoms are associated with
the host-pathogen interaction, with the host and pathogen factors being important in the

development of signs and symptoms.

2.6. Mammalian host-pathogen interaction

Mammalian host-trypanosome interaction is the basis of disease development and
progression and these strictly extracellular parasites have developed strategies to evade clearance by
the elaborate mechanisms of the host cellular and humoral immune response. Principally, the
parasites change their surface coat, VSG, in a process called antigenic variation that prevents
antibody clearance. To achieve this, the parasite has a repertoire of VSG genes, ~2000 in number,
that are systematically expressed but also undergo recombination to have an infinite reserve of new
VSGs (Li, 2015). This explains the parasite’s ability to survive for long, up to many years in the
mammalian hosts, increasing the window for continuous cyclic transmission. In addition, the
parasites have an elegant internalisation of surface VSG-antibody complexes, destruction of the
antibody and recycling back to the surface of the VSG coat (Pal et al., 2003). In fact,
transmembrane trafficking is up-regulated in mammalian form parasites (bloodstream forms, BSF)
as compared to insect stage forms, i.e., procyclic forms (PCF) (Field & Carrington, 2004).
Antigenic variation has made it impossible to design vaccines.

Notably, initial inoculation of the parasites by the tsetse plays an important role in ensuring
a successful infection. During a bite by tsetse, the insect saliva is suggested to play a

pharmacological role (Caljon et al., 2009). Tsetse saliva was demonstrated to accelerate the onset of
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the infection through inhibition of local and systemic inflammatory response in mice (Caljon et al.,
2006). In addition, saliva is highly immunogenic (Caljon et al., 2006). For example, Tsetse Antigen
5 (TAg5) was demonstrated to sensitise mice and cause acute hypersensitivity reactions, allowing
the efficiency of the parasite extravasation into the blood circulation (Caljon et al., 2009). The
immunoregulatory peptide Gloss 2 inhibits the secretion of the trypanolytic molecules by the host,
such as proinflammatory cytokines, thus avoiding the initial elimination of the parasite (Bai et al.,
2015). Therefore, vector factors contribute to successful parasite infection of the host, but the
subsequent parasite survival in the host, their growth and dissemination are determined by some of

the parasite factors and/or host factors and their interplay.

2.6.1. Pathogen factors

Parasite factors are key contributors to disease progression and pathogenesis. In particular,
the serum resistance antigen (SRA) in Tbr and the TgsGP glycoprotein in Thg help neutralise the
host factor ApoL1, which normally lyses the parasites (Capewell et al., 2013; Stephens et al.,
2012). The survival of the parasite in the host requires metabolic changes to uptake nutrients such
as haem and glucose required for proliferation and evasion of the immune system (Stijlemans et al.,
2015). Trypanosomes cannot synthesise haem and instead rely on the haptoglobin-haemoglobin
(Hp-Hb) receptor (HpHDbR) located in the flagellar pocket to acquire exogenous haem (Higgins et
al., 2013). Haemoglobin released from lysed erythrocytes forms a complex with haptoglobin (Hp-
Hb), which is recognised by the myeloid phagocyte system (MPS) through CD163 and by the
trypanosome HpHDbR, facilitating haem uptake (Higgins et al., 2013; Tripodi et al., 2011).

Human serum contains trypanosome lytic factor 1 (TLF-1), a 500 kDa complex associated
with high-density lipoprotein (HDL), as well as TLF-2, which includes apolipoprotein A-1
(ApoAl), apolipoprotein L1 (ApoL1l) and haptoglobin-related protein (Hpr) (Namangala et al.,
2012; Shiflett et al., 2005). The Hpr gene is homologous to Hp and interacts with Hb to form the
Hpr-Hb complex on the TLF-1 (Maeda et al., 1985; Widener et al., 2007). The binding of the TLF-
1 on the HpHDbR causes its endocytosis and targets the lysosome for lysis. The ApoL1 forms pores
on the endolysosomal membrane, triggering lysosomal swelling and subsequent release of lethal
lysosome content into the parasite (Perez-Morga et al., 2005). Furthermore, it has been documented
that the C-terminal kinesin TbKIFC1 also plays a role in ApolLl-mediated lysis through
transportation of ApoLl from the endolysosomal membrane to mitochondrion, resulting in
depolarisation of mitochondrial membrane and subsequent lysis (Vanwalleghem et al., 2015).
However, TLF-2 has been proposed to use a different mode of internalisation compared to TLF-1
(Molina-Portela et al., 2008). The human infective strains, T. b. rhodesiense and T. b. gambiense,

express the serum resistance antigen (SRA) and a specific glycoprotein (TgsGP), respectively,
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which counteract the activity of ApoL1l (Capewell et al., 2013; Stephens et al., 2012). T. b.
gambiense has been shown to have decreased HpHbR expression, along with an L210S amino acid
substitution in HpHbR, which leads to reduced uptake of TLF-1 (Delesus et al., 2013; Vanhamme
et al., 2003). Earlier research has demonstrated that SRA can be transmitted to T. b. brucei via
membranous nanotubes when the flagellar membrane breaks down into free extracellular vesicles
(Szempruch et al., 2016). Tbr SRA and Thg TgsGP are the principal distinctions of human-infective
and non-human-infective species; a defective human trypanolytic machinery permits human
infection by all African trypanosome species (Capewell et al., 2013; Radwanska et al., 2002).

Secondly, certain parasite molecules have been found to suppress proinflammatory
responses mediated by classically activated macrophages (M1), which are essential for early
parasite control (De Muylder et al., 2013). The T. brucei kinesin heavy chain 1 (TbKHC1) protein
released by the parasite sustains the first peak of parasitemia and the control by the host (De
Muylder et al., 2013). The binding of TbKHCL1 to the surface C-type lectin SIGN-R1 molecule
results in the arginine/NO metabolism modulation in favour of the arginase activity through an IL-
10-dependent induction of arginase-1 and down-regulation of iNOS activities (Willert & Phillips,
2012). This causes the subsequent stimulation of the production of l-ornithine and synthesis of
polyamines essential in the growth of trypanosomes (Stijlemans et al., 2018). As a result, immune
cells that produce IL-10 and arginase-1 show reduced ability to destroy parasites, allowing parasite
numbers to increase. Additionally, T. brucei adenylate cyclase (ThAdC), a transmembrane receptor-
like enzyme that converts ATP into cyclic adenosine monophosphate (CAMP), also contributes to
parasite proliferation (Salmon et al., 2012). In cases of stress induced by the phagocytosis by M1
cells, the TbAdC levels can be elevated up to 250-fold, causing the cytoplasmic CAMP levels to
increase within the phagocytes and the activation of the protein kinase A (Rolin et al., 1996;
Salmon et al., 2012). This results in inhibition of the synthesis of trypanolytic cytokine tumor
necrosis factor (TNF) (Vanwalleghem et al., 2017), disrupting parasite clearance.

Thirdly, the trypanosomes are extracellular parasites, yet they are not cleared by the host
immune system because of the surface coat remodeling process that prevents their elimination by
both mammalian and insect immune responses (Shimogawa et al., 2015). The long slender
bloodstream forms (BSFs) are covered with a VVSG coat composed of approximately 5x10°
homodimers, each made of 50-60 kDa subunits, which are anchored to the parasite’s plasma
membrane via glycosylphosphatidylinositol (GPI) (Mehlert et al., 2002). This VSG coat shields
invariant proteins from detection by the host’s innate and adaptive immune responses and protects
the parasite from complement-mediated lysis. The rapid VSG recycling plays a role in the removal
of surface-bound VSG-1gG complexes, aided by the rapid hydrodynamic motility (Engstler et al.,
2007). More so, the trypanosomes release vast amounts of the soluble VSG (sVSG), especially
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during peak parasitaemia, to scavenge the complement factors which are important in the
destruction of the parasites, inducing the hypocomplementemia state (Balber et al., 1979). The
binding of the antibodies on the surface coat normally results in the aggregation of the parasites.
The trypanosomes use a protein kinase-C to disaggregate (Stijlemans et al., 2011). Hence, the
parasite's survival in the bloodstream and its growth are enhanced. In PCFs, the surface procyclin is
protease resistant (VVassella et al., 2004), preventing degradation by tsetse proteases.

Additionally, VSG is recognized by specific antibodies that bind to the entire trypanosome
surface. However, the parasite has developed a mechanism of evading immune clearance through
endocytosis with the help of hydrodynamic flow (Engstler et al., 2007). Endocytosis occurs in the
flagellar pocket, which is posterior. The trypanosome flagellum is a structure used for movement
and runs along the body, propelling away from the flagellar pocket. Consequently, flagellar
movement creates a hydrodynamic drag force on the immune complexes, causing their movement
toward the flagellar pocket for internalization. This process of endocytosis has been described
previously to be rapid (Engstler et al., 2007). Therefore, trypanosome parasites can survive longer
in the bloodstream through rapid endocytosis, whose end products are recycled VSG and lysosomal
degradation of antibodies.

Finally, the trypanosome-derived lymphocyte-triggering factor (TLTF) is a parasite-derived
molecule that stimulates CD8" T cells to produce IFN-y (Abdulla et al., 2013; Nishimura et al.,
2004; Olsson et al., 1991). The IFN-y further activates the phagocytic M1 cells. In a study by
Hamadien et al. (2000), IFN-y has been shown to trigger TLTF secretion in vitro parasite cultures
in a tyrosine protein kinase and dose-dependent manner and stimulates parasite growth. This
suggests that these molecules exert bidirectional activation between the CD8" cells and the
parasites. Therefore, there is a possibility of involvement in the host-parasite interaction that needs
to be unraveled. These pathogen factors support parasite survival and colonisation, consequently
contributing to disease progression and their interaction with host factors, dictating infection

outcome.

