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Introduction

Current leishmaniasis drug discovery
Alessandra Campbell Pinheiro @®* and Marcus Vinicius Nora de Souza @ *

Leishmaniasis is a complex protozoan infectious disease and, associated with malnutrition, poor health
services and unavailability of prophylactic control measures, neglected populations are particularly affected.
Current drug regimens are outdated and associated with some drawbacks, such as cytotoxicity and
resistance, and the development of novel, efficacious and less toxic drug regimens is urgently required. In
addition, leishmanial pathogenesis is not well established or understood, and a prophylactic vaccine is an
unfulfilled goal. Human kinetoplastid protozoan infections, including leishmaniasis, have been neglected for
many years, and in an attempt to overcome this situation, some new drug targets were recently identified,
enabling the development of new drugs and vaccines. Compounds from new drug classes have also
shown excellent antileishmanial activities, some of the most promising ones included in clinical trials, and
could be a hope to control the disease burden of this endemic disease in the near future. In this review,
we discuss the limitations of current control methods, explore the wide range of compounds that are
being screened and identified as antileishmanial drug prototypes, summarize the advances in identifying
new drug targets aiming at innovative treatments and explore the state-of-art vaccine development field,
including immunomodulation strategies.

three clinical forms: visceral, cutaneous, and mucocutaneous,
that differ in their immunopathologies and degree of

Leishmaniasis is a devastating infectious disease caused by
protozoan parasites from the Leishmania species, widespread
across the globe and mainly present in parts of the tropics,
subtropics, and southern Europe. This disease, transmitted
to humans by female sand flies of the genera Phlebotomine
(old world) and Lutzomyia (new world), is mainly found in
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mortality. This disease is considered the third most
important vector-borne parasitic disease, after lymphatic
filariasis and malaria.!

Associated with malnutrition, poor domestic sanitary
conditions, a weak immune system, and lack of financial
resources, neglected populations are particularly affected,
with little interest from public health authorities to
implement activities to research, prevent or control the
disease. According to the World Health Organization, more
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than 1 billion people live in areas endemic for leishmaniasis
and are at risk of infection. An estimated one million new
cases of cutaneous, and 30000 new cases of visceral
leishmaniasis occur annually, affecting mainly some of the
poorest people on earth.'?

Visceral leishmaniasis (VL), also known as kala-azar, is
fatal if untreated in over 95% of cases. It is characterized by
weight loss, irregular bouts of fever, anemia, and
enlargement of the spleen and liver. Most cases occur in East
Africa, Brazil, India, China, Iraq, and Nepal. An estimated
50000 to 90000 new cases of VL occur worldwide annually
and are one of the top parasitic diseases with mortality
potential.!

VL is caused by Leishmania infantum in Europe, North
Africa, and Latin America, and Leishmania donovani in East
Africa and the Indian subcontinent."?

Additionally, a considerable proportion of successfully
cured VL patients develop macular, papular or nodular
rashes usually on the face, upper arms, and other parts of
the body after a few months or years. This condition is
nominated as post-kala-azar dermal leishmaniasis, and these
individuals, which are difficult to treat with current drugs,
are a potential threat for disease transmission to non-
endemic areas.™*

Cutaneous leishmaniasis (CL) is the most common form
of leishmaniasis and manifests as a variety of cutaneous
symptoms ranging from simple skin lesions and ulcers to
disfiguring lesions on exposed parts of the body, leaving life-
long scars.” This form of the disease is not life threatening,
unlike VL, but infected people are subjected to serious
disability or stigma, leading to psychological damage and
impaired access to employment, marriage, and education.®”’

Most of the estimated 600000 to one million new
cases worldwide annually occur in the Mediterranean
basin, the Middle East and Central Asia, and the
Americas (Fig. 1). Approximately 20 species of Leishmania
are able to infect macrophages in the dermis, being the

Number of new VL cases, 2019
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Fig. 1 Status of endemicity of visceral leishmaniasis, 2019. Source:
Control of Neglected Tropical Diseases (NTD), World Health
Organization.
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main species in the old world Leishmania major in dry
desertic regions and Leishmania tropica in urban areas,
and in the new world, mainly Latin America, Leishmania
mexicana, Leishmania amazonensis, Leishmania chagasi,
Leishmania panamensis, and Leishmania braziliensis are the
most observed species.’

Mucocutaneous leishmaniasis (ML) causes partial or
complete destruction of mucous membranes of the nose,
mouth, and throat, and it is considered the most disabling
form of the disease. Over 90% of ML occur in Brazil, Bolivia,
Ethiopia, and Peru, and Leishmania braziliensis is responsible
for most cases."”*

Leishmania-HIV co-infection

Most people who become infected with the parasite do not
become sick during their lifetime. Therefore, the term
leishmaniasis refers to individuals who develop symptoms of
a Leishmania infection, not being only infected with the
parasite. It is important to mention that leishmaniasis is
often observed in neglected populations because a weak
immune system increases the risk of progression from
asymptomatic to symptomatic visceral or cutaneous forms.
Similarly, in a state of compromised immunity, such as that
observed in HIV co-infected patients, leishmaniasis is
difficult to treat and is often associated with high rates of
relapse and mortality.*

Limited information is available on drug interactions of
antileishmanial and antiretroviral drugs. Treatment of VL-
HIV co-infection is challenging, and case fatality rates are
high, especially in settings still relying on antimonials,
reaching up to 25%.% High Leishmania-HIV co-infection rates
are reported in Brazil, Ethiopia, and India."’

