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Kinetoplastids are protozoans that are characteristically 
defined as having a kinetoplast, which is a dense net­
work of concatenated DNA within the mitochondrion1. 
Trypanosomatids form an order within the kinetoplas­
tid class, and encompass several species that cause para­
sitic infections in humans (Table 1). Human African 
trypanosomiasis (HAT; also known as sleeping sick­
ness) is caused by Trypanosoma brucei gambiense and 
Trypanosoma brucei rhodesiense2,3. This disease has two 
phases, a peripheral phase with generally mild symp­
toms, and a second phase when the parasites enter 
the brain, which can lead to neurological symptoms 
and death without treatment. Leishmaniasis is caused 
by various Leishmania species, and the term refers 
to several different diseases4: visceral leishmaniasis 
(also known as kala azar), a systemic infection that is 
almost invariably fatal without treatment, is caused by 
Leishmania donovani and Leishmania infantum; cuta­
neous leishmaniasis, which gives rise to skin lesions 
that heal very slowly, is caused by multiple species and 
subspecies of Leishmania; mucocutaneous leishmaniasis, 
which involves the destruction of the nasal and buccal 
cavities, is caused by multiple species and subspecies 
of Leishmania; and post-​kala-​azar dermal leishmania­
sis (PKDL), which is a rash that can appear sometime 
after a patient has recovered from visceral leishmani­
asis. Chagas disease5,6 is caused by Trypanosoma cruzi, 
and is characterized by an initial acute infection, which 
has vague symptoms and is often not diagnosed at this 
stage. Patients remain asymptomatic for many years, 
and it is very difficult to detect the parasites. A subset 
of patients will progress to symptomatic disease, which 
usually manifests itself as heart or digestive tract disease. 

Chronic disease pathogenesis is complex and thought 
to result from complex interplay between the immune 
system and the parasites7. Leishmaniasis, Chagas disease 
and HAT are primarily transmitted by various insect 
vectors, but Chagas disease can also be transmitted 
congenitally, through contaminated blood and through 
contaminated food and drinks.

Recently, there has been substantial progress in the 
development of new therapeutics for HAT, with one 
new drug registered8 and another in advanced, late-​stage 
clinical trials9. There is a promising pipeline develop­
ing for visceral leishmaniasis, with a number of new 
compounds with novel modes of action in early clinical 
development. However, the drug discovery and devel­
opment pipelines for Chagas disease, cutaneous leish­
maniasis, mucocutaneous leishmaniasis and PKDL are 
poor, and there remains an urgent need for new drugs to 
treat them10. New drugs will be required for leishmani­
asis and Chagas disease to achieve the WHO road map 
for neglected tropical diseases, which aims to fulfil the 
United Nations Sustainable Development Goals11.

Growing evidence suggests the existence of ‘persister’ 
forms in T. cruzi12,13 and Leishmania spp.13,14. These 
transiently dormant stages of the parasites have serious 
implications for the development of therapies capable of 
curing kinetoplastid diseases. Other challenges include 
patients with no symptoms (asymptomatic patients), 
who are very difficult to identify and may act as reser­
voirs of infection or may experience clinical symptoms 
in the future (Chagas disease). In addition, animals may 
act as reservoirs of infection. Recently, a range of new 
tools have been developed that are beginning to have 
a notable impact on drug discovery for kinetoplastid 
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diseases. These include new tools to facilitate studies 
of drug mechanisms of action, new tools that enable 
genetic manipulation of parasites, and refined cellular 
and animal models of infection that more closely mimic 
the human diseases.

In this Review, we discuss recent progress in drug dis­
covery for kinetoplastid diseases and how an improved 
understanding of parasite biology affects the drug 
discovery process.

Improved understanding of parasite biology
Unique features of parasite biology have been reviewed 
previously1,3–6. In this section, we discuss some recent 
insights that may have the potential to affect drug  
discovery for these pathogens.

Persisters. Persister forms are commonly identified in 
infectious diseases. Initially identified in bacteria15, their 
role in antibiotic resistance has been studied extensively 

Table 1 | Kinetoplastid diseases in humans

Disease causative 
pathogen

Major 
symptoms

Vector Endemic 
regions

Prevalence Disability- 
adjusted 
life years

years of 
life lost 
(estimate 
for 2019)

years 
lived with 
disability 
(estimate 
for 2019)

Deaths 
per 
year120

Treatments

Human 
African 
trypano-
somiasis

Trypanosoma 
brucei 
gambiense, 
Trypanosoma 
brucei 
rhodesiense

1st stage: fever, 
headache, 
enlarged lymph 
nodes, joint pain, 
itching. 2nd 
stage: confusion, 
sensory, 
coordination 
and sleep cycle 
disturbance

Tsetse fly Sub- 
Saharan 
Africa

3,800 83,000 82,000 1,000 1,400 Pentamidine 
(stage 1, T. b. 
gambiense); 
suramin 
(stage 1, T. b. 
rhodiense); 
nifurtimox–
eflornithine 
combination 
therapy, 
fexinidazole 
(acoziborole 
in late-​stage 
clinical trials), 
melarsoprol 
(stage 2, T. b. 
gambiense); 
melarsoprol 
(stage 2, T. b. 
rhodesiense)

Chagas 
disease

Trypanosoma 
cruzi

Acute phase: 
asymptomatic 
or mild; fever, 
occasionally 
swelling at site 
of inoculation. 
Chronic phase: 
cardiac and 
digestive 
disorders, heart 
failure

Reduviid 
bug

South 
America. 
Now 
spread 
through 
migration 
to large 
parts of 
the world

6,500,000 280,000 217,000 58,000 9,500 Benznidazole, 
nifurtimox

Visceral 
leishmani-
asisa

Leishmania 
donovani, 
Leishmania 
infantum

Fever, weight loss, 
enlargement of 
the spleen and 
liver, anaemia

Sandfly Key foci: 
India, East 
Africa, 
Brazil

8,600 400,000 403,000 600 5,700 Amphotericin B,  
miltefosine, 
antimonials, 
paromomycin

Cutaneous 
and 
mucocu-
taneous 
leishmani-
asisb

Leishmania 
tropica, 
Leishmania 
aethiopica, 
Leishmania 
major, L. 
infantum, 
Leishmania 
mexicana, 
Leishmania 
amazonensis, 
Leishmania 
braziliensis, 
Leishmania 
guyanensis

Cutaneous 
leishmaniasis: 
skin lesions, 
mainly ulcers. 
Mucocutaneous 
leishmaniasis: 
destruction 
of mucous 
membranes of 
nose, mouth and 
throat

Sandfly Key foci: 
Middle 
East, 
Mediterra
nean basin, 
Latin 
America

4,600,000 290,000 NA 293,000 NA Antimonials, 
miltefosine, 
amphotericin B

This table is based on data from the Global Burden of Disease study. Data are rounded. Obtaining these epidemiological data is very challenging owing to lack  
of diagnosis of patients and reporting. NA, not applicable. aPost-​kala-​azar dermal leishmaniasis, a complication following cure from visceral leishmaniasis is not 
included in this table. bCutaneous and mucocutaneous leishmaniasis are combined in this table. Some species cause both diseases. Mucocutaneous leishmaniasis  
is found in South America, whereas cutaneous leishmaniasis is found across large parts of the tropical and subtropical world.
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in recent years16. They are phenotypically defined as a 
transient subpopulation that is less susceptible to drug 
treatment (Fig. 1). This recalcitrance is either due to dif­
fering degrees of metabolic quiescence, which makes 
them less susceptible to drugs that target processes 
found in actively dividing and growing cells, or due 
to other physiological changes that reduce drug effect, 
rather than genetically encoded resistance17. If the cell 
is not dividing, or is dividing only very slowly, drugs 
that target DNA replication and cell division may not be 
effective. There is also indication of changes in regula­
tion of transporters in some circumstances, which may 
affect drug levels in the pathogen, by reducing either 
uptake or efflux. However, the precise molecular mecha­
nisms that define persisters are not well understood. 
Persister forms are not limited to bacteria, and have 
been identified in eukaryotic protozoan parasites such 
as Plasmodium vivax (hypnozoites)18, and Toxoplasma 
gondii (bradyzoites)19, and they have been indicated to 
have a key role in disease persistence. Recently it has 
become apparent that persister forms also occur in try­
panosomatids. Although understanding of persisters in 
kinetoplastids is in its infancy, this emerging knowledge 

needs to be considered in drug discovery efforts. The 
small number of persisters in the parasite population 
and the potential interference of reagents used for their 
study20 pose substantial challenges for the development 
of persister-​specific drug discovery assays (see later).

