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Given the medical importance and challenges related to kinetoplastid diseases, a strategic roadmap is needed 
for the identification of high-quality leads and drug development candidates. Within the aim to deliver more 
compelling proof-of-concept read-outs, this part proposes a systematic flow-chart of laboratory experiments 
and decision criteria, focusing on African trypanosomiasis, Chagas disease and visceral and cutaneous leish
maniasis. Next to precision experimental design and reporting, an overview is provided of various complemen
tary laboratory models reproducing kinetoplastid infection and disease. Technical aspects of conventional 
in vitro and in vivo approaches and, more recently, in silico methods are presented with reference to specific pre
clinical R&D stages from ‘hit finding’ to ‘profiling of a confirmed hit’, covering the expertise areas of medicinal 
chemistry, primary pharmacology, (eco)toxicology, pharmacokinetics and pharmaceutics (Figure 1).
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Medicinal chemistry: drug discovery in an era 
of computational methods
Hit finding
The involvement of medicinal chemists is not only fundamental 
in the drug discovery process for the identification of active 

compounds and new targets, but also for the initial production 
of small batches of compound and for the eventual scale-up of 
drug synthesis.

Hit finding generally starts from (i) the in vitro phenotypic 
evaluation of libraries of synthetic compounds, combinatorial 
chemistry or natural products against target organisms or (ii) 
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knowledge-based approaches based on relevant targets, avail
able ligands and virtual screening. Subsequently, biochemical as
says can be developed that make use of the molecular target in 
isolation.1 Alternatively, cell-based assays can be developed al
lowing detection of target activity directly by using a specific re
porter or an entirely phenotypic approach.2,3 Where the identity 
of a relevant protein is known, computational methods can 
now rapidly be adopted to identify compounds that bind and/ 
or modulate their activities.4 These approaches yield weakly ac
tive compounds, typically with potencies in the micromolar 
range, and do serve as chemical starting points for a drug.

The physicochemical properties of a chemical structure are 
key in determining its overall potential. For example, Lipinski’s 
Rule of Five may still be considered relevant as it provides a sim
ple set of guides to assess drug-likeness and potential of oral bio
availability. By considering the molecular weight (≤500 Daltons), 
lipophilicity (logP ≤5), hydrogen bond donors (≤5) and hydrogen 
bond acceptors (≤10), research can be targeted to design new 
chemical entities (NCEs). Lipophilicity represents a main physico
chemical characteristic that influences bioavailability, permeabil
ity and frequently also toxicity. The logarithm of the n-octanol 
partition coefficient (logP) is a basic predictor, while logD was in
troduced as an improved descriptor for charged molecules at a 

specific pH. Of particular interest is logD7.4 which represents the 
partition coefficient using an aqueous phase buffered at physio
logical pH 7.4. A calculation tool for logD has been developed 
using molecular signature descriptors and machine learning al
gorithms.5 With the advent of high-quality curated databases re
lating to compounds such as DrugBank6 and ChEMBL,7 initial hit 
compounds for various targets can be identified with relative 
ease.

Another important aspect is the minimal quantity of com
pound required to perform assays at the in vitro stages of ‘hit 
finding’ and ‘hit profiling’ without the need for immediate re- 
synthesis. From a practical viewpoint, small-scale synthesis or 
procurement of about 5 mg should be sufficient, considering 
the synthesis efficiency and obtainable levels of purity. The as
sessment of purity of an initial synthesis batch is critical in rela
tion to pharmacological outcome and should ideally reach 
>95%. The analytical methodology includes a combination of 
chromatography, organic elemental microanalysis and quantita
tive NMR.8,9

The standard formulation of compounds for primary in vitro 
screening/evaluation is dissolution in 100% DMSO at 10 or 
20 mM, while considering that the in-test concentration 
of DMSO should be ≤1%. Stock formulations can be stored at 

Figure 1. Schematic representation of the ‘baseline’ preclinical data package required during ‘hit finding’ and ‘hit profiling’, adopting a vertical (R&D 
stage) versus horizontal (discipline) tabular design. * Conditional to a proper selectivity and PK profile. SPR, structure–property relationship.
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room temperature, but utmost care should be taken to avoid 
water contamination since DMSO is highly hygroscopic whereby 
initial solutions can irreversibly turn into suspensions that are 
much less suited for further handling, dilution and testing.

Hit profiling
Following the identification of a hit requires establishing a struc
ture–activity relationship (SAR) with focus on understanding the 
role of chemical (sub)structures and the observed biological ac
tivity. The scaffold definition refers to the common essential 
chemical structure that can be substituted with different groups 
of various nature and dimension. The involvement of critical func
tional groups may significantly affect the biological potency and 
selectivity while reducing off-target effects. Linking structure and 
activity means to dissect the various molecular properties (elec
tronic/steric environments and lipophilicity) that can explain why 
one compound in one homologous series is more active than 
others. The challenge in the hit profiling phase is to identify the 
most promising scaffold and associated modified compounds 
and ensure an understandable SAR description while maintaining 
a low micromolar biological activity. The toxicity profile is logically 
of utmost relevance whereby scaffolds of pan-assay interference 
compounds (PAINS) should be identified and excluded.10