2.6.2. Host factors

The host immune system, comprising both innate and adaptive components, is vital in
countering parasite factors. The innate immune system serves as the first line of defense, whereas
the adaptive immune system provides long-term protection. Following pathogen entry, innate
immune cells such as macrophages mount the initial response and facilitate activation of adaptive
immunity. Macrophages express pattern recognition receptors (PRRs), including toll-like receptors
(TLRs), which detect pathogen-associated molecular patterns (PAMPS) (Janeway, 2002). This
activation causes the macrophages to produce reactive oxygen and nitrogen species, which have a
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direct killing effect on the pathogen (Garzon et al., 2013). Moreover, macrophages have other roles,
including enhancing the adaptive response by antigen presentation with the help of dendritic cells,
coupled to major histocompatibility complexes (MHCs), to T helper cells. This leads to the
production of soluble factors such as cytokines and chemokines, which are immunomodulatory
factors. T cell proliferation and differentiation trigger a cellular response through cytotoxic
lymphocytes (CTLs) or a humoral response via antibody production.

The introduction of trypanosomes into the mammalian host via the bite of an infected tsetse
fly causes activation of the innate cells, such as macrophages. Many trypanosome factors have been
shown to be involved in this activation; the interaction with VSG, free DNA, the VSG-GPI and
soluble VSG with GPI anchor glycosylinositol phosphate (GIP-sVSG) core directly activates the
macrophages (Sternberg, 2004). The soluble VSG with GIP-sVSG core has also been shown to
activate the macrophages and induce TNF-o and nitric oxide (NO) production (Drennan et al.,
2005). These trypanosome-derived factors are also proposed to induce IFN-y production by CD8* T
cells, which subsequently activate macrophages to release trypanolytic mediators such as nitric
oxide (NO) and reactive oxygen species (ROS) (Salerno et al., 2016). These factors also enhance
immunosuppression and consequent alteration of the BBB (Masocha & Kristensson, 2012). The
presence of free Tbr DNA in the infected wild-type C57BL/6 and C57BL/6-scid mice blood
suggests its involvement as the ligand for the macrophage receptor, activating the involvement of
the innate immune system (Harris et al., 2006). The activation of macrophages leads to activation of
adaptive response via antigen presentation, and results in the production of immunomodulatory
molecules that may also play an important role in the polarization of Th-1. The Th-1 polarisation
has been shown to aid in the production of the initial high pulse of IFN-y levels (Salerno et al.,
2016). IFN-y production is crucial in resistance to infection and in inducing IL-12 production,
which further contributes to Th-1 polarisation (Drennan et al., 2005; Shi et al., 2008). The
production of pro-inflammatory cytokines is therefore linked to reduced parasite numbers. Counter-
inflammatory cytokines, on the other hand, have been shown to extend the survival of the parasite
in the host and the change to the Th-2 pattern (Namangala et al., 2001). The production of 1L-10
has been suggested to control the extent of immunopathology and plays a role in its limitation,
especially during the late stage (MacLean et al., 2001). These various factors play a crucial role in
disease progression and pathogenesis.

High levels of IFN-y in the early stage have been associated with clinical signs such as
elevated body temperatures and coma (Bosschaerts et al., 2010; Liu et al., 2015). The episodes of
fever lasting for about 6 days occurring together with generalised lymphadenopathy are associated
with such elevation (Kennedy, 2004). The early symptoms, such as malaise, headache, arthralgia,

general weakness, and weight loss, result from the inflammatory response (Bosschaerts et al.,
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2010). TNF-a plays a role in immune system dysfunction, neuropathogenesis and BBB dysfunction,
enabling the parasite to enter the CNS (MacLean et al., 2004). The immune system dysfunction is
associated with multiple organ infections such as the spleen, liver, skin, cardiovascular system,
endocrine system, and the eyes (Kennedy, 2004). Elevated TNF-a. levels are associated with rapid
disease progression, as was demonstrated in Ugandan patients with Tbr infection as compared to
chronic infections in Malawi patients (MacLean et al., 2004).

The crossing of the BBB has been associated with both the host and parasite factors.
Parasite proteases such as cathepsin-L-like proteases have been proposed to be involved in Thr
crossing to the CNS (Masocha & Kristensson, 2012). It has also been proposed that the crossing is
associated with the host immune system activation (Silva et al., 2010). The host’s innate immune
system is activated during parasite infection, leading to the production of cytokines such as TNF-a
and IFN-y (Janeway, 2002). TNF-a promotes increased expression of ICAM and VCAM on
cerebral endothelial cells, facilitating T cell adhesion (Mulenga et al., 2001). IFN-y induces limited
production of CXCL-10 by endothelial cells or astrocytes, which is enough for the penetration of
the T cells, accompanied by some trypanosomes into the perivascular space (Masocha &
Kristensson, 2012). Eventually, the parasites cross the BBB and reach the brain, ushering in the
onset of the late stage.

The second stage of the disease is characterised by a shift toward a counter-inflammatory
response that facilitates parasite persistence within the host (Kato et al., 2016). Increased levels of
anti-inflammatory cytokines, such as IL-10 and IL-6, have been associated with reduced
neuropathology, underscoring their protective role (Kato et al., 2015). The resulting symptoms
associated with the invasion of the CNS are categorised into general groups such as psychiatric,
motor, sensory abnormalities and sleep disturbances as elaborated by Brun and colleagues (2010).
Psychiatric symptoms can include irritability, headaches and more severe manifestations such as
suicidal tendencies, aggression, hallucinations and mania. Motor system abnormalities may involve
limb tremors, hypertonia, pyramidal weakness, choreiform and athetoid movements, dysarthria,
cerebellar ataxia and polyneuritis. Sleep disturbances have been shown to be characterised by
fatigue, distractibility, uncontrollable sleep urges and disruptions of the normal sleep-wake cycle
(Kennedy, 2004). The infection is associated with sleeping disorders, where the presence of the
parasites in the perivascular space results in circadian rhythm disorder (Lundkvist et al., 2004).
Despite the similarity of the disease presentation at the two stages, the period of disease progression
to the late stage varies between the Gambian form and the rhodesiense form of the disease. These
differences suggest possible variation(s) in host-pathogen interactions, which is principally driven

by the pathogen. However, varying clinical outcomes complicate the assessment of this. Notably,
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little is known about this, and insight gathered could help resolve clinical diagnosis, identifying

diagnostic and staging biomarkers.

2.7. Varying disease outcomes in HAT

The interspecific variation could be responsible for varying disease outcomes in the two
forms of HAT. In addition, intra-subspecies variations also occur, with the same strain responsible
for acute or chronic infection (MacLean et al., 2007; Truc et al., 1997), or asymptomatic cases
(Jamonneau et al., 2004). T. b. rhodesiense infection is typically regarded as the acute form of
human African trypanosomiasis, characterised by rapid disease progression (Barrett et al., 2003).
Virulence has been shown to increase from the southern to the northern regions of the rHAT belt,
reflecting the genetic diversity of infecting strains both across and within endemic foci (MacLean et
al., 2004; MacLean et al., 2010). These variations have been linked to parasite-related factors that
influence disease outcome (MacLean et al., 2007). The role of ethnicity of the inhabitants of the
regions can also not be ruled out (Rutto et al., 2013).

Unlike in rhodesiense infection, where chancre is used to estimate the time of infection, this
phenomenon is lacking in Gambian infection (Gelfand, 1966). Therefore, the onset of the infection
is often a challenge (Cecchi et al., 2008). However, there has been reported variability with some of
the individuals depicting an acute form of the disease (Garcia et al., 2000; Truc et al., 1997). A
follow-up on the patient’s refusing treatment in Cote d’Ivoire was able to identify some of the
patients who were initially diagnosed to be at the first stage of the disease, with no detectable
symptoms (Jamonneau et al., 2000; Jamonneau et al., 2004). These patients depicted a drop in the
antibody to the seronegative level, showing a clear indication of self-cure, while others maintained
the same levels of parasitaemia undetectable by microscopy (Jamonneau et al., 2004).

Generally, the difference in disease progression in the two strains is notable. These
differences are influenced by host and parasite genetics, environmental factors and their
interactions. Host genetic factors are thought to regulate immune responses, thereby influencing
infection levels and mortality rates. For example, a study on T. congolense identified resistance loci
on chromosomes 1, 5 and 17 (lraqi et al., 2000). Notably, the interleukin-10 (IL-10) and TNF-a
genes are located within two of these regions (chromosomes 1 and 17) (Courtin et al., 2006). These
genes have been suggested to influence the control of parasite infection, with elevated pro-
inflammatory cytokine levels linked to rapid progression of the disease to CNS involvement
(MacLean et al., 2012). Other cytokines, such as IL-6, IL-8 and IL-10 levels in blood and CSF have
been shown to be altered by HAT treatment, where there is a significant reduction in levels to
normal levels upon treatment of second-stage disease (Lejon et al., 2002). This suggests that these

cytokines play a role in late-stage pathogenicity. Cytokine gene polymorphisms have been
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implicated in host-parasite interactions, contributing to differences in disease outcomes among
individuals (MacLean et al., 2004; Ofon et al., 2019). Investigations into single-nucleotide
polymorphisms (SNPs) in genes encoding TNF-a, IL-10, IL-1a, IL-4, IL-6, IL-8 and IFN-y suggest
that variability in host responses to trypanosome infections may be influenced by immune response
gene polymorphisms (Ahouty et al., 2017; MacLean et al., 2004). Studies conducted in southern
Cameroon, Guinea and the Democratic Republic of Congo demonstrated that specific IL-6 and IL-
10 variants were significantly associated with reduced risk of human African trypanosomiasis
(HAT) (Courtin et al., 2007; Kaboré et al., 2017; Ofon et al., 2019). Conversely, polymorphisms in
IL-1a and TNF-a genes were found to be significantly associated with increased susceptibility to
disease development.

