
Leishmaniasis 
General Aspects of a Stigmatized Disease

Edited by Leonardo de Azevedo Calderon

Edited by Leonardo de Azevedo Calderon

Leishmaniasis is a major global health challenge, affecting approximately 12 million of 
the poorest people in 100 countries. It is a deforming and fatal disease in the visceral 

form. Therapies for leishmaniasis are numerically restricted, basically consisting 
of the administration of miltefosine, pentavalent antimonials, amphotericin B, or 

pentamidine. This is an important vulnerability against therapy efficiency that must 
be overcome by the scientific community. This book discusses important aspects of 
the disease, such as treatment, epidemiology, and molecular and cell biology. The 
information contained herein is important for young researchers as they seek to 

develop safe and effective treatments for this neglected tropical disease.

Published in London, UK 

©  2022 IntechOpen 
©  EzumeImages / iStock

ISBN 978-1-83968-081-6

Leishm
aniasis - G

eneral A
spects of a Stigm

atized D
isease





Leishmaniasis - General 
Aspects of a Stigmatized 

Disease
Edited by Leonardo de Azevedo Calderon

Published in London, United Kingdom





Supporting open minds since 2005



Leishmaniasis - General Aspects of a Stigmatized Disease
http://dx.doi.org/10.5772/intechopen.95200
Edited by Leonardo de Azevedo Calderon

Contributors
Huseyin Istanbullu, Gulsah Bayraktar, R. Sivayogana, Aishwarya Krishnakumar, S. Kumaravel, Rajesh 
Rajagopal, P. Ravikanth, Mohammed Hassan Flaih, Tatiane Aranha da Penha-Silva, Sandra Alves de 
Araújo, Ana Lucia Abreu-Silva, Jaqueline Diniz Pinho, Marcelo de Souza Andrade, Karim Abdulkadim 
Muftin Al Zadawi, Samuel K. Kwofie, Gabriel B. Kwarko, Emmanuel Broni, Michael B. Buenor Adinortey, 
Michael D. Wilson, Nargis Shaheen, Chaitenya Verma, Naveeda Akhter Qureshi, Juliany Cola Fernandes 
Rodrigues, Brunno Renato Farias Verçoza, Alisson Amaral Da Rocha, Joseane Lima Prado Godinho, Sara 
Teixeira de Macedo-Silva, Gabrielle dos Santos da Silva e Miranda, Milena Barenco Pires De Abreu 
Sodré, Victor Feliciano Dos Santos Ramos, Patricia Xander, Andrey Sladkevicius Vidal, Talita Vieira 
Dupin, Aline Correia Costa de Morais, Rogéria Cristina Zauli, Wagner Luiz Batista, Medhavi Sudarshan, 
Sumit Sharan, Lara J. Herrero, Elina Panahi, Christopher S. Peacock, Danielle I. Stanisic, Leonardo 
de Azevedo Calderon, Natanael Endrew Souto Maior Torres Bonfim, Ana Lígia Barbour Scott

© The Editor(s) and the Author(s) 2022
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 found at 
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, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, 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

Leishmaniasis - General Aspects of a Stigmatized Disease
Edited by Leonardo de Azevedo Calderon
p. cm.
Print ISBN 978-1-83968-081-6
Online ISBN 978-1-83968-082-3
eBook (PDF) ISBN 978-1-83968-092-2



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

5,700+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

141,000+
International authors and editors

180M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D

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





Meet the editor

Leonardo de Azevedo Calderon obtained a bachelor’s degree and 
a doctorate in Biological Sciences from the University of Brasília 
(UnB), Brazil, in 2000 and 2004, respectively. He is a researcher 
in public health at the Oswaldo Cruz Foundation, lecturer in the 
Medicine Department, Federal University of Rondônia, Brazil, 
and head of the Center for the Study of Biomolecules Applied to 
Health. He has experience in the fields of biochemistry, molecu-

lar biophysics, and bioinformatics, working mainly in the prospection and develop-
ment of new chemical entities with potentially useful activities in future therapies 
for leishmaniasis and malaria.



Contents

Preface XI

Section 1
Biology 1

Chapter 1 3
Leishmaniasis: Molecular Aspects of Parasite Dimorphic Forms Life Cycle
by Natanael Endrew Souto Maior Torres Bonfim, Ana Lígia Barbour Scott  
and Leonardo de Azevedo Calderon

Chapter 2 23
Protective and Pathogenic Immune Responses to Cutaneous Leishmaniasis
by Elina Panahi, Danielle I. Stanisic, Christopher S. Peacock and Lara J. Herrero

Chapter 3 53
Extracellular Vesicles Released by Leishmania: Impact on Disease  
Development and Immune System Cells
by Rogéria Cristina Zauli, Andrey Sladkevicius Vidal, Talita Vieira Dupin, 
Aline Correia Costa de Morais, Wagner Luiz Batista and Patricia Xander

Section 2
Medicine 65

Chapter 4 67
Treatment of Leishmaniasis
by R. Sivayogana, Aishwarya Krishnakumar, S. Kumaravel, Rajesh Rajagopal 
and P. Ravikanth

Chapter 5 79
Visceral Leishmaniasis: Asymptomatic Facts
by Medhavi Sudarshan and Sumit Sharan

Chapter 6 99
Geographical Distribution of Cutaneous Leishmaniasis and Pathogenesis
by Mohammed Hassan Flaih

Chapter 7 113
Geopolitical and Geospatial Conflicts Affecting Cutaneous Leishmaniasis: 
Iraqi Cases, 2014-2015
by Karim Abdulkadim Muftin Al Zadawi



Contents

Preface XI

1

3

23

53

65

67

79

99

113

Section 1
Biology 

Chapter 1 
Leishmaniasis: Molecular Aspects of Parasite Dimorphic Forms Life Cycle 
by Natanael Endrew Souto Maior Torres Bonfim, Ana Lígia Barbour Scott  
and Leonardo de Azevedo Calderon

Chapter 2 
Protective and Pathogenic Immune Responses to Cutaneous Leishmaniasis 
by Elina Panahi, Danielle I. Stanisic, Christopher S. Peacock and Lara J. Herrero

Chapter 3 
Extracellular Vesicles Released by Leishmania: Impact on Disease  
Development and Immune System Cells
by Rogéria Cristina Zauli, Andrey Sladkevicius Vidal, Talita Vieira Dupin, 
Aline Correia Costa de Morais, Wagner Luiz Batista and Patricia Xander

Section 2
Medicine 

Chapter 4 
Treatment of Leishmaniasis
by R. Sivayogana, Aishwarya Krishnakumar, S. Kumaravel, Rajesh Rajagopal 
and P. Ravikanth

Chapter 5 
Visceral Leishmaniasis: Asymptomatic Facts
by Medhavi Sudarshan and Sumit Sharan

Chapter 6 
Geographical Distribution of Cutaneous Leishmaniasis and Pathogenesis 
by Mohammed Hassan Flaih

Chapter 7 
Geopolitical and Geospatial Conflicts Affecting Cutaneous Leishmaniasis: 
Iraqi Cases, 2014-2015
by Karim Abdulkadim Muftin Al Zadawi



II

123

125

147

181

197

233

Section 3
New Drugs 

Chapter 8 
Use of Cell Biology to Identify Cellular Targets in Drug Development  
Process against Leishmania Sp.
by Gabrielle dos Santos da Silva e Miranda, Joseane Lima Prado Godinho, 
Sara Teixeira de Macedo-Silva, Brunno Renato Farias Verçoza,  
Alisson Amaral da Rocha, Milena Barenco Pires de Abreu Sodré,  
Victor Feliciano dos Santos Ramos and Juliany Cola Fernandes Rodrigues

Chapter 9 
Toward New Antileishmanial Compounds: Molecular Targets 
for Leishmaniasis Treatment
by Huseyin Istanbullu and Gulsah Bayraktar

Chapter 10 
microRNAs: Are They Important in the Development of Resistance  
in Leishmaniasis?
by Sandra Alves de Araújo, Tatiane Aranha da Penha-Silva,  
Jaqueline Diniz Pinho, Marcelo de Souza Andrade  
and Ana Lucia Abreu-Silva

Chapter 11 
Molecular Informatics of Trypanothione Reductase of Leishmania 
major Reveals Novel Chromen-2-One Analogues as Potential 
Leishmanicides by Samuel K. Kwofie, Gabriel B. Kwarko, Emmanuel 
Broni,  Michael B. Adinortey and Michael D. Wilson

Chapter 12 
Plant-Based Alternative Treatment for Leishmaniasis: A Neglected 
Tropical Disease
by Nargis Shaheen, Chaitenya Verma and Naveeda Akhter Qureshi

Preface

According to the World Health Organization, leishmaniasis is a neglected tropical 
disease caused by more than twenty different species of obligate protozoan parasites
from the genus Leishmania that are transmitted by the bites of infected female
sandflies. It is a major global public health problem that has shown an increasing 
burden over the last decade [1]. It is a disease of poverty, with 350 million people
affected by poverty, malnutrition, displacement, and poor housing conditions at
major risk of infection in approximately 100 endemic countries in large areas of
the tropics, subtropics, and the Mediterranean basin [2]. An estimated 700,000 to
1 million new cases occur each year. Leishmania parasites cause two main clinical 
forms of the disease: visceral and cutaneous leishmaniasis. Visceral leishmaniasis
is the most severe, systemic form that is usually fatal unless treated [3]. Cutaneous
leishmaniasis is usually limited to an ulcer that self-heals, but can also lead to scar-
ring, disfigurement, and stigmatization as disability outcomes [3]. Therapies for
leishmaniasis are numerically restricted, which makes the treatment vulnerable to
the emergence of pharmacoresistance. Therefore, efforts to develop new efficient
therapies for this disease is imperative, demanding the sum of efforts of research-
ers and students from all over the globe in the incessant search for new knowledge
that leads to the elimination of leishmaniasis. This book is a useful resource for
health professionals as well as students in fields related to leishmaniases, such as
biochemistry, molecular and cell biology, biotechnology, medicine, pharmacology, 
epidemiology, and treatment, as well as a reference for health professionals.

Leonardo de Azevedo Calderon
Fiocruz Rondônia,

Oswaldo Cruz Foundation,
Medicine Department,

Federal University of Rondônia,
Porto Velho, Brasil
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Chapter 1

Leishmaniasis: Molecular Aspects 
of Parasite Dimorphic Forms Life 
Cycle
Natanael Endrew Souto Maior Torres Bonfim, 
Ana Lígia Barbour Scott and Leonardo de Azevedo Calderon

Abstract

According to WHO, Leishmaniasis is a complex neglected disease caused by a 
protozoa parasite from over 20 Leishmania species transmitted by more than 90 
sandfly species, showing three main forms: visceral, cutaneous, and mucocutane-
ous. The efficient prevention and control of leishmaniasis are very difficult to 
achieve, depending on the combination of different intervention strategies, usually 
resulting in failure. Additionally, the correct diagnostics require the combination of 
clinical signs with laboratory tests, and only a few therapeutical options are avail-
able for patients. To improve this scenario, greater efforts in research for control 
and treatment are needed. For this purpose, the study and understanding of the 
life cycle of Leishmania are mandatory for all researchers who intend to dedicate 
their careers to the different aspects of this important disease. In order to support 
beginning researchers in the study of leishmaniasis, we propose in this review an 
update in the current knowledge about the major molecular aspects involved in the 
development of dimorphic forms of Leishmania parasites that replicate in the gut of 
sandflies (promastigotes) and in mammalian cells (amastigotes) and the relation-
ship with host’s immune system.

Keywords: neglected disease, protozoan, leishmania, amastigote, promastigote

1. Introduction

The vectors of leishmaniasis are dipterans belonging to the Psychodidae family, 
belonging to the genera Phlebotomus (Old World), and Lutzomyia (New World), with 
wide distribution in warm and temperate climates [1]. Only female sandflies are hema-
tophagous and when infected become vectors [2], they can contaminate, in addition 
to humans, other mammals such as domestic dogs and cats, making them important 
reservoirs of the protozoan [3]. These vectors have been more active in the twilight and 
post-dusk, sheltering during the day in humid, shaded places and well protected from 
the winds, for example, wild animal burrows, wood holes, bamboo cavities [4].

Protozoan parasites of the genus Leishmania are the causative agents of leish-
maniasis, a group of neglected tropical diseases whose clinical manifestations vary 
depending on the infectious species of Leishmania and weakness of the host [5]. 
Leishmaniasis presents an unstable epidemiological pattern, presenting unpredict-
able fluctuations in the number of cases in each region. In the Old World, it was 
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initially described as a dermal condition known as Rish-e-Balkhi (Balkh Wound) as 
well as “kala-azar”. In the New World, leishmaniasis parasites were first described 
in 1909 by Adolpho Carlos Lindenberg, Antonio Carini, and Ulysses de Freitas 
Paranhos in skin lesions of patients with ‘Bauru’s ulcers’ in the state of São Paulo, 
Brazil [6]. Currently, there are three groups of parasites of the genus Leishmania 
classified into different subgenera and these vary depending on which parts of the 
vector’s gut are colonized by the parasites [7].

It is now known that leishmaniasis can present different characteristics that vary 
from skin lesions (such as erythematous or hypopigmented macules, papules, nod-
ules, and patches) to visceralization, depending on the species of infecting parasite 
and the immune response developed by the host (Figure 1). However, it is known 
that cultural, environmental, and socioeconomic factors play an important role. 
Furthermore, due to the outbreak of tegumentary leishmaniasis in conflict zones in 
the Middle East, it reveals that war, ecological disasters, and forced migration are 
other factors associated with leishmaniasis risk factors [6]. Leishmaniasis-causing 
protozoa have two main life cycle morphologies: the amastigote phase [without 
apparent flagellum], which is intracellular in the mammalian host, and the promas-
tigote phase [presence of flagellum in the anterior position of the cell] in the fly. The 
promastigote phase presents five main forms: procyclic, nectomonad, leptomonad, 
haptomonad, and metacyclic [7]. The growth of the flagellum in the promastigote 
occurs in several cell cycles. There are clear implications for the mechanisms of 
regulation of flagellum length, life cycle stage differentiation, and trypanosomatid 
division in general, and post-genomic analyzes of Leishmania cell biology have 
contributed to a better understanding of these mechanisms, not only regarding cell 
differentiation but also to the molecular mechanisms behind the protozoan infec-
tion, both in the vector and in the hosts [8].

Studies indicate that leishmaniasis parasites have adaptation mechanisms that 
allow the optimal activity of each life stage at its corresponding environmental pH 
[9]. For example, at pH 7.0 it produces morphologically mixed populations of pro-
mastigotes in the stationary phase, but it also includes a subpopulation with similar 
morphology to the metacyclic (Figure 2) [18, 19].

Figure 1. 
Representative scheme of the genus Leishmania classification illustrating three subgenres. The species 
presented include some of the more investigated that are the focus of biomedical research. They were colored 
by occurrences in the old world (blue boxes) and new world (red boxes), and the without colors occur in both 
regions. Parasites of the Leishmania and Viannia subgenus infect mammals, while Sauroleishmania infects 
reptiles as vertebrate hosts. Adapted from [1, 7].
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2. Amastigote form

Amastigote means “without apparent flagellum”. The flagellum in amastigotes 
is internal and non-functional [7, 20]. This phase is a response to the phagocyta-
tion by its host’s defense cells, presenting itself in an intracellular form inside the 
phagolysosome [21].

After the blood-feeding, digestive enzymes, including trypsin, chymotrypsin, 
aminopeptidase, carboxypeptidase, and alpha-glycosidase degrade ingested infected 
cells and expose amastigote forms to the peritrophic membrane. The change in 
conditions from the mammalian host to the vector’s gut, active membrane receptors 
that detect the change in the environment as the pH increases, from ~4.0 to 5.5 in 
the phagolysosome to ~6.8 to 7.4 in the midgut vector [14, 21, 22] and temperature 
decrease, stimulate the development of the parasite into promastigote form [10, 11].

Figure 2. 
Representative scheme of Leishmania differentiation process inside the sand fly vector. AM = amastigote form, the 
decrease in temperature and an increase in pH is detected by the cell and stimulate cell differentiation [10, 11], 
through modulation of the expression of genes linked to cell functions [12]. PP = pro-cyclic promastigote form, the 
secretion of chitinol enzymes aids in the escape from peritrophic membrane allowing the fixation on the vector 
intestine wall [13], the decrease in pH linked to the increase in glucose in the medium stimulates differentiation 
and migration according to the gradient of glucose concentration [14] by modulating the expression of genes 
linked to different cellular functions [12]. NP = Nectomonad Promatigote form, migrate to the thoracic portion 
of the midgut and begin to secrete PSG [15], as well as a decrease in the expression of several genes [12]. 
LP = Leptomonad Promatigote form, PSG secretion and detection of decreased oxygenation and pH actives 
signals for cell differentiation [16] into HP = Haptomonad Promatigote which attaches to the thoracic midgut 
wall and produces the PSG gel [17], or differentiates into MP = Metacyclic Promatigote form, the infecting phase, 
which migrates to the anterior portion of the sand fly intestine and infects the host during the next meal [14]. The 
increase is represented as blue arrows and the decrease is represented as red arrows.
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An important response of the parasite to this environmental change is the modu-
lation of enzyme activity in the midgut, assigning different roles to these molecules 
than that suggested for the mucin-like structures, which appear to protect the 
parasite surface against the proteolytic enzymes [14]. The secretion of chitinase 
and N-acetylglucosaminidase enzymes protects from the intense enzymatic activity 
resulting from digestion, allowing the escape of peritrophic membrane towards the 
intestinal wall of the vector [13].

Several intracellular signals are triggered and are directly related to the tran-
sition from amastigote to promastigote. Relative expression studies revealed 
increased expression of several genes related to: (calmodulin binding; Cyclic 
nucleotide biosynthetic process; GTPase activity; GTP binding; DNA association; 
Nucleosome activity; Nucleosome assembly; Synthesis-coupled proton transport 
ATP; Mitochondrial proton transporter ATP synthase; Intracellular signal trans-
duction; Dinein complex; Protein complex; Protein heterodimerization activity; 
Protein polymerization; Proteolysis; Phosphorus-oxygen lyase activity; Calcium-
dependent cysteine-type endopeptidase] and a decrease in the expression of genes 
related to: (Antioxidant activity; Peroxiredoxin activity; Cysteine-type peptidase 
activity; DNA catabolic process; Triglyceride lipase activity) [12].

Transformation of amastigotes to promastigotes occurs within 12–18 h. These 
initially transformed promastigotes are termed procyclic and remain short, ovoid, 
and only slightly mobile [14].

3. Promastigote forms

3.1 Procyclic form

A procyclic promastigote is similar to a cell in G1 or post-S phase that has 
inherited the new short flagellum [23]. Its morphological characteristic is a body 
length of 6.5–11.5 μm and the flagellum is shorter than the body length and can 
have variable body width [20]. The intense multiplication of these forms starts at 
approximately 18–24 h [14], the divisor promastigotes are found in rosettes with 
flagella directed towards the center. In promastigotes, the flagellum extends from 
the cell body, hits and moves the organism, emerging from the anterior end of the 
cell [7].

Membrane protein classes of the parasite enable the attachment of the pro-
cyclic promastigote to the midgut wall of the vector and compatibility between 
Leishmania species with the vector species. The main membrane glycoconjugates, 
including their unique and common structures, are lipophosphoglycans–LPG, 
glycophosphatidylinositol lipids–GIPLs, glycoprotein 63–gp63, secreted acid 
phosphatases–sAP, secreted proteophosphoglycans–sPPG [14].

The fact that significant differences in LPG-mediated binding were observed 
when different vector species were compared suggest that the molecules that serve 
as parasite attachment sites can vary between different species of sandflies.

Serum digestion products destroy incompatible Leishmania species, fur-
thermore, studies suggest that inter- and intraspecies-specific polymorphisms 
in the LPG phosphoglycan domains may result in species- and strain-restricted 
intestinal binding and thus determine vector competence. Species- and strain-
specific and may therefore provide the evolutionary pressure for structural 
LPG polymorphisms [14, 24]. Developmental-regulated modifications in LPG 
structure control the specificity of the midgut adhesion stage [25, 26]. Recent 
findings indicate that non-LPG-mediated fixation is used by some other species 
of Leishmania [27–31].
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The gp63, also known as leishmanolysin, is a 63 kDa zinc metalloproteinase 
containing a GPI anchor and is expressed on the surface of promastigotes of several 
Leishmania species. It plays an important role in the annexation of the leishmaniasis 
protozoan and has stood out in several studies related to the understanding of the 
development and virulence of the parasite [31–36].

Gut-associated lectins or lectin-like molecules, which have been described for 
sandflies and presented as signaling sites conducive to parasite fixation [37–39].

Alternatively, lower affinity and less specific interactions, mediated by shared 
covering structures and/or flagellar proteins, may be sufficient for the parasite 
to resist the expulsive force it is exposed to in the vectors. Directing the anterior 
migration of unattached promastigotes to the thoracic midgut and stomodeal valve 
has generally been attributed to a glucose concentration gradient [14].

3.2 Nectomonad form

During 36–60 h, rapid multiplication continues, accompanied by the trans-
formation of promastigotes into a long, slender, highly mobile form called 
nectomonads [14]. Nektós, comes from the Greek and means: “who swims”. Its 
morphological characteristic is the body length greater than or equal to 12 μm 
with variable body width and flagellar length [20]. A nectomonad promastigote is 
like an S-phase cell [23]. The cell differentiation signals triggered, in comparison 
to the procyclic ones, a significant decrease in the expression of genes related to: 
Nucleosome activity and assembly; protein heterodimerization; DNA association; 
core; kinetochore; administration of calmodulin [12].

3.3 Leptomonad form

By 60–72 h, an enormous number of nectomonads are found bundled up in the 
anterior portion of the abdominal midgut, with many attached via their flagella 
to the microvilli of the epithelial cells. The anterior migration of promastigotes to 
the region of the cardia [middle thoracic intestine] and stomodeal valve proceeds 
until a large accumulation of parasites behind the valve is reached. A leptomonad 
promastigote is similar to a cell in the same stages of the cell cycle as a procyclic pro-
mastigote, but which has inherited the older, longer flagellum [23]. Leptos, comes 
from the Greek and means: “slender, thin, small”. Its morphological characteristic 
is body length 6.5–11.5 μm, with flagellum greater than body length and variable 
body width [20]. Found lining the surface of the stomodeal valve and there can be 
differentiated haptomonad and metacyclic promastigotes [40].

3.4 Haptomonad form

It is the transformation of leptomonads into short, broad forms called haptomo-
nads, which are occasionally seen to divide [7]. It comes from the Greek haptein, 
and means: “to hold, denoting contact or combination”, the morphological char-
acteristic of haptomonads is the discoid expansion of the tip of the flagellum, with 
body shape and variable flagellar length [20]. The haptomonad forms bind through 
hemidesmosomes to the thin cuticular layer called the intima of the stomodeal valve 
or to each other through the secretion of a viscous gel-like matrix that restricts its 
motility [17].

The main component of the gel secreted by promastigotes (PSG) is a 
high molecular weight glycoprotein called filamentous proteophosphogly-
can [15]. The identification of PSG strengthened the hypothesis of vec-
tor valve blockage, because the gel-forming properties of the filamentous 
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proteophosphoglycan–fPPG may provide the physical obstruction necessary to 
cause regurgitation in the vector during repast [7].

The gelatinous nature of PSG, together with its high cell density, can cause local 
oxygen depletion, and anaerobiosis is also known to stimulate metacyclogenesis 
[16]. Furthermore, after differentiating leptomonad promastigotes in the middle of 
the PSG plug, metacyclic promastigotes can migrate to either pole, concentrating on 
the former in response to a chemotactic suggestion. The possibility of Leishmania 
responding to sugars or saliva released from the culture that could form a gradient 
in the midgut remains to be addressed [20].

3.5 Metacyclic form

The name “metacyclic” comes from the Greek Meta and means: “Between”. They 
are morphologically classified as short, slender, body length less than or equal to 
8 μm, body width less than or equal to 1 μm, and highly active with a flagellum at least 
twice the length of the cell body and are generally not seen in the division [7, 20].

When compared with the gene expression in the form of neptomonads, we can 
observe the regulation of several cellular activities, with the negative expression of 
genes related to rRNA processing and the small subunit process (SSU) [12].

Metacyclic promastigotes, originating from the foregut or behind the stomodeal 
valve to the esophagus, pharynx, and proboscis, are inoculated during the meal, 
where they initiate the infection in the mammalian host [14]. However, there are 
at least three known components that lead to infection by the leishmaniasis pro-
tozoa: the metacyclic promastigotes themselves, which are obviously essential for 
transmission; sand fly saliva; and the gel secreted by promastigotes–PSG. Sandfly 
saliva is a well-established disease exacerbation factor [41], at least for tegumentary 
leishmaniasis. This is due to the fact that it contains potent compounds with vasodi-
latory and anti-hemostatic properties [42]. Co-inoculation of saliva with parasites 
has been shown to worsen the disease in several studies, and this is due to the 
modulatory capacity of the immune response to contribute to parasite survival and 
replication [43–45]. Likewise, PSG has also been shown to contribute to the worsen-
ing of the disease, being directly related to the increase in the number of metacyclic 
promastigote parasites co-inoculated with saliva [27]. The presence of parasites 
in the salivary glands of sandflies has already been reported by some studies and, 
therefore, it has been proposed as a fact of great relevance for transmission [46, 47].

4. Molecular aspects of the infection

The first interactions between Leishmania and the host’s immune response are 
closely linked to the evolution of the disease or protection against the protozoan, 
and the vector’s saliva directly contributes to these interactions [48]. Sandfly saliva 
is composed of active molecules that cause an imbalance in homeostasis at the host 
site, and aid repast [49]. The saliva of these arthropods contains a vast repertoire 
of pharmacologically active molecules that hinder the host’s hemostatic, inflamma-
tory, and immunological responses [48, 49]. When sand fly saliva is injected into 
the host’s skin, it induces infiltration of inflammatory cells [50] and antibody pro-
duction [51–53]. These disturbances in tissue physiology may also favor the release 
of Leishmania parasites, as the key to the success of Leishmania parasitism is the 
ability to evade host immune responses [48]. In this setting, immune complexes 
are formed [53] in the early stages of exposure. In addition, sand fly saliva also 
modulates costimulatory molecules and cytokine release by antigen-presenting 
cells [54–56].
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Several active compounds with pharmaceutical properties have already been iso-
lated from the saliva of sand flies such as the anticoagulant compound of Lufaxine 
(Inhibitor of Factor Xa from Lutzomyia longipalpis). This recombinant protein has 
potent and specific anticoagulant activity against factor Xa, a serine protease that 
cleaves prothrombin to generate thrombin and is involved in both the extrinsic and 
intrinsic coagulation pathway [57], preventing the activation of receptor 2 activated 
by protease and thereby inhibiting inflammation and thrombosis in C57BL/6 
mice [58].

The action of the LuloHya compound, which acts as a hyaluronidase [55], has 
also been reported, and when co-inoculated with the parasites provides a more 
successful infection by Leishmania [59–61]. The Lundep protein, on the other 
hand, acts as an endonuclease and helps in the survival of parasites by inhibiting 
neutrophil traps (NET) in addition to preventing the activation by contact of FXIIa 
in human plasma [56, 60].

One of the most studied salivary peptides is a potent vasodilator known as 
maxadilan (MAX). In addition to vasodilation, this compound can also act as an 
immunomodulator in the host. It can up-regulate cytokines associated with a type 
2 response (IL-10, IL-6, and TGF-β) and down-regulate type 1 cytokines (IL-12p70 
and TNF-α), NO, and CCR7. This increased parasite survival in the vertebrate host 
in the early stages of infection [55, 56]. Studies involving the inhibition of human 
complement by the saliva of the sand fly Lutzomyia longipalpis showed the existence 
of inhibitors of the classical pathway in this species. As the anti-complement com-
pound Salo [62] and is also considered as a potential transmission-blocking vaccine 
candidate against leishmaniasis [63].

Pharmacologically active molecules such as Maxadilan in L. longipalpis or PP-1 
PP-2A inhibitors [Protein phosphorylation and dephosphorylation reactions, medi-
ated by protein kinases and PPs, respectively, trigger signal transduction events that 
control diverse cellular responses to internal and external signals [64, 65] present 
in the saliva of P. papatasi, probably evolved to facilitate blood-feeding. However, 
as with many other biomolecules, salivary factors also exhibit other activities. In 
this case, Leishmania parasites benefit from the immunomodulatory effects of 
certain salivary factors to facilitate their establishment in the hostile environment 
of vertebrate skin [66].

Taken together, these data indicate that saliva is an endless issue, and several 
factors remain to be defined and how blocking these molecules is an open field for 
alternative tools against transmission [48, 49, 67]. Figure 3 briefly illustrates the 
main aspects of how the infection of leishmaniasis parasites occurs in the host.

Recognition of the parasite by the host’s immune system cells is the key to 
triggering effective Leishmania-specific immunity [5]. However, the parasite can 
persist in the host’s myeloid cells, evading, delaying, and manipulating the host’s 
immunity to escape host resistance and ensure its transmission [5].

Neutrophils are the first to infiltrate infection sites, where they generate an 
inflammatory response that restricts the parasite and acts to protect the organism, 
fighting infection through a series of mechanisms, being considered important 
modulators of leishmaniasis [68]. They are responsible for the formation of web-
like structures called neutrophil extracellular traps (NETs) that can capture and/or 
kill microorganisms [68]. However, for some species of Leishmania, neutrophils can 
act as carriers that facilitate the silent infection of macrophages [69–71]. The ‘Trojan 
Horse’ model is based on the silent transmission of the parasite from neutrophils 
to macrophages and dendritic cells when macrophages and cells phagocyte from 
apoptotic neutrophils that are contaminated by Leishmania [70]. This model is 
evidenced in the reported ability of some Leishmania species, such as L. major and 
L. braziliensis [72, 73], to induce neutrophil apoptosis.
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Macrophages are the main effector population involved in parasite elimination 
[5]. However, macrophages are the main host cells where the parasites grow and 
divide. The parasites infect, multiply gradually, and finally destroy macrophages 
releasing large numbers of viable amastigotes in the region [74]. Once inside the 
macrophage, and depending on the Leishmania species, the parasites delay the 
formation and maturation of phagosomes, preventing phagosome acidification and 

Figure 3. 
Schematic representation of the leishmaniasis stages of infection. Parasite infection: Leishmania sp. enters 
through the lesion caused by the proboscis during the meal and infect local macrophages. Stimulated by 
compounds with vasodilating and anti-hemostatic properties present in the vector’s saliva, an inflammatory 
reaction begins in the region where more immune cells are recruited to the site and can also be infected by 
protozoa in metacyclic form. Once phagocytosed, the protozoa become different in the amastigote form in 
the phagosome. Growth and survival of Leishmania sp.: Infected macrophages secrete anti-inflammatory 
and pro-inflammatory mediators, initiate immune response mechanisms, neutrophils release cytokines and 
reactive oxygen species–ROS in the region and monocytes, which differ into macrophages and dendritic cells, 
which become infected and migrate to other tissues. The increase is represented as blue arrows and decrease is 
represented as red arrows.
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the action of proteases, while guaranteeing the nutrients necessary for its survival. 
Furthermore, the parasites modulate the cytokine secretion pattern and inhibit the 
generation of NO and ROS, while extending the survival of infected macrophages 
[5]. Genomic and transcriptomic analyzes have largely contributed to the under-
standing of the biology of Leishmania and revealed to us about the complex inter-
actions that occur within the parasite–host-vector triangle, these interactions are 
responsible for the rapid activation and deactivation of various signaling pathways 
that lead to functions of macrophages [e.g., phagocytosis, chemokine secretion, 
and prostaglandin secretion] [75, 76]. Extracellular matrix interactions, metabolic 
changes, modulation of gene expression and several mechanisms that are still 
being studied have revealed how cell–cell interaction occurs and why leishmaniasis 
is such a complex disease as shown in Figure 4. The elimination of parasites by 
macrophages requires the preparation and development of an adaptive effector Th1 
immunity driven by specific subtypes of dendritic cells [5].

Studies analyzing neutrophils infected by L. major parasites have shown that, 
when phagocytosed by cells in the skin tissue, they have the ability to inhibit the 
maturation and migration of dendritic cells, resulting in a delay in the development 
of adaptive immunity [72, 78, 79]. Dendritic cells are essential for the generation 
of a Th1-mediated immune response, fundamental for the control of leishmaniasis 
[80–82]. These parasites can act at different levels to inhibit dendritic cells, includ-
ing modulation of the MAPK pathway, decreased antigen presentation capacity and 
IL-12 secretion, this inhibition being mediated by the activation of protein tyrosine 
phosphatase (PTPs) [83, 84]. In summary, the internalization of the opsonized pro-
tozoan by dendritic cells via FcγR (Fcγ receptor) promotes dendritic cell activation 
and IL-12 production. Furthermore, there is a down-regulation of costimulatory 
molecules, CD40 and CD86 after infection and gp63 cleaves the SNAREs protein 
(soluble NSF binding protein receptor), preventing the assembly of the NADPH 
oxidase complex [5]. An analysis of the gene expression of lesions with Cutaneous 
Leishmaniasis showed increased P27 [85] and decreased expression of the A2 gene 
[86]. IL-10 is important for the persistence of the parasite in the lesion, prevent-
ing its complete elimination from the lesion, despite the presence of a protective 
immune response [87]. Furthermore, circulating antibody is crucial for susceptibil-
ity to the development of tegumentary leishmaniasis [88] and a progressive increase 
in tissue IL-10 expression during infection suggests a role in susceptibility [89]. The 
amastigotes from the cutaneous leishmaniasis lesion are coated with IgG, and the 
internalization of opsonized amastigotes by macrophages induces the production of 
IL-10 and a consequent increase in the intracellular growth of the parasite [90].

Tissue damage is promoted by inappropriate epidermal signals driven by 
dendritic cells. Furthermore, studies indicate that nTregs are essential for the 
development and maintenance of persistent skin infection and reactivation of 
infections caused by the Leishmania parasite [91]. Understanding which dendritic 
cell populations are critical to triggering and achieving immunity to Leishmania 
and how parasites inhibit its activation and migration will help to improve a rational 
design of vaccines aimed at neutralizing the parasite’s virulence factors, along with 
the use of the most appropriate adjuvants [5]. These recurrent injuries may result 
from the Koebner phenomenon [92] which refers to skin lesions appearing in lines 
of mechanical trauma, seen in some skin diseases such as psoriasis.

Antimicrobial peptides are innate immunity mechanisms that contribute to host 
defense. LL-37 is a peptide derived from human cathelicidin (CAP180, a multi-
functional regulator of the innate and adaptive immune response, having a leish-
manicidal activity, increasing phagocytosis in dendritic cells and macrophages, and 
acting as an activator or suppressor of the adaptive immune response depending on 
the concentration [91].
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Figure 4. 
Diagram representing the major reports about modulation of internal reactions in macrophages infected by the 
parasite causing leishmaniasis. Leishmania sp. internalization and cell differentiation is successfully achieved, 
mediated by modulating the expression of genes linked to various cellular functions [12] and by the alteration of 
signaling events in the host cell, leading to increased production of autoinhibitory molecules such as TGF-beta 
and decreased induction of cytokines such as IL12 for protective immunity. The production of nitric oxide is 
also inhibited. furthermore, defective expression of major histocompatibility complex (MHC) genes silences 
subsequent macrophage-mediated T cell activation, resulting in abnormal immune responses [77]. SHP-1 down-
regulates JAK2, Erk1/Erk2 MAP, NF-B, IRF-1, and AP-1 kinases, thereby inhibiting IFN-inducible macrophage 
functions (e.g., nitric oxide, IL-12 production, and immunoproteasome formation), STAT1 degradation by the 
proteasome is dependent on PKC and other phosphatases (eg, phosphatase IP3 and calcineurin) and surface 
parasite molecules such as LPGs play a key role in altering several secondary pathways, for example, PKC, Ca+2 
and phosphatidyl inositol), regulating important phagocyte functions such as NO and superoxide production 
[75]. The increase is represented as blue arrows and the decrease is represented as red arrows.
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Natural regulatory T cells rapidly accumulate in the dermis, where they sup-
press, both through IL-10 dependent and independent mechanisms, the capacity of 
CD4 + CD25 effector T cells to eliminate the parasite from the site [91]. One of the 
immunopathological consequences of active visceral leishmaniasis in humans is the 
suppression of T cell responses mainly to the Leishmania antigen [93]. The immune 
responses induced during visceral leishmaniasis in experimental data are markedly 
different from those induced in cutaneous leishmaniasis [94]. Furthermore, gene 
expression studies of tissues infected with visceral leishmaniasis reveal the modula-
tion of the expression of genes P27, Ufm1 [85] and A2 [95]. A spectrum of clinical 
manifestations occurs in visceral leishmaniasis, ranging from asymptomatic or 
oligosymptomatic disease to progressive disease with severe manifestations such as 
hepatosplenomegaly, fever, pancytopenia, and hypergammaglobulinemia [96].

These particularities must have to be studied in order to permit the understand-
ing of how different Leishmania species could promote different forms of the 
disease can generate such different immune responses [94].

5. Conclusion

The morphological development of the parasite has been regulated by the envi-
ronment in which it is found, being perceived by chemotactic receptors that iden-
tify these environmental changes (e.g. pH and oxygenation), modulating several 
genes and thus triggering various intracellular processes, processes that depend on 
the stage of development that the parasite is at when receiving such stimuli. About 
the molecular aspects involved in the infection, we can say that current research has 
indicated a strong relationship between the immune response and the way in which 
leishmaniasis will manifest itself.

In order to benefit the socio-economically vulnerable individuals affected by 
leishmaniasis, many young researchers start their studies in leishmaniasis from 
an early age in scientific initiation programs, often conducting their studies well 
beyond the PhD. These young researchers are the audience that this book chapter is 
dedicated. Because we believe that the study and understanding of the life cycle of 
Leishmania are mandatory for all researchers who intend to dedicate their careers to 
the different aspects of this important disease. From epidemiological studies to the 
development of new therapies, a good understanding of the parasite’s life cycle is 
essential for the success of all initiatives.
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Leishmaniasis
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Abstract

Leishmania (Kinetoplastida: Trypanosomatidae) parasites are known to cause a 
broad spectrum of clinical diseases in humans, collectively known as the leishmani-
ases. Cutaneous leishmaniasis is the most common clinical presentation with vary-
ing degrees of severity largely driven by host immune responses, specifically the 
interplay between innate and adaptive immune response. The establishment of a T 
lymphocyte driven cell-mediated immune response, leading to activated phagocytic 
cells, leading to Leishmania parasite killing and control of infection. Alternatively, 
the Leishmania parasite manipulates the host immune system, enabling parasite 
proliferation and clinical disease. Here we review how the cumulative interactions 
of different aspects of the host immune response determines disease outcome, 
severity, and immunity to re-infection.

Keywords: Leishmania, innate immunity, adaptive immunity, cytokine,  
T-cell response, immunopathology

1. Introduction

The leishmaniases are a diverse group of vector-borne diseases resulting 
from infection with parasites of the genus Leishmania (L.) (Kinetoplastida: 
Trypanosomatidae). More than 20 species of Leishmania parasites are considered 
public health threats with the Leishmania (Leishmania) and Leishmania (Viannia) 
subgenera encompassing the medically important human pathogenic Leishmania 
parasites (reviewed in [1]). Leishmaniasis is acquired through the bite of an 
infected phlebotomine sandfly, with the genera Phlebotomus (Old World; OW) and 
Lutzomyia (New World; NW) responsible for human transmission. The Leishmania 
life-cycle (Figure 1) is complex as the parasites alternate between a flagellated 
promastigote form within the insect vector (reviewed in [2]) and an intracellular 
amastigote form that resides within phagolysosomes of mammalian phagocytic cells 
(reviewed in [3]). Clinical manifestations of infection with L. (Leishmania) and L. 
(Viannia) species vary from spontaneous self-healing localized lesions (cutaneous 
leishmaniasis; CL) to life-threatening systemic multi-organ disease (visceral leish-
maniasis; VL, also known as kala-azar). Nearly all Leishmania parasites can cause 
CL of varying severity ranging from sub-clinical (also referred to as asymptomatic; 
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reviewed in [4]) and self-resolving lesions to persistent chronic infections that 
result in severe tissue destruction and disfigurement (Table 1) [1].

The interaction between the parasite and the host immune response is complex 
and varied leading to a range of possible different disease outcomes. While the species 
of Leishmania parasite plays a large role in determining disease manifestations, host 
immunity and genetics largely influence the severity of infection. The classic T helper 
1/T helper 2 (TH1/TH2) model has been applied for many years to explain the disease 
severity and outcome, with CD4+ TH1 cells mediating resistance to Leishmania and 
CD4+ TH2 cells promoting host susceptibility [12]. However, this assumption is based 
primarily on an experimental Leishmania (L.) major model of infection in congenic 
mouse strains, which are not entirely relevant to human infections. The model fails 
to explain the different immune responses and clinical presentations observed in 
the range of CL phenotypes caused by the various Leishmania species. Similar to 
the immunological spectrum observed in humans, the combination of mouse strain 
(reviewed in [13]), mode of challenge [14], infectious dose [15] and infecting parasite 
species or strain (reviewed in [16]), influences clinical presentation. With a focus on 
innate and adaptive immunity and subsequent immunopathology, here we describe 

Figure 1. 
The development of Leishmania parasites and their interaction with cells of the immune system. (A) During 
blood feeding, promastigotes are injected into the skin. (B) Neutrophils are the first phagocytic cells to arrive at 
the site of inoculation and play several roles. They arrive rapidly and release interleukin-1β (IL-1β), which is 
triggered by sandfly gut microbiota and promotes phagocytosis. (C) Neutrophils release neutrophil extracellular 
traps (NETs) and kill promastigotes through NETosis. (D) Neutrophils phagocytose promastigotes and  
(E) infected neutrophils interact with dendritic cells (DCs) inducing IL-10 which favors parasite survival.  
(F) DCs also phagocytose promastigotes and (G) interact with natural killer cells, resulting in the production 
of IFNγ. (H) Leishmania can escape apoptotic neutrophils. (I) Neutrophils degranulate and release mediators, 
such as macrophage inflammatory protein (MIP-1β), which recruits monocytes and macrophages.  
(J) Macrophages phagocytose promastigotes and neutrophils can then activate infected macrophages to induce 
intracellular parasite killing by releasing reactive oxygen species (ROS). (K) Apoptotic infected-neutrophils 
are engulfed by macrophages providing a silent entry for the parasite by downregulating ROS and nitric oxide 
(NO). (L) Within the macrophage, the promastigotes undergo significant biochemical and metabolic changes 
by transforming into their intracellular amastigote form to proliferate and infect more cells and/or (M) persist 
indefinitely. The life cycle is continued when (N) a female phlebotomine sandfly ingests a blood meal containing 
Leishmania infected phagocytes. (O) Within the vector, the amastigotes develop into the promastigote stage,  
(P) replicate and undergo further development (not shown here) (Q ) concluding in a migration to the 
stomodeal valve to enable transmission to a mammalian host. Created with BioRender.com
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Clinical form Leishmania parasite Clinical manifestations in humans References

Old world cutaneous leishmaniasis

LCL Subgenus Leishmania Characterized by a single localized skin lesion that 
develops over a period of weeks to months at the site 
of the phlebotomine sandfly bite. Erythema first 
appears before developing into a papule. This further 
advances into a nodule, which progressively becomes 
ulcerated with a well-demarcated, raised border. 
Depending on the infective parasite, LCL may present 
in various forms (see below). Following resolution of 
disease, permanent scarring is common

[1, 5–9]

Leishmania aethiopica Rather than having a classic ulcer, patients present with 
crusty lesions with a patchy distribution, local oedema, 
and color changes often persisting for several years

Leishmania major Multiple ulcero-crusted nodules and wet sores; necrosis 
and severe inflammation

Leishmania infantum
Leishmania donovani

Manifests as papules and nodules with minimal 
ulceration that recovers slowly. More commonly causes 
systemic infection

Leishmania tropica Dry ulcerating lesions, frequently presenting in 
multiple sites which may persist for several years

MCL Leishmania aethiopica Mucosal lesions present simultaneously with lesions on 
the skin; primarily on the skin with spread to mucosa 
afterwards

DCL Leishmania aethiopica Chronic and progressive condition affecting large areas 
of the skin with multiple nodules across the skin that 
often lack ulceration. Parasites grow uncontrollably in 
lesions and lesion growth can persist for decades

New world cutaneous leishmaniasis, collectively grouped as American tegumentary leishmaniasis (ATL)

LCL Subgenus Viannia
Leishmania braziliensis
Leishmania guyanensis
Leishmania panamensis
Subgenus Leishmania
Leishmania mexicana 
Leishmania amazonensis

Presents with severe, ulcerating lesions that may later 
manifest as MCL (see below). Characterized by single 
or multiple ulcerated lesions with elevated borders. 
The self-healing time of lesions can range from a few 
months (L. mexicana) to several years  
(e.g., L. braziliensis).

[1, 10]

MCL Leishmania braziliensis
Leishmania guyanensis
Leishmania panamensis

Healed LCL can progress to destruction of the mucosa 
affecting predominately the nasopharyngeal mucosa 
(90% have had a previous history of CL). Characterized 
by the destruction of tissues of the nasal septum, lips, and 
palate. The excessive immune response seen with MCL 
has been attributed to the presence of Leishmania double-
stranded RNA (dsRNA) virus (LVR), which is unique to 
the NW L. (Viannia) subgenus [11]

DCL Subgenus Leishmania
Leishmania amazonensis
Leishmania mexicana

Multiple non-healing cutaneous lesions, erythematous 
nodules and papules with various types of eruptions. 
DCL manifests as multiple widespread papules and non-
ulcerating nodules with large numbers of viable parasites

DsCL Leishmania braziliensis Characterized by multiple pleomorphic lesions in two 
or more non-contiguous areas of the body. Lymphatic 
spread is common for L. braziliensis
DsCL is characterized by various lesions located on the 
body with few detectable parasites

*Abbreviations: NW, New World; OW, Old World; LCL, localized cutaneous leishmaniasis; MCL, mucocutaneous 
leishmaniasis; DCL, diffuse cutaneous leishmaniasis; DsCL, disseminated cutaneous leishmaniasis.