The implementation of computational in silico methods allow
ing molecular docking of NCEs in putative target sites has strongly 
facilitated hit-to-lead optimization. Large datasets obtained from 
in vitro and in vivo studies have facilitated the prediction of physico
chemical properties, SAR and ADMET (Absorption, Distribution, 
Metabolism, Excretion, and Toxicity) properties. QSAR studies are 
based on the assumption that similar chemicals will have similar 
physicochemical properties and toxicity. Software packages such 
as Flex X, GOLD, GLIDE, Autodock and Volsurf allow predicting dock
ing potential into the putative active target site, PK parameters, as
sociated toxicity and ecotoxicity early on in the discovery process.11

The adverse outcome pathway (AOP) approach offers a framework 
for the risk assessment of chemicals providing knowledge to estab
lish a relationship via key events (KEs) between a molecular initiat
ing event and an adverse outcome in a biological setting.12

Although in silico models are a simplistic representation of a sys
tem, they can be useful if applied within an AOP model description. 
More recently, the application of machine-learning-based concepts 
have evolved into the expansion of AI-driven discovery platforms.13

Although some healthy scepticism and caution are still advisable 
when dealing with these computational tools, their application po
tential in drug discovery is vast and is expected to significantly re
duce drug discovery timelines and cost.14,15

Primary pharmacology: towards an integrated 
evaluation with focus on potency and 
selectivity
Hit finding
Cell- and ‘whole organism’-based in vitro or ex vivo 
drug potency and selectivity

Compound activity must be evaluated against a well- 
characterized strain of the representative target species. In vitro 
methods remain the logical fundamental first step that allow 

rapid, cost-effective, easy-to-perform and highly reproducible 
evaluations of a range of compounds avoiding premature in
volvement of laboratory animals.16

For extracellular trypanosomes, procyclic trypomastigote 
stages have frequently been used in the past for genetic engin
eering, but the bloodstream form remains the sole relevant life 
cycle stage for drug discovery purposes. Bloodstream forms 
of African trypanosome species (Trypanosoma brucei gambiense, 
T. b. rhodesiense, T. b. brucei, T. b. evansi type A, T. b. equiperdum 
and T. congolense) have been successfully adapted to axenic cul
ture conditions by use of additives, such as methylcellulose or 
serum of specific host origin.17 Bloodstream T. b. brucei stages 
are used as a safe surrogate for the human-infective subspecies 
T. b. gambiense and T. b. rhodesiense. Although efforts have been 
made to culture T. vivax in vitro,18 an ex vivo setup is needed for 
drug susceptibility assays using bloodstream trypanosomes 
freshly isolated from infected donor mice.17,19,20 Performing inte
grated in vitro and ex vivo assays for different trypanosome spe
cies with the ambition to select a pan-active compound is costly 
and time-consuming. Considering the phylogenetic differences 
between the various species,21 initial testing against T. b. brucei 
followed by an evaluation against the phylogenetically most dis
tinct T. vivax is a preferred and recently proven strategy as it fa
cilitates the efficient selection of compounds likely to be 
effective across all HAT/AT species.17 Susceptibility assays may 
slightly differ between species/strains and in in vitro and ex vivo 
settings, and are mostly related to the culture conditions, incuba
tion time (48–120 h of drug exposure considering the in vitro sur
vival time) and the number of parasites added per well 
(considering the proliferation rates). Endpoints are usually con
ducted with a metabolic read-out for cell viability, e.g. using resa
zurin22 while new multiplexed biosensor assays are being 
developed.3

For the intracellular organisms Leishmania and T. cruzi, the 
choice of a suitable host cell was shown to influence drug suscep
tibility and ‘hit’ rate.23–25 Various mammalian cell lines, such as 
mouse 3T3 and human MRC-5 fibroblasts,26–29 rat L6 myo
blasts25 and monkey kidney epithelial Vero cells25 are regularly 
used as host cells and for collecting T. cruzi trypomastigotes for 
a next round of infection. For Leishmania infections, different 
macrophage lines, mostly human such as THP-130 or murine 
such as J774 or RAW264.7,31 are routinely used. A thorough com
parison of different primary mouse macrophages already sug
gested the use of Swiss mouse-derived peritoneal exudate cells 
as an efficient, reliable, quick and cost-effective cell type.32

Furthermore, infection of whole blood cells has provided another 
avenue for testing drug efficacy in primary human cells.33

While the advantage of primary cells is their higher capacity to 
support infection and intracellular parasite multiplication, 
PMA-stimulated THP-1 cells represent a practical and animal- 
friendly alternative.24 Ex vivo amastigotes, axenic amastigotes 
or stationary-phase promastigotes (rich in metacyclics) can be 
used for infection of cells. Spleen-derived amastigotes generally 
result in higher and more consistent infections but require the eu
thanasia of animals.24,34,35 We strongly advise against the use of 
extracellular promastigote stages for drug screening purposes as 
stage-dependent differences in drug susceptibility have already 
been proved.36 The comparison of activities against axenic and 
intramacrophage amastigotes can contribute to determine the 
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mode of action of the compound, e.g. its ability to cross mem
brane barriers in the macrophage, or its antileishmanial activity 
as a prodrug through host cell pathways.37 As drug exposure in
fluences efficacy on intracellular Leishmania,24 the advice is to 
expose infected cells for 120 h during routine drug screening. 
Labour-intensive light microscopical analyses of the reduction 
in parasite loads compared with the non-treated controls are fre
quently used. Nowadays, more advanced quantitative techni
ques are available, such as bioluminescent/fluorescence assays 
using transgenic parasites, either or not in combination with 
advanced automated microscopic imaging and deep-learning al
gorithms.38–40 These more advanced read-outs require high- 
content analysis platforms that are therefore not yet broadly im
plemented. Incorporating reference molecules into experimental 
assays is essential for accurately determining the relative po
tency of NCEs and for facilitating comparisons across different 
studies.

