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To our students, their curiosity inspires us to
continue in our path of searching and
learning about this ancient disease.
To the patients suffering leishmaniasis, our
best partners to understand and fight against
this devastating disease.



Foreword

The year 2013 saw the publication of the first edition of the volume Drug Resistance
in Leishmania Parasites, edited by Alicia Ponte-Sucre. A brand-new edition is now
available in which ten of the chapters have been drastically updated, two chapters
slightly revised, and two entirely new chapters added. This updated version is
timely, because recent years have revealed important new information about drug
resistance in Leishmania. Furthermore, major efforts are being made to control this
problem. Knowledge has increased by studies of the mechanisms by which resis-
tance is generated and by epidemiological and population genomic research on how
drug resistance spreads. Moreover, evidence has been accumulating that the rela-
tionship between therapeutic failure and drug resistance is complicated; therapeutic
failure cannot always be correlated with drug resistance. Current research is there-
fore being performed to understand the relationship and how both phenomena can be
dissected. Furthermore, important achievements have also been made in research to
develop tools for diagnosis, treatment, and control of the leishmaniases.

Alicia Ponte-Sucre and Emilia Diaz provide a general overview of the biology of
Leishmania in the introductory chapter of this volume and highlight the challenges
faced in combatting the drug-resistant forms of leishmaniases. This Introduction
focuses particularly on aspects of the parasite’s biology which are relevant for an
understanding of topics covered by the following chapters of the book, each devoted
to an important, specific aspect of drug-resistant parasites and the diseases they
cause.

The different chapters are grouped into four different parts. The first part covers
three articles that address “determinant features in leishmaniasis.”Gabriele Schönian
and colleagues present new insights into the evolution, taxonomy, and phylogenetic
and population genetic relationships of Leishmania, as acquired by recent research.
The power of modern approaches used in the research, such as multilocus sequence
analysis, multilocus microsatellite typing, and comparative genomics for studying
the inter- and intraspecies variation of Leishmania parasites, is discussed. In the
following chapter, Lenea Campino and Carla Maia review the epidemiology, patho-
genicity, and treatment of leishmaniasis in dogs and the role of dogs as reservoir
hosts of L. (L.) infantum parasites. Additionally, the role of other mammals as
potential reservoir hosts of parasites belonging to the L. (L.) donovani complex is
addressed. These authors discuss the potential generation and spread of drug
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resistance by the use of the same compounds in both canine and human hosts and the
measures to be taken to control human zoonotic leishmaniasis.

Jean-Claude Dujardin provides an update on the epidemiology of leishmaniasis in
relation to drug-resistant and treatment-failure parasites, whose phenotypes are
based on the analysis of parasites in the laboratory and on the clinical assessments
of patients, respectively. Whereas in the previous edition he presented results
obtained for antimonials, the work has now been extended to miltefosine and the
data are compared. Risk factors for (re-)emergence and spreading of leishmaniasis
are discussed by focusing on the link between drug-resistant and treatment-failure
phenotypes, such as the role of asymptomatic carriers and animals, coinfection with
HIV and Leishmania RNA viruses, human migrations, and environmental changes.
Additionally, the advances made in the development of tools for epidemiological
surveillance of treatment failure/drug resistance are described, ranging from clinical
tools to laboratory ones. In the last chapter of this section, Lukasz Kedzierski and
Krystal Evans review our current knowledge of the immune factors involved in
controlling leishmaniasis and discuss the role the immune system plays in resistance
to the parasitemia. The parasites have evolved a variety of strategies to evade
leishmanicidal mechanisms and survive in the phagosome of macrophages. Whereas
most infected individuals develop long-lasting protective immunity following pri-
mary infection, sterile immunity is rarely achieved and parasites may persist asymp-
tomatically in the host. The authors describe the vast array of immune cells and
cytokines involved in the immune response to the infection which highlights the
complexity of the disease and reveals a complicated network of regulatory as well as
counter-regulatory interactions that contribute to the persistence.

The second part of the book contains four chapters addressing the “challenges in
diagnosis, treatment, and control of leishmaniasis in times of drug resistance.”
Combined infection by HIV and Leishmania is a well-known problem. Margriet
den Boer and colleagues describe the epidemiology, current spread, clinical aspects,
and management of this coinfection. They discuss how development of drug-
resistant Leishmania strains complicates chemotherapy for Leishmania/HIV coin-
fection and what are the prospects for future chemotherapeutic alternatives which
target Leishmania and HIV and tackle both infections simultaneously. Shyam
Sundar and Jaya Chakravarty describe how, over the years, therapy for visceral
leishmaniasis has changed because of the increased unresponsiveness for existing
drugs. Whereas pentavalent antimonials have been the mainstay for treatment during
most of the twentienth century, a significant subset of patients in the Indian subcon-
tinent were apparently no longer responsive in the 1980s, even when dosage was
increased substantially. Unfortunately, there is no marker yet validated for this
unresponsiveness, although there are recent reports about cases where IgG1 seemed
to be a good predictor of relapse when measured at the end of treatment for visceral
leishmaniasis. The authors describe alternative therapeutic options that have been
developed, such as conventional amphotericin-B or its lipid formulations, oral
miltefosine and paromomycin, and the efficacy and recommended use of these
alternative drugs.
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Olga Zerpa and colleagues describe the current situation of tegumentary leish-
maniasis in the American continent. It is an endemic anthropozoonosis caused by
several species of both the Leishmania and the Viannia subgenera and may thus
cause different pathologies. The control of this disease meets with several
difficulties: the parasites have several reservoirs and use various vectors to infect
humans and mammals. Current treatment involves antimonials, but the efficacy is
unpredictable, probably at least in part due to drug resistance. The disease is
expanding in the American continent. The authors compare some of these data
with those about the disease in the Old World for a better appreciation of the unique
aspects of the American tegumentary leishmaniasis. The authors argue that the
precise identification of the species of the infectious agent is crucial for correct
clinical diagnosis, appropriate treatment, and control of the disease, especially in
relation to the challenges imposed by drug resistance. The last chapter of Part II is a
new contribution by Guy Caljon and colleagues about the challenges for effective
leishmaniasis treatments. The challenges are the important emergence and spread of
resistance against the pentavalent antimonials in recent decades, after their success-
ful use for over 70 years in therapy for visceral leishmaniasis, and the huge species-
and strain-specific variations in drug susceptibilities that dramatically complicate
effective treatment of cutaneous leishmaniasis, although this cannot be linked to
development of drug resistance. Moreover, anti-leishmanial treatment failures
increasingly occur with all of the currently available standard drugs. The factors
probably responsible for these failures, which are related to the complex interplay
between parasite, host, and drug, are discussed along with their consequences for
therapy and development of new drugs.

Part III comprises three chapters about “molecular features of drug-resistant
Leishmania.” Patricia Cuervo and coworkers stress the importance of proteomic
approaches in researching leishmaniasis pathogenesis and problems such as drug
resistance. Genomics and transcriptomics studies are important but insufficient to
reveal the full picture because posttranscriptional and posttranslational processes
play a crucial role in protein expression in these parasites. The genomic data,
complemented with high-throughput proteomic analysis, can shed light on resistance
mechanisms and identify new drug targets against leishmaniasis. Proteomic analysis
of Leishmania parasites has already provided information about drug resistance
mechanisms. The characterization of the proteins involved has advanced, but still
many fundamental questions remain to be answered. Adriano Coelho and Paulo
Cotrim summarize research on ABC transporters in membranes of Leishmania
parasites. Genome sequencing identified in different species of the genus the pres-
ence of members of all eight known different subfamilies of ABC transporters, each
having specific functional characteristics. The authors discuss the work that revealed
how some of these transporters are associated with drug resistance in leishmaniasis
and showed their role in the pathology caused by the parasite and how the activity of
these proteins affects the efficacy of the treatment. The next chapter deals with
non-ABC transporters of Leishmania which are responsible for uptake of nutrients
by the parasites but may also be exploited for mediating transport of drugs. Such
transporters may become responsible for drug resistance of the parasites by
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mutations in their coding regions or changed expression. Scott Landfear gives an
update on how the analysis of the Leishmania genome and recent functional studies
have increased our knowledge about different classes of solute transporters involved
in drug uptake and how modification of their structure or expression level confers
changes in drug sensitivity and causes drug resistance.

The fourth and last part of the book is devoted to “tools and strategies to
circumvent resistance in Leishmania.” Shishir Gupta and Thomas Dandekar have
added a new chapter in which they describe how bioinformatics is being used for
querying genome, transcriptome, and proteome information to identify potential new
targets for drug discovery and vaccine development in Leishmania. Furthermore, the
authors provide information about software used in such research and give links to
websites where tools can be found to examine and rank the new targets. Bruno
Pradines has updated his chapter about P-glycoprotein-like transporters in Leish-
mania. Drug resistance can be due to different mechanisms that result in decreased
level of the drug in the parasite. One of these mechanisms, well recognized as
responsible for antimony resistance in Leishmania, involves an increased efflux,
mediated by P-glycoprotein (Pgp)-like transporters. P-glycoproteins, well
characterized in research of drug-resistant cancers, belong to the superfamily of
ABC transporters. Inhibition of the drug efflux by these proteins will thus offer an
attractive manner to control drug-resistant parasites in a patient. Indeed, the author
describes a number of natural or synthetic compounds, some being derivatives
known to modulate human Pgp, which are able to revert the resistance phenotype
in parasites to a variety of drugs commonly used in both visceral and cutaneous
leishmaniasis by decreasing their intracellular concentration. Concepts about the
reversal mechanism of multidrug resistance by the use of chemosensitizers which
alter the capacity of Pgp are discussed.

In the final chapter of this volume, Manu Vanaerschot and colleagues provide an
updated chapter about “the concept of fitness and drug resistance in Leishmania.”
When pathogens develop resistance against drugs, it usually comes at the cost of
making them less fit than their wild-type counterparts. This has important
implications for the frequency of treatment-failure cases in endemic regions. Cases
of treatment failure in patients suffering from leishmaniasis have been observed for
most anti-leishmaniasis drugs. However, it is intriguing that this failure could not
always be correlated with drug resistance of the infecting parasites, since cases of
failure upon treatment with both pentavalent antimonials and miltefosine were
accompanied with an increased fitness of the L. L. donovani parasites. The authors
argue that these examples highlight parasite fitness as a potentially important
contributor to treatment failure, at least for visceral leishmaniasis in the Indian
subcontinent. They discuss available information and remaining questions about
fitness for different Leishmania species and the different stages of their life cycle, as
well as the relevance of parasite fitness for the development and spread of drug
resistance and/or treatment failure in the field, and for new research toward the
development of drugs for leishmaniasis and the control and elimination of the
disease.
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Thanks to the combined efforts of the editor and the authors of the 15 chapters,
this book provides an excellent overview. It covers the current stage of our knowl-
edge about the major problems of drug resistance of Leishmania parasites, as well as
treatment failure in the different manifestations caused by various species of the
genus. It presents the current knowledge and questions about the pathology and
epidemiology of the leishmaniases in the context of Leishmania biology. Diagnosis,
treatment, and molecular-parasitological aspects are all discussed from the perspec-
tive of drug resistance and how this could be dealt with. This book will therefore be a
highly valuable source of information for both basic researchers and clinicians with
interests in leishmaniasis.

Centre for Immunity, Infection and Evolution (CIIE)
and Centre for Translational and Chemical Biology (CTCB),
School of Biological Sciences, The University of Edinburgh
Edinburgh, Scotland

Paul Michels
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Preface

Old and New World leishmaniasis are in urgent need of reevaluation of treatment
guidelines as treatment failure is an everyday growing problem. For this disease,
treatment failure and drug resistance are topics that go hand in hand. Additionally,
field parasites may be naturally resistant to classical drugs or might be selected as
resistant by the use of current therapies. These features are (at least partially)
responsible for the disappointing picture of disease persistence and death worldwide
presented by leishmaniasis. A better understanding of the ailment and of drug
resistance, its molecular basis, consequences, and possible treatment may help
improving this depressing picture. We hope that this volume will help us to achieve
this goal.

The work done by each of the authors and coauthors contributing to this volume
has been awe-inspiring. Each chapter is intended to supplement well-documented
texts that cover from molecular evolution to the design of compounds that may
impact the drug resistance problem, as well as to the comprehension of how
adaptable these parasites are. Our intention with this reedited and updated volume
is to continue targeting scientists, pre- and postgraduate students, and scholars
involved in the medical treatment of patients with leishmaniasis, or dedicated to
the design of novel compounds and lead pharmacophores against leishmaniasis.

We acknowledge the Coordination for Research, Faculty of Medicine, and the
Council for Scientific and Humanistic Research, Universidad Central de Venezuela,
as well as the Missionsärztliche Institut, Würzburg, and the Alexander von
Humboldt Foundation, Germany, for their support to our work for so many years.
Additionally, we acknowledge the support from the Siebold-Collegium Institute for
Advanced Studies, University of Würzburg, Germany, during the last steps of
compilation and final organization of the content of this volume. Finally, we
would like to address the excellent support of the staff at Springer, Rajeswari
Balachandran, Tanja Grabner, and Claudia Panuschka for their guidance through
the different steps of the publication of the book.

Caracas, Venezuela Alicia Ponte-Sucre
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Leishmaniasis: The Biology of a Parasite 1
Emilia Díaz and Alicia Ponte-Sucre

Abstract
One of the main challenges of therapeutic tools for the treatment of parasitic
diseases, including leishmaniasis, is the interwinned relationship between thera-
peutic failure and drug resistance. In fact, some field parasites might be naturally
resistant to classical drugs and additionally, current therapies may induce drug
resistance. In fact, treatment failure in leishmaniasis has multiple causes. Some
are related to drugs, such as pharmacokinetic properties, toxicity, use of
sub-optimal doses, or high cost of treatment. Parasite-related grounds include
chemo-resistance and tolerance. Last but not least, the host plays a fundamental
role in this situation since the patient's immune status and the risk of re-infection
if living in an endemic region might also contribute to therapeutic failure. All
these features are at least partially responsible for the disappointing persistence
and re-emergence of leishmaniasis, as well as its death and disability-adjusted life
year toll worldwide. A better understanding of the disease itself and of drug
resistance, its molecular basis, its consequences, and the definition of possible
paths for better treatments may help improve this depressing picture. In the
present volume experts in the field cover current knowledge and future trends
of these and many other aspects of drug resistance in Leishmania. This initial
chapter offers a general introduction to the biology of the parasite, a piece of
information fundamental for the topics included in the book and the comprehen-
sion of challenges we currently face for this disease.

E. Díaz · A. Ponte-Sucre (*)
Laboratorio de Fisiología Molecular, Instituto de Medicina Experimental, Escuela Luis Razetti,
Universidad Central de Venezuela, Caracas, Venezuela

# Springer International Publishing AG, part of Springer Nature 2018
A. Ponte-Sucre, M. Padrón-Nieves (eds.), Drug Resistance in Leishmania Parasites,
https://doi.org/10.1007/978-3-319-74186-4_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74186-4_1&domain=pdf


1.1 Introduction

Leishmaniasis is a neglected vector-borne tropical infection still considered to be a
disease of poverty [1]. It is caused by various species of an obligate intracellular
parasite of the genus Leishmania. This parasite dwells in cells of the monocytic
phagocytic system of mammals and is transmitted by female sand flies. More than
20 Leishmania species are pathogenic to humans and more than 30 species of sand
flies function as invertebrate vectors.

The disease is endemic in several world areas, including deserts and rain forests in
tropical and subtropical regions of Africa, America and Asia and sub-rural and urban
areas in southern Europe [1–5]. All this makes leishmaniasis an important disease
both for local inhabitants and for travellers. An estimated 350 million people
worldwide are at risk of being infected; about 12 million people are infected, and
annual occurrence is about 1.5–2 million cases of the cutaneous disease during the
last 5 years, and 300,000 estimated cases occur annually of the visceral form of the
disease with over 20,000 deaths each year [3, 6]. In anthroponotic foci, sand flies
transmit parasites from human to human, and in zoonotic foci, sand flies transmit
parasites between the usual local hosts and from them to humans [4, 6]. Of note,
males are normally more affected than females, especially in sub-Saharan Africa.

Mortality caused by leishmaniasis is second worldwide only to malaria (among
parasitic diseases) and in terms of disability-adjusted life years (DALYs), the third
most common cause of morbidity after malaria and schistosomiasis. Children <15
years suffer most of the disease burden [7]. Immunosuppression secondary to HIV
infection, posttransplant and chemotherapeutic agents and the recently introduced
biologic therapies for chronic inflammatory conditions, has resulted in an increase in
leishmaniasis burden within Europe. Additionally, global mobility has increased
dramatically the number of cases of leishmaniasis in nonendemic countries [1]. All
this highlights the importance that the recognition and understanding of this
disease have.

1.2 Epidemiology

The disease mainly affects poor people in Africa, Asia and Latin America and is
associated with malnutrition, population displacement, poor housing, weak immune
system and lack of resources in 98 countries [8, 9].

Visceral leishmaniasis (VL) leads to substantial health problems or death for up to
400,000 people per year [10]. Mucocutaneous leishmaniasis (MCL) occurs mainly
but not only in Central and South America, whereas most of the cases of cutaneous
leishmaniasis (CL) cases occur in the Middle East and in Brazil and Peru [11, 12]. It
has also been reported in Africa, Asia and Europe [1]. Disease sub-register
constitutes a real problem, since only a minor proportion of the countries with
endemic leishmaniasis officially report the infection [11].

According to the World Health Organization, the incidence of leishmaniasis has
increased 42-fold in the last two decades. As previously mentioned, it is classified as
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the second worldwide cause of parasitic diseases. Rapid increases in the incidence of
leishmaniasis correlates with the risk of co-infection with human immunodeficiency
virus, mainly in southern Europe and in countries of Africa and Asia where antire-
troviral therapy against human immunodeficiency virus is not available
(or insufficient) due to its high cost to the local population [4, 13]. This theme is
discussed by Alvar and colleagues in Chap. 6 of this volume. Malnutrition also
increases disease severity by impairing the immune response [11, 14]. This theme is
discussed by Vanaerschot and colleagues in Chap. 15 of this volume.

Environmental features such as temperature, humidity, altitude, etc. promote
vector survival. Thus, climate changes affecting surrounding temperatures would
positively impact the distribution of the disease and its sand fly vectors. This would
mean a dramatic decrease in the geographical areas currently free from both parasites
and vectors resulting in an increased world distribution of the disease [1]. Addition-
ally, in regions where the disease is endemic (most tropical regions of the world),
deforestation and urbanization, as well as increased travel (tourist and work-related
reasons), migration and military operations, can also lead to an increased risk of
expanding the disease to new areas [15]. This theme is discussed by Dujardin in
Chap. 4 of this volume.

Clinical manifestations of disease depend, among others, on the species of
infecting protozoan. Pathogenesis is based on cell destruction caused by the rupture
of the “nests” of amastigotes (intracellular stage in the macrophage), accompanied
by an intense inflammatory reaction. The visceral form disrupts various organs such
as the liver and spleen [16]. Even self-limiting CL can leave disfiguring scars. CL
can be disabling when lesions are numerous, and the most severe form, recidivans
leishmaniasis, is difficult to treat, long-lasting and disfiguring. Lesions caused by
MCL produce extensive destruction and distortion of oronasal and pharyngeal
cavities, leading to mutilation in the face [1]. Finally, in individuals with a defective
cell-mediated immune response, disseminated lesions of diffuse cutaneous leish-
maniasis (DCL) resemble those of leprosy [17]. The lesions do not heal completely
and may recur after some time. DCL is therefore recognized as a special public
health problem, both clinically and because of its severe emotional consequences
[17]. This theme is discussed by Zerpa and colleagues in Chap. 8 of this volume.

1.3 Transmission

Transmission is increasing at high rates in several world areas. This increase is a
consequence of situations that boost the probability of being exposed to the sand flies
such as establishment of new settlements in high-risk endemic areas or wild areas
where zoonotic transmission may occur, deteriorating social and economic
conditions in the poorer suburbs of some cities, and increased migration to urban
areas of populations that used to live in rural areas [6, 18].

During its digenetic life cycle, Leishmania alternates between two extreme
environments to which the parasite must adapt, i.e. the mammalian host and the
insect vector (Fig. 1.1). These two environments hold physiological conditions with
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specific—and different—characteristics. Some of these include temperature, pH,
osmolarity and nutrient quantity and quality [19, 20].

The blood-sucking sand flies involved in disease transmission belong to the
family Psychodidae; at least 70 known species are capable of transmitting the
disease. Representatives of the genus Lutzomyia transmit the disease in America
and of the genus Phlebotomus in the Old World. They have an arched chest,
lanceolate wings, hairy body, long legs and delicate long and tubular abdomen.
These insects measure between 1.5 and 3 mm, are yellowish and have dark eyes [21].

The habitat ranges from rain forest to very dry regions, and they are distributed
from sea level to 1500 m. They live in damp and dark environments, at temperatures
above 18 �C, and have crepuscular activity. They make silent, short flights with
periods of rest in small jumps, although they can also cover long distances with
predetermined directional flight [20, 22].

Females are hematophagous and need blood for the maturation of their
offsprings. After fertilization, the females deposit between 40 and 70 eggs in damp
and dark areas with abundant organic material. In this environment, larvae grow,
transform to pupae and develop to the less active imago (adult insect fully grown and
able to reproduce). Prophylaxis against insect-borne diseases like leishmaniasis,
include, e.g. vector control by residual insecticides in areas of transmission,

Fig. 1.1 The life cycle of Leishmania. The vertebrate host is infected when punctured by the
infected insect vector (1). The promastigotes enter the circulating macrophages (2), infect them and
reproduce there as amastigotes (3). The macrophage releases promastigotes that infect new
macrophages. The insect vector ingests infected macrophages when puncturing an infected host
(4). The amastigotes are released in the insect gut and reproduce as promastigotes (5)
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elimination of reservoirs and personal protection (insect nets, frequent application of
insect repellents) [23]. Efficient control of the density of sand flies in endemic areas
is essential for eradication of the disease. However, this measure is not always easy
to implement in areas remote from cities and suburbs, and, therefore, additional
methods must be implemented [24].

The study of the role of sand flies in the transmission of leishmaniasis has recently
focused on the function of maxadilan, a vasodilator peptide similar in structure to the
calcitonin gene-related peptide. Maxadilan is a component of insect saliva [25, 26]
that inhibits oxidative metabolic processes and antigen presentation in macrophages.
Additional peptides also present in the saliva favour successful inoculation of
parasites to the host mammal. The insect’s saliva thus facilitates transmission and
increases the number of viable parasites present in the lesion [26, 27].

An accidental form of transmission is the contact with an infected vector in the
laboratory. This can result from inadequate management of crop pests and exposure
to samples of animals or people infected with contaminated blood or via wounds
caused by contaminated needles or through pre-existing skin abrasions [28]. Despite
its low frequency, it is essential to emphasize the importance of using safety codes
and rules at work to ensure the protection of laboratory workers.

1.4 The Life Cycle of Leishmania

The life cycle of Leishmania alternates between two host types. Leishmania lives as
an intracellular parasite (amastigotes) in macrophages of vertebrates such as
mammals and as an extracellular parasite (promastigotes) in the gut of the insect
vector [29] (Fig. 1.1). Insects ingest blood from the vertebrate host and regurgitate
promastigotes when puncturing its skin. The parasites are recognized by surface
receptors of macrophages and dendritic cells and are phagocytosed. Interestingly,
parasites have more difficulty to establish an infection (and to survive) in mice
lacking neutrophils. This result strongly suggests the relevance of a mechanism of
entry into the macrophages (Trojan horse), through the use of polymorphonuclear
leucocytes as the first phagocytic cells encountered in the host. The parasites
promote programmed cell death in the infected neutrophiles that then are ingested
by macrophages [30, 31].

Within the host cell, the parasites migrate to the phagolysosome and differentiate
into amastigotes, which multiply by binary division intensely. The rupture of
densely infected macrophages releases amastigotes; the liberated parasites are
engulfed by naive macrophages, thus exponentially increasing the number of
infected cells and spreading the disease within the host. The amastigotes ingested
by insects that suck blood from an infected host are transformed into promastigotes
in the digestive tract of the insect vector, where they remain 4–7 days, differentiate
into infective parasites, migrate to the heart valve and obstruct the insect’s proboscis
[32]. Once the sand fly punctures again a host’s skin, the parasites are once more
liberated into the blood system of the host to close the cycle.
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The clinical varieties of the disease are determined by the interplay between
parasite and human host. Leishmania has tropism, that is, different species may
prefer different tissular conditions. Leishmania species that cause cutaneous and
mucocutaneous diseases are sensitive to temperatures over 35 �C and multiply only
in exposed areas of the skin. The species that cause visceral manifestations of the
disease require 37 �C for differentiation to amastigotes and migrate to the bone
marrow, spleen and liver [29, 33, 34].

All trypanosomatid morphological phenotypes, except the amastigote, are motile.
The parasites use a tip to base flagellum beat for swimming [35]. The single
flagellum is a fundamental organelle that promotes promastigote attachment to insect
host epithelia, plays a key role during cell translation, is crucial for parasite survival
in the mammalian bloodstream and guides the final stages of cell division [36–39].

1.5 Biology and Plasticity of the Parasite

All Leishmania species are morphologically similar and display two main develop-
mental stages through their life cycle: the amastigote that resides inside the reticulo-
endothelial cells of the vertebrate host and the promastigote that replicates in the gut
of a phlebotomine sand fly [40]. These parasites are mostly diploid organisms with
unique features that differentiate them from other eukaryotes, i.e. GPI anchoring of
membrane proteins, glycosomes, kinetoplast, mitochondrial DNA editing and orga-
nization, polycistronic transcription and trans splicing (reviewed by [41]). Sexual
interchange has been demonstrated in the stage that infects invertebrates; however,
Leishmania parasites are considered to divide mainly by binary partition [42, 43].

One unique feature of these parasites is their ability to alter the copy number of
individual genes or alternatively of group of genes, chromosomes and even the entire
genome [41]. This “genetic plasticity” allows this flexible parasite to amplify the
copy number of specific genes, an advantage that guarantees the use by Leishmania
of these “extra copies” to increase the levels of a gene product [41, 44, 45].

In recent years, the advent of high-throughput sequencing technologies has
assisted relentless progress in the genomics of human leishmaniases, with the
completion of the whole genome sequences of Leishmania (L.) species. The first
one was L. (L.) major (Ivens et al. 2005), but many others are now available (L. (L.)
infantum, L. (L.) mexicana, L. (L.) donovani and L. (L.) amazonenensis) and from
the Viannia (V.) species, Leishmania (V.) braziliensis and L. (V.) panamensis [46–
51]. Comparison of their genetic sequences, together with the knowledge of their
genetic plasticity, constitutes a fantastic tool not only to improve the comprehension
of the biology of the parasite in itself but also to identify and validate targets for the
rational design of the desperately needed drugs.

Moreover, genomic and transcriptomic analyses have advanced our understand-
ing of the biology of Leishmania and shed new light on the complex interactions
occurring within the parasite–host–vector triangle that could end up in potential new
avenues to concrete tools for treatment and control programmes [51].
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1.6 Communication in Leishmania

Chemotaxis is a communicating process fundamental to survival. The chemotactic
response is a migratory activity that microorganisms use to respond to the changes
that occur in the environment such as hydrostatic pressure, light, magnetic fields,
osmotic pressure, temperature, etc. [52, 53].

The main ways used by Leishmania to acknowledge migratory behaviours are
random walks, as a directional swimming interposed by tumbles which reorientate
the parasite towards a high chemoattractant concentration and helical clinotaxis, a
process in which a chemoattractant concentration is sampled around a curved path
and modulates helical path curvature [35].

For small cells (like Leishmania), for which rotational diffusion speedily
randomises orientation, the chemotaxis method per excellence is random walk; it
represents a more efficient way of movement compared to deterministic chemotaxis.
Furthermore, Leishmania swimming behaviours seem to be well adapted both for
helical clinotaxis and influenced random walk chemotaxis, thus meaning that these
cells lie at the threshold size in which, in their particular environments, biased
random walk chemotaxis becomes favourable [35, 53–56].

Most studies analysing host–Leishmania interaction focus on promastigotes;
these forms of the parasite are used to migrate in complex extracellular environments
before being internalized by neutrophils and/or macrophages. Indeed, the initial step
of infection upon the sand fly bite and injury to the structure of the skin corresponds
to the inoculation of promastigotes and their deposition into the blood pool, embed-
ded in dermal extracellular matrix components from tissue and blood [57]. Thus, the
analysis of the synchronized action mediated by promastigotes and directed towards
immune cells and the extracellular matrix (ECM) and basement membrane proteins
conforms an important step previous to the establishment of the infection [57, 58].

In vitro studies demonstrate that promastigotes attach to and move through colla-
gen I scaffolds. Collagen I seems to be the predominant ECM component found in the
injured skin at early-stage lesions and Leishmania. Furthermore, some data suggest
that promastigotes might need to secrete metallo- and cysteine proteinases in order to
break down rigid collagen scaffolds and promote collagen remodelling and stiffness
the matrix needed for migration before being internalized by a host cell [58, 59].

Leishmania promastigotes are able to evade the plasminogen/plasmin/fibrin
structure (blood clot) while allowing target cells to get closer. In this interaction,
anticoagulants existing in the sand fly saliva inhibit blood coagulation and neutralize
promastigote procoagulant activity [60]. Additionally, plasminogen-associated
vesicles trap macrophages, thus potentially allowing parasites to move further into
the dermis [57].

In conclusion, the migratory response guided by chemotaxis is fundamental for
Leishmania pathogenesis, and the comprehension of the chemical signals involved
between host and parasite recognition, as well as the physiology of these events, is
determinant for the fate of infection [61]. Therefore, the identification of molecules,
signs and behaviours involved in these responses can be useful in the developing of
alternative and successful preventivemeasures or treatments for this serious disease [56].
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1.7 Pathogenesis

Clinical manifestations of leishmaniasis result from the interaction that exists
between the infecting parasite species and the host’s immune response. For example,
L. (L.) major causes only cutaneous disease, and L. (L.) donovani results in
visceralization, while L. (L.) infantum causes either a cutaneous or systemic disease.
This variability may be secondary to genomic differences acquired during evolution
of Leishmania, as has been suggested by experiments performed in murine models,
making some species more adapted to target the skin and others to invade visceral
organs [1]. The pathology and the outcome of these clinical manifestations is
thoroughly described in Chaps. 7 and 8 of this volume and will not be referred herein.

Immunological responses to Leishmania infection are complex, and the infecting
species can determine it. Thus, significant differences in host–parasite interactions
have been described for cutaneous and visceral leishmaniasis [15]. These immuno-
logical interactions are thoroughly described in Chap. 5 of this volume and will not
be referred herein.

1.8 Control and Surveillance

The primary control strategy against leishmaniasis is based on case finding and
treatment; it is therefore essential to control transmission to improve diagnostic
methods and to develop good treatments that can be used even in less developed
countries. A parallel requirement exists for the development of cost-effective drug
delivery systems, especially those that take advantage of new oral drugs [20].

Diagnosis of leishmaniasis includes clinical, epidemiological and parasitological
tools among which are the case history and immunobiological, molecular and
serological tests. The molecular tests allow the precise identification of suspected
parasite species, and concomitant infections like, for example, the human immuno-
deficiency virus [13]. Genetic characterization, biochemistry and immunological
analysis of Leishmania have contributed to the precise identification of the
disease-causing parasite and have helped to dilucidate many of the processes that
occur during host–parasite interactions, as well as the mechanisms of immune
evasion and intracellular survival of these parasites [62–65]. This knowledge is
essential in the search for effective therapeutic tools against the disease.

Even though the new serological tests such as the dipstick, the lyophilized direct
agglutination test kit and the latex agglutination urine test, as well as the loop-
mediated isothermal amplification (LAMP) [66], represent major progress in diag-
nosis of leishmaniasis, they are not yet widely used in areas of endemia. Moreover,
these are indirect tests which appear promising for the prognosis of treatment
outcome in VL; however, they do not provide parasitological confirmation of
infection or of cure immediately following treatment [67–69].

Unfortunately, American tegumentary leishmaniasis, caused by a variety of
Leishmania and Viannia species that may confuse the outcome, remains a challenge
for molecular diagnosis.
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Vector control is rarely carried out as a specific approach against leishmaniasis
control. Domestic and peridomestic sand (Phlebotomus) fly vectors are more sus-
ceptible to indoor residual spraying than are other domestic vectors, such as anoph-
eline mosquitoes or triatomine bugs; this means that transient suppression of sand fly
populations is seen as an additional benefit of malaria or Chagas’ disease vector
control in areas where these vectors coincide [70]. This means that control of
domestic and peridomestic Leishmania-specific sand fly vectors will probably con-
tinue as an additional benefit of programmes against other insect vectors using
indoor residual spraying or insecticide-treated bed nets. In fact, insecticide-treated
bed nets, which are becoming widely deployed against malaria transmission, may
also become cost-effective for reducing leishmaniasis in areas of domestic transmis-
sion [71]. Finally, in areas where dogs represent reservoir hosts par excellence, the
use of insecticide-treated dog collars would merit further appraisal. Such collars
would reduce the likelihood of new infections in dogs and additionally could
decrease the risk of transmission from dogs to humans [72].

1.9 Medicaments in Use

Since 1940, drugs such as pentavalent antimonials (SbV) Glucantime® and
Pentostam® as well as the diamidines (e.g. pentamidine) are used against leishmani-
asis. Later, antifungals like amphotericin-B [as deoxycholate (AMB-B) or in
liposomal form (L-AMB)], ketoconazole, paromomycin antibiotics and dapsone
were incorporated, and at the beginning of the twenty-first century, miltefosine
(MIL), the first drug for oral use in leishmaniasis, was approved to be used
[3]. Liver and kidney toxicity is exhibited by most of these compounds, and the
cost of treatment for many of them has prompted the search for alternative drugs that
meet the following conditions: oral administration, fewer side effects, lesser toxicity
and lower price [73–75].

The long-term intravenous treatment with SbV produces severe adverse effects
like pain at the injection site, cardiac arrhythmias, rashes, etc. Often side effects lead
to abandonment (partial or total) of treatment by the patient, a scenario that favours
the selection of drug-resistant parasites and the development of drug resistance
[3]. As resistance have become widespread, this therapy has been abandoned in
the Indian subcontinent (ISC). However, SbV are still in use Latin America and East
Africa [76].

AMB-B is a polyene antibiotic that is administered as an intravenous
deoxycholate and since 1997 in liposomes (AmBisome®, L-AMB). Amphotericin-
B is selective against Leishmania. It is very toxic when injected as AMB-B and
should be then used as a L-AMB formulation to decrease the toxicity risk. Addition-
ally, its use in endemic regions is limited also by the cost of treatment (although the
WHO is provided with up to 350,000 vials over the next 5 years free of charge) and
the difficulties of administration. As an alternative second-line treatment, pentami-
dine and especially paromomycin are used since 1987, and more recently dapsone
and ketoconazole have been introduced [75, 77].
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Pentamidine is a diamidino compound with a relatively broad spectrum and is
effective in visceral leishmaniasis and trypanosomiasis. Clinical trials of
aminosidine (paromomycin) are in progress, and the use of this drug against visceral
leishmaniasis may become widespread. Unfortunately, its range of targeting Leish-
mania species is restricted, and the situation regarding resistance in the field is
unclear [78, 79]. Pentamidine and paromomycin are good alternatives used for
oral or topical treatment in cases of cutaneous leishmaniasis [75, 77].

In 2002, MIL was approved as the first orally active drug against visceral
leishmaniasis in the ISC, and in 2005 it was approved for use against cutaneous
leishmaniasis in Colombia. MIL causes vomiting and diarrhoea in up to 60% of
patients; it also causes reversible increases in blood transaminases and creatinine. It
is contraindicated in pregnant women, and birth control measures should be taken
during treatment and even 60 days thereafter [80–83]. MIL replaced antimonials in
the ISC for the treatment of patients suffering VL within the Kala-azar elimination
programme. However, within a decade of its introduction, it has lost efficacy, and
recently some resistant clinical isolates have been described [84–87]. Finally,
sitamaquine, a drug developed a decade ago [88], is now discarded due to the
adverse effects it produces, as well as its lack of efficacy and the selection of
sitamaquine-resistant clones of L. (L.) donovani [89, 90].

In summary, the pharmacopoeia against leishmaniasis nearly consists of the same
medications used since the early twentieth century, except for MIL, paromomycin
and novel lipid formulations of amphotericin, L-AMB [90, 91]. The drugs are highly
toxic, some patients do not respond to the treatment or present relapses or therapeutic
failure, and patients with diffuse cutaneous leishmaniasis are unresponsive to any
form of chemotherapy [92] (Chap. 8 of this volume). Resistance against antimonials
is one of the most serious problems that we face in the control of leishmaniasis,
especially for the visceral leishmaniasis in areas such as North Bihar in India
[3]. Important lessons must be learnt from what has happened with SbV in the
ISC, and this is thoroughly described in Chap. 4 of this volume. These lessons
might be helpful to define the use of the additional available drugs (miltefosine,
paromomycin, amphotericin-B) and to monitor their efficacy to prevent the appear-
ance of therapeutic failure as well as the emergence and selection of resistance
against them, specially so since there are already described cases of resistance
against MIL [85]. Such coordination is desperately needed as a guide to orient
further research and prevention activities, since the increasing treatment failure
rates suggest that the therapy must switch to combination therapy specially for
VL [93].

1.10 Therapeutic Failure

Therapeutic failure in leishmaniasis is a common problem in endemic areas. This
may be associated with multiple factors that depend both on the parasite and on the
mammalian host. Regarding the mammalian host, therapeutic failure can be
attributed to altered drug pharmacokinetics, reinfection or immunologic
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compromise. In most cases where chemotherapy fails to cure the patient, the natural
susceptibility of parasites to drugs happens to be low, or, alternatively, the infecting
parasite has developed chemo-resistance.

Drug resistance is defined as the decrease in efficacy of compounds in a popula-
tion of cells (i.e. Leishmania parasites) that was previously susceptible to them. This
definition assumes that the initial susceptibility of the organisms to the drugs is
known, which is not always true for field strains of Leishmania isolated from patients
[3]. There are at least three cellular mechanisms directly associated with the expres-
sion of chemo-resistance: gene amplification of drug target enzymes, structural and
functional changes of drug targeted enzymes and decreased intracellular levels of the
drug due to their extrusion by specific transporters [19, 93].

However, chemo-resistance is a multifactorial phenomenon. It is generally
associated with increased expression of drug transporter proteins (multidrug resis-
tance, or MDR, also known as P-glycoprotein) and multidrug resistance-associated
protein (MRP) [19]. Both types of transporters modulate intracellular chemothera-
peutic agent’s concentrations. However, the mechanisms of chemo-resistance may
be multiple and not exclusive to a single type of drug. That is, parasites (1) may use
multiple mechanisms to be resistant to one drug and (2) may use one mechanism to
be resistant to various drugs originating the so-called cross-reaction phenomena.

In Leishmania chemo-resistance may be natural, or acquired, which develops
when parasites are exposed to suboptimal doses of drugs [3, 94].

Similar to what happens in cancer cells in Leishmania, chemo-resistance has been
associated with decreased cellular accumulation of drugs, due to the extrusion by
ABC-type membrane transporters [95]. Additionally, the expression of chemo-
resistance is associated with changes in biochemical and physiological mechanisms
that are fundamental for survival and infectivity of the parasites [19, 96]. Research
into drug-induced changes in the physiology of the parasite can certainly provide
clues for predicting the success of a given therapy.

What is clear is that the increase in drug resistance impacts definitively treatment
outcome. Thus, it should be thoroughly dissected and comprehended. This is
especially important when dealing with an intracellular parasite, Leishmania, a
condition that in mammals impose fundamental challenges for successful control,
surveillance and treatment.

1.11 Concluding Remarks and Future Trends

Until now, markers of chemo-resistance against leishmanicidal drugs have been
elusive although new hopes might appear, at least for VL, by the use of whole
genome sequencing of isolates might provide definitive answers to identify them
[97]. Still, the reliable method for monitoring resistance of a given parasite is the
isolated in vitro amastigote-macrophage model. This laborious technique requires
costly and time-consuming conditions that discourage its application in the routine
laboratory. Because of this and the increased incidence of cases of leishmaniasis that
do not respond effectively to drugs, it has become urgent to identify cell markers for
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drug resistance that are easy to use in the routine laboratory and can guide
leishmanicidal therapy [3, 96, 98]. These markers would improve our understanding
of disease pathogenesis and would be helpful in refining the criteria for cure and in
improving disease prognosis.

The present volume seeks to provide an overview of our current knowledge on
chemotherapeutic failure and drug resistance in Leishmania. Many causes are at least
partially responsible for the disappointing persistence of leishmaniasis and its death
and disability-adjusted life year toll worldwide. We are convinced that a mechanistic
understanding of leishmaniasis and of the drugs that are used for its handling, as well
as of drug resistance, its molecular basis, consequences and possible treatments may
help to improve the picture we face now days.

The organization of the book has been beautifully outlined by Paul Michels in the
foreword that points out that a better understanding of the disease itself and of drug
resistance, its molecular basis, its consequences and possible avenues for better
treatments may help improve this depressing picture. Experts in the field cover
current knowledge and future trends of these and many other aspects of drug
resistance in Leishmania in the present volume. Each chapter comprises an exhaus-
tive review of the particular topic and provides insights into the future of the field
both from the scientific and clinical perspective.
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Molecular Evolution and Phylogeny
of Leishmania 2
Gabriele Schönian, Julius Lukeš, Olivia Stark, and James A. Cotton

Abstract
The genus Leishmania was first described in 1903 for the parasite Leishmania
donovani, but many additional species have been described since then. Although
recent hierarchical taxonomic schemes have increasingly used molecular or
biochemical characters to assign Leishmania organisms into different species,
they are still heirs of the first classifications based primarily on geographical
distribution, vector species, and disease presentations. The current classification
system, based on multilocus enzyme electrophoresis, proposes up to 53 species,
although molecular phylogenies of Leishmania suggest that the number of spe-
cies may be too large. Very recently this classification system has been revised
based on multiple gene phylogenies. For many decades, there has been a contro-
versial discussion on whether the genus Leishmania appeared first in the Old
World or in the New World. Analyses of whole-genome data led to the supercon-
tinent hypothesis, in which the parasites evolved from a monoxenous ancestor on
Gondwana and separated into Paraleishmania and all other species around the
time when Gondwana split.

Many molecular markers have demonstrated substantial intraspecies diversity
and the existence of geographically and genetically isolated populations in all
Leishmania species tested so far. In particular the idea that Leishmania evolve
predominantly clonally with only rare sexual recombination has repeatedly been
questioned by the detection of hybrids, mosaic genotypes, and gene flow between
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populations and strong inbreeding and, finally, the detection of genetic recombi-
nation under laboratory conditions.

This chapter reviews the recent (mostly) molecular data that provide new
insights into the evolution, taxonomy, phylogenetic, and population genetic
relationships of Leishmania but also the questions raised by this knowledge. It
also discusses the power of modern approaches, such as multilocus sequence
analysis, multilocus microsatellite typing, and comparative genomics for study-
ing the inter- and intraspecies variation of Leishmania parasites.

2.1 Introduction

Phylogenetics is the study of evolutionary relatedness among various groups of
organisms (e.g., species or populations); this relatedness is revealed, for example,
through morphological data and molecular data, particularly DNA sequence data.
Taxonomy, the science of naming and classifying organisms, is enriched by
phylogenetics, although both fields remain methodologically and logically distinct.
They overlap, however, in the area of phylogenetic systematics—the science that
reconstructs the pattern of evolutionary events that have led to the distribution and
diversity of life.

Modern phylogenetic studies with different molecular data have transformed our
knowledge of evolutionary history and, consequently, taxonomy, as phylogenies
based on these data have challenged traditional classifications for many groups of
organisms. This is particularly the case for the most basal groups, and a new
classification system of eukaryotes has been recently proposed based on data from
modern morphological approaches, biochemical pathways, and molecular
phylogenetics [1].

The genus Leishmania has also suffered taxonomic changes. Its position within
the family Trypanosomatidae has been revised, the number of species belonging to it
is disputed, and geographically defined populations have been identified in many
Leishmania species. A good definition of Leishmania species is crucial for correct
diagnosis and prognosis of the disease as well as for making decisions regarding
treatment and control measures. This is a fundamental issue since the severity and
nature of the clinical manifestation in immunocompetent patients varies with the
infecting organism. Different Leishmania species cannot be distinguished by mor-
phological criteria and have therefore been assigned to different species primarily
based on clinical, biological, geographical, and epidemiological standards and, more
recently, on immunological and biochemical data. Accordingly, since the first
description of the genus Leishmania in 1903, the number of species has increased
continuously. While species based on these criteria may be clinically useful, it is
unclear that they will reflect the true evolution and diversity of the genus. Although
many molecular methods have been recently introduced for unraveling the
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phylogeny of Leishmania and define its taxonomy, defining a Leishmania species or
achieving a consensus on the described species is still not easy.

2.2 Molecular Methods for Leishmania Phylogenetics,
Identification, and Population Genetics

The selection of the molecular method or marker most suitable for its use in
phylogenetic studies depends on the question needed to be addressed and the
required level of resolution. While trees resulting from molecular studies of Leish-
mania are preferred, they should not be used alone, as evolution of hosts and vectors,
as well as climatic and geographical features, should also be taken into account
[2]. A comprehensive review has recently listed previously used markers for Leish-
mania diagnosis and strain typing [3].

2.2.1 Molecular Methods for Studying Leishmania Phylogeny

Currently, phylogenetic relationships at the level of Kinetoplastea, as well as at the
level of the genus Leishmania, are mostly based on DNA sequences. Slowly
evolving genomic sequences such as small subunit (SSU) rRNA genes and
glycosomal glyceraldehyde phosphate dehydrogenase (gGAPDH) genes have been
most widely used for establishing molecular phylogenies of these pathogenic
flagellates. Numerous molecular tools have been described that distinguish species
and strains of Leishmania parasites. Since the genus Leishmania is relatively
homogenous, as compared to the related genus Trypanosoma, techniques that reveal
genetic variation at a higher level of resolution are required. Multilocus enzyme
electrophoresis (MLEE) has been considered for many years as the reference
technique for the identification of Leishmania species and subspecies [4]. However,
MLEE has drawbacks including the need to cultivate parasites to obtain sufficient
amounts of cells for the experiments, as well as the lack of discriminatory power to
differentiate the parasites below the species level [5, 6]. On the other hand, molecular
approaches based on PCR or other amplification techniques have the advantage of
combining high sensitivity for direct detection of the infecting parasites in various
human, animal, and sand fly tissues, with the ability to distinguish Leishmania
parasites at species and intraspecies levels [7]. The PCR-based methods include
the amplification and subsequent restriction fragment length polymorphism (RFLP)
or DNA sequence analysis of multicopy targets or multigene families (including
coding and noncoding regions and PCR fingerprinting techniques), to the recently
developed multilocus sequence analysis [8–10] and multilocus microsatellite typing
(for review see [11]). These tools have been applied for the identification of the
causative agent of leishmaniasis in patient isolates, for epidemiological studies in
different foci endemic for the disease, as well as for taxonomic, phylogenetic, and
population genetic studies in Leishmania.
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For phylogenetic studies, differential diagnosis of species by sequencing single-
copy gene targets is preferred over methods based on the evaluation of RFLP or
fingerprinting patterns, although these latter methods may be useful in epidemiolog-
ical studies to distinguish between a set of strains known to be circulating in a single
focus. Phylogenies based on one gene are often not fully adequate to understand the
phylogeny of the Trypanosomatidae or its subgroups, given some instances of
recombination, or even different mutation rates between lineages. Instead, several
independent genes displaying different evolutionary histories are preferable [12, 13],
such as implemented in multilocus sequence analysis (MLSA).

For inferring the phylogenetic relationships and the molecular classification at the
level of kinetoplastids, as well as at the Leishmania genus, analyses based on DNA
sequence comparisons are preferred. Nucleotide sequences or predicted amino acid
sequences at specific positions can be used as “characters” in a phylogenetic analysis
[14]. As these characters (nucleotides) are the basic units of information encoded in
the organism’s genome, the potential number of informative characters is enormous.
Furthermore, sequence data are highly reproducible and easy to compare between
laboratories.

Multilocus sequence typing was initially developed for bacteria [15] and applied
in the same manner as MLEE. In the strict bacterial context, short DNA sequences of
300–500 bp for 7–12 gene targets are generated by direct sequencing in both
directions. Each sequence is scored as a haplotype, bacteria being haploid; the
combination of the haplotypes for all gene targets constitutes the sequence type
(ST). Gene targets must be selectively neutral, given that among the relatively small
number of genes, a single gene subject to strong positive or negative selection may
disrupt phylogenies. In Leishmania, different approaches for MLSA have been
developed in which case it is the diploid sequence type that is codified, using the
codes for ambiguous nucleotides. However, a publicly available database has not yet
been created. The L. (L.) donovani complex has been studied by using ten loci for
gene coding for enzymes used in MLEE [16, 17]. Five of these ten loci plus two
additional conserved loci have been used for studying Chinese isolates representing
different Leishmania species [10], and four of these loci were applied for getting new
insights into the taxonomy and phylogeny of L. (Viannia) parasites [8]. El-Baidouri
et al. have selected seven other independent loci for their MLSA approach which
was applied to different Old World species of Leishmania [9]. All these MLSA
approaches include at least partial sequencing of the selected loci and further
phylogenetic analyses of the concatenated sequences. They all indicate that the
same gene targets can be used through the Leishmania genus and will enable
comparisons of genetic distances between the species but also allow to assess the
degree of genetic diversity within species.
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2.2.2 Molecular Methods for Population Genetic Studies
in Leishmania

Population genetic approaches depend on highly polymorphic neutral markers that
are not affected by natural selection, which must also be co-dominant to permit the
detection of all three possible allele combinations in a diploid genome. Multilocus
microsatellite typing (MLMT) may meet the criterion of neutrality better than
MLSA. Microsatellite sequences are repeated motifs of 1–6 nucleotides that may
vary in length due to the gain or loss of single-repeat units during DNA replication.
This variation can easily be detected after amplification with primers annealing
specifically to their flanking regions. Microsatellite markers are prone to homoplasy
and the evolutionary history of a particular repeat may be uncertain. All analyses
should therefore include a panel of 10–20 unlinked sequences to overcome this main
obstacle in the use of microsatellite markers. Microsatellite markers have been found
to be largely species-specific in Leishmania [18, 19] and therefore, MLMT is not
suited for phylogenetic studies. In fact, comparison of DNA-based methods of strain
typing shows that MLMT and PCR-RFLP of kinetoplast (k) DNA minicircles are
most useful to discriminate Leishmania parasites at intraspecies level, with both of
these methods allowing a fine-grained characterization of parasite diversity, for
example, in demonstrating genetic links between remote populations of L. (L.)
infantum and L. (L.) donovani [20, 21]. Given that kDNA PCR-RFLP is not
co-dominant and its results are difficult to reproduce and to compare between
laboratories, MLMT appears to be the current method of choice for population
genetic studies in Leishmania.

2.2.3 Next-Generation Sequencing Used for Interspecific
and Intraspecific Differentiation in Leishmania

New and increasingly cheaper high-throughput sequencing technologies that enable
fast sequencing of large numbers of genes have opened the door for genome-wide
multilocus genotyping between and within Leishmania species. Since the publica-
tion of the first Leishmania reference genome of L. (L.) major [22], reference
genomes have been published for many other species, such as L. (L.) infantum and
L. (V.) braziliensis [23], L. (L.) donovani [24], L. (L.) mexicana [25], L. (L.)
amazonensis [26], L. (V.) panamensis [27], and the Sauroleishmania L. (S.)
tarentolae [28] and L. (S.) adleri [29]. These data, together with unpublished
assemblies for many other species—and even multiple strains for some species—
are available on the kinetoplastid genome database, TriTrypDB (http://tritrypdb.org)
[30]. The quality of these assemblies varies in terms of how completely they
represent the true genome sequences and how contiguous they are. New sequencing
technologies are now being used in Leishmania that allow generation of very high-
quality genome assemblies more easily and from much longer sequencing reads
[31], and improved genome assemblies for many species are likely to be available
soon. Accurate annotation of genes and other genome features is required for making
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these resources useful to the research community. Although consistent, high-quality
automated annotation is now possible [32], and manual inspection and improvement
of annotation is still critical, particularly in ensuring that genome resources accu-
rately reflect findings from the literature. Comparison of different leishmanial
genomes revealed a remarkable conservation of gene content and synteny in
orthologous chromosomes [23, 33]. Using whole-genome information for different
species of Leishmania, MLSA could be, thus, extended to several hundreds of gene
targets [34].

Next-generation sequencing allows analyses of different mutation types, such as
single nucleotide polymorphisms (SNPs), insertion/deletions (indels), chromosome
copy number variations (aneuploidy), and gene copy number variations (CNVs). So
far, most studies in Leishmania have focused on analyzing SNP data which,
depending on the selection criteria, can differentiate parasites at the interspecies
and/or intraspecies levels (see paragraph 4.2 for more details).

Sterkers et al. [35, 36] reported that in L. (L.) major, chromosomal content varies
not only from strain to strain but also from cell to cell creating “mosaic aneuploidy”.
This leads to high karyotypic plasticity and conserved intra-strain genetic heteroge-
neity combined with loss of heterozygosity per cell. Next-generation sequencing has
confirmed the existence of remarkable chromosome copy number variations and
mosaic aneuploidy for parasites belonging to the same or closely related Leishmania
species [24, 37, 38]. Recently, Dumetz et al. [31] reported dynamic changes of
aneuploidy during the parasite’s life cycle. Whereas chromosome copy numbers
were highly variable in a strain during in vitro cultivation, smaller yet consistent
karyotype changes were noticed after a passage through a sand fly, and aneuploidy
dropped significantly in a strain-specific manner in hamster amastigotes. As a
consequence, all DNA-based typing methods employed earlier have the problem
that they cannot decide if a cell population (or strain) consists of heterozygous cells
or of homozygous cells presenting different allelic and ploidy content. Approaches
to study the genomes of single cells are now available but have not yet, to our
knowledge, been applied to Leishmania [39].

2.2.4 The Importance of Sampling for Phylogenetic and Population
Genetic Studies

Sampling is crucial for phylogenetic as well as for population genetic analyses and
depends on the question(s) to be addressed. None of the phylogenetic and population
genetic studies published so far in Leishmania meet all the requirements for optimal
sampling, although more recent studies increasingly try to do so. For phylogenetic
inference, parasites should be ideally sampled from the whole range of geographical
distribution, but most studies have analyzed only one or a few strains per species,
normally reference strains that are kept in cryobanks and have been subcultured
many times. Population genetic studies often suffer from the drawback that for some
geographic areas, only few isolates are available. Analyzing parasites at a finer
geographical scale, using sufficient numbers of isolates, has been shown to be
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necessary for the detection of hidden substructures within the Leishmania species
[40]. In addition, Leishmania spp. pathogenic for humans are, for understandable
reasons, usually overrepresented in the sample collections. It is urgently needed to
include more flagellates that are collected from animal hosts or insect vectors or even
asymptomatic hosts into phylogenetic and population genetic studies. The availabil-
ity of parasite isolates in promastigote culture is essential for in-depth study of
phenotypic differences between strains, but Leishmania parasites can be difficult
to isolate [41], and therefore, the use of direct applications in host tissues should be
preferred for molecular epidemiological and population genetic studies.

2.3 Molecular Evolution and Origin of the Genus Leishmania

Six basic groups of eukaryotes, similarly to the traditional “kingdoms”, have been
recognized in the new classification system by Adl et al. [1], and the genus
Leishmania has been assigned to the supergroup Excavata. While groups at this
highest taxonomic level share few distinguishing features, and are largely based on
molecular data, excavates are ancestrally flagellated protozoa feeding on small
particles via a feeding groove. Leishmania are kinetoplastid parasites belonging to
the Trypanosomatidae (Table 2.1).

2.3.1 Molecular Phylogeny of Kinetoplastids

Kinetoplastids constitute a remarkable group of morphologically rather simple
unicellular organisms that share several unusual features in their genomes. The
most prominent unique structure is the kinetoplast DNA, a massive network of
thousands of topologically interlocked DNA circles of two types, mini- and
maxicircles, corresponding to mitochondrial DNA [44]. Other unique features
include mitochondrial RNA editing of the uridine insertion/deletion type, trans-
splicing of nuclear-encoded mRNA transcripts, intron poverty, presence of

Table 2.1 Taxonomic position of the genus Leishmania according to the classification by Adl
et al. [1] and Jirku et al. [42] emended by Maslov and Lukeš [43]

Super-
group Excavata Cavalier-Smith 2002, emend. Simpson 2003 (P?)

Phylum Euglenozoa Cavalier-Smith 1993, emend. Simpson 1997

Class Kinetoplastea Honigberg, 1963 emend. Vickerman 1976

Subclass Metakinetoplastina Vickerman, 2004 (R)

Order Trypanosomatida Kent, 1880 stat. nov. Hollande, 1952

Family Trypanosomatidae Doflein, 1951

Subfamily Leishmaniinae Maslov and Lukeš, 2012 emend. Shaw, Texeira and Camargo
2016

Genus Leishmania Ross, 1903

(P?) Possibly paraphyletic; (R) group identified by small subunit (SSU) rRNA
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hypermodified base J, and arrangement of genes in large polycistronic clusters
[13]. The kinetoplastid species show a variety of life styles ranging from ubiquitous
free-living organisms (some bodonids), through ecto- and endoparasites of fish (e.g.,
Cryptobia, Trypanoplasma, Ichthyobodo) to obligatory parasites of invertebrates,
vertebrates, and plants (for review see [13, 43]). The species parasitizing plants
(Phytomonas), insects (Crithidia, Herpetomas, Leptomonas, Blastocrithidia,
Rhynchoidomonas, Strigomonas, Angomonas, Sergeia, Blechomonas,
Paratrypanosoma), fish, amphibians, and reptiles (Trypanosoma) or mammals
(Trypanosoma, Leishmania, Endotrypanum) are comprised in the
Trypanosomatidae (Table 2.2) [46].

Originally, the taxonomy of kinetoplastids was based on their morphology and
life cycles. With the initial molecular biological studies, it became clear that the so
far existing taxonomy does not reflect the true genetic relationships of these
organisms. These early molecular phylogenetic studies suffered, however, (a) from
inappropriate sampling (i.e., mainly medically important trypanosomatids were
included in the analysis and the diverse bodonids were ignored) and (b) from
troubles with the first gene target sequence used (the SSU rRNA gene of
kinetoplastids have several large fast-evolving regions which, if not removed, lead
to artifacts in tree construction and, if removed, result in a faint phylogenetic signal
in the alignments obtained).

Table 2.2 The morphology and hosts of Trypanosomatida modified after Stevens et al. [45]

Genus Morphology Hosts Vectors

Monoxenous Blastocrithidia Epimastigote,
amastigote, cyst

Insects, ticks

Crithidia Choanomastigote Insects

Herpetomonas Promastigote,
opisthomastigote

Insects

Leptomonas Promastigote, cyst Insects,
ciliates
nematodes

Rhynchoidomonas Trypomastigote—no
undulating membrane

Diptera

Sergeia Promastigote Diptera

Blechomonas Promastigote Siphonaptera

Heteroxenous Endotrypanum Amastigote,
promastigote,
epimastigote,
trypomastigote

Sloths Sandflies

Leishmania Amastigote,
promastigote

Mammals,
lizards

Sandflies

Phytomonas Promastigote Flowering
plants

Hemiptera

Trypanosoma Amastigote,
epimastigote,
trypomastigote

Vertebrates Arthropods,
leeches
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A broad sampling of kinetoplastid diversity and the introduction of additional
informative markers like heat-shock proteins (HSPs) and glycosomal glyceralde-
hyde-3-phosphate dehydrogenases (gGAPDH) revealed that the Kinetoplastea con-
sist of Prokinetoplastina and Metakinetoplastina. The former brings together
intracellular endosymbionts of fish-pathogenic amoeba, Perkinsela spp., and
ectoparasites of fish, Ichthyobodo spp. [46, 47]. The latter clade is further subdivided
into four subclades: the trypanosomatids (Trypanosomatida) and three clades of
bodonids (Neo-, Eu-, and Parabodonida) [48]. Branching of the trypanosomatids
from within the bodonids is now strongly supported [49]. As a whole, the wealth of
new sequence data makes the old division of the kinetoplastids into bodonids and
trypanosomatids artificial. The trypanosomatids were considered to be most closely
related to the mostly free-living Eubodonida (e.g., Bodo saltans), a result which is
congruent with an earlier study based on a partial mitochondrial DNA sequence [50];
however, the recently described Paratrypanosoma confusum represents the most
basal branching trypanosomatid, which likely retains numerous ancestral
features [49].

