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Leishmaniasis is a tropical infectious disease caused by the protozoan Leishmania

parasite. The disease is transmitted by female sand flies and, depending on the

infecting parasite species, causes either cutaneous (stigmatizing skin lesions),

mucocutaneous (destruction of mucous membranes of nose, mouth and throat) or

visceral disease (a potentially fatal infection of liver, spleen and bone marrow). Although

more than 1 million new cases occur annually, chemotherapeutic options are limited and

their efficacy is jeopardized by increasing treatment failure rates and growing drug

resistance. To delay the emergence of resistance to existing and new drugs,

elucidating the currently unknown causes of variable drug efficacy (related to parasite

susceptibility, host immunity and drug pharmacokinetics) and improved use of genotypic

and phenotypic tools to define, measure and monitor resistance in the field are critical.

This review highlights recent progress in our understanding of drug action and resistance

in Leishmania, ongoing challenges (including setbacks related to the COVID-19

pandemic) and provides an overview of possible strategies to tackle this public

health challenge.

Keywords: leishmania, drug resistance, treatment failure, pharmacokinetics, surveillance, leishmaniasis, neglected

tropical disease (NTD), antimicrobial therapy

1 INTRODUCTION: ONGOING TREATMENT CHALLENGES
IN LEISHMANIASIS

Leishmaniasis is a neglected tropical disease (NTD) caused by the obligate intracellular protozoan

parasite Leishmania (1). The disease currently affects more than 1 million people per year, mostly

disadvantaged populations living in East Africa, South East Asia, the Middle East (“Old World”

leishmaniasis) and the Americas (“New World” leishmaniasis) (2). Transmission can occur from

human to human (anthroponotic) or from an animal host reservoir to human (zoonotic) via the bite

of haematophagous female sand flies. When the Leishmania-infected insect takes a blood meal,
extracellular “promastigote” parasites are released into the skin of the mammalian host, where they are
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taken up by macrophages and other phagocytic immune cells and

transform into intracellular “amastigotes”, which replicate and can

disseminate to other tissues. If not asymptomatic (3),

leishmaniasis presents itself as one of the following clinical

forms: (i) cutaneous leishmaniasis (CL), causing stigmatizing

skin lesions and sometimes life-long scars; (ii) mucocutaneous
leishmaniasis (MCL), destroying the mucosa of the mouth, nose

and throat; (iii) visceral leishmaniasis (VL) or kala-azar, a

potentially fatal infection of spleen, liver and bone marrow and

(iv) post kala-azar dermal leishmaniasis (PKDL), often causing

skin papules or nodules all over the body after the apparent cure

from VL. These manifestations are related to specific host factors
and the causative parasite species, of which at least 20 are known

to cause human disease (4).

In the absence of a protective human vaccine and the presence of

various challenges related to vector control, the management of

leishmaniasis relies heavily on prompt and effective diagnosis and

treatment. Unfortunately, only a handful of antileishmanial drugs
are available, which all suffer from limitations related to either severe

side effects, high cost, invasive administration routes requiring

prolonged hospitalization or unacceptably long treatment

durations. Furthermore, their efficacy is increasingly jeopardized

by rising rates of drug resistance (DR) and treatment failure (TF).

While TF is increasingly common in almost all forms of

leishmaniasis around the world, DR has been particularly
described in the context of VL in South East Asia. Here, the

pentavalent antimonials (SbV), which served as first-line

treatment, were made redundant by the emergence of acquired

DR in the 1980s (5). These were replaced in the early 2000s by more

recently developed drugs, such as oral miltefosine (MF), in the local

kala-azar elimination programme (KAEP), aiming to reduce VL
incidence to less than 1 case per 10,000 people at the block level (6).

However, after less than two decades of using MF to treat VL and

PKDL, the number of post-treatment relapses has steadily increased

and parasite strains with increased drug tolerance, and recently,

even confirmed DR, have been detected in the field. Furthermore,

the fact that MF (and other current drugs) can seemly cure VL, but

not prevent a subpopulation of surviving parasites from establishing
a new, dermal complication in the form of PKDL in up to 20% of

patients (7), could also be interpreted as a special form of TF. This

form could become increasingly important in the future, given the

recent surge in PKDL in India and its role as an infection reservoir

for VL transmission (8). In clinical practice, no resistance has yet

been observed for the repurposed antifungal amphotericin B (AmB)
and the repurposed aminoglycoside antibiotic paromomycin (PM),

but AmB- and PM-resistant Leishmania strains have already been

generated relatively easily under laboratory conditions. Thus,

surveillance of emerging drug resistance seems warranted to

safeguard the efficacy of current and new drugs, in particular in

South East Asia and other leishmaniasis-endemic regions where

anthroponotic transmission of resistant parasites could occur (e.g. L.
donovani VL and PKDL in East Africa, L. tropica CL in the Middle

East). This review provides an overview of the current state of

knowledge on the causes of TF and DR in leishmaniasis and

potential solutions to tackle this public health challenge (Table 1).

2 DEFINING “DRUG RESISTANCE”
IN LEISHMANIASIS

In general terms, DR in leishmaniasis can be defined as the decrease
or absence of activity of a specific agent against a previously

susceptible population of Leishmania parasites through the

acquisition of molecular resistance mechanisms. This can lead to

reduced or a lack of clinical efficacy even at the highest tolerated

doses. Importantly, while DR can be a fundamental determinant in

TF, these terms should not be used interchangeably. Many factors

other than intrinsic parasite susceptibility play a role in the outcome
of leishmaniasis treatment, most importantly host immunity, drug

pharmacokinetics and posology [5]. Inversely, when viable parasites

survive upon TF they can be subsequently exposed to lingering,

subtherapeutic drug levels after treatment, thereby increasing the

risk of DR emergence.

Formally detecting and defining antileishmanial DR based on
the results of genotypic and phenotypic assays in the lab, however,

remains a challenge. Indeed, while manymechanisms of drug action

and resistance have been described for Leishmania, validated

molecular resistance markers to enable genotypic testing are still

lacking. Instead, surveillance of DR relies on culture-based

phenotypic testing, but standardization of quality-controlled

laboratory protocols, assays and endpoints remain poor.
Furthermore, interpretation of drug susceptibility results should

rely on a well-defined “breakpoint”, or a threshold value that can

help distinguish “susceptible” (S) from “resistant” (R) parasites.

Such an approach is standard for most antimicrobials used to treat

major bacterial and some fungal infections (by the European

Committee on Antimicrobial Susceptibility Testing EUCAST in
Europe and the Clinical and Laboratory Standards Institute CLSI in

the USA), as well as for antimalarials (by the WorldWide

Antimalarial Resistance Network WWARN), but does not exist in

the field of leishmaniasis, or for any obligate intracellular pathogen

in general, for that matter.

Some recommendations to streamline antileishmanial drug

susceptibility testing have been made for the VL-causing
parasites L. donovani and L. infantum (9, 10), but remain to be

widely implemented. As a metric of drug activity, Maes and

colleagues have proposed using the 50% inhibitory

concentration (IC50). This is the drug concentration that reduces

the parasite burden by 50% compared to the untreated control, as

measured ideally in intracellular amastigotes. However, several
factors, including parasite infectivity and the type of host cell are

known to influence intracellular drug susceptibility. A recent study

indicated that Swiss primary peritoneal mouse exudate cells are

better than cell lines in supporting infection and intracellular

parasite multiplication and should therefore be considered as the

first option of choice whenever possible (11, 12). By calculating

the IC50 ratio (IC50 for a clinical VL isolate divided by the IC50 for
the drug-susceptible laboratory reference strain L. donovani

MHOM/ET/67/L82), “breakpoint estimates” for different

standard drugs were suggested. For example, for MF, an isolate

with unknown susceptibility would be classified as “S” if the IC50

ratio is > 10, but as “R” if this value is < 25. To truly validate the
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proposed “breakpoints”, a large drug susceptibility dataset would
be required of hundreds to thousands of isolates from confirmed

TF cases, non-responders and pre-treatment isolates from cured

patients from all endemic areas over the world, measured via

standardized methodology. Even then, modern breakpoint setting

by EUCAST/CLSI considers not only microbiological, but also

clinical, pharmacokinetic and PK/PD data, much of which is
currently lacking for antileishmanial drugs. Similar principles

could also be applied to the many different types of Leishmania

parasites causing CL and MCL, although the huge intrinsic

variations in drug susceptibility between species, as well as the

well-known inter-strain variability, complicates defining DR in this

context even more (7, 9, 10).

3 CAUSES OF DRUG RESISTANCE
IN LEISHMANIASIS

Many factors, either parasite-, host- or drug-related, can impact
antileishmanial drug efficacy and lead to TF and/or DR. This

chapter will summarize and highlight the most important ones.

3.1 Parasite-Related Factors

First of all, the inherent in vitro drug susceptibility variations

between the more than 20 clinically relevant Leishmania species

are caused by biochemical and molecular species differences.
Although pharmacokinetics and host immune responses also

play a role in the infected host, these species-specific differences

generally already result in a different in vivo drug efficacy. As the

Leishmania parasite is known for its remarkable genomic

plasticity, it can easily undergo genetic mutations allowing its

survival under drug pressure. The acquisition of such resistance
mechanisms can be associated with either (i) decreased drug

uptake, (ii) increased drug efflux or sequestration, (iii) enzymatic

drug inactivation, (iv) improved cellular mechanisms to deal

with drug-induced stress of cell damage, and/or (v) changes in

the expression, abundance or drug binding affinity of the primary

therapeutic target (13) (Figure 1). These changes, however,

might impact not only the parasite’s drug susceptibility but
also the parasite’s fitness, which is defined as its virulence and

propensity to spread in the environment (14). Here, we describe

TABLE 1 | Outstanding challenges and possible solutions related to drug resistance and other causes of treatment failure in leishmaniasis.

