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Abstract: Animal trypanosomiasis (AT) is a complex of veterinary diseases known under various
names such as nagana, surra, dourine and mal de caderas, depending on the country, the infecting
trypanosome species and the host. AT is caused by parasites of the genus Trypanosoma, and the main
species infecting domesticated animals are T. brucei brucei, T. b. rhodesiense, T. congolense, T. vivax, T.
evansi and T. equiperdum. AT transmission, again depending on species, is through tsetse flies or
common Stomoxys and tabanid flies or through copulation. Therefore, the geographical spread of all
forms of AT together is not restricted to the habitat of a single vector like the tsetse fly and currently
includes almost all of Africa, and most of South America and Asia. The disease is a threat to millions
of companion and farm animals in these regions, creating a financial burden in the billions of dollars
to developing economies as well as serious impacts on livestock rearing and food production.
Despite the scale of these impacts, control of AT is neglected and under-resourced, with diagnosis
and treatments being woefully inadequate and not improving for decades. As a result, neither the
incidence of the disease, nor the effectiveness of treatment is documented in most endemic
countries, although it is clear that there are serious issues of resistance to the few old drugs that are
available. In this review we particularly look at the drugs, their application to the various forms of
AT, and their mechanisms of action and resistance. We also discuss the spread of veterinary
trypanocide resistance and its drivers, and highlight current and future strategies to combat it.

Keywords: nagana; surra; animal trypanosomiasis; drug resistance; history; trypanocide; drug
mechanism of action

1. Introduction

Protozoan parasites of the genus Trypanosoma, most prominently including T. brucei spp, T.
congolense, T. vivax, T. evansi and T. equiperdum, cause a wide range of diseases affecting humans and
animals. With the exception of T. equiperdum, which is transmitted by copulation, pathogenic
trypanosomes are mostly transmitted by insect vectors (Magez et al., 2021) and in parts of South
America also by vampire bats (Herrera et al., 2004). In Africa south of the Sahara, trypanosomiasis is
mostly transmitted by the tsetse fly and known as African animal trypanosomiasis (AAT) or nagana,
whereas beyond the tsetse belt, T. vivax and T. evansi are transmitted by other haematophagous flies
such as tabanids and Stomoxys spp. The disease is commonly known as surra from North Africa to
Asia, while in South America it is known by a variety of names including mal de caderas and
derrengadera. The wasting disease caused by T. equiperdum in horses and other equids is known as
dourine. The mode of transmission and the availability of susceptible hosts concentrates the disease
in rural agricultural regions or communities with poor housing conditions around the world. While
the human trypanosomiases — sleeping sickness and Chagas disease — lead to major economic losses
through Disability-Adjusted Life Years (DALYs) (Lee et al., 2013; Sutherland et al.,, 2017), the
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veterinary trypanosomiases constitute a big challenge to the rural economies and food security of
developing countries (Giordani et al., 2016).

The control of African animal trypanosomiasis (AAT) and surra depends largely on
chemotherapy (Peregrine, 1994), making dourine the only veterinary trypanosomiasis for which test-
and-slaughter is the only option (Gizaw, Megersa and Fayera, 2017). However, all the six veterinary
trypanocides in current use — diminazene, isometamidium, homidium, quinapyramine, suramin and
cymelarsan — are all between half a century and over a century old, and their usage is associated with
toxicity and treatment failure (Anene et al., 2001; Giordani et al., 2016). Moreover, each of these drugs
has its own spectrum of which trypanosome species it is effective against, and susceptibility varies
widely (Ungogo et al., 2022) and as such the number of drugs used in a given geographical region is
actually a fraction of the total.

As the overdependence on the few antitrypanosomal drugs persists, a continuous exposure of
Trypanosoma populations to suboptimal dosages of the drugs resulted in a widespread resistance of
the parasites to the drugs. While the recent discovery of a vaccine candidate for T. vivax (Autheman
et al., 2021), and the prospects for development of the benzoxaborole AN11736 into a new veterinary
trypanosomiasis drug (Giordani et al., 2020) are among reasons for cautious optimism, the
introduction and implementation of new drugs or vaccines remains many years away. Thus, there
remains a need to study drug resistance in animal trypanosomes, and use the knowledge to optimise
current veterinary practice (Richards et al., 2021), and shape efforts to develop new drugs. In this
light, investigations into the current drugs, how they act in each of the divergent animal
trypanosomes, and how each species becomes resistant to the drugs, as well as the mechanisms of
cross-resistance will provide useful insights.

The sustained efforts into T. brucei brucei over decades have furthered the understanding of its
biology and pharmacology. Importantly, how this parasite internalises and interacts with the drugs
used against it have been fully elucidated (Alsford et al., 2012; Munday et al., 2015b; Thomas et al.,
2018; De Koning, 2020). The research into T. b. brucei as a model for trypanosomatid species was in
part sustained because most findings in the veterinary pathogen T. b. brucei equally apply to the
subspecies affecting humans, T. b. rhodesiense and T. b. gambiense, as well as the closely related animal
trypanosomes T. evansi and T. equiperdum, all in the subgenus Trypanozoon (Alsford et al., 2012;
Stewart et al, 2010, Witola et al., 2004). This might explain the efficacy of suramin and
melaminophenyl arsenicals in the treatment of both the human sleeping sickness and the veterinary
disease surra (Desquesnes et al., 2013; Wiedemar et al., 2020), while being much less effective against
nagana, which is predominantly caused by T. congolense (subgenus Nannomonas) and T. vivax
(subgenus Duttonella) (Ungogo et al., 2022).

With the successes reported in the fight against HAT in Africa and the WHO goal of eradication
of the disease being realised, at least for the overwhelmingly anthroponotic T. b. gambiense infections
(Franco et al., 2018b), it is important to now focus on the animal trypanosomiases (Morrison et al.,
2016). It is also timely to evaluate all the knowledge gathered about T. brucei to see what does or does
not apply to veterinary trypanosomes. This includes the effectiveness, mode of action and mode of
resistance of drugs, which are potentially different for trypanosomes of the different sub-genera
(Giordani et al., 2016). For example, T. brucei internalises diminazene through P2/AT1 aminopurine
transporter which determines sensitivity and resistance to several drugs (Matovu et al., 2003; Ward
et al., 2011; Graf et al., 2013). In contrast, T. congolense and T. vivax lack the orthologue of P2/AT1
(Jackson et al., 2013; Munday et al., 2013; Ungogo et al., 2023), and diminazene resistance in T.
congolense is not determined by its capacity to transport the drug (Carruthers et al., 2021).

Here we review the problem of drug resistance in animal trypanosomiases, highlight its
molecular mechanisms, to the extent known, and discuss current and emerging strategies to combat
this challenge.


https://doi.org/10.20944/preprints202401.1300.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2024 doi:10.20944/preprints202401.1300.v1

2. Animal trypanosomiases: a global problem

2.1. The globalisation of animal trypanosomiasis

Trypanosomiasis is a broad term used for a collection of human and veterinary diseases caused
by the kinetoplastid protozoa of the genus Trypanosoma. In humans, there are two divergent diseases
caused by different Trypanosoma species and transmitted by unrelated insect vectors in different
continents; Human African Trypanosomiasis (HAT or sleeping sickness) and American
Trypanosomiasis or Chagas Disease (Barrett et al.,, 2003, Namangala and Odongo, 2014). HAT is
caused by salivarian parasites Trypanosoma brucei gambiense and T. b. rhodesiense and is named
‘Human African Trypanosomiasis’ due to its restriction to sub-Saharan Africa, courtesy of relying
exclusively on the Glossina (tsetse fly) vector that hardly survives outside a defined tropical habitat,
and ’sleeping sickness’ due to a late-stage nervous condition partly characterised by daytime
somnolence and an instant inordinate sleep impulse (Barrett et al., 2003). Chagas Disease is caused
by the stercorarian species T. cruzi, which is transmitted by haematophagous reduviid bugs (Lidani
et al., 2019).

In animals, however, trypanosomiasis affects an expanding area on the world map and takes
different forms, with varied means of transmission. Importantly, a classical wasting disease of
livestock, called African Animal Trypanosomiasis (AAT, or nagana), which is very much related to
HAT and transmitted by similar tsetse vectors, is caused predominantly by T. congolense, T. vivax and
T. b. brucei. The non-tsetse transmitted animal trypanosomiases (NTTAT), endemic in multiple
continents include surra, caused by T. evansi and transmitted mechanically by biting flies, and the
sexually transmitted dourine caused by T. equiperdum in equids (Giordani et al., 2016; Desquesnes et
al., 2013). Known principally as a disease of man, Chagas disease may also result in clinical illness in
young animals which can turn fatal if left untreated (Barr, 2009). The ability of both T. b. gambiense
and T. b. rhodesiense to establish infection in animals has been demonstrated (Yesufu, 1971; Njiokou
et al.,, 2010; Hamill et al., 2013), but whereas T. b. rhodesiense is a zoonosis with large reservoirs in
many wild animals, transmission of T. b. gambiense is believed to be almost exclusively between
humans (Franco et al., 2018b), although Groupl T. b. gambiense has also been detected I a variety of
domesticated animals, including, recently, in Nigerian dogs (Umeakuana et al., 2019). On the other
hand, the number of reports on atypical human infections with Trypanosoma species that were
understood to only infect animals including T. b. brucei, T. vivax, T. congolense, T. evansi, T. lewisi, and
T. lewisi-like, though rare, is rising (Truc et al., 1998, 2013; Pumhom et al.,, 2015), although it is
impossible to say whether this is because of improved (molecular) detection and case finding, or a
genuine increase in cases. Although a human infection with T. evansi was linked to a specific immune
defect in the patient, the lack of Apolipoprotein L-1 (Vanhollebeke et al., 2006), infection with T. lewisi
and related species, for which the dominant hosts are rodents, are not believed to be linked to an
immune deficiency (Truc et al., 2013), nor was there any indication of an immune system deficiency
or HIV in the case of human T. congolense infection (Truc et al., 1998). There are thus legitimate
questions as to how absolute the delineation of the diseases and species into ‘animal’ and ‘human’
really is, and this comes with the attendant public health significance.

Despite significant differences, animal trypanosomiases share several clinical presentations
including anaemia and emaciation as well as their negative impact on the rural and agricultural
economies (Namangala and Odongo, 2014). Blood is the principal clinical sample for the diagnosis of
animal trypanosomiases. In addition, dourine can be diagnosed using a vaginal swab, conjunctival
swab, joint fluid, skin biopsy and cerebrospinal fluid (Pascucci et al., 2013). Diagnostic methods
include direct microscopic examination to identify the parasite and molecular methods such as PCR,
complement fixation and indirect immunofluorescence tests (Desquesnes et al., 2022).

Nagana or AAT is a debilitating disease of domestic animals endemic in 37 out of 54 African
countries, covering about 10 million km? of arable land, more than one-third of the continent, where
it wreaks serious economic havoc (Wilkowsky, 2018; Yaro et al., 2016). An estimated 55 million cattle
and approximately 100 million other farm animals are at risk of AAT, and the disease kills
approximately 3 million livestock animals annually (Kabayo, 2002). Restricted only to pigs, a fourth
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trypanosome species, T. simiae, causes a highly fatal disease transmitted by tsetse in Africa. T. vivax
can also be mechanically transmitted by other vectors, particularly horseflies (Tabanus spp.) and stable
flies (Stomoxys spp.), because its short life cycle does not require development in the tsetse midgut
(Namagala and Odongo, 2014; Giordani et al., 2016); this explains their prevalence outside the tsetse
habitat, particularly in South America (Gonzatti et al., 2014). A recent report documented an alarming
prevalence of T. vivax in camels in Iran, often as co-infection with T. evansi (Asghari and Rassouli,
2022) — the first report of T. vivax in Asia according to these authors.

While AAT is characterised by a cocktail of clinical signs including lethargy, lymphadenopathy,
splenomegaly, oedema, emaciation, immunosuppression, abortion and reduced milk production,
anaemia is the most prominent finding and causes the highest impact (Taylor and Authié, 2004). In
the absence of treatment, mortality can ensue within weeks of onset, else the acute disease leads to a
chronic illness characterised by lethargy and infertility that may subsist for several years before death
(Taylor and Authié, 2004). While subtle differences exist in the presentation of diseases caused by the
different AAT-causing trypanosomes, symptoms are largely indistinguishable, and mixed infection
is very common (Giordani et al., 2016).

Surra is a wasting disease of animals caused by T. evansi, transmitted mechanically by multiple
genera of biting flies, with almost the same clinical presentation as AAT (Brun et al., 1998; Giordani
et al., 2016). In addition to mechanical transmission by biting flies, T. evansi, which do not require
biological development in a vector, may be spread by vampire bats, as well as through sexual,
horizontal, vertical and iatrogenic transmission (Desquesnes et al., 2013). T. evansi infects most
domestic animals and numerous wildlife species and is the animal trypanosome with the widest
geographical reach, covering North Africa, the Middle East, much of Asia, Latin America as well as
some parts of Europe, making surra a significant challenge to agriculture around the world (Brun et
al., 1998; Desquesnes et al., 2013). The nonpathognomonic nature of trypanosome infection clearly
complicates diagnosis, requiring molecular analysis for certainty in species identification and it is
possible that infections in the Middle East or Asia have been ascribed to T. evansi by default, letting
T. vivax spread go unnoticed until recently (Asghari and Rassouli, 2022). As T. vivax and T. evansi
have quite different sensitivity to some drugs, T. vivax for instance being much less sensitive to
suramin (Leach and Roberts, 1981), the issue of correct species identification is of prime importance
for successful treatment and thus for the avoidance of resistance by underdosing as well.

Dourine, caused by T. equiperdum, is a sexually transmitted disease of equids that is found to be
very fatal in horses but usually sub-clinical in donkeys and mules (Brun et al., 1998). The disease is
characterised by anaemia, cachexia, oedema, swelling of the genitalia and mammary glands,
cutaneous plaques, and neurological signs including incoordination and paralysis of face and lips
(Gizaw et al., 2017). Dourine is an endemic disease in Africa and Asia but has also been reported in
the Middle-East, South-East Europe and South America (Brun et al., 1998; Giordani et al., 2016; Gizaw
et al,, 2017). As it requires no vector, and there is no vaccine or prophylactic treatment, the spread of
the disease must be avoided through rigorous screening of imported equids and by careful,
controlled breeding programmes.

T. cruzi infection can result in clinical disease in young dogs, cats, and pigs. The parasite is
transmitted to animals by triatomine bugs, which deposit infected faeces on wounds during a
bloodmeal (Namangala and Odongo, 2014). In addition, there is increased focus on oral transmission
(Shikanai Yasuda, 2022) through contaminated food and drink and not just in humans; de Noya and
Gonzalez describe this as the ‘ancestral form of transmission to wild and domestic mammals’ (de
Noya and Gonzalez, 2015). The disease is historically endemic in poor rural areas of Central and
South America, but has spread northward and infected vectors are now endemic in Mexico and the
southern United States (Garcia et al., 2015; Mills, 2020). The acute disease can be fatal (Namangala
and Odongo, 2014), but recovered animals proceed to the mainly asymptomatic chronic (but still
infectious) form (Barr, 2009; Stevens et al., 2011).
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2.2. Economic Importance of Animal Trypanosomiasis

The local name for AAT, ‘nagana’ (which means “useless’, or ‘powerless’ in Zulu), accurately
illustrates the impact of animal trypanosomiases on both the animal and its owner. Losses due to
nagana and surra are incurred directly through morbidity, impaired fertility, mortality, treatment
costs and the disease and vector control programmes as well as indirectly from animal culling and
impaired animal traction (Shaw et al.,, 2014; Desquesnes et al., 2013; Kumar et al.,, 2017). AAT is
considered one of the most important livestock diseases in sub-Saharan Africa, causing agricultural
economic losses estimated to run to $4.75 billion annually, with devastating social implications on
rural farming communities (Kristjanson et al., 1999; Shaw et al., 2014). While precise data on the
overall global economic impact of surra is lacking, many studies have explored national and regional
economic impacts of the disease (Desquesnes et al., 2013), and in India alone, direct and indirect losses
due to surra are estimated at $671.1 million per annum (Kumar et al., 2017). Dourine poses a serious
challenge to equine production (Mizushima et al., 2020), and is a great barrier to the international
trade and movement of horses (Gizaw et al., 2017). T. vivax, which can also be transmitted
mechanically, has spread beyond the African tsetse belt (Fetene et al., 2021) and is already causing
important economic losses in South America. Although there is a dearth of accurate data on the extent
of the economic losses caused by T. vivax infection in South America, a study has shown that a single
epidemic in a 250,000 km? area of the Brazilian Pantanal and the Bolivian lowlands in 1995 caused
losses amounting to $160 million (Seidl et al., 1999).