In Chagas disease, both long-​term persistence of 
parasites in patients and frequent failure of standard 
therapies (benznidazole and nifurtimox)21,22 may at 
least partially be explained by a recently described small 
subpopulation of T. cruzi parasites that survives drug 
treatments that kill most of the parasite population12,23,24. 
Some persisters occur spontaneously, both in vitro and 
in vivo, and, as for other pathogens, the T. cruzi persister 
phenotype seems to be associated with quiescence12. 
Whether they represent a discrete life stage or are sim­
ply the slowest replicating parasites in a distribution of 
normal amastigotes remains to be understood. Mouse 
model data indicate that population-​level replication 
rates in chronically infected animals are lower than in  
acute stage animals20, which may contribute to the 
lower efficacy of treatments in patients who are in  
the chronic phase of the disease. Like many other single-​cell 
organisms, T. cruzi regulates its growth rate in response  

Drug-induced growth arrest Parasites start dividing 
rapidly upon removal of drug 

Regrowth of surviving parasites 
(persisters) after drug removal 

Non-dividing 
parasite

Intracellular 
parasite

Heterogeneous population 
of intracellular parasites

Nucleus

Host cell

Survival of non-dividing parasites

Elimination of all parasites

Fig. 1 | Potential effects of parasite persisters on drug treatment. Persisters are phenotypically defined as a transient 
subpopulation that is less susceptible to drug treatment, possibly owing to slow growth and changed metabolism. Following 
drug treatment, multiple outcomes have been observed. Some compounds induce reversible growth arrest (for example, 
GNF7686 (ref.25), which is active against T. cruzi), and parasites start dividing rapidly upon removal of the drug (top panel). 
Other compounds kill most of the intracellular parasites, with only a very small number surviving treatment (persisters;  
middle panel). The surviving parasites have been shown to be in a state of spontaneous and reversible growth arrest12,  
which is likely a key factor in their ability to survive drug treatment. The ideal outcome of drug treatment is that all parasites 
are killed, which can be achieved by treating parasites for extended durations and/or with high concentrations of drugs23,27, 
or potentially with compounds that target mechanisms essential for the survival of persisters (bottom panel).
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to stresses such as nutrient limitation, inhibition of key 
energy pathways and drug treatment, but the specific 
pathways regulating this in intracellular T. cruzi have not 
yet been defined25.

For Chagas disease, the drug discovery community 
aims to achieve full cure (that is, every single parasite in 
the patient is killed), as long-​term low parasite burden 
is a hallmark of chronic disease and eventually leads 
to symptomatic disease in about 30% of individuals. 
Eliminating persister parasites is therefore likely to be 
critical. Broadly, two approaches can be envisioned. 
One approach is to explore extended treatment dura­
tions. This option relies on the natural dynamics of per­
sister parasites, with all persisters eventually becoming 
susceptible to drug treatment. The challenges with this 
approach are that the dynamics of spontaneous persister 
state entry and exit are not understood, and the poten­
tial existence of drug-​induced persistence. Long-​term 
intermittent treatment may overcome these challenges; 
proof of concept for this approach in mice using ben­
znidazole has been demonstrated26,27. Researchers found 
that a higher dose (2.5–5 times the conventional dose) of 
benznidazole gave a more sustained lowering of parasite 
numbers. The higher dose was more effective than the 
conventional dose in clearing the persister state. They 
investigated intermittent (weekly) testing, and found 
that the duration (30 weeks) was important in obtain­
ing parasitological cure, even at the higher doses. The 
study authors suggest that this is due to extending treat­
ment beyond the time period when the parasites remain 
‘dormant’ or as ‘persisters’. The lower doses did not lead 
to clearance of the persister forms at 30 weeks. They con­
clude that both the higher dose and the extended treat­
ment regimens are required for cure. It remains to be 
determined whether this high-​dose intermittent treat­
ment could be an approach to treat humans. However, 
a pilot clinical study indicates that intermittent benzni­
dazole treatment was not more effective than standard 
daily treatment26. Nevertheless, this approach may pro­
vide a reduction in adverse effects, and longer intermit­
tent dosing schemes may offer higher efficacy. The major 
drawback from a public health perspective is that shorter 
treatments are preferred over longer ones. A more direct 
approach that may enable the treatment duration to be 
shortened is through identification of compounds that 
kill persister parasites. Although persister parasites may 
resist treatment owing to slower metabolism, they are 
likely to still maintain pathways essential for their sur­
vival. Increased understanding of persister biology as 
well as large-​scale phenotypic screens to identify com­
pounds that target persisters are key for this approach to 
be successful. As an extension of this approach, combi­
nation therapy may overcome the challenges presented 
by the persister population, in a similar way as applied 
in the tuberculosis field28.

Evidence for persister forms also exists in leish­
maniasis. PKDL occurs in up to 15% of patients with 
apparently cured visceral leishmaniasis on the Indian 
subcontinent, and a similar relapse condition exists 
for cutaneous leishmaniasis (leishmaniasis recidivans). 
These conditions may result from persister forms in 
leishmaniasis13,29,30. Laboratory experiments support this 

and confirm the existence of slow-​dividing and poten­
tially quiescent parasites in in vitro cell-​based systems as 
well as in animal models14,31,32.

Parasite distribution. Understanding where the para­
site is distributed within the host provides insight into 
host–parasite interactions and the pathology in the host. 
In addition, from a drug discovery perspective, this can 
inform the required distribution of a therapeutic to dif­
ferent organs and tissues. Care has to be taken, as there 
may be differences in compound distribution among 
different hosts.

African trypanosomes can circulate in the host blood­
stream and invade the central nervous system (CNS), 
causing the potentially fatal neurological disorders asso­
ciated with sleeping sickness. Data from humans, other 
natural hosts and experimental animal models indicate 
that these parasites are also found in interstitial spaces 
and at other extravascular sites33–35, including adipose 
tissue36, skin37,38, (cardiac) muscle, eyes, lungs, lymph, 
endocrine glands and reproductive organs39. Invasion 
of these tissues has been linked to weight loss, dermato­
logical symptoms, heart disease, ocular symptoms and 
respiratory symptoms. Complicating this picture fur­
ther, tissue distribution may change during an infection, 
and could differ between species and subspecies. This 
extensive tissue invasion was initially observed about 
100 years ago35, but the clinical significance has not 
perhaps been fully taken into account. Recent research 
in mouse models reveals that adhesion molecules can 
drive tissue tropism40, and parasites that occupy adipose 
tissue, for example, can adapt their metabolism to local 
conditions36, which may in turn have an impact on drug 
susceptibility. Some sites may be immune privileged or 
may be sources of relapse infections after chemotherapy. 
Potentially further challenging elimination efforts, para­
site reservoirs found in human skin in asymptomatic 
cases can contribute to transmission38. In this regard, the  
development of a portable and non-​invasive human skin 
test could be particularly useful41.

In their mammalian host, Leishmania parasites live 
and multiply intracellularly in phagocytic cells within 
phagolysosomes. Different species and subspecies of 
Leishmania cause different symptoms and different 
diseases (Table 1). In cutaneous leishmaniasis, the para­
sites infect macrophages resident in the skin. Cutaneous 
leishmaniasis occurs in three different forms: localized 
cutaneous leishmaniasis, diffuse cutaneous leishmaniasis 
and mucocutaneous leishmaniasis. Localized cutaneous 
leishmaniasis is the most common form, characterized 
by skin lesions and ulcers on exposed parts of the body, 
leaving permanent scars. In diffuse cutaneous leishmani­
asis, parasites spread through the skin and cause numer­
ous non-​ulcerated nodules, and in mucocutaneous 
leishmaniasis, after the initial skin lesion has healed, the 
disease spreads to the mucous membranes of the nose, 
mouth and throat. Subsequently, the mucosal ulcers 
cause destruction of the nasal septum, lips and palate, 
leading to extensive facial disfiguring42. In all forms of 
cutaneous leishmaniasis, the Leishmania amastigotes 
reside in the phagolysosome of macrophages within the 
dermal layer of the skin at the borders of the lesion close 
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to the inflammatory cells43. When the host cell is full 
of parasites, it bursts, and the released amastigotes will 
infect neighbouring macrophages in the skin. However, 
in visceral leishmaniasis, the released amastigotes are 
spread by the blood circulation and infect cells of the 
mononuclear phagocyte system (reticuloendothelial sys­
tem) of the liver, spleen, bone marrow, lymph nodes and 
intestine44,45. With the introduction of bioluminescent 
mouse models of visceral leishmaniasis, it has become 
easier to track infection; this could potentially be used 
longitudinally to track the location of parasites as the 
disease develops. For example, in a recent study46 it was 
reported that the thymus, a lymphatic organ, seems to 
be infected from the beginning until the late phases of 
the infection.