Outstanding challenges Possible solutions

A general scientific consensus to define the concept of “drug resistance”

in the field of leishmaniasis is lacking, as are the tools to accurately and

easily monitor the problem in the field. Genotypic testing has been limited,

mostly due to its high costs and complicity, and no validated molecular

markers of resistance are available. For phenotypic drug susceptibility testing,

the design of the assays can vary greatly among labs and clear guidelines to

interpret, compare and report the results are absent.

The recent introduction of cheap, user-friendly Whole Genome Sequencing

(WGS) platforms could help to clarify the molecular epidemiology of Leishmania and

link “drug-resistant” phenotypes to specific genotypes. The harmonization of

susceptibility testing approaches (standard protocol, based on the intracellular

amastigote-macrophage model) and the introduction of associated “breakpoints” will

allow us to formally distinguish “resistant” from “susceptible” clinical isolates.

Different species of the genus Leishmania cause different forms of disease

and show variable inherent susceptibility to standard drugs. Through

genetic mutations, the parasite can acquire resistance mechanisms

against existing drugs, a phenomenon that is thought to occur faster and

easier when Leishmania is frequently exposed to subtherapeutic drug

levels and/or monotherapy.

To ensure leishmaniasis patients are being treated at an adequate drug dose level, both

ensuring the pharmaceutical quality of the medicine (substandard or falsified

medicines, as already reported for antimonials and miltefosine, or incorrectly stored

medicines, a concern for cold-chain liposomal amphotericin B) and studying

pharmacokinetic variability among different patient populations (age, clinical form of

leishmaniasis, causative parasite species, geographic location) are critical. Combination

therapies of existing drugs slow the emergence of resistance in vitro and are

currently under investigation in large clinical trials. Once available, new antileishmanial

drugs with novel mechanisms of action could be used against strains resistant to

current drugs.

Blood-feeding sand flies can transmit drug-resistant Leishmania

parasites and contribute to their spread in the community.

In anthroponotic leishmaniasis, (e.g. L. donovani VL and PKDL in East Africa and

South Asia, L. tropica CL in the Middle East) the transmission of resistant strains is

a major concern and should be limited by vector control, active case finding and

early diagnosis and treatment. In zoonotic leishmaniasis, where domestic animals are

involved in the parasite life cycle (such as dogs in L. infantum VL in Latin America),

the use of human medicines for veterinary purposes should be strongly

discouraged. In zoonotic leishmaniasis where feral animal reservoirs are involved (most

CL forms, e.g. rodents in L. major CL in Northern Africa), resistance likely does not pose

a significant risk to treatment efficacy.

The clinical efficacy of many antileishmanial drugs relies in part on an effective

host immune response. Immunocompromised patients are at particularly

high risk for treatment failure and could be the ideal hosts for the onset of

drug resistance.

Early, correct treatment is particularly important (yet challenging) in patients co-infected

with HIV. New host-directed therapies to boost and promote the antileishmanial

response in combination with antileishmanial drugs and new clinical biomarkers to

evaluate and follow-up treatment outcomes would be of great value to treat and monitor

these at-risk patients.

Drug misuse and/or low treatment adherence increase the risk for the

emergence of antileishmanial drug resistance. Treatment ideally takes place

under medical guidance, but the limitations of current drugs (need for

hospitalization, long treatment durations, frequent side effects and high costs)

can all discourage patients living in remote areas to seek medical care in far-

away clinics or closely follow therapeutic instructions. When (oral) drugs are

available closer to the affected communities in local pharmacies or drug

shops, but are sold at high prices without a prescription, the risk for misuse

also increases (as happened to miltefosine in the early 2000s in South Asia).

While a ban on over-the-counter sale of medication in private shops or the

introduction of directly observed therapy in the clinic (as done in TB control

programs), can both improve compliance, the primary focus should be on providing

accessible, low-cost, high-quality care on a local health centre level to ensure

patients are treated early and correctly. To overcome the inherent issues related to the

current antileishmanial drugs, new safe, effective, short-course and easy-to-use

treatments are needed. Antimicrobial Stewardship policies adapted for resource-limited

settings could serve as an inspiration on how to help to measure, monitor and improve

the clinical use of current and new antileishmanial drugs.
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the current state of the scientific knowledge on these phenomena

for the currently used antileishmanial reference drugs: SbV, MF,
AmB and PM.

3.1.1 Pentavalent Antimonials
The pentavalent antimonials (SbV) are considered the first-line

drugs for leishmaniasis in most parts of the world since their

introduction in the 1940s (15). Sodium stibogluconate (SSG) and

meglumine antimoniate (MA) are the two available formulations

and a standard treatment comprises systematic treatment with
20 mg/kg SbV over 28-30 days (15). Although widely used, SbV

are toxic and can induce serious, sometimes life-threatening side

effects such as cardiotoxicity, pancreatitis and nephrotoxicity

(15). For VL in East Africa, Sb treatment shows an efficacy of

93.9% against infections with L. donovani (16, 17), while

efficacies of up to 97% are observed against L. infantum in
other regions (16). Despite its proven efficacy in other parts of

the world, in South East Asia and especially in the region of Bihar

(India) and Nepal (18, 19), the use of SbV for the treatment of VL

has been abandoned due to increasing DR in L. donovani (20,
21). The widespread SbV resistance in this area has been linked to

the high level of contamination of local freshwater with arsenic,

an atom showing comparable properties as Sb and is often

present in bedrock (22). An animal study confirmed that

parasites isolated from L. donovani-infected hamsters that

drank water spiked with arsenic showed a decreased SbV

susceptibility. Nevertheless, underdosing, short treatment

regimens and the use of expired medication in VL patients

have also been implied to play a role in TF and DR in this

setting (23). The SbV-resistant parasite phenotype could be

linked to enhanced infectivity and lower sensitivity to oxidative

stress (24–26). In contrast, so far no resistance has been observed

for L. infantum isolates, although parasites isolated upon
treatment relapse did show reduced drug sensitivity (27–29).

For CL the efficacy of SbV treatment is not only species-

dependent, but also region-dependent. The World Health

A B

DC

FIGURE 1 | Schematic overview of the mechanisms of action and resistance of the antileishmanial reference drugs (13). Left corner: infected host cell (most commonly,

macrophages) with the intracellular Leishmania amastigotes in phagolysosomes. (A) The mechanism of action of Amphotericin (B) Leishmania resistance mechanisms are

shown in red. (AmB, Amphotericin B; Cys, cystein; g-GCS, gamma-glutamylcystein synthetase; GSH, glutathione; Orn, ornithine; ODC, ornithine decarboxylase; Put,

putrescine; RNI, reactive nitrogen intermediates; ROI, reactive oxygen intermediates; SS, spermidine synthase; TR, trypanothione reductase; T[SH2], trypanothione; (B)

The mechanisms of action for miltefosine in Leishmania. Possible resistance mechanisms are shown in red. (LdMT, Leishmania donovani miltefosine transporter; LdROS3,

subunit of the LdMT transporter; MIL, miltefosine; MDR, multidrug resistance transporter 1); (C) The mechanism of action of antimonials. Mechanisms leading to Sb-

resistance are depicted in red. (ACR, Arsenate reductase; AQP, aquaglyceroporine; Cys, cysteine; g-GCS, gammaglutamylcysteine synthetase; GSH, glutathione; NADP,

nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; Orn, ornithine; ODC, ornithine decarboxylase; Put,

putrescine; RNI, reactive nitrogen intermediates; ROI, reactive oxygen intermediates; SS, spermidine synthase; SbIII, trivalent antimony; SbV, pentavalent antimony; TDR1,

Thiol-dependent reductase 1; TR, trypanothione reductase; T[SH2], trypanothione); (D) The mechanism of action of paromomycin. Possible resistance mechanisms in

Leishmania are shown in red. (PMM, paromomycin; MDR, multidrug resistance transporter 1; MRPA, multidrug resistance-associated protein A).
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Organisation (WHO) recommends both intralesional and

systemic SbV treatment (15). A recent systemic review by Brito

et al., evaluating intralesional Sb treatment, reported an overall

efficacy of 75% against Old World CL and 77% against New

World CL (30). For systemic treatment of more complex CL,

overall good cure rates are reported for L. major and L.
aethiopica (75% to 98% and 69% to 85%, respectively), but

poor efficacy against L. tropica in the Old World (31–35). In

the New World, Sb is commonly used as a systemic treatment

with cure rates varying between 77% and 90%, depending on the

infecting species (36). This species-dependent efficacy is

supported by studies in different Latin-American countries
where TF rates of 30.4%, 24.5%, 8.3% and 8.9% have been

reported in patients infected with L. braziliensis, L. peruviana,

L. guyanensis and L. panamensis, respectively (37–39).

Furthermore, susceptibility analysis of New World clinical CL

isolates revealed an overall lower susceptibility of L. braziliensis

compared to L. panamensis, L. amazonensis and L. guyanensis
(40–42).

Although SbV has been used for over 80 years, its exact

molecular targets still remain elusive. Nevertheless, it is widely

accepted that SbV acts as a pro-drug requiring biological reduction

to its more active trivalent SbIII form (43). The mechanism of SbV

reduction remains controversial and may include both

macrophage- and parasite-specific thiol compounds (non-
enzymatic) and parasitic reductases (enzymatic), such as thiol-

dependent reductase (TDR1) and Leishmania arsenate reductase

homologues (LmACR2) (13, 44, 45). Inside the parasite, SbIII can

interfere with the biosynthesis of macromolecules and is known to

target the redox metabolism of the parasite by inhibiting

trypanothione reductase (TR), which will reduce the intracellular
trypanothione levels and increase susceptibility to oxidative stress

(13, 46–48). However, when submitted to high levels of SbV, most

parasites will increase the gene copy number of the multidrug

resistance-associated protein 1 (MRP1), causing DR through

increased drug efflux (49–52). Other efflux transporters, such as

ABCG2 and ARM56/ARM58, have also been implicated, as well as

deletion of the Aquaporin 1 (AQP1) pump, responsible for inward
drug uptake (53–55) (Figure 1C). In general, CL species have a

higher expression of AQP1 compared to VL species, making them

more susceptible to SbV. The species-specific sensitivity of CL

strains is therefore mostly attributed to post-transcriptional

regulation of AQP1 (56).

