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Abstract

Leishmania is a trypanosomatid parasite that causes skin lesions in its cutaneous form.
Current therapies rely on old and expensive drugs, against which the parasites have acquired
considerable resistance. Trypanosomatids are unable to synthesize purines relying on salva-
ging from the host, and nucleoside analogues have emerged as attractive antiparasitic drug
candidates. 4-Methyl-7-β-D-ribofuranosyl-7H-pyrrolo[2,3-d]pyrimidine (CL5564), an ana-
logue of tubercidin in which the amine has been replaced by a methyl group, demonstrates
activity against Trypanosoma cruzi and Leishmania infantum. Herein, we investigated its
in vitro and in vivo activity against L. amazonensis. CL5564 was 6.5-fold (P = 0.0002) more
potent than milteforan™ (ML) against intracellular forms in peritoneal mouse macrophages,
and highly selective, while combination with ML gave an additive effect. These results stimu-
lated us to study the activity of CL5564 in mouse model of cutaneous Leishmania infection.
BALB/c female and male mice infected by L. amazonensis treated with CL5564 (10 mg kg−1,
intralesional route for five days) presented a >93% reduction of paw lesion size likely ML given
orally at 40 mg kg−1, while the combination (10 + 40 mg kg−1 of CL5564 and ML, respectively)
caused >96% reduction. The qPCR confirmed the suppression of parasite load, but only the
combination approach reached 66% of parasitological cure. These results support additional
studies with nucleoside derivatives.

Introduction

Leishmaniasis is a neglected tropical disease caused by protozoan parasites of the Leishmania
genus. Various Leishmania species have been identified, of which at least 20 can infect
humans, whereas other species are not pathogenic to humans. Infection occurs when an
infected female sandfly bites to take a blood meal, making leishmaniasis a vector-borne disease
(WHO, 2023).

Leishmaniasis is endemic in more than 90 countries, primarily in tropical and subtropical
regions but new cases have already been identified in other areas, demonstrating further dis-
ease globalization. The WHO estimates that the worldwide prevalence is approximately 12
million, with about 60 000 deaths annually (WHO, 2023).

There are 3 types of disease forms of leishmaniasis: visceral leishmaniasis (VL), cutaneous
leishmaniasis (CL) and mucocutaneous leishmaniasis (MCL) and the incubation period varies
between 10 days to several months (CDC, 2020). The clinical manifestation depends on several
factors such as the Leishmania species, vectors and host genetics, co-infections, comorbidities,
nutritional stress, environment and climate change (Akbari et al., 2021).

L. amazonensis is a New World Leishmania species belonging to the L. mexicana complex
(L. mexicana, L. amazonensis, L. pifanoi, L. garnhami and L. venezuelensis), mainly transmit-
ted by sandflies of the subgenera Lutzomyia. It causes CL but is it also an important causative
agent of MCL (Akhoundi et al., 2016). CL is characterized by skin lesions such as ulcers and
sores, which can lead to scars on the face or other exposed areas, leaving disfiguring, life-long
scars that bring severe social stigma, particularly for women and children (DNDi, 2020). These
lesions can be painful and are often associated with swollen glands (Steverding, 2017). There
are approximately 600 000 to 1 million new CL cases each year, making it the most common
form of leishmaniasis. MCL causes severe lesions in the mucosae and the mucous membranes
of the nose, mouth and throat. It can lead to the destruction of the nasal septum, the lips and
the palate, making it the most debilitating disease form (WHO, 2023).
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The mechanism of action (MOA) of the current drugs
available for the treatment of Leishmania infections is not fully
understood yet. Moreover, many of them require parenteral
administration, and medical monitoring in specialized centres
due to common severe side effects. Another concern is the
increasing incidence of drug resistance. Thus, the lack of adequate
antileishmanial drugs as well as the fast resistance development
against the existing drugs, reinforces the urgent development of
safer and more effective therapies (de Koning, 2017; CDC,
2020). The low number of drug candidates in the pipeline for
leishmaniasis is at least partly related to the lack of interest by
pharmaceutical industries due to the low return on investment,
as leishmaniasis mainly affects poor populations of low- and
middle-income countries (de Vries and Schallig, 2022).
Although CL may be self-resolving, this might take several years
and will lead to the formation of scar tissue as well as the occur-
rence of secondary bacterial and/or fungal infections. Moreover,
untreated CL might evolve MCL. Conventional treatment of CL
includes liposomal amphotericin B, as well as amphotericin B
deoxycholate (CDC, 2020). The older pentavalent antimonials
and pentamidine remain important in many parts of the world.
In addition to amphotericin B, paromomycin and miltefosine
(ML) are currently used (CDC, 2020). ML, the only leishmanici-
dal drug for oral administration, is teratogenic, and presents
undesirable side effects such decreased appetite, diarrhoea,
fever, nausea, among others.

Leishmania parasites multiply fast and require large amounts
of purines for the synthesis of nucleic acids (Bouton et al.,
2021). However, like other protozoan parasites, Leishmania is
unable to synthesize purines de novo, consequently it relies com-
pletely on salvaging host purines. This process involves specific
transporters and purine salvage enzymes, and strongly differs
from the situation in the host cells. Therefore, the transporters
and enzymes involved in purine salvage provide interesting tar-
gets for the discovery of new antiparasitic agents. Purine (nucleo-
side) analogues, which inhibit these targets or act as subversive
substrates of the salvage enzymes, therefore represent attractive
chemotherapeutic candidates (Campagnaro and De Koning,
2020). Several nucleoside analogues have been screened in vitro
and in vivo against trypanosomatid parasites including those
causing leishmaniasis, Chagas disease (Trypanosoma cruzi) and
Sleeping Sickness (Trypanosoma brucei) (Mabille et al., 2022).