The current molecular phylogeny of the Trypanosomatidae is mainly based on the
analyses of SSU rRNA genes [51–56] and gGAPDH genes, although to a lesser
extent [53, 54, 57, 58], as well as the spliced-leader (SL) RNA gene [59]. Neither
gene is, however, suitable for inferring a robust phylogeny across the entire family,
and additional phylogenetic markers should be used for the trypanosomatids, such as
DNA and RNA polymerase genes [60]. The current picture that has emerged from
SSU rRNA and gGAPDH genes is that the genus Trypanosoma represents a large
monophyletic clade in a sister-group relationship with the rest of the family (e.g., see
Fig. 2.1). The monoxenous lineages of insect parasites currently assigned to the
genera Blastocrithidia, Crithidia, Leptomonas, Sergeia, and Wallaceina are
intermingled with dixenous lineages of parasites of mammals or reptiles (Leish-
mania) and plants (Phytomonas). Only Leishmania and Phytomonas form mono-
phyletic clades, whereas all monoxenous flagellate genera have been found to be
paraphyletic and widely interspersed in the phylogenetic trees.

In the SSU rRNA tree (Fig. 2.1), the root is located between the clades of
trypanosomes and “non-trypanosomes”. However, the recently discovered
Paratrypanosoma confusum likely constitutes the most basal flagellate that acquired
the parasitic life style [49]. While it is difficult to rigorously exclude dixenous life
cycle, the available data strongly point to the fact that P. confusum is a monoxenous
parasite of dipteran insects (Skalický et al. unpubl. data). The branching order of the
main clades within Trypanosomatidae is not well supported; hence, more data is
needed to confirm the basal branching of Blechomonas [64].

Monoxenous trypanosomatids of insects are not only extremely diverse but
developed distinct life strategies. One clade represented by the genera Strigomonas
and Angomonas invariably contains endosymbiotic bacteria in their cytoplasm
[65]. It was shown that all bacteria parasitizing these globally distributed
trypanosomatids are derived from a single acquisition event of a
betaproteobacterium by a flagellate [66] that developed into a tight endosymbiotic
relationship involving targeting of proteins from one partner into another
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[67]. Interestingly, a trypanosomatid in hemipteroid bugs captured in Ecuador hosts
yet another bacterium that was acquired in an independent endosymbiotic event [68].

Another example of unique features being found in monoxenous trypanosomatids
is the case of Blastocrithidia sp. In an unprecedented step, this flagellate repurposed
all three stop codons into sense codons, and its translation machinery, therefore, has
to distinguish between a multitude of in-frame stop codons and the genuine one that
indeed terminates its genes [69]. These two examples demonstrate that
trypanosomatids in insects constitute a group of dexterous parasites capable of
altering under certain conditions their molecular and biochemical capacities.

Therefore, it is not surprising that the monoxenous parasites underwent repeated
transitions to dixenous parasitism [13, 70], at least once in the Trypanosoma clade
and once in each of the lineages leading to Leishmania/Endotrypanum and
Phytomonas. The phylogenetic position of Leishmania within insect
trypanosomatids as a relatively late emerging group, supports the classical “insect-
first” hypothesis postulating that dixenous parasites evolved from primary insect
parasites via acquisition of hematophagy [71, 72]. The discovery of two larval sand
flies in Early Cretaceous Burmese amber parasitized by trypanosomatids led to the
hypothesis that these protists were ingested by sand fly larvae, carried through the
pupal and into the adult stage and introduced into a vertebrate during blood feeding
[73]. The establishment of trypanosomatids in the vertebrate and subsequent

Fig. 2.1 Sequences for phylogenetic analyses were received from publicly available sources for
both SSU rRNA and gGAPDH genes. The datasets for each gene were aligned by MUSCLE [61]
separately and selection of relevant positions with subsequent concatenation was performed using
Gblocks [62]. Phylogenetic model selection with ModelGenerator using four Γ rate categories
favored GTR+Γmodel andML trees were constructed using RAxML 8.27 [63] with 1000 bootstrap
replicates
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reacquisition by sand flies finally resulted in a dixenous life cycle. Some infections
of animals and humans, often immunosuppressed patients, with monoxenous
trypanosomatids have been reported recently showing that acquisition of mammals
as hosts by primarily insect flagellates is not a rare event of the past [74–77].

2.3.2 Molecular Phylogeny of the Genus Leishmania

The first phylogenetic trees of the genus Leishmania were based on MLEE data
analyzed by phenetic and cladistic techniques [4, 78, 79]. These analyses confirmed,
at the time, the monophyletic origin of the genus and its subdivision into two
subgenera: L. (Leishmania) comprising all species from the Old World (OW),
L. (L.) mexicana and L. (L.) amazonensis from the New World (NW), and
L. (Viannia) consisting of only NW species. The lizard species were, however,
excluded from these studies because the Sauroleishmania were then considered to
be a separate genus. A concept of species complexes was proposed and later
modified to group Leishmania species based on biological and biochemistry
characteristics [72, 80]. The validity of this classification began to be questioned
when the species status of some representatives of both L. (Leishmania) and
L. (Viannia) subgenera as well as the concept of species complexes as a whole
[81] were not supported by molecular analyses. In addition, recently discovered
putative new species may belong to separate groups (for more details see paragraph
3.3).

As for the kinetoplastids, the SSU rRNA gene and mitochondrial gene sequences
are most widely used for the inference of deep phylogenetic relationships within the
genus Leishmania. The variation in the SSU rRNA gene was, however, insufficient
to robustly resolve any internal branching within Leishmania [82], and the extensive
editing of most mitochondrial genes in Leishmania [83] may cause problems in
phylogenetic studies.

During the past 20 years, several DNA sequences have been used to investigate
the phylogeny of the genus Leishmania. These have included single-copy genes
encoding the catalytic polypeptide of DNA polymerase α (polA) [60], the largest
subunit of RNA polymerase II (rpoIILS) [60], the 7SL RNA gene [84], the noncod-
ing multicopy ribosomal internal transcribed spacer (ITS) [85–87], the N-
acetylglucosamine-1-phosphate transferase (NAGT) gene [88], the mitochondrial
cytochrome b gene (cytb) [89], and, more recently, sequences of the heat shock
protein 70 gene (hsp70) subfamily [90]. Sequence analyses of these different targets
have been consistent in that the subgenera L. (Leishmania) and L. (Viannia) each
forms a distinct monophyletic clade and that the OW and NW species are separated
within the L. (Leishmania) subgenus (Figs. 2.2 and 2.3). When Sauroleishmania
were included, they branched off in between the L. (Leishmania) and L. (Viannia)
subgenera as an independent taxon. This result suggests that lizard-hosted Leish-
mania might be derived from mammalian parasites [60] and that they should be
regarded as a subgenus of Leishmania rather than an independent genus [91]. How-
ever, RNA and DNA polymerase genes were shown to evolve faster in the lizard
Leishmania than in the mammalian Leishmaniamaking it difficult to define the exact
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taxonomic position of lizard parasites [60]. In all studies, the L. (Viannia) subgenus
was closest to the root, while L. (Leishmania) and L. (Sauroleishmania) formed the
crown of the trees.

Based on a variety of molecular criteria, Cupolillo et al. [92] have proposed the
separation of the genus Leishmania into two sections: Euleishmania comprising the
subgenera Leishmania, Sauroleishmania, and Viannia, and Paraleishmania
consisting of L. hertigi, L. deanei, L. colombiensis, L. equatoriensis, L. herreri,
and strains of Endotrypanum. L. hertigi, and L. deanei have only been found in
Neotropical porcupines and an unknown sand fly vector, and do not, or only
transiently, infect humans [93]. L. herreri was isolated from sloths and different
sand fly species in Costa Rica [94]. Comparison of DNA and RNA polymerase
sequences [60] as well as PCR-RFLP of the SSU rRNA gene [93, 94] revealed that
these three species are closely related to Endotrypanum, a parasite of Neotropical
tree sloths. In the resulting trees, these species represented the most basal branches.

Several Leishmania isolates have been described that could not be assigned to any
of the known species. Noyes et al. [95] identified a parasite, L. martiniquensis,
isolated from human cutaneous lesions in Martinique by MLEE and sequencing of
different targets, as the most divergent member of the genus Leishmania. Recently, a
new species of Leishmania has been reported from a focal CL outbreak in Ghana
[96] as well as from VL cases in immunocompetent and immunosupressed patients

Origin of reptile
parasitism

Neotropical origin
of digenetic parasitism

Geographical
distribution

OW CL

NW CL

NW CL, ML

-

OW

OW

-NW

-NW

VL

Human
disease

L. (L.) tropica complex

L. (L.) donovani complex

L. (L.) mexicana complex

L. (V.) braziliensis complex

L. hertigi  complex

Endotrypanum

Sauroleishmania

Fig. 2.2 Schematic tree showing the evolution of the Leishmania/Endotrypanum subtree of the
Kinetoplastida based on POLA/ROPIILS nucleotide sequences (Croan et al. [60]). The L. (L.)
tropica complex, as shown here, comprises sequences of L. (L.) tropica, L. (L.) major, L. (L.)
aethiopica, and L. (L.) arabica; L. (L.) donovani complex those of L. (L.) donovani and L. (L.)
infantum; L. (L.) mexicana complex those of L. (L.) mexicana and L. (L.) amazonensis; L. (V.)
braziliensis complex those of L. (V.) braziliensis and L. (V.) panamensis; L. hertigi complex those
of L. hertigi and L. deanei; and Endotrypanum those of E. monterogeii and L. herreri.
Sauroleishmania were represented by the species L. hoogstraali, L. tarentolae, L. adleri, and
L. gymnodactyli. For each taxon, an indication of the geographical distribution (OW, Old World;
NW, New World) and typical disease pathology (CL, cutaneous; VL, visceral; MC, mucocutane-
ous) observed following infection is shown on the right. (Reprinted from Croan et al. [60]# 1997,
with permission from Elsevier)
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in Thailand [97], named Leishmania sp. siamensis. In those cases, parasites were,
however, not isolated in culture, and the identification was based on microscopy

Fig. 2.3 Neighbor-joining phylogeny of hsp70 sequences of 52 strains representing 17 Leishmania
and 2 Trypanosoma species, based on an alignment of 1380 nucleotides (Fraga et al. [90]).
Distances were estimated using the Kimura-2 parameter model, thereby excluding all 10 sites
with ambiguous nucleotides. Bootstrap support of the branches was inferred from 2000 replicates
and is given in percentages at the internodes when exceeding 70%. The tree is drawn to the scale at
the bottom, expressed as distance per nucleotide. Supported monophyletic species and subgenera
are depicted at the right, irrespective of the species classification presented in Table 2.1 but
reflecting the observations from Sect. 2.4. Old World clusters are indicated by a dot on the branch
leading to the cluster, while a square is used for New World groups. The tree was rooted with the
two Trypanosoma sequences found most related to Leishmania hsp70. Numbers between brackets
following the strain names indicate the number of ambiguous nucleotides in the sequence.
(reprinted from Fraga et al. [90] # 2010 with permission from Elsevier)
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and/or PCR using DNA extracted from clinical samples. Surprisingly, locally
acquired CL was also detected in kangaroos, wallaroos, and wallabys, living in
captivity in the Northern Territory of Australia, a region that was considered free of
Leishmania parasites [98, 99]. DNA sequence analyses revealed that the parasites
were genetically indistinguishable and possibly represent a novel Leishmania spe-
cies. Autochthonous cases of CL in German and Swiss horses and in a Swiss cow
have been associated by DNA sequence analyses with Leishmania parasites that
could be classified neither as OW nor NW Leishmania species but were most closely
related to L. sp. siamensis [100, 101]. Finally, another novel trypanosomatid has
been isolated from the native Australian black fly, Simulium (Morops) dycei [102].

Two recent studies have analyzed different DNA sequences such as coding for
RNA PolII, HSP70, gGAPDH, and V7V8 SSU rRNA and included not only
parasites that fall within the L. (Leishmania), L. (Viannia), and
L. (Sauroleishmania) but also parasites earlier classified as Paraleishmania and, so
far, unclassified ones. Based on their results, Espinosa et al. [103] propose a
taxonomic revision of the trypanosomatids currently known as Leishmania and
Endotrypanum. They adopt the principle of the subfamily Leishmaniinae within
the family Trypanosomatidae [42] and define new genera and subgenera which are
supported by their phylogenetic analyses (Table 2.3, see also Box 2.1). Four genera
were identified within the new subfamily. The genus Leishmania consists of the
already known subgenera L. (Leishmania) comprising mainly human pathogens
from the Old and New Worlds, L. (Viannia) including exclusively NW parasites
many of which are pathogenic to humans, and L. (Sauroleishmania) consisting of
reptilian parasites occurring only in the OW. The fourth subgenus, L. (Mundinia),
was newly created for the L. enrietti complex. It also includes L. (M.)
martiniquensis, the parasites isolated from a kangaroo now defined as the species
L. (M.) macropodum [102] as well as some so far unnamed parasites. The parasites
isolated from Central and South American sloths and transmitted by sand flies that
eventually infect humans are assigned to the genus Endotrypanum. Three new
genera are proposed: Porcisia accommodating the NW parasites isolated from
porcupines, Zelonia comprising trypanosomatids from Neotropical hemipterans
[103] and from an Australian black fly [102], and Novymonas harboring so far
only a monoxenous trypanosomatid from the digestive tract of a hemipteran
(Rhopalidae) from Ecuador [68].

The by far greatest number of taxa of the genus Leishmania has been included in a
phylogenetic analysis based on the hsp70 gene [90]. Several strains per species were
sequenced trying to cover the geographical distribution of different species. Species
of the new subgenus L. (Mundinia) were, however, not analyzed. The trees were
rooted using hsp70 sequences of the two most closely related Trypanosoma species
(Fig. 2.3). The resulting phylogeny supported the existence of three monophyletic
groups representing the subgenera L. (Leishmania), L. (Sauroleishmania), and
L. (Viannia) and the basal branching of the latter. The two mammalian subgenera
include 4 monophyletic clusters each corresponding to a different species or species
complex.
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2.3.3 Molecular Taxonomy of Leishmania

Leishmania flagellates have been assigned to different species primarily based on
clinical, biological, geographical, and epidemiological criteria and, later, immuno-
logical and biochemical data, recently reviewed by Akhoundi et al. [104]. Hierarchi-
cal taxonomic schemes have been proposed using the categories of species
complexes, species, subspecies, and subgenus. Compared to all other methods,
MLEE has been applied to the most varied and largest number of Leishmania
isolates in the past 25 years. The classification system resulting from the application
of numerical taxonomy and cladistic techniques to electrophoretic data [4, 72, 92,
105, 106] has only very recently been replaced by new systems based on analyses of
different concatenated DNA sequences [8, 9, 102, 103].

Molecular phylogenies of Leishmania have largely confirmed the taxonomy of
the genus Leishmania by MLEE suggesting, however, that the number of species
may be too large. The analysis of Hsp70 sequences identified only nine monophy-
letic groups which, according to the phylogenetic species concept, represent differ-
ent species in the subgenera L. (Leishmania) and L. (Viannia) [90]. This is in good
agreement with two studies that have investigated representative sample sets for the
OW L. (Leishmania) [9] and the NW L. (Viannia) [8], respectively, by MLSA. For
instance, two of the species earlier included in the L. (L.) donovani complex, namely,
L. (L.) chagasi and L. (L.) archibaldi, are not supported by any molecular analyses.
Strains of L. (L.) chagasi (NW) are undistinguishable from strains of L. (L.) infantum
(OW) and, in fact, represent South American strains of L. (L.) infantum
[107, 108]. L. (L.) archibaldi could also not be confirmed as a valid species
[9, 109]; only a single nucleotide polymorphism in the glutamate oxaloacetate
transaminase gene was causing the different MLEE phenotype [5]. Even more,
most of the molecular phylogenies did not produce monophyletic groups for the
other two species L. (L.) donovani and L. (L.) infantum [60, 86, 87, 89, 90].

Another discrepancy concerns the status of L. (L.) killicki, which was classified as
a separate species by MLEE [4] but shown to be L. (L.) tropica by molecular
analyses [9, 89, 110, 111]. MLSA suggests that L. (L.) killicki emerged from a
single founder event and evolved independently from L. (L.) tropica but does not
support a distinct taxon status for L. (L.) killicki [112]. According to most of the
DNA-based phylogenies, L. (L.) tropica cannot be distinguished from L. (L.)
aethiopica as both form a single cluster [84, 86, 89, 90]. Whether they are different
subspecies of the species, L. (L.) tropica is debatable and needs to be investigated
with a larger number of strains. TheMLSA results are rather in favor of a progressive
genetic isolation between the clusters representing L. (L.) tropica and L. (L.)
aethiopica, suggesting that the latter might be descendants of ancestral populations
that led to the L. (L.) tropica cluster [9].

As far as the species of the L. (L.) mexicana complex are concerned, most of the
DNA-based phylogenies included only strains of L. (L.) mexicana and L. (L.)
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amazonensis. In the hsp70 trees, which include one strain of L. (L.) garnhami, none
of these species could be distinguished as a monophyletic clade, and L. (L.)
mexicana was the only recognized species [90]. This is supported by some phyloge-
netic studies [58, 60, 87] but contrasts with others [84, 86, 89]. More strains of all
species of the L. (L.) mexicana complex, also including L. (L.) venezuelensis and
L. (L.) aristidesi, representing their whole area of distribution should be studied to
evaluate the species or possible subspecies status within this complex.

Four monophyletic groups were clearly observed in an MLSA of 96 strains of the
L. (Viannia) subgenus representing basically L. (V.) naiffi and L. (V.) lainsoni, the
most divergent groups, and L. (V.) braziliensis and L. (V.) guyanensis [8]. Strains of
L. (V.) peruviana always grouped with the strains of L. (V.) braziliensis and, thus,
did not appear as a discrete typing unit distinct: this is in contrast to the results of
MLEE, RAPD, and hsp70 phylogenies [90, 113] but is in agreement with the results
of studies based on monoclonal antibodies [114] and analysis of microsatellite
variation [115]. The latter study showed that strains of L. (V.) peruviana were
intermingled with strains of L. (V.) braziliensis from Peru and from the Acre State,
a Brazilian region bordering Peru. Strains of L. (V.) guyanensis and L. (V.)
panamensis formed in different phylogenetic trees a monophyletic cluster divided
into two monophyletic sub-clusters suggesting that there are two subspecies in the
species L. (V.) guyanensis. The inclusion of L. (V.) shawi in the L. (V.) guyanensis
group was demonstrated by MLEE analysis [105] and corroborated by molecular
markers, as PCR-RFLP of ITS rDNA [116] and PCR-RFLP and sequence analysis
of the hsp70 gene [8, 117]. Molecular phylogenies have indicated that species status
is justified for L. (V.) naiffi and that L. (V.) lainsoni is a separate and the most
divergent species inside the L. (Viannia) subgenus [8, 90, 117]. Finally, hsp70 gene
analysis [117], MLMT [118] and MLSA [8], showed that the species L. (V.)
lindenbergi [119] and L. (V.) utingensis, the last being represented by only one
sample isolated from a Lutzomyia tuberculata sand fly, are quite distinct from the
other L. (Viannia) species, although only the reference strains were analyzed.

In conclusion, the concept of species complexes for grouping Leishmania
species which was initially proposed based on biological and biochemistry
characteristics and later modified [72] is not supported by molecular phylogenies
and has been abandoned in the newly defined classification scheme (Box 2.1)
where the assignment to major groups across the entire genus Leishmania was
based on gene sequences. For classification within the major groups, highly
discriminatory markers such as MLST, microsatellites, or genome-wide SNPs are
probably better suited.
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Box 2.1 Revised classification and nomenclature of Leishmaniinae species based
on molecular phylogenies of the organisms [102, 103]. Type species are
underlined
The subfamily Leishmaniinae (Maslov and Lukes in [42]) consists of the
genera Leishmania, Porcisia, Endotrypanum, Zelonia and Novymonas.

GENUS LEISHMANIA ROSS 1908
Subgenus L. (Leishmania) Safjanova, 1982 consists of the following Old

World (OW) and New World (NW) species:

OW: L. (L.) donovani Layeran &Mesnil, 1903; L. (L.) infantum Nicolle 1908;
L. (L.) tropica Wright, 1903; L. (L.) aethiopica Bray, Ashford & Bray,
1973; L. (L.) major Yakimoff & Shokhor, 1914; L. (L.) gerbilli Wang, Qu
& Guan, 1964; L. (L.) arabica Peters, Elbihari & Evans, 1986; L. (L.)
turanica Strelkova et al. 1990;

NW: L. (L.) infantum Nicolle 1908 (syn. L. (L.) chagasi Cunha & Chagas,
1937); L. (L.) mexicana Biagi, 1953; L. (L.) amazonensis Lainson & Shaw,
1972; L. (L.) aristidesi Lainson & Shaw, 1979; L. (L.) venezuelensis
Bonfante-Garrido, 1980; L. (L.) pifanoi Medina & Romero, 1959; L. (L.)
waltoni Shaw, Pratlong & Dedet, 2015.

Species status not yet confirmed: L. (L.) garnhami Scorza et al. 1979; L.
(L.) forattinii Yoshida et al 1993.

Subgenus L. (Sauroleishmania) Ranque, 1973 consists of reptilian
parasites only found in the Old World:

L. (S.) tarentolae Wenyon 1921; L. (S.) adleri Heisch 1954; L. (S.) agamae
David 1929; L. (S.) ceramodactyli Adler & Theodor 1929; L. (S.) davidi
Strong 1924; L. (S.) gulikae Ovezmuchammedov & Safjanova 1987; L. (S.)
gymnodactyli Khodukin & Sofiev 1929; L. (S.) helioscopi Khodukin &
Sofiev 1940; L. (S.) hemidactyli Mackie et al. 1923; L. (S.) hoogstraali
McMillan 1965; L. (S.) nicollei Khodukin & Sofiev 1940; L. (S.)
phrynocephali Khodukin & Sofiev 1940; L. (S.) platycephala Telford
2008; L. (S.) senegalensis Ranque 1973; L. (S.) sofieffi Markov et al.
1964; L. (S.) zmeevi Andruchko & Markov 1955; L. (S.) zuckermani
Paperna et al. 2011;

Species status not yet confirmed: L. (S.) sp. I Telford 1979; L. (S.) sp. II
Telford 1979.

(continued)
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Box 2.1 (continued)
Subgenus L. (Viannia) Lainson & Shaw, 1987 consists of species exclu-

sively endemic in the New World:

L. (V.) braziliensis Vianna, 1911; L. (V.) peruviana Velez, 1913; L. (V.)
guyanensis Floch, 1954; L. (V.) panamensis Lainson & Shaw, 1972;
L. (V.) shawi Lainson et al. 1989; L. (V.) lainsoni Silveira et al. 1987;
L. (V.) naiffi Lainson & Shaw, 1989; L. (V.) lindenbergi Silveira et al. 2002;
L. (V.) utingensis Braga et al. 2003.

Subgenus L. (Mundinia) Shaw, Camargo & Texeira 2016 consists of
worldwide distributed species:

L. (M.) enrietti Muniz & Medina 1948; L. (M.) martiniquensis Desbois et al.
2014 (syn. L. siamensis); L. (M.) macropodum Barratt et al. 2017; L. (M.)
spp.Ghana [MHOM/GH/2012/GH5] (LV757; L. (M.) spp. Trang, Thailand
[MHOM/TH/2012/PVM2].

GENUS PORCISIA SHAW, CAMARGO & TEXEIRA 2016
Consists of parasites occurring in porcupines in the NW, previously

assigned to the L. hertigi complex:
P. hertigi Herrer, 1971; P. deanei Lainson & Shaw 1977.
GENUS ENDOTRYPANUM MESNIL & BRIMONT 1908
Consists of NW parasites from sloths, sand flies and humans:
E. schaudinii Mesnil & Brimont 1908; E. monterogeii Shaw 1969;

E. colombiensis Kreutzer et al. 1991, E. equatorensis Grimaldi jr. et al.
1992; E. herreri Zeledon, Ponce & Murillo, 1979.

GENUS ZELONIA SHAW, CAMARGO & TEXEIRA 2016
Consists of parasites obtained from predatory hemipterans in the NW

Equatorial regions:
Z. costaricensis Yurchenko et al. 2006; Z. costaricensis strain G755 Noyes

et al. 2002; Z. costaricensis strains TCC169E, 504 and 2696 Espinosa et al.
2016; Z. australiensis Barratt et al. 2017.

GENUS NOVYMONAS KOSTYGOV & YURCHENKO 2016
Contains so far only a trypanosomatid from the digestive tract of a hemip-

teran (Rhopalidae) from Ecuador:
N. esmeraldas Votypka, Kostygov, Maslov & Lukeš 2016.
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2.4 Intraspecific Differentiation in Leishmania

2.4.1 Multilocus Microsatellite Typing (MLMT)

Very recently, MLMT and, to a lesser extent, MLSA provided evidence for consid-
erable genetic structure for different Leishmania species at the intraspecies level. So
far, microsatellite loci with high discriminatory power and suitable for characterizing
closely related strains have been published for population studies in the L. (L.)
donovani complex [120, 121], L. (L.) major [18, 122], L. (L.) tropica [110], and
for species of the subgenus L. (Viannia) [115, 123, 124]. Furthermore, a searchable
database of microsatellite loci within the genome has been established at http://www.
genomics.liv.ac.uk/tryps/Microsatellites.V1.html, which allows the development of
additional microsatellite markers for the L. (L.) donovani complex, L. (L.) major, and
L. (V.) braziliensis [125]. Indeed, novel microsatellite loci can be successfully
identified from even very incomplete draft genome assemblies (e.g., [126, 127]
and microsatellite polymorphisms at those loci inferred from sequence data [128])
before further testing.

Most of the MLMT studies published so far have addressed epidemiological and
population genetic questions related to the L. (L.) donovani complex. When strains
of L. (L.) donovani and L. (L.) infantum isolated from the main regions endemic for
VL were investigated, seven main genetically distinct populations were identified:
three populations of L. (L.) infantum from the Mediterranean area, South America,
and Asia comprising the strains representing the zymodeme (MLEE type) MON-1
(v, vi, and vii) and one (iv) of other zymodemes (taken together as non-MON-1), as
well as two populations of L. (L.) donovani from East Africa (ii and iii) and one of
L. (L.) donovani MON-2 from India (i) (Fig. 2.4). The highest microsatellite
diversity was observed for L. (L.) infantum from the Mediterranean Basin. MLMT
distinguished strains of L. (L.) infantum belonging to the predominating isoenzyme
type, MON-1, and revealed the existence of genetically different populations, often
with geographical associations, on different hierarchical levels [6, 129–
134]. MON-1 strains from the Western Mediterranean differed from those of the
Eastern Mediterranean and North Africa. Different genetic groups within MON-1
strains were also prevalent in the Spanish mainland and the Balearic Islands,
respectively, as well as in Israeli and Palestinian foci. MLMT detected gene flow
between different populations of L. (L.) infantum and hybrids between populations
representing different zymodemes. New World strains of L. (L.) infantum (syn.
L. (L.) chagasi) were less diverse and most closely related to the strains from
southwest Europe [108].

Microsatellite diversity was also remarkable for East African strains of L. (L.)
donovani. Two main populations have been identified, one comprising strains from
Sudan and northern Ethiopia and the other strains from southern Ethiopia and
Kenya, which were both further divided into two subpopulations. The presence of
two geographically and genetically isolated populations of L. (L.) donovani in
Ethiopia is supported by differences in clinical behavior and biology of the strains
from the two foci [135]. Four putative hybrids detected in this study were retyped
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using a combination of MLMT and MLSA and shown to be true genetic hybrids.
Each of them possessed heterozygous markers consistent with inheritance of diver-
gent alleles from genetically different Ethiopian L. (L.) donovani lineages
[136]. MLMT of 124 Sudanese strains of L. (L.) donovani revealed significant
genetic diversity, minor structuring between years, and highlighted the role of

Fig. 2.4 (a) Geographical distribution of the identified population clusters inferred by MLMT for
845 individual isolates, of which 784 were clearly assigned to clusters (i) to (vi) and 61 were “not
assigned” (Stark, Schönian et al. unpublished data). Colors refer to the population assignments
obtained by BCA. Pie chart sizes are classified to illustrate the relative frequency of samples in the
respective focus. (b) Focus on the Mediterranean Basin. Arrows indicate the phlebotomine sand fly
species present in these regions. Country abbreviations are PT Portugal, ES Spain, FR France, IT
Italy,GRGreece, TR Turkey, IR Iran, TM Turkmenistan,UZUzbekistan, IL Israel, PS Palestine, EG
Egypt, TN Tunisia, DZ Algeria, MA Morocco
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dogs as important local reservoirs of visceral leishmaniasis [137]. In contrast, strains
of L. (L.) donovani from the Indian subcontinent were surprisingly homogenous with
over 80% of the strains tested sharing an identical MLMT profile regardless of their
geographical origin, clinical manifestation, and whether they presented in vitro or
in vivo susceptibility to antimonial drugs (SbV) [138, 139].

MLMT exposed three main populations of L. (L.) major, in Central Asia, the
Middle East, and Africa [122]. Studies in Iran and Pakistan describe three and two
clusters of L. (L.) major, respectively, most of which differ from the three main
populations [140, 141]. This might be related to the existence of different transmis-
sion cycles involving different vector and/or reservoir host species. In Tunisia,
MLMT of L. (L.) major revealed genetically differentiated populations of the
parasites which spread according to a geographical gradient most probably resulting
from human activities [142].

The existence of genetically different populations with geographical associations
was also shown for L. (L.) tropica [110]. The population structure of L. (L.) tropica
was found to be more complex, with genetically isolated sympatric populations in
rather small territories, e.g., in Israel and the Palestinian Authority, and in Morocco,
and the emergence of new variants and foci. In Israel and the Palestinian Authority,
increased prevalence of human CL could be linked by MLMT to the recent emer-
gence of genetically similar strains of L. (L.) tropica [143]. The expansion of these
strains seems to result from the reemergence of a previously existing genotype. A
second cluster of strains in this study differed from all other L. (L.) tropica in their
serological, biochemical, and molecular parameters and by the involvement of a new
vector species and was closely related to African strains of L. (L.) tropica. More
strains from this area fell into different genetic entities mostly related to Asian strains
of L. (L.) tropica. These many locally encountered genetic variants in the Israeli-
Palestinian region have been, most likely, imported during numerous migrations of
humans and, eventually, infected animal reservoirs from the past until now.
Moroccan strains of L. (L.) tropica were separated into two phylogenetic clusters
independent from their geographical origin [144]. MLMT has, thus, confirmed the
intrafocal distribution of genetic variants of L. (L.) tropica observed earlier in MLEE
studies [145]. Indian strains of L. (L.) tropica regardless whether they were isolated
from human cases of CL or VL grouped always together and with strains from other
Asian foci [146]. The dermatotropic and viscerotropic strains were, however, not
genetically identical. Whether this reflects their different pathogenicities remains to
be established. A recent MLMT study of L. (L.) killicki (syn. L. (L.) tropica) supports
its assignment to the L. (L.) tropica complex and reveals strong structuring in the
parasites between Tunisia and Algeria and within different Tunisian regions,
suggesting low dispersion of these parasites [147]. MLMT of L. (L.) aethiopica
confirmed their close relationship to L. (L.) tropica but was unable to answer the
question whether these parasites represent two separate species or rather different
variants of the same Leishmania species [148].

MLMT analyses have been applied to different sample sets of the L. (Viannia)
subgenus. Variation in 15 microsatellite markers has been studied in 120 strains of
L. (Viannia) from different Brazilian foci of CL [118]. The strains of L. (V.)

2 Molecular Evolution and Phylogeny of Leishmania 41



braziliensis isolated along the Atlantic coast and those of L. (V.) guyanensis, mainly
from the Amazonas region, formed two clearly separated populations both
exhibiting significant levels of recombination. MLMT identified an epidemic clone
inside the Atlantic coast population consisting of 13 strains from a CL outbreak in
Minas Gerais. Strains of L. (V.) braziliensis from northern Brazil did not group with
those from the Atlantic coast but were found to be very polymorphic. They seemed
to be more closely related to strains of other subgenus L. (Viannia) species, such as
L. (V.) shawi, L. (V.) naiffi, and L. (V.) lainsoni, also isolated in northern Brazil CL
foci. Bias due to inadequate sampling strategies cannot be excluded for the analyses
of strains derived from northern Brazil. Using the same MLMT approach, high
genetic diversity, with multilocus genotypes strongly differentiated from each other,
were observed for 24 strains of L. (V.) braziliensis from Peru [149]. The sample set
consisted of strains for which the in vitro susceptibility toward antimonial drug or the
clinical treatment outcome was known. No correlation could, however, be found
between genotypes and resistance phenotypes.

The MLMT of Bolivian and Peruvian L. (V.) braziliensis revealed a strong
population structure at a microgeographical scale as the populations within the
different countries were genetically heterogenous [40]. The substantial heterozygote
deficiency and extreme inbreeding found in this study is not consistent with strict
clonal reproduction as previously proposed [150] but rather point to frequent sexual
crosses of genetically related parasites or even of individuals from the same strain
(endogamy). A high level of sexual recombination and substantial endogamy
together with strong Wahlund effects (sampling strains from different
subpopulations) was reported in a study of 153 strains of L. (V.) guyanensis from
French Guyana investigating variation in 12 microsatellite loci [151]. The significant
isolation observed suggests an important role for natural hosts and/or vectors in the
dispersion of parasites across the country.

2.4.2 Whole-Genome Sequencing

So far, only a few studies have investigated whole-genome SNPs, chromosome, and
gene copy number variations for a significant number of strains of the same
Leishmania species that would allow conclusions on intraspecific diversity.
Imamura et al. [37] have recently investigated the history of VL on the Indian
subcontinent (ISC) by analyzing whole-genome sequences of 204 L. (L.) donovani
isolated from VL cases in Nepal, India, and Bangladesh. They reported that most of
these parasites first appeared in the nineteenth century which is matching the first
historical records of VL epidemics in the area. As shown earlier, the parasite
genomes are indeed genetically similar, but whole-genome SNP analyses identified
three divergent genetic lineages circulating on the ISC: a core group of 191 closely
related parasites occurring in the lowlands of all three countries, a small group of
12 strains from Nepalese highlands, and a single divergent isolate from Nepal
(Fig. 2.5). The core population could be clustered into six discrete monophyletic
groups which first appeared in the 1960s. Thus, whole-genome analyses confirm
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earlier hypotheses of sustained and ancient reproductive isolation from other L. (L.)
donovani lineages due to a recent bottleneck event on the ISC related to the
insecticide spraying under the Malaria Control Program in the 1960s. Parasites in
one of genetically distinct groups were found to be frequently resistant to antimonial
treatment. High plasticity was observed for these L. (L.) donovani genomes, gene
copy number variants cover ~11% of the genome, most of the isolates were
aneuploid, and almost all chromosomes show some variations.

Using double-drug resistance markers, genetic recombination among Leishmania
parasites was unequivocally demonstrated to occur in the sand fly vector under
laboratory conditions [152]. The detection of natural hybrids and mosaic genotypes
[16, 37, 129, 134, 136, 153–157], gene flow between populations [129, 134], and
strong inbreeding [40, 151] have repeatedly posed questions about the role and
extent of sexual recombination in natural populations of Leishmania. Rogers et al.

Fig. 2.5 Genealogical history of L. (L.) donovani from the ISC (Imamura et al. [37]). (a)
Maximum-likelihood tree based on SNPs called for 191 strains from the core population in the
Indian subcontinent. Samples are colored by population assignment, with putative hybrid strains not
clustered in the main groups in black. Further analysis confirms the hybrid ancestry of some of these
isolates. (b) Unrooted phylogenetic network of the L. (L.) donovani complex based on split
decomposition of maximum-likelihood distances between isolates described here, reference
genome isolates, and two published Sri Lankan isolates (Zhang et al. 2014). (c) Model-based
clustering of 191 isolates from the core population reveals six discrete monophyletic groups and
some groups and other samples of less certain ancestry. Colored bars show the fraction of ancestry
per strain assigned to a given cluster, with colors assigned to the population most closely related to
each cluster. Reproduced under CC BY license (http://creativecommons.org/licenses/by/4.0/)
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[158] have applied whole-genome sequencing to 12 L. (L.) infantum isolated in a CL
focus in the Cukurova province of southeast Turkey, mainly from sand fly vectors, to
investigate the frequency of sexual reproduction in these parasites. They observed a
genome-wide pattern of patchy heterozygosity both within individual strains and
across the whole group symptomatic of hybrid ancestry. Comparisons with other
L. (L.) donovani and L. (L.) infantum genomes led to the assumption that the
Cukurova isolates derived from a single relatively recent cross of two diverse strains
with subsequent recombination within the population. After the original
hybridization event, the population reproduced primarily clonally, but some recom-
bination also occurred. The frequency of mating has been estimated as ca. 1.3� 10�5

meioses per mitosis suggesting that sexual crosses might be rare in natural
populations of Leishmania.

2.5 Origin of Leishmania Parasites

Whether the genus Leishmania appeared first in the Old World or in the New World
has been controversially discussed during the last decades. Tuon et al. [159] have
pointed out that regardless of its origin, the spread of Leishmania most likely
followed the migration of vectors and hosts together, although Leishmania are
quite capable of jumping hosts. The earliest fossil sand flies (ca. 120 Mya) were
reported in Lebanon [160], which formed part of Gondwana, and reptiles or primi-
tive mammals may have been the hosts of primitive Leishmania. The different
vector-parasite-host theories of dissemination are summarized in Table 2.4.

The Palaearctic origins hypothesis suggests that the first association of the
parasites with vertebrates occurred in the Old World with Cretaceous reptiles.
Infections of Old World rodents then appeared in the Palaeocene and were carried
by vertebrate hosts and sand fly vectors across Beringia to the Neoarctic in the
Eocene. During the Pliocene, infected sigmodontine rodents brought the parasites to
the Neotropics via the Panamanian land bridge. There, endemic vectors introduced
the parasites to caviomorph rodents, sloths, armadillos, and anteaters [2, 161].

Alternatively, it has been proposed that Leishmania originated in the Neotropics
during the Palaeocene with sloths as the first vertebrate hosts. After adaptation to
rodents in the Eocene, infected porcupines would have carried the parasites across
the Panamanian land bridge to the Neoarctic. From there the parasites were
transported by other mammals across Beringia during the Miocene [162]. This
hypothesis is supported by host-based area cladograms which use patterns of
origination and dispersal of hosts and vectors to infer the phylogeny of the parasites.
However, Leishmania are often not host- or even vector-specific. Recently, the first
apparent fossil member of the genus Leishmania, the ~100 my old Paleoleishmania
proterus, was detected in reptilian blood which was inside the body of the extinct
sand fly, Palaeomyia burmitis, in Early Cretaceous Burmese amber [73, 163,
164]. Thus, protozoan-vector associations seem to have been established by the
Early Cretaceous (100–110 my), reptiles were early hosts of Leishmania-like
parasites, and the adaptation to mammals occurred later when reptiles declined
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during the Eocene to Oligocene transition [161, 165]. This hypothesis implies that
Sauroleishmania form a sister clade to all other leishmanial species [166, 167]. In
contrast, rooted sequence-based phylogenetic trees of currently known Leishmania
parasites favor a neotropical origin, showing the New World species branching off
close to the base of the trees and the Old World species being at the crown of the
subgenus L. (Leishmania) [45, 58, 60, 84, 89, 90, 102]. In these phylogenies, NW
species emerged 46–34 mya and are ancestral to the OW species [109, 167]. The
parasites were then dispersed by their hosts to the Nearctic via the Panamanian land
bridge and further to the Palaearctic via the Bering land bridge. This view is further
supported by the higher diversity found in the New World species of Leishmania
[72], as well as by latest analysis of trypanosomatids from Australia [102]. The
Neotropical origins hypothesis is, however, in discordance with the position of Old
World L. (Sauroleishmania) closer to L. (Leishmania) than to L. (Viannia) but
branching off within the New World taxa. It further suggests that reptilian species
are derived from mammalian parasites which is in contrast to the Palaearctic
hypothesis, and assumes two intercontinental migrations, first of the ancestral
Leishmania/Sauroleishmania to the Palaearctic and then of a member of
L. (Leishmania) subgenus back to the Neotropics [167].

The multiple origins hypothesis considers the great genetic difference between
the parasites assigned to Euleishmania, comprising the parasites of the genus
L. (Leishmania), and Paraleishmania [92], according to the new taxonomy (see
Box 2.1 and Table 2.3), and favors an ancient divergence between these two groups.
It has been speculated that the two sections of the genus Leishmania became
separated before the split of Gondwana [166]. The same authors concluded that,
with the separation of Gondwana in the Mesozoic, the Euleishmania evolved into L.
(Leishmania) and L. (Sauroleishmania) in the OW and L. (Viannia) in the NW. This
conclusion is supported by the great genetic distance between the L. (Leishmania)
and L. (Viannia) subgenera and the high genetic diversity within L. (Viannia)
[116]. This theory, however, does not explain why the American branches of the
subgenus L. (Leishmania) appear more ancient than the OW branches.

The supercontinent hypothesis is a variation of the multiple origins theory
discussed earlier by Yurchenko et al. [58] but received phylogenetic support more
recently in the study published by Harkins et al. [167]. These authors applied a
phylogenomic approach analyzing more than 200,000 variable sites and 49 genes
from across the genome for 24 leishmanial species. In their scenario, Leishmaniinae
evolved from monoxenous ancestor on Gondwana, and the split between the
Paraleishmania and all other species occurred ~90–100 mya, around the time
when Gondwana split. This is in agreement with earlier speculations, that parasites
adapted to mammals during the radiation of the latter around 90 mya [168]. Genetic
diversification between the OW and NW parasites reflects the vicariance after the
separation of South America and Africa [167, 169]. Only the migration of the NW
lineage in the L. (Leishmania) subgenus is needed by this hypothesis, which took
place 30 mya during the mid-Miocene when temperatures were warm enough for
sand fly survival. The results of Harkins et al. are consistent with the early Creta-
ceous fossils of Paleoleishmania proterus found in sand flies trapped in Burmese
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amber ~100 mya [73] and with the finding that parasites isolated in different
geographical regions, such as South America, Australia, Africa, and Asia, are
members of the newly defined subgenus L. (Mundinia) [103]. Finally, a new
Australian species, Zelonia australiensis, was found to be related to a parasite
isolated in Costa Rica, Zelonia costaricensis (earlier Leptomonas costaricensis),
suggesting a divergence time between the two of ~40 mya when Australia and
South America became completely separated. Using this vicariance event for
calibrations, it was confirmed that the common ancestor of the Leishmaniinae
emerged around 90 mya on Gondwana [102].

The NewWorld species of L. (Leishmania) most likely have originated in the Old
World. L. (L.) mexicana has many similarities to Asian L. (L.) major and has been
proposed to have dispersed to the Neoarctic together with its rodent reservoirs during
the Eocene via the Bering land bridge [78, 161] and could then have entered the
Neotropics during the Pliocene either via island hopping or after the Panamanian
land bridge had been formed. There, further speciation could have taken place
leading to the occurrence of the currently known species related to L. (L.) mexicana,
namely, L. (L.) amazonensis, L. (L.) aristidesi, L. (L.) venezuelensis, and L. (L.)
forattinii [166].

The etiological agent of New World visceral leishmaniasis, named L. (L.)
chagasi, has been introduced relatively recently in the American continent, by the
European conquistadores, along with multiple, and perhaps ongoing, introductions
[107, 108, 170]. Numerous molecular studies have revealed a very restricted diver-
sity within strains of L. (L.) chagasi and could not distinguish them from L. (L.)
infantum indicating a very recent geographical separation. Studies on microsatellite
variation have finally proven that strains of L. (L.) chagasi, or better of South
American L. (L.) infantum, were most similar with populations of L. (L.) infantum
from southwest Europe and arrived in the New World about 500 years ago
[108, 171].

In conclusion, a revised classification scheme and nomenclature of
Leishmaniinae species has been proposed based on molecular phylogenies of the
organisms [102, 103]. It represents a useful simplification of the parasites’ taxon-
omy, particularly for the clinician, without losing the detailed knowledge built up
over the last 20 years, which is particularly relevant for epidemiological studies. In
the future, assignment to and within major groups across the entire genus should be
based on whole-genome analyses which are congruent and uncontroversial and
explore the significance of variable aneuploidy for the biology and evolution of
the parasites. In Leishmania, changes in aneuploidy are likely adaptive and
depending on the life stage [31]. Clinical samples with only minimal in vitro
passaging or, preferentially, without passaging at all should be, therefore, used in
future studies linking genomic adaptations to treatment failure, drug resistance,
immune, and other environmental pressures.
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The Role of Reservoirs: Canine
Leishmaniasis 3
Lenea Campino and Carla Maia

Abstract
Canine leishmaniasis caused by Leishmania (Leishmania) infantum species (syn.
L. (L.) chagasi species in Latin America), which is transmitted by the bite of
phlebotomine sand flies, is endemic and affects millions of dogs in Asia, Europe,
North Africa, and South America and is considered as an emergent disease in
North America. Domestic dogs (Canis familiaris) are the major hosts for these
parasites and the main reservoir host for human infection.

Recent years have seen important advances on the epidemiology, pathology,
and canine genetic factors linked with animal resistance or susceptibility to
leishmaniasis. Despite the lack of pathognomonic manifestations, infection by
Leishmania can be suspected if a combination of clinical signs is present, namely,
lymphadenomegaly, cutaneous alterations, loss of body weight, ocular disturbs,
epistaxis, onychogryphosis, and lameness. However, the definitive diagnosis of
canine leishmaniasis is complex since not all infected animals develop signs of
disease. This fact cannot be ignored since asymptomatic (without clinical signs)
dogs are infectious to phlebotomine vectors, although at a lower risk than
symptomatic (with clinical signs) dogs. The fact that dogs never achieve parasi-
tological cure together with the widespread use of the available anti-Leishmania
drugs for both canine and human treatment certainly contributes to the spread of
drug-resistant parasites with the natural consequences for the clinical outcome of
the disease.

Early detection of infection and close surveillance or treatment of infected
animals together with the development of effective molecules for therapy (ideally
different from the ones used for humans) and, more importantly, for
immunoprophylaxis are essential to control the dissemination of the disease
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among other dogs, being also a crucial element for the control of human zoonotic
leishmaniasis.

This chapter reviews the role of dogs as reservoir hosts of L. (L.) infantum and
as accidental hosts of other Leishmania species, as well as the role of other
mammals as potential reservoir hosts of parasites belonging to the L. (L.)
donovani complex. The potential generation and spread of drug resistance by
the use of the same compounds in both canine and human hosts are also
discussed.

3.1 Introduction

Leishmaniases are parasitic diseases caused by protozoa belonging to the genus
Leishmania Ross, 1903, transmitted by the bite of an insect vector, the phlebotomine
sand fly (Diptera; Psychodidae), from the genus Phlebotomus (Old World) or
Lutzomyia (New World).

By definition, a reservoir host is an animal in which an infectious agent survives
persistently in a way that the animal may serve as a source of parasites to the vectors.
A good reservoir host for leishmaniasis should be in close contact with man via the
phlebotomine sand fly, should be susceptible to the pathogenic agent, and should
make the parasite available to the vector in sufficient load to cause infection. A good
reservoir host should be the main meal source for the phlebotomine sand fly and both
(reservoir and vector) should rest and breed in the same habitat. Disease should
present a chronic evolution allowing the animal to survive at least until the next
transmission season [1–3].

Visceral leishmaniasis (VL) caused by parasites of Leishmania (L.) donovani
complex is a severe human disease which often leads to death if left untreated
[3]. Domestic dogs (Canis familiaris) are considered the major host of Leishmania
(L.) infantum Nicolle, 1908, one of the species from the L. (L.) donovani complex
(please see Chap. 2 for a detailed description) and the main reservoir host for
zoonotic human infection. Canine leishmaniasis (CanL) is endemic and affects
millions of dogs in Latin America, the Mediterranean Basin, and Asia. It is an
emergent disease in North America [4, 5].

3.2 Epidemiology of Canine Leishmaniasis

3.2.1 Canine Leishmaniasis in Endemic Regions

L. (L.) infantum, the etiological agent for zoonotic leishmaniasis in the Old World, is
synonymous with L. (L.) chagasi in Central and South America. In fact, it is thought
that L. (L.) infantum was introduced in America by infected dogs carrying these
parasites by the European conquistadores [6] (please see Chap. 2 for a detailed
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description). CanL is endemic in approximately 50 countries among the 98 where
human leishmaniases are present, affecting two major geographic regions, the
Mediterranean Basin and Brazil, with distinct rates of prevalence, which vary
significantly within a small area, depending on ecological and climatic conditions
that determine the abundance of vectors [7]. When favorable conditions for trans-
mission (such as high phlebotomine sand fly vectors and canine-host densities) exist,
leishmaniasis spreads quickly and extensively among the dog population [8]. How-
ever, the percentage of infected dogs that develop patent disease is low even in areas
of high endemicity. On the other hand, it is difficult to compare prevalence rates
since different epidemiological studies have used various and different methods to
detect infection. Early epidemiological studies were based in direct parasitological
tests, which were later replaced by more sensitive serological techniques followed by
molecular methods. In addition, infection rates obtained by means of passive
detection cannot be compared with those determined from house-to-house surveys
[9]. Moreover, prevalence rates in the same geographical regions can fluctuate over
time. Large variations in prevalence may be the result of several factors, such as the
number of animals included in the studies and the decision to eliminate or treat
infected dogs, as well as the natural waves in vector populations.

Although zoonotic VL was considered a rural disease, it is becoming more and
more frequent in urban areas. Urbanization of leishmaniasis is associated with an
increased number of detached houses with gardens in the peripheries of cities. Dogs
are commonly kept in these gardens, which provide natural habitats for
phlebotomine sand flies. Moreover, high numbers of stray dogs, present in urban/
peri-urban settlements, may contribute to the spread of infection since these animals
are an easy target for phlebotomine sand fly biting and are more susceptible for
infection due to their precarious physical conditions and outdoor living habits
[10, 11].

Although some studies [12, 13] suggest a positive relationship between preva-
lence of leishmaniasis in canine and human populations, CanL is more prevalent and
more widely distributed than VL, and does not strongly correlate with prevalence in
humans. For example, in Southern European countries, CanL is highly prevalent,
while human leishmaniasis is hypoendemic.

3.2.2 Canine Leishmaniasis in Non-endemic Regions

CanL occurs in non-endemic regions of the world. For instance, in recent years,
about 700 imported CanL cases have been reported from traditionally non-endemic
European countries of leishmaniasis [14]. Most infected dogs from those regions had
been living or traveled to endemic countries of the Mediterranean Basin. In Great
Britain (UK), 257 cases of CanL were diagnosed between 2005 and 2007. About
15% of the dogs had been rescued from re-homing centers in the country of origin,
and about 15% entered the UK with confirmed leishmaniasis [15]. Despite
phlebotomine sand fly transmission of Leishmania parasites in Northern European
countries has not yet been confirmed, autochthonous cases of leishmaniasis have
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been reported in dogs from Czech Republic [16], Finland [17], Germany [18],
Hungary [19], Romania [20], the Netherlands [21], and the UK [15]. Nevertheless,
the route of transmission, i.e., vectorial, transplacental, or even by direct contact, of
most of the cases remains unknown [22]. Autochthonous cases of CanL in North
America had rarely been reported before 2000, when it was diagnosed in 41%
(46/112) of foxhounds from a kennel in New York State, USA [23]. A retrospective
study performed from April 2000 to December 2003 by the Centers for Disease
Control and Prevention revealed that canine infection was present in 18/35 US states
and in 2/4 Canadian provinces [4].

Changes in the seasonal dynamics of phlebotomine sand fly populations together
with the presence of infected dogs may lead to the establishment of new foci in areas
previously defined as non-endemic. Major issues of CanL in non-endemic regions
include its diagnosis, decision to treat, the therapeutic regimen, and disease monitor-
ing [24]. An expansion of L. (L.) infantum transmission toward northern latitudes
includes the cases in the foothills of the Alps in Northern Italy [25]; of French
Pyrenees, in southern France [26]; of Catalonia, in northeastern Spain [27]; and of
Galicia, in northern Spain [28]. In the last decade, CanL has also spread from
northern Tunisia to previously non-endemic southern areas [29].

3.2.3 Transmission of Leishmaniasis

Phlebotomine sand flies are the only proven vectors of Leishmania parasites.
However, at least a dozen phlebotomine sand fly species of the subgenus
Larroussius have been incriminated as vectors of L. (L.) infantum in the Old
World, and in Latin America, the most important phlebotomine vector is Lutzomyia
longipalpis. In the USA, vector-borne transmission has not been identified despite
the high prevalence of leishmaniasis in foxhound dogs. A potential phlebotomine
sand fly vector, Lutzomyia shannoni, is present in southern, midwestern, and south-
eastern areas of the country [4]. Nonvector-based mechanisms postulated for trans-
mission of CanL in the USA include vertical and mechanical transmission or by
direct dog-to-dog contact through bites or wounds [5, 30]. Rosypal et al. [31] in the
USA and da Silva et al. [32] in Brazil demonstrated vertical transmission in puppies
born from experimentally and naturally infected female dogs, respectively, and
Gibson-Corley et al. [33] described systemic L. (L.) infantum infection in two sibling
American foxhounds from the USA, probably caused by vertical transmission. The
presence of parasites in the semen of infected dogs and venereal transmission has
also been reported in Spain and Brazil [34, 35]. Transmission of infection from
infected to uninfected dogs through blood transfusion has been documented in
endemic regions, alerting that canine blood donors should be monitored for the
presence of L. (L.) infantum [36, 37].

The capacity of infected ticks and fleas to act as potentially additional vectors of
CanL has been evaluated. For example, hamsters inoculated with macerate of fleas
(Ctenocephalides felis) and ticks (Rhipicephalus sanguineus) blood-fed on infected
dogs were Leishmania PCR positive. L. (L.) infantum transovarial transmission by

62 L. Campino and C. Maia



infected ticks has also been observed by Ferreira et al. [38] and Dantas-Torres
et al. [39].

The epidemiological significance of these potential modes of Leishmania trans-
mission among dogs remains uncertain since they probably cannot sustain transmis-
sion in the absence of phlebotomine sand flies. As with dogs, most of the occasional
VL transmission routes described for humans (sexual, congenital, blood transfusion)
are not significant in the maintenance of the Leishmania life cycle with the exception
of the artificial anthroponotic cycle (through the share of syringes contaminated with
Leishmania among intravenous drug users) [40].

3.2.4 Infectiousness of Symptomatic Versus Asymptomatic Dogs

Infectivity of dogs to phlebotomine sand flies has been determined by xenodiagnoses
using colonized vector species from the Old and New Worlds. The infection rate of
reared P. perniciosus fed on infected dogs was as high as 92% [41], while the
infection rate of reared L. longipalpis was up to 51.9% [42]. This discrepancy might
be due to the fact that the minimum number of parasites necessary to infect
P. perniciosus is lower than that necessary to infect L. longipalpis [42]. A xenodi-
agnostic meta-analysis made on dogs varying in clinical disease severity in both
Europe and South America confirmed that infectiousness increases with clinical
severity, i.e., symptomatic dogs are more able to transmit parasites to the vectors
than those animals infected but without clinical signs [43]. In fact, the detection of
parasites in skin biopsies has been found to be significantly more frequent in dogs
presenting cutaneous lesions, whether they have been naturally or experimentally
infected [44]. Nevertheless, even the low infectiousness of asymptomatic dogs
seems to be relevant from an epidemiological point of view, so that control needs
to be directed at both dogs, i.e., with and without clinical signs [41, 43].

3.2.5 Genetic Factors Related with Susceptibility/Resistance
to Disease

Epidemiological studies in canine populations suggest a role for genetics in the
resistance to disease [8]. However, so far, only two genes have been implicated in
susceptibility/resistance to Leishmania infection outcome.

The natural resistance-associated macrophage protein 1 (NRAMP1) gene encodes
an ion transporter protein involved in the control of intraphagosomal replication of
parasites and in macrophage activation, including increased expression of chemo-
kine and cytokine genes, such as tumor necrosis factor (TNF), interleukin-1-alpha
(IL-1α), and inducible nitric oxide synthase (i-NOS) [45]. The association between
the NRAMP1 gene and disease susceptibility was demonstrated using both resistant
and susceptible naturally and experimentally infected dogs [46, 47]. The haplotype
of T antigen epitope TAG-8-141 has been associated with Boxer breed predisposi-
tion to CanL [47], although Bueno et al. [48] did not find differences in the
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expression of this gene between phenotypically resistant and susceptible dogs.
Additionally, Turchetti et al. [49] have not found significant differences in basal
transcription of genes associated with innate immunity (i.e., NRAMP1, nucleotide
oligomerization domain (NOD)1, NOD2, toll-like receptor (TLR)1, TLR2, TLR3,
TLR4, TLR5, TLR6, TLR7, and TLR9) between primary canine monocyte-derived
macrophages and Leishmania-free dogs with higher or lower resistance to intracel-
lular survival of the parasites.

The canine genetic variation in major histocompatibility complex class II termed
“the dog leukocyte antigen (DLA) system” suggests a significant association
between the presence of the beta chain allele DLA–DRB1*01502 and susceptibility
to CanL in a group of mongrel dogs [50].

These findings associating genetics with susceptibility/resistance to CanL are
pieces of a complex multigene puzzle that determines the individual dog’s natural
predisposition to disease. Nevertheless, the outcome of infection is also influenced
by nongenetic factors such as nutritional status, concomitant infections,
ectoparasitism, parasite virulence, and previous exposure to Leishmania parasites.

3.2.6 Risks Factors: Breed, Age, Gender, and Lifestyle of Dogs

As just mentioned, susceptibility or resistance to disease is partially genetically
controlled; however, it is not known how age, breed, concomitant infections, gender,
nutrition, habits, and immunological status affect CanL outcome. Large epidemio-
logical surveys and retrospective studies have revealed that some breeds such as
German shepherds, Boxers, Dobermans, and Rottweilers are more susceptible to
disease than other breeds like the Poodle and the Yorkshire terrier [9, 51–54]. All
dog breeds are potentially susceptible to Leishmania infection, although it is
accepted that autochthonous breeds and mongrels from endemic areas develop
variable levels of resistance, such as reported by Solano-Gallego et al. [52] in the
Ibizan hound dogs, which develop primarily a cellular immune response and thus
rarely develop clinical disease.

França-Silva et al. [53] and Cortes et al. [55] found that short-/medium-fur dogs
were at a higher risk of acquiring CanL than the dogs with long hair. In fact,
phlebotomine sand flies feed preferentially on the margin of the muzzle and the
nose of the dogs [56]. On the other hand, Gálvez et al. [57] and Miró et al. [28]
described an association between larger breed size and weight with the increase of
CanL seroprevalence due to a greater body surface area susceptible to phlebotomine
sand fly bites.

The prevalence of L. (L.) infantum infection has also been associated with the
animal’s age, maybe because older animals have been exposed for longer times to
phlebotomines [58]. The age distribution of infected animals has a bimodal distribu-
tion, with a first peak biased toward 2–4-year-old animals and a second peak found
among 78-year-old dogs [57, 59]. The lower prevalence of infection in adult dogs
between 4 and 7 years old might be related with the immune equilibrium between
inoculation of parasites and an efficacious host response, while the high prevalence
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of anti-Leishmania antibodies found in the older animals may be the result of a
depression of their immune system, or the reactivation of an old latent infection, or
the presence of concomitant infections or geriatric diseases.

Gender predisposition to the infection has been a field of discussion, as some
studies have reported that there is no link between sex and infection [28, 53, 55],
while others have reported a higher prevalence in male dogs [51, 54, 59]. According
to Fisa et al. [60], the gender-related differences could be due to a shorter time of
exposure to infection of female dogs, due to their increased mortality during
pregnancy and nursing. For Queiroz et al. [61], the main reason is the preference
of owners for male dogs used as guard or hunting dogs. In fact, living or spending the
night outdoors was pointed out as the main risk factor for L. (L.) infantum infection;
thus, the rate of infection for outdoor working breeds was found to be higher than for
pet dogs [54, 57]. However, Zivicnjak et al. [59] did not find differences in the
prevalence of infection between hunting dogs (20.5%; 35/171), guard dogs (11.8%;
9/76), and pets (15.4%; 2/13). In the same line of reason, as stray dogs live outdoors
and additionally are more likely to experience deficient health and nutritional
conditions, they are an easier target for phlebotomine sand fly biting and for
infection. However, in a study made in Lisbon, Portugal, the prevalence of infection
in domestic dogs (18.4%; 51/277) and in stray dogs (21.6%; 21/97) was not signifi-
cantly different [10].

