IntechOpen

Leishmaniases
as Re-emerging Diseases

Edited by Farhat Afrin and Hassan Hemeg







LEISHMANIASES AS RE-
EMERGING DISEASES

Edited by Farhat Afrin and Hassan Hemeg



Leishmaniases as Re-emerging Diseases
http://dx.doi.org/10.5772/intechopen.71150
Edited by Farhat Afrin and Hassan Hemeg

Contributors

Gul Shahnaz, Hafiz Shoaib Sarwar, Masoom Yasinzai, Ana Lucia Abreu-Silva, Solange Araujo Melo, Tatiane Aranha
Penha-Silva, Renata Mondego De Oliveira, Juliana Ide Aoki, Sandra Marcia Muxel, Lucile Maria Floeter-Winter, Juliane
Cristina Ribeiro Fernandes, Abdoulaye Kassoum Kone, Ogobara Keguerem Doumbo, Mahamadou Ali Thera, Babacar
Faye, Bartira Rossi-Bergmann, Ariane Sousa-Batista, Sujit Bhattacharya, Sudeshna Ganguly, Sandipan Ganguly,
Sabahat Azim, Ajanta Ghosal, Shanta Dutta, Eltahir Awad Khalil, Sushma Singh, Magdalena M. Aguirre-Garcia, Laila
Gutierrez Kobeh, Alma Reyna Escalona-Montafio, Arturo Alfredo Wilkins-Rodriguez, Anabela Cordeiro-Da-Silva, Pedro
Cecilio, Luiz Oliveira, Adelina Jiménez, Gabriel Alfonso Gutiérrez Rebolledo, Rosalba Ledn-Diaz, Farhat Afrin, Hassan
Hemeg

© The Editor(s) and the Author(s) 2018

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without
INTECHOPEN LIMITED's written permission. Enquiries concerning the use of the book should be directed to
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen

eBook (PDF) Published by IntechOpen, 2019

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number:
11086078, The Shard, 25th floor, 32 London Bridge Street

London, SE195G - United Kingdom

Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Leishmaniases as Re-emerging Diseases
Edited by Farhat Afrin and Hassan Hemeg

p.cm.
Print ISBN 978-1-78984-101-5

Online ISBN 978-1-78984-102-2
eBook (PDF) ISBN 978-1-83881-521-9



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

38®®+ 116,000+ 120M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Dr. Farhat Afrin received her Ph.D. from the Indian
Institute of Chemical Biology, Kolkata, India. Earlier,
she served at the Department of Biotechnology, Hamd-
ard University, New Delhi, India, for 16 years. She also
worked at the National Institutes of Health, Bethesda,
Maryland, USA, and at the Centre for Immunology and
Infection, University of York, UK. She is a recipient of
several honors, including American Association of Immunologists Young
Faculty Travel Grant, Commonwealth Academic Staff Fellowship, and De-
partment of Biotechnology Overseas Associateship. Her research interest is
parasite immunology with an emphasis on vaccination and immunothera-
peutics of infectious diseases. She has published over 56 papers in journals
of international repute and is an academic editor, editorial board member,
and reviewer of several journals and editor of a number of books.

Dr. Hassan A. Hemeg completed his Masters in Patho-
g, logical Science from Sheffield University, UK, and his
4 Ph.D. from King Abdulaziz University, Jeddah, Saudi
4 ' Arabia. He earned several honors such as Fellow of the
"'="fr'.1-'_ Institute of Biomedical Science, UK, and Certified Cana-
% dian Accreditation Specialist for Health Care Facilities.
He acquired training in microbiology from Sheffield and
Bristol universities, UK, and the US Department of Labor, Occupational
Safety and Health Administration. His research interest is in the field of
antimicrobial resistance. He has published several papers in journals of
international repute and is editor of a number of books. Presently, he is
an associate professor in the Department of Clinical Laboratory Sciences,
Faculty of Applied Medical Sciences, Taibah University, Madina, Saudi
Arabia, where he also served as vice dean.

F -






Contents

Section 1

Chapter 1

Section 2

Chapter 2

Chapter 3

Section 3

Chapter 4

Section 4

Chapter 5

Chapter 6

Preface XI

Introductory Chapter 1

Introductory Chapter: Leishmaniasis: An Emerging Clinical
Syndrome 3
Farhat Afrin and Hassan A. Hemeg

Leishmaniasis: An Overview 15

Visceral Leishmaniasis 17
Sujit K. Bhattacharya, Ajanta Ghosal, Sudeshna Ganguly, Sandipan
Ganguly, Sabahat Azim and Shanta Dutta

Leishmaniases in West Africa: Past and Current 27
Abdoulaye Kassoum Kone, Mahamadou A. Thera, Babacar Faye and
Ogobara K. Doumbot

Immune Evasion in Leishmaniasis 37

Immune Evasion Strategies 39
M. Magdalena Aguirre-Garcia, Alma R. Escalona-Montafio, Arturo
A. Wilkins-Rodriguez and Laila Gutiérrez-Kobeh

Vaccine Candidates: Past, Present and Future 57

Vaccines for Human Leishmaniasis: Where Do We Stand and
What Is Still Missing? 59
Pedro Cecilio, Fabiano Oliveira and Anabela Cordeiro da Silva

Vaccines for Visceral Leishmaniasis: Hopes and Hurdles 95
Eltahir Awad Gasim Khalil



X Contents

Section 5 Therapeutic Targets and Inhibitors 105

Chapter 7 The Polyamine Pathway as a Potential Target for Leishmaniases
Chemotherapy 107
Juliana Ide Aoki, Sandra Marcia Muxel, Juliane Cristina Ribeiro
Fernandes and Lucile Maria Floeter-Winter

Chapter 8  3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGR) Enzyme of
the Sterol Biosynthetic Pathway: A Potential Target against
Visceral Leishmaniasis 133
Sushma Singh and N. Kishore Babu

Section 6 Maedicinal Plants as Source of Anti-leishmanial
Metabolites 143

Chapter 9  Alternative Treatment for Leishmaniasis 145
Renata Mondégo de Oliveira, Solange de Araujo Melo, Tatiane
Aranha da Penha-Silva, Fernando Almeida-Souza and Ana Lucia
Abreu-Silva

Chapter 10  Natural Compounds and Extracts from Mexican Medicinal
Plants with Anti-Leishmanial Activity: An Update 163
Maria Adelina Jiménez-Arellanes and Rosalba Ledn-Diaz

Section 7 Nanomedicines for Anti-leishmanial Therapy 179

Chapter 11 Nanomedicines for Cutaneous Leishmaniasis 181
Ariane Sousa-Batista and Bartira Rossi-Bergmann

Chapter 12 Crossing Biological Barriers for Leishmaniasis Therapy: From
Nanomedicinal Targeting Perspective 199
Gul Shahnaz, Hafiz Shoaib Sarwar and Masoom Yasinzai



Preface

Leishmaniasis comprises a broad spectrum of neglected vector-borne diseases ranging in se-
verity from self-healing but disfiguring and stigmatizing cutaneous lesions to mucocutane-
ous and fatal visceral manifestations, depending on the species and host characteristics. The
visceralizing species is the most devastating and listed as one of the major neglected tropical
diseases. The syndrome primarily afflicts the impoverished population of low-income coun-
tries, mainly in the tropics and subtropics. Despite intensive research, live vaccines are the
only effective treatment till date against cutaneous leishmaniasis, while none exists for the
visceral form. Moreover, there is an upward trend in development of resistance to most of
the currently available chemotherapeutic arsenal. Combinations of drugs have also been ex-
plored. Absence of vaccines, progressive emergence of HIV/Leishmania coinfection, and re-
lapse after treatment delineate the gravity of leishmaniasis affliction.

Invasion of host macrophages by Leishmania triggers a multitude of signaling circuits to
eliminate the pathogen. However, the parasite has evolved stratagems to neutralize macro-
phage defensive arsenals, the very heart of the immune system’s defensive machinery, creat-
ing a safe niche for its survival. Identification of new drug targets can contribute towards
designing inhibitors and strengthening the pipeline for disease elimination. Natural prod-
ucts from medicinal plants have also shown leishmanicidal effects that in some cases are
potentiated by immunomodulation. A plethora of nanoparticles has been reported to induce
protection with modulation of the immune response. Another major challenge in the mitiga-
tion of this endemic disease is to achieve safe, efficacious, and low-cost prophylactic and/or
therapeutic vaccines with long-lasting protection.

This book encompasses the epidemiology of leishmaniasis, immune evasion strategies em-
ployed by the Leishmania parasite, and current vaccination and immunotherapeutic ap-
proaches, including prophylactic as well as therapeutic vaccines. The prospects of new drug
targets and inhibitors and natural product-based antileishmanial drugs and nanomedicines
have also been exemplified.

I would like to take this opportunity to express my deepest gratitude to my revered collea-
gue Dr. Hassan Hemeg for his valuable guidance, perseverant support, and constructive
criticism that gave impetus to the success of this book.

Farhat Afrin and Hassan Abdullah Hemeg
Department of Clinical Laboratory Sciences
Faculty of Applied Medical Sciences
Taibah University

Madina, Kingdom of Saudi Arabia
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Chapter 1

Introductory Chapter: Leishmaniasis: An Emerging
Clinical Syndrome

Farhat Afrin and Hassan A. Hemeg

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79662

1. Introduction

Leishmaniasis comprises a broad-spectrum of neglected vector-borne diseases ranging in
severity from the self-healing but disfiguring and stigmatizing cutaneous lesions to mucocu-
taneous and fatal visceral manifestations, depending on the species and host characteristics.
This syndrome primarily afflicts the impoverished population of low-income countries falling
in the tropics and subtropics. Globally, 0.7-1.2 million new cases of cutaneous leishmaniasis
(CL) occur every year while for visceral leishmaniasis (VL), 200,000-400,000 new cases and
20,000—40,000 deaths are reported each year, with 95% of fatal cases occurring in only six
countries, namely, India, Bangladesh, Sudan, South Sudan, Ethiopia and Brazil [1]. The dis-
ease is transmitted by the bite of female Phlebotomus sandflies that transmit the promastigotes,
which are then transformed into amastigotes within the mammalian macrophages. The goal
of World Health Organization is to eliminate this public health problem in the South-east
Asia Region by 2020 [2]. Despite intensive research, live vaccines are the only effective vac-
cines till date against CL while none exists for the visceral form that is the most severe of the
various clinical forms of leishmaniasis. Moreover, there is an upward trend in development
of resistance to most of the currently available drugs [3]. The chemotherapeutic arsenal is
associated with need for hospitalization and prolonged periods of treatment, coupled with
high toxicity, which limits the application and patient compliance. Combinations of drugs
have also been explored. Absence of vaccines, progressive emergence of HIV-Leishmania
co-infection and relapse after treatment delineate the gravity of leishmaniasis affliction [4].
A recent report indicated relapse of post kala-azar dermal leishmaniasis (PKDL) 1 year after
successful treatment of VL with miltefosine and paromomycin [5]. Antimony therapy is also
not advised in elderly patients with CL due to severe adverse side effects [6]. The potential of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



4

Leishmaniases as Re-emerging Diseases

the visceralizing species, Leishmania donovani to cause localized cutaneous lesions is also not
fully understood [7].

This chapter gives a brief glimpse of the recent advances in immunopathogenesis and immune
evasion strategies employed by the Leishmania parasite, vaccination and immunotherapeutic
approaches, natural product-based drugs, nanomedicines, therapeutic targets and diagnosis
of leishmaniasis. We have included citations of the latest research articles presenting the most
recent results.

2. Immunopathogenesis and immune evasion strategies

Invasion of host macrophages by Leishmania triggers a multitude of signaling circuits to elimi-
nate the pathogen. However, the parasite tries to subvert these defense mechanisms to create
a safe haven for their survival. Leishmania secretes effector molecules to modulate the host
immune transcriptome resulting in alterations in the host epigenome to alter cytokine and
chemokine levels, their cross talks and downstream signaling hubs. This adversely affects the
recruitment and activation of immune cells, respiratory burst and antigen presentation, lead-
ing to immune evasion. Leishmania amazonensis has been reported to induce histone deacety-
lase in infected macrophages, which contributes to down regulation of inducible nitric oxide
synthase and subsequent parasite survival [8]. L. donovani infection causes hypoxic environ-
ment within the macrophages by activating hypoxia inducible factor-1g, that in turn up regu-
lates micro RNA-210, while down regulating NF-kB mediated pro-inflammatory immune
responses, to establish a safe niche for their survival [9].

Leishmania have evolved stratagems to neutralize macrophage defensive arsenals, the very
heart of the immune system’s defensive machinery, resulting in replication of the para-
sites within the phagolysosomal vacuoles of the infected macrophages. Unfolding of these
host-pathogen interactions will help in development of effective drug targets that would
enable to modulate the host immune system to ameliorate the pathogenesis of infection.
Besides the host immune profile and the intrinsic parasite factors that may influence the
clinical manifestations of the disease, Leishmania virus RNA 1 (LRV1) infecting Leishmania
guyanensis has been implicated to contribute to immunopathogenesis of American tegu-
mentary leishmaniasis [10]. Studies have also indicated that gut microbiota egested during
infected sandfly bites is an important determinant of Leishmania dissemination via trigger-
ing of inflammasomes, leading to IL-1p production that sustains the neutrophilic infiltrate
harboring the parasites [11].

3. Current vaccination and immunotherapeutic approach

A major challenge to mitigation of this endemic disease is to achieve safe, efficacious and
low-cost prophylactic or therapeutic vaccines with long-lasting protection. These vaccines
should be effective against both stages of the parasite curbing its progression and accompa-
nying pathology that stems from an imbalance between the pathogen and the host immune
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system. The plethora of candidate vaccines range from the live non-pathogenic vectors to the
recombinant subunit vaccines, alone or together with adjuvants and/or delivery systems for
induction of cell-mediated immunity. Some of these include Leishmania-activated C-kinase
antigen (LACK) [12], Leishmania cysteine peptidase A, B in poly-lactic-co-glycolic acid (PLGA)
nanoparticles [13], soluble Leishmania antigens in nanoliposomes co-delivered with saponin
and imiquimod [14], DNA vaccine encoding ornithine decarboxylase [15]. Inclusion of sali-
vary proteins in antileishmanial vaccines has been reported to result in a synergistic protec-
tive effect [16]. A live recombinant amastigote 2 antigen vaccine vector using Trypanosoma
cruzi non-virulent strain, and live attenuated centrin gene—deleted Leishmania donovani [17]
have been reported to induce strong T cell-mediated protective immune responses against VL
and hence could represent promising alternatives for translation to human clinical trials [18].
Recombinant small myristoylated protein-3, a virulence factor has been found to be immu-
nogenic in both mice and humans, with induction of protective immunity against murine VL
[19]. In case of CL, intranasal immunization has been found to reduce numbers of CD4'Foxp3*
regulatory T cells with increased Thl response and associated protection [20].

Immunotherapy on the other hand has been found to promote sterilizing cure. However,
immunotherapeutic intervention with L. amazonensis antigens plus saponin was not found
to maintain long-lasting low parasitism in dogs naturally infected with Leishmania infantum
[21]. Therapy with anti-PDL-1 antibody has been found to promote parasite clearance with
concomitant induction of protective immunity against VL by inhibiting autophagy, that is
hijacked by Leishmania [22]. Immunotherapeutic approach with Thl stimulating antigens
(aldolase, enolase, p45 and triose phosphate isomerase) has also been attempted [23].

An emerging therapeutic modality for CL is photodynamic therapy of zinc porphyrin that
results in loss of plasma membrane integrity and hyperpolarization of the mitochondrial
membrane potential [24].

4. Therapeutic targets and inhibitors

Identification of new drug targets can contribute towards designing inhibitors and strengthen
the pipeline for disease elimination. DNA topoisomerases that control the over- or under-
winding of DNA have been reported as deadly targets for topoisomerase inhibitors that may
act as potential antileishmanial drugs [25]. Computational tools using in silico approaches
targeting key enzymes in metabolic pathways of Leishmania have led to identification of
several potential druggable targets such as cytochrome P450 sterol 14a-demethylase [26],
dihydrofolate reductase-thymidylate synthase [27], methylglyoxal degradation superpath-
way [28], trypanothione reductase [29]. Trypanothione reductase is absent in humans and
neutralizes the reactive oxygen species generated inside the infected macrophages. Inhibitors
such as chalcones that block the activity of these trypanosomatid enzymes may be effective
in treatment of leishmaniasis [29]. B-carbonic anhydrase [30], acid phosphatases [31], uracil
DNA glycosylase [32] and Type 2 NADH dehydrogenase [33] are other potential therapeutic
targets that are being explored. NLR (NOD-Like Receptor) family member NOD2 has also
been implicated as an essential therapeutic target [34].
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5. Natural products as source of antileishmanial drugs

In view of looming chemotherapeutic drug resistance, natural products and scaffolds from
medicinal plants are being emphasized as leads for drug discovery. Plant-based bioactive
compounds have merit over synthetic compounds, considering their unique structural vari-
ety, providing an unlimited source of molecules and biological activities [35]. A host of plant
extracts or oils and their phytoconstituents (alkaloids, terpenoids, quinones, flavonoids,
saponins, phenylpropanoids, flavonoids, lignoids, naphthoquinones, iridoids, and more)
have shown promise in vitro and/or in vivo [36-41]. In some cases, the leishmanicidal effect is
potentiated by immunomodulation [3, 42]. Besides plants, secondary metabolites from micro-
organisms such as fungi [43] and marine organisms have also been reported. Plant defensins
have been found to eliminate Leishmania parasites via plasma membrane perturbation, mito-
chondrial membrane collapse, and reactive oxygen species induction [44].

Antimicrobial peptides have been reported to improve the therapeutic outcome of anti-
leishmanial drugs [45]. Synergistic drug-natural product combinations have also been
explored [46, 47].

6. Nanomedicines

In recent years, numerous advances in drug discovery have been made for treating
leishmaniasis, exploiting nanotechnological approaches to target the immune cell pha-
golysosomes that harbors the Leishmania amastigotes. A plethora of nanoparticles have
been reported to elicit protection with modulation of the immune response via reduc-
tion in anti-inflammatory cytokine IL-10, and increased nitric oxide production [48].
Recently, antileishmanial activity of sulphonamide nanoemulsions have been reported
that target the leishmanial (3-carbonic anhydrase [30]. Linalool-loaded gold nanoparticles
have also been found to exhibit therapeutic effectiveness against Leishmania [49]. A short-
course AmBisome regimen has been found to be safe and effective in the treatment of
clinically diagnosed PKDL patients in Bangladesh, and may be considered as a viable
option for routine programmatic use, contributing towards the VL elimination drive [50].
Biodegradable PLGA microparticles loaded with an antileishmanial nitrochalcone has
proved therapeutic effectiveness when administered subcutaneously in BALB/c mice with
cutaneous lesions [51].

Green nanoparticles, that is, plant-based synthesis of nanoparticles have an upper edge
over the synthetic nanoparticles owing to their biosynthesis being rapid, eco-friendly, non-
pathogenic and economical. An array of biogenic nanoparticles from plant extracts has been
reported to have antileishmanial activity with boosting of anti-oxidant activity [52, 53].

Miltefosine- and ketoconazole-loaded nanoniosomes with improved antileishmanial activity
have also been reported [54]. AmBisome-miltefosine combination therapy for VL-HIV co-
infected patients has been reported in Ethiopia with 83.8% cure rate [55].
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7. Diagnosis of leishmaniasis

A definitive diagnosis of leishmaniasis is crucial to guide timely and appropriate therapy. The
disease is often confused with other co-endemic diseases and HIV co-infections may result in
atypical clinical presentation [4]. Differential diagnosis of VL should be considered in patients
of endemic areas after organ transplantation [56]. This underscores the need for highly sensitive
and specific diagnostic modalities. In this regard, molecular techniques such as real-time poly-
merase chain reaction (qQPCR)-based methods are gaining ground for detection and quantifica-
tion of Leishmania as well as for species identification [57]. However, to rule out false negatives,
combination of two PCR techniques is advisable in patients with cutaneous lesions [58]. For
VL, serological diagnosis with recombinant antigen rK39-based immunochromatography and
direct agglutination test based on the whole parasite antigens have been reported to have high
sensitivity and specificity [59]. Nonetheless, amastigote detection in bone marrow aspirates and
positive rK39 immunochromatographic test should be further validated by nested PCR [60].
Recently, a loop-mediated isothermal amplification (LAMP) assay based on 185 rDNA and the
conserved region of minicircle KDNA has been implicated with high sensitivity for visceral as
well as CL diagnostics [61]. Further, Leishmania urine antigen has been explored as a probable
biomarker for predicting treatment failure and relapse in VL/HIV-coinfected patients [62].

8. Conclusions and future perspectives

To strengthen the leishmaniasis elimination drive, particular emphasis has to be laid on the
diagnosis, chemotherapeutics and new targets identification and vaccination strategies for
control of this endemic disease. This underscores renewed efforts to combat upcoming chal-
lenges in the quest for new drug targets in achieving definitive cure and/or safe, cost-effective
prophylactic vaccines with long-lasting immunity against leishmaniasis. An effective thera-
peutic vaccine may further boost the immunosuppressed state and thus control the visceral-
izing form of leishmaniasis that is mainly harbored in the South Asian region.
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Abstract

Clinically, leishmaniasis is of three types—visceral leishmaniasis (VL) or kala-azar, cuta-
neous leishmaniasis (CL) and mucocutaneous leishmaniasis (MCL). Post-kala-azar dermal
leishmaniasis (PKDL) is considered as a complication of VL. VL is characterized by fever,
anemia and splenomegaly in a VL-endemic area (malaria excluded). A subject with such
symptoms should be subjected to an rK39 strip test. Confirmation of diagnosis is made by
demonstration of the parasite (Leishmania donovani) from samples obtained by aspiration
of bone marrow or iliac crest puncture. Miltefosine, stibogluconate, amphotericin B, lipo-
somal amphotericin B and paromomycin are effective available anti-leishmaniasis drugs.
Vector (Phleblotomus argentipes) control for reduction of transmission and early diagnosis
and complete treatment are essential elements of case management. There is no effective
vaccine against VL. This review on VL aims at providing state-art knowledge on epide-
miology, diagnosis and case-management and vaccine development.

Keywords: leishmaniasis, PKDL, rK39 strip test, kala-azar vaccine

1. Introduction

The distinct clinical forms of leishmaniasis are visceral leishmaniasis (VL), cutaneous leish-
maniasis (CL) and mucocutaneous leishmaniasis (MCL). PKDL is considered to be a compli-
cation of VL. Kala-azar is a neglected tropical disease (NTD). It affects the poorest of the poor
living in endemic areas. Post-kala-azar dermal leishmaniasis (PKDL) is associated with stigma.
Fortunately, it is not difficult to diagnose the disease and several drugs are available for
treatment of the disease.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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1.1. VL

VL is prevalent in 88 countries, and there is an estimated 2 million new cases per year, of which
5,00,000 are VL and 15,00,000 are CL. The disease burden is calculated at 23,57,000 disability-
adjusted life years, a significant ranking among communicable diseases [1]. More than 147
million people living in the Southeast Asia Region are at risk. In this region, the highest disease
burden is seen in the northern part of the state of Bihar, India. A large number of VL cases are
seen in the international cross-border areas between the countries. In view of this, cross-border
collaboration is crucial for elimination of the disease [2]. VL prevails mostly among poor
people in marginalized communities. It attacks the internal organs and can be fatal if left
untreated as it affects the vital organs of the body. Symptoms include irregular bouts of fever,
weight loss, enlargements of the spleen and liver and anemia. All patients diagnosed to be VL
require prompt and complete specific medical treatment; otherwise, the patient may die.

1.2. PKDL

PKDL is considered an important long-lasting complication of kala-azar. This is seen in about
1-15% in the Indian subcontinent and in about 60% of treated, partially treated and untreated
or active cases of kala-azar in Sudan [3]. The lesions generally appear from 1 to 15-20 years of
kala-azar. The typical lesions are most prominently seen in the face (macular, papular and
nodular). In contrast to the Indian subcontinent, the nodular lesions generally ulcerate as they
grow in Sudan. The macular lesions are sometimes confused with leprosy. Diagnosis is con-
firmed by demonstration of Leishmania donovani from the tissue obtained from the lesions. A
polymerase chain reaction (PCR) test to detect the DNA is highly reliable and can be
performed in special laboratories. Treatment is long-term use of sodium stibogluconate (some-
times in combination with rifampicin) [4]. A recent study showed that a 12-week course of
miltefosine is safe and effective in the treatment of PKDL [5]. Another study showed that
miltefosine 50 mg 3 times daily for 60 days or 50 mg twice daily for 90 days has been shown
to be effective [6]. In 2008, Berman remarked that ‘Miltefosine is effective and can be
recommended for visceral disease in India and in Ethiopia, and for cutaneous disease in
Colombia and Bolivia. For unusual forms of disease that require long periods of treatment
such as diffuse CL, oral miltefosine is probably the treatment of choice’. In 2006, Simon and
Engel remarked that ‘Miltefosine is active against most Leishmania species, including those that
cause CL’. It has been demonstrated that in 2015 the efficacy of miltefosine has declined.
Paromomycin has been shown to be effective against PKDL [7]. Amphotericin B is effective in
the treatment of PKDL and several courses, where gaps between the two courses are required.

1.3.CL

CL and MCL are the most common manifestations of leishmaniasis. This is also known as
oriental sore. MCL is seen in the tropics and subtropics. The variety of leishmaniasis causes
disfigurement. CL is caused by L. tropica and L. major. L. braziliensis causes MCL transmitted by
Phleblotomus argentipes, sand fly. A clinical diagnosis should be supported by a PCR test [8].
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1.4. Diagnosis

Clinical features like prolonged fever (>14 days), anaemia and splenomegaly (malaria
excluded) in a kala-azar-endemic area will constitute a suspect case. This can be supported by
an rK39 strip test. Accurate VL diagnosis till 1990 required parasitological confirmation by
microscopy or culture of the blood, bone marrow, lymph nodes or spleen. Splenic aspirate was
sometimes fatal and this prompted development of rapid diagnostic tests (RDTs). An RK39
test had a sensitivity of 72.1% and a specificity of 76.9% and DAT sensitivity was 62.8% and its
specificity was 69.2%, using initial diagnosis (confirmed on clinical and serological basis) as
reference in both cases. Both rK39 and DAT have the potential in diagnosing VL using urine
[9]. A polymerase chain reaction test (PCR) to detect the DNA is highly reliable and can be
performed in special laboratories.

2. Management

2.1. Management of VL

2.1.1. Miltefosine

This is the first ever oral drug developed against VL. Initially the drug was used in the
treatment of skin metastases from breast cancer. Subsequently, it was found to be effective
in vitro against the Leishmania donovani parasite [9]. Phase I-Phase III clinical trials conducted
in India demonstrated that the drug was effective against VL to the extent of ~95% [10-12].
Most of the side-effects included nausea, vomiting, abdominal pain, diarrhea and fever [11].
These side-effects occur during the first week of treatment. A Phase IV trial was conducted
involving 13 centres in Bihar (India). This pivotal trial clearly demonstrated that the drug can
be dispensed in the kala-azar elimination programme in the first condition [13]. A few major
side-effects that occurred affected the kidney, liver and bone marrow. The dose of the drug is
50 mg 2 times daily after food to avoid gastric irritation for 28 days. In children, the dose is
2.5 mg/kg daily for 28 days [12]. In summer time, these patients are usually dehydrated and
they should be rehydrated with ORS or IV fluids depending upon the degree of dehydration.
Anemia is very common in such patients. Blood transfusion may be required and should be
given. If these simple measures are taken, the patients tolerate the drug better. Miltefosine is
teratogenic and should not be given to pregnant mothers.

2.1.2. Paromomycin

This drug belongs to the group of aminoglycosides. Unlike miltefosine, this drug is adminis-
tered by intramuscular injections. A full course comprises daily injections (11 mg/kg/day) for
21 days [14, 15]. Although paromomycin is an aminoglycoside, it does not exhibit much
ototoxicity or nephrotoxicity. It is safe in pregnancy. The most common adverse effects associ-
ated with paromomycin are abdominal cramps, diarrhea, heartburn, nausea and vomiting.
Long-term use of paromomycin increases the risk for bacterial or fungal infection. Signs of
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overgrowth include white patches in the oral cavities. Other less common adverse events
include myasthenia gravis, kidney damage, enterocolitis, malabsorption syndrome, eosino-
philia, headache, hearing loss, ringing in the ear, itching, severe dizziness and pancreatitis.

2.1.3. Amphotericin B

This is an anti-fungal drug and has substantial activity against Leishmania donovani. When
resistance to stibogluconate becomes high, amphotericin B became the first-line drug in many
places. The dose is 15 alternate-day infusions of 1 mg/kg over 30 days (total dose, 15 mg/kg) or
daily treatment with 1 mg/kg for 20 days (total dose, 20 mg/kg). The most common side-effects
are chill, rigor and fever. Injection of antihistamine alleviates the symptoms. The drug exhibits
nephrotoxicity and ototoxicity [16-18].

2.1.4. Liposomal amphotericin B

Liposomal amphotericin B is safer than amphotericin B and safest among all anti-VL drugs. It
is given by intravenous infusion. The dose is 5 mg/kg x 3 days or 3 mg/ kg x 5 days. A single
dose of 10 mg/kg has shown a cure rate of more than 95%. Liposomal amphotericin B replaced
miltefosine as the first-line drug in the kala-azar elimination programme [19-21]. However, it
is felt that this decision to switch over from miltefosine to liposomal amphotericin B could
have been delayed as the programme was going on smoothly using miltefosine as the first-line
drug.

2.1.5. Sodium stibogluconate

For more than last 6 decades, sodium stibogluconate was the effective drug treatment for
visceral leishmaniasis and PKDL. The dose is 20 mg/kg/day given by intramuscular injection
for 30 days [22]. Afterwards, the parasites developed resistance to the drug and it became
ineffective. In order to overcome the drug resistance, the dose of the drug was increased but
the cardiotoxicity of the drug increased. In Bihar, India, currently, the drug resistance is to the
tune of 60% [23]. However, the drug is still used in places where the parasites are sensitive to
the drug [24]. It can be given by both intramuscular and intravenous routes. The intramuscular
injections are painful.

2.1.6. Urea stibamine

Urea stibamine was an effective anti-leishmanial drug. Since the developer did not keep any
record of the compound, the drug had its natural death [25].

2.1.7. Anti-fungal agents

Anti-fungal agents like ketoconazole and anti-tuberculosis drugs were not found effective in
the treatment of VL. However, both ketoconazole and pentostam were more effective than
placebo against L. braziliensis panamensis cutaneous leishmaniasis. Oral ketoconazole is com-
parable in efficacy to this parenteral pentostam regimen and can be recommended as initial
treatment for this disease. Sitamaquine is undergoing clinical trial for VL treatment and initial
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results are encouraging [26]. Sitamaquine interacts with phospholipids and accumulates rap-
idly in the Leishmania. An advantage of sitamaquine is its short elimination half-life, preventing
a rapid emergence of resistance.

2.1.8. Combination therapy

In view of the drug resistance and toxicity [27], it was expected that using the combination of
two drugs will prevent or delay appearance of drug resistance, minimize toxicity, enhance
efficacy and shorten duration of therapy. A safety and efficacy trial of combinations were
conducted in Bangladesh [28].

1. Liposomal amphotericin B alone or a combination of:

2. single dose of Liposomal amphotericin B (day 1) with miltefosine (day 2-8)

3. single dose of liposomal amphotericin B (day 1) with paromomycin (day 2-11)
4. combinations of miltefosine with paromomycin (day 1-10)

All the combinations were non-inferior to the standard treatment with liposomal amphotericin
B in usual doses. The combination therapy efficacy of all the regimens was ~95%. It was
recommended that combination therapy would be an alternative to liposomal amphotericin B
(10 mg/kg) in the context of kala-azar elimination programme in the Indian subcontinent.

3. Vector control

Vector control is of paramount importance in combating VL. When malaria control
programme was carried out in India, as a collateral benefit, the incidence of kala-azar came
down. In India, generally DDT is used for vector control but in Bangladesh and Nepal,
synthetic pyrithroids are used. The exact role of long-lasting net (LLN) or long-lasting impreg-
nated nets (LLIN) is not completely clear [29].

4. Elimination of kala-azar from Southeast Asian region

Keeping in view the high disease burden in India, Nepal and Bangladesh and availability of
effective tools to diagnose the disease in the field situation and the effective and safe drug to treat
the disease in an outpatient setting, the three countries embarked on eliminating the dreaded
disease. In 2005, a memorandum of understanding was signed by India, Nepal and Bangladesh
under the auspices of World Health Organization to cooperate and collaborate with each other to
eliminate the disease from their respective countries. The target of elimination was less than 1
case per 10,000 people in an endemic area. Three countries of the WHO's Southeast Asian Region
—Bangladesh, India and Nepal—are poised to eliminate VL (kala-azar) as a public health
problem. The number of cases have reduced by 53%, from a high of 1,82,000 cases during 2005
2008 to 85,000 cases during 2011-2014. The 10,209 new cases reported in 2014 represent a 75%

21



22

Leishmaniases as Re-emerging Diseases

decrease from 2005 when the kala-azar elimination programme was launched. In fact, Nepal has
already achieved elimination and sustained for 2 years. Bangladesh is approaching fast towards
elimination and India is expected to catch up [30-32].

5. Kala-azar vaccine

Conceptually, it is ideal to have a vaccine which will provide long-lasting immunity and
simultaneously protect against VL and CL. Vaccines against VL and CL should be cost-
effective. Currently, there are no effective and safe vaccines against VL but several are in
various stages of developments. These candidate vaccines should be able to elicit balanced
Tyl- and Ty2-mediated immune response. In view of safety concerns, live-oral vaccines are
no longer recommended. The approach now is to insert a suicidal killed vector directly into
the leishmania genome.

Research into first-generation vaccines based on whole-cell, killed leishmania parasites dem-
onstrated that killed parasites showed efficacy as both therapeutic and prophylactic vaccines.
Numerous preparations of killed parasites were tested. Although they showed good safety
profiles, no first-generation vaccine using killed parasites has been demonstrated having
sufficient efficacy as a prophylactic vaccine. The second generation of vaccines exploits the
subunit, recombinant protein approach utilizing to augment the immune response. Third-
generation vaccines derived from antigen-encoding DNA plasmids including heterologous
prime-boost Leishmania vaccine have been examined for control and prevention of visceral
leishmaniasis [33-35]. Vaccines based on recombinant protein and antigen-encoding DNA
plasmids have given promising results.

6. HIV/kala-azar

Kala-azar patients may acquire HIV infection. Both the diseases lower the immunity of the
person and opportunistic infections supervene. These patients easily acquire cryptosporidial
infection and they respond to paromomycin. Tuberculosis is also common in these patients.
Treatment of the three diseases requires a large number of drugs and may cause drug-drug
interactions [36].

7. Concluding remarks

VL is potentially a life-threatening disease affecting the poorest of the poor in several regions of
the world. There was a dearth of drugs, diagnostics and vector control methods until recently.
The active collaboration of the scientists of the three countries joined by several other national
and international agencies was the culmination of reliable diagnostics, drugs and vector
control methods to diagnose and treat the disease. The third arm is vector control which is
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essentially to interrupt transmission of the parasite. The WHO HQ and WHO regional office of
the Southeast Asian Region extended formidable technical support to the programme. The role
played by international agencies is unforgettable.
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Abstract

Leishmaniases are vector-borne diseases. Cutaneous leishmaniasis (CL) is endemic
in West Africa. Sporadic and anecdotal cases of visceral leishmaniasis (VL) have been
reported in the past. Recent data showed the changing of epidemiology of leishmani-
ases in West Africa, with the occurrence of outbreak of CL due to Leishmania major in
urban and rural areas. CL is transmitted by Phlebotomus duboscqi. The role of Sergentomyia
(Spelaecomyia) darlingi as vector in rural areas has been evoked but not confirmed. Cases
of VL due to Leishmania spp. have been described in West Africa; however, parasites spe-
cies were not identified and dogs were suspected to be the reservoir. No humans’ case
of symptomatic VL due to L. infantum has been described in West Africa. Recent data
in rural areas of Senegal confirmed dog as reservoir of L. infantum. In the same study
in Senegal, Sergentomyia sandflies were found infected with L. infantum, indicating a
possible role in leishmaniasis transmission. Coinfection leishmaniases-HIV is reported
but rare. In this chapter, we included most recent publications and propose an updated
landscape of CL and VL epidemiology in West Africa.