An elegant example of host genetics can be demonstrated in cases of defective trypanolytic
machinery. In a study to determine the roles of components of TLF in trypanolysis, human serum
lacking Hp and Hpr that was obtained from anaphthoglobulinemic patients lacking both Hpr and Hp
resulting from homozygous gene deletion (20 kb) from the Hp promoter region to exon 5 of Hpr
(Koda et al., 1998). To analyze this genetic alteration, the researchers employed Southern blotting
and polymerase chain reaction (PCR) techniques. These methods allowed them to detect and
characterise the deletion within the Hp-Hpr gene cluster. The study's findings highlighted that
individuals with the Hp(del)/Hp(del) genotype exhibited anhaptoglobinemia, while those with the
Hp2/Hp(del) genotype had significantly reduced Hp levels, a condition known as
hypohaptoglobinaemia. In a different study, the researchers investigated the role of apolipoprotein
L1 (ApoLl) in the innate immune defense against trypanosome infections. They focused on a
human patient who had contracted Trypanosoma evansi, a parasite typically non-infective to
humans due to the protective trypanolytic factors present in human serum (Joshi et al., 2006). Upon
analysis, it was found that the patient's serum lacked ApoL1, a critical component responsible for
the lysis of trypanosomes. This deficiency was attributed to frameshift mutations in both alleles of
the APOL1 gene, leading to the production of truncated, non-functional proteins (Vanhollebeke et
al., 2006). Consequently, the patient's serum exhibited no trypanolytic activity. These studies
demonstrate the importance of host genetics in HAT.

Tbr virulence is proposed to increase towards the north of the affected region (MacLean et
al., 2004). This virulence is also thought to be linked to variations in host inflammatory cytokine
responses and differences in parasite serum resistance-associated (SRA) gene polymorphisms
(MacLean et al., 2010). The SRA gene is unstable and has been shown to undergo allelic
polymorphisms in Thr isolates obtained from East and South African countries (Gibson & Ferris,
2003; MacLean et al., 2004). Notably, there is a significant difference between the patients from the

northern and southern regions of East Africa, with patients from the northern part displaying a
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typical acute form of the disease while the southern region displayed characteristics similar to the
chronic Gambian infection (Kato et al., 2016). Clinical diversity has also been reported between
and within the foci (MacLean et al., 2004). The clinical diversity is attributed partially to the
trypanosome strain variation and highly to the genetic variation in the trypanosome strains
(MacLean et al., 2007). This means that the diversity is partly because of the difference between
Tbg and Tbr strains, but even though the same strain could be involved, say Tbr, the genetic
diversity of the parasite contributes largely to the difference in the outcome. In Uganda, the
polymorphic microsatellite markers were compared from Tororo and Soroti foci, and the results
showed two distinct genotype clusters showing varied responses (MacLean et al., 2007). However,
the parasite genetic diversity is not associated with the clinical diversity within the foci and could
be associated with environmental factors and host genetics (Kato et al., 2017).

The human data referred to in most studies suffer major limitations, including unknown time
of infection, which is equally quite difficult to determine based on varying disease progression,
outcomes and interplays involved. Therefore, the individual data are difficult to compare and
consenting study participants is low (MacLean et al., 2004). To address this, non-human primate
(NHP) models with radically similar disease profiles have been developed, the vervet monkey
(Chlorocebus aethiops, African Green Monkey) (Schmidt & Sayer, 1982). Previously, a tsetse-
mediated infection of this model has also been demonstrated by Thuita et al. (2008). Together with
the ability to accurately determine the time of infection, this model can allow elaborate
interrogation of host-pathogen interaction during disease progression. Using samples from such
previous studies, this work sought to investigate immune modulation associated with varying
disease outcomes after infection by two strains of Thr, KETRI 3801 and 3928, that are responsible

for acute and chronic infection (Thuita et al., 2008).

2.8. Summary

The rhodesiense infection is an acute disease that could kill patients within days or weeks if
left untreated. Current microscopic diagnosis, which is the main diagnostic tool, is limited by
sensitivity, especially in cases of very low parasitemia in the early few days post-infection.
Treatment is complicated by the timely availability of drugs, where the WHO is the main
distributor, causing delays and the death of diagnosed patients. The infection with Tbr strain results
in varying disease outcomes, with the patients showing acute or chronic infection. The role of host
immune factors in the varying outcomes and, by extension, disease progression remains unknown
or unclear and is an important question that unravels the dynamic host-pathogen interactions. In this
study, the levels of host cytokines in vervet monkeys infected separately with two strains of Tbr that

cause acute and chronic infections were determined. This allowed interrogation of the host immune
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response associated with progression and varying outcomes. The increased levels of specific
cytokines during the early stage and their lower levels at the late stage, and vice versa, were
notable. Therefore, this information provides insight into the role of the host immune response to
disease outcomes and can be exploited in the identification of potential diagnostic and staging

biomarkers.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study design

Part of the data and material used in this study were secondary, i.e., they were not generated
during this study. These data were obtained from the original monkey experiment where the
samples were retrieved (Thuita & Masiga, 2016). Therefore, the accuracy and integrity of these data
remain the responsibility of the sources. This includes clinical data of the experimental monkeys,
including parasitaemia, packed cell volume (PCV), weights, temperatures, survival times and feed
consumption that were collected and analysed. The data were used solely for analysis and
interpretation within the scope of this research.

Archived vervet monkey plasma and CSF samples from a previous study were used. Briefly,
two groups of animals (N = 4) were infected with T. b. rhodesiense parasites, namely KETRI 3801
and KETRI 3928, which cause acute and chronic infections, respectively. The third group (N = 4
per group) was uninfected and termed as control. The animals infected with KETRI 3801 include
708 (F), 701 (F), 709 (M) and 704 (M); KETRI 3928 were 710 (F), 719 (F), 699 (M) and 715 (M),
and uninfected were 703 (F), 717 (F), 705 (M) and 706 (M). M and F represent male and female,
respectively. Including both sexes ensures that results are not biased toward one sex, making
findings generalised and applicable to a broader population. The monkeys were handled according
to the prescribed protocol by the AICUC (Thuita et al., 2008). The infection and sample collection
were done as per the protocol approved by the same committee.

On account of resource limitations, plasma samples from three (3) animals per cohort were
retrieved and analysed for cytokines. The animals infected with KETRI 3801 selected include 708
(F), 709 (M) and 704 (M); KETRI 3928 infected monkeys were 710 (F), 699 (M) and 715 (M), and
uninfected monkeys were 703 (F), 705 (M) and 706 (M). On the other hand, CSF samples from two
animals per cohort were also selected. In KETRI 3801, the animals included 708 (F) and 709 (M);
KETRI 3928, 710 (F) and 715 (M), and uninfected were 703 (F) and 705 (M).

3.2 Immune factors
3.2.1 Cytokines assayed

A thorough literature review was conducted to identify cytokines relevant to the study. The
search was carried out using scientific databases, including PubMed and Google Scholar. The
search strategy involved the use of specific keywords, including cytokines, Human African
Trypanosomiasis, immune response, Trypanosoma brucei, pro-inflammatory cytokines, anti-
inflammatory cytokines, sleeping sickness and cytokine biomarkers. Filters were applied to limit

results to peer-reviewed articles and full-text availability and publications from the past 15 years to
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ensure relevance and up-to-date evidence. Titles and abstracts were screened for relevance and full
texts of potentially eligible studies were reviewed. Key cytokines repeatedly reported in association
with HAT pathogenesis, particularly those implicated in the early and late stages of the disease,
were selected for further evaluation and quantification in the current study.

Eight immune factors linked to different outcomes of African trypanosome infection in
various HAT models and human cases (Kato et al., 2015; Kato et al., 2016; MacLean et al., 2001,
Maina et al., 2004; Namangala et al., 2001; Ngotho et al., 2006; Sternberg et al., 2005) were
considered. These include INF-y, TGF-B, TNF-a, IL-1p, IL-6, IL-10, IL-13 and IL-12. S100B was
also included, as it is a serum biomarker of brain injury and may indicate neuronal and blood-brain
barrier (BBB) damage, making it a potential biomarker for HAT staging (Bloomfield et al., 2007,
Marchi et al., 2004; Rothermundt et al., 2003).

3.2.1.1 Sample preparation and standards

Cytokine levels in monkey plasma and CSF were measured using ELISA kits from U-
Cytech Biosciences (Utrecht, Netherlands) for TNF-a, IFN-y, 1L-10, IL-6, IL-12, IL-13 and IL-1.
CSF levels of TGF-1p and S100B were assessed using ABclonal Technology kits (Massachusetts,
USA). Samples (500 uL) were aliquoted into eppendorf tubes to prevent repeated freeze-thaw
cycles. For U-Cytech kits, /50 volume of cytokine stabilization buffer (CSB) was added before
dilution, while for ABclonal kits, 10 uL of balance solution was added to every 100 puL of diluted
sample following the manufacturer’s instructions.