An estimated 35-50 million doses of trypanocidal drugs are administered to animals annually in
tropical Africa for curative and preventive purposes (Kristjanson et al., 1999; Richards et al., 2021).
Each treatment costs approximately $0.5 — 3.55 and the total loss due to the purchase of treatments
alone runs to $90 million annually (Sutcliffe et al., 2014; Richards et al., 2021). However, many studies
reported that trypanocides are sold informally on African markets and when these are additionally
considered, the number of trypanocide doses sold may be as high as 70 million doses per annum. In
cases of treatment failure, repeat treatment using a higher dose of the same drug or a different one is
usually carried out (Anene et al., 2001). As such, the total doses of trypanocides used and the cost
involved would likely be considerably lower in the absence of drug resistance and treatment failure
(Richards et al., 2021).

2.3. Control of Animal Trypanosomiasis

Unlike other protozoan diseases, like malaria and leishmaniasis, the chances of vaccine
development for trypanosomiasis in the near future are slim. This should be attributed in large extent
to antigenic variation, which allows the parasite to continuously change its surface glycoproteins,
coupled with the parasite’s ability to remove surface-bound immune effectors, thereby undermining
production of effective antibodies by the host (Horn, 2014; Quintana et al., 2018). A T. vivax invariant
surface glycoprotein (ISG) antigen named IFX was recently reported to induce protective immunity
in a mouse model (Autheman et al., 2021). However, the IFX antigen failed to protect goats from T.
vivax infection (Ramirez, 2020), and the lack of homologues of the glycoprotein in other African
animal trypanosomes (Autheman et al.,, 2021) would raise concern for applicability since mixed
infection is common in endemic areas: T. vivax is co-endemic with T. evansi in South America and
with T. b. brucei and T. congolense in Africa. Thus, the control of vector-transmitted trypanosomiases
depends mainly on targeting the disease vector(s), and on chemotherapy against the parasite in its
mammalian hosts (Giordani et al., 2016).

Vector control measures include an array of traditional and modern techniques aimed at
preventing exposure of animals to the tsetse and other insect vectors, reducing vector population in
a specific area or even eradicating it completely from a defined region (Kabayo, 2002; Yaro et al.,
2016). Outdated and environmentally detrimental vector control strategies included bush clearing
(Ford et al., 1970), killing of wild animal reservoir (Ford, 1970) as well as aerial and ground spraying
with insecticides (Potts and Jackson, 1952; WHO, 2013). More selective and environmentally friendly
methods used currently include bait methods, using different screens to attract tsetse; use of
insecticides on the animal host, either ‘pour on’ or impregnated on curtains and dog-collars; as well
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as the sterile insect technique (Dame and Schmidt, 1970; Gooding and Krafsur, 2005; Vreysen et al.,
2013). With the advances in genomics, new frontiers of targeting genes, proteins and molecules in
vectors, their endosymbionts and the trypanosomes are being explored (Farikou et al.,, 2010).
However, the tsetse-specific control programmes in Africa, however important, are insufficient
considering the adaptation of T. vivax to mechanical transmission (Desquesnes and Dia, 2003; Ooi et
al., 2016). This underscores the need for a more holistic approach to vector control in the control of
nagana, although this is not to argue that tsetse control in specific foci is not of significant value and
would reduce the incidence of nagana.

Chemotherapy for trypanosomiases is more than a century old and the whole field of medicinal
chemistry finds its roots in the efforts to provide a cure for the disease, which devastated the then
European colonies in sub-Saharan Africa (Steverding, 2010). Resistance has now been reported to
most of the available drugs for the treatment of human and animal trypanosomiases, and this,
coupled with marked toxicity, has fuelled calls for the development of newer, safer and more effective
drugs (Delespaux and De Koning, 2007). However, there is little investment in the development of
new veterinary trypanocides mainly due to the high costs of development and ultimate registration
in dozens of countries, limited market and low prospects for profits (Geerts et al., 2001; Maudlin,
2006). Moreover, the current trypanocides like diminazene and isometamidium are exceedingly well
known by livestock owners in Africa for at least two generations and are cheap and widely available.
In addition, both the choice and the administration of treatment are overwhelmingly in the hands of
the animal’s owner rather than a licenced veterinarian. Thus, the road from discovery of a new
veterinary trypanocide to the successful implementation across the huge regions affected is a
daunting one indeed.

Some African livestock breeds that are indigenous to tsetse-endemic areas, such as N'Dama
cattle, West African Dwarf goat and Djallonke sheep, possess a remarkable inherent capacity to thrive
despite the challenges of nagana — a phenomenon known as trypanotolerance (Dwinger et al., 1994;
Yaro et al.,, 2016). This can provide part of a mitigation strategy for living with nagana, considering
the success recorded by programmes utilising similar genetic-based disease tolerance in other parts
of the world.

The control of Chagas disease on the other hand relies heavily on reducing the bug population
around domestic settings, through improved housing conditions and hygienic practices, such as the
use of metal roofing instead of thatched roofs or the replacement of piled brushwood with wire
fencing in animal enclosures (Stevens et al., 2011). In addition to chemotherapy and vector control,
the control of surra incorporates movement restriction of affected animals from infected to non-
infected areas through screening of carriers and quarantine. Transmission to sensitive equines can be
minimised from bovine and canine reservoir by separating cattle herds and horse stables kilometres
apart, and by not feeding dogs with carcasses of infected animals, respectively (Desquesnes et al.,
2013). Vector control for surra mainly targets the horsefly and stable fly as well as vampire bats in
Latin America where they significantly transmit the disease (Foil and Hogsette, 1994; Arellano-Sota
and Arellano-Sota, 1988; Desquesnes et al., 2013).

The control of the sexually transmitted dourine, however, is hinged on a different strategy, with
chemotherapy highly discouraged since recovered animals are potential carriers — and transmitters —
of the parasite (Giordani et al., 2016). The World Organization for Animal Health (OiE) puts forward
a stamping-out policy for dourine recommending compulsory notification and slaughter of infected
animals, movement control and hygienic practices during assisted mating (OIE, 2013). However, this
stern ‘test and slaughter’ eradication policy is unrealistic especially in endemic developing countries
considering the huge cost implications and it has not been successful in stopping the spread of the
disease. Moreover, recent attempts to treat dourine have shown promising results (Gizaw et al., 2017;
Davkharbayar et al., 2020).

3. Veterinary trypanocides: mechanisms of action and resistance

The molecular mechanisms of drug resistance in animal trypanosomes are still being elucidated,
although advances have been made in the highly studied T. brucei. The entry of the drug into the
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trypanosome appears to be the first determinant of drug activity (Figure 1). Of great importance in
drug uptake and resistance of existing trypanocides are protein transporters on the surface
membrane (Munday et al., 2015a). Specifically, the P2/AT1 transports diamidines (Stewart et al., 2005;
Ward et al., 2011), melaminophenyl arsenicals (Carter and Fairlamb, 1993; De Koning et al., 2000) and
pentamidine (Carter et al., 1995; De Koning and Jarvis, 2001) in the Trypanozoon subgenus parasites:
T. brucei, T. evansi and T. equiperdum. Moreover, the aquaglyceroporin AQP2 effectively functions as
a high affinity pentamidine transporter and is responsible for the uptake of melaminophenyl
arsenicals as well (Alghamdi et al., 2020; Baker et al., 2012; Munday et al., 2014). Suramin is mainly
transported via endocytosis after specific binding to an invariant surface glycoprotein, ISG75 (Zoltner
et al,, 2016, 2020) and there is substantial evidence pointing to the role of specific transporters in the
uptake isometamidium (Sutherland, Mounsey and Holmes, 1992; Wilkes et al., 1995, 1997; Eze et al,,
2016). While there is strong cellular uptake of isometamidium and from there rapid uptake into the
mitochondrion, there is also a substantial component of energy-dependent efflux from the cell (Eze
et al., 2016; Sutherland and Holmes, 1993). This makes the dynamics of the local isometamidium
concentration very complicated as it is governed by multiple, different interdependent processes
(Sutherland et al., 1992a): influx end efflux across the cell membrane and the same across the
mitochondrial and other organellar membranes and the binding to target molecules/structures and
off-target structures including nuclear and mitochondrial DNA (Boibessot et al., 2002; Wilkes et al.,
1995). Moreover, (most of) the isometamidium transport processes are energy dependent (Sutherland
et al, 1992a; Sutherland and Holmes, 1993), making the plasma membrane potential and
mitochondrial membrane potential (MMP) part of the driving force as well as one of the affected
parameters of the drug action (Wilkes et al., 1997; Eze et al,, 2016). This example highlights the
complexities in drug uptake/efflux/distribution in a target cell. Following entry into the trypanosome,
mediated by one or more transport mechanisms, trypanocides target specific and general
biomolecules and organelles to disrupt essential metabolic processes and/or facilitate cell killing. A
number of trypanocides target the mitochondrion and the kinetoplast, a distinct structure connected
to the flagellar basal body and containing the mitochondrial DNA. Mutations that disrupt drug
transporters and/or targets (Figure 1) have been shown to result in drug resistance, defined as
decreased or loss of sensitivity of the parasite to a drug at a dose that would otherwise be toxic to it.

Kinetoplast

Mitochondrion
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Figure 1. Illustration of drug action and resistance mechanisms in trypanosomes. A. Drug importer
such as P2/AT1 transporter for diamidines. B. Drug efflux pump such as multidrug resistance-
associated protein (MRAP) in resistance to melaminophenyl arsenicals. C. Mechanisms that relate to
delivery and accumulation in or efflux of drug from target organelle such as mitochondrion which
houses the kinetoplast, which in itself is a target of multiple trypanocides. E. Surface binding protein,
endocytic mechanism or a transporter that delivers endocytosed drug to the cell membrane such as a
lysosomal transporter in suramin action. F. Target organelle or molecule that drug binds to.
Disruption of these drug transport or action mechanisms may result in drug resistance.

3.1. Diamidines

The discovery of diamidines resulted from a systematic search for agents that would lower the
level of glucose in host blood, based on findings that this nutrient was essential in the parasite
(Schoenbach and Greenspan, 1948; Yorke et al., 1929). The hypoglycaemic drug synthalin (Figure 2A)
was soon found to exert potent antitrypanosomal activity in mice and rats (Lourie and Yorke, 1937),
and although it was shown not to act through any effects on host glucose levels (King et al., 1937),
the discovery stimulated the synthesis and screening of related compounds. Further modifications of
the structure of synthalin led to more effective and safer derivatives containing two terminal
benzamidines (Lourie and Yorke, 1939). Out of several diamidines with different substitutions,
stilbamidine, pentamidine, propamidine and phenamidine (Figure 2A) were promoted to clinical
investigation in the 1940’s. From these, pentamidine and stilbamidine were taken into clinical use for
early stage sleeping sickness but stilbamidine was discontinued due to neurotoxicity in some patients
(Napier and Gupta, 1942). The development of the veterinary trypanocides in the 1950’s, the
phenanthridines and quinapyramine, benefitted from the experimental methods for in vivo and in
vitro screening established in the development of the diamidines.

Diamidines are not active against late-stage trypanosomiasis, where the parasite is present in
the central nervous system (CNS). Nevertheless, there are some reports of pentamidine being
effective against ‘early late-stage’ sleeping sickness (Lejon, 2003; Singaro et al,, 1996) and [*H]-
pentamidine was shown to cross the blood-brain barrier (BBB); however, P-glycoproteins and multi-
drug resistance efflux pumps on the BBB kept the pentamidine concentration in the CNS at sub-
curative concentrations (Sanderson et al., 2009). Interestingly, although furamidine (DB75) and its
prodrug pafuramidine, were also not effective against cerebral trypanosomiasis (Paine et al., 2010),
its aza analogue DB829 (later renamed CPD0801) was highly effective against cerebral
trypanosomiasis in a vervet monkey model, curing 5/5 animals with intramuscular administration of
just 2.5 mg/kg/day for 5 consecutive days (Thuita et al., 2015). As the physical parameters of DB75
and DB829 are virtually identical (Figure 2B), the improved penetration into the CNS of the latter
cannot be ascribed to superior diffusion across the BBB. In contrast, it is highly likely that DB829
employs a transporter of the BBB endothelial cells, just like pentamidine does, while being a poorer
substrate for the efflux transporters. DB829 should be considered for further clinical or veterinary
development but the discontinuation of the pafuramidine clinical trials after the observation of severe
renal complications in five patients (Paine et al., 2010; Pohlig et al., 2016) gave the furamidine series
a severe disadvantage and may have doomed the series. This is perhaps undeserved as it is likely
that it was the N-methoxy prodrug strategy that caused the furamidine toxicity, by trapping the
prodrug in renal cells after its intracellular activation.

Diminazene is an aromatic diamidine (4,4'-(diazoamino) benzamidine) that is active against
African trypanosomes, T. evansi and Babesia spp (Peregrine and Mamman, 1993). Diminazene
aceturate (DA) is the most widely used trypanocide in SSA for the treatment of nagana due to its
higher therapeutic index and its activity against trypanosomes resistant to other trypanocides
(Peregrine, 1994). Despite poor efficacy or tolerance in some animals, especially in horses and dogs,
DA is still used to treat surra in many parts of the world (Desquesnes et al., 2013). There were reports
of off-label use of DA to treat early-stage T. b rhodesiense and T. b. gambiense sleeping sickness in
humans with some appreciable success and low toxicity (Delespaux and De Koning, 2007), but the
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indiscriminate use of veterinary and human trypanocides was strongly discouraged, especially since
there is cross-resistance between diminazene and pentamidine in T. brucei (Bridges et al., 2007).
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Figure 2A. Structures of synthalin and the main diamidine drugs against trypanosomiasis.


https://doi.org/10.20944/preprints202401.1300.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2024 doi:10.20944/preprints202401.1300.v1

10

1. Furamidine (DB75)
2. Pafuramidine (DB289)
3. CPD0801 (DB829)

N

S/ TOCH;

Figure 2B. Structures of the main furamidines.

The entry of diminazene into trypanosomes via passive diffusion is unlikely given the highly
charged nature of the compound (it is a di-cation at neutral pH), and as such specific transporters are
required (Delespaux and De Koning, 2007). The role of the TbAT1/P2 adenosine/adenine transporter
in the uptake of diamidines in T. brucei has been demonstrated (Méser et al., 1999; Matovu et al., 2003;
De Koning et al., 2004). The presence of a P2/AT1 transport system similar to T. brucei, and its role in
diminazene uptake, has also been demonstrated in T. evansi and T. equiperdum (Berger et al., 1995;
Witola et al., 2004; Stewart et al., 2010). For the most important species causing AAT, T. congolense
and T. vivax, however, it appears that the mechanism of diminazene uptake is different, owing to the
lack of authentic orthologues of TbAT1 in these species (Jackson et al., 2013; Munday et al., 2013;
Ungogo et al., 2023). Previously, T. congolense gene TcIL3000_9_2500 was thought to be an orthologue
to the T. brucei AT1 gene in T. congolense and was named TcoAT1 (Delespaux et al., 2006). The gene
was proposed to be responsible for diminazene uptake in T. congolense after a strong correlation
between a Single Strand Conformation Polymorphism (SSCP) pattern and drug sensitivity was
established using a single dose mouse test. It was therefore also proposed that an SNP in TcoAT1
confers resistance to diminazene in T. congolense. Subsequently, based on this understanding, a PCR-
restriction fragment length polymorphism (PCR-RFLP) test to determine the SSCP in TcoAT1 was
developed for the diagnosis of diminazene resistance in T. congolense (Delespaux et al., 2006) and
enhanced using the Dpnll restriction enzyme (Vitouley et al., 2011). However, Munday et al., (2013)
have shown that the expression of the TcoAT1 gene did not restore the sensitivity of drug resistant T. brucei
B48 to diminazene. Further analysis and characterisation indicated that TcoAT1 is neither an orthologue of
TbATI nor even a P2-type transporter, but a Pl-type adenosine/inosine transporter that is not
involved in diminazene uptake and hence highly unlikely to be related to resistance in T. congolense
(Munday et al., 2013). Giordani et al. (2016) suggested that the nomenclature of the gene, TcoAT1, is in
itself a misnomer, and that the gene should be renamed TcoNT10, as it is in fact orthologous and
syntenic to the Pl-type T. brucei NT10 transporter (Munday et al., 2013). Indeed, an exhaustive
investigation of [*H]-diminazene uptake in T. congolense shows it to be not inhibited by substrates of
P2-type transporters; instead it is accumulated through several transporters with only low-affinity
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for the drug, including the folate transporters (Carruthers et al., 2021). Most recently, TcoAT1/NT10
was expressed in a Leishmania mexicana cell line from which all nucleoside transporters had been
deleted (Aldfer et al., 2022) and its interactions with substrates was characterised in detail (Ungogo
et al., 2023), showing exactly the same binding patten previously determined for P1-type transporters
in T. b. brucei (Al-Salabi et al., 2007; De Koning and Jarvis, 1999).