Keywords: leishmaniases, epidemiology, West Africa

1. Introduction

Leishmaniases are anthropozoonoses common in animals and humans. Leishmaniases are
endemics in 98 countries. The annual incidence is 0.7-1.2 million cases of cutaneous leish-
maniasis (CL) and 0.2-0.4 million of cases of visceral leishmaniasis (VL) causing 20,000-40,000
deaths annually [1]. In sub-Saharan African region, the estimated annual incidence of CL
was between 770 and 1500 cases. Leishmania parasites are characterized by their enzyme elec-
trophoretic profile that defines zymodemes. L. major is the main parasite causing CL and its
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zymodemes MON-26, MON-25, MON-17 and MON-117 have been identified in West Africa
[2—4]. CL has been cited earlier as endemic in rural areas. However, outbreaks of CL in urban
areas have been recently reported, showing a change in CL epidemiology [5]. VL presents a
different epidemiological pattern in West Africa. Previous data described VL as a rare condi-
tion, with occurrence of sporadic and anecdotal cases in limited areas [6-8]. Recent data on
VL in West Africa showed the occurrence of several cases of canine visceral leishmaniasis and
asymptomatic human infections [9-11]. We will describe an updated dynamics of CL and VL
characteristics in West Africa.

2. Burden and characteristics

2.1. Cutaneous leishmaniasis

The overall burden of CL is poorly characterized, due mainly to paucity of data. The fre-
quency of CL in suspected patients was 78.4% in Mali [12], and Niger it was 66.7% [13]. In
Burkina Faso, CL was perceived as a public health problem due to occurrence of outbreaks
with an average incidence of 0.1% [14] and hospital frequency of 1.1% [15]. In Senegal, the
frequency of CL in hospital based study was 38 cases over 4 years (9.5 cases per year) [16].

In Mali, recent positive LST survey showed a higher prevalence (49.9%) in Diema, Kayes
region [17]. LST prevalence in Kayes was 25.7% in 1969 [18]. This difference in LST prevalence
in the region of Kayes over a period of more than 45 years is likely to indicate an increasing
trend in CL transmission.

L. major is the main species of Leishmania reported in Mali and has been identified in humans
as a causative agent of CL [19]. The reservoirs of L. major in West Africa are rodents in
Senegal. Mastomys erythrolocus, Tatera gambiana and Arvicanthis niloticus were found infected
by L. major [20, 21]. Phlebotomus duboscqi previously was cited as vector of CL. L. major DNA
was identified recently in P. duboscgi confirming its role in CL transmission in Mali [22, 23].
Sergentomyia (Spelaeomyia) darlingi may also play a role in L. major transmission [22]. Other
species of Leishmania causing CL such as L. tropica has been identified in S. dissimillima, S.
ingrami, S. simillima, S. dissimillima, and S. hamoni in Ghana [24], but this species has been not
identified in humans in West Africa.

Recent findings revealed L. infantum in a HIV-positive child suffering from CL in Senegal [25].
A new species of Leishmania classified as Leishmania enrietti complex was found in humans in
Ghana [26]. These findings call to strengthen CL diagnosis and stimulate efforts to determine
the causative Leishmania species in human infections.

The enzymes electrophoresis analysis identified several strains of L. major in West Africa. The
most frequent strain in Mali was MON-26 and MON-74 was the more frequent in Burkina
Faso [2, 4, 27]. Travelers visiting endemic areas in West Africa are at risk of getting infected
with Leishmania [28].

In West African countries (Figure 1), CL outbreaks may occur in rural areas where health
care centers personnel are not well trained for diagnosis or case management. Often, an
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investigation post-outbreak is conducted to determine the Leishmania spp., the vectors and
reservoirs involved [5, 29]. In urban areas [30], outbreaks are occurring in larger popula-
tion. Rapid urbanization is considered as a favoring factor that also makes uneasy out-
break control.

Coinfection CL-HIV is rare in West Africa. In Mali, the frequency of coinfection was 1%
[31]. Coinfection CL-HIV has been reported in Burkina Faso and Ghana [32, 33]. In patients
with coinfection, diffuse CL, mucosal involvement and bone marrow invasion have been
reported [16, 34-36].

2.2. Visceral leishmaniasis

In West Africa, VL has been described, and previous data have shown the scarcity of disease
(Figure 1). For several years, anecdotal and sporadic cases of VL were reported. Up to today,
the data reviewed identified most of the clinical cases of VL in Ivory Coast and Niger [6-8]. In
the Gambia, a case of VL has been reported in humans and in dogs [37, 38]. Underreporting
of diseases is a known feature of West African health care system. This is also true for VL. The
underreporting of VL in West Africa could be favored by the absence of appropriate bio-
logical diagnosis and the absence of specificity of VL clinical symptoms. VL cases may be
confounded with others frequent parasitic diseases such as malaria or schistosomiasis. It is
also assumed that the parasite strains found in West Africa are less virulent than those found
elsewhere (Asia and East Africa). The strain identified in Senegal and likely those in West
Africa are coming from Mediterranean basin [39].

Figure 1. Modified map of West Africa from map (http://d-maps.com/carte.php?num_car=36688&lang=fr) and status of
leishmaniasis endemicity in West Africa (WHO weekly report 2017) [45]. =: Cutaneous leishmaniasis endemic; 2

Cutaneous leishmaniasis previously reported; . : Visceral leishmaniasis endemic; - : Visceral leishmaniasis previously
reported.
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Parasite species identified in West Africa is L. infantum using serology method in asymp-
tomatic Senegalese [11]. L. donovani has not yet been identified in West Africa. Cases of VL
encountered in Niger and Ivory Coast had their parasite identified by microscopy [6-8]. It is
known that microcopy cannot distinguish between Leishmania species. For species, diagnosis
serology or molecular biology is required.

Sandflies of the genus Sergentomyia (Se. dubia, Se. schwetzi and Se. magna) have been found
infected with L. infantum in Mont-Roland district in Senegal [40]. This raises the possibility
that Sergentomyia spp. may be involved in VL transmission in Senegal.

Canine visceral leishmaniasis is well described in West Africa. Recent studies in domestic
dogs showed that L. infantum was the causal pathogen in Senegal, in Burkina Faso and Nigeria
[9, 10, 41].

Geographic diversity: the area of transmission could be wider, therefore underestimating the
cases of leishmaniasis. In Senegal, previous studies have shown that the vectors Phlebotormus
or Sergentomyia are found in many areas of the country (Kédougou, South East, Keur Moussa
in Dakar region, Ferlo area [42]. Environmental changes are risk factors of explosion.

3. Management and control

VL is rarely encountered in West Africa. Most cases of human Leishmaniasis are cutane-
ous leishmaniasis. Often, CL cases are under-diagnosed, and their clinical management is
poorly done. This is particularly true for cases encountered at peripheral health care cen-
ters with personnel poorly trained. For those encountered at referral health care facilities
with good capacity for the diagnosis, treatment is available. In Mali, CL cases are referred
to National Center for Diseases Control [CNAM acronym in French for Centre National
d’Appui a Lutte contre la Maladie]. Treatment is done using either meglumine antimoniate
locally or local thermotherapy [43]. In Burkina Faso, meglumine antimoniate is the first
line treatment [15]. Treatment outcome is favorable with healing of lesions in 2—4 weeks.
Treatment response in HIV coinfected patients is also favorable but hampered by the fre-
quency of relapses [44].

In rural areas where these treatments are not available dermatologists advice to clean skin
lesions and apply tetracycline ointment until healing [43]. Meglumine antimoniate and
amphotericin B have been used to treat VL in West Africa [6-8].

4. Conclusion

Compared to other endemic parts of the world, leishmaniases are not very common in West
Africa. CL is widely distributed in few West African countries such as Burkina Faso, Mali,
Nigeria and Senegal. Urbanization is the main risk factor. Human VL human is sporadic in few
countries. Also, VL affects more domestic dogs. Our review acknowledged the changing of CL
epidemiology with more report of outbreaks and description of new parasite species in West
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Africa. A surveillance system based on referral health care centers with training of health care
personnel will help to better address clinical and diagnostic challenges imposed by leishmaniasis.
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Abstract

Leishmania is the causative protozoan parasite of leishmaniasis. Distinct species provoke
localized/diffuse cutaneous leishmaniasis or visceral leishmaniasis. Leishmania parasites
have developed diverse strategies to evade the host immune response expressed through
various cells, especially macrophages, NK cells, and dendritic cells. Participating in some
of these strategies are Leishmania surface molecules, such as lipophosphoglycan (LPG) and
protease gp63, which are thus considered virulence factors. LPG has been shown to modu-
late proinflammatory responses. For example, L. major LPG activates NK cells through toll-
like receptor-2 (TLR2), while L. mexicana LPG elicits a differential production of cytokines in
human dendritic cells and monocytes. Moreover, L. mexicana LPG activates MAP kinases in
macrophages, which in turn enhance proinflammatory cytokine production through TLRs.
Additionally, Leishmania exosomes have been found to strongly affect macrophage signal-
ing and functions. Furthermore, proteins secreted by Leishmania promastigotes and amas-
tigotes modulate the production of proinflammatory cytokines in human macrophages.
Since Leishmania is an obligate intracellular parasite, its promastigotes utilize several mech-
anisms to survive and duplicate inside host cells, including the inhibition of apoptosis. It is
now clear that MAPK p38, JNK, ERK 1/2, and PI3K/Akt participate in the inhibition of both
natural and induced apoptosis of macrophages, neutrophils, and dendritic cells.

Keywords: Leishmania, cytokines, TLR, inflammasome, apoptosis, NO

1. Introduction

Leishmaniasis is a complex of neglected tropical diseases (NTDs) caused by protozoan para-
sites of the genus Leishmania. Epidemiological studies have revealed that 12 million people are
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infected worldwide, with 2 million new cases each year. Approximately 350 million people are
currently at risk of contracting leishmaniasis, mostly in developing countries.

Leishmania is a dimorphic protozoan parasite that completes its life cycle in two organisms: the
sand fly vector and a mammalian host (a rodent, canid, or human). In the vector, the parasite
enters the insect as aflagellated amastigotes through a blood meal from a mammal. In the sand
fly midgut, this form changes into motile extracellular flagellated promastigotes that divide by
binary fission. After being injected into the bloodstream of a mammalian host, the promasti-
gotes are quickly engulfed by macrophages, where they differentiate into aflagellated intracel-
lular amastigotes that can survive in this acidic environment. In macrophages, the amastigotes
replicate by binary fission, causing the lysis of the cell and the invasion of other cells [1].

The outcome of a Leishmania infection depends on a wide array of factors, especially the species
of the parasite and the host immune response. Species such as L. major, L. mexicana and L. guya-
nensis induce cutaneous leishmaniasis, while L. amazonensis and L. braziliensis cause the mucocu-
taneous form. L. donovani and L. chagasi, on the other hand, cause visceral leishmaniasis (VL) [2].

Whether Leishmania parasites manage to establish themselves in mammalian cells depends on
their capacity to surpass host defense mechanisms. The survival strategies of the protozoan are
based on the manipulation of distinct host cell functions, including modulation of cell signal-
ing pathways through phosphorylation and dephosphorylation mechanisms [3]. The different
strategies of Leishmania to evade the host immune response during the process of infection
involve macrophages, NK cells, and dendritic cells. One of the most successful survival strate-
gies displayed by Leishmania is the inhibition of apoptosis of host cells through the activation or
silencing of proapoptotic or antiapoptotic signaling pathways [4, 5]. Among the Leishmania sur-
face components participating in such evasion strategies is lipophosphoglycan (LPG), an abun-
dant molecule that exerts its activity by binding to TLR2. Although the ability of Leishmania to
inhibit inflammatory signaling pathways has been proposed as a virulence mechanism, the
molecular events underlying this process have still not been fully elucidated [6].

2. Parasite molecules that regulate host cell signaling pathways

Two of the most studied molecules of Leishmania spp. are LPG and glycoprotein 63 (gp63), pos-
tulated as possible virulence factors for some species. LPG covers the surface of the parasite and
the flagellum, forming a glycocalyx. The structure of LPG, which differs between the distinct
species of Leishmania, is mainly constituted by repeating units of a disaccharide and a phosphate
bound to the membrane by glycosylphosphatidylinositol (GPI). This molecule is more abun-
dant in promastigotes than amastigotes [7]. Contrarily, gp63 is more frequently expressed in
amastigotes than promastigotes. The absence of LPG in amastigotes emphasizes the relevance of
gp63 in protozoan survival, as well as in the regulation of signaling pathways of host cells [8, 9].

Other important molecules for Leishmania are glycosylinositolphospholipids (GPILs), a class
of glycolipids bound by GPIs and expressed 10 times more frequently than LPG. Their small
size keeps them close to the parasite membrane [10, 11].
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The term “secretome” was introduced for the first time in the global study of the genome of
proteins secreted by Bacillus subtilis. The authors defined the secretome as a subset of the pro-
teome consisting of secreted proteins and the components of the cellular machinery involved in
protein secretion. They predicted all exported B. subtilis proteins by employing computational
methods to search for signal peptides and cellular retention signals in protein sequences [12]. In
Plasmodium falciparum, the secretome refers to all proteins exported to the host erythrocyte and
mediated by an endoplasmic reticulum signal sequence, along with one export element of this
parasite [13, 14]. Until very recently, there was very little information about the proteins secreted
by protozoan parasites. Given the role of these proteins as virulence factors and their capacity to
modulate host cells, this scant information represented an important scientific limitation.

Regarding trypanosomatids, the term secretome was introduced by Silverman in a pro-
teomics approach used to identify a large number of extracellular proteins in a culture media
conditioned by L. donovani [15]. Several studies on trypanosomatids have aimed to identify
and characterize excreted/secreted factors due to their potential for the development of vac-
cines and/or new drugs [16].

Leishmania and other intracellular pathogens have developed strategies to invade and persist
within the respective host cell. In some cases, the mechanisms entail the export of virulence
factors to the cytosol of this same cell [15]. Almost a decade has passed since the first report
of the secretion proteins by L. donovani. By means of a stable isotope label of amino acids
in a culture called SILAC, the authors identified 151 proteins secreted by this species into
the culture media. Interestingly, few of these are secreted through classical mechanisms [15].
Additionally, the bioinformatic analysis in the same study showed that none of the histidine
phosphatase proteins result from the classical mechanism of secretion.

The authors found various proteins with several possible functions. For instance, some pro-
teins take part in the vesicular transport process, essential for the survival of the parasite, and
may thus be virulence factors. Among the proteins participating in signal transduction are
those encoded by the gene LmjF 25.0750 of L. major, including a phosphatase serine threonine
type phosphoprotein, a metal-dependent phosphatase (PPM) called PP2C [15]. This protein
was cloned from the DNA genome of L. major and localized in the pocket and flagellum of the
parasite through fluorescence microscopy assays and transmission electron microscopy [3].

Since the flagellum of L. major represents an important structure for differentiation in try-
panosomatids, this location of PP2C suggests a role in a vital biological process of the parasite
[3]. The same authors have shown that L. mexicana promastigotes and amastigotes secrete pro-
teins with phosphatase activity into the culture medium. Such activity was more pronounced
in the promastigote than amastigote secretion medium. Both media stimulated the produc-
tion of various cytokines in human macrophages: tumor necrosis factor (TNF)-a, interleukin
(IL)-1pB, IL-12p70, and IL-10 [17].

2.1. Exosomes secreted by Leishmania

Exosomes are organelles (30-100 nm) released by numerous mammalian cells, including retic-
ulocytes, B cells, T cells, dendritic cells, and macrophages [18]. Bioactive exosomes are released
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by cells infected with viruses and bacteria as well as some tumor cells [19, 20]. The release of
exosomes also constitutes a mechanism for the secretion of proteins by Leishmania, and these
vesicles allow for communication with the host cell [15]. Among the proteins released through
exosomes, the metalloprotease 63 kDa and the elongation factor 1 alpha (EF-1 o) are known
to have a substantial role in deregulating certain signaling pathways. These two molecules,
contained in microvesicles, are responsible for the activation of tyrosine phosphatases (SHP-1)
in the host cell [21]. A study of L. mexicana demonstrated a type of vesicle induced at a tem-
perature of 37°C that did not correspond to exosomes, as evidenced by its size.

Other studies confirm a nonclassical route of secretion for Leishmania proteins. Two-dimen-
sional electrophoresis displayed 270 secreted protein spots originating from L. braziliensis,
of which 42 were identified. About 57% of these proteins presented non-classical secretion
mechanisms [22].

In L. infantum, distinct proteins were observed in exovesicles of the parasites in the different
phases of their growth. Ribosomal proteins were detected in the logarithmic phase of growth,
thus indicating their crucial role in protein turnover. In the stationary phase, contrarily, there
was a specific enrichment of vesicles with properties similar to apoptotic vesicles [23].

Diverse Leishmania species have been analyzed to explore the effect exerted by their secreted
molecules on the host immune response. For example, in infection by L. donovani and inter-
feron (IFN)-y treatment, the exposure of human monocytes to the exosomes secreted by this
parasite led to an alteration in the cytokine response. The resulting inhibition of IL-8 and
TNF-a production combined with enhanced levels of IL-10 caused an anti-inflammatory
effect. This immune suppression induced during Leishmania infection suggests that the secre-
tion of exosomes by Leishmania likely plays a major role in the establishment of infection.
Indeed, exosomes may be a mechanism of immune modulation used more generally by intra-
cellular and extracellular pathogens [24].

3. Leishmania modulates proinflammatory cytokines,
inflammasomes, and TLR expression

To detect Leishmania infections, the innate immune system utilizes different sets of germline-
encoded receptors, including the TLRs found on cell membranes and in the endosome. Other
receptors that have only been detected in the cytoplasm, such as the NOD-like receptor (NLR)
family, also play a role in defending the host from a Leishmania invasion. Encompassing 34
members in all, NLRs sense pathogen- and danger-associated molecular patterns (PAMPs
and DAMPs, respectively).

There is a subset of NLRs that assembles large multiprotein complexes known as inflamma-
somes. The latter trigger inflammatory caspase 1, which in turn promotes the conversion of
pro-IL-1p and pro-IL-18 into their bioactive forms. For instance, NLRP3 (the best-character-
ized inflammasome) consists of the NLRP3 protein, the bipartite adaptor protein ASC, and
caspase 1 (in its minimum form). It has been demonstrated that this inflammasome, activated
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by bacterial toxins, bacterial RNA, ATP, nigericin, uric acid, and silica crystals, is an essential
component of the host immune response against bacterial and viral pathogens [25].

Leishmania parasites have developed diverse strategies to evade the immune response,
especially in the form of macrophages, NK cells, and dendritic cells. Becker analyzed the
interaction between Leishmania LPG and TLR2 receptors on human NK cells, finding that
LPG purified from metacyclic and procyclic promastigotes of L. major stimulates these host
cells. The consequent activation of NK cells leads to an upregulation of TLR2 expression, the
nuclear translocation of NF-kB, and an increased production of IFN-y and TNF-a. Indeed,
the activation of NK cells turned out to be greater with the infective metacyclic form than the
non-infective procyclic form of LPG [26].

L. mexicana LPG elicits a differential production of proinflammatory cytokines, such as IL-12,
TNF-a and IL-10, as well as the nuclear translocation of NF-kB in monocytes and dendritic
cells [27]. It also activates ERK and p38 MAP kinase in macrophages and induces proinflam-
matory cytokine production through TLR2 and TLR4 signaling [28].

After infecting the THP1 human cell line with L. donovani, the production of IL-10, TNF-at and
IFN-y was measured, and the expression of TLR2, TLR4, and TLR9 was determined in blood
samples and the THP1 cell line. IL-10 levels were higher in controls positive to the leishmanin
skin test (LST+) compared to patients with VL. TNF-a was moderately produced, exhibiting
no variation between patients, controls, and THP1 cells. TLR4 and TLR9 expression was ele-
vated in patients with VL. L. donovani increased the expression of TLR4 and TLR9 in patients
with VL, and of TLR2 in THP1 cells, which suggests a link between TLRs and the generation
of a mixed cytokine response [29].

Interestingly, other authors analyzed the expression of some components related to the
inflammasome pathway in murine macrophages infected with L. major. At 6 and 18 h post
infection, they evaluated the mRNA expression levels in control and infected macrophages
of two NLRs (NLRP3 and NAIP5), the inflammasome adaptor molecule ASC, proinflam-
matory caspase-1, and proinflammatory cytokines IL-13 and IL-18. The components related
to the inflammasome pathway (NLRP3, ASC, IPAF, IL-13, and IL-18) were upregulated in
murine macrophages infected with L. major. The activity of caspase-1 was more pronounced
in infected than noninfected macrophages. Infected (versus uninfected) macrophages also
showed significantly greater caspase-1 activity in harvested cells and a significantly higher
concentration of IL-1p in the supernatant of the cultured media [30].

It has been documented, based on in vitro (in macrophages) and in vivo studies, that a
Leishmania infection activates the NLRP3 inflammasome and that the latter is key to the inhi-
bition of parasite replication. For example, the capacity of inflammasome-deficient mice to
resist infection with L. amazonensis, L. braziliensis, L. infantum, and L. chagasi was favored by
IL-1p production resulting from inflammasome activation. The mechanism involved in such
activation was the increase in the level of nitric oxide (NO), which in turn was mediated
by the elevated availability of nitric oxide synthase NOS2 resulting from signaling through
the IL-1 receptor and MyD88. Lima-Junior et al. previously showed that the NLR3 inflam-
masome is vital for the host response to L. amazonensis infection, having proven to restrict
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parasite replication in both isolated macrophages and in vivo. As can be appreciated, IL-13
production is involved in the host resistance to infection. The signaling that triggers the pro-
duction of this cytokine takes place through the IL-1 receptor and MyD88, contributing to
elevated levels of NOS2. An increase in the latter enzyme leads to a greater generation of NO,
a major host defense mechanism against Leishmania spp. [31].

In the case of L. major, secreted antigens suppressed the proliferation of BALB/c mice lym-
phocytes in vitro. After semi-purifying these secreted antigens, they were found to suppress
60% of lymphocyte proliferation and prevent the stimulation of lymphocytes. The fractions
obtained decreased the production of IFN-y and increased the level of IL-4 in lymphocytes,
whereas they downregulated the formation of NO by activated macrophages. Hence, pro-
teins secreted by L. major may function as immunosuppressive factors that downregulate the
immune system [32]. On the other hand, the immunomodulatory effect of proteins excreted/
secreted by L. infantum was described in the context of differentiation and maturation of
human dendritic cells [33].

Regarding L. donovani, an immunomodulatory role has also been established for leishmanial
excretory-secretory antigens (LESAs) released by promastigotes to the culture medium. The
separation of fractions from LESAs revealed proteins of different molecular weights. Both
fractions were highly immunogenic, as they significantly enhanced the activity of NADPH
oxidase and SOD, as well as the production of NO, TNF-a, IFN-y, and IL-12 in stimulated
RAW 264.7 macrophages. These results strongly suggest the potential role of LESAs in the
modulation of macrophage effector functions and Thl responses, which could possibly be
used in the development of a potent vaccine for visceral leishmaniasis [34]. Similarly, Kumar
reported a potential immunostimulatory effect of soluble exogenous antigens of L. donovani,
which may be instrumental in developing a subunit vaccine against VL [35].

4. Leishmania modulates L-arginine metabolism via NOS2 and
arginase-1

Among other strategies developed by Leishmania parasites to avoid elimination by the host
immune response, regulation of L-arginine metabolism via NOS2 and arginase-1 (ARG-1)
enzymes has emerged as a crucial mechanism for parasite survival. Macrophages, the main
host cells that battle Leishmania, can be instructed to kill or host intracellular amastigote forms
of this parasite, depending on their ability to express NOS2 or ARG-1. The expression of these
enzymes, which share L-arginine as a substrate, is regulated in macrophages by their percep-
tion of the environmental balance of cytokines.

Proinflammatory cytokines (e.g., TNF-a and IFN-y) induce the classical activation of macro-
phages, upregulating NOS2 expression. This enzyme catalyzes the conversion of L-arginine
into L-citrulline and NO, the latter molecule being considered the most potent leishmanicidal
agent for the elimination of intracellular Leishmania parasites [36]. On the other hand, anti-
inflammatory cytokines (e.g., IL-4, IL-10 and IL-13) elicit an alternative activation of macro-
phages that upregulates ARG-1 [37], which in turn catalyzes the conversion of L-arginine into
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urea and L-ornithine. The latter is a basic source for the synthesis of polyamines, essential
nutrients for the growth and surveillance of Leishmania [38, 39]. Hence, whether L-arginine
metabolism takes place through ARG-1 or NOS2 is decisive for the life or death of Leishmania
during infection [40].

To establish infection and avoid host surveillance, Leishmania parasites have developed
different strategies to hijack L-arginine metabolism in order to promote the production of
polyamines rather than NO. During its development inside the vector, for instance, the para-
site generates a mucin-rich gel that sand flies deliver into the host skin when transmitting
Leishmania promastigotes [41]. This gel, called promastigote secretory gel, is known to mod-
ulate L-arginine metabolism in macrophages [42]. Accordingly, promastigote secretory gel
stimulates the recruitment of macrophages and promotes their alternative activation, causing
an increased expression of arginase-1 along with its greater capacity to metabolize L-arginine
to afford polyamines, which in turn enhance the growth of Leishmania [42].

The parasite-induced upregulation of arginase-1 can affect the production of NO through
substrate (L-arginine) competition [41]. Additionally, the generation of some polyamines
resulting from L-arginine metabolism via arginase-1 (e.g., spermine, spermidine and putres-
cine) inhibit NOS2 function [38, 39, 43]. The modulation of L-arginine metabolism is relevant
not only during the onset of the infection but throughout the course the disease. The success
of host immunity or the pathology of leishmaniasis depends mainly on the balance of the
immune response. Since the formation of either NOS2 or arginase leads to the inhibition of
the other, these two metabolic states are competitive and tightly regulated [44], determining
the levels of NO and therefore the outcome of Leishmania infection (survival versus elimina-
tion) in the host.

Besides the production of polyamines and the resulting enhancement of Leishmania intra-
cellular growth in alternatively activated macrophages, recently findings have shown that
Leishmania-induced L-arginine metabolism via ARG-1 polarization is advantageous to the
parasite in yet another way. A substantial accumulation of alternatively activated macro-
phages causes an elevated demand, consumption, and depletion of L-arginine in the micro-
environment [41]. Since T lymphocytes are very sensitive to L-arginine starvation, a greater
consumption of this amino acid via ARG-1 limits its availability to T cells, which in turn
notably impairs the development and function of these cells that are required for the control
of a Leishmania infection [45, 46].

5. Inhibition of apoptosis

Leishmania is an obligate intracellular parasite that invades a variety of host cells, but it is in
dendritic cells and macrophages where it can survive and replicate inside the phagosome. The
condition of being obligate intracellular parasites presupposes the utilization by Leishmania
of mechanisms to manipulate host cells in order to evade the immune response and survive
inside cells. Along the evolutionary history of this parasite, diverse survival strategies have
been developed.
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Although the inhibition of the phagosome-lysosome fusion comprises one such strategy, one
of the most intriguing is the inhibition of apoptosis. The latter process is a type of programmed
cell death characterized by a very orderly and immunologically silent dismantling of a cell
[47, 48]. The activation or inhibition of several signaling pathways is required for apoptosis to
occur [49-53]. Whereas the initiation of apoptosis involves gene activation and transduction
pathways, the executioner phase requires the activation of the cellular machinery necessary
for the dismantling of the cell.

Apoptosis is a crucial defense mechanism against intracellular pathogens [54]. However,
many pathogenic microorganisms such as virus [55], bacteria [56], and protozoan parasites
[57, 58] have developed mechanisms to persist within host cells without inducing apoptosis.
It has been widely documented that Leishmania inhibits apoptosis of different cells such as
macrophages [59-61], monocytes [64] and neutrophils [66].

Recently, it has been demonstrated that L. mexicana promastigotes and amastigotes also inhibit
apoptosis in dendritic cells [62, 63]. In some of these studies, monocytes, dendritic cells, and
macrophages were grown under apoptogenic conditions and infected with different species
of Leishmania, resulting in the inhibition of normal apoptosis.

In particular, infection with L. donovani or a stimulus with its LPG inhibits apoptosis in mac-
rophages. Cellular activation caused by infection increases the production of TNF-a, TGF-
p, IL-6, and GM-CSF, while decreasing the secretion of M-CSF and IL-1p [60]. Additionally,
L. major delayed apoptosis by inhibiting the release of mitochondrial cytochrome C in infected
macrophages grown in the presence of staurosporine [59]. Studies performed on other cell lines
report a similar outcome, such as the inhibition of actinomycin D-induced apoptosis in the
monocyte cell line U937 infected with L. infantum [64]. In macrophages from the cell line RAW
264.7 infected with L. major, apoptosis diminished even in the presence of cycloheximide [65].
Exposing neutrophils to L. major led to reduced caspase-3 activity, thus inhibiting spontaneous
apoptosis [66]. Moreover, amastigotes and promastigotes of L. mexicana inhibited camptothecin-
induced apoptosis in monocyte-derived dendritic cells [62, 63]. In the majority of reports, the
antiapoptotic effect has been associated with a significant decline in caspase-3 activity in cells.

5.1. Signaling pathways involved in Leishmania-induced inhibition of host cell
apoptosis

Although Leishmania infection is known to inhibit apoptosis in several cells, the mechanism(s)
through which this process takes place in infected cells is not fully clear. One signaling path-
way involved in apoptosis is that of MAPKs, a family of serine/threonine kinases. Four major
pathways have been identified in mammalian cells for signaling by MAPKSs: extracellular
signal-related kinases (ERK1/2), c-Jun amino-terminal kinases (JNK1/2/3), p38 (o, 3, v, ),
and ERKS5 [67-70]. MAPKSs respond to a wide variety of stimuli, such as proinflammatory
cytokines, environmental stress, DNA damage, and growth factors [50, 71]. The p38 path-
way is associated with cytokine production, inflammation, cell growth and differentiation,
and cell death. JNK participates in the control of cell death and is encoded by three genes:
JNK1/SAPKY, JNK2/SAPKa, and JNK3/SAPKf. Contrarily, the signaling pathway of PI3K/
AKT has an antiapoptotic role through the phosphorylation of PI3K/AKT that conducts to the
downstream activation of multiple signaling pathways related to growth, development, and
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cellular survival processes [72]. MAPKSs [73, 74] and PI3K [75] are activated during Leishmania
infections and participate in the apoptosis or survival cells [76-78].

Diverse signaling pathways have been implicated in the inhibition of apoptosis by Leishmania,
such as NF-«B, PI3K, and p38 MAPK PI3K. However, only the inhibition of PI3K resulted
in the abrogation of the antiapoptotic phenotype, whose activation confers apoptosis inhibi-
tion in infected macrophages [79] and dendritic cells [5]. ERK1/2 is activated in neutrophils
infected with L. major and modulates multiple apoptotic pathways [80]. Contrarily, p38 and
JNK are deactivated to prevent apoptosis [4, 5]. Survival is mediated by signaling pathways
(e.g., PI3K/Akt), as well as by the expression of antiapoptotic proteins of the Bcl-2 family (e.g.,
Bcl-2, Bel-xL, MCL-1, and Al). We have demonstrated that L. mexicana promastigotes and
amastigotes also inhibit apoptosis in dendritic cells [62, 63] through the downregulation of
proapoptotic pathways (e.g., MAPK p38 and JNK), as well as the activation of antiapoptotic
routes such as PI3K/Akt [4, 5].

6. Conclusion

Leishmania parasites have developed diverse strategies to evade the immune response: elici-
tation of a differential production of proinflammatory cytokines, upregulation of TLR2 and
TLR4 expression, the nuclear translocation of NF-kB, and modulation of inflammasome.
These parasites have a dual relation with host cells. Whereas host cells provide them with
nutrients and a place to survive and replicate, these same cells exhibit an immune response
aimed at the destruction of the parasites. Hence, the latter must display a wide array of strate-
gies to overcome host cells defense mechanisms. One of the most successful strategies utilized
by Leishmania inside host cells is the inhibition of apoptosis.

Apoptosis is a type of programmed cell death involving a precisely orchestrated series of
steps that culminate in the orderly dismantling of the cell. This process encompasses the acti-
vation and silencing of a wide variety of signaling pathways, among which a leading role
is played by MAPK, PI3K/Akt and proapoptotic/antiapoptotic proteins of the Bcl-2 family.
Leishmania has the capacity to inhibit apoptosis of different cells, especially macrophages,
monocytes, neutrophils, and dendritic cells. Although the precise mechanisms have not been
fully elucidated, it is now clear that MAPK p38, JNK, ERK 1/2, and PI3K/Akt participate in
the inhibition of apoptosis in macrophages, neutrophils, and dendritic cells. The inhibition
of apoptosis is a key strategy for the survival and replication of Leishmania in host cells and
may have implications for its pathogenesis because of favoring the invasion of the host and
the persistence of the parasite in host cells. Further research is needed on the mechanisms of
activation and regulation of the inflammasome pathway to provide insights into the patho-
physiology of chronic diseases and reveal new therapeutic targets.
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Abstract

Responsible for up to 30,000 deaths annually, leishmaniasis is a complex spectrum of
diseases endemic in 97 countries around the globe. Disease control relies heavily on the
early diagnosis and treatment of the active cases (relevant for anthroponotic disease),
although it is widely accepted that a prophylactic vaccine for human leishmaniasis is the
way to achieve the successful elimination of human disease (taking in consideration the
vast list of non-human reservoirs that enable the perpetuation of parasites all around
the globe). The notion that infection leads to strong and long-lasting immunity against
leishmaniasis supports vaccination as an achievable goal. However, and in spite of the
different candidates tested along the years, till date, we still do not have an approved
vaccine for humans. In this chapter, we will explore the last advances made in the field
of vaccines against Leishmania without forgetting the historical perspective, essential to
the understanding of the road already undergone. We will then discuss the correlates
of disease and protection, still neither consensual nor definitive, as well as the issue of
pre-clinical to clinical translation. The complete understanding of these issues will be
essential for the approval of a successful vaccine for human leishmaniasis.

Keywords: leishmaniasis, human vaccines, correlates of protection, cellular immunity,
cross-protection

1. Introduction

Vaccination is undoubtedly one of the greatest achievements of modern medicine, respon-
sible, together with the use of antimicrobials and access to clean water and sanitation, for the
global human demographics transformation in the past two centuries [1-3]. The apparently
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insignificant proportion of the world population, whose lives are spared annually, thanks to
vaccines (0.04 or 0.1%, if we include deaths avoided by smallpox eradication), is equivalent to
up to 3 (or 8) million lives spared per year and a cumulative of more than half a billion deaths
avoided just in the twentieth century [4, 5]. Nevertheless, and notwithstanding the significant
and successful global efforts toward the goal of universal health protection/promotion, the
picture could be much better. On the one hand, just by improving global vaccination cover-
age, an additional 1.5 million deaths could be avoided yearly [5]. On the other hand, there are
still many deadly infectious diseases, whose prevention through vaccination is theoretically
possible but for which there are no vaccines approved [6-8]. There are different compatible
explanations/hypothesis that together justify it. The first one has to do with legal and ethical
reasons: to test/approve/administer a pharmaceutical product nowadays is harder than it was
100 years ago [9]. Also in a chronologic point of view, it is not surprising that there are still
no vaccines available for emerging diseases (e.g., Zika or MERS-CoV) [10, 11]. Other reasons
have to do directly with the convergence of the nature of the pathogens with the evolution of
vaccine technologies [12]: (i) almost all vaccines available till date are humoral based, which
is not the best option against intracellular pathogens (e.g., Leishmania spp., Trypanosoma cruzi)
[13, 14] and (ii) there are pathogens with immune-evasion strategies dependent on high anti-
genic variability that poses a challenge in vaccine development [6, 15]. Lastly, but not least
important, there are diseases more relevant from an economic standpoint than others: many
diseases for which there are still no vaccines available affect almost exclusively the poorest of
the poor (neglected tropical diseases—NTDs) [8, 16, 17].

Fortunately, with the arrival of the new millennium, WHO/UN initiatives such as the
Millennium Development Goals (Goal 6, Target 3) and more recently the Sustainable
Development Goals (Goal 3, Target 3.3) contributed to an increase in the awareness on the
NTDs and consequently the investment on strategies to control them [18, 19]. The best exam-
ple of concrete measures undertaken to “end the neglect” is given by the London Declaration
on NTDs, signed in 2012 by 20 parties (including governmental organizations, non-profits
and pharmaceutical companies) and endorsed thereafter by many others, that proposes to
meet the goals set by the WHO Roadmap to overcome the global burden of NTDs (2012—
2020), that include the elimination of five diseases and the control of five others. One of the
potential short-term controllable NTDs is the fatal form of leishmaniasis [20].