3.1.2 Miltefosine
From 2002 to 2012, miltefosine (MF) was used in South East Asia

to replace SbV in the frame of the KAEP (57) and nowadays MF

is still used to treat PKDL. The treatment regimen generally

consists of a 28-day oral schedule with 25, 50 or 100 mg/kg/day

(for children < 12 years, patients < 25kg and patients > 25 kg)

(15). The main adverse effects of this drug are gastrointestinal

disturbances, including nausea, vomiting and diarrhoea (15).
Upon its initial use, MF showed a treatment efficacy of more than

94%. Unfortunately, the number of relapses in South East Asia

has steadily increased after only one decade of use (58, 59). By

2012, 7% of the Indian VL patients relapsed within 6 months

after MF monotherapy (60), while in Nepal the relapse rate in

2013 was 20% within 12 months (61). However, several studies

(62–64) have demonstrated that in vitro MF susceptibility

between L. donovani parasites isolated from cured and relapsed

patients remained comparable. This indicates that TF probably

was not linked to the parasite’s intrinsic MF sensitivity. However,
parasites isolated upon MF TF did show an increase in drug

tolerability, infectivity and resistance to oxidative stress (63–66).

Although initial cure rates in PKDL were over 96%, nowadays

15% to 20% of treated patients relapse months to years after

initial cure (67–69). The rapid emergence of TF in South East

Asia has been linked to its initial over-the-counter availability
that enabled patients to shorten the recommended, highly

expensive treatment courses. Since 2008, MF provision has

been therefore restricted to the public sector in India, where

directly observed treatment (DOT) and the use of combination

regimens are recommended (70). For the treatment of VL in East

Africa, MF is mainly used in combination with other drugs due
to the unsatisfactory efficacy of monotherapy (36). MF is not

used to treat VL in Latin America due to a poor response to

treatment (71). The reason for this is likely two-fold (i) positive

response to MF treatment was correlated with the presence of a

genetically stable MF sensitivity locus (MSL) present in the

genomes of all sequenced L. infantum and L. donovani isolates

from the Old World, but not in NewWorld L. infantum (72, 73).
The absence of this MSL in New World L. infantum strains

increases TF more than 9-fold (72). In addition (ii) Dorlo et al.

have demonstrated subtherapeutic plasma concentrations of MF

in children treated using linearly as opposed to allometricly

scaled drug doses, which may explain the observed poor

treatment success rates.
In 2014, the use of MF in Latin America was approved for the

treatment of CL caused by L. braziliensis, L. panamensis and L.

guyanensis, though with variable success (36, 74). In Colombia,

for example, an efficacy of 50% was reported for L. braziliensis

CL, while a treatment failure of 8.92% was reported for L.

panamensis infections (38). Inter-species differences were

observed with L. braziliensis showing the lowest drug
susceptibility, followed by L. panamensis , whereas L.

guyanensis showed high susceptibility (41, 75).

The exact mode of action of MF is not well understood and

several potential mechanisms have been described, suggesting

different targets within the parasite. A well-studied mechanism

is an interference with the parasite’s lipid metabolism (76). MF
was shown to decrease the amount of phosphocholine in the

membrane by inhibiting the cytidine-5-diphosphocholine pathway

while increasing the proportion of phosphatidylethanolamine

(PE) through the stimulation of cytidine triphosphate:PE

cytidylyltransferase and inhibition of PE-N- methyltransferase

(77). MF also induces apoptosis-like death, which is linked to the

inhibition of the cytochrome-c oxidase in the mitochondria of the
parasite (78–82) (Figure 1B). The drug also exhibits several

immunomodulatory properties that promote a pro-inflammatory

Th1 response in the host (76). It induces IFN-g, IL-12 and TNF-a
secretionand increases the responsiveness ofmacrophages to IFN-g
by inducing the upregulation of the IFN-g receptor (76, 83, 84).
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Recently, MF has also been shown to disrupt intracellular Ca2+

homeostasis by activating plasma membrane Ca2+ channels,

which could contribute to apoptosis-like cell death (85).

Although phenotypic resistance in clinical isolates is still rare,

parasites isolated fromMF relapse patients often show increased

tolerability to the drug (63–66, 86). Despite the low number of
resistant clinical isolates, many studies have generated MF

resistant parasites in vitro, leading to the discovery of

mutations in two genes, ROS3 and MT, encoding the

Leishmania miltefosine transporter complex (87–89). This

transporter complex, which is involved in the translocation of

phospholipids from the outer to the inner leaflet of the parasite’s
membrane, is responsible for the uptake of MF in the parasite

(89–91). In 2012, a first study reported the isolation of an MF-

resistant clinical L. infantum isolate from a French HIV patient

with a single nucleotide polymorphism (SNP) in the MT gene

(92) and in 2017 clinicalMF resistance was also described for the

first time for L. donovani in India (93). The overall spread and
abundance of these MF-resistant Leishmania strains remain

limited to date, probably because mutations in the MF

transporter appear to cause a severe loss of fitness and

infectivity for the parasite (94–96). However, a reduced

expression and copy number of the MT and/or ROS3 genes in

L. donovani parasites with a higher tolerance to MF did not

impact parasite fitness (63, 91), and an increased fitness was
reported for an experimentally selected MF resistant L. major

strain (97), which supports the hypothesis that its impact on

fitness is species-specific. Evenwith the low abundance of clinical

resistance and the switch to liposomal amphotericin B (L-AmB)

as the first-line treatment option in 2014, the emergence of MF

resistant parasites in South East Asia still poses a potential threat
to the success of the KAEP. Nevertheless, MF remains an

essential leishmaniasis treatment to manage specific clinical

presentations (HIV/VL coinfections, some pediatric CL and

MCL) and as a general partner drug in combination therapies

(15, 74, 98, 99).

3.1.3 Amphotericin B and Its Lipid Formulations
Amphotericin B (AmB) is a polyene antibiotic that is isolated
from Streptomyces nodosus and has been used as an antifungal

agent for over 70 years (13, 100). AmB was introduced as an

antileishmanial drug in the 1960s and its liposomal formulation

is currently the recommended first-line treatment for VL in India

and the standard treatment in Europe and the USA (101). The

drug shows excellent leishmanicidal activity against a broad
range of Leishmania species (40, 102–105), but also induces

some severe side effects, including myocarditis and

nephrotoxicity (15). To minimize the adverse effects of the

original deoxycholate salt formulation (e.g. Fungizone®),

various types of lipid-associated formulations of AmB with

improved safety profiles were developed, including lipid

complexes (e.g. Abelcet®), colloidal dispersions (e.g.
Amphocil®) and liposomal formulations (e.g. AmBisome® and

Fungisome®) (106). Liposomal AmB (L-AmB) has been

predominantly used in leishmaniasis, although effective doses

vary greatly depending on the geographical region. In South East

Asia (L. donovani), a single intravenous dose of 10 mg/kg was

shown to efficiently cure >95% of VL patients, with reported

relapse rates of 2.4% (100, 107, 108). However, trials in East

Africa using similar dosing regimens had to be terminated due to

poor efficacy, with cure rates ranging from 40 to 58% (109). In

this region higher doses of 20-35 mg/kg are required to obtain

cure rates of 87-92%, with 7-10% relapse (110, 111). L-AmB has
also shown promising results for the treatment of PKDL with

cure rates of 89% and higher (112, 113).

Data regarding the efficacy of L-AmB for Old World CL are

scarce with no large randomized trials and variable outcomes.

Retrospective studies showed a good efficacy of L-AmB against L.

major, L. tropica and L. aethiopica, but poor response against CL
caused by L. infantum (114, 115). However, a recent study by

Ubals et al. showed a cure rate of 100% in L. major CL (116).

Although the infecting species or strain may affect the

effectiveness of L-AmB in these studies, other factors such as

immunosuppressive conditions are more likely to have

influenced the treatment outcome (115). In the New World,
several trials with L-AmB for the treatment of CL caused by L.

braziliensis have shown cure rates ranging from 90% to 100%

(114, 115, 117, 118), while a poor response was observed against

L. amazonensis and L. shawi (119). In Brazil, L-AmB also showed

cure rates ranging from 88% to 100% for MCL (120, 121).

Despite its good efficacy and generally good safety profile, the

widespread use of L-AmB is limited mainly due to its high cost
(up to 18 $ for a single dose) (122).

Resistance emergence against AmB has been considered to be

a low risk as, despite its long-term use as an antifungal agent,

AmB resistance in fungi is relatively uncommon. Nevertheless, in

addition to some reports of AmB unresponsiveness in

immunocompromised patients in Europe, some cases of TF
with AmB have already been reported in India (123–126).

Although AmB resistance markers have yet to be identified,

several studies already proposed potential biomarkers which

generally relate to the interaction of AmB with the parasite’s

membrane sterols (127, 128). AmB has an amphipathic structure

that binds to ergosterol and episterol in the parasite’s membrane

(13, 101). While its hydrophobic surface interacts with
membrane lipids, the hydrophilic part will generate a pore that

increases the permeability of the membrane, resulting in cell

death (Figure 1A). Several clinical and laboratory-selected AmB

resistant L. donovani and L. mexicana lines display alterations in

their membrane sterol composition (127–129). As a result of

changes in the (ergo) sterol biosynthesis pathway, they have
replaced ergosterol and other related sterols with alternative,

cholesterol-associated sterols, resulting in a reduced affinity to

AmB. The absence of ergosterol also increases membrane

fluidity, which further contributes to the decreased binding of

AmB to the membrane (128). Next to reduced binding, an

increased AmB efflux was also reported in resistant strains, due

to upregulation of the MDR1 efflux pump. These AmB resistant
parasites were also more tolerant to oxidative stress (128).