Tubercidin (Fig. 1A), a natural adenosine analogue, has trypa-
nocidal effects but is severely toxic to host cells (Aoki et al., 2009).
Previous research showed that introduction of selected substitu-
ents at position 7 improved the activity and selectivity against
T. brucei but not against Leishmania (Hulpia et al., 2019).
However, monomethyl substitution of the exocyclic amine of
tubercidin affords an analogue that retains potent and selective
anti-Trypanosoma cruzi and anti-leishmanial activity (L. infan-
tum), but with a favourable selectivity profile as opposed to tuber-
cidin. Although this analogue (named CL5564, Fig. 1B) did not
show obvious in vitro cytotoxicity, it caused severe toxicity
when assayed in an acute hamster model in an oral dosing of
50 mg kg−1 s.i.d (Lin et al., 2022).

In this study, the leishmanicidal activity of CL5564 was further
assessed against L. amazonensis in vitro and in vivo. The com-
pound proved to display potent in vitro activity, and in combin-
ation with ML, CL5564 gave parasitological cure in 66% of
mice with a L. amazonensis cutaneous infection after only 5
days of oral and intralesional drug administration, respectively.

Materials and methods

Animals

Mice (male and female BALB/c and Swiss Webster) were obtained
from the animal facilities of ICTB (Institute of Science and
Biomodels Technology, Fiocruz, Rio de Janeiro, Brazil), housed
up to 5 per cage, kept in a room at 20–24°C under a 12 h light
and 12 h dark cycle, and provided with sterile water and chow
ad libitum. The animals were acclimated for 7 days before per-
forming the assays. All procedures were done following
Biosafety Guidelines in compliance with the Fiocruz and all ani-
mal procedures approved by the Committee of Ethics for the Use
of Animals (CEUA numbers L038-2017, L-038/2017-A4).

Parasites

Male BALB/c mice were inoculated in the foot paws (subcutane-
ously) with 20 μL containing 106 amastigotes of Leishmania (L.)
amazonensis (MHOM/BR/77/LTB0016). Thirty days post-
infection, the skin lesions were removed aseptically, and mechan-
ically dispersed by pipetting and the amastigotes purified as
reported (Santos et al., 2022).

Peritoneal mouse macrophage (PMM)

PMM were obtained from Swiss male mice (18–20 g) previously
stimulated with 3% thioglycolate as reported (Santos et al.,
2022). Four days after stimulation, PMM were collected by rinsing
the mice’s peritoneum with 10 mL of RPMI 1640 with phenol red,
the cells seeded in 24- (3 × 105 cells well−1) and 96- (5 × 104 cells
well−1) well plates and maintained for infection and cytotoxicity
assays, respectively. PMM cell cultures were sustained in a 37°C
incubator with 5% CO2 in RPMI 1640 medium (pH 7.2–7.4)
with phenol red and without phenol red (Gibco BRL) for infec-
tion analysis and cytotoxicity assays, respectively, supplemented
with 1% (v/v) L-glutamine 200 mM, 1% (v/v) penicillin–strepto-
mycin (10 000 UmL−1 to 10 mgmL−1) and 10% (v/v) FBS
(Santos et al., 2022).

Compounds

CL5564 was synthesized as reported (Lin et al., 2022). A stock
solution (50 mM) of CL5564 was prepared in DMSO, while milte-
fosine (Sigma–Aldrich, #M5571) was prepared in ultrapure and
sterile water (Santos et al., 2022). The concentration of DMSO

Figure 1. Tubercidin (7-deazapurine) in (A) and 7-deaza-6-methylaminopurine
(CL5564) in (B). Adapted from (Lin et al., 2022).
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was lower than 0.6% for all in vitro experiments to prevent non-
specific toxicity to the host cells (Romanha et al., 2010). For in
vivo, CL5564 was prepared in 10% ethanol in citrate buffer 0.1
M pH 3.02 and Milteforan™ (Virbac) diluted in ultrapure and
sterile water as reported (Lin et al., 2022).

Cytotoxicity assay

Toxicity towards PMM was analysed by adding a 1:2 dilution of
each compound (400–3.13 μM, 8 concentrations) into uninfected
cultures and incubating for 48 and 120 h at 37°C. The cellular via-
bility was evaluated using PrestoBlue™ (560–590 nm) (Santos
et al., 2022). The percentage of reduction in the host cell viability
was calculated in a non-linear regression curve to calculate the
CC50 value (minimum concentration that reduces 50% cellular
viability).

Activity against free amastigotes (ex vivo assay)

The ex vivo assays were conducted to evaluate the direct effect of
both compounds on the free amastigotes purified directly form
mice lesions as reported (Santos et al., 2022). 1 × 106 parasites
per well (100 μL) were seeded in a 96-well plate and then 100
μL of each compound was added at the double final concentration
(up to 40 μM). After 48 and 120 h of incubation at 32°C, the para-
site viability was evaluated using light microscopy and by
PrestoBlue™ reaction (560–590 nm) to calculate the IC50 value
by a non-linear regression curve (Santos et al., 2022).

Activity against intracellular amastigotes in PMM

Infection analyses were conducted to investigate the in vitro activ-
ity against intracellular amastigotes of L. amazonensis. PMM cul-
tures (3 × 105 cells well−1) were infected for 2 h with purified
amastigotes (5:1 parasites:cell ratio) at 37°C, and then rinsed
twice to remove non-internalized parasites. Next, a 1:3 dilution
of each compound (up to 30 μM) was added and further incubated
at 37°C. After 48 h, the cultures were washed twice with phos-
phate buffered saline (PBS), fixed with Bouin for 10 min., and
stained with Giemsa (1:10 dilution) for 40 min. (Sigma–Aldrich,
32884) (Araújo-Jorge and Castro, 2000; Santos et al., 2022).
Light microscopy quantification was performed by counting
(300 cells per well) the percentage of infected PMM and the num-
ber of parasites per infected PMM to calculate the infection index
(percentage of infected PMM multiplied by the average number
of intracellular parasites per infected PMM). The IC50 and IC90

values (minimum concentration able to reduce the parasite load
with 50% and 90%) were determined based on the infection
indexes as reported (Santos et al., 2022).