Pathogenesis of leishmaniasis

This parasitic infection has two life cycles: a promastigote
flagellar form found in the female phlebotomine sandfly
vector and the intracellular amastigote form, which develops
in the mammalian host. Transmission to the human host
occurs by inoculation of promastigotes of the insect vector
into the skin. Parasites are internalized by macrophages and
transform into amastigote forms, losing their flagella and
being able to replicate in mammalian hosts. This form
causes illness to humans, since Leishmania is able to survive
and multiply in the acidic environment of the lysosome,
causing dissemination through the lymphatic and vascular
systems.” At this moment, the parasite interacts with its host
immune system in different ways, modifying the expression
and secretion of cytokines, in order to modulate immune cell
flux to the infection site and unfavoring an effective host
response to the infection. This complex parasitic-host
relationship depends on several parameters, such as host
genetic and health factors and the diversity of parasite
strains.'”

This journal is © The Royal Society of Chemistry 2022
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Treatment

The pentavalent antimonial salts sodium stibogluconate and
meglumine antimonate have been the main compounds used
for decades to treat visceral, cutaneous, and mucocutaneous
leishmaniasis. Being the only specific antileishmanial
compounds used to date in the current drug regimen, and
due to the emergence of parasites resistant to these
compounds, other drugs have been repurposed, such as
pentamidine and paromomycin (antimicrobials),
amphotericin B, fluconazole and ketoconazole (antifungals)
and miltefosine (antitumor) (Fig. 2). These are the only
alternative medicines currently used, and are associated with
serious shortcomings, such as toxicity and the requirement
of prolonged administration. Additionally, it has been
reported that treatment with amphotericin B does not reach
a sterile cure and is also associated with increasing rates of
kala azar dermal leishmaniasis and the development of
resistant parasites in clinical settings.**™*

In this way, the therapeutic use of available drugs has
declined due to low efficacy, high toxicity, and the advent of
drug resistance. Unfortunately, we do not yet have a vaccine,
either prophylactic or preventive, for leishmaniasis available
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for clinical use, as the leishmanial pathogenesis has not yet
been fully elucidated.

In recent years, few new drugs have been approved against
leishmaniasis worldwide. The greatest efforts are observed in
the screening of new combinations of known drugs replacing
monotherapy, as a way to reduce the emergence of resistant
strains. This is a worrying fact, considering that the available
drugs have some limitations in addition to the gradual
increase in resistance, such as safety, toxicity, side effects,
price, feasibility, and efficacy.

Clearly, the development of a vaccine is not a reality in the
near future. Repositioning strategies have shown potential to
enable the discovery of new medicines for this disease, but
the identification of new drug targets and the development of
new leishmanicidal agents should be prioritized.">**'*

Pentavalent antimonials

Sodium stibogluconate (pentosam) and branded meglumine
antimoniate have been used for several decades (they were
first introduced in 1945) and remain the drugs of choice
where resistance is not observed, but the growing incidence
of resistance limits their use in endemic areas. These drugs
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are limited by the need of daily parenteral administration for
all treatments, VL, ML, and CL, requiring hospitalization in
most cases.'®

The pentavalent antimoniate, identified as a pro-drug, is
reduced to trivalent antimoniate, the active form of the drug,
either in the parasite or in the macrophages, although the
exact mechanisms of action remain to be identified. Some of
the main studies carried out identified that after reduction to
Sb™ in host cells, apoptosis is induced by oxidative stress
promotion and intracellular Ca** generation. Other studies
also indicate an indirect effect of Sb on the host's immune
responses.'”

Recent in vitro studies on Leishmania-resistant species
reveal the diminished capacity to reduce the pentavalent to
trivalent form, and this loss of drug activation is closely
associated with drug resistance, along with the inappropriate
or incorrect use of this medication over the years in endemic
areas.'®"

Amphotericin B

Amphotericin B is a widespread polyene antifungal
medication that is also used to treat life-threatening
protozoan infections, such as all forms of leishmaniasis and
primary amoebic meningoencephalitis.>® Although there is a
consensus on the effectiveness of amphotericin B
formulations, some factors limit its use in clinical practice,
such as the low bioavailability and the need for intravenous
administration, and  especially the indispensable
hospitalization of patients for treatment, due to the possible
serious side effects that may arise. Its use is commonly
associated with severe and potentially fatal side effects,
including high fever, hypotension, nausea, headache, renal
and liver failure, and allergic symptoms such as anaphylaxis
may also occur.™

This drug shows high affinity for ergosterol, which is
found in the cell membranes of fungi and protozoa, and
since these species are not able to survive without ergosterol,
the enzymes that synthesize it have become important drug
targets for drug discovery in recent years. Ergosterol is also a
provitamin form of vitamin D,, an important nutrient for
human health."®

Paromomycin

Paromomycin is a broad-spectrum antibiotic produced by
bacterial spp. Streptomyces rimosus, and originally developed
for the treatment of intestinal protozoans in the 1960s. Its
use was later expanded to treat a number of parasitic
infections, such as amoebiasis, cryptosporidiosis, and
giardiasis, and was also considered an effective oral
treatment for human VL in combination with miltefosine in
2002. Paromomycin belongs to the aminoglycoside drug
family and 1is toxic to the kidneys and ears. Its
pharmacological activity is based on protein synthesis
inhibition in nonresistant cells, acting on ribosomal proteins
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and mitochondrial membrane depolarization in the parasite,
but the exact mechanism of action is largely unclear.*!