Following entry into trypanosomes, diamidines bind to the minor groove of double-stranded
DNA via specific interaction with sites rich in adenine-thymine (A-T) base pairs in the kinetoplast
and nuclear DNA (Brack et al., 1972; Brack and Delain, 1975). A fluorescent diamidine, furamidine
(DB75) (Figure 2B), was shown to localise to the kinetoplast and nucleus (Mathis et al., 2006; Stewart
et al., 2005; Carruthers et al., 2021). Binding of diamidines to the DNA minor groove occurs by
attachment to specific sites via electrostatic and hydrogen-bond forces (Gresh and Pullman, 1984;
Lane et al., 1991). This interaction leads to the inhibition of RNA primer synthesis and kDNA
replication (Brack et al., 1972) and results in the complete and irreversible loss of trypanosomal kDNA
(Riou and Benard, 1980). Similarly, pentamidine accumulates to very high levels in the
mitochondrion of T. brucei (Damper and Patton, 1976a; Damper and Patton, 1976b) and induces the
loss of the kinetoplast in T. b. brucei (Thomas et al., 2018). Moreover, diminazene also interferes with
DNA replication by inhibiting the mitochondrial type II topoisomerase (Shapiro and Englund, 1990).
Beyond trypanocidal activity, diminazene has also been shown to ameliorate immunosuppression
and inflammation, two essential features in trypanosomiasis (Rurangirwa et al., 1979; Otesile and
Tabel, 1987; Uzonna et al., 1999). Diminazene treatment resulted in an increase in plasma levels of
parasite-specific IgG2a and IgG3 in T. congolense-infected mice (Uzonna et al., 1999). It has been
shown that treatment of mice infected with T. congolense with diminazene significantly lowered the
serum levels of several pro-inflammatory cytokines (IL-6, TNF, IL-12, and IFN-y), reduced the
secretion of IL-6 and TNF by Kupffer cells and reduced the expression of CD25 on lymphocytes and
Foxp3*in CD4* T cells from the spleen (Kuriakose et al., 2012).

In T. brucei, T. evansi and T. equiperdum, the P2/AT1 aminopurine transporter is almost
exclusively responsible for diminazene uptake. Sensitivity to diamidines in general and diminazene
specifically is associated with its uptake into the trypanosome and subsequent accumulation in
cellular targets (Barrett et al., 1995; De Koning et al., 2004; De Koning, 2020). The T. brucei TbAT1-
knockout line, from which the P2/TbAT1 gene was deleted, showed a high level of resistance to
diminazene and a lower level of resistance to pentamidine (Matovu et al., 2003). Likewise, the re-
expression of the P2 transporter into multidrug resistant line B48 restored sensitivity to diminazene
(Munday et al., 2013). In addition, B48 exhibited cross resistance to other diamidines, furamidine and
CPD0801 (Ward et al., 2011). The combination of two or more specific amino acid mutations in this
transporter, found in field isolates (Ma"ser et al., 1999; Matovu et al., 2001), can distort the binding
site for diamidines, and results in significant levels of resistance (Munday et al., 2015b). The role of
P2/TbAT1 transporter in diminazene resistance has been validated with several clinical isolates and
laboratory-generated drug resistant lines (Nerima et al., 2007; Munday et al., 2015; Graf et al., 2016).
In T. evansi, a knock-down of the TevAT1 gene by RN A-interference (RNAi) was shown to result in
significant resistance to diminazene (Witola et al., 2004). In another study, a diminazene-resistant T.
equiperdum strain demonstrated impaired diminazene uptake (Barrett et al., 1995) and loss of RNA
expression for the TeqgAT1 gene (Stewart et al, 2010). In the brucei group of trypanosomes
(Trypanozoon subgenus) a shared mechanism of uptake was shown to be responsible for the cross-
resistance between diminazene and other diamidines with melaminophenyl arsenicals (Matovu et
al., 2003; Bridges et al., 2007; Baker et al., 2013), a fact corroborated by a lack of cross-resistance with
unrelated compounds.

The effect of the deletion of the TbAT1/P2 gene in T. brucei on the sensitivity to pentamidine and
melaminophenyl arsenicals was significant but resulted in a relatively low level of resistance, unlike
the very substantial loss of sensitivity to diminazene and some other diamidines (Matovu et al., 2003;
Ward et al., 2011). These low levels of resistance were insufficient to explain the extent of melarsoprol-
pentamidine cross-resistance (MPXR) observed in some strains, confirming the existence of an
additional, adenosine-insensitive high affinity pentamidine transporter (HAPT), which was
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demonstrated through a detailed analysis of the transport kinetics of [°*H]-pentamidine (De Koning,
2001a; Bridges et al., 2007). Through a genome-wide RNAi screen, the aquaglyceroporin AQP2/AQP3
locus was identified in T. brucei to be the genetic determinant for MPXR (Baker et al., 2012). Further
analyses identified the aquaglyceroporin 2 (AQP2) as the HAPT (Alghamdi et al., 2020; Munday et
al., 2014). Expression of the TbAQP2 allele was found to fully restore sensitivity to pentamidine and
melaminophenyl arsenicals in even the most resistant strains of T. brucei, and greatly increased the
sensitivity of Leishmania mexicana promastigotes to both pentamidine and melarsoprol (Munday et
al., 2014). Recent studies have described the structure activity relationship (SAR) of pentamidine for
TbAQP2 and highlighted mutations that result in drug resistance (Alghamdi et al., 2020). It was also
shown that rearrangements in the TbAQP locus lead to a chimeric TbAQP2/3 with impaired
localisation and oligimerisation (Quintana et al., 2020), which is unable to mediate pentamidine or
melarsen oxide uptake (Graf et al., 2015, Munday et al.,, 2014). The structure of TbAQP2, with
pentamidine and with melarsoprol in the channel has now been elucidated by cryo-electron
microscopy (Matusevicius et al., 2024).

In T. congolense, diminazene resistance is not related to its uptake into the cell as there was no
significant difference in DA uptake or efflux between the DA-resistant T. congolense strain and the
wild type (Carruthers et al., 2021). The mechanism of resistance to diminazene in T. congolense is
instead associated with mitochondrial function as diminazene-resistant T. congolense strains all
showed reduced mitochondrial membrane potential compared to the control. Genome analysis has
shown missense mutations in a vacuolar-type Ca?-ATPase in all the resistant lines sequenced. In
addition, some of the resistant clones showed mutations in some of the T. congolense folate
transporters. Functional expression of the T. congolense folate transporters (FI1-3) allowed for the
conclusion that, although they partially contribute to low affinity diminazene uptake, they do not
mediate resistance to the drug, at least in the in vitro-generated clones investigated in this study
(Carruthers et al., 2021). The mechanism of resistance to diminazene in T. vivax is largely unclear,
mainly because laboratory adapted strains and tools for genetic manipulation are still largely
unavailable. Nevertheless, diminazene-resistant T. vivax isolates have been widely reported
(Sonibare et al., 2016; Sow et al., 2012).

3.2. Phenanthridines

The phenanthridine compounds, isometamidium and homidium, are among the oldest
trypanocides used in the treatment of animal trypanosomiasis. Yet, as related by James Williamson
(1970) they derive from a series of compounds starting with a diaminoacridine developed by Paul
Ehrlich, that he named trypaflavine (Figure 3) because of promising trypanocidal activity
(Williamson, 1970), although its antibacterial properties were actually more impressive (Browning
and Gilmour, 1913). Although it was soon noticed that the isomeric phenanthridine had superior
trypanocidal properties than the acridine structure, it was not until 1938 that phenidium was shown
to have highly promising activity against T. congolense (Browning et al., 1938) and field trials
confirmed cure with a single injection of a small dose. The low therapeutic index however, led to the
further development of dimidium, which was used extensively until approximately 1952, when
mass-treatment led to resistance. Browning (1949) reports that the administration of over 2 million
doses to African cattle had led to widespread resistance while increasing doses led to unacceptable
toxicity. It was therefore replaced by the currently-still-in-use ethidium bromide (‘homidium’) which
had a ten-fold improved therapeutic index, obtained by the simple change of methyl for ethyl as the
quaternary ammonium substitution (Figure 3) (Watkins and Woolfe, 1952), which was further
derived to isometamidium at the laboratories of the chemical company May and Baker (Wragg et al.,
1958).
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Figure 3. Structures of an early flavin trypanocide, trypaflavine, and the phenanthridine drugs that
were developed therefrom.
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Isometamidium is an amphiphilic cationic phenanthridine compound formed by coupling of
homidium chloride with m-amidinobenzenediazonium chloride, a part of the diminazene molecule
(Berg, 1960). Commercially, isometamidium (Samorin ®) exists as an impure mixture of four
compounds that appears as either di-cationic chloride salts or a dihydro form with a hydrogen
addition to C-6, depending on solvent and pH (Figure 4) (Igoli et al., 2015). Earlier studies dismissed
the other three components of isometamidium as impurities with inferior biological activity and
advanced the compound 8-(3-m-amidinophenyl-2-triazeno)-3-amino-5-ethyl-6-
phenylphenanthridinium chloride hydrochloride (M&B4180A; ‘isometamidium’) as the active
component (Schad et al., 2008). However, a recent study has shown impure Samorin® to be
significantly more efficacious than pure M&B4180A as well as all the other individual components in
their pure form suggesting that the hitherto considered impurities are important as well, and may act
synergistically in some way (Eze et al., 2019). In addition, all the individual components were found
to be cross-resistant to Samorin® when their efficacy was determined against an isometamidium
resistant T. brucei line ISMR1) and compared to the wild type (Eze et al., 2019). Homidium (ethidium)
was marketed as bromide and chloride salts (Ethidium® and Novidium®) (Watkins and Woolfe,
1952; Leach and Roberts, 1981). Isometamidium and homidium are both prophylactic and curative
against African animal trypanosomes (Peregrine, 1994). However, isometamidium is preferred due
to its better prophylactic activity and remarkable economic value while the use of homidium has
dwindled because of widespread resistance in addition to food safety concerns linked to its
carcinogenic features (Kinabo and Bogan, 1988).

M&B 38897

M&B 4596 M&B 4250 (blue isomer)

Figure 4. Structures of the main constituents of commercial isometamidium (Samorin). ISM,
isometamidium, generally believed to be the (most) active agent in the mixture. The original May &
Baker numbers are given.

The transport of isometamidium across trypanosome membrane through facilitated diffusion
across its cytoplasmic membrane was hypothesised (Wilkes et al., 1997) but other studies concluded
that the uptake was energy-dependent as it was sensitive to metabolic inhibitors including of
Trypanosome Alternative Oxidase (TAO) (Sutherland et al., 1992a; Sutherland and Holmes, 1993).
As discussed above, however, the kinetics of isometamidium accumulation are particularly complex
and the inhibition of TAO and the resulting reduction in ATP levels could equally impact on the
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drug’s uptake into the mitochondrion, as this is driven by the mitochondrial membrane potential.
Should that process be impeded, the drug will accumulate to a higher extent in the cytoplasm and
could be exported from there through an active efflux system (Eze et al., 2016) or indeed through a
facilitated diffusion carrier.

Within a kinetoplastid cell, phenanthridine compounds accumulate in the kinetoplast, and
appear bound to kDNA (Ardelli and Woo, 2001; Boibessot et al., 2002), resulting in inhibition of the
topoisomerase and consequently the linearization of the kDNA minicircle (Shapiro and Englund,
1990). Nevertheless, isometamidium was shown to be active against dyskinetoplastic trypanosomes
as well, suggesting at least the presence of other targets outside the kinetoplast (Kaminsky et al.,
1997). In contrast to the mitochondrial accumulation of isometamidium, homidium was observed to
be distributed throughout the trypanosome cell (Boibessot et al., 2002). Yet, it kills trypanosomes by
specific inhibition of replication initiation of kDNA minicircles through helix distortion in addition
to the inhibition of nuclear DNA replication (Roy Chowdhury et al., 2010). Not unexpectedly, Eze et
al. (2016) reported strong cross-resistance between isometamidium and ethidium bromide in T.
brucei.

The role of the TbAT1/P2 transporter in the uptake of isometamidium was concluded to be likely
inconsequential, despite its high affinity for isometamidium (De Koning, 2001b). One argument is
that resistance to diminazene in T. b. brucei does not necessarily result in cross-resistance to
isometamidium and that the diamidine resistant cell T. brucei B48 is not resistant to isometamidium
(Eze et al., 2019). Similarly, RNAi knockdown of AT1 in T. evansi resulted in only minor cross-
resistance with isometamidium in that species (Witola et al., 2004). Moreover, T. congolense, lacking
an AT1 transporter (Munday et al., 2013), was more sensitive than T. brucei to isometamidium in vitro
(Ungogo et al., 2022). However, isometamidium-resistant isolates of T. brucei exhibited mutations in
the ThATI gene suggesting a possible link between the transporter and isometamidium resistance
(Afework et al., 2006). Drug accumulation was found to be lower in isometamidium-resistant T. brucei
than in the wild type (Eze et al., 2016), an observation that is consistent with the comparison between
isometamidium-resistant T. congolense and the respective sensitive parental lines (Wilkes et al., 1997;
Tihon et al., 2017). However, specific transporters involved in isometamidium cellular uptake and
accumulation in mitochondrion are yet to be identified and characterised genetically. It is possible
that mutations in a putative isometamidium transporter gene will cause decreased cellular drug
uptake, reduced mitochondrial accumulation or both (Wilkes et al., 1997; Delespaux et al., 2005;
Delespaux et al., 2008). Delespaux et al. have proposed four possible mechanisms of isometamidium
resistance in trypanosomes; (a) reduction in entry of the drug into mitochondrion due to low
mitochondrial membrane potential; (b) changes in a putative mitochondrial membrane transporter
(c) increased drug extrusion through a cytoplasmic membrane transporter or (d) a combination of all
these processes (Delespaux et al., 2008).

Using genome-scale RNA-interference (RNAi) screening in T. brucei, thirty potential candidate
genes related to isometamidium resistance were identified, most of which form part of either a V-
type H*-ATPase (V-ATPase); endoplasmic-reticulum membrane complex (EMC) and Adaptin-3
complexes (Baker et al., 2015). It appears that mutations involving the mitochondrial Fi-ATPase y-
subunit of the vacuolar ATPase or absence of transport proteins that facilitate interaction between
both ATPases allow T. brucei to dispose of its KDNA, thereby conferring resistance to phenanthridines
as well as cross-resistance to diamidines (Gould and Schnaufer, 2014; Eze et al., 2016). However, a
different adaptation mechanism possibly allows naturally dyskinetoplastic T. evansi and T.
equiperdum to maintain sensitivity to isometamidium (Kaminsky, Schmid and Lun, 1997; Birhanu et
al., 2016).

Earlier studies have associated isometamidium resistance to mutations in the gene coding for
the topoisomerase II enzyme, which is highly conserved between T. brucei and T. congolense.
However, there was no correlation found between the gene’s sequence polymorphisms and
isometamidium resistance phenotypes (Delespaux and De Koning, 2007; Delespaux, Geysen and
Geerts, 2007). Using Amplified fragment-length polymorphism (AFLP) technology to compare
isometamidium sensitive and resistant T. congolense isogenic strains, a conserved GAA codon
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insertion for an extra lysine was identified in a gene coding for an ATP-binding cassette (ABC)
transporter in the resistant clone (Delespaux et al., 2005). However, some strains of T. congolense that
were resistant to isometamidium in mouse tests did not contain the GAA insertion (Delespaux et al.,
2005). Thus, it may be that resistance to this compound is multi-factorial, and that multiple resistance
mechanism could be involved, each contributing solely or jointly to a partial loss of sensitivity
(Delespaux et al., 2008).

More recent genomic analyses have identified several changes in read depth frequency of alleles
at heterozygous loci in genes that code for ABC transporters and, in addition, a Drug/Metabolite
Transporter (DMT) when isometamidium-sensitive and drug induced-resistant T. congolense lines
were compared. Although no novel SNPs were detected, these mutations were found to be consistent
in the naturally resistant isolates evaluated in the study (Tihon et al., 2017). However, no significant
changes within the genes coding for the Fi-subunit y or other proteins associated with the
mitochondrial FiF.-ATP synthase were observed in that study (Tihon et al., 2017), although an earlier
study associated isometamidium resistance with reduced mitochondrial membrane potential (Wilkes
et al., 1997). This suggests that some peculiar and complex isometamidium resistance mechanisms
are in play in T. congolense, different from T. b. brucei. It has proven to be impossible to induce
isometamidium resistance in T. congolense in vitro (Ungogo and De Koning, unpublished) or even in
an immune-competent mouse model (Tihon et al., 2017), despite the successful in vitro development
of isometamidium resistance in T. brucei (Eze et al., 2016). Partly because the use of homidium salts
is on the decline, the mechanism of action of trypanosomes to homidium is not actively studied, but
the consistent cross-resistance observed suggests that it is likely to be similar to the more studied
mechanism of isometamidium.