In vitro combination assays

In vitro drug interactions of ML and CL5564 were performed
using ex vivo L. amazonensis amastigotes (Fivelman et al., 2004;
Santos et al., 2022). Fractional inhibitory concentration indexes
(FICI) and the sum of FICIs (∑FICI) were calculated as follows:
FICI values = IC50 of the combo/IC50 of each compound alone.
An overall ∑FICI was then determined and used to classify the
nature of each interaction: ∑FICI ⩽ 0.5 = synergism; 0.5
<∑FICI ⩽ 4.0 = additive (no interaction); ∑FICI > 4.0 = antag-
onism (Odds, 2003; Rocha-Hasler et al., 2021).

In vivo activity studies

BALB/c mice were infected in the back right paw region with 5 ×
105 amastigotes of L. amazonensis purified from animal lesions.

Two males and two females were used in vehicle treated and
Milteforan™ group each, while for CL5564 and combination
groups, 3 males and 3 females were used. The size of the paw
lesion was measured every 2 days using a paquimeter (Santos
et al., 2020). From 15 to 19 days post-infection (dpi), the animals
were treated once a day with milteforan™ 40 mg kg−1 orally by
gavage, and with CL5564 at 10 mg kg−1 administrated intralesion-
ally. Also, a combo using milteforan™ 40 mg kg−1 plus CL5564
10 mg kg−1 was administrated by gavage and intralesionally,
respectively. For control, mice were treated intralesionally with
the vehicle consisting of 10% ethanol in citrate buffer 0.1 M pH
3.02. The animals were monitored until 50 dpi and then eutha-
nized. The paws’ lesions were then collected for imprint analysis
performed by Giemsa staining and light microscopy evaluation
of the parasite number in 10 random fields at 100× magnification
(Santos et al., 2022). Also, the lesion samples were processed for
qPCR quantification to determine the total parasite load. Briefly,
after homogenization of the skin lesion sample using the
Tissueruptor II (Qiagen, Hilden, Germany) for 30 s in 200 μL of
tissue lysis buffer (Roche, Basel, Switzerland), DNA was isolated
using the High Pure PCR Template Preparation kit (Roche,
Basel, Switzerland) according to manufacturer’s instructions.
At the final step of the protocol, DNA was eluted in 100 μL and
stored at −20°C until use. The real-time PCR assays were per-
formed using TaqMan system with primers and probe designed
for the 18S rDNA target in Leishmania (Filgueira et al., 2020).
In parallel, a TaqMan assay for the mouse GAPDH gene was
used as the internal control and to normalize the parasitic load
[Mouse GAPD (GAPDH) Endogenous Control – VIC/MGB
probe, primer limited. Cat. No: 4352339E (Applied Biosystems,
Foster City, USA)]. Reactions were carried out using 10 μL
FastStart Universal Master Mix [2X] (Roche, Basel,
Switzerland), 150 nM primer 18S rDNA F, 300 nM primer 18S
rDNA R, 200 nM 18S rDNA Tq (FAM/NFQ-MGB) and 5 μL
DNA, in a final volume of 20 μL. In parallel, assays containing
10 μL FastStart Universal Master Mix [2X] (Roche, Basel,
Switzerland), 2 μL mouse GAPD (GAPDH) endogenous control
[20X] (VIC/NFQ/MGB) and 5 μL DNA, in a final volume of
20 μL were done. Cycling conditions were a first step at 95°C
for 5 min, followed by 40 cycles at 94°C for 15 s and at 60°C
for 1 min. The amplifications were carried out in a Quantstudio
3 Real Time PCR system (Applied Biosystems, Foster City,
California, USA) and the threshold was set at 0.02 for all targets.
For the absolute quantification by real-time qPCR, mouse skin
samples (30mg) were spiked with 106 L. amazonensis (MHOM/
BR/77/LTB0016) promastigotes before DNA extraction. Standard
curves were prepared by DNA serial dilutions in a 1:10 dilution fac-
tor, and used in each qPCR plate, reaching from 105 to 1 parasite
equivalents/reaction and from 50 to 5 × 10−3 mg of mouse tissue.
The parasitic load was normalized by the mice tissue load, being
expressed as equivalents of parasite/mg of mouse tissue.

Negative and positive controls were used in all experiments. In
each batch of DNA extraction (up to 12 samples), one tube con-
taining 200 μL molecular biology water, instead of sample, was
used as negative control. In addition, in each real-time PCR
plate, 2 wells containing 5 μL of ultrapure water instead the DNA
sample were used as negative template control (NTC). As positive
controls, 5 μL each of Leishmania braziliensis DNA (at 1 pg μL−1

and 100 fg μL−1) were used in each real-time PCR plate. Each sam-
ple was assayed in technical duplicates. A sample was considered
positive (detectable Leishmania DNA) when the amplification
curve for the Leishmania target exceeded the fluorescence threshold
(set at 0.02) during the 40 PCR cycles, resulting in a Ct value. A
sample was considered negative (non-detectable Leishmania
DNA) when the amplification curve did not exceed the fluores-
cence threshold, resulting in Ct absence during the 40 cycles.
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Statistical analysis

Statistical analysis was performed using a unifactorial ANOVA
analysis with a significance level of P ⩽ 0.05. Three independent
assays (in triplicates) were performed for the ex vivo and cytotox-
icity approaches. For the in vitro intracellular amastigote assays, 2
independent experiments were performed in duplicates. For in
vivo, a proof of concept was performed using n = 3 (females
and male mice) for the CL5564 and CL +milteforan groups
while n = 2 was included for vehicle and milteforan-treated mice.