Although it has a good cost-benefit ratio, with the cost of
treatment per patient of only 10 dollars, this medicine is
poorly absorbed orally, being rapidly eliminated and excreted
by the kidneys unchanged, therefore intramuscular or
intravenous administration is needed. Even with parenteral
administration, the need of frequent dosing can lead to
serious side effects, including nephrotoxicity, ototoxicity and
hepatotoxicity. Paromomycin is able to treat both VL and CL,
but it has limited use in endemic regions.*>"**

Miltefosine

Developed originally as an anticancerous agent, it is the first
oral drug used for the treatment of leishmaniasis and is used
to treat all forms of this disease.'® Its mode of action, in this
case very similar against both Leishmania parasites and
human cancer cells, involves an induction of an apoptosis-
like mechanism of cell death, but only a few of the targets
involved in this process have already been identified. This
drug is also able to cause a disturbance of lipid-dependent
cell signaling pathways and to modulate the host's immune
responses to parasites, inducing the production of the
proinflammatory cytokine interferon-y."?

The most advantageous characteristic of miltefosine is
related to its pharmacokinetic properties, especially its high
bioavailability and slow absorption process, allowing oral
administration and restricting the need for hospitalization.®
In addition to its activity against Leishmania protozoan
parasites and cancer cells, this drug is also active against
other kinetoplastid parasites, various pathogenic bacteria
and fungi.*®* Moreover, recent studies in Brazil, one of the
most affected countries to leishmaniasis burden,
demonstrated the absence of decreased susceptibility to
miltefosine in L. infantum for the 73 strains tested.**

Although the use of miltefosine has simplified the
treatment, severe gastrointestinal side effects can be observed
and, after the identification of some cases in endemic
areas,” recently resistance to this drug was first reported in
clinical studies. Some patients relapsed after 9-12 months
after successful treatment with this drug and, additionally,
its use limitations include teratogenicity and abortifacient
nature, which prevents its use in pregnancy.”*>°

Pentamidine

Pentamidine is an aromatic diamine, and its isothionate and
methanesulfonate salts are mainly used for the treatment of
VL. The exact mode of action is still unknown, but it has
been reported that the drug passes through the surface
protein membrane of Leishmania donovani promastigotes
through arginine and polyamine transporters. Drug
resistance is observed after an alteration in the polyamine
carrier that might be responsible for the alteration to the
surface protein nature and content leading to decreased
influx of the drug.®

This journal is © The Royal Society of Chemistry 2022
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This drug is highly toxic, limiting its use in treatment
against leishmaniasis: it hypoglycemia,
diabetes  mellitus, nephrotoxicity, hypotension and
myocarditis. Due these to serious side effects pentamidine is
rarely used in clinical practice. Additionally, it is known that
Leishmania parasites inhibit hepatic drug metabolism, and
this possibly decreases systemic levels of pentamidine in
patients, since it is metabolized by P450 enzymes in human
liver microsomes. However, these theories were never fully
elucidated by a robust pharmacokinetic study of pentamidine
in VL patients."”*”

causes severe

Azoles

Oral antifungal azoles can be tested as an alternative for
treating CL, especially fluconazole and ketoconazole, in
combination with other drugs. Evaluation of this class is
underway against leishmaniasis, and so far has resulted in
conflicting outcomes on different continents.*®**° This
administration must be individualized, since azoles, as well
as all other therapies/regimens to treat CL, appear highly
effective only for some strains in certain specific regions of
the world. Additionally, potential benefits must be compared
to the risks of hepatotoxicity and, in the case of fluconazole,
the risk of agranulocytosis."®

Another antileishmanial agent considered promising as
an oral treatment option was sitamaquine, an
8-aminoquinoline derivative formerly synthesized as an
antimalarial prototype in the same study that identified
primaquine. This compound reached phase 2-b randomized
clinical trials, but severe side effects, including vomiting,
cyanosis, and nephritic syndrome dyspepsia led to
interruption of its development in 2017.%%%

Local therapies

These approaches are often applied to treat clinically simple
CL lesions, and parasite strains not associated with an
increased risk for ML insurgence. Thermotherapy and
cryotherapy, intralesional injections of pentavalent
antimonials, topical creams with standard available drugs
such as paromomycin, photodynamics or CO, laser treatment
can be used. It is the choice treatment for such conditions,
alone or in combination with systemic drug administrations,
but in some cases painful for the patient, as bedsores
overlying ulcers need to be previously debrided to maximize
the obtained results."®

Among all, the most widespread procedure is
thermotherapy, which causes local injury in skin lesions by
promoting direct heat in specific infected areas and is
employed with moderate success. This has the same objective
of cryotherapy and CO, laser administration, the latter being
considered an improvement in the thermotherapy field, able
to reduce healing time and reach higher cure rates when
compared to intralesional antimonial injections.** Other
studies are on course with promising results, such as local
electric field stimulation,®® and diverse topical treatment

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Current leishmaniasis therapy: treatment options.

strategies are currently in clinical and preclinical trials, such
as formulations containing paromomycin, imiquimod,
miltefosine, morphine, and buparvaquone components.?*>*

A summary of the treatment options currently available
for leishmaniasis is shown in Fig. 3.