Selectivity should be considered from the very beginning 
of the drug discovery process using primary cell cultures and/ 
or established cell lines.41 Typical endpoints are based on bio
chemical, metabolism-based or cell membrane integrity-based 
parameters.42

Hit profiling
In vitro cross-resistance and time-to-kill kinetics

Since all kinetoplastid-induced diseases face the emergence of 
drug resistance as a result of adaptive evolution,43 early elimin
ation of ‘hits’ compromised by cross-resistance against currently 
used drugs is warranted. Assessing efficacy against a wider panel 
of recent field or experimentally selected drug-resistant isolates 
can identify potential liabilities of cross-resistance. Furthermore, 
prioritizing compounds for in vivo follow-up may also benefit in 
vitro time-to-kill (TTK) studies44 since incomplete killing may ex
plain low efficacy or relapse. In vitro TTK studies are frequently 
used for AT to estimate the speed of cidal drug activity45,46 as 
well as for Leishmania to evaluate concentration- and time- 
dependent cidal drug effects using the promastigote back- 
transformation assay to detect residual viable and growth- 
competent parasites.47,48 Striking differences were noted be
tween various antileishmanial reference drugs and novel Drugs 
for Neglected Diseases initiative drug leads, which strongly moti
vates for TTK inclusion in the pharmacodynamic profiling.47,48

Primary in vivo efficacy evaluation in laboratory rodent models

A recent literature review emphasized the poor consideration of 
animal welfare, human endpoint considerations, and the imple
mentation of the 3Rs principle in antileishmanial drug discovery 
studies, and also highlighted the need to improve experimental 
study design in relation to statistical power.49 Key factors that 
always need to be clearly defined are animal host species, 
host immune status, parasite strain and species, inoculation 
load and route of infection, measurement and analysis techni
ques, and defined endpoint criteria. Given these considerations, 
the UK Animals in Research Reporting In Vivo Experiments 
ARRIVE guidelines 2.0 and the ARRIVE Essential 10 (www. 
ARRIVEguidelines.org)50 provide a useful framework including 
the Experimental Design Assistant (https://eda.nc3rs.org.uk). 

Similarly, the European Directorate for the Quality of 
Medicines and HealthCare (https://www.edqm.eu) provides sup
port for 3Rs activities.

Rodent models for human and animal trypanosomiasis
Considering the different diseases caused by HAT and AT species 
(Table 1), there is no ideal animal model that mimics the various 
parasite characteristics and disease manifestations. T. b. brucei is 
mostly used as a safe surrogate model for HAT given its 
close phylogenetic relationship with T. b. rhodesiense and 
T. b. gambiense and the shared characteristic of a tissue parasite 
that can cross the blood–brain barrier (BBB). For AT, several mod
els using mouse-adapted strains of T. congolense, T. vivax, 
T. b. evansi and T. b. equiperdum have been established that 
can be used for primary drug testing to gain basic information 
on efficacy and safety at an early stage. Some of these infections 
reproduce the typical wasting disease observed in AT.51

Table 1. Overview of commonly used trypanosome strains to infect 
animal models

Disease Parasite species Parasite strains References

Human African 
trypanosomiasis 
(HAT)

T. b. rhodesiense STIB 900 
Etat1.2R

45

143

T. b. gambiense STIB 930 
ITMAP141267 
130R 
45R

45

Animal 
trypanosomiasis 
(AT)

T. b. brucei Squib 427 
EATRO 110 
AnTAR1 
TREU 667 
GVR 35/cl2 
CMP

54

60

54

60

144

56

T. congolense IL3000 
STIB 736/ 
IL-1180 
TC13

145

146

22

T. vivax STIB 719/ILRAD 
560 
ILRAD700

146

22

T. b. evansi type 
A

STIB 806K 
RoTat1.2 
MCAM/ET/ 
2013/004 
MCAM/ET/ 
2013/009 
Merzouga 93

147

148

149

51

T. b. evansi type 
B

MCAM/ET/2013/ 
010 
MCAM/ET/ 
2013/014 
KETRI2479

149

149

150

T. b. equiperdum BoTat 
Dodola 
OVI 
TeAp-N/D1

151,152
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Various inbred (C57BL/6, BALB/c, C3H/He, CBA) and outbred 
(Swiss Webster, NMRI) mouse strains are frequently used be
cause they are cost-effective and can mimic both HAT and 
AT.52 Reproducible infections in Swiss mice can be conveniently 
initiated for established AT strains by intraperitoneal (IP) inocula
tion of 104 parasites.17,53 Swiss mice have been used in early- and 
late-stage models to evaluate drug efficacy both before and after 
CNS involvement.54 Monomorphic infections such as those 
caused by T. b. brucei Lister 427 (Squib 427) involve non-variable 
single life stage parasites as mitotically dividing long slender 
forms.55 Likewise, the T. b. brucei CMP strain proliferates rapidly 
in mice bloodstream and is lethal in <4 days.56 These are typical
ly used for early curative models since they do not mimic fluctu
ating parasitaemia and chronicity. In these models, treatment is 
initiated soon after (or sometimes before) infection and allows 
researchers to test the efficacy in the early stages of infection be
fore the parasites have crossed the BBB.54,57 Depending on the 
parasite species and strains, parasitaemia often reaches 106 

parasites per mL of blood between 3 and 5 dpi, offering an ideal 
timeframe to initiate treatment under acute conditions. 
Pleomorphic infections, such as those caused by T. b. brucei 
TREU 927, AnTAR1/AnTat1.1 or GVR 35, involve parasites that 
can terminally differentiate to short-stumpy forms and demon
strate chronic infections similar to clinical cases.58,59 These are 
used for late curative models with a CNS involvement, allowing 
for the evaluation of drug efficacy across the BBB. Treatment is 
initiated at about 3 weeks post-infection when parasites are 
known to have infiltrated the CNS and before animals start suc
cumbing from infection. These models have successfully demon
strated the efficacy of compounds such as oxaboroles and 
nucleoside analogues in treating various stages of HAT.54,60