Cutaneous leishmaniasis and visceral leishmaniasis 
clearly pose differing drug distributional challenges, 
with good dermal distribution through to more exten­
sive tissue distribution requirements, respectively. This 
aside, delivering compounds across multiple membrane 
barriers with a substantial pH barrier to reach the intra­
cellular amastigotes in the phagolysosomes of predomi­
nantly macrophages remains a fundamental prerequisite 

for the treatment of both cutaneous leishmaniasis and 
visceral leishmaniasis.

In cell culture systems T. cruzi propagates in essen­
tially any nucleated mammalian cell. This promiscuity is 
reflected in the wide tissue distribution seen in patients 
and animal models. In acute disease, parasites can be 
readily detected in patient blood47, and autopsy reports 
indicate widespread infection of internal organs48. A 
similar pattern is observed in mouse models, where 
parasites are found in essentially all tissues49. Chronic 
disease is characterized by low parasite levels and fre­
quently no detectable parasitaemia (that is, no detect­
able parasites in blood). Human autopsy studies have 
detected parasites in the heart and other organs, such 
as liver and kidney, as well as smooth muscle and adi­
pose tissue49. Mouse models of chronic Chagas disease 
replicate this, with widespread distribution of parasites. 
Interestingly, live animal studies using biolumines­
cence to detect parasites in real time reveal a complex 
and spatio-​temporally dynamic picture, with parasites 
detected in multiple organs and tissues (Fig. 2). In these 
studies, the gastrointestinal tract, in particular the stom­
ach and colon, were identified as the main sites of para­
site persistence50. The wide-​ranging tissue distribution 
of T. cruzi poses a substantial challenge for drug discov­
ery efforts as it is far from straightforward to develop 
compounds that achieve the extensive tissue distribution 
required to reach all parasites.

Compounds and targets
New chemical entities in development. There has been 
great progress in drug discovery and development for 
kinetoplastid diseases since we reviewed this area in 
2017 (ref.1). In particular, fexinidazole has been reg­
istered for the treatment of HAT caused by T. b. gam-
biense (2021) and is in clinical trials for treatment of 
HAT caused by T. b. rhodesiense (NCT03974178); the 
oxaborole, acoziborole, is in late-​stage clinical trials 
for treatment of HAT (NCT05256017); and a num­
ber of new chemical entities have been developed and 
have progressed into phase I clinical development for 
treatment of visceral leishmaniasis (see below). This 
marks a major step forward, although there is still a 
long way to go with the compounds for treatment of 
visceral leishmaniasis, and there is little in the pipeline 
for treatment of Chagas disease. Most compounds in 
later stages of drug discovery and clinical development 
are being developed by or co-​developed with the Drugs 
for Neglected Diseases initiative (DNDi). Of particular 
note is the development of new chemical entities (Fig. 3). 
There are several reasons for the marked improvement 
in this situation. First, there has been substantial invest­
ment in drug discovery through organizations such as 
DNDi, Wellcome and the Global Health Innovative 
Technology Fund. Second, more integrated, industry-​
standard approaches to discovery have been adopted, 
with several pharmaceutical companies (notably 
GlaxoSmithKline, Novartis, Eisai, Takeda and Daichii 
Sankyo) now involved in discovery and development, 
along with a substantial number of academic groups.  
This has attracted expertise in key areas such as pharmaco­
kinetics and safety pharmacology. Third, there has  
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Fig. 2 | Efficacy studies. Whole-​body images of mice (ventral (V) and dorsal (D)) infected 
with bioluminescent Trypanosoma cruzi, taken with an IVIS system. a | Untreated mice.  
b | Mice treated with benznidazole (100 mg kg−1) from day 74 (D74) to D93, followed  
by immunosuppression with cyclophosphamide (200 mg kg−1; D113, D118 and D128).  
c | Mice treated with posaconazole (20 mg kg−1), formulated in Noxafil, dosed with the 
same procedure as in panel b, including immunosuppression. d | As per panel c, except 
posaconazole was formulated in HPMC-​SV. e | Ex vivo imaging of the mouse organs, 
following euthanasia at the end of the procedure. Adapted from ref.121, CC BY 3.0 
(https://creativecommons.org/licenses/by/3.0/).
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been great progress in understanding disease biology 
and developing assays, both cellular and animal, that are 
likely to be predictive of human disease. All of the com­
pounds in the development pipeline were discovered 
through phenotypic screening processes. Importantly, 
methods are being developed to facilitate the identifi­
cation of the molecular targets that these compounds 
inhibit (Box 1).

Fexinidazole, a compound rediscovered by DNDi, is 
an orally active drug against both the peripheral nerv­
ous system stage and the CNS stage of HAT. It has now 
been registered for treatment of HAT caused by T. b. 
gambiense, and is in advanced clinical trials for treat­
ment of HAT caused by T. b. rhodesiense8. Fexinidazole 
is activated by a parasite nitroreductase to a reactive 
intermediate, which then is likely to act against multi­
ple targets within the parasite51. Acoziborole is an orally 
active oxaborole, active against both the peripheral nerv­
ous system stage and the CNS stage of HAT and now in 
phase IIb/III clinical studies. This compound has been 
shown to inhibit T. brucei cleavage and polyadenylation 
specificity factor 3 (CPSF3), which is an endonuclease 
involved in mRNA maturation52.

The vast majority of drug discovery for leishmani­
asis has been focused on visceral leishmaniasis, and 
less on cutaneous leishmaniasis, mucocutaneous leish­
maniasis or PKDL. Several new treatments are in clin­
ical development, including combinations of existing 
drugs, to shorten treatment duration, improve safety 
and reduce the risk of drug resistance (for example, 
miltefosine–paromomycin; NCT03129646). There are 
a number of new chemical entities in clinical devel­
opment (Fig. 3). These compounds were all identified 
through phenotypic screening, followed by success­
ful target deconvolution for most of them. These new 
chemical entities include GSK3186899/DDD853651, 
which has been shown to inhibit cdc2-​related kinase 
12 (CRK12)53, as well as two compounds that have 
been shown to be proteasome inhibitors, one from the 
University of Dundee–GlaxoSmithKline collabora­
tion (GSK3494245/DDD01305143)54,55 and one from  
Novartis (LXE408)56. These compounds inhibit the  
‘chymotrypsin’-​like active site on the proteasome β5  
subunit. Their binding site includes a selectivity pocket 
that is found in kinetoplastid enzymes but not in the cor­
responding human orthologue54,55. Other compounds in 
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Fig. 3 | New anti-trypanosomatid drugs and targets. There has been great progress in drug discovery and development 
for kinetoplastid diseases, and shown are some examples of new chemical entities in development, including their mode 
of action if known. Fexinidazole, which is a general toxin, has been registered for the treatment of human African trypano-
somiasis caused by Trypanosoma brucei gambiense and is in clinical trials for treatment of human African trypanosomiasis 
caused by Trypanosoma brucei rhodesiense. Acoziborole is an orally active oxaborole, now in phase IIb/III clinical studies. 
This compound has been shown to inhibit T. brucei cleavage and polyadenylation specificity factor 3 (CPSF3), which is an 
endonuclease involved in mRNA maturation. The vast majority of drug discovery related to leishmaniasis has been focused 
on visceral leishmaniasis, and less on cutaneous leishmaniasis, mucocutaneous leishmaniasis or post-​kala-​azar dermal 
leishmaniasis. This includes GSK3186899/DDD853651, which has been shown to inhibit cdc2-​related kinase 12 (CRK12), 
as well as two compounds that have been shown to be proteasome inhibitors, one from the University of Dundee–
GlaxoSmithKline collaboration (GSK3494245/DDD01305143) and one from Novartis (LXE408). These compounds inhibit 
the ‘chymotrypsin’-​like active site on the proteasome β5 subunit. Other compounds in clinical development include the 
oxaborole DNDI-6148, which, like acoziborole, targets CPSF3, and the nitroimidazole DNDI-0690, the mechanism of 
action of which is yet to be determined.
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clinical development include the oxaborole DNDI-6148 
(ref.57), which, like acoziborole, targets CPSF3, and the 
nitroimidazole DNDI-0690 (refs.58,59), the mechanism 
of action of which is yet to be determined. Having five 
compounds in clinical development for treatment of vis­
ceral leishmaniasis is a substantial step towards the deliv­
ery of new and better treatments for the disease and is 
testament to the concerted efforts of multiple groups in 
this field. Although very little direct drug discovery has 
been conducted for cutaneous leishmaniasis, it seems 
that many compounds active against visceral leishma­
niasis have the potential to be repurposed for treatment 
of cutaneous leishmaniasis59. However, given the differ­
ent tissue distribution of cutaneous leishmaniasis and 
mucocutaneous leishmaniasis compared with visceral 
leishmaniasis, compounds that might kill the parasites 
causing visceral leishmaniasis may not have appropriate 
pharmacokinetics for treating cutaneous leishmaniasis, 
and further work is needed to develop a robust target 
candidate profile for cutaneous leishmaniasis.

