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Abstract
Leishmaniasis is a neglected parasitic disease for which the current antileishmania therapeutics are hampered by drug toxicity,
high cost, need for parenteral administration, increasing treatment failure rates, and emergence of drug resistance. The R&D
pipeline had run fairly dry for several years, but fortunately some new drug candidates are now under (pre)clinical development.
Identification of novel drugs will nevertheless remain essential to adequately sustain and improve effective disease control in the
future. In this review, a package of standard and accessible R&D approaches is discussed with expansion to some alternative
strategies focusing on parasite–host and vector–host interactions.
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Leishmaniasis as a major health problem

Leishmaniasis is a neglected tropical disease (NTD) caused by
the protozoan parasite Leishmania and spread by female sand
flies of the genus Phlebotomus or Lutzomyia. With up to one
million new cases reported annually, 12 million people being
infected with about 25,000 deaths each year, and with over
350 million people worldwide considered at risk, the World
Health Organization has classified leishmaniasis as a Category
I (emerging or uncontrolled) disease (Charlton et al. 2018;
WHO 2018). Its economic impact is estimated around 2.4
million disability adjusted life years (DALY’s), which in the
field of parasitic diseases is only topped by malaria, schisto-
somiasis, and lymphatic filariasis (Bern et al. 2008; Davies
et al. 2003). Depending on the species, different clinical man-
ifestations may develop: (1) visceral leishmaniasis (VL) in
which spleen, liver, and bone marrow become severely para-
sitized and is fatal if left untreated; (2) cutaneous leishmaniasis
(CL) which generally results in self-limiting but disfiguring
skin lesions; (3) mucocutaneous leishmaniasis (MCL) which
is associated with destruction of the nasal septum, lips, and

palate; and (4) post-Kala-azar dermal leishmaniasis (PKDL)
which presents as a cutaneous sequela after resolution of VL
(Burza et al. 2018). Although leishmaniasis is mainly affect-
ing poor populations in developing countries, over the last
years, it has become a more widely emerging problem
(Ready 2014). One of the biggest challenges for VL control
is the increasing prevalence of HIV/VL co-infections which
do not only impact on the spread and severity of the infection
but also on the increased incidence of side effects and relapses
(Alvar et al. 2012; van Griensven et al. 2014).

Current antileishmanial therapeutics

Trivalent antimonials (SbIII) were already used in Brazil in
1912 as the first effective treatment (Vianna 1912), and it
was the Indian Nobel Prize laureate Brahmchari who first
synthesized ureum stibamine in 1922 (Brahmachari 1922).
Pentavalent antimonials (SbV) were introduced to reduce se-
rious side effects. In 1945, sodium stibogluconate became the
treatment option of choice for VL and remained so for over 6
decades (Frezard et al. 2009). However, the widespread use of
SbV is hampered by toxicity and by the high incidence of drug
resistance particularly in the Indian subcontinent (Chakravarty
and Sundar 2010; Sundar and Chakravarty 2010). Since the
first manifestations of Sb treatment failure in the 1950s, pent-
amidine, amphotericin B (AmB), and paromomycin (PMM)
have been explored and used to combat VL, but all proved
unsatisfactory in terms of either efficacy, cost, ease of
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administration, and/or safety (McGwire and Satoskar 2014;
Murray 2010) (Table 1). Many aspects relating to chemical
structure, putative drug targets, mode-of-action, and side ef-
fects of the current and various new classes (synthetic and
natural) of antileishmanial agents have indeed been extensive-
ly investigated (reviewed by Kumar et al. 2018; Sangshetti
et al. 2015). Even though miltefosine (MIL) conquered a
steady place in regions of widespread Sb resistance, its appli-
cation is now threatened by increasing treatment failure rates
and the slow but inevitable emergence of drug resistance
(Cojean et al. 2012; Hendrickx et al. 2014; Rijal et al. 2013).
Large-scale implementation of liposomal AmB (L-AmB) was
initially unaffordable, but negotiations between WHO and
Gilead Sciences led in 2007 to a significant price reduction,
allowing AmBisome® to become the formulation of first
choice in Asia when a cold-chain can be ensured (Alves
et al. 2018). There are some indications of clinical AmB re-
sistance (Purkait et al. 2012), hence emphasizing the need for
continued R&D investments for novel antileishmanials.