To generate a standard curve, Serial two-fold dilutions were prepared to generate a standard
curve ranging from the highest concentration specified in the kit data sheet, down to the assay’s
detection limit. This was achieved by transferring 400 pl of the reconstituted standard into a tube
containing 400 pl of dilution buffer to create the first standard (Std 1), followed by sequential
dilution through seven additional tubes (Std 2 to Std 7). A blank, containing only the dilution
buffer, was included as the negative control. All dilutions were thoroughly mixed before use. Each
standard concentration was tested in triplicate to ensure accuracy and reproducibility. After
completing the ELISA assay, the optical densities (ODs) of the standards were measured at 450 nm
using a microplate reader. These OD values were plotted against their corresponding known
concentrations using curve-fitting software (Microsoft Excel). The best-fit standard curve was
generated, and the resulting equation of the curve was applied to interpolate the cytokine

concentrations of the unknown samples.
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3.2.2 Cytokine assays

The solid-phase sandwich ELISA was performed following the protocols provided by the
manufacturers (U-Cytech Biosciences and ABclonal Technology). Briefly, according to the U-
Cytech Biosciences protocol, each well was coated with 50 uL of reconstituted coating antibody.
The volume was then adjusted to 100 puL with PBS, sealed, and left to incubate overnight at 4 °C in
an ALB refrigerator (ALB Service Pty Ltd, West Burleigh, Australia). Plates were then brought to
room temperature and the coating solution was discarded, followed by washing, which was done six
times using wash buffer. Subsequently, each well was blocked with 200 pL of blocking buffer and
incubated at 37 °C for 1 hour. After removing the blocking buffer, 100 pl per well of blank,
standard or sample was added as appropriate. The plates were covered and incubated at 37 °C for 2
hours. After incubation, blanks, standards and samples were discarded, and the wells were washed
six times with washing buffer. Subsequently, 100 pL of biotinylated anti-cytokine detection
antibody was added to each well, followed by sealing and incubation at 37 °C for 1 hour. The wells
were then washed six times before adding 100 pL of diluted SPP conjugate, which was incubated
for 1 hour at 37 °C under sealed conditions, followed by another six washes. Thereafter, 100 pL of
TMB substrate was dispensed into each well and incubated at room temperature for 20 minutes.
The reaction was terminated with 100 pL of stop solution and optical density (OD) values were
measured at 450 nm using a Stat Fax 3200 Microplate Reader (GMI, Minnesota, USA), with each
sample measured in triplicate. Incubation at 37 °C was performed using an MB100-4A microplate
shaker incubator (MRC Ltd, Holon, Israel).

According to the ABclonal Technology protocol, all reagents, standards and samples were
equilibrated to room temperature before use. The 96-well plate supplied in the kit was pre-coated
with a specific monoclonal antibody of interest. Initially, the plates were washed three times with
350 pL of diluted wash buffer, with a 40-second pause between washes to ensure removal of
unbound material. Standards and diluted serum samples (100 pL per well) were then added in
duplicate and incubated at 37 °C for 2 hours to allow antigen binding. After incubation, the wells
were washed three times before the addition of a biotinylated detection antibody, which was then
followed by another 1-hour incubation at 37 °C. The plates were washed again, after which 100 pL
of streptavidin-HRP conjugate was added to each well and incubated for 30 minutes at 37 °C.
Following another wash, 100 pL of TMB substrate (prepared by mixing equal volumes of substrate
solutions A and B) was added to each well and incubated at room temperature in the dark for 20
minutes. The reaction was terminated with 50 pL of stop solution per well and absorbance was
recorded at 450 nm using a Stat Fax 3200 Microplate Reader (Awareness Technology Inc., Palm
City, Florida, USA).
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3.3 Statistical analyses

To assess differences in cytokine levels with disease progression between monkeys infected
with the two T. b. rhodesiense strains, a generalised additive mixed model (GAMM) (Wood, 2006)
was applied, incorporating individual monkeys as a random effect. The model included strain
(group) as a fixed effect, time (days post-infection) as a nonparametric smooth function and a time-
by-strain interaction term to allow each strain to vary differently over time. Uninfected monkeys
served as the reference group. GAMMs were chosen to accommodate highly nonlinear trends in
cytokine data (Figure 9), with nonlinearity quantified using the effective degrees of freedom (edf)
of the smoothing term, where an edf of 1 indicated a linear relationship, while higher values
reflected greater nonlinearity. Models were fitted using the ‘gamm’ function from the ‘mgcv’ R
package (Wood, 2004), separately for each cytokine using plasma data. Six plasma cytokines were
analysed, which included IFN-y, TNF-o, IL-10, IL-6, IL-12 and IL-1p. Cytokines showing no
significant changes, which were CSF cytokines and IL-13 (both plasma and CSF), were excluded
from further analysis.

Median survival times, along with their interquartile ranges (IQR), were estimated using
Kaplan-Meier curves (Kirkwood & Sterne, 2010), and differences between strains were assessed
with the Log-rank test. Generalized additive mixed model (GAMM) analyses were conducted in R
version 3.6.1 (R Core Team, 2019), while survival analyses were carried out using Stata v15.1
(StataCorp, College Station, TX). The survival analysis approach allowed assessment of whether
variations in cytokine levels were associated with differences in survival outcomes, which serve as
an indicator of disease severity and pathogenicity. While this method does not directly evaluate
correlations between continuous cytokine concentrations and clinical severity scores, it provides an
indirect means of testing the hypothesis by examining the impact of cytokine expression on disease

progression and outcome. All tests were performed at a 5% significance level.
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CHAPTER FOUR
RESULTS

4.1 Pathogenicity of T. b. rhodesiense strains in vervet monkey
4.1.1 Changes in parasitaemia levels with disease progression

Rhodesiense infection has been linked previously to the formation of a chancre at the site of
infection. In this study, a trypanosome-induced chancre was also noted in 1 out of 4 monkeys (708)
infected with KETRI 3801, and in 2 out of 4 monkeys (699 and 715) infected with KETRI 3928.
Following infection, there was a recorded pre-patent period during which parasites were not
detectable in blood. The median pre-patent period was 6.0 days (range: 6 - 6 dpi) for KETRI 3801
and 6.3 days (range: 6 - 7 dpi) for KETRI 3928 (Table 3).

After the pre-patent period, parasitaemia levels differed between KETRI 3801 and KETRI
3928 infections as the disease progressed. In monkeys infected with KETRI 3801, parasitaemia
reached a peak of antilog 7.8 parasites/mL by 12 dpi, followed by a decline, with second and third
peaks occurring before termination of the experiment (Figure 3). In contrast, KETRI 3928 infection
showed a lower peak of antilog 7.3 parasites/mL by 8 dpi. Overall, parasitaemia fluctuated between
antilog 6.1 and 7.8 parasites/mL during the course of infection, with higher levels consistently
observed in monkeys infected with KETRI 3801 compared to those infected with KETRI 3928.

3 I

Ea.u- }} i ga.u )
E I [+ 8 T - -

1P ol fHA AR

§ - '

@ A0 = 40

£ | g

£ 20 8 20

d

e — o
0 8 16 24 32 40 0 16 32 48 64 a0 96 12

Days post infection Days post infection

Figure 3: Changes in parasitaemia levels in monkeys infected with two strains of T. b. rhodesiense

*The graph was plotted from the number of parasites per ml (y-axis) against time post-infection (x-
axis). Error bars indicate the standard error of the mean (xSEM) for parasitaemia, calculated as the
standard deviation (SD) divided by the square root of the sample size (n). During African
trypanosomiasis, the host immune system is subjected to persistent pressure due to fluctuations in
Variant Surface Glycoprotein (VSG) expression and parasite counts, resulting in periodic cycles of
parasitemia (Mugnier et al., 2016). The causative parasite, mainly Trypanosoma, avoids immune

detection by altering its surface VSG proteins. As the parasite multiplies and shifts to new VSG
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variants, the host generates antibodies against these new forms, which leads to a reduction in

parasite numbers and a temporary decline in parasitemia.