Endemic in 97 countries around the globe, leishmaniasis is a complex spectrum of diseases
[21, 22]. The first layer of complexity is given by its vector-borne nature, which introduces
an extra variable (the phlebotomine vector) to the binomium host pathogen. The second one
is given by the 20 Leishmania species known to cause human diseases (usually in a species/
disease-manifestation-specific fashion), which is mostly but not exclusively of zoonotic origin
(there are no animal reservoirs recognized for L. donovani) [23]. The third one relates to the
infectious process, which frequently does not lead to an overt disease but instead to a chronic
and “benign” asymptomatic state [24]. These are some of the main challenges to consider
within the topic of disease control, which relies heavily on the early diagnosis and treatment
of the active cases (whose influence in the diminishment of disease incidence should be rel-
evant in anthroponotic versus zoonotic leishmaniasis) [25, 26]. Although till date there is no
vaccine available against human leishmaniasis, not only is it widely accepted that the devel-
opment of an effective vaccine is possible but also it is recognized that vaccination is the only
viable option to achieve zoonotic disease elimination [25].
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With this chapter, we propose to explore the broad anti-Leishmania vaccines field, with humans
as the focus population. Starting from a historical perspective, we will clarify where we stand
today by discussing the different candidates and approaches followed along the years, situat-
ing them in the vaccine development pipeline. Additionally, we will debate what is missing
(focusing mainly, but not only, on the correlates of protection and the disease models) as a way
to substantiate why currently there are no vaccines against leishmaniasis approved for humans.

2. Vaccines for human leishmaniasis: where do we stand?

2.1. Leishmanization as the proof of principle of vaccines against leishmaniasis

The close relation of the human host and Leishmania parasites is quite ancient: there is evidence
of parasite genetic material (identified retrospectively) in mummies from the year 2000 B.C.
[23, 27]. However, the major breakthroughs in the leishmaniasis field were only achieved
starting from the beginning of the twentieth century, with the identification of the causative
agent(s), the incrimination of the vector(s), and consequently the understanding of parasite(s)
life cycle and the distinct physiopathologic mechanisms that characterize each of the leish-
maniasis forms [23, 28]. The definitive allocation of leishmaniasis within the infectious (or
communicable) diseases, in convergence with the “success of variolation” and the birth of
vaccination [29], boosted the investigation of the anti-Leishmania immune response envision-
ing the development of an effective prophylactic approach. The first reports date from early
1900 and are based on either contemporary common “medical practices” from Old World
Cutaneous Leishmaniasis (CL) endemic countries or directly on evidence produced in human
clinical trial-like studies [30, 31]. The general conclusions of these pioneer “vaccine studies”
that used as inoculum either material from CL patient’s ulcers or live parasites collected from
in vitro cultures (L. tropica) were (i) only the individuals that developed a lesion and then self-
healed were resistant to reinfection and (ii) reinoculation of immune individuals led to what
is nowadays known as Type I delayed type hypersensitivity (DTH) reaction [30, 31]. Such
studies established the dogma accepted today by the scientific community —“previous infec-
tion leads to robust immunity against Leishmania” —and were the proof of principle of the
only prophylactic approach clinically used against leishmaniasis known as leishmanization.

Leishmanization was no more than the controlled induction of the cutaneous disease to pre-
vent the consequences of natural infection, such as the scarification of exposed body parts
(particularly the face) and the consequent life-long psychosocial impact and simultaneously
to decrease the disease incidence in hyperendemic areas [32, 33]. In the 1970s and 1980s, sev-
eral trials were performed using live virulent L. major parasites with promising results (up to
80% efficacy, Table 1) [32, 34-36]. This vaccine approach was accepted in countries such as the
former Soviet Union, Iran, Israel, and Uzbekistan [32, 36, 37]. However, it was generally aban-
doned (with the exception of Uzbekistan, where it is still a licensed approach according to the
most recent reviews on the field [34, 36, 38]) due to a number of concerns such as: (i) some
individuals (1-2/10,000 inoculations) developed non-healing lesions, hard to resolve with che-
motherapy [32, 39]; (ii) live vaccines (even the attenuated) are contraindicated to immuno-sup-
pressed individuals [40] (whose worldwide prevalence has increased in the modern days, due
not only to the HIV pandemic but also, for instance, to the increase of organ transplantation
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procedures [41]); (iii) batch-to-batch variability issues of such complex immunogens raise
reproducibility concerns [36, 42]; and (iv) complex logistics are usually associated with live
vaccines [42].

2.2. An overview of the vaccine candidates against human leishmaniasis explored
since leishmanization until the present day

The knowledge produced by leishmanization trials and campaigns conducted at the end of
the last century is the most important evidence that the development of a vaccine against
leishmaniasis is quite far from being impossible. The quest for such an essential pharmaceu-
tical, indispensable for the achievement of global disease control, has been continuous (in a
scale proportional to the funding for NTD research) and fruitful if we consider the number
of candidates and different approaches tested. Here we will separate them into five major
groups: live vaccines (“leishmanization like”), first-, second-, and third-generation vaccines,
and vector-derived vaccines. Table 1 compiles the information to be discussed in the next sub-
headings, presenting not only the different candidates/approaches tested along the years but
also the disease form they were destined to prevent, their placement in the vaccine develop-
ment pipeline, and the main findings reported.

2.2.1. Live vaccine candidates

The success of leishmanization is still used to support the investigation of vaccine approaches
based on live parasites (called by some as leishmanization revisitation [38]), that according to
the authors have the advantage of at least partially reproducing the normal infectious process
(and consequently induce a “close-to-natural” anti-Leishmania memory) [43]. This includes for
some candidates the long-term parasite persistence in the site of inoculation that will continu-
ously boost the immune system and prevent the loss of immunity to reinfection [44-46]. The
first two approaches explored, relying on parasite persistence as the key to effectiveness, are
readaptations of leishmanization directed toward the prevention of visceral disease and pro-
posed the controlled infection with either virulent L. major parasites or with a virulent but
dermotropic L. donovani strain to promote heterologous or homologous protection against vis-
ceral disease caused by viscerotropic L. infantum or L. donovani strains, respectively [38, 47—49].
Still, both approaches, although shown effective in the pre-clinical context, will unlikely pro-
ceed in the vaccine development pipeline, mainly due to the safety concerns always raised by
the use of virulent pathogens. As a way to partially overcome this barrier, different live vac-
cine approaches proposed the use of attenuated parasites, that would still mimic the natural
infection (although in a sub-clinical form) and induce anti-Leishmania memory but in most of
the cases would then be completely eliminated. In the pre-genomic era (but not only) chemi-
cally and physically attenuated parasites were shown to be effective, in pre-clinical trials,
against CL, muco-cutaneous leishmaniasis (MCL), and visceral leishmaniasis (VL) [50-52].
These attenuation approaches that did not assure a homogeneous parasite population (with
an unpredictable potential of reversion to the virulent form) were almost completely replaced
by the genetically modified parasites in the post-genomic era. Two main groups of genetically
modified Leishmania parasites were used in the pre-clinical context: loss-of-function mutants
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(knock-out)and gain-of-functionmutants (knock-in). Inrespectof thefirstgroup, ninenullmutants
[L. major dihydrofolate reductase-thymidylate synthase (dhfr-ts™), L. mexicana Cysteine pro-
teases (CPA/CPB™), L. major lipophosphoglycan 2 (LPG27), L. major phosphomannomutase
(PPM™), L. donovani Centrin (Cen™"), L. infantum heat shock protein 70 type II (HSP70-1I""), L.
donovani amastigote specific protein p27 (p277), L. donovani arabino-1,4-lactone oxidase (ALO™)
and L. donovani biopterin transporter 1 (BT17")], and one single knock-out [L. infantum silent
information regulatory protein 2 (SIR2")] were proven, in most cases, as effective vaccine candi-
dates (CL, MCL, and VL) [52-56]. Concerning the second group, two gain-of-function mutants
were shown effective as vaccines for CL and VL. Both trials relied on the generation of “suicidal
mutants” that would be completely eliminated from the immunized host either by the action
of chemotherapeutics [L. major thymidine kinase (herpes simplex virus), cytosine deaminase
(Saccharomyces cerevisiae) knock-in: tk-cd**], or by photodynamic therapy (L. amazonensis
d-aminolevulinate dehydratase, porphobilinogen deaminase knock-in: alad-pbgd**) [51, 57, 58].
Yet, although safer in theory than both live virulent and pre-genomic attenuated vaccine candi-
dates, post-genomic live attenuated vaccines still raise safety concerns, both due to the potential
for reversion to virulence (higher for gain-of-function parasites but not negligible for knock-out
parasites as was reported [59]) and due to the potential risk to the immunosuppressed (that was
not explored in most of the trials). The last tested live vaccine approaches we will discuss here
propose the use of closely related non-pathogenic parasites as a way to overcome all the live vac-
cine safety-related red flags. Leishmania tarentolae parasites infect reptiles but are unable to gener-
ate a sustained infection in humans (although able to enter into human phagocytic cells, there is
no evidence of efficient intracellular replication) [60]. Importantly, they share >90% of the gene
content with the other Leishmania species [60] which makes these parasite species an innocu-
ous source of native Leishmania antigens (although some of the important virulence factors of
pathogenic parasites that may be essential to the induction of a protective prophylactic response
are missing). Using this premise, both wild-type and genetically modified (LPG3, amastigote-
specific protein (A2), or A2/CPA/CPB knock-in) non-pathogenic parasites were reported, in the
pre-clinical context, as promising vaccine candidates for VL [52, 61, 62].

2.2.2. First-generation vaccine candidates

Together with live attenuated vaccines, killed whole pathogens or fractions of them (inacti-
vated and fraction vaccines) comprise a large proportion of the approved vaccines for humans
today [63]. In line with what happened chronologically in modern vaccinology, killed/fraction-
ated vaccines against leishmaniasis were developed both contemporarily and posteriorly to the
“leishmanization era,” to answer to the safety concerns associated with live virulent/attenu-
ated vaccines. The main advantage of first-generation vaccines in relation to the live vaccine
counterparts is consequently their innocuity: the pool of antigens in its native form will still be
“delivered” and elicit a specific memory response (diversity in antigenic repertoire given by live
parasites will be at least partially maintained), while no pathology is expected, even in immuno-
compromised individuals (no infection = no disease) [64]. This, however, may as well be a dis-
advantage: while regarding live vaccines, the antigen delivery will be sustained; that will not
be true for killed vaccines that may require more than one administration (prime homologous
boosts immunization schemes) and/or the co-administration of an immune response enhancer
or adjuvant (usually not required in live vaccine approaches) [65], which may or may not be
enough to generate long-lasting protection. Additionally, all of the manufacturing and logistics
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issues discussed earlier for leishmanization (and live vaccines in general) are also applicable to
killed/fractionated vaccines. Notwithstanding, first generation vaccines for leishmaniasis are
the better studied ones in the clinical context (the only leishmaniasis vaccine candidates which
have undergone phase 3 clinical trials) [66], by itself very relevant for the anti-Leishmania vac-
cine development field, and are available today in the market as approved vaccines for canine
VL (Leishmune® in Brazil and CaniLeish® in Europe) [67]. The better recognized vaccine can-
didate within this sub-topic is the autoclaved L. major (ALM) adjuvanted with BCG, tested in
the pre-clinical and clinical contexts, with promising results in the first that were not confirmed
in the second [55, 66, 68, 69]. This candidate was then optimized by adsorption of the antigenic
fraction to alum (alum-ALM + BCG) and retested once again in both pre-clinical and clinical
contexts (CL and VL), with reported different degrees of efficacy in animal models and good
immunogenic and safety profiles in humans [55, 66, 70]. A similar parasite-killing approach
was used with L. donovani parasites, tested in a vaccine pre-clinical trial for VL (mice) that
revealed significant homologous protective potential [71]. In parallel, a different inactivation
strategy (sonication) was used also with L. donovani, and the obtained total or soluble antigens
were used together with MPL-A, BCG, or liposomes as vaccine candidates for VL in pre-clinical
trials with promising results in all models tested (mice hamsters and monkeys) [37, 55, 72, 73].
Only two other candidates were tested in the clinical context, this time in the New World as CL
and/or MCL vaccines. One of them was a trivalent formulation of phenol or heat-inactivated
L. guyanensis, L. braziliensis, and L. amazonensis adjuvanted with BCG [66, 68], while the other
consisted of merthiolate-killed L. amazonensis (with/without BCG) [66, 74, 75]. Curiously, in
line with what was verified in the Old World with ALM-BCG, although effective in the pre-
clinical context, both candidates generally failed as human vaccines [66, 75]. Apart from crude
extracts, parasite fractions have been tested. Liposomal L. major soluble antigens adjuvanted
with CpG were tested as a vaccine candidate for CL with significant levels of homologous pro-
tection observed in mice [37]. A glycoproteic fraction of L. donovani parasites (fucose-mannose
ligand —FML) adjuvanted with saponin [67, 76] and L. infantum (or L. amazonensis) excreted-
secreted proteins (ESP) also adjuvanted with saponin [55, 67, 77, 78] were tested as vaccine
candidates for VL in canines, whose determined efficacy, and safety profiles, was sufficient
to warrant their registration as veterinary vaccines (L. donovani FML as Leishmune®—out of
the market nowadays—and L. infantum ESP as CaniLeish®). Nevertheless, they were never
tested in the human clinical context, which may be due to different reasons, all connected to
the notion that the requirements needed for the approval of a human pharmaceutical are much
more strict than the ones required in the veterinary context: (i) the heterogeneous antigen for-
mulation, harder to standardize, may have been considered an obstacle or (ii) the data obtained
in the pre-clinical context may not have been sulfficient (vaccines conferred only partial protec-
tion [67]).

Although it is a topic we do not explore in this chapter, it is important to stress that killed
vaccines, different from what was observed in the prophylactic context, have shown great
promise in a therapeutic context (revised in [79]).

2.2.3. Second-generation vaccine candidates

The birth and evolution of the molecular biology field contributed immensely to the rhythm
of science in general. Today, the production of a single antigen is usually easily achievable,
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as it is the possibility of scaling-up the process to an industrial level. Second-generation
vaccines are a consequence of this scientific evolution (although some are native proteins,
most of them are recombinant antigens) and consist of defined antigens, generally together
with an immune response enhancer. They are usually accepted by the scientific community,
as well as by the regulatory entities that so far have approved three vaccines for human use
(including the hepatitis B recombinant vaccine that replaced the traditional plasma-derived
one [80]). The main advantage of these vaccines in relation to the ones earlier discussed is the
defined composition that allows an easier standardization. Another advantage we can think
of is the elimination of immuno-dominance events that invariably occur if a complex antigen
mixture is used as a vaccine and may hinder the potential of good vaccine candidates [81].
As disadvantages, the following should be considered: (i) the limited duration of antigen
availability might impact the memory pool and limit the “protection window” [82] (more
complex immunization schemes have to be used) and (ii) recombinant proteins, usually
expressed in heterologous systems, may be slightly different from native proteins (particu-
larly concerning post-translational modifications [83]) which might impact their immuno-
genic potential (more relevant for humoral responses, considering conformational epitopes).

Second-generation vaccines against leishmaniasis are the group with higher representative-
ness. Here, for the sake of clarity, we separate them into four different groups: membrane and
soluble proteins (full single recombinants), peptides, and polyproteins (multivalent), whose
main candidates are enumerated in Table 1. The studies from fractionated parasites postulated
that parasite membrane proteins had a good vaccine potential. Because of that, and also due
to their relative abundance, relevant in terms of antigen presentation, many membrane pro-
teins were explored as vaccine candidates in the pre-clinical context for both CL and VL with
promising results [51, 55, 72, 84-86]. Among these is the well-known, and extensively studied
in the context of anti-Leishmania vaccination, kinetoplastid membrane protein-11 (KMP-11) [87].
Importantly, most of these proteins were identified by classical immuno-proteomic approaches
considering always the amastigote parasite form as the most relevant in the human infectious
process and are known virulence factors. This fact is also true for most of the non-membrane
proteins (we name here “soluble proteins”) also tested in the last decades as vaccines against
leishmaniasis, although most of them only in rodent models of CL, MCL, and VL (translatability
to humans is not assured) [37, 51, 55, 68, 85, 86, 88-91]. Ribosomal proteins (e.g., P0), metabolic
enzymes (e.g., TPI), stress-related proteins (e.g., HSP), antioxidant-machinery components (e.g.,
TPR), and even hypothetical proteins (Table 1) are found among them. One of these candidates,
L. donovani A2, is today a licensed veterinary vaccine against leishmaniasis in Brazil —LeishTec®
(that needs however to be optimized, according to a recent efficacy field trial performed in an
endemic area with high transmission rates [92]). In the past few years, the development of vac-
cine candidates against leishmaniasis became more refined and rationale based, following the
trends of twenty-first-century vaccinology [93]. New studies are now usually based in an ini-
tial in-silico prediction of immunogenicity, validated later ideally through ex vivo studies using
samples from exposed human individuals, all performed before the design of any clinical trial.
Furthermore, the antigens/antigen portions should be “broad spectrum” —conserved in all the
pathogenic Leishmania spp.—and very different from human “self-antigens.” From the appli-
cation of such approaches and selection criteria, promising new candidates were proposed.
Among them, peptide vaccines, chosen from immunogenic portions of known vaccine candi-
dates such as KMP-11, were tested pre-clinically, often associated with DC-based vaccination
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strategies or nanosized vaccine-delivery systems [72, 94, 95]. Interestingly, a recently published
work proposes a peptide vaccine candidate (from Leishmania phosphoenolpyruvate carboxyki-
nase—PEPCK) that may be effective for both VL and CL should the results obtained in the
pre-clinical context translate into the clinical one [90]. However some argue that to use a single
antigen, or a peptide as vaccine, may be less than optimal, considering that there will be a limita-
tion in terms of epitope diversity. To answer to this, some propose the use of defined polyanti-
gen vaccines (fusion proteins or mixed recombinants), also rationale based, as a way to generate
“first-generation-like” second-generation vaccines, increasing epitope diversity and conse-
quently in theory enhancing recognition by human T cells (Table 1) [55, 85, 86, 96-101]. Some
of these candidates are among the second-generation vaccines that went further in the vaccine
pipeline. Q protein (a fusion protein containing portions of L. infantum p2a, p2b, and PO ribo-
somal proteins and histone H2A) that was demonstrated effective in a pre-clinical trial in dogs
infected with L. infantum is today the newest approved vaccine for veterinary use— Letifend®
[102, 103]. Leish-F1 [fusion protein containing epitopes from Leishmania elongation initiation
factor (LelF), thiol-specific antioxidant (TSA), and Leishmania major stress-inducible protein 1
(LmSTI1)], Leish-F2 (same immunogenic portions as Leish-F1 but his tagged), and Leish-F3
(fusion protein containing portions of Leishmania nucleoside hydrolase and sterol 24-c-methyl-
transferase), which revealed promising and safe candidates in the pre-clinical context (for both
CL and VL), were tested in phase I/II clinical trials that confirmed the translatability of results
obtained with animal models to humans [97, 104-106]. Nevertheless, the researchers involved
in these clinical trials think that there is still space for improvements and recently presented an
improved version of Leish-F3 (with cysteine protease B as an extra fused antigen —Leish-F3*)
that is going through the pre-clinical phase of the vaccine development pipeline, with promis-
ing results, either alone [99] or in combination with KMP-11 and the vector-derived antigen
LJL-143, within a virosomal formulation [96].

We cannot end this sub-section without stressing that generally these second-generation vac-
cine candidates require the co-administration of adjuvants to warrant their efficacies as vac-
cines for leishmaniasis. Table 2 resumes the relevant information on the topic, extensively
covered by two recently published reviews [107, 108].

2.2.4. Third-generation vaccine candidates

The notion that intradermal or intramuscular injection of a plasmid into an animal model would
be enough to generate antigen-specific immune responses was responsible for the creation of
a new arm in the vaccine research field. Although Initially DNA vaccines were not as well
accepted as first- and second-generation vaccines, not only due to potential ethical implications
(injection of foreign genetic material into humans that could, for instance, integrate within the
human genome) but also due to safety concerns such as the possible generation of autoimmune
pathologies initiated by the generation of anti-DNA immune responses [109]. However, these
potential issues of DNA vaccines were, with time, shown to be irrelevant, both through exten-
sive pre-clinical research and through several clinical trials performed that confirmed DNA vac-
cines as safe and immunogenic in humans (although for some candidates, the immunogenicity
data was not as promising as expected) [109, 110]. Yet, contrary to the other vaccine approaches
discussed earlier, we still have no data from phase IV studies of DNA vaccination, since till date
there is no third-generation vaccine approved for human use (although there are already four
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Adjuvant Class Mechanism of action  Type of Licensed for use in
immune human vaccines
response

Aluminum mineral salts Particulate NALP3, ITAM, Antibody, Th2 v/ (adjuvant of different

formulation; antigen delivery, IL-1 commercially available
antigen depot secretion, necrosis, vaccines)
inflammasome

Simple or emulsified Lipid TLR-4 agonists Antibody, Thl v (in combination with

A analogues (e.g., GLA, Alum in HBV and HPV

MPL) vaccines)

Imidazoquinolines (e.g., TLR-7, TLR-8 agonists ~ Antibody, Th1 X (clinically tested in

Imiquimod, R848) cancer immuno-therapy)

CpG-ODN Immuno- TLR-9 agonists Antibody, Th1l, X (clinically tested

modulatory Th2,CD8+T  in HBV, malaria,
molecule cells influenza and anthrax

vaccines and in cancer
immuno-therapy)

Saponins (e.g., QuilA, Unknown / X (clinically tested

QS21) in combination with
cholesterol in HCV,
influenza and HPV

vaccines and in cancer
immuno-therapy)

Nanoparticles (e.g., Particulate Antigen delivery; Antibody, Thl, v (HAV and Influenza
Virosomes’, Liposomes) formulation cross-presentation Th2 vaccines)
enhancer’

Adapted from [106, 107].
* The asterisk means that only virosomes are cross presentation enhancers (asterisk in both)

Table 2. Main adjuvants used in anti-Leishmania vaccines development.

approaches approved for veterinary use) [109, 110]. However, considering that third-genera-
tion vaccines are the most recent approaches (studies started in the 1990s), it is likely a matter
of time until the approval of the first DNA vaccines considering some advantages attributed
to them: (i) they are easy to design, produce, and scale up (potentially more cost-effective);
(ii) they are quite stable, which minimize distribution and logistics-related complications; and
(iii) they can induce both humoral and cellular immune responses (including CD8"-mediated
cytotoxicity) [110]. Here, we categorize third-generation vaccines in three clusters: DNA vac-
cines, viral heterologous expression systems, and live bacterial expression systems. DNA vac-
cines are the more expressive in respect of the number of candidates explored, containing the
simplest vaccine candidates: consist of usually non-adjuvanted plasmids (the “real DNA vac-
cines”). Similar to what was described for second-generation vaccines, both membrane (e.g.,
KMP-11 and gp63) and non-membrane antigens (e.g., NH, CPB, HSP70, and A2) were explored
in the context of plasmid vaccine candidates (Table 1), pre-clinically, using animal models for
both CL and VL [37, 51, 55, 85, 86, 90, 111-118]. Interestingly, many of the candidates tested
as second-generation vaccines (and particularly those that have shown some degree of prom-
ise) were retested as DNA vaccines, either individually or in “multi-antigen” approaches (e.g.,
KMP-11, A2, LACK, and TSA+LmSTI1), showing the adoption of a rationale-based vaccine
development [114]. The general reproduction of the results obtained with second-generation
vaccines, after immunization with their DNA counterparts (CL and VL models, including mice,
hamsters, dogs, and macaques), validated these approaches as potentially effective agents in
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the context of anti-Leishmania vaccine prophylaxis [51, 55, 85, 86, 90, 114]. In this sub-group, we
would like to highlight the LEISHDNAVAX approach, recently proposed for VL. Completely
based in a modern vaccine development approach (rationale based), this vaccine candidate,
shown to protect mice from an intravenous challenge with L. donovani, is composed of five
individual plasmid (MIDGE-Th1 vectors) coding for five Leishmania antigenic determinants,
chosen based on inter-species conservation, “pan-immunogenic” potential (in different human
populations), and content of T-cell-restricted epitopes (KMP11, TSA, CPA, CPB, and P74) [112].
This approach, which, according to the authors, is a candidate for clinical trials, has as the
main advantage the modular nature: the vaccine is multivalent, but the antigens are not fused
together, allowing the rapid modification and adaptation of the vaccine (exchange, addition, or
elimination of antigens) [112]. Still within third-generation vaccines, more complex candidates
were explored as well, in the form of heterologous expression systems. Among them are viral
vectors, referred to as an improvement of classical DNA vaccines, once in one way allow in
situ antigen expression, and also have an intrinsic adjuvant activity (mediated by pathogen-
associated molecular patterns (PAMPs) immune recognition) [119]. One important prerequisite
of such vectors is their relative innocuity, being in most cases either human-approved vaccine
strains (which have the same counter-indications for immuno-compromised individuals) or
replicative-deficient strains. Till date, more than 5 viral-recombinant vaccines (using as viral
platforms modified vaccinia virus, influenza virus, non-replicative adenovirus and lentivirus)
coding for de facto effective antigens such as KMP-11, LACK, Leish-F3 and HASPB, were tested
in the pre-clinical context for both CL and VL, with promising results obtained in all animal
models used (mice, dogs and macaques) [51, 84, 120-123]. Remarkably, one of them was the
first third-generation anti-Leishmania vaccine candidate to undergo human clinical trials. The
adenoviral-based vaccine (non-replicative strain) expressing a self-cleaving polyprotein (L.
donovani KMP-11+HASPB) was shown safe and immunogenic in humans, inducing particu-
larly specific CD8" T cell responses, and importantly is being proposed as, more than a pro-
phylactic vaccine, a therapeutic vaccine destined to aid in the control of post-kala-azar dermal
leishmaniasis—PKDL (“the neglected form of leishmaniasis” in respect of the anti-Leishmania
vaccine studies) [124]. Last but not the least, some bacterial-based heterologous systems were
proposed as anti-Leishmania vaccines although with disappointing results in some cases [52].
Also, to these ones, because they are live organisms, the disadvantages discussed earlier for live
attenuated vaccines apply (such as counter-indication to immuno-suppressed) with the excep-
tion of the use of non-pathogenic organisms, such as Lactococcus lactis. From these candidates,
we highlight the recombinant Salmonella typhimurium vaccine strains and the attenuated Listeria
monocytogenes expressing different Leishmania antigens (e.g., gp63 and LACK), the ones that
have shown the most promising results, although only in rodent models of CL/VL [52, 125].

2.2.5. Vector-derived vaccine candidates

Ithasbecome clear that to consider the sand fly vector only from the perspective of vector-control
strategies would be not only reductive but also contribute to a major delay in the achievement of
the disease elimination objective. The anti-Leishmania vaccine field became more complex from
the moment Kamhawi, Belkaid, and colleagues showed that a previous exposure to uninfected
sand fly bites (or to sand fly saliva) would be enough to confer protection against CL [126, 127].
Curiously, the anti-saliva-generated DTH responses were shown to be sufficient to negatively
impact Leishmania parasites (indirectly). And importantly, such responses are apparently not
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influenced by constant saliva exposure that could induce tolerization [128]. Such pieces of evi-
dence supported the exploitation of defined sand fly salivary proteins as anti-Leishmania vac-
cine candidates (either as single recombinant proteins or DNA vaccines—both plasmids and
heterologous systems—alone or in multivalent approaches together with Leishmania-derived
antigens) [129-136]. Several antigens, derived from different sand fly species from both New
[129-131, 136] and Old [133-135] Worlds, were explored in the pre-clinical context in mod-
els of CL, MCL, and VL, most of them with promising results. The most relevant candidate
is PdSP15, which was shown to be protective against cutaneous disease in different models,
including in non-human primates (DNA protein prime-boost approach) [133-135]. Another
candidate that deserves to be highlighted is L]M-19 (or SALO), which was demonstrated simul-
taneously as a good candidate against visceral (“homologous protection”) and mucocutaneous
(“heterologous protection”) disease [131, 136]. Still within vector-based anti-Leishmania vaccine
approaches, and although it is an option which is exploited very little, we believe that transmis-
sion blocking vaccines deserve to be mentioned. Such vaccines will act by impacting parasites’
development within the vector, impeding, therefore, their transmission to a new host [137]. For
their engineering, however, the insect midgut proteins that allow parasite attachment during
development (assuming such a process is dependent on specific interactions) have to be identi-
fied, which was described only for Phlebotormus papatasi (galectin—PpGalec) [138]. Interestingly,
this study that shows that flies pre-fed with PpGalec murine pre-immune serum and posteri-
orly infected with L. major parasites were reproducibly less infected than the controls (an 86%
decrease in the number of parasites retained in the midgut after blood meal excretion which led
to at least a 5-fold reduction in the frequencies of mature infection development) is a proof of
principle of Leishmania transmission blocking vaccines that may be used, for instance (but not
only), in animal reservoirs and still impact human disease incidence [137, 138].

2.3. Questions that deserve to be answered

As a connecting point between the current and subsequent sections, we raise some questions for
which we still do not have a clear answer today. The first one is if the development of a pan-Leish-
mania vaccine sensum latum (both prophylactic and therapeutic; for endemic and non-endemic
individuals; against all disease forms) is something over-ambitious. And such a question makes
sense, not only because of the time and investment that are expected to be involved —for the case
of leishmaniasis, the non-existence of prophylactic agents implies the “faster is better” motto. For
instance, in our recent work, we show that the pre-administration of a salivary antigen, followed
by a boost with the same salivary antigen together with two other parasite-derived proteins,
has a direct impact in the immunogenicity of the latest [96], which may suggest that vaccines
for endemic individuals may not work equally in non-endemic ones and vice versa. This point is
particularly relevant if we use vector- and parasite-derived components in the vaccines against
leishmaniasis, which is related with the second question we pose: should vaccines for leishmani-
asis always contemplate both parasite- and vector-derived components? Studies that show the
improvement of parasite-derived vaccine candidates when co-administered with vector-derived
antigens support this hypothesis [54, 64]. However, there are still some issues that have to be
addressed, such as the possibility of tolerance induction, that is known to be dependent on the
amount of antigen [139] (expected to be higher in a defined antigen-based vaccination approach,
compared with a sand fly bite). Furthermore, another question relates to clinical research. How
can we test the effectiveness of safe and immunogenic vaccine candidates? The last phase III
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clinical trials were performed more than half a century ago and against the cutaneous disease.
But, contrary to other deathly parasitic diseases, such as malaria [140], to perform controlled
infections with L. infantum, L. donovani or even L. braziliensis or L. guyanensis would be unethical,
to say the least. Therefore, such trials would have either to evaluate cross-protection to cutane-
ous disease (controlled infection with L. major that still raises ethical issues) and extrapolate
results to the mucocutaneous/visceral forms or be designed and conducted directly as phase IV
clinical trials (although to use a placebo in this context would probably also not be admissible).

3. Vaccines for human leishmaniasis: what is still missing?

So far, and consciously, we described the different vaccine candidates explored till the present
days as vaccines against leishmaniasis, highlighting only their effectiveness in a qualitative way
(effective/non-effective, promising or not) and not discussing the immune mechanisms linked
to those results: first, because Table 1 contemplates vaccine candidates developed for the differ-
ent leishmaniasis forms, whose pathogenic mechanisms are distinct (and not completely under-
stood) [141] and additionally, because the correlates of protection (that may also be distinct,
depending on the disease form) are still far from being well established (they are neither con-
sensual nor definitive). Such facts may have different justifications, as (i) we are still missing key
insights concerning vector-parasite-host interactions (both in disease and in health states); (ii) the
translation value of the animal models used is limited; or (iii) the models used are not adequate.

3.1. From “mice to man”: the issue of animal models, correlates of protection, and
translation

Being Leishmania parasites obligatory intracellular pathogens (in the mammalian host), it is
not surprising that humoral-based responses will be less important than cellular-based ones.
Indeed, in animal models of VL, the absence of B-cells contributed to decreased susceptibil-
ity to infection [142, 143]. Additionally, it has been shown that antibody-opsonized parasites
are more efficiently taken by phagocytes that will become “permissive hosts” due to the high
IL-10 and low IL-12 secretion phenotype induced by antibody Fc-receptor (FcyR) interactions
[144-147]. Importantly, one of the hallmarks of human disease, is hypergammaglobulinemia
(that correlates with disease severity), resultant from a polyclonal B-cell activation, being con-
sequently most of the circulating antibodies non-parasite specific [148-150]. Still, and because
the development and role of humoral responses in leishmaniasis is controversial and not com-
pletely understood, they may be important [151, 152]. For instance, the type and functionality
of the antibodies may be relevant from the standpoint of a vaccine approach, considering
lytic functions [e.g., antibody-dependent cell-mediated cytotoxicity (ADCC)] or even “Thl-
inducing” FcyR ligation [153]. Yet, even for the proper mounting of effective antigen-specific
humoral responses, cell-mediated immunity is of paramount importance [154].

What is known today regarding cellular immune responses to Leishmania infection was built on
top of the Th1/Th2 paradigm defined on the basis of susceptibility versus resistance to L. major
infection (one of the known CL etiologic agents) [155]. Indeed, the IL-12-mediated IFN-y pro-
duction by Leishmania-specific CD4" T cells is essential to promote the switch on of the oxidative
cell-parasiticidal machinery, important for infection control both in animal models and in human
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disease [156-158] (although in mucocutaneous forms, inflammation is also the cause of pathol-
ogy [159]). However, while in cutaneous disease a general correlation between Th1 versus Th2
responses and immunity versus susceptibility is observed, in VL, where the major source of the
regulatory cytokine IL-10 is Leishmania-specific Th1 cells (Tr1), that is not observed. This mecha-
nism of self-regulation (to prevent inflammation-mediated tissue damage) contributes to parasite
persistence [160]. Yet, most of the anti-Leishmania vaccine studies rely on the quantification of the
levels of IL-10 and IFN-y-secreted ex vivo in response to either the vaccine antigen or to parasite
total proteins and use the Th1/Th2 paradigm as a justification for the candidate potential. Others
use multi-parametric flow cytometry (or ELISPOT) that allows the characterization of individual
cell populations and the disclosure of which cytokines they are producing (most of the times after
an ex vivo stimulation step): often IFN-y versus IL-10 (individually) or more recently multi-func-
tional T cells [161]. Still, one may claim that results based on such approaches may have a lim-
ited validity due to the artificiality of the system: (i) the type and amount of antigen used in the
recall and (ii) exclusion of parasite immuno-modulatory potential. To measure directly cytokine
expression in the target organ (in an efficacy pre-clinical trial), as is sometimes done in CL mod-
els, is a way to bypass the potential limitations of ex vivo stimulation approaches. Importantly, the
correlates of protection proposed and used should always correlate well with parasite burdens.
Another issue that deserves to be emphasized is the cell type(s) we need to look at. Although
CD4" T cells are important in anti-Leishmania immunity, so are CD8" T cells (important from both
therapeutic and prophylactic standpoints) that are however many times almost not accounted
for in vaccine studies [162]. These cells are nowadays known to be important for resistance to
Leishmania infection and cure, either by production of IFN-y (that will activate the microbicidal
machinery) or by secretion of cytotoxic mediators that will directly kill infected cells [70, 163, 164].
And because of this, usually, the secretion/expression of IFN-y or granzyme-B by ex vivo-recalled
CD8 cells is used to qualify their responsiveness and considered as potential correlates of protec-
tion. Having in consideration what was referred above for CD4" T cells, an additional problem of
translation must be considered. It is known that human CD8" T cells (and other cytotoxic subsets)
produce an antimicrobial peptide (granulysin) with direct parasite-cytotoxic effect, while murine
cells do not. Curiously, the infection of a humanized mouse model (granulysin knock-in) with
T. gondi and T. cruzi was less severe than in WT animals, as probably will be reproduced with
Leishmania spp. [165]. Another important factor to be considered in vaccine effectiveness evalu-
ation is the relevance of the local versus systemic responses. Although in CL models, most of the
times “specific-systemic responses” are investigated (e.g., recall experiments using splenocytes),
it was recently shown that Leishmania-specific skin-resident CD4" T cells are able to confer protec-
tion to cutaneous diseases, independently of the central/effector memory pool [166]. However,
the immune response in the skin is often not accounted for. Although natural infection (inde-
pendently of the disease form) always begins by the deposition of parasites in the host dermis
(excluding vertical transmission and accidental “human-made” infections resulting from, e.g.,
blood transfusions), most of the animal models used today in vaccine studies, particularly if we
consider VL, completely bypass the skin (controlled infections are performed most of the times
either intravenously or intraperitoneally). Therefore, in one way, we may be losing information
on the contribution of skin immunity to the protective potential of a given vaccine candidate
but on the other hand we may be “overloading the system” and induce responses quite differ-
ent than the normal ones (too many parasites = excessive inflammation or immuno-modulation)
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[167]. Additionally, most of the times in experimental infections, and in this case not only in VL
models, the vector is completely disregarded. Importantly, vector saliva was shown to exacer-
bate infection in different disease models [126, 168, 169]. Also, we have to consider the vector
microbiome as a potential infection modulator, as it has been hypothesized [170]. Additionally,
parasite-excreted-secreted virulence factors (e.g., promastigote secretory gel and extracellular
vesicles/exosomes), or death parasites, all expected to be part of the natural infectious inoculum,
were also shown to promote infection [171-173]. Probably, one or the combination of all of these
components was the factor responsible for the data published by Peters et al. [174] that have
shown the loss of efficacy of the ALM vaccine candidate when tested in the sand fly versus needle
challenge contexts (“reproducing” the results obtained in the clinical trials of a similar vaccine
candidate— ALM + BCG). All of the above discussed point to the use of pre-clinical models to
test vaccines that should be as close to what is observed in nature (bearing in mind that even a
laboratory-based sand fly transmission model will not be indistinguishable from the natural one,
considering the expected differences in the microbiomes [175] and the heterogeneity in vectorial
capacities [176]. To improve the chances of translatability (even if the correlates of protection
were concrete, the use of an inadequate model would “invalidate” the results), the minimum
requirements of vaccine development pre-clinical infection model should be the co-inoculation
of parasites together with vector saliva (particularly if the vaccine candidate consists [partially]
of vector-derived antigens) in the host dermis, naturally or artificially, by needle injection. No
model is perfect and pre-clinical investigation shall ever replace clinical research. However, the
system simplification, which is generally used in scientific research as a way to eliminate noise,
can also be the reason of loss of translatability. Most of the models used in vaccine development
studies have a defined and identical genetic background —they are inbred [177]. Interestingly,
vaccine candidates show contradictory results concerning efficacy, depending on the inbred
murine model used [178]. We need to have in mind that humans, the target population of the vac-
cines, are quite a heterogeneous population, with more than 7000 HLA alleles identified so far to
which we have to add heterozygosity favored by natural selection [179]. To address this issue, we
can start by the vaccine engineering phase that should be more and more rational (using reverse
vaccinology approaches [180]) and predict the immunogenicity in different human populations,
as a proof of principle that is expected to be validated first pre-clinically and then clinically.