New drug prototypes - progress and
pitfalls

Parasitic diseases such as leishmaniasis are still a threat to
humanity, due to the limited effectiveness of the existing
chemotherapy and the lack of incentive to develop new
therapeutic agents. The progress in the development of new
leishmanicidal drugs has been limited by some key factors,
the most important being the perception that the high cost
of investment is insufficient to guarantee a return on it
because, like most cases occur in developing countries,
pharmaceutical companies fear there is no market, as few
people could pay high prices for new drugs. Another factor,
especially for cutaneous leishmaniasis, is the belief that there
is no great need for new drugs on the market because skin
diseases are rarely fatal.>” The discovery of a new drug is a
long and expensive process, estimated to cost approximately
1.8 billion dollars and last 10-17 years.*®

In relation to the development of novel treatments for
leishmaniasis, it is important to emphasize that the two main
manifestations of the disease, VL and CL, although belonging
to the same genus of parasite, differ substantially in the
requirement of different pharmacokinetic profiles and
compound formulations.” Additionally, novel cutaneous
antileishmanial drugs need to overcome a special feature of
this disease: it is indispensable to pass through deeper
vascularized dermis, other than most antibacterial and
antifungal skin medicines that target avascular superficial
layers of the skin.’

Despite the factors that limit the interest of large
pharmaceutical companies in the development of therapeutic

RSC Med. Chem., 2022, 13,1029-1043 | 1033
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agents, new antileishmanial drugs have been persistently
required to reduce adverse effects and to overcome the
evidence of increasing resistance to the available medicines.
New chemical classes are being explored through library
screenings, resulting in partnerships of biotech companies
and pharmaceutical industries, but a low number of
validated targets or the lack of connection between molecular
phenotypes and the screening tests are limitations that must
be overcome.®® Repurposing strategies in the search for new
treatments for leishmaniasis are also becoming useful, since
information about their pharmacokinetic and safety profiles
is already available.'>*® Herbal extracts have also been
studied in VL endemic countries with good results.?”

Given that it is considered the most serious and
potentially fatal form of the disease, VL is actually the main
target of most developing compounds, and new chemical
entities are showing promising activities in experimental
models, progressing into clinical phase 1 trials. Included in
this context are the new antileishmanial classes
nitroimidazoles and benzoxaboroles, with DNDI-0690 and
DNDI-6148 as lead compounds, respectively, the
pyrazolopyrimidine scaffold recognized as CRK-12 kinase
inhibitors, developed in a partnership with GSK (GSK899/
DDD853651 and GSK 245/DDD1305143), and the proteasome
inhibitors, with the triazolopyrimidine LXE-408 as lead
compound.®® Being under development against CL, CpG-D35
compounds, synthetic oligonucleotides that act as enhancers
of the effector immune response, are under phase 1
in the treatment of post-kala-azar dermal
leishmaniasis and  complicated  cutaneous  forms.
Additionally, DNDI 6174, another drug candidate with the
benzoxaborole nucleus, is under evaluation in the preclinical
phase, according to the portfolio of DNDi (Table 1).

DNDI-5561, an aminopyrazole derivative developed in a
screening programme with Pfizer, was the most advanced
compound of this series in clinical trials up to 2019 but, due
to unfavorable safety results, was withdrawn from studies in
phase 1.%

evaluation

Nitroimidazole class (DNDI-0690)

The nitroimidazole class of drugs, including nitroimidazo-
oxazole and nitroimidazo-oxazine derivatives, is well known
to have a broad spectrum of antiparasitic properties.*"*> The
7-substituted nitroimidazo-oxazine compound, identified as

Table 1 DNDi leishmaniasis portfolio in June, 2021. Development of new oral combination treatments with new chemical entities (NCEs

RSC Medicinal Chemistry

DNDi-0690 and entering phase 1 clinical development, was
effective against intramacrophage forms of L. infantum and L.
donovani (ECso = 93 and 60 nM, respectively) and practically

nontoxic (SI = 1000) to mammalian cells (Fig. 4).
Additionally, in preliminary studies, this compound
presented no mutagenic potential and high oral

bioavailability.">** This compound, a clinical drug candidate
for visceral leishmaniasis, seems to be also promising against
cutaneous leishmaniasis, with pharmacokinetics studies in
mouse models presenting rapid accumulation and potent
activity in the Leishmania-infected dermis when administered
orally.**

Before DNDi-0690, other compounds elaborated in
partnerships with DNDi had their development interrupted
due to unsatisfactory results in preclinical trials against
leishmaniasis, such as the lead compounds VL-2098 (ref. 42
and 45) (Fig. 4) and fexinidazole.*® The development of VL-
2098 was interrupted due to adverse effects observed during
toxicological studies, and fexinidazole, a DNA synthesis
inhibitor, proved to be more effective against other neglected
diseases and is currently used for the oral treatment of
human African trypanosomiasis (HAT; also known as
sleeping sickness) and Chagas' disease."”

In addition to the compounds found in clinical tests,
other studies with these nuclei are underway.’”””*® In one of
them, a 900-compound pretomanid analog library was
screened, and other 2-nitroimidazooxazine hits displaying
excellent activities against Leishmania infantum and suitable
solubility were identified.** Additional studies identified the
compound DNDi-8219, a trifluoromethoxy-3-phenoxy the
most promising compound, mainly due to its high oral
bioavailability, as a promising candidate to enter clinical
trials."” (Fig. 4)

It is believed that the nitroreductase enzyme (NTR2) is
responsible for activating bicyclic nitro compounds, such as
DNDI-0690, VL-2098 and DNDi-8219, to form toxic
intermediates to Leishmania parasites.**°>!