3.1.4 Paromomycin
Paromomycin (PM) is a broad-spectrum aminoglycosidic

aminocyclitol antibiotic with activity against a wide range of

bacteria and protozoa, including Leishmania (130). It is the
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cheapest of all available antileishmanial drugs and has a good

safety profile with only relatively mild adverse effects, such as

pain at the injection site and ototoxicity (15). For the treatment

of VL caused by L. donovani, a large phase IV trial in South East

Asia indicated cure rates >94% using a systemic dose of 11mg/kg

for 21 days (131–134). However, a similar dosing regimen was
not sufficient to cure VL patients in East Africa and higher doses

of 20 mg/kg or longer treatment periods of 28 days were needed

to obtain cure rates up to 84.3% (134–136). The use of PM for the

treatment of VL caused by L. infantum in the Mediterranean

region and South America, respectively, has not yet been

documented, but in vitro susceptibility assays using clinical and
reference strains showed a similar PM activity against all strains

of the L. donovani complex (40, 105, 137).

Systemic use of PM for CL treatment is not common, with only

a few studies in the New World indicating poor efficacy of 59% at

low doses in Belize, but excellent efficacy with cure rates >90% at

higher doses in Brazil (138, 139). For the treatment of CL, PM has
been more commonly used in topical formulations. A meta-

analysis of 14 randomized control trials revealed that topical PM

was effective against both Old World and New World CL and

achieved cure rates similar to those obtained with intralesional SbV

treatment (140). Two recent Phase III trials in Tunisia and

Panama reported cure rates of 82% and 79% against CL caused

by L. major and L. panamensis, respectively, whereas an efficacy of
77.5% was reported against L. braziliensis in Bolivia (141–143).

Furthermore, clinical isolates of L. braziliensis, L. amazonensis and

L. aethiopica were all highly susceptible to PM in vitro, in contrast

to L. guyanensiswhich showed higher tolerability towards the drug

(40, 144–146).

While the mechanisms of action and resistance of PM are well-
understood in bacteria, its exact effects in Leishmania remain

unclear (130, 132, 133). The drug has been proposed to interfere

with the parasite’s lipid metabolism and membrane fluidity (leading

to changes in membrane permeability), ribosomes (affecting

translation and protein synthesis) and energy metabolism (by

dysregulating the mitochondrial activity) (147–149). As PM has

not been extensively used for the treatment of leishmaniasis,
resistant clinical isolates have not yet been reported. However,

several in vitro and in vivo laboratory studies have demonstrated

a rapid selection of PM resistant parasites, indicating that the

development of clinical resistance is not unlikely (137, 150, 151).

Furthermore, it was shown that PM resistance was well tolerated in

the sand fly vector, which increases its potential to be spread among
the population (152). Research on laboratory selected strains already

proposed several resistance mechanisms, such as increased

membrane fluidity, impacting binding and uptake of the drug, an

elevated drug efflux through overexpression of ABC transporters

and increased tolerance to nitrosative stress (151, 153) (Figure 1D).

However, no genetic resistance markers have been identified yet.

Recently, Hendrickx et al. identified 11 short nucleotide variations
and copy number alterations in 39 genes that were correlated with

PM resistance (154). These identified genes were involved in

transcription/translation processes, virulence, mitochondrial

functioning and cell signalling and underline the probably

multifactorial origin of PM resistance.

3.2 Host-Related Factors
In addition to these parasite-specific factors, host-related factors

also determine drug efficacy. In this context, we will focus on the
role of the antileishmanial immune response and the impact of

immunodeficiency. Nevertheless, other patient-specific or

demographic factors related to the host, such as geographic

region (discussed in the previous section), age, gender, weight,

nutrition status, socioeconomic factors, the severity of disease

and treatment adherence have also been directly or indirectly

associated with treatment outcomes in the past (38, 155–158).

3.2.1 Immune Response
As Leishmania is an obligate intracellular parasite residing within

immune cells, leishmaniasis involves a complex interplay between

the host and parasite and is classified as an immune-mediated

disease (159). Various types of immune responses are observed

during infections with different Leishmania spp. (159), which may
contribute to differences in drug efficacy and disease progression.

Differences in treatment response between individuals are

common for most drugs and are observed for the

antileishmanials as well (160). The efficacy of drugs generally

relies on effective immune response, as demonstrated by the

decreased efficacy of SbV in immunocompromised individuals

(161). Intracellular parasites can induce modifications to the
immune system or alter the infected host cell characteristics, all

of which render parasites less responsive to treatment. For

example, SSG TF has been linked to immune suppression,

caused by the upregulation of the anti-inflammatory cytokine

IL-10 that is produced by regulatory T cells (Tregs) (162–164). MF

has been described to enhance monocytic function, such as
inducing phagocytosis and increasing oxidative burst. In

addition, the drug increases the number of CD4+ T cells, which

is associated with the necessary Th1 response to control infection

(165). Furthermore, the inherent virulence of the infecting isolate

can define the type of immunological response in the host (166,

167). It is known that Leishmania parasites produce virulence

factors, such as glycoprotein-63 (GP63), to trick the immune
system into inducing a weaker response. GP63 proteolytically

degrades specific signalling proteins that attract and activate

certain immune cells (168). Finally, Leishmania can release

exosomes (extracellular vesicles) that carry bioactive molecules

to interfere with host cell function, to modulate the parasite-

macrophage interaction and to overcome host protective immune
mechanisms (169).

Host immune responses and genetic factors do not only play a

crucial role in determining drug efficacy, but also in the

progression of disease pathology. Recently, the role of

cytokines and host genetics in the susceptibility or resistance to

leishmaniasis has gained more interest (170). Various cytokines

(IFN-g, IL-2, IL-12, and TNF-a) play an important role during
protection, while some other cytokines (e.g. IL-10, IL-6, IL-17,

TGF-b) are associated with disease progression (171). Mice with

different genetic backgrounds, for example, are known to show

different immune responses to leishmaniasis infection, e.g.

BALB/c and C57BL/6 mice are susceptible, while SV/129 mice

are considered resistant (172). A recent study in Brazil also found
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an impairment of the production of Th1 cytokines and a high

rate of treatment failure in Leishmania skin test-negative CL

patients (173).

3.2.2 HIV and Other Immunosuppressive Conditions
As treatment efficacy in leishmaniasis in part depends on an

effective host immune response, immunosuppressed patients are
typically more difficult to cure, in particular those co-infected with

human immunodeficiency virus (HIV). HIV/VL co-infection is

associated with higher initial failure rates due to immune

exhaustion and chronic immunostimulation. HIV infection

decreases the number of CD4+ T cells, which enhances VL

disease progression. Eventually, immunosenescence can be
detected, characterized by the exhaustion of immune resources

and the presence of senescent CD4+ and CD8+ T cells, which

together with the chronic immunostimulation induced by

Leishmania, enhances the multiplication of HIV and stimulates

progression to acquired immunodeficiency syndrome (AIDS)

(174). Such patients suffer from increased drug toxicity and

more frequent relapses posing an ideal reservoir for the
development of DR, especially in anthroponotic leishmaniasis

settings such as East Africa and South East Asia (175). A recent

systematic review on the treatment of HIV/VL co-infections

reported L-AmB to be the most commonly used drug with an

overall cure rate of 68% (176). For SbV low efficacy, pronounced

side effects and increased mortality rates are observed (177). Data
on MF mainly report low efficacy on L. infantum in Southern

Europe (178) with cure rates of 64% and treatment relapse in all

patients (179). Also in Ethiopia, although it was considered safer,

MF was less effective than SSG (180). Furthermore, for HIV/VL

co-infected patients, secondary prophylaxis to prevent relapse is

crucial. A recent example in Ethiopian HIV co-infected VL

patients, where pentamidine was used as secondary prophylaxis,
the relapse-free survival rate at 2 years was only 58.3% (181). As

treatment monitoring in these patients is particularly important, a

recent study used transcriptomics of peripheral blood to evaluate

the immunological responses related to relapse. An enrichment of

pathways consistent with disease remission was observed in

successfully cured HIV/VL co-infected patients, while these were
completely absent in TF cases. Subsequently, a 4-gene signature

was identified as able to discriminate treatment success at 4 weeks

with a sensitivity of 84% and specificity of 85% (182).

The knowledge on the impact of non-HIV immunosuppressive

conditions (such as organ transplantations, rheumatology,

haematology, and oncology) on leishmaniasis is more
fragmented and mostly based on individual case reports (161).

The available data seem to suggest that, compared to HIV/VL co-

infected patients, treatment efficacy is higher, although still lower

than in immunocompetent patients (183). Also here, relatively

high rates of potentially life-threatening toxicity were reported for

SbV (184).

3.3 Drug-Related Factors
Drug efficacy, TF and the emergence of DR in leishmaniasis also

depend on several drug-related factors providing Leishmania

with the opportunity to survive treatment. Here, we will only

focus on the role of subtherapeutic drug exposure due to poor

pharmacokinetics or pharmaceutical quality of the medication.

3.3.1 Drug Exposure and Pharmacokinetics
Drug pharmacokinetics (PK) describes aspects of drug

absorption, distribution, metabolism and excretion (ADME) in

the body of the host over time. After administration to the

patient, an antileishmanial drug must reach the target tissue,

being the viscera (VL), the skin (CL, PKDL) or the mucosal

membranes (MCL), to allow uptake into the infected host cells,

and exert its activity. In terms of drug delivery to such target
sites, there has been an increased interest in so-called “sanctuary

sites”, which can be cells or tissues where the pathogen can

survive and escape treatment or immune response. Known

examples of such sanctuary sites in other NTDs are adipose

tissue for Trypanosoma cruzi (185), hepatocytes for Plasmodium

vivax (186), stem cells for Mycobacterium tuberculosis (187) and
primary skeletal muscle cells for Toxoplasma gondii (188).

Besides surviving inside different macrophages populations in

various tissues, Leishmania can also infect fibroblasts (189),

keratinocytes (190), hepatocytes (191) and stem cells (192).