3.3. Suramin

The whole field of medicinal chemistry, which is concerned with the ‘identification, synthesis
and development’ of chemical compounds for use as drugs, owes its development to efforts to find
suitable agents against HAT in late 19th and early 20th centuries (Steverding, 2010). As the synthetic
(textile) dye industry developed in Europe, chemists and scientists in the 19th century found
inspiration in the specificity of dyes to particular materials and the interestingly selective toxicity of
dyes to biological entities (Travis, 1991) — a principle widely used in histology. Motivated by the great
interest of colonial administrations in trypanosomiasis epidemics affecting both humans and animals
in the then African colonies, Paul Ehrlich began testing dyes for possible chemotherapeutic potential
against trypanosomes. Ehrlich investigated more than 100 synthetic dyes for activity against T. b.
brucei and T. equinum (Sneader, 2005). Nagana Red (Figure 5), a benzopurpurine compound was
found to affect parasitaemia and increase the survivability of mice infected with T. b. brucei. The low
solubility of Nagana Red was suggested to be responsible for the poor efficacy, and Ludwig Benda
synthesised a derivative of Nagana Red, with extra sulphonic acid function named Trypan Red,
which was found to possess both prophylactic and curative activity in mice infected with T. equinum.
However, Trypan red was found to be ineffective against other trypanosome species and several of
its derivatives tested did not show any promise (Steverding, 2010; Wainwright, 2010). Out of several
benzopurpurine derivatives supplied by the German pharmaceutical company, Bayer, a blue
compound named Trypan Blue was found to successfully eliminate parasitaemia in trypanosome-
infected animals (Steverding, 2010; De Koning, 2020), but left unacceptable blue stains on their skin
and was therefore discarded (Sneader, 2005). Efforts were thereafter focused on colourless
compounds and a series of naphthalene urea derivatives amounting to more than 1000 molecules
was synthesised and screened for over a decade by Bayer (Dressel, 1961). It was not until 1917, that a
colourless naphthalene urea compound, Bayer 205 (renamed Germanin) was found to cure
trypanosomiasis impressively in both animals and in humans (Dressel, 1961). The formula of
Germanin was kept secret for potential German colonial advantage (Jacobi, 2010; Steverding and
Troeberg, 2024) but was elucidated and published in 1924 by the French chemist Ernest Fourneau
(Fourneau et al., 1924), who renamed the drug Fourneau 270. The compound was later renamed
suramin (Ewins, 1944) and despite toxic side effects, has been at the forefront in the treatment of
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early-stage rhodesiense-HAT in humans and surra in camels and horses as well as T. b. brucei and T.
equiperdum infections in equids for a century (Wiedemar et al., 2020).
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Figure 5. Structure of suramin and the early trypanocidal dyes from which suramin was ultimately
developed.

Suramin, a negatively charged polysulfonated naphthyl urea (Figure 5) synthesised in 1916, is
the oldest trypanocide still in use and has in fact been in use against sleeping sickness since 1922
(Dressel, 1961; Steverding, 2010; Giordani et al., 2016; Wiedemar et al., 2020). It is active against T. b.
rhodesiense, T. b. gambiense, T. b. brucei, T. evansi and T. equiperdum (i.e. the Trypanozoon subgenus) and
is still in use in the treatment of early-stage T. b. rhodesiense sleeping sickness in humans, surra in
camels and horses as well as in dourine and T. b. brucei infections in equids (Giordani et al., 2016;
Wiedemar et al., 2020). However, suramin is ineffective against T. congolense and T. vivax, which is
why it is rarely used against animal trypanosomiasis in sub-Saharan Africa and in South America.
Against this background, the recent report of T. vivax and T. evansi co-infections in camels in Iran
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(Asghari and Rassouli, 2022), the first such in Asia, is particularly problematic and need urgent
confirmation.

The transport of suramin across the trypanosomal plasma membrane through passive diffusion
or a membrane transporter seem unlikely due to its high molecular weight and six negative charges
(Delespaux and De Koning, 2007; De Koning, 2020). An earlier study indicated that the suramin
enters T. brucei through a non-saturable process (Fairlamb and Bowman, 1980). Subsequently, the
possibility of specific expression of a ‘suramin-receptor’ in bloodstream forms of trypanosomes was
suggested. Of specific importance, low-density lipoproteins (LDL) were proposed to be the carriers
of suramin based on the relative abundance of the LDL receptors at the flagellum and flagellar pocket
in trypanosomal membrane (Vansterkenburg et al., 1993; Coppens et al., 1987). However, Pal et al.
(2002) have shown that suramin uptake into trypanosomes is not correlated to LDL (Pal et al., 2002).
More recent evidence strongly suggests that suramin is transported via endocytosis following
binding to the invariant surface glycoprotein ISG75 (Zoltner et al., 2016). A genome-wide loss-of-
function study identified multiple genes that sensitize trypanosomes to suramin many of which have
roles and/or locations at the endocytic pathway (Alsford et al., 2012). The most significant of the genes
identified included Invariant Surface Glycoprotein ISG75, a putative transporter of the major
facilitator superfamily (MFST) and the lysosomal proteins cathepsin L, CBP1 and GLP-1 (Alsford et
al.,, 2012). The overexpression of ISG75 yielded an increased cellular accumulation of suramin, while,
conversely, RNAIi silencing of the glycoprotein resulted in reduced internalisation of the drug
(Zoltner et al., 2020).

Endocytosis in trypanosomes is not only highly specialised and adapted to transport of
particular substances into the cell, but greatly contributes in clearing immune effectors that bind to
the cell surface as part of how African trypanosomes evade the host immune response (Zoltner et al.,
2016). Trypanosomal endomembrane systems typically include a Golgi complex, early and recycling
endosomes, late endosomes incorporating the ESCRT/multi-vesicular body system, a terminal
endosome or lysosome, as well as other typical organelles. In addition, the endosomal surface is
specialised with abundant GPI-anchored homodimers known as variant surface glycoproteins (VSG),
instead of the conserved heterotetrameric (AP)-2 adaptin complex in mammals, as well as other
surface proteins bearing diverse and trypanosome-specific transmembrane domains (Gadelha et al.,
2015). Unlike in higher eukaryotes where multiple endocytic mechanisms are available, endocytosis
in trypanosomes depends exclusively on clathrin, with several clathrin adaptor proteins present,
containing epsin N-terminal homology (ENTH) and AP180 N-terminal homology (ANTH) domain
phosphoinositide-binding proteins (Allen, 2003; Doherty and McMahon, 2009; Manna et al., 2015).
The endocytic transport process varies significantly among life stages and species of trypanosome
and this difference may be an important basis of suramin sensitivity and resistance (and possibly
other drugs). In T. brucei, for example, the endocytic transport rate is many times higher in the
mammalian bloodstream forms than in the insect forms, and this correlates with sensitivity to
suramin, with the procyclic insect forms being much less sensitive to the drug (Zoltner et al., 2016).

A 6-step mode of action of suramin was proposed, involving; i) Binding to ISG75; ii)
internalisation; iii) delivery to lysosome; iv) digestion of ISG75 by cathepsin L; v) suramin escape
from the lysosome via a major facilitator super-family (MFS) transporter into the cytosol and vi)
trypanosome killing by the now cytosolic suramin (Zoltner et al., 2016). It appears that there are
multiple targets of suramin toxicity in the trypanosomal cytosol (De Koning, 2020; Wiedemar et al.,
2020). Trypanocidal activity may be related to the polyanion’s inhibitory effect on a number of
essential trypanosomal enzymes including dihydrofolate reductase, glycolytic enzymes, RNA-
editing ligase-1 and thymidine kinase (Chello and Jaffe, 1972; Willson et al., 1993; Delespaux and De
Koning, 2007; Zimmermann et al., 2016). Suramin was shown to block receptor-mediated uptake of
low density lipoprotein (LDL), thereby possibly depriving trypanosomes of cholesterol and
phospholipids (Vansterkenburg et al., 1993; Wiedemar et al, 2019). Treatment with suramin
significantly reduced cytosolic ATP in T. brucei with a concomitant increase in mitochondrial ATP
and provokes metabolic reprogramming with pyruvate accumulation and proline catabolism
(Zoltner et al.,, 2020). Although the FoFi-ATPase activity is not different between untreated and
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suramin-treated cells, the mitochondrial membrane potential is significantly reduced in suramin-
treated cells (Zoltner et al., 2020), although the drug most likely does not enter the mitochondrion,
given its six negative charges. It is, however, possible that suramin inhibits an essential carrier,
perhaps the ADP/ATP exchanger, which also recognises highly negative substrates. In a different
study, exposure to suramin in T. brucei resulted in an increase in the number of trypanosomes with
double nuclei, suggesting that the drug inhibits cytokinesis (Thomas et al., 2018). On balance of all
the evidence, it appears that the trypanocidal activity of suramin, once free in the cell, is multifaceted
and multifactorial but that it may be the rate of internalisation that, much like the diamidines and
melaminophenyl arsenicals, determines the sensitivity to the drug, as shown with the
knockdown/overexpression of ISG75, discussed above. The one observation arguing against this, is
that T. congolense, although hardly sensitive to suramin, internalises the drug robustly over 10
minutes (Ungogo et al., 2022). It could still be argued that it is not the internalisation, as such, that
matters, but the escape from the endocytic/lysosomal system, but expressing the T. b. brucei MFS
transporter potentially implicated in that process (Alsford et al.,, 2012) in T. congolense did not alter
that species’ sensitivity to suramin, or to pentamidine, diminazene or isometamidium (Ungogo et al.,
2022). Yet more research remains necessary to untie this Gordian knot.

The mechanism of resistance to suramin is not yet fully elucidated. Suramin has high cure rates
in the early stage of rhodesiense-HAT, even after 100 years of uninterrupted use, and resistance to the
drug has not been reported in T. b. rhodesiense (Franco et al., 2018a). However, there are many reports
of suramin resistance in the veterinary pathogen T. evansi, and development of resistant clones of
both T. brucei and T. evansi in the laboratory through drug pressure appeared to be easy (Brun and
Lun, 1994; Ungogo and De Koning, unpublished). Franco et al. (2018a) suggested that the discrepancy
in suramin resistance might result from the different dose and dosage regimen employed in humans
(five doses of 20 mg/kg) compared to animals (single dose of 10 mg/kg).

Drug sensitivity may be dependent upon entry into the trypanosome and blocking uptake of
suramin, or its passage via the endocytic pathway, is sufficient to render parasites resistant to the
drug (Giordani et al., 2016). Following the endocytosis model, it is possible for the drug to accumulate
inside the cell since once internalized, the highly charged suramin molecule is highly unlikely to
escape from the cell (Zoltner et al., 2016) unless it is a substrate of an ABC-type or other multi-drug
resistance transporter. Overexpression of ThMRP-E did indeed resulted in two- to three-fold
resistance to suramin in T. brucei, suggesting a possible role of MRPs in suramin resistance (Shahi et
al., 2002). However, it has not been demonstrated that MRP-E is in fact overexpressed in any suramin-
resistant strain. Nor has it been shown that ABC/MRP transporters are associated with resistance to
any drug in any trypanosome strain, unless experimentally overexpressed (Bridges et al., 2007;
Liischer et al., 2006).

Surprisingly, quantitative transcriptomics by mRNA-Seq did not reveal any differential
expression of genes encoding for the ISG75, the putative MFEST or the lysosomal proteins in rapid
laboratory-induced suramin resistant T. b rhodesiense (Wiedemar et al., 2018). However, all the
selected resistant lines in the study had undergone an expression switch to a different variant surface
glycoprotein (VSG) named VSGsr (Wiedemar et al., 2018). The transgenic expression of VSGSUR in
sensitive cells resulted in 58-fold decrease in suramin sensitivity. In addition, VSGSUR-expressing cells
exhibited reduced uptake of LDL and transferrin, shown to result from an impaired endocytosis.
Interestingly, the knockdown of ISG75 in VSGSUR expressing cells led to reduced suramin sensitivity
suggesting that ISG75 and VSGSUR affect suramin uptake through distinct pathways (Wiedemar et al.,
2019). Through structural studies, suramin was shown to bind tightly to VSGSUR supporting a model
that VSGSUR diverts trafficked suramin from the endocytic pathway thus effectively decreasing its
intracellular concentration (Zeelen et al., 2021).

3.4. Melaminophenyl arsenicals

The use of arsenical compounds as drugs and poisons dates nearly 2500 years (Fairlamb and
Horn, 2018). The association of arsenicals with African trypanosomiasis began in 1858 when David
Livingstone improved the condition of a ‘fly-struck’ mare with nagana by treatment with arsenic; this
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was long before the causative agent of nagana was discovered but clearly the explorer believed the
horse’s condition to be due to an infection transmitted by flies (Livingstone, 1858). Likewise, David
Bruce reported treating an affected horse with arsenic in his seminal treatise in 1895 (Bruce, 1895). In
1902, inorganic arsenite As(II)Os* was demonstrated to be active against ‘nagana and surra’ in
laboratory-infected rodents, although relapse ensued as soon as treatment was discontinued, and the
treatment was highly toxic (Laveran and Mesnil, 1902). In 1904 Laveran followed this up with T.
gambiense in rats and expressed confidence that arsenite could cure gambiense sleeping sickness
although ‘in human Trypanosomiasis arsenical compounds have been often tried and have yielded
only a passing amelioration, but in general the doses prescribed have been too feeble” (Laveran, 1904).
Over the following years, several promising organo-arsenical compounds were synthesised and
tested against trypanosomiasis, most of which had to be disqualified due to serious neurotoxicity,
such as the popular drug Atoxyl (Figure 6) (OIE, 2013). The story of Atoxyl, overstated to be 40 — 50-
fold less toxic than any inorganic form of arsenic — a claim made by the very name of the drug - is
told in detail by Walter Sneader (2005).
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Figure 6. Structures of some of the arsenical drugs that have been (1, 2) or are still used against

trypanosomiasis (3, 4). M, melaminophenyl group. BAL, British anti-Lewisite (dimercaprol).
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The next arsenical of importance was synthesised in 1915 by Jacobs and Heidelberger (Jacobs
and Heidelberger, 1919) and initially known as compound A63 but soon thereafter known as
tryparsamide (Pearce, 1921). As shown in Figure 6, it is simply atoxyl with an ethyl amide coupled
to the amino group. Atoxyl and tryparsamide allowed for the first time the mass case finding and
treatment of human trypanosomiasis, particularly in French colonial Africa, achieving a dramatic
reduction in sleeping sickness where it was intensively applied. According to a retrospective study
by Dukes (1984), ‘in Cameroon alone, some 1000 kg of atoxyl and 600 kg of tryparsamide were
employed: a total of 460 kg of arsenic in a six-year period’. However, tryparsamide resistance became
a serious problem by the early 1940s (Friedheim, 1949; Van Hoof et al., 1944).

It was therefore fortunate that around the same time a new arsenical trypanocide, melarsoprol
(Arsobal, MelB), was produced by combining the heavy metal chelator and arsenic antidote, British
anti-Lewisite (BAL, dimercaprol) with melarsen oxide (Friedheim, 1948; 1949), and that this
compound was not cross-resistant with the earlier arsenicals (Friedheim, 1951; Williamson and Rollo,
1959). Since tryparsamidine was less active against the late stage of sleeping sickness and not at all
against rhodesiense HAT, melarsoprol was also the first cure for late-stage East African sleeping
sickness (Apted, 1970) and it has remained the only registered drug for this condition up to this date.
However, today, 15 December 2023, it was announced that the European Medicines Agency’s (EMA)
Committee for Medicinal Products for Human Use (CHMP) has ‘formed a positive scientific opinion’
of as the first oral drug against rhodesiense HAT was announced by the Drugs for Neglected Diseases
initiative (DNDi) who conducted the trials (DNDi, 2023) and it is hoped that full registration will
soon follow.

Since then, melarsoprol has been actively used in the treatment of late-stage HAT. Despite
remarkable efficacy against T. evansi, T. equiperdum and T. b. brucei, melarsoprol is inconvenient and
too expensive for veterinary use because of its multiple dose regimen and I.V. route of administration,
which is due to its almost complete insolubility in water (it is administered as a 3.6% solution in
propylene glycol). This necessitated the synthesis of a more soluble melaminophenyl arsenite,
melarsomine (Cymelarsan, MelCy), by the conjugation of melarsen oxide and cysteamine, for use in
animals (Touratier, 1992).

Melarsomine (cymelarsan), a melaminophenyl thioarsenite introduced in 1992 is the latest
veterinary trypanocide in clinical use (Peregrine, 1994). It is indicated for the treatment of surra in
camels, cattle and buffalo as well as for the treatment of heartworm (Dirofilaria immitis) in dogs
(Desquesnes et al., 2013). Melarsomine is currently used in a wide range of domestic animals
including cats (Tarello, 2005). There are reports indicating extra-label use of melarsomine to treat
dourine, caused by T. equiperdum, despite WHQO's test-and-slaughter policy for the disease. However,
in a recent study, melarsomine failed to clear T. equiperdum from the cerebrospinal fluid (CSF) of
infected horses, which implies that the drug is unable to cross blood-brain barrier (BBB) in horses, or
at least does not reach a therapeutically efficacious concentration in the brain at tolerated doses
(Hébert et al., 2018). It may be that, by making melarsoprol more water-soluble, its valuable ability
to cross the blood-brain barrier has been compromised. While it is also possible that melarsomine
does not cross the BBB for lack of uptake transporters expressed by the BBB endothelial cells, an
alternative explanation is that it is (also) rapidly extruded from the cerebro-spinal fluid by efflux
transporters, which these cells express in large numbers. These transporters also exclude pentamidine
from the brain (Sanderson et al., 2009; Sekhar et al., 2014).