In all mouse models, parasitaemia levels are determined by 
counting parasites in peripheral blood. The use of bioluminescent 
models offers a valuable option of non-invasive in vivo imaging 
and longitudinal follow-up of the treatment in various tissues, in
cluding the brain. Pathology, primarily anaemia, is assessed in 
combination with the evolution of body weight typically within 
a 60-day post-treatment monitoring period. The endpoint for 
cure is recommended to involve determining the survival percen
tages and confirming the absence of viable parasite burdens by 
microscopy and molecular methods, such as a spliced-leader 
(SL) quantitative PCR (qPCR_ with reverse transcription, on target 
tissues (e.g. blood, spleen, brain).61 It is advisable to include at 
least a vehicle control, a reference drug-treated group and the 
test drug group under conditions of maximal (tolerable) drug ex
posure. A usual starting point is treatment at 50 mg/kg b.i.d. for 
five consecutive days. A standard added outcome includes 
measuring an in vivo dose–response relationship.

Rodent models for Chagas disease Specifically for Chagas dis
ease, translation of promising ‘hits’ from in vitro to in vivo may 
more often fail by the inability to achieve complete parasite 
clearance. The intracellular amastigote form can infect any nu
cleated cell and has been found in cardiac tissue, adipose tissue, 
smooth muscle and the gastrointestinal tract.62–64 Hence, a suc
cessful drug needs to effectively reach all sites of infection and 
eliminate parasites from these different locations. With regard 
to the latter, testing drugs for Chagas disease is more challen
ging, especially in the chronic phase of infection when it is hard 

to demonstrate sterile cure. During this phase, parasite burdens 
are extremely low, and tissue distribution is not well defined. 
Unlike in the acute phase where non-dividing trypomastigotes 
can be detected in the blood circulation by microscopy, parasit
aemia in the chronic phase is mostly sub-patent. Murine models 
are for various reasons (cost, logistics, handling, application of 
new technologies) the most favoured and widely used to study 
infection and assess drug efficacy. They recapitulate many as
pects of human disease, are easy to manipulate genetically 
and are amenable to BLI technologies.65

Mouse infections with T. cruzi classically include strains such 
as Arequipa,66 Y strain,67,68 Colombiana68 and Tulahuen69

(Table 2). Infections in BALB/c, A/J, Swiss, CH3 or C57BL/6 mice 
are usually initiated with intraperitoneal inoculation of in vitro- 
derived tissue-culture trypomastigotes (104) or thawed cryopre
served bloodstream trypomastigotes (103–105). In the acute 
phase (4–15 dpi), parasite detection involves direct counting of 
trypomastigotes in the blood, while qPCR in various tissues is 
adopted during the chronic phase (75–120 dpi).66,67 However, ef
ficacy studies in the chronic phase with parasite detection using 
PCR and histology may be biased by the sampling procedure as 
parasites may hide in specific tissue depots.70 Given the known 
parasite ‘persistence’ on chemotherapeutic treatment, mice are 
typically immunosuppressed with cyclophosphamide (200 mg/ 
kg IP at 3–4 day intervals for a maximum of three doses) after 
the end of treatment to evaluate post-treatment relapse.71

Most murine studies have used traditional C57BL/6 mice 
that are relatively resistant to T. cruzi infection, making them 
an attractive model for chronic infection. Recently, a C57BL/6 
α-1,3-galactosyltransferase knockout (α-GalT-KO) mouse model 
has been described. As humans, these mice lack the α-Gal trisac
charide epitope and are characterized by the massive production 
of infection-induced anti-α-Gal IgM and IgG. As a result, this 

Table 2. Overview of commonly available strains to infect rodent models 
for Chagas disease

Disease
Parasite 
species Parasite strains References

Chagas disease 
acute and 
chronic 
phase

T. cruzi Bioluminescent (red-shifted 
firefly luc) reporter clone 
CL-Brener

120

Arequipa strain (MHOM/Pe/ 
2011/Arequipa)

66

Colombiana strain 
(benznidazole resistant)

68

Chagas disease 
acute phase

T. cruzi Bioluminescent (firefly luc) 
line from Brazil 
heart-derived strain

117

Bioluminescent or 
fluorescent (td-Tomato) 
expressing CL strain

119

Bioluminescent (firefly luc) 
line from Y strain

118,153

Tulahuen strain (TcVI) 
expressing the E. coli 
β-galactosidase gene

69,71
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model closely resembles human disease where immunological 
resistance in chronic infections is correlated to the production 
of anti-α-Gal antibodies with concomitantly fewer parasite nests, 
lower parasitaemia and an increase of INF-γ, TNF-α and IL-12 cy
tokines in the heart linked to cardiomyopathy.72