Results

Cytotoxicity analysis

First, the toxicity profile of miltefosine (ML) and CL5564 was
investigated towards PMM, and both gave a dose-dependent
toxic effect. The reference drug displayed a CC50 value of 139
μM while CL5564 showed a CC50 value of 155 μM after 48 h of
incubation (Table 1). Since the cytotoxicity assays showed a tox-
icity profile of the purine analogue towards the PMM after 120
h of incubation, the drug exposure in the following assays was
restricted to 48 h.

Activity against intracellular amastigotes in PMM

The activity of the compounds was inspected against the intracel-
lular forms of L. amazonensis in PMM. Our findings demon-
strated that infected and untreated cultures reached 91% of
parasitized host cells with about 6 intracellular parasites per
infected cell, resulting in an infection index of 588. When ML
was added, a dose-dependent reduction in the percentage of
infected PMM was observed, but not in the number of parasites
per infected host cell, except for the concentrations ⩾10 μm. On
the other hand, CL5564 resulted in a higher pronounced dose-
dependent reduction in both the percentage of infected cells
and the number of parasites per infected host cell, confirming
its high leishmanicidal activity (Table 1).

With an IC50-value of 0.56 μm CL5564 was significantly (P =
0.0002) more active than ML IC50 = 3.2 μm). The IC90 value of
CL5564 (1.01 μm) was 10-fold lower (P = 0.003) than that of
ML (10.49 μM), as well as its selectivity index (278 vs 43 for
ML), further indicating its potential as a leishmanicidal drug can-
didate (Table 1).

Activity against free amastigotes (ex vivo assay)

Next, assays were performed using ex vivo amastigotes obtained
directly from mice lesions and incubated at 32°C for 48 h with dif-
ferent concentrations of ML and CL5564 under well-standardized
protocols (Santos et al., 2022). As depicted in Table 1, our find-
ings showed low IC50 values for all studied conditions: CL5564
gave an IC50 of 0.41 μM, being significantly more potent
(3.8-fold) than ML (IC50 value of 1.54 μM) (P = 0.03).

In vitro combination assays

The combination of CL5564 plus ML was performed using free ex
vivo amastigotes. The results showed an overall additive effect
with the mean of the sum FICI equal to 1.07 after 48 h of incuba-
tion (Fig. 2).

In vivo combination assays

Lastly, a proof of concept was performed using L. amazonensis
infection in BALB/c female and male mice using intralesional
administration of CL5564 (10 mg kg day−1), which corresponds

to a p.o. dosing regimen that was previously shown to be well-
tolerated (Lin et al., 2022). The animal lesions were followed up
for 50 dpi that corresponded to the endpoint. In vehicle-treated
groups, the lesion increased significantly after 15 dpi, being larger
in female than male mice (Fig. 3A and B). The intralesional
administration of CL5564 at 10 mg kg−1 gave a similar efficacy
as milteforan™, as the lesion totally regressed (Fig. 3A and B)
in both genders. The reduction in the lesion size was 93–96%
and 97–100% for milteforan™ and CL5564, respectively. Also,
a combo of ML and CL5564 afforded almost complete lesion
reduction reaching >97% (Fig. 3A and B). The analysis by light
microscopy of the imprints confirmed the parasite load suppres-
sion in the lesions: while the number of amastigotes in vehicle-
treated cultures was about 290 amastigotes/field, no parasites
could be found in the cultures of the treated animals, even after
exploring more than 50 random fields, regardless of the studied
gender and the compound given alone or in combo (Fig. 3C
and D). To further investigate parasitological cure of the treated
mice, a quantitative PCR was performed. The leishmania load
in male mice reached a median of 117.9 Eq. of parasite/mg tissue
in the vehicle-treated group, while milteforan™, CL5564 and
combo gave 0.245, 0.403 and 0.002 Eq. parasite/mg tissue, respect-
ively (Fig. 3E). In males, we observed a 357 and 197-fold reduc-
tion in the parasite load in the groups treated with milteforan
and CL5564, respectively, when compared to vehicle-treated con-
trol groups. The combo showed a higher reduction in the parasite
load, being 45 800-fold lower than vehicle-treated males, which
proved 165- and 300-fold better than with milteforan™ and CL
alone, respectively (Fig. 3E). In females, we also observed reduc-
tions (80 and 100-fold) in the parasite load of the combo as com-
pared to the compounds alone (data not shown). In the combos
of both groups (females and males), 2/3 of the animals had nega-
tive qPCR, denoting sterile cure. It is important to highlight that
in all animals treated with the nucleoside derivative, no side
effects were noticed.

Discussion

According to WHO, leishmaniasis is a neglected tropical disease
(NTD) with a broad spectrum of clinical manifestations such as
cutaneous, visceral and mucocutaneous presentations caused by
more than 20 different species of the genus Leishmania that can
be transmitted by over 90 sandfly species (WHO, 2023).

The disease development is dependent on several factors such
as malnutrition, poor housing and deficient sanitary conditions,
host and parasite genetics, environmental and climate changes,
co-infections, among others. In fact, there is a straight correlation
between poverty and NTDs, keeping alive the poverty-disease
cycle (Teixeira-Neto et al., 2014; de Angeli Dutra et al., 2022;
de Vries and Schallig, 2022).