Table 1. 
Clinical manifestations of cutaneous leishmaniasis caused by medically important Old World and New World 
Leishmania parasites.*
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the key immune responses induced by cutaneous Leishmania infection. We further 
discuss the coordination between innate and adaptive immune responses in parasite 
control and how persistent parasites play an important role in protective immunity.

2. The innate immune system in Leishmania infection and disease

The innate immune response is the host’s first line of defense against invading 
pathogens and consists of physical (e.g., skin), chemical (e.g., nitric oxide and reac-
tive oxygen species), soluble factors (e.g., complement, chemokines and cytokines) 
and cellular defenses (e.g., neutrophils and macrophages), all of which play a vital 
role in determining the course of infection.

2.1 Complement activation

Inoculated Leishmania promastigotes rapidly interact with the host’s comple-
ment system. All three complement pathways (alternative, classical and lectin) are 
involved to varying degrees in Leishmania parasite killing and result in the activation 
of complement (C) protein C3 convertase cleaving C3 to generate C3b (Figure 2; 
reviewed in [17]). C3b facilitates the deposition of the C5b-C9 membrane attack 
complex (MAC) onto the surface of culture-derived stationary phase Leishmania 
promastigotes (a stage predominately found in the sandfly midgut), resulting in 
lysis of the parasite and subsequent uptake by phagocytic cells [17, 18]. C3b also acts 
as an opsonin, promoting direct phagocytosis and destruction by immune cells. In 
vitro experiments demonstrated killing of up to 90% of culture-derived procyclics 
Leishmania promastigotes (including L. donovani, L. amazonensis, L. infantum and L. 
major species) via complement-mediated lysis within the first few minutes of serum 
contact [19]. The remaining resistant parasites used the surface bound C3b to enter 
immune cells and cause infection. Contrary to culture-derived procyclics promasti-
gotes, metacyclic promastigotes (the infective stage that is deposited into the skin by 
blood-feeding phlebotomine sandflies) are able to subvert phagocytosis to promote 
their survival and mediate host pathogenesis [17–19]. The glycocalyx component, 
known as lipophosphoglycan (LPG), and metalloproteinase glycoprotein 63 (GP63), 
is distinct to the surface of the infective metacyclic promastigotes, preventing the 
formation of MAC and complement lysis by cleaving the C3b into an inactive form 
of C3b (iC3b) [18, 20, 21], thereby subverting the complement system. The MAC 
can also be physically inhibited by elongated LPG on the surface of metacyclic 
promastigotes [17]. Moreover, iC3b serves as an opsonin that facilitates the parasite’s 
uptake by binding to complement receptor 1 (CR1) and CR3 on macrophages and 
neutrophils. Binding via CR3 inhibits the production of interleukin 12 (IL-12) and 
oxidative burst, which provides safe parasite entry into macrophages [22].

2.2 Pattern recognition receptors on innate immune cells

Pathogen recognition receptors (PRRs) expressed on innate immune cells are 
critical for recognizing invading pathogens via pathogen-associated molecular 
patterns (PAMPs) and initiating the host immune response (Figure 3). Toll-like 
receptors (TLRs) and Nod-like receptors (NLRs) are the most studied PRRs in 
leishmaniasis and play a dual role in promoting protection or resistance depending 
on the infecting Leishmania species, which receptor the parasite interacts with first 
and the model used [23–25].

Both TLR2 and TLR4 (extracellular receptors) are found on the surface of host 
macrophages and neutrophils and recognize Leishmania promastigote LPG and GP63 
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[23–25] and Leishmania amastigote LPG (L. major specific) and proteophosphoglycan 
(PPG), which are expressed on the amastigote and promastigote surface [26, 27].

TLRs are activated and use the adaptor protein myeloid differentiation primary 
response 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-β 
(TRIF) for signal transduction. The MyD88 adapter was shown to be required for 
the clearance of L. major infection in C57BL/6 mice, with MyD88-null C57BL/6 
mice showing a greater susceptibility to infection than WT mice [23]. Furthermore 
knocking out TLR2 in C57BL/6 mice [TLR2−/−] resulted in mice displaying higher 
resistance to Leishmania (V.) braziliensis infection compared to WT and this resis-
tance was associated with increased enhanced IFN-γ production [24]. Similarly, 
C57BL/6 TLR2−/− mice infected with Leishmania (L.) amazonensis showed a reduced 
parasite burden compared to infected WT C57BL/6 mice [25]. It has been proposed 
that LPG on the surface of Leishmania promastigotes may explain why TLRs promote 

Figure 2. 
Activation of complement by Leishmania parasites. (A) All three complement pathways are activated by the 
Leishmania parasite. (B) The alternative pathway is activated directly by the Leishmania parasite and is 
considered to be the main complement pathway involved in Leishmania clearance. The classical pathway is 
antibody-driven, while the lectin pathway is activated by the binding of mannose-binding lectin and ficolin on 
the parasite [16]. (C) Following activation of all pathways, the complement protein C3 convertase cleaves C3 to 
generate C3b. C3b facilitates the deposition of the C5b-C9 membrane attack complex (MAC) onto the surface 
of the Leishmania parasite, (D) ultimately resulting in uptake by neutrophils and macrophages following lysis 
of the parasite. (E) However, the lipophosphoglycan (LPG) metalloproteinase glycoprotein (GP63) on the 
parasite’s surface inhibits MAC formation through its virulence factor, such as activating protein kinase and 
inducing interleukin-12 (IL-12) [16]. LPG and GP63 resist complement lysis by cleaving the C3b into inactive 
C3b (iC3b) to inhibit MAC convertase leading to safe entry into host cells and protection from complement-
mediated attack. Created with Biorender.
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both protection and resistance, as the density and diversity of surface polysaccharide 
extensions to the LPG molecules varies between Leishmania species and between 
their morphological stages [24]. Similarly, TLR4 has a dual role that depends on the 
time of stimulation [28]. When TLR4 on mouse macrophages is primed in vitro with 
interferon-γ (IFNγ) prior to L. major infection, host protective TNF-α and NO are 
induced, promoting parasite killing. However, when IFNγ is added at the time of 
infection without sufficient priming time, macrophages increase IL-10 production, 
favoring parasite persistence [28, 29]. Interestingly, ex vivo studies using human 
monocytes from CL patients revealed that infection with L. braziliensis up-regulated 
TLR2 and TLR4 expression on inflammatory monocytes subsets [30, 31]. Moreover, 
a correlation with detrimental outcomes of CL was linked to the TLR up-regulation 
and production of TNF-α and IL-10 in infected monocytes [31]. These results using 
monocytes from human CL patients infected with L. braziliensis suggest that TLR2 
and TLR4 expression triggers an inflammatory response and pathology.

TLR3, TLR7 and TLR9 are intracellular receptors recognizing Leishmania para-
sites in the endosomes of macrophages and are activated by Leishmania nucleic acids 
[17]. TLR9 is the most studied intracellular receptor and is associated with disease 

Figure 3. 
Macrophage recognition of Leishmania parasites. Toll-like receptors (TLR) are categorized as extracellular 
receptors (TLR2 and TLR 4) and intracellular receptors (TLR3, TLR7, TLR8 and TLR9). TLRs are activated 
and use the adaptor proteins (myeloid differentiation primary response 88 (MyD88) or TIR-domain-
containing adapter-inducing interferon-β (TRIF)) for signal transduction, which is important for Leishmania 
clearance. TLR2, TLR4, TLR7, TLR8 and TLR9 use MyD88, TLR3 uses TRIF and TLR4 uses both MyD88 and 
TRIF. (A) On the macrophage surface, TLR2 and TLR4 recognize lipophosphoglycan (LPG) molecules found 
on the surface of Leishmania promastigotes and amastigotes (L. major). (B) Upon recognition of Leishmania, 
macrophages release cytokines and nitric oxide (NO) that promote either parasite death or survival. (C) 
TLR2 activation by LPG can also induce the release of suppressor of cytokine signaling 1 (SOCS-1) and 
SOCS-3, which inhibits TLR4 signaling. (D) Complement receptors 1 (CR1) and CR3 are also categorized as 
extracellular receptors and can recognize LPG and metalloproteinase glycoprotein 63 (GP63) both expressed 
on the promastigote surface. (E) Fc receptors, located on the extracellular surface of macrophages, can also 
recognize immunoglobulin G (IgG) on the surface of amastigotes. (F) Intracellular TLRs recognize Leishmania 
RNA (TLR3, TLR7 and TLR8) and DNA (TLR 9). In the cytoplasm, (G) the NLRP3 inflammasome activates 
caspase-1, which cleaves pro-interleukin-1β (IL-1β) and pro-IL-18 to generate mature IL-1β and IL-18. 
Created with Biorender.com.
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outcome having an important role in the early events of lesion development and 
parasite burden. A direct correlation was seen between TLR9 expression and lesion 
size in mice infected with L. braziliensis [32, 33]. Similarly ex vivo human monocytes 
from CL patients presenting with larger lesion size, were found to express higher 
levels of TLR9 [33]. Little is still known about the role of TLR3 in CL. TLR3 promotes 
immune protection against L. (Leishmania) donovani (visceral Leishmania species) 
through the production of TNF-α and NO [34]. Recent studies identified TLR7 as 
having an essential role in early L. major infection control by neutrophils. In TLR7−/− 
C57BL/6 mice infection with L. major leads to long-term exacerbation of CL [35].

In contrast to TLRs, NLRs are cytoplasmic pattern recognition receptors. The 
NLRP3 inflammasome is a major regulator of IL-1β and IL-18 in Leishmania infec-
tion [36]. Similar to TLRs, the involvement and role of NLRs is dependent on the 
infecting Leishmania species. In murine models, activation of the inflammasome 
and IL-1β production have been shown to be associated with a protective role in 
parasite control during infection with L. amazonensis and L. braziliensis [37–39]. In 
contrast, they have no involvement in resistance to L. major infection. Moreover, 
the NLRP3 inflammasome promotes the development of TH2 cells resulting in non-
healing lesions during L. major infection in BALB/c mice [40].

2.3 Innate cellular immunity

The recruitment and activation of innate immune cells are critical for the killing 
of invading pathogens by phagocytosis. However, these cells can also facilitate the 
survival of Leishmania parasites (Figure 1). Leishmania has evolved mechanisms 
to subvert host killing by modulating the response of specific immune cells. 
Macrophages and monocytes are the primary host cell for Leishmania parasites; 
however, a variety of immune cells are recruited to the inoculation site and play 
critical roles in determining the course of infection and disease outcome.

2.3.1 Neutrophils

Neutrophils are the first phagocytic cells to arrive at the site of the phlebotomine 
sandfly bite [41]. These cells are capable of clearing Leishmania parasites early in 
infection through phagocytosis and via the production of an array of microbicidal 
factors that target Leishmania parasites (recently reviewed in [42]). Neutrophils 
release neutrophil extracellular traps (NETs) to capture and kill Leishmania pro-
mastigotes through a cell death mechanism (NETosis) [43]. Infected neutrophils 
degranulate and secrete inflammatory mediators, such as the chemokine macro-
phage inflammatory protein 1β (MIP-1β) and CC-chemokine ligend-3 (CCL3), 
aiding in the migration of macrophages, and recruitment of monocytes and 
dendritic cells [44, 45]. Under normal circumstances, compromised neutrophils 
undergo spontaneous apoptosis, however prevention of neutrophil apoptosis is an 
important mechanism that Leishmania uses to subvert death [41, 44]. For example, 
infected apoptotic neutrophils can act as silent vectors by providing a safe entry 
for Leishmania promastigotes into macrophages without triggering mechanisms to 
kill Leishmania [44, 46]. This silent entry into macrophages has been likened to the 
Trojan horse scenario [41, 47], as the promastigotes suppress neutrophil apoptosis 
until macrophages arrive at the site of infection and then downregulate the micro-
bicidal responses (ROS and NO) [44, 48]. Infected neutrophils are engulfed by 
macrophages allowing promastigotes to transform into amastigotes and proliferate. 
L. major is able to delay neutrophil apoptosis for up to two days by inducing the 
secretion of the anti-apoptotic cytokines IL-8 and granulocyte macrophage colony-
stimulating factor (GM-CSF) [48]. Infected neutrophils undergoing apoptosis have 
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also been reported to release higher levels of MIP-1β to attract macrophages to the 
site of infection thereby ensuring a safe entry for the parasite [44].

The ability of neutrophils to promote parasite killing or parasite survival [35, 49] 
appears to be Leishmania species-specific, impacted by the route of infection 
[35, 50], and influenced by the genetic background of the host [41, 44, 49, 51–53]. 
Studies investigating the role of neutrophils in the development of CL utilized two 
mouse models namely the susceptible (BALB/c) and resistant (C57BL/6) mice and 
found differences in the number of neutrophils recruited at the site of L. major 
inoculation. Interestingly, only lesions of susceptible mice demonstrated a sustained 
presence of neutrophils and this was associated with early IL-4 activation and the 
development of aTH2 response [51]. These observations suggest that in susceptible 
BALB/c mice the early events of the immune response are important in initiating a 
subsequent TH differentiation following infection with L. major.

In vitro studies with human neutrophils suggest that they play either protective 
or pathogenic roles depending on the infecting Leishmania species. A study compar-
ing neutrophils from CL and healthy subjects, which were then infected with L. 
braziliensis ex vivo, observed that neutrophils from CL patients produced more ROS 
and higher levels of the chemokines CXCL8 and CXCL9 which are both associated 
with the recruitment of neutrophils and TH1-type cells [54]. Neutrophils from both 
groups were equally competent to phagocytose L. braziliensis, however the cells from 
CL patients exhibited a pro-inflammatory profile necessary for parasite clearance 
[54]. The protective role of neutrophils depends on the infecting Leishmania species. 
In vitro infection of human neutrophils with L. amazonensis resulted in neutrophil 
production of ROS and leukotriene B4 (an inflammatory mediator) leading to neu-
trophil degranulation and the killing of L. amazonensis [55, 56]. In contrast, human 
neutrophils infected with L. major have been shown to contribute to pathogenesis 
through the secretion of high levels of MIP-1β, which attracts macrophages to the site 
of infection. These macrophages then engulf apoptotic infected-neutrophils, thereby 
providing a silent and safe parasite transmission into macrophages [44].

2.3.2 Macrophages and monocytes

Macrophages and monocytes are recruited to the inoculation site by degranulating, 
infected neutrophils releasing inflammatory mediators, such as MIP-1β and CCL2 
[44, 57]. These cells become infected either by phagocytosing apoptotic Leishmania-
infected neutrophils, by free Leishmania promastigotes that have escaped neutrophils, 
or by amastigotes that have previously ruptured their host cell [41]. Cells of the mono-
cyte lineage are the main host cells of Leishmania parasites and once inside, Leishmania 
promastigotes differentiate into amastigotes, where they survive and replicate.

Both macrophages and monocytes are efficient in controlling Leishmania in the 
early stages of infection (reviewed in [3]). During phagocytosis, these cells release ROS, 
through a mechanism known as the respiratory burst, which kills Leishmania rapidly 
leading to early parasite control [30]. These cells also produce NO, which is generated 
by inducible NO synthase (iNOS) [58]. NO diffuses across cell membranes to initi-
ate parasite killing within both the NO-producing cells and bystander cells [58]. For 
macrophages to release ROS that is sufficient in parasite killing, the cells need to first be 
activated by IFNγ and TNF-α, which enhance the respiratory burst [59]. Though non-
activated macrophages will still release ROS through the respiratory burst following 
infection, it is insufficient to kill Leishmania. In a mouse model, the respiratory burst 
and subsequent release of ROS that occurs in Leishmania-infected macrophages were 
found to be insufficient to kill the parasites if the host cell was not previously activated 
by IFNγ [59]. During infection, the main producers of IFNγ are CD4+ TH1 cells. Prior 
to the differentiation and activation of CD4+ TH1 cells, natural killer (NK) cells are the 
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primary producers of IFNγ [60]. In contrast, in vitro studies with human and mouse 
monocytes infected with Leishmania species showed competence in parasite killing 
through the secretion of ROS and without the need for prior activation [30, 47, 59].

The majority of studies investigating the role of NO have used rodent models, 
where NO is considered necessary to control Leishmania [58, 61, 62], however it is 
not yet clear if NO is required for Leishmania control in humans as activated human 
macrophages have not been shown to produce NO upon Leishmania infection [59, 63], 
It has been suggested that inhibiting NO promotes Leishmania infection in phagocytes 
[63]. Similar, the exact role of ROS in human Leishmania infection is yet to be eluci-
dated, although it is believed that the production of ROS is an important mechanism 
in eradicating Leishmania parasites throughout the course of disease [59].

2.3.3 Dendritic cells

DCs play an important role as a bridge between the innate and adaptive immune 
systems (reviewed in [64]). In addition to phagocytosing Leishmania parasites 
and infected apoptotic neutrophils [45], DCs are important in the maintenance of 
immunity and in rapid stimulation of the adaptive immune response during the 
early stage of infection. DCs present Leishmania-specific antigen to naïve T cells and 
promoting their differentiation. The migration of DCs to the lymph node (where 
they activate T cells) is vital to establish an efficient adaptive immune response. 
Leishmania has evolved strategies to inhibit interaction between DCs and T cells by 
reducing DC migration [64, 65]. It was demonstrated that Leishmania was capable 
of blocking CCR2 (expressed on DC surface) thereby impairing the cells’ ability to 
migrate, however the mechanisms used by the parasite remain elusive [65].

3. Adaptive immune system in Leishmania infection and disease

Following the involvement of innate immune cells in targeting Leishmania parasites 
and antigen presentation, immune cells of the adaptive immune system are activated 
to induce a Leishmania-specific response. The adaptive immune system plays a piv-
otal role in Leishmania infection through the interplay between T cell-mediated and 
antibody-mediated immune responses and the induction of immune memory. The 
complexity of these immune responses, which facilitate the resolution of CL is also 
reflected by the various phenotypes of clinical CL presentations observed in individu-
als [66]. On one end of the immune spectrum, a strong T cell response is observed. 
Although the high levels of IFNγ lead to parasite control, an exacerbated T helper 
(TH) type-1 response and increased number of CD8+ cytotoxic T cells may also lead 
to the development of MCL. In contrast, the other end of the immune spectrum is 
characterized by a high level of Leishmania-specific antibodies and a limited T cell-
mediated response. Individuals have an uncontrolled parasite load (as parasites are not 
neutralized by antibodies), which is a consequence of low levels of TH1 cytokines and 
this results in DCL manifestations [16, 67, 68]. An intermediate level of both T cell and 
antibody responses will lead to a form of CL that will normally self-heal over time.

3.1 CD4+ T cells

The generation of Leishmania-specific CD4+ T cells is required for protective 
immunity, and they play a major role in shaping the adaptive immune response. CD4+ 
TH cells are essential in determining disease outcome by driving the differentiation 
and activation of different CD4+ TH cell subsets through the production of cytokines, 
which either mediate host protection or promote disease pathogenesis (Figure 4).
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Previously, it was widely believed that the induction of either a CD4+ TH1 or TH2 
response determined the outcome of infection i.e., induction of protection versus 
pathology. Subsequent studies have shown that there are a multitude of factors 
that contribute to the outcome of Leishmania infection, thus the TH1/TH2 model 
oversimplifies a complex interaction between host and parasite. Factors such as the 
genetic background of the model (or host) and the Leishmania parasite (species and 
strain) studied, contribute to differential disease outcomes. It is acknowledged that 
several CD4+ T cell subsets are implicated in disease outcome, such as CD4+ regula-
tory T (Treg) cells, CD4+ T helper populations (TH1, TH2, TH9 and TH17 effector) and 
T follicular helper (TFH) cells [58, 70–72].

Cytokines produced by CD4+ T cell subsets and other infected immune cells 
are generally classified as pro-inflammatory or anti-inflammatory and have been 
shown to be differentially associated with disease protection or progression, 
respectively (Table 2). Their role in activating and recruiting immune cells to the 
infection site shapes the adaptive immune response.

Figure 4. 
Interaction between immune cells and Leishmania parasites. (A) Infected macrophages produce pro-
inflammatory cytokines such as interleukin-12 (IL-12), IL-18 and tumor necrosis factor-α (TNF-α). 
These cytokines (B) recruit natural killer (NK) cells to the infection site and (C) promote CD4+ TH cell 
differentiation into CD4+ TH1. (B) NK cells and (C) CD4+ TH1 cells activate infected macrophages by 
producing interferon-γ (IFNγ). (D) Activated infected macrophages then release reactive oxygen species 
(ROS) and inducible nitric oxide synthase (iNOS), which results in parasite killing. (E) Infected monocytes 
kill Leishmania parasites through the release of ROS and migrate to the lymph node. Here they promote CD4+ 
TH1 differentiation by producing IL-12. CD4+ TH1 migrates to the skin where they (D) activate infected 
macrophages. In contrast (F) CD4+ TH cells produce IL-4 (an anti-inflammatory cytokine) which drives the 
differentiation of CD4+ TH2 cells. (G) Secretion of anti-inflammatory cytokines (such as transforming growth 
factor-β; TGFβ) by CD4+ TH2 suppresses the production of iNOS and NO by macrophages leading to parasite 
survival. (H) TGFβ drives the differentiation into CD4+ TH9 cells, which downregulates the release of IFNγ 
and TNF-α from infected macrophages, thereby promoting disease. (I) TGFβ and IL-6 drives differentiation 
into CD4+ TH17 cells that stimulates the secretion of IL-1β and infiltration of neutrophils that are believed to 
aggravate the disease. Adapted from [69]. Created with Biorender.com
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Immune mediators Cell association/expressed by General function Role in cutaneous leishmaniasis

IL-1 • Secreted by epithelial cells, 
endothelial cells, activated 
macrophages, DCs, neutro-
phils and lymphocytes

• Pro-inflammatory 
cytokine

• Critical regulator for 
early differentiation 
of TH17 cells

• Supports the genera-
tion of IFNγ secreting 
T cells (similar to 
IL-12)

• Prolonged high levels 
of IL-1α induces TH2 
differentiation and 
increases pathology 
severity

• IL-1β promotes (with 
IL-23) development 
of TH17 cells

• Maintains cytokine secretions in 
TH17 effector cells (together with 
IL-6 and IL-23)

• Can be both protective by secretion 
of IL-1α and promotion of TNF-α 
production, and pathogenic during 
Leishmania infection

• Secretion of IL-1α mediates disease 
resolution, reduction in parasite 
burden and enhancement of TH1 
response (via higher secretion of IFNγ 
and lower production of IL-4)

• Continuous treatment with IL-1α 
in L. major infected C57BL/6 mice 
induced TH2 responses and promoted 
disease susceptibility [69]

• IL-1β treatment during early phases 
in L. major infected C57BL/6 mice 
mediates protection by promoting 
TH1 responses [69]

• Conversely, during the chronic 
phase, IL-1β can contribute to 
pathogenesis and worsen clinical 
symptoms of CL in L. major infected 
C57BL/6 mice through development 
of TH17 cells and regulation of IL-17 
levels [69]

• IL-1β and IL-1α drive pathogenesis 
in L. major infected BALB/c mice. It 
was shown that IL-1α deficient and 
IL-1β deficient mice were resistant 
to infection and presented delayed 
nodule development and death [73]

IL-2 • CD4+ TH1 cells secrete IL-2 
which promotes proliferation 
of T cells

• Secreted in smaller amounts 
by CD8+ T cells, NK cells and 
NKT cells [74]

• Pro-inflammatory 
and growth factor 
cytokine

• Plays a dual role that 
may promote suscep-
tibility to infection 
(by limiting secretion 
of IL-12 via TH cells) 
and can also mediate 
resistance

• Promotes immune 
responses by increas-
ing proliferation and 
cytokine secretion 
(IFNγ by TH1 cells), 
cytolytic activity 
(CD4+, CD8+ and 
NK cells; binding 
via IL-2 receptors on 
lymphocytes)

• Can stimulate prolif-
eration of TH2 cells 
through generation 
of IL-4

• Involved in the protective immune 
response against CL and facilitates 
(along with IFNγ), macrophage 
activation and a TH1 response and for 
parasite killing

• Reduced IL-2 production has been 
associated with aggravated human 
CL [75]
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Immune mediators Cell association/expressed by General function Role in cutaneous leishmaniasis

IL-4 • Secreted by activated T cells, 
TH2 cells and TFH cells

• A signature anti-
inflammatory cyto-
kine of the TH2-type 
immune response

• Activates TH2 cell 
differentiation from 
naïve CD4+ T cells and 
production of TH2-
associated cytokines 
(IL-5, IL-10 and IL-13)

• Powerful inhibitor 
of IFNγ-producing 
CD4+ T cells and 
suppressor of TH1 cells 
and pro-inflammatory 
cytokines

• Associated with non-healing forms 
of CL in mice (similar to IL-13) [76]

• Induces TH2 responses in L. major 
infected mice [77]

• High levels of IL-4 in early stage of 
infection lead to the secretion of 
IL-12 by DCs and subsequent TH1 
proliferation [76]

• Functions as a powerful inhibitor of 
IFNγ-producing CD4+ T cells and 
suppressor of protective TH1 immune 
responses

IL-6 • Secreted by TH2 cells, 
macrophages, fibroblasts and 
endothelial cells

• Can act as a pro-
inflammatory and 
anti-inflammatory 
cytokine

• Together with TGFβ, 
IL-6 can stimulate 
production of TH17 
cells to secrete IL-17 
and IL-10

• IL-6 deficient (−/−) BALB/c mice 
showed no difference in pathology 
(parasite burden, lesion burden) 
when infected with L. major in 
comparison to BALB/c wild type 
(WT) mice. However, IL-6−/− mice 
did produce lower levels of TH1 and 
TH2 cytokines [78]

IL-8 • Secreted by tissue-resident 
macrophages in response to 
Leishmania infection

• Monocyte-derived 
neutrophil 
chemotactic factor; an 
activating cytokine

• Plays a role in the 
initial recruitment 
and activation of 
neutrophils

• L. major infected neutrophils secrete 
high levels of IL-8 that leads to 
increased infiltration of neutrophils 
for parasite phagocytosis [79]

IL-10 • Secreted by Regulatory T 
(Treg) cells, TH2 and TH9 cells, 
DCs, activated macrophages, 
NK cells and neutrophils

• Anti-inflammatory 
cytokine

• Suppresses activity of 
TH1 cells, NK cells and 
macrophages

• Down-regulates 
expression of IFNγ, 
IL-2, IL-3 and TNF-α

• Important regulator of immunity in CL

• Associated with CL susceptibility. 
High levels of IL-10 are strongly 
associated with non-healing forms of 
disease [16]

• The absence of IL-10 in murine models 
is associated with the control of parasite 
replication and resolution of cutaneous 
infection. IL-10−/− mice express higher 
levels of IFNγ and produce more nitric 
oxide (NO) than IL-10 +/+ mice [80]

IL-12 • Secreted by monocytes, 
macrophages, dendritic cells 
(DCs) and B lymphocytes

• Pro-inflammatory 
cytokine

• Activates T helper type 
1 (TH1) differentiation; 
stimulates differentia-
tion of naïve T cells into 
TH1 effectors; inhibits 
T cell apoptosis

• Together with IL-15, 
this cytokine facilitates 
IFNγ and TNF-α 
secretion by natural 
killer (NK) and T cells

• The absence of the IL-12, IL-23, and 
IL-27 promotes the development of a 
TH2 response and increases suscepti-
bility to Leishmania infection [81]
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Immune mediators Cell association/expressed by General function Role in cutaneous leishmaniasis

IL-13 • Secreted by TH2 cells and 
NK cells

• Anti-inflammatory 
cytokine

• Activates the differ-
entiation of naïve TH0 
cells into TH2 cells

• High levels are associated with 
chronic CL

• BALB/c IL-13−/− mice were able to 
control L. major infection (production 
of TH1 responses and effectively control 
parasite growth), whereas C57BL/6 mice 
became susceptible to disease pathology 
due to the increased TH2 responses [82].

IL-17 • Secreted by TH17 cells, DCs • Pro-inflammatory 
cytokine and mediates 
tissue inflammation

• IL-17 can both medi-
ate protection and 
susceptibility

• Stimulates secretion 
of cytokines and 
chemokines (e.g., 
TNF-α, IL-1β, CXCL1 
and CXCL10)

• Increased levels of IL-17 (together 
with IL-23) and rapid neutrophil 
infiltration are associated with 
aggravated CL and ML diseases [83]

• Increased IL-17-dependent neu-
trophil recruitment into lesions has 
been shown to significantly promote 
disease outcome (L. major infected 
BALB/c mice) [84]

• BALB/c mice infected with L. major 
shows high levels of IL-17 in contrast 
to IL-17−/− BALB/c mice despite typical 
TH2 development (reduction in recruit-
ment of neutrophils in lesional tissue 
and CXCL2 levels in infected skin) [84]

IL-18 • Secreted by activated 
macrophages and DCs, CD8+ 
memory T cells, neutrophils

• Pro-inflammatory 
cytokine

• An IFNγ inducing 
factor (induces TH1 
responses via IFNγ 
production with IL-12)

• Plays a role in early 
control of CL caused 
by L. major, but not 
critical for the devel-
opment of protective 
TH1 responses or 
resolution of infection

• IL-18−/− C57BL/6 mice had increased 
susceptibility to L. major infection in 
the early phase of infection but were 
able to resolve the infection similar 
to IL-18+/+ mice due to an increased 
level of IL-12 and IFNγ secretion 
[85]

IL-22 • Secreted by TH17, TH1 cells 
and NKT cells

• Critical role in tissue 
repair during CL

• Strengthens epithelial 
barrier functions; 
involved in tissue 
homeostasis, tissue 
repair and wound 
healing

• Induces keratinocyte 
proliferation and 
hyperplasia resulting 
in thickening of the 
epidermis

• L. major infected IL-22−/− C57BL/6 
mice developed increased pathology 
in contrast to WT mice due to defi-
cient wound healing of keratinocytes 
in the absence of IL-22 [86]

• IL-22 is associated with pathogenesis 
when secreted with cytokines such 
as IL-17 [70]

IL-27 • Secreted by macrophages 
and DCs

• Anti-inflammatory 
cytokine and 
pro-inflammatory

• TH17 cell suppressor

• Promotes differentia-
tion and production 
of IL-10 producing 
Treg cells

• Promotes the differentiation and 
expansion of Treg cells (main produc-
ers of IL-10) and suppresses TH17 cells

• IL-27−/− WSX-1 mice developed 
severe L. major infection, which cor-
related with the increased levels of 
IL-17 CD4+ TH17 cells, reduced levels 
of IL-10 and increased in IL-4 [87]
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It is recognized that the development of CD4+ TH1 immune responses promotes 
host protection against CL and is associated with the production of pro-inflammatory 
cytokines (such as IFNγ and IL-12). CD4+ TH1 cells are key producers of IFNγ, which 
has been shown in resistant and susceptible mouse models to be vital in controlling L. 
major parasites [92, 93]. In human and mice, the production of IFNγ activates infected 
macrophages to enhance the respiratory burst (as discussed above), which eliminates 
parasites residing and replicating within the phagolysosome, as explained earlier [59].

In contrast to the protective role of CD4+ TH1 cells, susceptibility to Leishmania 
infection and CL progression is influenced by the induction of an IL-4-driven TH2-
type immune response as well as the production of the anti-inflammatory cytokines, 
IL-10, IL-13 and TGFβ [94]. Rodent studies have shown that IL-4-secreting CD4+ 
TH2 cells and IL-10 secreting Treg cells promote parasite growth and disease suscepti-
bility [95]. For example, the CD4+ TH2-secreting cytokines, IL-4 [96] and IL-10 [97], 
was identified as having important roles in BALB/c mice’ susceptibility to infection. 
In the absence of IL-4 or IL-10, BALB/c mice, were able to control parasite growth 
and resolve lesions resulting in a protective CD4+ TH1 response. Likewise, IL-10 like-
wise plays a role in disease self-healing C57BL/6 mice. When lacking IL-10, C57BL/6 
mice exhibited a faster lesion healing time compared to WT [98]. The roles of IL-4 
and IL-10 in promoting susceptibility in human patients with CL are less clear, 
although elevated IL-10 has been linked to uncontrolled parasite growth in VL [99].

Immune mediators Cell association/expressed by General function Role in cutaneous leishmaniasis

IFNγ • Secreted by CD4+ TH1 cells; 
CD8+ TH1 cells, NK cells, and 
NKT cells

• Pro-inflammatory 
cytokine (involved in 
protection and pathol-
ogy of CL) [88]

• Stimulates iNOS 
expression and 
activity in infected 
cells, which promotes 
parasite killing

• Stimulates NO secretion 
in activated macro-
phages and inhibits 
amastigote growth

• Promotes differentia-
tion of naïve CD4+ TH 
cells into TH1 cells and 
inhibits the develop-
ment of TH2 and TH16 
cells

• Compared to WT mice, C57BL/6, 
IFNγ −/− mice were more susceptible 
to L. amazonensis infection with large 
lesions, increased parasite burden and 
development of TH2-type responses 
associated with increased IL-4 [89]

• High levels of IFNγ can be detri-
mental and found in patients with 
MCL [7]

TNF-α • Mostly produced by 
macrophages

• Secreted by TH1 cells, TFH 
cells

• Pro-inflammatory 
cytokine (involved in 
protection and  
pathology of CL)

• Plays a vital role in 
Leishmania clearance 
through increasing 
macrophage activity 
and NO synthesis

• Promotes TH1/IFNγ responses 
against L. major infection

• TNF-α −/− C57BL/6 mice infected with 
L. major manifested as fatal disease, a 
strong protective TH1 response [90]

• High levels of TNFα can promote 
disease pathogenesis leading to 
lesion chronicity [91]

−/−, deficient; DCs, dendritic cells; IL, interleukin; IFN, Interferon; MIP, macrophage inflammatory protein; 
NK, natural killer; NKT, natural killer T cells; NO, nitric oxide; TFH, T follicular helper cells; TGF, transforming 
growth factor; TH, T helper cell; TNF, tumor necrosis factor; Treg, T regulatory cell; WT, wild type.

Table 2. 
Selection of cytokines and their role in cutaneous leishmaniasis.
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Some cytokines are also considered to have a dual role in relation to disease out-
come [100]. The production of the CD4+ TH1 cytokines IFNγ and TNF-α is critical 
in controlling Leishmania infection, however an aggravated production of these two 
cytokines have been affiliated with severe disease with lesion chronicity [91].

3.2 CD8+ T cells

The role of CD8+ T cells in Leishmania infection is still poorly understood. They have 
both a protective and a pathological role depending on whether the cells are producers 
of cytokines or are acting as cytolytic T cells, respectively (reviewed in [101]). The con-
tribution and effectiveness of CD8+ T cells in relation to parasite control is determined 
by the Leishmania species and experimental model (infective dose and host genetics).

RAG knockout (KO) mice (deficient in both B and T cells) developed lesions at 
a slower rate (L. major infection) compared to WT mice or not at all (L. braziliensis 
and L. amazonensis infection) [102–104]. When reconstituted with CD8+ T cells, RAG 
KO mice developed severe pathology with lesions [102, 103]. In BALB/c mice infected 
with L. braziliensis, depletion of CD8+ T cells resulted in reduced lesion size despite 
having a similar level of parasites in the skin compared with control mice [103].

Mimicking a natural low-dose infection with L. major, studies revealed that 
CD8+ T cells play a role in protection, associated with high production of IFNγ, 
which activates macrophages leading to parasite control [102, 105]. Furthermore, 
IFNγ stimulates DCs to produce IL-12 which promote the development and dif-
ferentiation of CD4+ TH1 cells. This suggests that CD8+ T cells are important in 
skewing towards TH1 response through the production of IFNγ and in eliminating 
the majority of parasites before lesion development. The role that CD8+ T cells play 
in infection may be associated with their location in the host [106]. When located 
in the draining lymph node, CD8+ T cells produce IFNγ and are protective [107]. In 
contrast, when migrating to the lesion site during infection, CD8+ T cells produce 
lower levels of IFNγ and exhibit cytolytic activity, leading to cell death and an exag-
gerated inflammatory response that further promotes tissue damage [108]. This is 
supported by findings from a mouse model showing CD8+ T cells that had migrated 
to the skin, produced lower levels of IFNγ and instead exhibited cytolytic activity 
promoting disease progression [103]. There is substantial evidence for a pathogenic 
role of CD8+ T cells in patients infected with L. braziliensis [109–111]. As the disease 
progresses from small nodules to larger skin lesions, an increase in CD8+ T cells and 
a decrease in CD4+ T cells was observed in the histopathological analysis of human 
skin lesions [112]. In CL patients a link between CD8+ T cell mediated cytotoxicity 
and IL-1β inflammasome activation was observed [111]. This activation of NLRP3 
inflammasome pathway and its promotion of disease inflammation is currently 
targeted for host-directed therapy [88, 106].

3.3 Regulatory T cells

The role of Treg cells in Leishmania infection is still being elucidated, although 
though they have been shown in rodent models to be involved in disease pathology 
and parasite persistence depending on the experimental model used. CD4+ CD25+ 
Treg cells have been shown to suppress CD4+ T cell activity in L. major-infected 
C57BL/6 mice, thereby favoring parasite persistence [98, 113, 114]. Treg cells influ-
ence both primary and secondary infections with L. major, as they render otherwise 
non-susceptible mice susceptible to infection [115]. However, their activity may 
also be dependent on the infecting Leishmania species. For example, Treg cells play 
a protective role during infection with New World Leishmania species, such as L. 
amazonensis [95, 116]. Transferring Treg cells from an L. amazonensis-infected mouse 
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to a naïve mouse prior to infection with L. amazonensis reduced the development 
of lesions suggesting that they may also contribute to the control of immuno-
pathogenic responses [116]. Understanding how Treg cells are involved in human 
Leishmania-infections is still being explored, with evidence so far suggesting that 
these cells play a role at the infection site and contributing directly to parasite 
persistent as the main source of IL-10 production [95, 98].

3.4 B cells and antibodies

The function of B cells in CL has not conclusively been shown. During the 
initial Leishmania infection, antibody production by B cells themselves are not 
believed to play a role, in controlling parasites as Leishmania are intracellular. 
However, some studies indicate that B cells may regulate both protective and 
pathogenic immune responses during Leishmania infection, depending on the 
infecting species and model used. Production of L. major antibodies was shown to 
be important for DCs to phagocytose parasites, as the absence of antibodies by B 
cells resulted in larger lesions in B cell−/− mice, higher parasite load, low production 
of IFNγ and a decreased cell-mediated immune response [117]. Moreover, IgG−/− 
BALB/c mice infected with L. major resulted in larger lesions and higher parasite 
load compared to IgG+ BALB/c mice [118]. In contrast, a study using a BALB/c mice 
deficient in IgM transmembrane domain (μMT), thereby lacking mature B cells, 
observed that these mice were resistant to L. major infection [119]. Other studies 
using BALB/c mice lacking IL-4Rα expression specifically on B cells, mbicreIL-
4Rα−/lox BALB/c mice, resulted in a protective host immunity [29, 119, 120].

There is still a lot of knowledge to gain on B cells’ function and whether they 
play a part in protection or pathology during infection with Leishmania parasites.

4. Persistent Leishmania infection and emulating concomitant immunity

Naturally and experimental infection with cutaneous Leishmania species is 
controlled following the development of an adaptive TH1 immune response. After 
induction of this response, parasite numbers decline in infected tissues, lesions 
heal and lifelong immunity against the infecting Leishmania species is gained [121]. 
Though recovery from cutaneous disease has been reached, a small number of 
Leishmania parasites normally remain indefinitely in the host at the initial site of 
infection; known as persistent parasites [122, 123]. These parasites play an important 
role in maintaining protective immunity in the event of reinfection by providing 
a constant source of Leishmania antigen for immune stimulation [121, 124]. Both 
mice and humans who recover from CL maintain chronic subclinical infection at the 
lesion site and have been shown to be highly resistant to second challenge through 
sandfly transmitted infections [125]. Though, the immune response is unable to clear 
the primary infection, the immune system can facilitate concomitant immunity by 
IFNγ secreting CD4+ TH1 cells [126]. However, reactivation of disease causing infec-
tion has been documented for leishmaniasis when the immune system is no longer 
able to control this low level chronic parasite infection [127, 128]. This is frequently 
observed when persistently infected individuals become immunosuppressed, such as 
during infection with the human immunodeficiency virus (HIV) [127, 129].

Currently, vaccine programs have been unsuccessful to emulate the protective 
responses mediated by concomitant immunity as observed during subclinical infec-
tions with persistent parasites (reviewed in [130]). Similar, a sterile cure whereby 
the parasites are completely eliminated has not been achieved without consequently 
the loss of long-term immunity [131].
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In the past the leishmanization live vaccine practice was employed by inoculat-
ing virulent Leishmania parasites into individuals, however this has since fallen out 
of practice due to safety concerns regarding development of non-healing lesions 
[132]. Since then, vaccine-candidates have failed to provide protection against natu-
ral exposure even though they demonstrate protective cell-mediated immunity in 
rodent models. It is thought that this is due to differences in experimental delivery 
versus the natural route of infection via the bite of a sandfly. Other challenges are 
observed when using whole killed parasites or subunit protein vaccine candidates 
only short-term protection in rodent models has been observed [123, 131].

The difference in protective immunity induced following natural infection and 
inoculation of whole killed parasites is not fully understood but it has been hypoth-
esized that there is a difference in the immunologic memory responses, which is 
influenced by the presence of live versus killed parasites. Moreover, the adjuvant 
dose-quantity tested to date may not be sufficient to generate a memory T cell 
population [123, 128]. It is possible that vaccines utilizing live-attenuated parasites 
will most closely mimic natural infection, potentially providing long-term protec-
tion against infection and disease [131].

Recently, vector-associated factors have been identified to have an important 
impact on challenge models in vaccine-mediated immunity [130]. Following needle 
versus infected sandfly challenge in mice showed that various protein/adjuvant-based 
vaccines provided intermediate protection against needle challenge whereas sandfly 
challenge failed to provide protection. Despite generating antigen-specific TH1 
immune responses prior to and following challenge, vaccines failed to protect against 
infected sandfly challenge [125, 133]. The sandfly vector challenge model clearly 
emphasizes important factors induced by the sandfly, such as the impact of recruited 
inflammatory cells and immune-mediated host cell activation by the vector.

5. Concluding remarks

The leishmaniases are one of the most important groups of neglected tropical 
diseases estimated to affect 1 million people annually in nearly 100 countries [1]. The 
fact that an effective vaccine has yet to be developed reflects the gap in our understand-
ing of host responses to Leishmania species, disease pathogenesis and what actually 
constitutes a protective immune response. The different Leishmania parasites inducing 
different host immune responses, which are further impacted by host genetics, have 
made it difficult to achieve consensus among experimental studies regarding the role of 
the different immune components in Leishmania infection. Furthermore, research to 
date highlights the inadequacies of small animal models in understanding human host 
responses to Leishmania. The increase in in vitro/ex vivo characterization of Leishmania-
specific immune responses using samples derived from human clinical studies has 
provided more information on human CL, however more efforts towards human clini-
cal studies (cohort and case control-studies) including human ex vivo infection models 
should be emphasized to gain a better understanding of the human immune response to 
Leishmania parasites. An interesting recent focus has been the use of humanized mice to 
further examine the role of specific immune cells and responses in Leishmania infec-
tion; this could further inform the development of novel vaccine strategies [134].

Additionally, there are other important vector and parasite-derived compo-
nents affecting host immune responses, which were outside the scope of this 
chapter but are important to consider in terms of host-parasite interactions. Recent 
experimental studies are providing new insights into host immune responses by 
employing a sandfly challenge model using the natural route of parasite inoculation 
via phlebotomine sandflies [46]. Vector-derived components have been shown to 
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contribute to early immune responses in infection [14]. For example, tissue damage 
caused by the phlebotomine sandfly’s proboscis and the delivery of sandfly saliva 
triggers the rapid recruitment of neutrophils which induce inflammation [41]. 
Leishmania-derived components have also been shown to play a role during inocula-
tion and Leishmania exosomes have been shown to modulate immune cells and host 
responses through direct and indirect contact [135].

This chapter has highlighted the complexity associated with CL and how host 
immune cells can both be protective and pathogenic depending on the interaction 
with Leishmania species parasite and host genetic. Employing a human CL model 
that provides a better understanding and more accurately represents parasite-host 
interactions will be critical for the development of an effective vaccine capable of 
inducing long-lasting protective immunity.
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Abstract

Leishmania spp. release extracellular vesicles (EVs) containing parasite molecules, 
including several antigens and virulence factors. These EVs can interact with the 
host cells, such as immune cells, contributing to the parasite–host relationship. 
Studies have demonstrated that Leishmania-EVs can promote infection in experi-
mental models and modulate the immune response. Although the immunomodula-
tory effect has been demonstrated, Leishmania-EVs can deliver parasite antigens 
and therefore have the potential for use as a new diagnostic tool and development 
of new therapeutic and vaccine approaches. This review aims to bring significant 
advances in the field of extracellular vesicles and Leishmania, focusing on their role 
in the cells of the immune system.

Keywords: extracellular vesicles, exosomes, microvesicles, Leishmania,  
immune response, leishmaniasis

1. Introduction

The host–parasite communication and the parasite’s intercellular interactions 
are crucial in the life cycle of the Leishmania parasites [1, 2]. In addition, several 
bioactive molecules released by the parasites have shown an important role in 
the parasite’s adaptation in the host [3]. In mammalian hosts, molecules released 
by Leishmania contribute to the parasite’s infectivity and the physiopathology of 
the leishmaniasis, acting by several mechanisms, such as subverting the immune 
response and favoring the intracellular multiplication of the parasite [3].