Rodent models for leishmaniasis As leishmaniasis is a family of 
related diseases with different clinical manifestations, several 
models have been described. While visceral leishmaniasis (VL) 
is typically caused by L. donovani and L. infantum, >15 species 
are aetiological agents of cutaneous leishmaniasis (CL). Mice 
and hamsters are the main species used in in vivo research, but 
the plethora of models make it difficult to extract a complete 
generalized protocol and to compare data across various 
laboratories.49

Despite several attempts to harmonize in vitro research,73–75

fewer efforts have been made to standardize in vivo VL mod
els.49,76–78 In spite of the very detailed procedures described by 
Sacks and Melby in 2001,76 many different animal models and 
procedures are still used. While the hamster model was well- 
accepted for VL infection studies until the 1980s,79 mouse mod
els now prevail to study host factors and immunology given their 
well-characterized genetic and immunological profiles. Also for 
CL, mice and hamsters are commonly used, each model’s rele
vance depending on the research question, the Leishmania spe
cies under investigation and the aspect of the disease being 
studied. Mucocutaneous, diffuse cutaneous and PKDL models 
are currently still lacking and require a more comprehensive 
understanding of the host–pathogen interactions and drug 
susceptibilities.

VL models The development of a universal standardized VL 
mouse model is complicated by the difference in immune me
chanisms associated with infection control in individual mouse 
strains. While BALB/c and C57BL/6 mice are known to be suscep
tible to VL, other strains (SV/129, DBA/2, C3H/He and Swiss) are 
considered to be naturally resistant.80 Consistent with the im
portance of the adaptative immune responses,81 immunodefi
cient Rag1- and Rag2-deficient mice are incapable of clearing 
parasites from the liver and are therefore sometimes used to cul
tivate virulent parasites in vivo.82,83

Most drug efficacy studies have used the BALB/c model since it 
has been most extensively immunologically characterized and 
shows a more susceptible phenotype to VL infection than 
C57BL/6 mice. A recommendation is to use six mice aged about 
6–8 weeks per experimental group, in addition to a reference 
control and a placebo group.49 Various L. donovani or L. infantum 
strains can be used, from well-characterized laboratory strains 
isolated in the 1960s to recent clinical isolates that might even 
be resistant to some currently used reference drugs (Table 3). 
Mice are infected with high doses (106–108) by either intravenous 
or IP injection, leading to visceral parasitism in spleen, liver and 
bone marrow. We recommend inoculation in the tail vein of high
ly virulent tissue-derived ex vivo (spleen-derived) amastigotes or 
low-passage stationary-stage promastigotes (in vitro passage 
<5) to ensure adequate and reproducible infectivity.84 There is 
general consensus that parasites initially infect and multiply 
within the liver, followed by an immunological response and a 
delayed and persistent increase of splenic parasite burdens85–87

in which the immunosuppressive IL-10 is associated with disease 
progression.88 Some studies indicate early involvement of the 
bone marrow while others report bone marrow involvement in 
more progressive phases of disease.89,90 This typical pattern of 
spontaneous parasite clearance in mice highlights the need to 
carefully reflect on the timing of drug administration. A recent 
study proposed waiting until 21 days post-infection before initi
ating treatment,49 whereas others favour a start of treatment 
7 days post-infection and autopsy 5 days after the last treatment 
dose to provide a better assay window.89 Autopsy is performed to 
collect tissue samples for microscopic quantification of residual 
parasite burdens in Giemsa-stained tissue imprints, limiting dilu
tion assays and PCR.

While progression of Leishmania infection in hamsters is con
sidered to more closely reflect the pathology of human VL,91,92

applicability of such models is limited because of ethical objec
tions (larger animal species, lack of easily accessible veins), lack 
of immunological and genetic tools and the higher costs of ani
mal housing.93 Most commonly used is the Syrian or golden ham
ster (Mesocricetus auratus) since this species presents a similar VL 
pathology to that of humans with hepatosplenomegaly, ascites, 
weight loss, cachexia, pancytopenia, hypergammaglobulinemia 
and death if left untreated. The Syrian hamster model is also valid 
to evaluate drug efficacy in a progressive infection after inocula
tion of doses ranging from 106–108 parasites. Infection of six 
hamsters per group (6–8 weeks old) with a dose of 2 × 107 ex 
vivo spleen-derived amastigotes is recommended. Intracardial 
(IC) injection is a highly effective administration route but re
quires highly skilled personnel and raises ethical concerns, for 
which retro-orbital inoculation can serve as an alternative.94

For early curative evaluation, a 5- to 10-day treatment regimen 
typically starts at 21 days after infection, i.e. before the appear
ance of lesions or signs. For the late curative evaluation, treat
ment is delayed until 42 days post-infection, i.e. when the 
infection is already advanced. Autopsy is commonly performed 
10 days after the end of treatment (at day 35 or day 56 post- 
infection) for quantification of visceral parasite loads, using tissue 
imprints, limiting dilution assays and molecular methods.93 The 

Table 3. Overview of a selection of major strains for in vivo leishmaniasis 
research

Disease
Parasite 
species Parasite strains References

VL L. infantum MHOM/MA/67/ITMAP-263 
MHOM/FR/96/LEM3323 
MCAN/ES/96/BCN150

154

89

155

L. donovani LV9 (MHOM/ET/67/HU3) 
LV82

156,157

158

CL L. major Friedlin 
LV39c5 (RHO/SU/59/P) 
JISH118 (MHOM/SA/85/ 
JISH118)