Due to the limited access and available medical care units, the
diagnosis is frequently performed when the disease has already
progressed, reducing the chances of a successful therapy. If left
untreated, the most aggressive form VL may be fatal. Still, the
other 2 clinical tegument forms also represent serious challengers
since they result in ulcers, scars, disabilities, stigmas and are fre-
quently associated with secondary infections that amplify the dis-
ease condition and delay the patient’s recovery (CDC, 2020).

Other important issues are related to the need to implemented
and sustained governmental and Mundial politics to strengthen
surveillance and control of parasite transmission, as well as the
urgent need for new therapeutic options (Baneth et al., 2020).

Available treatments for in situ (topic and intralesional) and
systemic administration have limited efficacy and are mainly com-
posed of old and toxic drugs. Moreover, these drugs also cause
side effects, are costly, and have become ineffective against

Parasitology 509

https://doi.org/10.1017/S0031182024000362 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182024000362


increasing drug-resistant parasite populations (de Koning, 2017;
Garza-Tovar et al., 2020). Thus, novel therapeutic options are
necessary, and phenotypic screening is believed to be the best
option to identify novel hits and lead compounds.

Kinetoplastid parasites such as T. brucei, T. cruzi and
Leishmania sp. are auxotrophic for purines, relying on the uptake
and assimilation of host purines. This makes the screening of pur-
ine nucleoside analogues as chemotherapeutic agents against such
protozoal infections very rewarding (el Kouni, 2003).

This study further explored the potential of CL5564, a methy-
lated analogue of tubercidin, previously found to exhibit promis-
ing in vitro activity and selectivity against both T. cruzi and L.
infantum. This analogue was already explored in an acute
Chagas disease mouse model. Although it dose-dependently
reduced parasitemia peak, at the highest dose (50 mg kg day−1),
it failed to protect against mice mortality, possibly due to acute
drug toxicity (Lin et al., 2022). Also, we also noticed acute toxicity
aspects (such as loss of animal weight) in a hamster model of vis-
ceral leishmaniasis that received oral administration of CL5564 at
50 mg kg day−1. However, in the mouse model of T. cruzi acute
infection, the lower doses (such as 12.5 and 25 mg kg day−1) did
not induce noticeable side effects. Thus, besides being well-
tolerated (12.5 mg kg day−1), CL5564 sustained its efficacy, being
able to reduce T. cruzi parasite load by 75% and providing
more than 83% of animal survival, while vehicle-treated group
displayed 100% mice mortality (Lin et al., 2022). Then, presently
CL5564 was given at non-toxic dose (10 mg kg day−1) by intrale-
sional route directly into the mice lesion as this route has already
been under clinical use for some leishmanicidal drugs such as
pentavalent antimonial. Under this protocol, presently no animal
side effect was observed.

The main objective of this study was to further investigate the
leishmanicidal activity of the 7-deaza-6-methylaminopurine
(CL5564) alone or in combination with the reference drug milte-
fosine using L. amazonensis parasites.

The cytotoxicity of CL5564 was assessed using PMM host
cells obtained from mice stimulated with thioglycolate.
Miltefosine (ML) and CL5564 displayed similar CC50 values of
139 and 155 μM after 48 h of treatment, respectively, which is in
line previously reported data (Santos et al., 2020, 2022; Lin
et al., 2022).

CL5564 proved more potent than ML against intracellular
(PMM) L. amazonensis infection (IC50 values of 0.56 and 3.20
μM after 48 h of incubation, respectively). Notably, this translated
into a superior selectivity index for CL5564 (278 vs 43). These
results met the criteria for further exploration of the efficacy of
CL5564 in vivo (Strovel et al., 2004; GHITF, 2023).

The earlier observed toxic events when administered orally at
50 mg kg−1 (Lin et al., 2022), led us to assess the effect of a rela-
tively low dose (10 mg kg day−1) of CL5564 upon intralesional
administration (Soto et al., 2018). In fact, in situ administration
of leishmanicidal and immunomodulatory agents has been
recommended by the WHO and by the Pan American Health
Organization (PAHO) as an alternative to the routine systemic
administration in patients with at least 5 lesions smaller than 4
cm in diameter, especially when the face or joints are not affected.
This alternative administration is easy and cheap and poses fewer
risks of toxic events. The in situ administration involves protocols
employing thermotherapy, cryotherapy, and may be particularly
relevant for localized clinical forms of the disease (Garza-Tovar
et al., 2020; Azim et al., 2021; Madusanka et al., 2022).

Another promising approach is the drug combination that has
been used for several diseases including those of infection origin.
Combos may act on different and/or complementary targets,
allowing the use of lower drug concentrations and thus reducing
toxic events (Wiwanitkit, 2012; Hendrickx et al., 2017; Gaibani
et al., 2019; Ianevski et al., 2021; Mao et al., 2021).

Besides targeting distinct and/or complementary mechanisms
of action, which minimizes the chances of parasite drug resist-
ance, drug combination may reach higher efficacy and lower inci-
dence of adverse and side effects. In addition, lower doses also
reduce the costs associated with research and development of
new entities or separate production processes (Ferraz et al.,
2022). In fact, different combos have been successfully reported
in clinical trials (Azim et al., 2021) as well as in experimental
models such as the milteforanTM plus paromomycin in L. infan-
tum infection (Hendrickx et al., 2017).

However, due to the limitation of evaluating many drug con-
centrations using infected PMM, ex vivo amastigotes purified
from mice lesions were chosen for the initial evaluation of drug
combination using the fixed-ratio method under well-
standardized protocols (Santos et al., 2020).

CL5564 demonstrated an almost 4-fold lower IC50 value
against the ex vivo amastigotes than ML. Upon combination an
additive effect was observed.