Several works have demonstrated that Leishmania species can release proteins 
and other molecules in extracellular vesicles (EVs) [4–6]. EVs is a generic term used 
to describe particles spontaneously released by prokaryotic and eukaryotic cells 
[7]. Deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins, lipids, and 
cellular metabolites are present in EVs that can deliver information from one cell 
to another [8]. Thus, EVs are now considered a new mechanism of intercellular 
communication [7].
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Leishmania-EVs carry parasites molecules, such as small RNA, heat shock 
proteins (HSPs), and virulence factors (glycoprotein 63 - GP63 and lipofosfoglican - 
LPG) [4, 5, 9]. Functional studies showed immunomodulatory and signaling-induc-
ing activities properties of the Leishmania-EVs [10]. They are present in the intestinal 
lumen of sandflies and are regurgitated along with promastigote forms during the 
blood meal [6]. In addition, these particles modulate the macrophage’s activation 
and alter the course of the parasite infection [4–6, 11]. Although immunomodula-
tory properties have been demonstrated in experimental models, additional studies 
are necessary to better understand the role of EVs in the parasite–host relationship. 
Next, we describe an overview of the extracellular vesicles relevant to Leishmania 
infection and the main findings related to EVs released by Leishmania parasites.

2. Extracellular vesicles (EVs): an overview

EVs can be detected in body fluids, including urine, saliva, blood, plasma, 
amniotic fluid, breast milk, ascites, synovial fluid, and cerebrospinal fluid [7, 12]. 
Structurally, they present a spherical shape with a double layer composed of lipids 
and proteins and can be filled with biomolecules from the cell of origin [13]. EVs 
are classified based on their biogenesis, composition, and size, namely—exosomes, 
microvesicles (MVs), and apoptotic bodies (ABs) [8, 13]. Although MVs and 
exosomes show structural similarities, they are different in size, content, lipid com-
position, and biogenesis [7]. ABs are released by apoptotic cells and have specific 
characteristics [12] that will not be covered in this review.

Exosomes present sizes between 20 and 100 nm [14]. They are formed by the 
internal invagination of the endosomal membrane, originating the multivesicular 
bodies (MVBs) [8]. After maturation, exosomes are secreted by exocytosis via 
fusion of MBVs with the cell surface, or they may be digested by lysosomes [14, 15]. 
Exosomes are rich in lipids (mainly phosphatidylserine, cholesterol, and cerami-
des), nucleic acids, and proteins [8]. In addition, proteins such as endosomal sort-
ing complexes required for transport (ESCRT), Alix, tumor susceptibility gene 101 
(TSG101), heat shock cognate 70 (HSC70), HSP90β, HSP60 and HSP70, proteins 
from the annexin family, and tetraspanins (cluster of differentiation 63 - CD63, 
CD9, CD81, and CD82) participate in the process of formation of exosomes [8, 16]. 
These molecules are increased in exosomes, but they are not exclusive markers of 
these EVs types [7].

MVs are a group of EVs with a diameter between 100 and 1,000 nm [7]. They 
are originated from the protrusion of the cytoplasmic membrane, and they can 
carry molecules of cell surface such as membrane receptors, integrins, adhesins, 
and others [8]. Some studies have shown that structures such as actin and micro-
tubules (cytoskeleton), kinesins and myosins, and soluble NSF attachment recep-
tors (SNAREs) play a role in the formation of MVs [17]. However, the molecular 
pathway is not well understood [8, 13, 18], and specific markers of MVs have not yet 
been described. The releasing of MVs and exosomes occurs under physiological cell 
conditions, but the quantity and content can be altered after stimuli, such as low 
oxygen and nitrogen content, oxidative stress, among others [4, 5, 19].

Different vesicle isolation techniques have been performed; however, centrifu-
gation/ultracentrifugation and size exclusion chromatography are the most com-
monly used [7]. Flow cytometry, Western blotting, nanoparticle tracking technique 
(NTA), mass spectrometry, and electron microscopy have been used to quantify 
and better characterize the isolated EVs (exosomes and/or MVs) [7]. The inclusion 
of new methodologies and the discovering of specific EVs markers will bring a new 
perspective to understand the role of these nanoparticles in the biology and the 
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pathophysiology of several diseases. In addition, there is a great expectation of the 
applications of EVs in diagnostics, treatments, and vaccine development.

Currently, there is a consensus that EVs play an important role in cell–cell 
communication being a vehicle for transporting molecules between cells, even 
cross-kingdom [8, 18, 20]. The effects on the recipient cells depend on the cell 
type, the origin of EVs, their content, and EVs can act locally and/or systemically. 
The changes in the recipient cells include modulation of the intracellular signaling 
pathways, gene regulation, post-transcriptional regulation, activation, or inhibi-
tion of different cell types [21–23]. After target cell recognition, EVs can interact 
with surface receptors, followed by fusion with the plasma membrane for releasing 
their content, and signaling different intracellular events. However, EVs can also be 
endocytosed by target cells or collapse after their secretion, delivering their con-
tents into the intracellular space [8, 15].

In parasitic diseases, EVs have brought an exciting field to investigate since they 
can act as mediators in parasite–host interaction, allowing the transfer of virulence 
factors and effector molecules from the parasites to the host [24–26]. Parasites EVs 
are related to the pathogen adhesion, the spread of the parasites, and play a role 
in regulating the host’s immune system. In addition, immune cells infected and/
or stimulated with parasite components can release EVs [23] containing messenger 
RNA (mRNA), small noncoding RNAs (microRNA), chromosomal and mitochon-
drial DNA, retrotransposons, parasites antigens, and major histocompatibility 
complex (MHC) I and II [23, 27]. The effects in immunity are diverse, including 
modulation of innate immune response and antigen presentation.

The production and releasing of EVs by parasites or parasitized cells have been 
described and characterized in several parasitic infections [25]. For example, in 
Leishmania, several biological markers and virulence factors have been described 
in EVs released by the parasites [10, 28]. Thus, EVs released by these pathogens can 
have a role in the disease progression and the host’s immune response to the para-
site, contributing to the strategy to bypass the immune system.

3. EVs released by Leishmania spp

Leishmania species can release proteins and other molecules in EVs. Although 
the mechanisms for exosome/MVs secretion in Leishmania are still unclear, pro-
teomics analysis of EVs has shed light on the functions and properties of these 
particles. Initial work showed that Leishmania donovani could use EVs as a protein 
transport vehicle [29]. Additional studies confirmed that L. donovani releases EVs. 
Leishmania major, Leishmania mexicana, and Leishmania amazonensis also used EVs 
as an important mechanism for protein secretion [4, 5, 30]. The presence of EVs in 
the intestinal lumen of sandflies and their release together with the parasites during 
the blood meal reinforce the hypothesis that these EVs contribute to the process of 
infection and development of leishmaniasis [6].

The release of EVs by Leishmania is related to the temperature. Promastigotes of 
L. mexicana and L. donovani increased the release of EVs after parasite cultivation at 
37°C (mammalian host temperature), compared to the EVs obtained from parasites 
incubated at 26°C (vector temperature) [30]. Furthermore, to L. donovani, differ-
ences in the content of the EVs obtained at 37°C and 26°C [4] were also observed, 
suggesting a possible parasite strategy for establishment in the host. However, L. 
amazonensis showed a different pattern in EVs releasing since a higher number of 
particles were detected after cultivation at 26°C, compared to the parasite incubated 
at 34°C or 37°C [5]. Altogether these observations suggest that Leishmania species 
can adapt differently to the release of EVs.
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Proteomic studies showed the presence of the metalloprotease GP63 in EVs 
released by Leishmania cultivated in vitro and by the parasite infecting sandflies. 
GP63 is the main surface glycoprotein of Leishmania and is considered a virulence 
factor since it contributes to the parasite escape of immune response [31–34]. 
Evaluating the proteomic profile of EVs released by Leishmania infantum in three 
different phases (logarithmic, stationary, and metacyclic stages) showed that the 
metacyclic phase had a higher abundance of GP63. In contrast, EVs of parasites in 
the logarithmic phase had the lowest abundance [35]. In a similar approach, higher 
concentrations of GP63 were detected in EVs released by L. infantum in the station-
ary phase while parasites in the logarithmic phase showed enrichment of ribosomal 
proteins [36]. However, proteomic analysis of EVs from Leishmania infantum chagasi 
showed no significant biological differences in EVs released by parasites in logarith-
mic or stationary phases [37].

Besides GP63, other proteins have already been identified in L. donovani-EVs, such 
as elongation factor-1α (EF-1α), fructose-1,6-bisphosphate aldolase FBA, HSP70, and 
HSP90 [4]. A comparative study of L. infantum-EVs from drug-resistance parasites 
identified differences in their morphology, size, distribution, and protein content. 
Identifying proteins related to drug resistance in EVs from resistant parasites can 
bring new possibilities to predict prognostics and treatments in leishmaniasis [38].

The presence of small noncoding RNAs was identified in EVs released by L. 
donovani and Leishmania braziliensis, suggesting the regulatory role of these EVs 
in the host cells [39]. Additional studies to address the EVs content from different 
Leishmania species may clarify the role of these particles in visceral and cutaneous 
leishmaniasis. Furthermore, these studies may provide the use of Leishmania-
EVs in diagnostics, the development of a vaccine, and promising therapeutic 
alternatives.

4. Leishmania-EVs and immune response

Some evidence have pointed that Leishmania-EVs present immunomodulatory 
effects, altering the immune response and contributing to the disease progression. 
The treatment of human monocytes with L. donovani-EVs induced the production 
of interleukin 10 (IL-10) and inhibited the tumor necrosis factor-alpha (TNF-α) 
production, even after challenging with interferon-gamma (IFN-γ) [11]. Similar 
effects were observed in dendritic cells (DC) treated with these EVs since the 
production of cytokines IL-12p70, TNF-α and IL-10 were inhibited and there was 
impaired in the ability of these cells to stimulate the differentiation naive CD4 T 
lymphocytes into T helper 1 (Th1) profile [11]. On the other hand, EVs released 
by L. amazonensis increased the expression of IL-10 and IL-6 in bone marrow-
derived macrophages (BMDM) [5]. In fact, EVs released by different Leishmania 
species seem to induce different responses in human macrophages [40]. EVs from 
L. infantum and L. braziliensis failed to induce an inflammatory response in human 
macrophages. However, L. amazonensis-EVs stimulated human macrophages to 
produce nitric oxide (NO), TNF-α, IL-6, and IL-10 via Toll-like receptor 4 (TLR4) 
and TLR2 (Figure 1A) [40].

Few studies have proposed mechanisms of intracellular signaling pathways 
activated by Leishmania-EVs into phagocytes cells. EVs released by L. amazonensis 
amastigotes containing DNA fragments were capable of inducing the CD200 
expression in macrophages [41]. The high expression of this molecule leads to the 
inhibition of NO production, contributing to the parasite survival [41]. In addition, 
evidence suggests that the composition of EVs can influence the outcome of cell 
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signaling. Leishmania EVs-containing Leishmania RNA virus (LRV1) released by 
Leishmania guyanensis trigger TLR3/TRIF (TIR domain-containing adaptor induc-
ing interferon-β signaling), inducing inflammatory cytokines (pro-IL-1b, TNF-a, 
and IL-12), and the autophagy by impairing NLRP3 (NOD-, LRR- and pyrin 
domain-containing protein 3) inflammasome network [42, 43] (Figure 1B). Thus, 
these initial studies demonstrated a refined and complex intracellular signaling 
pathway induced by EVs, which depends on the species and evolutionary form that 
is releasing the EVs and the presence or absence of Leishmania virus.

Besides macrophages and DCs, Leishmania-EVs can modulate other immune cells. 
EVs released by L. infantum inhibited the expansion of peripheral iNKT (Invariant 
Natural Killer T) cells and the production of IL-4 and IFN-γ by this cell type 
[44]. Experiments using CD1d specific ligands (glycolipid α-GalactosylCeramide 
(α-GalCer) suggest that lipids present in L. infantum-EVs and other exocomponents 
released by the parasites may compete for the CD1 binding site, inhibiting iNKT 
activation [44]. In addition, our group showed that murine B-1 cells (a subtype of B 
lymphocytes) stimulated with EVs released by L. amazonensis produced higher levels 
of NO, compared to non-stimulated B-1 cells [45]. The increase in the expression of 
TLR-9, TNF-α, and transcriptional factors related to the differentiation of B-1 cells 
to phagocytes are important changes observed in B-1 cells treated with L. amazonen-
sis-EVs [45]. These data suggest that Leishmania-EVs participate in the modulation 
of different cells and different levels of the immune response. Interestingly, some 
mechanisms seem conservated between species, but some specifies are related to 
Leishmania species making comparative studies necessary.

In a mammalian host, Leishmania is an intracellular parasite. Thus, studying 
changes in infected cells can provide important information about the parasite’s 
biology. Silverman et al. [4] showed Leishmania exosomes and exosomal proteins 
in the cytosolic compartment of infected macrophages. In addition, EVs released 
by macrophages infected with L. mexicana containing GP63, and this finding 
instigated the investigation to uncover the role of these EVs in immunity [46]. 
Naïve macrophages exposed to EVs from L. mexicana-macrophages infected cells 
induced the activation of mitogen-activated protein (MAP) kinases (except c-Jun 
N-terminal kinase - JNK) and the nuclear translocation of nuclear factor-κB 
(NF-κB) and activator protein 1 (AP-1) [46]. BMDM infected with L. amazonensis 
released EVs which were able to activate naive macrophages to produce proin-
flammatory cytokines IL-12, IL-1β, and TNF-α, contributing both to modulate 
the immune system in favor of a Th1 immune response and to the elimination of 
the Leishmania, leading, therefore, to the control the infection [47] (Figure 1B). 

Figure 1. 
Leishmania EVs and their influence on the modulation of immune and endothelial cells. (A) Macrophage 
modulation by EVs released by Leishmania spp. promastigotes. (B) Macrophages infected with Leishmania 
spp. release EVs with modulating activities. C - cytoplasm; N - nucleus; PV - parasitophorous vacuole; Mϕ(s) –  
Macrophages.
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Thus, infected macrophages are able to release EVs that deliver information to 
activate naïve macrophages, contributing to activate an innate immune response.

Evidence suggests that EVs released by Leishmania-infected cells can stimu-
late different cells, promoting a response against the parasite. EVs released by 
macrophages infected with L. donovani stimulated endothelial cells to produce 
granulocyte colony-stimulating factor (G-CSF)/CSF-3, and vascular endothe-
lial growth factor A (VEGF-A), promoted an increase in epithelial cell migra-
tion and induced endothelial cell tube formation [48] (Figure 1B). A study 
with EVs released by B-1 cells infected with L. amazonensis showed the impact 
of these EVs on naive macrophages activation and the protective effect on the 
experimental infection with the parasite [49]. Macrophages treated with EVs 
from infected peritoneal B-1 cells alter the expression of inducible nitric oxide 
synthase (iNOS), IL-6, IL-10, and TNF-α [49]. Overall, these studies demon-
strated that Leishmania infection changes the content of EVs from infected cells 
and suggest that these EVs participate in the activation of immune and nonim-
mune cells, actively participating in the pathophysiology of the Leishmania 
infection.

5. EVs and leishmaniasis progression

Experimental models have contributed to better understanding the role of EVs 
in the leishmaniasis progression. The treatment of mice with L. donovani-EVs before 
the parasite infection exacerbated the infection and induced IL-10 production 
in the spleen [11]. Furthermore, mice treated with L. major-EVs before challenge 
with the parasite showed an increased frequency of IL-4-producing CD4+ T cells in 
both the spleen and lymph nodes, leading to disease exacerbation [11]. These find-
ings suggest that Leishmania EVs are predominantly immunosuppressive and favor 
the parasite. In fact, our group demonstrated that L. amazonensis EVs co-injected 
with the parasite led to disease exacerbation with a predominance of Th2 response 
in BALB/c mice [5]. Similar results were observed for L. major, but the co-injection 
of the parasite and related EVs induced an increase in the expression of IL-17 and 
IL-4 [6].

Changes in the content of EVs may impact the immune response and disease 
progression [9, 11]. Studies performed with genetically modified parasites showed 
that in a mouse model of air pouch formation (murine air pouch injection) EVs 
derived from L. major GP63 knockout (KO) (L. major GP63−/−) induced greater 
recruitment of inflammatory cells, compared to EVs derived from wild parasites 
[9]. Furthermore, EVs derived from L. donovani exhibited an immunosuppressive 
effect and exacerbated the disease in animals challenged with the parasite, but EVs 
derived from L. donovani HSP100 KO (L. donovani HSP100−/−) were able to induce 
a pro-inflammatory response and did not exacerbate the disease [11]. Thus, the 
hypothesis that EVs derived from parasites with different virulence profiles (viru-
lent and attenuated) present relevant alterations in their protein content and can 
induce distinct immune responses in an experimental immunization model cannot 
be discarded.

The relevance of EVs in Leishmania infection’s biology was shown by the 
demonstration that Leishmania promastigotes release EVs in the sandflies [6]. The 
experimental infection with L. major in the presence of EVs released by the parasite 
in the vector led to higher lesion size and parasite load, associated with impaired 
effector immune response [6]. Taken together, the in vivo studies suggest that EVs 
released by Leishmania participate in the infection, favoring the establishment of 
the parasite and the progression of the disease.
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6. Conclusions

The knowledge acquired studying EVs has allowed understanding that these 
particles are related to intercellular communication and cross-kingdom relationship. 
The release of these EVs by Leishmania is related to initial infection, modulation of 
the immune system, and disease progression in the host (Table 1). However, several 
aspects of the biology and physiology of these molecules still need to be better investi-
gated. Would releasing these EVs into the vector be related to the parasite’s adaptation 
to that environment? Can EVs contribute to parasite multiplication in the vector? Is 
there population regulation and/or transfer of resistance factors and immune response 
escape by EVs between different Leishmania species? Do these transfers occur in the 
vector and/or in the mammalian host? Can vesicles released by Leishmania be used for 
the development of vaccines and new diagnostic approaches? Thus, the field of EVs 
released by Leishmania and other pathogens is fascinating and, there will be signifi-
cant advances and contributions to the area in the future with the discovery of new 
therapeutic targets and new players in the host–parasite relationship.
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Leishmania species Biological function Reference

L. donovani • Increased IL-10 and inhibited TNF-α production by 
human monocytes;

• Inhibited IL-12p70, TNF-α, and IL-10 production by DC;

• Impaired the ability of DC to drive T cells differentiation 
into Th1;

• In experimental infection: exacerbated the infection; 
promoted IL-10 production in the spleen.

[11]

L. amazonensis • Increased the expression of IL-10 and IL-6 in BMDM;

• In experimental infection: led to disease exacerbation with 
a predominance of Th2 response in BALB/c mice;

[5]

• Increased the production of NO, TNF-α, IL-6, and IL-10 
via TLR4 and TLR2 by human monocytes;

[40]

• In B-1 cells: increased NO production; increased expres-
sion of TLR-9 and TNF-α; induced the expression of 
factors related to myeloid commitment;

[45]

• Increased the CD200 expression and inhibited the NO 
production (EVs released by amastigotes)

[41]

L. guyanensis infected 
with Leishmania RNA 
Virus (LRV1)

• Triggered TLR3/TRIF signaling;

• Impaired NLRP3 inflammasome network

[42]

L. infantum • Inhibited iNKT activation and production of IL-4 and 
IFN-γ by these cells;

[44]

L. major • In experimental infection:

• Increased the disease progression;

• Increased the expression of IL-17 and IL-4

[10]

Table 1. 
Biological effects of the EVs released by different Leishmania species.
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Abstract

Treatment of Leishmaniasis is always not satisfactory despite advancement 
all these years. This chapter will discuss the standard treatment options like 
Amphotericin, oral miltefosine, topical paromycin, add more details about newer 
emerging drugs and alternative therapies, surgical treatment modalities for resis-
tant cases. Will discuss few information regarding vaccines. Special precautions to 
be taken while travelling to endemic areas will be discussed. Management protocol 
for mucocutaneous and visceral type will be highlighted. Side-effects of drugs used 
in the treatment of Leishmaniasis will be discussed in short and measures to moni-
tor these side effects will be discussed. Long term monitoring of relapse will also be 
discussed.

Keywords: leishmaniasis, treatment, amphotericin B, miltefosine,  
pentavalent antimonials

1. Introduction

The main goal of treatment is parasite eradication and clinical healing. 
Generally, parasite eradication is seen long before clinical re-epithelialization. 
Treatment for each case varies so it needs to be individualised depending upon 
various factors affecting the treatment outcome [1] (Table 1). The clinical mani-
festation of leishmaniasis can be broadly classified as cutaneous and visceral types. 
In this chapter, treatment for various clinical manifestations will be discussed 
in detail.

Host Agent Environment

Age of patient Various species of parasite Geographic region (endemicity)
Immune status Drug resistance Cost and availability of treatment
Nutritional status Tissue tropism
Genetic background
Presence of intercurrent 
disease (e.g.; HIV infection)
Site and severity of infection
Toxicity of therapeutic options

Table 1. 
Factors affecting the treatment outcome.
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2. Treatment of leishmaniasis

Choice of treatment depends on the clinical presentation. Treatment options 
vary from a mere observation in spontaneously healing lesions, topical/local 
therapy and parenteral treatment.

Old world leishmaniasis caused by Leishmania major resolves spontaneously in 
2–4 months whereas Leishmania tropica resolves by 6–15 months. New World leish-
maniasis caused by resolves spontaneously in 3–4 months in 75% of cases [2]. Single 
lesions can be managed with local treatment options like heat therapy, cryotherapy 
and topical preparations. For cutaneous and mucocutaneous lesions, the drugs of 
choice are pentavalent antimony and miltefosine. Amphotericin B is considered the 
drug of choice for visceral leishmaniasis (Table 2).

3. Indications of systemic treatment

1. Lesions over face, genitalia, over joints

2. Mucosal lesions

3. Immunocompromised host

Cutaneous leishmaniasis

Drugs of choice • Sodium stibogluconate

• Miltefosine

Alternatives Systemic

• Liposomal amphotericin

• Amphotericin B

• Pentamidine

• Fluconazole

Topicals -

• Paromomycin 15% and MBCL 12% ointment

• Paromomycin 15% and gentamicin 0.5% cream

• Heat therapy

• Cryotherapy with liquid nitrogen

Intralesional Alternatives

• sodium stibogluconate (Pentostam)

• meglumine antimoniate (Glucantime)

Mucocutaneous leishmaniasis

Drugs of choice Sodium stibogluconate
Liposomal amphotericin
Amphotericin B
Miltefosine

Alternative Pentamidine

Visceral leishmaniasis

Drugs of choice liposomal amphotericin B

Alternatives Miltefosine
Paromomycin
Pentavalent antimonials
Amphotericin B

Table 2. 
Treatment recommendations for leishmaniasis.
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4. Single lesion >5 cm in size

5. > 4 lesions (~1 cm in size)

6. Persistent, progressive, deep, sporotrichoid, and secondarily infected lesions

7. Markedly enlarged lymph nodes

8. New World leishmaniasis caused by Leishmania braziliensis complex

Drugs used in systemic treatment

4. Pentavalent antimonials

The pentavalent antimonials [3] are the drug of choice for the treatment of cutane-
ous leishmaniasis (both old world and new world). Given as a single daily dose via the 
intravenous or intramuscular route. It is used only in areas (East Africa, Central Asia 
and South America) where the species causing the disease are still sensitive to this drug.

4.1 Drugs and dose

Sodium stibogluconate (Pentostam) IM/IV 20 mg/kg/day for 15 to 20 days.
Meglumine antimoniate (Glucantime) IM/IV 20 mg/kg/day for 20 days.

4.2 Mechanism of action

Leishmania amastigote converts the pentavalent form of SSG to a toxic trivalent 
form by a specific reductase enzyme. This in turn promotes the efflux of glutathi-
one and reduced thiols within the parasite and increases oxidative damage. Other 
action includes inhibition of glycolysis and oxidation of fatty acids of the parasite. 
Accumulation of SSG within macrophages is responsible for its prolonged inhibi-
tory action against the parasite.

4.3 Adverse events

The most serious side effects are cardiotoxicity and nephrotoxicity. Most patients on 
antimony will develop pancreatitis (either subclinical or severe abdominal pain). The 
dose-dependent side effects include pain at the injection site, myalgia, hepatitis, bone 
marrow suppression, QT prolongation, headache, fatigue, rash, and nausea, vomiting, 
metallic taste. These problems resolve with a reduction in the dose of antimonial. Other 
side-effects include sterile abscess, stiffness in the injected muscle, mental symptoms.

Relative contraindication: >60% resistance is seen in species in India and 
Nepal, hence not used as a first-line drug.

5. Oral miltefosine

This drug [4] is a derivative of alkyl phosphocholine with potent activity against 
leishmaniasis. It is the FDA-approved drug for the treatment of mucosal and visceral 
leishmaniasis due to L. braziliensis, Leishmania guyanensis, and Leishmania panamensis.

Dose (Table 3).
Available as 10 and 50 mg capsules.
Dose-1.5 to 2.5 mg/kg/day for 28 days orally up to 150 mg/day.
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5.1 Mechanism of action

As a phosphocholine analogue, it is thought to interfere with cell-signalling 
pathways, and it may interfere with parasite lipid biosynthetic enzyme synthesis. 
Mutation limiting the transport of drug into cell membrane can cause resistance to 
its action. This can be overcome by combination treatment with liposomal Amp B 
or paromomycin.

5.2 Adverse events

Diarrhoea, anorexia, nausea, vomiting, reproductive toxicity in animals. These 
are common reactions during the first week of treatment so the drug should 
be taken in divided doses with meals to diminish nausea, vomiting, diarrhoea. 
Miltefosine is known to cause reversible nephrotoxicity and hepatotoxicity, hence 
monitoring (once a week) of renal and liver function tests is recommended during 
the treatment period.

5.3 Contraindications

Pregnancy (teratogenic) and lactation. The female patient should avoid preg-
nancy during and till 3 months after stopping treatment.

6. Amphotericin B (AMB)

Amphotericin B [5] is the first-line drug for visceral leishmaniasis and the sec-
ond choice of drug for mucocutaneous leishmaniasis. Can be used in leishmaniasis 
associated with HIV disease, pregnancy and breastfeeding patients.

6.1 Dose and formulations

This drug is available in two forms- a less expensive formulation with deoxy-
cholate (AMB-DOC) and a highly expensive form incorporated with liposomes 
(L-AMB). Since the toxicity is less with L-AMB it is most commonly used for treat-
ment and research purposes.

6.2 Dose of L-AMB

Indian subcontinent: 10 mg/kg or 3 mg/kg/day for 5 consecutive days (total 
15 mg/kg).

Mediterranean region: Two infusions of 10 mg/kg for children was found to be 
successful.

Other regions: Total dose of 18-21 mg/kg.

Weight Dose

Adult >50 kgs 150 mg/day

Adult >12 years weighing >25 kgs 50 mg BID

Adult >12 years weighing <25 kgs 50 mg OD

Children (2–11 years) 2.5 mg/kg/day (as 10 mg capsules)

Table 3. 
Dose of miltefosine according to age and bodyweight.
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6.3 Mechanism of action

Binding to sterols present in parasite’s membrane causing a change in permeabil-
ity. This drug highly concentrates in the reticuloendothelial cells in the spleen and 
liver, hence best suited for visceral leishmaniasis.

6.4 Adverse events

Infusion reaction like fever, chills, pain all over the body, dyspnoea occurs due to 
raised cytokines levels of Interleukin and TNF- alpha. Other side effects of ampho-
tericin include nephrotoxicity, hypokalaemia and anaemia. Liposomal amphotericin 
is less toxic than amphotericin.

7. Paromomycin

It is an [6] aminoglycoside antibiotic that has been tried in the treatment of vis-
ceral leishmaniasis in India and Africa. It shows a promising cure in areas with spe-
cies resistant to SSG. Moreover, it is less expensive, easy to administer than AMB.

Dose: 11 mg/kg/day given as intramuscular injection for 21 days.
Adverse drug effect: ototoxicity, injection site pain, the reversible elevation of 

serum transaminase, renal toxicity (rare).
Adverse effects and laboratory monitoring of the above mentioned drugs has 

been discussed in (Table 4).

8. Combination therapy

A combination of two drugs [7] in the treatment of leishmaniasis has been tried 
to overcome the drug resistance, to achieve higher efficacy and cure rate, for better 
compliance and to reduce the overall dose, cost and side effect of each drug.

The following 3 combinations have been tested in various studies:

Drug Adverse events Laboratory Monitoring for 
toxicity

Amphotericin B Infusion related reactions, hypokalaemia, 
hypomagnesemia, nephrotoxicity and anaemia

CBC, RFT, LFT, serum 
electrolytes. ECG and urinalysis 
–baseline and twice weekly.

Liposomal 
amphotericin B

Same as above but better tolerated than amphotericin 
B. Infusion related reactions to liposomal amphotericin 
B also can be caused by pseudollergy due to liposome-
induced complement activation

Same as above

Pentavalent 
antimonials:
1. sodium 

stibogluconate
2. meglumine 

antimoniate

1. Myalgia, large joint arthralgia, headache, malaise, 
fatigue, anorexia, nausea commonly noted as treat-
ment progresses.

2. Laboratory abnormalities are usually reversible includes 
elevated Aminotransferases, lipase/amylase values.

3. ECG abnormalities (e.g. Non-specific ST-T wave 
changes, QTc prolongation)

4. Pancytopenia

Baseline and weekly 
monitoring of serum 
chemistry values
(Aminotransferases, 
lipase/amylase, potassium, 
creatinine, BUN, glucose), 
CBC and ECG

Miltefosine GI symptoms, dizziness/motion sickness, scrotal 
pain, decreased or absent ejaculate, nephrotoxicity, 
hepatotoxicity

Renal function, hepatic 
function and CBC –baseline 
and weekly monitoring

Table 4. 
Adverse effects and laboratory monitoring of major anti-leishmanial drugs.
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1. L-AMB (5 mg/kg daily as single i.v dose) + oral miltefosine daily for 7 days

2. L-AMB (5 mg/kg daily as single i.v dose) + Paromomycin (i.m) daily for 10 days

3. Oral miltefosine daily for 7 days + Paromomycin (i.m) daily for 10 days

9. Other miscellaneous drugs used in the treatment of leishmaniasis

Antimony resistance can be overcome by combining antimonials with paro-
momycin, pentoxifylline, allopurinol, IFN-γ, granulocyte-macrophage colony-
stimulating factor, azithromycin and topical imiquimod.

Pentamidine

It causes the inhibition [8] of the active transport system and the mitochondrial 
topoisomerase II which in turn leads to parasitic death.

Dose: 2 to 4 mg/kg/day IM or IV on alternate days for 4 to 7 days.

Adverse events

Hypotension and hypoglycaemia are serious side effects of this drug. Hence it is 
recommended in antimony-resistant/ contraindicated or when serious hepatic or 
cardiac side-effects occur during antimonial therapy.

Oral azoles

Mechanism of action- Azoles block ergosterol synthesis and cause the accumu-
lation of 14-methyl sterols leading to inhibition of leishmaniasis growth.

DOSE: Fluconazole 200 mg daily for 6 weeks.
Ketoconazole 600 mg daily for 28 days (not used now).

Allopurinol

A combination of a low dose of meglumine antimoniate (30 mg/kg/day) with 
allopurinol (20 mg/kg/day) was found to be effective in the treatment of cutaneous 
leishmaniasis. The addition of allopurinol increases the antimonial effect of meglu-
mine antimonials [9].

Doxycycline

Doxycycline, [10] though it’s not the first choice of medication, still is 
 considered equally efficacious to pentavalent antimony. It is known to have good 
intracellular penetration and acts directly on the body of leishmania. Due to 
its anti-inflammatory effect, there will be immediate relief in signs of local inflam-
mation. Oral route of administration, low cost, easy  availability and ack of major 
adverse effects, make doxycycline a good alternative option in the treatment of 
leishmaniasis. It is given in the dose of 200 mg/day.

Azithromycin

The efficacy of [11] azithromycin is questionable. It has been used in children, preg-
nant females and elderly patients when other classical drugs are contraindicated. Dose 
of 500 mg daily for 10 days, repeated every 1 to 2 months. Total of 3–4 cycles given.
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Zinc sulphate

It acts by Boosting of Th1 reaction as well as phagocytosis of parasites.
Dose-2.5 to 10 mg/kg/day orally for 30 to 40 days.

Others: Rifampicin, dapsone, terbinafine, metronidazole, cotrimoxazole, nifur-
timox, quinolones, pyrimethamine, anti-IL10 has been reported in the treatment of 
leishmaniasis [12].

10. Drugs used in topical therapy

1. Paromomycin 15% and MBCL (methyl benzethonium chloride)12% ointment

It is applied topically twice a day for 10 days and the cycle is repeated after 
10 days of the waiting period. Methlybenzethonium itself has some antileishmanial 
activity and it helps in the penetration of paromomycin. Topical preparation may 
cause local inflammation [13].

2. Paromomycin 15% and gentamicin 0.5% cream

Applied topically once a day for 20 days [14].

11. Heat therapy

This treatment [15] is done in a single session. Under aseptic precautions, the 
lesion is anaesthetized with 2% lidocaine. With the ThermoSurgery instrument 
(fork-like applicator), heat is applied at 50° C for 30 seconds. This will cover an area 
of 3x 4 mm. Then the applicator is moved to an adjacent area and the same heat is 
applied, this process is continued until the lesion is fully covered. The entire session 
takes about 4-5 min. The lesion should then be covered with a gauze bandage. This 
is FDA approved for the treatment of cutaneous leishmaniasis.

12. Cryotherapy with liquid nitrogen

Freeze (15–20 secs) thaw (20-60secs) freeze (15-20 sec) cycle is followed until 
1-2 mm of normal circumferential skin is frozen. A total of 3 applications will be 
given once in 3 weeks.

13. Intralesional antimonial therapy

Sodium stibogluconate (100 mg antimony/ml) or meglumine antimoniate is 
injected into all sides of the lesion until it blanches on alternate days. A total of 
10 injections is given. This treatment is combined with cryotherapy for better 
results [16]

Other local therapy options: Surgical excision, curettage, laser ablation, 
photodynamic therapy, sodium chloride (moist wound therapy), topical azoles, 
topical glyceryl trinitrate, topical amphotericin B, intralesional interferon-gamma 
and intralesional metronidazole [17].
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14. Assessing response to treatment

Clinical symptoms will take time to improve in cutaneous leishmaniasis. Time taken 
vary from patient to patient. After effective treatment, it takes around 4 to 6 weeks 
for the ulcer to show signs of healing, which includes re-epithelialization, reduction 
in the size of the ulcer, reduction of signs of local inflammation. Healing continues till 
12 weeks’ time, at which decisions about continued observation versus retreatment 
should be made. Because of the chances of relapse in cutaneous leishmaniasis, com-
plete responses are not measured until 6 to 12 months after successful therapy.

15. Treatment of leishmaniasis in returned traveller

Intravenous or intralesional treatment with sodium stibogluconate and other less 
frequently used agents resulted in resolution for most of these patients. Avoiding 
blood donation for 1 year is recommended in travellers from endemic areas with a 
history or suspicion of leishmaniasis [18].

16. Prevention of leishmaniasis

The first step in prevention is promotion and use of personal protective 
measures like use of protective clothing (wear long-sleeved shirts, long pants, 
and socks), usage of permethrin-treated bed nets, insect repellents containing 
30–35% N, N-diethyl-3-methylbenzamide (DEET); avoid visits to endemic 
areas; staying indoors in the evening as during this time the sandflies are 
most active.

17. Vaccines

Preventive [19] vaccines are the best and most cost-effective protective measure 
against pathogens and are saving millions of lives every year around the world. The 
development of the Leishmania vaccine has proven to be a difficult and challeng-
ing task, because of the inadequate knowledge of parasite pathogenesis and the 
complex immune responses needed for protection. Killed/live attenuated / plasmid 
DNA based vaccines with or without bacilli Calmette-Guerin seems to be useful in 
endemic areas. But none of the vaccines is FDA approved for safe prophylactic use 
in humans. A vaccine for dogs is available and approved.
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Chapter 5

Visceral Leishmaniasis: 
Asymptomatic Facts
Medhavi Sudarshan and Sumit Sharan

Abstract

Visceral Leishmaniasis (VL) caused by protozoan parasite Leishmania is a vector 
borne disease and infection is limited not to human but also to animals worldwide. For 
infection identification and prevalence in both Leishmania endemic and nonendemic 
regions, several serological and genetic techniques are used. Although diagnostic 
techniques and clinical symptoms can establish illness status, it is extremely difficult 
to diagnose infection in the absence of symptoms. Asymptomatic are healthy people 
who have an infection but are unaware of it. The epidemiology of asymptomatic 
Leishmaniasis is critical for its eradication. Only a small percentage of infected people 
are clinically suspected of having VL, as the majority of them may not show any 
symptoms and remain asymptomatic. Some asymptomatic infections may go away 
after a while, or they may linger for years, or they may develop to illness with clinical 
signs. Asymptomatic infection varies per endemic location, but almost all of them 
point to this hidden category of parasite infection. It is now critical to understand 
many factors such as diagnostic markers, genetic markers, and immunological mark-
ers along with different risk factors. All of these criteria, as well as some innovative 
techniques to diagnosing and controlling asymptomatic leishmaniasis, will be covered 
in this chapter. The main focus will be on asymptomatic condition of Indian Visceral 
Leishmaniasis, which is caused by Leishmania donovani and spreads via female sand 
fly P. argentipes biting. The numerous criteria that play a role in asymptomatic to 
symptomatic conversion in a specific time period will also be discussed in this chapter.

Keywords: Leishmania, infection, asymptomatic, markers

1. Introduction

Leishmaniasis is a serious public health problem in many countries throughout 
the world. The illness is caused by numerous intracellular protozoan parasites of 
the genus Leishmania. The most frequent vectors of this neglected infectious illness 
are phlebotomine sandflies, Phlebotomus and Lutzomyia, which is most widespread 
in the tropics and subtropics of Africa, Asia, America, and southern Europe. This 
illness is the world’s second most lethal parasitic killer (after malaria). It’s multi-
faceted. It can be a deadly murderer in certain forms, or a merciless mutilator who 
disfigures its victims for life in others. There are now an estimated 12 million cases 
of leishmaniasis in 98 countries, with 1.5–2 million new cases emerging annually, 
1–1.5 million instances of cutaneous leishmaniasis, and 5,00,000 cases of visceral 
leishmaniasis (VL). VL can create large-scale epidemics with a high case fatality 
rate. VL (kala-azar) is a latent danger to more than 147 million people residing in 
the disease-endemic South East Asia region of the Indian subcontinent, which is 



Leishmaniasis - General Aspects of a Stigmatized Disease

80

caused by Leishmania donovani. Out of the five VL-affected nations in the area 
(India, Bangladesh, Nepal, Thailand, and Bhutan), India accounts for more than 
80% of recorded cases, while Bhutan and Thailand have sporadic reports. Bihar is 
the most VL-endemic state in India, accounting for 90 percent of all VL cases in the 
country [1]. L. infantum, L. chagasi, or Leishmania donovani are the parasites that 
cause Visceral Leishmaniasis (VL) in North Africa and Southern Europe as well as 
Latin America and East Africa respectively [2]. The transmission of L. donovani is 
usually thought to be anthroponomic. Its prevalence is gradually growing around 
the world, creating a public health issue in the VL endemic zone. The classic WHO 
definition of Visceral Leishmaniasis is “a person with clinical symptoms (primarily 
persistent irregular fever, splenomegaly and weight loss) and serological and/or 
parasitological evidence.” Leishmaniasis Post Kala Azar (PKDL) has been related to 
Visceral Leishmaniasis (VL). According to WHO, probable PKDL affects individu-
als from VL endemic areas who have numerous hypopigmented maculae, papules, 
plaques, or nodules but no corresponding loss of sensitivity. However, these are 
the circumstances in which Leishmania infection manifests as symptoms. Many 
people in endemic locations are infected with the parasite yet show no symptoms of 
the sickness, according to previous research. These are classified as asymptomatic 
stages of Leishmania infection. L. donovani infection can range from asymptomatic 
carrier to full-blown symptomatic illness with persistent fever, splenomegaly, pan-
cytopenia, and hypergammaglobulinemia. Visceral leishmaniasis has an asymptom-
atic incubation period of variable duration [3]. A large majority of those who have 
been exposed to the parasite are asymptomatic, with just a tiny number of people 
exhibiting clinical manifestations [4, 5]. A disease is considered asymptomatic if 
it lacks the visible symptoms that are normally associated with it. Asymptomatic 
conditions may not be detected unless medical tests are performed. Importantly, 
doctors lack the tools necessary to tell apart asymptomatic patients from those who 
are suffering from something more subtle [6]. In a Mexican cutaneous leishmaniasis 
region in 1953, the term asymptomatic in Leishmania infection was first used [7]. 
Asymptomatic Leishmania infection was used initially in 1974 by Pampiglione but 
the description has remained ambiguous five decades later. At this time, there is no 
way of knowing who of the asymptomatically infected persons would acquire VL 
illness and when. Asymptomatic people are those who live in an endemic region 
and have an immune response to Leishmania (either antibodies or a particular 
cellular response), or who have parasites—or parasite DNA—in their blood, but 
are otherwise healthy [8]. Escalating asymptomatic leishmaniasis due to distinct 
Leishmania species like L. donovani and L. infantum is critical for determining 
trends in the disease’s prevalence. This first interaction between parasite and host is 
known as infection. The parasite can be killed by inherent or acquired immunity in 
the host, or it might persist by using an effective mechanism that bypasses the host’s 
defenses. If the parasite persists, it may lead to a fascinating dynamic interaction 
between the host and parasite, where the host becomes an asymptomatic carrier 
when everything is in balance. Due to co-evolution, it is quite frequent in several 
parasite illnesses for the number of patients to be less when compared to the vast 
number of persons with asymptomatic infection (in general, an infected person 
who is asymptomatic is not necessarily a patient). Because of this, asymptomatic 
instances of VL are common in regions with the disease [9, 10].

2. Epidemiology

It is essential to understand the global prevalence of asymptomatic leishmani-
asis. In addition, it’s critical to look at the variables that contribute to asymptomatic 
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infection. The variation arises because of changes in parasite virulence and 
host demographic characteristics, as well as from research designs and the tests 
employed to determine asymptomatic infection. Worldwide epidemiological sta-
tistics show that asymptomatic VL can come from both endemic and non-endemic 
areas. Those who are infected may unintentionally transfer the disease to others. 
They may go away on their own, or they may develop symptoms at a later time. 
As per some findings Asymptomatic infections are those who remain seropositive 
for many (up to 10–12) years without developing into active disease [11, 12], and 
are more prevalent in VL endemic regions [13]. In the New World, asymptomatic 
leishmaniasis was considerably more frequent than in the Old World. The higher 
prevalence might be explained by the greater diversity of leishmaniasis in the New 
World as a result of the vector’s adoption of new hosts and climate change [14]. 
Asymptomatic leishmaniasis was less common in children than in the general 
population. This difference, however, was insignificant on a statistical basis. It was 
hypothesized that the rise in infection prevalence with age was owing to young chil-
dren’s reduced exposure to infectious sandfly bites [15]. Some indicators indicate 
that in VL endemic locations, the ratio of asymptomatic vs. active VL patients  
varies: 2.4:1 in Sudan, 4:1 in Kenya, 5.6:1 in Ethiopia, between 4:1 and 17:1 in the 
Indian subcontinent, and 50:1 in Spain [16]. Reports from the other endemic 
regions also confirm the existence of parasitic DNA in all VL causing species in 
asymptomatic individuals.

According to a meta-analysis of original articles reporting asymptomatic 
leishmaniasis, the prevalence of asymptomatic leishmaniasis was 11.3%, 95% 
confidence interval (CI) 8.6%–14.4%] in general population, 36.7% [95% CI 
27.6%–46.8%] in inhabitants living in the same or neighboring household to the 
symptomatic patients, and 11.8% [95% CI 7.1–19%] in HIV infected patient. 
Meta-regression analysis also showed no significant change in the prevalence of 
asymptomatic leishmaniasis during the last 40 years [17]. From 1982 to 2015, the 
trend of total leishmaniasis’ asymptomatic proportion did not change considerably, 
according to the meta-regression study [coefficient = 0.0350 (95% CI, −0.0213 to 
0.0913), P = 0.2233] [17]. But, while the disease’s geographical range is broad, it 
is not continuous. The study also suggest, for L. donovani, the pattern of asymp-
tomatic infection has not altered over time [coefficient = 0.0015 (95 CI, −0.0531 
to 0.0561), P = 0.9564]. In contrast, the frequency of asymptomatic L. infantum 
infection has grown with time, although this shift is statistically insignificant 
[coefficient = 0.0824 (95 percent CI, −0.0126 to 0.1774), P = 0.0892]. According 
to research on L. infantum in the New World, the prevalence has considerably 
grown over time [coefficient = 0.0908 (95% CI, 0.0321 to 0.1496), P = 0.002]. 
The frequency of asymptomatic leishmaniasis in children is also rising over time 
[coefficient = 0.0599 (95% CI, 0.0066 to 0.1133), P = 0.028]. Drought, hunger, and 
high population density all contribute to the spread of the illness. The infection-
to-disease ratio varies from village to village and also changes over time within 
the same community [18]. Asymptomatic incident L. donovani infection is nine 
times more common than incident VL illness in VL high-endemic foci in India and 
Nepal [19]. Within the next 18 months, around 1 in 50 of new yet latent infections 
developed into VL. There is one important asymptomatic category comprises those 
individuals of endemic regions who turn seronegative in due course of time [19]. 
These people most likely acquire the required level of immune response following 
parasite exposure, which protects them from future illness development by effi-
ciently removing living parasites. They are most likely not carrying live parasites 
and can be called real resistant instances. The spontaneous change of seropositive 
to seronegative status ranges from 33–86% [19–22]. However, a research conducted 
in Bangladesh found that this conversion rate drops to as low as 6.3% after a year 
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among those with high antibody titers [23]. These people give more tangible proof 
that a threshold immune response level is required to protect the host against 
parasites. Despite the fact that the majority of seropositive asymptomatic people go 
on to become seronegative, these individuals are known to contribute to the spread 
of disease outside of endemic areas [24, 25].