Recently, intracellular parasite survival was demonstrated in

different immune cell types in granulomatous lesions, which

might shield the pathogen from drug exposure and lead to the
adaptation of intracellular amastigotes into a reversible,

quiescent stage with limited metabolic activity and replication

(193, 194), potentially altering drug susceptibility. The likelihood

of Leishmania surviving chemotherapy due to inadequate drug

penetration and/or a switch to a ‘drug-tolerant phenotype’ at the

aforementioned infection sites (195) is an important concern
because drug tolerance is presumed to be a precursor of “classic”

genotypic DR in many bacterial infections (196).

While many inherent PK properties of a drug (e.g., protein-

binding, plasma exposure, volume of distribution, clearance,

metabolism) affect its bioavailability at the intracellular site of

infection required for antileishmanial drug action, a particularly

important one in the context of the risk for DR emergence is the
elimination half-life. For example, the plasma half-life for MF

and L-AmB both exceed 5 days (100, 133), causing them to linger

in the body at subtherapeutic concentrations for weeks after

treatment, a major concern when viable “persister” parasites may

remain present in the host. Still, most drug dosing regimens in

leishmaniasis are empirical and based on maximally tolerated
doses, rather than rationally designed to minimize the risk of

toxicity, relapse or DR emergence. Clinical PK studies are

therefore extremely important to explain the underlying

reasons for variable treatment outcomes and improve dosing

strategies. Subtherapeutic drug exposure due to underdosing has

already been linked to TF in leishmaniasis, in particular in

paediatr ics . Age-re lated differences in PK lead to
subtherapeutic MF concentrations in children with VL (< 12

years) and more pronounced TF compared to the adult

population treated with the same dose (61, 197). This age-

effect was corroborated in another PK study with MF in

Columbian CL patients where 30 children (age 2-12 years old)

and 30 adults (18-60 years old) were compared (198). MF dose
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regimen optimization, using allometric rather than linear dosing

extrapolations, was proposed as a way to normalise the metabolic

differences between adults and children (199). Also in Ethiopian

HIV/VL co-infected patients receiving antiviral therapy, plasma

exposure for MF and AmB was significantly lower than in

immunocompetent VL patients, potentially contributing to the
higher TF and relapse rates in this population (200). Although

PK alone could not explain the geographical variability in drug

efficacy, another study recently demonstrated differences in

bioavailability, absorption rates and plasma drug exposure

following intramuscular PM administration in East African

and Indian VL patients as well (201).
In the above-mentioned PK studies in patients, extracellular

drug concentrations are typically measured in the blood due to

the ease of sample collection, but these are not necessarily

representative of intracellular drug exposure in Leishmania-

containing macrophages inside infected tissues. Quantifying

drugs at the cellular and subcellular level at the infection site
in vivo is technically challenging and tissue homogenates are

often used instead, despite significant limitations of their own

(202). In this regard, L-AmB is the best-studied antileishmanial

drug in terms of PK and PK/PD in animal models. Following IV

administration of L-AmB, AmB accumulation in the liver and

spleen is lower in BALB/c mice infected with L. donovani than in

those of uninfected animals, indicating the impact of
pathophysiology and disease-induced organ enlargement on

PK (203, 204). Furthermore, dose fractionation and PK/PD

studies revealed the concentration-dependent in vivo activity of

L-AmB in VL, suggesting higher, less frequent dosing maximizes

clinical efficacy. In contrast, AmB accumulation was significantly

higher in the CL skin lesions than in the uninfected control skin
of mice infected with L. major. The severely inflamed state of the

infected dermis had a profound effect on local drug accumulation

and contributed to variable in vivo efficacy of L-AmB against Old

and New World CL (205, 206). In addition, damage to the

epidermal skin barrier and dermal inflammation in CL lesions

can alter topical drug penetration and activity (207, 208). To

study target site PK in CL and PKDL patients in the clinic,
dermal microdialysis holds great potential as an alternative to

invasive skin biopsies and following tissue homogenisation, as

already shown in murine disease models (209) and could prove a

tool to optimize clinical drug dosing regimens (210, 211).

3.3.2 Pharmaceutical Formulation and Quality
The use of poor pharmaceutical quality products can also result
in subtherapeutic drug exposure and increased risks of TF and

DR. Drug formulations lacking (counterfeit medication) or

containing inferior levels of the active pharmaceutical

ingredient (API) than indicated on the packaging, have been

reported for both MF and SbV. LC-MS analysis of “Miltefos”, the

counterfeit MF tablets sourced in Bangladesh at 10 and 50 mg,

demonstrated the absence of the API (212). More recently, a
counterfeit formulation of Glucantime® named “Gulucatime”

was intercepted in Iran after physicians reported its lack of

efficacy. The WHO later confirmed the circulation of this

counterfeit formulation in both Iran and Pakistan (213). For

AmBisome®, a single bilayer liposome containing AmB, the need

for cold chain maintenance increases the risk of formulation

instability and degradation if incorrectly stored, a concern in

some low-resource settings. Furthermore, because of its relatively

high price, alternative generic liposomal formulations with

different lipid compositions have been developed, but their

bioequivalence and pharmaceutical quality is not always
known (214).

4 OVERCOMING DRUG RESISTANCE
IN LEISHMANIASIS

4.1 Improved Monitoring and Surveillance
4.1.1 Phenotypic Testing
Monitoring and surveillance of DR in leishmaniasis still relies

primarily on phenotypic susceptibility testing following parasite

isolation from clinical samples. Considering the bi-phasic life

cycle of Leishmania, in vitro drug susceptibility testing can be
performed on extracellular promastigotes (sand fly vector stage)

or intracellular amastigotes (mammalian host stage). Despite

being more labour-intensive, expensive and complex than the

promastigote model (which is still routinely used for drug

susceptibility testing in many hospital laboratories), the

intracellular amastigote model remains the gold standard due

to its increased biological relevance (10). For example, AmB and
MF show comparable activity against promastigotes and

intracellular amastigotes, but SbV is inactive against

extracellular parasites, indicating the importance of host-cell

mediated effects (215). Indeed, testing outcomes can depend

not only on the choice of macrophage host cell type (216), but

also on many other technical factors (including parasite
inoculum, incubation time, culture medium and end points)

(12). As already discussed earlier, standardization of these assays

and defining clear susceptibility/resistance breakpoints remains a

major challenge for the leishmaniasis research community.

Thus, to improve the phenotypic surveillance of DR in

leishmaniasis, (i) correct Leishmania species identification to

rationalize therapy choice, (ii) the use of standardized drug
susceptibility assays on intracellular amastigotes, (iii)

interpretation of the results based on well-defined

susceptibility/resistance breakpoint criteria, all seem critical.

4.1.2 Genotypic Testing
Although the surveillance of DR should preferably rely on the

identification of molecular resistance markers, the scarcity of

knowledge on molecular and biochemical resistance mechanisms
to both old and newer antileishmanial drugs hampers this

approach. Nevertheless, over the last decade, whole-genome

sequencing (WGS) has vastly increased our molecular

understanding of how Leishmania can adapt to drug pressure

(87, 88). More and more, specific parasite genomic variants can

be linked to DR against certain anti-leishmanial drugs (see 3.1),

holding tremendous potential for future DR detection and
surveillance. WGS studies characterizing DR typically result in

a list of genomic variants, such as SNPs, insertions or deletions

(INDELs), and gene copy number variants present in drug-
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resistant strains but not, or less frequently, in drug-sensitive

strains. These variants can be directly wheeled for DR

surveillance. If it concerns a single or small set of variants,

assays such as a PCR or line probe assay can be developed,

being a relatively low-cost and straightforward solution (217).

However, these assays need redesigning and validation every
time new variants appear, and increased multiplexing quickly

becomes expensive and complicated. WGS does not have these

limitations and provides the richest information about a strain’s

genetics and DR profile. For many years, the high costs and the

complexity of data analysis blocked application of WGS for DR

surveillance in remote or resource-poor settings. Recently,
however, new and much cheaper sequencers, such as the

Illumina Iseq 100 and the Oxford Nanopore MinION, have

become available, with prices decreasing from the original ≥

100K to 20K or as little as 1K US $. Furthermore, these new

sequencers prov ide automated , user - f r i end ly and

computationally-efficient workflows, reducing the need for
specialized bioinformaticians to run them. These systems have

already been successfully used to detect DR in Mycobacterium

tuberculosis (218) and could also be applied to Leishmania.

To enable successful genotypic DR surveillance for

Leishmania (i) the number of (now affordable) sequencers in

the clinical labs in endemic regions should be increased; (ii) more

sequencing data of (potential) DR as well as reference sensitive
strains should be generated, so that DR phenotypes can be linked

to genomic variants; (iii) these DR genomic variants should be

catalogued and (iv) these variants should be monitored with

WGS in the field.

4.2 Better Use of Existing Drugs
4.2.1 Combination Therapy
Co-administration of multiple drugs can show some major

advantages over monotherapy, including the potential for the

synergistic or additive activity of the partner drugs, a lower risk

for the emergence of DR and reduced drug doses, which in turn

reduce treatment costs and the risk of adverse effects.

Considering the rise of SbV and MF TF and DR in South East
Asia (20), the variable efficacy of PMmonotherapy for VL in East

Africa (201), rising TF for intralesional SbV monotherapy for CL

in Sri Lanka (219) and the poor overall patient adherence due to

drug toxicity and long treatment durations, the application of

multidrug regimens to treat the different forms of leishmaniasis

and to combat TF and DR has increasingly been explored.
Combined treatment of PM and MF, for example, is not only

efficacious and safe, but has also been shown to delay the onset of

experimental DR in L. infantum in vitro and in vivo (220).