Antileishmanial drug R&D—lessons
from the past

Notwithstanding the worrying rate at which drug resistance
has been emerging, antileishmanial R&D pipelines have run
dry for a fairly long time and the development of novel drugs
has been moving forward at a disturbingly slow pace because
of the different clinical manifestations, interregional differ-
ences in drug efficacy, slow adjustments in national control/
public-health policies, lack of adequate financing and of inter-
laboratory harmonization, and technology transfer (Alves
et al. 2018; Freitas-Junior et al. 2012; Hendrickx et al.
2016b; Kumar et al. 2018). As full understanding of the func-
tional genetics of the parasite is still lagging, drug resistance
mechanisms are largely unidentified as well. However, in-
depth understanding of the mode-of-action and the underlying
reasons for treatment failure and drug resistance is not only
essential in assuring optimal application of current drugs but
will definitely also steer innovative drug discovery (Durieu
et al. 2016b).

De novo drug discovery

Drug discovery programs are slow, expensive, and prone to
considerable risks, particularly for NTDs because the chances
for return-of-investment are extremely slim considering that
the daily income of an average VL-patient is less than 2 USD
(WHO 2002). Given the inherent risk of failure, the standard
development cost of a new chemical entity (NCE) starting
from de novo discovery is estimated at about 100–150 million
€ and takes 15 years on average (Avorn 2015; DNDi 2019).
For NTDs, this is not economically viable without significant Ta
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cross-subsidy (Charlton et al. 2018) and engagements in in-
terdisciplinary initiatives between the public and private sector
have been taken to accommodate this particular need (Kumar
et al. 2018), also involving attempts to repurpose approved
drugs developed for other indications.

Drug repurposing

Almost all antileishmania drugs that came to the market after
the introduction of Sb’s have been developed through drug
repositioning or repurposing, an option that was relatively
straightforward given the lack of knowledge on validated tar-
gets and the pressing medical need for new treatment options
to replace Sb in areas were drug resistance was emerging. For
example, MILwas originally developed as an anticancer drug,
but also proved to have excellent oral efficacy against
Leishmania (Croft and Engel 2006). Against a rapidly prolif-
erating intracellular parasite, it seems logical that some en-
zymes targeted by anticancer therapies could be exploited
(Klinkert and Heussler 2006; Uliana and Barcinski 2009).
More recently, kinases are considered a major target in oncol-
ogy which encouraged the recent repurposing strategy of a
range of kinase inhibitors for leishmaniasis (Charlton et al.
2018; Durieu et al. 2016b).

Various antimicrobial drugs have been repurposed as well.
The polyene antifungal amphotericin B (AmB) has high bind-
ing affinity to ergosterol, causing pore formation in the cellu-
lar membrane and subsequent cellular leakage (de Souza and
Rodrigues 2009). Other antifungals such as fluconazole and
terbinafine can be administered orally and were shown to be
safe and effective for the treatment of CL caused by L. major
(Alrajhi et al. 2002). The aminoglycoside antibiotic
paromomycin (PMM), used to treat bacterial infections, cryp-
tosporidiosis, and amoebiasis, demonstrated adequate activity
against VL in monotherapy; however, it was never imple-
mented in Asia as first-line intervention because of the earlier
introduction of MIL and L-AmB (Alves et al. 2018).

Other antileishmanial candidates have been identified by
focused screening of other antiparasitics. Out of a collection
of 400 compounds from the Medicines for Malaria Venture,
substituted 14-amino-benzimidazoles were shown to have
in vitro antileishmanial potential with IC50 values ranging
from 61 to 134 nM (Khraiwesh et al. 2016) and for which
in vivo evaluation is currently ongoing.While the pharmaceu-
tical industry avoids nitro-aromatics for the risk of mutagenic-
ity and carcinogenicity, some nitro-aromatics demonstrated
promising potential in the treatment of NTDs (Patterson and
Wyllie 2014). Fexinidazole, which is currently in clinical de-
velopment for the treatment of African sleeping sickness and
Chagas disease, proved inadequately effective against VL
(ClinicalTrials.gov 2015) but was briefly considered in the
Drugs for Neglected Diseases initiative (DNDi) portfolio as
a potential combination with MIL in Eastern Africa (DNDi

2016). Its potency against VL in combination with the antitu-
bercular drug delamanid is under investigation (Patterson et al.
2013, 2016). Next to this list, antileishmanial potential has
also been demonstrated for various other drugs, including
immunomodulators, antihistamines, and central nervous sys-
tem and cardiovascular drugs (extensively reviewed by
Charlton et al. 2018; Kumar et al. 2018; Nagle et al. 2014;
Sangshetti et al. 2015).