3. Diagnosis

Diagnosis of VL is done by serological tests and molecular test along with 
direct parasite identification technique. Direct techniques are Leishmania parasite 
isolation from spleen, bone marrow, or blood for microscopy or culture. Different 
serological tests are ELISA, direct agglutination test (DAT), immunofluorescence 
antibody test (IFAT), indirect immunofluorescence (IIF), western blot (WB), rK39 
immuno-chromatographic strip test while molecular tests include polymerase chain 
reaction (PCR), qRT-PCR and k-DNA southern blot whereas immunological test 
include Montenegro Skin Test (MST)/Leishmania skin test (LST) or Interferon 
Gamma Release Assay (IGRA). The lack of a good biomarker makes defining 
Leishmania asymptomatic infections extremely difficult. It’s also unclear how to 
distinguish parasite persistence in an asymptomatically infected person from new 
infections that develop after the first episode, i.e. old parasites eliminated by the 
immune response followed by new infectious parasite populations that would fol-
low the same destiny. Asymptomatic infections cannot be diagnosed with a single, 
widely approved test. It cannot be diagnosed using any standard or commercially 
available methods. Patients who are infected with Leishmania do not show any 
symptoms, but tests such as the polymerase chain reaction (PCR) or leishmania 
skin test (LST)/Montenegro skin test (MST) are positive regardless of whether 
they show any symptoms [22]. Population-based demographic and immunological 
surveys showed high but variable prevalence of leishmanial antibodies in the popu-
lation of Bihar [26]. Serological test DAT/ELISA can perform in epidemiological 
studies as is noninvasive. But is indirect methodology and tells antibody response 
due to Leishmania infection. Because of the varying durations between infection 
and seroconversion (ranging from 3 months to 7 years), serology may not be a use-
ful predictor of infection when employed in cross-sectional research [19]. The most 
often used techniques include an intradermal skin test that indicates the cellular 
immune response associated with prior exposure to Leishmania and the identifica-
tion of anti-Leishmania antibodies, a less specific indication of infection or con-
tinuing illness [27]. Conventional PCR is direct tool as show presence of Leishmania 
specific DNA in interest of samples (blood, buccal swab, urine). Sensitivity and 
specificity vary for selection of primers. These above mentioned techniques are in 
use worldwide in epidemiological study to know prevalence of Leishmania infection 
in healthy individuals. But when data compare is compare with active Leishmania 
cases tough to distinguish healthy infection, i.e. asymptomatic. Using DAT sero-
conversion as a measure of infection, studies found that asymptomatic infection 
was nine times more common than acute VL illness in high-endemic foci in Bihar 
[19]. However, in any longitudinal epidemiological investigation, seroconversion 
should be the primary criteria for detecting asymptomatic infection. The variation 
in the ratio of VL cases versus asymptomatic cases in different L. donovani and L. 
infantum endemic areas from 2.4:1 in Sudan to 50:1 in Spain [28] reflects variations 
in parasite virulence and host features, However, this may also be due to variations 
in research design and the methodologies used to diagnose asymptomatic infection. 
Cell immunity generally lasts for several years, and in some cases, for the rest of a 
person’s life [29, 30]. Serological indicators, on the other hand, can go from positive 
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to negative in as little as four months after the initial sample is examined [22]. In 
endemic locations where mean parasitemia levels are low or intermittent, serology 
is generally unreliable for identifying silent Leishmania infection [6]. Cytokine 
release assays are useful for detecting asymptomatic individuals among immu-
nocompetent subjects in VL-endemic areas; they can also detect the same among 
immunosuppressed subjects following solid organ transplantation [31]. When 
compared with the reference test SLA-lymphoproliferative assay, IL-2 appears as a 
new, 100% sensitive and specific marker for asymptomatic individuals with a posi-
tive cellular response (compared with 100% and 84.78%, respectively, for IFN-γ) 
[32]. Some laboratory tests, including SLA-stimulated PBMC assay, may be difficult 
to perform under certain conditions. In contrast, the WBA holds much promise 
as a test at the point-of-care level [33]. The WHO recently recommended screen-
ing healthy populations for leishmaniasis infection using SLA-stimulated blood. 
There are ways to diagnose those who have asymptomatic Leishmania infection by 
whole blood stimulation with the soluble Leishmania antigen (SLA), followed by 
plasma cytokine and chemokine measurements. Combining these diagnostic tests 
with molecular studies might assist in estimating the real scope of the Leishmania 
outbreak in the endemic region. CXCL10 and CXCL9 DPS were shown to be reliable 
indicators for identifying asymptomatic individuals in L. infantum and L. donovani 
endemic regions. In distant areas, it makes samples more accessible and reduces the 
cost of epidemiological and epidemic investigations [34].

The immunological determinants such as Adenosine deaminase (ADA), 
Interferon gamma (IFN-γ), Tumor Necrosis Factor alpha (TNF-α) and Interleukin 
10 (IL-10) were examined to predict probable biomarkers for conversion to symp-
tomatic VL. Asymptomatic cases were also earlier reported to harbor the parasite 
in their blood [35, 36]. Many immunological methods such as direct agglutination 
test (DAT) and lateral flow immune-chromatographic tests, such as rK39 and 
rkE-16 have been introduced to screen large number of individuals in endemic areas 
[37–39]. Leishmania infantum/chagasi infection is endemic in Sicily. Approximately 
47% of residents live in areas at risk of infection. The prevalence of asymptomatic 
carriers is unknown. In asymptomatic subjects, IFAT showed sensitivity (30.1%) 
higher than rK39-ELISA (26.3%) for the detection of cryptic infection, even though 
a lower specificity was reported (63.4 vs. 76.3%).

Molecular methods are the most suited due to the lack of a gold standard and the 
limitations of conventional diagnostic procedures, where parasitology is ethically 
impractical for persons without symptoms and serological tests do not discriminate 
between past and present illness. Recent molecular methods, such as conventional 
polymerase chain reaction (PCR) and quantitative real time PCR assay (qPCR), 
have made considerable advances in screening, diagnosis, and post-therapy follow-
up, allowing for better sensitivity than prior serological assays. Quantitative PCR 
(qPCR) is now a days promising tool for detection and quantification of Leishmania 
and able to describe threshold as well as reference value for asymptomatic infection.

There are several types of molecular methodologies, and the choice of use should 
be based on what results are expected to be achieved. While in the conventional 
Polymerase Chain Reaction (cPCR) the results are only qualitative, quantitative  
products can be obtained in the Real-Time technique (qPCR), such as the levels of 
parasitic DNA circulating in the blood [40]. The sensitivity of the assays may vary 
according to the types of targets and samples used. The most used amplification tar-
gets are: kinetoplast DNA (kDNA) [41, 42], internal non-coding spacer region (ITS-1) 
[43] and the smaller ribosomal subunits (SSU - rRNA) [44–46]. Sudarshan et al. [35] 
when performing a qPCR, analyzed the level of circulating parasites to differentiate 
a possible disease progression. They obtained a minimum level of detection of 0.001 
parasitic genomes/mL of blood and 34.79% of positive samples by the technique, 
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using the kDNA and hydrolysis probes of the TaqMan type, as a target and method of 
visualizing the products. Likewise, Kaushal et al. [6, 47] (S. Das et al., 2014; Kaushalet 
al., 2017, [6, 47] (S. Das et al., 2014; Kaushal et al., 2017) (Das et al. 2014, Kaushal et al. 
2017, ([6, 47], when carrying out a study to detect asymptomatic individuals, obtained 
an amount < 5 parasites/mL of blood and a positive sample rate of 21.54%, using 
kDNA as a target and SYBR Green I as a result detection system. Sudarshan et al.  
[48], affirm that Leishmania DNA may be used as a marker of infection since it is 
detected before the seroconversion of antibodies. Individuals can be diagnosed as 
seronegative when they are tested before the development of immunity or when it is in 
a very low quantity, not being identified by serological methods. Similar data were also 
suggested by Costa et al. [27] and Bhattarai et al. [49], wherein asymptomatic infec-
tions detected by molecular methods have been observed in seronegative people. This 
demonstrates that possibly due to the limitations of serological methods, molecular 
tests are more suitable for the identification of asymptomatic cases. Although parasitic 
DNA is considered the first infection marker before immunological conversion [35], 
there are controversies regarding its use. The limitation of the use of DNA as a target is 
found in a possible detection of the genetic material of the parasite when it is already 
dead, although this is discussed, the half-life of the nucleic acid in the body is around 
24 hours, which can cause flaws in distinguishing viable parasites from detecting 
fragments of lifeless parasites. Lack of standardization of a methodology still becomes 
a gap that can lead mainly to problems and delays in detection of the cases. Moreover, 
the use of nanoparticle techniques represents a trend for diagnosis, immunotherapy, 
and programs to eliminate VL. These methodologies bring a new approach with new 
forms of diagnosis and drugs, where improvements in efficacy and less toxicity can be 
observed. There will be continuous and significant improvements to all their current 
roles in diagnostics and will also provide multiple roles in terms of recognizing other 
DNA or materials, using fluorophores or other active molecules. it is reasonable to have 
a lower value of serum hemoglobin, hematocrit, and albumin among symptomatic 
patients. So, they would be considered as a marker of symptomatic diseases rather 
than a risk or protective factor. Studies are going on to define asymptomatic as yet 
there is no or very less agreement between different markers. Although Gold standard 
for Leishmaniasis detection is parasitological confirmation by microscopy which need 
splenic aspirate. But for asymptomatics it is not possible as ethical issues are very high 
because of invasive nature of samples. As the use of spleen or bone marrow aspirate is 
not ethical in asymptomatic subjects, the negative predictive value (NPV) cannot be 
exactly evaluated.

4. Immunology

Asymptomatic cases differ considerably from VL patients, and it is assumed 
that a mixed profile is crucial not only for the management of parasite replica-
tion but also for the preservation of these people’ immune state. The increased 
number of cells expressing different cytokines demonstrates this. However, in 
VL-endemic areas, the clinical form is frequently asymptomatic, followed by pro-
tective immunity with a predominant type 1 T-cell response [50]. Asymptomatic 
seemed to have mixed profile having an increase of IFN-γ + neutrophils/eosino-
phils and NK cells, of IL-12+ eosinophils/monocytes, along with increase of IL-4+ 
neutrophils and NK cells and IL-10+ eosinophils/monocytes [51]. Despite earlier 
findings of a constant type 1 T-lymphocyte immune response during asymp-
tomatic VL it was recently shown that asymptomatic patients’ PBMC generated 
significant amounts of IL-10 when stimulated with L. infantum recombinant 
antigens [52].
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Different findings point to the idea that IL-10 is a key immunomodulator in 
asymptomatic people, dampening host defense mechanisms and favoring immune 
response regulation following parasite elimination. Furthermore, CD4+ T cells 
from asymptomatic patients infected with L. infantum have been shown to generate 
significant amounts of IL-5 [53]. In immunocompetent people, leishmania infection 
is typically asymptomatic, although the percentage of HIV+ people infected with 
the parasite who stay asymptomatic is unknown. HIV+ individuals might still have 
a Th1-type cellular response to Leishmania despite their weakened immune system. 
These people may be identified using cytokine release tests, which identify IFN-γ in 
the supernatants of SLA-stimulated PBMC and IFN-γ and IL-2 in SLA-stimulated 
whole blood. These biomarkers appear to be 100% reliable for detecting asymp-
tomatic immune responders to Leishmania among HIV+ patients [33]. Analyses of 
cytokine responses in symptomatic and asymptomatic VL patients’ peripheral blood 
mononuclear cells (PBMCs) indicated that the production of Th17 cytokines was 
highly linked with the asymptomatic status [54, 55]. It was discovered by Carvalho 
et al. that peripheral blood mononuclear cells (PBMCs) from people with subclini-
cal or asymptomatic infection (positive serology and skin test for Leishmania 
antigen) react to stimulation with Leishmania antigen by producing IL-2, IFN- and 
IL-12 [50]. An Indian study found that active disease elicited a mixed IFN-/IL-10 
response, but asymptomatic infections (IFN- release assay [IGRA]–positive endemic 
healthy controls) did not trigger an antigen-driven whole-blood IL-10 response [56]. 
Surprisingly, the frequency of CD4+ T cells is higher in people with asymptomatic 
infections who have positive LST [57], Furthermore high levels of IFN- are produced 
by CD8+ T cells isolated from asymptomatic patients, which implies that CD8+ cells 
play a role in human resistance to Leishmania infection. Furthermore, researchers 
discovered that in asymptomatic people, a distinct subpopulation of CD4+ cells that 
produced both IFN- and IL-5 was important for infection management [22, 53]. A 
longitudinal study conducted in Sudan recently suggested that Th17 cells may play 
a protective role in human VL, and it was found that L. donovani stimulates the 
production of IL-17 and IL-22 by exposed PBMCs from healthy and resistant sub-
jects who did not develop VL before or after cytokine response testing. In addition, 
elevated levels of IFN-γ, C reactive protein, nitric oxide, and IL-12 in the blood have 
also been reported to offer resistance in asymptomatic patients [58]. Disease resistant 
endemic individuals have an immune response that shields them against pathogenesis 
in response to an insect bite which are quite similar to those of VL immunology, and 
as a result, they cannot be utilized to provide a clear picture of protective immune 
parameters in asymptomatic patients. Besides the protective immune response, it 
appears that these people either possess a large number of long-lived memory B cells 
that continuously secrete antibodies or they are continually exposed to Leishmania 
but do not acquire VL as a result of the protective immunological response [59]. The 
quantity of antibodies in blood has been connected to the incidence of asymptomatic 
to symptomatic VL conversion. Although it will be difficult to track these instances, 
they may aid in the discovery of host immunological mechanisms that influence dis-
ease susceptibility and resistance. Strong cell mediated immunity, a broad repertoire 
of memory T and B cells, and short-lived plasma cells may be linked with the immune 
biology of resistant asymptomatic infections (they do not show seropositivity for a 
longer period). Focused research on these people might disclose the characteristics 
of protective immunity that are needed to build a preventive vaccination candidate. 
In asymptomatic patients, the levels of ADA, IL-10, and IFN-γ were continuously 
high, with ADA and IL-10, but not IFN-γ, remaining higher as clinical symptoms 
progressed into active VL. ADA and IL-10 might be used as a biomarker in the transi-
tion from asymptomatic to symptomatic VL [60]. Due to their high innate cellular 
immunity, many asymptomatic individuals become seronegative without acquiring 
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VL. IFN- γ became high in asymptomatic infection but dropped after conversion, but 
TNF-α levels did not alter much at either stage of illness. The cytokine profile might 
be utilized to better treat VL patients with autoimmune diseases, as well as to identify 
and protect individuals with asymptomatic infection who are at risk of developing 
illness. Assays for cytokine release are already being utilized to detect asymptomatic 
individuals [31, 61]. Cytokines, which operate on macrophages, are receiving a lot 
of attention these days because of their ability to alter the immune response. Studies 
on the function of cytokines in asymptomatic infections and/or subclinical VL cases 
are scarce in the literature, and these investigations generally assess cytokine levels 
just once, before any clinical symptoms arise. Research into immune responses shows 
that patients with low levels of IL-10 production have additional flaws. In VL, IL-10 
mRNA expression is highly expressed, and this cytokine’s involvement in reducing T 
cell responses in these individuals has been well established. According to the finding, 
the balance between the production of IFN-γ and IL-10 may be a significant factor 
in determining whether or not patients develop illness after contracting L. chagasi 
infection even while they are asymptomatic [62].

5. Genetics

For many years, there has been speculation that, in VL, the Leishmania geno-
typic differences involve in asymptomatic or symptomatic forms of the disease. 
There was findings that the Leishmania Internal Transcribed Spacer 1 (ITS1) from 
symptomatic VL and asymptomatic cases has significant genetic differences in 
southern Iran [63]. Several investigations have shown that the genotypic char-
acteristics of symptomatic and asymptomatic VL patients might differ [64, 65]. 
Researchers identified significant genetic diversity between Leishmania species iso-
lated from asymptomatic and symptomatic patients, particularly those with HIV/
VL coinfection, in a study done in southern France. The study also discovered that 
asymptomatic isolates had a modest polymorphism in their parasite genome [64]. In 
Southern France, MLMT showed parasite genotype appear to differs in Leishmania 
patients compared with asymptomatic related carriers [66].

Aside from the parasite genotype, the host’s genetic background may have a 
role in determining whether VL is asymptomatic or symptomatic [67]. Study also 
linked symptomatic VL to a gene that codes for a receptor for transforming growth 
factor beta (TGF-β) whereas the asymptomatic is connected to gene encoding II-a 
receptor for the Fc fragment of IgG [67]. However, the association between SNP/
HLA genotyping and progression from asymptomatic or seroconversion to VL overt 
disease has been insignificant [68]. Polymorphism at SLC11A1 has been shown to be 
linked [69, 70] and associated in regulating susceptibility with human VL in Sudan. 
However, no evidence of such an association was found in an Indian population 
[71]. Few studies indicate that host genetic association and development of clinical 
symptoms is linked to NRAMP1, TNF-α, IL-4 and IFN-γ receptor (IFNGR1)], TGF 
β, IL-8, C-X-C chemokine receptor 1 (CXCR1) and C-X-C chemokine receptor 2 
(CXCR2), IL-2R, Delta-like1 (DLL1), and mannan binding lectin genes [48, 69, 72, 
73]. In one of the recent most studies on asymptomatic VL, were able to link several 
HLA-DRβ allele groups with the progression of VL [68].

6. Other risk factors

Besides, serological methodologies performed on individuals without symptoms 
may have low sensitivity due to a weak humoral response [74]. Risk factors have 
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been analyzed by some studies, taking into account that contact with the parasite 
is necessary, but it is not sufficient for the development of the active disease. These 
characteristics can play an important role in the cycle of asymptomatic individuals 
[6]. The male gender is one of the individual factors that demonstrate a positive 
association with asymptomatic infection [75]. Although other hosts and parasite 
variables may be additional causes, the conversion of asymptomatic infections 
to symptomatic VL also indicates the survival of parasites in these people [76]. 
The extrinsic variables such as age and nutritional state, as well as a weakened 
host immunological system, are thought to be significant in the progression from 
asymptomatic to symptomatic infection. Poor dietary status has been linked to 
an increased chance of developing clinical VL in addition to hereditary risk. The 
relationship between malnutrition and the course of VL at the cellular level is 
poorly understood. A better understanding of these mechanisms might open new 
opportunities for prevention or therapeutic dietary intervention [16].

There were evidences that suspected individuals living in households with family 
history, were at particularly high risk of infection. Although the cohort studied did 
not contain population-specific genetic markers, the addition of such factors might 
help predict outcomes when molecular diagnostics and serodiagnostic testing are 
combined. Even if they have a competent immune response, persons who have come 
into touch with the parasite do not inevitably acquire the symptomatic version of 
the condition [16]. Age, genetic, immunological, and dietary features, the existence 
of other diseases, and vector density are all potential risk factors for the disease’s 
development [75], and type of “asymptomatic” definition applied to the study [28]. 
Despite being practical and easy, methodologies handling have some limitations:  
(i) do not differentiate past disease from recent [75, 77] (ii) there is the possibility of 
cross-reactivity with other related parasites [78]. Asymptomatic infection is usually 
observed in family members or in direct contact to clinical VL cases, suggesting that 
family members are at risk of infection. In a research from India, it is discovered 
that family members of VL patients had 1.8 times the risk of becoming infected as 
compared to those who did not have VL in the house. Kala-azar patients were younger 
(P < 0.001) and reported lower red meat consumption (P < 0.01) than asymptomatic 
seropositive individuals. Retinol and zinc levels were lower in current kala-azar 
patients and those who later developed kala-azar compared with uninfected and 
asymptomatically infected subjects. The characteristics that help determine whether 
an infection leads to overt disease appear to include age and dietary factors such 
as intake of iron- and zinc-rich red meat [79, 80]. Kala-azar patients were younger 
(P < 0.001) and reported lower red meat consumption (P < 0.01) than asymptom-
atic seropositive individuals. In comparison to uninfected and asymptomatically 
infected people, active kala-azar patients and those who later acquired kala-azar had 
decreased retinol and zinc levels. In contrast with different groups, kala-azar patients 
had greater CRP values. A population at increased risk of symptomatic illness may 
have a low red meat intake and low zinc and retinol levels.

7. Conclusion

Control efforts for leishmaniasis (especially asymptomatic VL), particularly 
in endemic regions, need a detailed understanding of Leishmania ecology and 
epidemiology. Those infected with viscerotropic Leishmania species, on the other 
hand, may remain asymptomatic, which is the most typical result of infection in 
endemic regions. However, it is impossible to offer reliable estimates of the number 
of infected vs. those at risk. The number of persons infected but asymptomatic is 
far greater than the number of people infected and presenting with clinical disease. 
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As a result, it is critical to understand how many infected people will acquire illness 
and how they may be identified before clinical symptoms appear. Different studied 
found that utilizing anti-rK39 ELISA to screen family members and contacts might 
be a very reliable technique for early diagnosis and planning preventive treatment 
of latently infected asymptomatic carriers in order to eradicate kala-azar. Although 
there have been isolated instances of parasite circulation in the peripheral blood 
of asymptomatic individuals with L. donovani and Leishmania tropica infection. 
Various study findings explain the immune response as tracked prospectively and 
its diagnostic value in predicting the fate of latent infection in a relatively large 
number of patients. Serologically positive state a relatively transient increase in 
serum antibodies caused by recent infection that lasts for months, whereas LST 
positive thought to indicate long-term cell-mediated immunity after asymptomatic 
infection or clinical cure of kala-azar. A favorable LST result may take months 
to years to manifest after effective kalaazar therapy, but it lasts for decades after 
exposure. There are few data on risk factors for asymptomatic leishmaniasis, and 
its epidemiology is unknown. Such knowledge is critical for efforts to prevent and 
control visceral leishmaniasis, such as the eradication programs. In a Brazilian 
research, sand flies fed on kala-azar patients were sick in 25% of cases, while none 
of the sand flies fed on asymptomatically afflicted individuals became infected. 
Seroepidemiologic data from disease-endemic areas of India are scarce and based 
on small sample sizes. Serologic status is not a good predictor for conversion to 
clinical VL. Studies confirmed that 33% persons were serologically positive, only 
3.48% seropositive persons showed disease conversion. However, 2.57%seronega-
tive persons at baseline showed disease conversion also [11]. Human instances of 
transfusion-transmitted visceral leishmaniasis (VL) have been reported in both 
endemic and non-endemic locations, with clinical characteristics and outcomes 
comparable to those of natural infection [81].

When innate immune cells from asymptomatic carriers were stimulated with 
antigens in vitro, they exhibited a regulated rise in cytokine production that 
differed from that seen in non-infected subjects. This implies that using more 
than one diagnostic approach makes it easier to identify a substantial proportion 
of asymptomatic carriers. One often mentioned flaw in these research is the dif-
ficulty in identifying those who are briefly and quietly infected with the parasite. 
A recent study of asymptomatic people’ innate and adaptive immunity revealed 
that a mixed cytokine profile is crucial not just for parasite replication control, but 
also for the preservation of these individuals’ immune state [51]. Only 20% of those 
infected with L. chagasi in endemic regions of VL develop classical VL, according 
to research. Even before extremely sensitive molecular diagnostic technologies 
became available, it was established that the majority of infected people living in an 
endemic region have asymptomatic self-cured illnesses [82]. Nonetheless, despite 
the PCR assays’ excellent sensitivity and specificity in identifying Leishmania 
DNA in clinically sick patients’ peripheral blood, a proportion of asymptomatic 
persons with positive serological tests had no detectable circulating Leishmania 
DNA. As a result, the co-positivity between the PCR assay and different serological 
assays was astonishingly low. It’s conceivable that these apparent differences might 
be explained by how an illness develops in people. The parasite can be identified 
in the peripheral blood at a certain point (providing a positive PCR assay), fol-
lowed by adaptive-mediated immunity with the generation of antibodies and a T 
lymphocytes-mediated immune response. Because these biological moments are 
never-ending, it’s possible to analyze certain people when they are in a state of 
transition. Other non-invasive and extremely sensitive techniques, such as PCR in 
peripheral blood, have recently been available. This has made it possible to identify 
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asymptomatic carriers of Leishmnia who otherwise would not have been detected 
using just serological methods [83]. Research findings suggest that the method 
used to diagnose an infection may have an impact on infection-related variables 
including risk factors and treatment results [61]. At the moment, it is impossible 
to determine who among the asymptomatically infected persons will acquire VL 
illness and when. A research from Bangladesh further indicates that about 80% of 
asymptomatic individuals contribute to disease transmission, compared to 8–10% 
of VL and PKDL patients [13].

The question of why just a few exposed asymptomatic people acquire full-
blown illness symptoms but not all remains unsolved. The major immunological 
variables that promote the conversion of asymptomatic patients to symptom-
atic stage of visceral leishmaniasis have been attempted to explicate in several 
research. It is crucial to note that the use of five diagnostic techniques as a regular 
strategy would be impractical in endemic situations. Before a particular recom-
mendation can be made, more research is needed to confirm the optimal diagnos-
tic method [61]. The important checkpoints for determining disease resistance or 
susceptibility are cytokines that control cellular immunity [84, 85]. Despite  
substantial understanding of host–parasite interactions and immunobiology, 
reliable protective immunity criteria have yet to be discovered. Asymptomatic 
instances of human VL can be diagnosed using qPCR using RNA targets. There are 
also questions about whether or not using RNA as a gene target can help discover 
asymptomatic instances of VL. By combining this methodology with epidemio-
logical data analysis, it will be possible to improve the detection and treatment 
of asymptomatic cases. Priority should be given to stepping up efforts to better 
characterize asymptomatic illness in endemic areas and to develop a uniform case 
definition for leishmanial infection. Self-clearing infections vs. illness develop-
ment must have all of their factors examined thoroughly. The problems in parasite 
and sand fly management methods, as well as changes in the epidemiology of VL 
in disease-endemic countries, are important threats to its eradication. In addi-
tion, the movement of infected but asymptomatic people from endemic areas has 
resulted in additional infections in non-endemic areas [86]. The xenodiagnosis 
approach validates whether asymptomatic infected people can be infectious to 
sand flies and might be a crucial step in determining whether or not to modify 
the existing VL management strategy. One study used xenodiagnosis to identify 
VL infection in HIV-positive people and found even asymptomatic patients 
in the early stages of the infection were able to infect others [87]. Although 
Xenodiagnosis findings from an Indian investigation indicate that neither asymp-
tomatic nor treated patients were infected by vector sandflies [88]. Asymptomatic 
infected persons are not now the focus of drug research efforts. This is because the 
asymptomatic state is not clearly defined, but largely because an intervention is 
less of a priority as long as the role of asymptomatically infected people in trans-
mission is not clarified. There have been significant gains in reducing infection 
rates thanks to the eradication programs, but there are still some obstacles to over-
come along the way. Considering that humans are the sole reservoir for Leishmania 
donovani, the effectiveness of a control programme hinges heavily on treating both 
symptomatic and potentially asymptomatic persons, if such individuals are found 
to also function as a reservoir. The lack of techniques to identify live parasites 
in silent infections and their relationship to disease transmission, sterile cure 
characteristics, and PKDL development remains a serious danger to the disease’s 
eradication. There has been tremendous progress in the control or elimination of 
tropical illnesses, with a large drop in the incidence of these diseases. Although it 
is critical to comprehend these underlying causes for each illness, asymptomatic 
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Chapter 6

Geographical Distribution of 
Cutaneous Leishmaniasis and 
Pathogenesis
Mohammed Hassan Flaih

Abstract

Leishmaniasis is still considered to be a global health problem, which spreads in 
most countries in the world. Leishmania is an intracellular obligate protistan para-
site that causes different clinical symptoms in infected humans and other animals. 
There are clinically different types of the disease including: visceral, cutaneous or 
muco-cutaneous leishmaniasis. Approximately, two million new infections occur-
ring annually; 0.7 to 1.2 million cases are recorded with cutaneous leishmaniasis 
and 200,000–400,000 cases return for visceral leishmaniasis. However, Cutaneous 
leishmaniasis considers one of uncontrolled wobbling endemic diseases, especially 
in Iraq, which occurs at the skin to cause a dermal lesion. Usually, the lesion is 
spontaneously healed to leave a colorless depressed scar and permanent immunity.

Keywords: pathogenicity, dermal lesion, papule, Lipophosphoglycan, leishmanolysin

1. Introduction

Leishmaniasis considers one of the neglected tropical diseases with a wide global 
distribution (Figure 1) [2]. WHO mentioned that leishmaniasis is from the impor-
tant tropical diseases and represents a serious health problem. It includes a broad 

Figure 1. 
Worldwide distribution of cutaneous leishmaniasis [1].
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spectrum of clinical symptoms which may led to the fatal [3]. Leishmaniasis is 
endemic in 98 countries with over 350 million people at risk. There are more than 12 
million infections with leishmaniasis and nearly 2 million new infections occurring 
annually; 0.7 to 1.2 million cases of cutaneous leishmaniasis and 200,000–400,000 
cases of visceral leishmaniasis [4, 5]. Overall, two million new cases of cutaneous 
leishmaniasis are discovered annually in Afghanistan, Iran, Saudi Arabia, Syria, 
Iraq, Algeria, Brazil and Peru [6].

There are approximately 20 species confirmed for Leishmania are pathogenic to 
humans [7], that may cause different clinical symptoms (Cutaneous Leishmaniasis 
(CL), Muco-cutaneous Leishmaniasis (MCL) and Visceral Leishmaniasis (VL)) 
[8]. However, Leishmania parasites infect phagocytic cells. Virulence factors cause 
an inhibition or modification of host cell signaling pathways (interleukin and 
chemokine) which effect on other immune cells [9].

1.1 Prevalence of CL and geographical distribution

Although CL is considered as a global health problem, it remains as a neglected 
disease [10]. Leishmaniasis infections spread in geographically different regions. 
However, more infections occur in sub- or/and tropics of Africa, the Middle East, 
Southern and Central America and South Europe and Asia [11]. It is prevailing at 
a broad global level and there is an increase worldwide in recorded cases number, 
also is most neglectful diseases. There is a geographical expansion and a global 
increase in infection of visceral and cutaneous leishmaniasis, which is still associ-
ated with vector population expansion [12]. Environment conditions may overlap 
many biological processes that effect directly on geographically sandfly distribution, 
reproductive rates and abundance [13]. Further, Leishmania showed as an oppor-
tunistic pathogen with HIV-infected adults and even children [14]. Depending to 
recent reports, leishmaniasis considers an endemic disease in 98 countries and about 
1.3 million new cases annually [15]. However, CL is an endemic disease in several 
countries in the Middle East and North Africa. Foci of L. major (zoonotic cutaneous 
leishmaniasis) are mainly in Sudan, Egypt, Libya, Tunisia, Jordan and Palestine 
while in Syria, Saudi Arabia, Iraq and Iran are endemic for both L. tropica (ACL) and 
L. major (ZCL) [16]. Nearly, there are 500,000 cases of ZCL occur annually, while 
ACL appear in 400,000 cases. Ninety percent of cutaneous leishmaniasis occur in 
Afghanistan, Ethiopia, Algeria, Syria, Saudi Arabia, Sudan, Iran, Iraq, Brazil and 
Peru [17]. In Sri Lanka, leishmaniasis has recorded 8487 cases from 2009 to 2016 
[18]. In Pakistan, nearly 21,000–35,000 cases of CL are reported annually [19]. 
Moroccan Health Ministry mentioned that were 16,852 cases of ACL and 24,804 
cases of ZCL in 2004–2013 [13]. Abdellatif et al. [20] observed 140 cases with 
cutaneous leishmaniasis in one provinces of Libya. Khosravi et al. [21] recorded 869 
(4.7%) cases of CL after were examined 18,308 in Kerman province, Iran. In Syria, 
22.882 cases via the period 2004–2008 [14], while 53,000 cases in 2012, only in the 
first half of 2013, were reported 41,000 cases [22]. In Iraq, Alsamarai and Alobaidi 
[23] are indicated to 107 cases with CL in Alhaweja General Hospital, Kirkuk. 
Al-Mayali [24] mentioned that infection rate in urban regions population high from 
rural regions, where most cases was in Diwania center. Al-Obaidi et al. [25] have 
conducted a survey based on Iraqi CDC database (2008–2015), 17,001 cases recorded 
in all parts Iraq. Flaih et al., [26] recorded 247 cases of CL in Thi-Qar.

1.2 Pathogenesis

Leishmaniasis is caused by flagellated Leishmania parasites, obligate intracellular 
protozoa and infect humans and other mammals [27]. The infection is transmitted 
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by infected females sandfly bite and the disease highly spreads in poor populations 
of tropical and subtropical countries [28]. The putative vectors of the disease are 
species belonging to the genus Phlebotomus and Lutzomyia [3].

Cutaneous leishmaniasis lesion continues in size and depth, about 4–6 weeks 
after the sandfly bite, to forms an ulcer that considers primary characteristic of late 
CL [29]. The clinical appearance of CL is determined by a genetic variation, com-
plex, host immune status and response mechanism, site of the sandfly bite, size and 
duration of lesion and secondary infections. A combination of these factors is more 
likely to overlap [19]. Lesions of CL mostly appears on exposed body parts or that are 
mainly open to the environment as arm, legs, face and neck, but it a little occurs on 
body parts which are usually covered such as the back and abdomen [30, 31]. In addi-
tion, multiple lesions may be as result to the sandflies feeding behaviors which tend to 
occur multiple bites, prevalence of high numbers of infected insects or rubbing of the 
lesion to transmit for other areas [6].

CL is often leave a disfiguring scar, especially on visible body sites, causing 
also social, psychological, and economic problems [30]. Metacyclic promasti-
gotes deposited into the mammalian host skin are engulfed, target host cells are 
macrophages. Promastigotes differentiate into amastigotes within it. Generally, 
amastigote replication leads to rupture of the macrophage. The free amastigotes 
invade other macrophages [7, 32]. Metacyclic promastigotes are highly motile, able 
to migrate via a collagen matrix, therefore phagocytosis of Leishmania may occur at 
far locations from the bite site [33]. When metacyclic promastigotes enter the host 
body, within minutes, the metacyclic promastigotes are engulfed by phagocytic 
cells, including: macrophages and neutrophils. Neutrophil has very short life span, 
so macrophages are the main host cells. Metacyclic differentiate into non-motile, 
small amastigote forms which reproduce by binary fission even rupturing the 
macrophages to infect other macrophages [32, 34]. However, neutrophils and 
dendritic cells are act as Trojan horses, which let the parasites to enter macrophages, 
Leishmania spp. does not activate parasite killing mechanisms (silent entry) [35]. 
Leishmania parasite can delay neutrophil apoptosis, which allows to the parasite 
replicates within these cells [36]. Although macrophages are host cells. Neutrophils, 
dendritic cells, and fibroblasts may be implicated in various stages of the infection 
[37]. Other cell types, as mast cells, natural killer cells (NK) and Langerhans cells 
are also involved in leishmaniasis establishment [38]. Both parasitic forms (amas-
tigotes and promastigotes) have different ways, alter the structure of the parasi-
tophorous vacuole and the environment of macrophage, to prevent series of cellular 
signaling events which lead to the parasite killing within the phagolysosome vacuole 
that provides an environment for parasite [35].

Leishmania must evade from the innate and adaptive immune responses. It is 
engulfed by macrophage but resist proteolysis and degradation in the phagolyso-
some [39, 40]. Macrophages engulf Leishmania directly via interactions with 
multiple cellular receptors as fibronectin receptor, mannose receptor, Toll-like 
receptors and CR1 and CR3 complement receptors, also engulf apoptotic neutro-
phils that contain Leishmanial parasites [7, 41]. Inside host cells, Leishmania para-
sites to be able to establish and survive. They resist and circumvent anti-parasitic 
immune response pathways. In some cases, Leishmania spp. smartly invest immune 
responses or induce cellular signaling pathways to facilitate entry and establish-
ment of parasite [7]. An infection of any type of Leishmania depends on complex, 
virulence factors and host immunologic response [42].

The first sign of the infection appears as a small erythema around the site of the 
sandfly bite, amastigotes start to multiply inside dermal macrophages and after a 
variable incubation period. The erythema gradually converts to an inflammatory 
papule, usually few millimeters in diameter. It increases in a size and progresses to a 
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nodule that often ulcerates to cause a non-painful ulcer, which appears discoloration 
of surrounding skin. The lesion may be multiple and/or small lesions surrounding 
the larger lesion. The development is slow range weeks to moths. The healing occurs 
after an adaptive cellular immune response that possible to fight the infection [43]. 
Ulcers become painful if accompanied secondary bacterial or fungal infection [44].

1.3 Essential virulence factors

A virulence is one of the important concepts which researches being on 
them. Also identification and determination of the virulence factors is a target 
for researchers in order to provide the road map of a vaccine design, identify of 
interactions with host defense mechanisms and a role of virulence factors in disease 
pathogenicity [45]. There are virulence factors have been identified of various 
Leishmania spp. that are possible at pathogenesis in the host. Some factors help in an 
engulfment and attachment of the parasite within host cells while other factors act 
as intracellular survival. Pathogen stops signaling pathways inside the host cell that 
activate immune response, thereby development of the disease [7].

The outcome of leishmaniasis infections depend both host status and patho-
gen virulence factors. Leishmania produces various virulence factors to facilitate 
transmission of parasite and infect mammalian host [46]. All of Leishmania surface 
coats with a glycocalyx that has a diversity in the composition. Notable, all of the 
surface-bound molecules share a common structural feature. They all contain a 
highly conserved glycosylphosphatidylinositol (GPI)-anchor. This type of GPI-
lipid anchor is structurally different from those found in mammalian cells. The 
glycocalyx in the Leishmania promastigote is dominated by GPI-anchored phospho-
glycosylated glycans. However, during the life cycle of the parasite, occur changes 
in composition of the Leishmania surface glycocalyx [47]. Metacyclic promastigote 
has a thick glycocalyx. The glycocalyx is made of glycoproteins and other glycosyl-
ated species anchored into the surface membrane via a glycosylphosphatidylinositol 
(GPI) linkage [39]. For survival inside macrophages containing microbicidal 
factors, Leishmania spp. modulate or/and inhibit cell signaling pathways cascades 
involved in their synthesis [9].

A number of important molecules that had identified as factors in parasite 
virulence as lipophosphoglycan (LPG), the surface protease (gp63), cysteine pro-
teinases (CPs), proteophosphoglycan (PPG), glicoinositol-phospholipids (GIPLs) 
and the 11 kDa kinetoplastid membrane protein (KMP-11) [43, 48]. Glycoproteins, 
LPGs, PPGs, and GIPLs are GPI-anchored molecules in dense surface glycocalyx, 
Leishmanial parasites also secrete various glycoconjugates especially PPGs. Secreted 
and surface glycoconjugates for promastigote has importance in an infection, 
survival, or virulence but are not necessary in order to Leishmania viability inside 
culture [49].

2. Lipophosphoglycan (LPG)

LPG is most abundant glycolipid that densely coats surface of Leishmania 
promastigotes. It is composed of a glycan core which is joined a long polymer 
consist from repeating units of phosphoglycan (PGs) which is terminated with 
oligosaccharide capping structure. LPG connects to promastigote membrane by a 
phosphatidylinositol lipid (PI) anchor. The number of repeating units and the cap 
may differ between Leishmania spp. Also, the amount and structure of LPG varies 
during parasite life cycle [50, 51]. In all Leishmania species, LPG expresses high 
amounts on surface of procyclic and metacyclic promastigotes, in contrast with 
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amastigotes [52]. LPG on metacyclic promastigote surface is much longer from 
procyclic and almost completely absent in amastigotes [39]. Indeed, this molecule 
has an important role not only in invertebrate and vertebrate host, but too dur-
ing early steps for establishment of the infection [50]. L. major mutants which 
lack lpg1 and lpg2 genes are sensitive to host complement system. This leads to 
unable survival in both intermediate or definitive host [53]. LPG1 is one of the key 
enzymes in the LPG biosynthesis, that involved in the synthesis of the LPG glycan 
core [54]. As well as, Leishmania lack lpg1 gene expresses imperfect LPG, not 
contains PG domain [55]. L. major and Labrus donovani need LPG1 for infection 
establishment inside macrophages, phagocytosis eliminates LPG1- null mutants, 
then restoration of LPG expression given capacity to replication of parasite within 
macrophage [52, 54].

LPG acts as a ligand to attach promastigotes to midgut epithelium of sandfly 
and also protects promastigotes from destruction by proteolytic enzymes that are 
destined for blood meal digestion [56]. In mammalian host, leishmanial LPG plays 
an essential role to avoid the parasite lysis by the host complement system, either 
by prevent of complement molecules attachment or inactivate the assembly of 
complement complex on promastigote surface [47]. It has ability to modulation 
and creating an appropriateness environment in order to parasite survival but the 
mechanisms of underlying modulation remain completely unknown and not goodly 
understood [57]. LPGs delay lysosomes formation and allow Leishmania to covert 
to intracellular amastigote forms [58]. It has been shown to protection of the lysis 
by complement system, adhesion and entry in macrophages, inhibition of protein 
kinase C (PKC), inhibition of phagosomal maturation, modulation of nitric oxide 
(NO) production [59].

LPG interferes with the pro-inflammatory responses for host cell through 
binding with Toll-like receptor (TLR) 2 and 4 on macrophages and NK cells [57]. 
LPG-TLR interactions induce ERK phosphorylation, while suppressing of p38 MAP 
kinase phosphorylation (ERK and p38 MAP kinase are from components of MAP 
kinases), modulate production of reactive oxygen species (ROS) and nitric oxide 
and inhibit secretion of pro-inflammatory cytokine [47]. For example, if p38 MAP 
kinase activate will produced IL-12 and IL-10, that inhibit activation of ERK [57]. 
LPG binds with complement receptor (CR3) and anchored molecules on macro-
phage surface to facilitate parasite engulfment [7, 60]. Furthermore, Leishmanial 
LPG can to impair the nuclear translocation of NF-κB in monocytes which lead 
to decrease in IL-12 production, and this effects early immune response of the 
host [43].

3. Major surface protease: (MSP) GP63

GP63 is known leishmanolysin or called major surface protease (MSP) or 
promastigote surface protease (PSP), also called a zinc- dependent metalloprotease 
[50, 61, 62]. It is found at Leishmania surface connected through a glycophosphati-
dylinositol (GPI) anchor, or is direct secreted to an extracellular surrounding [50]. 
Fracture of GPI anchor by phospholipase C leads up to scattering gp63 in extracel-
lular space, also is secreted directly by the flagellar pocket, as well as the presence of 
GP63 in intracellular pools [63].

GP63s are encoded by multiple genes that appear vary in their sequence 
(especially in untranslated regions), array in the Leishmania genome [63, 64]. 
Differences in the untranslated regions may lead to different gene expression [50]. 
These genes generate abundant proteins which lead to vary among species and 
forms of Leishmania that cause a different biological effect [65]. Genes of gp63 are 
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expressed in promastigotes and amastigotes [61]. It is expressed in metacyclic more 
abundantly than procyclic promastigotes [62]. Also, gp63 has been observed at 
lower levels through its expression in amastigotes [50].

GP63 is a multifunction enzyme that related to an inhibition of complement 
components. The recent findings refer to a critical role played by gp63 as an impor-
tant virulence factor that wide influence cellular signaling mechanisms and related 
pathways [65]. GP63 is responsible about migration of parasite through extracel-
lular matrix, avoid lysis by the complement system, evasion from macrophagic 
intracellular hydrolysis [61] and facilitation of promastigotes phagocytosis by 
macrophage, matrix extracellular degradation, contribute to intracellular migra-
tion, NK inhibition and persistence and progression of infection [64, 66]. Also, 
inhibit nitric oxide production (Leishmanicidal) or macrophages pro-inflammatory 
cytokines [67].

This protease serves to cleaves complement protein C3b and converts to C3bi 
(inactivated form of C3b) and protects promastigote from complement-mediated 
lysis. Further, generation of C3bi leads to uptake promastigote by complement 
receptors such as CR3 which located at the surface of macrophage. The evidence 
suggests, promastigote ligates CR3 directly and via opsonized C3bi [7, 62]. C3bi acts 
as a bridge between complement receptor at surface of macrophage and gp63- bear-
ing promastigote [68]. C3bi generation by enzymatic activity of gp63 bonded to 
promastigote surface, mediate phagocytosis process by complement receptors (CR1 
andCR3) that leading to silent entry of parasite into macrophage [7, 62].

GP63 has been described to is not only to degradation and damage of transcrip-
tion factors and various kinases, but also it modulates negative regulatory mecha-
nisms of signaling pathways for example protein tyrosine phosphatases (PTP). 
Activation of PTP together with other signaling molecules leading to inhibition 
of leishmanicidal and inflammatory functions [63, 65]. GP63 is activate protein 
tyrosine phosphatases that result alteration of MAP, JAK, STAT1 and IRAK-1kinase 
pathways. In the nucleus, it is responsible for the inactivation of important tran-
scription factors which activate specific chemokines, such as NF-κB [9, 65].