The situation with Chagas disease has proved far 
more challenging. Various new benznidazole regimens 
are being investigated. There is a high rate of treatment 
discontinuation with the current treatments owing to 
side effects. The recent small-​scale BENDITA study60 
(NCT03378661) looked at both different lengths of 
treatment and different doses of benznidazole. The 
findings suggested that it may be possible to reduce  
the length of treatment, which would be a notable boost 
for treatment of Chagas disease. Similar responses were 
seen after 6 months in patients who received a short­
ened (2-​week) regimen of benznidazole compared with 
the standard treatment for 8 weeks60, and other studies61 
(NCT03191162 and NCT04897516) are following up on 
the results. Fexinidazole is also undergoing clinical tri­
als for the treatment of Chagas disease (NCT03587766). 
The oxaborole DNDI-6148 has also been nominated as a 
clinical candidate for the treatment of Chagas disease and 
is in phase I clinical trials (EudraCT 2018-004023-37).  
Its mode of action in T. cruzi has yet to be reported. 

Box 1 | New genetic methods: mechanism of action determination

Determining the mechanism of action and molecular targets of compounds identified via phenotypic screening can  
be vital. the information that such studies provide can facilitate the medicinal chemistry optimization of compounds, 
facilitate improved compound selectivity, aid selection of appropriate compounds for combination studies and allow  
the emergence of target-​driven resistance in the clinic to be monitored. Determining the molecular targets of active 
compounds can be challenging. However, through implementation of various novel approaches to drug target 
identification, great strides are now being made52–54,122–124. the ability to advance the development of drugs through 
knowledge of their mechanisms of action is proving transformative and can ultimately lead to a more diverse drug 
discovery portfolio. Focused mechanism-​of-​action studies have provided information that enables prioritization of 
compound series acting on the same molecular targets and removal of compound series with undesirable modes  
of action65,125.

Genetic tools and technologies, applied to the trypanosomatids, have had substantial impacts on efforts to characterize 
protein function and to identify drug resistance mechanisms and drug targets in recent years. to increase throughput, 
‘loss-​of-​function’, ‘gain-​of-​function’ and tagging approaches have all been scaled up, to a genomic scale in several cases. 
indeed, high-​throughput approaches have been parallelized, whereby millions of parasites, each with a specific single 
protein depleted or overexpressed, can be screened in one experiment. these latter approaches have been applied  
to drug mode of action and drug resistance studies.

rNa interference loss-​of-​function screening has been used for these mechanism-​of-​action studies for several years126, 
and has more recently facilitated identification of the proteasome as the target of a new preclinical candidate in 
Trypanosoma brucei and Leishmania spp.54 and, for a separate chemical series, facilitated identification of divalent metal 
chelation as the mechanism underpinning toxicity125; the latter compounds were deprioritized as anti-​leishmanial leads 
as a result. this approach also revealed a novel african trypanosome-​specific prodrug metabolism and potential 
resistance mechanism for a candidate veterinary benzoxaborole127.

Overexpression gain-​of-​function screening has emerged more recently and is more likely to yield direct drug-​target 
identification. For example, T. brucei cleavage and polyadenylation specificity factor 3 (CPsF3) was identified as the tar-
get of both clinical and veterinary trypanocidal benzoxaboroles52, including acoziborole, currently in phase ii/iii clinical 
trials for treatment of sleeping sickness. in addition, the approach was used to validate Leishmania N-​myristoyltransferase 
as a target70. a kinase overexpression screen was also used to identify the kinetoplastid kinetochore protein KKt10  
(also known as CLK1) as a promising target of a potent amidobenzimidazole with potential to treat all three human  
trypanosomal diseases124, whereas the cosmid sequencing approach continues to reveal genes linked to drug resistance 
in Leishmania128.

Genome editing is also increasingly affecting drug discovery efforts against trypanosomatids129. CrisPr–Cas9-​based 
approaches have revolutionized biotechnology by enabling rNa-​programmed targeting of specific chromosomal loci. 
Precision editing of drug targets, for example, facilitates the generation of drug-​resistant strains and provides insight into 
structure–activity relationships. Quantitative measures of drug resistance can also be important in determining whether 
specific mutations are likely to have a detrimental impact in a clinical setting. Cas9-​based editing has been applied to  
T. brucei CPsF3, providing insights into selective anti-​trypanosomal action52, and to the Trypanosoma cruzi proteasome, 
revealing cross-​resistance between arylsufonamides and distinct anti-​leishmanials130. Oligonucleotide targeting, which is 
Cas9 independent, has also now been used to edit priority drug targets in trypanosomatids131. in recent years, compounds 
that inhibit the promising chemical, genetically and often pharmacologically validated targets detailed above have 
progressed into and through clinical development. New target-​based screening programmes have also been initiated in 
parallel. Further insights relating to these drug targets should facilitate surveillance for drug resistance, understanding  
of toxicity, rational combination design and rational back-​up planning.
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Besides those, there are no further compounds reported 
in clinical trials or good laboratory practice toxicology 
studies. As described elsewhere in this Review, there 
have been great challenges in finding molecules that can 
achieve radical cure.

A major advance in recent years has been to estab­
lish the molecular targets of the compounds in clinical 
development (Box 1). This has given rise to some highly 
validated drug targets. The question arises as to whether 
the limited drug discovery effort should be more focused 
on developing new chemotypes (backup series) for these 
highly validated targets or on new targets. As attrition in 
clinical development is high, the backup strategy with 
highly validated targets clearly has merits; however, these 
targets are not fully validated until we obtain clinical evi­
dence in humans. For this reason, and to develop future 
combination treatments, it remains vital to develop new 
candidates with differentiated modes of action.

Structural information. Recent developments in protein 
structure prediction and determination are having an 
impact on drug discovery. DeepMind Technologies has 
used artificial intelligence in the form of AlphaFold to 
predict structures for thousands of proteins from the 
parasitic trypanosomatids62. Emerging protein structural 
information, combined with more robust validation of 
drug targets, has the potential to refocus drug discov­
ery efforts more towards target-​based approaches, as 
opposed to just phenotypic approaches.

One of the most striking examples of the use of struc­
tural information is cryogenic electron microscopy of 
the proteasome inhibitors for Leishmania species. The 
University of Dundee–GlaxoSmithKline54 and Novartis63 
groups both obtained high-​resolution cryogenic electron 
microscopy images of their proteasome inhibitors bound 
to proteasomes from Leishmania tarentolae. Analysis of 
these structures55 has revealed that these compounds 
bind at the interface of the β4 and β5 subunits and inhibit 
the chymotrypsin-​like activity. The inhibitors bind close 
to the key threonine residue in the active site. The inhib­
itors also bind into a small hydrophobic pocket, which 
is not found in the human orthologues, explaining the 
selectivity for the parasite proteasome. These cryogenic 
electron microscopy structures have the potential to be 
used for design purposes. Use of structural information 
has the potential to greatly facilitate medicinal chemistry 
optimization of compounds and to provide new insights. 
For example, the structure of the L. donovani ribosome 
with paromomycin highlighted interactions that could 
aid in the development of new drugs64.