In respect of these three subjects (correlates of protection, animal models, and translatability of
pre-clinical studies to humans) that have major overlaps and cannot be separated, there are still
too many shades of gray to account for. As a way to eliminate the fogginess, it will be impor-
tant to identify the divergent and common points of many anti-Leishmania vaccine pre-clinical
and/or translational studies performed so far. The field would gain a lot from the elaboration
and publication of bibliographic statistic studies such as meta-analysis or systematic reviews.
Additionally, as suggested by Gannavaram and colleagues, the leishmaniasis research field
needs to turn to more complex approaches, such as systems vaccinology, to be able to answer
the questions that the community posed a while ago but still remain quasi-unanswered [181].

3.2. From “man to mice”: the insufficiency of prospective studies

Leishmaniasis animal models have been undoubtedly an extremely useful tool to understand
better the host-parasite interactions that influence either resistance to infection or disease
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development [157, 182]. This is true for both cutaneous and visceral diseases, although much
more relevant in the latest. It would be both unethical and dangerous to biopsy diseased
individuals spleen, liver, or bone marrow (target organs of the viscerotropic L. infantum and
L. donovani) just to better understand the infectious process. However, an animal model, even
when it combines both conceptual and facial validities, is still just a model; in other words,
translation to human health and disease may not always be achievable. In other diseases,
prospective studies in human populations have produced valuable information not only from
epidemiological and pathological standpoints but also applicable to the vaccine development
field [183, 184]. On the other way, till the present days, most of the prospective studies per-
formed in leishmaniasis had an epidemiological character (as invaluable in what respects the
common goal of the community, which is disease control) [24, 44]. The development of such
studies, focusing on systemic immune responses (particularly cellular based), would be of
paramount importance to better understand both disease and resistance in leishmaniasis. For
that, there are two target populations that deserve to be studied longitudinally: cured indi-
viduals and asymptomatics. While the following of the first population would help to answer
the questions related to long-lasting immunity, the following of the second would help to
define the potential host factors that determine susceptibility versus resistance. Yet, we have
to consider as a possible limitation of studies with asymptomatics the less-than-clear and con-
sensual definition of these individuals [24]. Nevertheless, the information generated by such
studies would be then possibly “translated back” to animal models, used to better define the
correlates of protection to improve vaccine design.

4, Conclusion

Today we still do not have a vaccine approved for human leishmaniasis (regardless of the
disease form). Many candidates were tested in the last century, and up to nowadays only vec-
tor-derived vaccines were not tested in the clinical context; for all the other parasite-derived
candidates, regardless of the vaccine generation they are part of, we have proof of principle of
atleast immunogenicity and safety (in human healthy individuals) and therefore a precedent is
open. Yet, the efficacy clinical trials performed so far (the last more than 50 years ago), exclud-
ing leishmanization, were overall disappointing. Such information is however as valuable as
any positive result and should be used from a perspective of “learning from our mistakes.”
There are still many questions to be answered in the anti-Leishmania vaccine development field,
such as which parameters should be used as correlates of protection and how we should test
our vaccine candidates in a way that warrants translation to the clinical context. Additionally,
to define the vaccine effectiveness in the clinical context in a controlled way is essential. To
address all of these issues, the vaccine development should be more and more rationale based,
taking advantage of the modern and of the ancient. Observational studies of target human
populations associated with systems biology may for instance help once and for all to disclose
the health versus disease determinants and contribute to the final establishment of flawless
correlates of protection. Additionally, immuno-informatic tools may help to design or refine
(through a reverse vaccinology approach) the future vaccine(s) for human leishmaniasis.
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Abstract

The leishmaniases are vector-borne parasitic diseases with multiple disease pheno-
types that range from self-healing cutaneous ulcers to disfiguring post-kala-azar der-
mal leishmaniasis and fatal visceral leishmaniasis (VL). Infected individuals can develop
subclinical infections or overt disease. Current treatments are toxic and expensive. The
only successful control measure is case detection and drug treatment. Resistance to anti-
leishmanial drugs are increasing with few drugs in the pipeline. The Leishmania parasites
are good candidates for vaccine development, with no change in its antigenic coat and
extensive cross-reactivity between species. First-generation vaccines are safe, immuno-
genic with inconclusive efficiency. These vaccines presented the leishmanin skin test
(LST) as a potentially good surrogate marker of immunogenicity/protection that can help
in future vaccine studies. First-generation vaccines are the only leishmaniasis vaccines
that progressed to phase III. Second-generation vaccines are safe and immunogenic, but
none progressed to phase III. Third-generation vaccines recently entered human testing.
Alternative approaches include in silico prediction of immunogenic Leishmania epitopes
with in vitro immunogenicity testing. New adjuvants can help in the quest to develop
efficacious leishmaniasis vaccines. Failure of second- and third-generation vaccines to
reach phase III, rising drug resistance and continued VL pandemics make it a necessity
to revisit first-generation vaccines.

Keywords: visceral leishmaniasis, first/second/third-generation vaccines, adjuvants

1. Introduction

The leishmaniases are vector-borne, widely prevalent parasitic diseases that are transmitted
by phlebotomine sand flies. The transmission is either zoonotic or anthroponotic. Together
with malaria they constitute the most commonly prevalent neglected parasitic diseases. The
leishmaniases are among the most commonly neglected tropical diseases. The parasite is a
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unicellular organism that leads to multiple disease phenotypes that range from benign self-
healing cutaneous ulcers to a markedly disfiguring diffuse cutaneous/post-kala-azar dermal
leishmaniasis and fatal visceral leishmaniasis (VL, kala-azar). Cutaneous leishmaniasis (CL) is
caused by L. tropica, L. aethiopica, and L. major in the Old World and L. mexicana, L. guyanensis,
L. amazonensis, and L. braziliensis in the New World. Visceral leishmaniasis is a fatal form of the
leishmaniasis if not treated. VL is a major health problem and is caused by L. donovani and L.
infantum that are particularity prevalent in East Africa, the Indian subcontinent, Mediterranean
Basin, and Latin America [1-9]. The HIV pandemic aggravated further the leishmaniasis mor-
bidity and mortality. Drug treatment with sodium stibogluconate/paromomycin, miltefosine,
or liposomal amphotericin B is expensive and carries major risks of toxicities. Current control
measures that include case detection, drug treatment, and insecticide-impregnated bed nets
are failing as evidenced by repeated epidemics especially in East Africa. In addition, increasing
drug resistance and geographical expansion of the leishmaniases due to global warming and
wars make the search for vaccines for the leishmaniases a necessity [2, 10-15].

1.1. Immunity against visceral leishmaniasis

Visceral leishmaniasis is characterized by immune suppression manifesting as pancytopenia
and anergy to some antigens like Leishmania antigens and purified protein derivative (PPD).
Following successful drug treatment, a state of immune reconstitution ensues which is char-
acterized by a dermatosis affecting most Sudanese patients known as post-kala-azar dermal
leishmaniasis (PKDL). Macrophages, CD4" T cells, CD8*, NK cells, and dendritic cells are
known to be involved in the immune responses against Leishmania infections. Infection with
L. donovani parasite can follow two different scenarios: susceptible individuals develop overt
disease with dissemination of Leishmania parasites through infected macrophages with secre-
tion of IL-4 and IL-10, and nonspecific stimulation of B cells and secretion of large amounts
of antileishmanial antibodies [Th, immune response]. Alternatively, individuals can develop
protective immune responses [subclinical infection] with secretion of parasite antigen-spe-
cific IFN-y, TNF-a by stimulated CD4" T cells [Th, immune response], and conversion in the
leishmanin skin test (LST). Eliciting an exact immune response is an important VL vaccine
requirement that should simulate those induced by natural infection. An important feature of
an efficacious Leishmania vaccine should be to induce a parasite-specific Th, immune response
with sufficient amounts of IFN-y and LST reactivity that should last for life. Induction of
antileishmanial antibodies by a vaccine should be taken against it, taking into consideration
that patients with overt diseases secrete large amounts of non-neutralizing antibodies. These
antibodies have been shown to facilitate the internalization of the Leishmania parasites into
macrophages [2, 16-19].

1.2. Feasibility of vaccines for the leishmaniases

A vaccine against the Leishmania parasite is a real feasibility, because unlike the plasmodium
and other parasites, Leishmania rarely changes its antigenic coat. Leishmania infections induce
lifelong immunity with extensive cross-reactivity between different species of leishmania.
Therefore, a single vaccine can be potentially effective against many forms of the leishmaniases.
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Although the exchange of genetic material between distant Leishmania strains [L. major and
L. donovani] has recently been raised, this may have some implications for drug treatment, but
not leishmaniasis vaccine development [20, 21].

1.3. Vaccine biomarkers of immunogenicity, susceptibility, and protection

The ability of vaccines to induce antibody production, Th, (IFN-y) or Th, (IL-4, IL-10) immune
response, can be objectively measured for phase II studies. Based on published data, we
believe that the leishmanin skin test (LST) can be used as a surrogate marker for induction
of cell-mediated immunity/protection against visceral leishmaniasis in phase II/IIl studies
[22-25].

1.4. The leishmanin skin test (LST)

LST is an in vivo skin test that marks Leishmania antigen-specific T-cell responses. The brand
of LST reagent used in East Africa is an L. major suspension that is manufactured under GMP
conditions in Pasteur Institute, Iran. The LST has been shown to be a potentially good diag-
nostic aide for the diagnosis of African visceral leishmaniasis (VL) and cutaneous leishmani-
asis (CL) in all age groups in endemic areas. LST reactivity indicates sustained cell-mediated
immunity, which is nonreactive in patients with VL and becomes reactive 6 months after
cure. In addition, LST reactivity is a lifelong phenomenon [2, 11, 26]. Individuals with LST
reactivity do not develop VL as was shown in a two decades follow-up period among the
large numbers of LST reactive individuals in VL endemic areas in Sudan [2, 27] (Khalil et al.,
personal communication). Evaluation of LST reactivity in endemic areas in East Africa and
India as reported previously included small sample size and did not specify the duration
between cure and LST testing. Bern et al. [28] in Bangladesh demonstrated that the frequency
of LST reactivity increased with increasing duration following cure using L. infantum antigen.
The Bangladesh study mentioned loss of LST reactivity, but did not show any data about
population movement that we specifically look at when evaluating LST reactivity from year
to year. The questions of LST standardization, sensitivity, potency, stability of the Leishmania
antigens, and longevity of the skin reaction were addressed satisfactory by Weigle and col-
leagues in 1991 [29]. Combination of different Leishmania strains can markedly improve the
specificity of the LST as was shown previously [28-32]. In conclusion, different Leishmania
strains in the LST reagent, the inadequate technique (subcutaneous rather than intradermal
injection), and the time of test reading can greatly affect the outcome and interpretation of
results of LST. LST is a potentially good surrogate marker of immunogenicity/protection that
can be useful in future VL vaccine studies.

2. Leishmanization

Leishmanization is a true predecessor of leishmaniasis vaccines; the procedure was practiced
in Central Asia and the Middle East for times deep in history. Although leishmanization is
still practiced in some areas, it is considered unsafe and cannot be standardized. Recently, it
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has been used as a method of evaluation for candidate vaccines [33]. Leishmanization gave
way to killed or live-attenuated first-generation Leishmania vaccines. Leishmanization like
first-generation and third-generation vaccines that use genetically modified Leishmania para-
sites or use bacteria and viruses that carry Leishmania genes is daunted by the issue of stan-
dardization [34].

3. First-generation vaccines

First-generation vaccines as whole parasite killed/attenuated were tested in animals and
humans for cutaneous and visceral leishmaniases. Human studies have to be commended
despite raised points of standardization and licensure purposes. First-generation vaccines are
less costly and easy to manufacture. In addition, first-generation vaccines are the only human
prophylactic VL vaccines that went on to phase III. Khalil and colleagues conducted the first
human phase III VL vaccine study that was followed by a number of extended phase II stud-
ies on vaccines against visceral leishmaniasis [27]. Although the vaccine was not efficaciously
different from BCG, important conclusions came out of this study: firstly, the leishmanin
skin test (LST) is a first potentially good surrogate marker for immunogenicity/protection in
humans. Secondly, modulation of whole parasite vaccines with strong adjuvants like alum
markedly improved the immunogenicity of whole parasite vaccine as shown in phase II/
extended phase II studies. Lack of funds under the pretense of poor standardization and
lack of licensure potentials prevented progression of alum-precipitated Leishmania vaccines
to phase III [22-25, 35-37].

The future of VL control is bleak based on frequent VL pandemics that kill thousands
of people in developing countries, increasing drug resistance, lack of new antileishman-
ial drugs in the pipeline, and failure of second-generation vaccines to make it to phase
III. In view of all the above and the current regulations that prohibit the wide use of whole
parasites/antigen vaccines, standardization of whole parasite/antigens has to be addressed
objectively.

Important points have to be highlighted when revisiting first-generation vaccines: the
Vaccinia [smallpox] vacine which is the first vaccine that helped to eradicate small pox has
been a whole virus. Furthermore, the control and near elimination of poliomyelitis is suc-
cessful due to the blessing of an attenuated whole virus. Since the above vaccines are consid-
ered fit for human use, whole parasite vaccines have to be given a similar standing especially
in the era of existing strong adjuvants. Furthermore, the success of immunochemotherapy
of post-kala-azar dermal leishmaniasis using alum-precipitated autoclaved L. major vaccine
further supports giving a second chance for first-generation VL vaccines. The inconclusive
results that were obtained from first-generation vaccine meta-analysis and put it into disre-
pute are probably due to the fact that the analysis included studies for cutaneous as well as
visceral diseases in the same basket. It has to be clearly stated that these disease phenotypes
are different with different immune responses and different endpoints of evaluation of effi-
cacy [12, 13, 23, 25, 27, 35, 36, 38-41].
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4. Second-generation vaccines

Second-generation vaccines are recombinant Leishmania antigens (single peptides/polypep-
tides) that are highly purified, amenable to standardization/large-scale production, reproduc-
ibility, and cost-effective production. Safety and immunogenicity have been assured in phase
I and II studies. But, it is clear that strong adjuvants are needed for these subunit vaccines to
be satisfactorily immunogenic. Recently, our group tried an alternative cheaper way where
an in silico approach was employed to predict immunogenic epitopes/peptides of Leishmania
parasite antigenic coat. The predicted peptides were manufactured commercially and tested
in an in vitro whole blood system and were shown to be immunogenic [IFN-y production; no
IL-10 production]. It was concluded that these peptides can be taken further for prophylactic
leishmanin vaccine development. Further studies are underway to combine these peptides
with known and potential adjuvants to increase their immunogenicity [42-49]. In conclusion,
second-generation VL vaccines will succeed when the mechanisms by which macrophages
select the most suitable epitopes to induce the appropriate immune response are known.

5. Third-generation vaccines

DNA vaccines came into existence with advances in molecular biology and biotechnology,
and the injection of small circle of DNA encoding potentially immunogenic proteins became a
reality [50]. A number of experimental third-generation vaccines have been studied with dem-
onstrated immunogenicity and healing abilities. The first human study for a third-generation
therapeutic vaccine for visceral leishmaniasis and PKDL was carried out on healthy volunteers
in the United Kingdom using CHAd63-KH vaccine. The CHAd63-KH vaccine is a replication-
defective simian adenovirus expressing a novel synthetic gene (KH) encoding two Leishmania
proteins KMP-11 and HASPB. The vaccine was shown to be safe and immunogenic [51-53].

6. Adjuvants for Leishmania vaccines

A plethora of adjuvants, live organisms (BCG), cytokines, oligonucleotide (CpG), minerals
and particulate lipids, and polymer-based adjuvants are under investigations for Leishmania
vaccine. Although there is an urgent need for studies on adjuvants in disease-endemic areas,
access to potent adjuvants is the main hurdle for investigators and researchers in leishmania-
sis-endemic countries [54-61].

7. Conclusion

Failure of second- and third-generation vaccines to reach phase III, rising drug resistance, and con-
tinued devastating VL pandemics make it a necessity to study further first-generation vaccines.
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Abstract

Considering the limitations of the current leishmaniases chemotherapy and the lack of
effective vaccines, the identification of novel drugs and/or vaccine approaches for the
leishmaniases treatment and control is urgently required. In fact, a rational strategy for
the parasite control can be based on the identification of essential metabolic pathways
of the parasite. One of the most important pathways is the polyamine biosynthesis.
Leishmania is auxotrophic for many amino acids, such as L-arginine, a precursor of orni-
thine, putrescine, and spermidine. These metabolites are essential for parasite replication
and establishment of infection in the mammalian host. In addition, Leishmania has a spe-
cific and complex machinery to uptake and metabolize exogenous sources of those mol-
ecules. In this chapter, we will focus on the main aspects of the polyamine pathway as a
potential target for infection control aiming for new targets for Leishmania chemotherapy.

Keywords: amastigote, L-arginine metabolism, putrescine, ornithine, spermidine,
spermine, amino acid permease 3, amino acid transport, nitric oxide, nitric oxide
synthase, glycosome

1. Introduction

Leishmaniases are diseases characterized by cutaneous, mucocutaneous, diffuse, or visceral
clinical manifestations [1]. They are currently endemic in 98 countries and territories world-
wide, with estimated 700,000 to 1 million new cases and 20,000-30,000 deaths occurring annu-
ally [2]. The incidence of this disease is mainly in underdeveloped countries within South East
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Asia, East Africa, and Latin America; however, it is also endemic in several Mediterranean
countries leading to highlight the importance of transmission in travelers [3]. Leishmania-HIV
co-infection has emerged as an opportunistic infection and has been described as important
clinical, diagnostic, and epidemiological implications [4]. The virus and the parasite compro-
mise the immune response, leading to the replication of both and consequent progression of
Leishmania infection [5].

Leishmaniases are caused by the protozoan parasites of Leishmania genus. The parasite pres-
ents two main morphological forms during its life cycle. The promastigote, an extracellular
long and flagellated form, proliferates in the digestive tract of the invertebrate host, and the
amastigote, an obligate intracellular form with a nonapparent flagellum, proliferates in the
phagolysosome of the mammalian host macrophage [1, 6]. These two distinct host environ-
ments submit the parasite to a rapid adaptation in gene/protein expression, cellular signaling,
metabolism, and morphology to survival during promastigote-to-amastigote differentiation
[7-11]. In fact, the parasite can sense temperature, pH, and nutrient availability, controlling
the amino acid and purine transport and osmoregulation to establish the infection [12].

The immune response in Leishmania infection is mediated by phagocytic cells such as neutro-
phils, macrophages, and dendritic cells. The monocyte recruitment and macrophage differ-
entiation result in the recognition of the parasite, its phagocytosis, and consequent induction
of inflammatory response with nitric oxide (NO) production through nitric oxide synthase
2 (NOS2) and reactive oxygen species production [13-16]. These actions coordinate the
innate immune response and can promote the parasite killing, as showed for L. amazonensis,
L. major, and L. donovani [17]. On the other hand, Leishmania is able to escape from these
defense mechanisms leading to amastigote differentiation and proliferation in the macro-
phage phagolysosome [18]. Therefore, the antibodies have little or negligible effect in the
infection. These coordinate mechanisms of evasion can be mediated by Leishmania polyamine
pathway through induction of parasite-arginase (L-ARG) activity to produce polyamines [12,
19-22]. It is interesting to note that L-arginine is the common substrate for NOS2 and arginase
1 (ARGI). Both enzymes are competitively regulated by cytokines from T helper 1 (Thl),
such as interferon gamma (IFN-y), or T helper 2 (Th2), as interleukins IL-4, IL-13, and TGF-
f, inducing the macrophages M1 or M2 polarization, respectively [23-27]. M2 macrophages
contribute to susceptibility in cutaneous leishmaniasis [28].

The preconized treatment for leishmaniases is the use of antimonials, the same treatment used
since its description by Gaspar Vianna in 1912 [6]. First, the recommendation was based on
the use of trivalent antimonial; however, it was replaced with pentavalent antimonial, more
efficient, and less toxic [29]. The pentavalent antimonial formulations are represented by
meglumine antimoniate and sodium stibogluconate and still considered as the main line for
leishmaniases treatment today [30]. These compounds have side effects, the treatment is long,
and they are administered through intramuscular injections or intravenous infusions, requir-
ing the patient hospitalization [30]. The high toxicity of these compounds can be due to the
high concentration used in the current treatment (about four times higher than 20 years ago)
and to the acquired resistance by the parasite as a result of long exposure of the drug and inad-
equate dosages [30]. An alternative line of treatment can be based on the use of amphotericin
and its liposomal derivatives; however, they also present side effects, which restrict its use
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besides the high cost of the treatment [30]. Pentamidine has the mechanism of action based on
the inhibition of polyamine synthesis [31, 32] and can also be used for unresponsive antimonial
treatment [33]. Miltefosine, which is administrated as an oral drug, is a promisor alternative
for leishmaniases treatment [34] with high effective and tolerated rate in visceral leishmaniasis
in India [35] and later also effective for cutaneous leishmaniasis [36-38]. However, miltefosine-
unresponsive cases have been reported in regions outside India [36]. Paromomycin is another
promising treatment for visceral leishmaniasis control in India, and it has been described as
effective in monotherapy as well as in combination with other drugs [39]. Azole antifungal
agents, like ketoconazole, have been also used in the leishmaniases treatment for decades [40],
and its mechanism of action is based on the inhibition of ergosterol biosynthesis [41].

The current leishmaniases chemotherapy, as represented in Figure 1, is based on these seven
compounds, which present different origins of discovery, unique structures, and distinct
modes of action [42].
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Figure 1. Chemical structure of the current antileishmanial drugs: amphotericin, meglumine antimoniate, miltefosine,
paromomycin, ketoconazole, sodium stibogluconate, and pentamidine.
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To date, there is no single effective treatment for leishmaniases. In fact, the leishmaniases
treatment is complicated due to the complexity of the different species of Leishmania and
their interaction with the host cells. The available therapies show high toxicity, low efficacy,
long duration of treatment, high costs, and increased rate of resistant parasites. Then, there
is an emergency and challenge in the development of new drugs for leishmaniases chemo-
therapy. The emergency is due to the increased incidence of case reports, and the challenge
is based on the leishmaniasis classification as a neglected tropical disease. The high incidence
in underdeveloped regions of the world implicates a lack of interest in research development
and minimum financial funding from pharmaceutical industries. There are many studies
describing potential targets for vaccine approaches; however, no licensed vaccine is available
for human treatment.

A rational strategy for the parasite control can be developed based on the identification of fun-
damental metabolic pathways of both the parasite and the host, such as polyamine biosynthe-
sis. Polyamines are involved in chromatin structure and DNA replication. They interact with
both DNA and RNA, promoting gene expression regulation and transport mechanisms [43].

In this review, we will point aspects of the current treatment, relevant targets and highlight
the potential for polyamine pathway for leishmaniases chemotherapy because it is essential
for parasite replication and survival.

2. The current chemotherapy

The leishmaniases chemotherapy was discovered in an empiric way, which means all drugs
used are re-purposed from other therapeutic prescriptions. In fact, this scenario is far to be
optimal for a disease whose incidence is increasing in the endemic areas.

Then, we will review the current leishmaniases chemotherapy with description of the drugs
and its mechanism of action.

2.1. Pentavalent antimonials

Pentavalent antimonials are represented by the formulations meglumine antimoniate and
sodium stibogluconate (Figure 1) and consist in the most frequently used drug for leishmani-
ases treatment because they are effective for both visceral and cutaneous leishmaniases [30].
Both formulations present poor oral absorption, leading to an intramuscular or intravenous
administration [44]. Besides its accumulation in the tissues, antimonials can cause severe car-
diotoxicity, pancreatitis, and nephrotoxicity effects, requiring hospitalization and close moni-
toring of patients [45, 46]. In addition to these side effects, the long period of treatment leads
to noncompliance and abandonment, favoring the emergence of resistant parasites and the
drug efficacy varying from region to region compromising its use [33].

The antimonial mechanism of action involves the depletion of intracellular ATP due to inter-
ference in glycolysis and fatty acids [ oxidation [47]. There are some studies evidencing that
antimony kills the parasite by a process of apoptosis involving DNA fragmentation and exter-
nalization of phosphatidylserine on the membrane surface [48].
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2.2. Pentamidine

Pentamidine is an aromatic diamidine (Figure 1) used mainly in the treatment of cutaneous
leishmaniasis unresponsive to pentavalent antimonial treatment [33]. Most regimens are based
on intramuscular injections or intravenous infusions per day for about 30 days [49]. However,
due to its toxicity and rapidly emerging resistance, pentamidine was abandoned in India in 1990
and replaced by amphotericin B, as the recommended treatment [50]. In contrast, pentamidine
is the first line of choice for treatment in French Guiana, where it is the only available drug [51].

The pentamidine mechanism of action isrelated to inhibition of the polyamine synthesis [31, 32],
activity of S-adenosyl-L-methionine decarboxylase [52], the alteration of the membrane flu-
idity, lipid metabolism, mitochondrial activity [53], the calcium transport [54], disintegra-
tion of the kinetoplast and mitochondria, and collapse of the mitochondrial membrane [55].
Pentamidine binds to DNA essentially in AT-rich regions, such as the kDNA, affecting the
transcription and replication process [53]. Additionally, L. amazonensis and L. donovani para-
sites treated with pentamidine showed decrease in arginine, ornithine, and putrescine pools,
while the levels of spermidine remain intact [31]. In L. donovani, pentamidine is described as a
competitive inhibitor in the arginine uptake [56] and a noncompetitive inhibitor of putrescine
and spermidine transport in L. infantum [57], L. donovani, and L. mexicana [58]. In fact, pent-
amidine uses polyamine transporters to enter in the parasite leading to an altered polyamine
uptake in pentamidine-resistant Leishmania [31, 59].

2.3. Amphotericin B

Amphotericin B (Figure 1) and its lipid formulation have been considered as the most striking
advances for visceral leishmaniasis treatment [60, 61]. This antifungal antibiotic has also been
considered as the first-line drug for treatment due to its high efficacy against antimonial-unre-
sponsive cases [62]. Amphotericin B is administrated through intravenous infusion and can
present side effects, such as nephrotoxicity and myocarditis, leading to close monitoring and
hospitalization for 4-5 weeks [63]. The advent of liposome technology allows minimization
of dose-limiting toxicity, providing highly effective and safe therapy. The ambisome formula-
tion is probably the most efficient of all currently available drugs for leishmaniases treatment,
and it has been used as the first-line drug for treatment worldwide [64, 65].

The mechanism of action of amphotericin B is based on the sterols metabolism. It interferes in
the ergosterol biosynthesis of the cell membrane of Leishmania, causing changes in the mem-
brane permeability and leakage of intracellular components that damage the cell, triggering
parasite killing [66].

2.4. Miltefosine

Miltefosine (Figure 1) was the first effective oral agent for visceral leishmaniasis treatment.
This drug was originally used for cancer treatment, but it showed high efficacy for leishmani-
ases unresponsive to antimonial treatment [67]. Since it has been described effective for leish-
maniases treatment, it has been used worldwide, however, with a variable rate of efficacy [37,
38, 68]. Drug-resistant cases have been reported, and increasing relapse rates can be due to the
reflection of its long half-life in case of inadequate use [69].
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Miltefosine interferes with cell membrane composition by inhibiting phospholipid metabo-
lism with reduction of phosphatidylcholine content and enhancement of phosphatidyleth-
anolamine content in the membrane of L. donovani [70]. Resistance to miltefosine is easily
selected in vitro [71, 72]. The resistance mechanisms can be due to drug pressure inducing the
mechanisms of regulation in Leishmania lipid metabolism by a defect in drug internalization
mediated by miltefosine transporter machinery [69, 70, 72].

2.5. Paromomycin

Paromomycin is an aminoglycoside antibiotic (Figure 1) used to treat bacterial infections and
requires metabolic energy from electron transport chain across plasmatic membrane [73, 74].
Paromomycin has shown high cure rate in leishmaniases treatment in India [75]. When orally
administered, paromomycin is poorly absorbed, limiting its use to intramuscular injections.

The mechanism of paromomycin action in Leishmania is not precisely known, but protein
synthesis has been proposed as target, based on studies with bacteria. Other possible mecha-
nisms had been proposed, including alteration of membrane fluidity and effects on the mito-
chondria membrane potential. The ribosomal complex, responsible for translating the genetic
information from mRNA to protein, is the usual site of action for aminoglycoside antibiot-
ics. Based on paromomycin-resistant L. donovani, the upregulation of ribosomal proteins was
observed in the resistant parasite, suggesting that protein synthesis machinery is the site of
action in Leishmania [76, 77]. Transcriptomic profile of paromomycin-resistant L. donovani
shows decreased protein synthesis and degradation and the role in oxidative phosphoryla-
tion, glycosomal succinate fermentation, DNA synthesis and repair, and also alteration in the
NO production during macrophage infection [78].

2.6. Ketoconazole

Ketoconazole is an oral antifungal drug (Figure 1) that inhibits ergosterol biosynthesis.
Ergosterol is the major sterol in Leishmania, and it is a potential target of some drugs because
it is absent in mammalian cells, in which cholesterol is the main sterol. The mechanism of
action of ketoconazole causes the accumulation of methyl sterols due to changes in membrane
permeability [41]. Ketoconazole treatment of murine macrophage infected with L. mexicana
altered the levels of free sterols in amastigotes [41]. Oral ketoconazole treatment resulted in
failure in the control of L. braziliensis cutaneous lesions or ulcers [79, 80]. On the other hand,
some studies have shown efficacy in controlling L. braziliensis cutaneous lesions [40] and
L. amazonensis murine infection in vitro and in vivo [81]. Ketoconazole associated with anti-
mony presented toxicity to amastigote forms of L. amazonensis [82].

3. Biological targets for therapy

In the course of the Leishmania life cycle, environmental changes inside the invertebrate and mam-
malian host represent important external signals for gene expression regulation. These signals
start with the starvation of nutrients, such as amino acids, signaling for metacyclogenesis during
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the transformation from promastigote procyclic forms into promastigote metacyclic forms. In this
step, procyclic forms are adhered to epithelia of insect midgut, and the starvation promotes their
release and starts the differentiation to infective metacyclic forms accompanied with their migra-
tion to the insect proboscis. From this site, the metacyclic forms are regurgitated during a new
blood meal [83]. The following signal is the temperature shift from the invertebrate host (25°C) to
the mammalian host (37°C), representing a challenge for parasite survival and differentiation into
amastigote forms. The heat-shock proteins are examples of gene activation that allows parasite
survival in rapid temperature changes [10, 84, 85]. The pH change, from 7.0 to 5.5, is the last sig-
nal, due to the phagosome and lysosome fusion to form the phagolysosome inside the phagocytic
cells, where the amastigotes replicate [9-11].

Despite these environmental changes, promastigotes and amastigotes have common meta-
bolic features that distinguish them from their hosts and can be used as new antiparasitic
targets. New potential drug targets have been described along the years, and we will describe
here some of them, such as protein kinases, glycolate enzyme, purine pathway, and polyamine
pathway. Additionally, besides considering the future of leishmaniases treatment, encom-
passing new methodological approaches available today, the study of metabolic pathways
allows the understanding of the biology and physiology of the parasite. Recent approaches,
such as “omics”, have been provided new insights into fundamental pathways of the parasite
and/or in the Leishmania-host interactions that can be explored as potential new targets.

3.1. Protein kinases

The protein kinases are involved in several essential biological processes, including metab-
olism, gene expression, cell proliferation, motility, differentiation, and death [86]. Protein
kinases act on serine, threonine, tyrosine, or histidine residues of proteins leading to phos-
phorylation. Phosphorylation can modify the function of a protein in a variety of ways, such
as protein activity, stabilization, or degradation. The localization within a particular compart-
ment of a cell can initiate or disrupt its interaction with other proteins [87]. These kinases
along with phosphatases play a major role in protein and enzyme regulation. Leishmania-
activated kinases play an important role in parasite thermo-tolerance and virulence [88].

These enzymes have been explored as therapeutic target by pharmaceutical industry, with a
focus on the discovery of non-ATP-competitive kinase inhibitors, directing these modulators
to target sites that can regulate specific protein kinases [89, 90].

3.2. Glycolytic enzymes

The glycolytic enzymes of trypanosomes are attractive drug targets because the glycolysis
is essential for energy requirements. The ATP synthesis through glycolytic enzymes starts
with glucose to produce glycerol and pyruvate, maintaining the ATP and NAD balance of
glycosome compartment. The glycolytic enzymes, localized in glycosome and cytosol, have
emerged as drug targets in parasitic diseases [76, 91]. Targeting the glycosomal enzymes
could alter the production of energy and NADH by glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and its oxidization through mitochondrial glycerol-3-phosphate oxidase to
shift the electrons [91].
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The inhibition of energy production in Leishmania can be based on the use of adenosine ana-
logs, blocking the binding of NAD+ to GAPDH [92-95]. Some analogs have been described as
inhibitor of Leishmania growth due the block of energy production.

3.3. Purine metabolism

Another interesting pathway to explore as new targets for leishmaniases chemotherapy is the
purine metabolism. Leishmania and other protozoa are unable to synthesize purine nucleo-
tides de novo and must uptake them from the host [96]. The parasite uptake of preformed
purine host is mediated by nucleoside transporters [97].

Purine nucleotides and their derivatives are precursors of vast cellular and metabolic pro-
cesses, including energy production, cell signaling, synthesis of nucleic acids, modulation of
enzymatic activities, and synthesis of co-enzymes [96, 97]. This unique characteristic may be
the basis for susceptibility of Leishmania to purine analogs [97, 98]. Purine analogs have been
described for use in the parasite control, such as tubercidin (TUB) [98-100]. TUB is effective
against promastigotes from L. amazonensis, L. braziliensis, L. infantum chagasi, and L. major [98,
101]. The same antiparasitic efficacy is described for amastigotes from L. amazonensis when
associated with a specific and selective inhibitor of nucleoside transport for mammalian cells,
the nitrobenzylthioinosine (NMBPR) [98]. The selectivity of TUB-NBMPR combined treat-
ment for Leishmania produces highly selective toxicity against the parasite, inhibition of mam-
malian nucleoside transporter, supporting the hypothesis that these transporters are different
between the parasite and its host [98].

In addition, based on tubercidin-resistant L. major parasites, the upregulation of the tuber-
cidin-resistant protein, an endoplasmic reticulum protein is observed in these resistant line,
suggesting that protein synthesis machinery is the site of action of TUB in Leishmania [99].