Drug repurposing gained particular interest to more rapidly
accommodate the unmet medical need for new treatment op-
tions. With most of the toxicological and preclinical data al-
ready available, the risks and costs to reach regulatory approv-
al upon initial proof-of-concept studies demonstrating
antileishmanial clinical efficacy are significantly reduced
(Nwaka and Hudson 2006). On the other hand, repositioning
old drugs may trigger reduced interest into identifying actual
molecular targets of existing drugs and of new drug targets in
support of the discovery of NCEs (Charlton et al. 2018).

Initiatives to boost R&D commitments for NTDs

In 2012, WHO and representatives of the pharmaceutical in-
dustry, politicians, and financial donors launched an ambitious
roadmap to control or eliminate 10 NTDs by 2020 by taking a
series of commitments to provide more drugs, research, and
funds, better known as the London Declaration for Neglected
Diseases (Johnston et al. 2014). In the meantime, billions have
been donated by the pharmaceutical industry to treat NTDs
worldwide. Regardless of these increased drug supplies and
donation campaigns, only one (Guinea worm) of the ten dis-
eases outlined in the Declaration came close to eradication
(Galán-Puchades 2017), again strongly emphasizing the need
for a continued R&D commitment for novel drugs (Cohen
et al. 2016).

Over the last decades, DNDi has greatly invested in new
treatments for NTDs by first focusing on improving VL ther-
apy using the combination of existing drugs to shorten treat-
ment duration and/or improve efficacy and safety. The com-
bination sodium-stibogluconate–PMM is currently in use in
Africa, while the PMM–MIL combination therapy has con-
quered a place as second option of choice on the Asian market
(Alves et al. 2018). DNDi aims to proactively tackle the unmet
needs in VL treatment by clearly defining the desired target
product profile (TPP) that should be considered as a planning/
outcome tool for any promising NCE lead compound. This
TPP takes critical factors into account, such as clinical effica-
cy, mode of delivery, safety and tolerability, dosage form,
treatment duration, stability, contraindications, and cost
(Breder et al. 2017; Freitas-Junior et al. 2012; Wyatt et al.
2011). Upon the London declaration, millions of compounds
have been screened by DNDi, the Genomics Institute of the
Novar t i s Research Foundat ion (GNF Novar t i s ) ,
GlaxoSmithKline (GSK), and Dundee University (Cohen
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et al. 2016), from which six drug candidates from five differ-
ent chemical classes were identified, all showing over 95%
reduction in parasite burdens in animal models after a 10-day
monotherapy. Among these, four are now at the preclinical
stage, with two about to finish phase-I clinical evaluation,
e.g., the nitroimidazole DNDi-0690, oxaborole DNDi-6148,
aminopyrazole DNDi-5561, proteasome inhibitor LXE408,
GSK3494245/DDD1305143, and the CRK-12 kinase inhibi-
tor GSK3186899/DDD853651. With four more candidates in
the pipeline aiming to reach preclinical development in late
2018 and 2019, DNDi and its partners have developed a rich
portfolio of oral drugs that now can also be evaluated in com-
binations to avoid or at least delay emergence of drug resis-
tance. A detailed overview of the discovery, current status,
application potential, and clinical trials performed in South
Asia, Africa, and Latin America has recently been published
(Alves et al. 2018).

Different approaches in drug
discovery—bridging past and future

It is well-accepted that different approaches can be followed to
identify starting points for drug discovery. Typically only
those based on experimental screening approaches are men-
tioned, i.e., the molecular target approach (usually referred to
as target-based) and the phenotypic approach (also called tar-
get-free), both having advantages and disadvantages (Freitas-
Junior et al. 2012; Zulfiqar et al. 2017b). The more recently
developed in silico approaches that exploit existing data to
identify potential new drug-disease associations deserve to
be mentioned as well (Cha et al. 2018).