The safety and efficacy of MF/L-AmB and PM/MF

combinations were first tested in phase III clinical trials in

India, after which the efficacy in field conditions was evaluated

in India and Bangladesh in large studies between 2010 and 2015.
The encouraging preliminary results led to a policy change in

India, recommending PM/MF combination as second-line

treatment (while single-dose L-AmB remained fist-line when

cold chain maintenance can be guaranteed). At the 12-month

follow-up, efficacy rates were as high as 91.5% and 98.6% for MF/

L-AmB and PM/MF, respectively (221). Despite the highly

variable efficacy of PM in Africa, the combined effect of both

injectables PM and SSG administered for 17, instead of 30 days,

demonstrated similar efficacy to SSG monotherapy. The efficacy

and low mortality rate of this regimen remain evident even after

the WHO recommendation in 2010 to treat VL in Africa
accordingly. The treatment, however, is not suitable for all VL

patients; increased mortality and reduced efficacy were observed

in patients aged over 50 and HIV/VL co-infected patients,

probably because of the lower drug exposure and

antileishmanial immune responses reported in this population

(200). A retrospective analysis with a co-infected population in
Bihar, India that received L-AmB and MF combination therapy

for 14 days was well-tolerated, safe and effective (222).

For CL and PKDL, the presence of parasites in the dermis

offers the opportunity to combine either two systemic treatments

or a local treatment (for small/few lesions) with a systemic agent

(for numerous/large lesions) to reduce the potential of pathogen
dissemination and post-treatment relapse. Currently, the Drugs

for Neglected Diseases Initiative (DNDi) is evaluating the

immunomodulator CpG-D35 as a combination therapy with

standard antileishmanial drugs for the treatment of complicated

CL and PKDL in late preclinical development stages.

Furthermore, a combination of thermotherapy (hereby one

application of radio frequency waves equivalent to 50°C is
applied to the skin lesion for 30 seconds) and a standard daily

dose of 2.5 mg/kg MF for 21 days was found to be effective and

safe in patients with uncomplicated CL during phase II clinical

trials in Peru and Columbia (223).

4.2.2 Increasing Compliance
Overall, most of the existing antileishmanial chemotherapeutics

are patient-unfriendly, as they generally require either long-term

drug administration and hospitalisation, cause cumbersome

adverse effects, or are expensive, either directly through their

high purchase cost or indirectly through the inability to work. All

of these factors contribute to delayed treatment-seeking
behaviour, low treatment adherence and high patient drop-out

rates. Such phenomena may have played a role in the emergence

of DR for MF in India. The oral drug was temporarily available

over the counter at high prices in private pharmacies, which may

have caused patients to start treatment without medical

supervision, but terminate treatment earlier than the
recommended 28-day course. Since 2008, its provision is

restricted to the public sector and caregiver directly observed

treatment (DOT) was advocated to increase compliance. Similar

approaches may help to preserve the efficacy of new drugs once

they reach the clinic (see 4.3).

New pharmaceutical formulations can also help to increase

compliance and minimize the risk of drug misuse by shortening
treatment duration or the frequency of administration. This is

exemplified by the liposomal formulation of AmB, which is safer

and more effective than the original AmB deoxycholate and can

be given as a single intravenous injection to treat VL in South

East Asia. Ample research describes novel micro- and nano-

pharmaceutical formulations of standard antileishmanial agents
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in an attempt to overcome current treatment limitations,

although none of these has yet reached the clinic (224). A

promising example is an AmB-loaded PGLA (poly(lactide-co-

glycolide acid) microparticle with prolonged release, which cured

L. amazonensis CL with a single dose (225). Some recent

therapeutic breakthroughs from other major infectious diseases
remain unexplored. Long-acting injectable nanoformulations

have been announced to soon “revolutionize” HIV care. Such

formulations, containing an antiretroviral combination of

cabotegravir and rilpivirin, recently received FDA and EMA

approval in 2020, replacing the need for daily oral pill intake by a

single monthly intramuscular injection. These particles are
prepared via a novel “nanosuspension” technology, where pure

nanosized drug crystals are stabilized by surfactants, resulting in

a formulation suitable for intramuscular depot injection that

significantly increases the half-life of the two active drugs (226).

Similarly, a long-acting injectable formulation of atovaquone

solid drug nanoparticles provided long-lived prophylaxis against
Plasmodium berghei malaria in mice. These particles were

created using a new “emulsion-templated freeze-drying”

(ETFD) methodology, which allows a higher drug loading per

particle in comparison to other preparations methods (227).

Important concerns for evaluating the feasibility of developing

such novel formulations for an NTD such as leishmaniasis are

their potentially high cost, low thermal stability and difficulties
during the scaling-up process.

4.3 Development of New Therapeutics
While chemotherapeutics directly target the Leishmania parasite,

immunotherapeutics modulate the antileishmanial host immune

response. Adjuvant therapeutics to cure leishmaniases, such as

anti-parasitic peptides (228) or resistance reversal agents (229),

are under investigation but have not resulted in new treatments
to date.

4.3.1 Leishmania-Targeting Therapeutics
Over the past decade, significant progress has been made in the

discovery of new drugs with novel mechanisms of action that

remain active against Leishmania strains resistant to current

agents. Prospective DR studies during the early stages of drug
development can help to identify drug targets, evaluate the

overall risk/benefit ratio and help in the selection of

appropriate partner drugs for combination therapy. A high in

vitro “frequency of resistance” for a certain drug, however, does

not necessarily indicate a rapid loss of in vivo efficacy in the clinic

(as pharmacokinetics and host immunity also play a role) and

should not be used as a sole criterium to drop compounds from
the R&D pipeline. Such a “DR-based” approach is a cornerstone

of much of mainstream anti-infective drug development, but it

has only very recently been applied to NTDs such as

leishmaniasis (230). TCMDC-143345, a promising anti-VL

compound of the GSK ‘Leishbox’, was shown to exhibit a

longer time-to-resistance than MF and SbV in L. donovani
promastigotes under sub-leishmanicidal drug pressure (10

versus 6 and 1 versus 4 selection rounds, respectively), which

was maintained in intracellular amastigotes. Mutations in the L.

donovani dynamin-1-like protein (LdoDLP1), a protein involved

in mitochondrial fission, were associated with drug action and

resistance. No cross-resistance with standard antileishmanial

drugs could be observed (231). DNDi has several VL drug

candidates in their portfolio, belonging to the oxaborole series

(lead DNDI-6148 and backup DNDI-5421, thought to target the

endonuclease Cleavage and Polyadenylation Specificity Factor 3
CPSF3) and aminopyrazole classes (DNDI-1044, DNDI-8012

and DNDI-5561, thought to target mitogen-activated protein

kinases MAPK and cdc2-related kinases CRK) (232). For these

highly active compounds, repeated in vivo drug exposure in the

L. infantum Syrian hamster model and in vitro selection in both

promastigotes and amastigotes did not lead to the emergence of
DR. Furthermore, none of these DNDi compounds was found to

be a substrate for common Leishmania drug efflux pumps such

as ABC, MDR and MRP (233). Besides VL, many DNDi

compounds appear to retain good activity in vitro against 6

Old and New World CL-causing Leishmania species and in vivo

against L. major (234).
The pharmacokinetic/pharmacodynamic (PK/PD)

relationships of novel antileishmanial drugs should also be

examined before release into the clinic, alone or in

combination therapy. For example, LXE408, a promising

kinetoplastid-selective proteasome inhibitor discovered by

Novartis is currently in phase 1 clinical trials and demonstrates

oral bioavailability, an appropriate safety profile and excellent
efficacy in mice infected with L. donovani. PK and PK/PD

modelling suggest a dose of 85–190 mg/day for 10 days could

cure VL patients in monotherapy, but combination therapy

would be optimal (235). Little is currently known on how to

design the best matching new drug combinations to treat

leishmaniasis, although it seems pharmacodynamically
plausible that partner drugs ideally have different targets, lack

cross-resistance and show therapeutic synergy, additive effect or,

in the very least, no antagonism. In malaria research, it is

commonly assumed that based on such principles, the chance

that a mutant arises that becomes resistant to both drugs

simultaneously is much smaller than the chance that a parasite

becomes resistant to the individual drugs alone (e.g. decreasing
the risk for DR emergence from 1/109 to 1/1018) (236). From a

PK point of view, drug-drug interactions should be avoided and

drugs must be bioavailable at the site of infection at the same

time to allow theoretical synergy. In tuberculosis and malaria

combination therapy design, different drugs with similar half-

lives are often “PK-matched” to keep continuous multiple drug
pressure on the pathogen and prevent the emergence of DR, but

this principle is increasingly under debate (237, 238).

4.3.2 Host-Directed Therapy
To overcome the notable limitations of chemotherapeutics, and

especially the emergence of DR, the general interest in the

application of host-directed therapies (HDTs) for the

treatment of infectious diseases is steadily growing (239). HDT
aims to interfere with host cell factors that are required by the

pathogen for survival, to enhance the protective immune

responses and/or to reduce excessive inflammation and balance

the immune response at the site of infection. Such approaches

can include cytokines, small molecule inhibitors, humanized
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monoclonal antibodies, and drugs directed against immune

targets (240). Over the last decades, various approaches of

immunotherapies have been developed and applied in the

treatment of human leishmaniasis, both for VL and CL (241).

In VL, combining SbV with the cytokine IL-12 helped recover

animals infected with L. donovani (242). Other studies focused
on promoting the production of nitric oxide (NO) (243) and

reactive oxygen species (ROS) (244), improving antileishmanial

immune responses and healing. For CL and MCL, topical

simvastatin treatment enhanced host protection against L.

major by increasing macrophage phagosome maturation and

killing effector functions (245). Another study revealed that
Imatinib, an anticancer drug, was useful for reducing the

severity of skin lesions caused by L. amazonensis (246).

Another agent currently undergoing clinical investigation for

oncological treatment, the Heat shock protein 90 (HSP90)-

inhibitor 17-AAG, was shown to kill intracellular L.

amazonensis and reduce pro-inflammatory host responses that
can cause tissue damage in CL and MCL (247, 248). Recently, the

pathology induced by CD8+ T cells in CL was blocked using

tofacit inib , an inhibitor of IL-15 signal l ing (249).