Key challenges and solutions
There are several key challenges in drug discovery for 
kinetoplastid diseases, which we discuss below.

There remains a severe lack of robustly vali­
dated molecular targets that can be exploited for 
anti-​kinetoplastid drug discovery. This situation is 
slowly improving, owing to substantial improvements 
in determining the mechanism of action of phenotypic 
hits (Box 1). However, it has been shown that substantial 
numbers of phenotypically active compounds interact 
with the same small number of molecular targets, such 

as CYP51 (ref.65), cytochrome b66 and the proteasome54,56. 
Furthermore, some of these targets will not progress 
to clinical development, as they are very unlikely to 
be effective as defined by current target product pro­
files. Of particular note is CYP51 in Chagas disease, as 
clinical trials with posaconazole and fosravuconazole 
revealed very high levels of relapse67,68. This has resulted 
in very limited drug discovery portfolios, and severely 
limits the scope for development of combination ther­
apies, as there are too few drugs and candidates. The 
lack of novel drug targets and the repeated ‘rediscov­
ery’ of known targets is probably due to a combination 
of the limited chemical space that is being screened, 
the permissive nature of some active sites66,69 and the 
set-​up of the assays used for screening, which may be 
particularly sensitized to inhibition of these targets. To 
address the issue of compounds acting at known tar­
gets, it is important to evaluate novel compound series 
against these targets at an early stage. This is particu­
larly important for undesirable targets such as CYP51, 
for which an assay has been developed that can be used 
early on in a screening cascade65. Persister parasites pose 
an additional challenge, as discovering the likely limited 
number of suitable targets for these forms will be chal­
lenging, owing to the difficulties in isolating persisters, 
the lack of understanding of their biology and the like­
lihood that many cellular processes are either of very 
low turnover or suspended. Evaluation of compound 
series in washout assays is most likely a way of identify­
ing compounds that are active against persisters, which 
will need to be followed up by mechanism-​of-​action 
studies23.

There are some common issues for all drug discovery 
programmes, including toxicology, physiologically rele­
vant assays, animal models predictive of human disease 
and understanding pharmacokinetic–pharmacodynamic 
issues10. It is important to understand these challenges in 
the context of anti-​kinetoplastid drug discovery, and it 
is essential to develop compounds that have a very high 
safety profile. Most of the individuals who have been 
infected with a kinetoplastid live in either rural or eco­
nomically deprived areas that lack sophisticated health 
care facilities and trained staff. In particular, for Chagas 
disease, where patients may not be experiencing any 
symptoms and may never become ill, new drugs need 
to be highly selective and have no or minimal adverse 
effects. This is very important both from an ethical  
viewpoint and for patient adherence.

There are several ways to mitigate the risk of poten­
tial toxicity. One of the most common risks is inhibition 
of a human orthologue of the parasite target. However, 
it is often possible to obtain highly selective inhibitors 
for the pathogen target compared with the human ort­
hologue, even if there is close similarity between them, 
as exemplified by the proteasome54,56, CPSF3 (ref.52) or 
N-​myristoyltransferases70,71. Thus, potential drug targets 
in pathogens causing infectious diseases should not be  
disregarded simply because they have a human ortho­
logue. However, this selectivity must be monitored 
from a very early stage in a drug discovery programme. 
Use of protein structural information on the binding of 
inhibitors can greatly facilitate development of selective 
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inhibitors, even if there is high similarity between the 
parasite protein and its human orthologue.

Another cause of adverse effects is off-​target effects. 
Most drugs interact with multiple proteins, and such 
interactions are difficult to predict, but several mitiga­
tion approaches are available, including counter-​screens 
against mammalian cell lines, human profiling panels 
of enzymes and receptors and in vivo toxicity stud­
ies. There are particular assays for common toxicities, 
such as screening against particular ion channels (for 
example, human ether à go-​go-​related gene (hERG; also 
known as KCNH2)) to test for cardiotoxicity, the Ames 
assay72,73 to test for potential genotoxicity and assays to 
test for mitochondrial toxicity. Some chemical functional 
groups are known to be reactive or potentially toxic. 
Either these functional groups can be removed from 
lead compound series or these risks should be assessed 
early on with appropriate assays. For example, some, 
but not all, aromatic nitro compounds and anilines are 
known to be genotoxic. Therefore, if a compound series 
contains one of these functionalities, it is important to 
include the Ames assay in a screening cascade from an 
early stage or try to remove this functionality altogether. 
Other approaches to predict off-​target activity being 
developed include artificial intelligence, which may be 
used to highlight risks at earlier stages during the drug 
discovery process.

A key challenge is to develop cell-​based and in vivo 
models that are predictive of the response in human 
disease, in particular when the diseases are not fully 
understood. Many of the more-​high-​throughput pri­
mary assays lack the detailed physiological relevance1,10. 
Various approaches to improve relevance are being 
explored: replacement of tissue-​culture cell lines with 
more-​relevant complex cell systems (for example, pri­
mary human host cells74,75, stem cell-​derived host cells76 
and explant models74,75); improved assay set-​up (many 
viability assays cannot distinguish between cytostatic 
and cytocidal compounds as starting pathogen density 
is below the detection limit, and methods that overcome 
this have been reported77,78); and alternative assay plat­
forms to detect activity against key rare populations such 
as persisters (for example, washout outgrowth assays23). 
Often the more relevant models are challenged by limi­
ted throughput and/or long duration. It is therefore 
necessary to develop appropriate screening cascades 
that combine high-​throughput primary assays with 
more physiologically relevant secondary assays so that 
compounds of interest are identified in the most efficient 
manner (Fig. 4).

Animal models of disease do not always replicate 
the course of infection and disease pathology found in 
humans. It is important to understand these differences, 
which will enable the tailoring of models to better predict 
the efficacy of new compounds in humans. A key case 
in point is animal models for Chagas disease1 (Box 2).  
It is important that the learnings from clinical trials of 
new chemical entities are fed back into the development 
of both cellular and animal models of disease to ensure 
that they are relevant to disease. The interpretation of 
animal models is also important in the context of vaccine 
development (see later), as there are differences between 

the animal and the human immune systems (typically the  
mouse is the pharmacodynamic model), and there may 
also be differences in the distribution and physiologi­
cal context of the parasites between animal models and 
humans.

Related to the development of predictive animal 
models of infection is understanding pharmacokinetic–
pharmacodynamic relationships. Determining what the 
efficacy drivers are in terms of pharmacokinetics (spe­
cifically the blood and tissue compound exposure pro­
file in relation to its in vitro antiparasitic activity) has 
not proved trivial for visceral leishmaniasis and Chagas 
disease. Studies have addressed the pharmacokinetics 
and pharmacodynamics in recent years for visceral 
leishmaniasis79,80, but for Chagas disease, in particu­
lar, there remains poor understanding of the distribu­
tion of parasites in the host, which makes developing 
compounds with appropriate distribution properties 
challenging. For cutaneous leishmaniasis, variable phar­
macokinetic profiles are needed for drug efficacy with 
local accumulation within a single simple lesion versus 
high systemic exposure and distribution to all skin sites 
for diffuse cutaneous leishmaniasis and PKDL. With the 
need to permeate biological barriers and reach infected 
dermal macrophages crucial for therapeutic efficacy, 
more research investigating skin pharmacokinetics in 
animal models of cutaneous leishmaniasis is needed81–83. 
With no impact on infectivity and thus pharmacody­
namic readout, integrated blood sampling in efficacy 
studies is actively encouraged to aid our understanding 
of pharmacokinetics and pharmacodynamics.