With melarsomine rapidly disintegrating in aqueous medium (Berger and Fairlamb, 1994) and
melarsoprol exhibiting a plasma half-life of less than an hour (Keiser, 2000), the mechanism of action
of these melaminophenyl arsenicals is tied at least in part to a common active trypanocidal
metabolite, melarsen oxide. This classifies both melarsomine and melarsoprol as prodrugs although
both are also active themselves. Indeed, cross-resistance between melarsomine and melarsoprol has
been reported in vivo and in vitro (Scott et al., 1997, 1996).

The uptake of melaminophenyl arsenicals into trypanosomes has been shown to be facilitated
by the AT1/P2 transporter, which also transports diamidines (Carter and Fairlamb, 1993; De Koning
et al., 2000), and aquaglyceroporin-2, a membrane transporter for water and glycerol (Baker et al.,
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2012; Munday et al., 2014). A similar AT1/P2 transport system is present in T. b. brucei, T. evansi and
T. equiperdum (Berger et al., 1995; Witola et al., 2004; Stewart et al., 2010), but lacking in T. congolense
and T. vivax (Munday et al., 2013). It has been suggested that the lipid-soluble melarsoprol might
diffuse through the cell membrane. However, rapid metabolism of the drug into melarsen oxide in
vitro would make this form of transport inconsequential (Scott et al., 1996). Once taken up by
trypanosomes, melarsoprol/melarsen oxide forms an adduct with trypanothione that is referred
to as Mel-T (Fairlamb et al., 1989) and that is implied to be toxic (Alsford et al., 2012). Cell cycle
analysis using DNA configuration has shown that melarsoprol exposure inhibits mitosis, resulting
in cells bearing replicated but unsegregated nuclei. In addition, the effect of the drug can be
partially suppressed by putative mitogen-activated protein kinases (MAPKs) (Thomas et al.,
2018). In another study, inhibition of DNA synthesis was observed in melarsoprol-treated T. brucei
cells in addition to mitotic inhibition, and this can be alleviated by the overexpression of y-
glutamylcysteine synthetase (GSH1) (Larson et al., 2021), a key enzyme in the synthesis of the cellular
anti-oxidant trypanothione.

The molecular mechanism of resistance to melaminophenyl arsenicals lies in their uptake
transporters, AT1/P2 and AQP2. The inhibition of trypanocidal activity of melarsen oxide by other
substrates of the TbAT1 transporter was demonstrated, and melarsen-resistant T. brucei appeared to
have lost P2 adenosine transport activity (Carter and Fairlamb, 1993; Carter et al., 1999). This is
corroborated by the detection of a mutated TbAT1 allele in a melarsoprol-resistant T. b. brucei
laboratory strain (Méser et al., 1999) and field isolates of T. b. gambiense and T. b. rhodesiense resistant
to melarsoprol (Matovu et al., 2001; Nerima et al., 2007). After the withdrawal of melarsoprol for
treatment from the Omugo site reported on by Matovu et al. (2001), the resistance allele was no longer
detected in as many as 105 isolates from Omugo, whereas it was still present in isolates from the
distant Moyo treatment site (both in Uganda) that still used melarsoprol (Kazibwe et al., 2009).
Several mutations of these resistance alleles were systematically introduced in a wild-type TbAT1
allele and although the effect of any single point mutation was limited, the introduction of several of
them or the deletion of codon F316, strongly impaired the transport of both adenosine and
diminazene, and also resulted in high levels of resistance to cymelarsan (Munday et al., 2015b).

TbAQP2, a high affinity pentamidine transporter, also transports melaminophenyl arsenicals.
Deletion of TbAQP2 confers significant resistance to pentamidine and melaminophenyl arsenicals,
whereas re-expression in resistant lines restored sensitivity (Baker et al., 2012, 2013; Munday et al,,
2014). Similarly, expression of TbAQP?2 in Leishmania promastigotes highly sensitised these parasites
to pentamidine and particularly to melaminophenyl arsenicals. In addition, specific mutagenesis or
chimerisation of the ThAQP2 gene with neighbouring TbAQP3 results in significant resistance to
pentamidine and melarsoprol (Quintana et al., 2020; Alghamdi et al., 2020). Furthermore, laboratory
strains and clinical isolates resistant to melaminophenyl arsenicals showed mutations, deletions or
chimerisation of TbAQP2 (Graf et al., 2013; Munday et al,, 2015a; Pyana Pati et al., 2014). Beyond
transporters, other potential mechanisms of resistance to melaminophenyl arsenicals in
trypanosomes have been described. In T. brucei, engineered overexpression of ornithine
decarboxylase and gamma-glutamyl-cysteine synthetase, two key enzymes in trypanothione
biosynthesis, resulted in four-fold resistance to melarsoprol (Shahi et al., 2002). In addition, the
overexpression of T. brucei multidrug-resistance associated protein A (TbMRPA), a putative thiol
conjugate transporter, yielded an up to 10-fold increase in the ECso of melarsoprol (Shahi et al., 2002;
Alibu et al., 2006). However, it has never been shown that these mechanisms are involved in arsenical
resistance in a clinical or veterinary context in the field.

3.5. Quinapyramine

Introduced in the early 1950’s, quinapyramine or Antrycide (Figure 7) is an aminoquinaldine
derivative that is used as di-methosulphate salt for curative treatment, whereas its chloride salt
(antrycide prosalt) is used for prophylaxis and therapy of animal trypanosomiases (Davey, 1950;
Leach and Roberts, 1981). The use of quinapyramine in cattle in Africa became discouraged and was
finally discontinued altogether in 1974 (Schillinger and Réttcher, 1986) due to the possible induction
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of cross-resistance to isometamidium, homidium and diminazene (Hawking, 1963; Peregrine et al.,
1997). For instance, MacLennan (1968) reported that Antrycide was discontinued for use in Northern
Nigeria as early as 1963 because of widespread resistance, after trypanosomiasis treatments in that
region having averaged ‘about 400,000 per annum for the last 10 years’, and replaced with Berenil
(diminazene aceturate) even though there was concern about resistance to that drug as well
(Maclennan and Jones-Davies, 1967). Moreover, Whiteside (1962) showed that the higher the level of
quinapyramine resistance was allowed to go, the more the cross-resistance, and to more drugs,
became apparent.
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Figure 7. Structure of quinapyramine.

The discontinuation of quinapyramine use for African cattle was very likely justified and saved
to a large extent the diamidine and phenanthridine drugs for use up to this day, albeit still with
significant resistance problems of their own (see above). Nevertheless, the complete cessation of
quinapyramine production by May & Baker (Dagenham, UK) had the unintended consequence of
further limiting the treatment options for surra to essentially only suramin, particularly in camels,
this being before the introduction of melarsomine, and with suramin resistance in T. evansi being an
increasing problem, this left many animals untreatable. Thus, quinapyramine was reintroduced in
1984 under the trade names Trypacide and Quintricyde, for both therapeutic and prophylactic use
(Schillinger and Réttcher, 1986). However, the drug remains restricted to the treatment of surra in
camel and horses, off-label treatment of dourine and the treatment of T. vivax infection in South
America (Desquesnes et al., 2013; Davila and Silva, 2006). Interestingly, however, two reports from
the 1950s are clear that quinapyramine-resistant T. equiperdum tended to display increased sensitivity
to suramin, rather than cross-resistance (Hawking, 1958; Ormerod, 1952). As importantly, suramin-
resistant T. evansi remains fully sensitive to quinapyramine (Leach and Roberts, 1981; Luckins et al.,
1979; Schillinger and Rottcher, 1986).

There is scant information about the molecular mechanisms of quinapyramine uptake and
action. The investigation of the ‘mode of action of antrycide’ by Ormerod (1951a) revealed that the
entry of the drug into the trypanosomal cell is slow and the drug’s target is neither on the surface
membrane nor the nucleus (Ormerod, 1951b). In a study that compared the effect of treatment with
different trypanocides in T. evansi, uptake of melarsoprol and stilbamidine was observed to be rapid
and resulted in the trypanosome population to decline immediately and become fully cleared within
27 hours. In contrast, trypanosomes treated with suramin and quinapyramine continued to replicate
for up to ~7 cell division cycles (72 hours), remaining constant in number, and only then started to
die, suggesting a very slow uptake and/or action (Hawking and Sen, 1960). Considering that
quinapyramine fluorescence was found to be associated with kinetoplasts of T. equiperdum 1 h after
a high dosage of the drug was administered to a mouse followed by staining of cytoplasmic granules
after 4 h (Ormerod, 1952), the latter would seem to be the more likely alternative, even if uptake may
be slower than for diamidines and melaminophenyl arsenicals.

Thus, Hawking and Sen (1960) divided trypanocides into two classes; group 1 (trivalent
arsenicals and diamidines) with rapid absorption and trypanosomal killing and group 2
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(quinapyramine, suramin, homidium and other phenanthridines) characterised by slow uptake and
trypanosomal killing. Interestingly, decades later, the uptake of melaminophenyl arsenicals and
diamidines was found to mediated by specific membrane transporters, at least in the Trypanozoon
subgenus (Munday et al.,, 2015a), while the transport of suramin is now known to be through
endocytosis (Zoltner et al., 2016). Therefore, the slow uptake of quinapyramine may at least be partly
mediated by means other than a regular membrane (nutrient) transporter or if by a nutrient
transporter, it is transported with low efficiency and (probably) affinity, as appears to be the case for
diminazene uptake by T. congolense (Carruthers et al., 2021). In a more recent study, the percentage
of live cells in a culture treated with quinapyramine for 72 h remained above 50% (Rani et al., 2021).
Quinapyramine has been reported to bind to ‘basophilic inclusion bodies’ or ‘granules of
ribonucleoprotein’ that appear in the trypanosome after 24 h incubation with quinapyramine or
dimidium (Ormerod, 1951a, 1951b; Newton, 1964). These granular bodies have been speculated to be
ribosomes but in the micrographs presented the structures are much too big to be ribosomes.
However, the inhibition of protein synthesis as the mechanism of action would be a potential
explanation for the slow and mostly trypanostatic effects of quinapyramine. Treatment of Amoeba
discoides with quinapyramine resulted in 50% loss of ribosomal RNA at 4 h and a complete loss after
17 h while an increase in the level of low molecular weight RNAs was observed, which suggests
possible inhibition of ribosomal RNA synthesis or degradation of already formed rRNA (Summers
and Hawkins, 1978).

Although resistance to quinapyramine is widely reported in laboratory-induced trypanosomes
and clinical isolates, there is a paucity of information on the mechanism of quinapyramine resistance
(Gill, 1971; Ndoutamia et al., 1993; Liao and Shen, 2010). However, it can be speculated, on the basis
of the high level of cross-resistance between quinapyramine, diminazene, isometamidium and
homidium (Ormerod, 1952; Ndoutamia et al., 1993), that quinapyramine resistance may be related at
least in part to the TbAT1 transporter and/or the mitochondrial membrane potential (Munday et al.,
2015a; Eze et al., 2016; Carruthers et al., 2021). In addition, the observed cross-resistance among
quinapyramine, diamidines and phenanthridines in Lepfomonas (Bacchi et al., 1975) suggests
involvement of a target conserved in trypanosomatids, such as the kinetoplast located in the
mitochondrion, where all these cationic trypanocides tend to accumulate. Based on investigations on
the quinapyramine-resistant T. evansi strains in China, Liao and Shen (2010) reported the loss of the
P2/TevAT1 gene (note: they call the gene TbTA1) in a quinapyramine-resistant isolate. While this
correlation does not prove a functional link for P2 in quinapyramine accumulation, it adds to various
other such hints and our own investigations show that quinapyramine is indeed an inhibitor of
P2/TbAT1 with a moderate affinity (Ungogo and De Koning, manuscript in preparation).

4. Multidrug resistance and cross-resistance between trypanocides

Trypanosomes resistant to more than one drug have been isolated from many countries (Na'lsa,
1967; Mulugeta et al., 1997; Sinyangwe et al., 2004; Jamal et al., 2005). Multiple drug resistance can
arise from cross-resistance between the drugs as a result of adaptations in a shared mechanism of
action or uptake, or the co-existence of resistance to two or more drugs induced separately (Giordani
et al.,, 2016). Considering the indiscriminate usage of multiple drugs, sometimes at sub-standard
quality and rarely supervised by qualified veterinarians, data from the field on genuine cross-
resistance (as opposed to treatment failure) is mostly unreliable. The development of drug resistance
in trypanosomes through increased drug pressure has been demonstrated in vivo and in vitro
(Carruthers et al., 2021; Eze et al., 2016; Osman et al., 1992; Tihon et al., 2017), and the characterisation
of the resistant lines gives more reliable information on cross-resistance and the mechanism of
resistance of each drug (Table 1).

Studies on drug resistant field isolates and laboratory induced resistant clones of T. b. brucei and
T. evansi, have revealed cross resistance between diamidines and melaminophenyl arsenicals (Baker
et al., 2013; Bridges et al., 2007; Osman et al., 1992; Ross and Barns, 1996). Likewise, laboratory
induced melarsomine-resistant T. evansi have shown cross resistance to Berenil® (DA) and Arsobal®
(melarsoprol) while remaining sensitive to suramin and antrycide (Ross and Barns, 1996). A shared
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mechanism of uptake through the TbAT1/P2 adenosine transporter was shown to be responsible for
this cross-resistance. Through exhaustive studies of field isolates, laboratory induced resistant lines
and generated mutants, the role of TbAT1/P2 gene in T. brucei in the resistance to diamidines,
particularly diminazene, and melaminophenyl arsenicals has been elucidated (Matovu et al., 2003;
Munday et al., 2015a, 2015b). These studies also led to the observations that suggest the existence of
another, adenosine-insensitive transporter that helps to determine high-level melarsoprol-
pentamidine cross-resistance (MPXR), initially dubbed the High Affinity Pentamidine Transporter
(De Koning, 2001a), which was subsequently identified as the aquaglyceroporin TbAQP2 (Baker et
al,, 2012; Munday et al., 2014).

Many field studies have reported isolates of T. congolense, T. b. brucei and T. vivax that are resistant
to both isometamidium and diminazene, the two major drugs currently used in the treatment of
nagana (Anene et al., 2001; Geerts et al., 2001). The use of quinapyramine in cattle is discouraged due
to a high incidence of cases of resistance and of cross-resistance to isometamidium, homidium and
diminazene (Peregrine, 1994). Quinapyramine cross-resistance was demonstrated in experimentally
induced quinapyramine-resistant T. congolense, which showed 5.5-fold resistance to diminazene, 6-
fold resistance to isometamidium and 28-fold in resistance to homidium in infected mice (Ndoutamia
et al., 1993). Similarly, a T. congolense clone that was adapted to 94-fold isometamidium resistance in
mice exhibited multiple drug resistance to homidium chloride (33-fold), diminazene aceturate (3.4-
fold) as well as quinapyramine sulphate (4.2-fold) (Peregrine et al., 1997). In wvitro-induced
isometamidium resistant T. brucei showed considerable cross-resistance to the chemically related
phenanthridine ethidium bromide and to diminazene, as well as minor cross-resistance to
pentamidine, likely mediated by the loss of kinetoplast and reduction of mitochondrial membrane
potential (MMP) (Eze et al., 2016). However, similarly-generated T. congolense clones that were
adapted to 6-7-fold resistance to diminazene showed negligible cross-resistance to isometamidium
despite reduced MMP (Carruthers et al., 2021), showing that cross-resistance between diminazene
and isometamidium in T. congolense is not inevitable and may, as with quinapyramine, depend on
which drug the parasite was forced to adapt to, as well as on the species of trypanosome and the level
of drug resistance. Giordani et al, (2016) suggested that since all these trypanocides share a
mitochondrial target, and any single alteration affecting the MMP or the loss of organic cation carriers
in the inner mitochondrial membrane, may give rise to cross-resistance to all the four trypanocides.
Diamidine-phenanthridine cross-resistance has also been linked to mechanisms that support
dyskinetoplasty, including mutations in Fi-ATPase y-subunit (Eze et al.,, 2016; Gould and Schnaufer,
2014), and the depletion of V-type H*-ATPases and endoplasmic-reticulum membrane complex
(EMC) subunits (Baker et al., 2015). In addition, cross-resistance between diamidines,
phenanthridines and possibly quinapyramine may be related to the P2/AT1 transporter in brucei
group trypanosomes (Afework et al., 2006; De Koning, 2001b; Liao and Shen, 2010). However, given
the rarity of dyskinetoplasty in T. congolense, and the lack of P2/AT1 orthologues in T. congolense and
T. vivax, some multidrug resistance mechanisms in these species may be different from those in T.
brucei.