Pyrazolopyrimidine class (GSK899)

From a target-based high-throughput in vitro screening
against Trypanosoma brucei GSK-3 kinase, the early
compounds, a diaminothiazole carbaldehyde series, also
showed little activity against L. donovani axenic amastigotes.
This discovery led researchers at the University of Dundee in

40

Discovery Translation Development

Lead Phase 2a/proof

optimization Preclinical Phase 1 of concept Phase 2b/3 Registration

S07 series DNDi-6174 DNDi-6148 None New CL combination New VL treatments

CF series DNDi-0690 (Latin America)
GSK899 New treatments for PKDL

Novartis LXE408
CpG-D35 for CL
GSK245
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collaboration with Glaxo Smith Kline (GSK) to modify the
core structure, maintaining the functions of the hydrogen
bond acceptor and donor, and after compound optimization,
developed pyrazolopyrimidine lead compound GSK3186899/
DDD853651 (GSK 899) (Fig. 5).'>*3°>>4

This derivative showed an ECs;, value of 1.4 uM against
the L. donovani intramacrophage assay, comparable to the
antileishmanial drugs miltefosine (ECs, 0.9 uM) and
paromomycin (ECs, = 6.6 uM), and good selectivity against
mammalian THP-1 host cells (EC 5, value > 50 um).>*
Further in vivo studies indicate good bioavailability, no
undesirable toxicological effects, and a reduction of 99% in
the parasite load in a mouse model of visceral leishmaniasis
when dosed orally for 10 days at 25 mg kg™.>

Proteomic studies to determine the mode of action of
representative pyrazolopyrimidine analogs revealed that the
cell division cycle-2-related kinase 12 (CRK12) receptor is
undoubtedly the principal target of this compound series,
but this scaffold also interacts with other Leishmania protein
kinases, in particular CRK6 and CRK3, albeit with
considerably lower affinities than CRK12.?® The identification
of CRK12 and other protein kinases as potential drug targets
led to further studies to identify other prototypes with better
antileishmanial profiles, since protein kinases play an
essential role, orchestrating the cellular signaling required
for Leishmania survival throughout the life cycle.>>®

These results supported preclinical studies initiated in
2017 in collaboration with DNDi, with this compound
included in phase 1 clinical trials in 2019.>°
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Fig. 5 Chemical structure of GSK899.
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Imidazopyrimidine class (GSK245)

The compound named GSK3494245/DDD1305143 (GSK245),
also identified from the in vitro screening tests that led to the
discovery of GSK899, displayed remarkable activity in an
intramacrophage in vitro assay, with an ECs, of 1.6 pM, also
demonstrating equivalent efficacy against a diverse range of
L. donovani and L. infantum clinical strains, including
antimony-resistant isolates.®® After these promising results,
further studies indicated good physicochemical properties,
such as oral bioavailability, desirable safe profiles, and an
in vivo reduction of the parasite load of over 95%,
comparable to the current oral antileishmanial miltefosine in
a similar mouse model.**

After a detailed mode of action study for this compound,
entered into phase 1 clinical trials in 2019, it was found to
act through selective inhibition of the 5 subunit of the L.
donovani proteasome, specifically at the “chymotrypsin” site,
and in this way was formerly classified as a proteasome
inhibitor.**?

Further studies of the relationship between the
antiparasitic SAR and the identified target are also discussed
in detail (Fig. 6).°° It was reported that a hydrogen bond
donor (HBD) at positions 8 (N) and 1 (N or O) was essential
for proteasome inhibition, while an HBD at the 7-position
was harmful to activity. Heteroatoms were tolerated but not
necessary in other positions of the ring, and a 6-substituent
seems to be necessary for activity and metabolic stability. In
relation to the central phenyl ring, 1-urea and 4-fluoro
substituents were able to reach better levels of potency,
metabolic stability, and solubility than their counterparts.

Triazolopyrimidine class, proteasome inhibitors (LXE-408)

After genetic and chemical validation, published by a team
led by Novartis, of the parasite proteasome as a promising
therapeutic target for the treatment of leishmaniasis and
other kinetoplastid infections,®® further studies of lead
optimization from triazolopyrimidine series yielded LXE408
(Fig. 7), a derivative that showed sustained and selective
inhibition of the parasite proteasome when dosed orally in
mouse disease models, with an appropriate safety profile.
When applied to a murine model of CL, administration for
10 days at a dose of 20 mg kg™ b.i.d. presented an efficacy

6-amino substituent
improves potency

N
6
and metabolic stability / N Fluorine improves potency
7

A F o=

N Essential

Urea improves solubility
and metabolic stability
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O

Fig. 6 SAR around the core scaffold of GSK245.
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Fig. 7 Chemical structure of LXE-408.

comparable to that of amphotericin B, the most potent
antileishmanial drug available today.**

To further understand the binding mode of LXE-408 to
the parasite proteasome, studies indicated that this
compound selectively inhibits the chymotrypsin-like activity
of the B5 proteasome subunit (PSMB5) in a noncompetitive
manner.®”® Currently, phase I studies are ongoing to
establish safety and tolerability.