4. Cysteine proteinases (CPs)

Cysteine proteases (CPs) are degrading enzymes which cleave various proteins. 
They are act as essential virulence factors in leishmanial infection, as well play 
an important role in many pathogenic protozoa and other microorganisms [69]. 
At least from 6 classes proteases classified in the proteolysis: serine, cysteine, 
glutamate, metallo, threonine and aspartate proteases. Cysteine proteases (CPs) 
are classified into 72 families, so not all are expressed in parasitic protozoa [70]. 
In Leishmania genome, there are 154 peptidases include cysteine, aspartic, serine 
and metalloproteases. Leishmania protease are necessary for continuation and 
establishment of infection [71]. In several pathogenic organisms, including parasitic 
protozoa as Entamoeba histolytica, Leishmania and Trypanosoma, found CPs which 
are enzymes [72, 73]. Leishmania has three types from CPs: CPA, CPB, and CPC 
[72, 74]. CPs are expressed in higher levels in the mammalian amastigote [70]. Gene 
expression of CPA is maximal level in amastigote stage, while lower expression 
is in promastigote [73]. Also, CPB is expressed at high levels in the amastigote, is 
expressed at a very few level in procyclic-promastigotes [75]. CPB1 and CPB2 are 
expressed in higher levels of metacyclic promastigote, while CPC in procyclic-
promastigote [70].

Although roles of CPs in pathogenesis of Leishmania are unclear, it has been 
showed that Leishmaniasis cannot continue in macrophages with the presence of 
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CP inhibitors [76]. Cysteine proteases play key roles in Leishmania biology and their 
inhibition is appearing as an important strategy to the elimination of the disease. 
They are necessary to metabolism, intracellular survival and reproduction of 
parasite [74], participate in exsheathing, excystment, also tissue invasion and some 
parasite immune-evasion [69]. CPs appears an essential role in pathogenicity and 
leads multi-processes such as modulation or evasion of the host immune response, 
cell/tissue degradation and damage, catalyze hydrolysis of various host proteins that 
are responsible of important cellular biological activities in pathways, differentia-
tion of promastigote to amastigote and autophagy [70, 71]. Generally, CPA lead 
an essential key in the interactions of parasite with host cell [43, 77], while CPB 
modulates Th1 immune responses, and IFN-γ production via damage of transcrip-
tion factor (NF- κB) and inhibition ofIL-12 production. Also CPB is modulate levels 
of parasite proteins as gp63 [70].

The inhibition of CPA and CPB or deletion their genes not only alters autophagy 
pathway but too prevents transformation into amastigotes, thus support hypothesis 
of autophagy is required for the differentiation [43, 78]. Parasites evidenced low 
growth, pathogenicity and efficacy after their treated with CP inhibitors [79]. There 
are efforts towards make it as vaccine candidates because their potential and their 
importance. For now, no effective drug or vaccine for leishmaniasis [69, 71, 74].

5. Proteophosphoglycan (PPG)

Leishmania expresses several types from proteophosphoglycans (PPGs). Some 
of PPGs are secreted and others found on surface of amastigotes and promasti-
gotes [80]. PPGs are a large group from widely glycosylated proteins, have some 
unique features [81]. It is produce by both two parasite stages, is found on the 
parasite surface, Golgi, lysosome and flagellar pocket [53]. There are number 
of PPGs types, include filamentous proteophospho-glycan (fPPG) and GPI-
anchored membranous proteophosphoglycan (mPPG), all of that are originally in 
stages of promastigotes within sandfly vector, there is also non-filamentous pro-
teophosphoglycan (aPPG) which is a major product of amastigotes in mammalian 
host [82–84]. The ppg1 gene encodes membrane-bound PPG, and secreted non-
filamentous PPG is encoded by ppg2 [85], while ppg3 gene is encode filamentous 
proteophosphoglycan [86]. Compositional analysis observed PPG contains 67% 
glycan, 28% protein and 5% phosphate. PPG is composed from repeating units 
of PGs that attach to protein backbone [81]. PG molecules are either connected 
to cell surface via GPI-lipid anchor, or secreted as protein-containing phospho-
glycans [51]. PPG is proved to bind to macrophage receptors in order to facilitates 
parasite invasion, this may be explaining that PPG play an early role in infection 
and prevalence [53, 87, 88] are suggest possibilities of PPG in drug resistant 
mechanisms and PPG abundance of L. donovani is as evidence for resistant 
clinical isolates. PPG- null mutant L. major are more sensitive and less virulent 
to complement-lysis. In infected mice, not develop lesions in PPG- null mutant 
parasites [82]. Metacyclic promastigotes in sandfly midgut secrete fPPG which 
condenses to promastigote secretory gel (PSG), to formation a biological plug 
that block the anterior midgut, this is oblige sandfly to disgorge parasites though 
blood-feeding [89]. PSG is largest molecule that secretes by promastigotes within 
sandfly gut. Also, it is support both macrophage assemblage and infection [90]. 
Inside infected macrophages, amastigotes secrete aPPG which can reach to very 
high concentrations [90]. The membrane-bound PPG may play a direct important 
role in host–parasite interactions [90]. It is found on the surface of amastigotes 
and promastigotes [91]. Within macrophage, believed that aPPG is contribute in 
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formation of parasitophorous vacuole, this protects infection in the mammalian 
cells, also PPG may contribute binding of Leishmania to host-cells and may be 
modulate biology of infected macrophage in the early infection [83].

6. Conclusion

CL has a global prevalence and there is an increase worldwide in recorded cases, 
and also considers from neglectful diseases. The dermal lesion is occurred by an 
obligate intracellular Leishmania parasite, which transmits via the bite of the female 
sandfly. The clinical appearances depend on Leishmania species, virulence factors 
and host immunologic response. Virulence factors have an important role in patho-
genicity, so inhibition or absence one of them lead to effecting on parasite.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative 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. 
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Chapter 7

Geopolitical and Geospatial 
Conflicts Affecting Cutaneous 
Leishmaniasis: Iraqi Cases, 
2014-2015
Karim Abdulkadim Muftin Al Zadawi

Abstract

In Iraq, increment of cutaneous leishmaniasis (CL) was reported, a zoonotic 
type caused by Leishmania major and an anthroponotic type caused by Leishmania 
tropica. This is attributed to environmental changes, irregular construction, 
increased waste, and stray dogs in the cities. Internal displacement, poverty, and 
malnutrition play a role in the occurrence of disease. Iraq has been exposed to wars, 
civil war, widespread violence, and terrorism, Internal displacement of population, 
unlawful housing, shortage of municipal services, and accumulation of garbage 
have been increasing in the cities since 2003. Reports from Iraqi MOH documented 
an increase in the rate of CL. Eventually, case investigation, vector, and reservoir 
controls were suspended. Geopolitical conflicts and geospatial health deterioration 
contributed to an increase in various dominant reservoir species in these areas, 
particularly for ZCL, and the activity of the sand flies. A sudden sharp increase in 
CL cases was observed during 2003–2015. In conclusion, ongoing crises exposed 
Iraq to deterioration, collapse, and destruction of health system infrastructure and 
uncontrolled urbanization, all of which can act as risk factors for Leishmaniasis.

Keywords: Iraq, cutaneous, leishmaniasis, conflicts, 2014, 2015

1. Introduction

1.1 Background

Leishmaniasis is one of the most common zoonotic infectious diseases worldwide. It 
is ranked second in mortality and fourth in morbidity among all tropical diseases [1].

According to the species of Leishmania parasite, there are three main forms: 
cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral 
leishmaniasis (VL) [2]. CL is the most common form of the disease and the skin is 
the most affected exposed part of the body characterized with symptoms such as 
skin sores or skin infection, which starting with small nodules that slowly enlarge, 
then ulcerate, and end within approximately 1 year with a characteristic perma-
nent, depressed and disfiguring scar (Figure 1) [3].

Leishmaniasis is considered as an emerging and remerging disease and a major 
public health problem in some regions, mainly in developing countries [4–6]. 
This phenomenon is attributed to environmental changes, irregular construction, 
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human activities, accumulation of waste, and increase in the number of stray dogs 
in the cities. Conflict, internal displacement, poverty, and malnutrition play a role 
in the CL occurrence and outbreak [3].

In 2012, the WHO estimated that about 350 million of the world population 
were at a risk of getting one form of leishmaniasis. Majority of cases (75%) are 
CL and MCL. Ninety-eight countries in four continents, including Latin America, 
Africa, Asia, and South Europe, reported cases of the disease [7, 8].

CL is endemic in Iraq and its neighboring countries; Syria, Saudi Arabia, and 
Turkey [9, 10]. In these countries, Sand-fly vectors and the reservoir for leishmani-
asis species; dogs, foxes, rats, jerboas, and other small mammals have been described. 
Conflicts, violence, civil war, terrorism, limited funding, and internal displacement 
are labeled as predisposing factors to a reemergence of the disease in the Middle East [8, 
11]. Consequently, the incidence of CL increases and becomes a public health problem, 
usually affecting poorer communities [12].

The epidemic of CL might occur when large numbers of nonimmune humans 
become exposed to infection for the first time. Travels from nonendemic areas to 
endemic areas during activities such as wars, military exercises, civilian works, and 
tourism may result in outbreak of the disease in certain populations [13].

In endemic areas, building mud houses near the natural habitats of the vector 
and the reservoir hosts increases human–sand fly contact and thus increases the 
risk for human Leishmaniasis [14].

2. Leishmaniasis in Iraq

Leishmaniasis is known to be endemic in Iraq since 3000–2000 B.C. and has been 
described for the first time by Abu Bakr Muhammad ibn Zakariya’ al-Razi, one of 

Figure 1. 
Lesions affect exposed areas.
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the greatest names in medieval medicine, in 1500 A.D. [15, 16]. A common name of 
CL in Iraq is Baghdad boil, which suggests the disease has a long history in Iraq [17].

Two types of CL were reported in Iraq, a zoonotic type caused by Leishmania 
major and an anthroponotic type caused by Leishmania tropica [18]. Rural areas in 
Iraq are described as source of infection and endemicity because of the presence 
of animal reservoirs (rodents, dogs, and foxes) for ZCL and the use of clay to build 
some of the houses in villages in these areas [19, 20]. Underdeveloped clay buildings 
facilitate sand-fly breeding because they maintain a sufficient level of moisture which 
is important for the sand-fly a larval habitat. The human population in these regions 
more exposed to a sandfly bite due to their work mainly in the farms [18, 21, 22].

The incidence rate of disease is higher among males than females nearly in all 
age groups [23, 24]. Males were found to be more vulnerable to CL infection due to 
the nature of the Iraqi culture that they are mainly responsible for family finance 
and support, thus making them more exposed to the infectious agents and young 
males playing outdoors without clothes and swimming in the rivers or lakes due to 
constant power outage.

CL manifestations increase in October, peak in January, and then gradually 
decline, reaching their lowest level in August. Two-thirds of the cases were reported 
between December and March [25]. The difference in seasonal peak can be attrib-
uted to the presence of different types of reservoirs widespread in these areas, in 
particular for the ZCL, and to the activity of sandflies, which extends from April to 
November and reaches its peak in September to October [26].

Iraq has been exposed to wars, civil wars, widespread violence, and terrorism. 
Internal displacement of population, unlawful housing, shortage of municipal 
services, constant power outage, accumulation of waste, and uncontrolled stray 
dogs and animals in the cities since 2003 contributed to many CL outbreaks [9, 27] 
(Figure 2). In 2009, the Baghdad governorate reported CL outbreak with a high 
incidence of 45.5/100,000 population (Figure 2) [26, 28].

In 2014, the ISIS seized large areas of Iraqi lands that caused large internal 
displacement of the residents; they were mostly nonimmune and malnourished 
who moved to live in an endemic area with poor housing camps, lack of sanita-
tion and water supply, and increased waste and garbage around their camps 
(Figure 3).

Figure 2. 
Predisposing factors for CL occurrence.
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In addition, living in illegal underdeveloped mud houses with cracked walls, low 
socioeconomic status, and constant power outage may be playing as a risk factor for 
Leishmaniasis outbreak (Figure 4) [13, 29].

Sleeping without an insecticide-treated bed net outside the house due to a 
constant power outage and keeping domestic animals inside or around their houses 
are another risk factors for the transmission of the disease to human (Figure 5) 
[14, 30].

The conflicts had a negative impact on the health system in Iraq; many health 
programs were including the prevention and control measures of Leishmaniasis were 
affected. Eventually, an outbreak of Cutaneous Leishmaniasiss occurred in 2015 [9, 31].

Geopolitical conflicts and geospatial health deterioration contributed to an increase 
in various dominant reservoir species in Iraq, particularly for ZCL, and the activity of 
the sand flies [8]. There was a sudden, sharp increase in CL cases from 2671 cases in 
2014 to 17,264 cases observed in 2015, and an outbreak was reported (Figure 6) [31].

Figure 3. 
IDPs camps.

Figure 4. 
Underdeveloped mud houses.
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All Iraqi governorates reported CL cases during the CL outbreak in 2015, and the 
incidence rate was 49/100,000 population. The majority of cases, 4460 (25.8%), 
was observed in the Diyala governorate. Therefore, violence and conflicts had a 
negative impact on CL occurrence [11, 32].

3. Conclusion

An increment of CL was reported during the last years in Iraq. Violence, con-
flicts, internal displacement, bad socioeconomic status, and poor environmental 
sanitation play a big role in the proliferation of insect vectors and animal reservoir 
that lead to disease occurrence.
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Abstract

Leishmaniasis is one of the most important neglected tropical diseases. The 
chemotherapy for its treatment uses very toxic compounds with a low efficacy rate. 
Thus, there is an urgent need to develop new chemotherapeutic agents to help coun-
tries control this devasting disease. In drug development, different approaches can 
be used to identify potential cellular targets that allow us to understand better the 
cell biology of eukaryotic cells. Several groups are dedicated to studying new mol-
ecules, searching for promising candidates against Leishmania. Different techniques 
have been used to characterize the cell biology, biochemistry, and molecular biology 
alterations induced by the treatments, trying to understand the mechanisms of 
action. The main goal of this chapter is to describe an overview of the literature 
exploring the several studies published about the chemotherapy of anti-Leishmania 
concerning the mechanisms of action of different classes of molecules or therapeu-
tic alternatives.

Keywords: chemotherapy, drug development, cell biology, ergosterol, histone 
deacetylases, organometallic compounds, therapeutic combination, nanotechnology

1. Introduction

Leishmaniasis is a neglected tropical disease that comprises a large and complex 
group of infections caused by the Leishmania genus protozoan parasites. Leishmania 
parasites have intrinsic biological features that make chemotherapy challenging, 
presenting high adaptability and plasticity. Its life cycle has two different develop-
mental stages: intracellular amastigotes that live in the mammalian host cells and 
promastigotes that develop in the insect vectors (Figure 1) [1].
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The ultrastructure of Leishmania parasites (Figure 2) presents some conserved 
features and a classical internal organization of eukaryotic cells, with an indi-
vidualized nuclear envelope, a single and ramified mitochondrion, endoplasmic 
reticulum, and Golgi complex, which can lead to difficulties in the development 
of Leishmania-specific drugs with low toxic side effects to mammalian hosts [1]. 
In addition, however, these protozoans have essential and exclusive organelles and 
structures such as acidocalcisomes, glycosomes, megasomes, and subpellicular 
microtubules (Figure 1) that can be exploited as drug targets [2].

The Leishmania plasma membrane comprises a lipid bilayer associated with 
proteins and a glycocalyx consisting of a myriad of glycoconjugates. The lipid 
bilayer has a trilaminar aspect with about 9 nm of thickness. The lipidic composi-
tion of the Trypanosomatidae family members is dependent on genus and species. 
In general, Leishmania has 24-methylated sterols, such as episterol, 5-dehydro-
episterol, and traces of ergosterol as the major endogenous sterols’ constituents, 
which are absent in mammalian host cells, where cholesterol is the main source 
of membrane sterols [3]. This divergence in sterol profiles has been exploited 
to develop drugs that affect the sterols biosynthesis pathway, including azoles, 

Figure 1. 
Illustration of the amastigote (left) and promastigote (right) forms of Leishmania sp. showing the main 
organelles and structures.

Figure 2. 
Ultrathin sections of L. amazonensis amastigotes (A) and promastigote (B). F, flagellum; HC, host cell; 
K, kinetoplast; LB, lipid body; M, mitochondrion; N, nucleus.
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azasterols, and others [2]. In addition, many attempts to develop drugs targeting 
Leishmania glycocalyx have also been performed [4].

Leishmania parasites present a single and ramified mitochondrion frequently 
associated with the plasma membrane, subpellicular microtubules, and endoplasmic 
reticulum. As well as in other eukaryotes, Leishmania mitochondrion operates in 
energetic metabolism, compartmentalizing the Krebs cycle and performing cellular 
respiration. The amphotericin B and pentamidine, two of the currently used drugs 
for the treatment of leishmaniasis, target mitochondria, resulting in a decrease of the 
mitochondrial membrane potential. Moreover, other drugs targeting mitochondria, 
such as hydroxynaphthoquinones, have been evaluated against Leishmania [5].

To maintain its morphological structure, Leishmania has a cytoskeleton com-
posed mainly of subpellicular microtubules, which are filaments finely associated 
to plasma membrane inner leaflet, regularly spaced, and longitudinally oriented 
throughout the parasite’s cellular body. Despite the phylogenetic conservation of α 
and β-tubulins, structural divergences in specific tubulin drug binding sites have 
suggested these proteins as a potential target, as described for podophyllotoxin 
derivatives and others [6, 7].

In the Medicinal Chemistry field, several approaches have been attempted, trying to 
find potential cellular targets for developing anti-Leishmania drugs. First, nanotechnol-
ogy-based drug delivery systems have been applied, improving efficacy and enhancing 
pharmacokinetics properties of currently available drugs [8]. Second, molecular 
hybridization techniques can combine two drugs or chemical groups with previously 
known biological activity, producing a single and novel molecule with increased activ-
ity [9]. Finally, another alternative is the transposition of a drug already used to treat 
another disease; it is the case of miltefosine, the last treatment included in the arsenal 
of chemotherapeutic agents against leishmaniasis. Miltefosine was initially designed as 
an anticancer medicine, and in 2002 it was registered as first-line treatment, mainly for 
visceral leishmaniasis (VL), in Asia, Africa, and some regions of Europe.

2. Challenging the target: phospholipid and ergosterol biosynthesis

The first metabolically stable analogs derived from lysophosphatidylcholine 
were synthesized in the late 1960s. Two decades later, Eibl and Unger synthesized 
the first alkyl phospholipids (APLs), also called miltefosine, first administrated 
by an intravenous route to treat systemic tumors [10]. However, the treatment 
failed, and miltefosine was evaluated against topical cutaneous metastases from 
breast cancer [11]. In the late 1990s, miltefosine was assessed in vitro against the 
Leishmania genus [12, 13] and in murine models infected with L. donovani and L. 
infantum [14]. More recently, miltefosine was also evaluated against murine models 
of cutaneous leishmaniasis, alone or in combination with paromomycin [15–17].

After the evidence of the excellent anti-Leishmania activity of miltefosine 
demonstrated in vitro and in vivo, clinical tests began to be carried out immediately. 
Thus, miltefosine was the first oral drug approved for the treatment of visceral 
leishmaniasis, and for several years it was used as the first choice for the treatment 
of visceral leishmaniasis (VL), mainly in India [13, 18].

Miltefosine was also evaluated in patients infected with cutaneous leishmaniasis 
in Colombia, Guatemala, and Brazil [19, 20]. The efficacy in this clinical manifesta-
tion was variable, depending on the species. For patients infected with L. panamen-
sis in Colombia, the cure rate was 91%, while in Guatemala, the cure rate was 53% 
for infections with L. braziliensis and L. mexicana [19]. Furthermore, in Brazil, in 
patients infected with L. braziliensis, the cure rate was 75%, compared to 53% cure 
achieved with pentavalent antimonials [20].
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Several studies have demonstrated that the primary target of miltefosine is 
the cell membranes, affecting cellular processes such as signal transduction, lipid 
metabolism, and calcium homeostasis [21]. The selectivity for the plasma mem-
brane is related to its chemical structure formed by a polar choline head bound 
to a long non-polar hydrocarbon chain, which easily inserts into the lipid bilayer, 
presenting detergent properties that lead to cell lysis in high concentrations [10]. In 
L. donovani and T. cruzi, miltefosine inhibits the phosphatidylcholine biosynthesis 
pathway (Greenberg pathway), being more selective for the protozoan parasites 
than mammalian cells, where the main route for phospholipid synthesis is the 
Kennedy pathway [22, 23]. Miltefosine also interfered with the ergosterol biosyn-
thesis and promoted a disturbance in GPI synthesis [21, 24–26], leading to mem-
brane permeability and fluidity changes. In addition, miltefosine interfered with 
the host immune response by inducing the production of interferon γ cytokine, 
leading to a biased immune response towards Th1, which would be a beneficial 
outcome for immunosuppressed patients [26, 27]. About the ultrastructure of 
Leishmania treated with miltefosine (Figure 3A), some studies revealed that it 
induced several alterations, mainly observed in the mitochondrion, in the plasma 
membrane, an increase of autophagic structures and phenotypes related to cell 
cycle arrest and apoptosis-like cell death [26, 28, 29].

With the success of miltefosine, several groups worldwide began to study new 
chemical routes to synthesize ether phospholipid derivatives in searching for novel 
molecules more active and selective against Leishmania [30]. Our group studied 
a novel hybrid derivative called alkyl phosphocholine-dinitroaniline, which pre-
sented a potent effect against L. amazonensis at least around 15-times better than 
miltefosine [31].

Another essential metabolic route for Leishmania and other protozoan parasites 
is the biosynthesis of ergosterol (or 24-methyl sterols) [32]. Leishmania has in 
these cell membranes three major sterol components that are absent in mammalian 
cells, 5-dehydroepisterol, episterol, and ergosterol. In mammals, cholesterol is the 
principal sterol present in cell membranes. Thus, the differences between some 
steps and enzymes in the biosynthetic route of the protozoan parasites and mam-
malian host cells have been exploited as targets to develop novel drugs as candidates 
to chemotherapeutic agents [32].

At least 20 metabolic steps are necessary to synthesize ergosterol, and 
several enzymes participate in these reaction sequences [32–34]. Furthermore, 
several works have shown that multiple classes of compounds targeting 
24-methyl sterol biosynthesis exhibit suitable anti-trypanosomatid activities in 
vitro (Figure 3B, C) and in vivo [33–39].

Figure 3. 
Ultrathin sections of L. amazonensis promastigotes treated with miltefosine and two ergosterol biosynthesis 
inhibitors. (A) 30 μM miltefosine for 72 h; (B) 3 μM ravuconazole for 48 h; (C) 1 μM posaconazole for 48 h. 
Mitochondrion was the organelle more affected in all treatments, presenting alterations in the cristae and 
kDNA structure (asterisk, thin arrow, and arrowheads) and mitochondrial swelling and disorganization of 
its ultrastructure. In panel C, several lipid bodies appeared after treatment. K, kinetoplast; LB, lipid body; M, 
mitochondrion; N, nucleus.
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More than 30 drugs have been studied in the last 30 years. These drugs are 
included in large classes of inhibitors, such as 1) Statins, which inhibit the enzyme 
3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA reductase), also evaluated 
as cholesterol-lowering drugs; 2) Bisphosphonates that act in the enzyme farnesyl 
pyrophosphate synthase and inhibit the isoprenoid pathway, mainly used to treat 
hypercalcemia; 3) Quinuclidines and zaragozic acid, developed to inhibit the squa-
lene synthase, the enzyme that catalyzes the first committed step in the sterol bio-
synthesis pathway. This class of drugs was developed as an alternative to statin use 
because they do not inhibit the synthesis of the isoprenoids. 4) Allylamines, which 
include the known antifungal terbinafine that inhibits the squalene epoxidase;  
5) Azoles, which are essential medicines to treat many fungal diseases and inhibit 
the C14α-demethylase. Several azoles were developed, always trying to find new 
tolerate and efficacy drugs, also searching to novel molecules to solve the problems 
with antifungal resistance; finally, 6) Azasterols, which inhibit the enzyme Δ24,25 
sterol methyltransferase absent in mammalian cells, one enzyme that catalyzes the 
methylation of steroid nucleus of sterols, producing 24-methyl sterols, essential for 
Leishmania, T. cruzi and fungi (Reviewed in [32]).

In summary, several works have pointed to the importance of looking for the 
biochemical properties of each enzyme involved in the pathway and its relevance as 
an essential target for the parasite viability; this feature characterizes the enzyme as 
a promising target for the development of potential chemotherapeutic candidates 
for the treatment of leishmaniasis.

3. Challenging the target: histone deacetylases

Histone deacetylase (HDACs) inhibitors are a relatively new class of potential 
agents in treating neurodegenerative diseases, various types of cancer, and parasitic 
infections. HDACs have broad importance in the cellular environment. They regu-
late histone and non-histone proteins affecting the cell cycle, energy metabolism, 
and inducing cell death. Some HDAC inhibitors were already approved by the FDA 
(Food and Drug Administration) to treat lymphoma and myeloma, such as vorino-
stat, romidepsin, belinostat, and panobinostat, in combination with bortezomib 
and dexamethasone [40]. Given the results obtained in vitro and in vivo in several 
disease models, the advancement of clinical trials in tumors, and the transposition 
of drugs as an old ally in the treatment of leishmaniasis, HDAC inhibitors are a 
promising approach in the understanding of cell biology of the parasite, especially 
concerning its chemotherapy.

There are 18 histone deacetylases in humans, which can be grouped according 
to cell location and the molecule used as a cofactor for its enzymatic action. These 
HDACs are divided into 1) zinc-dependent HDACs, also called “classical” histone 
deacetylases; and 2) nicotinamide and adenine dinucleotide [NAD+]-dependent 
HDACs. The first one comprises class I (HDACs 1–3, 8), IIa (HDACs 4, 5, 7, and 9), 
IIb (HDACs 6 and 10), and IV (HDAC 11). While the second one, the NAD+-HDAC, 
belongs to class III and is also known as sirtuins (SIRT 1–7). HDACs are still poorly 
understood and characterized in Leishmania. So far, four Zn2+-dependent histones 
deacetylases and three NAD+-dependent histones deacetylases were discovered in 
the parasite [41, 42]. Although four homologs of classical HDACs were identified, 
none was functionally characterized. Among the information in the literature, a  
L. major HDAC (gene LmjF21.0680) was shown to be expressed during the dif-
ferentiation of promastigotes to amastigotes, with a possible role in chromatin 
structure and impacts on gene transcription [43]. Furthermore, Prasanna et al. 
[44] managed to isolate, express, and purify an L. donovani histone deacetylase 
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(LD_HDAC), with less than 40% identity with class I human HDACs. Information 
about classical HDACs in the Leishmania genus is still very early and deserves 
further development.

Unlike classical HDACs, there are several studies about NAD+-dependent 
HDACs in the Leishmania genus. Three sirtuins were already found in Leishmania, 
SIR2RP1, SIR2RP2, and SIR2RP3 [45]. These sirtuins were not found in the nucleus, 
as described for Saccharomyces cerevisiae [45]. SIR2RP1 is expressed from a single 
copy gene in L. amazonensis (LaSIR2RP1), resulting in a monomeric protein with 
NAD+-dependent deacetylase action immunodetected in its glycosylated form [46]. 
LaSIR2RP1 has dispersed localization in the cytosol or cytoplasmic granules [47] 
and is secreted in lesions derived from intracellular amastigotes [48]. In addition, 
the L. donovani SIR2RP1 was 46% similar to the human SIRT2 [49]. In L. infan-
tum and L. major, the SIR2RP1 proteins present two functional sites for NAD+-
dependent deacetylation activity and ADP-ribosyl transferase activity [49].

In L. major SIR2RP1, removing the acetyl group of lysine 40 from α-tubulin was 
demonstrated in vitro and in vivo [50]. However, in these parasites, the ribosylation 
function of α-tubulin ADP was also shown, resulting in its depolymerization or 
even inhibiting its assembly [51]. Thus, sirtuins in Leishmania have demonstrated 
an essential role in cytoskeleton dynamics and may have significant implications 
for remodeling the parasite’s morphology and its interaction with the host cell. 
LmSIR2RP1 also showed a close relationship with the HSP83 protein, an ortholo-
gous chaperone of the human HSP90 chaperone, although the intracellular levels 
of LmSIR2RP1 do not influence the acetylation status of HSP83 [52]. The use of 
geldanamycin, an HSP90 inhibitor, induced alterations in the cytodifferentiation of 
promastigotes to intracellular amastigotes [53]; the same was observed for protozoa 
overexpressing or knockout for the LmSIR2RP1 gene [52]. This study confirms that 
the SIR2RP1/HSP83 interaction may play an essential role in the differentiation of 
the parasite.

The work in [54] demonstrated that L. major sirtuins may be related to the suc-
cess of infection through interaction with macrophage surface proteins and, there-
fore, play a regulatory role in immune responses [55]. This work also showed the 
capacity of L. major sirtuins to trigger the effector response of B cells, promoting 
a robust humoral response with the secretion of specific antibodies, such as IgG1 
and IgG2a [55]. Meanwhile, the overexpression of L. major sirtuin, also observed 
for L. infantum sirtuin [48], revealed that it would be involved in the proliferation 
rate, besides participating in the regulation of death factors, thus preventing death 
by apoptosis.

The SIR2RP2 present in L. infantum mitochondrion is related to the growth rates 
of promastigote forms with a direct relationship with NAD+ homeostasis [56]. In 
2017, a study revealed that the L. donovani SIR2RP2 also has a mitochondrial loca-
tion [49]. The deletion of this gene led to a reduction in the proliferation rate, fur-
ther resulting in the interruption of the cell cycle in the G2/M phase. Furthermore, 
the deletion of LdSIR2RP2 resulted in greater susceptibility of the parasite to 
commercially available sirtuin inhibitors and a reduction in the mitochondrial 
membrane potential, resulting in a low concentration of ATP in the mitochondrion. 
Interestingly, in this SIR2RP2 knockout Leishmania, there was an intensification of 
glycolysis that could be an attempt to compensate for the disbalance of the mito-
chondrial metabolism. LdSIR2RP2 showed NAD+-dependent ADP-ribosyl transfer-
ase activity with 39% similarity to SIRT4 from humans [49].

The third sirtuin, SIR2RP3, still has few descriptions in the literature. The L. 
donovani SIR2RP3 was 37% similar to the human SIRT5 [49], so that molecular 
coupling assays, using known inhibitors and SIR2RP3, revealed a strong analogy 
with SIRT5, which refers to the form of interaction with inhibitors. However, the 
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interaction of these inhibitors with SIR2RP3 also demonstrated significant molecu-
lar differences compared to SIRT5 in humans, which could act as selective targets 
for the treatment of leishmaniasis [57].

A recent study with a histone deacetylase inhibitor in L. amazonensis revealed 
the sirtuins’ potential to develop novel molecules with anti-Leishmania activity 
[58]. Furthermore, this study from our group demonstrated the potent inhibition 
of parasite proliferation that is probably related to essential functions for HDACs 
in Leishmania, which include the control of the cell cycle and the induction of 
cell death [58]. Other effects already observed with HDAC inhibitors are differ-
ent levels of chromatin compaction, increased number of lipid bodies randomly 
distributed throughout the cytosol, increased production of reactive oxygen 
species, changes in Leishmania morphology, and increased expression of acetylated 
α-tubulin (Figure 4) [58].

However, the parasite’s ability to modulate the histone deacetylases of the 
mammalian host to establish the infection has already been observed. For example, 
the upregulation of the macrophage HDAC1 was observed during infection with 
L. amazonensis, resulting in deacetylation of the histone tail of the gene’s promoter 
region responsible for producing nitric oxide. This deacetylation prevents the 
access of transcription factors, which culminates in the repression of nitric oxide 
production, which allows the establishment of intracellular amastigote forms in the 
parasitophorous vacuole [59].

Besides, HDAC inhibitors have also been used in combination therapy to treat 
antimony-resistant L. donovani infection, where the upregulation of the multire-
sistant protein depends on IL-10 production. Thus, the imipramine antidepressant 
positively regulates HDAC11, inhibiting the acetylation of the IL-10 promoter, 
which leads to a decrease in its production [60]. This imipramine-mediated lower-
ing of the IL-10 level reduces MDR-1 expression and aids in the elimination of the 
parasite.

Thus, histone deacetylase inhibitors belong to a class of compounds with 
potential application to develop novel molecules with anti-Leishmania activity and 
for the treatment of leishmaniasis, alone or in combination with other medications 
already established. Furthermore, the World Health Organization (WHO) has 
already recommended the therapeutic combination to reduce the doses and toxicity 
and develop a more effective and safe treatment. Finally, HDAC inhibitors seem 
to be an exciting tool for a better understanding of the Cell Biology of Leishmania 
and enabling the knowledge of new routes for the development of novel drug 
candidates.

Figure 4. 
Ultrathin sections of L. amazonensis promastigotes treated with HDAC inhibitors for 48 h. (A) 1.5 μM 
NIH119; (B) 1 μM NIH119; (C) 15 μM tubastina A. NIH119 and tubastatin a induced different ultrastructural 
alterations such as 1) increase in the number of lipid bodies, some of them presenting different morphologies 
(A, B); 2) presence of membrane protrusions (A, B – Arrow); 3) alterations in the kinetoplast (A); 4) 
decondensation of chromatin (B, C); and, 5) changes in mitochondrial ultrastructure. FP, flagellar pocket; K, 
kinetoplast; LB, lipid body; M, mitochondrion; N, nucleus.
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4. Challenging the target: organometallic compounds

Although metals have been used in Medicine for centuries, most compounds 
produced by the pharmaceutical industry are still based on organic molecules. 
Nevertheless, new perspectives about metal-based drugs and their therapeutic 
potential against cancer, bacteria, virus, and even trypanosomatid infections have 
emerged in the last few years. In this context, Leishmania infections have been 
treated with pentavalent antimonials since the 1940s [1], which indicates that new 
compounds containing other kinds of metals may present anti-Leishmania activ-
ity, thus opening the possibility to reduce the toxicity based on the metal-drug 
synergism.

Platinum-derived metals are well known to have antitumor effects due to their 
ability to bind to DNA molecules. So, since tumor cells and kinetoplastid parasites 
present similar metabolic pathways [61], the coordination of these metals to organic 
compounds might be efficient in treating Leishmania infections. For example, the 
(2,2′:6′2″-terpyridine)platinum(II) complexes can inhibit 100% of the growth of 
L. donovani amastigotes at a concentration of 1 μM through the intercalation of 
terpyridine and platinum(II) into the DNA, probably binding to guanine bases or 
some enzyme active sites [62]. More recently, cisplatin-derived complexes (cis-
diamminedichloroplatinum(II)), an anticancer drug, were tested on L. infantum 
promastigotes and amastigotes, revealing a remarkable anti-Leishmania activity 
with IC50 values of 1.03 μM and 0.10 μM, respectively. Furthermore, the treatment 
with cis-DDP induced loss of mitochondrial transmembrane potential and DNA 
fragmentation, thus leading to apoptosis-like death [63].

In addition to platinum and its derivatives, other transition metals have been 
widely studied in terms of antiprotozoal activity. For example, organometallic 
complexes containing ruthenium(II) and anti-inflammatories were evaluated active 
against L. amazonensis and L. infantum promastigotes, presenting IC50 values com-
parable to the meglumine antimoniate, one of the first-line drugs for Leishmania 
infections [64]. Moreover, the coordination of gold compounds with organic ligands 
was efficient against L. amazonensis and L. braziliensis promastigotes while present-
ing low toxicity to host cells [65]. Thus, the therapeutic mechanism of these organo-
metallic molecules may be related to induction of oxidative damage and alterations 
in the membrane permeabilization by the inhibition of specific membrane protein 
channels and zinc-binding proteins. These alterations can lead to parasite cell death 
by apoptosis-like and necrosis.

Among transition metals, the essential ones, such as zinc and copper, are 
present in cell structures and involved in many cellular processes, becoming 
indispensable for host–parasite interactions. Zinc regulates gene transcription 
processes and cell signaling, while copper is also a critical enzymatic cofactor 
for organ functioning and multiple metabolic processes [66]. Therefore, the 
coordination of organic molecules to essential metals regarding new antiproto-
zoal treatments might increase the drug uptake and contribute to the parasite’s 
elimination. The zinc(II)-dipicolylamine (ZnDPA) coordination complexes were 
active against L. major promastigotes in vitro with IC50 values between 12.7 μM 
and 0.3 μM and minimal mammalian cell toxicity. The compounds also showed 
in vivo activity, with a high affinity for intracellular amastigotes and low toxicity 
to mice [67]. The effects of a copper dimethoxy bipyridine (CuDMOBP) complex 
were also investigated against L. major; the complex presented significant in vitro 
activity with high selectivity index [68]. Results from quantitative real-time PCR 
also indicate a significant reduction in cellular expression of IL-10 and TNF-α in 
macrophages treated with CuDMOBP, probably due to a reduction of the parasite 
population.
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Metals have also been combined with ergosterol biosynthesis inhibitors, includ-
ing the azoles family of drugs, which are used to treat fungal infections and present 
activity against protozoan parasites. For example, a recent study from our group 
revealed the potent effect of the combination of itraconazole (ITZ) with zinc (Zn) 
against L. amazonensis promastigotes (Figure 5B) and intracellular amastigotes 
[69]. The biological effects were significantly increased when the itraconazole was 
coupled with zinc, resulting in IC50 values in nanomolar ranges and cell death of 
parasites in low concentrations [69]. Likewise, the coordination of clotrimazole, 
ketoconazole (Figure 5A), and miconazole to manganese (Mn) provide novel mol-
ecules with better activity against L. major when compared to the original organic 
antifungals [70].

Despite Medicine’s advances in the past decades, information about organome-
tallic drugs is still lacking. More profound studies must be done to understand the 
role of metals in host–parasite interactions, thereby better comprising the mecha-
nisms of organometallics drugs against the parasites and mammalian host cells. 
Nevertheless, the literature available indicates that organometallics are a promising 
class of drugs for treating leishmaniasis.

5. Therapeutic combination: what do we know?

There are many strategies to treat leishmaniasis; however, several studies have 
shown the numerous advantages of therapeutic combination, like observing for 
other diseases. For example, combining drugs from different chemical classes could 
reduce the total drug doses or treatment duration. These aspects are important to 
minimize toxic side effects, submission at treatment, less load on the public health 
system and reduce cases of drug resistance. Also, the therapeutic combination could 
improve treatment efficacy for refractory or complicated cases, such as in patients 
coinfected with HIV. A successful study conducted by the Drugs for Neglected 
Diseases initiative (DNDi), in partnership with Médicins Sans Frontières (MSF) 
and other institutions, pointed to evidence of the high efficacy of the combination 
therapy to treat patients with visceral leishmaniasis (VL) in coinfection with HIV 
[71]. Although the current WHO guidelines recommend the treatment of HIV/VL 
coinfection with liposomal amphotericin B (AmBisome®), this work strongly sup-
ports a change in the treatment recommendations, from AmBisome monotherapy to 

Figure 5. 
Ultrathin sections of L. amazonensis promastigotes treated with organometallic compounds. (A) Treatment 
with 300 nM ketoconazole-ruthenium induced alterations in the mitochondria, such as swelling and loss 
of the mitochondrial matrix and the formation of large autophagic vacuoles. (B) Treatment with 0.5 μM 
itraconazole-zinc resulted in mitochondrial alterations and an increase in the secretion of vesicles (arrowhead) 
at the flagellar pocket. In both panels, the nuclear chromatin appeared altered. F, flagellum; M, mitochondrion; 
N, nucleus.
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combination therapy as the first-line treatment. Moreover, they suggest the combi-
nation with miltefosine once this combination therapy has a good safety profile and 
is highly efficacious [71].

Nowadays, combination therapy is an efficient tool to treat many microbial 
infections such as AIDS, tuberculosis, malaria, and several other diseases. Recent 
works have shown that combination therapy for leishmaniasis has progressively 
been recommended to increase treatment tolerance and efficacy, reduce cost 
and treatment duration, and limit the growth of drug resistance [72–75]. For the 
treatment of leishmaniasis, WHO has recommended combination therapy based 
on many studies showing the efficacy of this therapeutic tool; the combinations 
include novel synthesized drugs, nanoparticles developed for drug delivery, 
repositioned drugs, old medicines, and immunomodulatory agents [76–79]. Indeed, 
several studies have reported the superior efficacies of combination therapies 
against leishmaniasis. Some of them demonstrated the synergic effects of combina-
tions between amphotericin B with other available medicines, such as meglumine 
antimoniate, miltefosine, paromomycin, or azithromycin [80–82].

Analysis of drug interactions aimed to show if the interaction between them is 
classified as synergistic, antagonistic, or indifferent. In vitro data are based on an 
extended ratio and concentration range. However, in vivo combinations are more 
complex and less defined, with the number of doses limited. The synergy between 
two (or more drugs) occurs when their combined activities are improved over the 
sum of their separate individual effects. Synergistic drug combinations provide 
lower concentrations of both compounds, enhancing therapy outcomes by increas-
ing efficacy and reducing side effects. Moreover, synergistic combinations could 
reintroduce those that have lost activity against drug-resistant strains. The FICI 
(fractional inhibitory concentration index) value is considered the standard refer-
ence parameter to quantify interactions between pairs of drugs. Odds in 2003 [83] 
established more restrictive criteria to analyze experiments and defined “synergy” 
as a ≥ 4-fold reduction in the MICs of both compounds in combination when 
compared to their MICs alone, where the FICI value must be ≤0.5. MIC means the 
minimum inhibitory concentration, i.e., the lowest drug concentration with no 
visible cell growth.

In vitro studies against L. amazonensis suggest that combinations between 
compounds that act in different biosynthetic pathways of the parasite, such as 
sterol biosynthesis, are promising [32]. Interestingly, a recent study showed that 
sterol biosynthesis inhibitors and alkylphosphocholine analogs, combined with 
medicines available to treat other diseases, are efficient against trypanosomatids 
[32, 36, 78, 84]. Besides, another study showed the in vivo efficacy of the combina-
tion therapy between miltefosine, an alkylphosphocholine, and amphotericin B or 
paromomycin [85], a therapeutic alternative to treat antimony-resistant VL cases 
in India. Furthermore, topical treatment against cutaneous leishmaniasis might be 
effective when amphotericin B and miltefosine are co-loaded at second-generation 
ultra-deformable liposomes since in vivo studies displayed a significant reduction in 
the parasitic burden [86]. However, a Brazilian survey against L. infantum revealed a 
decrease of the miltefosine concentration when combined with lopinavir (anti-HIV 
drug); yet, the synergistic effect was not evidenced [87]. Unexpectedly, the combi-
nation of nelfinavir with miltefosine presented better results, with FICI ≤0.5. Thus, 
this study also concluded that the combination might be helpful to treat patients 
with visceral leishmaniasis who also are infected with HIV [88].

Combination therapy is a promising strategy to treat several diseases. Therefore, 
it is urgent to investigate synergistic and other drug combinations to increase novel 
probabilities of therapeutic protocols to treat leishmaniasis. The discovery and the 
analysis of drug combinations can be facilitated by the collective use of different 
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approaches and methods. Drug combinations have proved to be a successful 
strategy to shorten the course of therapy and reduce toxicity through lower dosage 
administration; these strategies should reduce the appearance of new resistant 
parasites. Thus, recent proposals of combinations have been suggested as state-of-
the-art for the treatment of leishmaniasis. In the short run, combination therapy is 
an interesting way to improve the treatment for leishmaniasis.

6. Where are we going? Nanotechnology

Recent advances in Nanotechnology have had a profound impact on health 
sciences, especially Medicine, because of the development of different nanomateri-
als designed as intracellular carriers to deliver drugs and genes. The development 
and use of nanocarriers have also been established in the field of Pharmaceutical 
Sciences by enabling the encapsulation of drugs creating stable and controlled 
environments, and improving the biocompatibility of these drugs in various 
biological systems. These nanocarriers were developed to improve the solubility 
of poorly soluble drugs, control or maintain their release, and protect them from 
degradation. These characteristics increase drug bioavailability, reduce systemic 
side effects, and increase drug specificity for biological targets. For these reasons, 
Nanotechnology is a new field that allows the construction of versatile diagnostic 
and therapeutic platforms using nanocarriers as molecular machinery for different 
clinical applications.

The development of nanocarriers began in the 1960s to always seek to improve 
biocompatibility and reduce the toxicity of nanomaterials. The second generation 
of nanocarriers was developed around the 1980s and sought to improve the surface 
of these materials by increasing their stability, stealth, and targeting ability. The 
third generation of nanocarrier introduced the idea of intelligent nanomedica-
tion to enhance the targeting mechanisms and theranostic capabilities of these 
nanomaterials [89]. The word nanoparticle has been widely applied to describe 
numerous pharmaceutical carriers or imaging systems based on nanoscale materi-
als. Nanoparticles are particulate materials in their solid or dispersed state present 
in a size scale between 10 nm and 100 nm (ISO/TS 80.004–1:2015). Due to the great 
diversity of these nanomaterials, the scientific community elaborates a classifica-
tion based on their characteristics and properties.

Initially, the nanomaterials are divided into two classes: inorganic and organic. 
However, they are divided into three subgroups, according to some of their char-
acteristics. The first would concentrate single-chain polymer-drug conjugates, 
polymeric colloids prepared by techniques such as emulsion polymerization, cross-
linked nanogel matrices, dendrimers, and carbon nanotubes, where the nanocarrier 
is a single synthetic molecule with covalent bonds and a relatively large molar mass. 
The second subgroup of nanocarriers would comprise self-assembly of smaller mol-
ecules such as 1) liposomes and polyplexes, the most studied members of this group 
of nanoparticles; 2) polymersomes and other sets of block copolymers; 3) col-
loidosomal aggregates of latex particles and sets of proteins or peptides. In this case, 
the dynamic nature of these types of systems depends on intermolecular forces 
and biological conditions. Finally, the last subgroup of nanocarriers would include 
complexes based on fullerenes, silica, colloidal gold, gold nanoshells, quantum dots, 
and superparamagnetic particles.