In BALB/c mice inoculated with the same Leishmania strain,
10 mg kg−1 of CL5564 gave a similar efficacy as 40 mg kg−1

milteforanTM, with a reduction higher than 93% after only 5

Table 1. Leishmanicidal activity on ex vivo and intracellular amastigotes of Leishmania amazonensis and toxicity on peritoneal mouse macrophages exposed for 48 h
to the studied drugs

IC50 (μM)
IC90 (μM) Toxicity

Ex vivo Intracellular Intracellular CC50 (μM) SI

Miltefosine 1.54 ± 0.86 3.20 ± 0.66 10.49 ± 3.87 138.87 ± 15.70 43

CL5564 0.41 ± 0.41a 0.56 ± 0b 1.01 ± 0c 155.40 ± 75.39d 278

The selectivity index (SI) is relative to intracellular IC50 and CC50 on macrophages.
Note: Statistical analysis comparing the activity of CL5564 with Miltefosine in each different experimental conditions (ex vivo, intracellular, and toxicity in PMM): aP = 0.03, bP = 0.0002, cP =
0.003 and dP = 0.002

Figure 2. Isobologram of miltefosine and CL5564 used in combination. Result shows
an additive effect.
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days of intralesional administration. Quantification of the amasti-
gotes in animal lesions through light microscopy of the imprints
collected from the mice paws confirmed the control of parasite
burden in all treated groups. However, quantitative PCR indicated
that the combo was about 128-fold more effective than the separ-
ate drugs, resulting in 66% sterile cure, regardless of the animal
gender. The remaining positive animals (34%) of the combo
group presented a very low parasite burden, close to the limit of
detection.

Developing safer and shorter treatments given orally is the
ideal goal for treating any neglected tropical disease (Katsuno
et al., 2015). However, as stated by DNDi, while not achieving

an ideal oral drug, ‘few doses by parenteral route’ is acceptable
as target product profile for CL.

Our present findings justify further studies with nucleoside
analogues alone or in combination with reference drugs for CL,
also exploring parasitism reactivation as well as the host immuno-
logical profile. In fact, research studies performed by different
methodologies represent an academic cornerstone in the proposal
of novel therapies for NTD that receive little financial support for
the development of new drug despite affecting more than one bil-
lion people worldwide, especially those more vulnerable (women
and children), which urgently need faster, safer, and more effect-
ive therapies.

Figure 3. CL5564 and milteforanTM effect, alone or in combo, using a mouse cutaneous leishmaniasis model of L. amazonensis infection. In (A) and (B), the growth
of lesion volume monitored with a paquimeter for female and male mice, respectively. The inset graph is a zoom of the drug-treated groups. In (C) is the number of
amastigotes’ quantification by light microscopy in 10 FOV; (D) representative images of imprint paws from the different animal groups; and (E) represents the deter-
mination of parasite load by qPCR and (F) the qPCR positivity percentage in all groups.

Parasitology 511

https://doi.org/10.1017/S0031182024000362 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182024000362


Data availability statement. The data are available at Cellular Biology
Laboratory/IOC/Fiocruz.

Acknowledgements. The authors thank RPT11F (Rede de Plataformas
Tecnológicas da Fiocruz, IOC/Fiocruz).

Author contributions. MNCS, SVC and GC conceived and designed the
study. RDG, CP, CL, OM, LASR, MMB, RA and DGJB conducted the experi-
mental methodology and data gathering. RDG and CP performed statistical
analyses. MNCS, CP and RDG wrote and revised the article.

Financial support. The Carlos Chagas Filho Foundation for Research
Support of the State of Rio de Janeiro (FAPERJ), National Council for
Scientific and Technological Development (CNPq), Oswaldo Cruz
Foundation, PAEF/CNPq/Fiocruz, and CAPES funded this study. MNCS
and OM are research fellows from CNPq and CNE.

Competing interests. The authors declare there are no conflicts of interest.

Ethical standards. All procedures were carried out in accordance with the
guidelines established and approved by the Fiocruz Committee of Ethics for
the Use of Animals (CEUA L038/2017 A3).

References

Akbari M, Oryan A and Hatam G (2021) Immunotherapy in treatment of
leishmaniasis. Immunology Letters 233, 80–86.

Akhoundi M, Kuhls K, Cannet A, Votypka J, Marty P, Delaunay P and
Sereno D (2016) A historical overview of the classification, evolution,
and dispersion of Leishmania parasites and sandflies. PLoS Neglected
Tropical Diseases 10, e0004349.

Aoki JI, Yamashiro-Kanashiro EH, Ramos DC and Cotrim PC
(2009) Efficacy of the tubercidin antileishmania action associated
with an inhibitor of the nucleoside transport. Parasitol Research 104,
223–228.

Araújo-Jorge TC and Castro SL (2000) 18.2 Protocolos de cultura primária.
In Araújo-Jorge TC and de Castro SL (Orgs.), Doença de Chagas: Manual
Para Experimentação Animal. Rio de Janeiro: Editora FIOCRUZ.
SCIELO, pp. 297–313.

Azim M, Khan SA, Ullah S, Ullah S and Anjum SI (2021) Therapeutic
advances in the topical treatment of cutaneous leishmaniasis: a review.
PLOS Neglected Tropical Diseases 15, e0009099.

Baneth G, Bates PA and Olivieri A (2020) Host–parasite interactions in
vector-borne protozoan infections. European Journal of Protistology 76,
125741.

Bouton J, Ferreira de Almeida Fiuza L, Cardoso Santos C, Mazzarella MA,
Soeiro MNC, Maes L, Karalic I, Caljon G and Van Calenbergh S (2021)
Revisiting pyrazolo[3,4-d]pyrimidine nucleosides as anti-Trypanosoma
cruzi and antileishmanial agents. Journal of Medicinal Chemistry 64,
4206–4238.