3.4. Polyamine pathway

The polyamine pathway is important for parasite replication and to the establishment of
infection in the host [102]. Fundamental differences in this pathway are described between the
parasite and its host, pointing to antileishmanial chemotherapy targets (Figure 2). Polyamines
(putrescine, spermidine, and spermine) are essential substrates in all cells, including parasitic
protozoa. Their intracellular concentration may be regulated at the level of their biosynthesis,
interconversion, degradation, and transport [103]. In Leishmania, the hydrolysis of L-arginine
by L-ARG to produce ornithine and urea is a crucial initial step for polyamines production
[12, 102, 104-106] and for parasite growth and survival in promastigote and amastigote forms
[107-110]. Thus, an inhibition of polyamine synthesis represents a promisor target for leish-
maniases chemotherapy (Figure 2).

The polyamines biosynthetic pathway is characterized by the decarboxylation of the amino
acid ornithine to putrescine and catalyzed by ornithine decarboxylase (ODC), a key enzyme on
this pathway. Putrescine is then converted into spermidine by the action of a spermidine syn-
thase (SpdS). Finally, spermidine is used to form both spermine by spermine synthase (SpmS)
and trypanothione through trypanothione synthase (TryS). Trypanothione is an important
regulator of intracellular thiol redox balance [111, 112]. Leishmania also uses L-arginine to
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Figure 2. Schematic representation of polyamine-related chemotherapeutic approaches for Leishmania, such as the (1)
inhibition of amino acid permease 3 (AAP3) in both plasmatic membrane and glycosome, preventing the r-arginine
uptake; (2) inhibition of polyamines synthesis by arginase (ARG), ornithine decarboxylase (ODC), S-adenosylmethionine
decarboxylase (AdoMetDC), spermidine synthase (SpdS), spermine synthase (SpmS), and trypanothione synthase
(TryS); (3) inhibition of polyamines, preventing the parasite replication; and (4) inhibition of the parasite nitric oxide
synthase (NOS-like), preventing the nitric oxide (NO) production and amastigote differentiation and replication. (?)
predicted but not confirmed cytosolic localization, (N) nucleus, (K) kinetoplast, and (G) glycosome.

produce NO and citrulline by enzyme NOS-like activity [113-115]. The controversial NO pro-
duction by the parasite is still not completely understood because NO is the same molecule
produced by host macrophages to promote the parasite’s killing [105, 109, 116]. However,
NO production has been related to metacyclogenesis signaling in promastigote forms and
to amastigote replication of L. amazonensis in a dependent way to the L-arginine availability
and L-ARG activity [7]. The participation of a NOS-like enzyme in this pathway was recently
described based on in silico analysis of oxidoreductase family domains [7]. Besides this, previ-
ous metabolome evidences of NO and citrulline production also indicated the activity of the
enzyme in L. amazonensis [115]. Although this enzyme is not completely characterized, NOS-
like enzyme could also be a potential drug target (Figure 2), as an inhibitor of NO production
decreasing amastigote differentiation and replication.

Once L-arginine is not synthesized de novo, the parasite developed molecular mechanisms
to sense the amino acid availability and activity of enzymes involved in polyamines produc-
tion [115-120]. L-ARG is an enzyme with regulatory roles, as the modulation of 1-arginine
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availability with consequently regulation of polyamine synthesis [121]. L-ARG presents a gly-
cosomal import signal, the three amino acids SKL [122, 123]. Glycosomes are peroxisome-like
organelles, essential to parasite survival, likely due to compartmentalization of key metabolic
enzymes [124]. Glycosomes are not only involved in glycolysis but are also predicted to carry out
gluconeogenesis, reaction of the hexose-monophosphate pathway, purine salvage and pyrimi-
dine biosynthesis, fatty acids f-oxidation, fatty acids elongation, and biosynthesis of other lip-
ids. In addition, they seem to have involved in oxidant stress protection [123]. Another role for
the existence of glycosome in kinetoplastid organisms can be related with the importance of
sequestering metabolic pathways into this compartmentalized organelle and then facilitated the
parasite development because the turnover of pathways (or part of them) is more rapidly and
efficiently upon induction when they are compartmentalized than when present in the cytosol
as individual enzymes [124].

Besides the glycosomal signal, L-ARG was demonstrated in fact localized in the glycosome
compartment of L. mexicana and L. amazonensis promastigotes [102, 104, 122]. In addition, this
glycosomal localization is maintained in intracellular amastigotes in macrophage infections
[102]. Interestingly, the glycosomal localization is crucial for its activity because the mislo-
calization of the enzyme reduced in vitro and in vivo infectivity [102]. RNA-seq data revealed
that L-ARG expression is downregulated in L. amazonensis axenic amastigotes when com-
pared to promastigotes [8]. In contrast, an upregulation is observed in Leishmania intracellular
amastigotes from BALB/c macrophages infection [12]. Altogether, these data reinforce the
existence of a differential modulation of the enzyme activity under different environment
conditions [8].

Leishmania amino acid uptake can also be considered for new antileishmanial target (Figure 2).
L-Arginine uptake in macrophages is mediated by cationic amino acids (CAT1, CAT2A,
CAT2B, and CAT3) [125]. A reduction in CAT2B expression and r-arginine uptake by treat-
ment with melatonin, hormone of dark signal to biological rhythm, impairs in vitro L. ama-
zonensis infectivity in murine model [126]. In contrast, Leishmania has a complex and specific
machinery to uptake this amino acid. L-Arginine uptake is mediated by amino acid permease
3 (AAP3) in L. donovani and L. amazonensis [116, 119, 120]. Furthermore, the AAP3 dual local-
ization in the plasma membrane and in the glycosome from promastigotes and axenic amasti-
gotes of L. amazonensis and L. donovani [102, 118, 119] can be an indicative that the inhibition of
L-arginine trafficking through the plasma membrane and/or through the glycosome suggests
a promisor target for leishmaniases chemotherapy (Figure 2) [116, 119].

The drugs targeting enzymes involved in the polyamines production could reduce the parasite
growthand survival. The 3-aminooxy-1-aminopropane (APA) and L-a-difluoromethylornithine
(DFMO) are ODC inhibitors. APA is an isosteric analog of putrescine and inhibits the growth
of L. donovani promastigotes and amastigotes [127]. However, DFMO presents a controversial
data as a leishmanicidal compound. DFMO is described successful against African sleeping
sickness [128], and it is also efficient in inhibition of L. donovani, L. infantum, and L. guyanensis
infections but not for L. major and L. mexicana [129, 130]. Furthermore, other studies described
DFMO inefficacy against Leishmania [131]. The basis for the selectivity toxicity of DFMO in
the parasite is complex. The ODC from the parasite is no less susceptible to inhibition by
DFMO than ODC from the host. However, many metabolic differences between parasites and
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mammals have been identified, such as the inability of the parasite to obtain exogenous poly-
amines, the synthesis of trypanothione that could interfere in the susceptibility to DFMO [132]
and its metabolic stability. ODC has a long half-life (more than 6 h), unlike the host protein
(less than 30 min), which can be the basis for susceptibility of DFMO in the parasite [133].

A 5'-((Z)-4-amino-2-butenyl)methylamino)-5'-deoxyadenosine (MDL73811) can also be used
as an inhibitor of adenosyl methionine decarboxylase (AdometDC), enzyme that forms
decarboxylate S-adenosyl methionine. This molecule can be used with putrescine by SpdS
to produce spermidine and with spermidine to produce spermine [58, 102, 121, 134-137], as
described for L. donovani [137].

In addition, the importance of polyamine pathway has been described with the generation
of L. donovani, L. major, L. mexicana, and L. amazonensis null mutants of essential enzymes
involved in this pathway, such as ARG, ODC, AdoMetDC, or SpdS. Knockout parasites of
these enzymes have been providing data of how these parasites synthesize polyamines and
depend on supplementation of products of these enzymes for survival [7, 8, 102, 105, 106, 138].
The role of polyamine pathway in intracellular amastigotes is controversial; in vitro and in
vivo infections with L. amazonensis arginase knockout parasites present lower infection index
[102, 119]. In contrast, in vivo infection with L. donovani arginase knockout parasites reduces
the parasite burden in the liver of mice but does not impact the parasite burden in the spleen
[106]. Supplementation with putrescine recovered the levels of infectivity of L. amazonensis in
murine macrophages with reduced levels of L-arginine transport [126]. A comparison of the
polyamine pathway in these two different species reveals a variation in the polyamine pool
within the phagolysosome, and consequently difference in the polyamine uptake by the para-
site may contribute to differences in virulence [138].

3.5. “Omics”

The application of “omics” approaches in Leishmania research has been providing new
insights into the biological processes that drive the replication and differentiation steps of the
parasite. They can also provide insights into drug transport and metabolism. Furthermore,
these approaches have been revealing as a fundamental tool for the biology, the discovery of
new targets for chemotherapy, and the determination of drug-resistance mechanisms [139].
The progress of Leishmania spp. genome annotations has been providing a lot of information,
including a review of previous genome annotations data and its misassembling, in an attempt
to improve the current genome and gene annotations [8, 140, 141]. Since genomes are charac-
terized by a high degree of synteny among the species, the genomic annotations can explain
the specificity for tissues tropisms, differential immune responses, variations in drug suscep-
tibility, gene content, and gene expression regulation, among the species.

Leishmania exhibit many unique features in their biology, and the elucidation of the molecular
basis of them may lead to the development of new strategies for the control of the disease.
Leishmania parasite genome is organized as large cluster of genes in the 5'-3" direction on the
DNA strand. The polycistronic transcription occurs in an initiation site, forming a primary
RNA transcript across the chromosome. The maturation of mRNA, as well as its abundance,
occurs by post-transcriptional mechanisms [142, 143].
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Based on that, the following approaches can be helpful for the future chemotherapy targets
discovery. The genomic studies allow the identification of single-nucleotide polymorphisms
(SNPs), copy number variations (CNVs), genomic rearrangements, and genomic annotations,
using whole genome sequencing and exome techniques. The knowledge of biological targets
can point to the selectivity of the drug and the use of known validated targets allowing a
better understanding of their biological mechanisms. Gazanion et al. demonstrated by next-
generation sequencing an unprecedented number of drug-resistance/target genes against all
drugs currently used in leishmaniases chemotherapy [139]. This screening method can be
useful to discover the drug targets and to understand the resistance mechanisms [139].

The transcriptomic studies have been extensively used allowing the discovery of mRNA sta-
bility, mRNA processing, and gene expression regulation, through microarrays or RNA-seq
techniques [7, 8, 119]. Previous studies revealed sequence elements that control the abun-
dance of mRNAs by influencing their maturation and stability. These changes in transcripts
abundance during the life cycle of the parasite may lead to the identification of essential
genes and thus pointing them as potential candidates for vaccine or drug targets [144]. A
previous study demonstrated that the differentiation of promastigotes to amastigotes from
L. amazonensis leads to a modulation of genes involved in the polyamine biosynthesis [8].
Furthermore, the absence of arginase activity in promastigotes of L. amazonensis leads to a
differential level of metabolites from this pathway: citrulline, L-arginine, and r-glutamate
increase levels, whereas aspartate, proline, ornithine, and putrescine decrease levels [8].
These findings reveal the importance of L-ARG in parasite survival and differentiation and
indicate the existence of a coordinate response in the absence of L-ARG activity in the poly-
amine pathway.

The proteomic studies allow the discovery of cellular components, protein expression, post-
translation modification, and protein interaction, using quantitative proteomics by two-
dimensional gel electrophoresis (2DE), liquid chromatography mass spectrometry (LC-MS),
or stable isotope labeling by amino acids in cell culture (SILAC). Post-translation modifica-
tions are of particular interest in Leishmania because the parasite regulates gene expression
at post-transcriptional and post-translational levels [143]. The metabolomic studies allow
the discovery of metabolite signatures through MS or nuclear magnetic resonance spectros-
copy (NMR) methodologies. This approach can be used to evaluate how specific metabolites
respond under different environmental or physiological conditions, providing interesting
data about the mode of action and resistance mechanisms of drugs in parasitic protozoa [145].
The metabolome fingerprints obtained with L. amazonensis in the absence of L-ARG activity
and/or under amino acids starvation demonstrated how Leishmania is able to use an alterna-
tive route to provide substrates for the polyamine pathway [115]. In addition, metabolome
fingerprints of L. infantum resistant to antimonials showed metabolite profile modification in
Leishmania pathways, corresponding mainly to amino acids or their alternative metabolites in
the polyamine pathways with the thiol-dependent redox metabolism [146].

4. Concluding remarks

In the absence of effective vaccine and vector control, the eradication of leishmaniases is
mostly dependent on chemotherapy. Besides other vials, such as the protein kinases, glycolytic
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enzymes, and purine metabolism, studies involving the polyamine pathway have been increas-
ing over the years due to its consideration as a promisor target for leishmaniases chemotherapy.
The importance of this pathway for Leishmania replication is unquestionable, and the polyamine
pathway exhibits significant differences compared to its host pathway. Leishmania amastigotes
reside in the phagolysosome of host macrophage, but the ability to uptake polyamines may
vary depending on the Leishmania species and/or the type of host macrophage. Then, the focus
on the polyamine pathway as chemotherapeutic approaches, such as inhibition of polyamine
transport, inhibition of r-arginine transport, inhibition of polyamine synthesis, inhibition of
polyamine interconversion, or inhibition of NOS-like enzyme, may be considered in the future
of leishmaniases chemotherapy.
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Abstract

Sterol biosynthetic pathway is explored for its therapeutic potential for Visceral Leish-
maniasis. In Leishmania, this pathway produces ergosterol which is absent in host and there-
fore is a promising strategy to combat proliferation of both extracellular and intracellular
forms of the parasite with minimal host toxicity. The present chapter focuses on 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGR) enzyme which is the rate-limiting enzyme of the
ergosterol biosynthesis. HMGR gene of L. donovani was biochemically and biophysically
characterized for the first time. HMGR over expressing transgenic parasites were generated
to evaluate its role in parasite growth and infection ability. A series of statins like atorvas-
tatin, simvastatin and mevastatin were evaluated for its therapeutic efficacy and mode of
action elucidated. Atorvastatin and mevastatin were found to be killing both the promas-
tigote and amastigote forms of the parasite without exhibiting host cytotoxicity. Besides,
non-statin class of molecules like resveratrol and glycyrrhizic acid were also analyzed for
antileishmanial potential. Two antidepressants, ketanserin and mianserin were found to
kill both L. donovani promastigotes and intracellular amastigotes with no apparent toxicity
to the host cells. Since targeting of the sterol biosynthetic pathway enzymes may be useful
therapeutically, the present work may have implications in treatment of Leishmaniasis.

Keywords: Visceral Leishmaniasis, HMGR, ergosterol, statins, antidepressants

1. Introduction

A variety of Leishmania species are reported to cause disease, which afflicts about 12 mil-
lion people in 98 countries of which Indian subcontinent, Sudan and Brazil are the major
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regions with higher incidence of Leishmaniasis. The World Health Organization (WHO) has
considered Leishmaniasis to be one of the six priority diseases of its special programme for
Research and Training in tropical diseases. Visceral Leishmaniasis (VL) being a neglected
tropical disease has been of concern for several years. Antimonial compounds remain the
first line drug for VL treatment with amphotericin B and pentamidine being the second line
drugs. However, both the classes have high toxicity and serious side effects. Drug resistance,
toxicity and long-term treatment profile are some of the issues which plague the treatment
regimen. In the wake of this problem, there are increasing efforts to identify vaccine candi-
dates and drug target candidates with equal focus on drug repositioning. Till date, several
enzymes of various crucial metabolic pathways such as the pentose phosphate pathway,
trypanothione biosynthesis pathway and sterol biosynthetic pathway have been explored
in parasites [1]. With the whole genome sequence of Leishmania donovani now available, it
has become feasible to identify new genes and explore its essentiality in parasite survival
and host infectivity. Structural analysis of identified enzymes would throw light on poten-
tial active site for designing pharmacophore. Based on this, in silico ligand screening is per-
formed to identify potential compounds from already existing library. This would further
lead to design and synthesis of new chemical entities whose potency can be evaluated in
cell-based and target-based screening assays.

Sterol biosynthetic pathway is an important metabolic pathway in fungi and trypanoso-
matids. In recent years, attention has been focused on the sterol metabolism of Leishmania
as a potential drug target for therapy. In sterol biosynthetic pathway, condensation of two
acetyl-CoA units leads to formation of acetoacetyl-CoA, followed by the addition of a third
unit to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), which is further reduced by
NADPH to produce mevalonic acid. The mevalonate pathway comprises of three steps
and is catalyzed by acetoacetyl-CoA thiolase, and two mitochondrial enzymes HMG-CoA
synthase and HMG-CoA reductase, in yeast [2] and in trypanosomatids [3]. Sterols are
important components of the cell membrane that are important for cellular function and
maintenance of cell structure. Unlike mammalian cells which have cholesterol as the major
membrane sterol, trypanosomatids synthesize ergosterol and other 24-methyl sterols that
are required for their growth and viability. Leishmania parasite contains predominantly
ergostane-based sterols such as ergosterol, which differ from cholesterol by the presence
of a 24-methyl group at A7 and A22 bonds [4]. Therefore, the sterol biosynthetic pathway
from Leishmania is considered to be an important drug target. Squalene synthase (SQS)
catalyzes the first committed step of sterol synthesis by coupling two farnesyl molecules to
form squalene. Two quinuclidine derivatives, ER-119884 and E5700, have been shown to be
potent antileishmanial and anti-trypanosomal agents. The inhibition of SQS by these com-
pounds decreased endogenous sterol levels of the parasite and caused an anti-proliferative
effect on the parasite [5]. Sterol 24-C-methyltranferase (SMT) is unique to the parasite and
validated as a potential drug target against trypanosomatid parasites. Azosterols like keto-
conazole are known to inhibit SMT in fungi. They were also found to be anti-proliferative
in Leishmania amazonensis [6].

Orne of the enzymes of the sterol biosynthetic pathway which is focused in this chapter is
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR, EC:1.1.1.34). HMGR catalyzes the NADPH



3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGR) Enzyme of the Sterol Biosynthetic Pathway...
http://dx.doi.org/10.5772/intechopen.75480

dependent synthesis of mevalonate from HMG-CoA and is a rate limiting step [7]. There are two
classes of HMG-CoA reductase: class I (eukaryotic HMGRs) and class II (prokaryotic HMGRs).
The class [HMGR has an N-terminal membrane domain and is present in eukaryotes and several
archaea. Class I HMGR lacks this domain and occurs in Pseudomonas mevalonii, Archaeoglobus
fulgidus, Staphylococcus aureus, Enterococcus faecalis and Streptomycetes [8-11]. L. major HMGR
enzyme lacks the N-terminal domain and is the only eukaryote with soluble HMGR protein.
Among kinetoplastids, HMGR has been earlier characterized in L. major and Trypanosoma cruzi
[12, 13]. Given that ergosterol is an important component of Leishmania membrane, we focused
our research on identification and validation of HMGR from L. donovani as a potential drug
target candidate.

L. donovani HMGR gene was identified via a BLAST search of the genome using L. major
HMGR sequence (www.ebi.ac.uk/parasites/LGN) as the template. LIHMGR gene was
amplified, cloned in pET30a (+) vector and sequenced (GenBank accession no. JX036280.1).
LAHMGR exhibited only 25.2% identity (35% similarity) with human HMGR. This signifies
that host HMGR is significantly different from parasite HMGR. HMGR enzyme is constitu-
tively expressed in Leishmania promastigotes as shown by western blot analysis [14, 27].

1.1. Functional analysis of LIHMGR overexpressors

Next, we were interested to see whether HMGR has any role in parasite growth and infec-
tivity. For this, HMGR was cloned in a Leishmania specific overexpression vector. HMGR
overexpression in L. donovani promastigotes was confirmed by measuring of HMGR activ-
ity, estimation of ergosterol levels and western blot analysis confirmed the overexpression of
HMGR gene [15].

1.2. Growth curve analysis of HMGR transfectants

The growth profile of transfected and wild-type parasites in vitro was studied by measuring
OD at 600 nm of the plated cells for every 24 h. We monitored the growth of parasites and
LAHMGR transfectants exhibited ~ 1.5 fold increase in growth than compared to wild-type
and psp vector transfected parasites (Figure 1A).

1.3. Role of HMGR in parasite infection ability

The transfectants were tested for their ability to infect THP-1 differentiated macrophages. The
stationary phase of wild-type and HMGR overexpressing promastigotes were used to infect
THP-1 differentiated macrophages. The percentage of infection with wild type was consid-
ered as 100% and relatively percentage of infection was calculated for psp and HMGR over-
expressors. The HMGR transfectants exhibited ~2 fold change in the infectivity compared to
wild-type parasites (Figure 1B).

In other organisms like yeast, it was reported that combined overexpression of genes
(ERG1 and ERG11) leads to significant increase in the amount of total sterols by threefold in
comparison with a wild-type strain in yeast. The HMG-CoA reductase controls the entering
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Figure 1. Functional analysis of LIHMGR overexpressors. (A) Growth analysis of wild-type (WT), psp and LIHMGR
overexpressing parasites; (B) evaluation of infection efficiency of wild-type (WT), psp and LIHMGR overexpressors.
Data were expressed as mean + standard deviations from three independent experiments. *p < 0.05.

of intermediates on the pre-squalene part of the pathway and Erglp and Ergllp seem to
control the transfer of intermediates into the post-squalene part of sterol biosynthetic path-
way [16]. Other studies reported that overexpression of HMGR in yeast leads to increased
linalool production which is a plant monoterpene which display antiparasitic, antimicrobial
and antiviral properties as well as a plethora of promising health benefits [17].

2. HMGR inhibition profiles

2.1. Evaluation of antileishmanial effect of class I statin (simvastatin), class II statin
(atorvastatin) and mevastatin

The inhibitors used in the present study were atorvastatin, simvastatin and mevastatin. The
concentrations of atorvastatin and mevastatin at which 50% growth of L. donovani promas-
tigotes was inhibited (IC,)) were 19.4 + 3.07 uM and 23.8 + 4.2 uM respectively [14, 18, 25].
The IC,, value of simvastatin was 73.2 + 3.7 uM and at 100 uM it caused only 63% inhibition.
The cytotoxicity of atorvastatin, simvastatin and mevastatin against THP-1 differentiated
macrophages was determined by using MTT assay. The IC, value of three drugs were found
to be above 100 puM, that is, noncytotoxic to host macrophage cell line. Miltefosine inhib-
ited promastigote growth with an IC_, value of 14.6 uM. Atorvastatin was found to inhibit
L. donovani promastigotes at low micromolar concentrations compared to mevastatin and
simvastatin. The concentrations of atorvastatin, simvastatin and mevastatin at which 50%
growth of L. donovani amastigotes was inhibited (IC,) were 6.75 + 0.353 uM, 21.5 + 4.94 uM
and 7.5 + 1.1 uM respectively. The amastigotes were approximately threefold more sensitive
to atorvastatin and resveratrol than promastigotes. Miltefosine was taken as the reference
drug, and its IC,, value for amastigotes was 3.9 + 1.27 [14, 25]. The IC,, values are depicted
in Table 1.

The inhibitors were screened for their ability to inhibit the catalytic efficiency of recombinant
LAHMGR. The IC, value of atorvastatin, simvastatin and mevastatin was found to be half
maximal at around 315 +2.12nM, 43.66 + 31.5 uM and 42.2 + 3.0 uM respectively. Atorvastatin
(1 uM) resulted in 93.5 + 7.2% inhibition of the recombinant HMGR. Table 1 shows the IC,
values of the statins on recombinant HMGR.
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Inhibitors IC,, values (uM)

L. donovani L. donovani THP-1 SI rHMGR

promastigotes amastigotes differentiated values

macrophages

Atorvastatin® 19.4 +3.07 6.75+0.353 >100 >14.8 0.315+2.12
Simvastatin® 732+3.7 21.5+4.94 >100 >4.65 43.66 + 31.5
Mevastatin® 23.8+4.2 75+1.1 >100 >13.3 422+3.0
Miltefosine® 14.6 1.7 39+1.27 43.6+5.5 11.17 —

*Dinesh et al. [14, 25].
*Dinesh et al. [18].

Table 1. Antileishmanial effect of statins.

2.2. Evaluation of antidepressants as HMGR inhibitors

Tricyclic drugs, antidepressants and antipsychotics are reported to be toxic to both the promas-
tigote and amastigote forms of Leishmania [19]. Imipramine, a tricyclic antidepressant belonging
to the same class of cationic amphiphilic drugs, when administered orally was found to be active
against both antimony-sensitive and antimony resistant clinical isolates of L. donovani [20].

Ketanserin is a serotonin S2-receptor antagonist which is used as an antihypertensive agent.
The IC, value of ketanserin for L. donovani promastigotes was 37.8 uM and intracellular amas-
tigotes was 28.5 uM. It was however found to be noncytotoxic up to a concentration of 100 uM,
when tested on differentiated THP-1 cells. Miltefosine inhibited amastigote growth with an
IC,, value of 3.4 uM which correlated with the previously reported data [21]. However, the
standard drug killed the macrophage cells at an IC_, value of 43.6 uM. This was well corre-
lated with the already published results on the effect of miltefosine on THP-1 and J774A.1 cell
line [22, 23]. These results showed that ketanserin displayed antileishmanial activity at non-
cytotoxic concentrations. We evaluated the effect of ketanserin on recombinant LdHMGR and
found its IC,, value to be 43 £ 2.5 uM. This data showed that ketanserin binds to the LIHMGR
enzyme active site and inhibits its activity (Table 2) [15].

Mianserin hydrochloride is a noradrenergic and specific serotonergic antidepressant (NaSSA)
with a tetracyclic structure and is used for the treatment of depressive illness and depres-
sion associated with anxiety [24]. Mianserin strongly blocks postsynaptic 5-HT2 receptors
and only weakly blocks post synaptic 5-HT1 and 5-HT3 receptors and blocks moderately
presynaptic a2 receptors [24]. The effect of mianserin was investigated on the proliferation
rate of L. donovani promastigotes and amastigotes. The dose-dependent antileishmanial effect
of mianserin against L. donovani promastigotes resulted in significant reduction in viable para-
sites compared to the untreated parasites. The concentration of mianserin at which 50% of
the promastigote and amastigote growth was inhibited was 21 + 3.7 uM and 46.4 + 5.2 uM
respectively. Mianserin up to 100 uM failed to cause any toxic effect on viability of THP-1
differentiated macrophages indicating that mianserin selectively inhibits Leishmania promas-
tigotes. Mianserin inhibited recombinant L. donovani HMGR enzyme with an IC, value of
19.8 + 3.1 pM (Table 2) [14, 25].
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Inhibitors IC,, values (uM)
L. donovani L. donovani THP-1 differentiated  SI rHMGR
promastigotes amastigotes macrophages values
Mianserin® 21.0+3.7 46.4+5.2 >100 >2.15 19.8+3.1
Ketanserin® 37.8+3.3 28.5+1.9 >100 >3.5 43.0+2.5
Miltefosine® 14.6+1.7 34+09 43.6+5.5 12.8 —

aDinesh et al. [14, 25].
*Singh et al. [15].

Table 2. Antileishmanial effect of antidepressants.

3. Natural products as inhibitors of HMGR

The inhibitors used in the present study were resveratrol and glycyrrhizic acid. The concen-
trations of resveratrol at which 50% growth of L. donovani promastigotes was inhibited (IC,))
was 36.1 + 3.6 uM. The cytotoxicity of resveratrol against THP-1 differentiated macrophages
was determined by using MTT assay. The results showed the IC_; value of three drugs was
found to be above 100 puM, that is, noncytotoxic to host macrophage cell line. The concentra-
tions of resveratrol at which 50% growth of L. donovani amastigotes was inhibited IC, value
was 9.5 +2.12 uM [14, 25]. The data are depicted in Table 3.

Glycyrrhiza glabra, which is popularly known as liquorice is used for the treatment of pul-
monary diseases and inflammatory processes [26]. Glycyrrhizic acid (GA), licochalone A
and Glycyrrhetinic acid which have been reported to exert antileishmanial properties are the
major bioactive components in liquorice root [27, 29, 30]. GA exhibits potent antileishmanial
and immunomodulatory properties with enhanced parasite clearance [27]. A dose-dependent
inhibition of the viability of L. donovani promastigotes was observed in the presence of GA. The
IC,, determined from the graph was approximately 34 + 2.9 uM. GA was found to inhibit intra-
cellular amastigotes with an IC_ value of 20 + 4.2 uM. GA did not cause macrophage killing up

Inhibitors IC,, values (uM)
L. donovani L. donovani THP-1 differentiated SI rHMGR
promastigotes amastigotes macrophages values
Glycyrrhizic acid®  34.0+2.9 20.0+4.24 >100 >5.0 24.0+43
Resveratrol® 36.1+3.6 9.5+2.12 >100 >10.5 463 +16.4
Miltefosine® 153+2.1 38+12 442 +5.29 11.5 —

“Dinesh et al. [28].
*Dinesh et al. [14, 25].

Table 3. Natural products as inhibitors of HMGR.



3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGR) Enzyme of the Sterol Biosynthetic Pathway...
http://dx.doi.org/10.5772/intechopen.75480

to 100 uM concentration. GA was tested against recombinant LIHMGR enzyme at the range of
10-100 uM concentration. The IC,, value was found to be 24 + 4.3 uM (Table 3).

In Leishmania sterol, biosynthetic pathway produces ergosterol which is absent in host. This
makes LIHMGR enzyme a potential drug target for designing parasite specific molecules.
The present review encompasses functional characterization of L. donovani HMGR enzyme
and the evaluation of the effect of various HMGR inhibitors as potential candidates for treat-
ment of Leishmaniasis. Inhibitors which showed inhibition of both the extracellular and intra-
cellular forms of the parasites at low micromolar range with no cytotoxicity to host cells are
promising antileishmanial candidates. They can be further explored in an experimental ani-
mal model of VL to evaluate its anti-VL efficacy.
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Abstract

Leishmaniasis remains as one of the most important neglected diseases in the world and,
after all these years, its treatment is still a problem, mainly because of the side effects
caused by the first- and second-line drugs and the indiscriminate treatment, which leads
to increasing cases of parasite resistance. The search for alternative therapies for the
treatment of leishmaniasis is extremely important. In this context, the use of natural
products arises as a promising alternative, combining the empirical knowledge dissemi-
nated in the population with researches that aim to scientifically prove the therapeutic
effects of plants. Based on this, the use of medicinal plants is considered a desirable and
accessible tool in the treatment of these diseases and considered by pharmacognosy as
a valuable source for the development of new drugs and as adjuvant for conventional
therapies.

Keywords: herbal medicine, Leishmania spp., natural products, visceral leishmaniasis,
traditional medicine

1. Introduction

Protozoa of the genus Leishmania cause a broad spectrum of diseases collectively called
Leishmaniasis, which represent a serious public health problem worldwide. Its clinical forms
vary from cutaneous leishmaniasis (CL), characterized by tegumentary lesions that can heal
and regress spontaneously, to visceral leishmaniasis (VL), more severe and potentially fatal,
if not treated [1].
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VL is an important zoonosis caused by parasites of the Leishmania donovani complex (L. donovani
in India and Central Africa and L. infantum in America, Middle East, Central Asia, China, and
the Mediterranean Basin) [2, 3]. It is present in 98 countries but, although widely distributed,
more than 90% of cases are restricted to India, Bangladesh, Sudan, South Sudan, Ethiopia, and
Brazil [4, 5]. In the Americas, dogs are considered the main reservoir of the parasites, as well as
an important link for the maintenance of the infection in the urban environment [6] (Figure 1).

Leishmania species have a complex life cycle, alternating between a permissive insect vector
and a susceptible vertebrate host [8]. The transmission of the parasite occurs through the
bite of an infected female sandfly, belonging to the genus Phlebotomus, in the Old World, or
Lutzomyia, in the New World [9]. Once inside the vertebrate host, the promastigote forms
inoculated by the insect will be phagocytosed by macrophages, transforming into amasti-
gotes. After extensive multiplication, the amastigotes increase in quantity until the cell rup-
tures, leading to infection of other phagocytic cells, continuing the cycle [10].

Other forms of transmission have already been reported, such as vertical and/or sexual trans-
mission [11], non-vector hematogenous [12, 13], and through other vectors, such as Rhipicephalus
sanguineus [14], but their role in the maintenance of the disease is not totally clear yet.

In epidemiological terms, the dynamics of disease transmission is very complex and depends
on several factors, such as the socioeconomic status of the population (poor living conditions,
malnutrition), climate and environmental changes (which leads to sandfly adaptation and
spread), host—parasite relationship (immunocompromised individuals, evasion mechanisms
employed by the parasite), and population mobility (international travels and/or migration
from non-endemic areas to endemic areas), which means that there may be differences in the
pattern of disease spread, depending on the place [8, 15-18].

3 ¥ Unregistersd autnchithonows cases B P
e - Not rated or not availsbis
Il Eodemc svss o outboeids
B o new cases

Figure 1. Status of endemicity of visceral leishmaniasis worldwide, 2015. Source: Adapted from WHO (2015) [7].
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2. Therapeutic modalities for VL

2.1. Chemotherapy

Despite its importance for both human and animal health, there are few therapeutic options
for VL treatment. The bases of therapeutic protocols in humans are the pentavalent antimoni-
als (sodium stibogluconate and meglumine antimoniate), but the need of hospitalization and
the severe side effects caused by its administration leads to high dropout rates among the
patients, which contributes for parasite resistance in case of disease relapse. Although widely
used, the mechanism of action of antimonials is still poorly understood [19, 20].

As a second-line drug, amphotericin B was initially recommended for patients who did not
respond to the treatment with pentavalent antimonials. It presents high cure rates, efficacy,
and safety, but, once again, needs prolonged hospitalization, for close monitoring of renal
functions, and has some adverse effects, such as fever and chills [21, 22].

Miltefosine was the first oral drug used for VL cases, which simplified the treatment in several
aspects. It was originally designed for breast cancer and other solid tumors, but the gastroin-
testinal side effects limited its use [23, 24]. In vitro and in vivo evidences of the antileishmanial
activity of miltefosine [25-27] conducted in clinical trials in humans and its release for the
treatment of human VL in many countries [28-30]. However, it should not be used in preg-
nant women due to its teratogenic effect [23]. Besides that, its indiscriminate use, incomplete
treatment, and the long half-life of the drug has increased the cases of parasitic resistance,
which represents a serious concern [31].

Other drugs are commonly used as therapeutic alternatives for VL, such as paromomycin,
pentamidine, and sitamaquine. However, all have variable side effects or cure rates lower
than the reference drugs [22, 32-36].

In general, all available drugs have problems related to toxicity and high costs, which hinders
the treatment of Leishmaniasis, especially in poor and developing countries, where the great
majority of the cases are concentrated [8]. For this reason, it is of great importance the adop-
tion of strategies for the search and development of new candidate drugs. In this context, we
emphasize the emergence of phytotherapy as a promising therapeutic alternative, since the
use of natural products is widely disseminated in the population [37]. Therefore, it is neces-
sary to combine the empirical knowledge with researches, with the aim to scientifically prove
the therapeutic effects of plants—crude extracts, fractions or isolated substances—against
Leishmania species, especially the causative agents of VL.

2.2. Phytotherapy

Medicinal plants are defined as those administered to man or animals, by any routes, that exert
some therapeutical activity [38]. Plants are used as sources of new compounds throughout the his-
tory of mankind and, even today, serve as basis of many products used in the medical routine [39].

The use of medicinal plants has become, especially in developing countries, an alternative
to traditional health services, both in rural areas, deprived of public health resources, as in
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urban areas, as an option or as a complement to allopathic medication [40]. This tradition has
been passed on to the populations in every generation, and is configured as a new science, the
phytotherapy [41].

In countries with a great diversity of flora, such as Brazil, there is a great potential for the
rational exploitation of plant resources and for the diffusion of herbal practices. Such prac-
tices are able to generate benefits both in the cultural point of view such as contributions to
the scientific validation of the use of plant species [42, 43], since many of these are consumed
without their pharmacological properties are, in fact, known [44].

The scientific community reveals a growing interest in this field, recognizing the true health
benefit that plants provide [45]. The World Health Organization itself recognizes that the
solution to combating numerous diseases, especially the so-called “neglected diseases,” lies
in the traditional knowledge and in the development of new drugs derived from biodiversity
products [46].

Historically, experiments with the use of plants in medicine with therapeutical and healing
purposes have been reported, which demonstrates that man began to use plants not only as
food but also as a therapeutic resource for many diseases. Currently, many plant drugs are
pointed out and described as viable alternatives in the treatment of many diseases [47], pro-
gressively abandoning empirical use based on experiments, starting for rational use based
on iatrochemistry [48], based on the evident undesirable effects of some synthetic drugs [49].