Oxaborole class (DNDI-6148 and DNDI 6174)

In recent years, great evolution in the development of boron-
based compounds as potential therapeutic agents has been
observed. It is mainly due to their ability to form covalent
bonds with nucleophiles and also based on their carbon
mimicry, which is especially purposeful in the inhibition of
hydrolytic enzymes, which can form a covalent complex with
the core structure of designed compounds.®®

The most advanced compound in clinical trials is DNDi
6148, which initiated preclinical development in 2016 and,
after completion of pharmacology and toxicology studies,
upgraded to clinical trial application in 2019 (Fig. 8). This
candidate entered clinical trials after promising in vitro
results, as high levels of parasite burden reduction in liver
and spleen in a visceral leishmaniasis murine model after 5
to 10 days of treatment.**°>¢”

DNDi-6148 was discovered after a DNDi's screening of
oxaborole compounds in collaboration with Anacor, and
analogs effective against leishmaniasis and other
kinetoplastid diseases, such as sleeping sickness and Chagas,
were found. These compounds show activity even in strains
resistant to other drugs used against leishmaniasis, and thus,
it is believed that they have a different mechanism of action,
although this has not yet been elucidated. Recent studies

d " N§N/”/@

DNDi-6174
\ /NQN OH
@/N%‘/“ B/
2R gos
o)
o]

DNDi-6148

Fig. 8 Chemical structure of oxaborole compounds.

1036 | RSC Med. Chem., 2022,13,1029-1043

RSC Medicinal Chemistry

suggest that resistance to oxaboroles may not develop quickly
upon clinical use, since after prolonged exposure of DNDI-
6148, the emergence of compound-resistant parasites was not
observed.®®

Other potential derivatives with efficacious profiles were
identified and were able to proceed to preclinical evaluation
in the case of DNDi-6148 not succeeding in development,
such as DNDi-5421 and DNDi-5610.%°

Another oxaborole drug candidate, DNDi-6174, has also
emerged as a promising VL and CL compound (Fig. 8),
progressing to preclinical development in 2019 after being
chosen from two other lead compounds from this series,
DNDi-6588 and DNDi-6749.”°

Oligonucleotides (CpG-D35)

CpG-D35 is under evaluation in a combination therapy for
the treatment of cutaneous leishmaniasis and post-kala-azar
dermal leishmaniasis (PKDL) in partnership with
GeneDesign. Here, the strategy is to modulate the immune
response to the parasite with CpG oligonucleotides, such as
D35, to magnify the effectiveness of the treatment, reduce
scarring and prevent recurrences of Leishmania infection. The
goal is to develop a safe and affordable compound to CL or
PKDL, which there are no satisfactory treatments, able to
accelerate healing and reduce suffering of affected
populations, in combination with proven chemotherapy.

Previous in vivo studies showed that macaques treated for
10 days with D35 plus 5 mg kg™* sodium stibogluconate had
smaller lesions and reduced time to re-epithelization after
infection with Leishmania major, without evidenced toxicities
even when using doses which were 10 times higher than
usual.”"”?> No adverse effects were observed, which supports
the expectation of a good safety profile, and systemic
activation of genes associated with innate immune responses
in skin occurred, with an increased number of T cells
producing IFNy in response to Leishmania antigen.”>”*

Since synthetic CpG-oligodeoxynucleotides are analogs of
naturally occurring viral and bacterial DNA, it was observed
that treatment with D35 results in systemic activation of T
cells and dendritic cells, enabling the immune system to
produce high levels of IL-12 (interleukin-12), IFNo (interferon
alpha), and IFNy (interferon gamma) and low levels of IL-10
(interleukin-10), inducing parasite clearance and lesion
healing. Additionally, cytokines have been proposed as
biomarkers of local innate and adaptive immune activation.””

Phase 1 clinical toxicology studies were initiated in 2020
after achieving a promising preclinical profile.”®

Aminopyrazole class (DNDI-5561, discontinued)

A novel series of amino-pyrazole ureas has been identified
from an HTS campaign with approximately 95000
compounds, with excellent in vitro antileishmanial activity in
preclinical models of VL.”’

After this discovery, further studies of lead optimization
yielded the derivatives DNDi-1044, DNDi-8012, and DNDi-
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1047.15%%78 All three compounds, especially DNDi-1047,
showed excellent activity across a range of Leishmania species
that are known to cause cutaneous leishmaniasis, resulting
in both a significant lesion size and parasite load reduction.
These compounds offer novel potential drugs for the
treatment of CL.*°

DNDI-5561, an aminopyrazole derivative developed after a
screening programme with Pfizer, and a hit-to-lead project
conducted by DNDi in a partnership with Takeda
Pharmaceutical and GHIT Fund was the most advanced
compound of this series in clinical trials up to 2019, but due
to unfavorable safety results, this compound was withdrawn
from studies in phase 1. Although DNDi-5561 belongs to the
substituted aminopyrazole class, its specific structure has not
yet been disclosed.

Recent studies indicate that aminopyrazole activity does
not suggest the rapid development of resistance, suggesting
that aminopyrazole is a highly promising antileishmanial
chemical series.””

In addition to the compounds found in clinical trials and
the recent efforts to obtain new chemical entities able to
overcome the issues related to the current treatment, such as
toxicity, adverse effects, and advent of resistance, many
synthesized agents, natural drugs or semisynthetic derivatives
have been reported with remarkable antileishmanial
activities, offering great potential for the future development
of new antileishmanial chemotherapeutic drugs.”®®°

As most of the above cited studies indicate, the main
strategy used to obtain currently available drugs is known as
the phenotypic approach, when a new drug prototype is
obtained without any knowledge about its target or specific
function against the disease.”® The screening of large
libraries of drug candidates to obtain a hit compound and
then elaborate their mechanisms of action has been
successful in drug discovery but delays the progress to find
the best possible prototype for that specific target. On the
other hand, the target-based approach initially involves the
identification of viable molecular targets, followed by
designing compounds that consistently differ from those
existing in the host environment and is detailed below.