3.2.7 Other Potential Reservoir Hosts of Leishmania (L.) donovani
Complex

Despite dogs being the main domestic reservoir host for L. (L.) infantum, in some
regions, mammals such as foxes, jackals, and wolves have also been incriminated,
particularly as wild reservoirs. Red foxes (Vulpes vulpes) seem to have a role in the
maintenance of an autonomous or semiautonomous sylvatic cycle in the Mediterra-
nean Basin [62, 63], while in Brazil, the prevalence of infection in crab-eating foxes
(Cerdocyon thous) did not demonstrate a transmission cycle independently of
domestic dogs [43].

The evidence that wild lagomorphs (hares and, to a lesser extent, rabbits) can play
a role as reservoir hosts of L. (L.) infantum has recently been proposed in a new focus
of visceral and cutaneous leishmaniasis in Fuenlabrada, Spain [64, 65]. Different
factors related to human-induced environmental changes (land cover and land use)
have been involved in this leishmaniasis outbreak, which have favored the creation
of an urban periphery where both lagomorphs and phlebotomine sand fly vectors
(P. perniciosus) had the optimal conditions to increase in numbers. Such conditions
resulted in a high detection of L. (L.) infantum infection in hares as parasite was
detected by nested PCR in the spleen or in skin samples of 43 of the 148 animals
studied (29%). Leishmania DNA was also detected in one of the 66 spleen samples
from rabbits (1.5%). Canine seroprevalence for Leishmania, studied during the same
period in the same area in 2070 dogs, was found to be 1.64% (reviewed by [14]).
Xenodiagnoses carried out on hares and rabbits collected from the outbreak area
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revealed the ability of both lagomorphs to transmit L. (L.) infantum to reared
P. perniciosus [64, 65]. In addition, studies of blood meal preferences revealed
that P. perniciosus caught in the area prefer to feed on these lagomorphs
[65, 66]. Altogether, data support the idea of the urbanization of a sylvatic transmis-
sion cycle and that infected dogs are not essential to maintaining the transmission
cycle of L. (L.) infantum.

Among reports on mammal hosts infected with L. (L.) infantum, the ones
regarding domestic cats (Felis catus domesticus) deserve special public health
attention. L. (L.) infantum infection and feline leishmaniasis have been reported in
cats from several endemic geographic areas in Europe, the Middle East, and Brazil
[67–77].

As previously defined, a reservoir host is regarded as the living system in which
the parasite population is maintained for long periods of time. Cats can act as a
reservoir host for L. (L.) infantum, rather than being an accidental host, since they
(1) can be infected by Leishmania, (2) present parasites in peripheral blood, (3) are a
blood source and can transmit parasites to competent vectors, (4) cohabit with
humans, and (5) only in a few cases develop patent disease [67, 69, 78–82]. These
attributes may allow their classification at least as a “good” reservoir [1]. Neverthe-
less, the epidemiological importance of cats in zoonotic leishmaniasis is still poorly
understood [75, 83]. Thus, it would be very important to determine the proportion of
transmission in endemic areas attributable to cats to clarify if they are able to sustain
and spread Leishmania infection [83].

Wild rats [84, 85] and domestic horses [86–88] have been found infected with
L. (L.) infantum in the Old and New Worlds. These animals seem to display
resistance to disease, as they are able to control infection without development of
clinical signs and, even when cutaneous lesions are present, they self-heal. However,
this dogma was recently challenged as concomitant cutaneous and visceral infection
in three horses from Belo Horizonte, Brazil [89], has been reported.

In contrast to L. (L.) infantum, which is a zoonosis, L. (L.) donovani infection has
generally been considered an anthroponosis. However, in an epidemiological study
in Nepal, Bhattarai et al. [90] found L. (L.) donovani DNA in blood of goats (16%),
cows (5%), and buffaloes (4%). Similar results were obtained in northwestern
Ethiopia as antibodies to and/or DNA of L. (L.) donovani complex have been
detected in the blood of several domestic animals (i.e., goats, sheep, cows, dogs,
and donkeys) [91]. Despite these findings, further investigation is required to
confirm their possible role in leishmaniasis transmission.

3.2.8 Dog as a Reservoir or Accidental Host for Leishmania spp.
(Other than L. (L.) infantum)

Although dogs have been found naturally infected by several species of Leishmania,
their role in the transmission of species other than L. (L.) infantum is not known, and
it is probably negligible (Table 3.1).
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A canine survey performed in Morocco at the end of the 1980s demonstrated a
few cases of leishmaniasis due to L. (L.) tropica [98]. Although the zymodemes
isolated from skin lesions were the same as those found in humans in the same focus,
the small number of animals infected (7 out of 313), together with the apparent short
duration of the lesions, suggested that infection by this species in dogs was probably
accidental.

Dereure et al. [94, 95] have also found, in an endemic focus of anthroponotic VL
in eastern Sudan, a CanL seroprevalence between 42.9% and 74.3%. The same
zymodemes of the L. (L.) donovani complex were present in both humans and dogs.
However, in a study performed later in the same region, a low number of dogs were
found to have specific antibodies against Leishmania or to harbor parasites
[110]. Nevertheless, the results obtained by these authors concerning host attractive-
ness of Phlebotomus orientalis, the only proven vector of Leishmania parasites
responsible for VL in that area, suggested that dogs could play a role in the
transmission dynamics of infection. All these data reinforce the need of more
extensive studies to clarify the epidemiological roles of humans, dogs, and potential
sylvatic hosts in eastern Sudan, specifically, whether:

1. Canine infection is largely accidental and a consequence of high infection rate in
humans; the highest seroprevalence found in dogs was found during an outbreak
of human VL [95].

2. Dogs are the local reservoir host of human VL.
3. Dogs act as links between the possible sylvatic cycle and humans.

Concerning human American cutaneous leishmaniasis (ACL) caused by
L. (Viannia) braziliensis complex, the postulate about domestic dogs acting as
reservoir hosts is based on the detection of a relatively high prevalence of cutaneous
lesions in dogs surveyed in numerous and widespread endemic sites and on the
identification of a large number of indistinguishable Leishmania strains isolated
from both human and dogs. In spite of a positive correlation observed between the

Table 3.1 Leishmania species, other than L. (L.) infantum, that have been isolated from dogs

Leishmania species References

Old
World

L. (L.) arabica Peters et al. [92], Elbihari et al. [93]

L. (L.) donovani Dereure et al. [94, 95]

L. (L.) major Elbihari et al. [93], Peters et al. [96], Morsy et al. [97]

L. (L.) tropica Dereure et al. [98], Guessous-Idrissi et al. [99], Lemrani et al.
[100], Ntais et al. [101]

New
World

L. (L.) amazonensis Tolezano et al. [102], Ramirez et al. [103]

L. (V.) braziliensis Aguilar et al. [104], Vélez et al. [105]

L. colombiensis Delgado et al. [106]

L. (L.) mexicana Hashiguchi et al. [107]

L. (V.) panamensis Ramirez et al. [103], Vélez et al. [105], Dereure et al. [108]

L. (V.) peruviana Llanos-Cuentas et al. [109]
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risk of human ACL and CanL prevalence in Huanuco, Peru, and in Salta, Argentina,
the scarcity of parasites in cutaneous lesions (responsible for decreased infectious-
ness to the phlebotomine sand fly vector) together with the high serorecovery rates
suggests that dogs are able to control infection and thus may not be the main
reservoir host of the parasite [111, 112].

3.3 Canine Disease

3.3.1 Clinical Signs and Pathological Parameters

Dogs get in contact with the infective forms of Leishmania through the bite of a
phlebotomine sand fly. However, not all exposed dogs develop clinical
manifestations, and nowadays it is recognized that asymptomatic infections (without
clinical signs) are much more frequent than symptomatic ones (with clinical signs).
After infection, the time until appearance of the disease signs varies extensively
(from 3 months up to 7 years) and ranges from the total absence of signs to severe
systemic disease. In the early stage of disease, there is no precise symptomatology,
but once the disease becomes patent, it rapidly progresses to death within weeks or
months or, more frequently, to a chronic phase lasting several years. Despite the lack
of pathognomonic manifestations, clinical diagnosis is achieved through the combi-
nation of clinical signs particularly lymphadenomegaly, cutaneous alterations, loss
of body weight, ocular disturbs, epistaxis, onychogryphosis, and lameness.

The typical histopathological finding is a granulomatous inflammatory infiltration
with macrophages, lymphocytes, and plasma cells in cell-rich organs of the mono-
nuclear phagocytic system such as the liver, spleen, lymph nodes, bone marrow,
gastrointestinal tract, and skin.

Among cutaneous alterations, localized, multifocal, or diffuse exfoliative derma-
titis with a symmetrical distribution is usually seen in dogs with CanL. Cutaneous
ulcers are observed over the margins of ears, pressure points (i.e., parts of the body
that sustain the animal’s weight when it is resting, e.g., elbows), legs, and mucocu-
taneous junctions and have been attributed to local trauma and vascular damage
[51, 58]. Blepharitis and conjunctivitis have been described as frequent signs
[51, 58], although anterior uveitis has been described as the most frequent one [113].

Lymphadenopathy is common and facilitates palpation of the superficial lymph
nodes, such as popliteal, prescapular, and submandibular. This sign is caused by the
increased number and size of lymphoid follicles and the hypertrophy and hyperpla-
sia of medullary macrophages in the cords and sinuses [114]. Splenomegaly may be
mild and difficult to detect upon abdominal palpation. It is caused by the disorgani-
zation of normal lymphoid tissue, loss of normal spleen leukocyte diversity via
replacement of leukocytes by plasma cells, and the associated hyperplasia of white
and red pulp, as by changes in the microvascular structure [115]. Hepatomegaly has
also been documented. Histological liver changes (inflammation of the hepatic
capsule, portal inflammation, formation of granulomas, hypertrophy, and hyperpla-
sia of the Kupffer cells) and increased biochemical alterations (plasmatic globulin)
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have been associated with the progression of the disease [116]. Protein electropho-
resis reveals a significant decrease in albumin levels and a combined amplification in
beta- and gamma globulin concentrations, both characteristic but nonspecific of
CanL [9].

Renal disease might be the only apparent abnormality present in virtually all dogs
infected with CanL. The kidney lesions can progress from asymptomatic proteinuria
to nephrotic syndrome or chronic renal failure with glomerulonephritis, with
tubulointerstitial nephritis, and more rarely with amyloidosis [58]. Chronic renal
failure is a severe manifestation of the disease, and it is the principal cause of animal
death in CanL [7]. Glomerular lesions are frequently associated with glomerular
deposition of immune complexes [117]. Nevertheless, treatment with pentavalent
antimonials (SbV) has sometimes been pinpointed as responsible for the deterioration
of renal conditions of already affected kidneys in leishmaniotic dogs. Mild to severe
anemia, although generally normocytic and normochromic, is the most common
hematological abnormality and may be caused by blood loss, hemolysis, decreased
erythropoiesis, and chronic renal failure [51, 58]. CanL-associated nasal bleed
(epistaxis) is less common than other signs. It appears to be the result of multiple
and variable pathogenic factors such as thrombocytopathy, hyperglobulinemia-
induced serum hyperviscosity, and nasal mucosa ulceration [118].

Atypical forms of CanL include mucosal lesions, erosive and nonerosive
polyarthritis, osteolytic and osteo-proliferative bone lesions, chronic colitis and
disorders of the cardiovascular, respiratory, and neurologic and musculoskeletal
systems [119]. Since Leishmania infections share many clinical and pathological
features with other canine diseases, laboratorial confirmation of infection is
necessary.

3.3.2 Diagnosis

CanL diagnosis is still a challenge in spite of advances made in the development of
parasitological, serological, and molecular techniques. Reasons for attempting labo-
ratory diagnosis are the confirmation of (1) disease, (2) presence of Leishmania
infection (in epidemiological studies, to prevent blood transfusion from infected
donors and importation of dogs to non-endemic countries), or (3) therapeutic control,
so requirements may vary with regard to the selection of the adopted laboratory test
and the biological material. An ideal technique should have high sensitivity and
specificity, must be reproducible and easy to perform, and adaptable for use in local
laboratories without sophisticated equipment, and it should detect all Leishmania-
infected dogs in an initial stage, preferentially using noninvasive procedures to
obtain the samples. In dogs with clinical signs compatible with CanL, analytical
diagnosis should be performed to confirm the presence or absence of the infection
(Fig. 3.1).

Serological diagnosis is widely and frequently used as specific humoral response
in CanL and is, in general, very intense with high levels of specific
immunoglobulins. The presence of anti-Leishmania antibodies alone is not
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conclusive of Leishmania infection, as it may simply reflect exposure to the parasite.
In addition, serological assays have several intrinsic drawbacks including the persis-
tence of specific antibodies after recovery or cross-reactions with antibodies against
other pathogens such as Trypanosoma cruzi or other Leishmania species (in South
and Central America) and Ehrlichia canis [120]. High levels of sensitivity and
specificity are necessary to avoid false-negative results, which underestimate Leish-
mania infection rate in dog populations in endemic areas, and to minimize false-
positive reactions, which can lead to unnecessary euthanasia of noninfected dogs. It
is, thus, advisable to perform more than one serological test to gain more certainty in
the diagnosis of CanL [8]. Several quantitative (e.g., enzyme-linked immunosorbent
assay (ELISA), immunofluorescent antibody test (IFAT)) and qualitative (e.g.,
immunochromatographic tests) techniques are available for CanL diagnosis
[120, 121]. ELISA using immuno-dominant recombinant proteins as antigen is
very sensitive and specific. Nevertheless, IFAT is still considered the “gold stan-
dard” based on the high sensitivity and specificity. The rapid
immunochromatographic kits are very attractive because of their single-test format,
ease of use, and very quick response times allowing immediate intervention by the
veterinarian.

Definitive diagnosis can be achieved using microscopic examination of stained
smears, by culture or by detecting Leishmania DNA from infected organs/tissues.
However, heterogeneous distribution of parasites in the organs together with low
parasitism can lead to false-negative results. In vitro culture of tissue biopsies with
replicate inoculation in several tubes is more sensitive than direct microscopy,
particularly for low parasite loads, and it is 100% specific. Nowadays, in vitro
culture is seldom used for diagnosis due to several drawbacks, including cost, time
for diagnosis, low sensitivity, and risk of contamination. However, it is still the
method of choice to obtain sufficient number of parasites for (1) isoenzymatic or

Dog with clinical signs sugesting leishmaniasis

Direct microscopy or culture Serology (2 distinct tests)

PCR

Treatment

NegativePositive NegativeDoubtfullPositive

Negative

Repeat after 3 months

Positive

Fig. 3.1 Example of diagnosis methodologies in dogs with clinical signs compatible with
leishmaniasis
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even molecular identification, (2) in vitro drug susceptibility/resistance studies,
(3) experimental infections, and (4) to get antigen for serological diagnostics [120].

Polymerase chain reaction (PCR) methods (e.g., conventional PCR, nested PCR)
are more reliable in detecting the presence and the characterization of Leishmania
parasites, not only in active cases but also for monitoring parasitological cure after
chemotherapy. PCR can be carried out on a broad range of clinical specimens. Maia
et al. [122] considered that popliteal lymph node PCR is useful as a first-line primary
diagnosis or for therapeutic follow-up. Bone marrow PCR is recommended if the
lymph node is too small to allow a safe biopsy. Quantitative PCR (qPCR), compared
to other PCR techniques, enables reduction in assay time, lowers the risk of
contamination, and improves sensitivity. Quantitative PCR can be very useful for
the diagnosis of CanL since it facilitates the monitoring of parasite load during and
after treatment in different samples allowing the prediction of recurrences associated
with tissue loads of residual parasites after treatment [120, 121, 123].

Less invasive sampling (e.g., blood) would be desirable to facilitate diagnosis.
Unfortunately, the duration, consistency, and intensity of parasitemia in CanL are
still largely unknown, and false-negative results, especially in asymptomatic dogs,
are frequent. On the other hand, during the transmission season, false-positive results
may appear due to transient infections. A sensitive, noninvasive, painless, and fast
sampling method, e.g., applying conjunctival oral, ear, and nasal swabs or hair and
cerumen samples, coupled with a sensitive and specific PCR-based methods, has
shown promising results for diagnosis, for treatment follow-up, and/or for assessing
Leishmania exposure in dogs [124–127].

3.3.3 Treatment and Drug Resistance

The same drugs are used for treatment of CanL and human leishmaniasis; however,
the method of administration and dosage differ. The most commonly used drugs for
the treatment of CanL are allopurinol, the pentavalent meglumine antimoniate, and
miltefosine (MIL, Table 3.2). Whereas the health of infected dogs improves and
dogs are apparently cured, available treatments do not seem to eliminate the
parasites.

An evaluation of 47 clinical trials assessing 14 different protocols with single or
multiple molecules [128] concluded that the use of meglumine antimoniate, at a

Table 3.2 Drugs most commonly used for the treatment of canine leishmaniasis

Drug Dose and duration Side effects

Allopurinol 10–30 mg/kg/BID, at least
6–12 months; PO

Xantine urolithiasis

Meglumine antimoniate (alone
or with allopurinol)

75–100 mg/kg/SID,
4–8 weeks; SC

Injection site reaction,
nephrotoxicity, vomiting

Miltefosine (alone or with
allopurinol)

2 mg/kg/SID, 4 weeks; PO Diarrhea, teratogenic,
vomiting

BID twice a day, PO per os, SC subcutaneous, SID once a day
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minimum dosage of 100 mg/kg daily for at least 3–4 weeks, combined with a long-
term use of allopurinol had a good clinical efficacy and a reduced relapse rate. MIL,
alone or in combination with allopurinol, has been suggested as an alternative
therapy for CanL treatment [129]. Moreover, MIL seems to be safer for liver and
kidney function than meglumine antimoniate [130, 131]. Despite the lack of evi-
dence for recommending the use of allopurinol alone [128], its use as monotherapy
has been advocated in dogs with mild clinical signs and on those with nephrotic
syndrome or at end-stage kidney disease [7]. Conventional amphotericin-B
deoxycholate (AMB-B) has also a good efficacy, but it is nephrotoxic and might
endanger dogs with CanL that already have a renal pathology [132]). Regardless,
liposomal amphotericin-B (L-AMB), which is used as first-line drug in many
endemic regions to human VL, is highly efficient against the disease with minimum
toxicity for the host. Despite its high cost, the liposomal formulation has been used to
treat dogs with leishmaniasis in Europe. Aminosidine has also severe side effects
(nephrotoxicity and ototoxicity) and therefore is not recommended as first-line
therapy of CanL. Other drugs reported to have some efficacy against CanL include
ketoconazole, pentamidine, marbofloxacin, metronidazole with spiramycin, and
metronidazole with enrofloxacin [7, 128]. The use of immunomodulators, such as
prednisone and prednisolone, associated with specific treatment prevents the severe
immunological changes that occur during CanL. They activate both cellular and
humoral immunity and are recommended only when there are lesions as a conse-
quence of immunocomplex deposition. Immunostimulants, such as levamisole and
domperidone, are also used as they activate macrophages and the cellular immunity
to control/prevent Leishmania multiplication [162, 133].

In vivo and in vitro parasitic resistance to pentavalent antimonials, amphotericin-
B, aminosidine, and miltefosine has been reported in human infection [134]. How-
ever, scarce data is available regarding the occurrence of drug resistance in CanL.
Decreased in vitro sensitivity to (SbV) in L. (L.) infantum parasites isolated from
dogs during and after several treatment courses has been reported [135–138]. Addi-
tionally, strains of L. (L.) infantum isolated from dogs that have undergone several
courses of (SbV) therapy were able to grow in laboratory-reared P. perniciosus sand
flies used for xenodiagnosis in these dogs [139]. Furthermore, antimony-resistant
L. (L.) infantum strains have been isolated from dogs living in areas of low antimony
drug pressure [140], and the resistant phenotype was maintained after the passage
through P. perniciosus and L. longipalpis experimentally infected [141]. Low
in vitro susceptibility of a L. (L.) infantum strain isolated from a dog under treatment
with allopurinol [138] and allopurinol resistance of L. (L.) infantum strains isolated
from dogs with disease relapse have also been reported [142]. All these data question
the use of human drugs to treat dogs and highlight the need of combined therapy in
CanL in order to avoid or reduce not only relapses but also the potential development
of parasite resistance to antileishmanial drugs.

The lack of parasitological cure in dogs and the widespread use of the few
available anti-Leishmania drugs in both canine and human treatment may lead to
the emergence and circulation of resistant parasites. Thus, the World Health Organi-
zation strongly discourages the use in veterinary practice of L-AMB-B and
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paromomycin in order to avoid drug resistance to the first-line drugs used for
treatment of human leishmaniasis in Europe [143]. Nevertheless, drugs belonging
to different classes from those used in human leishmaniasis treatment should be
design to optimize the treatment and achieve clinical cure as well as clearance of
parasites in dogs with CanL.

3.3.4 Prevention and Control Measures

Control of CanL must be multidisciplinary and should address vertebrate hosts,
vectors, and parasites. It should target individual prevention of new infections,
through the use of insecticides with anti-vector effect, immunoprophylaxis, and
early treatment of leishmaniasis cases.

Although the WHO still recommends culling dogs infected with L. (L.) infantum,
which from our point of view is incomprehensible, this measure is difficult to
implement in countries where dogs are considered part of the family. In Brazil,
seropositive dogs are eliminated as part of a control program although its effective-
ness in the control of infection is not clear-cut [144, 145]. Failure may occur due to
the (1) high incidence of infection, (2) high infectiousness of dogs to phlebotomine
sand flies, (3) poor sensitivity of diagnostic methods, (4) inability to reach and test
the entire canine population, (5) delay between diagnosis and culling, and (6) rapid
replacement of culled dogs by new susceptible animals.

Laboratory and field evaluations have demonstrated that the interruption of
Leishmania life cycle can be achieved through the use of impregnated dog collars
and topical application of insecticide with repellent and insecticidal effects against
phlebotomine sand flies [146, 147]. The manufacturer-recommended residual activ-
ity time is typically 3–4 weeks for pour on and 5–6 months for collars, although the
collars are often damaged or lost at a very high rate. Furthermore, a significant
decrease in the incidence of zoonotic leishmaniasis in children [148] and dogs has
been observed in areas where most of them were treated with pyrethroids, such as
deltamethrin collars or spot-on solution of permethrin [149]. Additional measures to
control phlebotomine sand flies include reducing microhabitats favorable to them in
the vicinity of the houses, indoor insecticide spraying, and housing dogs at
dusk [150].

The best strategy to control leishmaniasis would be a canine effective vaccine, as
the effective immunization of dogs in endemic areas should significantly reduce
CanL and potentially the incidence in humans. An effective vaccine should control
both infection progression and the parasite transmissibility via the vector [151]. In
the last few years, the efficacy of several vaccine candidates in protecting dogs
against Leishmania infection has been tested [151] (Table 3.3). Two canine vaccines
(Leishmune® and Leish-tec®) have been commercialized in Brazil. The first vaccine
launched in 2004, Leishmune®, was shown to induce a significant, long-lasting, and
strong protective effect against CanL in phase III of clinical trials [152, 153]. This
vaccine was also proposed to be used as immune therapy of infected dogs and as a
transmission-blocking vaccine [159, 160]. However, in 2014, the Brazilian Ministry
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of Agriculture, Livestock and Food Supply suspended its commercialization due to
noncompliance with all the requirements for phase III studies (http://www.
agricultura.gov.br/assuntos/politica-agricola/arquivos/nota-tecnica-dfip-38-14-
leishmune.pdf/view). The second vaccine launched in Brazil in 2008, Leish-tec®,
conferred a significant reduction in the number of cases of CanL with a 71.4%
efficacy (only 7 of the 195 vaccinated dogs in comparison with 24 of the 192 dogs
from the placebo group were considered infected according to parasitological
exams), and the infectiousness to reared L. longipalpis of vaccinated dogs was
46.6% lower in comparison with non-vaccinated animals [158]. In Europe, the
first commercialized vaccine for CanL consisting of purified excreted-secreted
proteins of L. (L.) infantum and with QA-21 saponin as adjuvant (CaniLeish®)
was launched in 2011. In a field study with 90 naïve beagles (46 vaccinated and
44 controls) naturally exposed to the parasite, CaniLeish® has provided a significant
reduction in the risk of progressing to active infection or overt disease, with a clinical
efficacy of 68% [157]. Additionally, the infectiousness to reared P. perniciosus of
vaccinated dogs was significantly lower when compared to matched controls
[161]. A second vaccine (Letifend®) consisting of a recombinant Protein Q from
L. (L.) infantum MON-1 has recently (in 2017) been commercialized in Europe.
According to the product information available at the European Medicines Agency
(https://ec.europa.eu/health/documents/community-register/2016/20160420134483/
anx_134483_en.pdf), a vaccinated dog has five times less risk to develop clinical
disease than a non-vaccinated dog.

3.4 Conclusions

In recent years, important advances have been made concerning leishmaniasis,
including its epidemiology, pathology, diagnosis, clinical management, and genetic
factors related with resistance or susceptibility to Leishmania infection. Taking into

Table 3.3 Clinical trials (phase III) made with vaccine candidates against canine leishmaniasis that
shows more than 50% of efficacy against clinical disease

Vaccine candidate
Efficacy against
clinical disease (%) Reference

FML 92 Silva et al. [152]

FMLþsaponina QuilA 80 Borja-Cabrera et al. [153]

Alum-ALMþ aluminum hydroxide 69.3 Mohebali et al. [154]

LiESAp-MDP 92 Lemesre et al. [155]

Gentamicin-attenuated L. (L.) infantum 92 Daneshvar et al. [156]

LiESAp-QA-21 63 Oliva et al. [157]

L. (L.) donovani A2þ saponin 71.4 Regina-Silva et al. [158]

FML Fucose mannose ligand antigen purified from L. (L.) donovani, QuilA Quillaja saponaria
saponin, Alum-ALM Aluminum hydroxide (alum) precipitated L. (L.) major, LiESAp Purified
excreted/secreted antigens promastigotes L. (L.) infantum, MDP Muramil dipeptide, L. Leishmania,
QA Quillaja saponaria, A2 recombinant protein A2 of L. (L.) donovani
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account that CanL diagnosis is still often problematic and that dogs never reach
parasitological cure, early detection of infection and close surveillance and treatment
of these animals are very important measures to decrease infection incidence and
spreading. Development of effective molecules (ideally different from those used for
humans) for therapy and immunoprophylaxis is needed to control the spread of the
infection among other dogs and as an essential component of the control of human
zoonotic leishmaniasis.

3.5 Future Trends

Considerable progress has already been made in the diagnosis, treatment, and
clinical management of infected dogs. However, sensitive methods are necessary
for Leishmania detection at an early stage of infection and in asymptomatic animals.
Furthermore, new drugs different from those used against human leishmaniasis are
needed, and combined therapies should be designed to achieve parasitological cure
and to block transmission. Nevertheless, control strategies should be based on
prevention of infection, ideally through the development of an efficacious vaccine
against CanL in association with insecticides with prolonged residual action against
Leishmania vectors. Finally, an interdisciplinary network between veterinarians,
researchers, physicians, public health entities, dogs’ owners, and the general public
would generate knowledge, tools, and education packages, which would contribute
toward a significant reduction of the burden of canine and human leishmaniasis.

To sum up, it is important to keep in mind that one of the main control methods
for leishmaniasis includes prolonged treatment of the major domestic reservoir host.
Current knowledge about the epidemiology and transmission of zoonotic leishmani-
asis suggests that selection of resistant parasites is still not an emerging problem.
However, the chances of emergence and spread of resistant parasites in the canine
and human populations should not be neglected, especially when dogs and humans
are treated with the same drugs. Several methodologies, such as in vitro and ex vivo
systems, which are already being used or developed for monitoring drug resistance
in human leishmaniasis, can easily be adapted to CanL. Surveillance systems using
these techniques would allow early control measures to diminish the impact of the
introduction of resistant L. (L.) infantum strains in endemic regions.
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Epidemiology of Leishmaniasis in the Time
of Drug Resistance (the Miltefosine Era) 4
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Abstract
In the first edition of this chapter (Dujardin J-C, Decuypere S, Epidemiology of
leishmaniasis in the time of drug resistance. In: Ponte-Sucre A, Padron-Nieves M,
Diaz E (eds) Drug resistance in Leishmania parasites: consequences, molecular
mechanism and possible treatments. Spinger, pp 65–83), we updated various
aspects of leishmaniasis epidemiology, with a particular emphasis on their rela-
tion with parasite drug resistance (DR), with a focus on antimonials (SSG). We
made a clear distinction between DR, a parasite phenotype measured in the
laboratory and treatment failure (TF), a clinical phenotype assessed in the patient.
In this second edition, the objective is to update knowledge (whatever the drug) in
this domain and to focus on miltefosine (MIL), contrasting wherever relevant
with SSG. In the first part, we present data on the current efficacy of MIL,
highlighting the increase in TF, and only a few cases of DR. Then, we update
information on the risk factors for (re)emergence and spreading of leishmaniasis,
focusing on the link between DR and TF: among others, we discuss the role of
asymptomatics and animals, the importance of co-infection (considering the usual
suspect HIV but also newcomers as Leishmania RNA viruses (LRV)), and the
risk related with massive human migrations and environmental changes. Finally,
we review the advances made about tools for epidemiological surveillance of
TF/DR, ranging from clinical ones to laboratory ones. Recommendations and
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4.1 Introduction

In the first edition of this chapter [1], various aspects of leishmaniasis epidemiology
were reviewed in the particular context of drug resistance (DR). Three years after,
the best reference on the incidence of the disease worldwide remains the paper of
Alvar et al. ([2], published while our first chapter was in the publication pipeline).
The study from Alvar, based on different sources and taking into account among
others underreporting of cases, provided an incidence estimate of 0.2–0.4 cases and
0.7–1.2 million cases of visceral (VL) and cutaneous leishmaniasis (CL), respec-
tively, with an estimated mortality of 20,000–40,000 cases each year. However, the
figures in the Indian subcontinent (ISC) changed as a consequence of the Kala-azar
Elimination Program (KAEP) that aimed to decrease the incidence of VL below
1/10,000 at district or subdistrict level by 2017 [3]. A recent update of the efficacy of
this regional program showed that Nepal has met the target, Bangladesh 90% of it,
and India two thirds of it [3, 4]. This together with the remaining challenges
encountered by the program will be further detailed in the chapter on visceral
leishmaniasis in the present volume (Chap. 7).

Our intention in this present chapter is not to repeat the review of the main risk
factors for (re)emergence and spreading of leishmaniasis but well to highlight new
epidemiological findings, concepts, and tools particularly relevant in the context of
surveillance of treatment failure (TF) and DR. After a focus on antimonials (SSG) in
the first edition, here we will focus wherever possible on miltefosine (MIL), the drug
that replaced SSG in the ISC and for which we now have more data. We will
describe that despite a fear for rapid emergence of DR against that drug, this still
occurs rarely in the ISC where it was used massively in the frame of the KAEP but
that, in contrast, TF rate increased significantly, highlighting again the major con-
ceptual difference between these two concepts, TF and DR.

With respect to transmission, we will highlight the growing attention given to
asymptomatics and animals and the new insights provided by mathematical
modeling. Human-made and environmental changes remain a critical issue that
will be discussed in the setting of the migrants’ crisis and (peri-)urban development.

The role of co-infections and their impact on immune status and emergence of DR
and/or TF remain critical: this will be described in the context of HIV co-infections,
as the first case of clinical MIL resistance was found in a leishmanial/HIV-co-
infected patient; however, we will also discuss the recent findings about the role of
the endosymbiotic Leishmania RNA virus (LRV) and other pathogens in treatment
outcome. A major attention will be given to the new diagnostic and epidemiological
tools developed in the last years, for applications in both clinical and laboratory
settings.
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4.2 Epidemiology of Miltefosine Resistance and Treatment
Outcome

We previously insisted on the need to clearly distinguish (1) DR, a parasite pheno-
type characterized by a decreased susceptibility to drug, following successful molec-
ular adaptation under drug pressure, and (2) TF, the clinical phenotype of a patient
not responding to a given treatment or presenting a relapse [1]. In the case of SSG, it
was clear that DR was indeed playing a major (but not unique) role in TF, at least in
the ISC. In the case of MIL, the situation is (still) rather different.

Analysis of the most extensive trials made onMIL efficacy since 2002 (Table 4.1)
reveals highly variable outcomes (from 0% to 66% of failure), depending among
others on clinical forms, Leishmania species, dosage, or clinical protocols. While all
these reports may be interesting from a clinical point of view, a few of them only
provide useful epidemiological information, and we will focus on three of them.
Firstly, studies of Sundar et al. [8] and Rijal et al. [9] in the ISC demonstrated—for a
similar dosage—an increase in TF rate of VL cases due to L. (L.) donovani, after a
decade of MIL use. Noteworthy, increasing the duration of follow-up from 6 to
12 months showed a doubling of TF rate in Nepal (from 10.8% to 20% after 6 months
and 12 months, respectively), suggesting potential underreporting in studies where
follow-up was limited to 6 months. Secondly, in Ethiopia, Ritmeijer et al. [13]
reported a significant increase in TF rate of VL cases depending on the immune
status of the patients (0% and 35.5% TF in HIV-negative and HIV-positive patients,
respectively), highlighting the intertwining between the epidemiology of
HIV-Leishmania co-infection and leishmaniasis TF, a feature that was already
described with other drugs [23]. Thirdly, within the same study, Soto et al. [16]
analyzed the efficacy of MIL in Neotropical CL and found differences in TF rate
depending on species (35% and 66% in subjects infected with L. (L.) mexicana and
L. (V.) braziliensis, respectively, both in Guatemala); this species effect is well
known and was already observed in the case of SSG, where L. (V.) braziliensis
was also the species associated with the highest TF rate [24]. Interestingly, another
report showed that patients infected with L. (V.) braziliensis in Bolivia responded
much better to MIL than in Guatemala (same dosage, 12% TF [17]), suggesting the
occurrence of confounding factors, like different variants of that parasite species,
ethnic differences, or clinical features (like LRV infection; see below).

Reports on the MIL susceptibility of clinical isolates are scantier (Table 4.2), and
a series of considerations are required for their interpretation. On one hand, a cutoff
needs to be defined to identify miltefosine-resistant (MIL-R) strains (if any) within a
given species. In our own practice, we use the ED50 value of a laboratory strain of the
same species, for which MIL resistance had been experimentally selected. For L. (L.)
donovani, we used 32 and 74 μM for assays based on amastigotes or promastigote,
respectively [32]. For L. (V.) braziliensis and L. (V.) panamensis, 32 μMwas used as
the cutoff value (amastigote-based assays [30]). For L. (L.) infantum, 20 μMwas the
selected cutoff [31]. We propose to consider as resistant isolates only those that
display an ED50 positioned within the same range as that of the experimental
resistant strains; if ED50 is higher in clinical isolates than the chosen baseline but
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lower than the defined cutoff, we propose to consider them as MIL-tolerant. On the
other hand, as in the case of other drugs, innate insensitivity to MIL should be
distinguished from MIL resistance. Indeed, Yardley et al. [25] report that L. (V.)
braziliensis, L. (V.) guyanensis, and L. (L.) mexicana isolates all collected in Peru in
2002–2004 expressed already a high ED50 (>32 μM), while MIL was not yet in use
in Peru at that time. This highlights the importance of baseline susceptibility studies
before the implementation of any drug.

Keeping this in mind, the following epidemiological information can be extracted
from Table 4.2. Firstly, the baseline susceptibility of L. (L.) donovani in the ISC
before implementation of MIL is rather high (low ED50 values); later measurements
made during the MIL era on VL isolates from relapsing cases did not express
significant changes in ED50. Accordingly, MIL resistance is not (yet) a major issue
in the ISC, and causes of the increasing MIL-TF were so far essentially independent
of drug susceptibility: parasite virulence [33], pharmacokinetics [34], and
age/gender of the patients [35]. Noteworthy, although isolates from post-Kala-azar
dermal leishmaniasis (PKDL)-TF showed higher ED50, these should still be consid-
ered as MIL-tolerant. It is not surprising that the less susceptible strains are isolated
from PKDL, as patients suffering of PKDL require longer therapeutic schemes, with
a consequent higher drug pressure. Current findings are anyway rather concerning:
considering the potential role of PKDL patients as reservoir for the parasite, PKDL
patients might be included as potential contributors to the emergence and spreading
of MIL resistance in the future. Unfortunately, this future seems to be already here,
as at the moment of finalizing this chapter, already a first report has been published,
describing two cases of MIL resistance in India [28]: both clinical isolates showed
high IC50 values together with non-synonymous mutations in the gene encoding the
L. (L.) donovani miltefosine transporter (LdMT). Secondly, the situation is rather
complex in Latin America where innate insensitivity and resistance are possibly
intertwined. Noteworthy, Fernandez et al. [29] reported a breakpoint in the distribu-
tion of the MIL susceptibility of L. (V.) panamensis, with less susceptible strains
being described after 2005, year of implementation of MIL as second-line therapy
against leishmaniasis in Colombia. Furthermore, Obonaga et al. [30] compared the
susceptibility of paired samples (before treatment and at the time of failure) and
found a reduced susceptibility at failure. It is not clear if this reflects (1) a progressive
adaptation of the strains under MIL pressure and the emergence of acquired MIL
resistance or (2) the selection of parasites with an innate lower susceptibility. The
report of Obonaga et al. [30] could support acquired resistance, if it could be shown
that the same strain was present at the onset of treatment (low ED50). Thirdly,
immunosuppression could accelerate the emergence of MIL resistance, a hypothesis
supported by the detection of the first case of clinical resistance in a European HIV-
co-infected patient [31].
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4.3 Transmission Patterns

Accurate description of transmission patterns is essential for the design of efficient
control programs. These are based on a series of assumptions—if not dogmas—often
originating from studies undertaken decades ago, and it might be relevant to revisit
these with modern tools that are now available. The best illustration of this need is
anthroponotic VL in the ISC. The main assumptions underlying the KAEP can be
summarized as follows: (1) humans constitute the reservoir of L. (L.) donovani, VL
patients playing a major role here as suggested by the higher risk of infection among
household contacts of patients [36], (2) with PKDL cases constituting the main
reservoir during inter-epidemic periods [37], and (3) Phlebotomus argentipes is the
vector and infects people within their houses. Accordingly, main pillars of the KAEP
are diagnosis and treatment of patients together with insecticide spraying of the
houses. Since the launching of the KAEP in 2005, new information was gathered,
which questions each of these assumptions and could justify some fine-tuning of
control programs, if they were confirmed.

Firstly, two studies based on polymerase chain reaction (PCR) [38] and serology
[39], respectively, were performed in Nepal and demonstrated that goats living in
VL endemic villages were infected with L. (L.) donovani (16% of PCR positivity in
blood and 21.6% of direct agglutination test positivity). Classification tree analysis
demonstrated that among several risk factors for asymptomatic infection among
humans living in the neighborhood, the proximity of infected goats ranked first
[38]. Similarly, in India, L. (L.) donovani DNA was encountered in the blood of
goats [40], and ownership of domestic animals was shown to constitute a risk factor
for human infection in high-transmission foci [41]. Last but not the least, a report
suggested the possible epidemiological role of dogs in domestic foci of VL in
Bangladesh [42]. However, new dogmas should not be created from these reports.
Indeed, these studies did not demonstrate that animals could constitute a reservoir of
L. (L.) donovani in the ISC, as they could equally constitute a “sink,” i.e., a dead-end
host infected from a human reservoir. To answer that question, studies on the
infectiousness of L. (L.) donovani-infected domestic animals would be required,
ideally by xenodiagnosis. Secondly, a series of mathematical modeling studies
provided more detailed information on the human reservoir itself. A basic transmis-
sion model for anthroponotic VL was elaborated, and simulation results suggested
that transmission of L. (L.) donovani is predominantly driven by asymptomatically
infected humans [43]. This makes sense as these are indeed more numerous than VL
patients (infection: disease ratio of 8.9 to 1, estimation based on serology [44], but
like for animals, their infectiousness should be demonstrated by xenodiagnosis [45]).
In the absence of diagnostics and treatment of asymptomatics (toxicity and cost of
current drugs), these data strengthen the importance of vector control in the frame of
the KAEP, as it may interfere with the transmission to/from asymptomatics, which
was verified by mathematical modeling [43]. Asymptomatic infections might thus
constitute a threat for the elimination program [46], and more than ever, research is
required on these areas of knowledge. Thirdly, while there is no doubt about the role
of P. argentipes in the transmission of L. (L.) donovani (prevalence of infection
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ranging between 4.9% and 17.4% in Bihar [47], around 0.5% in Nepal [48]), some
reports may raise questions about the intra-domiciliary behavior of this vector.
Indeed, after a long trial on the effectiveness of long-lasting insecticidal bed nets
(supposed to protect at night inside the houses) in the ISC, the authors concluded that
these were not providing an additional protection against VL in comparison with
control measures in place [49]: this could reflect a lack of power in the study but
could also be explained by an unexpected behavior of the sand flies, like biting
outside the houses. Here again, further studies on the biology and ecology of sand
flies are required.

The basic VL model described above was also used directly in the context of
DR. More specifically, authors tried to explain the observed increase in the SSG-TF
rate in the ISC from about 5% in 1980 to about 64% in 1997 [50]. The model
suggests that such a quick rise in TF could not be reproduced even if first-line
treatment would fail in 100% of cases infected with the resistant strain. Thus, the
authors concluded that additional assumptions were required, for instance, that
SSG-resistant parasites were transmitted more effectively than nonresistant
parasites. This prediction was verified experimentally by several studies linking
SSG resistance with higher metacyclogenesis and greater capacity to cause in vivo
infections [51–54]. This higher fitness was also shown by strains resistant to drug
combination [55]. In the case of MIL, we mentioned previously that clinical isolates
from MIL relapses (well all MIL-sensitive) were more virulent than those from
treatment success: the fact that many of the isolates fromMIL relapse cases were also
SSG-R might suggest that the increased fitness of MIL relapse isolates could be a
heritage of the SSG period [33]. These data are further discussed in Chap. 15 on this
volume, related to parasite fitness.

4.4 Human-Made and Environmental Changes

Since the first edition of this chapter, new studies have further documented the tight
link existing between human-made and environmental changes and the epidemiol-
ogy of leishmaniasis: we will mention here a few striking examples related to
(1) human migration, (2) urbanization of foci as a consequence of environmental
changes, and (3) new geographical presentations of foci.

In the past, human migration has been extensively documented as a main risk
factor for emergence and spreading of leishmaniasis. A classic example is the
migration (probably through infected dogs) of L. (L.) infantum from Portugal to
the New World during the post-Conquista era. Together with the colonization of
permissive sand flies, like Lutzomyia longipalpis, this has created the dramatic
combination of conditions for the importation and installation of VL in the New
World [56]. Nowadays, as a consequence of social, political, and economic instabil-
ity, migrants are massively coming from/to leishmaniasis-endemic regions. In
northwestern Ethiopia, a shift from sporadic cases of VL to a real epidemic occurred
in 2005 and was associated with the return of migrant workers from a region
bordering Sudan [57]. A recent review found a strong correlation between VL
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epidemics and civil unrest in South Sudan, related to immunologically naïve
migrants entering in contact with the parasites in endemic regions or to infected
migrants establishing new foci in leishmaniasis-free region [58]. Europe, after being
the source of migration and exportation of L. (L.) infantum, has become in turn a
target of migration. From the 283,532 migrants listed by Frontex in 2014 [59], many
came from leishmaniasis-endemic countries like Syria and Afghanistan (historical
foci of anthroponotic CL due to L. (L.) tropica) or Somalia (anthroponotic VL due to
L. (L.) donovani) [60]. We lack information on the number of these who are ill at the
time of arrival in Europe, but VL belongs to the most common etiologies in severely
infected migrants [61], and recommendations for general practitioners are being
formulated, like in Germany [62]. Besides ensuring a correct management of the
clinical cases, a reflection is also required about the risk of installation of new
leishmaniasis foci in Southern Europe, where sand flies are endemic, including
permissive ones like P. perniciosus [63] or P. tobbi [64]. While the risk of coloniza-
tion by new Leishmania species is probably very low, it is not null, and surveillance
might be recommended: in this context, the availability of standardized species
typing tools all over Europe is highly recommended (see section on tools).

Besides traveling and migrating, humans are also known to modify the environ-
ment, and this in turn might create the conditions for the emergence of new
leishmaniasis epidemics. An excellent illustration of it is the recent CL and VL
epidemics in the suburbs of Madrid, in Spain, known as the Fuenlabrada outbreak.
Between July 2009 and December 2012, 446 cases were reported in four cities, but
most of them clustered in Fuenlabrada, at the border of a park area [65]. Epidemio-
logical investigations rapidly identified L. (L.) infantum as the etiological agent in
that focus and P. perniciosus as the vector, but interestingly, the human outbreak was
not accompanied by an increase in canine leishmaniasis, the usual suspect, which led
the epidemiologists to look for alternative reservoir, which they rapidly found by
PCR and xenodiagnosis: rabbits and hares [66]. Both animal species were abundant
in the fields before their transformation into parks, and additional animals could have
invaded them as a consequence of constructions in the area [65]. Burrows create
ideal habitats for sand flies and logically a L. (L.) infantum transmission cycle could
have developed near the houses. On the basis of these epidemiological findings,
environmental control measures were taken, including destructions of burrows,
treatment with insecticides, and capture of hares and rabbits. The outbreak of
Fuenlabrada is a perfect illustration of how leishmaniasis’ epidemiology should be
analyzed and highlights several lessons: it is dynamic, the disease can be encoun-
tered in unexpected areas, transmission of the parasite may involve unexpected
reservoir, and it can be controlled by measures integrating environment control.
As such, scientists working on leishmaniasis must remain open and not stick only to
what is written in textbooks, including the present one.

Environmental factors may also concern treatment outcome and DR. This is
highlighted by a series of studies that were made around the role of environmental
contamination with arsenic (As) and its possible role in the emergence/spreading of
SSG resistance in the ISC. Considering (1) the important As contamination in Asia
since 1970, as a consequence of the installation of tube wells, (2) the high endemicity
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of SSG-R in the ISC, and (3) the structural and chemical similarities between As and
SSG, Perry et al. proposed the hypothesis that As contamination could have played a
role in the emergence/spreading of SSG resistance [67]. The hypothesis was
demonstrated experimentally, by chronic exposure of laboratory mice to As and
serial passage of L. (L.) donovani in these, resulting in the acquisition of SSG
resistance [68]. An epidemiological validation of the hypothesis was attempted in
India by analyzing treatment outcome in patients treated with SSG between 2006
and 2010 and by measuring As level at proximity of patient’s houses. This showed
that patients using well water with high concentrations of As had a higher risk of
treatment failure than patients using wells with low concentrations [69]: however,
the study was underpowered and retrospective [69]; hence, further work would be
required to assess the contribution of As in the collapse of SSG.

A last example highlighting how dynamic the epidemiology of leishmaniasis is
concerns the recent description of VL foci in hilly districts of Nepal, which was so
far not considered as endemic for L. (L.) donovani transmission [70]. The authors
concluded that there was local transmission of the parasite because of (1) the
occurrence of VL in habitants who never traveled, (2) a large number of asymptom-
atic residents, and (3) the detection of Leishmania sp. in P. argentipes collected in
the area. In the ISC, L. (L.) donovani is generally endemic in the lowlands, and
therefore, the KAEP is essentially focusing on these regions. The Nepalese report is
preoccupying as it reminds us that leishmaniasis can occur outside the “classical”
areas, where health staff does not necessarily have the needed training and where
there are no prevention campaigns [70]. This type of foci could jeopardize the KAEP
and constitute sources of reinvasion after the elimination phase. In addition, these
new foci may be associated with new variants of the parasite, characterized by
distinct phenotypes. This is illustrated (1) in the hilly districts of Nepal, where we
found the so-called “Yeti” variants (genotype ISC1 [71, 72]), which are genomically
very different from the lowland variants of L. (L.) donovani [71], and (2) in Sri
Lanka where new foci were also described, associated with another genetically
distant variant of L. (L.) donovani, which is essentially dermotropic [73].

4.5 Epidemiology and Immune Status

After DR and human-made and environmental changes, immune status of the host
represents the third major risk factor for (re)emergence and spreading of leishmani-
asis. The usual suspect is obviously the immunosuppression associated with HIV,
which was already covered extensively in the first edition of this chapter. In the
context of MIL resistance, it is of utmost relevance, as the first few cases of clinical
MIL resistance were indeed detected in HIV-Leishmania-co-infected patients (see
above). However, in the present chapter, we would like to address two additional
aspects of co-infection particularly relevant in the context of treatment outcome, i.e.,
the infection of Leishmania by special viruses and the co-infection between Leish-
mania and other parasites.
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Leishmania RNA viruses (LRV) are endosymbionts that were reported so far
essentially in Latin America, in 74% of the Leishmania sp. isolates in French Guiana
[74]; in 11% and 45% of L. (V.) braziliensis isolates in Bolivia and Peru, respectively
[75]; in L. (V.) braziliensis (44%), L. (V.) guyanensis (27%), L. (V.) lainsoni (33%),
and L. (L.) amazonensis (100%) in Brazil [76], albeit in some regions of that country
it is was very rare [77]. It is still difficult to conclude about the non-endemicity of
LRV in other regions of the world, as it was not yet systematically searched.
However, case reports pop up here and there like in Iran [78] or Ethiopia [79]. The
interest for these viruses is growing since the early discovery of the subverting
capacity of LRV: indeed, the nucleic acids of the virus were shown to be potent
immunogens and to play a role in the pathogenicity, in particular, the capacity for
metastasis in experimental models [80]. The link between the presence of LRV and
mucocutaneous (MCL) leishmaniasis was supported in a clinical context in Brazil
[76] but not in Peru and Bolivia [75]. However, two sister and converging studies
highlighted a link between LRV positivity and treatment outcome. On one hand, in
Guiana, 27% of the patients infected with LRV-positive L. (V.) guyanensis showed a
TF with pentamidine, while those infected with LRV-negative parasites were all
cured [81]. On the other hand, in Peru, the presence of LRV1 in L. (V.) braziliensis
was associated with a fourfold increased risk of SSG-TF [75]. The latter report
completed a series of studies done on the same material and provided a new light on
the epidemiology of treatment failure. A first study reported a high prevalence of
treatment outcome and SSG resistance in Peru but a low correlation between the two
parameters, thereby questioning the validity of the laboratory tools or the biological
role of resistance in treatment outcome [82]. A second study analyzed different risk
factors for TF and identified Leishmania species as a major risk factor: in particular,
L. (V.) braziliensis was associated with most failures in Peru [24]. The third study
was the one showing the high prevalence of LRV1 in L. (V.) braziliensis from Peru
[75], thereby demonstrating the importance of confounding factors in the epidemi-
ology of TF. Accordingly, in Peru, results may lead to the hypothesis that TF is not
related with DR, well most likely to a virus more abundant in L. (V.) braziliensis and
interfering with the immune response of the host known to be essential for the
treatment efficacy.

Besides LRV which constitutes a particular case of “co-infection” and the well-
documented HIV-Leishmania co-infection, there are very few systematic studies on
co-infection with other pathogens and its effect on treatment outcome. A systematic
review on that topic is in preparation [83], and it highlights the restricted knowledge
we have on that topic and the need for further research. Two parasites might deserve
further attention, Trypanosoma cruzi and helminths, respectively, co-infecting 41%
of the leishmaniasis patients in Argentina [84] and 14–88% of leishmaniasis patients
in Brazil [85]. A recent report showed a different immune response in T. cruzi-
infected CL and MCL patients as compared with Leishmania single infections,
which could have an effect on disease duration [86]. Co-infection with intestinal
helminths was associated with a poor response to therapy in Brazil [87], which is
probably also associated with disturbance of the immune response by the helminths,
known, for instance, to be associated with a strong Th2 response. Altogether, the
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different examples of co-infection addressed in this section highlight the need for
broadening the scope of epidemiological surveillance of leishmaniasis and
integrating other pathogens or conditions in the monitoring.

4.6 Tools for Epidemiological Surveillance in the Context
of Treatment Failure and Drug Resistance

Considering the fact that in many cases, including in the context of MIL, there is no
correlation so far between TF and DR, it is important to distinguish surveillance
tools according to their application for monitoring treatment outcome or DR. Our
aim in this section is not to review all the available tools but well to illustrate major
concepts that could underlie surveillance activities and guide further research.

In the context of treatment outcome, two types of tools—clinical and laboratory—
deserve a particular attention; these could be integrated to feed data in a national or
regional system of epidemiological surveillance, as developed for malaria. On the
clinical side, a pilot project successfully evaluated the relevance of retrospective
quarterly cohort monitoring for following clinical outcome of VL at the level of
Primary Health Centers [88]. The tool was evaluated in the context of MIL therapy,
provided an early evaluation of the effectiveness of treatment strategies—not per se
the efficacy of the drug itself—and could be applied in any VL treatment program
[88]. Another example of clinical tools concerns algorithms, which can guide screen-
ing, clinical handling, and follow-up of treatment efficacy. In Sri Lanka, for instance,
ten clinical markers predicted CL with more than 90% of accuracy, but without
reaching 100% of sensitivity/specificity, highlighting the need of complementary
laboratory tests [89]. In Peru, a series of parameters were analyzed for their capacity
to predict SSG-TF in CL context: a new risk factor was identified, and the presence of
concomitant distant lesions together with other parameters allowed to build a prog-
nostic score for SSG-TF with a sensitivity of 77.78% and a specificity of 95.52%
[90]. On the laboratory side, a recent report showed that the detection of IgG1 at the
end of treatment of VL cases was a good predictor of relapse: this result was validated
in India and Sudan, and a lateral flow rapid diagnostic test was developed to detect
anti-Leishmania IgG1 [91]. More sophisticated are the molecular tools, like real-time
quantitative PCR, which appear to be promising not only to measure drug efficacy but
also to assess cure, as shown in the context of Indian VL [92]. Loop-mediated
isothermal amplification (LAMP) constitutes a first step toward simplification of
molecular tools and showed potential for application as test of cure [93].

As shown above, Leishmania species was shown to constitute a risk factor for TF;
hence, species identification tools should also be considered in this present concep-
tual inventory. A large variety of tests exist for this application, each laboratory
generally having its own target or procedure [94]. However, for quality diagnosis as
well as for surveillance, it is more than time to agree on one method, well validated,
standardized, and subjected to quality control. While isoenzyme electrophoresis, a
method only applied in a few labs in the world, is still considered as a golden
standard for Leishmania typing, molecular tools targeting the heat-shock protein
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70 (Hsp70) emerge as the method of choice for robust species identification.
Different studies are illustrative of the pipeline that should be followed for the
development, validation, and implementation of typing tools. Firstly, the target
was taxonomically validated by a phylogenetic analysis considering 17 species
[95]. Secondly, Hsp70 PCR-RFLP was developed and experimentally validated as
a universal tool for species identification in the New and Old World [96]. It was then
further improved in terms of sensitivity [97] and evaluated in a clinical context in
Latin America [98], in the OldWorld [99] and in the context of imported pathologies
in Europe ([100]; in this case PCR sequencing approach was used). Later on, PCR
sequencing of Hsp70 genes was compared to three other single-locus markers,
revealing that Hsp70 PCR was one of the methods giving the best resolution
[101]. Finally, it was included, together with other methods, in a large study
comparing the accuracy of species identification in 16 European clinical laboratories
in 2014: results confirmed the robustness of Hsp70 PCR, while they demonstrated
errors in some laboratories using other methods [102], thereby highlighting the need
for a single method with standard operating procedures. Considering the role of
co-infecting pathogens in TF, laboratory tools should also allow simultaneous
detection of other pathogens, possibly in a multiplex format. While this approach
is common for viral or bacterial diseases, in leishmaniasis, this concept is generally
used for differential diagnosis [103] or the identification of different Leishmania
species [104]. Last but not the least, in the New World, the systematic detection of
LRV, now facilitated by the use of a monoclonal antibody [105], should be
integrated with the diagnosis of leishmaniasis, given the link between this specific
case of co-infection, pathogenicity, and TF (see above).

In the context of DR, we will distinguish in vitro susceptibility assays from
molecular tests detecting markers of resistance. As discussed in the previous edition
of this chapter, for several drugs including SSG, in vitro susceptibility should be
measured on intracellular amastigotes in macrophages. These assays are time-
consuming and reductionist (because they do not integrate the immunological
context), and they are difficult to apply on clinical isolates which are often not
very infectious in these in vitro assays. In this context, MIL might constitute an
exception; indeed, the MIL susceptibility of promastigotes of Indian L. (L.) donovani
strains was shown to correlate with the susceptibility measured on intracellular
amastigotes [106]. Accordingly, the authors proposed a simple resazurin-based
promastigote assay for the routine monitoring of MIL susceptibility in clinical
isolates. A similar assay based on promastigote susceptibility recently demonstrated
the two first cases of MIL resistance in India [28]. Molecular assays could rapidly
complement and replace the in vitro susceptibility assays, once a clear idea is
available on the mechanisms of resistance active in a clinical context. Indeed, so
far, most molecular studies done on molecular mechanisms leading to MIL resis-
tance were done in the context of experimentally selected resistance. These reports
highlight the role of MIL transporters and more specifically the complex LdMT and
LdROS (the β subunit of LdMT) in the development of resistance [107]. Experimen-
tally selected MIL-R strains show mutations in one or both genes [31, 32]. The
studies made on the first few MIL-R clinical isolates indicate that the same two
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molecules can be affected in the field [28, 31], hereby supporting the use of assays
targeting these genes. However, as highlighted in a recent opinion paper [108], the
parasite may follow different strategies to inactivate these transporters, a concept
called “the many roads to drug resistance”: different single nucleotide
polymorphisms (SNPs) affecting the functionality of the gene, complete deletions,
or decrease in the somy of the chromosomes bearing the respective genes [108]. Con-
sequently, even if the mechanism and the target are known, it is currently impossible
to use a PCR assay susceptible to detect all kinds of molecular alterations. In this
context, whole genome sequencing (WGS) is probably the most promising avenue.
The study by Shaw et al. [32] illustrates the polyvalence of this tool: following the
genomic adaptations of two L. (L.) donovani strains upon experimental selection of
MIL resistance, the authors first detected decrease in the somy of chromosome
13 (bearing LdMT gene), before the installation of more structural alterations, like
deletions or single-base mutations. WGS can be applied for high-throughput
analyses, as recently shown by the publication of a study based on the sequencing
of 204 clinical isolates [71]. However, two recent studies showed that the somy and
heterozygosity of parasites could differ between life stages [109, 110], highlighting
the need—in the future—to sequence genomes directly in clinical samples. This is
now possible thanks to genome capture methods, and we recently demonstrated the
proof of principle of this new technology, by obtaining a high-quality genomic
sequence of amastigotes from 21/24 bone marrow samples (Malgorzata et al. in
preparation).

Besides a direct application for the detection of multiple genomic changes in
genes specifically involved in DR, WGS also demonstrated its power for molecular
epidemiology, especially in the context of microevolution of young populations.
This was highlighted by the study of 204 clinical isolates of L. (L.) donovani from
the ISC [71]. Indeed, in the past, it was impossible to study the molecular epidemi-
ology of parasites from this region, and even multi-locus microsatellite typing
(MLMT) could not discriminate the strains of this genetically very homogeneous
population [111]. As expected, WGS was much more discriminatory: (1) all strains
could be distinguished, (2) different subpopulations were identified (namely, ISC1 to
ISC10, among which there were six congruent monophyletic groups and other
groups showing signs of recombination), and (3) the history of the whole population
could be tracked back until its probable emergence around 1850 during the first VL
epidemics. Interestingly, the study showed that parasites from the lowlands
(ISC2–10) did all contain an intrachromosomal amplicon of the H-locus, containing
among others the MRPA gene, known to play a major role in sequestration of SbIII:
work in progress showed that this amplification probably provided a preadaptation to
SSG for all lowland parasites [112]. A second layer of adaptations was encountered
in one subpopulation of parasites associated with SSG-R and SSG-TF (ISC5): all of
them contained a “fatal” 2nt-indel in the gene encoding AQP1, a known transporter
involved in the uptake of SbIII. This large-scale WGS study did not show any
evidence of alterations of LdMT or LdROS in the sequenced parasites, even in
parasites coming from MIL-TF patients. Besides offering a new insight on the
natural history of the parasite and on the understanding of DR, this study also
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provided a reference frame for epidemiological surveillance of L. (L.) donovani in
the ISC, particularly relevant in the context of KAEP and its post-elimination phase.
Indeed, if new epidemics occur in the future, we will be able to associate them with
one of the described genotypes or to detect new ones; both pieces of information are
essential for the long-term monitoring of the program. We made a first attempt in
simplification of the molecular tools, by developing a single-locus genotyping tool to
track the main L. (L.) donovani groups of the ISC [72]: this method consisted in the
PCR amplification of regions containing group-specific SNPs, followed by sequenc-
ing of the amplicon. The method was evaluated in Nepal and allowed the correct
classification of 58% of the samples, the unclassified samples representing
genotypes undetected in the WGS study or populations for which no ISC-SLG test
was developed or used [72]. This limit is inherent to “closed”/targeted genotyping
tools as SLG and shows the importance to complement them with “open”/untargeted
genotyping tools, like WGS.