Tagboto and Townson [50] describe as challenging the path of validation of the use of natu-
ral drugs and this includes not only the discovery of new drugs, but also the certification of
products already used, culminating in the preservation of biodiversity. These authors report
that, due to the widespread use of natural drugs being used, especially in underdeveloped
countries, there was a need for certification of these products, and that due to these reasons,
in 2000, the World Health Organization created a demand in order to qualify and regulate
with scientific bases some medicines whose principles are already known, as well as empirical
ones, in order to identify new possibilities within pharmacognosy.

3. Alternate therapies—mechanism of action

3.1. Immunomodulation by antileishmanial plant products

The immunological condition of a patient infected with Leishmania represents a determinant
point for a favorable treatment. In visceral leishmaniasis, the immune system is markedly shaken
by secondary infections and other opportunistic infections associated with the clinical picture of
the disease, which emphasizes the need for drugs that not only favor immune recovery but also
present a leishmanicidal action [51]. The modern medicine has changed the focus regarding the
treatment of several diseases, such as neoplasms and infectious diseases. Traditionally, the drugs
were developed to act directly on the microorganisms or neoplastic cells, but now, the main goal
is to strengthen the body’s defenses. Plants have several secondary metabolites, for example,
flavonoids, polysaccharides, lactones, alkaloids, diterpenoids, and glycosides that may activate
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the immunological system [52]. Regarding leishmaniosis treatment, Chouhan et al. [53] describe
the use of medicinal plants as an alternative for modulating the patient’s immune response as
an effective device in therapy. A combination of miltefosine and nanoparticles of curcumin dis-
played lymphocyte proliferation and increased the phagocytic capacity of peritoneal macro-
phages. This effect was attributed to curcumin [54]. A substance isolated of Casearia arborea, tricin,
was able to modulate the respiratory burst, which favors the parasite elimination [55].

Awareness of the importance of modulating the immune system has been a crucial point in
the prevention and treatment of various diseases, and for this reason, the immunomodulatory
properties of plants have been extensively explored so that researchers seek not only to affect
the permanence of the pathogen but also have sought to boost both the patient’s natural and
adaptive defenses [56, 57]. This fact was observed by Almeida-Souza et al. [58], demonstrating
a hypothesis that determines compounds obtained by different extraction methods can favor
the increase of mediators such as nitric oxide (NO), increasing the functions and abilities of
macrophages in the elimination of amastigote forms.

3.2. Reactive oxygen species generation

Against obligate intracellular parasite, macrophages use various mechanisms of action to con-
trol infection, as the induction of reactive oxygen and nitrogen species. Hydrogen peroxide is
a major source of hydroxyl radicals and other reactive oxygen species, which macrophages
produce in greater quantities [59, 60]. Among reactive nitrogen species, nitric oxide (NO) has a
potent microbicide effect against intracellular parasites, such as Leishmania [61]. NO is a freely
diffusible gas produced by the activity of inducible NO synthase (iNOS) enzyme by the con-
version of L-arginine to L-citrulline. iNOS is induced by various pro-inflammatory factors such
as cytokines or endotoxins [62]. In its short life, NO acts directly on pathogens by inhibition of
proliferation, DNA mutagenesis, disruption of [FeS] clusters, metabolic blockade, and inactiva-
tion of virulence factors or molecules associated with infectious pathogens [63]. The functions
of NO also include immunostimulatory (pro-inflammatory) effects that together with antimi-
crobial activity contribute to the killing of intracellular Leishmania as previous reported [58].

3.3. Apoptosis-inducing potential

The mechanism of action of leishmanicidal drugs is not well elucidated. It has been reported
that both conventional drugs and some plants extracts used in the treatment of visceral leish-
maniasis may induce a phenomenon like apoptosis in the parasite. The ethanolic extract of
seeds and leaves of Azadiracta indica [64] and essentials oils of Artemisia campestris and Artemisia
herba-alba [65] act as an apoptosis inductor in promastigotes of L. donovani and L. infantum,
respectively.

4. Plants with antileishmanial properties

The available drugs against leishmaniasis do not always present a satisfactory result and have
been shown as an expressive challenge for current treatment protocols [66]. Many plants that
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Plant Part of plant  Preparation Species Reference
Withania somnifera Leaves; whole  Alcoholic fractions F5 and F6; L. donovani Chandrasekaran et al. [68]
plant z?rbalcettis(; ;rl:g;anohc extract Kaur et al. [73]
Sharma et al. [74]
Inula chritmoides Not cited Acetone and dichloromethane L. infantum Oliveira et al. [75]
extracts
Casearia arborea Leaves Methanolic extract L. infantum Santos et al. [55]
Curcuma longa Rhizome Oral formulation based on L. donovani Tiwari et al. [54]
nanoparticles
Spergularia rubra Not cited Acetone and dichloromethane L. infantum Oliveira et al. [75]
extracts
Ocimum sanctum Leaves Ethanolic extract L. donovani Bhalla et al. [76];
Kaur et al. [73]
Cocos nucifera Husk fiber Aqueous extract L. donovani Bhalla et al. [76]
Sterculia villosa Bark Methanolic extract L. donovani Das et al. [77]
Coccinia grandis Leaves Extract L. donovai Pramanik et al. [78]
Das et al. [79]
Morinda citrifolia Fruits Aqueous extract L. chagasi Almeida-Souza et al. [80]
Fruit juice
Solanum tuberosum Tuber Sodium bisulphite extraction L. donovani Paik et al. [81]
Paik et al. [82]
Moringa oleifera Flower Ethyl acetate fraction L. donovani Singh et al. [83]
Azadirachta indica Leaves and Ethanolic fraction and ethyl L. donovani Chouhan et al. [84];
seeds acetate fraction Dayakar et al. [85]
Croton caudatus Leaves Hexanic extract L. donovani Dey et al. [86]
Artemisia annua Leaves and n-hexane fractions L. donovani Islamuddin et al. [87]
seeds Islamuddin et al. [88]
Asparagus racemosus ~ Whole plant ~ Tablets L. donovani Kaur et al. [89]
Sachdeva et al. [90]
Syzygium aromaticum  Flower Essential oil L. donovani Islamuddin et al. [91]
Croton cajucara Leaves Essential oil L. chagasi Rodrigues et al. [7]
Solanocia mannii Leaves Extract L. donovani Hubert et al. [92]
Solanum torvum Leaves Extract L. donovani Hubert et al. [92]
Coriandrum sativum Seeds Oleoresin L. chagasi Rondon et al. [93]
Lippia sidoides Not cited Essential oil L. chagasi Rondon et al. [93]
Copaifera reticulata Seeds Essential oil L. chagasi Rondon et al. [93]
Spondias mombin Aerial parts Ethanolic extract (Sm3 L. chagasi Accioly et al. [94]
fraction)
Annona squamosa Leaves Alkaloid and acetogenic L. chagasi Vila-Nova et al. [95]

extract
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Plant Part of plant  Preparation Species Reference

Annona muricata Seeds Alkaloid and acetogenic L. chagasi Vila-Nova et al. [95]
extract

Aloe vera Leaves Extract L. infantum Rondon et al. [96]

Coriandrum sativum Seeds Extract L. infantum Rondon et al. [96]

Ricinus communis Leaves Extract L. infantum Rondon et al. [96]

Valeriana wallichii Root Methanol and chloroform L. donovani Ghosh et al. [97]
extracts

Momordica charantia Fruit Crude extract L. donovani Gupta et al. [98]

Kalanchoe pinnata Leaves Aqueous extract L. chagasi Gomes et al. [99]

Allium satioum Bulb Methanolic extract (fraction L. donovani Sharma et al. [74]
G3)

Piper betle Leaves Methanolic extract and L. donovani Misra et al. [100]

essential oil

Nyctanthes arbor-tristis Leaves Methanolic extract (fraction L. donovani Poddar et al. [101]
calceolariosidea)
Aloe vera Leaves Exudate L. donovani Dutta et al. [102]
Tinospora sinensis Powdered Ethanolic extract L. donovani Singh et al. [103]
stem
Chenopodium Aerial parts Essential oil L. donovani Manzote et al. [104]

ambrosioides

Annona crassiflora Stem bark Exanolic and ethanolic extract L. donovani Mesquita et al. [105]
Himatanthus obovatus ~ Root wood Exanolic and ethanolic extract L. donovani Mesquita et al. [105]
Guarea kunthiana Roots Exanolic and ethanolic extract L. donovani Mesquita et al. [105]
Cupania vernalis Leaves Exanolic and ethanolic extract L. donovani Mesquita et al. [105]
Serjania lethalis Root bark Exanolic and ethanolic extract L. donovani Mesquita et al. [105]

Table 1. Antileishmanial activity of plants against visceral leishmaniasis.

present anti-infectious characteristics have been studied for the careful detection of new active
compounds isolated [67] of antiparasitic action and also as immunomodulators, so that they
are shown as a collection of bioactive compounds for the optimization of the treatment of
leishmaniasis [68], as well as the presence of active compounds belonging to several chemical
groups [69-71], such as flavonoids, isoflavonoids, saponins, alkaloids, sesquiterpenes, polysac-
charides, tannins, indoles, and glucans [72].

Much information about plants and formulations employed in popular medicine is contained
in the literature, and based on this information, new constituents have been successfully per-
fected and clinically tested, correlating traditional and modern medicine, combining science
and empiricism (Table 1). Traditional medicine is based primarily on personal experience,
with the use of compounds not yet fully validated, requiring complementary evidence to
become safe and effective [106].
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5. Conclusion

The drugs available for the treatment of visceral leishmaniasis have adverse effects, a high cost,
and, in addition, parasitic resistance is frequent. These facts are a challenge for modern science,
which uses traditional medicine as a research source to find a compound that is effective and has
minimal side effects. Many studies have been carried out, but the results obtained are not very
encouraging. Most of the plants studied did not present leishmanicidal effect but the immuno-
modulatory effect has often been emphasized. Summarizing, data in the literature show that the
substances obtained from the study of plants may be excellent allies in the treatment of leishmani-
asis because they have immunomodulatory effects, but none has a direct effect against the parasite.
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Abstract

Leishmaniasis is considered an emerging, uncontrolled disease, and is endemic in 98
countries. Annually, about 2 million cases of cutaneous and 500,000 cases of visceral type
leishmaniasis are recorded, and 60,000 persons die from the disease. In Mexico, cutane-
ous leishmaniasis is known as chiclero’s ulcer and is reported in 22 states; it is considered
a health problem. For its treatment, pentavalent antimonial drugs are administered; these
drugs cause severe side effects, are costly, and drug-resistant cases have been reported
and have been developing for >70 years. One alternative to the drugs that are currently
available is to find active molecules in medicinal plants; dihydrocorynantheine, corynan-
theine, and corynantheidine are active against Leishmania major, while harmane, pleiocar-
pin, buchtienin, luteolin, and quercetin are active against L. donovani. In Mexico, about 20
medicinal plants have been evaluated against L. mexicana, among which the most active are
Tridax procumbens, Tridax procumbens, Pentalinon andrieuxii, Lantana camara, Schinus molle,
and Prosopis laevigata. From some of these plants, active compounds with IC, <30 ug/mL
or uM have been isolated, such as 3(S)-16,17-didehydrofalcarinol or Oxylipin, choles-
tra-4,20,24-trien-3-one or pentalinosterol, 24-methylcholest-4-24(28)-dien-3-one, cholest-
4-en-3-one, 6,7-dihy-droneridie-none, neridienone, cholest-5,20,24-trien-33-0l, and
isocordoin. Today, the only pentalinonsterol has been synthesized and assayed in the
visceral leishmaniasis experimental model using BALB/c mice infected with L. donovani.
Liposome formulation of this compound administered by intravenous route at 2.5 mg/kg
showed a significant reduction of parasite load in mouse liver and spleen.

Keywords: active extracts, leishmaniasis, leishmanicidal activity, natural compounds,
Mexican medicinal plants
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Leishmaniases as Re-emerging Diseases

1. Introduction

Leishmaniasis is caused by about 20 species of the protozoan parasite of the genus Leishmania.
It is classified by the World Health Organization (WHO) as an emergent category one, uncon-
trolled disease, and it comprises one of the six most important tropical diseases, with 0.9-1.6 mil-
lion new cases annually and 20,000-30,000 deaths. The Leishmania infection exhibits three main
clinical manifestations: cutaneous, mucocutaneous, and visceral. It is endemic in 98 developing
countries (tropical and subtropical regions) and is more frequent in males. Today, it is estimated
that there are 12 million infected persons (all forms), 350 million of people are at risk, and an
incidence has been reported of 1.5-2 million new cutaneous cases annually [1-4]. Each year,
500,000 cases of the visceral type are reported and 50,000 individuals die from the latter [4]. In
Mexico, cases of leishmaniasis has been reported in 22 states, and it is considered endemic in the
states of Coahuila, Nuevo Leén, Tamaulipas, Veracruz, Tabasco, Campeche, Yucatan, Quintana
Roo, Chiapas, Oaxaca, Guerrero, Michoacan, Jalisco, Nayarit, San Luis Potosi, Morelos, Puebla,
and Hidalgo, where it is commonly known as chiclero’s ulcer [5-8]. For example, in one munici-
pality of the state of Campeche, over a 2-year period, 76% of persons had skin lesions, and were
diagnosed with cutaneous leishmaniasis. In this study, about 89% of cutaneous leishmaniasis is
caused principally by Leishmania mexicana [9]. The most serious clinical manifestation of leish-
maniasis is the visceral form (VL), which it is endemic in Guerrero and Morelos; and 921,273
people are considered at risk to be infected [10]. Recently, cases of leishmaniasis co-infection
with HIV/AIDS have been reported, which have a poor prognosis. This co-infection has world-
wide distribution and has been recorded in 35 countries. Infection by this parasite depends in
great measure on the state of the host’s immune system. Other risk factors that favor its dissemi-
nation are socioeconomic condition, migration, deforestation, and urbanization [3, 8].

Currently, treatment of leishmaniasis employs first-line drugs such as sodium stibogluconate
(commercially known as Pentostam) and meglumine antimoniate (commercially known as
Glucantime), and other options (second-line drugs) are pentamidine isothionate (commer-
cially known as Pentamidine), amphotericin B, (Fungizone or Ambisome), miltefosine, and
paramomycin sulfate (Aminosidine), although this latter option is not widely utilized in
Mexico and is not effective when administered orally [11]. Even when administered in combi-
nation, the effectiveness of the drugs is less than optimal [12, 13].

Antimonial pharmaceuticals (pentostam, glucantime, and pentamidine) were developed
>70 years ago, and are continue to be used to treat leishmaniasis. Some of these have not
been effective due to the drug resistance developed by the parasite [2, 8, 14, 15], in addition
to the scarce development of this drug type. These substances have severe side effects, such
as kidney failure, acute pancreatitis, myalgia, teratogenicity, peripheral neuropathy, hepa-
totoxicity, and cardiotoxicity (cardiac arrhythmia), in addition to the fact that treatment is
prolonged (>30 days) depending on the patient’s immunity. Drug administration is by the
parenteral route, some of these drugs are expensive, and they are not always effective due
to the parasite’s resistance. Sometimes, the patient has no access to health systems, and these
drugs cannot be utilized in patients with kidney, hepatic, or cardiac failure, or in those with
tuberculosis [8]. An alternative for the treatment of leishmaniasis is to find molecules active
in medicinal plants that serve as active principles for the development of new pharmaceutical
preparations.
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In the present text, an exhaustive bibliographic research (from 2001 to 2018) was carried
out on leishmanicidal activity from the extracts and/or compounds obtained from Mexican
medicinal plants against several Leishmania spp. in vivo and in vitro assays. The main scientific
sources consulted were the Scopus and PubMed databases. Regarding this subject, we found
56 references. The keywords employed included: medicinal plants, Mexican medicinal plants,
anti-leishmanial activity, and natural compounds.

2. An overview of the leishmanicidal potential of medicinal plants
and compounds isolated from these

The development of drugs to treat parasitic diseases such as leishmaniasis has been scarce,
due to the fact that these diseases are more often present in developing countries, and because
the pharmaceutical industry does not receive high profits since it must develop low-cost med-
ication that will be accessible to a population with a low socioeconomic condition [7, 15]. In
this regard, the WHO has emphasized the urgent need to develop new drugs for the treat-
ment of leishmaniasis [4]. An alternative to synthetic drugs is the search for active molecules
from natural sources, such as the medicinal plants used in the treatment of leishmaniasis in
ancient times. In this regard, medicinal plants biosynthesize several secondary metabolites,
which constitute an important source of leishmanicidal agents [7, 16].

Natural products have been an important role in current therapy; between the years 1981-2006,
1184 novel drugs with a natural origin were obtained, and 28% of these derived from plants.
On the other hand, 24% of the new synthetic drugs have as a base molecule or are derived from,
active molecules obtained from medicinal plants [8-17]. Another report states that between the
years 2000-2005, 23 new natural-origin drugs were introduced into the market, all of which
exhibited structural and biological diversity. Therefore, natural products constitute an immea-
surable wealth of chemical structures that has been and continues to be an important source
of new drugs and that constitutes prototype molecules for the development of new active sub-
stances [18-20]. Some examples of the active agent obtained from medicinal plants utilized
in current therapy are paclitaxel (isolated from Taxus brevifolin), camptothecin (isolated from
Camptotheca acuminata), and vinblastine and vincristine (isolated from Catharanthus roseus);
artemisinin, isolated from Artemisia annua; this compound is employed in malaria treatment.

Regarding the development of active compounds against Leishmania spp., to date only four
molecules are potential candidates for the development of anti-leishmanial drugs (these sub-
stances are in phase I/II research) and include the following: miltefosine (an alkylphospho-
lipid) that has been used in India since 2002, that was authorized for use in Colombia in 2005,
and is in clinical phase research to determine its possible global use [2]; paromomycin (an
aminoglycoside); 8-aminoquinoline; sitamaquine, and berberine (the latter, an alkaloid of veg-
etable origin, isolated from Beberis vulgaris). This latter compound has been utilized against
this disease for >50 years and has demonstrated its activity both in vitro and in vivo [8, 20-24].

Recently, some secondary metabolites, such as quinones, naphthoquinones, lignans, neolig-
nans, alkaloids (quinolines, isoquinoline, steroidal, and indole analogs), phenolic derivatives
(chalcones and flavonoids), and terpenes (iridoids, sesquiterpenes, diterpenes, triterpenoids,
and saponins) have been reported to possess leishmanicidal activity [23, 25-28]. Among these,
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some alkaloids isolated from plant species have exhibited significant in vitro leishmanicidal
activity. Some examples of these are isoguattouregidine, an indole alkaloid isolated from
Guatteria foliosa, with a mean inhibitory concentration (IC, ) = 100 ug/mL against L. donovani and
L. amazonensis, and coronaridine (isolated from Peschirea australis), which an IC_ =12 ug/mL
against L. amazonensis. In addition, indole alkaloids (dihydrocorinanteine, corinanteine, and
corinanteidine), which were isolated from Corynanthe pachyceras, were active against Leishmania
major with an IC_~30 uM. Other indole alkaloids, including harmane, pleiocarpin, and
buchtienin, which are isolated from the bark and leaves of Kopsia griffithii, were active against
promastigotes of L. donovani, demonstrating IC, =6.25, 2, and 1.56 ug/mL, respectively [26-29].
The main disadvantage is that these alkaloids have been evaluated against different strains
of Leishmania and on different growth stages, and none of these compounds, to our knowl-
edge, is currently under clinical investigation. Other active alkaloids, such as ramiflorines A
and B (isolated from Aspidosperma ramiflorum) showed a median lethal dose (LD, ) = 16.3 and
4.9 ug/mL against L. amazonensis promastigotes, respectively [26]. The alkaloid 4-hydroxy-
1-tetralone (isolated from Ampelocera edentula bark) was active against L. braziliensis, L. amazo-
nensis, and L. donovani promastigotes, with an IC_ =10 ug/mL [30].

In addition, the in vitro activity of other two medicinal plant extracts, such as Ambrosia miratima
and Acacua nilotica with 1C,; < 8 ug/mL [31] have been reported; however, no compounds
responsible for activity have been isolated from these active plant species. The ethanol extract
and the dichloromethane and chloroform fractions from the leaves of Azadirachta indica pre-
sented IC, =38, 3.9, and 1.2 ug/mL against promastigotes of L. amazonensis, respectively, and
against amastigotes, IC,; was 9.8, 1.1, and 0.6 ug/mL [16].

The tormentic acid-rich fraction, 2a,3p-dihydroxyursan-12-in-28-oic acid,2a,3p-dihydroxyolean-12-
in-oic acid, ursolic acid, and oleanolic acid from Pourouma guianensis were active against L. ama-
zonensis promastigotes, showing an IC, = 100 ug/mL; in addition, ursolic acid, and oleanolic
acid were also very active against intracellular amastigotes (IC,, = 27 and 11 ug/mL, respec-
tively). These compounds were more active than glucantime (IC,; = 83 ug/mL) [23]. In addi-
tion, review described that the flavones luteolin and quercetin (isolated from Vitex negundo and
Fagopyrum esculentum, respectively) were active against L. donovani amastigotes, with IC_ =12.5,
and 45.5 uM; the chalcone identified as licochalcone A (isolated from Glycyrrhiza spp.) showed
an IC, =0.9 ug/mL (2.7 uM) against L. donovani amastigotes and against L. major promastigotes,
demonstrating an IC, =7.2 ug/mL (21 uM). Also, 2',6"-dihydroxy-4-methoxy chalcone (isolated
from Piper aduncum) inhibited the growth of promastigotes and intracellular amastigotes of L.
amazonensis; median effective doses were 0.5 pg/mL (1.9 pM) and 24 ug/mL (89 uM), respec-
tively. The nanoparticle polymeric formulation of this compound (440 ug) was administered
during 42 days to BALB/c mice infected with L. amazonensis; the results revealed that this formu-
lation reduced their skin ulcers by 53%, while the pure compound reduced ulcers by only 23%
[27, 32]. A glucosecoiridoid, identified as amarogentin (isolated from Swertia chirata), was tested
in an in vivo model (hamster), together with two formulations (liposomal and niosomal) in mice
infected with L. donovani; the niosomal-amarogentin formula reduced the parasitic load by 90%
in the spleen of the treated animals and was more efficacious than the liposomal amarogentin.
Both of these formulations can be good candidates for developing leishmanicidal drugs [27, 33].

Plumbagin, a naphthoquinone isolated from the bark of Pera benensis and from some spe-
cies of the genus Plumbago, resulted active against L. donovani promastigotes and intracellular
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amastigotes (IC,, = 0.21 uM); also, against intracellular amastigotes of L. donovani and L.
amazonensis, with IC, = 0.42 and 1.1 ug/mL, respectively. In vivo studies have demonstrated
that plumbagin delayed the development of L. amazonensis and L. venezuelensis infection and
exhibited good activity at 2.5-5 mg/kg/day, respectively. Local treatment of a simple lesion
with 8,8"-biplumbagin resulted in a better treatment than that of glucantime (reference drug).
In addition, plumbagin and 8,8"-biplumbagin were very active against L. amazonensis amasti-
gotes and against L. brazilensis (2903), L. amazonensis (PHS8, H-142), and L. donovani (2682 and
HS70) promastigotes, demonstrating values of IC, =5 ug/mL [27, 34-37].

Saponins mesabalide III and mesabalide VI (obtained from Maesa balansae), were very active
against intracellular amastigotes of L. infantum (IC,; = 7 and 14 ng/mlL, respectively) but,
despite exhibiting significant leishmanicidal activity, these compounds are highly cytotoxic;
thus, they are not candidates for continued research. The steroidal saponin racemoside A
(isolated from Asparagus racemosus) induced apoptosis in L. donovani promastigotes and amas-
tigotes and showed values of IC, = 1.31 and 0.61 ug/mL, respectively [27]. a- and B-Hederine
and hederacholchiside A (obtained from Hedera helix) demonstrated leishmanicidal activity;
hederacholchiside A was more active, with an IC,; = 1.2 and 0.053 uM against Lleishmania
infantum promastigotes and intracellular amastigotes, respectively [26]. Diospyrin (isolated
from Euclea natalensis) was active against L. donovani promastigotes at 0.1 pg/mL. This com-
pound is a specific inhibitor of the parasitic topoisomerase [38, 39].

3. Extract and pure compounds obtained from Mexican medicinal
plants active against Leishmania spp.

In Mexico, some unconventional treatments as cauterization with copper sulfate are rou-
tinely used to treat leishmaniasis. Employing hot automobile engine oil, red-hot coins, red
metal utensils, hot animal bones, or a hot light bulb directly applied as thermotherapy are on
the ulcer as thermotherapy; also, cryotherapy, which consists of placing ice on the wound is
applied. Both therapies are used in Mexico and in some regions worldwide [22]. Antibacterials
as penicillin or antifungal creams (such as miconazole, ketoconazole, or itraconazole) are
applied on the lesion [40]. Mexican patients have also used acetic acid, boric acid, sulfuric
acid (car battery acid), formalin, alcohol, hydrogen peroxide, wire and copper sulfate, among
other remedies [22, 42]. While these methods only deform and accentuate the inflammation,
patients continue to employ these approaches without knowing that they are dealing with a
parasitosis, which requires professional medical care.

On the other hand, some plants are routinely used in Mexico to treat the skin lesions caused
by Leishmania [22, 41, 42]. To date, there are scarce studies that explore theirs in vitro and/or in
vivo leishmanicidal activity. Peraza-Sanchez et al. [42] described an in vitro evaluation of the
methanolic extracts from 18 medicinal plants from the southeastern state of Yucatan, Mexico
against L. mexicana promastigotes; these authors found that the extracts of Aphelandra scabra
(leaves), Byrsonima bucidaefolia (bark), Byrsonima crassifolia (bark), Clusia flava (leaves), Cupania
dentata (bark), Diphysa carthagenensis (leaves), Dorstenia contrajerva (complete plant), Milleria
quingueflora (root), Tridax procumbens (complete plant), and Vitex gaumeri (bark) were the most
active, exhibiting IC, values of <50 pug/mL. The same investigation group assayed 15 samples
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(extracts, fractions, and some pure compounds) obtained from Urechites andrieuxii (syn.
Pentalinon andrieuxii), Colubrina greggii, Dorstenia contrajerva, and Tridax procumbens. One com-
pound, identified as NCG-5C, and the fraction DCG-3A (with low polarity) obtained from C.
greggii and the low-polarity fraction TPZ-24 obtained from T. procumbens, were the most active
against L. aethiopica promastigotes; these samples demonstrated LD, =62.4,7.2,and 18.5 ug/mL,
respectively, while LD, against amastigotes was 94.2, 27.1, and 95.2 ug/mL, respectively. In
this study, it is also evaluated the same extracts and pure compounds against L. major and
L. tropica, but these samples exhibited poor activity [1]. The methanol extract of T. procum-
bens and the compound identified as 3(S)-16,17-didehydrofalcarinol or oxylipin (1) inhibited
the growth of L. mexicana promastigotes, showing IC_ = 3 and 0.478 ug/mL, respectively.
In addition, pure oxylipin (1) was active against the intracellular amastigotes of L. mexicana
[43, 44]. Gamboa-Leon et al. [45] described that the methanol extract of the T. procumbens
(complete plant) mixed with the lyophilized aqueous extract of Allium sativa (bulbs) signifi-
cantly reduced skin lesions caused by L. mexicana promastigotes (Hd18-MHET/MX/97/Hd18)
in female CD-1 mice treated during 2 weeks with this mixture. Individually, these extracts
also reduced the formation of lesions in a lower percentage than the mixture. These authors
also described that the methanol extract from U. andrieuxii (syn. P. andrieuxii) leaves and roots,
collected in Champotdn, Mexico (Collection I), was the most active against promastigotes of
L. braziliensis, of L. amazonensis, and of L. donovani [42] and was also active against L. mexicana
promastigotes [46, 47]. The hexane fraction obtained from the methanol extract of P. andrieuxii
roots was evaluated in an in vivo model for cutaneous leishmaniasis in male C57BL/6 mice
infected with L. mexicana promastigotes. Topical application of 10 ug of the hexane fraction
for 6 weeks significantly reduced the size of the lesions with respect to the vehicle. This frac-
tion also inhibited the growth of L. mexicana in vitro condition, showing an IC, = 43.04 ug/mL,
while against macrophages infected with L. mexicana amastigotes, it exhibited an IC_ = 4.1 ug/
mL, and in dendritic cells infected with L. mexicana amastigotes the IC_ value was 11.06 ug/
mL [48].

From the active hexane fraction (obtained by partition from active methanol extract) of the U.
andrieuxii roots (syn. P. andrieuxii), the following compounds were isolated: cholestra-4,20,24-
trien-3-one or pentalinosterol (2); 24-methylcholest-4-24(28)-dien-3-one (3), cholest-4-en-3-
one (4),6,7-dihydroneridienone (5), and neridienone (6). All compounds (2-6) inhibited the
growth of L. mexicana promastigotes, showing an IC,, of <30 uM; pentostam was used as
positive control (IC,,=346.1 uM). All of these compounds, together with cholest-5,20,24-trien-
3p-ol (7), were active against L. mexicana amastigotes (IC,, < 14.5 ug/mL) in the in vitro assay
[49]. The most active compound was cholest-4-en-3-one (4), which exhibited an IC; value
of 0.03 uM; all active compounds were non-cytotoxic in healthy bone marrow-derived mac-
rophages (C57BL16 mice), demonstrating an IC,; of >100 ug/mL [48]. In addition, recently,
pentalinonsterol (2) was synthesized and was tested in the visceral leishmaniasis experi-
mental model using BALB/c mice infected with L. donovani. Pentalinonsterol (2.5 mg/kg) was
administered by intravenous (IV) route in liposome formulation; this compound showed a
significant reduction of parasite load in mouse liver and spleen, and it is a candidate for the
development of a new leishmanicidal drug [50]. In addition, betulinic acid (8) has been iso-
lated from the ethanol extract of P. andrieuxii leaves, but this was inactive against L. amazonen-
sis and L. brazilensis, exhibiting an IC of >200 uM [1].
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The hexane extract from P. andrieuxii roots at 10 pg/mL was very active against L. mexicana
promastigotes (MHOM/MX/84/ISETGS). The effect observed was similar to that of glucantime
(positive control); the parasites were completely destroyed after 100 h of exposure (LD, =6.10
vs. 173.9 pg/mL, respectively). In addition, the extracts of ethyl acetate and ethanol of this
medicinal plant were also tested against L. mexicana but were inactive [51].

The flavone 5, 4-dimethoxy-(6, 7)-2',2"-dimethyl-pyrano-favone (9), isolated from Lonchocarpus
xuul and Lonchocarpus yucatanensis leaves) was active against promastigotes of L. brazilensis
(MHOM/BR/75/M9203), L. donovani (MHOMY/BR/74/PP75), and L. amazonensis (IFLA/BR/67/
PHB8), showing the similar value, an IC, = 5.6 ug/mL. Also, 33,4p-dihydroxy-5-methoxy-(7,6)-2,
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2-dimethylpyranoflavan (10) was isolated from both Lonchocarpus spp. and was tested against
promastigotes of same Leishmania strain. Compound 10 was less active than compound 9, it
showed an IC, = 26.7-40 ug/mL against L. brazilensis and L. amazonensis, respectively, and was
inactive against L. donovani. From Lonchocarpus xuul roots was isolated 2',4’-dihydroxy-3'-(3-
methyl-but-2-enyl) chalcone or isocordoin (11), this compound was active against promastigotes
of the same Leishmania strains (L. brazilensis, L. donovani, and L. amazonensis), showing an IC,,
values of 10, 40, and 26.7 pg/mL, respectively, also, this compound was active against the P-388
cell line with IC_, = 34-57 uM [52]. Isocordoin (11) and 2'4’-dihydroxy-3'-(y,y-dimethylallyl)-
dihydrochalcone or dihydroisocordoin (12), isolated from Lonchocarpus xuul roots were tested
against L. mexicana promastigotes. These compounds showed an IC, = 7.7-66.5 uM, respec-
tively. In this study, some semisynthetic derivatives of these natural compounds were tested;
the acetylated and methoxylated derivative [2',4'-diacetoxi-3"-(3-methyl but-2-enyl)-chalcone (13)
and 2'4'-dimethoxy-3'-(3-methyl but-2-enyl)-chalcone (14)] were the most active, exhibiting an
IC,,=3.10-11.70 uM against L. mexicana promastigotes, these semisynthetic derivates were more
active than natural compounds [53].

o 0
Ht{:" H:C"D OH
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On the other hand, the chloroform and aqueous extracts (successive extracts) from Laennecia
confusa aerial parts and the primary fraction of the chloroform extract demonstrated leish-
manicidal properties. These extracts and fraction presented good activity on L. donovani pro-
mastigotes, with IC, = 20, 20, and 200 ug/mL, respectively, after 72 h of exposure. However,
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these samples (the aqueous and chloroform extracts and the primary fraction from chloro-
form extract) exhibited a cytotoxic effect on human-derived monocyte (THP-1) cells, with
IC,, values of 24.8, 25, and 24.2 pug/mL, respectively [54]. The chloroform extract from Lopezia
racemosa (aerial parts) and the hexane and methanol fractions demonstrated good activity
against L. donovani promastigotes after 72 h incubation. The extract and hexane and metha-
nol fractions reduced parasitic growth by approximately 88% (1 x 10° promastigotes/well).
In addition, the chloroform extract was cytotoxic in macrophages (THP-1) cells, showing an
IC,, =28.58 ug/mL [55]. The author did not describe the active compounds.

The primary fractions (HE 5 and HE 14b) obtained from the hexane extract from the aerial parts
of gallium mexicanum were active against L. donovani promastigotes (1 x 10° promastigotes/well).
The HE 5 sample inhibited the growth of the parasites at 333 ug/mL after 72 h of exposure, and
HE 14b was active at 999 ug/mL. The HE 5 fraction was not cytotoxic (IC_ = 1398 ug/mL), and
the HE 14b fraction was cytotoxic (IC, = 228.5 pug/mL) on the THP-1 cell line [56].

The chloroform and methanol extracts from Echeveria leucotricha reduced the growth of L.
donovani promastigotes in 64-52%; however, these extracts were toxic in the human-derived
monocyte-cell line THP-1. It is important to mention that the author did not describe the con-
centration of the extracts that they evaluated or their LD, values [57].

Recently, 10 medicinal Mexican plants were evaluated against L. amazonensis (MHOM/77BR/
LTB0016) promastigotes and amastigotes. Three of it showed a good activity (with IC,; <30 ug/
mL) against L. amazonensis promastigotes; being the most active Lantana camara (dichloromethane
extract), Schinus molle (dichloromethane and dichloromethane:methanol 1:1 extracts) (SI=5; SI=6,
respectively), and Prosopis laevigata (aqueous extract) (SI =7). The SI =5; SI = 6 extracts of S. molle
showed IC, =15.4 and 29.4 ug/mL, respectively. The dichloromethane extract of L. camara exhib-
ited IC, = 11.7 pug/mL, and the aqueous extract of P. laevigata showed an IC, = 22.8 ug/mL. The
qualitative screening of the extracts revealed the presence of terpenoids in S. molle, the most active
species. In addition, these extracts were cytotoxic against peritoneal macrophages Balb/c mice
with CC, > 186.8 ug/mL. In addition, both extract (dichloromethane and dichloromethane: meth-
anol) of S. molle was active against L. amazonensis amastigotes with IC, = 25.9 and 21.8 ug/mL,
respectively. Also, the dichloromethane extract of L. camara and aqueous extract from P. lnevigata
exhibited IC, =21.8 and 35.2 ug/mL, respectively, against amastigotes of L. amazonensis [58].

Alamilla-Fonseca et al. [59] evaluated Cleoserrata serrata dichloromethane: methanol (1:1)
extract. This Mexican medicinal plant is used in South-Central Mexico to treat skin infections
and wounds. The extract showed activity against the L. mexicana amastigotes at the concentra-
tion of 10 pg/mL; and against L. mexicana promastigotes, the effect was dose-dependent; in this
case, the author observed 60% of inhibition at 100 pg/mL and 85% of inhibition at 200 pg/mL.
The LD, doses were 23.5 ug/mL for promastigotes, and 6.11 ug/mL for the amastigotes [59].
This extract at 10 ug/mL showed leishmanicidal activity on amastigotes after 4 days of culture
and at 100 pg/mL was leishmanicidal on promastigotes.