Another critical point in developing nanocarriers is the synthesis, which 
can be rationally divided into two fundamental stages: nucleation and growth. 
Understanding and manipulating these two steps have created new possibilities 
allowing researchers to easily control the synthesis of nanoparticles in terms of 
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size, morphology, and monodispersity. The choice of the synthesis route provides a 
characteristic set of advantages and disadvantages in nanomaterial production.

In Leishmania sp., the use of nanocarriers has been studied since the late 1970s 
with the development of liposomal amphotericin B [90, 91]. Since its development, 
liposomal amphotericin B has become more efficient and bioavailable, less toxic, 
and better tolerated by patients [92, 93]. This formulation also has a broad and rapid 
biodistribution reaching steady-state plasma concentrations faster with higher 
total plasma concentration when compared to its deoxycholate form. Furthermore, 
liposomal amphotericin B is probably inactive because it is fixed to the liposome; 
thus, the biologically active drug is released only after direct contact with protozoa 
or fungal cell walls [94]. In 2010, the WHO proposed the administration of liposo-
mal amphotericin B.

The success achieved by the liposomal formulation of amphotericin B is related 
to its properties as a nanocarrier system, which has numerous advantages. However, 
despite these advantages, this system has some disadvantages, including its high 
cost, limiting its use [94]. Thus, the development of new, cheaper, and more 
efficient nanoformulations is necessary. Furthermore, different nanocarriers have 
been developed in recent decades, searching for new therapeutic alternatives to 
treat leishmaniasis, including nanoparticles based on liposomal, lipid, polymeric, 
and metallic nanomaterials [8, 95–98]. Therefore, choosing the correct nanocarriers 
is crucial to define properties and characteristics for this proposed new therapeutic 
approach. Thereby, this enormous diversity of available nanoparticles makes the 
development of nanocarriers for the treatment of leishmaniasis very promis-
ing since each of these carrier systems has advantages and limitations over each 
other [8].

Some nanoparticles have been generating significant repercussions for presenting 
theranostic properties, thus allowing them to be used simultaneously for diagnosis 
and therapy. Superparamagnetic iron oxide nanoparticles (SPIONs) are one example 
of this type of nanomaterials. SPIONs have excellent biocompatibility, degradability 
in moderate acid conditions, magnetic properties, and the ability to generate heat 
when subjected to an alternating current magnetic field [99, 100]. In addition, this 
type of nanomaterial still has a large surface area presenting great chemical diversity, 
which can increase the efficacy of the treatment. Finally, these nanomaterials can 
also be conjugated to specific molecules to facilitate selective and efficient drug 
delivery to a diseased tissue or organ [101]. The application of this type of nanomate-
rial for the treatment of leishmaniasis has been studied by different groups and has 
shown promising results over the past few years (Figure 6) [102–105].

Figure 6. 
Ultrathin sections of L. amazonensis promastigotes (A) and amastigotes (B) after treatment with 100 μg/mL  
SPIONs for 24 h. In both developmental stages, SPIONs were found inside membrane-bound structures 
(arrowheads). Some alterations were also observed in the treated parasites, such as increased number of lipid 
bodies (arrows), presence of autophagosome (thin arrows), and secretion of extracellular vesicles (large arrow).
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In summary, Nanotechnology and the use of nanoparticles inaugurated a new 
field in health science called Nanomedicine, one of the most promising branches 
of contemporary Medicine. Thus, the development of new nanomaterials to treat 
leishmaniasis significantly increases the possibility of finding novel therapeutic 
alternatives, mainly considering the great diversity of clinical manifestations. An 
excellent example of this is the use of nanoparticles to develop a topical treatment 
that can revolutionize the treatment of cutaneous leishmaniasis.

7. Conclusions and perspectives

The treatment of infectious diseases depends on a better understanding of Cell 
Biology, mainly for parasites that are intracellular obligate eukaryotes, such as 
Leishmania. The knowledge about these parasites allows the identification of essen-
tial metabolic pathways and the mechanisms of action involved in drug inhibition, 
enabling the application of new treatments and conventional treatments combined 
with new therapies, also using Nanotechnology. Thus, the improvement of tested 
molecules associated with drug delivery techniques is the path to success for novel 
leishmaniasis treatments.
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Chapter 9

Toward New Antileishmanial 
Compounds: Molecular Targets for 
Leishmaniasis Treatment
Huseyin Istanbullu and Gulsah Bayraktar

Abstract

The leishmaniases are a group of diseases caused by protozoan parasites— 
Leishmania sp. Leishmaniasis is classified among the 20 neglected diseases by 
WHO. Although the disease has been known for more than 120 years, the number 
of drugs used for the treatment is still limited to 5–6. The first-line drugs against 
leishmaniasis are pentavalent antimonials, which were introduced to the treatment 
70 years ago—despite all their side effects. Molecular targets are becoming increas-
ingly important for efficacy and selectivity in postgenomic drug research studies. 
In this chapter, we have discussed potential therapeutic targets of antileishmanial 
drug discovery such as pteridine reductase (PTR1), trypanothione reductase (TR), 
N-myristoyltransferase (NMT), trypanothione synthetase (TryS), IU-nucleoside 
hydrolase, and topoisomerases, enzymes and their inhibitors reported in the 
literature.

Keywords: antileishmanial compounds, molecular target, pteridine reductase, 
N-myristoyltransferase, inhibitors

1. Introduction

Leishmaniasis is a parasitic disease that occurs in the tropic and subtropics 
regions, and the parts of southern Europe. The disease is classified among neglected 
tropical diseases (NTDs) [1]. Leishmaniasis is spread by the bite of phlebotomine 
sand flies that causes the infection with Leishmania parasites. There are three main 
forms of the disease—cutaneous leishmaniasis (CL) known as the most common 
form, that causes skin sores; visceral leishmaniasis (VL; kala-azar) is the most 
severe form, that affects several internal organs; and mucocutaneous leishmaniasis 
(MCL) that has a chronic and metastatic behavior [2, 3].

Although the disease has been known for more than 120 years, the number 
of drugs used for the treatment is still limited to 5–6. The first-line drugs used 
against leishmaniasis are pentavalent antimony (SbV) compounds namely sodium 
stibogluconate (Pentostam®) and meglumine antimonate (Glucantime®), 
which was introduced into treatment more than 70 years ago, despite all their side 
effects. Neither their mechanism of action nor their chemical structures have been 
clarified/verified yet in spite of their wide use for a long time. Other drugs used 
in Leishmania infections are liposomal amphotericin B (L-AmB), miltefosine, 
paromomycin (aminosidine), and azole-derived antifungals; ketoconazole, itracon-
azole, and fluconazole.
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The need for effective, safe, and selective chemotherapeutics against leishmani-
asis increases every day. Targeting distinct molecular pathways is a widely used 
strategy in rational drug design and discovery for developing such agents to treat 
leishmaniasis. In this chapter, we would like to focus on enzymes which being 
targeted by the researcher for antileishmanial studies.

2. Potential molecular targets for the treatment of leishmaniasis

2.1 Pteridine reductase (PTR1, Pteridine reductase 1, EC 1.5.1.33)

PTR1 enzyme is an NADPH-dependent, short-chained reductase enzyme family 
member [4]. It is broadly active and can reduce a variety of unconjugated pteridines, 
as well as folates [5]. This enzyme has been investigated in studies of resistance to 
the dihydrofolate reductase inhibitor methotrexate (MTX) [6, 7]. After finding the 
missing link of resistance, researchers have suggested that inhibition of PTR1 may 
be a rational target for chemotherapy [4]. Since trypanosomatids are auxotrophic for 
folates and pterins, the inhibition of the PTR1 enzyme may also lead to selectivity. 
Therefore, PTR1 appears to be a rational target for antileishmanial drug development.

The first reported PTR1 inhibitors are pteridine analogs (diaminopteridines and 
quinazolines) and their activity was tested against purified Leishmania major pteri-
dine reductase (LmPTR1) [8]. The structure of LmPTR1 in complex with NADPH 
and the inhibitor 2,4,6-triaminoquinazoline (TAQ ) were reported in 2004 [9]. 
Based on its crystal structure, Cavazzutti et al. analyzed a library of 440 synthetic 
folate-like compounds and tested selected compounds on LmPTR1 among other 
enzymes such as DHFR [10]. In this study compound, 6b was found to be the most 
promising compound with a Ki value of 37 nM toward LmPTR1. Then, the crystal 
structure of the LmPTR1:NADPH:6b ternary complex revealed a substrate-like 
binding mode (Figure 1) [10].

It was reported that pteridine, pyrrolopyrimidine, and 2,4-diaminopyrimidine 
scaffold as PTR1 inhibitors with a structure-based approach by Tulloch et al. [11]. 
Among the tested compounds, compounds 11 and 13 bearings pyrrolopyrimidine 
core were reported with a modest ED50 value and a good lethality to the parasites. 
Additionally, a combination of MTX and compound 13 resulted in an improvement 
in efficacy [11]. Based on these hit molecules, TbPTR1 inhibitors were developed for 
the treatment of human African trypanosomiasis (Figure 1) [12].

Also, nonfolate scaffolds with LmPTR1 inhibition activity were reported. After 
three rounds of election considering computational and experimental results, 18 
compounds were selected, and among them, compound 28b and compound 5c 
known CNS active drug, showed promising activity with their IC50 values of 93 μM 
and 50 μM, Ki values of 7 μM and 4 μM, respectively (Figure 1) [13]. Moreover, 
5c in combination with pyrimethamine showed antileishmanial activity on pro-
mastigotes with no hDHFR inhibition [14]. Another nonfolate scaffold, hexahydro 
pyrimido pyrimidinone, was introduced with potential antileishmanial activity in 
a virtual screening study. Compound 7 was reported as a potent LdPTR1 enzyme 
inhibitor (Ki of 0.72 μM) and showed promising Leishmania donovani amastigote 
and Labrus donovani promastigote activity with the IC50 value of 3 μM and 29 μM, 
respectively [15].

Apart from the compounds summed up so far, thianthrene [16], dihydropy-
rimidines [17], benzothiazoles [18], thiazolidinedione [19, 20], thienopyrimidine 
[21], thiazolopyrimidine [22], and natural products such as flavanone derivatives 
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[23], 2,3-dehydrosilybin A, and sophoraflavanone G [24], kaurane-type  
diterpenes [25] were reported as PTR1 inhibitors with antileishmanial properties 
in the literature (Figure 1).

2.2  N-Myristoyltransferase (glycylpeptide N-tetradecanoyltransferase, NMT; 
EC 2.3.1.97)

NMT catalyzes the co- and post-translational addition of myristic acid (satu-
rated, 14-carbon fatty acid) onto the N-terminal glycine of specific proteins in 

Figure 1. 
Examples of PTR1 inhibitor structures with antileishmanial activity.
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eukaryotes (Figure 2). This physiological pathway, N-myristoylation, plays an 
important role in the correct cellular localization and biological functions. NMT 
enzyme was purified and characterized from yeasts for the first time and it is 
thought to be a target for development of a new class of antifungal drugs [26]. The 
presence of NMT in L. major was verified in 1997 [27]. Later, NMT enzyme activity 
was proven essential for viability in Leishmania sp. then, it attracted attention as a 
potential drug target in kinetoplastid parasites [28]. The validation of this enzyme 
as a target for antitrypanosomal and antileishmanial drug discovery was not until 
2010 (Figure 2) [29, 30].

A group of antifungal agents was tested to identify the first NMT inhibitors by 
Panethymitaki et al. in 2006 [31]. Although some of the tested compounds were 
found to be NMP inhibitors in a low μM concentration range, their antileishmanial 
activity has not been reported [31].

In an HTS campaign led by Pfizer, around 150.000 compounds from the 
Pfizer Global Diverse Representative Set were screened against protozoan NMTs. 
Four different scaffolds, namely aminoacylpyrrolidine (PF-03402623 IC50 of 
0.093 μM), piperidinylindole (PF-03393842 IC50 of 0.102 μM), thienopyrimi-
dine (PF-00349412 (IC50 of 0.482 μM), and biphenyl (PF-00075634 (IC50 of 
0.158 μM) derivatives were identified as novel inhibitors of Labrus donovani NMP 
(Figure 3) [32].

Following the previous study, the crystal structures of PF-03393842 and 
PF-03402623 with the enzyme, the initial hits selected in the HTS campaign, 
were elucidated. Based on this data, a fused hybrid compound 43 was developed 
as a highly potent L. donovani NMT inhibitor (Ki of 1.6 nM) with good selectiv-
ity over the human isoform of the enzyme (Ki 27 nM) (Figure 3) [33]. Although 
the lack of cell activity of 43 attributed to its poor uptake, the HTS campaign, 
and hybridization of the hit compounds have resulted in the discovery of a new 
scaffold [33].

Another HTS assay dedicated to identifying novel Leishmania sp. NMT 
inhibitors was focused on a set of 1600 pyrazolyl sulfonamide compounds [34]. 
Interestingly, no correlation between the enzyme potency of these inhibitors and 
their cellular activity against L. donovani axenic amastigotes was observed. This 
might be rationalized by the fact that poor cellular uptake considering the basic-
ity of the compounds. The most potent inhibitor of LmNMT (compound 2, Ki of 
0.34 nM) exhibited modest activity against L. donovani intracellular amastigotes 

Figure 2. 
Myristoylated proteins with NMT.
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(EC50 of 2.4 μM). Yet, advanced studies on compound 2 confirmed the on-target 
mechanism. Moreover, oral use of compound 2 resulted in a 52% reduction in 
parasite burden in the mouse model of VL (Figure 3) [34].

Other NMT inhibitors as potential antileishmanial compounds were reported 
in a few publications and patents. In these studies, pyrrolidines, piperidinylin-
doles, azetidinopyrimidines, aminomethylindazoles, benzimidazoles, thienopy-
rimidines, biphenyl derivatives, benzofuranes, benzothiophenes, oxadiazoles, 
(pyrazolomethyl)-1,3,4-oxadiazoles and thienopyrimidine scaffolds, and peptido-
mimetic inhibitors were reported with their NMT inhibitory properties [35–38].

2.3 Inosine-uridine (IU) nucleoside hydrolase (IU-NH, EC:3.2.2.2)

The nucleoside hydrolase enzyme is an important target for the development 
of antiparasitic drugs due to its role in the purine salvage pathway. The amino acid 
sequence and X-ray structure of the enzyme from L. major were revealed in 1999 
[39]. IU-NH enzyme establishes a homolog in Leishmania species.

In contrast to these facts, there is no study on IU-NH enzyme inhibitors possess-
ing in vitro/in vivo antileishmanial activity up to our knowledge. Yet, few inhibitors 
of Leishmania IU-nucleoside hydrolase were reported.

Fuernaux et al. reported transition state analogs of nucleosides with IU-NH 
inhibitory activity [40]. Later, Berg et al. reported iminoribitol derivatives and 
evaluated their not only Tabanus vivax-NH activity but also human purine nucleo-
side phosphorylase to determine selectivity [41]. In other studies, two ribose-
quinolone derivatives were tested against LdNH [42] and Casanova et al. reported 
proanthocyanidins with LdNH activity [43].

Figure 3. 
Examples of NMT inhibitor structures with antileishmanial activity.
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2.4 Enzymes Involved in Polyamine metabolism in Leishmania

In Leishmania parasites (and other members of the trypanosomatids), poly-
amine pathways can be considered as a unique pathway; most enzymes are essential 
for parasitic survival and infectivity (Figure 4).

2.4.1 Arginase (L-arginine amidinohydrolase, ARG, E.C. 3.5.3.1)

Arg is an enzyme that catalyzes the conversion of L-arginine amino acid to 
L-ornithine and urea.

The expression of the Leishmania amazonensis ARG in a bacterial host was done 
[44]. da Silva et al. expressed the recombinant enzyme in E. coli and performed 
biochemical and biophysical characterization studies [45].

Figure 4. 
Polyamine metabolism and enzymes in the pathway.
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Reguera et al. suggest that broad inhibition of ARG activity alone will be insuf-
ficient to achieve therapeutically useful control of leishmaniasis, but combined 
inhibition of ARG with downstream enzymes leading to polyamine synthesis 
could result in improved therapeutic responses [46]. 3′-methoxy-cinnamoyl-1,3,4-
thiadiazolium-2-phenylamine, an ARG inhibitory compound, exhibited moderate 
antileishmanial activity upon amastigotes of L. amazonensis [47].

[1,2,4]triazolo[1,5-a]pyrimidine derivatives [48], pyrazolo[3,4-d]pyrimidine 
derivatives [49], α,α-difluorohydrazide derivatives [50], chalcone derivatives 
[51], cinnamide derivatives [52], and 7,8-dihydroxyflavone—gold nanoparticles 
[53] were also studied as antileishmanial compounds with the mechanism of ARG 
inhibition.

On the other hand, antileishmanial natural products exhibiting ARG inhibitor 
activity with antileishmanial properties were reported—flavonoid and quercetin 
derivative [54], orientin and isovitexin [55], verbascoside [56], fisetin [57], rosma-
rinic acid, and caffeic acid [58].

2.4.2 Ornithine decarboxylase (ODC, EC 4.1.1.17)

ODC metabolizes ornithine to the diamine putrescine by its catalytic action [59]. 
Although alpha-difluoromethylornithine (DFMO) is an irreversible inhibitor of 
ODC, DFMO has not shown any antileishmanial activity [60]. Therefore, inhibition 
of ODC serves as a promising therapeutic paradigm for the treatment of leishmani-
asis [61].

3-aminooxy-1-aminopropane was reported as a selective ODC inhibitor with 
potent antileishmanial activity against Labrus donovani (L. donovani promastigotes 
IC50 of 42 μM and L. donovani amastigotes IC50 of 5 μM) [62].

Gama-guanidinooxypropylamine [63], diospyrin [64], oxochromen, xanthone, 
and azaspirodecene derivatives [65] are reported in the literature with their ability 
to inhibit ODC enzyme and antileishmanial activity.

2.4.3 Spermidine synthase (SpdSyn, SpdS, EC 2.5.1.16)

SpdS catalyzes the conversion of putrescine to spermidine, a crucial polyamine 
for parasite proliferation. Genetic studies proved that SpdS is an essential gene in 
L.donovani [66]. Additionally, it was demonstrated that L. donovani amastigotes 
require SpdS activity to sustain a robust infection in mice; which is required for 
virulence [67].

Up to our knowledge, the only reported SpdS inhibitor with antileishmanial 
properties is natural compound hypericin [68].

2.4.4 S-Adenosylmethionine decarboxylase (AdoMetDC, EC 4.1.1.50)

AdoMetDC is involved in the synthesis of spermidine and spermine, an essential 
polyamine for Leishmania. Therefore, AdoMetDC may be a potential therapeutic 
target for leishmaniasis [69].

CGP40215A, a specific AdoMetDC inhibitor, was also reported with the anti-
leishmanial effect that verified the potential of AdoMetDC enzyme inhibition 
strategy [70].

2.4.5 Trypanothione synthetase (Trypanothione synthase, TryS; EC 6.3.1.9)

TryS bifunctionally catalyzes both biosynthesis and hydrolysis of the glutathi-
one-spermidine adduct trypanothione, which is the main regulator in intracellular 
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thiol-redox metabolite for parasitic trypanosomatids. As TryS is absent in humans, 
targeting this enzyme provides selectivity. Inhibition of TryS results in controlling 
relative levels of the critical metabolites, trypanothione, glutathionylspermidine, 
and spermidine in Leishmania [71]. Genetic and chemical analyses reveal that TryS 
is essential for Leishmania infantum [72].

In a computational screening campaign, oxabicyclo[3.3.1]nonanone skeleton 
was identified not only as a TryS inhibitor but also with TR inhibitory properties. 
A modest antileishmanial activity was reported for compound PS203 upon L. 
donovani promastigotes (Figure 5) [73]. In another study, TryS from L. donovani 
was characterized and inhibition studies with the natural compounds selected from 
an earlier Micro Source discovery natural product data set were performed [74]. 
Among the tested natural compounds, conessine and uvaol showed good TryS 
inhibition (Ki of 3.12 μM and 3.55 μM, respectively) with significant antileishman-
ial activity on L. donovani promastigotes (IC50 of 13,42 μM and 11,23 μM, respec-
tively) (Figure 5) [74].

About 144 compounds belonging to seven different scaffolds were tested for 
TyrS inhibitory properties in a study by Benitez et al. One of the most promising 
inhibitors (IC50 of 0.15 μM) namely MOL2008, an N5-substituted paullone deriva-
tive was evaluated upon L. infantum promastigotes (EC50 of 12.6 μM) (Figure 5) 
[75]. Following these results, 36 different derivatives of MOL2008 were developed 
by the same group [76]. Based on intriguing TyrS inhibition of compound 20 (IC50 
0.3 μM), it was tested on both L. infantum promastigotes and L. infantum amasti-
gotes. The metabolic changes exerted by 20 in both promastigote form and amasti-
gote form of L. infantum are compatible with TryS inhibition (Figure 5) [76].

2.4.6  Trypanothione reductase (TR, TryR, Trypanothione-disulfide reductase 1, 
EC 1.8.1.12)

One of the main strategies of the host organism to overcome the infection 
is oxidative stress. TR has been purified from T.cruzi [77], first, and then from 
Labrus donovani [78]. TR enzyme is responsible for keeping trypanothione in the 
reduced state that is a variant of glutathione in Leishmania parasites. These enzyme 

Figure 5. 
Examples of TryS inhibitor structures with antileishmanial activity.
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inhibitors have been investigated in antileishmanial drug discovery as the enzyme 
is essential for the parasite survival and its absence in the host, in which glutathione 
reductase (GR) is found, provides selectivity [79]. Although both TR and GR are 
inhibited by trivalent antimonials, TR is considerably more sensitive [80]. TR 
enzyme is also a target for anti-Chagas compounds and antimalarials. The main 
limitation of TR becoming a target in antileishmanial drug discovery is that in order 
to obtain a considerable effect in parasites’ redox state, a minimum of 85% inhibi-
tion is required [81]. Additionally, GR should be considered as an off-target for TR 
inhibitors and the selectivity over TR enzyme of the compounds may be presented. 
Apart from being an interesting target for antileishmanial drug design, it is also a 
popular target for antimalarial compounds.

The early discovery of tricyclic inhibitors that are specific for TR over GR led to 
the design and synthesis of a group of phenothiazine derivatives and their opened-
ring analogs.

The first rational drugs with TR inhibitor activity over GR inhibition are tricy-
clic structures like phenothiazine and imipramine. Based on this, among several 
of quaternary phenothiazines, [3-(2-chloro-4a,10a-dihydrophenothiazin-10-yl)
propyl] - (3,4-dichlorobenzyl) dimethylammonium derivative (Ki 0.12 μM) was 
reported possessing improved activity up to 2-fold compared to chlorpromazine on 
L. donovani species [82]. Compound 10, an opened ring analog of phenothiazine, 
showed antileishmanial activity upon L. donovani (IC50 of 3.9 μg/mL). Expectedly, 
it was one of the most active compounds for TR enzyme with the Ki value of 
6.5 μM [83].

A series of bis (2-amino diphenyl sulfides) were designed and synthesized 
to inhibit TR [84]. Among them, compound 15 was found to be the most active 
with the IC50 value of 200 nM. Although there was no correlation between TR 
inhibition and antileishmanial activity, the compounds showed activity upon 
L. infantum amastigotes (Figure 6) [84]. Sulfonamide and urea derivatives of 
quinacrine with varying methylene spacer lengths were designed as TR inhibi-
tors and their antiprotozoal activities were evaluated [85]. Compound 2b (TR 
IC50 of 3.3 μM and GR IC50 of 27.2 μM) was also one of the most active com-
pounds upon L. donovani among with Trypanosoma cruzi and Trypanosoma brucei 
[85] (Figure 6).

In the pursuit of discovering novel lead heteroaromatic frameworks, harmaline, 
pyrimidobenzothiazine, and aspidospermine scaffolds were tested against TR inhibi-
tion (Ki of 35.1 μM, Ki of 26.9 and Ki of 64.6 μM, respectively) and L. amazonensis 
promastigote toxicity. Moreover, compounds have not exhibited any GR inhibitory 
activity [86]. Interestingly, Blackie et al. has introduced ferrocenic 4-aminoquinoline 
urea compounds with TR inhibitory and antileishmanial properties to the literature 
[87]. Although compounds inhibited TR in a low μM range with good selectivity over 
GR and showed antileishmanial activity on L. donovani amastigotes, unfortunately, 
these compounds were found to be toxic to macrophages (Figure 6) [87].

In an HTS campaign, 100,000 lead-like compounds were evaluated for their 
TR inhibition. As our focus on antileishmanial compounds, 2 series of compounds 
namely, nitrogenous heterocycles (triazine and pyrimidine derivatives) and 
conjugated indole derivatives took our interest in their potential on L. donovani 
amastigotes (Figure 6) [88].

Various chemical structures were reported with TR inhibitor activity and 
leishmaniacidal activity to the literature: Ag(0) nanoparticles encapsulated by 
ferritin molecules [89], Cu(II) diketonates [90], oxabicyclo[3.3.1]nonanones [73], 
azole-based compounds – e. pyrrole [91], β-carboline–quinazolinone hybrid [92], 
phenothiazine and phenoxazine derived chloroacetamides [93], selenocyanates and 
diselenide compounds [94, 95], iminodibenzyl derivatives with ethylenediamine, 
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ethanolamine and diethylenetriamine and their copper(II) complexes [96], diaryl 
sulfide derivatives [97], ammonium trichloro [1,2-ethanediolato-O,O′]-tellurat [98], 
all-hydrocarbon stapled peptides [99] chalcone derivatives [100], thiophene deriva-
tives [101], imidazole-phenyl-thiazole compounds [102], isothiocyanate derivatives 
[103], (phenylthio)pyrimidin-4-amine derivatives [104], ferrocenylquinoline 
derivatives [105], triazole-phenyl-thiazoles derivatives [106], fluorene deriva-
tives [107], adamantan derivatives, and their gold complexes [108] and natural 
 products [109, 110] (Figure 6).

2.4.7 Tryparedoxin peroxidase (TryPI, TXNPx, EC 1.11.1.15)

Crystal structures of the tryparedoxin-tryparedoxin (TXN-TXNPx) peroxidase 
couple were reported but there is no study that targeted this system with antileish-
manial activity [111].

Figure 6. 
Examples of TR inhibitor structures with antileishmanial activity.
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2.5 Phosphotidylinositol-3-kinase (PI3K, EC 2.7.1.137)

The discovery of apoptotic pathways regulated by intracellular protozoan 
parasites and inhibit apoptosis, studies on signaling pathways have accelerated 
[112–114]. Interestingly, it was reported that there is an L. major PI3K mediated 
negative feedback mechanism for IL-12 production and PI3K/Akt signaling in 
Leishmania promastigotes [115].

Various heterocyclic compounds (quinoline, quinazoline, purine, thiazolopy-
rimidine scaffolds, etc.) as PI3K inhibitors were reported for treatment of several 
diseases alongside Leishmania [116, 117]. Later, Khadem et al. showed idelalisib—
known PI3K inhibitor—and ampB combination therapy resulted in the reduction 
in parasite burden and moderate immune response [117]. A recent study showed 
that PI3K/mTOR inhibitor Torin2, Dactolisib, and NVP-BGT226 also possess good 
antileishmanial activity [118].

Imidazo[1,2-b]pyridazin scaffold was designed to inhibit various eukaryotic 
kinases by Bendjeddou et al. [119]. In this study, some of the compounds were 
tested against L. amazonensis parasites. The compounds showed antileishmanial 
activity at rather high concentrations (10 μM) although the compounds have not 
exhibited any toxicity at cell viability assays regarding concentrations [119].

Because of Leishmania parasite has a life cycle in the mammalian host, inhibi-
tion of signal transduction protein kinases for antileishmanial activities was 
investigated. Polyfluoroalkyl sp2-glycolipid compounds were reported with anti-
leishmanial properties by binding p38a-MAPK [120]. Purine derivatives, benzopyr-
roles, and benzopyrrolidines exhibited CRK3 cyclin-dependent kinase inhibitory 
properties and showed antileishmanial activity upon Labrus donovani amastigotes 
[121]. Lastly, a chemical inhibitor of heat shock protein 78 (HSP78), namely Ap5A 
reported with antileishmanial activity [122].

2.6 Topoisomerase I and II (TOPI, EC 5.6.2.1; TOPII, EC 5.6.2.2)

Topoisomerases are enzymes that modulate DNA topology. Firstly, topoi-
somerase II and then topoisomerase I enzymes were reported in Leishmania 
 species [123, 124].

Different classes of TOP inhibitors show activity against L. donovani parasites by 
the means of DNA TOPI catalytic activity. The most important point is providing 
selectivity over parasite-human topoisomerase enzymes [125]. Pentostam’s one of 
the proposed modes of action is inhibition of TOPI of L. donovani [126]. Werbovetz 
et al. tested known TOPII inhibitors, acridine derivatives, against L. chagasi and L. 
donovani, therefore, it was suggested that TOPII could serve as a useful target for 
parasite chemotherapy [127].

16-phenyl-6-hexadecynoic acid and 16-phenylhexadecanoic acid derivatives 
were synthesized by Carballeira et al. [128]. Compounds 1 and 2 showed promising 
activity on L. donovani TOPIB (EC50 14 μM and 36 μM, respectively). Moreover, 
compounds 1 and 2 showed cytotoxicity toward L. infantum amastigotes (IC50 of 
3–6 μM) and L. infantum promastigotes (IC50 of 60–70 μM) [128].

In another study, compounds bearing 1,5-naphthyridine scaffold were reported 
[129]. Compound 22 was found to be one of the promising ones with the IC50 
value (0.58 ± 0.03 μM) against L. infantum amastigotes similar to the standard 
drug amphotericin B (0.32 ± 0.05 μM) and selectivity over host murine spleno-
cytes. Additionally, this compound showed remarkable inhibition on leishmanial 
TopIB [129].

Three compounds were identified in a very recent virtual screening campaign 
with a significant LdTopIB activity (IC50of LRL-TP-85: 1.3 μM; LRL-TP-94: 2.9 μM; 
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and LRL-TP-101: 35.3 μM) [130]. Further studies showed that compounds were 
selective for LdTopIB over Homo sapiens (Hs) TopIB. After that, compounds were 
evaluated for their in extracellular promastigote (4.9 μM, 1.4 μM, and 27.8 μM, 
respectively) and intracellular amastigote (34.0 μM, 53.7 μM, and 11.4 μM, respec-
tively) activities [130].

Apart from these recent advances, several scaffolds such as bis-naphtoquinone 
[131, 132] betulinic acid derivatives [133], bisbenzimidazoles [134] and proto-
berberine alkaloids [135], and 1,3,4-thiadiazole derivatives [136] were identified 
with TOP inhibitor activity as potential antileishmanial compounds. Additionally, 
acetylenic fatty acids, 6-heptadecynoic acid, and 6-icosynoic acid derivatives [137], 
2-octadecynoic acid [138], 3,3′-diindolylmethane derivatives [139], bis-lawsone 
analogs [140], spirooxindole derivatives [141], indeno-1,5-naphthyridines [142], 
diamidine derivatives [143], and copper salisylaldoxime [144] compounds are other 
reported topoisomerase inhibitors with antileishmanial activity.

2.7  Cysteine synthase (CS, O-acetylserine sulfhydrylase, OASS, EC 2.5.1.47)

Cysteine biosynthesis is a potential target for antileishmanial drug development. 
The structure of L. major cysteine synthase was revealed in 2012 by Fyfe et al. [145]. 
Cyclic imide derivatives were identified with a multitarget profile including TOPOI, 
N-myristoyltransferase, cyclophilin, and CS enzymes using in silico approach and L. 
amazonensis activity of the compounds were reported [146].

2.8 Oligopeptidase B (OPB, EC 3.4.21.83)

It was found out that a high level of serine protease activity was expressed by 
L. donovani, which was explained by an increase in OPB enzyme activity [147]. 
The crystal structure of L. major OPB was revealed in 2010 by McLuskey et al. 
[148]. Epoxy-α-lapachone was shown activity on both promastigote and amasti-
gote forms of L. amazonensis in a study exploring natural compounds as potential 
antileishmanial agents. Moreover, this activity was associated with serine proteinase 
inhibitory activity of epoxy-α-lapachone in the same study [149]. Peptidic structure 
ShPI-I (Kunitz-type protease inhibitor from the sea anemone Stichodactyla helian-
thus) was shown to be a potent inhibitor of L. amazonensis serine proteases [150].

2.9 Superoxide dismutase (SOD, EC 1.15.1.1)

SOD enzyme was found in L. tropica by Meshnick and Eaton and it was sug-
gested that the enzyme may be containing iron (Fe) which causes a difference from 
its host’s enzymes which is linked to a copper or zinc atom [151]. Later, molecular 
isolation and characterization of Fe containing SOD cDNAs of L. chagasi were 
reported in 1997 [152] and the 3D structure of Fe-dependent superoxide dismutases 
(FeSODs) from L. major was reported [153].

In a study, imidazole-containing phthalazine derivatives were found to be 
potent inhibitors of Fe-SOD with antileishmanial properties. Additionally, the 
tested compounds were selective toward parasite Fe-SOD over human CuZn-
SOD [154]. Arylamine Mannich base derivatives, known to be effective against 
Trypanosoma cruzi, were exhibited remarkable activity against Leishmania 
species. The mechanism of action of these compounds was linked to their potent 
Fe-SOD inhibition [155].

2-Iminothiazole derivatives [156], scorpiand-like azamacrocycles [157, 158], 
pyrazole-containing polyamine macrocycles [159], natural product momordicatin 
[ethyl 2-(4-hydroxybutyl)benzoate] [160], imidazole or pyrazole-based benzo [g] 
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phthalazine derivatives [161], triphenyl tin salicylanilide thiosemicarbazone [162], 
Se containing aromatics and heteroaromatic compounds [163], ruthenium complexes 
with purine analogs [164], fisetin—a flavanoid anolog [57] and dialkyl pyrazole-
3,5-dicarboxylates [165] were reported as SOD inhibitors exhibiting antileishmanial 
activity in the literature.

2.10 Nitroreductases (NTR, EC 1.7.1.16)

Nitroreductase enzymes catalyze the reduction of nitro/nitroaromatic compounds. 
Based on oxygen sensitivity, NTRs are divided into two groups: NTR1 is oxygen-insen-
sitive and functions via a series of two-electron reductions, NTR2 is oxygen-sensitive 
and mediated a one-electron reduction [166]. NTR1 enzyme is found mainly in bacte-
ria and absent in most eukaryotes. Keeping this in mind, L. major NTR1 (LmNTR) was 
characterized and identified as a potential drug target for leishmaniasis [167].

It was reported that aziridinyl nitrobenzamide compounds [168], nitroquinoli-
none derivatives [169], 3-nitro-2-(phenylsulfonylmethyl) imidazo[1,2-a]pyridine 
derivatives [170], and nitro-heteroaryl nitrone derivatives [172] are NTR inhibitors 
with antileishmanial effects.

2.11 Nucleoside hydrolases (NH, EC 3.2.2.1)

Koszalka and Krenitsky, separated and purified three nucleoside hydrolases 
from promastigotes of L. donovani—purine 2′-deoxyribonucleosidase, purine 
ribonucleosidase, and pyrimidine ribonucleosidase [172]. Then, the X-Ray struc-
ture and amino acid sequence of nucleoside hydrolase from L. major was revealed 
alongside its several nanomolar transition state inhibitors [39].

Augustyns’s research group design and synthesize various compounds and 
tested against IAG-NH (inosine-adenosine-guanosine nucleoside hydrolase) 
from Tabanus vivax. In contrast to promising enzyme activity of the compounds, 
antileishmanial activity of the compounds hasn’t been investigated [41, 173, 174]. 
Freitas et al. also tested immucillin derivatives against L. donovani, L. inf. Chagasi 
and L. amazonensis parasites [175].

It was found out that hydroxychromenone and tetrahydrocyclohexanecarboxylic 
acid fragments could bind to the enzyme in a fragment-based analysis on LdNH 
using saturation transfer difference (STD) NMR spectroscopy [176].

In a recent study, a natural product from Brazilian flora, flavonoids, and proan-
thocyanidins, with antileishmanial activity screened against LdNH and described 
as an inhibitor of LdNH [43, 177].

Interestingly, LdNH (NH36) is the main area of interest for human recombinant 
vaccine-based studies and phase I trial of nucleoside hydrolase NH36 of L. donovani, 
the main antigen of the Leishmune® vaccine, and the sterol 24-c-methyltransferase 
(SMT) from L. infantum is in progress [178].

2.12 Cysteine proteases

There are two cysteine protease genes from L. major—one is structurally similar 
to the cathepsin L (CatL) family and the other is similar to the cathepsin B (CatB) 
family of cysteine proteases. These cysteine protease enzymes were isolated and 
sequenced by Sakanari et al. [179].

It is reported that aziridine-2,3-dicarboxylate [180], natural products flavone 
derivatives [181], trans-aziridine-2,3-dicarboxylate derivatives [182] organotellu-
rane RF07 and palladacycle complex [183–185], and dipeptidyl enoates [186] exhibit 
antileishmanial effect and inhibit cysteine proteases.
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2.13 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12)

GAPDH activity was detected in two cell compartments of Leishmania mexicana 
promastigotes [187]. Then, the crystal structure of L. mexicana GAPDH in complex 
with inhibitors was reported to the literature [188].

Although GAPDH enzyme is found in Leishmania sp., it is an attractive target for 
the development of novel antitrypanosomatid agents rather than antileishmanial 
compounds.

2.14 Dihydroorotate dehydrogenase (DHODH, EC 1.3.5.2)

DHODH enzyme catalyzes the stereoselective oxidation of (S)-dihydroorotate 
(DHO) to orotate (ORO) in the de novo pyrimidine biosynthetic pathway. The struc-
ture of L. major DHODH was revealed by X-ray diffraction analysis [189]. It was 
reported that natural compounds from Asteraceae species could inhibit LmDHODH 
by Chibli et al., though the antileishmanial effect of the compounds has not been 
evaluated [190].

2.15 Methionyl-tRNA synthetase (MetRS, EC 6.1.1.10)

Considering the structure of L. major MetRS, the difference in human cytosolic 
and mitochondrial MetRS and near the ATP- and methionine-binding regions of 
LmMetRS promises selectivity for MetRS inhibitors [191].

DDD806905, a known TbMetRS inhibitor, tested against LdMetRS and 
showed antileishmanial effect upon Leishmania axenic amastigote yet, it has not 
shown efficacy in an animal model of leishmaniasis due to high protein bind-
ing as well as sequestration of this dibasic compound into acidic compartments 
[192]. Researchers have characterized a new series of LdMetRS inhibitors bearing 
4,6-diamino-substituted pyrazolopyrimidine core that target a previously unde-
fined, allosteric binding site in the enzyme recently [193].

2.16 Phosphodiesterases (PDE, EC 3.1.4.17)

Phosphodiesterases control the cellular concentration of the second messengers 
cAMP and cGMP that are key regulators of several physiological processes.

A correlation between cAMP concentration in Leishmania cells and proliferation 
and transformation is demonstrated. By the addition of phosphodiesterase inhibi-
tors to the culture medium, the intracellular level of cAMP was increased [194].

Crystal structure of the L. major phosphodiesterase LmjPDEB1, one of the five 
PDE encoding genes, was reported in 2007 [195].

Isoxazolo[3,4-d]pyridazinone analogs were reported to inhibit PDE extracted 
from L. mexicana [196]. Later, it was reported that triphenyl-substituted imid-
azole compound exhibits in vitro antileishmanial and PDE inhibitor activity. 
Moreover, there was a correlation between in vitro antileishmanial activity and 
cAMP content [197].

2.17 Squalene synthase (SQS, SSN, E.C. 2.5.1.21)

SQS enzyme catalyzes the first step in sterol biosynthesis. Cloning, expression, 
and purification of a catalytically active recombinant squalene synthase of  
L. donovani (LdSSN) [198].

Biphenylazabicyclooctanol, biphenylquiniclidine, and quiniclidine derivatives 
possessing LmSQS inhibitory activity have shown antileishmanial effects against 
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L. amazonensis, therefore, SQS might serve as a potential target for antileishmanial 
drug discovery [199–201].

2.18  Uridinediphosphate-glucose pyrophosphorylase (UGPase, EC 2.7.7.9)

UGPase enzyme catalyzes the reaction of UTP and glucose-1-phosphate to 
3-UDP-glucose and PPi in the presence of Mg2 in vivo. It was reported that proto-
zoan UGP differed from its mammalian counterparts which might provide selectiv-
ity [202]. L. major UGPase three-dimensional structure was reported but there has 
not been any reported in vitro/in vivo inhibitor of the enzyme yet although virtual 
screening campaigns have been applied to the enzyme [203].

2.19  Deoxyuridine 5′-triphosphate nucleotidohydrolase (dUTPase,  
EC 3.6.1.23)

The levels of dUTP are kept low by the action of dUTPase, a ubiquitous enzyme 
that catalyzes the hydrolysis of dUTP to PPi and dUMP, a substrate for thymidylate 
synthase (TS) [204]. The purification and characterization of L. major dUTPase 
were reported alongside its crystal structure [205, 206].

Deoxyuridine derivatives were shown to inhibit L. major, and human dUTPase 
enzymes exhibited moderate activity against L. donovani [207].

2.20 γ-Glutamylcysteine synthetase (Gcs, EC 6.3.2.2)

Gcs is an essential protein of the trypanothione biosynthesis pathway, which 
catalyzes ATP-dependent ligation of L-cysteine to L-glutamate. Characterization of 
L. donovani Gcs was reported to the literature in 2016 [208]. Agnihotri et al. identi-
fied carbamate, urea, and purine derivatives as Gcs inhibitors using in silico tools, 
then antileishmanial effect of the compounds was reported in vitro [209].

2.21 Cyclophilin (Cyp, Peptidylprolyl isomerase, EC 5.2.1.8)

Cyclophilins are a ubiquitous class of proteins with peptidylprolyl cis-trans isom-
erase activity. The structure of cyclophilin from L. donovani bound to cyclosporin 
was reported in 2009 [210]. Interestingly, a recent study showed that cyclosporin 
A, cyclophilin A modulator, does not express any significant inhibitory effect on 
intracellular L. donovani amastigotes, therefore, further studies are needed to 
validate this enzyme [211].

2.22 Other Leishmania sp. enzymes

We have summarized the validated targets for antileishmanial drug discovery 
and tried to give examples of potential modulators of these targets so far. Up to our 
knowledge, there are several other enzymes involved in kinetoplastids’ physiologi-
cal pathways which might serve as a potential target and provide selectivity, such 
as NDKb (nucleoside diphosphate kinase B, C 2.7.4.6), GPD (glycerol-3-phosphate 
dehydrogenase, EC 1.1.1.8), PGI (glucose-6-phosphate isomerase, EC 5.3.1.9), 
GspS (glutathionylspermidine synthetase, EC 6.3.1.8), PMM (phosphoman-
nomutase, EC 5.4.2.8), PyK (pyruvate kinase, EC 2.7.1.40), TIM (triosephosphate 
isomerase, EC 5.3.1.1.), DHS (deoxyhypusine synthase, EC 2.5.1.46), and DOHH 
(deoxyhypusine hydroxylase, EC 1.14.99.29). Yet, the antileishmanial effect by 
the modulation of these targets has not been reported therefore further studies on 
these targets are needed.
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3. Conclusion

Leishmaniasis treatment research has long been neglected. In this postgenomic 
era, work on leishmaniasis has accelerated, but great challenges still remain for 
medicinal chemists and chemical biologists—selectivity over human enzymes and 
efficacy over parasite life cycles. This chapter will be useful for researchers who will 
do in silico and in vitro studies.
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Abstract

Leishmaniasis is an infectious and parasitic disease of great importance in  
public health. Numerous studies indicate that biochemical and molecular 
mechanisms are factors that contribute to the emergence of antileishmanial drug 
resistance. Currently, miRNAs have been identified as targets for the invasion of 
pathogens to control the immune response and imply resistance to treatments. 
Considering the alarming growth in drug resistance, new possibilities for control-
ling leishmaniasis have been emerging. Natural compounds originating from 
medicinal plants are being increasingly explored as promising antileishmanial 
alternatives. The chapter aims to provide a brief review on mechanisms of action 
associated with traditional agents used to treat leishmaniasis, focusing mainly on 
molecular bases associated with the resistance of Leishmania spp. to current drugs 
and identifying the possible miRNAs involved in this process. In addition, we seek 
to describe some of the promising plant molecules that can be used as potential 
antileishmanial agents and their possible mechanisms of action.

Keywords: Leishmaniasis, drug resistance, miRNAs, mechanisms of action,  
natural products

1. Introduction

Leishmaniasis is an infectious and parasitic disease of major importance to 
public health worldwide due to its difficult control, mainly because the commonly 
used antileishmanial drugs have contributed to the increasing increase in parasite 
resistance [1, 2].

Biochemical, molecular and/or genetic mechanisms are factors that contribute 
to the emergence of resistance [3–5]. Among these mechanisms, we highlight 
microRNAs (miRNAs), small non-coding RNAs functionally involved in various 
biological processes of an organism [6–8]. Currently, these structures have been 
identified as the main targets for invasion by pathogens, including Leishmania 
spp., aiming to control the immune response and possibly implying resistance to 
treatments [9, 10].
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Due to the alarming increase in drug resistance, the search for new drugs or 
natural compounds to control leishmaniasis has grown [11, 12]. Natural compounds 
originating from plants are increasingly being explored as promising antileishman-
ial alternatives, since, when compared to currently available drugs, these products 
can selectively act on the parasite besides that the most of them present low cyto-
toxicity and low market value [13, 14].