4.7 Conclusions and General Recommendations

More than ever, the epidemiology of leishmaniasis appears to be extremely dynamic
as a consequence of three major risk factors, human-made and environmental
changes, immune status of the host, and TF accompanied or not by DR. New foci
appear in unexpected areas, involving unexpected hosts, highlighting the need to
revisit some assumptions and dogmas, in order to further guide control programs.
More than ever, the confrontation of clinical and laboratory studies shows that TF is
not at all a synonymous of DR. It is known that TF can be due to the quality of the
drug and the quality of the health systems or immune-genetic features of the host.
However, we demonstrated here the importance of pathogen factors other than DR,
like the virulence of Leishmania or its infection by LRV. In the case of MIL, several
alarming reports show a decrease in the efficacy, which is particularly preoccupying
in the ISC, where this drug has been used in monotherapy for a decade, in the context
of the KAEP. Despite the early warnings of scientists on the risk of rapid emergence
of DR against MIL, the first and rare cases of DR only start to emerge and
monitoring of the further evolution of the distribution of these MIL-R strains is
more than ever required. A battery of tools, clinical and laboratory, are available for
this endeavor, and major efforts should be undertaken to validate them adequately,
standardize them, and disseminate them. In the context of a small arsenal of available
drugs and with only few compounds in the final stage of the pipeline, it is more than
ever required to protect the existing drugs, and surveillance of the disease, treatment
outcome, and drug resistance may contribute to it.
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The Role of the Immune System
in Resistance to Infection 5
Lukasz Kedzierski and Krystal J. Evans

Abstract
Leishmaniasis is a spectrum of diseases with clinical symptoms ranging in
severity from skin lesions to serious disfigurement and fatal systemic infection.
The outcome of infection depends on the parasite species as well as host genetic
factors and immune competence. In order to develop a successful infection,
Leishmania must evade both the innate and adaptive immune responses. Whilst
protective immunity has been driven by Th1-type T cell responses, the role of
Th2-type cytokines is not entirely clear, although it has been implicated in
susceptibility to leishmaniasis. A successful treatment of all the forms of leish-
maniasis depends on efficient elimination of parasites by activated macrophages.
Paradoxically, Leishmania species have evolved a variety of strategies to evade
leishmanicidal mechanisms and survive in macrophages in the phagosome.
Interestingly, most infected individuals develop long-lasting protective immunity
following primary infection; however, sterile immunity is hardly ever achieved,
and parasites are believed to persist asymptomatically in the host. The vast array
of immune cells and cytokines involved in the immune response to Leishmania
clearly highlights the complexity of the disease and reveals a complicated net of
regulatory and counter-regulatory interactions. This chapter outlines our current
knowledge of the immune factors implicated in the disease and discusses the role
the immune system plays in resistance to infection.
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5.1 Introduction

The control of Leishmania infection is mediated by cellular immune responses
leading to macrophage activation and parasite killing. Although humoral response
is also present during the infection, antibodies play no role in protection and are
associated with the non-healing disease. Antileishmanial immunity is mediated via
both innate (macrophages, neutrophils, dendritic cells (DC)) and adaptive (T cells)
immunities, but the CD4+ T cell subset is crucial for resistance. Experimental studies
using leishmaniasis mouse model of disease gave rise to the Th1/Th2 paradigm of
resistance and susceptibility associated with intracellular infection. This clear-cut
dichotomy is mostly associated with the cutaneous leishmaniasis (CL) but is not so
well defined in the visceral leishmaniasis (VL). Nevertheless, it is universally
accepted that the nature of the T cell response is a crucial factor in resistance to
the disease, despite evident differences in the responses observed between mouse
experimental infection and human leishmaniasis.

5.2 Cutaneous Leishmaniasis

5.2.1 Innate Immune Responses

5.2.1.1 Macrophages
Macrophages play a pivotal role in Leishmania infection. Macrophages are profes-
sional phagocytes, and Leishmania utilises their phagocytic function as a strategy for
internalisation and subsequent replication within the macrophage phagolysosomes.
Thus, macrophages act as both the host cells for Leishmania replication and effector
cells that kill the parasites. Internalisation of Leishmania by macrophages triggers
the production of reactive oxygen species [1] and leads to generation of nitric oxide
(NO) [2] and N-hydroxy-L-arginine (LOHA) [3] as mediators of parasite killing.
Nevertheless, there appear to be different requirements for effective killing of
leishmanial species causing CL. Whilst NO and LOHA are sufficient for elimination
of L. (L.) major [4], a successful anti-L. (L.) amazonensis response also requires
superoxide production [5]. Additionally, infection of macrophages leads to the
production of pro-inflammatory cytokines that are implicated in parasite killing.
Interleukin (IL)-12 is necessary for the leishmanicidal activity of macrophages, as it
leads to upregulation of interferon gamma (IFN-γ) by T cells and NK cells, genera-
tion of Th1-type responses and T cell-dependent and -independent macrophage
activation leading to an increase of inducible nitric oxide synthase (iNOS) and NO
production and subsequent parasite elimination [6]. A subversive activity of Leish-
mania parasites in this process is the inhibition of IL-12 production, which
downregulates the immune response to infection [7]. Production of
pro-inflammatory cytokines by macrophages results in the recruitment of
pro-inflammatory cells to the site of infection, involved in granuloma formation
aimed at isolating the microbial growth foci.
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5.2.1.2 Neutrophils
Neutrophils are among the first cells recruited to the site of infection and are thought
to participate in the containment of Leishmania parasites [8]. Published data on the
involvement of neutrophils in Leishmania infection are contradictory, indicating
either their role in resistance to leishmaniasis or disease exacerbatory activities
[9]. However, it has been shown that in the context of infection initiated by the
bite of a sand fly, neutrophils are recruited to the site of infection and phagocytose
parasites, a process that is vital for disease progression [10]. Indeed, subsequent
studies demonstrated that the uptake of parasitised neutrophils by dermal DCs leads
to inhibition of activation of parasite-specific CD4+ T cells [11]. Moreover, capture
of infected, apoptotic neutrophils by DCs completely inhibited their ability to cross-
present leishmanial antigen to CD8+, thus indicating that a cross-talk between
neutrophils and DCs is central to the early immune evasion strategies [12]. These
findings suggest that neutrophils play a role in promoting disease progression, rather
than resistance. However, other studies have found that neutrophils contribute to
parasite killing through the release of neutrophil extracellular traps (NETs)
[13]. Therefore, the role of neutrophils in Leishmania infection is multifaceted
with both protective and permissive roles during the acute phase and immunomodu-
latory role in chronic phase affecting lesion progression and inflammatory milieu
[14, 15]. Subsequent production of mast cell-derived mediators, IgG-mediated
mechanisms and cytokine/chemokine released by macrophages and neutrophils
results in the recruitment of DCs, an important component linking the innate with
the adaptive immune response against Leishmania [16].

5.2.1.3 Dendritic Cells
The main function of DCs is the recognition and processing of foreign antigens, and
subsequent presentation to T cells [17], and as such, they are considered to be
gatekeepers in the defence against invading pathogens. Skin DCs, Langerhans
cells and dermal DCs are the most efficient antigen-presenting cells (APC) in the
body [18]. In case of Leishmania infection, dermal DCs appear to present antigen
directly to T cells [19]. Small numbers of parasites are taken up directly by dermal
DCs shortly after infection [20], but majority of the DCs become infected through
contact with parasitised neutrophils [9]. Several weeks postinfection, the number of
DCs (CD11c+ cells) in the lesion increases due to their recruitment [8], and infected
DCs are able to prime naïve CD4+ and CD8+ T cells [21]. Activated DCs migrate to
draining lymph nodes where apart from T cells, they also activate resting NK cells
and trigger IFN-γ production [22]. However, Leishmania parasites evolved complex
mechanisms to avoid DC functions, which lead to downregulation of DC activation.
This is further compounded by dichotomic role of DCs in promoting either suscep-
tibility or resistance in CL [23].

Amastigote infection of DCs results in reduced phosphorylation and degradation
of vital molecules in Janus kinase/signal transducer and activator of transcription
(JAK/STAT), nuclear factor (NF)-κB and interferon regulatory factor (IRF)
pathways [24], which in turn cause inadequate DC activation, T cell priming,
impaired NK cells activation and suppression of IL-12 and IFN-γ production.
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These might be Leishmania-related general phenomena; however, there are species-
and stage-specific differences in modulation of DC functions. Whilst infection with
L. (L.) major or L. (L.) donovani promastigotes led to production of IL-12 by murine
DCs [25, 26], infection with L. (L.) mexicana amastigotes did not lead to DC
activation or IL-12 and other pro-inflammatory cytokines production [27]. Similarly,
infection with L. (L.) amazonensis amastigotes leads to downregulation of signalling
events and impaired DC function [28], and in humans L. (L.) amazonensis has been
shown to use Langerhans cells to skew CD4+ T cell function towards regulatory T
cells (T reg) and to suppress protective responses [29].

Amastigote uptake by DCs at the site of infection results in the upregulation of
IL-12 [25], which is essential for parasite elimination within DCs [26] and for the
effector functions of macrophages [30]. Uptake of amastigotes by DCs also leads to
surface upregulation of MHC class I, MHC II and co-stimulatory molecules. The
ability of DCs to present antigens through the MHC I and II pathways leads to
stimulation of Leishmania-specific CD4+ and CD8+ T cell responses [26, 30, 31]. A
recent report demonstrated that CD103+ Batf3-dependent DCs are the major source
of IL-12 and are crucial in immunity against L. (L.) major [32]. This process appears
to be regulated by IRF-4 transcription factor that has the ability to inhibit IL-12
production in DCs [33]. Although other cell subsets, including macrophages and B
cells, are able to present leishmanial antigens, antigen presentation by DCs is
essential for acquired resistance to Leishmania.

5.2.2 Adaptive Immune Response

5.2.2.1 CD4+ T Cells
T cells play an essential role in generation of effector and memory responses to
intracellular pathogens. In case of leishmaniasis, protective immunity is associated
with a cell-mediated immune response, whereas nonprotective responses have a
strong humoral component in the absence of cell-mediated immunity. The protection
against CL is intimately linked to development of Th1-type immunity and IFN-γ
production. Experimental studies established a clear-cut dichotomy between
Th1-mediated protection and Th2-mediated susceptibility. In resistant C57BL/6
mice, resolution of the disease is mediated as a consequence of IFN-γ release by
Th1 cells and upregulation of NO in macrophages that harbour parasites [34]. Con-
versely, persistence of lesions in susceptible BALB/C mice is due to CD4+ T cell
differentiation to Th2-type effector cells and the production of IL-4, which in turn
promotes antibody responses and suppresses macrophage activation, resulting in
parasite survival and replication [35]. The Th1 response is linked to IFN-γ produc-
tion; however, it is functionally heterogeneous. It has been shown that a high
frequency of CD4+ T cells producing IFN-γ only is not sufficient for resistance to
infection. The quality and magnitude of the response are crucial factors influencing
protective outcome and are controlled by the type of antigen-presenting cells
(APCs), amount of antigen and duration it is being presented to the immune system
as well as cytokine milieu [36–38]. The Th1 response mounted by CD4+ T cells
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which are single-positive, i.e. producing IFN-γ only or tumour necrosis factor
(TNF), has limited aptitude to develop into memory cells compared to IL-2 produc-
ing cells. Hence, their capacity to provide long-term durable protection is rather
limited. On the other hand, IFN-γ and TNF are known to synergise in order to more
efficiently kill parasites [39]; therefore, multifunctional CD4+ T cells that simulta-
neously produce multiple cytokines are more likely to be involved in resistance to
infection. Indeed, the frequency of multifunctional CD4+ T cells (IFN-γ+ TNF+ IL-2+)
correlates with the degree of protection following vaccination [40]. These data
indicate that functional heterogeneity of Th1 response to Leishmania plays a signifi-
cant role in resistance to infection.

The Th1/Th2 dichotomy has been questioned in recent times since there is
accumulating evidence that early IL-4 responses might not be required to promote
susceptibility, and there is considerable complexity in the mechanisms responsible
for acquired immunity [41]. Resistant C57BL/6 mice produce IL-4 early at the onset
of the infection. This increase in IL-4 did not impact the mounting of an unimpaired
Th1 response and disease resolution [42]. In several cases, resistance to infection in
BALB/C mice following immunisation has not been linked to strong Th1 response
[43, 44], or high pre-challenge IFN-γ levels did not correlate with protection
[45]. Keratinocytes and epidermal cytokine expression have been implicated as
decisive factors in generation of Th1 immunity [46]. The critical events that influ-
ence Th1/Th2 differentiation were thought to occur in the lymph nodes early during
infection; however, it was also acknowledged that the skin, as primary site of
infection, could influence the immune response [47]. During the first few hours of
infection, Leishmania induces several cytokines in keratinocytes, and the gene
expression profile of cells differs in susceptible and resistant mice. In particular,
production of IL-4 by epidermal cells can explain the somewhat controversial role
this cytokine plays in induction of Th1/Th2 responses. Whilst IL-4 is associated with
a Th2 response and susceptibility to leishmaniasis [48], it is also able to induce the
production of IL-12 by DCs but only when present early during the infection
[49]. Therefore, an early, transient IL-4 production by keratinocytes is essential for
induction of Th1 response against L. (L.) major, by acting in a paracrine fashion on
DCs, which then produce IL-12 upon migration to the lymph node [46]. It has been
also shown that IL-6, a major inflammatory cytokine, plays an important role in
Leishmania protection. High levels of IL-6 of keratinocyte origin have been detected
in resistant strains, and mice with IL-6 deficiency in the non-haematopoietic com-
partment display Th2 skewing and non-healing phenotype [46].

5.2.2.2 T Regulatory Cells
Susceptibility and resistance to infection are also influenced by T reg cells (CD4+

CD25+), which reside in the skin where they suppress harmful immune responses to
infectious agents, counteract inflammatory responses and limit tissue damage
[50]. During L. (L.) major infection, T reg cells accumulate in the dermis where
they suppress the ability of the effector T cells to eliminate parasites. This process
has been linked to the production of IL-10 [51], a cytokine that is also implicated in
the maintenance of parasite persistence [52]. High levels of IL-10 produced by

5 The Role of the Immune System in Resistance to Infection 113



antigen-driven T reg cells lead to lack of vaccine efficacy despite the presence of
strong Th1 responses [45]. In humans, T reg cells have been found in lesions of CL
patients [53] and have been implicated in immunopathogenesis of the cutaneous
infection [54, 55]. It has been demonstrated that CD4+CD25+Foxp3+ T regulatory
cells are involved in a rapid loss of resistance to infection in immune animals
following inoculation with a killed parasite vaccine [56]. These data clearly point
to the important regulatory role that T reg cells play in resistance and susceptibility to
cutaneous leishmaniasis.

5.2.2.3 CD8+ T Cells
Cytotoxic activity and cytokine production are two major effector functions of CD8+

T cells that contribute to the disease outcome in Leishmania infections. Majority of
data do not indicate a protective role for CD8+ T cells in controlling primary
infection [57]. However, they clearly play a role in resistance to infection by
inducing Th1 response via cytokine production (IFN-γ) or in recall responses to
secondary infection [58]. IFN-γ producing CD8+ T cells are fundamental for the
development of a Th1 response and thus contribute to healing in C57BL/6 mice
[59, 60]. Besides cytokine production, CD8+ T cells are thought to participate in
controlling the infection through cytotoxic mechanisms, such as granzyme and
perforin production and Fas/FasL pathways [61]. However, activation of CD8+ T
cell cytolytic responses is harmful to the host and drives the development of
metastatic lesions in CL [62], mainly due to inflammasome activation and IL-1β
release [63]. In human CL, recruitment of CD8+ T cells producing granzyme A to the
site of infection is associated with tissue damage, albeit the fact that this is
a consequence of antiparasitic action [64]. Also in L. (V.) braziliensis-caused CL,
CD8+ T cells were shown to play harmful role contributing to disease immunopa-
thology via their cytotoxic activity leading to tissue destruction [65]; however, in
patients with subclinical L. (V.) braziliensis infection, CD8+ T cells have been shown
to be the major source of IFN-γ and were suggested to help to control the infection
[66]. Nevertheless, in the context of L. (L.) braziliensis infection, CD8+ T cell
appears to be extremely detrimental. It is still not known what is the exact route of
CD8+ T cell activation in leishmaniasis, since the parasites reside in a
parasitophorous vacuole inside the host macrophages, and it is not clear how these
cells present antigen through MHC I [67]. The most likely mechanism is cross-
presentation, which has been well documented for macrophages and DCs [68, 69], a
process suggested to occur during Leishmania infection [67] and one which the
parasite is also able to block in order to evade immunity [70]. The evidence and the
importance of cross-presentation in leishmaniasis have been demonstrated in a
recent study, where depletion of cross-presenting, Batf3-dependent DCs increased
susceptibility to L. (L.) major infection [71].

5.2.2.4 Humoral Immune Response
Development of humoral immune responses is often linked to susceptibility to
Leishmania infection, and in general antibodies are not considered to be a major
factor in resistance to disease. B cell depletion using anti-IgM antibodies enhanced
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resistance to Leishmania in BALB/C mice [72]. Administration of IL-7, a B cell
stimulant, to BALB/C mice increases B cell numbers and enhances disease severity
[73]. Furthermore, B cell-deficient (μMT) mice lacking B cells through the targeted
disruption of the immunoglobulin M locus are more resistant to infection than their
wild-type counterparts [74]. In addition, the adoptive transfer studies of B cells and
serum into BALB/C μMT mice have shown that it is the antigen presentation of
specific B cells rather than Ig effector functions that is involved in the susceptible
phenotype of BALB/C [75]. B cells were shown to be required for susceptibility and
Th2 cell development in BALB/C mice infected with L. (L.) major [75]. The ability
of B cells to skew the immune response towards a Th2 phenotype was linked to their
capacity to present antigen to T cells. In addition, it has been shown that IL-10
produced by B cells plays a role in the development of susceptibility to cutaneous
infection by inhibiting (in vitro) IL-12 production by DCs [76]. Although the
involvement of B cell-mediated responses in Leishmania infection is controversial,
and evidence points towards promoting susceptibility at least in the mouse model of
CL, some data indicate that B cell can present antigen and activate CD4+ T cells, thus
enhancing resistance to infection [77].

5.2.3 Role of Cytokines in Resistance to Leishmania Infection

As described above a whole range of cytokines and chemokines are involved in the
immune response to Leishmania, including but not limited to IL-4, IL-10, IL-12,
IL-13, TNF and IFN-γ. The profile and timing of cytokine production correlate with
the clinical outcome of Leishmania infection. A variety of immune cells express
cytokines, mostly CD4+ T cells (Th1 and Th2), but also CD8+ T cells, CD4�CD8�

double negative T cells [78], NK cells, DCs and macrophages [79], mast cells
(Maurer et al. 2006), regulatory B cells [76] and eosinophils [80].

5.2.3.1 Th2-Type and Anti-inflammatory Cytokines
The exemplary Th2 cytokine in leishmaniasis is interleukin-4. IL-4 drives Th2
response and promotes susceptibility through inhibition of macrophage activation
and abrogation of IL-12 expression. The role of IL-4 in susceptibility to Leishmania
has been illustrated in studies using transgenic or knockout mice. C57BL/6 IL-4
transgenic mice are more susceptible to infection than wild-type mice. Targeted
disruption of the IL-4 gene or depletion of IL-4 in susceptible BALB/C mice renders
them more resistant to infection with L. (L.) major [81]. Additionally, disruption of
the IL-4 receptor on CD4+ T cells promotes resistance in BALB/C mice [82]. How-
ever, some studies indicated that BALB/C IL-4-deficient mice remained susceptible
to disease in the absence of this cytokine [83], whereas other studies showed that the
same mice were resistant to Leishmania infection [81, 84]. These data question
whether cytokines other than IL-4 might affect Th1 development during the infec-
tion. Recently, IL-4 has been identified as a negative regulator of chemokine
production involved in Th1-type cell recruitment to the site of infection
[85]. Short-term blocking of IL-4 led to changes in Th1-associated chemokine
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gene expression and correlated with increased accumulation of IFN-γ producers. It
has been also shown that IL-4 signalling via IL-4Rα plays a crucial role in resistance
to infection and is required for promoting Th1 responses [86].

IL-13 shares a number of characteristics with IL-4, and both share a common
signalling pathway through IL-4Rα [87]. IL-13 has been demonstrated to have
disease-promoting properties and to act independently of IL-4 [84, 88], indicating
that IL-13 and IL-4 effects might be additive. High levels of IL-13 might prevent the
onset of Th1 response by inhibiting IL-12 production by macrophages and skewing
the response towards deleterious Th2-type. In L. (L.) mexicana-induced disease,
studies with IL-13 knockout mice implicated this cytokine in preventing disease
resolution by inhibiting IL-12R expression [84]. IL-13 also has the ability to render
specific CD4+ T cells unresponsive to IL-12, hence promoting parasite
resistance [89].

IL-10 is a major immunosuppressive cytokine in leishmaniasis and, as already
discussed, is essential for parasite persistence [52] and can exacerbate infection
[51, 90]. It is a potent suppressor of macrophage activation, inhibits DC maturation
[91] and is produced by a plethora of cells of the immune system [92]; however, a
major source of IL-10 in CL (due to L. (V.) braziliensis) in humans has been
identified as T regulatory type 1 (Tr-1)-like cells [93]. The ability of vaccinated
mice to downregulate IL-10 secretion has been linked to protection following
inoculation with SIR-2-deficient L. (L.) infantum parasites [94] and a
phosphomannomutase (PMM) knockout line of L. (L.) major [44]. IL-10 knockout
mice are highly resistant to L. (L.) major, whereas IL-10 transgenic mice on the
resistant background become susceptible [95, 96]. IL-10’s crucial role in suppression
of the immune response has been demonstrated in L. (L.) mexicana and L. (L.)
amazonensis infections, although effective resolution of infection with these New
World species requires neutralisation of both IL-4 and IL-10 [97]. It has been shown
that IL-10 differentially influences the quality, magnitude and protective efficacy of
Th1 cells depending on the vaccine platform [98]. Interestingly, co-expression of
IL-10 and IFN-γ by Th1 CD4+ cells prevents pathogen clearance and contributes to
chronic infection [99]. IL-10 secreted by T cells has been shown to affect immune
activation early in infection, and a lack of T cell-specific IL-10 leads to enhanced
protection following vaccination [100].

IL-22 is a member of IL-10 family of cytokines and in a mouse model of CL
has been shown to exert a protective effect by limiting tissue damage [101] and
skewing response towards protective Th1 when administered during the course of
infection [102].

IL-9 has been shown to play a role in disease susceptibility. It is mainly produced
by Th2 clones [103], and its induction can be either IL-4 dependent or independent
[104, 105]. During L. (L.) major infection, IL-9 synthesis was observed from
4 weeks onward only in susceptible BALB/C but not in resistant C57BL/6 mice
[106]. IL-9 neutralisation in BALB/C mice resulted in a diminished Th2 response
and a shift towards protective Th1 responses leading to enhanced effector functions
(increased NO production by macrophages) implicating IL-9 as a susceptibility
factor in leishmaniasis [107].
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Transforming growth factor-β (TGF-β) is a regulatory cytokine that controls
initiation and resolution of inflammatory responses [108]. Different Leishmania
species have been shown to induce TGF-β production from macrophages and release
the active form of TGF-β from the latent complex [109]. This cytokine is important
for determining susceptibility to experimental leishmaniasis [110], and anti-TGF-β
treatment promotes resolution of L. (L.) major infection in mice by augmenting NO
production [111]. Overall, mouse studies have indicated that TGF-β inhibits Th1
responses and leads to increased susceptibility to leishmaniasis. This is achieved by
suppression of NO production and inhibition of TNF and IFN-γ.

5.2.3.2 Th1-Type and Pro-inflammatory Cytokines
Cytokines with the ability to influence Th1 development, such as IL-12 or IFN-γ,
play a protective role in leishmaniasis. IL-12 promotes resistance through macro-
phage activation and NO production and is necessary for the priming of naïve T cells
towards the Th1 pathway. Resistant mice depleted of IL-12 through the use of anti-
IL-12 antibodies become more susceptible to infection, and administration of IL-12
to susceptible BALB/C mice promotes resistance to infection [112]. In addition,
genetic disruption of IL-12 gene leads to upregulation of deleterious IL-4 response
and establishment of progressive disease [113]. It has been suggested that IL-12
might be required for optimal proliferation and IFN-γ production by Th1 cells, both
of which are significantly enhanced in the presence of IL-12 or can promote Th1 cell
survival [114]. The memory CD4+ T cells generated during L. (L.) major infection
requires IL-12 for IFN-γ production and differentiation into Th1-type, whereas in the
absence of IL-12, these cells became IL-4 producers [115]. The majority of IL-12 is
produced by antigen-presenting cells such as macrophages, DCs and neutrophils
[116]; however, L. (L.) major has the ability to selectively block its production in
macrophages [117]. Thus, DCs appear to be the major source of IL-12 in leishmani-
asis acting in combination with DC-derived IL-1α/β to influence Th1 development
and promote resistance to cutaneous infection [118].

Similar to IL-12 deficiency, in case of IFN-γ deficiency, the immune response
will default to Th2-type and lead to susceptibility to L. (L.) major [119]. NK cells are
the primary early source of IFN-γ [120], which plays a role in rapid development of
Th1 response. Nevertheless, these cells are not essential for resistance to the cutane-
ous infection, since efficient IL-12-dependent IFN-γ production by CD4+ T cells has
been reported in the absence of NK cells [121]. IFN-γ is a key cytokine triggering the
antileishmanial functions of macrophages via induction of NO production and can
activate macrophages alone or in synergy with TNF or IL-7 [122, 123]. Resistant
mice display elevated levels of IFN-γ compared to susceptible mice, whilst targeted
disruption of the IFN-γ gene [119] or the ligand binding chain of the IFN-γ receptor
[124] in C57BL/6 mice results in increased susceptibility to Leishmania infection.
However, contradictory data exist on the role of IFN-γ in Leishmania infection as
some studies show that administration of IFN-γ to BALB/C mice at the time of
infection does not affect susceptibility of BALB/C mice to leishmaniasis
[125]. Additionally, non-healing lesions in C57BL/6 mice are observed despite a
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strong Th1 response characterised by high IFN-γ, NO expression and low IL-4
production [126].

TNF is a pro-inflammatory cytokine produced primarily by activated
macrophages but is also produced by fibroblasts and T and B cells. It mediates
resistance by controlling intracellular pathogen replication as well as limiting the
duration of the inflammatory response [127]. Synergising with IFN-γ, TNF activates
macrophages to exert iNOS-dependent leishmanicidal activity [2]. Mice resistant to
Leishmania produce high levels of TNF in the draining lymph nodes, whereas
susceptible mice produce none or minimal TNF [128].

IL-17 is a strong pro-inflammatory cytokine, and increased levels of IL-17 have
been detected in patients with CL [129]. The most prominent role of IL-17 is the
induction of pro-inflammatory responses via production of cytokines such as IL-6,
TGF-β or TNF. In the absence of IL-10, L. (L.) major-infected mice display
increased levels of IL-17 and neutrophil infiltration. It has been postulated that
IL-17 exacerbates pathology, and its production is upregulated by IFN-γ and con-
trolled by IL-10 [130]. However, a recent analysis of cytokine profile in healing and
non-healing lesions due to L. (L.) major indicated that patients with healing lesions
had higher levels of IL-17 suggesting its role in resistance to infection [131]. Thus, it
appears that IL-17 might have some protective role; its high levels are involved in
augmented immunopathology.

IL-27 is a cytokine produced upon exposure to inflammatory stimuli and is
functionally and structurally related to IL-12 [132]. It has been implicated in the
regulation of T cell functions and IFN-γ production and, as a consequence, in
promoting Th1 responses [133]. Resistant mice lacking WSX-1 (a component of
the IL-27 receptor) produce increased levels of IL-4 following L. (L.) major infection
and a delayed Th1 response [134]. However, the requirement for IL-27 appears to be
transient and important only in early infection since WSX-1 knockout mice are able
to control lesion development and resolve infection [135]. IL-23 is a
pro-inflammatory cytokine that also shows homology to IL-12 [136]. IL-23-deficient
mice showed increased susceptibility to bacterial and parasitic infections [137], and
IL-23 is involved in the regulation of IFN-γ production [138]. In leishmaniasis,
IL-27 and IL-23 might play a complementary protective role with other Th1
cytokines. Human patients with L. (L.) major infection and a healing CL lesions
display elevated levels of IL-27 and IL-23 compared to patients with non-healing
lesions [139].

Type I interferons (IFN-α/β) are pro-inflammatory cytokines that are involved
early in L. (L.) major infection as regulators of the innate response, NO production
and IFN-γ expression [140]. Administration of recombinant IFN-β is sufficient to
promote resistance in otherwise susceptible host [141]. Due to their role in the
resistance to infection, Leishmania developed strategies to overcome their effects.
Parasite proteases are responsible for degradation of STAT2 [28] and mechanistic
target of rapamycin (mTOR) [142], both essential for Type I IFNs signalling.

IL-1β is an important mediator of an inflammatory response and has been
identified as a major player controlling resistance and susceptibility to leishmaniasis.
Increased IL-1β production has been linked to disease severity in L. (L.) mexicana-
infected patients [143]. However, NLRP3 inflammasome-driven production of IL-1β
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enhanced host resistance to infection in C57BL6 model [144], an observation
contradicted by another report indicating that inflammasome-deficient BALB/C
mice with defective IL-1β (and IL-18) production were resistant to CL infection
[145]. The inflammasome-dependent IL-1β and persistent recruitment of neutrophils
have been identified as essential components of the non-healing response [146], and
IL-1β signalling and NLRP3 activation were linked to CD8+ T cell induced pathol-
ogy [63]. Thus, it appears that IL-1β is detrimental to the host resistance to infection.

Taken together, the vast array of immune cells and cytokines as well as
co-inhibitory molecules [147] and chemokines [148] involved in the immune
response to Leishmania clearly highlights the complexity of the disease. To com-
pound the matter even more, several of the immunomodulators and cell types
described here appear to have a dual role in promoting both the susceptibility and
resistance to infection. The murine model of cutaneous leishmaniasis, which mimics
many aspects of the human disease, has been used to dissect the role of cytokines and
T helper responses. In human cutaneous leishmaniasis, a clear dichotomy in T cell
responses has not been reported; instead the patients revealed mixed Th1 and Th2
immunity [149]. Similarly, in human visceral leishmaniasis, there is no strong
association between Th1 responses and resistance to disease; instead patients
showed co-existing Th1- and Th2-type responses [150]. It appears that in humans,
the outcome of disease is influenced by the balance between the two T cell
populations and is further affected by the host genetic factors, inoculum size, parasite
strain and cytokine milieu.

5.3 Visceral Leishmaniasis

VL results from infection with the Leishmania species L. (L.) donovani and L. (L.)
infantum (chagasi). Parasites disseminate from the site of infection in the skin to
reside and multiply within macrophages of the liver, spleen and bone marrow
[151]. The majority of people infected with visceralising Leishmania species expe-
rience asymptomatic infection, and only a small proportion of infections lead to
clinically severe disease. However, when left untreated, clinical VL manifests as
systemic chronic, unresolving infection, which is usually fatal. Patients who recover
from VL display immunity to reinfection, which suggests that the development of
vaccines that provide clinical protection is a feasible goal. Immunocompromised
individuals are susceptible to infection, and VL species are significant opportunistic
pathogens during HIV infection [152]. Together this indicates an important role for
the host immune response during infection. The underlying factors that influence
disease susceptibility are not entirely understood, but host genetic factors clearly
play a role in determining the outcome of infection. The presence of the Slc11a1
gene is associated with protection against Leishmania infection, as well as other
intracellular pathogens [153]. Slc11a1 is integral for regulating many cellular
functions in macrophages, including cytokine production and antigen processing
[154] and may also play a role in MHC class II expression in DCs [155]. Sca11a1
mutant mice are susceptible to Leishmania infection, and experimental VL infection
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of these mice leads to high parasite burdens in the visceral organs. Interestingly,
parasite infection resolves in the liver in a manner determined by MHC haplotype
[151], indicating a role for acquired immune responses in the control of parasite
burden. In contrast to mice, polymorphisms in humans are confined to the promoter
region of the Sca11a gene [156]. Genetic linkage analysis has demonstrated an
association between VL patients and polymorphisms in 50 (CA) repeat in the
Slc11a1 promoter [157].

5.3.1 Experimental Murine Models

Clinical studies examining the immune response to VL infection are limited by the
difficulty in directly accessing infected tissues in patients. Many studies have
investigated the systemic response to VL infection by examining circulating periph-
eral blood mononuclear cells (PBMCs) and serum cytokine levels. This has limited
the utility of in vitro approaches; however, the recent development of whole blood
assays to detect cytokine production from infected patient samples [158] has enabled
the study of immune correlates of disease status. To explore the immune response to
VL, experimental murine models of infection have been developed, and rodents are
competent hosts for both L. (L.) donovani and L. (L.) infantum. Establishment of
rodent infections via i.v. infection with amastigotes has provided much insight into
the organ-specific immune responses generated in the bone marrow, liver and
spleen during VL. Low-dose dermal infection models using the infective metacyclic
form of the parasite have also been developed to reflect the natural route of
transmission [159].

5.3.2 Th1 and Th2 Cytokines

The majority of people infected with visceralising Leishmania maintain an asymp-
tomatic infection, but the mechanisms that mediate effective control of the disease
are relatively unknown. The Th1/Th2 dichotomy which influences CL outcomes
does not appear to have a clear role in determining the resistance/susceptibility
profiles in human infection or in experimental models of VL [160]. A strong
cytokine response is induced during VL, and the production of IFN-γ appears crucial
for the control of parasites and the development of resistance to infection
[161]. Active infection is associated with the presence of both Th1 and Th2
cytokines. Multiple cytokines and chemokines are produced in response to VL
infection with elevated levels of IFN-γ, TNF, IL-6, IL-8, IL-10, IL-12, IL-15,
IL-18, IL-33, IP-10 and MIG observed in the serum of VL patients [162, 163].
Immune correlates of protection using whole blood assays have shown that subclini-
cal VL infections and cured VL patients display a strong Th1 response with signifi-
cantly elevated levels of IFNγ [158]. IL-10 was only elicited from patients with
active VL disease, supporting the view that IL-10 is a key immunosuppressive
cytokine in VL patients that contributes to host susceptibility [164].
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Whilst clinical studies using samples from the peripheral blood of patients are
informative, they may not necessarily reflect the events or immune mechanisms
occurring in infected visceral organs. Studies in experimental rodent models demon-
strate that organ-specific immune responses play a significant role in host defence of
VL with defined patterns of tissue tropism and differential responses developing in
the liver and spleen [165].

5.3.3 Adaptive Immune System: Contributions of B and T Cells
to VL

B cells are not considered to play a significant protective role during Leishmania
infection and have been implicated in exacerbating VL clinical disease [166, 167]. In
contrast, T cells are critical for effective antileishmanial host responses. Immuno-
compromised mice lacking functional T cells, such as nude mice [168], severe
combined immunodeficiency mice (SCID) [169] and recombinase-activating gene
(RAG) knockout mice [170] all show enhanced susceptibility to L. (L.) donovani
infection, which can be overcome via reconstitution of T cell populations. Effector
CD4+ T cells are responsible for the production of cytokines that are critical for the
activation of macrophages and the initiation of effective host protective responses.
Cytotoxic CD8+ T cells play a host protective role and are required for effective
clearance of parasites [168] and the generation of memory responses [171]. Antigen-
specific CD4+ and CD8+ cells are activated during infection in both humans [172]
and mice [173] and are required for optimal host response to infection. Administra-
tion of antigen-specific CD8+ T cells to L. (L.) donovani-infected mice significantly
decreased parasite burdens in the liver and spleen [174], and the induction of CD8+ T
cell responses is being explored as a therapeutic intervention [175]. Interestingly, in
an intradermal model of VL, the clearance of parasites from the skin correlated with
the infiltration and activation of both CD4+ and CD8+ T cells, analogous to the
initiation of inflammatory responses and resolution observed in cutaneous infection
[159]. Defective and anergic CD8+ T cell responses may impair host responses to
infection. CD8+ T cells driven to exhaustion during human VL show upregulation of
immune checkpoint inhibitors PD-1 and CTLA-4 with a high IL-10 expression and
limited IFNγ production [176]. This may open up new therapeutic pathways as
treatment with CTLA-blocking mAbs reduced the level of parasite burdens in a VL
mouse model [177].

5.3.4 Immune Responses in the Liver

The hallmark clinical manifestation observed in almost all VL patients is a gross
enlargement of the abdomen due to splenomegaly and hepatomegaly. In experimen-
tal mice models, hepatosplenomegaly is also a feature and is associated with parasite
infection of these tissues. Infection of the liver is evident at 1 week following L. (L.)
donovani inoculation, peaking at 3–4 weeks postinfection and then resolving with
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minimal damage to the tissue [174]. This acute resolving infection of the liver is
associated with initial dominant reactive oxygen intermediate (ROI) and iNOS
responses [178]. Macrophages use both reactive oxygen and nitrogen intermediates
in the initial effort to limit L. (L.) donovani replication in the liver, with reactive
nitrogen intermediates playing a more critical role in the resolution of liver parasite
burdens [179].

5.3.4.1 The Granuloma Response
Effective immune responses to VL in the liver are critically dependent on the
formation of granuloma structures, which serve to co-ordinate and deliver cellular
and soluble host defence factors to the infected tissue. The granuloma environment
produces a focus for antileishmanial immune mechanisms in terms of activating and
sustaining appropriate parasite killing. During human VL, the presence of
granulomas in the liver correlates with the ability to control and maintain infection
at a subclinical level. In experimental models of VL, liver granulomas increase in
number and size in the first month, leading to the clearance of parasites and the
resolution of infection during the second month of infection [180]. Whilst the role of
granulomas in generating memory responses is not clear, they may play a role in
immunity to reinfection as a focal point for immune responses [181]. Whilst the
majority of parasites are cleared from the liver, sterile cure is never achieved, though
the liver is resistant to reinfection. The induction of immunosuppression can reacti-
vate infection, which has been observed in the case of HIV patients [182] or people
receiving immunosuppressive therapies following organ transplant [183].

The core of the liver granuloma develops from tissue-resident Kupffer cells which
are recruited from the sinusoids during the acute phase of the inflammatory response
[184]. Kupffer cells are the major phagocytic population within the liver and the
prime target for Leishmania infection. The generation of antileishmanial responses
in the infected Kupffer cell is dependent on granuloma formation to provide the
microenvironment for intracellular L. (L.) donovani killing [185]. Infected Kupffer
cells fuse with other mononuclear phagocytic cells to form the core of the granu-
loma, resulting in the secretion of chemokines and the infiltration and recruitment of
leukocytes. Monocytes and neutrophils migrate to the liver within the first few days
of infection and form a cellular mantle around the infected Kupffer cells in the
developing granuloma. Bystander Kupffer cells also play a role in granuloma
formation, as noninfected Kupffer cells are activated and initiate protective immune
responses during experimental VL [186].

Experiments using depleting monoclonal antibodies towards monocytes and
neutrophils delay the maturation of hepatic granulomas, indicating that these cell
types are essential for parasite killing [187]. The arrival of mononuclear cells leads to
the recruitment of CD4+ and CD8+ T cells, which are also essential for intact
granuloma responses [188]. B cells accumulate in granulomas over time in an
antigen-independent manner and engage in long-lasting interactions with T cells
[189]. Interestingly histological analysis of liver tissue shows that the formation and
maturation of granulomas are asynchronous with mature granulomas possessing
complete mononuclear cell cuffing observed alongside infected Kupffer cells that
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have failed to initiate granuloma formation. The mechanisms regarding the differen-
tial timing of granuloma formation and the inability of some infected Kupffer cells to
induce appropriate host defence responses is not well understood. Upon resolution of
infection, empty or sterile granulomas are evident in the mouse model which then
undergo an involution phase, restoring normal liver tissue function [185].

Chemokines and chemokine receptors have an important role in the development
of protective immune responses in the liver due to their ability to attract Th1 cytokine
producing cells. Increased production of CCL3 (MIP1a), CCL2 (MCP-1) and
CXCL10 (IP-10) occurs in the liver early during infection, and these factors are
most likely produced by the infected Kupffer cell [190]. The central role of
chemokines in granuloma formation is highlighted by experiments demonstrating
that administration of CCL2, CCL3 or IP-10 during experimental VL infection
results in accelerated granuloma maturation in the liver and reduced parasite burdens
[191]. Furthermore, mice lacking CCL3 or its receptor CCR5 show enhanced
susceptibility to L. (L.) donovani infection [192]. Initial chemokine production and
cell recruitment to the granuloma are T-cell independent, but sustained chemokine
production and granuloma maturation require the presence of infiltrating T cells.

5.3.4.2 T Cells
Both CD4+ and CD8+ T cells are critical for granuloma formation, and the increase
in CD4+ and CD8+ T cell numbers in the liver during VL infection may reflect
expansion of resident populations as well as recruitment from the spleen [193]. Dur-
ing L. (L.) donovani infection T cells undergo high rates of apoptosis [170]
suggesting immune responses are continually generated throughout the course of
infection, rather than being governed by long-lived effector T cell populations. In
animals that lack T cells, the absence of sustained chemokine production results in a
failure of granuloma formation and the uncontrolled growth of parasites in the liver
[194]. CD8+ T cells contribute to the control of liver parasite burdens through their
role in granuloma formation [168, 180] and are essential for control in the liver
during rechallenge experiments [195]. The activity of CD8+ T cells may involve
perforin and FasL-dependent lysis of parasitised macrophages as well as the secre-
tion of pro-inflammatory cytokines and chemokines [196]. The dynamics of CD8+

effector T cells in the liver during L. (L.) donovani infection have been visualised
using intravital 2-photon microscopy, and CD8+ T cells were observed to accumu-
late in granulomas in an antigen-specific manner [184]. This study also demonstrated
that infected Kupffer cells are the main antigen-presenting cells for CD8+ T cells in
the liver and suggested that a sustained interaction with antigen-specific CD8+ T
cells may instigate lysis of the infected host cell [184]. However, Leishmania
parasites have been shown to evade protective immune responses by inducing
functional CD8+ T cell exhaustion, driving CD8+ T cell anergy and cell death during
experimental [173] and human VL [176].

5.3.4.3 Th1-Type Cytokines
The predominant host protective role of CD4+ T cells during VL is the production of
cytokines and chemokines that supports granuloma formation and parasite killing.
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Host defence in the liver is critically mediated by pro-inflammatory Th1-type
cytokines, including IL-2 [188], IL-12 [197], IFN-γ [161], TNF [198], lymphotoxin
(LT) [199] and granulocyte/macrophage colony-stimulating factor (GM-CSF)
[200]. IL-2 is a potent T cell growth factor, which enhances granuloma tissue
reactions and parasite clearance during experimental L. (L.) donovani infection
largely through the induction of IFN-γ [201]. Production of IFN-γ by T cells to
generate protective responses in the liver is also dependent on IL-12. Control of
parasitaemia is lost in the absence of IL-12 and is associated with reduced IFN-γ
production and arrested granuloma formation [202]. IL-12 may also exert
antileishmanial effects independently of IFN-γ, as administration of IL-12 to
IFN-γ knockout mice still resulted in parasite killing [203]. IL-12 is thought to
play an important role in the regulation of the cellular immune responses in human
VL. PBMCs from patients with active VL are unable to produce IFN-γ in response to
Leishmania antigens in vitro; however, the addition of IL-12 is restored in vitro
IFN-γ production [197].

During experimental VL, IFN-γ plays a critical role in the early immune
responses that induce tissue granuloma formation and effectively control parasite
replication. The neutralisation of IFN-γ during infection results in poor cellular
assembly of granulomas and an increased parasite burden in the liver [161]. Impaired
granuloma formation was also observed in mice deficient in IFN-γ and was
associated with an inability of infected Kupffer cells to recruit monocytes and T
cells to the liver [203]. Therapeutic administration of IFN-γ can activate
macrophages in vivo but requires the presence of T cells for antileishmanial activity
[204]. The administration of IFN-γ increased the efficacy of antimony chemotherapy
in rodent models [205], and IFN-γ has been used as an adjunct therapy for severe or
refractory cases of clinical VL [206]. Whilst IFN-γ plays a crucial role in the
initiation of the granulomatous response early in infection, mice deficient in IFN-γ
are capable of reducing liver parasite burdens in the later stages of infection. An early
IFN-γ response leads to the induction of IL-12 and the expression of TNF, and it
appears that the late-developing IFN-γ-independent antileishmanial mechanism is
mediated by TNF [203].

TNF is essential for the formation and maturation of the hepatic granuloma
response [207]. L. (L.) donovani infection is fatal in mice lacking TNF with
accelerated parasite growth in the liver, impaired hepatic granuloma formation and
an enhanced inflammatory response [207]. Neutralisation of TNF during L. (L.)
donovani infection promotes parasite persistence in the liver indicating TNF is
required for hepatic resolution [198]. TNF is produced by infected Kupffer cells
throughout the time course of infection [194] and is essential for leukocyte recruit-
ment. LTα, a member of the TNF superfamily of cytokines, is also required for the
control of parasite growth in the liver. LTα plays a key role in granuloma formation,
facilitating the trafficking of lymphocytes from the perivascular areas of the liver to
the infected Kupffer cells [199]. The role of LTα in the liver is distinct from that of
TNF, as CD4+ T cells that express both TNF and LTα are needed for efficient killing
of parasites within assembled granulomas. Other members of the TNF superfamily,
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such as CD95L, also contribute to host protective immune responses during
VL [170].

5.3.4.4 Th2-Type Cytokines
Whilst the emphasis on liver immune defence is generally focussed on the produc-
tion of Th1 cytokines, the co-expression of Th2 cytokines may also contribute to
host protective responses. For example, the induction of IL-4 is essential for the
formation of mature granulomas and for effective parasite killing [208]. The sup-
pressive effect of immunoregulatory cytokines may limit inflammatory tissue dam-
age in the liver, but generally these cytokines downregulate critical antileishmanial
responses, particularly those dependent on IFN-γ. The production of TGF-β [209],
IL-6 [210] Il-10 [90], IL-27 [211] and IL-33 [212] impair effective control of
parasite growth in the liver. Mice deficient in IL-6 showed an enhanced ability to
control infection with earlier, and more rapid, parasite killing associated with
increased levels of circulating IFN-γ and accelerated granuloma formation
[210]. Expression of IL-33, an IL-1 family member, is increased in the liver during
human VL, and patients have increased IL-33 serum levels. Lower liver parasite
burdens were observed in mice in the absence of IL-33 signalling mice, which was
associated with a strong induction of IFN-γ and IL-12 [212]. Investigations into the
role of Th17 cells during experimental VL infection have shown that IL-17A acts
synergistically with IFN-γ to induce macrophage activation, increasing NO produc-
tion and promoting the control of parasite replication [213].

IL-10 is a key immunosuppressive cytokine that inhibits resistance to VL and
promotes disease progression. Human VL disease is strongly associated with
increased production of IL-10 in a variety of clinical settings, and elevated IL-10
levels correlate with the development of pathology [214]. The absence of IL-10 leads
to enhanced resistance to experimental VL infections in mice [90]. IL-10 has
multiple effects on the immune system and suppresses the production of key
cytokines, IL-12 and IFN-γ [90, 215]. Regulation of cellular immune responses by
IL-10 includes the suppression of macrophage activation [216] and impaired intra-
cellular killing of Leishmania [217]. Whilst there are multiple cellular sources of
IL-10 during VL infection, a population of Th1-like CD4+ T cells that make IL-10
have been associated with disease progression [218]. Conventional dendritic cells
that make both IL-10 and IL-27 can induce the production of IL-10 from effector
Th1-like CD4+ T cells and enhance immunopathology [219]. The neutralisation of
IL-10 enhances the production of IFNγ in cells from VL patients [158], and clinical
interventions targeting the inhibition of IL-10 have been proposed as an immuno-
therapy in combination with chemotherapy [164].

5.3.4.5 NK and NKT Cells
NK cells and NKT cells participate in the early innate immune responses in the liver
and contribute to the control of parasitaemia [220, 221]. CD1d-dependent activation
of NKT cells occurs during L. (L.) donovani infection, and these cells also respond
with a rapid production of IFN-γ. CD1d-deficient mice show an increased suscepti-
bility to parasitism [222]. During infection, Kupffer cells can activate invariant NKT
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(iNKT) cells by engagement of CD47 [223], and iNKT cells are essential for
regulating chemokines, such as CXCL10 [220]. There is an increasing interest in
the development of therapies that enhance iNKT cell function during VL infection,
but the benefits of iNKT cell activation may depend on the antigenic stimulation.
Use of the glycosphingophospholipid (GSPL) antigen of L. (L.) donovani parasites
to activate iNKT cells stimulated IFN-γ and IL-17A and led to the clearance of organ
parasite burdens [224]. However, iNKT cell activation using glycolipid antigen
α-galactosylceramide (α-GalCer) hindered disease resolution in the liver,
exacerbating disease [225]. Further investigation may reveal the utility and effec-
tiveness of therapies aimed at modulating NKT cell function to establish a protective
host response.

5.3.5 VL and the Spleen: Suppression and Susceptibility

The spleen is a major organ for the induction of immune responses to infection and
also a site for the killing of parasites during VL. However, prevalent clinical features
of human VL include splenomegaly and a suppression of antigen-specific immune
responses [226]. This immunopathology is recapitulated in experimental murine
models where splenomegaly is associated with the persistence of parasites and
remodelling of the lymphoid tissue [227]. The kinetics of experimental VL infection
display distinct organ-specific pattern: the liver displays an acute resolving infection,
attributed to effective granuloma tissue responses, whilst VL parasites persist in the
spleen resulting in a chronic, unresolved state of infection.

5.3.5.1 Acute Immune Responses
The spleen is a highly organised secondary lymphoid organ, consisting of a
specialised marginal zone (MZ), which separates the red pulp and white pulp region.
The macrophages in the MZ, the marginal metallophilic macrophages (MMM) and
the marginal zone macrophages (MZM), are the main phagocytic cell populations
responsible for the clearance of parasites during experimental L. (L.) donovani
infection. The antileishmanial activity of these specialised splenic macrophages is
dependent on interferon regulatory factor-7 (IRF-7) [228].

Acute immune responses generated in the spleen play a key role in the control of
L. (L.) donovani parasites in the liver during the early phase of infection. The spleen
is an important site for DC priming, and DCs are the critical source of early IL-12
following VL infection [25]. A transient and rapid burst in IL-12 has been observed
as early as 5 hours postinfection [229] and is a crucial event for the generation of
effective antiparasitic immunity [230]. Vascular cell adhesion molecule-1 (VCAM-
1) and its ligand very late antigen-4 (VLA-4) are involved in the initiation of early
IL-12 secretion from DCs. Blockade of VCAM-1 or VLA-4 suppressed the produc-
tion of IL-12 by splenic DCs and reduced parasite-specific T cell responses in the
spleen. This was also associated with lower levels of IFN-γ, TNF and NO production
in the liver and significantly higher liver parasite burdens [231]. Migratory DCs may
directly phagocytose parasites; however, it is most likely that splenic DCs acquire
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antigen and are activated by infected macrophages in the marginal zone. Upon
activation DCs migrate to the T cell areas in the periarteriolar lymphoid sheets
(PALS), and IL-12-producing DCs are observed in the T cell area of the spleen
during VL infection. The production of IL-12 by DCs is essential for the activation
of effector T cell populations, and the total CD4+ T cell population in the spleen is
expanded during experimental infection [227]. T cells are the dominant leukocyte
population in the spleen of VL patients, as compared to normal healthy control
aspirates that show a predominance of B cells [232].

5.3.5.2 Chemokines Mediate DC and T Cell Interactions
Chemokine-dependent encounters between DCs and T cells in the spleen are crucial
for effective responses to L. (L.) donovani infection. Mice deficient in CCL19 and
CCL21 show impaired DC migration in the spleen and a decreased production of
IL-12 during L. (L.) donovani infection. These defects in early DC activation in the
spleen were associated with a reduced migration of effector T cells to the liver and
impaired granuloma formation [229]. Exogenous administration of IP-10 restores T
cell proliferative capacity, leading to decreased parasite burdens in the liver and
spleen. IP-10 treatment during experimental VL induced strong expression of iNOS2
and mediated parasitic killing through increased NO synthesis [233]. Together the
data demonstrate the importance of chemokines in promoting early DC and CD4+ T
cell interactions in the spleen and inducing protective immunity against L. (L.)
donovani. The infection of DCs impairs their ability to prime CD4+ T cells as
noninfected bystander DCs are capable of inducing immune protective CD4+ T
cells, whilst infected DCs induce a nonprotective CD4+ T cell responses [234].

5.3.5.3 Neutrophils
Neutrophils may also play a protective role in the acute response in the spleen, as the
absence of neutrophils results in a decrease in IFN-γ-producing CD4+ and CD8+ T
cells and an enhanced parasite burden in the spleen. This antileishmanial effect
appeared to be specific to the spleen as the absence of neutrophils had only minor
effects on parasite growth in the liver [235]. Neutrophils do not appear to play a
significant role in the chronic stage of infection as long-term administration of
neutrophil depleting antibody does not significantly increased parasite burdens in
either organ [236].

5.3.5.4 Chronic Infection of the Spleen: IL-10 and TNF
During experimental L. (L.) donovani infection in mice, no resolution of infection
occurs in the spleen, and animals maintain chronic parasite burdens in this tissue.
There is evidence of profound immune dysfunction in the spleen with an impairment
of antigen-specific T cell responses, increased T cell apoptosis [170] and the
production of regulatory cytokines, such as IL-10 [218] and TGF-β [237]. NK
cells are negative regulators of cell-mediated immunity in the spleen and show
enhanced secretion of IL-10 in the chronic phase of infection [238]. Marginal zone
B cells in the spleen have been shown to suppress antigen-specific CD8 and CD4 T
cell responses during the early stages of VL [239]. B cells also suppress NK cells and
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inhibit the generation of effector memory CD8 T cells after L. (L.) donovani
infection [239].

Whilst the production of TNF is crucial for the induction and maintenance of host
protective responses in the liver, TNF is a key mediator of pathology in the
chronically infected spleen. During the latter stages of VL, high numbers of TNF
producing cells are present in the spleen, and TNF production is observed in both the
red and white pulp regions [230]. TNF is the principal cytokine responsible for the
breakdown of splenic architecture following experimental L. (L.) donovani infection,
contributing to remodelling of the MZ [240] and the loss of stromal cells from the
PALS [241]. Infection-induced remodelling of the MZ is associated with a dramatic
and rapid loss of MZMs, whilst MMMs undergo repositioning within the sinus. In
mice lacking TNF or mice treated with TNF neutralising monoclonal antibodies,
MZMs were preserved, indicating that the loss of MZMs is a TNF-dependent
process [240]. Evidence for the role of TNF in disease pathogenesis in human VL
arises from studies of TNF polymorphisms. A study in Northern Brazil examined
polymorphism in the TNFA promoter (TNF1 and TNF2 alleles) in neighbourhoods
with ongoing transmission. The presence of the TNF2 allele was more frequent in
individuals with progressive disease, whilst the TNF1 allele was associated with
asymptomatic infection. The presence of the TNF2 susceptibility allele was
associated with higher levels of serum TNF as compared to the TNF1 allele,
suggesting that increased TNF is involved in the progression of human VL [242].

5.3.5.5 B Cells
The activation of B cells is a key clinical indicator of VL infection with patients
displaying polyclonal hypergammaglobulinaemia [243], polyclonal B cell activation
and increased circulating immune complexes. The role of immunoglobulins during
VL is controversial, as large amounts of immunoglobulins to both parasite-specific
and non-specific antigens are produced during infection, including autoantibodies
[167]. These immunoglobulins are not thought to be protective as elevated levels of
total antibody correlates with disease pathology [244] and have been implicated in
the development of anaemia [245] and autoimmunity [167]. Experimental models of
VL using B cell-deficient mice have demonstrated that B cells are not required for
the control of parasite burdens. Additionally, the reconstitution of mice with immu-
noglobulin leads to disease exacerbation through complement activation and signal-
ling [246]. However, B cells may have some regulatory role to play in suppressing
immunopathology, as the absence of B cells leads to sustained neutrophil-mediated
pathology of the liver [74].

5.3.5.6 Dysregulation of Immune Function
Follicular DCs (FDC), a resident stromal cell population, play a key role in the
organisation of lymphoid follicles in the spleen and facilitate the germinal centre
(GC) reaction. FDCs are involved in B cell activation, proliferation and maturation
through presentation of antigen and production of regulatory signals such as
chemokines. During the chronic stage of L. (L.) donovani infection, the FDC
network is destroyed, and there is a concomitant loss of GC [247]. The complete
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absence of FDCs is associated with the infiltration of heavily parasitised
macrophages into the splenic white pulp regions. It has been hypothesised that the
B cell function may become dysregulated in the absence of FDCs, and thus the loss
of FDCs may contribute to the hypergammaglobulinaemia observed during VL.

5.3.5.7 Alterations to Splenic Architecture
Impaired DC migration plays a major role in the pathogenesis of VL, and alterations
to stromal cell populations directly contribute to immunosuppression during the
chronic stage of L. (L.) donovani infection. Splenic DCs increase in number during
the chronic phase of infection but fail to migrate from the MZ to the PALS. This
impaired migration is due to a disruption in the fibroblastic reticular cell (FRC)
network that guides T cell and DC migration in the T cell zone of the spleen. The
changes to the splenic FRC network are due to a TNF-dependent loss of podoplanin
(gp38)+ stromal cells [241]. Downregulation of CCR7 from the DC cell surface also
impairs DC migration in the spleen during VL. TNF is also implicated in this
process, as enhanced levels of TNF increase IL-10 production, and IL-10 directly
induces the loss of CCR7 expression on the DC surface [241]. A potential therapeu-
tic role for DCs has been proposed, as adoptive transfer experiments show that
administration of in vitro activated DCs can reduce parasite burdens in the spleen.
The efficacy of DC therapy relies on both IL-12 and IL-6, with IL-6 thought to
suppress the expansion of IL-10 producing T cells [218]. However recent studies
demonstrate that some populations of DCs may contribute to splenic pathology, as
targeted deletion of DCs during the established phase of infection improved disease
resolution [219].

Interventions that preserve splenic structure during VL have been shown to
improve the host response to chemotherapy by enhancing parasite killing. Treatment
of experimental VL with receptor tyrosine kinase inhibitors reduced splenomegaly,
prevented vascular remodelling and restored the integrity of the microarchitecture of
the spleen. Importantly, the maintenance of splenic architecture during infection
improved the host response to drug treatment, with a tenfold reduction in the amount
of antimony required to clear infection [248].

5.4 Conclusions

Leishmania parasites activate the innate and adaptive arms of the immune system,
and it is clear that a co-ordinated network of responses is required for effective
immune-mediated parasite clearance. The timing of key chemokine and cytokine
responses is essential and involves a tight regulation of cellular populations of
the immune system. However, Leishmania parasites have developed numerous
mechanisms to prevent development of immunity and promote resistance
(Fig. 5.1). These include induction of immunosuppressive cytokines, interruption
of signalling pathways in macrophages and dendritic cells and induction of regu-
latory T cells. Resistance to infection is also enhanced by the negative regulatory role
of NK cells in chronic disease and the presence of Th2 cell-attracting chemokines in
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lesions. All these mechanisms assist the parasite in avoiding immune clearance and
increase the chances of successful transmission of Leishmania parasites to a new
host. Understanding the complexity of immune responses involved in Leishmania
disease pathogenesis and protection offers hope for development of effective
vaccines and immunotherapeutic interventions. The host immune system also
supports the actions of chemotherapy, and understanding which immune modulation
interventions will work synergistically with new drug therapies will enhance the
clinical treatment of Leishmania patients.
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Co-infection with HIV 6
Margriet den Boer and Jorge Alvar

Abstract
This chapter describes the epidemiology, current spread, and clinical aspects of
HIV/Leishmania co-infection and highlights the recently released guidelines of
WHO on their management. It discusses the development of resistant Leishmania
strains for existing anti-Leishmania drugs and the complexity of chemotherapy
for Leishmania/HIV co-infection, which relies on the same drugs that are used in
uncomplicated Leishmania. Additionally, prospects for future chemotherapeutic
alternatives that target Leishmania and HIV and tackle both infections simulta-
neously are summarized.