4, Conclusion

To date, there are few medicinal species in Mexico that have been evaluated to determine their
leishmanicidal potential; from the studies performed, only seven medicinal species (Tridax
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procumbens, Lonchocarpus xuul, Pentalinon andrieuxii, L. camara, Schinus molle, Prosopis levi-
gate, and Cleoserrata serrata) have demonstrated significant activity in vivo against L. mexicana
and can be considered potential candidates as leishmanicidal sources. From these species,
eight active compounds have been isolated [Oxylipin, Isocordoin, 2',4'-dihydroxy-3"-(y,y-
dimethylallyl)-dihydrochalcone, cholestra-4,20,24-trien-3-one or pentalinosterol, 24-methyl-
cholesta-4-24(28)-dien-3-one, cholest-4-en-3-one, 6,7-dihydroneridienone, neridienone, and
cholest-5,20,24-trien-3B-ol], which have shown an IC, of >30 ug/mL against L. mexicana; how-
ever, the real potential of these are not known, because only pentalinosterol has been synthe-
sized and was tested in an in vivo experimental model using BALB/c mice infected with L.
donovani. In addition, some organic extracts have demonstrated activity against other species
of Leishmania (L. brazilensis, L. donovani, and L. amazonensis), but the compounds responsible
for this activity, to our knowledge, have not been reported. Leishmaniasis is a global health
problem, coupled with drug resistance and the side effects caused by current drugs, which
makes it necessary to redouble efforts to continue investigating other medicinal species in
order to find active compounds that contribute to the treatment of the disease or that serve as
prototype molecules to develop drugs with different mechanism of actions from those cur-
rently employed.
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Abstract

Leishmaniasis is a vector-borne disease caused by Leishmania parasites, which cause a
range of clinical manifestations in man. These are didactically classified into cutane-
ous leishmaniasis (CL), the most common form of the disease, and visceral leishmani-
asis (VL), the life-threatening form. There are so far no vaccines approved for humans.
Conventional drugs pose limitations ranging from low efficacy and high cost to systemic
toxicity. Low efficacy derives in part from difficult drug access to the parasites, which
rides themselves inside macrophage phagosomes. This prompts to high dosage, with
consequent increased toxicity. Difficult intracellular drug access can be overcome with
nanomedicines such as biocompatible lipid and polymeric nanoparticles that can be
phagocytosed by the infected macrophages. Besides cell membranes, appropriate drug
nanostructuring may allow tissue barrier penetration and drug administration through
higher compliance routes such as skin and intestine, in contrast to the usual intravenous
and intramuscular routes. In general, CL and VL are both treated with toxic systemic
injections, disregard of disease severity. This chapter will review and discuss studies
with nanomedicines that have reached the market such as liposomal amphotericin B
for intravenous administration, and innovative preclinical studies aiming at developing
effective cutaneous and oral drugs with focus on CL.

Keywords: Leishmania, cutaneous leishmaniasis, chemotherapy, drug delivery
systems, nanodrugs, liposomes, solid lipid nanoparticles, polymeric nanoparticles,
nanoemulsions

1. Introduction

Leishmaniasis is a complex of neglected tropical diseases (NTDs) caused by intracellular
protozoans of the genus Leishmania, transmitted to humans and other animals by the bite
of infected female phlebotomine sand flies. Once in the vertebrate skin, the flagellated

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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promastigote forms are phagocytosed by local macrophages. Once inside macrophage
phagolysosomes, the parasites survive enzyme digestion, transform into amastigote forms
and multiply. Dermotropic parasite species causing cutaneous leishmaniasis (CL) remain
in the skin, whereas viscerotropic species causing visceral leishmaniasis (VL) migrate to
deeper macrophage-rich organs such as liver, spleen, and bone marrow.

Although not fatal as VL, CL is the most common form of leishmaniasis and a serious pub-
lic health problem. According to the World Health Organization (WHO) estimates, CL is
endemic in 87 countries, with almost 200,000 new cases reported in 2015 [1]. From 2005 to
2013, CL-associated morbidity increased by 175% of disability-adjusted life years (DALYs)
[2]. The impact of CL may be much greater considering the high under-reported cases and
estimation that one fourth of the world population (1.7 billion people) live in area at risk of
infection [3]. In addition, inadequate disease control may promote the progression of CL to
more morbid and undefined subforms, such as diffuse CL and mucosal leishmaniasis (ML).

In the great majority (>90%) of cases worldwide, CL is of the uncomplicated type, with 1-4
localized skin ulcers, not larger than 3—4 cm diameter, with a raised border and central depres-
sion [4]. Even with localized manifestation, current treatment is normally based in the daily
administration of intramuscular or intravenous injections with antimonials, pentamidine, or
amphotericin B for 20-30 days. Besides limited to few drugs, and occurrence of drug resis-
tance, available CL treatment produces unacceptable systemic toxicity [5].

Ideally, CL chemotherapy as proposed by Drugs for Neglected Diseases initiative (DNDi)
should be efficacious against all species, compatible in combination therapy, safe in pregnant
and breastfeeding women, and administered by oral or topical route [6]. However, oral and
topical therapies have shown limited efficacy.

The major challenge in CL treatment is the preferred intracellular parasite location in macro-
phage phagolysosomes. That hinders drug access, making treatment with conventional for-
mulations especially difficult [7].

Thus, the search for new drugs with different mechanisms of action and innovative forms of
drug delivery systems appropriate for the effective treatment of CL is urgently needed. In that
context, nanotechnology has emerged as an interesting strategy to increase drug potency and
reduce toxicity.

Figure 1. Nanoparticle drug delivery to intracellular parasites. A drug-loaded lipid or polymeric nanoparticle (Np,
yellow) reaches the Leishmania-infected macrophage (1). The Np is actively phagocytosed by the infected macrophage
(2). The Np-containing phagolysosome fuses with the amastigote-containing parasitophorous vacuole (3). Drug is
released from digested Np to kill amastigotes (4).
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Nanotechnology consists of the development of systems, structures, or devices in the nano-
metric scale, presenting at least one novel/superior characteristic or property over the origi-
nal [8]. The use of nanostructured particles for drug delivery is a promising strategy due to
their versatility. Besides, they may: (i) protect the drug against physical, chemical, and/or
enzymatic degradation, (ii) enhance the pharmacokinetic properties, and (iii) improve bio-
availability. They may also be functionalized for drug release at a specific site and thereby
reduce systemic toxicity [7]. Furthermore, leishmaniasis is a particularly interesting disease
to be treated with drug-loaded nanoparticles since the parasites almost exclusively infect the
highly phagocytic macrophages. In this way, the infected cells of the skin (CL) or deep organs
(VL) take up the nanoparticulated drug, which will reach the parasitophorous vacuole and
act directly on the parasite (Figure 1). This allows the drug to reach an effective intracellular
concentration, allowing dose and toxicity reduction. Particle uptake may be further increased
with surface functionalization with receptor-binding ligands like mannose or mannan [9].

Interest in designing nanomedicines for CL has grown over the years, as seen by the steady
increase in scientific publications. Several nanosystems, such as liposomes [10-20], solid
lipid nanoparticles [21, 22], lipid complexes [23, 24], lipid-core nanocapsules [25], polymeric
particles [26-31], inorganic nanoparticle [32-35], cyclodextrins complexes [36, 37], and drug
nanoparticles [38] have been tested in vivo by different routes in experimental mouse and
hamster models to improve CL treatment as summarized in Table 1. Of those, only liposomal

Routes Drug Nanosystem Parasite Efficacy Ref

Parenteral Amphotericin B Chitosan and chondroitin L. amazonensis Yes [26]
sulfate nanoparticles

Amphotericin B Poloxamer 407-micelles L. amazonensis Yes [27]
Amphotericin B PLGA-DMSA nanoparticles L. amazonensis Yes [28]
Amphotericin B Liposome L. tropica No [10]
Amphotericin B Liposome (Ambisome®) L. major Yes [11]
Amphotericin B DSHemsPC-liposome L. major Yes [12]
Amphotericin B Nanodisks L. major Yes [23]
Amphotericin B PADRE-derivatized- L. major Yes [13]

dendrimer complexed with

liposome
Chalcone DMC PLA Nanoparticles L. amazonensis Yes [29]
Nanoselenium Inorganic nanoparticle L. major Yes [33]
Paromomycin Solid lipid nanoparticle L. major Yes [21]
Paromomycin Solid lipid nanoparticle L. tropica Yes [22]
Pentamidine Methacrylate nanoparticles L. major Yes [30]
Pentavalent Nanohybrid hydrosols L. amazonensis Yes [38]
antimonial
Sodium Liposome L. mexicana / Yes [14]
stibogluconate

L. major
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Routes Drug Nanosystem Parasite Efficacy Ref

Oral Quercetin Lipid-core nanocapsules L. amazonensis Yes [25]
Meglumine Beta-cyclodextrin L. amazonensis Yes [36]
antimoniate
Meglumine Polarity-sensitive L. amazonensis Yes [24]
antimoniate nanocarrier

Topical Amphotericin B Liposome L. mexicana No [15]
Amphotericin B Gamma-cyclodextrin L. amazonensis Yes [37]
Chalcone CHS8 Liposome L. amazonensis Yes [16]
Paromomycin Liposome L. major Yes [17]
Paromomycin Liposome L. major Yes [18]
Meglumine Liposome L. major Yes [19]
antimoniate
Nanosilver Inorganic nanoparticles L. major No [32]
Nanosilver Inorganic nanoparticles L. major No (34]

Intralesional Amphotericin B Liposome (Ambisome®) L. major No [11]
Chalcone CH8 PLGA microparticles L. amazonensis Yes [31]
Nanosilver Inorganic nanoparticles L. amazonensis Yes [35]
Meglumine Liposome L. major No [20]
antimoniate
Miltefosine Liposome L. major Yes [20]
Paromomycin Liposome L. major No [20]
Paromomycin Solid lipid nanoparticle L. tropica Yes [22]
Sodium Liposome L. mexicana / Yes [14]
stibogluconate

L. major

Note: Chalcone DMC - 2’,6’-dihydroxy-4"-methoxychalcone; Chalcone CH8 — 3-nitro-2’-hydro-4’,6’-dimethoxychalcone;
DMSA - dimercaptosuccinic acid; DSHemsPC - 1,2-distigmasterylhemi-succinoyl-sn-glycero-3-phosphocholine;
PADRE - pan DR-binding epitope; PLA - poly(D,L-lactide); PLGA — poly(lactic-co-glycolic acid); UVB — ultraviolet B

radiation.

Table 1. Experimental studies using nanosystems for CL treatment.

amphotericin B has been approved for human leishmaniasis so far, but that is restricted to VL
and the more severe mucosal form of CL. Additional studies and clinical trials are needed to
validate the potential of those experimental nanomedicines in human CL.

Advances and challenges of nanotechnology use in leishmaniasis treatment, especially for
VL, have been extensively reviewed recently [7, 39, 40]. Here, we attempted to identify some
of the opportunities and challenges of using nanotechnology to improve CL treatment. For

that, mainly in vivo studies were considered.
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2. Systemic therapies

2.1. Parenteral treatments

For more than 70 years, injectable pentavalent antimonials such as meglumine antimoniate
(Glucantime®) and sodium stibogluconate (Pentostam®) have been the first-choice drugs in
most countries. The paucity of new effective drugs in the market is due to lack of invest-
ment/economic interest for the discovery of therapeutic alternatives. The therapeutic regimen
consists of intramuscular or intravenous daily injections for 20-30 days. The long period of
treatment leads to the accumulation of antimony (Sb) in the tissues, producing myalgia, pan-
creatitis, pancytopenia, hepatic and cardiotoxicity [41]. Other limiting factors are drug resis-
tance and increased therapeutic failure [42]. In India, its use in VL has been contraindicated
due to the appearance of resistant L. donovani strains [43].

In Sb-refractory cases, injectable pentamidine, amphotericin B or paromomycin are used.
Pentamidine acts on the DNA synthesis of the parasite and has similar efficacy to antimonials,
but also produces side effects such as hypoglycemia, diabetes, tachycardia, hypotension,
nephrotoxicity and pain at the site of administration [44]. Like antimonials, cases of pentami-
dine resistance have been increasing, compromising their use in many endemic regions [45].

Amphotericin B is a polyene antibiotic mostly used in VL and in the disfiguring CL form,
mucosal leishmaniasis, administered intravenously for 20 days, usually under hospital
admission. This is the most efficacious antileishmanial drug, but it produces serious side
effects due to its low solubility (nephrotoxicity), and secondary affinity not only for the para-
site ergosterol but also for the host cholesterol, causing hypokalemia and cardiotoxicity [5].
Formulations of amphotericin B in lipids have led to a marked improvement in their plasma
solubility and bioavailability. Three lipid formulations are commercially available: unilamel-
lar liposomes (Ambisome®), lipid complex (Abelcet®) and colloidal cholesterol suspension
(Amphocil®). Among these, Ambisome® has the highest plasma half-life, lowest toxicity, and
highest efficacy against VL and CL models [46, 47]. In some countries, Ambisome® is already
recommended as the first-choice drug for the treatment of VL and ML difficult cases. However,
its high cost, the undefined optimum dosing regimen, toxicity, and the greater uptake of lipo-
somes by the liver make its widespread use in the treatment of CL unfeasible [48].

The interest in the administration of nanosystems by parenteral routes has been increased,
mainly for VL, since they increase the drug bioavailability and depending on the charge, size
and composition accumulate preferentially in organs such as liver. In addition, nanosystems
can be conjugated to biological compounds, such as peptides, antibodies and mannose, favor-
ing their targeting to macrophages [9]. Thus, even with the dose reduction, the encapsulated
drugs present greater efficacy and reduction of toxic effects. To date, most experimental stud-
ies are conducted parenterally that include chitosan and chondroitin sulfate nanoparticles,
Poloxamer 407-micelles, PLGA-DMSA nanoparticles, PADRE-derivatized dendrimer com-
plexed with liposomes, PLA nanoparticles, solid lipid nanoparticles, methacrylate nanoparti-
cles, and liposomes (Table 1). Since amphotericin B is currently the most potent antileishmanial
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agent, most studies have used it in order to improve its specificity and reduce its adverse
effects [10-12, 23, 26-28]. Despite the promising effects of nanomedicines obtained so far,
Ambisome® remains the only nanomedicine approved for leishmaniasis parenteral treatment.

Another interesting strategy in the treatment of CL is the use of inorganic nanoparticles, such
as nanoselenium, nanosilver and nanotitanium dioxide. Despite the promising efficacy of
injected nanosilver [35] and nanoselenium [33] in CL models, the use of nanosilver by topical
route was ineffective [32, 34], probably due to the lack of nanoparticle permeation through the
infected skin, since those particles were directly active against culture parasites. Nanosilver
may act directly on the Leishmania parasite by different mechanisms including: (i) increased
cell cycle S phase length; (ii) inhibition of trypanothione/trypanothione reductase (TR) redox
system; and (iii) cell necrosis [49].

The experimental parenteral routes are normally intravenous or intraperitoneal, the latter
not applicable in clinical usage. An important issue to be considered when nanoparticles are
intravenously injected is the possibility of thrombosis induction [50]. However, small and
submicrometric they may be, larger aggregates can form and clog small veins [51]. Therefore,
for safety reasons, intralesional, topical and oral routes should be preferable for CL treatment.

2.2. Oral treatment

The oral route is recommended for both CL and VL due to the ease of administration, high
patient compliance, and versatility to increase drug bioavailability. However, systemic
adverse effects cannot be precluded.

Miltefosine, a hexadecylphosphocholine previously used to treat cancer, is the only oral drug
approved in VL treatment, with good cure rates in India, Nepal, and Bangladesh. However,
its teratogenic potential, poor efficacy in patients coinfected with VL and human immunode-
ficiency virus and recently high rates of clinical failures have increasingly restricted its use in
combination therapy [52]. Data on the efficacy of miltefosine in CL treatment are inconclusive,
with a large variation depending on the parasite species and geographical area [53].

Another oral drug, allopurinol, an inhibitor of xanthine oxidase, has been explored since
1982 when its activity was demonstrated in vitro. Despite the promising results in the oral
treatment of CL in Asia, it does not appear to be as effective in Latin America [54]. The azoles
act directly on the parasite, blocking the synthesis of ergosterol, and have good pharmacoki-
netic profile. However, clinical studies with fluconazole, ketoconazole, and itraconazole have
shown controversial efficacy, suggesting that the effectis species-dependent [55-57].The main
limiting factor for an oral drug is its low intestinal absorption. Nanosystems can overcome
this problem by increasing aqueous solubility and epithelial barrier permeation. In addition,
nanosystems can protect drugs from physical, chemical, and biological degradation. In this
sense, a few studies have attempted to improve miltefosine and amphothericin B oral efficacy
in VL models by encapsulation in nanosystems [58, 59]. For example, PLGA nanoparticles
have been used to increase the oral bioavailability of the immunomodulator curcumin and
the efficacy of miltefosine in hamsters infected with L. donovani [60]. However, only a few
studies in the literature have used different nanosystems to increase drug efficacy in CL. In
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L. amazonensis-infected BALB/c mice, nanoassemblies formed by two different complexes
with N-Octanoyl-N-methylglucamide and p-cyclodextrin were used to increase intestinal
permeability of a highly water-soluble meglumine antimoniate drug [24, 36]. More recently,
quercetin, a poorly water-soluble plant flavonoid with promising antileishmanial activity
[61], was successfully encapsulated in lipid-core poly-e-polycaprolactone (PCL) nanocap-
sules [25]. Nanoparticle encapsulation increased by more than 40-fold drug oral efficacy in
BALB/c mice infected with L. amazonensis. The enhancing effect was possibly due to querce-
tin protection against extensive gastric and intestinal degradation [62]. Besides, PCL nano-
capsules were shown to be absorbed intact by mouse intestinal epithelia [63] and also taken
up by M cells [64]. Whether or not absorbed quercetin-loaded particles reach the circulation
[65] and Leishmania-infected skin macrophages remained to be determined.

3. Localized skin therapies

Local therapies are the ideal way to treat uncomplicated CL, as they avoid unnecessary sys-
temic side effects. This topic was subdivided in topical and intralesional treatments due to
their different delivery approaches.

3.1. Topical treatment

Topical CL treatment may be provided with chemical drugs or physical methods, such as ther-
motherapy and cryotherapy. Thermotherapy is the application of high temperature (>50°C) at the
center and border of each lesion, based on the inability of Leishmania to multiply at temperatures
higher than 39°C. Its use has been restricted to the Old World, where 70% efficacy in repeated
applications was shown to be similar to intramuscular or intralesional antimony [66]. Presently,
thermotherapy is under clinical trial in Colombia in combination with a short course of oral milt-
efosine [67]. Cryotherapy is the application of liquid nitrogen (-195°C) in the center and border
of the lesion once or twice a week for 6 weeks. This treatment has also shown ~70% efficacy
[4]. Both therapies are well accepted by the patient, but the difficult access to the specific device
(Thermomed), liquid nitrogen, and trained personnel for subjective applications limits their use.

Topical drug treatment of CL normally involves administration of drugs in the form of oint-
ments, creams or gels. These should be ideal for uncomplicated CL due to reduced hospital
costs, since it can be auto-applied [44]. The most studied topical formulations are paromo-
mycin creams and gels. The low skin permeation of paromomycin requires association with
strong permeants, such as methylbenzethonium chloride, urea and surfactant-associated
gentamicin (WR-279396), which may produce local burn and skin irritation [68]. To circum-
vent that, some formulations have used the milder urea permeant; however, clinical efficacy
remains variable depending on the parasite species and geographical area [4]. The results with
the WR-279396 formulation are also conflicting, showing high efficacy in patients infected
with L. panamensis in Panama [69], but not in patients infected with L. major in Tunisia [70].

Recently, DNDi supported a Phase Ib and II clinical study in Colombia evaluating the
safety, pharmacokinetics, and efficacy of Anfoleish, a cream formulation containing 3%
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amphotericin B [71]. However, limited efficacy was found after topical application in patients
infected with L. braziliensis and L. panamensis.

For an optimal topical formulation, the drug should be highly effective and have a high per-
meation through the skin, reaching the parasite in the deep dermal layer in effective concen-
trations. For the drug to successfully permeate the stratum corneum, it must possess adequate
lipophilicity and a molecular size below 500 Da. The failure or partial success of the topical
formulations of paromomycin (615 Da) and amphotericin B (924 Da) is directly related to the
low permeability of these drugs through the skin, probably due to their high molecular size
[72]. In addition, the typical morphology of CL ulcer with necrotic center and high borders
influences the permeation of drugs. Although local inflammatory reaction may facilitate the
permeation of more hydrophilic drugs [68], infected macrophages are located in the border
of the lesions where epidermal thickening occurs, with hyperplasia and increased number of
cell layers, which may hamper drug permeation.

Topical liposomes have emerged as an advantageous way to overlay this problem by increas-
ing drug skin permeation. In fact, some studies have shown the efficacy of liposomes loaded
with paromomycin [17, 18] or meglumine antimoniate [19] in L. major-infected BALB/c mice,
although even with the use of liposomes only 1.5% of antimoniate and a range of 4.8 to 15%
of paromomycin were able to permeate through the skin. The use of liposomes was also
shown to increase, the in vitro permeation and activity of amphotericin B in L. braziliensis
promastigotes and intracellular amastigotes [73]. Nonetheless, in vivo another amphotericin
B liposomal formulation did not show effectiveness in the topical treatment of CL caused by
L. mexicana using ulcerated (BALB/c) and non-ulcerated (129SVE) experimental mice models
[15]. On the other hand, in two different clinical studies conducted by the same research
group in an endemic area for L. tropica and L. major at Ghaem Hospital in Iran, liposomes
loading amphotericin B [74] and azithromycin [75] when administrated topically demon-
strated the same efficacy as intralesional meglumine antimoniate.

In the search for new active drugs for leishmaniasis, our group has been studying the chal-
cone CHS8 (3-nitro-2’-hydro-4’,6’-dimethoxychalcone), a nitrosylated derivative of the plant-
derived chalcone (DMC - 2',6’-dihydroxy-4'-methoxychalcone), which demonstrated a high
selectivity index (SI = 143) and antileishmanial activity in vitro (IC,; = 0.7 uM) and in vivo
against L. amazonensis [76]. In addition, the CH8 molecule exhibits physicochemical charac-
teristics favorable to encapsulation with high efficiency in different nanosystems such as lipo-
somes and polymeric particles. Indeed, CHS8 loading into cationic liposomes interferes with
the lipid structure rendering it more elastic, enhancing formulation permeation through the
skin and increasing CHS topical efficacy in L. amazonensis murine model [16].

Notwithstanding, the high phospholipid cost and liposomal instability hinder their use for
CL. Thus, other nanosystems such as gamma-cyclodextrin have been studied for amphoteri-
cin B skin delivery to improve drug solubility and topical efficacy in L. amazonensis-infected
golden hamsters [37]. Other interesting nanosystems are solid lipid nanoparticles (SLN),
which can improve drug interaction with the stratum corneum facilitating permeation and
improving the efficacy of the drug. The better activity of paromomycin entrapped in SLN was
already described against L. major and L. tropica intracellular amastigotes [77]. Despite the
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promising results found with the different nanosystems, additional in vivo studies are neces-
sary in order to develop an effective topical treatment for CL.

3.2. Intralesional treatments

Intralesional drug administration is an alternative local treatment for CL. This is especially
appropriate for patients with uncomplicated localized CL—up to four lesions, each no more
than 3 cm in diameter, as well as parenteral medication restrictions due to systemic toxic-
ity. Besides the lesser toxicity, local subcutaneous injections can accelerate clinical cure and
reduce hospital costs as less injections are needed [4]. Pentavalent antimonials are the most
used drugs, showing 68-100% efficacy in different clinical studies, depending on the size of
the lesions [78-81]. Repeated injections are required due to the high solubility that favors
rapid absorption into the circulation. Treatment generally consists of 1-5 injections around
each lesion per day, twice a week. In addition to the pain inflicted, adverse effects like local
hyperpigmentation and anaphylactic shock have been reported [82].

Amphotericin B has also been tested by intralesional route in Iran in patients refractory to anti-
mony therapy, leading to complete lesion remission in 61% of the cases [83]. Due to the nec-
rotizing effect of deoxycholate surfactant in amphotericin B formulation, the amount injected
has to be as low as possible, reducing effectiveness. Thus, despite its high potential in CL,
intralesional treatments need improvement, particularly as regards dose number reduction.

Intralesional drug-loaded nanoparticles have appeared as interesting drug delivery sys-
tems in CL due to direct drug delivery to the infected macrophages. However, for the for-
mulation to be effective, drug chemistry, nanosystem choice, and treatment schedule must
be finely adjusted. Lipid systems such as SLN loaded with paromomycin have been tested
intralesionally in L. tropica-infected BALB/c mice and shown increased drug efficacy by
2-fold [22]. On the other hand, in another study comparing the efficacy of liposomal formula-
tions of Glucantime®, miltefosine and paromomycin in L. major-infected BALB/c mice, only
liposomal miltefosine was shown to have therapeutic effect compared with control group
[20]. Interestingly, intralesional Ambisome® was not effective in L. major-infected mice [11].
Additionally, intralesional Pentostam® liposomes were only effective if given at the time of
infection with L. major or L. mexicana in TFW mice [14].

In this context, polymeric particles have emerged as an interesting strategy for CL intralesional
and single-dose treatment. The advantage of this system is that particles smaller than 6 uM
can be easily phagocytosed by infected macrophages releasing the drug directly into the target,
whereas the larger microparticles form a depot slowly releasing the drug into the site, allowing at
only one dose the drug to remain in the site of infection for the time needed for healing. The size
of the microparticles and their polymer composition ensures retention of the drug in the lesion
and determines its release time. In this way, adverse systemic effects are avoided and the effec-
tiveness of the drug is increased. Recently, the safety and efficacy of PLGA microparticles con-
taining chalcone CHS in the intralesional treatment was demonstrated in L. amazonensis-infected
BALB/c mice. Even a single subcutaneous injection with CH8-loaded particles was effective in
controlling parasite growth, superior than three injections with the free drug or Glucantime®,
demonstrating the promising use of these systems in local and single-dose treatment of CL [31].
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4. Conclusion

Since nanomedicines can be more efficiently taken up by the infected macrophages than free
drugs, and also be designed to cross skin and epithelial barriers, they have emerged as prom-
ising strategies to allow novel topical and oral treatments for CL. Noteworthy is the possibil-
ity to treat the disease with a single local injection with biodegradable polymeric particles.
Despite the promising results obtained with the different nanomedicines in pre-clinical stud-
ies, so far none has so far progressed to clinical trials in CL. Therefore, further efforts must be
made in order to have them in the near future in the antileishmanial therapy arsenal.
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Abstract

Despite past 60 years of extensive research in antileishmanial drug development, the suc-
cessful therapy of this disease cannot be achieved at full potential. The biological barriers
encountered by the therapeutic modalities favor the disseminations of the disease like
intramacrophage location of parasite, lack of oral bioavailability, permeability across the
cutaneous tissue, and active efflux of the drug. Nanomedicines are specifically engineered
nano-sized delivery systems. The goal of designing a nanomedicine is to achieve the spe-
cific therapeutic objective via targeting the specific cells and intracellular locations, phar-
macological receptors, enzymes and proteins, crossing biological barriers, and navigation
through endocytic pathways. This chapter will cover various nanomedicinal approaches
like targeting the macrophages, pathological organs, efflux pumps, metabolic enzymes,
redox biology of Leishmania by using polymeric and metal nanocarriers to overcome all the
biological barriers thus providing a successful alternative over the conventional therapies.

Keywords: biological barriers, macrophage targeting, nanocarriers, photodynamic
therapy, oral bioavailability, leishmaniasis

1. Introduction

The challenges faced by the current antileishmanial therapy include subtherapeutic efficacy,
development of resistance, toxicity, and cost-effectiveness [1]. Despite past 60 years of exten-
sive research in antileishmanial drug development, the successful therapy of this disease
cannot be achieved at full potential. There is no vaccine available against Leishmania and the
treatment relies mainly on the chemotherapy. The classic chemotherapeutic agents cannot
control the prevalence of Leishmania effectively as they encounter various biological barriers
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like the intramacrophage location of Leishmania parasite, selective access to the pathological
organs, lack of oral bioavailability, permeability across the cutaneous tissue, activity of drug
efflux pumps, development of toxicity and serious side effects. Leishmania parasite utilizes
these barriers in its favor like redox biology of Leishmania helps them to survive inside the
phagolysosomes of the macrophages, and impermeability of the macrophages for the anti-
leishmanial drugs deprives the free access of drug to the target [2]. The nontargeted nature
of current therapeutic modalities results in free circulation of drugs in the blood, and accu-
mulation in the pathological organ at desired concentration cannot be achieved. Permeability
glycoprotein (P-gp) efflux pumps present in Leishmania actively efflux the drug out of the
cell resulting in decreased intracellular accumulation [3]. Lack of oral absorption necessitates
the parental formulation of antileishmania drugs, which needs hospitalization of the patients
and lack of compliance. These circumstances augment the development of new therapeutic
option which can be achieved either by developing the new antileishmanial agents or by
changing the drug delivery systems. Traditional new drug development usually takes over
10-12 years and involves extensively high manufacturing cost. Leishmaniasis is a neglected
tropical disease and receives very little funding regarding the research and development due
to low market turnover [4]. So, switching the research toward the new drug delivery systems
such as nanomedicine is a suitable approach in pursuit of successful therapy of leishmaniasis.

Nanomedicine is a specifically engineered nano-sized particulate drug delivery system
designed for the improved pharmaceutical formulations. The nanoparticles can achieve the
discrete therapeutic objectives which are otherwise impossible with conventional drug deliv-
ery systems like targeting a specific cell and organelles, enzymes, proteins, and pharmaco-
logical receptors, accumulating in the pathological organs, bypassing the organs prone to the
toxic effects, crossing biological membranes, and navigating through endocytic pathways [5].
All these properties of nanoparticles can address the biological barriers encountered in the
effective therapy of leishmaniasis. Various polymeric and metal nanocarriers-based strategies
like macrophage targeting, organ targeting, improved oral bioavailability, and photodynamic
therapy are being explored for their supreme antileishmanial effects.

This chapter will discuss the various biological barriers compromising the effectiveness of
antileishmanial therapy and the role of nanomedicine to overcome the problems associated
with the conventional therapeutic modalities thus providing a platform for the enhanced
antileishmanial therapy.

2. Current medical management of leishmaniasis

For the past six decades, the standard first-line drugs for the treatment of leishmaniasis are
antimonial drugs, meglumine antimoniate, and sodium stibogluconate [6]. Antimonial com-
pounds required to be administered IV/IM at the dose of 20 mg/kg of Sb-V for 10 days in
case of cutaneous leishmaniasis (CL) and for 28 days in case of visceral leishmaniasis (VL).
Antimonial drugs act by inhibiting a thiol metabolic enzyme trypanothione reductase (TR) and
thus causing a decreased trypanothione (T[SH],) levels which results in the decreased ability
of the parasite to counteract the oxidative stress [7]. However, the variations in the clinical
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response and development of resistance from the past several years are a persistent clinical
threat. The activity of aqua glycoproteins, trypanothione reductase/trypanothione (TR/T[SH],)
system, and permeability glycoprotein (P-gp) efflux pumps is involved in the development
of resistance resulting in decreased intracellular accumulation of antimony in subtherapeutic
concentrations thus jeopardizing the effectiveness [8, 9]. Serious toxic effects associated with
antimonial therapy like cardiotoxicity, changes in ECG, renal and liver impairment, muscle
pain, and severe fatigue further limit the therapeutic potential of antimonial compounds [10].

Amphotericin B (AmB), a polyene antibiotic, is the second-line standard drug for the leish-
maniasis since the 1960s [11]. Whereas, in India, the AmB is the first-line drug approved for
VL due to widespread resistance against antimonial compounds. The standard dose of AmB
for VL is 1 mg/kg every other day for 20 days via IV route. It has selective activity against the
Leishmania, Trypanosoma cruzi, and fungi due to the presence of ergosterol in the said microbes
compared with the mammal cell having cholesterol in their cell membranes. AmB binds with
the ergosterol and induces pore formation [12]. Moreover, resistance against the AmB is further
related to the change in cell membrane composition and fluidity. Leishmania donovani-resistant
strains showed a significant change in the sterol profile, in which the ergosterol was replaced
by a precursor known as cholesta-5,7,24-trien3B-ol [13, 14]. This is due to the loss in func-
tionality of S-adenosyl-L-methionin-C24A-sterol methyltransferase resulting in the impaired
C-24 transmethylation [15]. The use of AmB results in nephrotoxicity resulting in renal failure,
thrombocytopenia, anemia, anaphylaxis, convulsions, phlebitis, and high fever [16].

Miltefosine (MILT) has been recently tagged as an antileishmanial drug required to be admin-
istered at the dose of 50 mg orally three times a day for 28 days. The variation in the clinical
response has been observed due to the species variations and the development of resistance
[17]. Promastigote-resistant strains of L. donovani have been developed in the laboratory that
was resistant against the MILT up to 40 pM [18]. The mechanism of resistance was found to be
greater than 95% of reduced accumulation indicated by the “C-labeled MILT. Pérez-Victoria
et al. [19] reported the involvement of novel plasma membrane P-type transporters from the
aminophospholipid translocase subfamily to be responsible for the reduced accumulation of
glycerophospholipid and MILT in the resistant promastigotes [19].

Pentamidine (PTM) is also being used as the second-line therapy against leishmaniasis; how-
ever, the use is limited in zoonotic settings. The recommended dose is 2-3 mg/kg, IV or IM
once a day for 4-7 doses in case of CL, while for VL, its dose is 2-4 mg/kg administered
every other day via IV or IM for up to 15 doses. The use of PTM in the pentavalent antimo-
nial Sb(V) refractory patients in India resulted in decreased efficacy from 95 to 70% within a
short duration suggesting the development of resistant against the PTM. Resistance to PTM in
Leishmania is due to the inhibition of polyamine biosynthetic, and studies suggested that PMT
is transported into the cell via polyamine and arginine transporters [20].

From above discussion, it is evident that resistance against the antileishmanial agents is ris-
ing, compromising the therapeutic efficacy. Apart from the development of resistance, other
factors like associated toxic effects, unavailability of oral dosage forms, longer duration of
therapy, and high cost also contributing toward the suboptimal control of leishmaniasis.
These limitations arise primarily due to the various biological barriers encountered by the
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antileishmanial agents. Considering the development of parasitic resistance and a limited
number of effective antileishmanial drugs, there is an imperative demand to revise the stan-
dard medical management of leishmaniasis. Administering the available standard drugs with
appropriate delivery systems that help to cross the biological barriers seems to be an encour-
aging strategy, which requires being given serious consideration.

3. Biological barriers to leishmaniasis therapy

3.1. Intramacrophage location

Mononuclear phagocytes (MP; monocytes, macrophages, and dendritic cells) along with
eosinophils and neutrophils constitute the first line of defense against the invading pathogens
and are involved in detection and elimination of the foreign bodies [21]. When the sand fly
takes the blood meal, it inoculates the promastigotes of Leishmania along with saliva. The saliva
contains immunogenic proteins that trigger the immune response. The promastigotes are
immediately taken up by the MP cells like macrophages following a receptor-mediated endo-
cytic event. During initial recognition, the macrophage receptors play a vital role depending
upon the Leishmania species like scavenger receptors (SRs), mannose receptors (MRs), comple-
ment receptors (CRs), and fibronectin receptors (FRs). The binding of the parasite to specific
receptors then determines the course of infection [22]. Upon the successful entrapment of
Leishmania inside macrophages, complex cellular signals are produced like activation of lyso-
somal enzymes, production of nitric oxide (NO*), and initiation of oxidative burst as shown in
Figure 1 [23, 24]. Oxidative burst is a potent antileishmanial response produced by the reactive
oxygen species (ROS) namely hydroxyl ion (OH"), hydrogen peroxide (H,0,), peroxynitrite
(ONOO), and hypochlorous acid (HOCI) [25]. Leishmania employs the various mechanisms
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Figure 1. Endocytosis of Leishmania parasite and macrophage-induced oxidative burst.
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to counteract the ROS-like activation of protein tyrosine phosphatase (PTP) and TR/T[SH],
system [26, 27]. Thus, Leishmania parasite survives the oxidative stress induced by the macro-
phages owing to its unique redox biology where it replicates and utilizes macrophages as a
source of propagation of infection. The macrophage cell membrane is not freely permeable to
the antileishmanial agents and acts as a barrier against the intracellular accumulation of che-
motherapeutic agents at the concentrations required for optimum therapeutic effectiveness.