Campagnaro GD and de Koning HP (2020) Purine and pyrimidine transpor-
ters of pathogenix protozoa – conduits for therapeutic agents. Medicinal
Research Reviews 40, 1679–1714.

CDC (2020) About Leishmaniasis. Centers for Disease Control and
Prevention. https://www.cdc.gov/parasites/leishmaniasis/gen_info/faqs.html

de Angeli Dutra D, Poulin R and Ferreira FC (2022) Evolutionary conse-
quences of vector-borne transmission: how using vectors shapes host, vector
and pathogen evolution. Parasitology 149, 1667–1678.

de Koning HP (2017) Drug resistance in protozoan parasites. Emerging Topics
in Life Sciences 1, 627–632.

de Vries HJC and Schallig HD (2022) Cutaneous leishmaniasis: a 2022
updated narrative review into diagnosis and management developments.
American Journal of Clinical Dermatology 23, 823–840.

DNDi (2020) Target product profile for cutaneous leishmaniasis. https://
dndi.org/diseases/cutaneous-leishmaniasis/target-product-profile/ (accessed
07 February 2024).

el Kouni MH (2003) Potential chemotherapeutic targets in the purine metab-
olism of parasites. Pharmacology & Therapeutics 99, 283–309.

Ferraz LRM, Silva LCPBB, Souza MLD, Alves LP, Sales VDAW, Barbosa
IDNG, Andrade MCD, Santos WMD, Rolim LA and Rolim-Neto PJ
(2022) Drug associations as alternative and complementary therapy for
neglected tropical diseases. Acta Tropica 225, 106210.

Fivelman QL, Adagu IS and Warhurst DC (2004) Modified fixed-ratio isobolo-
gram method for studying in vitro interactions between atovaquone and pro-
guanil or dihydroartemisinin against drug-resistant strains of Plasmodium
falciparum. Antimicrobial Agents and Chemotherapy 48, 4097–4102.

Gaibani P, Lombardo D, Bartoletti M, Ambretti S, Campoli C, Giannella
M, Tedeschi S, Conti M, Mancini R, Landini MP, Re MC, Viale P and
Lewis RE (2019) Comparative serum bactericidal activity of meropenem-
based combination regimens against extended-spectrum beta-lactamase
and KPC-producing Klebsiella pneumoniae. European Journal of Clinical
Microbiology & Infectious Diseases 38, 1925–1931.

Garza-Tovar TF, Sacriste-Hernandez MI, Juarez-Duran ER and Arenas R
(2020) An overview of the treatment of cutaneous leishmaniasis. Faculty
Reviews 9, 28.

GHITF (2023) Hit-to-Lead Platform. Global Health Innovative Technology
Fund. https://globalhealthprogress.org/collaboration/global-health-innovative-
technology-ghit-fund/

Hendrickx S, Van den Kerkhof M, Mabille D, Cos P, Delputte P, Maes L
and Caljon G (2017) Combined treatment of miltefosine and paromomycin
delays the onset of experimental drug resistance in Leishmania infantum.
PLoS Neglected Tropical Diseases 11, e0005620.

Hulpia F, Campagnaro GD, Scortichini M, Van Hecke K, Maes L, de
Koning HP, Caljon G and Van Calenbergh S (2019) Revisiting tubercidin
against kinetoplastid parasites: aromatic substitutions at position 7 improve
activity and reduce toxicity. European Journal of Medicinal Chemistry 164,
689–705.

Ianevski A, Yao R, Zusinaite E, Lello LS, Wang S, Jo E, Yang J, Ravlo E,
Wang W, Lysvand H, Loseth K, Oksenych V, Tenson T, Windisch MP,
Poranen MM, Nieminen AI, Nordbo SA, Fenstad MH, Grodeland G,
Aukrust P, Troseid M, Kantele A, Lastauskiene E, Vitkauskiene A,
Legrend N, Merits A, Bjoras M and Kainov DE (2021) Synergistic
interferon-alpha-based combinations for treatment of SARS-CoV-2 and
other viral infections. Viruses 13, 2489.

Katsuno K, Burrows JN, Duncan K, Hooft van Huijsduijnen R, Kaneko T,
Kita K, Mowbray CE, Schmatz D, Warner P and Slingsby BT (2015) Hit
and lead criteria in drug discovery for infectious diseases of the developing
world. Nature Reviews Drug Discovery 14, 751–758.

Lin C, Jaen Batista DDG, Mazzeti AL, Donola Girao R, de Oliveira GM,
Karalic I, Hulpia F, Soeiro MNC, Maes L, Caljon G and Van
Calenbergh S (2022) N(6)-modification of 7-deazapurine nucleoside analo-
gues as anti-Trypanosoma cruzi and anti-Leishmania agents: structure–
activity relationship exploration and in vivo evaluation. European Journal
of Medicinal Chemistry 231, 114165.

Mabille D, Ilbeigi K, Hendrickx S, Ungogo MA, Hulpia F, Lin C, Maes L, de
Koning HP, Van Calenbergh S and Caljon G (2022) Nucleoside analogues
for the treatment of animal trypanosomiasis. International Journal for
Parasitology. Drugs and Drug Resistance 19, 21–30.

Madusanka RK, Silva H and Karunaweera ND (2022) Treatment of cutane-
ous leishmaniasis and insights into species-specific responses: a narrative
review. Infectious Diseases and Therapy 11, 695–711.

Mao J, Li T, Zhang N, Wang S, Li Y, Peng Y, Liu H, Yang G, Yan Y, Jiang L,
Liu Y, Li J and Huang X (2021) Dose optimization of combined linezolid
and fosfomycin against enterococcus by using an in vitro pharmacokinetic/
pharmacodynamic model. Microbiology Spectrum 9, e0087121.