6.1 Introduction

HIV/Leishmania co-infection was first reported in 1985, and since then, it has been
reported in 35 countries with a prevalence ranging between 1 and 30% of cases of
leishmaniasis, depending on the analyzed geographical areas. It is an expanding but
significantly underestimated problem, as it mostly affects neglected populations.
Two comprehensive reviews on epidemiology, immunology, and clinical features of
HIV-Leishmania co-infection published with a decade in between permit a compari-
son of its progression and knowledge thereof [1, 2].

In 2009, the human immunodeficiency virus (HIV) affected 33.3 million people
worldwide and caused 1.8 million deaths (see Fig. 6.1). Currently, 22.5 million of
infected people live in sub-Saharan Africa which is where 69% of the 2.6 million
new HIV infections in 2009 occurred. However, there are clear indications that
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suggest that the HIV epidemic in Africa and worldwide is stabilizing with 0.5 million
less new infections in 2009 than at the peak of the epidemic 12 years ago. Neverthe-
less, HIV is concentrating and expanding within urban areas (http://www.unaids.
org/documents/20101123_GlobalReport_Chap2_em.pdf).

Leishmaniasis is a hypoendemic disease in Southern Europe with less than 0.3
cases per 100,000 inhabitants. Co-infection was first reported in Spain, with most of
the cases among HIV-positive intravenous drug users, some of them as an activation
of asymptomatic infection when becoming immunosuppressed and others as a new
infection when sharing Leishmania-infected needles [3]. After the introduction of
antiretroviral therapy (ART) at the end of the 1990s, the number of new co-infected
cases declined rapidly in all European countries [2, 4].

Both visceral leishmaniasis (VL) and HIV are highly prevalent in East Africa, but
VL is a disease of very isolated, remote areas in Ethiopia, Kenya, Somalia, Uganda,
and Sudan where the prevalence of HIV is low. Migration and its consequences of
malnutrition and poor housing have been identified as major factors in transmission
of leishmaniasis [5]. In contrast with Europe, in Africa the lack of access to ART
remains a major challenge, although patient coverage rose from 7% in 2003 to 42%
in 2008 and in Eastern and Southern Africa to 48%. The prospects for co-infected
patients with no access to ART are grim, as they will relapse after leishmaniasis
treatment and eventually become unresponsive to leishmaniasis drugs.

Nowadays, Ethiopia has by far the highest prevalence of HIV/VL worldwide
(15–30% of VL cases). Most cases occur in a selective group of male young workers
that migrate every year from the Highland territories to the fertile lands in the

Fig. 6.1 Countries with endemic leishmaniasis and with Leishmania-HIV co-infection. Dark blue:
countries reporting HIV/Leishmaniasis co-infection. Light blue: leishmaniasis endemic
countries. Source: http://www.who.int/leishmaniasis/burden/hiv_coinfection/burden_hiv_coinfec
tion/en/index.html, accessed at 17/5/2011
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Northwest of the country (Humera) in order to harvest sesame and sorghum [6]. This
region borders Eritrea and Sudan, both areas with a large presence of deployed
soldiers, prostitution and HIV transmission, and also highly endemic for VL [7]. It
has been shown that infected migrants disseminate leishmaniasis to non-endemic
areas when returning home [8, 9].

In Southern Sudan, the number of HIV/VL co-infected patients rose sharply after
the peace agreement was signed in 2005 and large-scale migration took place toward
Jonglei and the Upper Nile states, well-known areas of leishmaniasis transmission.
In 2008, a prevalence of 25% of co-infection among VL patients was found in a
specific area of Southern Sudan [10]. The situation is expected to worsen due to the
current VL epidemic in Southern Sudan, with more than 10,000 cases since
September 2010 (http://www.who.int/leishmaniasis/Upsurge_kalaazar_Southern_
Sudan.pdf) and almost 200,000 refugees that recently returned from North Sudan
[11]. An additional 800,000 people are expected to return in the coming year after
the outcome of the recent referendum for the independence of Southern Sudan. A
great majority of these are expected to settle in the two abovementioned endemic
states. A VL outbreak that occurred in the early 1990s claimed 100,000 lives in the
same area [12].

In the Indian subcontinent (ISC), harboring 75% of the total burden of VL in the
world, the number of co-infections is lower than in Africa, with reported figures of
less than 1% of all VL cases, although this is disputed by specific studies that
estimate an increase in prevalence not only in India but also in Nepal [13–15]. The
reasons underlying this discrepancy may be related to a different pattern of trans-
mission; while for HIV an urban pattern was shown, and confined to the South of
India, Leishmania transmission is mostly rural and the areas with higher endemism
are located in the Northern states (Bihar, Jharkhand, Uttar Pradesh, and West
Bengal). Bangladesh and Nepal share this dual epidemiological pattern, and conse-
quently the percentage of co-infection has remained low.

In South America, co-infected cases are only reported in Brazil at a low rate of
1:10,000, again, with two different transmission patterns that maintain the rate of
co-infected cases at 2% of the total of infected VL patients [16].

CL-HIV co-infection has spread to a much lower extent than VL-HIV (i.e., 0.1%
of the total CL cases [16]).

6.2 Clinical Manifestation of HIV/Leishmania Co-infection

VL as an opportunistic infection of HIV manifests as an uncontrolled infection with
a very high parasite burden. Both HIV and Leishmania not only contribute sepa-
rately to the impairment of the immune response targeting the same cells
(macrophages) but also exert a synergistic deleterious effect on the host cells,
increasing both virus replication and parasite multiplication [17] and favoring
progression of the disease into AIDS [18]. Parasite distribution appears frequently
not to be confined exclusively to the typically affected organs in immunocompetent
patients but also disseminated into peripheral locations, such as the skin, gut, lungs,
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peripheral blood, peritoneal fluid, etc. [19, 20]. This distribution may represent a
challenge for current chemotherapy. Furthermore, the abundance of parasites in
peripheral blood in these patients may increase the chances for transmission via
sand flies [21], therefore contributing to the spread of drug-resistant strains, espe-
cially via anthroponotic transmission cycles in Leishmania (L.) donovani.

When compared with VL-HIV, clinical impairment of leishmaniasis in CL-HIV
is much less severe; nevertheless, in an outbreak of L. (L.) major in Burkina Faso
reported in 2000, CL-HIV patients showed more polymorphic lesions and required
longer treatment [22].

Without an adequate immune response, drugs lose, at least partially, their efficacy
against Leishmania infection; even those compounds previously considered to be
effective regardless of the strength of the immune response such as amphotericin-B
(AMB). Co-infected patients relapse repeatedly after each treatment course and
finally become unresponsive to all drugs used. Prognosis of VL-HIV is poor,
although significantly better in patients (1) with a high CD4+ count, (2) maintained
under ART, and (3) having achieved parasitological or clinical cure after an initial
episode of VL [23]. A drawback is the increased toxicity of antileishmanial drugs in
co-infected patients, which negatively impairs prognosis, especially in case of
pentavalent antimonials (SbV) [2, 24].

6.3 Risk for Drug Resistance in Co-infection

Resistance to antileishmanial drugs has only rarely been documented, except for
resistance to SbV, widespread in the ISC due to their prolonged misuse [25, 26]. A
detailed description of this situation can be found in Chap. 7. Resistance develops
experimentally for all drugs, although in practical terms, miltefosine (MIL) and
paromomycin are likely to be more prone to the development of resistant strains
than AMB, not only because of their mechanism of interaction with the parasite but
also because of the requirement for relatively long treatments, increasing the risk of
low compliance [27, 28]. Indeed, after a decade of uncontrolled use of MIL in India
and Nepal, the total failure rate for MIL reached up to 22% in a 12-month follow-up
[29]. Whether this lack of response is due to resistant strains or not has yet to be
determined, but this flags a new concern for the use of MIL which is thoroughly
described in Chap. 4. On the other hand, although AMB-resistant strains have been
described in vitro [30] and a decreased efficacy has been observed in co-infected
patients after several treatment cycles [31, 32], no resistant AMB strains were found
in these patients, and there is a nil record of resistant strains in the literature despite
its constant use in leishmaniasis for many years. AMB resistance has been described
for fungal infections in immune-suppressed patients [33].

In the ISC, combination therapy of two antileishmanial drugs in regimen with
reduced dosages and duration was proven effective, and in theory, this is the most
promising alternative to thwart the increasing trend of resistance [34]. However, for
this strategy to be successful, adherence to therapy should be ensured at the primary
healthcare level. This is a difficult task in practical terms during massive control
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campaigns fueled by the need for decentralization of the treatment without proper
funds to ensure directly observed treatment (DOT). Poor treatment compliance is
another problem and may be worse in patients with a low education level. With no
guaranteed compliance, the risk of developing resistant strains cannot be ruled out.
For this reason and to expand the life span of the few existing medicines against
leishmaniasis, it is highly recommended to use, in the ISC, an alternative regimen
consisting of one single iv infusion of 10 mg/kg total dose of liposomal
amphotericin-B (L-AMB) with a proven efficacy of >96% in India and an
ascertained 100% compliance [35].

In co-infected patients, relapses predispose to the selection of resistant infectious
strains. In foci where the source of infection consists of Leishmania-contaminated
syringes, or those with anthroponotic transmission like East Africa and the ISC,
there is a major risk for the spread of these resistant strains to other patients.
Resistance can in theory easily appear in immune-compromised patients; a
decreased susceptibility of parasite isolates to pentavalent antimonials has been
demonstrated in a canine leishmaniasis model after only one treatment [36].

6.4 New WHO Recommended Treatment Guidelines
for the Treatment of Leishmania/HIV Co-infected Patients

Considering that there are only few published clinical studies on the efficacy of
treatments for HIV/VL co-infection outside the Mediterranean area, the Expert
Committee on Leishmaniasis provided the following guidance on patient
management [37].

Due to their efficacy, safety, and the absence of resistant strains until now,
liposomal AMB formulations (L-AMB) constitute the first choice in the treatment of
co-infected patients at a dose of 3–5 mg/kg infusions, daily or intermittently for a
10-dose schedule at days 1–5, 10, 17, 24, 31, and 38, up to a 40 mg/kg total dose. SbV

are more toxic for co-infected patients than for non-co-infected VL patients and
require careful monitoring for pancreatitis and cardiotoxicity. SbV should therefore
only be used in areas where their efficacy is not yet decreased and liposomal AMB
formulations are not available. MIL may be used as an alternative to antimonials as it
was shown to be safer than antimonials and reasonably effective in co-infected
patients [24].

Secondary prophylaxis has shown to prolong survival by reducing the number
and severity of relapses in co-infected patients, especially in those with CD4+ counts
lower than 200 cells/μL. It also reduces the possibility of transmission of resistant
parasites. In zoonotic VL, Leishmania parasites are transmitted by the sand fly, from
patients only to dogs, and not to humans, meaning that secondary prophylaxis can be
completed with any drug, as there is no risk of spread of resistant strains. Based on
the experience collected for zoonotic leishmaniasis in the Mediterranean basin,
WHO-recommended prophylaxes include L-AMB (3–5 mg/kg/day) administered
once every 3 weeks for 12 months and SbV (20 mg SbV/kg/day every 3–4 weeks) or
pentamidine (4 mg/kg/day [300 mg for an adult] every 3–4 weeks).
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In anthroponotic foci, where resistant parasites may be transmitted in absence of
any animal reservoir within the cycle, it is strongly recommended not to use
secondary prophylaxis with medicines used in mainstream therapy regimes for
primary attacks [2, 38]. This protocol reduces the options to pentamidine, which is
not used anymore for treating primary VL. However, the efficacy of secondary
prophylaxis has not yet been ascertained in any anthroponotic foci.

Drug resistance may appear in Leishmania/HIV co-infected patients after con-
secutive relapses despite maintenance therapy with ART and secondary prophylaxis.
Combination regimens are not yet studied in co-infected patients. All these data
suggest that it is extremely urgent to invest in research into new options for treatment
and prophylaxis.

6.5 Perspectives in HIV-Leishmania Chemotherapy

No doubt, combination of ART with classical leishmanicidal drugs with minimal
euthymic character, that is, as independent as possible of the immune status of the
host, like liposomal formulations of AMB, is the golden standard for the next
medium-range future. An educated guess for the future, taking into account the
current status of the chemotherapy pipeline, is that improvement in chemotherapy
will likely come from improvement of current leads or from better formulations that
will enable drugs to reach the anatomical locations that harbor Leishmania
amastigotes in HIV patients. Furthermore, independent advances for both therapies
will have a real and positive impact on infection when used in combination.

Perusing the literature, an appealing approach seems to be the development of
drugs active on both HIV and Leishmania, not necessarily addressing the same or
homologous target. Their optimization may be problematic in terms of preserving
their activity on both microorganisms.

Although scarce, there are several examples and early proofs of concept for this
approach. Leishmanicidal activity of specifically designed HIV drugs, like inhibitors
of HIV aspartyl proteinase, has been tested, following a chemotherapeutical “piggy-
back” approach, and new molecules with antileishmania and antiviral activities have
been discovered by high-throughput screening. Examples for these two new trends
ensue.

6.5.1 Inhibitors of Aspartyl Proteinases

The HIV aspartyl proteinases involved in the maturation of viral proteins are
inhibited by specific inhibitors (HIV-PIs) and act in combination with viral reverse
transcriptase inhibitors in ART. Their application has led to a tremendous reduction
in the severity and incidence of AIDS, including co-infections with Leishmania
[39–41].
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The leishmanicidal effects of HIV-PI’s were first reported by Savoia et al
[42]. The rationale for their use is the inhibition of some proteasomal activities by
HIV-PI, together with the leishmanicidal activity described for other human
proteasomal inhibitors [42].

Although incomplete, there is a growing awareness of the activity of HIV-PIs on
different Leishmania developmental stages, compiled in Table 6.1.

The following conclusions can be inferred from this table:

Table 6.1 Leishmanicidal activity of HIV-proteinase inhibitor (HIV-PI)

Ref HIV-PIa Leishmania system and HIV-PI inhibition Comments
Species
(strain)

Stage assayedb

Promastigote Axenic 
amastigote

Intracellular 
amastigotec

[42] IDV
SQV

IDV

SQV

L. (L.) major

LRC-L137

L. (L.) infantum

MHOM/TN/80/IPT1

IC50 = 8.3 ± 0.9 µM
IC50 = 7.0 ± 0.7 µM

70% at 50 µM

67% (50 µM)

[44] NFV

RTV
SQV

NFV
RTV

SQV

L. (L.) infantum

MHOM/MA/67/ITMAP-263

L. (L.) donovani

(9518)

<5%  (25 µM)

<5%  (25 µM)
<5% (25 µM)

<5%  (25 µM)
<5%  (25 µM)

<5%  (25 µM)

77% (25 µM)

83% (25 µM)
0% (25 µM)

79.9% (25 µM)

43.7% (25 µM)
61.5% (25 µM)

92.4%  (25 µM)

52.6% (25 µM)
50.1% (25 µM)

[46] NFV
LPV

APV

L. (L.) amazonensis

MHOM/BR/77/LTB0016
IC50 = 15.1 ± 1.1 µM
IC50 = 16.4 ± 0.8 µM

IC50 = 16.4 ± 0.8 µM

86% at 50 µM
80% at 50 µM

Data for MDMd

amastigote infection

Strain resistant to SbV

IND, SQV IC50s > 50 µM.

[45] L. (L.) donovani

(9518)
66% (12.5 µM)

[43] NFV

SQV

NFV

SQV

L. (L.) infantum

(MCAN/VE/98/IBO-78)

L. (L.) donovani

MHOM/IN/80/DD

IC50 = 14.1 ± 0.2 µM

IC50 = 55.1 ± 6.5 µM

IC50 = 14.1 ± 3.9 µM

IC50 = 51.9 ± 3.4 µM

64% (10.5 µM)

34% (10 µM)

NFV

SQV

NFV

SQV

NFV

SQV

NFV

SQV

NFV

SQV

L. (L.) mexicana

MHOM/VE/80/NR

L. (L.) amazonensis

IFLA/BR/67/PH8

L. (V.) braziliensis

MHOM/BR/75/M2903

L. (L.) major

MHOM/SU/73/5-ASKH

L. (L.) pifanoi

MHOM/VE/60Ltrod

IC50 = 9.9 ± 0.5 µM

IC50 = 42.1 ± 7.3 µM

IC50 = 13.4 ± 3.0 µM

IC50 = 40 ± 1.2 µM

IC50 = 14.6 ± 0.4 µM

IC50 = 36 ± 0.35 µM

IC50 = 13.4 ± 2.5 µM

IC50 = 46.9 ± 1.5 µM

IC50 = 9.9 ± 1.4 µM

IC50 = 15.2 ± 2.7 µM

74% (10.5 µM)

43% (10 µM)

a

Abbreviations for HIV-PI: IDV.- Indinavir, LPV.- Loponavir , NFV.- Nefinavir, RTV.- Ritonavir,

SQV.- Saquinavir.

b

.-Percentage of inhibition of the expressed parameter at (HIV-PI concentration)

c

.- Expressed as inhibition percentage for macrophage:parasite association index.

d

.- MDM.- monocyte derived macrophage
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1. There is a strong variation in leishmanicidal activities depending both on the
HIV-PI and the species of Leishmania tested [42, 43].

2. When a given HIV-PI was tested in parallel on different Leishmania species, the
efficacy for those causative of CL was scarcely higher than for those producing
VL [42, 43].

3. Within a given Leishmania species, variation of HIV-PI among different strains is
low [42, 43], including those resistant to SbV [44].

4. IC50s were higher for L. (L.) infantum strains isolated from patients with previous
ART therapy [43]; in fact nelfinavir (NFV) resistance is induced by growing the
parasites under drug pressure [45].

5. Efficacy of HIV-PIs on macrophages infected with Leishmania is maintained
regardless of HIV co-infection [43];

6. HIV-PIs kill Leishmania at much higher concentrations (micromolar range) than
those required for inhibition of viral replication (nanomolar range).

Thus, a real impact of HIV-PIs on the Leishmania burden with their current
dosing scheme, aside from improvement due to HIV recession, can only be
explained if the macrophage may concentrate HIV-PIs up to toxic levels for intra-
cellular parasites. In fact both axenic and intracellular parasites are more susceptible
to HIV-PIs than promastigotes [44].

Leishmanicidal targets for HIV-PIs. At first sight, the logical mechanism for
HIV-PIs is the inhibition of aspartic proteinase activities in Leishmania. Using
typical substrates and conditions, this activity and its inhibition by NFV have been
evidenced in lysates of L. (L.) mexicana and L. (L.) infantum [43, 46]. Furthermore,
characterization of this aspartic proteinase activity was carried out for L. (L.)
mexicana [47]. Additional targets, perhaps as a consequence of a prior proteinase
inhibition, are suggested by (1) inhibition of karyokinesis by NFV in bi- and
polynuclear L. (L.) mexicana promastigotes [43] and (2) appearance of plasma
membrane blebbings and mitochondria swelling assessed on parasites treated with
HIV-PIs at their respective IC50 [46]. This last observation seems to be related to an
apoptosis-like process induced by NFV on L. (L.) donovani axenic amastigotes,
evidenced by mitochondrial depolarization and release of endonuclease G, together
with induction of oxidative stress [45].

The use of HIV-PIs as leishmanicidal agents in the absence of Leishmania/HIV
co-infection is questionable; first, there is a large gap in active concentrations for
anti-HIV and anti-Leishmania effects; second, HIV-PIs are not exempt from toxic
side effects, especially at HIV-PI concentrations required for leishmanicidal activity
setup in vitro, and Leishmania resistance can be easily induced [43, 45]. Finally,
oxidative stress induced by NFV is mostly precluded by episomal overexpression of
the gsh1 gene [45], encoding for γ-glutamylcysteinyl synthase, the enzyme respon-
sible for the limiting step in the synthesis of glutathione, immediate precursor of
trypanothione, the ultimate responsible for thiol redox in the metabolism in Leish-
mania. As such, inhibition of glutathione synthesis reverts SbV resistance [48], so
possible cross-resistance between antimonials and HIV-PIs may occur; against this
pessimistic statement, we must pinpoint that NFV was active on a L. (L.) donovani
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SbV-resistant strain [44] and, secondly, discrepancy between mechanisms of SbV

resistance raised in vitro with those from clinical field isolates is not unusual:
inhibition of glutathione biosynthesis did not improve SbV susceptibility in field
isolates of L. (V.) panamensis resistant to SbV [49]; in the same trend, in
transcriptomics for L. (L.) donovani strains resistant to SbV in Nepal, mRNA levels
for γ-glutamylcysteinyl synthase were decreased [50].

Another important issue is the higher expression of virulence factors in parasites
treated with sublethal concentrations of HIV-PI, as leishmaniolysin or cysteine
proteinase b reported for L. (L.) amazonensis [46].

Altogether, HIV-PIs may have a side-lethal activity on Leishmania. Nevertheless,
there are several concerns. Apparently, there is a risk of easy induction of resistance,
toxic side effects, and induction of virulence factors. Additional studies are needed in
order to highlight the clinical relevance of this approach and balance its advantages
and disadvantages; furthermore, it will be worthwhile to test novel HIV-PIs for their
leishmanicidal activity. In conclusion, an educated guess is that the intrinsic
leishmanicidal effect of HIV-PIs in patients is much less relevant than the effect
caused by improvement in their immune response caused by the inhibition of HIV
proliferation. As such, their usefulness as straightforward new leishmanicidal agents
ranks much lower than that of current leishmanicidal drugs in non-HIV co-infected
Leishmania patients.

6.6 High-Throughput Screening for New Anti-HIV
and Anti-Leishmania Leads

Medium- and high-throughput screening of compounds produced by combinatorial
chemistry [51, 52], massive screening of natural products [53–55], or new leads
produced by academic groups constitute an important source for promising
antileishmanial drugs. The screening of the same series of compounds for anti-
pathogenic protozoa and anti-HIV activities nowadays is not infrequent, although
the number of groups that specifically focus on a co-treatment philosophy is, in
contrast, rather scarce [56].

In many cases for a single drug endowed with both leishmanicidal and antiviral
activities, the concentration required for effectiveness on both infections is beyond
the threshold of patient cytotoxicity, precluding their use as a single drug for
co-therapy; in a series of acrinidone derivatives, 2-(benzothiazol-2-ylamino)-10H-
acridin-9-one showed an IC50 against Leishmania of 3 μM; nevertheless, the anti-
HIV activity was higher (IC50 ¼ 27.9 μM) and quite close to cytotoxic values for
mammalian cells [57]. A reduced number of compounds with anti-Leishmania and
anti-HIV activities have gone upstream in the pipeline and gone past the stage of
initial in vitro tests. For example, the group of Figadère in the Université de Paris-
Sud has synthesized more than 200 2-substituted quinolines, and some have both
anti-Leishmania and anti-HIV activities [56, 58]. A major advantage of these
compounds is their druggability including possible oral administration. These
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compounds have been successfully tested in murine models for CL and VL [59, 60],
but not for anti-HIV activity.

Marine products are an endless and mostly untapped source for anti-HIV and
anti-Leishmania compounds [54, 61–64], and a reduced number are active in both
diseases, such as the semisynthetic derivatives of curcuphenol, a sesquiterpene
isolated from the sponge Myrmekioderma styx [65], which has better leishmanicidal
than anti-HIV activity, but both in the micromolar concentration range. Manzamine
A and 8–hydroxymanzamine, belonging to the growing family of β-carboline
alkaloids, were isolated from sponges from the Acanthostrongylophora genus and
display remarkable anti-Leishmania and anti-HIV activities [66–68].

Very often, the complexity of natural products impairs their chemical synthesis;
in such cases, improvement of the antiviral and leishmanicidal activities can be
achieved through semisynthetic methods, modifying the natural structure of the
compound instead of synthesizing it from scratch. An example of this methodology
is illustrated by isoaaptamine, a molecule isolated from sponges of the genus
Hymeniacidon. Its 9-O-4-ethylbenzoyl derivative showed a sixfold improved anti-
Leishmania activity compared to the non-acylated natural form while preserving its
anti-HIV activity [69].

Anti-HIV and anti-Leishmania activities have also been described for marine
peptides. Mollamides are cyclic hexapeptides containing a thiazoline group isolated
from the tunicate Didemnum molle [70]; mollamide B showed a moderate anti-HIV
activity, whereas its leishmanicidal effect is threefold higher on a molar basis.
Animal antimicrobial peptides and their artificial surrogates may act simultaneously
on both pathogens, suggesting their putative future use in co-infections, but this is
now only at its very first stage of development.

A caveat for lead optimization is that in many cases, mechanism of actions and
targets of anti-HIV and anti-Leishmania activity may differ greatly; therefore, it will
be unlikely that their optimization will lead to parallel benefits for both targeted
microorganisms. An exception will be those modifications not affecting drug-target
interaction but the pharmacokinetics or pharmacology of the drug.

6.7 Concluding Remarks

Leishmania chemotherapy in HIV co-infected patients is much more complex than
chemotherapy for uncomplicated Leishmania infections alone and relies mostly on
the same drugs. The major determining factor on outcome is the reduction of the HIV
burden by antiretroviral chemotherapy. Due to the reciprocal detriment effect of both
infections on the immune system, the use of parasiticidal and highly effective
liposomal AMB appears to be the most reliable treatment for VL/HIVE
co-infected patients. There are prospects for a single drug tackling both infections
simultaneously, but research in this direction is in a very early stage and hampered
by a lack of financial support or capacity to assay the same compound for both anti-
HIV and anti-Leishmania activity. In order to develop and optimize leads and create
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a chemotherapeutic alternative for co-infected patients, a strong research effort will
have to be made.
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Visceral Leishmaniasis 7
Shyam Sundar and Jaya Chakravarty

Abstract
Pentavalent antimonials (SbV) have been the sheet anchor of therapy for leish-
maniasis for>75 years. In the early 1980s, it was realized that a significant subset
of patients with visceral leishmaniasis were not responding to SbV in the state of
Bihar, India. Revised recommendation using ten times more drug provided a
transient reprieve; however, a large proportion of patients in India and to some
extent in Nepal remained unresponsive to SbV. Diverse studies have suggested
emergence of SbV refractory strains in India. Attempts to find a marker of
unresponsiveness have failed so far. Alternative therapeutic options include
conventional amphotericin-B or its lipid formulations, oral miltefosine, and
paromomycin and short course multidrug therapy. In the Indian subcontinent,
the only recommended monotherapy is a single dose of liposomal amphotericin-
B (L-AMB, dose 10 mg/kg) which is efficacious, safe, and ensures complete
compliance. Multidrug therapy has high efficacy, short course, less toxicity, and
prevents development of resistance. If these scarce antileishmanial drugs are to be
protected from going down the lane of SbV, multidrug, short course, affordable
treatment of VL should be evolved with access to all.

7.1 Introduction

Visceral leishmaniasis (VL) (Fig. 7.1), also known as “Kala-azar,” is typically
caused by parasites belonging to the L. (L.) donovani complex, which includes
two species: Leishmania (L.) donovani, the causative organism of VL in the
Indian subcontinent (ISC) and Africa, and Leishmania (L.) infantum [(L. (L.)
chagasi)], which causes VL in the Mediterranean basin and Central and South
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America. Approximately 0.2–0.4 million VL cases and 0.7–1.2 million CL cases
occur each year. In 2015 more than 90% of global VL cases occurred in seven
countries: India, Bangladesh, Sudan, South Sudan, Kenya, Brazil, and Ethiopia [1].

The number of VL cases is highest in the ISC. The World Health Organization
(WHO) has targeted VL for elimination from this region as a public health problem
by 2020. A memorandum of understanding was signed by India, Bangladesh, Nepal,
and later Bhutan and Thailand to eliminate Kala-azar from this region. Elimination
has been defined as bringing the annual incidence of Kala-azar to less than one case
per 10,000 population at block PHC (Primary Health Centre) level in India and
Bangladesh and district level in Nepal and Bhutan. Currently, Nepal has eliminated
the disease at district level and sustained the situation for the past 2 years.
Bangladesh has achieved the elimination target in 90% of endemic upazilas. India
has achieved the target in more than two thirds of endemic blocks [2].

VL is the systemic and most severe form of leishmaniasis, characterized by
prolonged fever, splenomegaly, lymphadenopathy, hepatomegaly, pancytopenia,
progressive anemia, and weight loss. If untreated, VL is uniformly fatal. Some
patients with VL may develop a chronic form of dermal leishmaniasis characterized
by indurated nodules or depigmented macules, which is called post-Kala-azar
dermal leishmaniasis (PKDL). PKDL is quite common (occurring in >50% patients
with VL) in Sudan, where it may occur concurrently with VL and heals spontane-
ously in most patients [3]. In the ISC, it affects only a small proportion of patients,
6 months to several years after an episode of VL, and treatment is necessary
[4]. Patients with PKDL serve as an important reservoir of infection.

Natural transmission of leishmaniasis is carried out by female sand flies. In South
Asia and the Horn of Africa, the predominant mode of transmission is anthroponotic
and patients with Kala-azar or post-Kala-azar dermal leishmaniasis (Fig. 7.2) and
those with asymptomatic infection may be the reservoirs for driving transmission [5–
8]. In the Mediterranean, the Middle East, and Brazil, the disease is zoonotic, with
the domestic dog as the most important reservoir host sustaining transmission [6].

Fig. 7.1 A child with visceral
leishmaniasis with
hepatosplenomegaly
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7.2 Visceral Leishmaniasis: The Challenges

7.2.1 Increase in the Risk Factors for Leishmaniasis

Environmental changes like deforestation, urbanization, and migration of nonim-
mune people to endemic areas have led to the increase in the incidence of leishmani-
asis. Migration from nonendemic to endemic areas is a major risk factor for the
spread of VL as these people, on their return, can spread the disease in a nonimmune
population. This issue is exemplified by the severe epidemic in Southern Sudan
which led to the death of 100,000 patients [9]. In the ISC, VL is associated with low
socioeconomic status. Even when free drugs are available, patients cannot afford the
costs of transportation to the hospital and of hospitalization. Thus, untreated VL and
PKDL cases harbor the parasite and disseminate it [10].

The HIV/AIDS pandemic has modified the natural history of leishmaniasis [11]
(see Chap. 6). Both diseases exert a synergistic detrimental effect on the cellular
immune response because they target similar immune cells [12, 13].

HIV infection increases the risk of developing VL in areas of endemicity, reduces
the likelihood of a therapeutic response, and greatly increases the probability of
relapse [14–17]. At the same time, VL promotes the clinical progression of HIV
disease and the development of AIDS-defining conditions. These factors make
HIV/VL co-infected patients a potential source for spreading drug-resistant parasites
[11, 18]. Furthermore, transmission of the infection via needle sharing in HIV/VL
co-infected patients in southern Europe threatens to convert an apparently zoonotic

Fig. 7.2 A patient with post-
Kala-azar dermal
leishmaniasis with multiple
nodules on the face
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disease into the anthroponotic form [11, 19, 20]. HIV-VL co-infection has been
reported from more than 35 countries. Initially, most of these cases were from
southwestern Europe, but the number of cases is increasing in sub-Saharan Africa
especially Ethiopia, Brazil, and South Asia [19, 21, 22]. In the hyperendemic region
of Bihar, India, 1.8–4.5% of VL patients were HIV-positive [23, 24]. There was an
increase in the incidence of VL/HIV co-infection from 0.32/100,000 in 2007 to 1.08/
100,000 in 2010 in northern Brazil [25]. In Ethiopia HIV co-infection ranged from
10.4% to 40% among VL patients from different centers [26, 27].

Most people with leishmanial infection do not develop into clinical disease.
These asymptomatic infections are defined differently in studies as either a positive
serological test, polymerase chain reaction (PCR), or leishmanin skin test (LST) in
individuals who are otherwise in a healthy condition. In prospective studies, the ratio
of incident infection to clinical disease varies from 1:2.4 in Sudan [28], 4.1–5.6:1 in
Kenya [29] and Ethiopia [30], 4.1–8.9:1 in the ISC [31–33], 18:1 in Brazil [34], to
50:1 in Spain [35]. A mathematical modeling study based on data from the ISC has
shown that transmission of L. (L.) donovani is predominantly driven by asymptom-
atically infected hosts [36]. A detailed description can be found in Chap. 4. Thus, in
the era of elimination of VL in the Indian subcontinent, the current challenge is to
find out which subset of asymptomatics have the highest risk of developing into
clinical VL and sustaining transmission.

7.2.2 Challenges in the Diagnosis of VL

The diagnosis of VL is complicated by the fact that its clinical features are shared by
a number of commonly occurring diseases like malaria, typhoid fever, tuberculosis,
etc. The sequestration of parasites in the spleen, bone marrow, or lymph nodes is a
challenge, and demonstration of parasites necessitates embarking upon invasive
procedures which are difficult to perform in the prevailing field conditions
(Fig. 7.3). Additional details on challenges in VL diagnosis can be found in Chap. 4.

Molecular techniques such as PCR can be used for the diagnosis of VL, but these
techniques remain restricted to referral hospitals and research centers, despite efforts
to simplify them.

Antigen-based tests like the latex agglutination test detecting a heat-stable, low-
molecular-weight carbohydrate antigen in the urine of VL patients have
demonstrated a good specificity but only low to moderate (48–87%) sensitivity in
East Africa and the ISC [37–40].

Antibody-based tests, though widely used, have drawbacks. Antibodies remain
detectable up to several years after cure; therefore, VL relapse cannot be diagnosed
by serology [41, 42]. In endemic areas, a significant proportion of healthy
individuals with no history of VL are positive for antileishmanial antibodies owing
to a group of patients with asymptomatic infections. The seroprevalence in healthy
populations varies from <10% in low to moderate endemic areas [29, 43, 44] to
>30% in high-transmission foci or areas where household contacts are common
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[45–47]. Another drawback is that over 40% of HIV co-infected individuals have no
detectable specific antibody levels against Leishmania [11].

The direct agglutination test (DAT) and the rK39-based immunochromatographic
test (ICT) are the two serological tests which have been extensively validated in the
field. In a meta-analysis performed by [39], DAT had a demonstrated sensitivity of
94.8% (95% confidence intervals (CI), 92.7–96.4) and specificity of 97.1% (95% CI,
93.9–98.7), respectively. The performance of DAT was not influenced by region or
by species of Leishmania. Its main drawbacks are cumbersome procedure, the
regular quality control of antigen, the need for the storage of the antigen at 2–8 �C
once it has been dissolved, and the prolonged incubation time needed for performing
the assay. rK39 is a 39-amino acid repeat that is part of a kinesin-related protein in
L. (L.) chagasi and is conserved within the L. (L.). donovani complex
[48]. Immunochromatographic strip tests (ICTs) based on rK39 are easy to perform,
rapid, and cheap and yield reproducible results. A meta-analysis that included
13 validation studies of the rK39 immunochromatographic test (ICT) showed
sensitivity and specificity estimates of 93.9% (95% CI, 87.7–97.1) and 95.3%
(95% CI, 88.8–98.1), respectively [39]. However, this test shows regional variation
and has been shown to be less accurate in East Africa [49–51]. Another format of
rK39 ICT has been reported with higher sensitivity and specificity in Africa
[52]. There is an urgent need to develop a sensitive, easy-to-use, noninvasive
antigen-detection test for the diagnosis of primary VL (particularly in HIV
co-infected patients), which would also diagnose relapses.

Fig. 7.3 Microphotograph showing two infected macrophages with multiple amastigotes
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7.2.3 Challenges in VL Treatment

Over the years there have been many challenges in the treatment of VL. The number
of antileishmanials is small. All of them except miltefosine (MIL) have to be
administered parenterally. The duration of treatment is long, drugs are toxic, and
hospitalization is required for monitoring. As new therapies have been developed for
VL, e.g., L-AMB, oral MIL, and paromomycin, the standard pentavalent
antimonials (SbV) have been rendered obsolete in some regions.

7.2.3.1 Antimonials
First indications of drug resistance came from unconfirmed reports from the four
most affected districts in North Bihar of about 30% patients not responding to the
prevailing regimen of SbV [53]. An expert committee of the Government of Bihar
recommended that SbV should be used in two 10-day courses with a 10-day interval
[54]. Aikat et al. [55] followed these recommendations and described only 1%
patients’ refractory to SbV therapy. However, only a few years later, Thakur et al.
[56] randomized patients to receive SbV 20 mg/kg (maximum 600 mg) either for
20 days or longer in case of partial or delayed response and demonstrated that 86%
of patients were cured in the former group.

Surprisingly, the cure rate with 10 mg/kg for 20 days was much lower compared
with earlier results. In the same year, the WHO [57] expert committee recommended
SbV to be used in doses of 20 mg/kg up to a maximum of 850 mg for 20 days and a
repetition of the same regimen for 20 days in cases of treatment failures. Four years
later, [58] again reviewed the WHO recommendations and published a report of a
clinical trial in which SbV at 20 mg/kg (max. 850 mg) for 40 days cured 97% of
patients, while 20-day treatment at the same doses cured only 81% of patients. Three
years later, the same group reported a further decline in cure rate to 71% after
20 days of treatment at the same doses [59]. Furthermore, by the early 1990s,
extending the therapy to 30 days could cure only 64% of patients in a hyperendemic
district of Bihar [60]. Five years later, in a bigger study, 156 patients were
randomized in three groups for treatment either with (a) SbV alone for 30 days or
(b) SbV plus interferon-γ (IFN-γ) for 15 days or (c) SbV plus IFN-γ 30 for days. Only
36% of patients were cured with SbV alone, and addition of IFN-γ improved the cure
rate to 42% and 49% in groups b and c, respectively [61].

Between 1994 and 1997, a study was conducted to document the level of SbV

resistance in the hyperendemic region of Bihar and to determine whether therapeutic
failure had spread to the neighboring state of Uttar Pradesh (UP). At Bihar and UP
sites, 209 and 111 patients were treated, respectively. The results demonstrated that
only 35% of patients could be cured at Bihar, and of these, primary unresponsiveness
was seen in 52% patients, whereas another 8% relapsed after an initial cure. In UP,
on the other hand, 98% were cured initially and one (1%) relapsed.

Thus, it was apparent from the study that SbV continued to be effective in the state
of UP, but in North Bihar, where most of the disease occurred, it was ineffective in
most patients [62]. There were reports of antimony resistance spreading to the Terai
regions of Nepal, especially from the district adjoining the hyperendemic areas of
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Bihar, where up to 30% of the patients were unresponsive, though in eastern Nepal a
90% cure rate had been reported [63]. These studies confirmed that a high level of
antimony resistance existed in Bihar, whereas it was still effective in surrounding
areas.

There had been speculations whether Indian L. (L.) donovani had become truly
refractory to SbV or resistance occurred because of the inadequate doses being used
in Bihar. In a study to determine whether acquired drug resistance was present in
Bihar, L. (L.) donovani isolates were taken from responders and nonresponders. In
vitro amastigote-macrophage assay showed that isolates from patients who did
respond to sodium stibogluconate treatment were threefold more sensitive, with
50% effective doses (ED50) ~2.5 mg SbV/mL compared to isolates from patients
who did not respond (ED50 ~7.5 mg SbV/mL) [64]. The significant differences in
amastigote sensitivity supported the concept of acquired resistance in Bihar.

The reasons behind the appearance of resistance were that (a) SbV was freely
available and (b) both qualified medical practitioners and unqualified quacks pre-
scribed the drug. This unrestricted availability of the drug led to widespread misuse.
Most patients (73%) consulted unqualified practitioners first [65]. It was a common
practice to start with a small dose and gradually build up to the full dose over a week;
it was also advocated to have drug-free periods to minimize the toxicity, especially
renal toxicity. It was common for physicians to split the daily dose in two injections
to be given twice a day. These practices resulted in the buildup of a subtherapeutic
blood level and increased tolerance of parasites to SbV. In a study to detect the
factors leading to antimony resistance in Indian VL, it was observed that only 26%
of the patients were treated according to the WHO guidelines, 42% did not take the
drug regularly, and 36% stopped the drug on their own initiative. Almost half of the
patients, receiving pentamidine as a second-line drug, had not received adequate
antimony treatment before being labeled as refractory to SbV. These facts indicate
large-scale misuse of antileishmanial drugs in Bihar, contributing to development of
drug resistance [65]. Moreover, there were several manufacturers of SbV in India,
and not all produced consistent quality products, resulting in occasional batches
being substandard and toxic, adding to the problems associated with SbV therapy and
serious toxicity and deaths related to the drug [66].

Another reason for the increasing frequency of Leishmania resistant to SbV in
India while parasites still remained sensitive in the rest of the world could be that
transmission in Bihar is anthroponotic. In this type of life cycle, once SbV resistance
gets established, it spreads exponentially through the population and organisms, is
sensitive to the drug, and gets eliminated quickly, whereas drug-resistant parasites
continue to circulate in the community.

7.2.3.2 Other Antileishmanial Drugs
Pentamidine was the first drug to be used in patients, refractory to SbV, and, initially,
high cure rates were reported [67]. But its efficacy declined over the years, and a
decade later, it cured only approximately 70% of patients [59, 68, 69]. Its use in VL
was ultimately abandoned due to its decreased efficacy and serious toxicities.
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AMB-B is a polyene antibiotic used predominantly as an antifungal drug, but it
also has excellent antileishmanial activity. Due to the high affinity of AMB-B for
24-substituted sterols, aqueous pores are formed in the plasma membrane leading to
increased membrane permeability and killing of Leishmania. In SbV refractory
regions in India, it has been used extensively with excellent results
[70, 71]. AMB-B has excellent cure rates (~100%) at a dose of 0.75–1 mg/kg for
15–20 daily or alternate days intravenous infusions; however, most of the patients
experience infusion reactions (e.g., fever, chills, and thrombophlebitis) and, occa-
sionally, serious toxic episodes (e.g., hypokalemia, nephrotoxicity, myocarditis, and
even death). It was recommended as a first-line drug by the Indian National Expert
Committee for SbV refractory regions [72] (NVBDCP). The need for infusions,
hospitalization for prolonged periods, high cost of the drug, requirement for close
monitoring, and high incidence of adverse events (occasionally serious) constitute
important drawbacks that prevented its implementation at the primary health-care
level in Bihar. Clinical resistance to AMB-B is rare.

Lipid-associated amphotericin-B (L-AMB) preparations are as effective as con-
ventional AMB-B and have negligible adverse reactions. The dose requirement of
L-AMB varies in different geographical regions; while for patients in the ISC a small
dose induces high cure rates, a higher dose is needed for patients from the Mediter-
ranean region and Brazil [73–75]. It is possible to administer high doses of L-AMB
over a short period with high cure rates [76]. Although its high price precluded its
use in the developing countries, it was the drug of choice for VL in Mediterranean.
However, a preferential pricing agreement with WHO (agreement between Gilead
and WHO of 14 March 2007) reduced the price of L-AMB (AmBisome®) for
endemic regions to $20 (now $18) per 50-mg vial [77]. The preferential pricing
made L-AMB a feasible option for the treatment of VL in the endemic region.

MIL, an alkyl phospholipid, is the first oral agent approved for the treatment of
leishmaniasis. At the recommended doses (100 mg daily for patients weighing 25 kg
and 50 mg daily for those weighing <25 kg for 4 weeks), cure rates were 94% for
VL [78]. Its limitations are high cost, need for monitoring for gastrointestinal side
effects, and occasional hepatic toxicity and nephrotoxicity. As it is teratogenic,
women of child-bearing potential have to observe contraception measures for the
duration of treatment and an additional 3 months. Furthermore, it has a long-terminal
half-life, which ranges between 150 and 200 h. About four half-lives are required to
reach more than 90% clearance of the plateau levels (at steady state). Thus, subther-
apeutic levels may remain for several weeks after a standard course of treatment.
This fact may lead to the quick emergence of resistance. Free availability and quick
recovery (within 10 days, most patients feel better) coupled with the high cost of the
drug may motivate patients to prematurely discontinue treatment, and suboptimal
compliance will ultimately lead to the emergence of parasite resistance [79]. Due to
its oral advantage, this drug was chosen for the elimination program in India, Nepal,
and Bangladesh [77, 80]. However, after a decade of use of the drug in the ISC, the
relapse rate doubled and its efficacy appeared to have declined [81]. Another recent
study from India revealed a cure rate of only 92.6% at 12 months [82]. While in
Nepal the results were worse, with relapse rate of 10.8% at 6 and of 20.0% at
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12 months [83]. In Bangladesh, a phase IV study showed a cure rate of only 85%
[84]. Its efficacy was low in a study from Ethiopia where the final cure among non-
HIV-infected patients 6 months after treatment in the MIL group was only 75.6%
[85]. The dwindling efficacy of MIL monotherapy in the ISC is a matter of great
concern, and it has been replaced with other therapies for the elimination initiative. A
complementary explanation of this situation is given in Chap. 4.

Paromomycin, an aminoglycoside-aminocyclitol antibiotic, has been used for the
treatment of VL in a parenteral formulation and CL in both topical and parenteral
formulations. In a phase III trial in the ISC, paromomycin was shown to be
non-inferior to AMB-B and was approved by the Indian government in August
2006 for the treatment of patients with VL [86]. Clinical resistance with this drug in
VL has not been reported.

However, following a 60-day parenteral course for treatment of CL in two L. (L.)
aethiopica cases, isolates taken from relapsed patients were three- to fivefold less
susceptible to the drug—after treatment—than isolates taken before treatment in an
amastigote-macrophage assay [87]. The advantages of this agent include its cost,
approximately US $10 per patient [88]. The disadvantages are the need for intra-
muscular injection, monitoring of serum transaminases, and the existence of inade-
quate data regarding its use in pregnancy.

7.3 Control of Visceral Leishmaniasis

7.3.1 Free Distribution of Drugs

The high cost of the antileishmanial drugs coupled with their easy, over-the-counter
availability often leads to underdosing and incomplete treatment. This has been the
major factor for antimony resistance, and this reason could lead to resistance to
another drug like MIL too. Considering that majority of the population cannot afford
to purchase and complete a full course of treatment, it is recommended that
antileishmanials should be made available free of cost to be distributed through
public and/or private health-care providers like antitubercular and antiretroviral
drugs, and antileishmanial drugs should be withdrawn from the open market.

7.3.2 Monitoring Therapy

The appearance of SbV resistance in the anthroponotic cycle in Bihar suggests that
resistance could also expand to other antileishmanial drugs as well. A similar
potential for resistance to originate exists in East Africa, another anthroponotic
focus of VL with intense transmission, where poverty, illiteracy, and poor health-
care facilities are common.

A recent study demonstrated that even in 2008, critical flaws remained in VL case
management in the primary health-care services in Bihar, like obsolete use of
antimonials with high failure rates and long patient delay. After reviewing the
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visceral leishmaniasis 191 records of all 150 patients sampled and interviewing
139 patients or their guardian, it was concluded that 81% of patients had first
presented themselves to unqualified practitioners, the median delay before reaching
the appropriate primary health-care facility was 40 days (IQR 31–59 days), and 48%
of VL patients were still being treated with SbV out of which 40% needed a second
treatment course [89]. Similar concerns were raised for MIL when in a phase IV trial
in India, involving domiciliary treatment with MIL and weekly supervision, showed
doubling of the relapse rates in one of the clinical centers [79]. These findings
suggest that monitoring therapy is imperative to prevent emergence of resistance.
The directly observed treatment strategy (DOTS) for tuberculosis has been a big
success, and either a parallel or integrated with DOTS system could be organized for
leishmaniasis. This will lead to better compliance, completion of the treatment
course, and ultimately, prevent resistance.

7.3.3 Combination Therapy

The growing resistance of the parasite to antileishmanial drugs suggests that the
currently used monotherapy needs to be reviewed. Multidrug combination therapy
has been used successfully in tuberculosis, leprosy, and malaria. The rationale
behind combination therapy is increased activity through use of compounds with
synergistic or additive activity, preventing the emergence of drug resistance; lower
dose requirement, thereby reducing chances of toxic side effects and cost; and
increased spectrum of activity.

A randomized, noncomparative, group sequential, triangular design study
assigned 181 subjects to treatment with 5 mg/kg of L-AMB alone (group A;
45 subjects), 5 mg/kg of L-AMB followed byMIL for 10 days (group B; 46 subjects)
or 14 days (group C; 45 subjects), or 3.75 mg/kg of L-AMB followed by MIL for
14 days (group D; 45 subjects). When it became apparent that all regimens were
effective, 45 additional, nonrandomized patients were assigned to receive 5 mg/kg of
L-AMB followed by MIL for 7 days (group E). All 226 subjects had initial apparent
cure responses. Nine months after treatment, final cure rates were high (>95%) and
similar in all multidrug groups. These results suggest that single infusion of L-AMB
(in most instances, administered in an outpatient setting) followed by a brief self-
administered course of MIL could be an excellent option against Indian Kala-azar
[90]. The preferential pricing opened the prospect of combining lower total doses of
L-AMB in other combination regimens [77]. In another study in the ISC, three-drug
combinations (single injection of 5 mg/kg L-AMB and 7-day oral MIL or 10-day
11 mg/kg intramuscular paromomycin or 10 days each of MIL and paromomycin)
were used. All the combinations showed an excellent cure rate and were non-inferior
to the standard treatment [91].

Combination therapy provides shorter duration treatment with much improved
compliance that will prevent the emergence of resistance. Since the pipeline for the
antileishmanial drugs is nearly empty, it is imperative to protect and prolong the
effective life of the existing drugs. In the recent guidelines published by the WHO,
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this combination therapy has been made one of the preferred treatment for VL in the
ISC [92].

7.3.4 Novel Therapy

Liposomal AMB is one of the safest and most efficacious among antileishmanials.
With the decrease in the price of L-AMB (AmBisome®) for endemic regions [77],
an open-label study in India comparing the efficacy of single-dose L-AMB at a dose
of 10 mg per kilogram of body weight to conventional AMB, at 1 mg per kilogram,
given every other day for 15 doses was conducted. Cure rates at 6 months were
similar in the two groups: 95.7% (95% CI, 93.4–97.9) in the liposomal-therapy
group and 96.3% (95% CI, 92.6–99.9) in the conventional-therapy group [93]. The
low-dose requirement, preferential pricing, excellent efficacy, a single-day hospital-
ization, no safety concerns, and monitoring requirement make a single infusion of
the liposomal preparation an excellent option for the ISC. All these factors led WHO
to recommend this treatment as one of the best option for this region [92]. The single
dose ensures 100% compliance and therefore decreases the chances of resistance. To
test the feasibility in primary health centers, a study was done in Bangladesh where
the cure rate at 6 months was 97% [94].

Encouraged by the success of the single-dose L-AMB therapy in the ISC, a
randomized controlled trial was done to compare the efficacy and safety of single
dose of L-AMB 7.5–10 mg/kg body weight or multiple doses, 7 times 3 mg/kg on
days 1–5, 14, and 21 in East Africa. However, the trial was terminated after the third
interim analysis because of low efficacy of all the regimens [95].

7.3.5 Monitoring Drug Resistance

Ideally, parasite resistance should be monitored, rather than relapses or
unresponsiveness.

It will also permit the identification of key intracellular targets and parasite
defense mechanisms, which can then be exploited to rationally develop analogues
of existing drugs that would not be affected by the most common defenses. Analysis
of genetic markers that determine high antileishmanial resistance, performed sys-
tematically for every parasite isolate that shows low antileishmanial sensitivity,
would facilitate the tracking of the level of resistance in affected populations. At
present, there are no molecular markers of resistance available for the currently used
antileishmanial drugs, and the only reliable method for monitoring resistance of
isolates is the technically demanding in vitro amastigote-macrophage model. Devel-
opment of drug resistance markers and tools easy to use in the field should be
encouraged. See Chaps. 4 and 15 for a detailed discussion of this topic.
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7.3.6 Management of PKDL

Patients with PKDL serve as an important reservoir of infection, and in ISC,
treatment is essential. In India, AMB-B 60–80 doses over 4 months or MIL for
12 weeks are the recommended regimens. However, the inordinately long regimens
especially for patients without any physical handicap lead to frequent noncompli-
ance. Better and shorter and acceptable options need to be developed [96].

7.3.7 Management of HIV/VL Co-infection

Another potential source for the emergence of drug resistance is the HIV/VL
co-infected patients. These patients have high parasite burden and a weak immune
response, respond poorly to treatment, and have a high relapse rate. Therefore, they
are the ideal candidates to harbor drug-resistant parasites. All antileishmanial
therapies are less effective in HIV-positive patients. There is a high mortality rate
due to concurrent illness, complications, and drug toxicity. Pentavalent antimonials
(SbV) and AMB-B are more toxic to HIV patients, who require close monitoring for
pancreatitis, cardiotoxicity, and nephrotoxicity [22]. In Ethiopia, MIL was found to
be less effective than SbV in co-infected patients, and side effects were worse in these
patients [52]. The best option for these patients is L-AMB. Secondary prophylaxis to
prevent relapses has been reported in several publications, but more evidence from
clinical trials is needed to establish a beneficial effect [22]. Initiation of HAART
(highly active antiretroviral therapy) dramatically decreases the incidence of VL
co-infection. Therefore, HAART in combination with antileishmanials should be
advocated strictly in these patients. A detailed description of this topic can be found
in Chap. 6.

7.4 Vector Control

Vector control is an important strategy for decreasing the spread of VL. Residual
insecticide spraying of houses and animal shelters was shown to be efficacious in
India [97], where the vector (Phlebotomus argentipes) is restricted to areas in and
around the home. However, in Sudan and other endemic countries in East Africa,
transmission occurs mainly outside villages [98]. Therefore, indoor residual
spraying for disease control is unlikely to be as efficient in this region. Case-
control studies conducted in Bangladesh and Nepal demonstrated that sleeping
under a nonimpregnated bed net during the warm months was a protective factor
against VL [99, 100]. The mass distribution of insecticide-treated nets (ITNs) in
Sudan was accompanied by a 27% reduction in the incidence of VL in an observa-
tional study [101]. A recent study showed that VL was associated with housing
conditions like living in a thatched house or in a house with damp floors, which
suggests that improving living conditions could decrease the incidence of VL [102].
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7.5 Conclusion

Inventory of antileishmanial agents is very small; emergence of drug resistance and
decreased efficacy of some drugs is further complicating the control of leishmania-
sis. A better understanding of the mechanisms of action of the drugs and unraveling
the puzzle of drug resistance mechanisms with easy-to-use markers of resistance
may pave the way for more rational use of drugs. Directly observed therapy given
free, in treatment centers manned by trained personnel, will go a long way in
controlling the disease as well as drug resistance.

Combination chemotherapy is rapidly emerging as the norm for treating several
infective disorders like malaria, tuberculosis, HIV, etc., and its application is
strongly advocated for VL. Novel therapy like single-dose L-AmB which ensures
complete compliance has revolutionized the treatment of VL in the ISC. Strict
monitoring of these novel drug therapies is required to ensure their efficacy at field
level.
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Abstract
American tegumentary leishmaniasis is an endemic anthropozoonosis
undergoing expansion on the American continent. The disease is caused by
several Leishmania species and thus there are intraspecific parasitological
dissimilarities that may generate different pathologies. Furthermore, in America
Leishmania spp. has diverse reservoirs (that may change continuously) and can
use various vectors to infect humans and mammals. Antimonials are the drugs of
choice for the treatment of American tegumentary leishmaniasis; however, their
efficacy is not predictable, and this may be linked to parasite drug resistance. This
is further complicated by the fact that the etiological parasitic species in America
belong to both the Leishmania and the Viannia subgeni. For all these reasons, the
identification of the etiological infectious agent—up to the species level—is
fundamental for precise clinical diagnosis, treatment, and prognosis and for
control of the disease. The present chapter offers a description of American
tegumentary leishmaniasis, a fundamental piece of knowledge for the compre-
hension of the challenges we face for leishmaniasis in times of drug resistance. As
a way to better understand the unique scenario that America offers for leishmani-
asis, some data related to the figures present in the Old World will be presented.
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8.1 Introduction

Leishmaniasis is an infectious disease caused by flagellate protozoa of the genus
Leishmania (L.). The disease is transmitted to humans through the bite of an insect
vector, the sand fly. Depending on the vertebrate reservoir found in a specific
geographic zone, the disease is classified as zoonotic or anthroponotic. Leishmania-
sis is characterized by a spectrum of clinical, histopathological, and immunological
features linked to the pathogenicity of the infecting parasite as well as to the
immunological response of the host. As stated in various chapters of the present
volume, clinical manifestations of leishmaniasis include lesions in the skin and/or
the mucous membranes or invasion of visceral organs [1].

Leishmania infections range in severity from asymptomatic lesions to disfiguring
tegumentary leishmaniasis and fatal visceral leishmaniasis. Dermotrophic strains
cause American tegumentary leishmaniasis (ATL) characterized by a spectrum of
clinical manifestations including localized cutaneous (LCL), diffuse cutaneous
(DCL), disseminated (DL), and mucocutaneous (MCL) leishmaniasis [1, 2].

The main species (in 86–98% of cases) causing the limited clinical manifestations
(characteristic ulcerative lesion) of leishmaniasis in the Old World are L. (L.) major,
L. (L.) tropica, L. (L.) aethiopica, and some zymodemes of L. (L.) infantum. The
lesions usually heal spontaneously in periods from 3 months to 2 years or may
evolve to a relapsing lesion known as leishmaniasis recidiva cutis (L. (L.) tropica) or
to DCL (L. (L.) aethiopica) [3]. L. (L.) donovani visceral infections may develop into
post-Kala-azar dermic leishmaniasis (PKDL) [4]. A detailed description of the
clinical manifestations of Old World cutaneous leishmaniasis is found in a recently
published comprehensive review [3].

Most of the species that cause tegumentary leishmaniasis occur in the New
World. They are numerous and belong to both the Leishmania (L.) and Viannia
(V.) subgeni, being L. (V.) braziliensis the most prevalent species, followed by L. (L.)
amazonensis and L. (L.)mexicana, L. (V.) guyanensis, and L. (V.) panamensis. Other
types of Leishmania that may also produce the disease in America are L. (L.) pifanoi,
L. (L.) shawi, L. (L.) venezuelensis, L. lainsoni, and L. (V.) peruviana [2]. This
variety in the species responsible for New World ATL determines the diverse
clinical manifestations of the disease, including the aggressive and destructive
MCL [1]. The comprehensive review written by Goto and Lindoso [1] offers a
detailed description of the clinical manifestations of New World cutaneous
leishmaniasis.

8.2 Epidemiology, Classification of Leishmania, Vectors

Tegumentary leishmaniasis is endemic in 82 countries all over the world, with
approximately 1.5 million cases per year. Africa hosts most of the reported cases,
then comes cases found in the Middle East, and finally those found in Latin America,
being Chile the only country, which has not reported cases [1, 5]. Around 70–75% of
global incidence occur only in ten countries: Afghanistan, Algeria, Brazil,
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Colombia, Costa Rica, Ethiopia, the Islamic Republic of Iran, Peru, Sudan, and the
Syrian Arab Republic. [6, 7]. Approximately 35,000 cases of mucosal leishmaniasis
occur annually, mainly in Brazil, Peru, and Bolivia [8], and for CL high-burden
countries, the population at risk of CL varies between 14% and 100%, and all
together 399 million people are at risk of CL [7].

The disease is a dermatological syndrome. It is diagnosed in 3.3% of the skin-
related infections present in tourists that visit Latin America [9]. Cases predominate
among agricultural workers, followed by students and finally housewives and
children; its incidence in males is higher, possibly due to their greater risk of vector
exposure caused by their type of (outdoors) work.

Risk factors to emergence and spread of tegumentary leishmaniasis include
environmental factors (temperature and water storage, irrigation habits, deforesta-
tion, climate changes), immunosuppression (HIV or organ transplant), the use of
immunosuppression therapy, and appearance of drug resistance. There is also an
increased incidence in leishmaniasis in traveling people. Finally, war, people dis-
placement by geopolitical problems, poor socioeconomic status, and low-level
household also contribute to spread the disease [10].

The Leishmania species as well as the immune status of the host determine the
clinical features of ATL. The initial lesion appears at the site where the insect bites.
The incubation period lasts 2 weeks to 3 months. The initial lesion is a small, itchy,
erythematous papule or nodule that eventually results in the enlargement of the
draining lymph node. This initial wound may heal spontaneously; alternatively, it
may evolve after several weeks, to patent disease with different clinical features [11].

Due to the diversity of the species that may co-exist in some geographical areas,
correlation between clinical features of the disease and the infecting species of
Leishmania is not straightforward; this is further complicated by the fact that the
laboratory procedures needed for species identification are complex and sophisti-
cated. These facts, as well as the range of drug sensitivities expressed by NewWorld
Leishmania, constitute a challenge for the prognosis of ATL [1].

As clearly described in the introduction of this volume, the Leishmania parasite
alternates between two extreme environments to which the parasite must adapt, i.e.,
the mammalian host (amastigotes, without flagellum) and the insect vector
(promastigote, flagellar form). Successful transmission occurs when the parasitized
vector sucks blood from a vertebrate and inoculates promastigotes present in the
proboscis. As the parasite enters the vertebrate circulation, the parasite is
phagocytosed by macrophages. Although phlebotomine sand flies (Phlebotomus
and Lutzomyia) transmit the disease, only anthropophilic Lutzomyia (~30 species),
distributed all over America, can potentially function as vectors for Leishmania [5].