Interestingly, cross resistance of suramin to other trypanocides used commonly to treat surra or
HAT has not been reported (Wiedemar et al., 2018). This is possibly due the variety of intracellular
targets the drug interacts with and its ability to bind to a VSG (Wiedemar et al., 2018, 2019, 2020;
Zeelen et al., 2021) and to ISG75, leading to its internalisation through endocytosis (Zoltner et al.,
2020, 2016). Clearly, the interactions and cellular distribution of suramin, with six negative charges,
must be very different from the other trypanocides, which are all neutral (arsenicals) or cations
(quinapyramine, diamidines, phenanthridines) at physiological pH. A recent study has shown cross
resistance with Trypan-blue only, which is not very closely related chemically, but formed the
backbone through which suramin was developed (Wiedemar et al., 2018). Interestingly, trypan blue
is virtually the definition of a substance that is not taken up by cells and has been used for decades
in the ‘trypan blue exclusion test’ to distinguish live from dead cells (Strober, 2015), but is readily
taken up by trypanosomes (De Koning, unpublished observation) — presumably in the same way as
suramin is.
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Table 1. Cross-resistance pattern in veterinary trypanosomes with laboratory generated drug resistance.
Drug resistance developed Species Type of study Drugs Cross-resistant to Drugs not cross-resistant to Reference
Melarsomine T. evansi In vivo (mice) Diminazene and pentamidine Suramin, isometamidium Osman et al., 1992
T. evansi In vitro Diminazene and Arsobal Suramin and antrycide Ross and Barn, 1996
T. brucei In vivo (mice) Melarsoprol Suramin Scott et al., 1996
T. brucei In vivo (mice) Melarsopr?l (in .vzz?o only), trlmelars‘er'l, melarsen Melarsoprol in vitro Scott et al., 1997
oxide diminazene, pentamidine
T. evansi In vitro and in vivo Downregulation of diminazene transporter P2/AT1 Suswam et al., 2001
Tryparsamide T. evansi In vivo Oxophenarsine All others Gill, 1971
Diminazene T. evansi In vivo Melarsomine Zhang et al., 1993
T. brucei In vitro Pentamidine, furamidine, and melarsomine Isometamidium, AN7973 and Teka et al., 2011
SCYX7158.
T. congolense In vitro - Isometamsldcl;l;(n% 11;1;\‘17973 and Carruthers et al., 2021
Oxophenarsine (aromatic arsenical), Melarsoprol,
Stilbamidine (diamidine) T. evansi In vivo MsB, acriflavine, tryparsamide, diminazene, and Quinapyramine, suramin Gill, 1971
metamidium
. Diminazene, homidium chloride, quinapyramine .. .
Isometamidium T. congolense Diminazene Peregrine et al., 1997
sulphate
T. brucei In vitro Ethidium bromide, diminazene, and pentamidine - Eze et al,, 2016
T. congolense In vivo - - Tihon et al.,, 2017
Oxophenarsine (aromatic
arsenical), Melarsoprol, MsB,
Suramin T. evansi In vivo -— acriflavine, tryparsamide, Gill, 1971
diminazene, metamidium,
quinapyramine
T. evansi In vivo - --- Mutugi et al., 1994)
T. brucei In vivo ———- Melarsomine Scott et al., 1996
T. brucei In vivo Trypan blue Melarsoprol, Pentamidine Wiedemar et al., 2018
Quinapyramine T. equiperdum In vivo Dimidium and stilbamidine Suramin Ormerod et al., 1952
T. evansi In vivo None Oxophenarsine (aromatic Gill, 1971

arsenical), Melarsoprol, MsB,
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acriflavine, tryparsamide,
diminazene, metamidium,
suramin

T. congolense In vivo (mice) Diminazene, isometamidium, homidium - Ndoutamia et al., 1993
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5. Epidemiology of veterinary trypanocide resistance: incidence and spread in the field

Trypanocidal drug resistance is said to occur when the sensitivity of trypanosomes to a standard
quality trypanocide is reduced or absent at the recommended dosage and route of administration
(Assefa and Shibeshi, 2018). In highly endemic areas, however, treatment failure and relapse
parasitaemia do not only arise from drug resistance as parasitaemia in the treated animal host may
arise from a new infection, and not necessarily the initial one (Rowlands et al., 2001) or because of
substandard drugs (see below) or faulty administration by unqualified practitioners, usually the
farmers/herders themselves.

Using DNA markers to genotype T. congolense in Ethiopia following treatment with diminazene
in cattle has shown a near-equal proportion of the parasite from new infection (40%) and actual
relapse (37-5%) (Moti et al., 2015). Natural variation in drug sensitivity among Trypanosoma species
and strains irrespective of previous drug exposure has been reported. For example, T. congolense has
shown a higher rate of relapse infections compared to T. vivax following treatment with homidium.
In contrast, T. vivax strains from West Africa have exhibited a higher level of resistance to diminazene
than T. congolense (Leach and Roberts, 1981). Acquired resistance to trypanocides is usually
developed by trypanosomes following drug underdosing arising from a variety of circumstances
(Leach and Roberts, 1981). Once resistance is developed to a trypanocide, there is a chance that the
resistant parasite strain would show decreased sensitivity to other drugs with a shared mechanism
of uptake or action (Assefa and Shibeshi, 2018; De Koning, 2020).

Resistance of animal trypanosomes to diminazene and isometamidium was reported as early as
the 1960s in Nigeria (Jones-Davies and Folkers, 1966; Na'lsa, 1967), barely a decade after their
introduction. Trypanocide resistance is currently reported in 21 out of the 37 countries in the tsetse
belt of sub-Saharan Africa, 10 countries of which have also documented cases of multiple drug
resistance (Assefa and Shibeshi, 2018). It is highly probable that there is trypanocidal resistance in
many other African countries but that is yet to be documented, largely because no studies on the local
situation have been carried out or published (Melaku and Birasa, 2013). Nevertheless, some caution
must be applied in interpreting the literature. The available data is patchy both geographically and
in time and, although many reports on trypanosomiasis treatment relate treatment failure or
resistance, it must be remembered that the study area may well have been selected because of local
treatment failure, thereby self-selecting to find just that. Moreover, findings of drug resistance are
more likely to be written, and accepted, for publication than a similar survey finding no problems.
Therefore, the nature of the incidental reporting from small areas might paint an overly pessimistic
picture with regards to drug resistance.

Overreliance on the same old treatments for decades, often inexpertly, results in drug resistance
and treatment failure with all the attendant consequences (Delespaux and De Koning, 2007), just as
happened with the early trypanocides, as documented above. Prevalence of trypanocide resistance is
highly variable, and can be up to 100% as reported in T. congolense isolates from dogs in Nigeria (Obi
et al., 2022). However, a recent meta-analysis of 30 studies reported an overall prevalence of 29% for
drug resistance in African animal trypanosomes (Okello et al., 2022b). A widespread incidence of
trypanocide resistance was reported in the cotton belt of west Africa between eastern Guinea across
southern Mali to the southwest of Burkina Faso, possibly linked to a high use of trypanocides
(Clausen et al., 2010; Grace et al., 2008). In the south-central African state of Zambia, drug resistance
may have resulted from extensive use of isometamidium treatments as part of a trypanosomiasis
eradication program (Chitanga et al., 2011; Sinyangwe et al., 2004). There are also several reports of
drug resistance in T. evansi from several parts of the world (Brun et al., 1998).

The bulk of the available information on drug resistance emanates from local case reports and
the baseline information on the exact prevalence of drug resistance is unavailable (Mamoudou et al.,
2008). Delespaux et al. (2008) attributed this dearth of baseline information to the fact that the two
widely used in vivo methods for the detection of drug resistance — the laboratory and field methods
— are not only expensive but laborious (Eisler et al., 2001). The alternative in vitro tests are also
challenging, as the Glossina infectivity test (DIGIT) is greatly dependent on the availability of tsetse
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flies while the drug incubation infectivity test (DIIT) still requires infecting mice after drug incubation
(Kaminsky et al., 1990; Knoppe et al., 2006). With advances in molecular biology, biomarker genes of
drug resistance in T. brucei species, such as TbAT1 and TbAQP2, were discovered and validated, and
have been applied as biomarkers in the more time-efficient molecular methods. However, in T.
congolense, these markers are not present and other proposed drug resistance genes were found to be
unreliable. The T. congolense topoisomerase Il enzyme and an ATP-binding cassette (ABC) transporter
were found not to be definitive biomarkers of isometamidium resistance (Delespaux and De Koning,
2007; Delespaux et al., 2007; Delespaux et al., 2005, 2008). In addition, the claim that T. congolense
TcoAT1/NT10 was a diminazene resistance marker was proven to be erroneous (Munday et al., 2013;
Ungogo et al., 2023). There are currently no markers at all (proven or proposed) for molecular
detection of drug resistance for T. vivax. It should be noted that the discovery of a few validated
trypanocide resistance markers has not, to date, translated into the development of rapid diagnostic
tests. Unfortunately, in the absence of any much-needed on-the-field trypanocidal sensitivity tests,
rational chemotherapy relies upon the characterisation and prevalence of drug resistance in
trypanosome isolates from a particular area, which requires laborious studies and long periods to
establish (Peregrine and Mamman, 1993). It goes without saying that for decades there has been a
need for a rapid and reliable test based on molecular or phenotypic biomarkers capable of detecting
drug sensitivity and/or resistance in trypanosomes to inform the choice of drugs by veterinarians and
clinicians alike.

Table 2. Incidence of trypanosomal drug resistance reported by country.

Animal Trypanosoma

Country host spp Drug Diagnostic Reference
L. Homidium ) Jones-Davies and
1 T. T 1
Nigeria Cattle congolense chloride est in cattle Folkers, 1966
Cattle T. congolense DA, ISM Test in cattle Na'lsa, 1967
Homidi
Cattle T. congolense omucTm Test in mice Joshua, 1988
chloride
Cattle T. b brucei Homidium Test in mice Joshua, 1988
’ ue chloride, DA stinmi oshua,
Dog T.bbrucei DA, pentamidine Test in rats Anene et al., 2006
) Homidium . )
Cattle T. vivax chloride Test in sheep Ogbaje et al., 2015
ISM, DA,
Cattle T. vivax Homidium Test in sheep Ogbaje et al., 2015
chloride
T. congolense, T. S .
Dog . DA, ISM Test in mice Obi et al., 2022
b brucei
T. congolense, T. Trypamidium, (Kiipper and
Ivory Coast Cattle vivax Homidium Wolters, 1983)
Burkina Faso/ Cattle T. congolense DA, ISM Test in mice Authie et al., 1984
Upper Volta
Pind d Authie,
T. congolense ISM Test in mice maet ?38 1 utie

DA, ISM, Test in goats and

Cattle T. congolense Clausen et al., 1992

Homidium cattle
Cattle T. vivax DA, ISM Test in cattle Sow et al., 2012
DIIT, Standard
Cattle T. congolense ISM andar Knoppe et al., 2006
mouse test

Senegal Cattle T. vivax DA, Ethidium Test in goat Diaité et al., 1997
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Test in mice and  Ainanshe et al.,

li 1 T. DA, 1
Somalia cattle congolense , ISM, cattle 1992
ISM, homidi
T vivax :;21 um Schonefeld et al.,
' . . 1987
quinapyramine
Kenva T pivax ISM, h;;zldlum Schonefeld et al.,
y : ) ] 1987
quinapyramine
ISM, homidium
4 . 1 R T .
Camel T. evansi and Single crlrcl)iscee CTin Mdachi et al., 2023
quinapyramine
Quinapyramine
1 i i 1.
Camel T. evansi prosa t'. Test in mice Waitumbi et al,
melarsomine, 1994
ISM
Cattle T. congolense DA, Homidium Test in mice Okello et al., 2022a
Test in mice and Mbwambo, Mella
T i 1 T. DA !
anzania Cattle congolense cattle and Lekaki, 1988
T.b , T. Test i i t
Uganda Cattle rieel Homidium CSLIIMCE, 8O Olila et al., 2002
vivax cattle
T brucei, T. Test in mice and  Sinyangwe et al
Zambia Cattle congolense, T. ISM, DA yans v
. cattle 2004
vivax
T. , T. Homidi
bruce orTudmrn . Mohamed-Ahmed
Sudan Cattle congolense, T. ~ bromide, ISM, Test in goats
) etal., 1992
vivax DA
Cattle CZ;; b;z;e;’e Tf Homidium Test in sheep,  Abdel Gadir et al.,
gowense, 2. bromide goats and cattle 1981
vivax
hypoxanthine
incorporation test,
El Rayah et al.
Camel T. evansi Suramin, QPR in vivo drug ailgg 9e b
sensitivity test,
mouse
. DA, ISM, Block treatment, = Mulugeta et al,,
Ethiopia Cattle T. congolense Homidium mouse test, BCT 1997
Block treatment
’ Af k et al.,,
cattle T. congolense DA, ISM single dose mouse ewze g 0 Oe a
test
Assef dA
Donkeys  T. congolense ISM BCT, mice sseta ;go 1 bebe,
In vivo test in mice Chaka and Abebe,
Cattle T. congolense DA, ISM and cattle 2003
Block treat t W/yoh t al.
Cattle, goats T. vivax DA, ISM ock treatmen /yohannes et al.,
(goats) 2010
Block treat t D h t al.,
Cattle T. vivax DA, ISM ock treatment - Laghacheweta
(cattle) 2015
Cattle T.cong(?lense , T. DA, ISM Block treatment Dagnachew et al.,
vivax (cattle) 2017
T. I , T. Block treat t
Cattle ~ OM&oense DA, ISM Ock TEATNENY Degneh et al,, 2019

brucei, T. vivax

(cattle)
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DA, ISM Multi-dose mouse
i 1 T. ’ ’ letal, 2
Mozambique cattle congolense Homidium test, BCT Jamal et al., 2005
Block treatment in Muland t al.
Cattle T. congolense DA, ISM ock tearmentin Miflandane et al,
cattle 2018
PCR-RFLP, AS-
Cameroun cattle T congolens.e, L DA, ISM PCR, single-dose Mamoudou et al.,
b. brucei 2008
mouse test
Zambia, .
. Buffalo, PCR, MC, Mouse  Chitanga et al.,
Zimbabwe, tsetse fl DA test 2011
South Africa oY s
Mali Cattle T. congolense, T, DA, ISM MIC Mungube et al,,
vivax 2012
Togo Togo T. vivax DA, ISM Test in goat Boma et al., 2022
French Cattle T vivar DIM Test in cattle and Desquesnes et al.,
Guyana sheep 1995
Buffalo, Suramin and  Growth inhibition
China  horse, mule,  T.evansi Quinapyramine test, single-dose  Zhou et al., 2004
camel prosalt mouse test
Buffaloes,
horses, , Quinapyramine Liao and Shen,
T. evansi
camels, prosalt 2010
mules
. Water , Likely P2/AT1- PCR showed .
Phil T. Mingala et al., 201
HIPPIIES 4 ffaloes comst related drugs  P2/AT1 deletion ingala et al., 2019

RCT, randomised controlled trial; DA, diminazene aceturate; ISM, isometamidium chloride; two salts of
Homidium are reported, Homidium chloride (Novidium); and Homidium bromide (Ethidium); Quinapyramine
prosalt is reported as Antrycide in some studies.

6. Strategies to combat the challenge of trypanocide resistance

6.1. Tackling substandard trypanocides

There is a persisting problem of poor-quality drugs in African markets and a variety of
trypanocides in circulation with reduced or even no trypanocidal activity were reported. An
investigation financed by the Ministry of Animal Resources of Burkina Faso in collaboration with
FAO revealed that about half of the trypanocides on the local markets in the country did not meet
the standard quality requirements (Sow et al., 2012). Similarly, in another study, 40% of sampled
trypanocides from Togolese markets were found to contain lower amounts of active ingredients than
specified, among other deviations from quality reference standards based on HPLC (Tchamdja et al.,
2016). Furthermore, a recent larger study comprising of 6 African counties (Togo, Burkina Faso,
Benin, Mali, Cote d'Ivoire, and Niger) showed that 51.90% of the 308 trypanocides sampled did not
comply to standards and were containing a lower quantity of the active ingredients than stated in the
packaging (Bengaly et al, 2018). The poor quality of trypanocides (and other marketed medications)
can be linked to the large size of the unofficial market. For example, most of the substandard
trypanocides (53.57%) detected in one study were from unofficial markets, and only 25% were from
the official markets (Tchamdja et al., 2016). According to reports from the Burkinabe Ministry for
Animal Resources (MRA), out of the over 2.8 million doses of trypanocides used annually in Burkina
Faso, only 23% are officially imported (Sow et al., 2012). The International Federation for Animal
Health (IFAH) has estimated that the annual trade in unregistered and substandard veterinary drugs
in Africa is as large as the official drug market and is worth $400 million (FAO, 2012). This kind of
market value creates a lot of stakeholders that are heavily invested in the continued local production
and distribution of these drugs, without much regard for quality and safety protocols; and the generic
product is generally cheaper than the imported drugs.
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The use of sub-standard drugs often results in an unintended under-dosing, which in turn leads
to treatment failure and the development of drug resistance; unintentional overdosing, where too
much active ingredient was included, has also been anecdotally reported. Hence, measures need to
be taken to ensure that only trypanocides that meet quality standards find their way to the markets.
Taking Nigeria as a case, Kingsley (2015) reported on the intricate processes through which the
veterinary drug market operates and how these make it possible for substandard drugs and their
attendant consequences to thrive despite existing regulations.