Phenotypic screening

In phenotypic screening, drugs are evaluated for their direct
efficacy towards the pathogen generally without any prior
knowledge on the molecular targets or pathways involved.
Given the difficulties in identifying and validating druggable
targets for Leishmania, phenotypic screening is still largely
the preferred method. The standard in vitro assay for pheno-
typic evaluation was defined already in 1986 and included (1)
amastigotes as target, (2) a dividing (intracellular) parasite
population, (3) quantifiable and reproducible endpoints of ac-
tivity, and (4) activity at concentrations achievable in serum/
tissues (Croft 1986). Quite recently, the Global Health
Innovative Technology (GHIT) Fund defined some additional
“hit” selection standards: a 50% effective concentration (EC50

value) cut-off value of < 10 μM for a potential in vitro hit and
> 70% reduction in liver parasite burdens in mouse or hamster
models infected with L. infantum or L. donovani upon five
50 mg/kg oral doses once or twice daily (Alcantara et al.
2018). Despite repeated calls towards assay standardization

(Croft 2001; Croft and Olliaro 2011; Croft et al. 2006), a wide
variety of assay formats are still in use today (Hendrickx et al.
2016b; Hendrickx et al. 2018; Zulfiqar et al. 2017b) whereby
it is important to emphasize that the lack in harmonization can
severely impact on the obtained hit rates. While a correlation
between promastigote and amastigote susceptibility has been
indicated for some drugs (Kulshrestha et al. 2013), there is
general consensus on the requirement of using intracellular
amastigotes for in vitro drug screening/evaluation. For reasons
of being much easier, cheaper, and quicker, several groups
nevertheless still prefer the (extracellular) promastigote stage,
although these are never exposed to drugs as they reside in the
sand fly vector. Hence, it is not surprising that only 4% of the
“hits” originating from promastigote screening do translate
into anti-amastigote hits, whereas about 50% of the hits from
the intracellular amastigote screen can be confirmed in
promastigotes (Freitas-Junior et al. 2012; Siqueira-Neto et al.
2012). Likewise, a high false-positive hit rate was also ob-
served using the axenic amastigote assay (De Rycker et al.
2013). Although the amastigote-infected macrophage assay
is undoubtedly the standard, its hit rate may be affected by
slow amastigote replication (dependent on the strain used),
hence complicating the detection of static versus cidal activity
potential (Tegazzini et al. 2016).

Considerable attention is currently put on high content
combined with high-throughput screening (HCS/HTS) assays
on intracellular amastigotes using automated image analysis.
This approach combines the efficiency of HTS with multi-
parameter readout allowing phenotypic information on the
whole cell (Freitas-Junior et al. 2012; Siqueira-Neto et al.
2012). Although millions of compounds have passed in HTS
(Pena et al. 2015; Zulfiqar et al. 2017a), very few progressed
towards further development. One example of success is the
selective inhibitor of the kinetoplastid proteasome (GNF6702)
discovered by Novartis demonstrating excellent activity po-
tential against leishmaniasis, Chagas disease, and sleeping
sickness (Khare et al. 2016). It can further be argued that the
hit-to-lead process should be supported by systematic studies
on a panel of recent clinical isolates, “time-to-kill” assays and
s tudies provid ing in i t i a l in format ion about the
pharmacokinetic/pharmacodynamics (PK/PD) properties
(Alcantara et al. 2018; Hendrickx et al. 2018). Moreover,
HCS/HTS data analysis is complex because not only the direct
impact on the parasite is assessed but also the off-target host
cell toxicity together with insight into compound cell perme-
ability and stability within the unique host-parasite microen-
vironment (Zulfiqar et al. 2017b).

Target-based screening

In target-based drug discovery, compounds are screened
against a defined target considered to be essential for parasite
survival, generally a protein of functional relevance belonging
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to a specific pathway. Unfortunately, target-based screening
for Leishmania has been applied much less given the lack of
fully validated targets. After confirmation of activity, com-
pounds are optimized for cellular activity, enzyme/pathway
activity, and selectivity. However, as Leishmania is an intra-
cellular organism, potential hits will require indispensable
physicochemical properties facilitating transport across host
cell membranes, stability within the acidic parasitophorous
vacuole of the macrophage host cell, and protection from xe-
nobiotic host cell metabolism to prevent fast compound deg-
radation (Zulfiqar et al. 2017b).