Regarding reservoirs, it is fundamental to differentiate zoonotic leishmaniasis, in
which the reservoirs are wild or domestic animals, and anthroponotic leishmaniasis,
when humans constitute the main host. This latter form of transmission is typical but
not exclusive for the VL produced by L. (L.) donovani, and the LCL caused by L.
(L.) tropica, in the Old World but is not common in America [5].

In America, many vertebrates have been identified as reservoirs: the sloth
(Choloepus (C.) didactylus) for L (V.). guyanensis and C. Hoffmani for L. (V.)
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panamensis, the opossum (Didelphis marsupialis) for L. (V.) guyanensis, the rice
rats (Oryzomis capito), and the agouti (Dasyprocta Nectomys) for L. (L.)
amazonensis. Also, several rodents’ species function as reservoirs for L. (L.)
mexicana and the rat (Rattus rattus) for L. (V.) guyanensis [12–16].

8.3 Clinical Spectrum, Immune and Pathologic Consequences
of ATL

ATL may occur in three general forms with a range of clinical, histological, and
immunological features that differ among them. LCL is located at one end of the
spectrum and occurs in immune-competent patients. It is characterized by one or a
few usually ulcerated lesions. The anergic DCL is located at the other end of the
spectrum and is characterized by the clinical expression of numerous nodules,
non-ulcerated papules, and plaques. Mucocutaneous lesions are located in the
intermediate area of the spectrum, with extensive lesions prone to relapse [1, 17].

8.3.1 Localized Cutaneous Leishmaniasis (LCL)

LCL (Fig. 8.1a) is the most prevalent form of the disease and is caused by
dermotropic Leishmania species [18]. Both Vianna and Leishmania subgeni produce
it. The lesions, varying in number from one to ten, appear in an exposed area of the
body surface. The established lesion is a well-delimited round, painless ulcer, with
raised edges and a central crust, sometimes hemorrhagic. It starts as an erythematous
papule after the bite of the vector. It grows and, in a few weeks, develops into an
ulcer with little secretion but purulent if a secondary infection builds up. It may occur
also as papules that surround the primary ulcer and may be accompanied by inflamed
lymphatic tracts and nodes. The ulcers may heal spontaneously, leaving a
hypopigmented, smooth, thin scar. The host–parasite balance, as well as other
undefined factors, determines the evolution to other forms of the disease [3, 19, 20].

The ulcer differentiates to a typical epithelioid granuloma with a mixed pattern of
Th1 and Th0 cytokines and a predominance of a Th1 response. Nodules and plaques
on the skin may be flat; in the ulcers, the skin is abruptly lost producing epidermal
hyperplasia. A macrophage infiltrate with epithelioid differentiation occupies the
dermis, and a variable number of lymphoid cells and plasma cells (including a
moderate number of Langerhans type giant cells) surround and/or invade the macro-
phage infiltration. The patients are normally immune-competent and develop a
positive Montenegro test [1, 21]. For differential diagnosis, the following diseases
should be considered: piodermitis, sporotrichosis, chromomycosis, skin cancer,
cutaneous tuberculosis, and varicose ulcers and traumatic ulcers.
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8.3.2 Leishmaniasis Recidiva Cutis (LRC)

LRC (Fig. 8.1b) is rare in the New World and in the Old World is associated with
infections produced by L. (L.) tropica. Characteristic papular and vesicular lesions
appear, in or around the healed scar. Most of the identified parasites that produce this
form of the disease in the New World belong to the subgeni Viannia [22], but L. (L.)
amazonensis in Brazil [23] and L. (V.) panamensis in Ecuador [24] can produce
it [1].

8.3.3 Diffuse Cutaneous Leishmaniasis (DCL)

DCL is a true anergic form of tegumentary leishmaniasis characterized by the
presence of nodular lesions that do not ulcerate (Fig. 8.1c) [25, 26]. This uncommon
(described in Brazil, Mexico, Venezuela, the Dominican Republic, and Colombia)
presentation of leishmaniasis is characterized by a lack of a cell-mediated immune
response, although it may produce protective antibodies. It is caused by parasites of
the subgeni Leishmania, i.e., L. (L.) mexicana, and L. (L.) amazonensis in the New
World and by L. (L.) aethiopica in the Old World.

Fig. 8.1 Clinical forms of tegumentary leishmaniasis. (a) Localized cutaneous leishmaniasis. (b)
Leishmaniasis recidiva cutis. (c) Diffuse cutaneous leishmaniasis. (d) Disseminated cutaneous
leishmaniasis.
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DCL seems to eclose mainly in childhood, beginning the early manifestations
before the age of 15. It is believed that this predisposition is related to genetic and
metabolic individual factors [27]. Some authors refer that an initial LCL lesion may
be the origin of the spread of parasites by lymphatic and hematic means and that the
subsequent inhibition of specific cellular immunity may lead to DCL
appearance [28].

In early stages, the disease is characterized by the presence of papules, plaques, or
erythematous nodules generally in localized skin areas. These lesions (full of
parasites probably due to the Th2 immune response) may be asymmetrical, affecting
a single extremity, or may be symmetrical but limited only to the upper or lower
limbs [19, 25]. The lesions ulcerate if they suffer trauma, and invasion of the nasal
mucosa occurs once the clinical disease becomes severe. This form of the disease is
not accompanied by a strong inflammatory reaction. In DCL the initial sores relapse
with the formation of nodules on the edge of the scar that remains with little changes
over months or years and abruptly spread through the body surface.

Histological sections demonstrate atrophy of the epidermis, with dermo-
epidermal boundary rectification. A dense macrophage infiltration invades the der-
mis, accompanied by a moderate amount of vacuolated lymphoid and plasma cells.
The inflammation reaches the subcutaneous tissue, and vacuolated macrophages
contain a large number of parasites [1].

Cytokines and accessory signals on the skin decline; this situation compromises
the function of antigen-presenting cells and induces a parasite-specific anergy. The
granuloma is characterized by a predominantly Th2 response, with a high percentage
of naive T cells that react against the parasite. The Montenegro test is negative
[21]. In rare occasions, the initial diagnosis is positive but then becomes negative
[19, 29, 30]. The titers of anti-Leishmania antibodies are high but decrease after
treatment, a response that does not reveal a protective activity [31]. For differential
diagnosis, the following diseases should be considered: lepromatous leprosy, cuta-
neous neurofibromatosis, lymphomas, and xanthomatosis.

8.3.4 Disseminated Leishmaniasis (DL)

DL (Fig. 8.1d) is characterized by the presence of multiple (10–300) pleomorphic
small lesions, mainly acneiform and papular, in two noncontiguous areas of the body
[20]. In 29% of cases, at least a mucocutaneous lesion is found. The clinical outcome
includes a verrucous plaque, sarcoid, chronic ulcers with poor response to treatment
and relapse with extensive lesions with a variable immunological response. It is
produced by parasites of the subgeni Leishmania and Viannia. However, there are
areas in northeast Brazil where L. (V.) braziliensis has been the only species found in
infected patients [32].

As for DCL, some authors refer that an initial LCL lesion may be the origin of the
spread of parasites by lymphatic and hematic means and that the subsequent inhibi-
tion of specific cellular immunity may lead to DL appearance [26, 28]. The lesions
develop transformations similar to those found in LCL, and the epithelioid
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differentiation of the epidermis concurs with epithelial proliferation, hyperkeratosis,
parakeratosis, and scale-crusts. The parasites appear in varying numbers and must be
sought within macrophages. Also, similar to LCL and in contrast to DCL, the
infection is not age related, and it is mainly a result of the exposure of the host to
the infected vector and to the immune response of the patients [28, 31].

DL pathogenesis is not still fully dilucidated; however, the absence of a cell-
mediated immune response, with decreased CD4+ T cell titers in peripheral blood,
and a poor response by these cells to the Leishmania antigen seem to be a common
feature. In DL patients, epidermal Langerhans cells are not frequent, and the
granuloma has a mixed pattern of Th1 and Th2 cytokines. The Montenegro test
has been reported to be negative depending on the geographical area where the
patient lives; thus it has been claimed to be negative in Brazil and positive in
Venezuela [21]. For the differential diagnosis, the following diseases should be
considered: skin tuberculosis, chromomycosis, sporotrichosis, sarcoidosis, and
leprosy.

8.3.5 Mucocutaneous Leishmaniasis (MCL)

One of the most severe forms of damage that occur in leishmaniasis involves the
upper respiratory tract mucosa. It includes metastases by way of blood vessels or
lymphatic system or by expansion of a face LCL [1, 31]. MCL appears years after
the onset of cutaneous leishmaniasis and is characterized by the destruction of the
walls of oral–nasal and pharyngeal cavities, potentially evolving to disfiguring
lesions. The initial symptoms are mild and include nasal inflammation and stuffi-
ness; ulceration and perforation of the nose septum could slowly ensue. The lesion
may extend to the face, the soft palate, the pharynx, or the larynx. A cutaneous lesion
can accompany the mucocutaneous lesion. L. (V.) braziliensis is the etiological agent
in most cases, but species like L. (V.) panamensis, L. (V.) guyanensis, L. (L.)
amazonensis, and L. (L.) major may also cause MCL [20].

The epidemiological data demonstrate that 5–7% of patients with LCL develop
MCL [31, 33]. However, the frequency of MCL varies according to geographical
location: In Brazil, it varies from 0.4% in the south [34, 35] to 1.4% in the central
region [20] and to 2.7% in the northeast [36]. In the Andean countries, MCL may
represent 7.1% of the registered cases of leishmaniasis [37]; Bolivia exhibits a high
frequency of 20%, Ecuador a medium frequency of 7.7% [38], Colombia a low
frequency of 2.3%, and Venezuela a very low frequency of 0.4% [37]. Most patients
are over 40 years of age, although this form of the disease may also affect
children [1].

The clinical manifestations begin with nasal obstruction, rhinorrhea, mucocuta-
neous bleeding, and shedding of serous crusts, impaired olfaction, and cacosmia.
Physical examination at the beginning of the disease demonstrates erythema and
infiltration in the nasal mucosa, mainly in the septum and inferior turbinate. If the
disease develops without diagnosis and treatment, it progresses to an ulcer with
serous crusts, surrounded by diffuse infiltrations of the mucosa (because of a poor
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definition of the granuloma); it may compromise the cartilaginous septum and
produce drilling and deformation and even the total destruction of the septum giving
the appearance of “tapir nose.” The discharge of the nose can occasionally be
purulent, due to bacterial infections and polypoid degeneration of the nasal mucosa.

These features are accompanied with significant shrinkage of the nasal wing and
collapse of the corresponding nostril. Sometimes the acute inflammatory processes
that occur around the nasal vestibule produce severe pain that could compromise the
maxillary region of the affected side [17, 33, 39, 40]. At advanced stages of the
disease, a destruction of the midface may occur.

In some cases, invasion of the nose and palate occurs; the patients report a feeling
of “fullness” in the mouth, toothache, teeth loss, and spontaneous bleeding of the
gums. These lesions grow profusely and may compromise the upper lip; they may
also produce indurations, infiltration, and ulceration of the hard palate, amputation of
the uvula, and lesions of the soft palate. Additionally, dysphagia, open rhinolalia,
and regurgitation of food, as well as damage of the laryngeal structures such as
epiglottis, ventricular bands, and vocal cords, may occur. Finally, the upper airway
may also be compromised due to the tension produced by the formation of a
granuloma in the mucosa and subsequent fibrosis; some cases may even require
tracheotomy. In severe cases, there is deterioration of the patient’s general condition
and even death if the compromise of the respiratory tract is serious [1].

Histological sections support a diffuse mixed infiltrate [1]. The macrophage
infiltrate differentiates into an epithelioid tissue with low densities of parasites
[17, 30]). Langerhans cells (CD1a+) and CD83+ cells cannot be found in the
epithelium [30, 41]. This situation might reflect the migration of Langerhans cells
to the lymph node, or the action of the parasites on Langerhans cells during the
chronic phase of the disease, circumstances that may cause an inadequate and
deficient transduction of the signals necessary for an adequate immune response.
In the epidermis, there is a strong expression of major histocompatibility complex
(MHC)-II and intercellular adhesion molecule 1 (ICAM)-1, which confirms the state
of hypersensitivity of this clinical form of leishmaniasis. The MCL granuloma
expresses a mixed pattern of cytokine production (Th1/Th2, and a high CD4/CD8
ratio) [42, 43].

The Montenegro test reaction is strongly positive (Restrepo 1980). Leishmania
antibody levels are variable and correlate with the extent of the patient’s clinical
profile [19, 31]. For differential diagnosis, the following diseases should be consid-
ered: in the nasal area, trauma, bacterial infections, syphilis, cocaine use, chromium
poisoning, half-facial malignant granuloma, paracoccidioidomycosis, nasal polyps,
rhinosporidiosis, leprosy, and squamous and basal cell carcinoma and in the palate
and larynx carcinoma, paracoccidioidomycosis, and tuberculosis.

The number of diseases with which MCL should be differentially diagnosed is
high; therefore, it is fundamental to carry out further examinations. These tests must
include fungal serology, intradermal tests, mycological studies, mycobacteria, chest
X-ray, nose and paranasal sinuses tomography, and histopathological analysis.
Additionally, there may be complications such as conjunctival lesions with distor-
tion of the palpebral fissure and, in rare cases, loss of the eyesight. Moreover, healing
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processes can lead to a decreased size of the mouth and airways that hinder feeding
and breathing. Finally, extension of the lesion at the base of the skull with bacterial
infection can cause meningitis or osteomyelitis.

8.3.6 Tegumentary Leishmaniasis in HIV-Infected Patients

HIV/Leishmania co-infection has been reported in 35 countries. In the Old World,
there are reports of PKDL in HIV-infected patients [5, 44]. In the New World, the
manifestations can be similar to those found in non-immunosuppressed patients with
no signs of aggravation, but they can be quite unusual. A full description of this
problem is covered in Chaps. 5 and 6, this same volume; therefore the theme will not
be discussed in detail herein.

8.4 Diagnosis and Treatment

Diagnosis of ATL is relatively simple, and in most cases the demonstration of the
parasite by direct methods after clinical suspicion is sufficient to establish the
treatment. The diagnosis cannot be intuitive but has to be confirmatory of the
parasite (etiological agent) or its antigen(s) in the lesion. These forms of diagnosis
are called direct, while those immunological tests used if the direct approaches fail
are called indirect parameters of diagnosis [45].

The sensitivity of the direct examination tests is low (50–70% in the Old World,
15–30%, in the New World, where chronic cases and MCL are frequent). The
detection level is higher, reaching 44–58% by culturing the biopsies and 38–52%
by injection into hamsters [1, 46–48].

On the other hand, serodiagnosis includes a set of indirect methods seldom used
for the diagnosis of LCL in the Old World because the results may be variable, the
sensitivity of the tests is low, and there may be cross-reactivity with other infections.
Unfortunately, the sensitivities of these methods are not better for New World
leishmaniasis. However, still they are in use. The most commonly used assays for
ATL serodiagnosis are thus the indirect immunofluorescence assay (IIFA) and the
enzyme-linked immunosorbent assay (ELISA) [1, 46–49]. In ATL, the anti-Leish-
mania antibody levels do not remain high after treatment; this means that positive
results of serologic diagnostic method generally indicate current infection.

Excluding direct microscopic examination of biopsies, the additional diagnostic
methods require a complex laboratory structure and technical skills, as well as longer
times to obtain the results [1]. Furthermore, the approaches to detect the etiological
agent have low sensitivity and do not always identify the Leishmania species. Recent
efforts aim to develop assays to detect the parasite DNA in the patients [5].

Among the variety of molecular approaches developed for the diagnosis of
leishmaniasis and the identification of the etiological agent, the polymerase chain
reaction (PCR) assay is considered one of the best methods. It is based on the
complementarity that exists between the two strands of DNA. The method relies
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on cycles of repeated heating and cooling of DNA melting and its enzymatic
replication in the presence of primers, which are short DNA fragments containing
sequences complementary to the target region. This cycling enables selective and
repeated amplification and eventually the identification of the infecting Leishmania
species [1, 50, 51].

Finally, the anti-Leishmania delayed-type hypersensitivity or Montenegro skin
test diagnoses Leishmania infection, and therefore is used in epidemiological studies
to determine infection prevalence. The test does not distinguish between present and
past infections, and thus its importance as a diagnostic tool is questionable for people
living in endemic areas. The test is positive in patients with more than 19 months of
treatment [48, 52, 53] and in 75% of non-infected individuals, with no disease
manifestation in the past, but living in an endemic area [52]. This test may be useful,
however, for the diagnosis in travelers that do not normally live in endemic areas.

The treatment of leishmaniasis must include the thorough cleaning of the lesions
with topical antiseptics and the treatment of secondary bacterial infections with
topical and/or mouth antibiotics. Afterward, the patient should be treated with the
adequate chemotherapy to kill the parasite. Alternatively, attempts to develop an
immunotherapy against leishmaniasis have been performed in many laboratories and
places including Venezuela [54, 55]. The data suggest that immunotherapy might be
an excellent therapy for LCL, with few side effects and low-cost administration.
However, further studies are needed to confirm the results. Finally the surgical
reconstruction of the sequelae in nasal pyramid and portion of the upper lip skin is
advisable to do it after confirming that there is no active disease for a period of 1 year
or longer.

8.5 Challenges of ATL in the Era of Drug Resistance

ATL is a serious public health problem in America both in rural and urban areas; its
incidence has dramatically increased in the last two decades. ATL affects zones
considered endemic for leishmaniasis, but it is also increasing in travelers living in
non-endemic parts who have visited endemic areas [1]. Furthermore, co-infection is
an additional concern because of its increasing rates, either by HIV, by additional
parasites like T. cruzi or helminths, or the special case of co-infection represented by
Leishmania RNA viruses, or LRV, which are endosymbionts reported so far essen-
tially in Latin America and frequently associated with treatment failure. These issues
are thoroughly described in Chaps. 4 and 6 from the present volume. This means that
fighting against leishmaniasis must be among priority programs related to endemic
and epidemic diseases that must integrate other pathogens and monitoring conditions
and must also incorporate public and private institutions, scientific societies, and
affected communities.

Diagnosis seems to be a dilemma due to the variety of Leishmania species that
produce ATL. This is especially true for L. (V.) braziliensis in LCL and LMC
patients as the parasite is scarce in the tissues. For this reason, main goals to be
reached must include the use of homogeneous protocols for Leishmania antigen
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purification according to validated protocols with quality control analysis; addition-
ally, the cutoff determination of the diagnosis method for leishmanina must be
performed in order to homogenize the criteria of positive and negative readings.
When talking about direct microscopy and PCR, a lot of discussion still exist.
Microscopy on a smear is more frequently used since it means a speedy (<1 h)
result. Molecular diagnosis is much more sensitive than microscopy. However,
specificity depends on the performance of each laboratory, the selected target, and
the selected protocol, many of them in house protocols with an intrinsical variability
evidenced when the protocol is transferred from one lab to another, highlighting the
lack of consensus that exist.

Tegumentary leishmaniasis therapy in America is mostly restricted to the use of
antimonials (SbV) and more recently miltefosine (MIL) for some types of LCL.
However, in Latin America, the efficacy of this medicament is rather unpredictable
with 7% treatment failure in Bolivia, 16% in Brazil, 23.9% in Peru, and up to 39% in
Colombia [1]. Furthermore, the guidelines for regional implementation are unfortu-
nately not homogeneous [1, 56]. This all means that therapeutic failure, defined as
the clinical phenotype in which the patient does not improve at the end of a treatment
(absence of response), or in which the clinical symptoms reappear after the initial
cure (relapse), is a real challenge that should be clearly differentiated from clinical
resistance in order to avoid the ambiguity of both meanings.

Drug resistance represents an intrinsic characteristic of parasites with a signifi-
cantly lower susceptibility to a drug than that of their susceptible counterparts. Drug
resistance is an adaptive trait. Exposure to drugs (e.g., due to external factors like
suboptimal doses or poor quality of the medicaments that induces the expression and
function of ATP-binding cassette (ABC) transporters and proteins) promotes an
increase in the frequency of occurrence of this phenotype, and although it is
expressed in the patient, the associated phenotype must be confirmed experimentally
evaluated in parasites isolated from the lesion [56–58].

On the other hand, treatment failure is a multifactorial complex phenomenon.
Drug, host, and parasite factors may contribute to it. In the case of American field
strains of Leishmania (but not only, as beautifully described in Chaps. 4 and 15 of
this volume), special attention should be paid to the variable intrinsic drug sensitivity
usually related to species-specific issues as is the case of the Viannia subgenus
already described, as well as to epigenetic features that may change different
functions in the parasites. This means that the specific contribution of the parasite
physiology to treatment failure is difficult to address [59–61]. This is especially true
since as has been described in various chapters of this volume (Introduction,
Chaps. 4 and 15), the in vitro data is normally obtained using the extracellular
form of the parasite (the promastigotes) and seldom using its intracellular form (the
amastigotes), and results are infrequently compared to the treatment outcome of
patients from whom parasites are isolated.

However, it is fundamental to find easy tools to be used in the common clinical
laboratory to evaluate if relapses that occur in patients associate with metabolic
changes that might be associated to the fitness of infecting isolates. In such isolates
(isolated from patient suffering DCL and refractory to SbV), a correlation between
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glucose uptake and plasma membrane potential has been evaluated. The results were
compared with those obtained from reference strains and demonstrated that Leish-
mania parasites (L. (L.) amazonensis and L. (L.) mexicana) causing DCL incorporate
glucose at an efficient rate, albeit without significant changes in the plasma mem-
brane potential as their corresponding reference strains. One isolate did not change
its accumulation rate of glucose compared to its reference strain and expressed a less
polarized membrane potential insensitive to mitochondrial inhibitors, thus
suggesting a metabolic dysfunction in this isolate. Further validation of the concepts
herein established and whether or not the third isolate corresponds with a drug-
resistant phenotype needs to be demonstrated at the genetic level [62, 63].

In the case of ATL, especially in Latin America, this is further complicated due to
the many infecting species of Leishmania, including parasites of subgeni Leish-
mania and Viannia. In fact, isolates of L. (V.) braziliensis with lower susceptibility to
SbV have been reported even before the start of treatment, although they have
probably never been in contact with the drug (s) [64]. It is not clear if this difference
is due to an intrinsic unresponsiveness to the drugs, expressed by members of the
Viannia subgenus, but certainly constitutes an issue that should recall our attention
and emphasize that the contribution of the parasite to therapeutic failure could not
only correspond to the expression of drug resistance. That is, the existence of
additional phenotypes could be determinant for the phenomenon of therapeutic
failure. Unfortunately, and again returning to the experimental determination of
this phenomena, these phenotypes are not necessarily easy to identify in the available
systems and therefore and is fundamental to describe specific cellular markers easy
to evaluate in the clinical laboratory, a situation that challenges the classical view of
how the factors responsible for that therapeutic failure are evaluated [59–61, 63, 64].

In summary, Old World leishmaniasis has a better therapeutic outcome, except
when caused by L. (L.) aethiopica, than NewWorld leishmaniasis where therapeutic
responses are mixed. This all means that treatment guidelines and protocols have to
be reevaluated on a global basis considering the huge differences between Old and
New World leishmaniasis [1], that the concept of monotherapy with regard to
resistance has to be reevaluated, and that diagnosis and satisfactory treatment are
imperative challenges for the adequate outcome in ATL, especially in an era of drug
resistance.
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The Challenges of Effective Leishmaniasis
Treatment 9
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Abstract
During the past decades, visceral leishmaniasis therapy has been faced with the
rapid emergence of drug resistance against the pentavalent antimonials which had
been used as mainstay of treatment for over 70 years. Even though cutaneous
leishmaniasis cannot be linked to development of drug resistance, the huge
species- and strain-specific variations in drug susceptibilities severely complicate
effective treatment as well. A new challenge in leishmaniasis control has arisen
with increasing numbers of treatment failures against all of the currently used
anti-leishmanial standard drugs. The exact causes of these treatment failures are
still not fully comprehended, but they are most likely a consequence of the
complex interplay between parasite, host and drug. In this chapter, the generally
accepted underlying factors of treatment failure are discussed along with their
consequences for therapy, drug design and other related challenges.
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9.1 Introduction

9.1.1 Treatment Failure

One of the greatest challenges in the control of cutaneous (CL) and visceral
leishmaniasis (VL) remains the proportion of treatment failures occurring after
drug treatment. The reported failure rates upon both VL and CL treatment with the
current anti-leishmanial reference drugs have increased significantly during the past
decade [1–5]. Although these treatment failure cases are often falsely linked to
refractoriness of the causative Leishmania isolate to the drug, it has only been
associated with ‘acquired’ drug resistance in a minority of cases. An unfavourable
treatment outcome frequently does not merely result from the parasite’s drug
susceptibility profile but can be related to the wide variety of factors arising from
the complex interplay between drug, parasite and host during chemotherapeutic
intervention (Fig. 9.1). Generally, treatment failure (TF; see also Chaps. 4 and 15)
is characterized by patients not responding to a given therapy or presenting a relapse
within a few months after the completion of treatment. TF is particularly common in
disease-endemic areas where repeated drug treatment schedules are needed, hence
enhancing the risk of more rapid induction of drug resistance. Although most cases
of TF have a multifactorial origin, some of the causes can either be specifically
linked to drug-, parasite- or host-related factors, as listed below.

9.2 Direct and Indirect Causes of Treatment Failure

9.2.1 Parasite-Related Factors

One of the most straightforward causes of treatment relapse is a low intrinsic drug
susceptibility of the Leishmania species involved. There is a significant variation in
intrinsic susceptibility between the 17 Leishmania species that are infectious to man,

Fig. 9.1 Pharmacodynamic
(PD)/pharmacokinetic
(PK) relationship between
host, drug and pathogen
[based on 6]
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resulting in the possible co-existence of both ‘intrinsic’ and ‘acquired’ drug
resistances [7]. While intrinsic resistance generally implies a lack of initial response
of the parasite to a drug, acquired drug resistance involves selection of less suscepti-
ble or resistant parasites upon drug exposure. Acquired resistance is mostly linked
not only to successive treatment cycles with the same drug resulting in relapses but
also due to underdosing, incomplete treatment related to poor therapy adherence or
non-compliance, poor drug quality or ‘single-drug’ use [8–13]. It is important to note
that when the parasite’s pretreatment drug susceptibility is relatively low, it may be
more prone to develop acquired resistance upon subsequent drug exposure. Clearly
defining drug ‘resistance’ (DR) in the characterization of clinical isolates and the
efficacy of anti-leishmanial drugs remains very difficult mainly because of the lack
of validated standard operating procedures and clearly defined species-specific
‘breakpoint concentrations’ that should be validated on a large number of clinical
isolates from primary unresponsive patients [7, 14]. Over the past years, drug
resistance in relation to the currently used anti-leishmanial reference drugs has
increasingly been reported, the most well-known example being the huge rise in
the number of antimony (SbV) unresponsive cases in the Indian subcontinent (ISC)
since the 1970s (see also Chaps. 4 and 7). Nowadays, more than 65% of the patients
in India, Nepal or Bangladesh no longer respond to SbV therapy [15], which
enforced the implementation of other drugs such as miltefosine (MIL) and a
liposomal formulation of amphotericin-B (AMB) in the regional Kala-azar elimina-
tion programme [16]. In the past 5 years, a few reports on MIL and AMB resistance
in clinical isolates have also surfaced [17–20]. However, most isolates that are
obtained after treatment relapse still appear to be drug-susceptible in the routine
laboratory susceptibility assays [1].

Nowadays, a potential role of the parasite (epi-)phenotype in TF is being
suggested as well (see also Chap. 15). This (epi-)phenotype comprises all parasite
factors other than drug resistance, such as species-specific reduced drug susceptibil-
ity, parasite infectivity and aberrant or atypical interactions with the host immune
system [21]. For example, MIL TF has been associated with an increased infectivity
of relapse isolates [22], while SbV resistance was shown to entail a fitness advantage
with regard to metacyclogenesis, infectivity and virulence in vitro and in vivo [23–
25]. Also, MIL resistance has been linked to changes in parasite fitness, although no
consensus has yet been reached on the specific effect on the parasite. Previous
research using L. (L.) infantum revealed a decrease in virulence associated with
MIL resistance [26], while another study on L. (L.) major demonstrated a fitness gain
[27], suggesting that fitness effects may either be specific to the resistance mecha-
nism that can differ among the species or be dependent on the parasite stage that was
used during the experimental selection of resistance. The latter is particularly true for
paromomycin (PMM), as the outcome of the resistance selection procedure was
clearly stage-specific [28]. Given this definite link between fitness and drug resis-
tance, increased parasite fitness may well be responsible for variations in baseline
drug susceptibility and the associated TF.

More recently, it has also been demonstrated in mouse infection models that
infecting Leishmania populations do not necessarily behave homogeneously in
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terms of replication potential and metabolic state: intracellular amastigotes have
been identified showing different rates of division and metabolic activity, of which
some can be called ‘quiescent’ [29–32]. If these latter forms are also present in
clinical VL or CL, they could in principle form the basis of a latent infection state
and negatively impact on drug efficacy.

9.2.2 Drug-Related Factors

Obviously, the quality of the drug plays a determining role for treatment success.
There are a lot of counterfeit and substandard drugs being sold in endemic countries
that are intentionally mislabelled and often contain subtherapeutic concentrations of
the active ingredient or even no active drug at all [10, 11]. This malpractice not only
decreases or completely abolishes the overall responsiveness to treatment but also
endangers future application given the enhanced risk of emerging drug resistance.

As VL is mostly endemic in subtropical and tropical areas, drug formulation
and stability in warm and humid zone four environments1 are very important to
retain drug efficacy [33]. For example, the liposomal formulation of AmB (L-AmB;
AmBisome®) is highly effective against VL and is currently recommended as first-
line therapy in endemic areas with SbV resistance [34]. However, the need to ship
and store the drug continuously below 25 �C to keep the intravenous formulation
stable makes it very challenging to widely use this formulation in tropical areas. At
the moment, an oral ‘lipid particle’ formulation of AmB that is thermally stable and
retains excellent efficacy in animal models is being developed [35].

Unlike in antimicrobial research [6], yet another challenge is that the pharmaco-
kinetic and pharmacodynamic (PK/PD) properties of most anti-leishmanial
compounds have been very poorly documented. Understanding how drugs are
working at the target site (PD) and how they behave in animal models and human
patients (PK) will certainly help to better define therapeutic efficacy. First of all,
fairly little is known about the drug accumulation within the acidic environment of
the phagolysosome, while the overall intracellular drug concentration in the macro-
phage may still be too limited to predict time and concentration kinetics on top of the
variety of factors involved in the drug distribution at the level of the patient. Among
others, protein binding plays a determining role as it directly influences the avail-
ability for macrophage uptake and subsequent activity on the intracellular parasite
[36–38]. Since a link between changes in pH and antibacterial activity was already
demonstrated for PMM, knowledge on accumulation and/or transport of drugs into
the macrophage and the acidic phagolysosome environment becomes essential.
However, the drug’s pharmacokinetic characteristics still depend too much on
measuring the drug concentrations in plasma, while these do not necessarily reflect
the actual intracellular drug concentrations to which the parasite is exposed. In spite

1Regions which have a mean annual temperature> 22 �Cmeasured in the open air combined with a
mean annual partial water vapour pressure > 15–27 hPa.
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of these limitations, plasma levels still steer current dosage schemes in vivo. The
development of a successful treatment schedule for CL is further burdened by the
unknown distribution of the drug to the skin. Most of the currently available drugs
are used to treat both VL and CL [39], although generally higher doses and longer
treatment courses are needed in CL therapy. This is not surprising given the drug’s
indirect access to the skin via blood and lymph and the lower rates of blood flow and
oxygen tension in the skin compared to the viscera. In this view, the design of topical
formulations for CL would be more ideal. Past topical formulation studies were
usually faced with the insufficient delivery of the anti-leishmanial reference drugs at
the target site [40] and already suggested that a critical exposure phase in the dermis
is an obligatory characteristic for an effective topical formulation in vivo [41]. The
challenging drug distribution between viscera and the skin is further complicated by
the differences observed between uninfected and infected tissues. For example, it
was demonstrated that permeation markers such as caffeine and ibuprofen, as well as
some anti-leishmanial drugs, have different in vitro permeation properties through
normal mouse skin compared to mouse skin removed from a CL-infected nodule
[42], indicating the occurrence of some infection-dependent changes in PK
properties that could be related to the oedema and the altered immunological profile
in the inflamed skin. In experimental models of VL treated with AmBisome®, organ
enlargement and other pathophysiological factors also cause differences in drug
distribution and elimination between the liver and spleen [43]. Yet another very
important factor in PK/PD is whether a drug acts in a time-dependent or
concentration-dependent manner, as this will impact on the dosing regimen. While
the treatment schedule should be prolonged for drugs with a time-dependent mode of
action, the dose for drugs with a concentration-dependent activity should be
increased [37]. For example, the dose of PMM was adapted in response to the
lower efficacy rates observed in East Africa rather than prolonging the treatment
duration [37, 44]. Finally, PD/PK modelling for the current anti-leishmanial refer-
ence drugs becomes even more complicated by the various host-related factors. In
the past, suboptimal drug exposure, showing plasma concentrations lower than
anticipated, has been linked to incorrect dosing of Indian and Nepalese males and
children during MIL therapy [45, 46] which endorses why attention must be paid to
drug exposure kinetics, either by quantifying the drug plasma levels [47] or by a
using the dried blood spot method to quantify MIL concentrations in treated
patients [48].

Understandably, poor adherence or non-compliance [1, 12], which are often
falsely used as synonyms, can also be involved in TF. Although they both lead to
suboptimal drug exposure, adherence to drug treatment is linked to the extent to
which the patient’s drug uptake corresponds with the agreed recommendations by a
health-care provider, while compliance rather involves patient inactivity [49].

Other drug-related factors that can facilitate TF are long treatment schedules
[50, 51] and intrinsic drug properties such as a long elimination half-life (t1/2) [52],
which both may result in parasite exposure to prolonged suboptimal drug
concentrations.
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9.2.3 Host-Related Factors

Some patient groups are more prone to TF than others with the most important factor
being the host immune system. Immunocompromised patients, such as
HIV-positive people, children and elderly, are more likely to experience a relapse
than immunocompetent patients [45, 53]. Moreover, HIV/VL co-infection in
humans is often associated with the occurrence of parasites in other tissues [53–
55], while the absence of an effective immune response has been shown to decrease
drug efficacy in in vivo experiments. In case of HIV/VL co-infection, anti-leishman-
ial therapy is often combined with highly active antiretroviral therapy (HAART).
Analogous to treatment of malaria and tuberculosis where drug–drug interactions
have been well characterized (www.hiv-druginteractions.org), understanding
interactions between anti-leishmanial and antiretroviral drugs could help in design-
ing more effective treatments.

Some risk factors associated with relapse after VL treatment in immunocompe-
tent patients are gender, age and specific clinical signs, e.g. a smaller decrease in
splenomegaly at discharge and the time between onset of symptoms and the start of
treatment [56]. Additionally, geographic region plays a key role. The currently used
reference drugs (MIL, PMM and L-AmB) are less effective against African VL
(e.g. in Ethiopia and Sudan) compared to Indian VL, resulting in higher rates of
treatment relapse [57–59]. For MIL and SbV, this has resulted in the implementation
of deviating dosing schemes based on the geographical region and the immune status
of the host [59].

9.3 Experimental Approaches to Predict Treatment Outcome
In Vitro

As the pharmacokinetic, pharmacodynamic and host immune phenomena largely
define the response of a pathogen to a drug, predicting treatment outcome merely
based on in vitro data only remains virtually impossible. Nonetheless, some in vitro
assays may provide useful information which can lead to making early predictions
towards the in vivo behaviour.

9.3.1 Drug Susceptibility Determination

9.3.1.1 In Vitro
Drug susceptibility testing of clinical isolates would logically be the most convenient
method to predict treatment outcome, as has been established for antibiotics in
bacterial and fungal infections [60, 61] and for malaria [62]. As for most anti-
leishmanial drugs, the exact mechanism of action and the mechanisms of resistance
are not completely elucidated, it still remains difficult to link in vitro drug suscepti-
bility values from isolates from patients that are cured, relapsed or did not respond to
treatment to the corresponding treatment outcome. For SbV, a positive correlation
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could be found between the in vitro drug susceptibility profile and the actual
treatment outcome of patients ranging from susceptible (S/S) over intermediate
(R/S) to resistant (R/R). In this case, R/R cases could be linked to nonresponders
or relapse cases, while S/S strains could be linked to cure. The intermediate R/S
profile could even be linked to an increased risk for R/R development [63]. A small
pilot study with MIL using Nepalese VL strains suggested of a correlation between
patient treatment outcome and the in vitro survival under in vitro drug pressure using
promastigote back transformation. Further validation on a larger sample set unfortu-
nately failed to corroborate these preliminary results [64].

For strains or species causing mucocutaneous (MCL), diffuse cutaneous leish-
maniasis (DCL) or post-Kala-azar dermal leishmaniasis (PKDL), prediction of
treatment outcome based on in vitro susceptibility results is even harder to
do. Although one study claims to observe differences in promastigote suceptibility
to predict SbV TF for CL and MCL [65], there is little evidence that clinical isolates
from relapse cases have an altered drug susceptibility. As their disease pathology
rather originates from the induced host immune response, these forms of the disease
are generally more difficult to treat and require long treatment courses and the
application of drug combinations [66, 67]. Given the role of host-dependent immune
responses in the clinical manifestation and disease pathology, the geographical
factor needs to be taken into account with African VL found to be far less responsive
to treatment than Indian VL despite a comparable in vitro susceptibility [68].

9.3.1.2 In Vivo
In the past, various laboratory animal studies have been explored to predict PK/PD
characteristics of drug candidates [69–71]. Although such studies do consider the
host’s immunity, there is still no validated model fully representative of human
disease. Several CL mouse models have been described which, depending on the
mouse species, show a variable susceptibility for infection, a diverse disease pro-
gression and an outcome characterized by the induction of different immune
cascades [72]. An additional obscuring factor is the variable disease patterns caused
by the different species responsible for CL. The same problems also apply for VL
where different mouse models are associated with differential progression in various
tissues, although they are all linked to a transient and self-curing disease pattern
[72]. The Syrian golden hamster model is characterized by a progressive disease and
a symptomatology that fairly resembles human VL (heptosplenomegaly, weight
loss, fatal outcome). Unfortunately, not much is known about the specific immune
responses as only few specific anti-hamster antibodies/reagents are available
[73]. Designing an animal model that is able to predict the relationship between
the drug concentration in the plasma and in the infected tissues would certainly be
very helpful. However, even then one may still seriously question the translational
capacities of such animal model to human disease.
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9.3.2 Studying Drug-Resistance Mechanisms and Drug-Related
Physiological Modifications

Research into the previously mentioned drug-induced alterations in parasite physi-
ology can certainly help in predicting the success of a given therapy. By comparing
resistant clinical isolates or generating resistant laboratory mutants, the mechanisms
underlying drug resistance can be unravelled and allow to identify putative
biomarkers of resistance, avoid the emergence of resistance and define strategies
to combat the already existing resistance in the field. Generally, acquired drug
resistance is associated with either gene amplification of drug target enzymes,
structural and functional modifications of drug target enzymes or transporters
decreasing intracellular drug concentrations [74, 75]. Research into the (epi-)
phenotypic modifications associated with drug resistance can serve as an attractive
tool to predict parasite behaviour under drug pressure [21].

9.3.3 Detection of In Vivo Sanctuary Sites

A few reports already stated that Leishmania might reside in specific yet undefined
sanctuary sites upon drug treatment [21, 22]. Inside these hidden niches, parasites
could be protected from drug exposure, allowing parasite survival during drug
exposure and subsequent re-proliferation. Several suggestions have been made
concerning the nature of these parasitic safe havens during drug therapy, but research
so far failed to unequivocally identify such a ‘sanctuary site’ [22]. One of the most
important problems is the lack of sensitivity of the currently available laboratory
techniques to detect very low residual parasite burdens in experimental infection
models.

9.3.3.1 Pathology
Gross pathology can be used to assess the parasite burdens inside target and
off-target organs and tissues. After fixation of whole organs, residual parasites
present in that specific specimen can be detected by microscopy. Although detection
limits are usually somewhat lower compared to modern molecular techniques
[76, 77], this technique allows evaluation of possible changes in organ architecture
upon drug treatment or infection, which can then be linked to drug access and
activity [78].

9.3.3.2 Bio-Imaging
In the past, several reporter strains have been developed allowing in vivo visualiza-
tion of the parasite inside its target organs. Although these are particularly useful in
studies on infection, pathology and chemotherapy, these models have not yet been
fully exploited in terms of analysing key properties of anti-leishmanial drug action.
With high-resolution imaging, far more information could be extracted in the future
on the in vivo rate of parasite killing and on differences in drug activity between
different target tissues. The conventional luciferase (LUC)- and red-shifted
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luciferase (PpyRE9) transfected strains represent promising tools in laboratory
animals to detect potential parasite reservoirs upon drug treatment as they allow
longitudinal follow-up of infection after treatment [79]. The rapid visualization of
dividing parasites at specific target sites at the start of treatment relapse could unravel
these specific parasite niches and expose the real problem sites under drug pressure.
Although for Trypanosoma detection limits of around 100 parasites have been
reported [80], it will be challenging to obtain similar sensitivities for Leishmania
within the phagolysosomal compartment of macrophages determined by the intra-
parasite expression levels of the reporter gene [81].

9.3.3.3 qPCR
Molecular techniques have gained considerable momentum in Leishmania diagnosis
and detect parasite DNA or RNA in a very specific way with high sensitivity
compared to the conventional microscopic techniques [76, 82]. While several target
sequences can be used, the applicability of a kDNA-based assay has been reported
most frequently [83–85]. This type of assay uses the conserved region of the
Leishmania kinetoplast DNA minicircles as a specific target, which is possible in
both conventional and quantitative PCR assays. Although the use of kDNA-based
PCR assays has already been suggested for predicting relapse or parasite reactivation
after treatment [84], some studies are aiming to identify even more sensitive targets
to identify the parasite sanctuary sites and predict relapse [85].

9.3.4 Prediction of Drug Dynamics In Vitro

A few novel in vitro assays have been explored to gain insight into the specific
aspects of the drug dynamics, more particularly aiming at determining the time-
dependent activity of anti-leishmanial reference drugs. The ‘time-to-kill’ of a given
compound was defined as the time required to kill 100% of the parasites based upon
microscopic assessment of Giemsa-stained drug-treated infected cells combined
with a >95% reduction in the promastigote back-transformation assay [86]. A host
cell-dependent drug action was already demonstrated in vitro for some anti-
leishmanial reference compounds [87] and implies a cellular pharmacokinetic role
resulting from differences in drug metabolism and accumulation but still suffers
from additional differences between infected and uninfected cells [88]. Although
any additional impact of the patient’s immune system is largely ignored in any
in vitro system, the required information on the compound’s time-dependent cidal
action in vitro could serve as a first step in understanding in vivo action dynamics. Of
course, expanding such in vitro assays to make in vivo predictions would definitely
be challenging as the amastigote division rate inside in vitro macrophages and
animal models still needs to be further evaluated [29, 30]. While previous research
in Mycobacteria models already demonstrated whether drugs were active against
dividing or non-dividing bacteria, the first studies characterizing Leishmania spp.
survival and multiplication in vitro and in vivo have only just started [29, 30, 89]. A
second assay that has been mentioned to predict drug dynamics is looking at the
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reversibility of action and evaluates whether the drug effect can be alleviated upon
its removal after different exposure times, providing complementary information on
the drug’s time-dependent mechanism of killing [90].
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Abstract
The recent completion of the genomic sequencing of three species of Leishmania,
L. (L.) major, L. (L.) infantum, and L. (V.) braziliensis has enormous relevance to
the study of the leishmaniasis pathogenesis. However, since in Leishmania the
control of gene expression relies on the stability or processing of the mature
mRNA, as well as on the posttranslational modifications of proteins, the genomic
sequences alone are insufficient to predict protein expression within the parasites.
In this scenario, proteomic technologies provide feasible pathways to functional
studies of this parasite. With the challenging increase of natural drug resistance by
Leishmania, the combination of the available genomic resources of these
parasites with powerful high-throughput proteomic analysis is urgently needed
to shed light on resistance mechanisms and identify new drug targets against
Leishmania. Diverse proteomic approaches have been used to describe and
catalogue global protein profiles of Leishmania spp. reveal changes in protein
expression during development, determine the subcellular localization of gene
products, evaluate host-parasite interactions, and elucidate drug resistance
mechanisms. The characterization of these proteins has advanced, although
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many fundamental questions remain unanswered. Here we discuss the recent
proteomic discoveries that have contributed to the understanding of drug resis-
tance mechanisms in Leishmania parasites.

10.1 Introduction

Since the publication of the genome data from L. (L.) major [1], L. (L.) infantum, and
L. (V.) braziliensis [2], over 14 Leishmania spp. genomes have been sequenced to
date (http://tritrypdb.org/tritrypdb/). Such achievements, in addition to the accumu-
lation of genomic data from other Leishmania species, strains, and clinical isolates
(http://www.genedb.org/, http://www.uniprot.org/, [3]), offer the prospects of new
drug target identification and/or the exploration of particular metabolic pathways for
drug development.

For example, analysis of genomic data from L. (L.) infantum and L. (V.)
braziliensis has revealed the presence of a gene encoding cyclopropane fatty acyl
phospholipid synthase [2]. Because this enzyme appears to be involved in the
maintenance of the parasite’s membrane and is not present in humans, it has been
pointed as a putative chemotherapeutic target [2]. Such as this enzyme, many
additional targets are probably encoded within the genome of Leishmania spp. The
discovery of these targets is urgently needed given the increasing treatment failure
observed with the mainstay chemotherapy, the pentavalent antimonials (SbV) [4],
and the emergence of clinically resistant isolates [5–12].

Although all information concerning potential drug targets is contained in
sequence databases, the promises of such target identifications are hampered by
several factors. First, the limited functional annotation of the genomic sequence data
determines that more than 50% of the predicted proteins have unknown functions
[1, 2], which presents itself as an attractive challenge. Unfortunately, in 2017,
12 years after the first sequencing of a Leishmania genome, this scenario has not
changed, and near 50% of the predicted proteins lacks functional annotation. Sec-
ond, while the complexity of the cell cycle of these parasites would indicate that
specific repertoires of genes are expressed in the promastigote and amastigote stages,
global microarray genomic analyses have revealed that most Leishmania genes are
constitutively transcribed [13–15], which is in agreement with the polycistronic
organization of this parasite’s genome [1]. Third, of the approximately 8000–9000
coding genes found in Leishmania, ~6200 are common to all trypanosomatids
sequenced thus far, ~1000 are Leishmania-specific, and only ~200 genes (including
some pseudogenes) are species-specific [1, 2, 16–18]. Hence, the modest differences
between the genome sequences of L. (L.) major, L. (L.) infantum, L. (V.) braziliensis,
and L. (L.) mexicana do not reflect the vast differences among the clinical
phenotypes of leishmaniasis that are associated with each of these species. Conse-
quently, the Leishmania genome sequences alone are insufficient to predict whole
protein expression profiles throughout the life cycle of the parasite or under specific
drug pressure or other experimental conditions. Interestingly, genome heterogeneity
arisen from large-scale gene copy number variation, and extensive aneuploidy is
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observed in natural Leishmania isolates in response to drug pressure [3, 19–
22]. However, it is still unknown whether this variation in gene and chromosome
copy number is followed by variation in protein abundance.

Gene regulation in Leishmania, as with other trypanosomatids, occurs principally
at the posttranscriptional level [23, 24] mainly by mechanisms that involve RNA
stabilization and 30UTR signatures [25–27]. Seminal analyses of RNA transcripts
using DNA microarrays in either broad gene expression studies [13, 14, 28–31] or
studies limited to specific genes [32–34] have shown that less than 6 % of genes are
modulated at the mRNA level during the different stages of the Leishmania life
cycle. Gene expression studies specifically related to drug resistance in Leishmania
have shown the same pattern [19, 20, 32, 35]. Changing this scenario, recently,
RNA sequencing (RNA-seq) of L. (L.) mexicana transcriptome showed that over
3.000 genes (~40%) are differentially expressed between promastigotes and
amastigotes [18].

Although mRNA quantification has resulted in the increase of knowledge of
several cellular processes of Leishmania, the direct analysis of protein levels is
advantageous because the relationship between transcript abundance and protein
expression levels in this parasite has been shown to be poor [15, 36]. In addition,
information concerning cellular localization, posttranslational modifications, or pro-
tein interactions cannot be obtained from mRNA data [37]. As aneuploidy and
regulation at translational and posttranslational levels make the scenario of protein
expression in this parasite more complex [36], high-resolution proteomic approaches
have the potential of shedding light on protein patterns that define a clinical
phenotype. This may include either a phenotype associated with a specific disease
manifestation or one associated with the susceptibility or resistance to a
specific drug.

Proteomic analyses, therefore, provide data that are of crucial significance for the
description and comprehension of the biology of Leishmania parasites, which are not
evident from the genome sequence or the mRNA transcripts. The proteome is
defined as the set of proteins expressed by a cell or organism under specific
conditions and at a given point in time. The field of proteomics intends to provide
detailed descriptions and integration of protein data to better ascertain protein
function in biological systems. By allowing the characterization of complex systems,
proteomic approaches offer the opportunity to identify proteins involved with drug
resistance in Leishmania, in addition to new drug targets for this parasite.

In general, most proteomic studies of Leishmania and other trypanosomatids
involve protein fractionation from a protein mixture using SDS-PAGE and/or
two-dimensional electrophoresis (2DE), followed by gel excision and enzymatic
digestion of protein spots. Peptides are submitted to mass spectrometry
(MS) methods that combine soft ionization sources [matrix-assisted laser desorp-
tion/ionization (MALDI) or electrospray ionization (ESI)] [38–40] with various
mass analyzers. Subsequent protein identification is accomplished by linking mass
spectral data to genome sequence databases using bioinformatics tools [41, 42].
Gel-free shotgun liquid chromatography tandem mass spectrometry (LC/MS/MS)
analyses have the potential to map more thoughtfully the Leishmania proteome
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under different conditions [43–45]. High-resolution LC/MS/MS for quantitative
analysis by isotopic labeling of proteins or even label-free approaches has in fact
revealed new aspects of Leishmania stage-specific proteomes or specific parasite
phenotypes [46–53].

Proteomic studies of Leishmania spp. have focused on global proteome profiling
[46, 49, 54–65], detailed descriptions of stage-specific protein expression [14, 36,
43, 47, 51, 66–76], posttranslational modifications (PTMs) [44, 52, 59, 73, 77–81],
identification of proteins from subcellular proteomes and secretomes [45, 71, 82–
91], and determining potential drug targets or proteins involved in drug resistance
[50, 53, 56, 64, 92–100], among others.

Proteomic studies for identifying molecules potentially involved in the drug
resistance of Leishmania spp. can be classified according to the approach carried
out using either (1) axenic promastigotes and/or amastigotes that have been selected
to drug resistance in vitro or (2) axenic promastigotes and/or amastigotes derived
from clinical isolates that are considered naturally drug resistant. The compounds
evaluated in these studies include drugs currently used for the treatment of leish-
maniasis, such as SbV, amphotericin-B (AMB), and miltefosine (MIL), in addition to
model drugs for the study of resistance, such as methotrexate (MTX) and arsenite,
and drug under development, such as bicyclic nitro drugs [24, 50, 53, 56, 79, 92–99,
101–108] (Table 10.1). This chapter will discuss the applications of proteomic
approaches to the study of Leishmania drug resistance, focusing on the identified
molecules and on the inferred mechanisms of resistance to current medicines used
for the treatment of leishmaniasis.

Table 10.1 Drugs analyzed in proteomic studies of Leishmania drug resistance

Drug Drug status Species analyzed References

Antimonials First-line drug L. (L.) infantum
L. (L.) donovani
L. (V.)
panamensis
L. (L.)
braziliensis

[79, 93–95, 102–106,
124]

Miltefosine First-line drug L. (L.) donovani
L. (L.) infantum

[93, 96, 97, 99, 108]

Amphotericin-B First-line drug L. (L.) infantum [107]

Methotrexate Model drug L. (L.) major [56, 92]

α-Difluoromethylornithine HAT drug L. (L.) donovani [50]

Arsenite Model drug L. (L.) donovani [101]

Bicyclic nitro-drugs Under
development

L. (L.) donovani [53]

HAT human African trypanosomiasis
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10.2 Proteomic Approaches Used for Studying Drug Resistance
in Leishmania spp.

10.2.1 Protein Expression Mapping by Two-Dimensional
Electrophoresis

Proteomic studies of drug resistance in Leishmania spp. have traditionally used 2DE
and 2D differential in-gel electrophoresis (2D-DIGE) for the comparative analysis of
protein expression in drug-resistant and drug-sensitive parasites [56, 79, 92–99,
101–108]. This technique undoubtedly provided the basis for further developments
in proteomics and, despite having certain limitations, is still used for protein
expression mapping. The separation of complex cellular extracts by 2DE is achieved
by coupling two independent electrophoretic separations, using isoelectric focusing
in the first dimension and SDS-PAGE in the second [109, 110]. Soon after the first
reports of 2DE appeared, this method was widely adopted by researchers around the
world in several distinct applications [111–113].

The first works of what can be called the earliest Leishmania proteomics, even
before the term “proteomics”was coined, came from the early 1980s. In these works,
2DE was used to (1) separate cell lysates of L. (L.) tropica for further detection of
antigenic proteins using rabbit sera [114] and (2) for the comparative analysis of
protein expression patterns from distinct Leishmania species that cause American
tegumentary leishmaniasis with the aim of detecting species-specific markers
[115]. However, issues concerning reproducibility, specifically involving the stabil-
ity of the pH gradients, discouraged the widespread use of the method. Additionally,
the absence of a protein identification system prevented the designation of interest-
ing proteins. Identification was achieved by co-migration with purified proteins or
through the use of antibodies. Using these methods, the regulation of tubulin
expression during Leishmania differentiation was demonstrated [116]. Despite the
drawbacks, valuable information was obtained, such as the demonstration that
Leishmania resistance to MTX, an antiproliferative agent, is mediated by a mutation
in the target enzyme, dihydrofolate reductase (DHFR), which alters the physico-
chemical properties of the protein [117].

The introduction of immobilized pH gradients in the first dimension [118]
eliminated the reproducibility issues associated with pH stability. At the same
time, N-terminal sequencing using traditional Edman chemistry applied to proteins
separated by SDS-PAGE allowed the identification of peptides and proteins, as well
as molecular mass determination [119]. However, it was the introduction of soft
ionization techniques for peptides and proteins (MALDI and ESI) that allowed the
acquisition of mass spectra of these molecules at the subnanomolar level and also
changed the paradigm of protein identification [38–40]. Coupling 2DE and MS
identification, Drummelsmith et al. observed up to a fourfold increase in the expres-
sion of several spots of trypanothione (TRYR) protein in transfected L. (L.) major
promastigotes overexpressing the TRYR gene [56]. This assay validated the use of
2DE for drug resistance studies. Decades after 2D appeared, various studies started
using fluorescent dyes, mainly the Cy dyes, which is the principle of 2D-DIGE, in
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order to achieve a more reliable quantification of differences among the spots
detected [47, 81].

As mentioned above, all proteomic studies on Leishmania drug resistance have
used the combination of 2DE or 2D-DIGE and MS for protein identification.
However, 2DE presents major limitations, including the inability to resolve low
abundance proteins and hydrophobic proteins, which represent important sources of
information in the case of drug resistance mechanisms. Also in quantitative studies,
the protein co-migration is a significant issue when deciding which protein
contributed the more for the change in intensity observed in one spot. Despite
these limitations, 2DE is a well-characterized technique for protein separation, and
it is distinguished by its visual array that allows the detection of posttranslational
modified states [120, 121].

10.2.2 Other Proteomic Approaches for Studying Drug Resistance

Although the use of fluorescent dyes has turned 2D-DIGE into a quantitative tool
with better sensitivity and reproducibility than 2D, the gel-based approaches are still
very limited regarding linearity, dynamic range, and reliability for quantifying
differences in protein abundance, being limited to the resolution of soluble and
abundant proteins [118, 122]. These limitations have been surpassed by the devel-
opment of mass spectrometry (MS)-based approaches. In MS-based proteomic
approaches, proteins can be identified and quantified by means of detection and
quantification of their peptides [123]. The main methods include labeling with stable
isotopes or label-free approaches. Labeling methods introduce a mass tag into
proteins or peptides, either metabolically, enzymatically, or by chemical means;
labeling based on isobaric tags for relative and absolute quantification (iTRAQ) and
stable isotope labeling by amino acids in cell culture (SILAC) has been used in
several proteomic analysis of Leishmania parasites enabling quantification of stage-
specific proteins, characterization of posttranslational modifications, and quantifica-
tion of protein abundance in parasites selected for drug resistance [48, 50, 53, 72, 78,
107, 124]. On the other hand, label-free methods correlate the ion intensity signal of
peptide mass spectra or the number of peptide spectral counts with the protein
quantity [122, 125, 126]. Shotgun label-free methods for protein quantification in
Leishmania have been little explored, but there is a nice example of the potential of
this approach in the quantitative analysis of the proteome of L. (L.) mexicana
reported by Paape et al. [43].

Using high-throughput proteomic technologies, pharmacoproteomics allows dis-
covery and validation of novel drug targets and generates information about drug
metabolism and transport as well as about drug efficacy, resistance, and toxicity
[127, 128]. Successful examples of these applications can be found in cancer
research [129, 130]. Pharmacoproteomics has started to be used successfully in the
study of drugs under development for leishmaniasis treatment [53].
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10.3 Proteomics of Drug Resistance in Leishmania spp.

10.3.1 Proteomics of Model Drugs for Understanding Resistance
in Leishmania: Methotrexate and Arsenite Resistance

Model drugs such as MTX and arsenite have been widely used for the study of
molecular mechanisms of drug resistance in Leishmania [131–136]. In fact, much of
the current knowledge of resistance mechanisms and novel potential drug targets in
this genus came from studies using resistant parasites obtained after in vitro selection
with these drugs [137–140]. The resistance of Leishmania to these compounds
includes events such as DNA amplification [131, 141, 142], decreased drug accu-
mulation, and increased drug efflux [98, 143–145], among others. Methotrexate is an
anticancer drug that inhibits DHFR which is responsible for the conversion of
dihydrofolate to tetrahydrofolate. Derivatives of tetrahydrofolate are essential for
the biosynthesis of purines and pyrimidines. Therefore, in the presence of MTX,
DNA synthesis is prevented. Although this antifolate is toxic to Leishmania, it was
found to be much more toxic to mammalian cells than for the parasites, thus
preventing its use as a chemotherapeutic agent for leishmaniasis [146].

The first recorded proteomic study on drug resistance in Leishmania was
conducted using L. (L.) major promastigotes that were induced in vitro to MTX
resistance [56]. Comparison of MTX-resistant parasites to sensitive parasites using
2DE revealed the overexpression of the pteridine reductase PTR1, a known primary
mediator of MTX resistance. It was demonstrated that the PTR1 overexpression was
due to several gene amplification events in the resistant parasites [56]. As PTR1 is
able to reduce dihydrofolate to tetrahydrofolate to a minimal extent, its
overexpression could compensate for the inhibition of DHFR by MTX [56].

In a further study, Drummelsmith et al. [92] observed that L. (L.) major
MTX-resistant promastigotes exhibited increased expression of proteins involved
in stress response, such as chaperonins, heat-shock proteins, and enolase, as well as
enzymes such as argininosuccinate synthetase (ARGG), which catalyzes the penulti-
mate step in arginine biosynthesis. As in the case of PTR1, the overexpression of
ARGG was also the result of gene amplification events, which was most likely a
result of the structural proximity of the PTR1 and ARGG coding genes [92]. Other
proteins with less easily predicted roles in drug resistance, such as methionine
adenosyltransferase (MAT), were also identified in this study. This enzyme is
overexpressed both in sensitive cells shocked with MTX and in mutants resistant
to the drug, suggesting that it may play a significant role in the initial cellular
responses to MTX in L. (L.) major. Unlike other proteins, the overexpression of
MAT was not due to gene amplification events [92]. In addition, it was observed that
increases in S-adenosylmethionine level, which is synthesized by MAT, correlated
with the selection and emergence of MTX resistance in L. major [92].