It is very clear that the impact of issuing regulations by a central government, though essential,
is nonetheless limited. The structural neglect of the livestock sector and pastoralist communities has
bred a disconnect between the regulators and cattle owners. Thus, there is a need for a more holistic
understanding of, and engagement with, the key stake holders beyond the regulate-and-enforce
approach (Kingsley, 2015). Furthermore, lack of an effective regional strategy and collaboration
between national governments may contribute to the reasons that substandard drugs are routinely
traded across African borders and misused by unqualified people. Therefore, there is need for a
regional approach to the quality control, importation, supply and use of veterinary medicines
(Bengaly et al., 2018). Without improvements in this area, any new trypanocide will be at risk once
again of rapid resistance because of misuse. Unfortunately, it will need to be done at both the
governmental level and at a local level, which means at thousands of local markets and farm shops
throughout Africa.

6.2. Rational drug use

In the face of limited coverage and affordability of licensed veterinary services in Sub-Saharan
Africa, farmers, herders and other unqualified people administer treatments to sick animals, often
illegally (Grace et al., 2008; Kasozi et al., 2022). A survey on trypanosomosis management reported
that up to 50% of farmers treated their animals themselves, without veterinary support (Liebenehm
et al., 2016). Likewise, another survey, engaging salespersons/owners of veterinary drug outlets in
two rural areas in Nigeria, revealed that 66.7% of respondents had no form of professional training
in animal health. In most of the shops studied, suitable storage facilities such as refrigerators and
standard procedures such as record keeping for transactions and expiration date of drugs were
lacking (Elelu, 2017) and at unofficial rural markets this is not likely to be any better. The use of
trypanocides by unqualified people has been reported to come with inappropriate usage and
incorrect dosage (Delespaux et al., 2002; Machila et al., 2003; Van den Bossche et al., 2000), thus aiding
the development of drug resistance.

Rational drug use (RDU) is identified as the best-bet strategy to control drug resistance against
trypanosomiasis, especially in areas where resistance is not yet well established (Clausen et al., 2010).
RDU involves using the appropriate drug at the appropriate dose and administering it correctly, and
only when clinically needed (Clausen et al., 2010). Reduction of the need and use of drugs can be
achieved through integrating chemotherapy with other disease prevention strategies such as vector
control (Holmes, 1997). A recent study has shown that in an integrated trypanosomiasis control
strategy, intervention herds with rational drug usage had reduced risk of trypanosomiasis in villages
of Northern Togo where drug resistance had been reported. Furthermore, trypanocidal treatments
per animal per year were found to be much lower in the intervention herds compared to control herds
(0.3 vs 5 for DA and 0.8 vs 2 for ISM). However, it is difficult to conclude that rational drug usage
alone was responsible for the success in this study, due to other measures also taken that might have
confounding effects (Tchamdja et al., 2019).

In west Africa, for example, a study has shown that the understanding of the problem of
resistance was low among both policymakers and stakeholders while an enabling environment for
RDU is lacking (Clausen et al., 2010). Achieving RDU entails engagement, training and collaboration
between policy makers and the stakeholders handling trypanocides including animal health workers
and farmers. In order to solve the challenge of an inadequate animal health workforce, there were
many instances where farmers were successfully trained to become community animal health
workers so they can make correct diagnoses and administer drugs (Catley and Leyland, 2001). In a
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cluster-randomised controlled trial that involved training farmers on rational drug-use in Mali, 84%
farmer treatment success was reported in the intervention group, compared to 73% in the control
group. In addition, farmers who received RDU training were reported to give higher dosages of
isometamidium chloride 5 months post-training, an encouraging finding considering the role of
under-dosing in the development of drug resistance (Grace et al., 2008). However, even after training,
local farmers may struggle to work to RDU standards when lacking basic equipment such as scales
that are needed so the correct dose in g/kg body weight can be calculated.

7. Optimising use of the existing trypanocides

With slim chances of new veterinary trypanocides in the near future, optimising the
performance of the current drugs must be relied upon to increase treatment successes.

7.1. Adjustment of dosage and dosage regimen

With the growing reports of treatment failure and drug resistant trypanosomes, adjustment of
dosage and dosage regimen of the existing trypanosomes becomes paramount. ljomanta et al. (2016)
compared the efficacy of 3 graded doses of DA in combination with fixed dose of levamisole in mice
experimentally infected with T. b. brucei. While relapse parasitaemia was observed in the group
treated with 7 mg/Kg DA at day 30 post-treatment, there was no relapse in groups treated with 14
mg/Kg or 21 mg/Kg, although higher mortality was recorded in the 21 mg/Kg DA group - evidence
of a narrow therapeutic index. Therefore, since the same dose of levamisole was used and treatment
with levamisole alone had no effect on parasitaemia, it can be concluded that increased doses of DA
provided prolonged protection (ljomanta et al., 2016). In the treatment of Surra, increasing the dosage
of melarsomine (from 0.25 mg/kg to 0.5 mg/kg bw) and DA (from 3.5 mg/kg to 7 mg/kg) has been
recommended in order to achieve a fully curative (sterilising) effect (Desquesnes et al., 2013).
However, administration of increased doses of diminazene (14 mg/Kg and 21 mg/Kg bw) in pregnant
rats resulted in adverse reproductive effects; a significant increase in number of resorbed foetuses,
significant reduction in the post-implantation survival index of embryos, increased gestation length
and a significant decrease in the litter weights (Oguejiofor et al., 2010). Thus, although increasing the
doses of trypanocides might overcome low-level drug resistance, it should be done with caution due
to possibility of increased toxicity, as the therapeutic index of these old trypanocides is regrettably
very low.

Another approach for optimising effectiveness of trypanocides in the face of resistance
challenges is a multiple dosing regimen. There is a striking difference in cure rates of rhodesiense-
HAT and surra treated with suramin. This might arise from the difference in dosage regimens used;
five doses of 20 mg/kg in humans compared to a single dose of 10 mg/kg for animals (Franco et al.,
2018a). Treatment of rats infected with T. b. brucei at a single dose of 7 mg/Kg DA were compared
with multiple dosing at weekly intervals (repeated once, twice or thrice). While relapse parasitaemia
was observed in rats treated once, twice and thrice, the four-times treatment appeared to protect
against relapse and the serum levels of liver enzymes suggest that the multiple therapy was safe
(Ezeh et al., 2016), the spacing of the dosages being informed by the clearance time of diminazene,
which has a fairly long elimination half life time, of ~100 h, although not long enough for prolonged
prophylactictic activity (Peregrine and Mamman, 1993). Successful treatment of three cats diagnosed
with T. evansi infection with a 4-day course of melarsomine has been reported, with one of the cats
testing negative of the parasite during a 1-month post-treatment follow-up (Tarello, 2005). However,
multiple-dose administration regimens may prove difficult in livestock veterinary practice in
developing countries (Giordani et al., 2016).

7.2. Enhancement of drug delivery

The challenges surrounding trypanocidal chemotherapies have highlighted the use of drug
delivery strategies (DDS) with the aim of improving drug absorption, distribution, metabolism and
elimination (ADME) (Kroubi et al., 2011). DDS could potentially increase the efficacy and safety of
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trypanocides, and possibly reduce the risk of development of resistance, or even bypass it. DDS
strategies for optimising the current trypanocides are under development and include formulations
for slow release, for improved solubility, and for improved targeting and uptake into trypanosomes.

Many slow-release preparations of trypanocides have been developed to reduce toxicity and
extend their prophylactic activity (Peregrine, 1994). For example, prophylactic and therapeutic use of
1 mg of diminazene encapsulated in stearylamine-bearing liposomes resulted in a significant increase
in the survival of mice infected with T. evansi compared with 1 mg of conventional diminazene
(Yongsheng et al., 1996). Another liposome-encapsulated diminazene formulation showed increased
in vitro activity against T. evansi compared to conventional DA, although in vivo studies in rats did
not show superiority of the liposome-based preparation, likely due to the low dosage used (Oliveira
et al., 2014). However, trypanocide formulations with prolonged prophylactic activity are likely to
facilitate the development of drug resistance (De Deken et al., 1989; Peregrine, 1994).

With advancements in nanoscience, there is great potential for developing nanoparticulate
formulations of existing trypanocidal drugs to optimise their efficacy and safety in a cost-effective
manner (Kroubi et al,, 2011). Loading diminazene in 70DGNP+, which is made of porous cationic
nanoparticles (NP+) with a lipid core, resulted in faster killing of T. b. brucei in vitro (Kroubi et al.,
2010). Similarly, coupling pentamidine to a drug nanocarrier that was covered by a single-domain
antibody fragment which specifically targets a cryptic epitope within the densely packed variant
surface glycoprotein (VSG) surface coat resulted in an approximately sevenfold and tenfold increase
in sensitivity in vitro and in vivo respectively, compared to the free drug. The nanoparticle was
designed to move to the flagellar pocket and become internalized with continuous VSG turnover,
thus by-passing the transporter-mediated uptake (Arias et al., 2015). An improved nanoparticle
formulation of pentamidine, pentamidine-loaded functionalized PEGylated-chitosan nanoparticles
coated with NbAn33 (NbAn33-pentamidine-chNPs) bypassed drug resistance in a pentamidine-
resistant AQP2-mutated T. brucei strain, decreasing the ICso by 11.6-fold in vitro compared to the free
pentamidine (Unciti-Broceta et al., 2015). In addition, treatment with four daily doses of 2.5 mg/kg of
NbAn33-pentamidine-chNPs in immunosuppressed mice infected with T. brucei resulted in 60%
survival, while all the mice treated with a similar dosage of free pentamidine died after infection
(Unciti-Broceta et al., 2015). Thus, nanoparticle-based formulations constitute a promising approach
for avoiding drug resistance associated with mutations of surface transporters by completely
bypassing the transporters (Garcia-Salcedo et al., 2016; Stijlemans et al., 2017). Another promising
delivery approach that bypasses the membrane transporters is involves increasing the solubility of
trypanocides by formation of water-soluble inclusion complexes. Coupling melarsoprol in two
different cyclodextrin inclusion complexes with B-cyclodextrin and randomly methylated-{3-
cyclodextrin (Rodgers et al., 2011) allowed for the oral administration of the mainly IV-administered
drug to achieve cure in murine model of late stage rhodesiense-HAT (Rodgers et al., 2011). Garcia-
Salcedo et al. (2016) suggested that the uptake of melarsoprol cyclodextrin inclusion complexes into
trypanosomes is likely via endocytosis, and not the AQP2 channel for free melarsoprol, thus the
complexes could possibly evade melarsoprol resistance (Garcia-Salcedo et al.,, 2016), exactly as
demonstrated for the pentamidine nanoformulation. Considering what we now know of TbAQP2 as
a drug carrier and its substrate limitations (Alghamdi et al., 2020; Matusevicius et al., 2024), this seems
highly likely.

7.3. Sanative pair

Alternate use of a pair of unrelated trypanocides with low risk of cross-resistance, known as a
sanative pair, has been proposed to control drug resistance in AT. In this context, Whiteside et al.
(1962) used the concept "sanative pair" to refer to 2 drugs each capable of curing infection resistant to
the other and popularised the use of a sanative pair of diminazene and homidium in the treatment
of nagana. An infected animal is first treated with one of the pair, and when relapse parasitaemia is
observed, the animal is then treated again with the other drug in the pair (Leach and Roberts, 1981).
The use of 'sanative' drug combinations has been employed to prevent the development of drug
resistance (Peregrine, 1994) or, equally, to prevent resistant strains to gain a foothold and spread. One
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modification of this strategy involved rotating the use of homidium for 6 months and diminazene for
another 6 months, and this formed the trypanosomiasis drug policy of the now-defunct Northern
Region of Nigeria (Eghianruwa and Oridupa, 2018). As the use of Homidium becomes rarer, a
sanative pair of diminazene and isometamidium is currently the one most frequently used in the
treatment of nagana.

7.4. Combination therapy

The use of combination therapy has been shown to improve therapeutic success and/or reduce
toxicity in some treatment regimens. Combination therapy can be used to optimise the value of an
existing drug and to potentially control the problem of resistance, in a cheaper and time-saving
manner compared to the development of a new drug (Cheesman et al.,, 2017). The potential of the
synergistic use of two trypanocides to provide better cure rates has been investigated. The
nifurtimox-eflornithine combination therapy (NECT) has proved to be a successful front-line
treatment for second stage-gambiense-HAT that is easy to administer and potentially protective
against the development of resistance (Priotto et al., 2009). This combination was chosen over another
combination that was being trialled at the same time: melarsoprol and nifurtimox. Although that
combination was also more effective than the standard monotherapies, fatal encephalopathic
syndromes did still occur in the group receiving the combination treatment (Bisser et al., 2007).

The act of suramin being highly anionic was utilised to form suraminate complexes with the
cationic trypanocides diminazene, isometamidium chloride, homidium and quinapyramine, with
some of these complexes found to prolong prophylactic activity of the trypanocides, probably
because they form poorly-soluble deposits that are only slowly released (Williamson and Desowitz,
1956; Williamson, 1957). While the use of homidium suraminate in cattle produced localised toxicity
(Stephen, 1958), quinapyramine suraminate successfully cleared parasitaemia in pigs experimentally
infected with T. simiae with no apparent toxicity at the injection site (Stephen, 1962).

In order to investigate synergy between trypanocides and the possible superiority of
combination therapy, Williamson et al. (1982) tested 27 different drug pairs from 12 trypanocides in
vitro and in vivo. Out of these combinations, suramin and tryparsamide, suramin and puromycin,
and suramin and diminazene demonstrated statistically significant synergy. In addition, 6 other
combinations including suramin and ISM, ISM and homidium, and ISM and quinapyramine showed
increased cure rates in mice infected with T. b. rhodesiense (Williamson et al., 1982). Another strong
advocate of combination therapy, especially for cerebral trypanosomiasis, was F. W. Jennings, who
tested a substantial number of combinations in mouse models, and achieved highly promising
results, but in the end lamented — with some justification — how difficult it was to progress from the
mouse to human trials (Jennings, 1993, 1990).

In the treatment of T. evansi infection in horses and dogs, a combination of diminazene or
melarsomine and quinapyramine has been recommended since the goal would be to completely clear
the potentially fatal infection (Desquesnes et al., 2013). Recently, the combination of diminazene and
quinapyramine sulphate was used to successfully treat dourine in a horse, with no relapse for 2.5
years (Davkharbayar et al., 2020).

Using mathematical modelling, Wangwe et al. (2019) have demonstrated that using a
combination of 2 trypanocides achieved better results and lower levels of trypanocide resistance
compared to using a single drug in the treatment of African animal trypanosomiasis. In addition,
combination treatment in up to 80 — 100% of the cattle in a herd is recommended as this progressively
reduces the number of cattle with drug resistant infections (Wangwe et al., 2019). With no cross
resistance between suramin and any other trypanocide documented, combinations of suramin with
melarsomine or quinapyramine should be reconsidered, especially in the treatment of surra. It would
also be worth to start searching for candidates for combination therapy with existing trypanocides
from the vast array of potentially active and safe natural and synthesised compounds screened
against Trypanosoma parasites.

Apart from a combination of existing trypanocides, many potential combinations with
experimental drugs have shown promise, including existing trypanocides combined with antibiotics,
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antiparasitic agents, plant extract/fractions and so on. For instance, Delespaux et al. (2010) have
investigated the effect of combined ISM-antibiotic treatment in ISM-resistant T. congolense infections.
Mice infected with ISM-resistant T. congolense and treated with a combination of ISM and tetracycline
survived significantly longer than the group treated with ISM alone. The experiment in cattle infected
with same T. congolense strain resulted in a similar observation with 50% cure in the groups treated
with a combination of ISM/tetracycline or ISM/enrofloxacine compared to relapse parasitaemia in all
the cattle treated with ISM alone (Delespaux et al., 2010). A combination of DA (3.5 mg/Kg) and
secnidazole (100 or 200 mg) cleared parasitaemia with no relapse for up to 40 days post treatment in
dogs experimentally infected with T. b. brucei while DA alone failed to clear the parasites. In addition,
compared to the DA single therapy, dogs treated with the combination showed significantly higher
PCV (days 5 — 18 post-treatment), total leukocyte count (at day 14 post-treatment), and haemoglobin
concentration (at day 7 post-treatment) (Eke et al., 2020). Synergistic activities of combinations of
natural compounds from many plants with conventional antibiotics against resistant bacterial strains
have also been reported (Chusri et al., 2009).The combination of DA and the methanolic extract of
Azadarachta indica has been shown to provide better results compared to a single diminazene
aceturate therapy in rats infected with T. b. brucei (Omoja et al., 2011).