Several putative drug targets have been proposed and
include proteins and enzymes involved in the sterol path-
way, thiol pathway, hypusine pathway, glycolytic pathway,
purine salvage pathway, polyamine pathway, or are protein
kinases, dihydrofolate reductases, and topoisomerases that
are different from the mammalian equivalent (Sangshetti
et al. 2015; Zulfiqar et al. 2017b). Although inhibition of
these targets on promastigote level may have a profound
effect because of their rapid expansion and high metabo-
lism, their effect on the slower dividing intracellular
amastigote may be much less pronounced. In the last couple
of decades, different genetic deletion techniques such as
CRISPR/Cas9 have become available to more easily vali-
date molecular targets (Jones et al. 2018a) and will hope-
fully facilitate and increase the number of suitable targets
for entry into HTS campaigns.

Virtual screening

In recent years, a huge variety of innovative computational
methods has emerged, enabling systematic screens through
in silico approaches (Cha et al. 2018). If the molecular drug
target is known, in silico docking studies can be applied to
accurately predict target-drug interactions via bioinformatics.
This approach is particularly valuable as it may accelerate
drug discovery by more rapidly predicting the most likely hits
to enter HTS while saving experimental resources (Mesa et al.
2015). Moreover, computer-assisted drug design has emerged
as a promising alternative in medicinal chemistry to facilitate
the experimental design, discovery of new drugs, and evalua-
tion of the structure–activity relationship (QSAR). By using
topological and 3D descriptors, it is now possible to correlate
biological activities with the chemical structure, enabling de-
velopment of QSAR models that can immediately assess the
interaction of secondary metabolites. Such in silico predic-
tions provide valuable knowledge on the drug’s mechanism-
of-action and can help identifying pharmacophore groups to
increase the biological activity of molecules (Herrera Acevedo
et al. 2017). These recent “chemoinformatics” have contribut-
ed significantly to trypanosomiasis and leishmaniasis drug
discovery (Ferreira and Andricopulo 2018).

Alternative approaches in drug discovery—a
glance at the future

Although Leishmania relies on specific virulence factors to
initiate and sustain infection, it is also known for its great
genome plasticity. By frequent genomemodifications and am-
plifying chromosomes in response to environmental factors,
the parasite becomes a real escape artist that is able to adapt to
many situations, including drug exposure. The parasite can
often easily withstand drug pressure by acquiring mutations
in target genes and/or uptake systems, or by amplification of
efflux pumps hereby sometimes also altering parasite fitness
(Hendrickx et al. 2016a; Ouakad et al. 2011; Turner et al.
2015; Vanaerschot et al. 2011). This wide genome plasticity
also implies that strategies directly targeting the parasite are
likely more prone to select for resistance (Lamotte et al. 2017)
and is a strong argument why some alternative drug discovery
approaches should gain interest as well.

Targeting parasite–host interactions

Instead of focusing on the direct antiparasitic effect of a com-
pound, Leishmania viability may also be targeted indirectly
via mechanisms of host-parasite interaction, an approach that
has already been adopted for malaria (Langhorne and Duffy
2016). This approach may be very versatile, and various strat-
egies of host-directed therapy have already been explored for
leishmaniasis. Macrophages, the primary host cell type for the
parasite, present a high degree of plasticity and undergo phe-
notypic changes in response to various environmental stimuli.
For example, Leishmania infection can be affected by manip-
ulating the host cell cholesterol content (Kumar et al. 2016;
Roy et al. 2014). This way, simvastatin has been shown to
enhance host protection against L. major in both BALB/c
and C57BL/6 mice (Parihar et al. 2016). Impairment of the
macrophage actin cytoskeleton is another way of reducing
intracellular parasite loads (Roy et al. 2014). The host macro-
phage response can also be altered by combination of
antileishmanial drugs with immunomodulators or the use of
immunomodulators alone (Dalton and Kaye 2010). Several
studies have focused on imiquimod, a toll-like receptor 7 ag-
onist with beneficial effects in combination with
antileishmanial reference drugs (Arevalo et al. 2001; El-On
et al. 2007; Khalili et al. 2011). Some anti-inflammatory
drugs, such as the TNF-α inhibitor pentoxyphylline, have also
been investigated but failed to demonstrate any additional
effects over Sb treatment alone (Brito et al. 2017). More re-
cently, promising results were achieved in L. donovani-infect-
ed mice with leptin, an adipocyte-derived hormone capable of
regulating the immune response (Maurya et al. 2016). Also in
canine leishmaniasis, the use of immunomodulatory com-
pounds already proved to be successful with a clear improve-
ment of clinical signs and cellular immunity upon treatment
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with the protein aggregate magnesium–ammonium
phospholinoleate–palmitoleate anhydride P-MAPA
(Santiago et al. 2013).