Although, researches demonstrate the importance of natural products for the 
treatment of leishmaniasis, little is known about the influence of miRNAs on the 
mechanisms of action of natural products. However, recent evidence suggests 
that some phytochemical substances regulate the expression of several pathologi-
cal miRNAs [15, 16]. For example, in breast cancer, phytochemical substances 
extracted from plant foods have acted directly on the regulation of miRNA expres-
sion and these are pointed out as promising alternative chemopreventive and 
chemotherapeutic agents [17].

In this context, to understand the mechanisms of action of natural compounds 
and the emergence of resistance by parasites, this review was developed based on 
the following question: Is it possible that certain natural compounds also act by 
inhibiting or activating miRNAs that interfere with the parasitic action against 
Leishmania? The chapter aims to provide a brief review on mechanisms of action 
associated with traditional agents used to treat leishmaniasis, focusing mainly on 
molecular basis associated with resistance in Leishmania spp. to current drugs and 
identifying the possible miRNAs involved in this process. In addition, we seek to 
describe some of the promising plant molecules that can be used as potential anti-
leishmanial agents and their possible mechanisms of action.

2. Traditional therapeutic agents and mechanisms of action

Leishmaniasis presents different clinical manifestations, ranging from skin 
lesions to severe visceral forms, depending on the species of the parasite of the 
genus Leishmania [4].

Chemotherapy is the only effective alternative to treat all forms of the disease. 
Therapeutic approaches to control leishmaniasis comprise five main drugs: pen-
tavalent antimony, amphotericin B, miltefosine, paromomycin and pentamidine, 
however, these drugs are associated with serious problems, such as toxicity and 
especially with the emergence of resistant strains, making treatment difficult [18].

Although, current antileishmanial drugs have been used for decades, their 
mechanisms of action remain obscure, however, some assumptions are accepted. 
Pentavalent antimonials, for example, eliminate parasites through the process of 
apoptosis and also inhibit trypanothione reductase, an important enzyme for the 
survival of the parasite in the host [19]. Miltefosine, in turn, also induces cell death 
by apoptosis, in addition to inducing various immunological and inflammatory 
effects on macrophages [20]. The mechanism of action of amphotericin B may 
involve interaction with membrane sterols, resulting in membrane disorganiza-
tion, increased permeability and cell damage in the parasite [21, 22]. Paromomycin 
inhibits protein synthesis and modifies the fluidity and permeability of the mem-
brane and also decreases mitochondrial potential [3, 23]. While pentamidine acts 
as a DNA-binding drug, causing the parasite mitochondrial membrane potential 
collapse and induction of kinetoplast DNA destruction [24, 25].

The prolonged use of these drugs has contributed to the acceleration of leish-
maniasis resistance; however, little is known about the cellular and molecular 
mechanisms, especially about the importance of miRNAs involved in the emergence 
of this resistance (Figure 1).
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3. miRNAs and drug resistance

MicroRNAs (miRNAs) are a small class of non-coding RNAs composed of 18–24 
nucleotides, present in a variety of organisms, including parasites, plants, animals 
and humans [7, 8, 26, 27]. The first description of these structures occurred after 
studies with the nematode parasite Caenorhabditis elegans [28].

The canonical biosynthesis of a miRNA starts with a primary miRNA (pri-miRNA) 
that is transcribed and recognized by a microprocessor complex. This process includes 
the double-stranded RNA-specific endoribonuclease enzymes (DROSHA) and the 
DiGeorge syndrome critical region gene 8 (DGCR8), which are cleaved to form a 
miRNA precursor (pre-miRNA). The pre-miRNAs are then exported to the cytoplasm 
for further processing by the DICER enzyme and cofactors such as protein kinase R 
activator (PACT) or transactivation response RNA binding protein (TRBP) [29].

The mature duplex miRNA is finally loaded into an RNA-induced silencing 
complex (RISC) that is multiprotein and a corrected miRNA strand (−5p or -3p) 
that binds to the Argonaute protein (AGO) guiding the complex to its mRNA target 
[30]. Both biogenesis and maturation of miRNAs are tightly regulated processes. The 
first level of adjustment is represented by single nucleotide polymorphisms (SNPs) 
and epigenetic control of transcription through mechanisms of acetylation, DNA 
methylation and histones. The biosynthesis and maturation of miRNAs can also be 
influenced by RNA binding proteins (RBPs), which can interact with key enzyme 
processes such as DROSHA, DGCR8, DICER and the complex RISC [31].

In addition to impacting the actions of miRNAs on their targets, editing pri and 
pre-miRNAs is also an important mechanism that modulates the biosynthesis and 
maturation of specific miRNAs. Degradation of the miRNA strand (−5p or -3p 
strand) or incorporation into the RISC complex (lead strand) determines the pool 

Figure 1. 
Antileishmanial drugs and mechanism of action. The pentavalent antimony, amphotericin B, miltefosine, 
paromomycin and pentamidine drugs act mainly by inducing apoptosis; inhibiting important enzymes; binding 
to the parasite’s membrane sterols, increasing permeability and interfering with DNA synthesis. The prolonged 
use of these drugs and consequently the increase in parasite resistance has been explained by molecular 
mechanisms, for example, the expression of miRNAs.



Leishmaniasis - General Aspects of a Stigmatized Disease

184

of target mRNAs. The complementarity between the miRNA response elements 
(MRE) in the mRNA and the seed sequence in the miRNA strand determines the 
specificity of the action of the RISC complex for mRNAs. Furthermore, the degree 
of complementarity between the MRE and the seed sequences generally dictates 
whether the mRNA is degraded or its translation is blocked [32]. The mechanism of 
biogenesis and maturation of miRNA is described in Figure 2.

miRNAs are involved in important biological processes in organisms, includ-
ing the control of gene and pathological expression, cell and organ development, 
differentiation and homeostasis, tumor suppression and stem cell regulation [26]. 
miRNAs are also known to be involved in the development of human parasitic dis-
eases. For example, in Schistosoma mansoni, the causative agent of schistosomiasis, 
it was shown that miRNAs can control the development of the parasite and also of 
liver pathology [33]. While in Chagas disease, caused by Trypanosoma cruzi, there 
are reports of the involvement of miRNAs in cardiovascular disorders caused by 
illness [34–36].

In toxoplasmosis, a disease caused by the agent Toxoplasma gondii, some miR-
NAs may be related to the degree of virulence, inhibition of apoptosis and immune 
response [37, 38]. While in malaria (Plasmodium spp.), evidence has shown that the 
agent manipulates the host miRNA expression, supporting its growth and survival, 
and also regulates important genes for the host immune response [39–41].

In leishmaniasis, miRNAs play an important role in the biology of infection, 
pathogenicity, recognition and activation of the immune response by macrophages 
and dendritic cells, host–parasite interaction and drugs resistance [42–44].

Figure 2. 
Biogenesis or generation of miRNAs and the mechanisms of protein synthesis inhibition. A primary miRNA 
(pri-miRNA) is transcribed or produced in the nucleus. It is processed or modified by the Drosha enzyme and 
exported to the cytoplasm. In the cytoplasm, now called pre-miRNA, it is again processed by another enzyme, 
Dicer, finally forming the mature miRNA. Mature miRNA associates with a complex or set of enzymes called 
RISC and represses or inhibits protein synthesis by cleaving (breaking) messenger RNAs (mRNA) or may 
impede mRNA reading (prevent translation) by inhibiting protein production.
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Although, research emphasizes the importance of studying miRNAs during 
infection or pathogenesis by different parasites, the role of these structures in the 
development of antiparasitic resistance remains unclear. Drug resistance is a grow-
ing problem worldwide. Resisting a drug means saying that there was a reduction 
in the drug effectiveness in the total elimination of the pathogen responsible for 
the disease [45]. miRNAs have been identified as targets for pathogen invasion and 
immune response control, in addition to resistance to chemotherapy in a variety of 
organisms and diseases (Figure 3) [6, 10].

In recent years, studies have shown that miRNAs are involved in tumor cell 
resistance to chemotherapy [46–48]. According to the studies, miRNAs regulate 
different target genes, especially genes that affect the cell response to chemotherapy 
drugs. In insects, some miRNAs are involved in resistance to the insecticide diamide 
in the control of Plutella xylostella, mainly miR-7a and miR-8519 [49]. Other studies 
have reported the importance of miR-2, miR-13, miR-7, miR-92a and miR-13,664 
expression in the Culex pipiens insect resistance to the drug deltamethrin [50–52].

The resistance of some parasites is also related to miRNAs. In the nematode C. 
elegans, miR-1 down-regulates the expression of two nicotinic acetylcholine recep-
tor subunits (nAChR), unc-29 and unc-63 [53]. According to the authors, when 
the expression of these subunits is increased, it corresponds to a decrease in muscle 
sensitivity to acetylcholine by levamisole, that is, the drug action is decreased. In 
Toxocara spp., the causative agent of toxocariasis in humans and other animals, 
computational studies predict that some miRNAs function as targets associated 
with drug resistance, such as Tc-miR-2861, Tc-miR-2881 and Tc-miR -5126 [54]. 
Additionally, miR-9551 is regulated in Teladorsagia circumcincta, the most prevalent 
parasite in United Kingdom animals with proven multiple drug resistance [55]. 
Recently, miR-9551 expression was also correlated with an anthelmintic resistance 
phenotype of Haemonchus contortus to the drug ivermectin [9].

The role of miRNAs in drug resistance is clear for a wide variety of organ-
isms, for protozoan parasites, mainly Leishmania spp. it’s still not well elucidated. 
However, the expression of miRNAs in leishmaniasis can be used as a strat-
egy to escape the host immune system [13, 14]. For example, the pentavalent 

Figure 3. 
miRNAs and human parasitic diseases.
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antimony-resistant Leishmania donovani species exploits miR-466i to regulate levels 
of inflammatory cytokines produced by macrophages during infection, and in other 
cases, it decreases miR-122 expression by hepatocytes to facilitate infection, ensur-
ing its differentiation and intracellular multiplication [56, 57].

For years, pentavalent antimony was the main treatment against leishmaniasis 
and with this, the parasites acquired resistance and the drug lost its effectiveness 
[58]. The resistance mechanism of Leishmania donovani to pentavalent antimonals 
can be explained by the increased production of IL-10 and TGF-β inducing the 
upregulation of the multiresistant protein-1 (MDR1) and causing the expulsion of 
the drug by macrophages [58]. Also, according to the authors, during infection by 
the resistant parasite, miRNAs control the expression of pro and anti-inflammatory 
cytokines in macrophages internally regulated by the proteins Ago2, PP2A and 
HuR. HuR positively inhibits PP2A expression by activating the modulatory 
function of HuR and PP2A antagonist miRNAs and acting as a balancing factor for 
immune responses in macrophages to interrupt or prevent infection by pentavalent 
antimonal resistant L. donovani [59].

Tiwari et al. [10] pointed out that Leishmania parasites possibly induce macro-
phages to express miRNA regulatory proteins that help expel drugs from cells. This 
drug resistance has been associated with the downregulation of miRNA-763, −1264, 
and -3473f by parasitized macrophages that induced upregulation of ABC trans-
porters [10]. Recent studies have revealed that miRNA deficiency can also influence 
the emergence of host resistance to leishmaniasis. According to Varikuti et al. [60], 
miR-21 is positively expressed in dendritic cells and macrophages and in organs 
such as the spleen and liver infected by L. donovani. During infection, the lack of 
miR-21 increases IL-12 production and the Th1 immune response and consequently 
increases host resistance. miR-21 plays an essential role in the pathogenesis of 
the disease and is considered a potential target in the treatment of leishmaniasis. 
miRNAs alter transporters, receptors and ion channels drug, reducing sensitivity 
and consequently developing resistance [61, 62]. The change in the miR profile may 
be a strategy of infection or drug resistance of parasites.

Thus, these studies highlight the importance of these structures in the develop-
ment of leishmaniasis resistance to currently available drugs and indicate that the 
identification of miRNAs can provide strategies for controlling leishmaniasis.

To contain the acceleration of resistance by parasites, the search for new treat-
ments has emerged. The discovery of new drugs with fewer side effects and more 
advantageous cost-benefits than current treatments has gained strength, in this 
sense, the use of natural products in the treatment of leishmaniasis has become an 
excellent alternative.

4. Natural products as an anti-Leishmania source

Natural products originating from plants are being increasingly explored as 
promising therapeutic alternatives, and the action of these products is mainly 
attributed to existing bioactive phytochemicals [63, 64].

The concentration of these compounds depends on the nature of the chemical 
used as a solvent during the extraction and handling process, as well as the stor-
age conditions [65]. Terpenoids, phenolic compounds, alkaloids and flavonoids 
are the most important phytochemical groups. Terpenoids from essential oils are 
extracted by hydrodistillation and mechanical pressing techniques, while phenolic 
compounds, alkaloids and flavonoids are extracted using organic solvents, mainly 
dichloromethane, methanol, ethanol, ethyl acetate, n-butanol, chloroform, ether 
and benzene [65–67].
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After extraction, the phytochemical analysis to identify the main classes of 
compounds is performed using chromatographic and colorimetric techniques [68]. 
Approximately 10,000 phytochemicals have been identified so far and their numer-
ous medicinal properties are being investigated. Leaves, seeds, fruits and flowers 
are the plant organs richest in phytochemicals [69, 70].

Currently, these groups of phytochemicals have anti-Leishmania properties and 
mechanisms of action already described. Terpenoids, aromatic and lipophilic sub-
stances, possibly can cross the plasma membrane, interfering with cell composition, 
inducing mitochondrial rupture and chromatin condensation and causing parasite 
death by apoptosis [71, 72]. The glycyrrhizic acid, a triterpene extracted from the 
root of Glycyrrhiza glabra, was found to be responsible for the change in the host 
immune system, inducing an increase in the release of inflammatory cytokines in 
macrophages infected by Leishmania, facilitating a more efficient response against 
the parasite [73].

Phenolic compounds primarily function as antioxidants and free radical scav-
engers [74]. Its action on Leishmania is attributed to its ability to induce cell death 
through apoptosis and inhibition of cell replication through iron chelation [75–77]. 
Recently, Antwi et al. [78] also suggested that rosmarinic acid exerts an antileish-
manial effect through iron chelation, however, its mechanism of action results in 
morphological alterations and interruption of the parasite cell cycle.

Alkaloids are alkaline compounds and can be classified based on the presence 
and activity of specific amino acids [79]. Many alkaloids have been described as 
having biological activities against Leishmania spp., however, the mechanism of 
action of these compounds is not fully understood. According to Fournet et al. [80] 
alkaloids can inhibit an essential antioxidant enzyme in the parasite, trypanothione 
reductase. Additionally, a study showed that different synthetic quinoline alkaloids 
caused ultrastructural changes in Leishmania, such as loss of cell membrane integ-
rity in the parasites, in addition to inducing apoptosis [81].

Flavonoids, in turn, are a class of natural compounds with several known bio-
logical activities, including anti-Leishmania. Flavonoids subdivide into classes such 
as chalcones, flavones, isoflavones, flavonols and anthocyanidins [82]. Quercetin, 
a flavonol extracted from Kalanchoe pinnata, showed activity against Leishmania 
amazonensis promastigotes [83]. According to the authors, the compound increased 
the levels of reactive oxygen species, causing mitochondrial damage and leading to 
parasite death. Recently, Araújo et al. [84] demonstrated that flavonoids isolated 
from Solanum paludosum had an antiproliferative effect on Leishmania parasites 
inducing cell cycle blockage and autophagy.

In general, plants contain biomolecules with high active potential against 
leishmaniasis. However, the process of discovering these molecules is considered 
complex and time-consuming, since it involves phases such as isolation, identifica-
tion, optimization of their properties and selection of safe and effective compounds 
for drug development [64, 70].

Studies have identified that the expression of miRNAs in different types of 
cancer is specifically regulated by phytochemicals [15]. In the treatment of breast 
cancer, several phytochemicals have been identified as tumor suppressors, directly 
controlling the expression of miRNAs [15–17]. According to Baselga-Escudero et al. 
[85] polyphenols can bind directly to miRNAs and that the chemical structure of 
these compounds influences the expression of miRNAs. Recently, through in vitro 
and in vivo studies, quercetin was able to modulate miRNAs and, consequently, 
suppress oncogenes or stimulate tumor suppressor genes by altering the expression 
of miRNAs [86].

These studies show the importance of natural compounds in the regulation of 
miRNAs and the possible influence of these in their action on diseases. However, 
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it remains unclear whether miRNAs can interact with phytochemicals so that they 
are not absorbed and/or metabolized by the parasites and thus contribute to the 
resistance mechanism of leishmaniasis (Figure 3).

5. Conclusions

In conclusion, miRNAs have a wide range of important biological functions 
for parasites, including leishmaniasis. Although, the role of these structures in 
the development of antiparasitic resistance remains unclear, this work provides 
suggestive information about the strong contribution of miRNAs in this process. 
Furthermore, natural compounds with anti-Leishmania activity may play an impor-
tant role in the regulation of miRNAs, influencing their action on the parasite. 
Therefore, the identification and characterization of specific miRNAs, as well as 
the clarification of their interaction with natural compounds are crucial for under-
standing the resistance mechanism of leishmaniasis.
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Chapter 11

Molecular Informatics of
Trypanothione Reductase of
Leishmania major Reveals Novel
Chromen-2-One Analogues as
Potential Leishmanicides
Samuel K. Kwofie, Gabriel B. Kwarko, Emmanuel Broni,
Michael B. Adinortey and Michael D. Wilson

Abstract

Trypanothione reductase (TR), a flavoprotein oxidoreductase is an important
therapeutic target for leishmaniasis. Ligand-based pharmacophore modelling and
molecular docking were used to predict selective inhibitors against TR. Homology
modelling was employed to generate a three-dimensional structure of Leishmania
major trypanothione reductase (LmTR). A pharmacophore model used to screen a
natural compound library generated 42 hits, which were docked against the LmTR
protein. Compounds with lower binding energies were evaluated via in silico phar-
macological profiling and bioactivity. Four compounds emerged as potential leads
comprising Karatavicinol (7-[(2E,6E,10S)-10,11-dihydroxy-3,7,11-
trimethyldodeca-2,6-dienoxy]chromen-2-one), Marmin (7-[(E,6R)-6,7-dihydroxy-
3,7-dimethyloct-2-enoxy]chromen-2-one), Colladonin (7-[[(4aS)-6-hydroxy-
5,5,8a-trimethyl-2-methylidene-3,4,4a,6,7,8-hexahydro-1H-naphthalen-1-yl]
methoxy]chromen-2-one), and Pectachol (7-[(6-hydroxy-5,5,8a-trimethyl-2-
methylidene-3,4,4a,6,7,8-hexahydro-1H-naphthalen-1-yl)methoxy]-6,8-dimethox-
ychromen-2-one) with good binding energies of �9.4, �9.3, 8.8, and�8.5 kcal/mol,
respectively. These compounds bound effectively to the FAD domain of the protein
with some critical residues including Asp35, Thr51, Lys61, Tyr198, and Asp327.
Furthermore, molecular dynamics simulations and molecular mechanics Poisson-
Boltzmann surface area (MMPBSA) computations corroborated their strong
binding. The compounds were also predicted to possess anti-leishmanial activity.
The molecules serves as templates for the design of potential drug candidates and
can be evaluated in vitro with optimistic results in producing plausible attenuating
infectivity in macrophages.

Keywords: Leishmania, trypanothione reductase, oxidative stress, natural product,
pharmacophore modeling, virtual screening, molecular dynamics
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1. Introduction

Leishmaniasis is a disease caused by a single-cell eukaryotic parasite of the
Leishmania species. This protozoan parasite causes a substantial level of morbidity
and mortality. Leishmania has a digenetic life cycle [1]. In mammals, the parasite
colonizes macrophages, transforming into intracellular amastigotes. The parasite
has an adaptive way to life conditions. The amastigotes tolerate low pH and are
hydrolase resistant [2].

Trypanothione is a major product of the trypanothione biosynthesis pathway in
trypanosomes which is crucial in maintaining cellular redox potential and is essen-
tial for the parasite’s survival. This molecule is catalyzed by so many enzymes for
which Leishmania major trypanothione reductase (LmTR, E.C. 1.6.4.8) plays a crit-
ical role in the biosynthetic pathway. TR reduces trypanothione (T[S]2) to dithiol
(T[SH]2). They catalyze the transfer of electrons from NADPH to their specific
substrate via an FAD prosthetic group [3]. The reduced form is critical in regulating
oxidative stress by reacting with reactive oxygen species (ROS) that are produced
by the macrophage. T[SH]2 is not only needed for detoxification of peroxides but
also required for the synthesis of DNA precursors, homeostasis of ascorbate,
sequestration and export of thiol conjugate [4].

Trypanothione reductase is a member of the disulphide oxidoreductase family of
enzymes. It has an analogue in the human body, glutathione reductase (GR) which
also carries out oxidoreductive reactions. But LmTR does not process GSSG and host
GR does not reduce T[S]2 [5, 6]. The ascribed reasons for targeting LmTR include the
following: (i) trypanothione reductase is a key enzyme in regulating a reducing
environment aiding in disease pathogenesis, (ii) this parasite does not depend on the
host for reduced trypanothione, (iii) it has a less close known homologous protein in
humans; (iv) the availability of template homologs for modeling purpose; and (v)
moreover, in vitro trials have proven LmTR to be a good therapeutic target [7].

Several inhibitors have been screened against this enzyme causing a reduction of
infectivity and decreased capacity of the parasite to survive within intracellular
macrophages. Potent compounds, such as 7-chloro-4-nitro-5-quinazolin-4-
ylsulfanyl-2,1,3-benzothiadia-zole (CNQB) and 4-phenyl-5-(4-nitro-cinnamoyl)-
1,3,4-thiadiazolium-2-phenylamine-chloride (PNTPC) with IC50 values 0.58 and
1.63 μM, respectively have already been tested in an in vitro assay against
trypanothione reductase of trypanosomatids [8, 9].

Computer-aided drug designing is an in-silico approach for drug discovery that
combines computational and pharmaceutical research [10]. This application helps
in spanning the drug discovery pipeline and helps to speed up and rationalize the
drug design process while reducing costs [11]. Ehrlich in 1909 first defined the term
pharmacophore as ‘a molecular framework that carries (phoros) the essential fea-
tures responsible for a drug’s (pharmacon) biological activity [12]. These features
are essential functional groups of atoms in a three-dimensional position that interact
with a receptor. Ligand-based drug design can be performed in association with
molecular docking. These methods can be combined to identify a number of new hit
compounds with potent inhibitory activity and to understand the main interactions
at the binding sites. Appropriate use of these methods can improve the ability to
identify and optimize hits and confirm their potential to serve as scaffolds for
producing new therapeutic agents [13].

Drugs currently used for the treatment of human leishmaniasis are toxic, having
severe adverse reactions which limit their use. Aside this includes, increase in
resistance by the parasite, high cost of available drugs, lack of efficacy against VL
\HIV co-infections with standard chemotherapy, and the development of a single
drug or formulation for all forms of leishmaniasis [14–17]. Therefore, the

198

Leishmaniasis ‐ General Aspects of a Stigmatized Disease



development of novel, effective drugs with reduced side effects, is still a major
priority for health researchers, in spite of many compelling research reports
published on antileishmanial agents in the last 10 years [18]. In this study,
in silico method of identifying leads was used incorporating the knowledge of
pharmacophore and virtual screening to arrive at lead molecules. The overall goal
of the study was to predict with high degree potent selective inhibitors of LmTR
from the African Natural Product Database (AfroDb) and North African Natural
Product Database (NANPDB).

2. Materials and methods

2.1 Protein homology modeling

The protein sequence of trypanothione reductase of Leishmania major was
retrieved from the NCBI database with the accession number XP_001687512.1,
having 491 amino acids [19]. Using the Basic Local Alignment Search Tool
(BLAST), the query sequence was compared to known structures which generated
structures similar to LmTR. Modeller 9.20 [20] was used for modeling the structure
of LmTR.

2.2 Active site prediction and quality assessment

To predict the active site, the protein was submitted to CASTp 3.0 [21, 22]. The
predicted active site was corroborated via a blind docking process using AutoDock
Vina within PyRx version 0.9.7 [23, 24]. The active region was confirmed by the
‘Toggle selection of Spheres’ function which highlighted predicted residues from
CASTp 3.0. Binding pocket was also viewed with PyMOL v2.0.0 [25]. The quality of
the modeled protein was assessed by some quality measure tools. This included
PROSA which determines the quality of experimentally solved structures and theo-
retical models in protein engineering by comparing these to that of experimentally
solved protein structures in the PDB database [26]. Verify3D was used to validate the
three-dimensional structure of the model [27]. PROCHECK, a quality assessment tool
was also used to check the stereochemical properties of the model by generating a
Ramachandran plot [28]. ProQ was also used to carry out further validation. ProQ
predicted protein quality based on the LGscore and MaxSub scores [29].

2.3 Energy minimization of protein target

The modeled LmTR was energy minimized using GROMACS 5.1.1 [30, 31].
Simulations were performed with the force field, GROMOS96 43a1. The system was
solvated using an equilibrated SPCE216 water model. The charged protein had a net
charge of �9 which was neutralized with an equal amount of Na+ ions. Energy
minimization of the protein was then carried out.

2.4 Pharmacophore modeling and screening

2.4.1 Pharmacophore generation

Pharmacophore model, virtual screening, and molecular docking studies were
performed to find novel LmTR inhibitors. The ligand-based structural design
incorporates the absence of the macromolecular structure by generating
pharmacophore models from a set of ligands. This method takes advantage of the
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conformational flexibility of the ligands [32]. The active compounds, CNQB and
PNTPC were retrieved with IDs CID1323435 and CHEMBL242165 from PubChem
(https://pubchem.ncbi.nlm.nih.gov)and CHEMBL (https://www.ebi.ac.uk/chembl)
[33, 34], respectively and were used to generate the pharmacophore. These ligands
served as a training set for pharmacophore generation. All customized settings were
kept in default.

2.4.2 Library preparation and pharmacophore validation

LigandScout 4.3 was used for screening a total of 5813 compounds including 885
AfroDb entries found in ZINC database [35] and 4928 NANPDB compounds [36].
The two actives were converted to SMILES format and submitted to the Directory
of useful decoys and enhanced (DUD-E) database to generate decoys for the
screening [37]. A total of 100 decoys were generated and used as a decoy library.
The libraries were then converted into a .ldb file format. The reliability of the
pharmacophore model was validated by the area under the receiver operating
characteristic (ROC) curve (AUC) [38] using two descriptors, selectivity and
sensitivity.

2.4.3 Screening with pharmacophore

LigandScout 4.3 allows in-silico screening of compound libraries using
pharmacophore models as filter criteria. Database of active ligands was selected and
marked in green with decoys marked in red. The screening process was initiated to
generate hits corresponding to the pharmacophore model. These compounds were
saved in an “sdf” file format to be used in the docking process.

2.5 Molecular docking

2.5.1 Docking of LmTR

The generated hit compounds were uploaded into PyRx (Version 0.9.6) [23].
The energy of the ligands was minimized using Universal Force Field (UFF) option
in Open Babel incorporated in PyRx prior to docking. This was done to obtain 3D
ligand structures which constitute atomic elements that have proper bond lengths
between their atoms [39]. Ligands were converted to PDBQT format using
AutoDock Vina embedded in the PyRx. Predicted active site residues were selected
within a grid box of dimensions X: 42.39 Å, Y: 35.47 Å, and Z: 31.05.14 Å; and centre
X: 28.58 Å, Y: 57.09 Å, and Z: �2.24 Å within the AutoDock Vina environment of
PyRx for docking process.

2.5.2 Docking validation with AUC

Validation of the algorithm used for the docking process was carried out by
generating an AUC plot. Decoys of five known inhibitors in complex with
Leishmania trypanothione reductase of several species of Leishmania which
included 2,3,4,6-tetra-O-acetyl-1-thio-beta-beta-D-glucopyranose (Auranofin); 4-
[[1-(4-ethylphenyl)-2-methyl-5-(4-methylsulfonylphenyl)pyrrol-3-yl]methyl]
thiomorpholine (CHEMBL1277380); 6-sec-butoxy-2-[(3-chlorophenyl)sulfanyl]-4-
pyramidinamine (RDS); 2-(diethylamino)ethyl4-((3-(4-nitrophenyl)-3-oxopropyl)
amino)benzoate (ZINC8782981); {N}-(4-azanylbutyl)- � {N}-(2-azanyl-
2-oxidanylidene-ethyl)-7-(3-azanyl-3-oxidanylidene-propyl)-4-(dimethylamino)-
2-(2-naphthal en-2-ylethylamino)pyrrolo[2,3-d]pyrimidine-6-carboxamide (H6H)
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were retrieved from DUD-E to generate an AUC curve. The result was correlated
and plotted using their respective binding energies as the only variable via easyROC
(Ver. 1.3) [40].

2.5.3 Docking validation via superimposition and alignment

Superimposition of the crystallographic ligand and re-docking poses was used as
a means of validating docking. The five crystallographic ligands in complex with
Leishmania trypanothione reductase were removed from the co-crystallized com-
plex and re-docked. The pdb files of the re-docked complex were uploaded into
PyMOL together with the solved complex from the Protein Data Bank. LigAlign
[41] was then used to calculate the root mean square deviation between the
superimposed re-docked and co-crystalized ligands. Superimposition also allowed
the identification of critical overlapping residues via LigPlot+. The FAD molecule
from the template selected for modeling (PDB ID: 2JK6) was also extracted and
docked in LmTR. A comparative study of the original FAD-2JK6 complex and
FAD-LmTR complex was done using LigPlot+.

2.6 Identification of lead compounds

To identify lead compounds the binding energy, molecular bond interactions,
pharmacological, and physiochemical properties were considered. This step helped
to filter generalized hit compounds. These compounds in SMILES format were
submitted to SwissADME [42], which calculates the corresponding ADME
(absorption, distribution, metabolism, and excretion) properties of the compounds.
Hydrogen bond interactions of the ligand–protein complexes were studied using
LigPlot+ and PyMOL.

The hit compounds were physiochemically profiled to identify their drug-
likeness and solubility in water. Lipinski’s rule of 5 was used as a metric to narrow
down druggable compounds [43]. Pharmacokinetic properties of predicted
compounds were determined in silico. This included cytochrome inhibition,
P-glycoprotein (P-gp) substrates, gastrointestinal (GI) absorption, and the blood–
brain barrier (BBB) permeant.

2.7 Prediction of activity spectra for substances (PASS) for leads

PASS assesses the probability that a compound has a suspected biological activity
[44]. It has been well known that each substance has a wide spectrum of biological
activities as evident from some new uses of many old drugs. The SMILES format of
the leads were submitted to Way2Drug.com [45] to predict possible biological
activity.

2.8 Molecular dynamics simulation and MM-PBSA calculation of
protein–ligand complexes

By employing GROMACS 2018 [31], the chain A of LmTR and the LmTR–ligand
complexes were subjected to molecular dynamics simulations. Ligand topologies
were generated via PRODRG which were converted to .gro files. Solvation of each
of the protein–ligand complexes in a dodecahedron box was followed by neutrali-
zation of the output with sodium and chlorine ions. Each complex was minimized
using the steepest descent algorithm coupled with the GROMOS43A force field.
Equilibration protocol was carried out to restrain and relax protein–ligand positions.
The MD production run was carried out for 100 ns. The output file was used in
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downstream processes to generate root mean-square deviation (RMSD), root
mean-square fluctuation (RMSF) and radius of gyration (Rg) plots with Xmgrace
(https://plasma-gate.weizmann.ac.il/Grace/). Molecular mechanics Poisson–
Boltzmann surface area (MM-PBSA) was employed in calculating the free energies
of the complexes. MM-PBSA was carried out using g_mmpbsa, which calculates
binding energy components and the per-residue energy decomposition [46].
Graphs were generated using R-programming showing energy interactions.

3. Results and discussion

3.1 Homology modeling

L. major trypanothione reductase was modeled with an appreciable degree of
accuracy and validated via several bioinformatics tools (Figure 1A). The protein
sequence of L. major with the accession number XP_001687512.1, having 491 amino
acids when searched amongst protein homologs in NCBI resulted in a list of similar
structures with PDB codes 2JK6, 2X50, 6ER5, 1FEA from Leishmania infantum with
their respective percentage identity of 95.72, 95.71, 95.70, and 78.78%, respectively.
The similarity of structure and sequence between LmTR protein sequence and the
template 2JK6 was 95.72%. This favored its selection for the modeling process. The
best model selection was based on the least discrete optimization potential energy
(DOPE) score which informs about the energy of the protein.

3.2 Active site prediction

In predicting the active site of the protein, results obtained showed 73 binding
pockets. Several pockets were identified but the pocket with the largest volume and
surface area of 595.278 Å3 and 924.887 Å2, respectively was selected. Larger pockets
favor conformational rotation during virtual screening. A total of 80 amino acid
active site residues were predicted from CASTp 3.0 (Table A1). The predicted
binding site was visualized using PyMOL (Figure 1B).

Figure 1.
(a) 3D structure of modeled protein in cartoon representation. A monomer of LmTR with alpha helices
represented in red, the beta sheets in yellow and the loops in green. (b) Surface representation of the LmTR.
Active site (in red) is the FAD binding region.
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The predicted active site was finally confirmed to be FAD binding site. TR
has been studied to be a homodimer protein constituting FAD-binding,
NADPH-binding, central, and interface domains [5]. The predicted site was
concluded to be an FAD site in LmTR by comparative studies between the
FAD-2JK6 and FAD-LmTR complexes (Figure A1-A). The study showed
common hydrogen bonding residues including Ser14, Gly15, Arg287, and
Thr335 interacting with FAD. These residues correlate with that which was
predicted by CASTp 3.0 including other several common residues participating in
hydrophobic interactions such as Gly13, Asp35, Ala46, Gly50, Thr51, and Cys52
(Figure A1-A).

3.3 Structural validation and quality prediction

PROSA was used to determine the quality of the structure by comparing it to
protein structures that are experimentally solved in the PDB database. It validated the
model based on the “quality score or z-score” with a value of �11.68. The z-score
shows whether the predicted model is of X-ray or NMR quality with regards to the
amino acid residues length. This z-score value showed that the modeled protein
fell in the range of proteins solved experimentally by X-ray crystallography
(Figure A2-A). Verify3D validated the 3D structure of the model. A good 3D struc-
ture is expected to have at least 80% of its amino acids to have scored greater than or
equal to 0.2 in a 3D/1D profile. This model passed with an appreciable result of
91.65% of residues having a score greater or equal to 0.2 (Figure A2-B). Further
validation with PROCHECK resulted in the generation of a Ramachandran plot
(Figure A3). The plot described the rotations of the polypeptide backbone around the
bonds between N-Cα (Phi, φ) and Cα-C (Psi, ψ). The plot allowed the viewing of the
distribution of these torsional angles taking into consideration the allowed rotations
and rotations that are unfavored which can result in a collision or steric hindrance. A
protein with 90% of its residues in the most favorable region is considered a good
model. ProQ predicted the quality of protein based on the MaxSub and LGscore
scores [29]. The predicted LG score was 6.447 and MaxSub score was 0.520. LGscore
>4 implied that the model was extremely good. Also, a MaxSub score > 0.5 implied
that the model was very good [47].

3.4 Pharmacophore modeling

The active ligands used as training sets to develop a pharmacophore allowed
features similar to the two compounds to be identified and combined into a single
geometric function as the basis for the generation of the pharmacophore (Figure 2).
Pharmacophore generated utilized features that contributed regions of hydropho-
bicity and hydrogen bond acceptors incorporated in the model for selective screen-
ing. The oxygen from nitrogen dioxide contributed to hydrogen bond acceptors
with aromatic and alkene groups contributing to the hydrophobic region
(Figure A4). A number of 10 hypotheses were developed for the model. The best
hypothesis with a similarity of 58.12% had a score of 0.8537 and was selected based
on the AUC score of 0.99 generated by LigandScout (Figure A5-A). The AUC score
was used as a metric to validate how best the pharmacophore model created could
distinguish rightly between active compounds and decoys. This intends to reduce
false positives and negatives during the screening process.

The screening process was successfully completed with the model which identi-
fied 42 compounds that matched the pharmacophore model with a pharmacophore
fit score ranging from 55.32 to 57.98 (Table A2).
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3.5 Docking validation

The docking system was validated using the five inhibitors and 250 decoys
generated with DUD-E and further used their binding energies to plot an AUC with
a value of 0.702 (Figure A5-B). AUC value of 1.0 verifies that the prediction of hits
obtained from the hypothesis is perfect whereas values of 0.5 and less than 0.70
imply average and moderate random selection respectively [48].

Furthermore, the validation of the molecular docking was also undertaken by
aligning the re-docked ligands with their respective co-crystallized complexes taken
from PDB. The RMSD values of the alignment between the re-docked ligands and
the co-crystalized ligands in complexes of 2YAU, 4APN, 5EBK, 6ER5, 6I7N were
1.483, 3.020, 1.920, 2.712, and 2.465 Å, respectively. Only two of the RMSD values
(5EBK and 2YAU) of the alignments were below 2.0 Å, which is considered the
threshold for good alignment.

Superimposition also validated the accuracy of docking at the predicted active
site. The FAD molecule from the template selected for modeling, 2JK6 when
extracted and docked in LmTR, showed similar surrounding residues in the pocket
of FAD-2JK6 and FAD-LmTR complex. Ligand alignment of these two complexes
gave an RMSD of 3.291 Å which is above the expected threshold. Nonetheless, the
FAD-LmTR docking simulated a pose that showed common residues such as Ser14,
Gly15, Arg287, and Thr335 taking part in hydrogen bonding in these complexes
(Figure A1). All these verified that the docking system performed very well in
docking ligands to the active site.

3.6 Virtual screening of pharmacophore hits

When docking validation was verified, molecular docking was carried out.
Molecular docking predicted various conformations of each ligand in the binding
site of the LmTR. Compounds were selected based on their binding energies. The
binding energies gave a theoretical value that relates the affinity of the ligand to the
protein model. The results of the respective pharmacophore fit scores and binding
energies are well documented (Table A2). The 42 compounds obtained were

Figure 2.
2D structure of PNTPC (left) and CNQB (right) showing shared features. PNTPC and CNQB showed two
hydrogen bond acceptors. Both compounds had an aromatic ring as a common feature. These served as active
ligand for the training set.
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narrowed down to 11 by considering their binding energies and pharmacophore fit
scores (Table 1). With respect to these studies to find inhibitors of the FAD binding
site for which FAD is a prosthetic group that already binds tightly to the catalytic
site, it was reasonable to select the compounds with binding energies below
�9.0 kcal/mol or relatively closer to �9.0 kcal/mol which can provide a plausible
binding advantage when acting as inhibitors at the site. The compound
ZINC95486081 had the lowest binding energy of �9.8 kcal/mol and the highest was
observed from evoxine as �6.2 kcal/mol (Table A2).

Predicted ligands Pharmacophore
fit score

Binding energy/
(kcal/mol)

Hydrogen
bond Residues
and length (Å)

Hydrophobic bond
interacting residues

ZINC95486081 55.95 �9.8 Lys60 (2.92)
Ser178 (2.87)

Gly13, Gly15, Asp32,
Ala46, Thr51, Cys52, Val55,
Gly56, Ala159, Thr160,
Tyr198, Arg287, Asp327,
Met333, Leu334, Thr335

MTPA 56.37 �9.4 Thr51 (3.12)
Thr293 (2.89)
Asp327 (3.13)
Ser14 (3.17)

Gly11, Gly13, Gly15,
Asp32, Val36, Ala46,
Gly50, Cys52, Val55,

Gly56, Ala159, Thr160,
Tyr198, Arg287, Met333,

Leu334, Thr335

Karatavicinol 56.5 �9.4 Thr51 (3.28)
Arg287 (3.00)
Thr293 (3.01,

2.97)
Asp327 (2.82)

Ser14, Gly11, Gly13,
Val34, Asp35, Val36,
Gly50, Cys52, Ala46,

Phe126, Gly127, Ala159,
Thr160, Gly161, Tyr198,
Arg290, Met333, Ala338

Taccalin 56.42 �9.4 Ser14 (3.21)
Ala365 (3.25)

Gly13, Thr51, Cys52
Gly56, Cys57, Lys60,
Gly161, Ile199, Thr198,
Gly326, Met333, Leu334,

Thr335, Ala338

Marmin 56.18 �9.3 Val34 (3.17)
Thr51 (2.99,

3.04)
Thr160 (2.83)
Thr335 (2.87)

Leu10, Gly11, Gly13,
Ser14, Asp35, Ala46 Gly50,
Cys52, Gly127, Ala159,
Gly161, Arg290, Leu294,
Ala327, Leu334, Ala338

13-Hydroxyfeselol 55.62 �9.1 Val362 (2.79)
Thr374 (2.85)
Gly376 (3.20,

3.26)

Lys60, Thr198, Gly229,
Phe230, Gly326, Leu334,

Cys364, Ala365

Betaxanthin 57.51 �8.9 Ser14 (2.85)
Cys52 (3.03)
Gly127 (3.03,
3.22, 3.30)
Thr335

Gly11, Gly13, Val34,
Asp35, Val36, Gly50,
Cys52, Ala46, Phe126,
Ala159, Thr160, Gly161,
Tyr198, Arg290, Asp327

Met333, Ala338

Colladonin 55.90 �8.8 Asn330 (2.85) Lys60, Gly197, Tyr198,
Tyr221, Arg287, Phe230,

Leu334, Ala365

Feselol 55.63 �8.8 Asn330 (2.87) Lys60, Gly197, Tyr198,
Tyr221, Arg287, Phe230,

Leu334, Ala365
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3.7 Protein–ligand interaction

Molecular interaction studies are important for understanding the mechanism of
biological regulation at the molecular level and as such also provides a theoretical
basis for drug design and discovery [49, 50]. Hydrogen and hydrophobic interac-
tions are key players in stabilizing energetically favored ligands, in an open confor-
mational environment of protein structures [29]. The intermolecular interaction
and bond lengths of these 11 compounds were observed. The compound which
showed the highest binding affinity, ZINC95486081 formed two hydrogen bonds
with residues Lys60 and Ser178 with respective bond lengths of 2.92 Å and 2.87 Å.
Five compounds including MTPA, Karatavicinol, Marmin, Betaxanthin and
ZINC38658035 had four residues as the highest number of residues partaking in
hydrogen bonding. MTPA formed hydrogen bonds with residues Thr51, Thr293,
Asp327, and Ser14. Karatavicinol on the other hand formed hydrogen bonds with
Thr51, Arg287, Thr293, and Asp327 (Figure A6-A). Marmin formed hydrogen
bonds with Val34, Thr51, Thr160, and Thr335 (Figure A6-B). Betaxanthin also
bonded with Ser14, Cys52, Gly127, and Thr335. Finally, ZINC38658035 formed
hydrogen bonds with Tyr198, Val362, Tyr374, and Gly376. The compound 13-
hydroxyfeselol was the only hit that formed three hydrogen bonds with Val362,
Thr374, and Gly376. Taccalin and Pectachol formed only two hydrogen bonds with
Ser14 and Ala365. On the other hand, Colladonin and Feselol formed the least
hydrogen bond residues with Asn330. The shortest bond length of 2.83 Å was

Predicted ligands Pharmacophore
fit score

Binding energy/
(kcal/mol)

Hydrogen
bond Residues
and length (Å)

Hydrophobic bond
interacting residues

ZINC38658035 55.95 �8.7 Tyr198 (3.31)
Val362 (2.92)
Tyr374 (3.30)
Gly376 (2.86,

3.05)

Ile199, Phe230, Gly286
Arg287, Met333, Leu334,

Cys364, Cys375

Pectachol 57.18 �8.5 Lys60 (2.93)
Gly376 (3.11)

Tyr198, Gly229, Phe230,
Val332, Met333, Leu334,
Ala365, Val362, Cys364,

Val366, Phe367

FAD molecule and inhibitors from 6ER5 and 4APN

ZINC8782981 _ �7.2 Lys60 (3.12)
Arg287 (3.08)

Cys52, Cys57, Tyr198,
Gly229, Phe230, Val332,
Met333, Leu334, Ala365,

Val362, Cys364

CHEMBL1277380 _ �8.2 Lys60 (2.89) Tyr198, Gly229, Phe230,
Val332, Met333, Leu334,
Ala365, Val362, Gly376

FAD _ �9.0 Ser14 (3.11)
Gly15 (2.96)
Ala159 (2.97)
Tyr198 (2.87)
Arg287 (2.75)
Met333 (2.78)

Thr335
(2.88, 3.31)

Gly13, Gly50, Thr51,
Cys52, Ser162, Gly197,
Gly229, Phe230, Asp327,

Leu334, Ala338

Table 1.
The table shows parameters involved in the selection of lead compounds. This included pharmacophore fit score,
the binding energy and the number of hydrogen and hydrophobic bond interacting residues.
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exhibited by Marmin with Thr160. Betaxanthin showed the highest pharmacophore
fit score of 57.51 followed by Pectachol (57.18). 13-Hydroxyfeselol showed the
lowest fit score of 55.62.

3.8 Pharmacological profiling

To identify lead compounds, the binding energy, molecular bond interactions,
pharmacological, and physiochemical properties were considered. This step helped
to filter generalized hit compounds. The top 11 compounds were profiled in silico to
characterize compounds with drug-likeness and good water solubility. Lipinski’s
rule of 5 was used as a metric to narrow down druggable compounds. The rule
factors in the compound’s molecular weight which should not exceed 500 g/mol,
hydrogen bond donors must not be more than 5, log-p value must be less than or
equal to 5 and hydrogen bond acceptors must not be more than 10. All the 11
top hits passed Lipinski’s rule of 5 with a good bioavailability score of 0.55
(Table A3).