159

157

106

L. amazonensis MHOM/BR/77/LTB0016 
MHOM/BR/75/Josefa 
MPRO/BR/72/M1845, LV78

160

161

161

L. braziliensis MHOM/BR/94/H3227 162
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use of automated imaging/counting software can exclude a 
more subjective interpretation by non-experts while a standar
dized PCR read-out is recognized as the most objective quantifi
cation system.49 Several PCR methods have been proposed 
over the years, mostly targeting the minicircle kinetoplast DNA, 
which is less suited for drug discovery research as it requires 
adaptation of the primers for the various Leishmania species, 
and it reflects less the dynamic effects of treatment on viable 
parasite burdens. A comprehensive comparison of various real- 
time PCR assays in tissue and blood samples of animals and hu
man patients demonstrated excellent analytical sensitivity of a 
new pan-Leishmania RNA real-time qPCR assay targeting the 
conserved and highly expressed SL mini-exon sequence in viable 
parasites.95,96

CL models Inbred BALB/c and C57BL/6 mice are the two most 
common mouse strains in CL research. BALB/c mice are highly 
susceptible and manifest severe non-healing often ulcerating le
sions that progress rapidly97 involving compromised function of 
T-cells, macrophages or both.98 In contrast, C57BL/6 mice exhibit 
greater resistance to L. major and L. amazonensis, effectively 
controlling the infection and limiting lesion development. The 
distinct responses between BALB/c and C57BL/6 mice underscore 
the importance of host genetics in disease outcome and provide 
a comparative framework for investigating immune mechan
isms. Given their inability to raise a protective immune response, 
BALB/c mice are more often used in drug efficacy studies. Next to 
genetic differences in CL susceptibility, sex-determined differ
ences can potentially affect CL progression.99 Golden hamsters 
also serve as important model for CL, in particular for those 
strains that demonstrate low infectivity to mice, such as the sub
genus Viannia species closely mimicking human pathology with 
chronic lesions that often metastasize either in the skin or to mu
cosal tissues.

Contrary to VL models in which amastigote forms are mostly 
used to initiate reproducible infections, for CL infective 
stationary-phase promastigotes selected with peanut agglutin
in100 or density gradient centrifugation101 are generally injected 
intradermally (ID) or subcutaneously (SC).102,103 Although a sand 
fly bite deposits ∼10 to 100 000 parasites in the skin in natural in
fections,104,105 models investigating drug efficacy often use high
er parasite loads (∼105–107) to establish a reproducible model 
with consistent lesion development across test subjects.106,107

This approach is based on direct correlation between the number 
of parasites and lesion size development as a measure of disease 
severity.108,109

Different inoculation sites may influence clinical manifesta
tions, disease progression and immune responses.110 The ear is 
often favoured due to its accessibility and ease of monitoring le
sion development, although it misses the subdermal layer. By 
contrast, the rump and footpad provide a more comprehensive 
representation of human skin anatomy, facilitating the collection 
of larger tissue samples for detailed histopathological and mo
lecular analyses. Hindrance of mouse movement following foot
pad injections raises ethical considerations, hence requiring 
careful monitoring and management of animal welfare during 
experimental procedures.

Disease progression and impact of treatment can be evalu
ated by non-invasive measurement of the lesion size using 

(digital) callipers. In this simple and widely used method, the 
diameter (in two perpendicular directions) and thickness of le
sions are measured. Histopathological analysis of tissue sections 
can also be examined to assess the extent of cellular infiltration, 
tissue damage and parasite burden. As an endpoint measure
ment, tests of cure can be based on quantitative PCR for 
Leishmania kinetoplast DNA or spliced leader (SL)-RNA, or by lim
iting dilution assays involving culturing serial dilutions of tissue 
homogenates to estimate the number of viable parasites.

Bioluminescence imaging: a versatile tool to monitor drug ki
netics and identify parasite niches For monitoring parasite 
burdens over time, in vivo imaging using either biolumines
cence (BLI) or fluorescence are proposed as more refined 
methods.49 The construction of bioluminescent parasites and 
the application of in vivo imaging offers a valuable and sensi
tive alternative allowing longitudinal follow-up of the same 
animal during drug exposure and treatment relapse hereby 
uncovering potential parasite niches.111 The number of ani
mals can be reduced to 3–5 animals per group when the infect
ing strain is sufficiently characterized. When the limit of 
detection is adequate, BLI can uncover sites in the body that 
are pharmacokinetically unfavourable and cannot sufficiently 
be reached by drugs, or sanctuary sites where parasites can 
reside in a quiescent state. Both may lead to treatment failure 
and/or post-treatment relapse, which are important caveats in 
drug R&D.

BLI has uncovered how T. brucei colonizes various host tissues 
beyond the bloodstream and the CNS. In addition to the skin and 
adipose tissue,112,113 the lungs and pancreas emerged as other 
parasite reservoirs.114,115 This new understanding of tissue trop
isms and extravascular dissemination not only challenges the 
traditional focus on bloodstream parasites but also highlights 
the need for targeted interventions that address these hidden re
servoirs to effectively control and eliminate AT.