Imidazoquinolines, agonists of the Toll-like receptor (TLR) 7

and 8, promote the host cell production of free radicals and

inflammatory cytokines and assist macrophages in killing

intracellular L. amazonensis (250). With the ever-emerging risk
of DR and the considerably slower development of new

antileishmanial drugs, redirecting our focus to the combination

with drugs that modulate the host immune system could be

promising in the future (251).

4.4 Preventing Transmission of
Resistant Strains
Transmission of DR parasites in endemic regions can be prevented

in several ways, i.e. by (i) the implementation of vector control

strategies, (ii) control of reservoir hosts and by (iii) early diagnosis

and prompt and correct treatment.

First, related to vector control, previous research has already
indicated that most drug-resistant Leishmania strains can be

successfully transmitted via the sand fly, potentially leading to the

spread of primary resistant isolates in endemic regions (91, 94, 152,

252–254). Depending on previous drug exposure and the resulting

impact on parasite fitness, transmission efficiency might even be

altered. Vector population control can be achieved via various
chemical or biological approaches reviewed elsewhere (255).

Another concern here is climate change, more specifically global

warming contributing to the expansion of the vector and potentially

DR parasites to new geographical areas where anthroponotic

transmission is possible (256).

A second approach relevant to zoonotic leishmaniasis to

decrease transmission is to reduce the number of animal hosts
living near the at-risk populations in leishmaniasis endemic

areas. For L. infantum VL, for example, dogs are known

primary reservoirs for human infection (257, 258). Although

canine vaccination campaigns and insecticide-impregnated dog

collars nowadays are frequently used to reduce the number of

secondary infections, the only intervention that has shown real

proven efficacy in reducing the number of human leishmaniasis

cases so far are the large nation-wide dog culling campaigns in

the 1950s in China (L. donovani) and the national eradication

programmes of the great gerbil in the 1970-1980s in former

USSR territories (L. major) (258–260). Treatment of infected

animals will not result in total parasite clearance, making them
predisposed to treatment relapse. Chemotherapeutic

interventions with MF for example should therefore be avoided

as they will have little effect on decreasing parasite transmission

and will merely result in the emergence of drug-resistant

Leishmania species (261).

Third, early diagnosis and treatment, possibly via active case
detection, is not only very important to reduce morbidity and

mortality, but also to block the transmission of resistant parasites

in the community (262). Diagnosis of leishmaniasis can be

challenging due to the wide spectrum of clinical symptoms

(partly overlapping with those of tuberculosis, typhoid, and

malaria), undermining the potential for prompt chemotherapy
to control the disease. Diagnosis relies on either (i) parasitology

(direct detection of Leishmania in tissue smears or culture), (ii)

serology or (iii) molecular diagnostics (263). In VL, the rK39

rapid diagnostic test (that detects antibodies against the 39-

amino acid repeat antigens encoded by a kinesin-related gene of

the L. donovani complex) has been played a key role in the past

decades to perform quick, cheap, equipment-free diagnosis in
remote areas (264). For ongoing VL elimination programs in

East Africa and South East Asia, active case detection and early

diagnosis and treatment of PKDL cases also should be integrated,

as these patients could carry L. donovani parasites in their skin

and be infectious to sand flies (265, 266). However, convincing

PKDL (and CL) patients to seek medical care can be challenging
due to the social stigma and exclusion associated with these

disfiguring skin conditions. For CL, Leishmania species diagnosis

is done via laborious isoenzyme analysis or more modern

molecular approaches, for example, Restriction Fragment

Length Polymorphism (RFLP) genotyping (PCR) (267). An

rK39-style rapid bedside test for CL species discrimination

does not yet exist and would be of great clinical value in
settings where multiple parasite species are endemic that may

require different treatment, such as in the Middle East and South

America. Overall, to improve diagnosis and treatment, increased

education and awareness about leishmaniasis and its

management are also needed. Regardless of the approach

chosen, a lot of advocacy, political support and central
coordinat ion wi l l be required, embedded in close

collaborations between local governments, the pharmaceutical

industry and non-governmental agencies (268, 269).

4.5 Drug Policy: Tackling Programmatic
Problems
An important prerequisite to enabling fast and correct

leishmaniasis treatment is the availability and accessibility to

antileishmanial drugs. Drug access is influenced by numerous

factors (268) and one of the most important factors when

discussing NTDs is drug affordability. Several economic

analyses in the past showed that drugs for NTDs should not
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cost more than US$50–60 per treatment to be an effective public

health tool (268, 270). That is why the WHO still prioritizes

benchmarking this price in price negotiations for antileishmanial

drugs extensively used in control programs, such as MF, SbV and

L-AmB (268). Drugs for NTDs are therefore often unaffordable

unless low-income countries enrol in control programs and join
hands with organizations like WHO and pharmaceutical

companies to form public-private partnerships. These

collaborations enable pharmaceutical companies to either

provide drugs at non-profit prices, donate drugs or work out

preferential pricing schemes, and WHO to coordinate and

arrange drug distribution (268). This way, drugs can be made
accessible to governments of low- to middle-income countries

and large non-governmental organisations such as WHO, Pan

American Health Organization (PAHO), Médecins Sans

Frontières (MSF) and DNDi, which are tackling disease control

in the field. However, negotiations on preferential prices of some

drugs take years. For example, MF preferential pricing in India
was only put in place in 2008, seven years after its registration

and its introduction as first-line therapy in the KAEP (271).

Before that, it was only available in private pharmacies at the cost

of US$150–200 per treatment (58). The WHO also partnered up

with Sanofi-aventis and reached an indefinite preferential, no

profit price for Glucantime® (meglumine antimoniate) in Africa,

the Balkan region and post-Soviet States. Prices of generic SSG
are comparable to the price of Glucantime®, although the sole

producer of generic SSG [Albert David (Calcutta, India)] has

made no agreement about the sustainability of this price. Access

to Pentostam® on the other hand is restricted, as

GlaxoSmithKline (GSK) does not offer preferential prices and

intends to discontinue the production of Pentostam®, which will
certainly reduce access in some areas. In Sudan and Ethiopia, the

WHO and AECID (Agencia Española de Cooperación

Internacional Para el Desarrollo) have donated several drugs,

including SbV, L-AmB and PM. In 2014, the WHO negotiated a

large-scale donation of AmBisome® with Gilead for the control

of VL in several countries in South East Asia and East Africa for a

no-profit-no-loss price that is re-established yearly. PM,
produced by Gland Pharma (India) is still the cheapest

antileishmanial drug available, but its production is irregular

and the drug is only registered (but not WHO recommended) for

treatment of VL in India, Bangladesh, Nepal and African

countries (268, 269, 272). However, over time preferential

prices are steadily increasing and are often only valid when
buying large drug batches at once, which is challenging for

countries engaged in elimination programs decreasing their

case numbers and drug needs (273).

Because of the low number of patients and the unlikely return

on investment, some drugs have not been registered in the low-

income countries to be used in control programmes. This lack of

drug registration complicates and extends drug import as special
import permissions are required. Inclusion of all SbV

formulations (SSG and MA) in the national essential drug lists

and agreements on the import of unregistered drugs (both on the

authority level and customs level) and the establishment of an

easily accessible stock could expedite the treatment of patients

(268). Most drugs for leishmaniasis are produced by one single

manufacturer, which has already caused issues for MF and PM

(268). Ideally, manufacturers should predict yearly drug needs in

close collaboration with WHO and local authorities to avoid

financial damages due to overproduction, but still, be able to

continuously meet market demands while maintaining a healthy
buffer stock. The production of such evidence-based estimates

would also provide a useful tool in the epidemiological

monitoring of drug efficacy and drug resistance in surveillance

systems (268). In addition, some antileishmanials are produced

in ways not compliant with the WHO GMP (good

manufacturing processes) standards. As centralized quality
assurance and control measures are lacking, the distribution of

counterfeit drugs and drugs with unacceptable toxicity profiles

for Glucantime® and MF have already been reported in the past

(212, 274) and quality issues have been reported for PM and

generic SSG (268). The over-the-counter availability of

antileishmanial drugs is common in many countries,
facilitating counterfeit drug trafficking, drug misuse,

suboptimal treatment and thus ultimately drug resistance. For

most drugs, phase IV clinical studies on pharmacovigilance are

lacking as well, indicating that some serious adverse events are

not followed up and reported as such. Drug access is also

influenced by drug distribution and storage, both having their

own respect ive chal lenges . Drug distribution from
manufacturers to the affected countries, but towards the

peripheral health centres is often threatened by exposure to

inadequate temperatures during shipment, at customs level and

during subsequent storage and the time-sensitive supply of

centres in remote areas. Drug manufacturers should be

encouraged to invest in ensuring validated “cold chain”
transport, which is particularly important for thermosensitive

L-AmB formulations. In addition, drug stock should be properly

managed to avoid the elimination of quickly expiring drugs

(268). Distribution of drugs ideally arranged through official

institutions would be one of the most efficient ways to guarantee

their proper transport, distribution, but also drug quality.

A final policy challenge is balancing the need for treatment
access in the most remote and neglected areas with the risk of

widespread drug misuse and associated TF/DR. The basic

concepts of Antimicrobial Stewardship programs to measure

and improve the use of antibiotics are quite well described and

endorsed by the WHO in the global fight against antimicrobial

resistance. Implementing such types of policies (e.g. prospective
audit and feedback, prescriber education, evidence-based

treatment guidelines) for leishmaniasis is challenging in many

endemic settings due to inadequate funding, lack of political

commitment and/or fragility of health and regulatory systems. In

any case, to be effective in tackling DR, such policies must be

adapted to each context and focus on the local causes of

suboptimal or incorrect antileishmanial drug use (275, 276).