Table 2: Clinical and parasitological effects of T. b. rhodesiense parasites in monkeys

Parameter Control KETRI 3801 KETRI 3928
Proportion of monkeys with N/A Y, 2l

chancre

Chancre observation (dpi) N/A 4 6,10
Pre-patent period (range of days) N/A 6.0 (6-6) 6.3 (6-7)
First peak parasitemia in dpi N/A 12(antilog 7.8/mL) 8(antilog 7.3/mL)
(parasite load/mL)

PCV at baseline (0 dpi) 493126 50.3+5.2 51675

% PCV change at day 12/extremis* -2.69/-3.23 -13.27/-44.90 -12.63/-59.60
Time to first peak temperature N/A 12 8

(dpi)

Highest temperature increase (°C) 0.68 1.80 (day 12) 1.78 (day 8)
First detection of parasites in CSF 0 12/16/16/24 8/12/16/28
(dpi)

Day of first detection of CSF white -1-116/24 0/8/16/28 12/16/16/28
cells numbers > 5cells/uL

Baseline weight at 0 dpi (Kg) 4.68 +0.77 4.50 + 0.60 4.12 + 0.60
Weight loss at extremis (Kg) -0.6 -0.8 -1.2

Median (range) survival time (dpi) N/A 28 (23 - 34) 95 (57 - 115)

Halues are from the last surviving animal in each infected cohort at extremis. For CSF parasites

and white cell count, the dpi for individual animals per cohort are shown and in animals where

white blood cells did not reach > 5cells/uL cut off, a “-*“ is used; b, survival time of control animals

was censored data since all were euthanised at the end of the study without attaining an extremis

condition. N/A represents not applicable.
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4.1.2 Monkey survival times with disease progression

This study found a varied disease progression period to the extremis condition in both
infected groups as compared to uninfected controls. Animals infected with KETRI 3801 survived
for shorter times compared to those infected with KETRI 3928. The median survival time was 28
(IQR 23 — 34) days for KETRI 3801, 95 (IQR 57 — 115) days for KETRI 3928, and 120 (IQR 120 —
120) days for uninfected monkeys (Table 3; Figure 5). Clinical monitoring of uninfected monkeys
was terminated at the termination of the study (120 days post-infection) without a requirement for
them to attain the extremis condition. Therefore, this figure was used for statistical comparison
despite uninfected animals surviving longer.

Generally, monkeys infected with the KETRI 3801 strain died faster compared to those
infected with KETRI 3928 (Figure 4). Compared to uninfected animals and KETRI 3928 infected
monkeys, time to death was about three times shorter in KETRI 3801 infections (HR=2.48, 95%Cl:
1.42-4.30). However, between KETRI 3928 infections and uninfected controls the difference was
not statistically significant (p=0.0704) (HR=0.66, 95%CI: 0.42-1.00) (Figure 5 B) but individual
animals infected with KETRI 3928 attained extremis condition at different days post infection
including 95, 115 and 119 while in uninfected control cohort, the experiment was terminated at 120
days without attaining extremis condition. As in previous studies described by Limo et al. (2021)
and Thuita et al. (2008), these data indicate that KETRI 3801 causes an acute infection compared to
the chronic KETRI 3928 infections.
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Strain ID  Year of Isolate  Region of Lab derivative Derivative Passages

isolation type isolation 1D type
KETRI 3199 1939 Pleomorphic Busia, Kenya  KETRI 3801 Clone 1
KETRI 3828* 2003 Clone Tororo, Uganda KETRI 3928 Clone 2
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Figure 4: Strain biodata and sampling regime obtained from secondary data. A. Biological and

historical data. B. Monkeys infected with two strains of T. b. rhodesiense

Plasma and CSF samples were taken as marked on different days post-infection. Animals were
sacrificed at extremis, indicated with red boxes, due to the emergence of clear late-stage symptoms.
The mean survival time (and the SD) is shown for the infected cohorts.

F = female, M = male.

*A cloned strain was provided to the KALRO BioRI through donation by the National Livestock
Resources Research Institute (NaLIRRI), Uganda.
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Figure 5: Survival times of infected vervet monkeys. A. Kaplan-Meier (survival) curves. B.

Estimated risk of dying using the Cox proportional hazard model

4.1.3 PCV changes with disease progression

Packed cell volume (PCV) was determined as the proportion (%) of red blood cells in whole
blood samples. A reduced PCV level is an indicator of anaemia. In this study, all infected animals
exhibited progressive reductions in PCV during the course of infection, while uninfected animals
showed insignificant fluctuations (Figure 6A). With reference to O dpi, the highest reductions were
observed at the end of the experiment in both infections. The average reduction of 11% for KETRI
3801 and 9% for KETRI 3928 infections was observed at day 12 dpi. A higher reduction rate is
observed when the two infections are compared, when the animals attained extremis condition with
an average of 34% for KETRI 3801 and 55% for KETRI 3928 infection (Figure 6 B). The level of
reduction rate is higher in the KETRI 3801 infected cohort compared to the KETRI 3928 cohort.

The initial drastic reduction was observed around 8 - 12 dpi, which coincides with the time
of the first peak parasitaemia (Figure 3; Figure 6B). A comparison in percentage change at this time
was done at 12 dpi to assess the difference between the two infections (Figure 6B). The trend was
followed by a slight recovery, and thereafter a slow and progressive reduction. Notably, the overall
magnitude of PCV reduction correlates with survival time, with the highest reduction observed at
the extremis in monkeys infected with KETRI 3928, which survived the longest. In addition, a

higher rate of PCV reduction could be associated with acute infections, as shown in Figure 6.
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Figure 6: Anaemia in T. b. rhodesiense infection of vervet monkeys. A. PCV change in different

cohorts with disease progression. B. Change in PCV levels at 12 dpi and extremis

*The graph was plotted from the values of PCV read (y-axis) against time post-infection (x-axis).
Error bars indicate the standard error of the mean (xSEM) for PCV, calculated as the standard

deviation (SD) divided by the square root of the sample size (n).

4.1.4 Changes in body temperature with disease progression

Body temperature is used as an indicator of fever when there is a temporary rise above 37
°C (Balli et al., 2023). All infected animals showed increased body temperature as compared to the
controls, an indication of infection-induced fever (Figure 7A). The highest average temperatures in
KETRI 3801 (40.20 °C) and KETRI 3928 (40.03 °C) infections were observed at 12 and 8 dpi,
respectively, coinciding with the time of the first peak parasitaemia (Figure 7 B; Figure 3).

In the course of infection, there were fluctuations of average body temperature with higher
fluctuations in infected animals compared to controls. These fluctuations ranged from 38.30 — 39.13
°C (A0.833) in control, 38.40 - 40.20 °C (A1.80) in KETRI 3801 and 38.25- 40.03 °C (A 1.78) in
KETRI 3928 infections. This suggests larger temperature fluctuations associated with infections.
Overall, temperature increases in the monkeys were intermittent and consistent with the undulating

fever of trypanosomiasis.

A. Body temperature B. Change in body temperature
Control ) KETRI 3801 | KETRI 3928 g s
_ | S 2 I KETRI 3828
6‘“} o r‘-' 4IJ—I . T E 5 KETRI 3801
s IV 1 Il ’\.\ N G 1 H\
E b I 'V \{\ i E.o
z 30 e LA k} 39i_: . WA 2
N F\“‘\ A ¢ Vo1 '*H [ e ’

K] 3 B
0 16 32 4 e 80 % 112118 DB 1624 3240 0 1% 32 4 64 80 % 12 18 85—

Days Days postinfection Days post nfection 4" ayspostintection o

Figure 7: Effect of T. b. rhodesiense strains on body temperature. A. Body temperature changes
with disease progression. B. Change in body temperature in infected monkeys compared to control
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*The green line is the reference point representing no change relative to the control. These
fluctuations appear to a lesser extent in uninfected control animals due to physiological or
environmental factors. The routine monitoring, including the use of anesthesia, could transiently
elevate temperature. More so, ambient temperature or humidity shifts in the animal facility could

influence thermoregulation.

4.1.5 Changes in body weight with disease progression

All infected animals registered weight loss, which increased with disease progression
(Figure 8A). Mean losses of 1.2 kg and 0.8 kg in KETRI 3928 and KETRI 3801 infections,
respectively, were observed (Table 3). A higher reduction rate in KETRI 3801 infected cohort than
KETRI 3928 infected cohort was observed, with a loss of about 30% observed at the extremis in
both infections (Figure 8 B).

Weight loss also coincides with the parasitaemia trend, where a progressive decrease in
weight occurs at 8 dpi in both infection cohorts. This is followed by a short recovery in body
weight, and thereafter a steady and drastic decrease was observed in KETRI 3801 infection to the
extremis. However, a similar case was observed in KETRI 3928 infection, but the decrease was
slower till extremis. With a standard feed ration and water provided ad libitum to all the monkeys,
the infection altered feeding and decreased feed intake, as shown in Figure S1, could in part
contribute to the observed weight loss. The varying rate of loss was strain-associated, with the

highest total loss observed at extremis in all infected animals (Figure 8 B).
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Figure 8: Effect of T. b. rhodesiense strains on body weight. A. Changes in body weight with

disease progression. B. Average reduction in body weight compared to controls

*The graph was plotted from the recorded body weight in kilograms (y-axis) against time post-
infection (x-axis). Error bars represent the standard error of the mean (xSEM) for body weight,

calculated as the standard deviation (SD) divided by the square root of the sample size (n).
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Together, PCV and body weight reduction were observed in the course of infection, and
were highest at the extremis. Since water was provided ad libitum, and all monkeys were provided a
standard feed ration, the observed weight reduction can be associated with infection. Further,
infection-mediated fever was initially observed at the first peak parasitaemia, and remained until the
extremis, but with some minor fluctuations. Comparatively, observations on PCV, weight loss,
infection-mediated fever, median survival time and risk of dying indicate that KETRI 3801 is acute,
while KETRI 3928 infection is chronic. A similar observation has been made in a mouse model
(Limo et al., 2021).

4.2 Cytokine changes with disease progression in plasma

The outcome of an infection is the consequence of host and pathogen factors, their
interactions with the host environment, e.g., co-infection, and nutritional status, among many other
factors. An important host contribution is the immune response against the infectious agent(s),
which can also contribute to immunopathology. Consequently, investigation of immune factor
alterations in the course of the two varying infection outcomes was sought, acute and chronic, to
attempt to understand which, if any, factors may have roles in modulating the course of infection.