Finally, a proteomic analysis of L. (L.) donovani induced to arsenite resistance
was reported. However, as 2DE gels from wild-type and arsenite-resistant parasites
were completely different, comparison of the differential protein expression between
the two conditions was precluded [101].
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10.3.2 Proteomics of Antimonial Resistance

Pentavalent antimonials in the forms of sodium stibogluconate (Pentostam) and
meglumine antimoniate (Glucantime) are first-line drugs for the treatment of distinct
forms of leishmaniasis [147]. Despite the fact that SbV have been used worldwide for
almost 80 years, reports on the clinical resistance and descriptions of resistant
parasites started to appear within the last 20 years [4–12]. This situation is particu-
larly alarming in India where widespread failure to SbV treatment in previously
untreated patients has been reported [see Chap. 4 in this volume; 8, 148,
149]. Recently, it was demonstrated that arsenic contamination of drinking water
might have contributed to the development of antimonial resistance in Leishmania
parasites circulating in the Bihar region [150]. The complexity of the resistance
scenario is augmented and sometimes obscured by the variation in the clinical
response to SbV due to species-specific sensitivity to these drugs [see Chap. 15 in
this volume; 4, 151, 152].

The understanding of the mechanism of action of SbV drugs and resistance to
them has come from laboratory parasites, in which resistance has been selected
in vitro by the pressure of the drug. For antileishmanial activity, it is necessary that
the SbV be reduced to the trivalent form SbIII. Although debatable, reduction of the
drug can apparently occur both in the macrophage and in the amastigote [153–
156]. Reduction would be accomplished by either an enzymatic mechanism involv-
ing a thiol-dependent reductase [157] and/or an arsenate/antimonate reductase
[158, 159] or by some nonenzymatic mechanism [160]. Regarding the internaliza-
tion of the drug, it was demonstrated that AQP1, a transporter of trivalent metalloids
[161], mediates the uptake of SbIII in Leishmania [162]. The expression level of
aqp1 can correlate to the sensitivity to the drug [163, 164], and a major cluster of
L. (L.) donovani isolates from the Indian subcontinent (ISC), which are resistant to
SbV, presents a mutation in the aqp1 gene that results in a nonfunctional protein and
therefore reduced influx of SbIII [3].

The activity of antimoniate seems to center around thiol redox metabolism [165],
although early reports pointed to glycolytic and fatty acid β-oxidation pathways
[166] or a programmed cell death (PCD) pathway involving DNA fragmentation
non-mediated by caspase [167, 168]. On the other hand, increased levels of
γ-glutamylcysteine synthetase and ornithine decarboxylase [137, 169], the enzymes
involved in the synthesis of glutathione and polyamines, which are precursors of
trypanothione, have been observed in parasites selected for resistance to SbIII or
arsenite [137, 145]. As a consequence, accumulation of trypanothione and glutathi-
one contributes to the resistant phenotype [165, 170]. In addition, mechanisms for
the increased efflux of Sb-thiol complexes [145] and/or decreased drug influx
mediated by decreased/nonfunctional AQP1, besides drug sequestration involving
a P-glycoprotein member of the ABC transporters (PgpA/MRPA), as well as other
transporters (ABCC4, ABCC5, MRP1), might also influence the antimonial resis-
tance [163, 171–177]. Despite some controversies, it seems that resistance to
antimony is a multifactorial phenomenon involving various mechanisms such as
decreased drug uptake, diminished metal reduction, increased glutathione and
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trypanothione synthesis, and augmented drug efflux/sequestration [4, 139, 140,
178].

Proteomics of antimonial resistance have provided further evidence for some of
the above mechanisms and have added new pieces to the resistance puzzle. Seminal
studies comparing between SbIII-sensitive and in vitro selected SbIII-resistant axenic
amastigotes of L. (L.) infantum using 2DE (pH range, 5–6) and ESI-MS/MS revealed
some downregulated proteins in SbIII-resistant parasites, including the LACK recep-
tor, β-tubulin, proteasome pa26 subunit, pyruvate kinase, and the kinetoplastid
membrane protein 11 (KMP-11) [94]. Although none of these proteins had previ-
ously been associated with antimony resistance, several of them have been further
observed in other Leishmania species selected for antimony resistance or other drugs
[79, 95, 96, 102, 124] (Table 10.2).

Regarding KMP-11, Western blot analysis confirmed that the levels of KMP-11
were lower in SbIII-resistant parasites when compared to the parental wild-type
parasites. However, overexpression of the protein did not alter the SbIII susceptibility
of parasites. In addition, Northern blot analysis revealed that the downregulation of
KMP-11 was not due to a decrease in mRNA levels [94]. Decrease of KMP-11
abundance was also observed in the phosphoproteome analysis of L. (V.) braziliensis
selected for antimonial resistance [79]. In L. (L.) donovani, it was shown that
KMP11 could increase the lipid bilayer pressure [179, 180]. Thus, the marked
decreased level of KMP-11, probably due to an increased turnover rate of this
protein, could alter the interaction of transporters or putative efflux systems, enhanc-
ing activity for pumping SbIII out of parasites [94]. On other hand, it has been
proposed that the decrease of this protein could be part of a general mechanism of
response to the stress caused by the drug pressure [79].

Argininosuccinate synthetase (ARGG) was the only protein identified as
overexpressed in the L. (L.) infantum drug-resistant mutant. Increased abundance
of ARGG was also observed in L. braziliensis resistant to antimonial [79] and in
MTX-resistant L. (L.) major [92]. Both in SbV-resistant L. (L.) donovani and in
MTX-resistant L. (L.) major, it was observed that the genomic region coding for this
gene is amplified [20, 92], supporting the overexpression of ARGG [94]. However,
the role that ARGG plays on resistance to SbV is unknown. The role in resistance of
the other identified proteins remains to be established.

Regarding proteomic studies of field isolates, a proteomic analysis recently
compared L. (L.) donovani parasites obtained from both a SbV-unresponsive and
SbV-responsive patient to identify proteins involved in antimonial resistance [93].
First, the SbV-resistant and SbV-sensitive phenotypes of these isolates were corro-
borated by in vitro growth inhibition assays. Second, RT-PCR analysis showed that
the expression levels of aqp1, gsh1, and PgpA (mrpa), which are genes associated
with in vitro-induced resistance, were not differentially expressed between the
sensitive and resistant clinical isolates. Third, it was shown that the parasites
from the SbV-unresponsive patient were more resistant to SbIII- and SbV-induced
PCD. The PCD features analyzed were the mitochondrial membrane potential
(Δψm), DNA fragmentation, and externalization of phosphatidylserine residues
followed by membrane permeabilization [93]. Thus, based on previous evidence
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suggesting that SbV kill Leishmania by a process involving several features of PCD
[167, 168, 181], the soluble proteomes of these isolates naturally resistant and
sensitive to SbV were analyzed by 2DE (pH range, 4–5) and MS/MS. Enolase,
14-3-3, ATP-dependent RNA helicase, dipeptidyl-peptidase III, 20 S proteasome
α5 subunit, small kinetoplastid calpain-related protein SKCRP14.1, and many heat-
shock proteins (HSP) were among the identified proteins. From this group, the
14-3-3 protein; the HSP83, whose abundances are increased in resistant parasites;
and the SKCRP14.1, which is decreased in resistant parasites, were highlighted as
having different roles in PCD. In fact, Leishmania HSP83 is an orthologue of the
mammalian HSP90, which is involved in mitochondrial apoptotic pathways [182]
(Table 10.2).

The genes coding for 14-3-3, HSP83, and SKCRP14.1 were cloned and the 14-3-
3 and HSP83 constructs were transfected individually into the sensitive parasites,
whereas the SKCRP14.1 construct was transfected into the resistant parasites
[93]. While sensitive parasites transfected with the 14-3-3 construct did not show
any increase in resistance to SbIII or SbV when compared with sensitive control
parasites, the sensitive parasites overexpressing HSP83 were more than twofold
resistant to SbIII compared with sensitive control parasites. In SbIII-treated parasites,
a more intense drug-mediated DNA fragmentation was observed in the control
parasites when compared to HSP83-overexpressing parasites. It was also found
that after treatment with SbIII, the Δψm was higher in HSP83-overexpressing
parasites than in control cells [93]. Overexpression of SKCRP14.1 increased the
sensitivity of resistant parasites to SbIII and SbV, in addition to the sensitivity of
transfectant parasites to SbIII-induced DNA fragmentation. After treatment with SbIII

, no variations in the Δψm were observed between SKCRP14.1 transfectants and
control cells [93]. As will be described below, several of these effects were also
observed in MIL-treated parasites [93], which highlights the phenomenon of cross-
resistance but also reveals contrasting mechanisms involved in Leishmania drug
resistance. Hence, although the network of molecules through which HSP83 and
SKCRP14.1 interfere with drug-induced PCD pathways in L. (L.) donovani remains
to be elucidated, this study demonstrated that these proteins modulate drug suscepti-
bility in this parasite. It remains to be established if these phenomena are observed in
other L. (L.) donovani clinical isolates and in other Leishmania species for which
resistance has been reported. Interestingly, it recently was demonstrated that
antimony-resistant L. (L.) infantum exhibited decreased abundance of SKCRP14.1,
reinforcing the observation that antimonial resistance is associated with a decrease in
cell death-related proteins [106]. In addition, increased abundance of HSP83, as well
other HSPs and chaperones, has been further observed in different Leishmania
species selected for antimonial resistance [79, 95, 103–106, 124], including L. (L.)
infantum, L. (V.) panamensis, and L. (V.) braziliensis (Table 10.2). Remarkably,
parasites selected for MIL, amphotericin-B, or alpha-difluoromethylornithine resis-
tance also present a significant increase in various heat-shock proteins [50, 96, 107,
108], suggesting that these proteins are part of a general response to the stress caused
by the drug pressure. The increased protection against drug-related stress and drug-
related programmed cell death may contribute to the resistance phenotype as a whole
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[79, 104], resulting in parasites able/adapted to cope with the oxidative stress caused
by drug, probably by maintaining functional proteostasis mediated by HSPs.

Cell membrane proteins are very interesting for understanding drug transport in
resistant parasites. In this context, Kumar et al. reported a set of overexpressed
proteins in membrane- and cytosolic-enriched fractions of an L. (L.) donovani
clinical isolate resistant to SbV, when compared to a sensitive isolate [102]. The
six proteins identified in the membrane-enriched fraction were two ABC
transporters, a fragment of HSP83, a cysteine-leucine-rich protein (CLrP), a GPI
transamidase, and a 60S ribosomal protein (L23a). Remarkably, these authors
further demonstrated that CLrP is a glycosylated protein with dual localization, in
the membrane and nucleolus, whereas the 60s ribosomal L23a protein (60sRL23a) is
localized in the cytosol [183, 184]. It was also shown that antimonial-resistant
clinical isolates of L. (L.) donovani present higher mRNA and protein levels of
CLrP and 60sRL23a as compared to antimonial-sensitive parasites
[183, 184]. Overexpression of CLrP or 60sRL23a in a sensitive isolate of L. (L.)
donovani significantly decreased its responsiveness to SbV and SbIII, in the case of
CLrP, and also to MIL and paromomycin, in the case of 60sRL23a. Such reduction
on drug sensitivity was followed by increased parasite infectivity to murine
macrophages or increased proliferation rate, for CLrP- or 60sRL23a-overexpressing
mutants, respectively [183, 184]. Such studies reveal that resistant parasites exhibit a
higher fitness than sensitive parasites, showing increased infectivity capability to
host cells and increased proliferation rate.

Metabolic isotopic labeling of L. (L.) infantum resistant to SbIII followed by
comparative proteomic analysis of membrane and cytosolic fractions allowed the
observation of increased levels of the ABC transporter MRPA (ABCC3) for the first
time in a proteomic study [106]. The increased abundance of MRPA, a well-known
protein involved in antimonial sequestration, was accompanied by alterations in the
abundance of other transporters such as folate/biopterin transporters that presented
diminished abundance in resistant parasites. Interestingly, folate/biopterin
transporters have been previously pointed out as potential chemotherapeutic targets
in Leishmania [185, 186].

It is pertinent to mention that in the proteomic studies that aimed to analyze
Leishmania membrane proteins associated with drug resistance, the identification of
a higher number of membrane proteins, more representative of this fraction, has been
hampered possibly by the inherent limitation of 2DE for resolving hydrophobic
proteins. Furthermore, the methods hitherto used for sample preparation do not favor
the representativeness of such proteins. Such limitations can be overcome using
better solubilizing agents and gel-free shotgun proteomic approaches, as
demonstrated for other cells and tissues [187–189].

Seminal proteomic studies of antimonial resistance in L. (L.) donovani isolates
identified β-tubulin, enolase, fructose-1,6-bisphosphate aldolase, the proteasome
subunit α5, a carboxypeptidase, a fragment of HSP70, and the proliferative cell
nuclear antigen (PCNA) [102]. Interestingly, further expression analyses, by West-
ern blot and qPCR, confirmed that promastigote and amastigotes of resistant
parasites exhibit �threefold and ~fivefold increased levels of PCNA, respectively,
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compared to the antimonial-sensitive parasites [190]. Overexpression of PCNA in
antimonial-sensitive isolate resulted in significant increase of SbV IC50, and parasites
overexpressing PCNA exhibited less DNA fragmentation compared to wild-type
sensitive parasites upon treatment. In addition, parasites overexpressing PCNA
modulated negatively nitric oxide (NO) production in infected macrophages [190].

Because many of the soluble proteins detected in drug resistance studies are
among the abundant proteins commonly identified in proteomic studies of Leish-
mania and other trypanosomatids [59, 68, 71, 191], it is difficult to elucidate a clear
role in resistance for them. However, as mentioned above, further proteomic
analyses of Leishmania resistance mechanisms either to SbV or to other drugs
have corroborated that HSPs, glycolytic enzymes, TCA-related enzymes, transcrip-
tion-/translation-related proteins, peptidases, as well as DNA repair-related proteins,
among other noncanonical resistance proteins, exhibit altered abundance in resistant
parasites (Table 10.2) [50, 79, 95, 96, 103–108, 124]. Such findings reinforce the
idea that resistant parasites exhibit a better general fitness than sensitive parasites,
mediated by the (1) remodeling of their glycolytic metabolism, (2) increasing of
virulence factor abundance, (3) and more efficient protein homeostasis and DNA
repair, which together result in an increased proliferation and infectivity capability to
host cells. Some of these phenotypic traits have been corroborated in a mutant
Leishmania line that is deficient in glucose transport [100]. A detailed description
of the association between fitness and drug resistance in Leishmania can be found in
Chap. 15, this same volume. Proteomic studies of antimonial resistance have also
shown that enzymes that are precursors of trypanothione, such as S-
adenosylmethionine synthetase (SAMS) and S-adenosylhomocysteine hydrolase
(SAHH), present increased abundance in L. (V.) panamensis, L. (L.) infantum, and
L. (L.) donovani resistant parasites [95, 104, 124]. In addition, proteins involved in
redox homeostasis, such as tryparedoxin, peroxiredoxin, and pteridine reductase, are
also more abundant in resistant parasites [79, 95, 106]. Together, these findings
corroborate the hypothesis that antimonial resistance is closely associated with
nitrosative and oxidative stress resistance and remodels the parasite thiol redox
metabolism.

10.3.3 Proteomics of Miltefosine Resistance

MIL [hexadecylphosphocholine (HePC]), an alkyl phospholipid compound, is the
only oral drug currently available for the treatment of leishmaniasis. Originally
intended for breast cancer treatment, MIL proved to be effective against Leishmania
both in vitro and in animal models [192, 193]. This drug was registered and
approved for visceral leishmaniasis (VL) treatment in India in 2002, followed by
Germany in 2004. In Colombia in 2005, MIL was approved for the treatment of
cutaneous leishmaniasis (CL), where it reached cure rates of over 91% [194, 195]. In
2005, the governments of India, Nepal, and Bangladesh adopted MIL as the first-line
treatment for VL elimination [196, 197]. The oral administration of MIL avoids the
need of patient hospitalization in VL cases and reduces the inconvenience of
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injectable drugs, augmenting treatment adherence [195, 198]. Despite the recent
approval of MIL for disease treatment, clinical failures during treatment of VL and
CL caused by different Leishmania species have already been reported [199–
201]. MIL is registered for the oral treatment of canine leishmaniasis in several
European countries since 2007 (Milteforan®) and was authorized recently (2016) for
the treatment of dogs with VL in Brazil, despite studies showing that the improve-
ment in the clinical symptoms was not followed by parasitological clearance
[202]. In fact, that study did not recommend the use of MIL for dog treatment,
especially in endemic areas of Brazil where dogs have a crucial role in the mainte-
nance and transmission of the parasite [202]. In addition, failure treatment has been
reported in naturally infected dogs treated with MIL [203].

Although MIL exhibits in vitro activity against various Leishmania species [204],
the mechanism of action of this compound is not well understood. However, based
on evidence obtained in tumor cell lines, it is known that MIL acts by triggering
apoptotic pathways [205]. Evidences of PCD induced by MIL have also been
reported for L. (L.) donovani promastigotes [206]. This drug appears to affect the
integrity of cellular membranes by interfering with lipid metabolism, resulting in the
decrease of phosphatidylcholine synthesis [207, 208]. In addition, intracellular drug
accumulation seems to be required for the drug’s activity. Accumulation involves,
among other steps, the translocation of the drug across the cellular membrane, which
is accomplished with a recently identified complex of proteins including a P-type
ATPase termed L. (L.) donovaniMIL transporter (LdMT) and its β-subunit, LdRos3
[209]. Interestingly, the expression levels of these proteins are diminished in L. (V.)
braziliensis, which would help to explain the low sensitivity of this species to the
drug [210]. In addition, a common feature of MIL-resistant parasites consists of a
decrease in drug accumulation mainly due to either the decreased uptake or increased
efflux of the drug [211].

As described above, in L. (L.) donovani field isolates, HSP83 and SKCRP14.1
were implicated in the modulation of parasite sensitivity to SbV through a mecha-
nism involving features of PCD [93]. In the same study, it was observed that SbV-
resistant parasites were also cross-resistant to both MIL and AMB when compared
with the SbV-sensitive parasites. It was also shown that the parasites from the SbV-
unresponsive patient were more resistant to MIL-induced PCD. Besides being
resistant to antimonial, the HSP83-overexpressing parasites were also resistant to
MIL and were less sensitive to drug-mediated DNA fragmentation when compared
to control parasites. In addition, 10 μM MIL first induced a more rapid hyperpolari-
zation of the mitochondria in HSP83 transfectants when compared to the control
cells, followed by a depolarization that took place more slowly in HSP83-
overexpressing parasites than in control ones [93]. However, the effect of MIL
treatment on SKCRP14.1-overexpressing parasites was the opposite of that observed
with antimonial treatment. Resistant parasites transfected with SKCRP14.1 became
more resistant to MIL compared with the transfectant control. In addition,
SKCRP14.1 overexpression was significantly protected against MIL-induced mito-
chondrial depolarization and led to resistance against MIL-mediated DNA fragmen-
tation when compared with the control [93]. These results reveal the contrasting
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roles of the proteins in the resistance mechanisms of Leishmania and highlight the
importance of setting the individual action scenarios for each drug.

Recently, a study was conducted using a MIL-resistant L. (L.) donovani isolate,
which was selected in vitro by sequential exposure to the drug [97]. In this study, the
total cell extracts of sensitive and resistant promastigotes were analyzed by 2DE
(pH range, 4–7), and two differentially expressed spots were identified by LC/MS/
MS. The identified spots corresponded to the probable eukaryotic initiation factor
4A (eIF4A), a protein belonging to the DEAD-box subfamily of ATP-dependent
helicases. This protein participates in the regulation of translation initiation, and it
has been reported that its overexpression confers lithium resistance in Saccharomy-
ces cerevisiae, probably by restoring protein synthesis [212].

In a recent study, Carnielli et al. used 2D-DIGE/MS to study the differences in
protein abundances between MIL-sensitive and MIL-resistant L. (L.) infantum
isolates from VL patients with different MIL treatment outcomes [96]. Among
46 spots exhibiting different intensity, 22 proteins were identified. Proteins with
increased abundance in MIL-resistant isolates were associated with (1) redox
homeostasis, such as peroxiredoxin and S-adenosylmethionine synthetase
(SAMS); (2) stress response, including several HSPs; (3) DNA repair, such as
PCNA and mitochondrial ATPase β-subunit; and (4) glycolytic and TCA-related
enzymes, among others. A very similar group of proteins was observed in proteomic
studies of L. (L.) infantum in vitro selected for amphotericin-B resistance [107] and
in L. (L.) donovani selected for resistance against DL-α-difluoromethylornithine
(DFMO), an inhibitor of ornithine decarboxylase, the first enzyme of the polyamine
biosynthetic pathway [50] (Table 10.2). These results corroborate the multifactorial
character of drug resistance phenomenon in Leishmania and also show that
irrespective of the chemotherapy used to select the resistant lines, resistant parasites
respond in similar ways to the drug pressure (either in vivo or in vitro) exhibiting
increased resistance to oxidative and nitrosative stress, remodeling their glycolytic
metabolism and increasing their virulence.

10.4 Proteomic Challenges in the Study of Drug Resistance

Proteomic studies of drug resistance in Leishmania have increased over the last
decade. The reports reviewed here illustrate the value of proteomic approaches for
the identification of proteins and mechanisms involved in resistance phenomenon.
Those studies show that proteomic screens are useful in defining new roles for
already well-characterized proteins in addition to assigning roles for proteins of
unknown function. A summary of the proteins identified from proteomic studies
using either resistant parasites selected in vitro or parasites from clinical isolates that
are considered naturally drug resistant (proteins highlighted by the authors) is
presented in Table 10.2. As can be seen in this table, many proteins identified in
these studies have been implicated in Leishmania drug resistance using other
approaches, but many other proteins are new or even unexpected in the scenario of
drug resistance.
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Several proteins classically described as being involved in various resistance
mechanisms are membrane proteins, and this fraction has not been widely explored
in drug resistance studies in Leishmania. This fact points to the first challenge: the
deep analysis of distinct subcellular fractions of the parasite. Besides the contribu-
tion of protein annotation, subcellular proteomic analysis offers the possibility of
inferring protein function and elucidating biochemical pathways in drug resistance,
which can be exploited for purposes of drug development. In addition, it should be
taken into account that the approach used for the proteomic studies revisited here has
been 2DE, with the already mentioned limitations, applied to whole cell extracts and
analyzing only some pH ranges. As a result, a large part of the Leishmania “resis-
tance” proteome remains to be analyzed, which points to the second challenge: the
need for a comprehensive proteomic study using better solubilizing detergents for
sample preparation and gel-free methods [213] that ensures greater coverage of the
proteome. Such an approach will require more powerful and specific bioinformatics
tools to cope with the analysis of the enormous quantity of data that would be
produced. In fact, data analysis represents a considerable bottleneck in the proteomic
studies of parasites, mainly because ~50% of the coding genes do not have a
functional annotation, which is why it represents the third challenge.

In very nice example of the exploitation of pharmacoproteomics for the study of
drug targets and mechanisms of action, Wyllie et al. [53] studied by proteomic and
genomic approaches the effects of bicyclic nitro-compounds on L. (L.) donovani.
Nitro drugs are being used as part of a combination therapy for human African
trypanosomiasis (HAT) [214], and bicyclic nitro-compounds are potential
candidates for the treatment of VL (www.dndi.org). Comparing susceptible and
drug-resistant parasites, authors identified the hypothetical NADH/FMN-dependent
oxidoreductase as the activating nitroreductase (NTR2) and demonstrated that its
overexpression rendered parasite hypersensitive to bicyclic nitro-compounds. In
addition, it was demonstrated that knockout of NTR2 rendered parasites completely
resistant to the compounds [53]. This study shows the potential of pharmaco-
proteomics to study drug mechanisms and resistance in trypanosomatids.

A common trait of proteomic studies in Leishmania, as well as in other
organisms, is the recurrent identification of a group of proteins that correspond to
the most abundant ones [215]. This precludes the identification of the less abundant
proteins and obscures the studied phenomenon. Thus, a dedicated analysis of
Leishmania most abundant proteins with the subsequent construction of an interac-
tive database containing raw mass data and mass spectra data of these proteins would
allow a better exploitation of the proteomic studies, saving time and optimizing
resources [216]. In addition, the wide use of transfection models and the potential
exploitation of a putative RNA interference (RNAi) pathway, at least in L. (Viannia)
parasites [2, 217], would reinforce and complement the proteomic analysis of
changes associated with drug resistance. Finally, as far as we know, proteomic
studies of the resistance to other drugs used for leishmaniasis treatment, such as
pentamidine, paromomycin, and azoles, have not been reported.
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10.5 Concluding Remarks

As the cellular proteome is a dynamic scenario, it should be considered that inter-
and intraspecific Leishmania genetic variation, in addition to host immune responses
and host genetic background, might influence the resistant or sensitive phenotype of
the parasites [218]. Thus, despite being rich and detailed, proteomic profiles repre-
sent specific patterns that need to be contextualized into a “biological system” level
where the complexity must be governed by well-defined mechanisms. The continued
advances in proteomic technology development, together with genome data and
bioinformatics analysis, could reveal effective therapeutic strategies for species-
specific treatments in the future, individualizing the epidemiological settings and
valorizing the patients [219]. A large endeavor joining expertise, technologies,
facilities, and knowledge would be desirable for obtaining and (re-) interpreting
proteomic data of drug resistance in Leishmania.
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The Role of ABC Transporters in Drug-
Resistant Leishmania 11
Adriano C. Coelho and Paulo C. Cotrim

Abstract
The ATP-binding cassette (ABC) transporters belong to the largest family of
transmembrane proteins found in living organisms. These proteins are present in
prokaryotes and eukaryotes and are mainly involved in the transport of a variety
of molecules across cellular membranes, whereas others are involved in
biological processes unrelated to transport. The genome sequencing of several
Leishmania species confirmed the presence of members for all eight different
subfamilies of ABC transporters (ABCA to ABCH), according to their specific
functional and molecular characteristics. These proteins have recently been
characterized in Leishmania; some of them associated with drug resistance,
which is a significant field in leishmaniasis chemotherapy, a disease still lacking
effective treatment, with increasing daily reports of therapeutic failure. In this
chapter, we focus our discussion on the association of these proteins with drug
resistance in leishmaniasis and its fundamental role in the pathology and pharma-
cology of this medically important protozoan parasite that currently infects
around 12 million people in the world.

A. C. Coelho
Departamento de Biologia Animal, Instituto de Biologia, Universidade Estadual de Campinas,
Campinas, SP, Brazil

P. C. Cotrim (*)
Departamento de Moléstias Infecciosas e Parasitárias, Instituto de Medicina Tropical, Faculdade de
Medicina, Universidade de São Paulo, São Paulo, SP, Brazil
e-mail: pccotrim@usp.br

# Springer International Publishing AG, part of Springer Nature 2018
A. Ponte-Sucre, M. Padrón-Nieves (eds.), Drug Resistance in Leishmania Parasites,
https://doi.org/10.1007/978-3-319-74186-4_11

247

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74186-4_11&domain=pdf
mailto:pccotrim@usp.br


11.1 Introduction

The ABC proteins belong to the largest family of transmembrane proteins found in
all life kingdoms from bacteria to humans [1, 2]. According to Saurin et al. [3], ABC
proteins are responsible for the export and import molecules in prokaryotes, while in
eukaryotes these transporters have only export functions. These proteins are mainly
involved in the transport across cellular membranes of a variety of molecules like
ions, peptides, sugars, lipids, or even large molecules like polypeptides and
polysaccharides. Based on the huge variety of molecules involved in the transport
of these proteins, ABC transporters can be classified as members of the permeome of
a given organism that are all proteins responsible for membrane permeability and
that encompasses the full set of transporters and channels. Moreover, the ABC
proteins can be also involved in biological processes unrelated to transport like
DNA repair, DNA translation, or even gene expression [4]. The first identification of
an ABC transporter in Leishmania was associated with drug resistance [5],
indicating that these proteins may play similar roles to those described for other
parasitic protozoa [6] and cancer cells [7].

The ABC transporters have a highly conserved structure that includes an ATPase
domain (Fig. 11.1). The ATP-binding cassette, or NBD (nucleotide-binding
domain), is composed of three major conserved motifs: the Walker A and B motifs
and the signature motif C, a specific sequence, characteristic of all ABC transporters,
located just upstream of the Walker B motif [2, 8]. The motif C is a unique sequence
of ABC transporters that distinguishes them from other proteins containing the NBD
(Fig. 11.1). The general structure of these transporters consists of four structural

Fig. 11.1 General protein structure of a typical ABC transporter (A) and its nucleotide-binding
domain (NBD) (B). (A) The ABC transporter consists of two halves of the protein, each half
containing a transmembrane domain (TMD) (in red) and a NBD (in yellow). (B) The NBD is
constituted by the Walker A and B motifs found in all ATP-binding proteins. In addition, in the
NBD, there is the signature, or C motif. These domains are represented in the figure and the most
common amino acids found in these motifs are shown indicated above the diagram. In general, the
subfamilies contain characteristic residues in these and other regions
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domains in the same polypeptide chain, containing two hydrophobic transmembrane
domains (TMD) with multiple α-helices and two nucleotide-binding domains (NBD)
responsible for ATP binding and hydrolysis, to catalyze the transport of metabolites
and drugs across membranes [2, 9, 10] (Fig. 11.1A). Besides full transporters
containing two TMDs and two NBDs represented as (TM-NBD)2, eukaryotic
ABC transporters can be organized as half-transporters with one TMD and one
NBD with a structural organization TMD-NBD or NBD-TMD. Moreover, there are
some intracellular ABC proteins with no TMD and two NBDs fused in the same
molecule. The diversity of ABC family in Leishmania has been revealed by the
genome sequencing of several species of the parasite that contain members of all
eight subfamilies (ABCA to ABCH subfamilies) [11] (Table 11.1). Differently, not
all subfamilies are present in other eukaryotes, as for example, ABCH subfamily that
is not present in the genome of humans and yeast and in the plant Arabidopsis
thaliana [13] (Table 11.1). Despite this diversity, most of functions described for the
ABC transporters in Leishmania to date are restricted to drug resistance and traffic of
phospholipids [5, 14–18]. Nevertheless, it is probable that cellular functions not yet
elucidated will clarify the functional importance of this huge gene family that
represents 0.5% of the entire Leishmania genome.

11.2 ABC Proteins in Leishmania: Functions and Their Role
in Drug Resistance

11.2.1 ABC Genes in Leishmania: Organization and Distribution

Leishmania parasites contain a full set of ABC proteins with a variety of structures
envisaged by the genome database. The use of next-generation sequencing
technologies in recent years has become available several high-quality draft and
finished genomes of several species, strains, and clinical isolates of the parasite [19–
21], most of them available at TritrypDB (www.tritrypdb.org). According to the
TritrypDB, the genome of Leishmania (Leishmania) major, L. (L.) mexicana, L. (L.)
infantum, and L. (Viannia) braziliensis, species responsible for cutaneous (CL),
diffuse cutaneous (DCL), visceral (VL), and mucocutaneous (MCL) leishmaniasis
respectively, contains around 8000 genes with different numbers of ABC genes
present in each genome. A systematic BLAST analysis using the NBD consensus
demonstrated the presence of 42 genes in the genome of L. (L.) major and L. (L.)
mexicana and 43 and 39 genes in the genome of L. (L.) infantum and L (V.)
braziliensis respectively [11, 12] (Table 11.1).

In silico analyses have demonstrated that at least three known genes are absent in
L. (V.) braziliensis (ABCB4, ABCC1, and ABCG3), when compared with those
present in other three Leishmania species (Table 11.1). Unfortunately, the role of
these ABC proteins in the biology of the parasites is still unknown. There is also an
extra gene present in the genome of L. (L.) infantum, named ABCC9. It is considered
the most divergent member of the ABCC subfamily [12] (Table 11.1). It is absent in
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the genome of L. (L.) major and L. (L.) mexicana and its orthologue in L. (L.)
braziliensis is a pseudogene [12] (Table 11.1).

Two other trypanosomatids related to Leishmania, Trypanosoma brucei and
T. cruzi, have less members of ABC proteins (28 and 22 ABC proteins, respec-
tively), when compared to Leishmania, indicating that the ABC gene family is
expanded in Leishmania genus [4] (Table 11.1). This expansion occurs because
there are higher number of representatives of the subfamilies ABCA, ABCC, and
ABCG that are in clusters of two or even three genes in the genome [11, 22]. One
example is the occurrence of ABCC genes in tandem in chromosome 23 and 31 of L.
(L.) major [11, 23]. The synteny of these genes is well conserved among Leishmania
species, indicating that the duplication process for ABCA, ABCC, and ABCG
subfamilies occurred before speciation of the Leishmania genus, despite over 15 mil-
lion years of proposed divergence [24, 25]. However, the duplication events are
restricted to some subfamilies of ABC proteins; gene members of ABCD, ABCE,
and ABCF subfamilies have no duplication in the genome of Leishmania species,
and their orthologues are present in the genome of T. brucei and T. cruzi [4, 11]
(Table 11.1).

The pattern of gene expression of ABC genes was initially studied using
customized DNA microarrays. The stage-specific expression in Leishmania showed
that a restricted number of ABC genes are regulated throughout the parasite life cycle
[11]. The genes ABCA3 and ABCG3 were detected as preferentially expressed in the
amastigote stage, while the gene ABCF3 was increased in the promastigote form. No
other variation in the expression of these genes was observed [11]. On other hand,
changes in the expression level of ABC proteins from subfamilies ABCA, ABCB,
ABCC, and ABCG were observed in promastigotes and axenic amastigotes of L. (L.)
infantum by proteomic analyses [26]. These results confirm the importance in
assessing stage-specific protein expression by proteomic analysis in trypanosomatid
parasites that control the gene expression almost exclusively at the post-
transcriptional level [27].

Studies about the role of ABC proteins in the biology, metabolism, transmission
and infection of leishmaniases are limited and even unknown. So far, some members
of the ABCA subfamily were described as being related to the traffic of
phospholipids, while some ABCB, ABCC, and ABCG members are associated
with drug resistance [11], an important challenge in the disease chemotherapy.
These ABC proteins may be associated with drug resistance by two main
mechanisms: (1) increase in the ABC protein levels, due to gene amplification or
overexpression of the respective gene, and/or (2) gene mutations capable to change
the biochemical properties of the ABC transporter and thus affecting the drug
transport capacity [28]. To facilitate the explanation, we will subdivide this chapter
according to the different ABC subfamilies.

11.2.2 ABCA Subfamily’s Proteins

The ABCA subfamily contains some of the largest members of all ABC transporters,
with more than 200 kDa of predicted molecular weight. They share a high degree of
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sequence conservation and have been mostly related to lipid trafficking and drug
resistance in cancer cells [29]. In Leishmania this subfamily contains ten members
that are conserved in the genome of all species of the parasite (Table 11.1)
[11, 30]. These ten members are homologous to the mammalian ABCA subfamily
(ABCA1–ABCA10) presenting the typical structure of an ABC transporter
(TM-NBD)2. Some of ABCA subfamily members are duplicated in the Leishmania
genus. The duplication process occurred during the evolution of the genus and
suggests that these members may have acquired different functions in the biology
of the parasite when compared to the other trypanosomatids that have less ABCA
members (Table 11.1).

In Leishmania, only two ABCA proteins have been characterized (ABCA4 and
ABCA8), although none of them has been associated with drug resistance
[14, 18]. On the contrary, in human cells, at least two members of this subfamily
(ABCA2 and ABCA3) were associated with drug resistance in cancer chemotherapy
[29, 31, 32]. One of the main mechanisms involved is based in the subcellular drug
sequestration to the lysosomes that afterwards export them out of the cell.

ABCA4 and ABCA8 were characterized in L. (L.) tropica and originally termed
as LtrABCA2 and LtrABCA1.1, respectively [14, 18]. The ABCA8 was the first
member of this subfamily described in unicellular eukaryotes, and it corresponds to a
protein of around 200 kDa, localized in the flagellar pocket and in the plasma
membrane [18]. ABCA4 is not only localized in the flagellar pocket but also in
internal vesicles [14]. Transfectants of L. (L.) tropica overexpressing both genes
have a decreased retention of the phospholipids, phosphatidylcholine,
phosphatidylserine, and phosphatidylethanolamine, suggesting that these ABCA
proteins play a role in lipid movements across the plasma membrane
[14, 18]. According to these authors [14], the differences in their cellular localization
may occur due to the high divergence in the NH2-terminus sequence of these ABCA
proteins. Interestingly, the overexpression of these ABCA members (ABCA4 and
ABCA8) in L. (L.) tropica reduced the in vitro infectivity into macrophages
[14, 18]. Overexpression of these two ABCA transporters in Leishmania
demonstrated no resistance to several compounds, like amphotericin-B, miltefosine,
and edelfosine, or to other known substrates of ABC transporters [14, 18].

In trypanosomes, a restricted number of ABCA members are present in their
genome, with only two in T. brucei and five in T. cruzi [11] (Table 11.1). Only one
member has been characterized in T. cruzi, TcABC-1, a protein with approximately
41% amino acid identity with the Leishmania ABCA4 and ABCA8 proteins
[33]. The role of TcABC-1 in T. cruzi seems to be associated with endocytosis
and vesicular trafficking. TcABC-1 is also located in the plasma membrane and
flagellar pocket and it is present in all the stages of the parasite, except in the
trypomastigote stage [33]. There is no report correlating drug resistance with
TcABC-1 in the literature, corroborating up to date the data described for Leish-
mania ABCA proteins.

Customized DNA microarrays have been used in the analysis of ABC transporter
genes in antimonial resistance to determine whether they are involved in drug
resistance [11]. ABCA3 and ABCC3 were found to be overexpressed in a L. (L.)
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infantum strain resistant to trivalent antimony (SbIII), compared with an antimony-
sensitive L. (L.) infantum promastigote parasite [11]. However, transfection of both
genes in wild-type parasites did not confer higher levels of SbIII resistance than with
the overexpression of ABCC3 alone, excluding a possible role in drug resistance for
ABCA3 protein.

The role of the other eight members of this subfamily remains to be described and
even including if they are involved in drug resistance in Leishmania.

11.2.3 ABCB Subfamily’s Proteins

The ABCB subfamily contains four members in Leishmania (Table 11.1). Unlike the
ABCA subfamily with all its members classified as “full” transporters with a
duplication of the TM and NBD structure (TM-NBD)2, the ABCB subfamily has
two “full” and two “half” transporters [11]. The main functions described in the
literature related to these proteins are drug resistance, transport of peptides, iron/
sulfur clusters biogenesis, and association with the RNA interference process in
Caenorhabditis elegans [34–38].

ABCB4 was the first ABCB transporter described in L. (L.) donovani, originally
known as LdMDR1 or MDR1 (multidrug resistance-1) [34, 36, 39–42]. Together
with ABCB2 (or MDR2), these full transporters of the ABCB subfamily were
described in several species of Leishmania as proteins involved in resistance to
different drugs [34, 36, 39–42] (Table 11.2). Members of this subfamily have also
been associated with drug resistance in cancer cells, named as ABCB4 (MDR1) and
ABCB2 (MDR2) [9]. The MDR phenotype is characterized by the presence of cross-
resistance to a well-defined spectrum of drugs. The general resistance mechanism
consists in an increase of drug efflux from the cell that reduces the concentration of
the drug inside it [9]. The overexpression and function of these transporters is
measured by the decreased signal produced by rhodamine-123, a fluorescent marker
of ABCB proteins also known as P-glycoproteins [43, 56]. In vinblastine resistant
L. (L.) amazonensis, a reduced accumulation of this dye has been observed as a
consequence of its increased efflux through the transporters [43].

The ABCB4 transporter has been described in several species of Leishmania
(Table 11.2), as associated with drug resistance to vinblastine and daunorubicin, as
well as to other unrelated hydrophobic drugs such as puromycin, adriamycin, and
doxorubicin, none of them used for leishmaniasis chemotherapy [34, 36, 39, 40, 42–
44]. Curiously, it was demonstrated that ABCB4 overexpression could lead to
miltefosine/edelfosine cross-resistance in a Leishmania mutant selected for dauno-
mycin [57]. No gene amplification or overexpression was observed in L. (L.)
donovani resistant to miltefosine, suggesting that the mechanism of resistance is
not due the ABCB4 gene amplification [58].

Miltefosine, a hexadecylphosphocholine, is the first effective oral drug for the
treatment of visceral leishmaniasis [59, 60]. The mode of action of this drug is not
well known but is associated with changes in alkyl-lipid metabolism and phospho-
lipid biosynthesis [61]. Phospholipids were previously demonstrated to be substrates
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for ABCB transporters [62]; however, if ABCB4 is associated with miltefosine
treatment, failure against Leishmania is still controversial. The main resistance
mechanism is related with two proteins present in the parasite plasma membrane
responsible for the accumulation of phospholipids [63–65] (see chapter
“Mechanisms of Miltefosine Resistance in Leishmania” in the previous edition of
this book). Localization of ABCB4 in Leishmania is intracellular, in endocytic and
secretory compartments including the Golgi apparatus, the endoplasmic reticulum
(ER), and the multivesicular tubule (MVT) lysosome [45]. The subcellular location
of ABCB4 indicates that the mechanism of drug resistance mediated by this protein

Table 11.2 ABC proteins involved in drug resistance in Leishmania spp.

ABC
protein
(Alias) Leishmania sp. Drug(s) Cellular localization

Reference
(s)

ABCB2
(MDR2)

L. (L.) amazonensis 5-Fluorouracil Flagellar pocket and
multivesicular tubule
lysosome

[41]

ABCB4
(MDR1)

L. (L.) amazonensis,
L. (Mundinia)
enrietti, L. (L.)
donovani, L. (L.)
tropica

Vinblastine,
purommycin
daunomycin,
miltefosine,
edelfosine

Golgi apparatus,
endoplasmic reticulum,
multivesicular tubule
lysosome, and
mitochondria

[34, 36,
39, 43–
45]

ABCC3
(PGPA/
MRPA)

L. (L.) major, L. (S.)
tarentolae, L. (L.)
infantum

SbV, SbIII, and
AsIII

Vesicles between the
nucleus and flagellar
pocket

[17, 46–
49]

ABCC4 L. (L.) infantum SbIII Tubular compartment
oriented along the
longitudinal axis of the
parasite

[12]

ABCC5 L. (L.) infantum SbIII Tubular compartment
oriented along the
longitudinal axis of the
parasite

[12]

ABCC7
(PRP1)

L. (L.) major Pentamidine and
SbIII

Intracellular vesicles [16, 50,
51]

ABCG2 L. (L.) major SbIII Intracellular vesicles and
partially located in the
plasma membrane

[52]

ABCG4 L. (L.) infantum Miltefosine,
edelfosine,
sitamaquine

Plasma membrane and
flagellar pocket

[15]

ABCG6 L. (L.) donovani,
L. (L.) infantum

Camptothecin,
miltefosine,
chloroquine, and
sitamaquine.

Plasma membrane and
flagellar pocket

[53, 54]

ABCI4 L. (L.) major SbV, SbIII, AsIII,
cadmium (CdII),
and some toxic
porphyrins

Mitochondria and plasma
membrane

[55]
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occurs in two steps: first, the drug is accumulated in intracellular compartments and
subsequently eliminated through exocytosis, a mechanism not associated with drug
efflux across the plasma membrane, as it has been described for its mammals MDR1
orthologues [9]. Finally, the fact that the ABCB4 member is not present in the L. (V.)
braziliensis genome (Table 11.1) suggests that it must not play a role in miltefosine
resistance in this species [65]. As in L. (V.) braziliensis, no other trypanosome
contains this orthologue in its genome [11].

Pentamidine-resistant mutants of L. (L.) mexicana, L. (L.) donovani and L. (L.)
amazonensis have a reduced accumulation of the drug in the mitochondria [66–68]
and this phenotype could be due an ABCB4’s decreased import activity. Although
these observations are not directly associated with this ABC transporter, the use of
classical inhibitors of ABC transporters such as verapamil (a calcium channel
blocker known to reverse multidrug resistance in Plasmodium falciparum and
mammalian cells) [10, 69] was able to reverse pentamidine resistance in Leishmania
cells [50, 66], indicating that an ABC transporter is involved in this process.
Moreover, it was demonstrated that iron levels could have a modulatory effect on
the ABCB4’s capacity to transport pentamidine to an intracellular organelle
connected to the mitochondria. In this model, iron can potentiate pentamidine
accumulation, while its deprivation causes the reduction of the drug inside the
parasite [70]. These authors also demonstrated an inversed correlation between
ABCB4 gene copy number and pentamidine resistance. Additional studies are
needed to clarify if this hypothesis is correct or not.

The second full transporter that belongs to the ABCB subfamily in Leishmania is
ABCB2 also known as MDR2 (Table 11.2). This member was initially characterized
in L. (L.) amazonensis and its expression increases in 5-fluorouracil-resistant
parasites, although it has not been related to any other ABCB4 substrate.
LaMDR2 exhibits 47% amino acid identity to its most closely related protein,
LaMDR1 [41]. In mammalian cells, MDR2 transports phospholipids [32]; however,
no cross-resistance to miltefosine was observed in parasites overexpressing this
ABC transporter [41]. The subcellular localization of ABCB2 overlaps with the
MVT lysosome and the flagellar pocket, suggesting that ABCB2 and ABCB4 in
Leishmania have a similar localization (Table 11.2).

Besides these two ABCB proteins in Leishmania, the two other members,
ABCB1 and ABCB3, are half-transporters (TM-NBD) also present in other
trypanosomatids [11] (Table 11.1). There is still no information about the role of
ABCB1 in the biology of Leishmania, while the role of ABCB3 was recently
reported. In human cells, these half-transporters are involved in important biological
processes such as transport of peptides into the endoplasmic reticulum, iron meta-
bolism and transport of iron/sulfur protein precursors for the ABCB proteins located
in the mitochondria [32]. They are intracellular and located in the membrane of
mitochondria, endoplasmic reticulum and lysosomes.

Leishmania is auxotrophic for heme and must acquire porphyrins from its host.
The ABCB3 is an orthologue of the yeast ATM1 protein and the human ABCB6 and
ABCB7 proteins. These ABC proteins, located in the inner mitochondrial mem-
brane, are involved in the transport of porphyrins and in the biogenesis of
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mitochondrial heme and in cytosolic iron/sulfur clusters [11, 32, 71, 72]. These
findings confirmed the essentiality of ABCB3 protein in Leishmania in the survival
of the parasite. The inactivation of just one allele of ABCB3 gene reduced the
replication of intracellular amastigotes and the virulence of the parasites in mouse
[72]. Interestingly, the resistance mechanism mediated by ABCB4 depends on the
iron levels present in Leishmania [70] that is regulated by ABCB3 [72].

11.2.4 ABCC Subfamily’s Proteins

The ABCC proteins are responsible for the transport of toxic compounds into
intracellular compartments, and it is also known that this subfamily is often
implicated in the secretion of toxic molecules and in cellular detoxification in
eukaryotic cells [2, 73]. These proteins are also involved in the ATP-dependent
transport of thiol conjugates. In human tumor cells, the ABCC proteins are also
known as MRP (multidrug resistance associated proteins) conferring resistance to
multiple drugs and to other compounds conjugated to anionic molecules such as
reduced glutathione, glucoronate, sulfate, phosphate, and glutamate [74]. Glutathi-
one (GSH) is a tripeptide that contains an unusual linkage between the amine group
of cysteine and the carboxyl group of the glutamate side chain. GSH protects cells
from reactive oxygen species such as free radicals and peroxides acting as an
antioxidant [75].

The first ABC transporter described in Leishmania involved in drug resistance
was ABCC3 (also known as PGPA or MRPA) (Table 11.2). This protein is involved
in trivalent arsenite (AsIII), SbV and SbIII resistance in Leishmania spp. ABCC3 does
not confer resistance to hydrophobic drugs like vinblastine and puromycin, although
it was initially detected in DNA amplicons (or H-circles) of methotrexate-resistant
promastigotes [5, 46–48, 76]. Later on, it was demonstrated that methotrexate
resistance in Leishmania depends on the presence of the pteridine resistance gene
(PTR1), implicated in the synthesis of reduced folates, and not to the ABCC3 gene
contained in these circles [77, 78]. The H-circles are circular DNA originated
through recombination of repetitive sequences [79, 80] with an important role in
drug resistance in Leishmania [81–83].

Leishmania parasites transfected with the ABCC3 gene reach high levels of
resistance to AsIII and antimonials; however, these levels of resistance are smaller
than the observed for mutants selected with these same drugs [17, 46]. These
findings indicate that other genes, not directly related to ABCC3 overexpression,
are involved in the resistance mechanism. For example, in three independent mutants
of L. (L.) major resistant to SbIII characterized by whole genome sequencing and
comparative genomic hybridization, the ABCC3 gene was not amplified in these
mutants and the mechanism of resistance was due to a terminal deletion in the
polyploidy chromosome 31 that contains the gene of the aquaglyceroporin (AQP1)
and an intrachromosomal amplification of a subtelomeric locus on chromosome
34 containing ascorbate-dependent peroxidase and glucose-6-phosphate dehydroge-
nase genes [84]. Nevertheless, one should not rule out the relationship of ABCC3
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gene with the mechanism of resistance, since gene disruption of ABCC3 gene in
Leishmania results in a greater sensitivity of amastigotes against AsIII and SbIII

[85]. The ABCC3 transporter is located in the intracellular vesicular membrane close
to the flagellar pocket and confers resistance by sequestering metal-thiol conjugates
to these vesicles [47] (Table 11.2).

Among the thiol conjugates, tripanothione (TSH) is the major reduced thiol in
Leishmania, a conjugate of GSH with spermidine [86]. The biosynthesis of TSH
involves two main enzymes: γ-glutamylcysteine synthetase (GSH1) and ornithine
decarboxylase (ODC) [87]. These enzymes are responsible for the synthesis of GSH
and spermidine respectively, and can be found in increased levels in mutants of
Leishmania resistant to metals and also in clinical isolates resistant to SbV [86, 88–
91]. However, in some metal-resistant mutants of Leishmania, these genes are not
amplified, as it was described in L. (L.) mexicana, L. (L.) tropica, and L. (L.) major
mutants resistant to SbIII [84, 92, 93].

Co-transfection experiments demonstrated a strong synergy between ABCC3 and
GSH1 when both genes are expressed in a revertant strain of L. (Sauroleishmania)
tarentolae (an antimony-resistant mutant grown in the absence of drug), but not
when they are overexpressed in a wild-type background [88, 89]. This evidence
suggests that additional factors besides the increased expression of ABC proteins are
associated with antimony resistance in Leishmania. Furthermore, the ABCC3 gene
does not amplify in response to antimonials in L. (V.) braziliensis [94], probably due
to the RNAi activity recently described in parasites of subgenus Viannia [95]. Extra-
chromosomal circular DNAs are transcribed in both strands in Leishmania [96, 97]
and the RNAi activity in these species would inhibit the gene expression after the
formation of double-strand RNA.

Most of the studies about drug resistance in Leishmania were performed in the
promastigote form, while a limited number of studies were done in amastigotes, the
stage responsible for the disease in man. Accordingly, it was observed the ABCC3
overexpression in L. (L.) infantum axenic amastigotes resistant to antimony, as
already observed in promastigote form of several species of Leishmania resistant
to metals. Additionally, the transfection of the ABCC3 gene in L. (V.) panamensis
conferred resistance to SbV in intracellular amastigotes; the resistant phenotype
could be abrogated by buthionine sulfoximine, a glutathione biosynthesis-specific
inhibitor [17]. These data confirmed the first association of ABC transporters with
drug resistance in Leishmania amastigotes. In a later study, antimony-sensitive and
antimony-resistant L. (L.) donovani strains isolated from patients with visceral
leishmaniasis (Kala-azar), a comparative proteomic analysis was performed; in this
case, no ABC protein was differently expressed between the strains, indicating that
the mechanism is not associated with the amplification of the ABCC3 gene or any
other ABC gene [98]. Besides, customized DNA microarrays have been used in the
analysis of ABC transporter genes in antimonial resistance to determine whether
other ABC genes are involved in drug resistance. The ABCC3 gene was also
overexpressed in a L. (L.) infantum strain resistant to SbIII, compared with SbIII-
sensitive parasites, a phenomenon already described in other strains and even in the
amastigote stage of this L. (L.) infantum mutant [17, 46, 47]. Similar findings were
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observed in an SbIII-resistant mutant of L. (L.) infantum evaluated by proteomic and
genomic analyses that contained the ABCC3 overexpressed [99] and in the main
species of the parasite that are endemic in Brazil after selection for antimony
resistance in vitro [100, 101].

In T. brucei, a common phenotype associated with the overexpression of
TbMRPA, orthologous to ABCC1 in Leishmania, may be found in arsenical-
resistant mutants [102]. The resistant phenotype was not significantly increased by
the additional overexpression of ODC and/or GSH in this parasite, probably due to
the higher cytosolic tripanothione levels when compared to Leishmania
[102]. Besides TbMRPA, T. brucei has another ABCC transporter (TbMRPE,
orthologous to ABCC6) involved in the resistance to suramin, a well-established
drug used to treat African sleeping sickness [102].

In Leishmania six additional ABCC members have already been described; they
all belong to the MRP group. Within this cluster ABCC2 (alias PgpB), ABCC1
(PgpC), ABCC5 (PgpD), ABCC4 (PgpE), and ABCC7 (PRP1) are present. Essays
of drug susceptibility after gene transfection demonstrated that these ABC proteins
have no role in SbIII resistance [12]; only ABCC7 gene codifies for a protein that
confers pentamidine resistance (a second-line drug used in the chemotherapy of the
disease) when overexpressed in wild-type promastigotes and in amastigotes of
L. (L.) major and L. (L.) amazonensis [16, 50] (Table 11.2). Moreover, the
overexpression of ABCC7 in L. (L.) infantum also conferred pentamidine resistance
in promastigotes and axenic amastigotes [50].

The PRP1 (pentamidine resistance protein 1) is intracellularly located and is
associated with the tubulovesicular element [50, 51] that is linked to the exo- and
endocytosis pathways [103–105] (Table 11.2). The role of ABCC7-PRP1 was also
investigated in L. (L.) amazonensis mutants resistant to pentamidine selected
in vitro. Despite its role in pentamidine resistance in a transgenic line overexpressing
this gene, no amplification and/or overexpression of ABCC7 gene was found in the
resistant line [16, 50, 67]. In a similar study with L. (L.) major mutants resistant to
pentamidine, no amplification was either observed, indicating that the mechanism of
resistance must not be due to ABCC7 gene amplification [106]. A search for
repetitive elements of DNA in the genomic region of the ABCC7 gene in L. (L.)
major demonstrated the absence of repetitive sequences. This fact, combined with
the stability of the resistant phenotype in the absence of pentamidine, suggests that
stable mutations in one or more genes must be responsible for the pentamidine
resistance phenotype [67]. Considering this hypothesis, a mutation in ABCC7 gene,
for example, would increase the transport activity and consequently would confer
resistance to the drug. Nevertheless, this hypothesis has not been still proven. The
use of whole genome sequencing technology could be useful to reveal potential
mutations in this and other resistant parasites [107].

The overexpression of ABCC7 also confers SbIII resistance [12, 16]. However,
with the exception of ABCC3, no other ABCC protein was identified overexpressed
in antimony-resistant mutants [11, 49].
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The cellular localization of all members of Leishmania ABCC subfamily was
already determined. They are all located intracellularly, although their localization
may vary inside the parasite. While ABCC7, ABCC4, and ABCC5 are located in a
tubular compartment oriented along the longitudinal axis of the parasite, ABCC1,
ABCC2, and ABCC6 are placed in a network of intracellular membranes, while
ABCC8 is restricted to the posterior end of the parasite [12]. Among the ABCC
proteins, only the ABCC9 protein has not been investigated due to the absence of
essential residues in the protein the C motif, according to its sequence and by the fact
that this member is restricted to L. (L.) infantum. Interestingly, unlike in Leishmania,
the ABCC proteins in humans or even T. brucei are located in the plasma membrane,
demonstrating that these proteins can have different cellular localization in other
organisms [73, 102].

In the plasma membrane of the parasite was also reported an SbIII efflux system
that is not mediated by an ABCC transporter, once all proteins of this subfamily in
Leishmania are intracellular [12]. So far, the transporter responsible for this anti-
mony efflux system is unknown [108].

Concerning the role of other ABCC transporters in drug resistance, it was
demonstrated that ABCC4 and ABCC5 are also associated with antimony resistance,
when transfected into a partially revertant cell line of L. (S.) tarentolae, initially
selected for SbIII resistance, but growing without the drug by several passages
[12]. These cells remain resistant to SbIII when grown in the absence of the drug,
and their resistance phenotype is increased when ABCC4 or ABCC5 proteins are
overexpressed [12]. On the other hand, ABCC3 and ABCC7 transfectants may
confer resistance not only to SbIII in the revertant cell line but also in the parental
wild-type strain [12]. These observations suggest that ABCC4 and ABCC5 proteins
transport SbIII conjugated to thiols, since the level of thiols in this L. (S.) tarentolae
revertant mutant remains at least threefold higher than in the wild-type parasite.

In T. cruzi, two ABC transporters were already characterized: tcpgp1 and tcpgp2
[109, 110], orthologues of ABCC6 and ABCC2 in Leishmania respectively
[11]. TcABCC2 (tcpgp2) is not related to nifurtimox and benznidazole resistance,
the main drugs used in the chemotherapy of Chagas’ disease, nor to the several
MDR1 substrates, SbV, SbIII and other metals [109]. Analysis of expression of these
ABC genes in several T. cruzi strains and clones that were either susceptible or
naturally resistant to nifurtimox and benznidazole indicated no amplification or
overexpression of these ABC transporters [111].

The study of ABCC proteins in drug resistance among field isolates is scarce. It
was demonstrated that ABCC3 gene is amplified in some clinical isolates of L. (L.)
donovani resistant to SbV [90, 112]. Contrarily, this was not the case of ABCC3 and
ABCC7 genes, whose expression was not altered in field isolates of L. (L.) donovani
resistant to SbV [113, 114]. Whole genome sequencing of several L. (L.) donovani
clinical lines isolated from visceral leishmaniasis patients from the same endemic
region, which differ in SbIII susceptibility in vitro, was also evaluated [19]. It was
observed a low genetic diversity among these isolates and an extensive variation in
chromosome copy number, with no specific change in gene copy number or single-
nucleotide polymorphism of ABCC genes [19]. These findings indicate that ABCC
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proteins are not necessarily involved in SbIII resistance in Leishmania and that these
observations may differ among Leishmania species, strains and clinical isolates from
the field and from resistant lines selected in the laboratory.

11.2.5 ABCG Subfamily’s Proteins

The ABCG subfamily, also known as the White family, is another subfamily of ABC
transporters with members involved in drug resistance in Leishmania. The ABCG
proteins are half-transporters that display a reverse topological disposition
(NBD-TMD). The main function of these transporters relates to cellular lipids
homeostasis and drug resistance [115]. In humans, for example, the ABCG2 protein
(also called BCRP and MXR) is involved in a MDR phenotype in some cancer cells,
conferring resistance to anthracyclines, mitoxantrone, bisantrene, and camptothecins
topotecan [116, 117].

The ABCG subfamily in Leishmania is composed of six members, while in the
trypanosomes T. brucei and T. cruzi, there are only four members [11]. Among the
six members in Leishmania, three members have already been described as able to
confer resistance to drugs. Recently, it was demonstrated in L. (L.) infantum that the
overexpression of ABCG4 gene is related to resistance to sitamaquine, miltefosine
and its analogs edelfosine and perifosine [15] (Table 11.2). Transfectants
overexpressing this ABC gene showed a reduction in cytoplasmic concentration of
fluorescent phospholipids and labeled miltefosine, suggesting that ABCG4 enhances
the outward transport of miltefosine across the plasma membrane. This hypothesis
was confirmed by the subcellular localization of ABCG4, restricted to the flagellar
pocket and plasma membrane [15] (Table 11.2). On the contrary, L. (L.) donovani
mutants resistant to sitamaquine are not cross-resistant to miltefosine, indicating that
the ABCG4 is not involved in sitamaquine resistance and another mechanism of
resistance to this drug may be acting here for this species [118].

ABCG6 is the second protein from the ABCG subfamily characterized in Leish-
mania, and similarly as ABCG4, it is also related to drug resistance. It was
demonstrated that L. (L.) donovani parasites overexpressing ABCG6 are resistant
to camptothecin, a drug that inhibits the topoisomerase I [53] (Table 11.2). The
ABCG6 is restricted to the plasma membrane and flagellar pocket, and the
camptothecin resistance phenotype is mediated by drug efflux in an
ATP-dependent process [53]. These same authors have shown that mutants resistant
to this drug had a threefold increase in the mRNA levels of ABCG6 gene, a result that
was not observed for the other ABCG subfamily member, ABCG4, or even for
others ABC proteins associated to drug resistance [53]. Moreover, promastigotes as
well as axenic amastigotes resistant to camptothecin were neither cross-resistant to
general antileishmanial drugs, such as sodium stibogluconate, sodium arsenite, and
miltefosine, nor to the topoisomerase inhibitors, dihydrobetulinic acid and baicalein
[53]. ABCG6 was also characterized in L. (L.) infantum, and unlike L. (L.) donovani,
the overexpression of ABCG6 in this species confers resistance to camptothecin and
cross-resistance to miltefosine, sitamaquine, and chloroquine [54]. On the other

260 A. C. Coelho and P. C. Cotrim



hand, these ABCG6 overexpressing transfectants can also transport phospholipids as
observed in L. (L.) donovani [53, 54].