Antileishmanial potential targets

The main issues related to the available antileishmanial
treatment, the emergence of resistant strains and significant
side effects, are also the main guide for the development of
new drug strategies, such as the utilization of known
validated targets for drug screening and optimization,
goaling a new prototype able to fix only at the chosen target
and minimize most undesirable adverse symptoms.’® This
approach identifies enzymes structurally and functionally
distinct from their mammalian counterparts for selective
inhibition and to overcome cytotoxic effects that play
essential roles in the parasite life cycle.

This strategy was greatly favored by the studies that
performed the complete genome sequence of Leishmania
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strains, such as L. infantum, L. major, and L. brasiliensis,
which enabled technological advances such as proteome
analysis and bioinformatic approaches and allowed a better
understanding of these microorganisms, such as the
identification of unique genes of the parasite and
physiological and biochemical differences between host and
pathogen.®"%*

Some of the main enzymes related to the parasite life cycle
most recently explored in target-based drug discovery studies
are the protein kinases, considered one of the best
candidates as drug targets for leishmaniasis since it is able
to modulate the ability of these proteins to interact with the
host cell and damage its innate immune response,”® and
enzymes involved in the sterol biosynthesis pathway (mainly
ergosterol and stigmasterol, which differs from its
mammalian counterpart cholesterol), essential components
of the parasite cell membrane, vital to cellular integrity,
growth and viability of various cellular functions.'®
Additionally, three antioxidant enzymes that act in
trypanothione metabolism, trypanothione reductase (TryR),
tryparedoxin peroxidase (TxnP) and thioredoxin, which are
able to minimize oxidative stress inside host phagocytes to
control parasite redox homeostasis, are considered drug
targets with great potential due to the high sensitivity of
Leishmania species to oxidative stress.***

Other enzymes also reported in recent years include
proteases, such as cysteine, serine, threonine, and aspartic
peptidases, acting in many biochemical processes and being
essential for the virulence of the parasite and its ability to
enter the host cell, in addition to playing an important role
in the autophagy process; glycolytic enzymes, involved in the
glycolysis process as the only source of ATP generation of
Leishmania species and other African trypanosomes since the
parasite lacks a functional Krebs cycle;”* enzymes involved in
folate biosynthesis, an essential cofactor for amino acid
metabolism and synthesis of nucleic acids, essential to
parasite growth and survival;’® and enzymes involved in the
purine salvage pathway made in mammalian host cells, such
as phosphoribosyl transferases and nucleoside diphosphate
kinases, since parasitic Leishmania lacks enzymes necessary
for de novo synthesis of purine nucleotides.”

Finally, the most recent studies in this area also include
heat shock proteins (HSPs), a family of proteins that provides
the correct three-dimensional shape to newly synthesized
polypeptides, avoids misfolding and prevents aggregation of
proteins, as new druggable targets with great potential, since
they play key roles in cell differentiation, infectivity and
overall survival of the parasitic protozoan Leishmania in the
host cell. Additionally, an intrinsic correlation between the
expression of HSPs and drug resistance in Leishmania was
demonstrated, and it was presumed that inhibition of HSPs
may reserve resistance to their respective drugs.”®

In addition to metabolic enzymes, nucleoside transporters
are also considered strategic drug targets. Although it
remains difficult to target them with selective inhibitors,
since they are able to transport nucleosides as purines and
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pyrimidines across the cellular membrane, it is suggested
that they can also conduct toxic nucleoside analogs to the
parasite, inhibiting cell growth.”*

Immunotherapy

In recent years, immunotherapy has become an attractive
approach since it causes fewer side effects than traditional
treatments, is cost-effective and is potentially less susceptible
to parasite resistance. It has been highlighted as a promising
alternative treatment, particularly for patients who do not
adapt or have a condition such as heart disease or
nephropathy that prevents them from following conventional
treatment.®

Among numerous immunotherapeutic strategies, which
include therapy with antibodies and vaccines, cytokine-based
immunotherapy has emerged as a promising option for the
future treatment of leishmaniasis and other infectious
diseases.””®

Recent studies in the immunopathogenesis area of
cutaneous and mucocutaneous leishmaniasis demonstrated
that after contact with the parasite, an exacerbated
inflammatory immune response caused by cytokines such as
TNF and IFN-y has an important role in tissue damage and
the therapeutic complexity of this disease. It is important to
mention that these inflammatory cytokines are vital for
defense mechanisms of the host against parasitic infection,
but their exaggerated production leads to a deleterious
impact on the patient's condition. Therefore, cytokines have
emerged as  potential drug  targets, and the
immunomodulators obtained from this strategy aim to
decrease the intensity of this inflammatory immune response
and favor the elimination of the Leishmania protozoan
parasite by the host and associated anti-Leishmania drugs.
Modulation of the response may enable an
increased production of IL-10, a cytokine able to reduce the
local production of IFNy and TNF.”’