There is thus overwhelming evidence that combination chemotherapy can be beneficial in many
ways: reducing administration times and/or dosage of the individual agents, thereby reducing
toxicity; improving efficacy for agents that each individually are insufficiently active; and potentially
delaying or preventing the onset of resistance. Although combinations could also introduce
complications such as wunanticipated drug interactions, successful examples such as
nifurtimox/eflornithine for late stage gambiense HAT and artemisinin combination therapy in malaria
should inspire similar efforts for AAT. However, it has been argued that drugs combinations should
only be introduced before drug resistance has emerged to either of the elements (De Koning, 2017),
as resistance to one of the agents will often make the combination fail and thus amount to an
underdosing of the second agent as well — and that could lead to resistance of both drugs
simultaneously.

7.5. Use of vitamins and immune modulators

Among the classical pathologies of trypanosomiases is immunosuppression. Host
immunosuppression has also been shown to be essential in in vivo development of resistance to some
trypanocides, specifically isometamidium (Tihon et al., 2017). Many researchers have indeed argued
that some known trypanocides, particularly eflornithine, are actually trypanostatic and they only
inhibit the multiplication of the parasite for an immunocompetent host to be able to fight it. This
suggests a possible role for vitamins and other immunomodulators for use in combination with
existing trypanocides. In addition, some studies have shown antitrypanosomal activity of vitamins
and their antioxidant property may help ameliorate toxicity, which is a characteristic of many
trypanocides. The antitrypanosomal activities of vitamin C, vitamin D3 and vitamin E been
demonstrated in vitro with ICso of 58.6 uM, 4.58 uM and 28.6 uM respectively in T. b. brucei (Jamal et
al., 2016). Likewise, in mice infected with T. b. brucei, treatment with 250 and 500 ng/Kg vitamin D3
resulted in significant decrease in parasitaemia, significant suppression of splenomegaly and
recovery from declined RBC compared with non-treated control mice, although there was no
detectable difference in body weight (Jamal et al., 2016). In a different study, both a combination of
100 mg/Kg each of vitamins A and E, and that of 10,000 i.u/Kg vitamin C and 100 mg/Kg vitamin E
resulted in a significantly lower parasitaemia in rats infected with T. b. brucei compared to the infected
untreated controlled (Umar et al, 2008). The 2 vitamin combinations also prevented induced
elevation of serum urea and creatinine, and in addition, the vitamin A and E combination
significantly prevented the increase in alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), and the decrease in PCV associated with trypanosomiasis, suggesting
protective roles of the vitamins against the disease (Umar et al., 2008). However, treatment with up
to 1 mg/Kg vitamin E in rats infected with T. b. brucei did not result in a significant difference in the
reduction of serum glutathione and in glutathione reductase concentrations compared to the DA
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treated group and the untreated control (Adegoke ef al., 2018), possibly due to the low dosages of the
vitamin used. In T. cruzi, vitamin C has shown trypanocidal activity similar to that of benznidazole
in 3 forms of the parasite as well as reduced the toxicity of benznidazole in mammalian cells in vitro.
Although there was a significant decrease in parasitaemia in a murine model of acute Chagas’ disease
treated with vitamin C compared to the untreated infected control, the combination of benznidazole
and vitamin C did not result in significant reduction in parasitaemia compared to benznidazole alone.
However, the combined therapy resulted in 100% survival and reduced weight loss (Puente et al.,
2018), with the vitamin apparently ameliorating the pathology of the infection rather than clearing it,
with nonetheless substantial clinical benefit.

7.6. Use of drug Resistance Modulators

Intracellular accumulation is essential for many antiparasitic drugs to be effective. Thus, efflux
transporters have been associated with drug resistance. Calcium antagonists such as verapamil and
cyproheptadine have been shown to interfere with drug efflux by inhibiting P-glycoproteins to
reverse multiple drug resistance in cancer cells (Tsuruo et al., 1981 1983). Likewise, verapamil
reversed chloroquine resistance in Plasmodium falciparum (Martin et al., 1987), nifurtimox resistance
in T. cruzi (Neal et al., 1989), regulated arsenite sensitivity in Leishmania donovani (Kaur and Dey, 2000)
and potentiated pentamidine activity against L. major (Coelho et al., 2003). However, verapamil did
not reverse multidrug resistance with diminazene aceturate or isometamidium chloride in T. b. brucei,
either in vitro or in vivo (Kaminsky and Zweygarth, 1991). Similarly, in another study, calcium
antagonists verapamil, desipramine, cyproheptidine and chlorpromazine failed to reverse resistance
to melarsomine, diminazene aceturate and suramin in T. evansi (Anene et al., 1996). This apparent
failure to reverse resistance in some trypanosome species is possibly due to the fact that their
mechanisms of resistance are different from cancer cells, Plasmodium, Leishmania or T. cruzi (Anene et
al., 1996; Kaminsky and Zweygarth, 1991) and specifically, do not involve the upregulation of ABC-
type drug efflux transporters. Nevertheless, the active extrusion of isometamidium by T. b. brucei has
certainly been demonstrated, although this process was not upregulated in in vitro-induced resistant
strains (Eze et al., 2016). On balance, although efflux inhibitors have not yet been shown to be effective
in reversing trypanocide resistance or potentiating drug action, this should be further investigated.

8. Drug Repurposing

Drug repurposing, the use of existing drugs in new medical indications is increasingly becoming
popular because it potentially incurs lower costs and minimises safety concerns and development
timelines compared to new drugs (Pushpakom et al., 2019). Repurposing strategies are especially
relevant to drug discovery for NTDs, where time, resources, and information are limited (Klug et al.,
2016). There is a great potential in repurposing antimicrobial and anticancer agents in the treatment
for trypanosomiasis either as monotherapy or in combination with the current trypanocides. One
success story of drug repurposing is eflornithine (difluoromethylornithine or DFMO), an inhibitor of
polyamine biosynthesis enzyme ornithine decarboxylase, originally developed for cancer therapy
and now utilized in the treatment of HAT (Burri and Brun, 2003). Although effective as a 2-week
monotherapy, its combination with another repurposed drug, nifurtimox (long used against Chagas
disease) has big advantages. Secnidazole, a 5-nitroimidazole antiprotozoal used in the treatment of
giardiasis, trichomoniasis and amoebiasis has shown antitrypanosomal effects in vitro with an MIC
of 1.4 mg/ml in vitro, and displayed in vivo activity in rats, which was curative in combination with
DA (Eke et al, 2017). A study that tested the antitrypanosomal activity of ionophores and their
derivatives reported remarkable in vitro activity against BSF T. b. brucei with a 50% growth inhibition
(GIso) of 0.029+0.002 puM; 0.040 £0.007 uM and 0.057 £0.029 uM for monensin, salinomycin n-butyl
amide and salinomycin 2,2,2-trifluoroethyl ester respectively; very similar to the positive control,
suramin (0.035+0.002 uM) (Steverding et al., 2016). Salinomycin and monensin have been used in
the treatment of another protozoan diseases, especially coccidiosis and salinomycin is currently
proposed as a potential cancer therapy.
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Several antibiotics are currently used in the treatment of protozoan diseases. Although no
antibiotic is currently used clinically in the chemotherapy of trypanosomiasis, recent studies have
shown great promise for utilising selected antibiotics in that respect. The trypanocidal activity of
azithromycin was demonstrated in vitro against T. congolense, T. b. brucei and T. evansi, and in vivo
against T. congolense with no relapse for up to 90 days in infected mice with 100% survival rate (Molefe
etal., 2017). Another antibiotic, nitrofurantoin achieved complete cure at doses higher than 30 mg/Kg
when orally administered for 7 days in mice infected with T. congolense (Suganuma et al., 2022).
Terconazole, a synthetic triazole derivative used as antifungal agent, was found to exert promising
activity against T. cruzi with ICso of 4.56 + 0.32 uM in trypomastigotes and 5.96 + 0.35 pM in
amastigotes, which is more effective than the control drug benznidazole (ICso values of 12.71 + 1.53
puM for trypomastigotes and 11.4 + 0.5 uM for amastigotes) (Reigada et al., 2019).

9. Avoiding cross-resistance in new trypanocides

With advances in molecular parasitology and in the availability of tools for genetic
manipulation, the mechanism of resistance is becoming clearer for more drugs and in more
Trypanosoma species. Where drug resistance genes are identified, the knock-out and overexpression
clones of the parasite can easily be used to screen for cross-resistance to new compounds in early
development, and this should be standard practice. In addition, more drug resistant clones of the
parasites obtained from gradual drug pressure are becoming available, and can be utilised to further
understand the mechanism of action and possible resistance to other drugs and drug candidates.

While two new drugs, fexinidazole and acoziborole, have gone through clinical trials within the
last decade for the treatment of HAT (Dickie et al., 2020), and fexinidazole has now been approved
for clinical use as the first completely oral drug for sleeping sickness (DNDi, 2023), the last drug
introduced for the animal trypanosomiases, melarsomine, is thirty years old and is not effective
against T. congolense or T. vivax, so limited to use in T. evansi surra, in a few host species. As drug
resistance and toxicity continue to undermine the role chemotherapy plays in the control of the
animal trypanosomiases, the need for better and safer drugs cannot be overemphasized. Despite all
the efforts to control human sleeping sickness, there is no evidence that the incidence of nagana is
falling, and surra continues to spread for lack of almost any control measures.

Coincidentally, multiple trypanocides target the mitochondria, resulting in a reduced
mitochondrial membrane potential by multiple mechanisms including through the modification of
FiFo ATP synthase complex (Fidalgo and Gille, 2011). Based on the success of pentamidine and
diminazene, there were several efforts to redesign diamidines with improved targeting of membrane
transporters and antitrypanosomal activity. Out of several diamidine derivatives, pafuramidine, a
prodrug that is metabolised to the toxic 2,5-bis(4-amidinophenyl)-furan (furamidine) by cytochrome
P450 enzymes, emerged as an efficacious drug candidate for HAT (Das and Boykin, 1977).
Unfortunately, pafuramidine was withdrawn after Phase III clinical trials, following delayed renal
toxicity in a small number of patients (Dickie et al., 2020). While the activity of the diamidine series
was evaluated in veterinary trypanocides, the high potential for cross-resistance to diminazene has
discouraged further development, although it is now clear that, in T. congolense at least, many
diamidines including pentamidine are not cross-resistant with diminazene (Carruthers et al., 2021).
Moreover, a recent study has shown that the mono-N-arylation of pentamidine yielded compounds
that by-pass the cross-resistance mechanisms even in T. brucei (Robertson et al., 2021), since binding
of pentamidine to its high affinity transporter AQP2 is in part facilitated by its two amidine groups
(Alghamdi et al., 2020).

A separate effort focuses on the design and synthesis of a new class of compounds that, like
diamidines, bind to the minor groove of DNA in trypanosomes, but are structurally distinct so as to
avoid cross-resistance. These minor groove binders (MGBs) derived from distamycin displayed a
remarkable antitrypanosomal activity (Scott et al., 2016; Giordani et al.,, 2019). In addition, the
compounds showed activity against both T. congolense and T. vivax, exhibited no cross resistance to
diamidines and isometamidium and low toxicity to mammalian cells. Furthermore, two selected
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MGBs were curative in a mouse model of AAT using a non-toxic dosage regimen (Giordani et al.,
2019).

A group of compounds containing the oxaborole heterocycle coupled to a benzene ring, and
thus known as benzoxaboroles, emerged in the last decade and showed potent antitrypanosomal
activity (Ding et al., 2010). Following SAR studies and in vivo tests, SCYX-7158 (Figure 8 (1)) was
shown to cure stage 2 HAT in a mouse model (Jacobs et al., 2011), and was advanced to clinical trial
after its safety was established in mice and dogs (Wring et al.,, 2014). Another benzoxaborole,
AN11736 (Figure 8 (2)) showed potent activity against African animal trypanosomes and was
advanced as a lead candidate for development as a veterinary drug (Akama et al., 2018). Through
development of resistance in vitro, investigations into the mechanism of action of benzoxaboroles
identified RNA cleavage and polyadenylation specificity factor subunit 3 (CPSE3) as the target of the
drug in multiple parasites (Steketee et al., 2018; Wall et al., 2018).
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Figure 8. Structures of two oxaboroles proposed as veterinary trypanocides.

The role of the adenosine/adenine P2/AT1 in the uptake of multiple trypanocides has stimulated
investigations into kinetoplastid nucleoside transporters and how they can be utilised as conduits for
nucleoside drugs (Geiser et al., 2005; Berg et al., 2010; Ranjbarian et al., 2017; Hulpia et al., 2019).
Series of nucleoside analogues with in vitro and in vivo activity against trypanosomes have been
reported including cordycepin (3’-deoxyadenosine) and its analogues (Rottenberg et al.,, 2005;
Vodnala et al., 2013), tubercidin (7-deazaadenosine) derivatives (Hulpia et al., 2020a; Lin et al., 2019),
and inosine analogues (Hulpia et al., 2020b). We recently reported modified nucleoside analogues
that target the highly conserved trypanosomatid P1 nucleoside transporters with high activity against
the five most clinically relevant African veterinary trypanosomes (Mabille et al., 2022; Ungogo et al.,
2023).

10. Conclusion

Having laid out in the pages above the current state of animal trypanosomiasis, its control and
treatment options, we revisit the question posed by Professor Anene of the University of Nigeria,
Nsukka, and his colleagues: “Drug resistance in pathogenic African trypanosomes: what hopes for
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the future?” (Anene et al., 2001). But we should start with the question “what progress in over 20
years?.”

The assessment of Anene et al. in 2001 seemed realistic at the time and has certainly proven to
be so: “for now the management and control of trypanosomosis will continue to depend on proper
usage of the few available trypanocides, especially strategic deployment of the sanative drugs in
order to reduce the development of drug resistance, in addition to the continued use of
environmentally friendly vector control programmes such tsetse trapping.” This has been the reality
for decades now and on the ground little has changed. The science of AAT has progressed a lot, e.g.
genomics, metabolomics, transcriptomics, RNAi and other such investigative tools have elucidated
more of the biology and biochemistry of the various Trypanosoma species and the mechanisms of drug
action and resistance. Following the discovery and robust validation of drug resistance genes in T.
brucei, these genes have been applied as reliable biomarkers in prevalence studies and in preclinical
drug screening in order to discard new trypanocides with same mode of resistance to the current
drugs from the development pipeline. Importantly, it is now understood that mechanisms and
biomarkers of drug resistance are different between the highly studied brucei group trypanosomes
and T. congolense, determined by key biological differences (Carruthers et al., 2021; Munday et al.,
2013; Steketee et al., 2021; Ungogo et al., 2022), stimulating interest into far more in-depth studies of
T. congolense and T. vivax (Morrison et al., 2016). In addition, improved diagnostic options have been
developed, even if not widely implemented yet. New active trypanocidal agents have been identified
and treatment options have been proposed. But as of this moment, none of this will have changed
the veterinary practice and AAT control very much in most endemic countries.

The biggest bottleneck is therefore not so much the science or the discovery of new diagnostic
techniques and chemotherapeutic agents (which is nevertheless very important), but their
implementation on the ground, where it is needed. The distance between the academic laboratory in
the global north and the rural pastures of the global south remains mostly unbridged. Genuine north-
south partnerships with the ability and funding to field test potential new trypanocides are needed
and must have serious commitment from pharmaceutical companies and governments (north and
south) towards development and implementation. The scale of training programmes in local
communities about the rational and safe use of the available drugs, and the new diagnostic tools such
as loop-mediated isothermal amplification (LAMP) and recombinase polymerase amplification
(RPA)-based methods (Kim et al., 2023) should be increased, and the production/distribution of
counterfeit and substandard drugs curbed. Efforts should be made to increase awareness and
monitoring of animal trypanosomiasis in endemic countries of Northern Africa, Asia and South
America. We must be clear that control of animal trypanosomiasis is part of sustainable agriculture
and food security aims.

Most of the above list, unfortunately, can still be classified as ‘hopes for the future’. AAT needs
to become a greater priority for governments, funders and NGOs. However, the Global Alliance for
Livestock and Veterinary Medicine (GALVmed) has an active programme on animal
trypanosomiasis and is implementing a point-of-care diagnostic that recognises T. congolense and T.
vivax (VerY Diag; GALVmed, 2023) and is part of the consortium developing oxaborole AN11736 for
AAT. Itis also hoped that the increasing interest in T. congolense and T. vivax will generate the much-
needed, reliable molecular biomarkers for the diagnosis and surveillance of drug resistance in these
species. As a scientific and veterinary community working on animal trypanosomes and
trypanosomiasis, it will to a large extent be up to us to ensure that over the next 20 years, things will
have finally changed for the better for those dealing with AAT locally in the endemic areas.
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