BLI was also shown to be a validated, highly sensitive tech
nique for monitoring T. cruzi infections. The most sensitive model 
uses BALB/c mice infected with a transgenic CL-Brener T. cruzi ex
pressing a red-shifted luciferase that emits light in the tissue- 
penetrating orange-red region of the spectrum.111,116 Other 
mouse models are mainly used for acute disease and include in
fections with BLI strains derived from the Brazil heart-derived 
strain117 and Y strain,118 and fluorescent or bioluminescent lines 
derived from the CL-Brener strain.119 Efficacy studies at the 
chronic phase involve drug treatments ranging between 74 and 
127 days post-infection.120,121 The limit of detection in live ani
mals is <103 parasites and endpoint ex vivo BLI allows tissue- 
specific quantification of parasite loads in individual mice with 
minimal sampling bias.111,120 Cyclophosphamide-induced im
munosuppression enhances the detection of relapses using ex 
vivo imaging of individual organs/tissues at the experiment end
point120 and identified the gut as a parasite reservoir in the 
chronic phase.111

BLI has also evolved as a useful tool to follow-up Leishmania 
infections in both mice84,89,90,122 and Syrian golden hamsters123

with a limit of detection of ∼106 parasites or higher in the vis
cera89,90 and ∼104 in skin.124,125 This detection limit is relatively 
high compared with the available molecular methods and forces 
researchers to increase the inoculum size to 108–109 metacyclic 
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promastigotes or axenic amastigotes per mouse.90,122,126

Variations in the kinetics of tissue colonization are apparent 
from BLI models in different laboratories due in part to the use 
of different strains. Observations varied between the apparent 
absence of detectable infection93 to early (coinciding with the li
ver peak89) or late infection (coinciding with the spleen peak90) of 
the bone marrow. Infection of BALB/c mice with L. donovani even 
revealed a spleen peak as early as 7 dpi84 while the spleen is gen
erally colonized only in progressed infections. Longitudinal 
follow-up does not only allow assessment of cidal drug kinetics 
but can also detect parasite niches and potential sources of post- 
treatment relapse.122,126 These studies recently pinpointed stem 
cells in the bone marrow as a specific ‘immunomicrotope’ or 
sanctuary niche for post-treatment relapse126,127 in which 
Leishmania parasites acquire a quiescent phenotype that is 
more resilient to drug action.128

Toxicology: need for early assessment of go/ 
no-go criteria
Hit finding
Selectivity is of primary importance from the very beginning of 
the drug discovery process. Cytotoxicity/selectivity testing is pref
erably performed on suitable primary cell cultures and/or estab
lished cell lines. Although primary cells are biologically more 
relevant, they may be less suitable for large-scale comprehensive 
screens as the number of cells that can be obtained from a given 
tissue is limited. As such, in vitro cytotoxicity is mostly evaluated 
on immortalized cell lines41 using biochemical, metabolism- 
based or cell membrane integrity-based endpoints.42 For ex
ample, a recent review of cytotoxicity studies for antileishmanial 
drugs showed that most studies used MTT (66%), followed by 
Alamar Blue (17%) and Trypan Blue (4.5%).129 Recent endea
vours in robotic assay design have helped to accommodate 
high throughput screening using a minute amount of com
pound.130 Recent studies using primary human cells have estab
lished the potential side effects of drugs related to immune cell 
proliferation, mitochondria damage and cell death including 
the activation of the inflammasome in innate immune cells.131

Besides the cytotoxicity/selectivity assessment, intrinsic toxicity 
characteristics are not yet considered at the hit finding stage, 
partly due to the limited availability of compound. Important fac
tors in the in vitro cytotoxicity evaluation are the choice of cell 
type (primary versus continuous), confluent versus non- 
confluent, serum content in the culture medium, duration of 
cell exposure and type of endpoint. In general, CC50 values below 
10 µM may tend to become problematic and should trigger a 
more critical view on selectivity of action and toxicity issues later 
in development.16,132

Hit profiling
The first evaluation in laboratory rodent models of confirmed in 
vitro hits should preferentially adopt conditions of high (oral) 
drug exposure, not only to primarily discern discrete signs of 
putative pharmacological activity potential, but also for early 
signs of intolerance. Depending on the disease model, a treat
ment regimen using high doses (e.g. 50 mg/kg b.i.d) for several 

consecutive days (≥5 days) needs to be considered. The modi
fied Irwin procedure or functional observational battery can 
serve as a complementary procedure to detect gross function
al and neurobehavioral deficits related to compound expos
ure.130,133 Signs of intolerance or toxicity include body 
weight loss (>10%), rough haircoat, changed behaviour and 
even mortality, hence necessitating explorative dose–titration 
experiments.

Pharmacokinetics: aiming for oral 
bioavailability and distribution to target 
tissues
Hit profiling
Although potency and selectivity of confirmed in vitro hits are 
the essential starting point, in vivo activity will largely be deter
mined by the compound absorption, distribution, metabolism, 
excretion (ADME) properties that are not captured in the initial 
phenotypic assays for potency. Indeed, problems with the 
ADME processes cause many ‘hits’ with a promising in vitro ac
tivity profile to fail in vivo. However, a stringent selection and 
fast attrition based on computational ADME studies and realistic 
criteria in vitro can already reduce the need for animal studies. 
SAR and structure–property relationship analyses will support 
lead candidate identification and further lead optimization to 
improve the pharmacokinetic properties. The pharmacokinetics 
are largely determined by the compound’s physicochemical 
properties that affect oral bioavailability, distribution to relevant 
target organs, metabolic stability and renal clearance, all deter
mining the compound’s systemic exposure and half-life. Several 
in vitro assays exist to assess absorption (e.g. Caco-2 cells) and 
metabolism (microsomes) and help identifying the best candi
dates to move forward for subsequent in vivo evaluation. As 
explained later, formulation can also further improve bioavail
ability depending on the application.