4.6 Unexpected Setbacks:
The SARS-CoV-2 Pandemic
Ever since the alarming spread of the SARS-CoV-2 virus, health

systems were challenged with millions of deaths worldwide and
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urged nationwide lockdowns. In addition, the pandemic also had

a big impact on numerous control programs for various

neglected diseases. In India, for example, a nationwide

lockdown was declared in March 2020 to control the COVID-

19 pandemic, resulting in a nationwide pause in running VL

control programs. Given the relatively fast epidemic growth rate
of leishmaniasis, mathematical models predict a substantial re-

emergence of the number of VL cases in high transmission areas

that will considerably delay the achievement of the preset 2030

VL elimination targets (i.e. incidence < 1 VL case/10 000 people/

year) (277, 278). Interruptions in early case detection (either

passive or active) will likely lead to a build-up of undetected cases
that need to be addressed as soon as control programs return to

full strength. Nevertheless, the delay in addressing all cases will

probably lead to increased transmission rates, emphasizing the

importance of minimizing COVID-19 pandemic-related

interruptions of NTD control programs and urging their swift

restart (278). A similar situation can be found in other countries
in Africa where MSF in Pakistan, for example, was forced to close

its clinics for people with CL since the disease is not life-

threatening. Hospitals refused patients for supportive

treatment while patients often were clueless with little

information about the COVID-19 pandemic reaching the

poorer, rural communities. Even after treatment centres were

reopened road blockages and problems with public transport still
complicated CL treatment. In addition, co-infections of SARS-

CoV-2 and VL have been reported, which are generally difficult

to diagnose because of their aspecific clinical features. Although

the possible relationships between VL and SARS-CoV-2

infection still require further investigation, it is likely that VL

endemic settings, associated with an inadequate immune
response, could have been in favour of the spread of SARS-

CoV-2 (279). In contrast, there has been speculation on the

ability of SARS-CoV-2 to reactivate latent, asymptomatic L.

donovani infections as well, similar to HIV.

The pandemic did not only exert huge pressure on public

health systems worldwide, but also severely impacted the global

economy, leading to the rise of new threats as well. In the UK, the
leading donor of the Global leishmaniasis response organization,

recent budget cuts threaten the constant supply of

chemotherapeutics to endemic regions, which will inevitably

lead to shortages and increased mortality (272). Moreover, Bio-

Rad Laboratories will discontinue the production of IT-Leish,

which is the only rapid diagnostic test with a sensitivity that is
high enough to detect VL in East Africa (272). Finally, a shortage

of L-AmB, the first-line treatment for many patients with VL,

can be expected as in India the recent outbreak of COVID-19-

related mucormycosis has significantly increased the global

demand for L-AmB. Half of the doses of L-AmB donated by

Gilead to India at preferential prices for VL have already been

diverted to respond to the urgent needs for mucormycosis (272),
leaving patients with VL in the dark once more. Finally, the

development of urgently needed new antileishmanial drugs has

been delayed, as the recruitment of healthy volunteers by DNDi

for the Phase 1 clinical trials of DNDI-6148 and DNDI-0690 was

cancelled during the early days of the pandemic (280). Overall,

due to setbacks in many leishmaniasis control campaigns and

chemotherapy being the main pillar of disease control, the battle

against DR and other causes of TF in leishmaniasis remains

highly relevant.

5 CONCLUSIONS AND FUTURE
PERSPECTIVES

Treatment failure is an increasingly worrying problem in the

management of leishmaniasis, as chemotherapy remains

central to disease control and the ongoing COVID-19

pandemic is undermining recent global progress towards its

elimination. The exact causes of variations in antileishmanial

drug efficacy are not fully understood, although host
immunity, pharmacokinetics and the drug susceptibility,

tolerance and resistance profile of the causative Leishmania

parasite all play a role. In South Asia, acquired drug resistance

against the pentavalent antimonials has enforced the

implementation of other drugs such as miltefosine and

liposomal amphotericin B. Here and in East Africa, the
further emergence of resistance should be particularly

closely monitored due to the high prevalence of HIV/VL co-

infection and the potential for anthroponotic transmission of

resistant parasites between patients. However, detection and

surveillance of drug resistance in Leishmania is currently

challenged by a lack of validated genotypic and phenotypic

assays. The introduction of now cheaper and easier-to-use
Whole Genome Sequencing methods to identify resistance-

associated parasite mutations and formal guidelines to

measure and interpret the results of antileishmanial

susceptibility testing would be an important first step to

address this issue. A decent number of new drugs with novel

mechanisms of action and activity against isolates resistant to
current agents are currently under (pre)clinical development.

To optimize and safeguard their future efficacy, these

compounds should ideally be combined with host-directed

therapies or used in multi-drug regimens with carefully

selected partner drugs. Particular concerns in this context

include the short time-to-resistance for paromomycin in the

lab and the risk of subtherapeutic exposure to miltefosine and
liposomal amphotericin B in patients due to their long half-

l i ve s . F ina l l y , s t rong po l i t i ca l and programmat ic

commitments towards universal access to high-quality

diagnostics and medicines remain essential to delay the

em e r g e n c e o f r e s i s t a n c e t o n e w a n d c u r r e n t

antileishmanial drugs.
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129. Mwenechanya R, Kovárǒvá J, Dickens NJ, Mudaliar M, Herzyk P, Vincent

IM, et al. Sterol 14a-Demethylase Mutation Leads to Amphotericin B

Resistance in Leishmania Mexicana. PloS Negl Trop Dis (2017) 11(6):

e0005649. doi: 10.1371/journal.pntd.0005649

130. Davidson RN, den Boer M, Ritmeijer K. Paromomycin. Trans R Soc Trop

Med Hyg (2009) 103(7):653–60. doi: 10.1016/j.trstmh.2008.09.008

131. Sinha PK, Jha TK, Thakur CP, Nath D, Mukherjee S, Aditya AK, et al. Phase

4 Pharmacovigilance Trial of Paromomycin Injection for the Treatment of

Visceral Leishmaniasis in India. J Trop Med (2011) 2011:645203. doi:

10.1155/2011/645203

132. Sundar S, Chakravarty J. Paromomycin in the Treatment of Leishmaniasis.

Expert Opin Investig Drugs (2008) 17(5):787–94. doi: 10.1517/

13543784.17.5.787

133. Sundar S, Jha TK, Thakur CP, Sinha PK, Bhattacharya SK. Injectable

Paromomycin for Visceral Leishmaniasis in India. N Engl J Med (2007)

356(25):2571–81. doi: 10.1056/NEJMoa066536

134. Pokharel P, Ghimire R, Lamichhane P. Efficacy and Safety of Paromomycin

for Visceral Leishmaniasis: A Systematic Review. J Trop Med (2021)

2021:8629039. doi: 10.1155/2021/8629039

135. Musa AM, Younis B, Fadlalla A, Royce C, BalasegaramM,Wasunna M, et al.

Paromomycin for the Treatment of Visceral Leishmaniasis in Sudan: A

Randomized, Open-Label, Dose-Finding Study. PloS Negl Trop Dis (2010) 4

(10):e855. doi: 10.1371/journal.pntd.0000855

Wijnant et al. Drug Resistance in Leishmaniasis

Frontiers in Tropical Diseases | www.frontiersin.org May 2022 | Volume 3 | Article 83746018

https://doi.org/10.4103/0974-777X.62886
https://doi.org/10.4103/0974-777X.62886
https://doi.org/10.3389/fimmu.2014.00272
https://doi.org/10.1016/S0001-706X(01)00197-8
https://doi.org/10.1016/S0001-706X(01)00197-8
https://doi.org/10.1371/journal.pone.0196247
https://doi.org/10.1086/595710
https://doi.org/10.1093/jac/dkq542
https://doi.org/10.1093/mmy/myv111
https://doi.org/10.1371/journal.pntd.0002603
https://doi.org/10.1016/S2214-109X(13)70118-9
https://doi.org/10.1371/journal.pntd.0002613
https://doi.org/10.1371/journal.pntd.0002613
https://doi.org/10.1111/tmi.12238
https://doi.org/10.1186/s12879-016-1746-1
https://doi.org/10.1179/136485905X514127
https://doi.org/10.1093/cid/ciy172
https://doi.org/10.4269/ajtmh.2010.10-0171
https://doi.org/10.2147/RRTM.S200218
https://doi.org/10.3390/pathogens10101253
https://doi.org/10.1590/0037-8682-0478-2017
https://doi.org/10.1590/0037-8682-0478-2017
https://doi.org/10.1016/j.jaad.2006.06.044
https://doi.org/10.1111/j.1468-3083.2011.04070.x
https://doi.org/10.4269/ajtmh.2011.11-0287
https://doi.org/10.1371/journal.pone.0218786
https://doi.org/10.1093/bmb/lds031
https://doi.org/10.1186/s12879-017-2192-4
https://doi.org/10.1186/s12879-017-2192-4
https://doi.org/10.1371/journal.pntd.0004304
https://doi.org/10.1371/journal.pntd.0004304
https://doi.org/10.1016/j.trstmh.2006.02.005
https://doi.org/10.1128/JCM.00173-11
https://doi.org/10.1093/jac/dkz515
https://doi.org/10.1128/AAC.00030-11
https://doi.org/10.1128/AAC.00030-11
https://doi.org/10.1371/journal.pntd.0005649
https://doi.org/10.1016/j.trstmh.2008.09.008
https://doi.org/10.1155/2011/645203
https://doi.org/10.1517/13543784.17.5.787
https://doi.org/10.1517/13543784.17.5.787
https://doi.org/10.1056/NEJMoa066536
https://doi.org/10.1155/2021/8629039
https://doi.org/10.1371/journal.pntd.0000855
https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles


136. Hailu A, Musa A, Wasunna M, Balasegaram M, Yifru S, Mengistu G, et al.

Geographical Variation in the Response of Visceral Leishmaniasis to

Paromomycin in East Africa: A Multicentre, Open-Label, Randomized

Tria l . PloS Negl Trop Dis (2010) 4(10) :e709 . doi : 10 .1371/

journal.pntd.0000709

137. Hendrickx S, Boulet G, Mondelaers A, Dujardin JC, Rijal S, Lachaud L, et al.

Experimental Selection of Paromomycin and Miltefosine Resistance in

Intracellular Amastigotes of Leishmania Donovani and L. Infantum.

Parasitol Res (2014) 113(5):1875–81. doi: 10.1007/s00436-014-3835-7
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