3.9 Pharmacokinetic properties

Further filtering analysis subjected all 11 pharmacophore hits to pharmacokinet-
ics profiling taking into consideration parameters such as gastrointestinal (GI)
absorption, blood–brain barrier (BBB) permeation, the permeability of glycoprotein
(Pgp), and cytochrome P450 (CYP). Physical parameters such as drug solubility
may affect oral bioavailability but in most cases, the major determining factors are
likely to be metabolism by CYP and absorption at the intestinal level [51]. CYP3A4
has been known to be responsible for the metabolism of about 50% of all drugs [52]
and therefore inhibition of cytochrome can affect oxidation of substrates in cells.
Absorption of drugs in the intestine if found high favors the efficacy of the com-
pound as a drug. Multi-drug resistance transporters, such as P-glycoproteins, are
essential for many cellular processes that require the transport of substrates across
cell membranes [53]. Compounds that are P-gp substrates may face continual efflux
which can affect the efficacy of drugs. The blood–brain barrier (BBB) prevents the
brain uptake of most pharmaceuticals [54]. This is a disadvantage to neurological
diseases but would be of merit since the disease of study is not related to the brain.
Compounds that cross the blood–brain barrier may elucidate unwanted biological
activities that could be dangerous to health. Therefore, the negative inference would
be good for the compound. ZINC95486081 was predicted to show inhibition to
three CYP isoenzymes. Karatavicinol, ZINC38658035, and Marmin excelled with an
appreciable result (Table A4). For the purpose of narrowing down leads with
potential for further computational analysis, compounds with low gastrointestinal
absorption were side-lined. This included Taccalin and Betaxanthin.

3.10 Prediction activity spectra for substance (PASS)

The biological activity of the selected drug-like candidates was then evaluated
using PASS. It is well known that each substance has a wide spectrum of
biological activities as evident from some new uses of many old drugs. This allows
the tool to utilize this information to predict biological activities based on their
probable activity (Pa) and probable inactivity (Pi). When Pa is greater than Pi
(Pa > Pi), the compound is likely to possess the predicted biological activity
[55, 56]. PASS predicted Karatavicinol, Marmin, Colladonin and Pectachol to be
potential antileishmanial agents (Table A5). Colladonin showed the highest Pa of
0.768 and Pi of 0.006 followed by Taccalin (Pa of 0.711 and Pi of 0.009) and
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Pectachol with a Pa of 0.694 and Pi of 0.009. Betaxanthin had no prediction as an
antileishmanial agent.

3.11 Selection of lead compounds for MD and MM-PBSA analysis

The various lead compounds were considered for selection based on the criteria
above. ZINC95486081 and MTPA compound although had high binding energy
trailed in pharmacokinetic properties and showed Pa less than 0.500. We elimi-
nated Taccalin and Betaxanthin because of their low GI absorption and low Pa
values (Tables A3 and A4). Compounds predicted with good probable activity for
antileishmanial activities included Karatavicinol, Taccalin, Marmin, 13-
hydroxyfeselol, Colladonin, Feselol and Pectachol. A literature search revealed
Feselol to have antiprotozoal activity against Trypanosoma brucei (IC50 8.1 μM),
Trypanosoma cruzi (IC50 8.6 μM), and Leishmania infantum (IC50 6.8 μM). Similarly,
100R-karatavacinol has presented activity against T. brucei (IC50 32.4 μM),T. cruzi
(IC50 9.4 μM), and L. infantum (IC50 32.4 μM) [57]. That of Feselol and
hydroxyfeselol was eliminated because it had been worked on experimentally and
also extracts from Ferula genus which is known to exhibit antiviral, antibacterial,
and antileishmanial properties [58]. Marmin and Pectachol presented optimistic
potential to look into. The high number of hydrogen bonds and binding energy
allowed for the inclusion of Karatavicinol in the MM-PBSA to observe their stabili-
zation with this protein target. Also, the high prediction of Colladonin as a com-
pound with probable activity also increased the chance of this compound for MM-
PBSA analysis. Therefore, Marmin Pectachol, Karatavicinol, and Colladonin were
considered for further analysis in molecular dynamics.

3.12 Molecular dynamic simulation of protein–ligand complex

Molecular dynamics simulation allowed the early view of proteins as relatively rigid
structures to be replaced by a dynamicmodel in which the internal motions and
resulting conformational changes play an essential role in its function [59]. An RMSD
plot generated aftermolecular dynamics simulation showed a deviation of about 0.25 Å
(FigureA7). Further scrutinizedwithmolecular dynamics simulations gave the protein
a dynamic dimension to its 3D structural formproducing a realistic environment for the
ligand interactions that were carried out in the docking process.

Molecular dynamics simulations can also capture a wide variety of important
biomolecular processes, including conformational change, ligand binding, and protein
folding [60]. The stability of docked protein–ligand complexes was determined by
their (RMSD) plots generated from the MD simulation output file. The backbones of
the four complexes were observed to be stable over time (Figure 3). The fluctuations
of the protein–ligand complexes were analyzed within the system to check for move-
ment and structural stability during the course of the simulation. These movements
and stability are significant for the complex functioning inside living systems. The
backbone of the LmTR-ZINC8782981 complex showed the greatest stability with an
average RMSD of 0.25 nm amongst all the complexes. The LmTR-CHEMBL1277380
complex was fairly stable with RMSD of 0.4 nm. Amongst the four leads, Pectachol
was found with the lowest RMSD of 0.3 nm. In terms of stability, the compound
Marmin and Colladonin proved to be very much stable around 0.73 nm over the
production time of 100 ns. The RMSD of Karatavicinol was observed to show stability
from 0 to 60 ns and increased its RMSD to 0.5 nm from 60 to 100 ns.

The flexibility of residues contribution by the LmTR was assessed by the root
mean square fluctuation (RMSF). RMSF indicates the flexibility of different regions
of a protein, which can be related to crystallographic B factors [61]. The results of
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the RMSF plots showed consistency for the docked complexes (Figure A8). The
highest fluctuations exhibited was observed around residue numbers 70–90, with
Karatavicinol and CHEMBL1277380 showing higher fluctuation levels followed by
ZINC8782981 and Marmin complexes. Other regions where good fluctuations were
observed include residues between 395 and 410 and 465–480. Overall, Marmin
showed more fluctuations around most residues with a distinct difference at residue
numbers 260 and 310.

The compactness of the complexes over simulation time is determined by the
Rg. If a protein is folded well, it will likely maintain a relatively steady value of Rg,
whereas its value will change over time if the protein unfolds [62]. Rg values of all
complexes indicated stable complexes over 100 ns (Figure A9). The Rg graph
showed most compounds experienced a fairly stable Rg. Marmin experienced the
lowest Rg value around 2.33 nm compared to other complexes. This was followed by
Colladonin, Pectachol and Karatavicinol with Rg values of 2.37, 2.42, and 2.45 nm,
respectively. Between the known inhibitors, CHEMBL1277380 was observed to
have an average Rg value of 2.46 nm whilst ZINC8782981 showed the average
highest value of around 2.5 nm. Inferring from the Rg graph, the compactness of the
LmTR–Marmin, –Colladonin and –Pectachol complexes were maintained after
complex formation.

3.13 Evaluation of leads using MM-PBSA

MM-PBSA was employed to calculate free binding energies by per-residue
decomposition of the protein complexes. At a quantitative level, simulation-based
methods provide substantially more accurate estimates of ligand binding affinities
(free energies) than other computational approaches such as docking [63]. Residues
contributing binding free energy greater than 5 kJ/mol or less than �5 kJ/mol are
considered critical for binding of a ligand to a protein [64]. MM-PBSA results
showed only Asp327 amongst the hydrogen bonding residues of Karatavicinol to
contribute a per residue decomposition energy of 13.65 kJ/mol. Amino acid residue
Asp35 (21.89 kJ/mol) was observed with such greater contribution (Figure A10).
The complex of LmTR–Marmin also showed surrounding hydrophobic residues
Asp35 (�8.62 kJ/mol), Ala46 (�7.65 kJ/mol), Arg290 (8.83 kJ/mol), and Glu141

Figure 3.
RMSD values of the LmTR-ligand complexes of the four leads (Karatavicinol, Marmin, Pectachol, and
Colladonin) and the two known inhibitors after 100 ns. The complexes in the graph are color coded.
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(�5.12 kJ/mol) with their energy decomposition to be greater than 5 kJ/mol and less
than �5 kJ/mol. The only hydrogen bonding residue that showed a relevant contri-
bution of energy decomposition was Thr51 (�16.36 kJ/mol) (Figure 4). Hydropho-
bic amino acid residues Lys61 (�5.16 kJ/mol), Tyr198 (�11.29 kJ/mol), Asp327
(5.56 kJ/mol), and Arg331 (6.38 kJ/mol) showed relevant contribution to the total
binding energy of the LmTR–Colladonin complex (Figure A11). Moreover, only
hydrogen bonding residue Lys60 (13.32 kJ/mol) in LmTR–Pectachol complex
showed to be a critical residue in binding. Other surrounding residues contributed
substantially to the per residue energy decomposition in the LmTR–Pectachol com-
plex. This included Lys61 (�10.97 kJ/mol), Arg287 (�6.91 kJ/mol), Asp327
(9.30 kJ/mol), Met333 (�6.72 kJ/mol), Leu334 (�8.91 kJ/mol), Lys361 (6.46 kJ/
mol), and Cys364 (�6.07 kJ/mol) (Figure A12). Deducing from the substantial
contribution of energy per decomposition of residues, we propose Asp35, Thr51,
Lys61, Tyr198, and Asp327 to be critical in intermolecular bonding and stabilization
of ligands at the FAD active site.

3.14 Other energy terms

Van der Waals forces, electrostatic and polar solvation energies, and SASA are
relevant energy terms contributing to the overall free binding energy of the com-
plex. The van der Waals energy refers to the weak attraction existing between the
intermolecular forces. The van der Waals energy observed in our study showed
Karatavicinol and CHEMBL1277380 to have the lowest and highest energy of
�228.565 and � 171.823 kJ/mol, respectively. Colladonin, Marmin, and Pectachol
also showed relatively low van der Waals energy of �189.289, �189.229,
and � 209.538 kJ/mol, respectively as compared with ZINC8782981 with
�222.123 kJ/mol. Electrostatic energy refers to the potential energy of a system
consisting of different electric charges [65–67]. The lowest electrostatic energy was
exhibited by Marmin (�386.401 kJ/mol) followed by Pectachol (�286.260 kJ/mol),
and Colladonin (�249.067 kJ/mol). Karatavicinol and the other two inhibitors were
observed with high electrostatic energy (Table 2). Some studies have observed that

Figure 4.
MM-PBSA plot of the binding free energy decomposition contribution per residue of LmTR–Marmin complex.
Coded red lines represent surrounding active site amino acid residues.
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van der Waals and electrostatic forces contribute favorably to the energetics of
binding along with simulations that favor the binding of complexes [66, 68].

Polar solvation energy on the other hand refers to the electrostatic interaction
that exists between the solute and the continuum solvent [69]. The highest polar
solvation energy amongst the leads was exhibited by Marmin (484.074 kJ/mol) and
the lowest by Karatavicinol (227.483 kJ/mol). Solvent accessible surface area
(SASA) energy was calculated after MD. This represents the non-polar solvation
energy [69]. This energy measures the interactions that exist between the complex
and the solvents. Amongst the leads, Karatavicinol obtained the lowest SASA energy
followed by Pectachol, Colladonin, and Marmin (Table 2). Relative to these were
the low SASA energies of the inhibitors ZINC8782981 and CHEMBL1277380.

The total contribution of these energies enabled the final estimation of the free
binding energies in the complexes (Table 2). The lowest free binding energy con-
tributing to more stability of the protein–ligand complex was observed by Marmin
(�109.114 kJ/mol). Next amongst the four complexes was Pectachol (�63.487),
followed by Karatavicinol (�57.644 kJ/mol), and Colladonin (�48.936 kJ/mol). The
low binding energy of Marmin was much closer to that of CHEMBL1277380
(�111.732 kJ/mol) with that of Pectachol higher than ZINC8782981 (�54.399 kJ/
mol). These energies address the potential of Marmin and Pectachol to bind most
effectively at the active site of LmTR. LmTR–Marmin’s free binding energy corre-
lated with the low binding energy (�9.3 kcal/mol) from docking. That of Pectachol
showed a good free binding energy than that obtained from docking. This was
better than that of Karatavicinol and Colladonin (Table 1).

3.15 Exploring possible implications and structure similarities of predicted leads

Karatavicinol and Marmin had lower binding energies of �9.4 and � 9.3 kcal/
mol, respectively, as compared to Colladonin (�8.5 kcal/mol) and Pectachol
(�8.5 kcal/mol). These binding energies are closer to that of FAD (�9.0 kcal/mol)
for which can possibly compete in binding at the FAD domain. These compounds
were concluded to have drug-likeness by satisfying Lipinski’s rule of 5. They also do
not pass the blood–brain barrier which is good. Also, Marmin and Karatavicinol
checked false for p-glycoprotein substrate. This gives the compounds an advantage
to maintain their concentrations in cellular level to maximize efficacy. Pectachol
and Colladonin however were implicated as P-gp substrates. These predicted pref-
erable properties can favor their lead likeness and chances of going a long way in
experimental studies. The four lead compounds were predicted as antileishmanial
compounds. The four leads are confirmed not to be already existing antileishmanial
drugs by structural similarity searches in www.DrugBank.ca but rather observed to
be analogues of chrome 2-one. In regard to this, studies over the years have however
shown some novel compounds such as 7-{[(2R*)-3,3-dimethyloxiran-2-yl]
methoxy}-8-[(2R*,3R*)-3-isopropenyloxiran-2-yl]-2H-chromen-2-one and 7-
methoxy-8-(4-methyl-3-furyl)-2H-chromen-2-one against Leishmania donovani
with EC50 of 9.9 and 10.5 μg/mL, respectively [70]. These tested compounds with
antileishmanial effect tend to be analogues of chromen-2-one. We emphasize that
Karatavicinol is not a unique lead compound since it has already been experimented
on other Leishmania species excluding L. major [57]. But the study identified it via
these computational processes and therefore would report it as a potential com-
pound against L. major. This augments the fact that the computational drug discov-
ery pipeline has an optimistic potential of yielding good candidates for experimental
work. Colladonin on the other hand is an enantiomer of Feselol for which Feselol is
experimented as an antileishmanial agent [57]. Marmin also holds a very good
potential of being an anti-ulcerative agent [71]. This favors it being a good
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compound for the treatment of cutaneous leishmaniasis. These compounds classi-
fied are coumarins and more other studies have reported good antileishmanial
activities from this class of compounds [72, 73]. This work supports the fact that
Karatavicinol, Marmin, Pectachol and Colladonin may possibly exhibit good
antileishmanial activity if tested in vitro (Table A6).

Further in this study, the interaction of the active site residues with all four lead
compounds showed hydrogen bonding with Val34, Thr51, Lys60, Thr160, Ala159,
Arg287, Thr293, Asp327, Asn330, Thr335, and Gly376 (Table 1). Superimposition
of the docked 2JK6 and co-crystallized revealed common residues such as Ser14,
Gly15, Arg287, and Thr335 (Figure A1). These residues can be observed to be
unique to the FAD domain of LmTR in anchoring the FAD molecule. Comparing
these residues to the hydrogen bonding residues from the four leads shows that
possible interruption of any of these residues can cause conformational changes
which might not favor the selective binding of FAD at its domain. Baiocco et al. in
2009 identified Thr335 of trypanothione reductase at the FAD catalytic site of L.
infantum [74]. They proposed that the FAD molecule binds tightly to the protein
and orients itself towards the hydride transfer region of the active site by hydrogen
bonding with specific residues Lys60, Thr335, and His461. Having observed this,
interrupting one of these residues can potentially inhibit the reduction of T[S]2 by
interfering with the hydride transfer. These compounds can potentially covey a
competitive mode for binding to Thr355 which can affect the hydride transfer
reaction in the active site preventing direct inactivation of trypanothione reductase.
Other studies with quinone derivatives also have identified Thr355 and Ser14 as
unique to the FAD domain of TR [75, 76].

4. Conclusion

Trypanothione reductase has been a well-investigated target essential for
trypanosomatids. Its function in controlling oxidative stress in the parasite provided
an opportunity to target the trypanothione biosynthesis pathway. A total of 11 hit
compounds identified by pharmacophore modeling and virtual screening were
filtered to four potential leads by considering their ADME with their molecular
interactions in LmTR. MM-PBSA enabled the individual computation of active site
residues that contributed significantly to binding. Efficient selective blockade of
LmTR with these four coumarin compounds: Karatavicinol (7-[(2E,6E,10S)-10,11-
dihydroxy-3,7,11-trimethyldodeca-2,6-dienoxy]chromen-2-one), Marmin (7-
[(E,6R)-6,7-dihydroxy-3,7-dimethyloct-2-enoxy]chromen-2-one), Pectachol (7-
[(6-hydroxy-5,5,8a-trimethyl-2-methylidene-3,4,4a,6,7,8-hexahydro-1H-
naphthalen-1-yl)methoxy]-6,8-dimethoxychromen-2-one), and Colladonin (7-
[[(4aS)-6-hydroxy-5,5,8a-trimethyl-2-methylidene-3,4,4a,6,7,8-hexahydro-1H-
naphthalen-1-yl]methoxy]chromen-2-one) hold the potential to compromise the
redox defenses of the parasites by inhibiting the FAD binding region and corre-
spondingly increasing their sensitivity to redox-damage when carried out in in vitro
and in vivo studies. Residues such as Asp35, Thr51, Lys61, Tyr198, and Asp327 are
suspected to have critical role in the anchoring of FAD which contributes to the
formation of reduced T[SH]2 in the reducing environment of amastigotes.
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A. Appendices and nomenclature

Leu10, Gly11, Gly13, Ser14, Gly15, Gly16, Val34, Asp35, Val36, Phe44, Ala46, Ala47, Gly50, Thr51,
Cys52, Val55, Gly56, Cys57, Lys60, Lys61, Gly125, Phe126, Gly127, Ala128, Arg138, Ser140, Glu141,
Pro143, Ala159, Thr160, Gly161, Ser162, Trp163, Pro164, Thr165, Thr177, Ser178, Asn179, Phe182,
Tyr198, Ile199, Glu202, Phe203, Met282, Leu283, Ala284, Ile285, Gly286, Arg287, Arg290, Thr293,
Leu294, Gln295, Ile325, Gly326, Asp327, Val332, Met333, Leu334, Thr335, Pro336, Val337, Ala338,
Ile339, Asn340, Arg355, Thr357, Asp358, His359, Thr360, Lys361,Val362, Ala363, Cys364, Ala365,
Phe367, Pro435, Glu436, Ile438, Gln439, Gly442, Ile443, Lys446

Table A1.
Predicted amino acid residues.

Figure A1.
(a) The Z-score of the modeled LmTR (represented in dot) estimated to be �11.68 which is within the range of
experimentally determined proteins by X ray method. (b) Verify 3D plot of the modeled protein structure,
LmTR. This shows 91.65% of its amino acid residues with an average 3D-1D score greater than or equal to 0.2,
which is a positive inference to the expected 80% of amino acids with 3D-1D score above or equal to 0.2.
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Figure A2.
Ramachandran plot of the modeled LmTR protein structure. The percentage of residues in the most favored
region (red) was 93.6% which is favorable for the protein’s stereochemistry. The percentage of residues in the
allowed region (yellow) was 6%. Only 0.2% of protein residues (Phe45) showed probable stereochemical
hindrance or collision.
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Figure A3.
A 3D geometry of the generated pharmacophore. The nitrogen on the bicyclic ring of CNQB with the oxygen
from the nitro group on its purine ring derivative contributed a hydrogen bond acceptor HBA (red sphere). The
oxygen from the nitrogen dioxide group on the conjugated benzene in addition to the nitrogen on the five-
member ring of PNTPC also contributed to HBA. Both had an aromatic ring (blue ring) as a common feature
(blue ring in yellow 3D sphere) which contributed to hydrophobic interactions and the alkene feature shared
amongst them generated the same hydrophobicity.

Figure A4.
(A) AUC score of 0.99 for the pharmacophore model. Determined at 1, 5, 10, and 100% of the selected
database were the AUC and EF values as shown. The median is shown by dotted lines. If the curve is closer to the
median it would suggest poor model. (B) AUC score of 0.702 generated for validating the docking system used. It
verified the correlation between virtual screening performance and binding site descriptors of protein targets
model (LmTR).
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Figure A5.
(a) 2D schematic diagram of co-crystallized FAD (PDB ID: 2JK6) and FAD docked in LmTR superimposed
together. Similar hydrogen bonding residues include Ser14, Gly15, Arg287, and Thr335. Similar hydrophobic
residues in addition confirm the predicted active site. (b) Ligand alignment of co-crystalized FAD and FAD
docked in LmTR.
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Name P-fit
score

Binding energy
(kcal/mol)

Active/
decoy

Source
database

ZINC95486081 55.95 �9.8 Active AfroDB

(S)-alpha-methoxy-alpha-trifluoromethyl-alpha-
phenylacetate (MTPA)

56.37 �9.4 Active NANPDB

Karatavicinol 56.5 �9.4 Active NANPDB

Taccalin 56.42 �9.4 Active NANPDB

Marmin 56.18 �9.3 Active NANPDB

3-Hydroxyfeselol 55.62 �9.1 Active NANPDB

ZINC95486257 55.9 �9.0 Active AfroDB

Betaxanthin 56.97 �8.9 Active NANPDB

Coladonin 56.58 �8.8 Active NANPDB

Feselol 56.41 �8.8 Active NANPDB

ZINC38658035 55.9 �8.7 Active AfroDB

Pectachol 57.18 �8.5 Active NANPDB

ZINC85967928 55.85 �8.4 Active AfroDB

Polyanthin 56.39 �8.4 Active NANPDB

ZINC95486047 57.98 �8.3 Active AfroDB

40-Methyl gossypetin 56.17 �8.2 Active NANPDB

2-(nonan-8-one)-4-methoxy-quinoline 56.41 �8.2 Active NANPDB

Orientin 55.53 �8.1 Active NANPDB

Kaempferol-3,6-dimethylether-7-glucoside 57.15 �7.8 Active NANPDB

ZINC95486129 56.43 �7.8 Active AfroDB

Ethuliaconyzophenone 56.9 �7.7 Active NANPDB

ZINC95486209 56.55 �7.5 Active AfroDB

(+)-1,2-bis-(4-hydroxy-3-methoxyphenyl)-
propane-1,3-diol [erythro form]

55.9 �7.4 Active NANPDB

4-Hydroxy-20,40-dimethoxy-dihydrochalcone 55.58 �7.4 Active NANPDB

Drimartol A 56.31 �7.4 Active NANPDB

Isoarnottinin-40-O-beta-D-glucoside 55.71 �7.4 Active NANPDB

4-Beta-hydroxy-6alpha-(4-hydroxy-3-
methoxybenzoyl)-7-daucen-9-one

55.93 �7.4 Active NANPDB

ZINC14686464 56.55 �7.4 Active AfroDB

6-(30,40-dimethoxybenzoyl)-jaeschkeanadiol 57.17 �7.3 Active NANPDB

ZINC14887523 56.88 �7.3 Active AfroDB

Orientin-7-methoxide 56.26 �7.2 Active NANPDB

ZINC14444870 56.35 �7.2 Active AfroDB

ZINC14689062 56.5 �7.2 Active AfroDB

1-Dehydrogingerdione 56.05 �7.1 Active NANPDB

Onopordin 56.27 �7.1 Active NANPDB

ZINC95486194 56.79 �7.1 Active AfroDB

Methyl5-(3-4-dihydroxyphenyl)-3-
hydroxypenta-2,4-dienoate

55.32 �7 Active NANPDB
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Figure A6.
2D schematic diagram showing protein-ligands interaction of some leads at the active site of LmTR. (A)
LmTR–Karatavicinol interaction profile, (B) LmTR–Marmin interaction profile, (C) LmTR–Pectachol
interaction profile, and (D) LmTR–Colladonin interaction profile.

Name P-fit
score

Binding energy
(kcal/mol)

Active/
decoy

Source
database

Corniculatusin 56.23 �7 Active NANPDB

3-(10-acetoxygeranyl)-4-acetoxy-p-coumaric acid 56.14 �7 Active NANPDB

ZINC00035526 56.66 �7 Active AfroDB

ZINC00608186 57.08 �6.8 Active AfroDB

Evoxine 57.32 �6.2 Active NANPDB

Table A2.
The 42 hits obtained from pharmacophore screening with their respective pharmacophore fit score, binding
energies, and data sources.
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Compound ZINC
ID/name

Number of
Lipinski’s

rules
violated

MW
(g/mol)

No.
HA

No.
HD

xLogP Water solubility
(mg/mL)

Log S Bio. Sc

ZINC95486081 0 382.45 5 2 4.52 Moderately soluble �5.84 0.55

MTPA 0 470.52 8 0 6.35 Moderately soluble �6.00 0.55

Karatavicinol 0 400.51 5 2 4.66 Moderately soluble �4.85 0.55

Taccalin 0 418.48 9 6 �1.45 Moderately soluble 1.66 0.55

Marmin 0 332.39 5 2 2.81 Soluble �3.52 0.55

13-Hydroxyfeselol 0 400.51 5 2 1.45 Moderately soluble �5.93 0.55

Betaxanthin 0 370.44 8 7 �1.17 Moderately soluble �2.11 0.55

Colladonin 0 384.51 4 1 5.76 Poorly soluble �6.50 0.55

Feselol 0 384.51 4 1 5.76 Poorly soluble �6.5 0.55

ZINC38658035 0 464.63 6 3 �4.47 Soluble �3.28 0.55

Pectachol 0 444.56 6 1 5.70 Poorly soluble �6.70 0.55

All the hits showed good druglikeness. MW, molecular weight; No. HD, number of H-bond donors; Bio Sc,
bioavailability score, No. HA, number of H-bond acceptors.

Table A3.
Physicochemical profiling of the 11 hit compounds.
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Lead compounds Antileishmanial predicted activity

Pa Pi

ZINC95486081 0.224 0.168

MTPA 0.263 0.130

Karatavicinol 0.513 0.021

Taccalin 0.711 0.009

Marmin 0.557 0.024

13-Hydroxyfeselol 0.658 0.030

Betaxanthin — —

Colladonin 0.768 0.006

Feselol 0.768 0.006

ZINC38658035 0.345 0.074

Pectachol 0.694 0.009

Karatavicinol,Taccalin, Marmin, 13-Hydroxyfeselol, Colladonin, Feselol, and Pectachol had a greater positive
prediction above 0.5. If 0.5 < Pa < 0.7, the substance is likely to exhibit activity in experiment, but the probability of
being a known pharmaceutical agent is less.

Table A5.
This table shows the 10 top hit compounds and their predicted antileishmanial activity.

Figure A7.
Root mean square fluctuations of six complexes. The complexes are color coded in the graph. Karatavicinol and
CHEMBL1277380 experienced the highest fluctuation at around residue number 80. Remaining complexes
had similar patterns of fluctuations.
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Figure A8.
The radius of gyration (Rg) plots of seven complexes within 100 ns simulation time. The complexes are
represented in color code in the graph. Marmin showed the most preferentially well folded protein complex with
Rg value of 2.33 nm.

Figure A9.
MM-PBSA plot of the binding free energy decomposition contribution per residue of LmTR–Karatavicinol
complex. Coded red lines represent surrounding active site amino acid residues.
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Figure A10.
MM-PBSA plot of the binding free energy decomposition contribution per residue of LmTR–Pectachol complex.
Coded red lines represent surrounding active site amino acid residues.

Figure A11.
MM-PBSA plot of the binding free energy decomposition contribution per residue of LmTR–Colladonin
complex. Coded red lines represent surrounding active site amino acid residues.
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Figure A12.
Shows a graph of RMSD of the backbone of atoms in nm versus time in nanoseconds (ns). This graph is a
representation of the average distance of the atoms of the residues at the backbone of the target protein. RMSD of
0.25 Å showed deviation from protein backbone.
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A.1 List of abbreviations

ADMET absorption, distribution, metabolism, excretion and toxicity
AUC area under curve
CYP cytochromes P450
DUD-E directory of useful (docking) decoys-enhanced
GROMACS GROningen MAchine for Chemical Simulations
HPC high performance computing
ID identification
Log P logarithm of the octan-1-ol/water partition coefficient
MD molecular dynamics
MM-PBSA molecular mechanics Poisson Boltzmann surface area
Mw molecular weight
P-gp permeability glycoprotein
PASS prediction of activity spectra for substance
PDB Protein Data Bank
Rg radius of gyration
RMSD root mean square deviation
RMSF root mean square fluctuation
ROC receiver operating characteristic
SDF structure data file
SMILES simplified molecular input line entry system
UFF universal force field
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Chapter 12

Plant-Based Alternative Treatment 
for Leishmaniasis: A Neglected 
Tropical Disease
Nargis Shaheen, Chaitenya Verma  
and Naveeda Akhter Qureshi

Abstract

Leishmaniasis is a third most important vector born disease caused by  
intracellular parasite belongs to genus Leishmania. The leishmaniasis is prevalent 
in 102 countries/areas worldwide. Approximately, it effected 350 million people 
worldwide. Leishmaniasis effects developing and undeveloped countries globally. 
Antileishmanial drugs (pentavalent antimonials, stibogluconate, miltefosine, 
paramycin, and amphotericin) are most vital tool for curing leishmaniasis. 
However, none of these drugs is free from side effect including cost, toxicity, drug 
resistance, administration route, and prolong time, these disadvantages are main 
obstacle in the Leishmania infection eradication. Considering the increasing cases of 
leishmaniasis and drug resistance there is an urgent need for an effective and novel 
approach against leishmaniasis. Therefore, many researchers have tried to develop 
new medicines for the treatment of Leishmania infection. In the course of new 
therapies identification, plant based compounds were found to be an alternative 
that can be either used directly or with structural modifications. Several plants have 
been known for ages to be the source of phytochemicals with high values of medi-
cines. These phytochemicals have been extracted by various techniques and have 
shown efficacy for the curing of several diseases. This chapter study explain various 
applications based on green approaches drugs for the treatment of leishmaniasis.

Keywords: leishmaniasis, treatment, nanoparticles, alternative, green approach

1. Introduction

1.1 Leishmaniasis

The neglected tropical diseases (NTDs) are a group of about 17 parasitic  
diseases. The NTDs are prevalent in many tropical and subtropical countries that 
present the most common illness of the poorest people worldwide [1]. Leishmania 
infection constitutes a foremost public health issue with a rising burden over the 
last decade and is the second main cause of disease and death [2]. Leishmaniasis is 
prevalent in 102 countries/areas worldwide [3]. Leishmania infection affects approxi-
mately 1.5–2 million people, while 350 million are at risk of this pathogen [4, 5]. The 
causative agent of leishmaniasis is parasite protozoa of the genus Leishmania and is 
transferred via vector sandfly bite belongs to genus Lutzomyia and Phlebotomus [6].
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Three clinical forms of leishmaniasis have been reported concerning parasite 
location in the infected tissues, that is, visceral leishmaniasis (VL) which is a less 
common type of leishmaniasis and it causes spleen and liver destruction and causes 
death if does not receive timely treatment; cutaneous leishmaniasis (CL), which 
affect only localized skin parts; and mucocutaneous leishmaniasis (MCL), which 
has the ability of mucus tissue destruction [7, 8]. About 0.7–1.2 million CL and 
0.2–0.4 million VL cases are reported annually. Approximately CL cases (90%) are 
spread across three main areas, that is, (a) Syria, Afghanistan, Saudi Arabia, and 
Iran; (b) Tunisia and Algeria; and (c) Peru and Brazil [9, 10]. Annual visceral leish-
maniasis (VL) cases are estimated to be less than 100,000, down from 400,000 in 
previous estimates [11], with more than 95% of cases reported to the World Health 
Organization (WHO) from Brazil, China, Ethiopia, India, Kenya, Nepal, Somalia, 
and Sudan. Currently, 54 Leishmania spp. are known and twenty-one are human’s 
pathogenic [8].

2. Therapeutic approaches and their limitations

Leishmaniasis is one of the most common NTDs, and it comes with a slew 
of negative and life-threatening consequences, including significant morbidity, 
early death, and long-term disability. Treatment entails limiting illness spread and 
utilizing existing criteria, but present medicines, such as chemical pharmaceuticals, 
need long-term treatment, minimal efficacy, and a slew of hazardous side effects. 
Only a few prevention strategies are available, despite the fact that no appropriate 
medications have been produced to prevent the virus, which is widely transmit-
ted among the human population [12]. Some clinically approved medications 
are discovered among them to treat this endemic condition, that is, meglumine 
antimoniate (glucatime), sodium stibogluconate (pentostan), amphotericin B, 
and miltefosine. Excessive use of these chemotherapeutic sources, on the other 
hand, has been linked to antagonistic consequences [13]. As a result, researchers 
are looking for natural ways to treat leishmaniasis. Leishmaniasis treatment using 
chemical-based drugs various pharmacological medications, such as amphotericin 
B, pentamidine, miltefosine, and paromomycin, have been used in the treatment 
of leishmaniasis for numerous years. Due to the time-consuming method and high 
toxicity paired with significant adverse effects, none of the clinically approved 
medications could be considered as the ultimate source of treatment. Furthermore, 
the most commonly used medications do not completely eliminate parasites from all 
afflicted individuals [14]. The applications of several of these drugs, as well as their 
drawbacks, are explained further below. Pentavalent antimonials can be given via 
intravenous, intramuscular, and intralymphatic methods, with an optimum dose of 
20 mg/kg/day (28–30 days) and a potentiality of 35–95%. This medicine can cause 
toxicity such as nephrotoxicity, hepatotoxicity, severe cardiotoxicity, and pancre-
atitis if used excessively [12, 13]. Miltefosine, when given orally, had an inhibitory 
effect on Leishmania growth but also had a negative effect, causing severe infec-
tion symptoms such as nephrotoxicity, teratogenicity, vomiting and diarrhea, and 
hepatotoxicity [15]. Paromomycin, which is also used to treat leishmaniasis, has 
been documented to have several hazardous side effects during treatment, includ-
ing severe nephrotoxicity, hepatotoxicity, and ototoxicity [16]. Pentamidine, at a 
starting dose of 3 mg/kg/day, has the potential to slow Leishmania development 
while also causing significant side effects including as hypotension, hyperglycemia, 
tachycardia, pancreatic damage, and electrocardiographic abnormalities changes 
[14]. Existing chemotherapies have a number of drawbacks, including high cost, 
increased toxicity, and acquired resistance to parasitic strains, as well as other side 
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effects during their prevention mechanism, prompting scientists and medical 
practitioners to develop a new therapeutic system to treat NTDs. Plant extracts, 
bioactive chemicals, and secondary metabolites obtained from specific plant spe-
cies, as well as various types of NPs manufactured using plant extract, have become 
promising as well as safer preventative medicines in recent decades.

3. Natural methods

Plant-based conventional treatments have been employed in the treatment 
of infectious diseases since ancient times. Plant extracts and specific bioactive 
compounds isolated from plants are currently employed as either direct medicinal 
sources or as herbal medications to treat leishmaniasis and other microbiological 
infections [17]. Due to their nontoxic, environmentally friendly, and cost-effective 
features, medicinal plants become more favorable than other chemotherapies. 
Furthermore, natural chemicals derived from plants are regarded as a safe and 
effective treatment for leishmaniasis [18].

The root extract Bidens pilosa has been reported for antileishmanial potential 
against promastigotes of L. amazonensis with IC = 1.5 μg/ml). The Eugenia uniflora 
oil inhibit the growth of promastigotes and amastigotes of L. amazonensis while 
Ageratum conyzoides has been active against amastigots form of Labrus donovani 
[19]. The component of Casearia sylvestris and Melampodium divaricatum has been 
reported against L. amazonensis with IC50 = 10.7 and 14.0 μg/ml [20]. Furthermore, 
the active components 1,8-cineole, -pinene, and p-cymene from Protium altsonii 
and P. hebetatum (Burseraceae) showed dose-dependent amastigote inhibition, with 
IC50 values of 48.4, 37, and 46 g/ml, respectively [21]. The butanol fraction of K. 
odoratissima displayed antileishmanial activities against L. major promastigote and 
amastigote with an IC50 value of 154.1 g/ml [22].

4. Role of plant-based nanoparticles in leishmaniasis treatment

Infectious illness control methods have revolutionized translational sciences, 
allowing for the development of a better infectious disease control approach. 
Nanomedicine has showed tremendous promise in the development of very sensi-
tive diagnostic tools with outstanding medication delivery properties. Nanoparticle-
conjugated medications have recently been examined as a cost-effective, alternative 
therapy with improved efficacy. Toxicity, on the other hand, is a significant impedi-
ment that must be overcome. Several studies have demonstrated that several metal/
metal oxide nanoparticles, as well as the Leishmania causative organism, have 
effective antibacterial effects due to their large surface area and unique character-
istics. Nanoparticles made from crude and various solvent-fractionated extracts 
of medically significant plants are thought to be effective delivery for specific 
phytoconstituents into cells. Keeping in view the effective antimicrobial activities 
of silver metal, silver/silver oxide NPs synthesized using a variety of medicinally 
important plant species, including Mentha arvensis L., Ficus benghalensis, Cuminum 
cyminum, Moringa oleifera, Silybum marianum, and Sechium edule, at a dosage of 
10, 300, 0.5, 246, and 51.88 μg/ml tested against L. tropica, L. donovani, L. major, 
and L. donovani, respectively [23–27]. This condition has also been reported to be 
prevented utilizing gold and silver bimetallic NPs produced from therapeutically 
significant plants [28]. However, Au-NPs derived from Cannabis sativa had excel-
lent antileishmanial activity against amastigote forms (IC50: 171•00± 2•28 μg/ml) 
[25]. The flavonoid 7,8-dihydroxyflavone, which is common in plants used to make 
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gold nanoparticles, has also been shown to prevent leishmaniasis [29]. The cyto-
toxicity of ZnO-NPs against L. tropica was likewise observed to be dose-dependent 
(IC50: 8.30 μg/ml). With an IC50 value of 0.001 mg ml, rod-shaped zinc oxide 
NPs made from Lilium ledebourii tuber extract suppressed the growth of L. major 
[29]. Saleh [30] also found that green TiO2 nanoparticles were efficient in reducing 
L. tropica toxicity in male rats. Hematite (Fe2O3) NPs made from Rhus punjabensis 
extract were found to be effective in the treatment of leishmaniasis [31]. Khalil et al. 
[32] used aqueous leaf extracts of Sageretia thea to make lead oxide NPs (PbO-NPs). 
PbO-NPs were found to be significantly active in stopping the growth of promas-
tigote and amastigotes forms of L. tropica, with IC50 values of 14.7 and 11.95 g/ml, 
respectively. Plant-mediated iron oxide nanoparticles (Trigonella foenum-graecum) 
have been shown to have considerable inhibitory effects on L. tropica [33]. Abbasi  
et al. [34] also indicated that NiO-NPs made from Geranium wallichianum has 
antileishmanial activity against L. tropica.

In addition, the nanostructured drug delivery method has been shown to help 
with NTDs like leishmaniasis. Furthermore, crude plant extracts and specific 
phytoconstituents produced from plants that are involved in the preventative 
mechanism were loaded into the nanostructured drug delivery system and used as a 
therapeutic source to cure leishmaniasis, as shown below:

• Liposome NPs containing phospholipids are used as a transport system for the 
delivery of both hydrophilic and lipophilic medicinal medicines [35]. They give 
superior pharmacokinetic assets as well as target diligence, which is a signifi-
cant benefit [36]. Through phagocytosis, liposomes can spear macrophages 
and transport medications directly to their target areas. Various medication 
formulations, such as AmB colloidal formulations, liposomal AmB, and the 
AmB lipid network, can significantly reduce the toxicity of traditional phar-
maceuticals [20].

• Antileishmanial effects of liposome-encapsulated Curcuma longa and 
Combretum leprosum extracts have also been discovered [37, 38].

• The usage of beta-lapachone isolated from the Lapacho tree and encap-
sulated with lecithin-chitosan NP has been described in the treatment of 
leishmaniasis [20].

• Leishmania has been treated with 8-hydroxyquinoline encapsulated in poly-
meric micelles [39]. Berberin is an isoquinoline alkaloid derived from medici-
nal plants that has been shown to have a variety of biologic features, including 
antileishmanial activity. In VL, a prior study focused on the development of 
BER-loaded liposomes with the goal of preventing rapid liver metabolism and 
improving drug selective delivery to diseased organs [40].

According to the literature review, plant-based nanoparticles play an effective 
function in the treatment of leishmaniasis when compared to other treatments. 
At a far lower concentration than the required dose of Amp B to cure this condi-
tion, phytosynthesized NPs had the same effect on parasite growth suppression. 
Furthermore, green bimetallic nanoparticles such as Au-Ag, Zn-Ag, and Ti-Ag 
were produced and successfully used as a medicinal source to treat leishmaniasis 
[28]. Because of its nontoxic, safe, and efficient vaccine delivery technique, NPs are 
recommended above other medicinal options to treat this dreadful disease. With 
the progress of nanosciences, a new way of producing vaccines employing NPs 
as antigen carriers is now available. Solid lipid nanoparticles may be useful in the 
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development of a leishmanial vaccine [41]. However, no NP-based vaccination is 
currently available, and further research is required.

5. Restorative mechanism of nanoformulations against leishmaniasis

The protozoan parasite Leishmania spp. causes cutaneous and visceral leish-
maniasis. Depending on the immune responses induced by the diseased host, 
several clinical investigations show the development of self-curable to adverse 
situations [42]. Pentavalent antimonials (such as sodium stibogluconate or 
meglumine antimoniate) and other antileishmanial medications (amphotericin 
B, fluconazole, pentamidine, and miltefosine) are the most effective treatments 
for leishmaniasis. However, undesirable effects, high costs, complicated infusion 
routes, low cure rates, and rising resistance are all major concerns when it comes 
to developing more effective leishmaniasis treatments. Furthermore, the efficacy 
of the medicine employed in treatment differs per leishmanial species [28, 40, 42]. 
In self-treatment, phagocytes recognize and devour the causative agents, causing 
Leishmania assassination by releasing reactive oxygen species, nitric oxide, and 
tumor necrosis factors [43]. Following innate immune responses, TH1 immunity 
activates and produces CD8+, NK, and IFN cells, which kills the Leishmania para-
sites [42]. In sensitive situations, the defense system fails to overcome infections, 
resulting in erroneous TH2 immune responses as well as antibody responses, which 
is the main factor in developing new parasite elimination methods. Infected cells’ 
proliferation and viability are inhibited by metal nanoparticles, which is dependent 
on the NP strength and exposure period [44, 45]. Several in vitro and in vivo data 
imply that bio-Ag-NPs have leishmanicidal actions via direct (non-inflammatory) 
or indirect (immunomodulatory) mechanisms [40, 45]. Metal-NPs destroy parasitic 
cells directly by producing vacuolation within the parasites and disruption to the 
cellular membrane, without generating immunomodulatory intermediaries such 
as reactive oxygen species (ROS), nitric oxide (NO), and apoptotic and necrotic 
factors [45]. Nanoformulations aid site-specific delivery and accumulation of 
medicines, which is responsible for parasite killing, when Leishmania parasites 
override the oxidative burst inside phagocytic cells and dwell in phagolysosomes 
[46]. According to Fanti et al. (2018) [45], Ag-NPs are oxidized by acidic conditions 
within the phagolysosomes following passage through the cellular membranes, and 
the release of free Ag + ions induces parasite assassination. The indirect strategy, 
on the other hand, includes inducing immunomodulatory responses at infection 
sites. Other methods of providing leishmanicidal effects include activating immune 
response mediators and reducing cell viability and proliferation as a result of metal-
lic nanoparticles. NPs cause a variety of morphological changes, including distorted 
membrane integrity, cytotoxicity, mitochondrial destruction, cell cycle arrest (G1), 
increased/decreased ROS and NO production, altered enzymatic activity, and the 
release of apoptotic or necrotic components [47–49]. As a result of mitochondrial 
disintegration, ATP production is harmed, which leads to cytotoxic effects and, in 
turn, impairs infection growth [50]. Furthermore, NP exposure results in a lower 
parasitic load and a decrease in the trypanothione reductase system, which is an 
important parasitic enzyme [45].

6. Conclusions

Chemotherapy has become the only option for treating leishmaniasis due to a 
lack of effective medicines. However, these medications have increased degrees of 
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toxicity, treatment costs, and resistance development against leishmanial parasites, 
as well as other side effects. Furthermore, due to leishmanial antigen variations and 
varied immunological responses to the treatment, the efficacy of medicines differs 
from species to species. Biogenic nanomaterials have been suggested as helpful 
alternatives to formulate nanovaccines since they are nontoxic, biocompatible, cost 
effective, and have high targeted drug-loading potentials. Nanoformulations can 
be used to overcome targeted medication transport hurdles, resulting in increased 
parasiticidal efficacy. Moreover, plant-derived natural compounds (such as berber-
ine, 7,8-dihydroxyflavone, E-caryophyllene, essential oil constituents, -terpineol, 
glycosides, tannins, and anthraquinone flavonoids) have been shown to have 
leishmanicidal activities in various studies, which can further integrate beneficial 
outcomes. Furthermore, the majority of leishmanicidal investigations revealed 
only the most basic results, such as determining the influence of test medications 
(crude extract, extracted bioactive components, essential oil, and purified fraction) 
on parasite growth. Few of them are able to determine the right formulation as 
well as the effect on the sandfly promastigote stage (vector). Plants include a range 
of bioactive chemicals, and the majority of them have been recognized for their 
medicinal qualities, according to the literature. As a result, standardization may 
lead to the identification of a specific component that has leishmanicidal proper-
ties. Biosynthesized nanoparticles mostly remove infection by triggering the host’s 
immunomodulatory response or, in rare cases, directly by causing parasitic cell 
vacuolization, resulting in parasite death. Nanovaccines are a relatively new concept 
in Leishmania treatment, and while no vaccine is currently available, research is 
ongoing to find effective nanovaccines. Although nanotechnology has given hope 
for better and more successful eradication of neglected tropical diseases, a complete 
understanding of the molecular mechanisms responsible is still needed.
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