Resistance to drugs is a major issue with antimicro­
bials, hampering treatment of HIV-1 infection, malaria 
and tuberculosis, and drug resistance also presents a 
problem to treat kinetoplastid diseases. Resistance has 
been found in T. b. gambiense to melarsoprol, which was 
previously used to treat HAT84, mediated via mutation 
or loss of aquaglyceroporin 2 (refs.85–88) In the case of 
visceral leishmaniasis, resistance against antimonials has 
emerged through mutations of aquaglyceroporin 1, again 
involved in drug uptake89. In the state of Bihar, India, 
resistance to antimonials has been linked to high levels 
of arsenicals found in drinking water90. Moreover, resist­
ance against miltefosine (which is used to treat visceral 
leishmaniasis) possibly emerged through reduced drug 
uptake91. While there is no room for complacency, and 
the situation must continue to be monitored, resistance 
to drugs that are used to treat kinetoplastid diseases is  
not as severe as with some other infectious diseases. 
There are several reasons for this: the causative organ­
isms are diploid, the rates of transmission from people 
being treated to other people are lower (in particular for 
the zoonotic diseases) and parasite burdens can be low, 
particularly during chronic infection. The use of com­
bination therapies should further mitigate against the 
emergence of drug-​resistant parasites. Knowledge of 
the molecular targets of drugs (Box 1) is very important 
in monitoring resistance emergence as one of the com­
mon mechanisms underlying resistance emergence is 
single-​nucleotide polymorphisms affecting the primary 
target. Monitoring those, if they occur, during or after 
clinical trials is important for understanding the risks of 
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resistance emergence. It must be noted that many of the 
currently used drugs for kinetoplastid diseases are reac­
tive, while many of the newer-​generation compounds 
under development have specific enzymatic targets, so it 
will be important to monitor the clinical development of 
resistance to these newer drugs in case there is a higher 
rate of resistance.

Many of the current treatments exhibit low efficacy, 
long treatment duration and adverse effects. These issues 
can potentially be overcome through combination treat­
ment, either with current treatments or with new chem­
ical entities. However, developing drug combinations is 
complex. In vitro combination effects can be assessed at 
multiple levels (potency, efficacy and rate-​of-​kill interac­
tions), but it is not always clear whether in vitro experi­
ments translate well to the in vivo situation. In vivo it is 
thought to be important to match the partners’ pharmaco­
kinetics, to maintain equivalent drug exposure and avoid 
treatment failure. This is difficult to achieve owing to the 
multifactorial nature of each compound’s pharmacoki­
netics, and this is challenging to model, owing to differ­
ences in pharmacokinetics across species. Furthermore, 
the limited number of validated drug targets and the 

small number of compounds going into clinical devel­
opment limits the choice of potential combination part­
ners. Nevertheless, combination therapies have been 
successfully developed in multiple infectious disease 
areas, such as HAT, malaria and tuberculosis.

Parasitic diseases cause asymptomatic cases, which 
has multiple implications for the long-​term health 
of patients, disease elimination due to reservoirs of 
infection, diagnostics, how asymptomatic cases are 
detected or diagnosed, and for treatment, with what 
and how. Parasites have a range of mechanisms by 
which they evade the human immune system, enabling 
them to establish chronic infections, some of which are 
asymptomatic92.

HAT caused by T. b. gambiense can manifest itself 
as long periods of latency before symptoms develop. 
However, more recently a subpopulation of seroposi­
tive patients with no detectable parasitaemia has been 
reported; at least some individuals in this population 
seem to not develop clinical symptoms over an extended 
period, or to clear infection93,94. It has been hypothesized 

Phenotypic screening cascadesa
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Critical path

Hit-to-lead chemistry

Structure validation
resynthesis

Visceral leishmaniasis Chagas disease

Axenic amastigote assay

Animal model proof of concept

Intracellular amastigote assay 
(tissue culture model, for example 
Vero cells)

Selectivity assessment: human 
counter screen (for example, 
HepG2 cells) Removal of compounds that act 

through undesirable mode of 
action (for example, CYP51)

Intracellular amastigote assay 
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THP1 cells)

Profiling for known modes of 
action
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(for example, washout assay)

Full in vitro biological profile
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Physiological
relevance

Throughput

Fig. 4 | representative screening cascades for drugs to 
treat visceral leishmaniasis and chagas disease. a | Key 
assays for a phenotypic hit discovery programme are 
shown. For visceral leishmaniasis, the main purpose is to 
quickly identify compounds that are active in intracellular 
models, as such compounds have a high chance of demon-
strating proof of concept in animal models (provided they 
have appropriate pharmacokinetics). High-​throughput 
screening for visceral leishmaniasis is typically performed 
with axenically grown parasites, in particular axenic amas-
tigotes. Initial screening can also be conducted in intracel-
lular models, if high-​throughput assays are available, or for 
smaller compound libraries. Following axenic assays, com-
pounds that are non-​selective regarding human cells are 
removed, and compounds of interest progress to intracel-
lular assays. At this point, any compounds with suitable 
activity should be validated through structure and purity 
determination and/or resynthesis. Confirmed active com-
pounds are next subjected to analysis of known modes of 
action, in particular to identify compounds that have a 
mode of action that is already being tested in the clinic.  
For Chagas disease, the cascade needs to quickly remove 
compounds with undesirable modes of action and identify 
compounds that can achieve complete cure. Hits are  
usually identified in high-​throughput intracellular systems,  
as there are no suitable axenic models. Typically, a large 
fraction of hits act through undesirable modes of action 
such as CYP51, and screening to remove these is done early 
in the cascade. Remaining compounds of interest should at 
this stage be validated for structure and purity. For Chagas 
disease, it is thought that compounds that can kill all  
parasites have the highest chance of success in the clinic.  
To assess ability to achieve sterile cure, compound washout 
and parasite outgrowth assays are applied. For both diseases, 
validated hits next progress to hit-​to-​lead chemistry, with 
the main aim to achieve proof-​of-​concept efficacy in a  
suitable animal model of disease. b | For key compounds in 
each series, a full biological profile should be determined. 
This includes determination of potency against multiple 
relevant strains and host cells, determination of the rate of 
kill of compounds and profiling against different life stages. 
In addition, to understand potential for future combination 
treatments, key series can be profiled in combination 
experiments.
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that parasites in these patients reside in the skin37,94. The 
impact of asymptomatic cases as an infection reservoir 
is not fully understood, but they are thought to con­
tribute to transmission92,93. Detecting and treating this 
asymptomatic population is likely to be important in 
elimination of disease. The recent development of safer 
treatment options for HAT means that this may now be 

feasible, although a practical means to identify these 
asymptomatic patients is required.

In general, most people infected with L. donovani 
or L. infantum (which cause visceral leishmaniasis) 
are asymptomatic, and only some infected individuals 
develop clinical disease. Whether a patient remains 
asymptomatic or develops active visceral leishmaniasis 

Box 2 | Animal models

animal models of infection are important in the selection of molecules to 
progress to human clinical trials. it is important to develop animal models 
that are predictive of efficacy in humans. an example for the importance 
of this has been the failure of the CYP51 inhibitors posaconazole and 
ravuconazole (the e1224 prodrug) to clear parasites as effectively as 
benznidazole in clinical trials for treatment of Chagas disease67,68,132.this 
has driven the establishment of mouse models of disease (both acute and 
chronic) that can distinguish between posaconazole-​type compounds,  
for which there is a very high level of relapse in humans, and benznidazole, 
which has clinical efficacy133.

in human african trypanosomiasis, it is important to be able to treat 
stage 2 infection, when the parasite has invaded the central nervous 
system. the classic model uses Gvr35 mice assessed over 180 days134,135. 
the length of this assessment has a very detrimental effect on timelines 
for drug discovery. recent bioluminescent imaging procedures have 
reduced this to a 90-​day experiment and have also reduced the number  
of animals required136.

Both mice and hamsters are used as animal models of disease for  
visceral leishmaniasis. the syrian golden hamster is highly susceptible to 
infection with visceralizing Leishmania species (Leishmania donovani and 
Leishmania infantum) and is considered the best experimental model to 
study visceral leishmaniasis because it reproduces the clinicopathological 
features of human disease137. However, because it is challenging to sample 
blood from hamsters for integrated assessment of pharmacokinetics and 
pharmacodynamics, mouse models are generally preferred as a disease 
model in a drug discovery setting. in mice, during the first few weeks of 
infection, the parasites multiply rapidly in the liver; however, 4 weeks later, 
the mice develop an effective immune response, clear the liver parasites 
and become resistant to reinfection. although pathology in the liver is  
limited, the parasites persist in the spleen, and the infection progresses  
for a longer period. Drug treatment in mice therefore usually assesses  
the ability of the compound to clear liver parasites only, and not those in the 
spleen or bone marrow as this takes several weeks to develop to a robustly 
detectable level. as compound levels may vary between different tissues, 
there is thus a risk of poor translation of pharmacokinetics and pharma
codynamics from mice to humans. the development of a bioluminescent 
mouse model of visceral leishmaniasis for drug screening has overcome 
this potential weakness in drug efficacy assessment in mice, enabling inves-
tigation of drug efficacy for liver, spleen and bone marrow parasites within 
2 weeks of infection138. a bioluminescent mouse model for systematic 
screening of vaccines for visceral leishmaniasis is also now available139.