TNF-a is a broadly influential regulator of immunity and is produced by many immune
cells. TNF-a plasma levels showed no variation with the baseline levels with disease progression in
all infected monkeys. In uninfected and infected monkeys, TNF-a levels remained stable
throughout the infection. However, the trend in KETRI 3928 infection was highly non-linear with
higher estimated degrees of freedom (Table 4).

IL-12 was assessed due to its key role in T cell differentiation, particularly in promoting Thl
and NK cell responses, as well as in stimulating TNF-a production. At baseline, levels of IL-12
ranged between 0.8 to 1.0 ng/mL of plasma. Following infection, IL-12 levels increased to a peak
by 8 dpi in both groups of infected monkeys. In the monkeys infected with KETRI 3801, the IL-12
levels at 8 dpi were three times the baseline level. Thereafter, IL-12 levels declined but then rose
again to a second peak at 24 dpi, which coincides with another parasitaemia peak (Figure 9 B;
Figure 3). In the monkeys infected with the chronic strain KETRI 3928, the first peak of 1L-12 was
twice the baseline and was observed at 8 dpi. Thereafter, IL-12 remained elevated above baseline
with another peak at 60 dpi. Toward the end of the experiment, IL-12 levels fell to baseline. The
first peak of IL-12 was significantly greater in monkeys infected with the KETRI 3801 strain
compared to those infected with KETRI 3928.

IFN-y production is also influenced by TNF-a, and is important in responses to a wide range
of infections, inducing macrophage activation, and is produced by Th1l cells, amongst others. A

single spike of IFN-y was observed at 8 dpi in both groups of infected monkeys (Figure 9C). No
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other peaks were observed thereafter until the extremis. In controls, the IFN-y levels remained
steady at baseline levels throughout the study.

IL-1B levels were analysed, a cytokine involved in the inflammatory response and mainly
produced by macrophages and monocytes. No notable peaks were observed in controls or monkeys
infected with KETRI 3801. However, in monkeys infected with KETRI 3928, IL-1p levels in
monkey 710 were significantly elevated from 16 dpi, peaking at 40 dpi, and showing wide
variations between individuals of the cohort (wide error bars in Figure 9D). Thereafter, IL-1p levels
subsided to be similar to the other animals by 64 dpi.

IL-6 is associated with microbial infections and specifically pathways mediated by Toll-like
receptors. A first IL-6 peak was detected at 12 dpi in both groups of infected monkeys. In monkeys
infected with the acute strain, mean IL-6 levels were significantly greater than in those infected
with the chronic isolate p<0.05 (Figure 9 E; Table 3). A second IL-6 peak was evident terminally, at
42 and 95 dpi for the acute and chronic strain infections, respectively.

Finally, IL-10 was considered, which has an anti-inflammatory function, downregulating
Th1 cytokine synthesis and antigen presentation. An increase in IL-10 levels was observed at 8 dpi
in both groups of infected monkeys, with those infected with the acute strain showing higher levels
of the cytokine (Figure 9F). At the extremis, both infected cohorts had levels that were nearly 1.5
times their baseline levels.

In summary, IFN-y and IL-12 had similar profiles in both infections. IL-6 concentrations
were elevated in acute infections relative to chronic infections, with a peak recorded at 12 dpi.
Notably, the levels of IL-6, IL-12, IL-10 and IFN-y were significantly elevated in early-stage
disease of both groups of infected monkeys at 4 -8 dpi (p<0.05), suggesting that these can be
considered as markers of early-stage disease.

49



Table 3: Estimates from generalised additive mixed model comparing average cytokine levels

(ng/mL) across two strains of T. b. rhodesiense

Cytokine Strain Estimate Std. Error t-value p-value
TNF-a KETRI 3801 0.036 0.008 4.4 <0.001
KETRI 3928 0.073 0.008 9.7 <0.001
IFN-y KETRI 3801 1.216 0.377 3.2 0.001
KETRI 3928 1.223 0.313 3.9 <0.001
IL-12 KETRI 3801 0.850 0.105 8.1 <0.001
KETRI 3928 0.957 0.088 10.8 <0.001
IL-1P KETRI 3801 0.134 0.010 13.4 <0.001
KETRI 3928 0.095 0.009 10.4 <0.001
IL-6 KETRI 3801 0.436 0.061 7.2 <0.001
KETRI 3928 0.121 0.051 24 0.018
IL-10 KETRI 3801 0.026 0.002 11.2 <0.001
KETRI 3928 0.026 0.002 12.5 <0.001
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Table 4: Estimated degrees of freedom showing trends of cytokines with disease progression

Cytokine Strain E df Ref df F-value p-value
TNF-a KETRI 3801 0.000 7 0.000 0.999
KETRI 3928 5.498 8 3.229 <0.001
IFN-y KETRI 3801 2.567 8 1.375 0.004
KETRI 3928 4.970 8 2.548 <0.001
IL-12 KETRI 3801 3.313 8 4,821 <0.001
KETRI 3928 6.436 8 8.660 <0.001
IL-1B KETRI 3801 0.000 8 0.000 0.554
KETRI 3928 7.307 8 27.100 <0.001
IL-6 KETRI 3801 3.591 8 9.089 <0.001
KETRI 3928 0.000 8 0.000 0.385
IL-10 KETRI 3801 3.724 8 55.170 <0.001
KETRI 3928 7.589 8 155.700 <0.001

*E.df refers to the estimated degrees of freedom associated with the error term. Ref.df refers to the
denominator degrees of freedom. An E.df equal to O implies a linear function and the higher the

E.df, the highly nonlinear the function is.
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Figure 9: Plasma cytokine alterations in the course of T. b. rhodesiense infection of vervet monkey

*Error bars were calculated as the standard error of the mean (SEM) calculated from standard
deviation (SD) and sample size (n). The respective host immune factors were monitored till the

extremis and termination of the experiment.

4.3 Cytokine changes with disease progression in the cerebrospinal fluid (CSF)

To stage sleeping sickness, either the presence of parasites and/or > 5 WBC/ul in the CSF is
considered an indicator of late or stage two disease (Brun et al., 2010). Parasites were detected in
the CSF between 12 - 24 dpi and 8 - 28 dpi in KETRI 3801 and KETRI 3928 in all cohort animals,
respectively (Figure 11A). Notably, CNS invasion cannot be excluded due to the interval of lumbar
puncture for the determination of parasites and WBC. Similarly, CSF WBC counts > 5 cells/pl were
noted at 0 — 28 dpi and 12 — 28 dpi in KETRI 3801 and KETRI 3928 infected animals, respectively.
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For the uninfected cohort, a WBC >5 cells/ul was detected in two animals on days 16 and 24
(Figure 11 B). Generally, CSF parasite and WBC levels increased more rapidly in KETRI 3801
infection than in KETRI 3928 infection. This is indicative of more rapid parasite replication and/or
invasion, progression and severity of late-stage disease in KETRI 3801 infections as compared to
KETRI 3928 infections.

Elevated plasma IL-6 and IL-12 levels were observed in monkeys with late-stage disease,
indicating potential utility as diagnostic agents/molecules even after the onset of late-stage disease.
However, none of the cytokines were exclusively detected in CSF late-stage disease and therefore
are, at this level, unreliable biomarkers of late-stage disease except when considering levels, which
are highly variable.

Notably, the levels of TNF-a, IL-1B and IL-10 in plasma were higher in infected animals
than in controls at day O of infection; varying baseline is a normal phenomenon and is a
consequence of various factors (Tarantula et al., 2022). In all cases, the levels in control remained
unchanged. The estimated effective degrees of freedom for cytokines indicated strong evidence of
highly nonlinear additive effect over time except for TNF-a. (KETRI 3801), IL-1p (KETRI 3801)
and IL-6 (KETRI 3928) (Table 4). In the CSF, the levels of the six (6) cytokines were not detected
except for IL-12 (in monkeys 715 and 709, Figure S 2b), TGF-p and S100B.

The levels of TGF-B and S100B in CSF were also analysed. TGF-B has multiple roles in
inflammation, mainly acting to suppress B cell and macrophage activity as well as promoting
differentiation of CD4 T cells. A variable TGF-p response was observed in the monkey cohorts. In
monkeys infected with KETRI 3801, two animals, 708 and 704 showed an increasing trend with
reference to baseline; a peak at 4 dpi and 24 dpi (Figure 10). In monkeys infected with KETRI
3928, the levels in monkey 699 were elevated throughout the infection, with variable responses in
the remaining two monkeys.

S100B is secreted by mature astrocytes and is a marker of CNS injury and blood-brain
barrier permeability. Wide variations in S100B levels were observed. In KETRI 3801 infected
monkeys, two individuals, 704 and 708 showed an increase in levels with disease progression,
whereas in KETRI 3928 infected monkeys, a variable response with no clearly defined trend was

observed.
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Figure 10: Cerebrospinal fluid (CSF) cytokine levels. A. TGF-B with disease progression. B.
S100B levels in the course of T. b. rhodesiense infection of vervet monkey

*Error bars were calculated as the standard error of the mean cytokines (SEM), calculated from

standard deviation (SD) and sample size (n).
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Figure 11: Cerebrospinal fluid (CSF) trypanosome invasion and associated white blood cells

(WBC) levels in the course of infection

*The graphs were plotted from the number of trypanosome parasites per microlitre and the number
of WBC per cubic millimeter on the y-axis, respectively, against time (days post-infection) on the
X-axis.