Another indirect antiparasitic strategy is by targeting par-
asite modulation of host cell signaling and transcription,
thereby disrupting the conditions favorable for intracellular
survival. As this tactic falls beyond the direct genetic control
of the parasite, inhibitors of these pathways may indeed be
more refractory to drug resistance (Lamotte et al. 2017).
Increasing knowledge on the protein kinases released by
the parasite in the modulation of host cell signaling under-
lines their potential as drug target. Next to targeting the
typical parasite kinases, such as CRK3 (cyclin-dependent
kinase) and casein kinase (LmCK1.2) (Jones et al. 2018b),
more than 400 putative parasite ectokinases have been iden-
tified of which the majority is involved in various biochem-
ical processes (glycolytic pathways, nucleotide synthesis),
implying an important role in regulating host cell metabo-
lism (Silverman et al. 2008; Silverman et al. 2010). One of
these is the serine/threonine protein kinase CK1.2 with a
likely impact on host cell signaling and metabolism to es-
tablish favorable conditions for intracellular survival (Durieu
et al. 2016a; Knockaert et al. 2000; Rachidi et al. 2014).
Targeting these parasite-released signaling factors could be
an interesting approach for the development of novel
antileishmania drugs, as their inhibition may affect down-
stream host cell immune evasion and be detrimental for
parasite survival. As several kinase inhibitors already hold
promise in the treatment of various human pathologies, in-
cluding diabetes, cancer, and inflammation, well-
characterized focused libraries are now available and will
facilitate drug discovery efforts directed against
Leishmania-released kinases. As some pathogens can alter
gene expression levels via modulation of host cell DNA
methylation hereby altering expression of genes involved
in their clearance or in promoting their growth (Pacis et al.
2015), epigenetic signaling upon infection may be a second
potential drug target. Little is yet known about the epigenetic
impact of Leishmania infection on the host cell, with only
one study showing epigenetic variations in macrophage
DNA methylation upon L. donovani infection with interfer-
ence of genes implicated in host cell antimicrobial defense
(Marr et al. 2014). A third target under investigation is the
extracellular matrix (ECM). During tissue invasion, the par-
asite interacts with the host epithelium through high affinity
binding of a promastigote surface protein to the ECM (Pina-
Vazquez et al. 2012). It is likely that the binding of ECM
proteins to the cell surface simultaneously may cause degra-
dation of the ECM and signal transduction within parasites,
resulting in changes in gene expression facilitating parasite
uptake and/or transformation (Kulkarni et al. 2008). More
recent research is now assessing the impact ECM degrada-
tion on parasite virulence (Pina-Vazquez et al. 2012).

Targeting vector–host interactions

Complementary to the more traditional approaches of vector
control, interest in vector stages as potential targets for novel
transmission-blocking strategies to control and eliminate
NTDs has markedly increased (Goncalves and Hunziker
2016). Thus far, three main strategies have been applied: the
use of gametocidal drugs to reduce transmission of
Plasmodium to mosqui toes , the development of
transmission-blocking vaccines, and vector control via
paratransgenesis (Wilke and Marrelli 2015).