In vivo models of cutaneous leishmaniasis for the evaluation of drug 
efficacy are mainly mouse based with the Leishmania major BaLB/c 
mouse model, which is the most commonly used140. skin lesions develop 
rapidly (within 2–4 weeks), an advantage for drug screening. Because 
humans often self-​cure cutaneous leishmaniasis, whereas BaLB/c mice 
are incapable of self-​curing, lack of clinical relevance is the main limitation 
of the model. alternative rodent models such as C57/bl6 mice or golden 
hamsters do self-​cure, but disease onset is much slower. Drug efficacy  
is determined by reduction in lesion size compared with that in vehicle- 
dosed controls. with inflammation being an important factor in lesion size 
and a confounding factor for drug efficacy, quantification of parasite load 
is also considered for therapeutic effect.

For Chagas disease, a number of different animal models have been 
developed (reviewed in ref.141). Mouse models that use bioluminescence 
to monitor the infection142 are widely used (Fig. 2). the advantage of 
bioluminescence is that it can be used to monitor where the infection 

occurs longitudinally and also identifies only live parasites. Following 
treatment, the mice are left for some time to see if relapse occurs, and 
then this is followed by several rounds of immunosuppression to allow 
replication of small numbers of any remaining parasites. this could 
potentially include ‘persister’ cells, although this needs experimental 
confirmation. it is also possible to perform ex vivo imaging on individual 
tissues, which is effective in pinpointing reservoirs of infection. 
researchers developed both an acute model and a chronic model. in the 
acute stage of infection, there is a very high level of infection, with 
parasites found throughout the body, reaching a maximum at around  
14 days. the innate immune system then reduces the level of infection, 
and in the chronic phase (reached at around 50–60 days), parasites are 
found mainly in the colon, skin and stomach, although some parasites  
are also found in other tissues, and this is also dependent on the species  
of mouse used. in general, lower doses of clinical compounds such as 
benznidazole are required to achieve efficacy in the chronic model 
compared with the acute model, which could be a reflection of the lower 
parasite burden. these models are effective in distinguishing between 
compounds known to be clinically active, such as benznidazole, and those 
for which relapse in the clinic is an issue, such as posaconazole.

One of the arguments against using mice as a Chagas disease model in 
drug discovery is the differing immune response in mice versus humans 
towards Trypanosoma cruzi infection. recently, a mouse model of Chagas 
disease was developed, which was genetically modified to remove 
α-1,3-​galactosyltransferase (α-​Galt)143. Mice naturally express the α-​Gal 
epitope and therefore do not produce anti-​α-​Gal antibodies, such that  
the anti-​α-​Gal immune response, a critical factor for protection against  
T. cruzi infection in humans, is absent. infection of these mice with T. cruzi 
led to an increased immune response in the heart tissue, and thus offers 
an interesting possibility for testing novel effective therapeutics at different 
stages of infection to explore the optimal window for when to commence 
treatment to reduce or prevent cardiac damage.

although animal models of infectious disease prove very valuable in 
drug discovery, there are key differences between animal models  
and human infection. these include differences in disease pathology and 
immune response to pathogens among species and differences in pharmaco
kinetics of compounds in different species. However, genetically modified 
mice are becoming important tools in understanding and addressing 
these differences and to aid selection of compounds most likely to have 
clinical efficacy in humans. For progress of compounds to any of these 
mouse models of infectious disease, a level of drug optimization for  
a mouse is required, so that the pharmacokinetic characteristics in mice 
will deliver the desired efficacious outcome following dosing, be that oral 
or parenterally for proof of concept. to overcome this and also potentially 
to provide better translational pharmacokinetics and pharmacodynam-
ics, there is a strong argument for better exploring the use of recently 
developed mouse models, humanized for key drug-metabolizing 
enzymes, as disease models for any of the kinetoplastid diseases. 
Provided the humanized mouse model infection characteristics are  
consistent with those in current wild type mouse models, humanized 
models in which the mouse cytochromes P450 and promotors have been 
removed and replaced with human cytochromes P450 and promotors 
offer potential substantial advantages over the current models, espe-
cially in terms of circumventing differences in drug metabolism144. 
various knockout mice are also being used to understand the effect of 
various components of the immune system on disease pathology and 
progression145,146.
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depends on multiple factors. Diagnosis of asymptomatic 
visceral leishmaniasis is not always straightforward, as 
patients can be seronegative, and PCR results can be 
problematic owing to very low levels of parasites in the 
blood. However, there is a cellular stimulation assay, fol­
lowed by detection of chemokines and cytokines, that 
seems to be sensitive in these cases. The importance of 
asymptomatic patients as a reservoir of infection and the 
levels of transmission from asymptomatic patients are 
poorly understood92.

Chagas disease is characterized by prolonged periods 
of asymptomatic infection. The initial acute phase either 
has mild, nonspecific symptoms or is asymptomatic and 
is followed by an often long asymptomatic chronic phase 
(the indeterminate phase), with very low levels of para­
sites circulating in the bloodstream. Only a subset of 
patients in the indeterminate phase will develop symp­
tomatic disease, at which point it may be too late to treat 
them with antiparasitic agents21. Key issues associated 
with asymptomatic Chagas disease include the follow­
ing: patients are often not identified until disease has 
advanced too far; treatment adherence can be poor as 
patients do not feel ill, in particular when treatments are 
long and have side effects; and demonstrating cure in 
clinical trials is difficult as the inability to detect parasites 
in the bloodstream is not evidence of cure.

Animal reservoirs of infection are not fully under­
stood, but probably have an underestimated impact 
on these diseases. HAT caused by T. b. rhodesiense is a 
zoonosis, with the main reservoir being both wild and 
domesticated animals and livestock, but the extent to 
which the animal reservoir contributes to human infec­
tions is unclear95,96. A recent review indicated that multi­
ple mammalian species can be infected with Leishmania 
spp. and act as a notable reservoir of infection97. Visceral 
leishmaniasis caused by L. infantum is thought to be pri­
marily a zoonotic disease, with the main reservoir being 
dogs98. L. donovani has been found in various agricul­
tural animals and dogs on the Indian subcontinent99. 
Cutaneous leishmaniasis is caused by different species 
and subspecies of Leishmania, which have a variety 
of different reservoirs, including rodents, sloths and 
armadillos98. In the case of T. cruzi, infection is wide­
spread among domestic and wild animals100,101. T. cruzi, 
as well as a number of other trypanosomes, has also been 
found in bats102. In cases where the main or a substan­
tial reservoir is in animal populations, eradication as a 
strategy to tackle disease will not be possible.

Another critical challenge is the clinical development 
of both new chemical entities and new combinations 
or formulations of existing drugs. It is challenging to 
identify sites that are suitable for clinical trials and then 
to set them up with appropriate facilities and person­
nel, as many of the patients live in remote rural areas. 
Some of these areas are also in politically unstable places 
or suffer from conflict. There is also the question of 
funding these trials, as there are no strong economic 
drivers to develop new medicines for these diseases. 
Clinical trials are costly and require sustained fund­
ing. All of these factors mean that there is a limit to 
the number of compounds that can progress through 
to the clinical development stage, even when promising 

molecules are identified. Furthermore, as in all disease 
areas, there will be a high attrition rate during clinical 
trials, leading to disappointment in many cases. It is 
estimated that for anti-​infectives only 19–25% of com­
pounds that are advanced into clinical trials progress 
through to registration103,104. Therefore, a much larger 
number of compounds need to be advanced into clini­
cal trials than are required, particularly considering the 
aim of developing combination therapies. Fortunately, 
there are some initiatives in place to support the clinical 
development process; in particular, DNDi is very active 
in coordinating and supporting clinical development 
of compounds as are the European and Developing 
Countries Clinical Trials Partnership and the Global 
Health Innovative Technology Fund. However, it is 
imperative that clinical trial sites and funding are in 
place to enable clinical development of much needed 
new therapies for these diseases.

Other approaches
Vaccines. Development of vaccines for kinetoplastid 
infections has proven very challenging. T. brucei sub­
spp. have a variable surface glycoprotein that constantly 
changes, meaning the human immune system is con­
stantly ‘catching up’, and T. cruzi and Leishmania spp. are 
predominantly intracellular parasites, remaining mostly 
hidden from the human immune system.