In summary, the majority of CSF-assayed immune factors remain unchanged throughout the
course of infection. In general, plasma immune factors are higher in infected animals as compared

to controls, with significant differences in specific factors between acute and chronic infection
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noted. In addition, higher CSF parasite and WBC counts are observed earlier in the second stage
disease of KETRI 3801(acute) as compared to KETRI 3928 (chronic) infection.
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CHAPTER FIVE
DISCUSSIONS

The immunopathogenesis in HAT is characterised by a complex interplay between parasite
evasion strategies and host immune responses. During infection, parasite-derived factors enable
immune evasion through mechanisms such as antigenic variation and immunomodulation. Disease
progression and severity are further influenced by host-related factors, involving complex
interactions between immune cells, their secreted products and parasite-derived molecules. The
activation of both innate and adaptive immune pathways is critical in determining disease outcome,
with cytokines acting as central signalling molecules that modulate the magnitude and duration of
immune responses, thereby influencing the balance between parasite control and immunopathology.
Previous studies have suggested that cytokines influence infection outcome. However, their specific
role remains unclear. This study focused on the role of different individual cytokines in modulating
disease outcomes in rHAT using cryopreserved samples from uninfected controls and infected
monkeys who were infected through a single bite from an infected tsetse fly (Thuita & Masiga,
2016).

The early stage of infection is marked by the development of a trypanosomal chancre at the
bite site in some cases. Chancre results from a localised inflammatory response to the inoculated
parasites (McGovern et al., 1995; Sekhar et al., 2014), tsetse salivary components (Alfituri et al.,
2020; Caljon et al., 2006) and possibly laceration caused by probing for hemorrhagic pool feeding.
This response is the first host attempt to contain and prevent initial parasite colonisation, and is
crucial in infection outcomes. However, neutrophils recruited at the site of infection contribute to
parasite colonisation, facilitated by the disruption of extracellular DNA traps mediated by TatD, a
cytoplasmic protein with DNase activity observed in mice (Caljon et al., 2018; Mabille & Caljon,
2020; Zhang et al., 2021). Chancre is not observed in all bites and is suggested to vary depending
on the infecting species and host (Crilly & Munger, 2021; Urech et al., 2011). Similar to these
previous observations, 1 of 4 monkeys and 2 of 4 infected with KETRI 3801 and KETRI 3928
developed a chancre, respectively. The host also elicits an inflammatory response through
neutrophils and NK cells in response to trypanosome-specific pathogen-associated molecular
patterns (PAMPS), including CpG DNA and VSG. Previous studies have linked neutrophils to the
production of pro-inflammatory cytokines, such as IL-6 and IL-1B, during the early stage of
infection (Maina et al., 2004). Similarly, the first peak of 1L-6 was recorded at day 12 dpi in both
groups of infected monkeys. However, a second IL-6 peak was evident towards the end of the
experiment, at 42 and 95 dpi for the acute and chronic strain infections, respectively, suggesting the
action of neutrophils during late-stage infection. Involvement of IL-1p in early or late-stage

infection was not evident since no peaks were recorded except in one animal infected with a chronic
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strain, whose peak was recorded at the late stage. Therefore, IL-1p would not be a good biomarker
for rHAT staging.

Parasite antigenic variation of their VSG coat is central to disease progression and virulence.
Trypanosomes are extracellular parasites covered entirely by a monolayer of surface antigen, VSG,
which is highly variable with high antigenicity (Pinger et al., 2017). VSG protects the parasite by
creating a physical barrier that protects it against the host's immune system. Additionally, the highly
variable nature makes vaccine development a challenge, rendering chemotherapy the main disease
management method involving the host. The parasite’s capacity to switch VSG variants determines
the outcome as acute or chronic infection due to the elimination of the parasite by the host immune
system after recognition and clearance of expressed surface antigen (Jayaraman et al., 2019). VSGs
are held by glycosylphosphatidylinositol (GPI) anchors to the surface of trypanosomes. Previous
studies involving T. brucei-resistant mice reported the protein to elicit a polarised Th-1 immune
response (Caljon et al., 2018; Grob et al., 2020; Hertz et al., 1998). This resistance was linked to
IFN-y cytokine due to the inability of susceptible mice to elicit a Th-2 response in the absence of a
Th-1 cytokine response. Similar to these reports, this study demonstrates an initial increase in IFN-y
cytokine levels in all infected animals, a typical activation of Th-1 response by T. b. rhodesiense
during early-stage infection.

Additionally, GPI interacts with macrophages, leading to their direct activation. Previous
studies have also demonstrated that the interaction of VSG with macrophages leads to macrophage
activation due to the presence of GPIl anchors (Borges et al., 2021; Magez et al., 2002).
Furthermore, macrophages are classically activated by IFN-y and TNF-a secreted by NK cells,
leading to a pro-inflammatory response characterised by the production of reactive oxygen
intermediates (ROIs), nitric oxide (NO), reactive nitrogen intermediates (RNIs) and additional
TNF-a (Stijlemans et al., 2010). TNF-a further promotes the recruitment and activation of T cells,
which are maintained through 1L-12 secretion. Activated T cells, in turn, stimulate B cell responses
via IL-4 production and enhance macrophage activity through the release of additional IFN-y (Hertz
et al., 1998). Further activation of B cells is through dendritic cells (DCs) via IFN-y, IL-6 and IL-
12, targeting clearance of the trypanosome parasite (Kupani et al., 2021). However, resistance to
African trypanosomiasis (AT) in mice that is associated with VSG cytokine response is specific to
the disease stage, with a typical type-1 response in the early stage and type-1l during late-stage
disease. Additionally, the ability of the murine model to launch a specific VSG B-cell response also
differs depending on the susceptibility of the specific strain to infection. With antigenic variation, a
type-11 response is mounted through alternative activation of macrophages, where cytokines such as
TGF-p and IL-10 promote arginase macrophage activation. This activation results in the production

of counter-inflammatory cytokine IL-10 and subsequent suppression of IFN-y and NO. Similarly,
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this study demonstrated an impulse of IFN-y production during early-stage infection. However,
during the same time of disease progression, TNF-a plasma levels were not elevated in infected
monkeys and remained stable throughout the infection without any peaks (Figure 10A). On the
other hand, secretion of IL-12 was higher with the first peak at 8 dpi in all infected animals,
suggesting similar involvement at the early stage. With disease progression, an increase in IL-10
levels was observed after 4 dpi in both groups of infected monkeys, with those infected with the
acute strain showing higher levels of the cytokine (Figure 10F).

VSG coat is made up of up to 10’ identical homodimers forming a dense layer of
glycoprotein on the trypanosome surface. Variant Surface Glycoproteins (VSGs) activate the host
immune system, inducing IgM antibody production through B cell activation (Dubois et al., 2005).
However, antigenic variation through the expression of different VSG coats enables the parasite to
evade immune clearance. Studies in mouse models have highlighted the role of IgM in T. b. brucei
infection, particularly during peak parasitaemia (Baral et al., 2007; Magez et al., 2006; Magez et
al., 2008). These studies demonstrate that VSG expression elicits specific IgM antibodies that
mediate trypanosome clearance. However, the switch to a new variant of VSG causes an increase in
parasitemia as the B cells are activated. Apart from B cell activation, a previous study demonstrated
the involvement of pro-inflammatory cytokines IFN-y and TNF-a in parasitemia control (Magez et
al., 2006). In the study, IFN-y receptor-deficient mice were used to show that IFN-y—driven
immune activation plays a critical role in controlling parasitaemia. Furthermore, the MHC class II-
deficient mice demonstrated the importance of the molecule in IFN-y initiation, leading to the
production of TNF-a. Similar to these studies, the strain KETRI 3801 exhibits higher primary peak
parasitaemia, growth rate and parasitaemia as compared to KETRI 3928 (Figure 3). A similar trend
was observed in the mouse model (Limo et al., 2021); thus, this study suggested differences due to
strain-dependent factors on replication (proliferation and differentiation) and host-mediated
clearance. A lower parasitaemia is observed in chronic infection in trypanosomes (Turner et al.,
1995), consistent with chronic KETRI 3928 infection outcomes in vervet monkeys and mice. This
indicates that KETRI 3928 maintains sub-lethal levels by balancing host clearance and
differentiation into nondividing stumpy forms, and proliferation, without having adverse effects on
the hosts, hence longer host survival and extended transmission window. Observations by Murray
and Morrison (1979) suggest that higher parasitaemia, which is associated with a higher degree of
pathogenesis, can, in part, explain the varying pathologies observed here.

Parasitaemia waves have also been linked with complement lysis. However, in T. b.
rhodesiense studies using mice, it was demonstrated that complement-mediated lysis was not
important in parasitaemia clearance or peak parasite control during infection (Magez et al., 2020).

Studies involving T. congolense using C5-deficient mice reported similar arguments (Tabel et al.,
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2000). A peak trypanosome clearance without involvement of C5 in T. vivax and T. b. rhodesiense
also demonstrated a lack of complement-mediated lysis during infection (La Greca et al., 2012,
Seed & Sechelski, 1988). However, the generation of the C3b component of complement during the
initial stages is important because it is a powerful opsonin that has the ability to bind covalently to
its target (Law & Levine, 2019). C3b is converted to iC3bi through the interaction of Factor H and |
in plasma, which is a target for the CR3 receptor that is involved in the phagocytosis of pathogens
(Lukécsi et al., 2017). CR3 phagocytosis has been linked to TNF-a production by macrophages and
which has a negative effect on parasite fitness (Acharya et al., 2020; Stevens & Moulton, 1978). In
this study, TNF-a plasma levels were not elevated in infected monkeys. These findings suggest low
CR3 phagocytosis during infection.