Transmission blocking vaccines

Various sand fly salivary proteins have been characterized for
their impact on the biology of the vector–host–parasite inter-
action, which encouraged investigating their potential appli-
cation in transmission blocking approaches (Lestinova et al.
2017; Martin-Martin et al. 2018). Although the biology of
sand fly blood-feeding is very complex, unraveling this pro-
cess might enable its implementation in vaccination strategies.
During feeding, Leishmania parasites are embedded in
promastigote secretory gel (PSG) that is inoculated in the
mammalian host together with sand fly saliva containing
many pharmacologically active components, called
sialogenins. These molecules have anti-hemostatic, anti-in-
flammatory, and immunomodulatory properties, helping to
initiate infection and to successfully finish the blood meal
(Abdeladhim et al. 2014). Also, the PSG plug is composed
of a diverse group of molecules with pharmacological and
immunomodulatory properties, known to be beneficial for
the recruitment of macrophages and neutrophils, and enhanc-
ing lesion size and parasite burdens (Lestinova et al. 2017).
These salivary components are also able to induce specific
cellular and humoral immunity which confers protection
against subsequent exposure (Andrade and Teixeira 2012;
Gomes and Oliveira 2012; McDowell 2015). As cross reac-
tivity is observed between phylogenetically related vector spe-
cies having more conserved salivary proteins (Lestinova et al.
2017), the development of a saliva-based vaccine that is ap-
plicable in endemic foci could be a very attractive option.

Paratransgenesis

Although currently still more theoretical, alternative strategies
to block transmission include genetic control methods that
either allow replacement of a vector population by a disease-
refractory population or the release of vectors carrying a lethal
gene to suppress target populations, another approach gaining
momentum in the control of malaria, Chagas disease, dengue,
or lymphatic filariasis is paratransgenesis in which genetically
modified symbiotic bacteria are introduced to colonize the
vector species that either cause pathogenic effects in the host,
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interfere with the host’s reproduction, reduce the vector com-
petence, or interfere with parasite multiplication (Hurwitz
et al. 2011a; Wilke and Marrelli 2015).

Exploration of the importance of the sand fly gut
microbiome on the survival of Leishmania revealed that not
only the gut microbiota influences parasite survival and be-
havior inside the vector but also triggers local immune re-
sponses in the host stimulating neutrophil infiltration and en-
hancing parasite visceralization. As such, antibiotic-mediated
perturbation of the midgut microbiome significantly disturbed
parasite growth and metacyclogenesis and reduced host infec-
tion (Dey et al. 2018; Kelly et al. 2017). Although the pres-
ence of gut microbes influences sand fly vector competence,
the relationships between parasite and gut bacteria are consid-
ered competitive (Telleria et al. 2018). For example, pre-
feeding of colony-raised L. longipalpis with bacteria (Asaia
sp., Ochrobactrum sp.) and a yeast-like fungus (Pseudozyma
sp.) that had been isolated from wild and laboratory-reared
female L. longipalpis prohibited parasite establishment in the
midgut (Sant’Anna et al. 2014). Moreover, antibiotic treat-
ment of colonized P. duboscqi sand flies resulted in extremely
transmissible infections, which was attributed to the bacterial
establishment in the midgut creating favorable conditions for
parasite survival and metacyclogenesis (Louradour et al.
2017). While Bacillus megaterium and Brevibacterium linens
have been suggested as candidates to prevent transmission of
Leishmania via paratransgenesis (Hillesland et al. 2008;
Hurwitz et al. 2011b), the more recent detection of Bacillus
subtilis in P. perniciosus and in at least two other sand fly
species in the Mediterranean area supports the explorative
paratransgenic or biological approaches to control of sand
fly populations and reduce transmission (Fraihi et al. 2017).
Given the complexity of the insect vector, the protozoan path-
ogen, and the microbiota relationship, the relevance of sand
fly microbiota could possibly be promising for future exploi-
tation although its practical implementation and actual impact
on transmission in the field may remain fairly questionable.

Conclusion

So far, the number of antileishmanial drugs reaching the mar-
ket has remained rather limited and was mostly dependent on
the repurposing of drugs approved for other indications. The
increasing treatment failure rates and the emergence of drug
resistance against most of current first-line therapies urge for
the approval of novel drugs to treat and/or prevent leishman-
iasis. Although phenotypic screening has long remained the
method of choice to identify new compounds, the application
of high-quality genetic tools and technologies now facilitates
the identification of druggable targets that will enable target-
based HTS and virtual screening of large compound libraries.
Alternative approaches focusing on parasite–host or vector–

host interactions are gaining momentum and may yield prom-
ise in the future. By indirectly targeting the parasite, these
approaches could be applied for transmission blocking rather
than only aiming at disease resolution. Anyhow, the road to-
wards VL elimination in the near future may still be long and
difficult.
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