Recently, a potential vaccine antigen that induces 
protective immunity against the animal pathogen 
Trypanosoma vivax was identified. The study authors 
selected potential candidate proteins, predicted to be 
exposed at the cell surface or secreted, using a genetic 
approach. Following expression of 39 potential anti­
gens that were used to inoculate mice before challenge 
with T. vivax, they identified IFX, which is found at 
the flagellum. The IFX-​based vaccine was shown to 
provide protective immunity in a mouse model of  
T. vivax infection105. Unfortunately, when this vaccine was  
evaluated in a goat (a natural host of T. vivax) infected 
with T. vivax, there was no protection against infection, 
despite production of high levels of antibody to IFX106. 
Therefore, there seem to be other factors that are impor­
tant in the immune response to T. vivax in goats. This 
illustrates the difficulties in extrapolating data from one 
animal species to another, particularly when developing 
vaccines, as subtle differences between immune systems 
can have important consequences that affect vaccine 
efficacy.

Although there are knowledge gaps that must be 
addressed before effective Leishmania spp. vaccines are 
provided for humans or for companion animals, there 
have been notable examples of recent progress in this 
area107. Prophylactic vaccines, therapeutic vaccines and 
vaccines for use in combination with host-​directed 
immunochemotherapy are all under active develop­
ment. For example, the ChAd63-​KH (KMP-11/HASPB) 
adenovirus-​based vaccine, for use against visceral leish­
maniasis and PKDL, proved to be safe and to elicit a 
robust CD8+ T cell response in healthy volunteers in 
a phase I trial108. An effective, yet historically less safe, 
approach involves ‘leishmanization’; that is, vaccina­
tion with live Leishmania major. A safer alternative to 
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leishmanization could be achieved using live but gene­
tically attenuated Leishmania spp. Indeed, a recent study 
using a CRISPR–Cas9-​edited L. major vaccine shows 
promise in experimental models109 and suggests that 
these attenuated, transgene-​free vaccines can now pro­
gress to human trials. There are additional challenges 
associated with delivering a live attenuated vaccine in 
resource-​poor settings. More-​sophisticated vaccine 
delivery systems are also under development, using, 
for example, dissolvable microneedle skin patches that 
combined with the LiHyp1 vaccine induced protective 
immunity in BALB/c mice110. The LetiFend vaccine, 
which is based on recombinant protein Q and used 
against canine leishmaniasis caused by L. infantum, was 
also shown to be safe and effective, reducing confirmed 
cases by 72% in dogs111.

There has been a rapid recent development of vac­
cine technology, such as mRNA vaccines; it is unknown 
whether any of this may have applicability to kineto­
plastids. Controlled human infection models have been 
very powerful in accelerating clinical trials, notably 
in malaria. Recent work has characterized a potential 
challenge agent, a clinical L. major strain, which may 
facilitate the development of a human challenge model 
of cutaneous leishmaniasis112. If this strain is successfully 
translated from mice into humans, it has the potential 
to be useful for vaccine development and possibly drug 
development. However, such models are not likely to be 
viable for the other kinetoplastid diseases, owing to the 
uncertainty in rescue treatment for these lethal diseases.

Host-​directed therapies. The interactions between the 
host and the parasite are complex — the kinetoplastid 
parasites evade the human immune system, while also 
obtaining sufficient nutrients for growth and replica­
tion, and also for onward transmission to other hosts. 
There is growing interest in developing agents that target 
host–pathogen interactions in infectious diseases113–116. 
Tackling these host–pathogen interactions is still in its 
infancy, as understanding of these interactions remains 
limited. There is also the risk that targeting the host 
(for example, modulating the immune or inflammatory 
systems) could have unintended consequences, such as 
increasing the vulnerability of the host to infection by 
the parasite in question or other pathogens. However, 
there is potential in this area, likely to be in combina­
tion with compounds acting directly on the parasite. 
Furthermore, it is thought that compounds that target 
host–parasite interactions are less likely to lead to the 
emergence of drug resistance113,116.

Various methods are being used to identify host 
targets for treating infectious diseases, including tran­
scriptomic and proteomic analysis of host cells as well 
as gain-​of-​function and loss-​of-​function studies using 
cDNA or small interfering RNA, respectively114. One 
approach to target the host involves the modulation 
of the immune response through interfering with sig­
nalling pathways (for example, kinase inhibitors or  
G protein-​coupled receptors) that affect processes such 
as activation of NF-​κB (a transcription factor that stimu­
lates the immune response) or cytokine signalling (inter­
leukins, interferons or TNF). Many of the approaches 

for disrupting host–pathogen interactions are expen­
sive (for example, relying on antibodies and recombi­
nant proteins) and outside the target product profiles 
for kinetoplastid diseases, although some approaches 
may be more feasible, such as nutritional products or 
repurposing of commonly used small-​molecule drugs 
for non-​communicable diseases. One particularly 
promising immune stimulator is CpG oligonucleo­
tide D35, which increases the efficacy of short-​course, 
low-​dose antimony treatment in a macaque model of 
cutaneous leishmaniasis117 and may also function as an 
anti-​leishmanial vaccine adjuvant110.CpG oligonucleo­
tide D35 progressed to a phase I clinical trial in 2021 
(ref.118). Immunomodulators may also be combined with 
chemotherapy to tackle cutaneous leishmaniasis. For 
example, treatment with antimony was associated with 
an increased, albeit not statistically significant, cure rate 
when combined with use of a TLR7 agonist in a clinical 
trial in Peru119.

Leishmania spp. and T. cruzi are predominantly intra­
cellular parasites. In some cases the immune system may 
contribute to pathology, and controlling the immune 
response may be beneficial. In the case of Chagas dis­
ease, the damage to the heart and colon is thought to 
result from an inflammatory response of the host, so 
approaches to dampen this response may have a role in 
treatment during chronic infection. Similarly, overacti­
vation of the immune system (through overproduction 
of TNF) is thought to be responsible for the extensive 
tissue damage seen in mucocutaneous leishmaniasis113. 
T. brucei subspp. are extracellular pathogens but have 
a variable surface glycoprotein that constantly changes. 
At initial stages of infection, stimulation of the immune 
system may be suitable, but during later stages, when the 
parasites have infected the CNS, inflammation causes 
damage, and hence anti-​inflammatory treatment may 
be appropriate113.

Conclusions
Over the past few years substantial progress has been 
made in understanding kinetoplastid disease biology. 
This knowledge has enabled the development of both 
in vitro assays and in vivo assays that can identify com­
pounds with realistic potential to treat kinetoplastid dis­
eases in humans. However, there is still much to learn 
about these complex parasites and the diseases that they 
cause, especially in regard to T. cruzi, the causative agent 
of Chagas disease. Parasite persistence and tissue distri­
bution perhaps represent the biggest challenges to suc­
cessfully treat Chagas disease. In the past, these factors 
were not considered, and thus there has been little or no 
progress in filling the drug pipeline for Chagas disease. 
It remains to be seen how our increasing understanding 
of parasite and disease biology will affect drug discovery 
for Chagas disease, but the knowledge gained to date is 
certainly having an impact on the approaches being used 
for discovery.

Despite concerted efforts to determine the mecha­
nism of action of phenotypically active compounds, 
there are still few robustly validated molecular targets in 
kinetoplastid parasites, with a small subset of known tar­
gets identified repeatedly through cell-​based screening. 
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Thus, there is a pressing need for novel, exploitable drug 
targets to be identified. Great progress has been made 
in developing drugs and identifying new drug candi­
dates for HAT. In the case of visceral leishmaniasis, it is 
encouraging to see a number of new chemical entities 
entering phase I studies. However, there is no room for 
complacency, bearing in mind the high attrition rate 
of compounds in clinical development owing to issues 
including efficacy and toxicity. In the case of cutaneous 
leishmaniasis, mucocutaneous leishmaniasis, PKDL 
and Chagas disease, drug discovery pipelines are sparse  

and there remains an urgent need for new drugs. 
Alternative approaches, such as interfering with host–
pathogen interactions and vaccines, are also being 
explored. Outstanding issues that will need to be 
addressed to ensure the long-​term control and ultimate 
eradication of kinetoplastid diseases include identification 
and treatment of asymptomatic patients. Therefore, much 
work remains to fully understand kinetoplastid diseases 
and to develop effective drugs to treat these infections.
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