For absorption, in vitro assays endorsed by the EMA and the 
FDA are in place using monolayers of human colonic adenocar
cinoma Caco-2 cells to evaluate the compound’s transcellular 
permeation.134 This Caco-2 system has the benefit over the par
allel artificial membrane permeability assay in that it expresses 
many structural and functional characteristics of human entero
cytes, including the expression of influx and efflux transporters 
and several digestive enzymes. The integrity of the Caco-2 
cell monolayer before and after the permeation assay is 
essential for the validity of the assay and is assessed with trans
epithelial electrical resistance measurements (>300 Ω×cm2).135

Moreover, model drugs with known human intestinal absorption 
need to be included as comparators within the categories of 
high-, moderate-, low- and zero-permeability compounds and 
efflux substrates.134 Experimental permeation data are ex
pressed as apparent permeability coefficient values (Papp; high- 
permeability: >10 × 10−6 cm/s, moderate-permeability: 1–10 ×  
10−6 cm/s) and provide, together with the aqueous solubility, a 
basis for predicting whether a compound can be administered 
orally.

First-pass effects that result in orally administered com
pounds undergoing metabolic degradation have a large impact 
on obtaining systemic therapeutic concentrations. The liver is 
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considered as a major site where first-pass metabolism occurs, 
although other tissues can participate in this process as 
well.136,137 The in vitro metabolic stability should preferably be 
determined at an early stage to anticipate the possibility of in 
vivo biotransformation by modifying enzymes of the liver, i.e. 
the cytochrome P450 (CYP) superfamily (Phase-I metabolism) 
and glucuronosyl- and acetyltransferase enzymes (Phase-II me
tabolism). Commercially available liver microsomal S9 fractions 
from toxicology (mouse, rat, dog) and target species allow a rela
tively straightforward comparative assessment of the metabolic 
stability of the parent compound on addition of the co-factors, 
such as reduced NADPH or uridine diphosphate glucuronic acid 
to detect Phase-I or -II metabolization. If parent compound 
clearance is >50% within 30 minutes, compounds are considered 
metabolically unstable. To note is that microsomes of rodent spe
cies often have higher metabolizing activities than those of target 
species. The inclusion of a non-selective cytochrome inhibitor, 
1-aminobenzotriazole (1-ABT), inhibits Phase-I metabolism and 
often prevents decay in the microsomal stability test. 1-ABT 
can later also be applied in downstream animal studies to cir
cumvent underestimation of compound potency in high- 
metabolizing animal models.

The logistic limitation of the inclusion of these assays is the 
need for HPLC and MS bioanalytical methods to quantify the par
ent compound and ideally also the resulting major metabolites. 
As an alternative, researchers might reside to in silico prediction 
of the metabolic stability of identified hit compounds using the 
novel computational deep-learning modelling tool ‘Systems 
Metabolomics using Interpretable Learning and Evolution’ 
(SMILE),138 although the results should be interpreted with 
caution.

The first exploratory small-scale in vivo efficacy studies (vide 
supra) could be preceded by a snapshot PK study139 using a min
imal number of mice (n = 2) and compound (starting from a 3– 
5 mg batch) and considering a limited number of sampling time 
points (0.5, 1, 3 and 5 h post-dosing) and small blood volumes 
(50 µL) for reason of animal welfare. Repeated blood sampling 
from mice is generally performed using the tail vein and is 
worldwide considered ethically justified if not >10% of the total 
blood volume is removed on a single occasion every three to 
four weeks.140 Alternative serial sampling techniques use the 
retro-orbital or lateral saphenous vein puncture.141 In case re
peated blood samples are required at short intervals, a max
imum of 0.6 mL/kg/day or 1.0% of an animal’s total blood 
volume can be removed every 24 h.140 The collection of dried 
blood spots onto FTA® DMPK-cards is very convenient as it is 
compatible with small sampling volumes, inactivation of the 
parasitic organisms, convenient storage and transport. The 
same analytical methods as in the in vitro profiling are used 
for the quantification of parent compound in dried blood spot/ 
plasma, and non-compartmental PK regression analysis allows 
calculation of typical standard output parameters such as the 
AUC (area under the plasma concentration time curve), Cl 
(clearance), Vss (volume of distribution at steady-state), T1/2 
(half-life of elimination), Cmax (maximum plasma concentra
tion) and Tmax (time at which Cmax occurs). Compounds with 
moderate and high exposure based on their AUC and plasma 
concentration profile can then be prioritized for a more ex
tended evaluation.

Pharmaceutics
Hit profiling
At the stage of the hit profiling, compound resources are still lim
ited precluding extensive exploratory formulation work. However, 
to accommodate the first in vivo efficacy evaluation in laboratory 
rodents, rescue for moderate/poorly aqueous soluble com
pounds can be taken by using several standard vehicles for mak
ing oral (e.g. 1% hydroxypropyl methylcellulose, 100% PEG 400 or 
5% Tween 80), topical (e.g. 1% hydroxyethyl cellulose hydrogel, 
containing or not propylene glycol) or parenteral (e.g. 20% PEG 
400, 5% DMSO or 0.5% Tween 80) pilot formulations. An overview 
of excipients/vehicles and tolerable levels through various routes 
of administration in multiple species based on a rigorous data 
mining operation is presented in a comprehensive review.142
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