Humans can resist infection by other strains of Trypanosoma due to the presence of
Trypanolytic factor (TLF 1 and TLF 2) in their serum. However, human-infective strains such as T.
b. gambiense and T. b. rhodesiense have evolved mechanisms to resist the lytic activity of serum
factors. The TLFs contain two important compounds: haptoglobin-related protein (Hpr) and
apolipoprotein L1 (APOL1) (Bullard et al., 2012; De Simone et al., 2022; Shiflett et al., 2005). Hpr
component is required for recognition by the receptor, while APOL1 is the lytic compound. The
haptoglobin-haemoglobin receptor (HpHDR), expressed on the trypanosome surface, mediates the
uptake of haptoglobin-haemoglobin complexes (Bullard et al., 2012). T. b. rhodesiense infection
occurs due to the presence of SRA (serum resistance antigen), which forms the larger part of the
trypanosome VSG coat, having a neutralising effect on lysis (Pays & Nolan, 2021). Notably, during
infection, APOL1 neutralisation by SRA occurs through the endocytosis process in trypanosomes.
Clearance of VSG-antibody complexes is an essential process during VSG switching. In T. brucei
previous studies have shown the process to rely on high endocytosis efficiency exhibited by the
trypanosome flagellar pocket (Manna et al., 2017). Trypanosomes have clathrin-associated proteins
mediating the endocytosis process (Adung'a et al., 2013). Additionally, trypanosome motility with
the aid of the flagellum results in fluid flow on the trypanosome surface that drags VSG-antibody
complexes to the flagellar pocket for internalisation (Engstler et al., 2007). Thereafter, the VSG is
recycled rapidly to the trypanosome surface while antibodies are transported for degradation in the
lysosome. T. brucei has endogenous phospholipase C (PLC) called GPI-PLC, which is activated
during antigenic variation (Garrison et al., 2021). The GIP-VSG moiety, a product of rapid
endocytosis, initiates expression of pro-inflammatory genes and activation of MAPK and NF-xB
pathways (Leppert et al., 2007). Pro-inflammatory cytokines, including TNF-a, IL-6 and IL-12, are
activated in the process, which together with the activated pathways are enhanced by myeloid cells
primed with T-cells from IFN-y (Cnops et al., 2015). Similarly, this study reported high levels of

these pro-inflammatory cytokines during early-stage infection of both chronic and acute infection,
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suggesting an involvement of rapid endocytosis in cytokine production, which further modulates
disease progression in T. b. rhodesiense infection.

Efforts towards identifying biomarkers for CNS invasion, allowing easy staging and
eliminating the invasive and risky lumbar puncture, are being made. Correlation of plasma and CSF
levels with CNS invasion was done, potentially identifying staging biomarkers. However, CSF
levels of most cytokines were low and unchanged between infected and controls. This was contrary
to other observations. For example, Maranga et al. (2013) observed unchanged and elevated serum
and CSF IL-6 levels, respectively, while this study shows elevated plasma IL-6 levels. Only CSF
TGF-B and S100B (a suggested biomarker of BBB damage) (Bloomfield et al., 2007; Marchi et al.,
2004; Rothermundt et al., 2003) were measurable (Figure 12), though not informative. The reasons
for unchanging CSF cytokine levels are unknown but could be due to loss of sample integrity due to
cryopreservation and/or levels not within the dynamic range of our detection method, among other
possible reasons. The application of a more sensitive multi-cytokine assay with a short turnaround
time is recommended.

This study used two T. b. rhodesiense strains, KETRI 3801 and KETRI 3928, that are
responsible for acute and chronic infection, respectively. The basis of such outcomes is driven by
pathogen and host genetics and their interactions, indicative of a consequential dynamic and
varying host-pathogen crosstalk. Here, host-dependent immunomodulation is suggested as the basis
of the different infection outcomes. This will need further qualification by establishing individual
roles of the immune factors and integrating them into their complex network. Insight gathered will
be important in understanding HAT progression, which can help identify staging biomarkers and
improve clinical management of cases. Further, clinical overlap in rHAT and gHAT could become
clear. In the context of vector-transmitted pathogens, maladaptation in the strain causing acute
infections marked by short host survival and hence a narrow transmission window could be
suggested. A significant limitation of this study is the reliance on biological samples obtained from
a prior experiment. Consequently, there was no control over critical aspects of the original
experimental design, such as infection protocols, environmental conditions and sample collection
timelines. This lack of control may introduce variables that could influence the interpretation of the
results. Despite this limitation, the samples used in this study were obtained from a well-
documented and ethically approved experiment. This ensured the maintenance of relevance and

reliability of the findings.
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CHAPTER SIX
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

In summary, both IFN-y and IL-12 displayed comparable patterns in acute and chronic
infections, while IL-6 was more elevated in acute cases, peaking at 12 dpi. Elevated concentrations
of IL-6, IL-12, IL-10 and IFN-y were detected between 4 and 8 dpi in both groups, suggesting their
usefulness as indicators of early-stage disease. For most immune factors measured in CSF, levels
remained stable throughout infection, whereas plasma immune factors were generally higher with
disease progression in relation to 0 dpi, with notable differences between acute and chronic forms.
Additionally, second-stage disease in KETRI 3801 (acute) was characterised by earlier increases in

CSF parasite load and white blood cell counts compared with KETRI 3928 (chronic).

6.2 Conclusions

This study demonstrates the immunological and clinical impacts of two Tbr strains
responsible for varied outcomes inferred from anaemic states, weight loss, risk of death and
survival time.

i. INF-y, TNF-a, IL-1B, IL-6, IL-10 and IL-12 cytokines were identified to mediate both
protective and pathological processes during infection. In the early (haemolymphatic) stage
of HAT, pro-inflammatory cytokines such as IL-6, IL-12 and IFN-y are critical for
controlling parasite replication and activating innate immune responses. However, as the
disease advances to the late meningoencephalitic stage, persistent cytokine production
drives neuroinflammation and compromises the blood-brain barrier, resulting in the
neurological manifestations characteristic of HAT. The regulatory balance provided by the
anti-inflammatory cytokine IL-10 is therefore critical, as it influences whether the host
effectively controls infection or progresses to severe pathology.

ii.  The findings suggest strain-directed and host-dependent immunomodulation as the basis of
the different infection outcomes. The strain infecting the animals results in them dying faster
or living longer. Furthermore, this study has provided valuable insights into the multifaceted
role of cytokines in varying disease outcomes in rHAT. Through a comprehensive analysis
of cytokine responses during Tbr infection, pro-inflammatory cytokines, including 1L-12,
IFN-y and IL-6, act as key mediators of host defense by coordinating immune responses
against the parasite. Their interaction with IL-10 reflects the characteristic balance between
pro- and anti-inflammatory signals observed during trypanosome infection.

iili.  Monkeys that were infected with Tbr KETRI 3801 experienced more severe disease

pathogenesis and rapid disease progression than monkeys that were infected with KETRI
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3928. The disease was characterised by variation in survival times, where monkeys that
were infected with KETRI 3801 had three times higher risk of dying from the disease,
shorter pre-patent period, higher fever, faster-progressing anaemia and higher peak
parasitaemia compared to monkeys infected with KETRI 3928. This confirms previous
findings that KETRI 3801 causes a more acute disease compared to KETRI 3928, which
causes a relatively more chronic infection. Importantly, since these parasites were initially
recovered from clinical cases of HAT, our findings confirm that both acute and chronic Tbr
isolates are in circulation in the endemic foci, information that is important for public health

personnel in charge of controlling the disease.

6.3 Recommendations

Our study has uncovered critical insights into the role of cytokines in determining disease
outcomes. It is therefore imperative to build on the findings to enhance the understanding and
prospects of research on rHAT treatment strategies despite the complex interplay between the
cytokines and varying clinical manifestations observed in rHAT. Thus, the following
recommendations will deepen the understanding of the cytokine-mediated mechanisms in rHAT,
improving therapeutic and diagnostic approaches, and better rHAT management and outcomes.

i.  Further qualification of cytokines by establishing individual roles of the immune factors and
integrating them into their complex network.

ii.  Further research is to facilitate the development of parasite strains that do not adapt well,
leading to infections characterised by shorter survival in the vector and thus a narrow
transmission window.

iii.  Implementation of strain-specific diagnostic and treatment approaches is crucial. Given the
observed differences in disease progression between acute (KETRI 3801) and chronic
(KETRI 3928) infections, diagnostic tools should incorporate strain-specific biomarkers to

predict disease course.

6.4 Suggestions for further study

Future research should focus on integrating detailed cytokine profiling with strain-specific
parasite characterisation to map the complex host—parasite—-immune network. Such studies should
aim to identify the precise roles of individual cytokines in disease progression, develop biomarkers
that can differentiate between acute and chronic Tbr infections and explore parasite genetic traits

that limit vector adaptation, thereby narrowing the transmission window.
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APPENDICES

Appendix I: Monkey food intake.

@Fed on all food items provided; @ three quarter consumed; @B half consumed; & a quarter

consumed and finally €8 animal did not feed. & Represents extremis, with the day post-infection

indicated as a superscript for each infected animal. Animals eating just a quarter and below were

clearly anorexic.
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Appendix I1: Cytokine levels in plasma and CSF at different days post infection.
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