3.2. Activity of P-gp efflux pumps

The activity of P-gp efflux pumps presents another major barrier to the antileishmanial therapy
[28]. Active efflux of the drug via the efflux pumps is one of the most common mechanisms
for developing multidrug resistance (MDR) in the microorganism [29]. In fact, MDR mediated
through efflux pumps has been described in various organisms like fungi, bacteria, and pro-
tozoa including Leishmania [30]. P-gp efflux pumps belong to the ATP-binding cassette (ABC)
transporters, acting as the physiological barrier by extruding the toxins and xenobiotics out
of the cells. The ABC transporters are the largest superfamily of efflux pumps known; being
present in all organisms, from archaebacteria to higher eukaryotes. Various types of drugs with
a wide range of chemical structure can be recognized by a single P-gp molecule ranging in
molecular weight from 250 g/mol (cimetidine) to 1202 g/mol (cyclosporine). P-gp is primarily
found in epithelial cells which have the excretory roles including the apical surface of epithelial
cells lining the colon, small intestine, where it is involved in the decreased oral bioavailability
of drugs [31]. In Leishmania, two types of ABC transporter have been reported to be amplified in
the laboratory strains when exposed to different drugs: P-gp and multidrug resistance-related
protein (MRP) also known as P-gp A [32]. P-gp A is believed to be involved in the decreased
intracellular accumulation of antimonial compounds, the first-line therapy against Leishmania,
resulting in the subtherapeutic response and emergence of resistance. The gene responsible for
the P-gp A has been found to be amplified in the laboratory mutant strains of Leishmania that
were resistant to the antimonial compounds [33]. However, this transporter is not involved
in the efflux of antimonial drugs in the form of Sb-IIl or SB-V rather it confers resistance by
sequestration of Sb-III conjugated with T[SH], in the form of Sb-III-T[SH], adducts as presented
in Figure 2 [34]. T[SH], acts as the main reducing agent and is oxidized into its disulfide form
T[S], which is reduced back to T[SH], by the activity of NADPH-dependent enzyme TR [35].
T[SH], exerts its protective effect by the reduction of NO*, H,O,, and ONOO'. Sb-V are con-
verted to its trivalent form (Sb-III) inside the cell, and Sb-III has the ability to form a complex
with the thiol groups of T[SH],. This Sb-III-T[SH], conjugate is sequestrated by the P-gp A
pumps. Thus, in Leishmania, the P-gp efflux pumps work in coordination with the activity of
TR/T[SH], system resulting in decreased intracellular accumulation of SB-III [36].

3.3. Lack of oral bioavailability

Oral administration is the most suitable method of delivering the drugs due to the convenience
of dosing, noninvasive nature, and high acceptance at patient levels [37]. Most of the therapeu-
tic agents used for systemic and localized GIT effects are administered orally because of the
highly absorptive nature of the intestine that provides a large surface of around 300-400 m* The
oral administration is successful only in the case where the drugs have sufficient bioavailability.
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Figure 2. Mechanism of P-gp efflux pumps and TR-mediated drug resistance against antimonial compounds. ORN =
ornithine, ODC = ornithine decarboxylase, GS = glutathione synthetase, Cys = cysteine, and Gly = glycine.

Many physiochemical and physiological factors determine the oral bioavailability of drugs like
solubility, permeability, a mucus layer, partition coefficient, stability, dissolution, pH, enzymatic
degradation, and activity of P-gp efflux pumps. Unfortunately, most of the antileishmanial drugs
encounter the above-described barriers and exhibit limited oral bioavailability except for MILT.

In fact, solubility and permeability govern the oral bioavailability. Most of the drugs diffuse
across cell membrane via passive transport, and for that purpose, the drug should be lipo-
philic in nature as the unionized form is better to diffuse across the phospholipid bilayer.
However, the drug molecules should not be lipophilic enough to remain soluble in the lipid
bilayer suggesting a suitable log P value. To maximize the possibilities of passive diffusion,
the ideal log P value is considered to be around 2. The molecular weight of the drug also has
a role in the passive diffusion of the drug and molecular mass less than 500 Da is considered
to be favorable for the absorption across the small intestine [38]. The effect of solubility, per-
meability, and molecular weight is better explained in Lipinski’ s rule. Lipinski’s rule of five
is a very useful tool to predict the drug-like characteristics of a compound and is especially
applicable to assess whether a drug is orally active or not [39]. Lipinski’s rule states that in
general, an orally active drug has no more than one violation of the following criteria:

* No more than five hydrogen bond donors (the total number of nitrogen-hydrogen and
oxygen-hydrogen bonds);

¢ No more than 10 hydrogen bond acceptors (all nitrogen or oxygen atoms);
* A molecular mass less than 500 Da;
* An octanol-water partition coefficient log P not greater than 5.

Most of the antileishmanial drugs do not follow the Lipinski’s rule of five, therefore, not absorbed
orally. According to biopharmaceutics classification system (BCS), AmB is class IV drug with the
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Drug Molecular weight LogP  Hydrogen acceptor Hydrogen donor Rule of five
(Da)

Sodium stibogluconate 907.88 -3.4 17 5 No

Amphotericin B 924.079 -0.66 17 12 No

Paromomycin 615.62 -8.3 19 13 No

Pentamidine 340.41 2.32 6 4 Yes

Miltefosine 407.57 2.25 2 0 Yes

Table 1. Physicochemical properties of antileishmanial agents.

aqueous solubility of <1 mg/L at physiological pH, molecular weight of 924 Da, and log P of 0.95,
17 hydrogen bond acceptors and 12 hydrogen bond donors and in this way does not follow the
rule of 5. Similarly, sodium stibogluconate possesses a molecular weight of 910.10 Da and log P
of —0.34, 17 hydrogen bond acceptors, and 5 hydrogen bond donors, thus violate the rule of 5.
The physiochemical properties of the antileishmanial drugs are presented in Table 1.

Thus, the lack of oral bioavailability of most of the antileishmanial agents is the major limi-
tation in the cost-effective and optimum therapy of leishmaniasis. Minimal oral absorption
below the minimum effective concentration (MEC) necessitates the formulation of antileish-
manial drugs for the parenteral administration. The long-term parenteral administration has
its own limitations as it requires the patient to be hospitalized, increased cost of the therapy,
and patient compliance.

3.4. Skin as barrier to topical therapy

Skin is the largest organ of the body and protects the organism from the external environment.
Histologically, the skin is divided into the superficial layer called the epidermis and a deeper
layer, the dermis. The several strata make up the epidermis distinguished by the changes in
keratinocytes from dermis-epidermis junction to the outer surface of epidermis, the stratum
corneum (5C). SC is designated as the main barrier to the transport of substances across the
skin and is formed by the corneocytes characterized as densely packed, dead, and keratinized
cells. These cells are surrounded by the intracellular lipid matrix composed of nonpolar lipids
in lamellar lipid layers, making SC a hydrophobic layer [40]. Although SC is only 10-20 um in
thickness, it acts a barrier and hampers the penetration of microorganisms, drugs, and other
chemicals besides being involved in the transepidermal water loss.

Drug delivery across the skin follows three possible pathways: the intracellular route, between
the corneocytes sinuously through the lipid layer; the transcellular route, through the corneo-
cytes and lipid matrix; and through the cutaneous appendices (sweat and sebaceous glands,
hair follicles). The drug diffusion across the skin is essentially a passive transport; however,
it follows either one or combination of the three pathways. However, it must be noted that
the intracellular route is considered to be the most suitable for the drug diffusion as it offers
less resistance compared to the transcellular route in which the drug molecules have to move
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between the intercellular hydrophobic region to intracellular hydrophilic region repeatedly.
The skin appendages, although having a small surface area compared to the total skin (0.1%),
present an opportunity for the penetration of ions, polar compounds, and large molecules
and thus circumvent the low diffusional character of SC [41].

To deliver the drug across the skin, the choice of the adequate molecule in terms of molecular
weight and partition coefficient is very important. A molecular weight less than 600 Da, low
melting point, and suitable log P are desired. Thus, the drug with high molecular weight and
hydrophilic character will face the maximum resistance and their penetration will be limited
[40]. The drugs for the CL-like paromomycin (PA), antimonial compounds, face the problem
of skin penetration due to their hydrophilicity and high molecular weight. In case of CL,
the lesions are developed and parts of epidermis and dermis are lost; therefore, the barriers
provided by the SC are absent and almost any type of drug can be absorbed. However, the
formation of scar tissues and keratotic nodules during the healing process restores the func-
tionality of SC thus depriving the drug absorption at the end of the treatment, and complete
healing of the lesion is difficult [42].

4. Nanodrug delivery system for leishmaniasis

The drug delivery systems are crucial in drug development and design, and many active phar-
maceutical ingredients result in serious side effects when administered nonspecifically. The
lack of appropriate drug delivery system causes the therapeutic modalities to be accumulated
in healthy tissue inciting the adverse effects, lower bioavailability, and inefficient targeting
of the desired pathological organs. Most of the latest researches in the field of leishmani-
asis are focused on addressing the physiological, biological, and biopharmaceutical aspects
of the use of nanotechnology. Nanodrug delivery systems provide an attractive opportunity
to resolve the drug delivery problems associated with the therapy of leishmaniasis by cross-
ing the above-demonstrated barriers encountered by the antileishmanial drugs. Examples of
nanotechnology progress in pharmaceutical products include liposomes [43], niosomes [44],
nanodisks [45], nanoemulsions [46], polymeric nanoparticles [47], solid lipid nanoparticles,
and polymer-drug conjugates [48] as described in Table 2.

4.1. Liposomes

Liposomes are the lipid bilayer systems described in 1965 and rapidly taken as drug delivery
systems [49]. In 1977, Ward and Hanson, first time reported the encapsulation of Sb-V into
liposomes for targeted delivery to liver and spleen in VL. After intravenous administration,
the Sb levels of liver and spleen were found to be 20-fold higher compared to the free drugs
[50]. However, due to the toxic effects in monkeys, the interest in liposomal Sb-V was declined
[51]. The same concept was also applied to AmB in order to avoid its toxicity by encapsulating
into multilamellar liposomes. The liposomal AmB got a little bit more attention than Sb-V and
initiated model for the development of three-lipid-based AmB drug delivery systems licensed
for clinical use (Ambisome®, Amphocil®, and Abelcet®) [52]. However, the only true liposomal
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Type of Active moiety Targeting Strain tested Model Ref

nanocarrier approach

Thiolated Amphotericin B Macrophage L. donovani J774.1 macrophages/BALB/c  [69]

chitosan NPs targeting mice

Chitosan NPs Rifampicin — [71]

Nanocapsules Doxorubicin Wistar rats [72]

Gelatin Amphotericin B L. donovani J774.1 macrophages/ [73]

nanoparticles Hamster

Liposomes Antimony L. chagasi Peritoneal macrophages [74]

GCPQ chitosan ~ Ampbhotericin B Organ targeting via L. donovani [76]
oral route

MT-chitosan Amphotericin B L. donovani J774.1 macrophages/BALB/c —

mice

Liposomes Zinc phthalocyanine Photodynamic L. braziliensis [86]
therapy

Metal oxide ZnO L. tropica [87]

KHW23

Liposomes Paromomycin Skin permeating L. major BALB/c mice [90]
nanocarriers

SLN Amphotericin B L. major [92]

Table 2. Various types of nanocarriers and different targeting approaches for leishmaniasis.

formulation, Ambisome®, is recommended for treating patients with leishmaniasis who are
resistant to antimonials. The efficacy of liposomal AmB was further enhanced by decorat-
ing the liposomal surface with specific ligands like polysaccharides, peptides, antibodies,
and glycolipids. The decorated liposomes were able to specifically target the macrophages
to avoid the exposure of AmB to healthy tissues [53, 54]. The detail of macrophage-targeted
liposomes will be discussed under the section macrophage targeting.

4.2. Niosomes

Niosomes are the attractive alternatives over liposomes due to their increased stability, low
cost, and biodegradability [55, 56]. Niosomes are the vesicles consisting of nonionic surfac-
tants. Niosomal formulations of sodium stibogluconate were more efficacious compared to the
liposomes and free drugs against experimental murine VL [56]. More recently, in vivo stud-
ies demonstrated that the niosomes containing autoclaved L. major have a significant result in
the prevention of CL in BALB/c mice [57]. Niosomes have also found their role in vaccination
against leishmaniasis. Purified gp63 entrapped into niosomal formulation provided considerable
resistance to the leishmaniasis when used as the subcutaneous vaccine in C57BL/10 mice [58].
Advancement of a commercial antiparasitic vaccine for the human appliance is a central goal that
faces modern science. Therefore, further research will be required to investigate immunological
pathways, followed after vaccination with Leishmania antigens loaded into niosomes, and possi-
ble unwanted adverse effects in order to assess the real potential for a vaccination trial in humans.
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4.3. Polymeric nanoparticles

Polymeric nanoparticles are very valuable in the treatment of infectious diseases like leish-
maniasis owing to the small size and abilities to enhance the cellular uptake, cross the bio-
logical barriers, and deliver drugs at the site of infection [59, 60]. The use of polymer for the
development of nanocarriers provides us the opportunity of modifying the functional groups
with various chemical methods to incorporate the desired ligands for better penetration and
enhanced endocytosis by the active or passive targeting. The ability of polymeric nanocar-
riers to bear the physiological strains and tunable surface properties provides an edge over
liposomes and niosomes. While utilizing the polymeric nanoparticles for leishmaniasis, the
category of polymers is of considerable importance as the hydrophobicity of the polymer will
facilitate the internalization by macrophages, the core target in leishmaniasis. For example,
polymethylmethacrylate-based nanoparticles indicated a superior macrophage uptake com-
pared to the polycyanoacrylate [61]. Various studies reported the potential of polymeric nano-
carriers in leishmaniasis. Primaquine-loaded polymeric nanoparticles were found to be 21-fold
more efficient compared to the free primaquine [62]. $-aescin-loaded polylactide-co-glycolide
nanoparticles showed twofold increase in efficacy against J744.1 macrophage-infected L.
donovani model [63]. In a recent study, PEGylated polylactic acid nanoparticles loaded with
bisnaphthalimidopropyl derivatives have been tested against human macrophage and THP-1
murine J744 macrophage model of leishmaniasis [64].

4.4. Polymer drug conjugate

The advances in the field of polymer engineering have opened new dimensions for the drug
delivery. One example is the polymer therapeutics in which the drug molecules are attached
to the polymer backbone by using a suitable chemical method. In this way, the efficacy of the
drug can be increased significantly with the reduction in the toxicity. The hydrophobic drug
encounters a problem of free circulation in the blood. The hydrophilicity of these drugs can
be increased by conjugation of these hydrophobic drugs with the hydrophilic polymer. These
polymer-drug conjugates provide increased plasma half-life and retention in the infectious tis-
sue with the minimum toxicity. The conjugation of AmB with the N-2-(hydroxypropyl) meth-
acrylamide resulted in the increased efficacy as compared to the free drug (fungizone) [65].

4.5. Nanodisks

Nanometer scale, a lipoprotein-stabilized phospholipid bilayer disk complexes termed
nanodisks (NDs) are novel transport vehicles different from liposomes because they do not
hold an aqueous core and are completely soluble in aqueous phase media [66]. NDs harboring
poorly soluble antileishmanial agent AmB-nanodisks demonstrate an effective therapy for
experimental CL (L. major) infection in BALB/c mice. Surprisingly, AmB-nanodisks were illus-
trated to have a long-term effect in that parasite burden continued to decrease for more than
100 days subsequent the final treatment. The results shown for intraperitoneal administration
are most likely because of the small size of the ND [45].
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5. Nanomedicinal targeting approaches for leishmaniasis

Paul Ehrlich in 1891 was the first to theorize the concept of “magic bullets” providing the first
description of drug targeting paradigm. The aim of drug targeting is delivering the drug at
the right concentration at the right time and at the right place. The evolution of this “magic
bullet” concept revolutionized the drug delivery systems and provided a vast platform,
known as nanomedicine, to achieve the very specific and highly desirable therapeutic out-
comes that are otherwise impossible to achieve with conventional drug delivery systems [67].
Their small size at nanoscale dictates the very unique properties like the interaction with the
biological entities, penetration across the membrane, intracellular trafficking, accumulation
at the target area, improved blood circulation, and biodistribution. For example, in case of
VL, the major organs representing the parasitic burden are liver, spleen, and bone marrow,
and the drug has to target the parasite inside the macrophage in these organs [68]. In CL, the
drug must reach the parasite inside the macrophages at the inner layers of skin by crossing
the skin barrier, SC. To maximize the potential of nanocarriers, a suitable strategy is required
to target the pathological area via a patient-friendly route of administration while avoiding
the healthy tissues. In view of this, various nanomedicinal targeting approaches have been
explored for the therapy of leishmaniasis like macrophage targeting, organ targeting via the
oral route, use of permeability enhancers, and photodynamic therapy (PDT).

5.1. Macrophage-targeted drug delivery

The niche in which Leishmania parasite lives presents challenges to drug delivery, and depend-
ing upon the species and the area affected, the drug has to achieve antiparasitic levels at mul-
tiple sites. Furthermore, the antileishmanial drug has to cross the multiple membranes before
they act on the parasite. Nanoparticle-mediated drug delivery system to overcome the cell
membrane barriers, release the drug inside the cells, and specifically target Leishmania-infected
macrophages is emerged as a promising strategy to overcome resistance [69]. Various phago-
cyticreceptors are expressed on the surface of Leishmania like MRs, CRs, SRs, and FRs [22]. These
receptors bind with the specific ligands on the surface of Leishmania parasite and internalize the
parasite. MRs are highly expressed especially on the Leishmania-infected macrophages. MRs
recognize and bind with mannose and fructose glycoproteins followed by rapid endocytosis
of the parasite. The mannose-binding protein belongs to the lectin-like carbohydrate-binding
groups and cytoplasmic group that are involved in the remodeling of the cytoskeleton during
endocytosis [2]. Scavenger receptors are the glycoproteins and are responsible for recognizing
a broad range of ligands like chemically modified proteins, the apoptotic cell, low-density
lipoproteins, phosphatidylserine, and various polyanionic molecules [70].

Targeting the macrophages via these receptors with surface-decorated nanocarriers leads to the
accumulation of appreciable amounts of drug at the same niche where the parasite resides inside
the macrophages. Various studies conducted on the macrophage-targeted drug delivery are
summarized in Table 2. Recently, our research group utilized the MRs for macrophage-targeted
delivery of mannose-anchored thiolated nanocarriers loaded with AmB. The uptake studies by
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using the J744.1 macrophages indicated that macrophage-targeted nanocarriers provided AmB
concentration of 28.6 + 1.4 ug/10° cells as compared to 0.4 +0.01 g/10° cells of the free AmB. These
results provided the evidence that macrophage-targeted nanocarriers were 71-fold more efficient
than the nontargeted ones. Also, the macrophage-targeted nanocarriers were having superior
antileishmanial activities against L. donovani-infected macrophage model with 13-fold reduced
IC,, values compared to the nontargeted ones. In vivo efficacy studies against L. donovani-infected
BALB/c mice model at the dose of 1 mg/kg indicated that mannose-bearing thiolated chitosan
(MTC) nanocarriers were significantly more effective in reducing the parasitic burden (89 + 7%)
against the free AmB (17 + 4%) [69]. In another study, Chaubey and Mishra [71] also targeted
the macrophages via mannose-decorated chitosan for the delivery of rifampicin against VL. Ex
vivo cellular uptake studies indicated 16-fold increased uptake in case of mannosylated chitosan
nanoparticles (mCNPs). The pharmacokinetic studies revealed that mCNPs exhibited Cmax of
5.40 +1.64 pg/ml with MRT of 58.48 + 9.1 h compared to Cmax of 279.00 + 17.71 ug/ml and MRT
of 1.82 + 0.2 h for free rifampicin indicating the long circulating time of the mCNPs. Similarly,
very encouraging results were obtained with in vivo biodistribution studies conducted at the
dose of 12 mg/kg. The maximum accumulation of drug was observed in liver (57.5 + 1.3%) fol-
lowed by spleen (14.2 + 1.5%), achieved with mCNPs when compared with the free rifampicin
(6.91 £ 1.3% for liver and 1.1 + 0.2% for spleen) after 6 h. The drug accumulation is attributed to
the fact that macrophage-targeted nanocarriers were rapidly taken up by the MP cells and deliv-
ered to the liver, main pathological organ of VL [71]. Similarly, curcumin-loaded mannosylated
chitosan-based nanoparticles were reported to be highly efficacious against the free drug. Their
study indicated that mannosylated nanoparticles effectively increased the endocytosis with the
mean residence time of 39.38 h compared with the 0.30 h of free drug solution [68].

Kansal et al. [72] utilized scavenger receptors for the macrophage-targeted delivery of doxorubi-
cin via phosphatidylserine-decorated nanocapsules (PS-NCs-DOX) for the therapy of leishmani-
asis. Flow cytometry analysis indicated 1.75-fold increased uptake of PS-NCs-DOX compared
with nonmodified nanocarriers (NCs-DOX). PS-NCs-DOX also accumulated in liver and spleen
at higher concentration against NCs-DOX confirmed via in vivo biodistribution analysis in Wistar
rats. Highly significant antileishmanial activities were observed in Leishmania-infected hamster
model. PS-NCs-DOX exhibited 85.23 +4.49% inhibition of splenic parasitic burden compared with
72.88 + 3.87 and 42.85 + 2.11% parasite inhibition for NCs-DOX and free DOX, respectively [72].
Another study reported the development of 1, 2-diacyl-sn-glycero-3-phospho-l-serine (PS)-coated
gelatin nanoparticles (GNPs) bearing amphotericin B for the enhanced in vitro in vivo antileish-
manial efficacy in VL. The nanocarriers decorated with 1, 2-diacyl-sn-glycero-3-phospho-l-serine
(PS-AmB-GNPs) were more efficient in terms of uptake by J774A.1 macrophages analyzed via
flow cytometry [73]. Also, PS-AmB-GNPs exhibited a very significant reduction in parasitic bur-
den providing 85.3 +7.89% inhibition compared to 50.5 + 5.12% of free AmB in Leishmania-infected
hamster model. Antimony-loaded liposomes have also been modified with phosphatidylserine
(Sb-LP) for the enhanced uptake of macrophages via scavenger receptors. Sb-LP was 16-fold more
effective than free drug against L. chagasi-infected macrophage model [74].

5.2. Organ targeting via oral route

One of the limitations associated with the conventional antileishmanial therapy is the free sys-
temic circulation of the drug and distribution into different body organs including pathological
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and nonpathological. The exposure of nonpathological organs to the drugs is associated with
the severe toxicity of the antileishmanial drugs thus limiting its therapeutic potential [17]. In
this regard, the specific organ targeting is a promising strategy that reduces the toxic effects by
minimizing the exposure to nondesired organs and improves therapeutic efficacy by increasing
the drug accumulation at the desired organs. One such example of the nanoliposomal formula-
tion of AmB is Ambisome® for VL, when administered is taken up by MP cells and transported
to the liver and spleen via passive targeting [52, 75]. Although this strategy greatly improves
the safety of AmB, the macrophage-targeted nanocarriers described above can be of more
potential in this regard. The surface modification with the ligands actively targets the infected
macrophages because of the high expression of endocytic receptors like MRs. However, one
factor, the parenteral delivery of these systems, limits their wide application and acceptance at
the patient level due to the hazards and high cost associated with and needs to be addressed
yet. In pursuit of the solution to this limitation, Serrano et al. [76] provided the concept of
organ targeting via the oral route and introduced nanomedicine in which nanoparticles were
taken up by the intestinal epithelia and are transported to liver, spleen, and lungs as shown in
Figure 3, thus enhancing the bioavailability of these pathological organs of VL and bypassing
the organs of potential toxicity [76]. This technique utilized specifically engineered polymeric
excipients with the potential to interact with specific proteins in the intestinal epithelium thus
enhancing the permeation and absorption of the constituted nanocarriers.

Serrano et al. [76] illustrated this concept by utilizing N-palmitoyl-N-methyl N,N-dimethyl-
N,N,N-trimethyl-6-O-glycol chitosan (GCPQ) nanoparticles loaded with AmB. Such modification
of chitosan will provide the mucoadhesive character to the nanocarriers. As the mucus is a nega-
tively charged glycoprotein, the positively charged polymer will provide increased electrostatic

Intestinal Epithelial
Cells

Mucus

Spleen

Oral Administration

ORGAN TARGETING

ORAL PARTICLE UPTAKE

Figure 3. Uptake of nanoparticles via oral route and accumulation in liver, spleen, and lungs.
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interaction and bind with proteins thus better chances to be taken up by the enterocytes. Single-
dose oral pharmacokinetic studies in CD-1 mice were carried out by utilizing AmB-GCPQ,
Amb-sodium deoxycholate (Amb-d), and AmB in dextrose solution at the dose of 5 mg/kg. The
nanoparticulate formulations, AmB-GCPQ), and Amb-d exhibited higher plasma drug levels com-
pared to the AmB in dextrose. These results indicate that the particulate formulations were able
to cross the intestinal membrane. Furthermore, significantly higher levels of Amb-GCPQ were
found in target organs, i.e., liver and spleen as compared to the Amb-d. The target organ to kidney
ratio was also determined and provided very encouraging results. As AmB is a nephrotoxic drug,
target organ:kidney ratios are crucial. Lung:kidney AUCO0-24 ratios for AmB-GCPQ and Amb-d
were 1.44 and 0.86, respectively, while the corresponding spleen:kidney ratios were 1.22 and 0.81,
respectively, and the corresponding liver:kidney ratios were 0.88 and 0.40, respectively. These data
demonstrate that when compared to the deoxycholate micelles, GCPQ nanoparticles delivered
relatively more drug to the target organs (liver, lung, and spleen) rather than kidney. These find-
ings were also supported by the low urinary excretion of Amb-GCPQ, while AmB in dextrose
delivered most of the drug to the kidney, a fact that contributes to the nephrotoxicity associated
with AmB and reduced drug levels in target organs. Also, the oral particle location to major organs
was studied by coherent anti-Stokes Raman spectroscopy. The results located the GCPQ nanocar-
riers within the hepatocytes in the liver, intracellular spaces in the hepatocytes. The reason for their
location in the hepatocytes and lungs is their uptake by the intestinal villi from where they are
transported to the liver via the hepatic portal vein. GCPQ nanocarriers were also taken up by the
M cells of Peyer’s patches from where they are carried to the systemic circulation via the lymphatic
system. The in vivo efficacy studies were carried out in VL murine model. The data indicated oral
GCPQ nanocarriers were equal in efficacy to the parenterally administered AmB [76].

Recently, our research group utilized thiolated polymer-based mannose-anchored nanocarri-
ers to target the visceral organs via oral route for the delivery of AmB against VL (unpublished
data). Thiolated polymers, the so-called thiomers, are well known for their mucoadhesion,
permeation enhancing, and P-gp inhibition properties with great impact on the nanodrug
delivery. Thiomer contains thiol group (—SH) covalently attached to the polymer chain, and
by the virtue of -SH, the thiolated polymer can interact with the proteins and receptors via
disulfide bond formation (—S—5—) in disulfide exchange mechanism [77]. Mucus in the intes-
tine acts as the physical barrier for the diffusion of drugs across the intestinal membrane. The
structure of mucus is complex, which arises from the properties of mucins. Mucins are large
glycoproteins composed of more than 800 amino acids, also containing cysteine- and disulfide-
rich domains. Mucins have long flexible proline, threonine, and serine (PTS) domains that are
glycosylated. The glycans terminate with negatively charged carboxylic groups. Diffusion in
the mucus structure depends on the charge of the molecules. Mucus contains pores that are
200-400 nm in diameter, thus allowing diffusion of many APIs [78, 79]. If APIs are encap-
sulated in nano- or microcarriers, the size of the carrier can preclude diffusion in mucus.
Thiomer-based nanocarriers will remain adhered to the mucus by making disulfide bond
with the cysteine-rich units of mucin, and by the virtue of small size of nanocarriers, they can
easily pass through the pores in the mucus. After crossing the mucus barrier, they are taken
up by the enterocytes, M-cells of Peyer’s patches and also cross the membrane via paracel-
lular route owing to permeation-enhancing capabilities of thiomers. The primary mechanism
of the permeation enhancing by thiomers is the inhibition of PTP. The inhibition of PTP is
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accomplished by the disulfide (—S—S) bond formation by thiomer with cysteine-rich units and
consequently increased phosphorylation of membrane proteins thus leading to the opening
of tight junction [80]. Furthermore, the mannose anchoring to the thiolated polymer enables
the nanoparticles to target the macrophages via mannose receptors. Thus, the combined effect
of mucoadhesion, permeation enhancing, and macrophage targeting successfully target the
pathological organs of VL, i.e., liver, spleen, and lungs via the oral route.

5.3. Photodynamic therapy

The survival of Leishmania inside macrophages is dependent upon its unique redox biology that
neutralizes the ROS produced by the macrophages [81]. PDT targets the redox biology of Leishmania
by producing the ROS that supersedes neutralizing capabilities of the parasite. The increased ROS
thus exert the antileishmanial effects by jeopardizing the reducing potential [82]. PDT involves
the delivery of special drug called photosensitizers (PS) to the infectious tissue with nanocarriers
and subsequent exposure to a light of specific wavelength. The photosensitizers absorb the light
and then transfer the energy to the molecular oxygen which is converted to the free oxygen [O°]
or OH". These ROS are responsible for the killing of the cells or tissue where the PS is localized.
The photooxidation of biomolecules changes the structure and functions of cells. The generation
ROS can be classified into two types of reactions. Type I reactions called electron transfer reactions
and are responsible for producing various free radicals including highly reactive OH". The type
II reaction involves the energy transfer via molecular oxygen leading to the formation [O°] [83].
However, the clinical application of PDT is limited to the easily accessible areas where the direct
exposure of LASER or incoherent light can be provided. Consequently, the PDT finds its appli-
cation in the treatment of CL [84]. The most commonly used photosensitizer against CL is a
porphyrin precursor, 5-aminolevulinic acid (ALA). ALA is a substrate for heme synthesis and
its exogenous delivery results in the accumulation of protoporphyrin IX (PpIX). When exposed
to the light of a suitable wavelength like the red or blue light after some specific intervals, cell
death occurs due to the apoptosis and necrosis caused by the activated PpIX generating ROS [85].
Zinc phthalocyanine (ZnPc) is another commonly used PS for the PDT. However, one major con-
cern with applying the PS to the skin is that they cannot penetrate to the deeper layers of skin
because of the SC barrier of the skin. Due to which their efficacy at full potential is hampered.

Nanoparticles have been extensively explored to improve the efficacy of PDT against CL,
due to the ability to penetrate the skin by crossing SC barrier and also protect the PS from
aggregation and subsequent inactivation. The current PDT against the CL involves the indi-
rect destruction of the parasites either by enhancing the immune response or by killing the
macrophages. Montanari et al. [86] conducted a study, in which they delivered ZnPc, loaded
in liposomes, to treat the infection induced by L. braziliensis. They indicated ZnPc alone has
20% activity against the promastigotes and amastigotes; however, when incorporated into the
liposomes the antileishmanial activity increased up to 100% for promastigotes and 80% for
amastigote. Moreover, the penetration studies indicated liposomal ZnPc showed eightfold
increased penetration and sevenfold increased accumulation of ZnPc into the deeper layers of
skin as compared to the ZnPc alone. Their study provided the proof that targeted PDT with
nanocarriers greatly enhances the penetration and accumulation of PS into deeper layers of
skin thus enhanced antileishmanial efficacy [86].
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Metallic nanoparticles have found their application in the PDT due to their surface localized plas-
mon response, and they enhance the effectiveness of PDT by producing ROS. Also, they are not
involved in the immune system activation. Several studies have been reported in which the effec-
tiveness of the metal nanoparticles in the PDT has been established. PEGylated silver-doped zinc
oxide nanoparticles (DSNs) for the PDT of leishmaniasis have been reported by the Nadhman
et al. [87]. They indicated DSNs were highly efficacious in providing the photodynamic effect
than nondoped zinc oxide nanocarriers (NDSNs). Doping of zinc oxide with silver enhanced
the band gap and thus excitation at the visible light source. The IC_, of DSNs was in the range
of 0.009 (+0.0012) to 0.02 pg/ml (+0.0023), while that of NDSN was 0.1 ug/ml (x0.016). The DSNs
were 10 times more active than the NDSN. Free radical scavenger studies indicated 77-83% cell
death occurs due to singlet oxygen, while 18-27% due to the production of hydroxyl ions [87].

5.4. Skin-permeating nanocarriers

The role of the skin as barriers to the drug delivery has been discussed above in detail. The
nanomedicine is a promising strategy to cross the skin barrier since they offer several advan-
tages over the conventional drug delivery systems, and skin permeation and follicular target-
ing are the most significant regarding the topical treatment of CL. The nanoparticles larger
than 20 nm and lesser than 200 nm can be accumulated in the hair follicles where they are
retained for longer period of time for up to 10 days, thus providing the continuous supply of
the drug for the absorption [88, 89]. Various types of nanocarriers have been utilized for this
purpose but the lipid-based nanocarriers such as liposomes, solid lipid nanoparticles, and
nanoemulsions are most extensively studied for skin permeation.

Ferriera et al. [90] first time reported the encapsulation of PA into liposomes and evaluated their
permeation across the stripped and intact mouse skin. The results exhibited significantly increased
PA penetration into and across the intact skin compared to the PA in solution. However, this
model was based on the hairless skin and cannot be extrapolated for human due to the presence
of hairs. Topical treatment of L. major infected BALB/c mice resulted in a decrease in lesion size
in animals treated with PA-loaded liposomes and free PA gel. However, local relapse, character-
ized by the reappearance of ulcers, occurred faster in animals treated with free PA than in those
treated with liposomes. These findings suggest that liposomes represent a promising alternative
for the topical treatment of CL using PA [90]. Jaafari et al. [42] reported the efficacy of liposomes
loaded with PA at 10 and 15%. Both types of liposomal formulations indicated high retention
and permeation profile of PA in the mouse skin. These formulations exhibited 3—4 times better
efficacy against L. major amastigotes compared to simple PA solution. Significant reduction in
the lesion size and parasitic burden in liver and spleen was observed in L. major-infected BALB/c
mice with topical PA liposomal formulations compared to the control mice. However, in this
study, comparison of topical treatment with free PA was not reported [42].

Frankenburg et al. [93] evaluated the effectiveness of AmB-based lipid nanoformulations
applied topically to L. major experimentally infected mice. The three evaluated formulations
(Amphocil, Fungizone, and Abelcet) were ineffective when applied topically, except when
Amphocil and Abelcet were dispersed in 5% ethanol. No relapse was observed during the
follow-up period after treatment [91]. Subsequently, Amphocil dispersed in 5% ethanol was
tested in L. major-infected patients in a prospective placebo-controlled study. The results
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provided the significant reduction in the lesion size against the placebo-treated lesions. This
treatment exhibited complete healing lesions with no evidence of relapse on follow-up vis-
its [92]. This modality was also used for the topical treatment of an infant patient who had
not responded to the topical application of a PA ointment, resulting in resolution of the skin
lesions and absence of local or systemic side effects [93].

6. Conclusion

The conventional therapy of leishmaniasis failed to provide the satisfactory control over the
progression of disease due to the involvement of certain biological barriers. Leishmania parasite
resides inside macrophages providing a barrier of macrophage cell membrane permeability
for the drugs. The activity of P-gp efflux pumps directly related to the decreased intracellular
accumulation of antimonial compounds. The physiochemical properties of antileishmanial
drugs limit their oral bioavailability making it necessary to deliver drug via IV route. SC pro-
vides another barrier to delivery of drugs in CL. The biological barriers encountered by the
chemotherapeutic agents leads to the development of resistance, lack of effectiveness and tox-
icity, thus are the factors jeopardizing the full therapeutic potential of antileishmanial drugs.
These biological barriers cannot be tackled with the conventional drug delivery systems, and
lack of therapeutic choices necessitates the development of new drug delivery system with
the better therapeutic profile. In this area, nanotechnology is a great hope that provided real
breakthrough over conventional formulations. The nanotechnology-based pharmaceutical
formulations can easily navigate through the biological barriers and enhance the therapeutic
effectiveness of antileishmanial drugs. Various types of nanocarriers, like liposomes, nio-
somes, polymeric nanocarriers, and metal oxide nanoparticles provided very encouraging
results regarding leishmaniasis therapy. One of the very promising aspects of nanotechnology
is the targeted delivery of nanocarriers to a very specific organ of pathology and avoiding the
healthy tissues. In this regard, the targeting approaches like receptor-mediated macrophage
targeting, organ targeting via oral route, photodynamic therapy provided a platform for suc-
cessful therapy of the disease. Various nanotechnology-based formulations of antileishmanial
drugs are in different phases of clinical trial. However, a lot of efforts from the scientific com-
munity are required to further investigate the targeted delivery of antileishmanial agents to
translate the nanomedicinal concepts into first-line gold standard therapy.
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