Odds FC (2003) Synergy, antagonism, and what the chequerboard puts
between them. Journal of Antimicrobial Chemotherapy 52, 1.

Rocha-Hasler M, de Oliveira GM, da Gama AN, Fiuza LFA, Fesser AF, Cal M,
Rocchetti R, Peres RB, Guan XL, Kaiser M, Soeiro MNC and Maser P (2021)
Combination with tomatidine improves the potency of posaconazole against
Trypanosoma cruzi. Frontiers in Cellular and Infectection Microbiology 11,
617917.

Romanha AJ, Castro SL, Soeiro MN, Lannes-Vieira J, Ribeiro I, Talvani A,
Bourdin B, Blum B, Olivieri B, Zani C, Spadafora C, Chiari E, Chatelain
E, Chaves G, Calzada JE, Bustamante JM, Freitas-Junior LH, Romero LI,
Bahia MT, Lotrowska M, Soares M, Andrade SG, Armstrong T, Degrave
W and Andrade ZA (2010) In vitro and in vivo experimental models for
drug screening and development for Chagas disease. Memórias do
Instituto Oswaldo Cruz 105, 233–238.

Santos CC, Zhang H, Batista MM, de Oliveira GM, Demarque KC, da
Silva-Gomes NL, Moreira OC, Ogungbe IV and Soeiro MNC (2020)
In vitro and in vivo evaluation of an adamantyl-based phenyl
sulfonyl acetamide against cutaneous leishmaniasis models of Leishmania
amazonensis. Antimicrobial Agents and Chemotherapy 64, e01188–20.

512 Cassandra Present et al.

https://doi.org/10.1017/S0031182024000362 Published online by Cambridge University Press

https://www.cdc.gov/parasites/leishmaniasis/gen_info/faqs.html
https://dndi.org/diseases/cutaneous-leishmaniasis/target-product-profile/
https://dndi.org/diseases/cutaneous-leishmaniasis/target-product-profile/
https://dndi.org/diseases/cutaneous-leishmaniasis/target-product-profile/
https://globalhealthprogress.org/collaboration/global-health-innovative-technology-ghit-fund/
https://globalhealthprogress.org/collaboration/global-health-innovative-technology-ghit-fund/
https://doi.org/10.1017/S0031182024000362


Santos CC, Zhang H, Batista MM, de Oliveira GM, Demarque KC, da Silva
NL, Moreira OC, Ogungbe IV and Soeiro MNC (2022) Phenotypic inves-
tigation of 4-nitrophenylacetyl- and 4-nitro-1H-imidazoyl-based com-
pounds as antileishmanial agents. Parasitology 149, 490–495.

Soto J, Soto P, Ajata A, Rivero D, Luque C, Tintaya C and Berman J (2018)
Miltefosine combined with intralesional pentamidine for Leishmania brazi-
liensis cutaneous leishmaniasis in Bolivia. American Journal of Tropical
Medicine and Hygiene 99, 153–1155.

Steverding D (2017) The history of leishmaniasis. Parasites & Vectors 10, 82.
Strovel J, Sittampalam S, Coussens NP, Hughes M, Inglese J, Kurtz A,

Andalibi A, Patton L, Austin C, Baltezor M, Beckloff M, Weingarten
M and Weir S (2004) Early drug discovery and development guidelines:
for academic researchers, collaborators, and start-up companies. In
Markossian S, Grossman A, Brimacombe K, Arkin M, Auld D, Austin C,
Baell J, Chung TDY, Coussens NP, Dahlin JL, Devanarayan V, Foley TL,

Glicksman M, Gorshkov K, Haas JV, Hall MD, Hoare S, Inglese J,
Iversen PW, Kales SC, Lal-Nag M, Li Z, McGee J, McManus O, Riss T,
Saradjian P, Sittampalam GS, Tarselli M, Trask Jr OJ, Wang Y, Weidner
JR, Wildey MJ, Wilson K, Xia M and Xu X (eds), Assay Guidance
Manual. Bethesda, MD: Eli Lilly & Company and the National Center for
Advancing Translational Sciences, pp. 1–35.

Teixeira-Neto RG, da Silva ES, Nascimento RA, Belo VS, de Oliveira C,
Pinheiro LC and Gontijo CM (2014) Canine visceral leishmaniasis in an
urban setting of Southeastern Brazil: an ecological study involving spatial
analysis. Parasites & Vectors 7, 485.

WHO (2023) Leishmaniasis. World Health Organization. https://www.who.
int/health-topics/leishmaniasis#tab=tab_1

Wiwanitkit V (2012) Interest in paromomycin for the treatment of visceral
leishmaniasis (kala-azar). Therapeutics and Clinical Risk Management 8,
323–328.

Parasitology 513

https://doi.org/10.1017/S0031182024000362 Published online by Cambridge University Press

https://www.who.int/health-topics/leishmaniasis#tab=tab_1
https://www.who.int/health-topics/leishmaniasis#tab=tab_1
https://doi.org/10.1017/S0031182024000362

	N6-methyltubercidin gives sterile cure in a cutaneous Leishmania amazonensis mouse model
	Introduction
	Materials and methods
	Animals
	Parasites
	Peritoneal mouse macrophage (PMM)
	Compounds
	Cytotoxicity assay
	Activity against free amastigotes (ex vivo assay)
	Activity against intracellular amastigotes in PMM
	In vitro combination assays
	In vivo activity studies
	Statistical analysis

	Results
	Cytotoxicity analysis
	Activity against intracellular amastigotes in PMM
	Activity against free amastigotes (ex vivo assay)
	In vitro combination assays
	In vivo combination assays

	Discussion
	Acknowledgements
	References