Additionally, it is known that host innate immunity,
including macrophages, neutrophils, natural killer cells and
dendritic cells, can contribute, after Leishmania infection, to
host protection or disease progression, but it is clear that
T-cell mediated immune responses, with cytokines being
released from different immune cells, play a more vital role
in immunopathology processes." %'

Among the studies carried out in this area, satisfactory
results have been obtained for the wuse of IFNy in
combination with the usual treatment, although so far no
constant or reproducible results have been observed, and the
use of imiquimod, an immune response modifier able to
induce alpha-interferon and cytokine synthesis, has shown
no or marginally superior results against CL over reference
treatments.”®"%>1%3

Imiquimod and oligodeoxynucleotides (ODNs) containing
CpG motifs are some small and large compounds with
immunomodulatory properties that have also attracted much
interest in the drug development field of infectious diseases,

immune
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autoimmune disorders and cancers, including combination
therapies. As an example, antimicrobial peptides (AMPs) can
induce specific cells to modulate gene expression and
production of cytokines and chemoquines, with remarkable
activity against different strains of Leishmania in animal
models."**

Progress in this field requires a better understanding of
the complex immunopathology of humans, which is not
accurately reproduced in mouse models, since it involves the
host immune machinery and its intricate regulations. Other
factors, in addition to the modulating role of cytokines on
the immune response, such as the levels of cytokine
receptors, host genetics, and the diversity of Leishmania
strains, can interfere with therapy outcomes.'®

Vaccination

The obtainment of a vaccine against leishmaniasis is the
object of study by several techniques, but it seems to be a
complex goal, and so far there is no effective vaccine
available for clinical practice. Approaches that have been
studied include live vectors, classified as first-generation
vaccines,'”  second-generation  recombinant  proteins
(produced through genetically engineered cells) and third-
generation =~ DNA  motifs, in  combination  with
immunomodulatory adjuvants,'®® CpG oligonucleotides,"®”
and conventional adjuvants.'*®'%°

The leishmanization approach, which includes inoculation
of live virulent L. major promastigotes, was investigated in
the past in different countries with some positive outcomes,
but after undesirable symptoms observed in some individuals
and safety issues, this practice was abandoned.*°

Most efforts at the moment are concentrated on the
development of a recombinant protein vaccine, and several
antigens have been tested in animal models, with few of
them advanced to clinical trials, such as LEISH-F1, formerly
called Leish-111f. This artificial protein, encoded by three
genes, a thiol-specific antioxidant of L. major (TSA) homolog,
L. major stress-inducible protein-1 (LmSTI1), and L.
braziliensis elongation and initiation factor (LeIF), has been
shown to be immunogenic, safe and well tolerated in
preliminary studies and was redesigned to overcome possible
regulatory issues and to facilitate the manufacturing process,
generating LEISH-F2. This vaccine was discontinued in phase
2 clinical trials after partial unsatisfactory results regarding
efficacy."" "2

LEISH-F3 is another multicomponent vaccine consisting
of nucleoside hydrolase (NH36) from L. donovani and sterol
24-c-methyltransferase (SMT) of L. infantum with adjuvant
GLA-SE (glucopyranosyl lipid A), and has shown a robust
immune response against visceral leishmaniasis. This vaccine
candidate was considered safe in preliminary studies,
showing increased secretion of cytokines IFN-y, TNF-o, IL-2,
IL-5 and IL-10. It was conducted in phase 1 clinical trials,
together with LEISH-F3+, a homologous prototype with
cysteine protease B added."*?
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Other studies exploring DNA vaccines (classified as third
generation), which induce T cell-based immunity against
leishmaniasis, are at earlier stages of development. In a very
recent study, an adenovirus-vectored vaccine (ChAd63-KH)
induced potent innate and cell-mediated immune responses
in preliminary trials with human volunteers. This vaccine
candidate employs a simian adenovirus backbone (ChAd63)
and encodes two Leishmania antigens, kinetoplastid
membrane protein-11 (KMP-11) and hydrophilic acylated
surface protein B (HASPB), both of which have proven
efficacy in preclinical animal models.*****?

One of the strategies to increase the efficiency of DNA
vaccines is the employment of an effective multiantigen
formulation to induce cross-protective immunity against
different strains of Leishmania parasites. This strategy is
used, for example, in the development of the DNA vaccine
candidate HisAK70, which encodes seven Leishmania genes
(H2A, H2B, H3, H4, A2, KMP11 and HSP70) and showed a
specific cell-mediated immune response against L.
Amazonensis in murine models.'*®

Adjuvants are recognized as molecules able to boost a
specific humoral and cellular immune response against
inoculated antigens in infected individuals in an attempt to
render vaccines more effective, causing long-lasting efficacy
and less toxicity."""

Recent studies have also used in silico immune-
bioinformatics tools to develop recombinant chimeric protein
vaccines, being observed promising results in murine
models.""”""®

The development of new vaccines must consider the
balance between the two types of immune responses of T
helper lymphocytes, Th1 and Th2. Th1 cells are responsible
for releasing proinflammatory cytokines associated with the
host response to parasitic infection, while Th2 cells mediate
the production of anti-inflammatory cytokines, able to
neutralize the deleterious action of proinflammatory
cytokines but depending on their abundance, enabling
disease progression. In this way, the Th1/Th2 continuous
balance plays a vital role in host immune protection.
Vaccines that involve both Th1 and Th2 cells are supposed to
produce long-lasting immunity, and although this is a goal to
be achieved, promoting reproducible modifications in this
system is a complex task, since different combinations of
cytokines may result in a divergent immune response.’”"'%®

Conclusions

Despite recent advances in antileishmanial drug discovery
and development, there is a lack of availability of new
treatments for this disease (miltefosine was, in 2014, the only
approved medicine in the last 30 years), and the advent of
resistance to current agents is a constant threat. It seems
urgent to develop more efficient drugs and strategies to
overcome this outcome and slow down the potential
emergence of resistant kinetoplastid Leishmania parasites.
Some initiatives and investments must be elaborated as a
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way to encourage the pharmaceutical industry to invest in
the development of new drugs or vaccines in this area, which
it considers of great risk and little financial return. As a
result of this consideration, leishmaniasis can be classified
as a neglected disease.
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