More recently, the role of ABCG2 in drug resistance in Leishmania was
demonstrated. Promastigotes overexpressing ABCG2 are resistant to SbIII and AsIII,
but they are not resistant to substrates of the other ABCGs of Leishmania (ABCG4
and ABCG6): miltefosine, perifosine, sitamaquine, and chloroquine [52]. ABCG2
is located in intracellular vesicles that fuse with the plasma membrane during the
exocytosis. The mechanism of antimony resistance is by sequestering of the drug
conjugated to thiols inside vesicles that are eliminated through exocytosis by the
flagellar pocket.

The role of the other ABCG proteins (ABCG1, ABCG3, and ABCG5) in drug
resistance in Leishmania is still unknown. In T. cruzi, it was demonstrated that
ABCG1 of T. cruzi is involved in benznidazole resistance. In strains naturally
resistant to this drug, the ABCG1 gene was overexpressed and several single-
nucleotide polymorphisms as compared to the gene of susceptible strain were
found [119].

11.2.6 Other ABCs Subfamilies’ Proteins

Members of other ABC subfamilies ABCD, ABCE, ABCF, and ABCH proteins
have not yet been characterized in Leishmania, although it is possible to infer their
functions in the parasite based on the study of these transporters in other organisms.
In addition, there are other four unclassified ABC proteins in the genome of
Leishmania. One member of this group of ABC proteins, with no homology with
other eukaryotic ABC proteins, was recently related to drug resistance in
Leishmania [55].

According to in silico analysis, the ABCD subfamily in Leishmania contains
three members, the same number found in other trypanosomes [11] (Table 11.1). In
general, ABCD transporters have a structure of half-transporters (TM-NBD), located
in the peroxisome and involved in the import of fatty acids and/or fatty acyl-CoAs
into this organelle for their subsequent processing by the β-oxidation pathway
[120, 121]. In yeast, two members of this subfamily, PXA1 and PXA2, dimerize
to form a functional transporter involved in a very long chain of fatty acid oxidation
in the peroxisome [122]. It has also been observed in C. elegans that the post-
transcriptional silencing of three ABCD transporters disrupted offspring production,
suggesting developmental roles of peroxisomal ABC transporters [123]. Neverthe-
less, Leishmania and trypanosomes do not have peroxisomes, but rather glycosomes,
organelles which contain enzymes for several processes such as glycolysis, the
pentose-phosphate pathway, beta-oxidation of fatty acids, purine salvage, and bio-
synthetic pathways for pyrimidines, ether-lipids, and squalenes [124]. Up to now,
none of the three ABCDmembers has been characterized, and it is not even known if
they play a role in drug resistance. It would be interesting to verify the function/
localization of these proteins in Leishmania, as well as the strength of their
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association with glycosomes. These proteins could be prospective targets for new
antiparasite drugs, since these organelles are particular to the trypanosomes.

The ABCE and ABCF subfamilies have a typical structure of two fused NBD,
and unlike the other members described in this chapter, they are not associated to
transport-related processes, since they do not have TM domains [125]. The proteins
of these two subfamilies are highly conserved across evolutionary diverse taxa,
suggesting a role in fundamental cell biological processes.

The ABCE1 gene is the most conserved member of the ABC gene family and is
one of the most conserved genes in vertebrate and archaeal genomes [126], which
suggests that this gene plays an essential role in the biology of the organisms. These
proteins are identified by two potential iron/sulfur metal-binding domains in addition
to two NBDs [125]. Human ABCE1 was initially identified as an inhibitor of RNase
L [127], but recent data indicate that human and yeast ABCE proteins have also a
central role in translation initiation [128]. The T. brucei’s orthologous was described
in its involvement in protein synthesis [129]. Its depletion had an inhibitory effect on
parasite growth, confirming that this gene is essential for the parasite growth and
survival [129]. Although no study has been conducted to understand the function of
ABCE1 in Leishmania, it is noteworthy that it may have similar function as observed
in trypanosomes.

The ABCF subfamily includes proteins composed of two NBDs, and they are
involved in the control of mRNA translation. In Leishmania, three ABCF protein-
coding genes have been identified in their genomes, the same number observed in
the trypanosomes T. brucei and T. cruzi (Table 11.1) [11]. The human homolog
ABCF1 is associated with the ribosome, and it is responsible for the activation of
eukaryotic initiation factor 2 (eIF2), a key protein in the process and control of the
translation initiation [130]. Its homolog in Saccharomyces cerevisiae has a similar
role in the activation of the eIF2 [131]. These data indicate that these members have
functions that are distinct from those of other non-membrane ABC proteins.

The ABCF proteins of prokaryotes are implicated in resistance to macrolides, a
group of antibiotics that inhibit protein synthesis [125], while in yeast, the elevation
of the protein levels of the translational elongation factor 3 (EF-3) increases sensi-
tivity to the aminoglycosides paromomycin and hygromycin [132]. Interestingly, the
EF-3 factor has similarity to members of the ABCF subfamily and the EF-3 protein
from S. cerevisiae has higher similarity to the ABCF1 protein of Leishmania spp.

Finally, the last subfamily to be considered in this chapter is the subfamily
ABCH. Members of this subfamily are present in protozoa such as Toxoplasma,
Leishmania, and Trypanosoma [4, 11] (Table 11.1) but are absent in the genomes of
plants, worms, yeast, or mammalian [32, 126]. Originally discovered in Drosophila,
genes of ABCH subfamily encode half-transporters with a NBD-TM organization.
This family is considered the most enigmatic subfamily of ABC genes due to their
peculiarities [32]. Unlike observed in insects, the members of this subfamily in
Trypanosomatidae do not contain transmembrane domains; they have only one NBD
domain [11]. Three members are present in the Leishmania genome and their
functions remain to be described (Table 11.1). A possible involvement of a member
of this subfamily in drug resistance has been described in antimony-resistant L. (L.)

262 A. C. Coelho and P. C. Cotrim



infantum strain. In these mutants, the ABCH1 gene was overexpressed when com-
pared with the expression levels found in wild-type parasites [11]. However, it is
unclear whether this gene actually has a role in the SbIII resistance, since
co-expression of this gene with ABCC3 did not confer higher resistance to antimony
than the ABCC3 alone.

Besides the eight subfamilies present in Leishmania, there are four other ABC
transporter members that are not classified in any of those subfamilies [11]
(Table 11.1). Their role in the biology of the parasite is unknown, although they
are quite conserved among other members of the Trypanosomatidae family,
suggesting a common role among these members. Recently, one member of this
group of ABC proteins, named as ABCI4, was correlated to drug resistance in L. (L.)
major [55]. The gene ABCI4 codes for a half-transporter with a TMD-NBD topology
that requires homodimerization to be functional [55]. The ABCI4 protein is located
at the plasma membrane and in the mitochondria conferring SbV and SbIII resistance
by the active efflux of metal-conjugated thiols [55] (Table 11.2). This protein also
affects the accumulation of porphyrins in the mitochondria probably due to the efflux
of these compounds to the cytosol [55].

11.3 Concluding Remarks

Understanding the role of ABC transporters in Leishmania is an important strategy
for identifying one of the mechanisms of resistance to drugs, since several of these
proteins are involved in the protection of the parasite against cytotoxic attack of
xenobiotics (Table 11.2). The genome sequencing of the main important species
associated with CL, DCL, MCL, and VL (L. (L.) major, L. (L.) amazonensis, L. (V.)
braziliensis, and L. (L.) infantum, respectively) have contributed to the identification
and for a better understanding of the biological functions of ABC proteins, as
discussed throughout this chapter [21, 30, 133]. Some practical results can already
be extracted from studies demonstrating the potential use of inhibitors of ABC
proteins for leishmaniasis chemotherapy, as well as, combined treatment with
some inhibitors of ABC transporters to increase the effectiveness of the current
drugs [134–136]. One example is glibenclamide, a general blocker of ABC proteins
that can produce functional modifications relevant for differentiation, infectivity and
survival of the parasite with potential for the therapy of the disease [137–139].

An intrinsic difference in the sensitivity to antimonials, amphotericin-B and
miltefosine in Leishmania species, strains, and clinical isolates in vitro has been
reported [140–148]. These variations in drug susceptibility and resistance may be
due to changes in gene copy number and/or single-nucleotide polymorphisms.
Different tools available to study gene functions in trypanosomatids have already
been described and can be useful for the study of these proteins in drug resistance
mechanisms [96, 149]. Furthermore, studies of DNA/RNA microarrays and proteo-
mics have also been demonstrated the role of these proteins in the biology of the
parasite and in drug resistance [26, 49, 98, 150].
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In the last years, next-generation sequencing has contributed for the identification
of drug-resistant markers in the parasite of the genus Leishmania. Previous results of
resistant mutants selected in vitro or in clinically resistant mutants to the main drugs
used in the chemotherapy of the disease have showed gene dosage alterations
(amplifications and deletions), changes in chromosome copy number and single-
nucleotide polymorphisms [19, 107]. Whole genome sequencing of drug-resistant
mutants of Leishmania selected in the laboratory for antimony, amphotericin-B and
miltefosine did not reveal any mutation or gene dosage alteration in ABC genes
[84, 99, 151–153], with exception of the ABCC3 gene that was found amplified in Sb
III-resistant mutants of L. (L.) infantum and L. (V.) guyanensis [99, 100]. Proteomics
analysis also revealed changes in the expression of proteins in resistant and suscep-
tible parasites to miltefosine, amphotericin-B and antimony, with no evidence of
change in the expression of ABC proteins [154–156].

One must consider that there are multiple mechanisms of drug resistance involved
and this fact becomes even more complex if we consider that parasites of genus
Leishmania have a sexual cycle in the sand fly vector, with the generation of hybrids
contributing to phenotypic diversity of resistant parasites in the field [1, 157].

Extensive research over the last several years has allowed the characterization of
several ABC transporters involved in metabolism and drug resistance in Leishmania.
In this chapter, we described the importance of the main pathways responsible for
the drug resistance in these parasitic protozoa that is medically important and for
which there are very few drugs available. Finally, more studies are necessary to
understand the cellular function of these proteins to hasten the development of new
drugs against leishmaniasis.
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Functional Analysis of Leishmania
Membrane (Non-ABC) Transporters
Involved in Drug Resistance

12

Scott M. Landfear

Abstract
Leishmania parasites rely heavily upon membrane transport proteins to deliver
essential nutrients from their hosts to the interior of the parasite. Some of these
transporters also serve as routes for uptake of drugs used for treatment of
leishmaniasis or experimental drugs with potential for development of novel
anti-leishmanial therapies. Hence, mutations within the coding regions of such
permeases or alterations in the expression of the carrier proteins can confer drug
resistance upon the parasites. This chapter reviews the current level of knowledge
regarding several classes of membrane transporters known to play roles in uptake
or sensitivity to drugs. The increasing knowledge of the “permeome,” provided
by complete genome sequences of several Leishmania species, has advanced
considerably our knowledge of how nutrients and drugs or other cytotoxic
compounds enter these pathogenic protozoa. Recent genome-wide approaches
to functional analysis promise to further our understanding of transporters as
determinants of drug sensitivity and resistance.

12.1 Introduction

The phospholipid bilayer of the plasma membrane is poorly permeable to most
compounds that are relatively hydrophilic [1]. For this reason, all cells express a
panoply of membrane transport proteins (referred to as transporters, permeases, or
carriers) and channels that mediate the selective passage of specific compounds or
ions across the membrane. Great advances have been made in the past decade or so
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regarding the structure, function, and biological relevance of transporters and
channels. While such advances have been based upon a variety of experimental
methods, two notable contributions have been the completion of genome sequences
[2] that delimit the large numbers of proteins that may play roles in transport (the
permeome) and the increasing number of three-dimensional structures for
transporters and channels [3, 4] that have been delivered by both x-ray crystallogra-
phy and electron diffraction.

Many drugs reach their intracellular targets by being transported across the
plasma membrane of the relevant cell. Often, the drugs serve as surrogate substrates
that may be structurally related to the natural ligands for some permease. Hence,
transporters play a central role in drug delivery in mammals and microorganisms.
Since carriers provide a critical route for internalization of such drugs, alterations in
the function or level of expression of the relevant transporter can result in resistance
to the transported drug. Hence transporters play dual roles regarding drug efficacy,
both delivering drugs to their targets and serving as determinants of drug resistance
when they do not function properly.

The objective of this chapter is to review the roles of three families of transporters
or channels in drug delivery and resistance in Leishmania parasites. These three
families, the aquaporins, folate permeases, and purine transporters, have been chosen
because they play central roles in delivery of drugs and because mechanisms of
resistance related to transporter expression or mutation have been investigated in
some detail. Aquaporins mediate the uptake of antimonials, still the first-line drugs
for treatment of leishmaniasis. Antifolates have not yet been employed effectively
against leishmanial infections in vivo, but they do kill these parasites in vitro, and
folate transporters have offered remarkable insights into molecular mechanisms of
drug resistance. Purine nucleoside and nucleobase transporters import a variety of
purine analog drugs or experimental drugs and constitute an important component of
the purine salvage pathway that has been of long standing interest for the pharma-
cology of leishmaniasis.

I have attempted to provide an updated account of these permeases and their roles
in drug sensitivity and resistance. It has not, however, been possible to cite every
scientific contribution to each field, and I apologize to any authors whose work could
not be cited here due to space limitations

12.2 Aquaporins: Sensitivity and Resistance to Antimonials

12.2.1 Delivery of Antimonials to Intracellular Amastigotes

The first-line treatment for Leishmania infections in most parts of the world is
pentavalent antimony (SbV)-containing drugs such as Pentostam (sodium
stibogluconate) and Glucantime (meglumine). The mechanism of action of these
drugs is not clear, but it has been thought for some time [5, 6] that SbV is a prodrug
that must be reduced to SbIII to be effective against the parasite. Since Leishmania
amastigotes are intracellular parasites that reside within phagolysosomal or
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parasitophorous vesicles within mammalian host macrophages, reduction of SbV to
SbIII could in principle occur within the macrophage, resulting in uptake of SbIII by
the parasite, or SbV could be imported into the parasite and then reduced to SbIII

(Fig. 12.1). Despite the ongoing uncertainty regarding the roles of SbIII and SbV, it is
likely that uptake of SbIII by the parasite is a significant route for delivery of
antimonial drugs to the intracellular parasite [7]. This conclusion is also consistent
with the observation (see below) that the levels of the principal transport protein for
SbIII are often, though not universally, reduced in antimony-resistant parasites.

12.2.2 The Aquaporin LmAQP1 Identified as the Major Route
for Uptake of SbIII in Leishmania (L.) major

Aquaporins are a family of water-permeant channels that have been identified in
organisms as diverse as the bacterium Escherichia coli and humans [8]. These

Fig. 12.1 Models for uptake, conjugation, and excretion of SbIII and SbV by Leishmania
amastigotes. The large oval represents a Leishmania amastigote inside the phagolysosome of a
host macrophage. According to the first model for activity of antimonial drugs, SbV is reduced to
SbIII primarily in the macrophage, and SbIII is delivered to the parasite by AQP1. According to the
second model, SbV is imported across the parasite plasma membrane by an unknown protein (?) and
then reduced to leishmanicidal SbIII within the amastigote. It is possible that both mechanisms
operate in nature. Intraparasitic reduction of SbV to SbIII may be mediated by thiols. Conjugation of
SbIII to the major Leishmania thiol trypanothione (T[SH]2) provides a substrate for the MRPA ABC
transporter that extrudes the conjugate into an intracellular compartment and another unknown
extrusion pump (EP) that exports the conjugate across the plasma membrane, thus providing
mechanisms for resistance. This figure is modified from [7]
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proteins function as channels, rather than as transporters. While classical aquaporins
such as human AQP1, the first functionally expressed member of the aquaporin
family [9], flux water as the principal permeant, other members of the family from
bacteria to humans mediate the transport of various small solutes such as glycerol
and urea in preference to water and are designated “aquaglyceroporins” [10]. The
three-dimensional structures of several aquaporin family members have been deter-
mined by either electron or X-ray diffraction [11–14]. These proteins consist of six
transmembrane helices and two half helices that are located within the membrane
(these proteins exhibit a pseudo-inverted duplication between the N-terminal and
C-terminal halves). These helices fold into a constricted channel that mediates the
permeation of water or of small molecular weight solutes. The observation that
aquaglyceroporins from bacteria [15], yeast [16], and humans [17] can flux trivalent
metalloids such as AsIII and SbIII suggested that similar channels in Leishmania
might serve as routes for uptake of pharmacologically relevant SbIII. AsIII appears to
exist primarily as As(OH)3 in aqueous solution, and this species is thought to
function as a molecular mimic of glycerol, explaining the propensity of
aquaglyceroporins to transport these metalloids [18]. Indeed, the then emerging
sequence of the L. (L.) major genome uncovered a gene that encoded a protein
homologous to the human aquaglyceroporin AQP9 [19]; the amino acid sequence
also shared predicted topology and conserved signature sequences with other
aquaglyceroporins (Fig. 12.2). To functionally characterize this new protein,
designated LmAQP1, the LmAQP1 gene was overexpressed in promastigotes of
several species of Leishmania by transfection with an episomal expression vector
encompassing the LmAQP1 open reading frame (ORF). These transfectants

Fig. 12.2 Topology of
LmAQP1. The gray rectangle
represents the lipid bilayer and
the extracellular (extra) and
intracellular (intra) surfaces of
the membrane. The model,
consistent with the
experimentally determined
three-dimensional structure of
several aquaporins, consists of
six transmembrane α-helices
(numbered rectangles) and
two half helices (2a, 5a) that
also enter the membrane.
Curved black lines represent
hydrophilic loops that connect
transmembrane domains.
E152 and R230 refer to two
critical amino acids discussed
in the text
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exhibited increased sensitivity to AsIII and SbIII compared to promastigotes
transfected with the empty expression vector, and they exhibited greatly increased
rates and levels of uptake for these two metalloids. Furthermore, overexpression of
LmAQP1 in both wild-type and antimonial-resistant field isolates of Leishmania (L.)
donovani sensitized these strains to killing by SbV when the parasites were cultured
within macrophages. Notably, when one copy of the LmAQP1 gene was deleted in
L. (L.) major promastigotes by targeted gene replacement, the “single-knockout”
strain exhibited an EC50 for SbIII that was ~15-fold higher than that for wild-type
promastigotes. Subsequently, a LmAQP1 null mutant was generated [20] that
exhibited greatly reduced uptake of AsIII and SbIII and a ~30–50-fold increased
EC50 for each metalloid. All these data support the notion that LmAQP1 is a major
route for uptake of SbIII in Leishmania parasites and that decreased expression of the
LmAQP1 gene can lead to drug resistance. The effect of LmAQP1 expression on
sensitivity of intracellular amastigotes to SbV also supports a principal role for this
channel in sensitivity and resistance to clinically relevant antimonials.

12.2.3 Other Properties of LmAQP1

Further biochemical and genetics studies of LmAQP1 have uncovered a number of
intriguing biological properties for this aquaglyceroporin. Expression of this channel
in Xenopus oocytes established that it mediates the flux of water, glycerol,
methylglyoxal, dihydroxyacetone, and sugar alcohols, exhibiting a broad permeant
specificity [21]. Remarkably, immunofluorescence and immunoelectron microscopy
using an anti-LmAQP1 antibody established that the protein is expressed in the
flagellar membrane of promastigotes and the flagellar pocket membrane and
spongiosum membranes of amastigotes. Furthermore, both promastigotes and axe-
nic amastigotes of L. (L.) donovani that were expressing LmAQP1 from an episomal
vector showed increased ability to regulate cellular volume in response to
hypoosmotic shock, and the LmAQP1 null mutant was impaired in this response
[20], suggesting that this channel plays a role in protection of parasites during
osmotic stress. In addition, promastigotes overexpressing LmAQP1 migrated more
rapidly toward an osmotic gradient than parasites transfected with either the empty
expression vector or with LmAQP1 ORFs encompassing mutations at the crucial
R230 residue. Hence LmAQP1 appears to play a sensory role in osmotaxis of
promastigotes [22], and the flagellar localization may be central to this sensory
function.

12.2.4 Role of AQP1 in Mediating Sensitivity and Resistance
to Antimonials in Laboratory and Field Isolates

The role of LmAQP1 in mediating uptake of SbIII suggests that the AQP1 proteins
encoded by orthologous genes in various Leishmania species might be important
determinants of sensitivity to this metalloid- and to SbV-containing drugs. One study
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[23] addressed this issue by transfecting an AsIII-resistant strain of L. (S.) tarentolae
with a cosmid library of genomic DNA from L. (L.) mexicana. One transformant had
restored sensitivity to SbIII, and the cosmid present in this clonal line encompassed
the LmxAQP1 gene, the ortholog of LmAQP1. AsIII-resistant mutants transfected
with this cosmid exhibited dramatically increased uptake of both AsIII and SbIII

compared to the non-transfected mutant. Furthermore, laboratory-derived mutants of
L. (S.) tarentolae, L. (L.) major, and L. (L.) infantum were investigated for altered
expression of the AQP1 gene. Reduction in the levels of AQP1 mRNAwas observed
for many of the mutants, and the reduction in AQP1 mRNA levels also correlated
with reduced uptake of SbIII. Several studies also examined the expression of AQP1
mRNA in field isolates of L. (L.) donovani from India and Nepal [24–26]. Overall,
levels of AQP1 mRNA were often but not always reduced in the drug-resistant
compared to drug-sensitive strains. Thus, AQP1 expression appears to be an impor-
tant but not exclusive determinant for sensitivity to SbV-containing drugs. The
failure of AQP1 expression to correlate completely with antimonial sensitivity is
not surprising, as other biochemical pathways are also known to affect sensitivity to
antimonials. Thus, the ABC pump MRPA (also called PgpA) sequesters thiol
conjugates of AsIII and SbIII in an intracellular compartment [27] (Fig. 11.1, for
detailed description, please see Chap. 11), and upregulation of the pump and of the
thiol biosynthetic enzymes [28] can be associated with antimonial resistance.
Another metal-thiol extrusion pump (EP) that has not been identified at the molecu-
lar level is able to export SbIII across the parasite plasma membrane [29].

Despite this complexity, a recent study has demonstrated that species-specific
sensitivity to SbIII correlates with the relative level of expression of AQP1
[30]. Higher innate expression of AQP1 in cutaneous species such as L. (L.) major
results in greater accumulation of intracellular SbIII and higher metalloid sensitivity
compared to visceral species such as L. (L.) infantum that express lower levels of
AQP1. In a separate study, phosphorylation of LmAQP1 on Thr-197 by MAP kinase
2 was shown to result in stabilization of the channel and an increase in sensitivity of
the parasite to SbIII [31]. Remarkably, phosphorylation of Thr-197 also caused
relocalization of LmAQP1 from the flagellar membrane to the entire parasite surface.

12.3 Folate Transporters: Mediators of Uptake and Resistance
to Methotrexate

12.3.1 Methotrexate: A Model for Development of Drug Resistance
in Leishmania Parasites

Leishmania do not synthesize folates (conjugated pteridines that consist of a hetero-
cyclic pterin ring linked to para-amino benzoic acid and glutamate) and must
acquire these nutrients from their hosts [32]. Tetrahydrofolate (THF) is an essential
cofactor for the synthesis of thymidylate (Fig. 12.3). Imported folate is reduced to
dihydrofolate (DHF), and DHF is reduced to THF by dihydrofolate reductase
(DHFR), an enzyme that is joined in a single polypeptide chain to thymidylate
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synthase (TS) to form the bifunctional DHFR-TS protein. A knockout of the gene
encoding DHFR-TS is lethal unless the mutants are supplemented with thymidine,
demonstrating the essential role of this enzyme in the synthesis of thymidylate, a
crucial precursor for biosynthesis of DNA. In addition, Leishmania do not synthe-
size unconjugated pterins, such as biopterin, and the parasites are also dependent
upon salvage of this compound. However, the precise biochemical function of
biopterin in Leishmania and the reason why it is required for parasite viability is
still obscure. Both promastigotes and amastigotes take up high levels of biopterin
and folate [32], and they express specific permeases that mediate the transport of
these essential nutrients (Fig. 12.3).

Fig. 12.3 Uptake and metabolism of biopterin and folate in Leishmania. Biopterin enters Leish-
mania parasites through the BT1 permease, which can also transport folate but not methotrexate
(MTX) with low affinity. The FT1 and FT5 transporters, and possibly other permeases, mediate the
high-affinity uptake of folate and MTX. BT1, FT1, and FT5 are members of the folate-biopterin
transporter family whose members share significant sequence identity. Folate can be reduced to
dihydrofolate (H2-Folate) and tetrahydro-folate (H4-Folate) by dihydrofolate reductase (DHFR),
and biopterin can be reduced to H2-biopterin and H4-biopterin by pterin reductase 1 (PTR1). PTR1
is also able to reduce folates with lower affinity than DHFR. Methylene-H4-folate, generated from
H4-folate by serine hydroxymethyltransferase (SHMT), is required for conversion by thymidylate
synthase (TS) of dUMP to dTMP that is essential for DNA synthesis. MTX is a competitive
inhibitor of DHFR and thus prevents synthesis of dTMP. Resistance to MTX can be mediated by
alterations in expression of FT1, BT1, DHFR, and PTR1, as discussed in the text. This figure was
modified from [32]
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The antifolate drug methotrexate (MTX) is a close structural analog of DHF and
is a high-affinity competitive inhibitor of DHFR in many organisms. MTX has been
employed extensively in anticancer therapy, as it has a pronounced cytotoxic effect
against rapidly dividing cells. Antifolates such as trimethoprim and pyrimethamine
have also been employed in treatment of bacterial and protozoal (e.g., malaria)
infections due to their selective ability to inhibit microbial DHFRs. While MTX is
not an effective anti-leishmanial drug due to its higher toxicity against mammalian
cells than parasites, it does nonetheless inhibit Leishmania DHFR and is toxic to the
parasite in vitro. Consequently, MTX has been used extensively as a model for
development of drug resistance in these parasites. Of additional importance, the
folate pathways are essential for viability of Leishmania parasites [33] and are thus
targets for development of novel anti-leishmanial drugs.

Early studies on MTX resistance in L. (L.) major demonstrated that parasites
resistant to 1 mM MTX had a 40-fold increase in DHFR activity and also amplified
DNA elements, designated R regions, which were presumed to contain the DHFR
gene [34]. Indeed, subsequent work confirmed that the amplified R region contained
the DHFR gene, and overexpression of the enzyme was a common mechanism for
development of MTX resistance [35]. Subsequent studies demonstrated that MTX
resistance could entail a number of alternate genetic modifications. Thus a line of the
kinetoplastid parasite Crithidia fasciculata resistant to MTX was shown to be
impaired in uptake of [3H]MTX [36], and the MTXA5 line of L. (L.) donovani,
isolated in a single step by selection for resistance to 1 mM MTX, was deficient in
uptake of both folate and MTX [37]. These results provided genetic evidence for a
specific folate permease that also mediated the uptake of MTX and whose genetic
alteration could confer resistance to this drug. Studies on uptake of labeled folate and
MTX in L. (L.) major [38], and inhibition by various competitive inhibitors, also
suggested that the same transporters mediated the uptake of both compounds, and
MTX-resistant mutants in this species were also isolated that had impaired uptake of
both folate and MTX. Continued studies on MTX-resistant L. (L.) major revealed a
third mechanism of resistance, amplification of the H region of DNA that contained a
gene encoding an aldo-keto reductase [39–41]. This enzyme, subsequently named
pterin reductase 1 (PTR1), was identified as a biopterin reductase that normally
reduces biopterin to dihydrobiopterin and dihydrobiopterin to tetrahydrobiopterin
[32]. The ability of this enzyme to reduce unconjugated pterins was also
accompanied by a more limited ability to reduce folates, yet the enzyme is not
susceptible to inhibition by MTX. Thus, amplification of the PTR1 gene can provide
an alternate route for reduction of DHF to THF that is not sensitive to drug inhibition
and can thus induce MTX resistance (Fig. 12.3).

12.3.2 Molecular Identification of Leishmania Biopterin and Folate
Transporters as Members of a Novel Family of Permeases,
the Folate-Biopterin Transporter (FBT) Family

The first member of the folate transporter family in Leishmania that was identified at
the molecular level was the biopterin transporter 1 (BT1), which was isolated from
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L. (S.) tarentolae [42] by functional cloning. Wild-type parasites were transfected
with a cosmid genomic library, and transfectants that grew on plates containing
MTX were analyzed. Mapping of the cosmids indicated that the resistance pheno-
type corresponded to a single gene, orfG [43, 44], and a null mutant of orfG was
deficient in biopterin uptake. Hence, the ORFG protein was renamed BT1. BT1 also
has low-affinity transport capacity for folate, but MTX was not a substrate for BT1.
Furthermore, L. (S.) tarentolaemutants that were MTX-resistant due to loss of high-
affinity folate transport were found to have rearranged the BT1 gene locus leading to
higher expression of BT1 mRNA. This increased expression of BT1 due to such
rearrangements was proposed to promote viability of the MTX-resistant parasites by
providing an alternate route for salvage of folate that does not import MTX.

Independent studies on L. (L.) donovani 1 (LD1) DNA elements, that are sponta-
neously amplified as extrachromosomal circles in ~15% of L. (L.) donovani isolates,
also identified orfG as a gene encoding a biopterin transporter [45]. Experiments
employing Xenopus oocytes confirmed that injection of orfG cRNA induced
biopterin uptake activity, establishing that orfG encoded a biopterin transporter
that was also renamed biotin transporter 1 (BT1) by this group. Subsequently, a
BT1 null mutant was generated in L. (L.) donovani by targeted gene replacement;
this mutant was deficient in biopterin uptake, but uptake was restored by comple-
mentation with the BT1 gene on an episomal expression vector.

The ability of BT1 to import folate at high concentrations suggested that other
related genes might encode bona fide folate permeases. Employing the BT1 gene,
Ouellette and co-workers [46] demonstrated the existence of a family of cross-
hybridizing fragments of genomic DNA in L. (S.) tarentolae, suggesting the exis-
tence of a family of BT1-related genes. Sequencing of an 8.6 kb fragment of genomic
DNA demonstrated that it contained two ORFs that were ~40% identical to BT1
encoding proteins designated folate transporters 3 and 5 (FT3 and FT5). Notably, the
FT5 gene corresponded to a fragment of DNA that was absent in a laboratory-
generated MTX-resistant line. Ultimately, 14 members of this gene family were
detected in the completed L. (L.) major genome (www.genedb.org). Expression of
FT3 and FT5 in folate transport-deficient MTX-resistant mutants established that
FT5 transported radiolabeled folate with high affinity (Km of 84 nM), but no folate
transport activity was detected for FT3. Furthermore, an FT5 null mutant exhibited
reduced uptake of MTX and folate at 50 nM concentrations but did not exhibit
reduced uptake if 1 μM substrates were employed. This result suggested that FT5 is a
high-affinity folate/MTX transporter but that other lower-affinity transporters exist
among this family.

Further studies by the Ouellette group identified a transporter FT1, encoded by
another member of the repeated gene family, as the major folate transporter in L. (L.)
infantum [47]. When the cloned FT1 gene was transfected into a MTX transport-
deficient mutant, it restored uptake of MTX and folic acid to wild-type levels and
exhibited a Km for uptake of folate of ~400 nM, similar to that observed for wild-
type parasites. An FT1 null mutant exhibited a loss of ~75% of folate uptake activity
and was highly resistant to MTX. Loss of most but not all folate transport activity in
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this mutant is consistent with the conclusion that it is the major but not sole folate/
MTX transporter.

Structure-function analysis by site-directed mutagenesis has been carried out on
FT1 [48] and also on the folate transporter Slr0642 from Synechocystis [49], both of
which are members of the folate-biopterin transporter (FBT) family of permeases
(www.tcdb.org). Slr0642 was expressed in an Escherichia coli mutant deficient in
synthesis and uptake of folate. A battery of 47 amino acid residues of Slr0642 were
chosen for mutagenesis to C or A based upon location in predicted transmembrane
domains, charge, or polarity, conservation in other known folate transporters of the
FBT family, and predicted location within an aqueous cavity. Mutations in 22 of
these amino acids abolished folate uptake without preventing expression of the
permease in membranes. A model of the three-dimensional structure of Slr0642
was generated using the crystal structure of the E. coli lactose permease, a
12-transmembrane domain protein to which Slr0642 appears to bear structural
similarity. Most of these functionally important residues lined a predicted central
cavity and were concentrated on the core α-helices H1, H4, H7, and H10. The
mutagenesis data were consistent with binding of folate within this cavity at a
position roughly equidistant from the extracellular and intracellular surfaces. Fur-
thermore, of the six residues common to the mutagenesis studies on FT1 and
Slr0642, five were found to be important or essential for transport in both permeases,
suggesting that both folate permeases likely share structural and functional
similarities and that the Slr0642 model is likely to be relevant to FT permeases in
Leishmania species.

12.3.3 Another Member of the FBT Family Is a Transporter
for S-Adenosylmethionine and for Analogs of this Compound
with Potential Antimicrobial Activity

Unexpectedly, another member of the Leishmania FBT family, designated
AdoMetT1, has been shown [50] to encode a transporter for S-adenosylmethionine
(AdoMet), a universal methyl donor for methylation of lipids, proteins, nucleic
acids, and xenobiotics, and this compound is also utilized in a variety of additional
biosynthetic reactions. Sinefungin (SNF) is an analog of AdoMet that is not taken up
by mammalian cells but is imported by Leishmania parasites and has antimicrobial
activity. In Leishmania [51] and T. brucei [52], SNF competes for uptake with
AdoMet, suggesting that these two related compounds share a single transporter.

An unexpected observation demonstrated that a mutant of L. (S.) tarentolae,
called MTX1000.6, that is resistant to MTX by virtue of decreased accumulation
of MTX, is also cross-resistant to SNF. Expression of several FBT orthologs from
L. (L.) infantum in this MTX1000.6 mutant revealed that one of them,
LinJ10_V3.0370, restored high-level sensitivity to SNF implying that it transported
this antimicrobial compound, and this transporter was subsequently named
AdoMetT1 to indicate its natural substrate. A null mutant in the AdoMetT1 gene
was generated in L. (L.) infantum and shown to be deficient in uptake of labeled
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AdoMet, but AdoMet uptake was restored in the null mutant that was complemented
with the AdoMetT1 gene. Furthermore, the AdoMetT1 null mutant was highly
resistant to SNF, and SNF sensitivity was restored by complementation with the
AdoMetT1 gene. Hence, a member of the FBT family transports AdoMet, rather than
folate or biopterin, and genetic impairment of this permease confers resistance to
AdoMet analogs that are selectively toxic to the parasite but not to mammalian cells.

12.4 Purine Nucleoside and Nucleobase Transporters: Uptake
of Cytotoxic Purine Analogs

12.4.1 Purine Salvage in Leishmania and Cytotoxic Purine Analogs

One of the distinguishing features of parasitic protozoa such as Leishmania is that
they do not synthesize purines de novo and rely upon salvage of preformed purines
from their hosts [53, 54]. In contrast, most cells of the vertebrate hosts are capable of
both de novo synthesis and salvage. Furthermore, purines are essential nutrients for
growth of Leishmania parasites in defined medium [55, 56]. The first step in purine
salvage is the uptake of purine nucleosides or nucleobases across the plasma
membrane of the parasite. Subsequently, a battery of purine salvage enzymes
[53, 54, 57] interconverts purines and generates purine monophosphates that serve
as precursors for synthesis of RNA and DNA and other purine-containing
metabolites.

The reliance of parasitic protozoa upon purine salvage has generated considerable
interest in targeting the purine salvage pathway for development of novel
antiparasitic chemotherapies. In principle, targeting could rely upon two distinct
strategies: (1) inhibition of enzymes or transporters that may be critical for purine
salvage and (2) incorporation of “subversive substrates” that are taken up by the
parasite and selectively utilized by the parasite salvage enzymes to generate a
cytotoxic product. The latter approach is particularly relevant to transporters and
their roles in drug sensitivity and resistance.

12.4.2 Pyrazolopyrimidines: Purine Analogs That Are Toxic
to Leishmania or Related Parasites

Pyrazolopyrimidines (PPs) are analogs of naturally occurring purines, either
nucleosides or nucleobases, in which the nitrogen in either position 7 or 9 of the
purine ring has been translocated to position 8 [58, 59]. Relevant PPs are formycin B
(an inosine analog), tubercidin (an adenosine analog), thiopurinol (TPP) and
thiopurinol riboside (TPPR), aminopurinol (APP), allopurinol (HPP, a hypoxanthine
analog), and allopurinol riboside (HPPR, an inosine analog). These PPs can be taken
up by purine transporters, and they are utilized as substrates by the purine salvage
enzymes and metabolized to triphosphates. Although the mechanisms of toxicity of
these compounds have not been proven, it has been postulated that their
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incorporation into RNA leads to their cytotoxic effects in parasites. Thus, the
specificity that many of these purine analogs exhibit for parasites is ascribed by
their ability to be metabolized by the parasite salvage enzymes, whereas they are not
efficient substrates for mammalian purine salvage. Tubercidin is one exception, as
this compound is toxic to both parasites and mammalian cells. Several of the other
PPs have elicited considerable interest in their therapeutic potential as selective
antiparasitic agents. Indeed, allopurinol is employed, usually in combination with
other drugs, for treatment of leishmaniasis in Central America [60, 61], and formycin
B is effective in killing intracellular amastigotes in vitro [62].

12.4.3 Genetic Identification of Purine Nucleoside Transporters
in Leishmania

Early biochemical studies employing uptake of radiolabeled nucleosides [63]
established that two distinct purine nucleoside transport systems existed in Leish-
mania promastigotes, one for adenosine and pyrimidine nucleosides (designated
NT1 in subsequent publications [64]) and another for inosine and guanosine
(designated NT2 in subsequent publications [65]). To further investigate the exis-
tence of two distinct and nonoverlapping transport activities, NT1 and NT2, Ullman
and colleagues [66] generated transport-deficient mutants in each permease,
confirming that there were separate genes that encoded each of the two transporters.
These mutants were isolated by mutagenizing parasites and then selecting for clonal
lines that survived in either the cytotoxic adenosine analog tubercidin (the TUBA5
mutant, deficient in NT1, and thus unable to import tubercidin) or the toxic inosine
analog formycin B (the FBD5 mutant, deficient in NT2, and thus unable to import
formycin B). The TUBA5 and FBD5 mutations were in separate transporter genes,
because TUBA5 mutants could still transport guanosine, inosine, and xanthosine,
while FBD5 mutants could still transport adenosine and pyrimidine nucleosides.
These genetic studies confirmed the existence of two distinct nucleoside uptake
systems, NT1 (adenosine, pyrimidine, and tubercidin transporter) and NT2 (guano-
sine, inosine, xanthosine, and formycin B transporter), and of considerable impor-
tance also provided mutants that subsequently proved critical for the molecular
cloning of the corresponding transporter genes.

12.4.4 Molecular Cloning and Functional Characterization of Purine
Nucleoside Transporter Genes NT1 and NT2

The NT1 and NT2 genes were identified in a genetic screen. To identify the NT1
gene, TUBA5 mutants were transfected with a cosmid genomic library, and the rare
transformant that had re-acquired sensitivity to tubercidin was identified by screen-
ing through hundreds of transformed lines [64]. Similarly, the NT2 gene was
identified in a parallel screen for transformants that restored formycin B sensitivity
to the FBD5 mutant [65]. Analysis of positive cosmids identified two linked genes
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that encoded two closely related isoforms of the NT1 adenosine/pyrimidine/
tubercidin nucleoside transporters, which were designated LdNT1.1 and LdNT1.2.
Similarly, a single LdNT2 ORF (35% identical to LdNT1 ORFs) restored high-
affinity uptake of guanosine, inosine, and xanthosine and sensitivity to formycin B
to the FBD5 mutant. Both LdNT1 and LdNT2 are homologous to mammalian
“equilibrative nucleoside transporters” (ENTs [67]) and are members of a transporter
family designated SLC29 (http://www.bioparadigms.org/slc/menu.asp), whose
members have 11 predicted TMDs.

Subsequently, site-directed mutagenesis on LdNT1.1 [68] identified specific
amino acids whose mutation strongly impaired transport activity. Hence, these
residues are critical for the transport function of the permease. In summary mutation
of E94 (in transmembrane domain 2, abbreviated TMD2), K153 (TMD5), or D374
(TMD8), all charged residues predicted to lie within TMDs, either strongly impaired
transport activity or altered substrate specificity (e.g., the K153Rmutant acquired the
ability to take up inosine, which is not a substrate for the wild-type transporter).
These results implied that specific charged residues within TMDs of LdNT1.1 play
critical roles in transport of nucleoside substrates, possibly mediating direct
interactions with these substrates. Parallel studies on LdNT2 have also identified
critical residues in this inosine/guanosine/xanthosine permease, especially D389 and
R393, both located within TMD8 [69, 70].

12.4.5 Computational Models of NT1 and NT2

While mutagenesis was able to identify functionally important amino acids within
LdNT1 and LdNT2, information on the three-dimensional structure of these
permeases is also central to understanding their function as transporters. However,
no crystal structure has been solved for any member of the SLC29 family. As an
alternative approach to understanding the tertiary structure of these permeases, a
computational model of the LdNT2 protein was generated by homology modeling
[70] to the crystal structure of the glycerol phosphate transporter [71] of E. coli.
Using this computational model for LdNT2, it was possible to rationalize some of
the mutagenesis results for this permease, providing experimental evidence that the
model is likely to be a reasonable approximation of the actual structure [70]. Notably,
this homology model provided the first indication of how SLC29 family members
fold in three dimensions and suggested that their structures were similar to those of
major facilitator superfamily (MFS) members [72], represented by such well-studied
proteins as the E. coli lactose permease [73] and the glycerol phosphate transporter.

In contrast, ab initio modeling, a method that does not rely upon a known crystal
structure of another protein but predicts the structure de novo from the physical
properties of the constituent amino acids [74], was employed to investigate the
structure and function of LdNT1.1. Notably, like the homology model for LdNT2,
this ab initio model of LdNT1.1 also predicted an 11 TMD fold that was similar to
the structures of 12 TMDMFS members without the final TMD. Furthermore, when
the locations of close to 50 site-directed mutants were mapped onto the LdNT1.1

12 Functional Analysis of Leishmania Membrane (Non-ABC) Transporters. . . 285

http://www.bioparadigms.org/slc/menu.asp


model, those that had strong phenotypes, such as pronounced reduction of transport
activity or change in substrate specificity, mapped close to the predicted pore of the
structure. In contrast, mutants with modest effects on transport tended to map to
locations that were peripheral to the pore. These observations provided a further
experimental test for the plausibility of the model.

In silico modeling has also been used to identify regions of LdNT1.1 that serve as
“gates” [75] to alternately open and close the permeation pore from the outside or the
inside, a fundamental feature of transporters that mediate the passage of solutes
across membranes by an “alternating access model.” The model in Fig. 12.4
suggested that extracellular tips of TMDs 1, 2, and 7 cluster, together to close off
the pore in the closed to the outside—open to the inside conformation. F48 in TMD
1 and W75 in TMD2 were identified as residues likely to mediate these interhelix
interactions, and results of cysteine cross-linking and site-directed mutagenesis
supported this interpretation [76]. An alternate computational model implicated a
cluster of hydrophobic residues in the intracellular ends of TMDs 4, 5, 10, and 11 as
the intracellular gate [77] that closes off the pore in the open to the outside—closed

Fig. 12.4 Ab initio model for LdNT1.1. The helix disposition for TMDs 1–11 is shown; loops
interconnecting the helices are not indicated. The top image shows a view of the transporter from
the side, with the bottom indicating the extracellular surface and the top the cytosolic surface. The
bottom image is a view from the cytosol toward the extracellular surface. Hence, the model shows
the transporter in an “open to the inside” conformation. The red space-filling densities indicate the
predicted positions of F48, W75, and F346. The figure is reproduced from Valdés R1, Arastu-
Kapur S, Landfear SM, and Shinde U. An ab initio structural model of a nucleoside permease
predicts functionally important residues. J Biol Chem. 2009;284(28):19067–19076. doi: https://doi.
org/10.1074/jbc.M109.017947
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to the inside confirmation—and this interpretation was also supported by cysteine
cross-linking and mutagenesis. The ability of the structural models to predict
potential and previously unsuspected functions for specific amino acids, such as
F48 and W75, as gating residues further supports the plausibility of the in silico-
derived structures.

12.4.6 Leishmania Purine Transporters Function as Concentrative
Proton Symporters

Mammalian SLC29 nucleoside transporters are “equilibrative” permeases, i.e.,
transporters that do not concentrate their substrates but simply allow them to flux
across the membrane according to the existing concentration gradient [67]. In
contrast, SLC29 permeases in parasitic protozoa are high-affinity “concentrative”
transporters that are coupled to the proton electrochemical gradient across the plasma
membrane [78], which provides the thermodynamic force necessary to concentrate
substrates within the cell. This arrangement ensures that parasites are able to capture
essential purines from their hosts, even in environments where the concentrations of
purines may be low, and it also promotes efficient uptake by the parasite of cytotoxic
purine analogs. Two-electrode voltage clamp experiments performed on LdNT1.1,
LdNT1.2, and LdNT2 expressed in Xenopus oocytes [79] identified inward directed
positive currents that were dependent upon purine substrates and that were greatly
enhanced at pH values below neutrality. These observations are indicative of
cotransport (symport) of protons with purines. The import of positively charged
protons into the electronegative environment of the cytosol provides thermodynamic
energy that can be coupled to concentrate purines and purine analogs within the
parasite. Subsequent electrophysiological experiments on the NT3 and NT4
nucleobase transporters from L. (L.) major (see below) confirmed that they are
also concentrative proton symporters [80].

12.4.7 Identification of Purine Nucleobase Transporters

While experiments from several groups had identified nucleobase uptake systems in
Leishmania parasites [81–83], employing uptake of radiolabeled nucleobases in
intact promastigotes or amastigotes, the molecular identity of the permeases was
initially unknown. The ongoing genome sequencing project for L. (L.) major (http://
www.genedb.org) uncovered two new ORFs with ~30% identity at the amino acid
level to LdNT1 and LdNT2. These genes were subsequently designated LmaNT3
[84] and LmaNT4 [85]. Functional expression of LmaNT3 in Xenopus oocytes
established that it mediated the transport of the purine nucleobases hypoxanthine,
xanthine, adenine, and guanine with apparent Km values of 8–16 μM, similar to the
Km values for purine nucleobase transport in L. (L.) major promastigotes. This
observation indicated that nucleobase transporters in Leishmaniawere also members
of the SLC29 family. Subsequent studies on LmaNT4 indicated that this permease
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also mediated the uptake of purine nucleobases but with a pH maximum between
5 and 6 [80]. In contrast, LmaNT3 exhibited a pH maximum of ~7. These
observations suggest that NT3 is designed to function optimally in the neutral pH
conditions experienced by the promastigote stage of the life cycle, whereas NT4 has
been optimized to function under the acidic conditions of the macrophage
phagolysosome [86] where the disease-causing amastigotes live.

Allopurinol is a hypoxanthine analog that is employed in treatment of leishmani-
asis because of its selective cytotoxicity toward the parasites. Nucleobase
transporters appear to be the major route for uptake of this drug because (1) the
NT3 permease mediates uptake of radiolabeled allopurinol when the transporter is
expressed in Xenopus oocytes, and (2) a null mutant in the NT3 gene, Δnt3, exhibits
an IC50 value for growth inhibition by allopurinol that is ~20-fold higher than that
for wild-type parasites, suggesting that the principal mode for import of this drug has
been eliminated in this mutant [85].

12.4.8 The TOR Gene and Resistance to Toxic Nucleoside Analogs

An early study by the Detke group [87] examined resistance of L. (L.) mexicana
amazonensis to toxic nucleosides tubercidin and inosine dialdehyde. Resistant
parasites were generated by selection in increasing concentrations of each analog,
resulting in the TUB (tubercidin-resistant) and IDA (inosine dialdehyde-resistant)
mutants. Both mutants were cross-resistant to tubercidin, inosine dialdehyde,
formycin B, and allopurinol riboside. Furthermore, both mutants had greatly reduced
transport capacity for guanosine, guanine, and adenine, i.e., for both purine
nucleosides and nucleobases. The broad effects of each mutant on both resistance
to toxic purine analogs and purine uptake indicated that they did not represent
mutations in individual purine transporters but must have affected the uptake of
purines and analogs by multiple permeases. Notably, a circular extrachromosomal
amplicon of somewhat different size (56 kb in the TUB mutant) was detected in both
mutants, and a 9 kb subclone of this circular element was able to confer toxic
nucleoside resistance when introduced into the parasites on an expression vector.
The authors hypothesized that a single gene, designated TOR for toxic nucleoside
resistance, was responsible for the resistance phenotype. They furthermore
suggested that the TOR gene product might interact with multiple purine transporters
to modulate their expression or function. In a second paper [88], the genetic element
conferring resistance to multiple toxic nucleosides by reducing uptake of various
purines was identified within a 2.3 kb fragment of the amplicon, and the sequence of
the internal ORF was determined.

In a third paper [89], overexpression of the TOR gene from an episomal expres-
sion vector was shown to cause retargeting of GFP-NT1 from the plasma membrane
to an internal multivesicular tubule lysosome. The level of GFP-NT1 was also
greatly reduced. The region of NT1 that interacts with the TOR protein was deduced
by overexpressing various segments of NT1 and determining which ones interfered
with the ability of TOR to induce resistance to tubercidin. A region (M289-W305)
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representing part of the large intracellular loop of NT1 between TMDs 6 and 7 was
able to “squelch” the effect of overexpressed TOR (i.e., to restore sensitivity to
tubercidin), suggesting that this loop interacts with the TOR protein. Furthermore, a
deletion of M289-W305 was still functional as an adenosine permease but could no
longer be internalized by parasites expressing high levels of TOR, further confirming
the importance of this region for interaction with TOR. Studies expressing NT1 in
yeast suggested that internalization of NT1 by TOR depends upon ubiquitination of
NT1. Hence, the proposed model is that the TOR protein regulates expression of
various NTs by binding to the large internal loop and inducing ubiquitination
followed by internalization, targeting to the multivesicular lysosome, and degrada-
tion. The implication is that this mechanism for regulation of NT levels is likely to be
operative under some physiological condition in Leishmania parasites; however, the
normal biological function of TOR remains to be elucidated. Overall, these studies
underscore the importance of expression of purine transporters as determinants of
sensitivity and resistance to cytotoxic purine analogs.

12.5 Conclusions and Future Trends

This chapter has focused on a limited number of transporters as mediators of drug
sensitivity and resistance in Leishmania parasites, those that have clearly implicated
roles in uptake of drugs or compounds with cytotoxic activity toward the parasite. A
variety of other permeases are likely to play similar roles for other antileishmanials,
those that are currently employed therapeutically as well as other drugs that will
likely emerge from ongoing drug discovery programs. Prospects for identification of
other drug carriers are increased by recently developed genome-wide approaches for
identifying determinants of drug sensitivity and resistance. The RIT-Seq method
[90], based on genome-wide RNAi libraries, has been employed in Trypanosoma
brucei as a method for identifying genes involved in conferring sensitivity to drugs.
This method has identified both transporters [91] that are known determinants of
drug sensitivity and resistance, such as the P2 purine permease that mediates uptake
of melarsoprol and pentamidine, and previously unknown determinants, such as
TbAQP2 that appears to function as a receptor that can bind pentamidine and
internalize the drug via endocytosis [92]. While RNAi is not operative in most
species of Leishmania, it does occur in the subgenus Viannia [93], and RIT-Seq
may be feasible for these species. The recently introduced “Cos-Seq” method [94]
employs selection with a drug of interest against a population of parasites containing
a cosmid genomic library. Cosmids that carry genes whose overexpression confers
resistance to drugs are preferentially represented in the population of selected
parasites and can be identified by high-throughput sequencing. While permeases
involved in drug import would not be selected by this approach, those that mediate
export could be identified. Hence it is likely that an increasing number of
transporters involved in drug sensitivity and resistance will be identified in Leish-
mania species. In addition, the increasing number of membrane proteins whose
structures are being solved and the ability of in silico modeling to extend structural

12 Functional Analysis of Leishmania Membrane (Non-ABC) Transporters. . . 289



information to permeases with otherwise unknown structures promise to increase our
understanding of how drugs interact at the molecular level with transporters that
mediate their import or export.
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Abstract
Leishmania drug design follows the typical path of the flow of genetic informa-
tion: By analyzing genome information and considering infection-specific RNA
and protein expression, potential targets for drug design and vaccine development
are identified. Therefore, to implement successful intervention strategies against
Leishmania infection, specific features of the process are critical; herein they are
described, including specific genome information, good vaccine targets, and
classical as well as innovative drug targeting strategies. In addition, a combina-
tion of software and web sites has been structured here with references and tools
for rapid analysis to rank and examine new target structures in Leishmania.

13.1 Introduction

Leishmania is a genus of protozoan parasites that are transmitted by the bite of sand
flies and give rise to a range of diseases (collectively known as leishmaniases).
Around 350 million people are at risk worldwide (http://www.dndi.org) [1]. Leish-
maniasis is a deadly vector-borne infectious disease, a major cause of tropical
afflictions, listed as one of the six most important diseases by the World Health
Organization regarding Tropical Disease Research (WHO/TDR). The disease is
endemic in 98 countries and causes significant morbidity and mortality in Africa,
Asia, Latin America, and Mediterranean regions. With 1.3 million new cases
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reported annually and 20,000–30,000 annual deaths (World Health Organization,
September 2016) [2], infection by the insect-transmitted Leishmania parasite
represents an important global health problem for which there is no vaccine and
few partially effective drugs [3]. A total of 21 Leishmania spp. have been identified
to be pathogenic to human [4]. The pathogen completes its life cycle in insect and
human hosts and is transmitted from patient to non-infected individuals by several
overlapping species of sand fly vectors; hence, the disease has a complex ecology
and epidemiology [5] that is thoroughly described in Chap. 4 from this same volume
and will not be discussed in detail herein. However, we would like to stress that
although this disease is usually considered as zoonotic, in some geographical areas,
infected humans maintain an anthroponotic transmission cycle (human-sand
fly-human). In such areas, effective treatment of individual patients can help to
control the spread of the parasite (http://www.cdc.gov/parasites/leishmaniasis/epi.
html).

The spectrum of diseases caused by Leishmania can be categorized broadly into
three types: (1) visceral leishmaniasis (VL, Kala-azar), the most lethal form
characterized by irregular bouts of fever, substantial weight loss, swelling of the
spleen and liver, and anemia; (2) cutaneous leishmaniasis (CL), the most common
form of leishmaniasis in which pathogen causes skin lesions, mainly ulcers, on
exposed parts of the body, leaving lifelong scars and serious disability; and (3) muco-
cutaneous leishmaniasis (MCL), with a chronic destruction of mucosal tissue of the
nose, mouth, and throat that develops from the cutaneous disease in less than 5% of
affected individuals [6]. Leishmaniasis is described on every continent except
Australia and Antarctica, although some evidence suggests the presence of midges
as potential vectors of Leishmania in Australia [7]. Despite their widespread distri-
bution, over 90% of global VL cases occur predominantly in six countries
(Bangladesh, Brazil, Ethiopia, Sudan, South Sudan, and India), while most cases
(70–75%) of CL mainly occur in ten countries (Afghanistan, Algeria, Brazil,
Colombia, Costa Rica, Ethiopia, Iran, North Sudan, Peru, and Syria) [8]. For a
detailed description of the pathology of diseases caused by Leishmania, please check
Chaps. 6, 7, 8, and 9 in this volume.

Regardless lethality of the disease, the progress toward successful prevention
and/or treatment is hindered by the challenging and only long-term feasible proce-
dure of vaccine and drug development. Additionally, a strong need for policies to
implement educational and health measurements to stop disease transmission is
urgently needed. WHO has made significant efforts to improve access to medicines
in the poor countries that have the highest burden of cases by reducing the price of
two of the five existing medicines for visceral leishmaniasis by 90% for liposomal
amphotericin-B (L-AMB) and by 60% for meglumine antimoniate (http://www.
who.int/leishmaniasis/en) [9].

There are good standard treatments against leishmaniasis: pentavalent antimony
(SbV) helps in 90–93% of cases of VL in India, in particular at Uttar Pradesh using
one to three intravenous treatment courses. Nevertheless, severe side effects as well
as treatment failure and drug resistance (for instance, in India) stress the need for
improved and alternative therapies. Currently explored regimes include interferon
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gamma (IFN-γ) plus intralesional injections antimony (to reduce toxicity). Novel
pharmacological options are parenteral drugs such as pentamidine and antifungals
such as per os (oral) drugs ketoconazole, itraconazole, and fluconazole. Neverthe-
less, the drug repertoire to treat leishmaniosis is limited, and all these drugs have
severe side effects. Moreover, there is always the risk of emergence of resistance. All
this stress the need for novel drug development. To this end, we have highlighted the
role of bioinformatics to accelerate the pace of research for prevention and treatment
of leishmaniasis in this chapter.

13.2 Genomics, Proteomics, and Transcriptomics

According to phylogenetic analyses, Leishmania is divided into three distinct
subgenera: the Leishmania, the Viannia, and the Sauroleishmania [10]. For a
detailed description of the phylogeny and molecular evolution of this parasite, please
check Chap. 2. Most genera of Leishmania infect mammal hosts and insect vectors,
but Sauroleishmania exceptionally infects primarily lizards. The determination of
the whole-genome sequences of several Leishmania parasites in three distinct
subgenera provides the basis for diverse studies of this pathogen. Taking the
pathobiology of Leishmania into account, the sequenced genomes catalog the full
functional repertoire of genes available to the parasite including all enzymes but also
regarding virulence and regulatory factors. In addition, this provides the scientific
community with an infrastructure for omics level investigations.

The initial efforts for sequencing of Leishmania genomes were consolidated in
the year 1994 with the establishment of the Leishmania Genome Network (LGN)
initiative. The sequencing of the first complete genome sequence of L. major in the
year 2005 [11] was soon followed by genome sequencing of L. (L.) infantum and
L. (V.) braziliensis in the year 2007 [3]. These efforts were successful. In fact, recent
years have seen major advances in our understanding of leishmanial biology as the
genomes of 15 Leishmania genera (several strains) have been sequenced and
annotated (Table 13.1) and more are currently being sequenced (www.tritrypdb.
org) [13]. From the 15 strains, all are parasitic and lead to Leishmania infections in
different hosts.

The use of different sequencing technologies (e.g., Roche, Illumina, SOLiD)
allowed deep sequencing of Leishmania species (genome coverage between
42 and 320 times). This did yield genome assemblies with median contig sizes
(N50 from 1362 to 302,093). The overall size of these genomes ranges from 23.8 Mb
to 35.21 Mb; the genes are organized into 35–37 chromosomes. Table 13.1 does not
include the sequenced lizard parasite L. (S.) tarentolae [14] and the very recently
sequenced genome of L. (S.) adleri [15] isolated from the African grass rat
(Arvicanthis niloticus).

Altogether, these sequenced genomes open exciting new research avenues and
opportunities for understanding the genetic basis of Leishmania and implied
consequences for parasite biology, pathology, and infectivity including interactions
with the host. This includes the possibility for large-scale systems biology studies.
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Earlier sequenced L. (L.) major primarily causes CL and L. (L.) donovani and L. (L.)
infantum cause VL, whereas recently sequenced Leishmania spp. (AIIMS/LM/SS/
PKDL/LD-974 and MAR LEM2494) causes post-Kala-azar dermal leishmaniasis, a
late cutaneous manifestation of VL (see Chap. 9 of this same volume) (Table 13.2).

The knowledge of the Leishmania genomes has furthered important advances in
comparative genomic studies, annotating hypothetical genes and finding species-
specific genes that could explain the specific pathogenesis and provide potential
precise therapeutic targets. Peacock et al. sequenced the genomes of L. (L.) infantum
and L. (V.) braziliensis and reported the first comparative genomics analysis of three
Leishmania by comparing those of the previously mentioned species with the
genome of L. (L.) major [3]. The analysis demonstrated a marked conservation of
synteny. This means that these different genomes had many genes distributed in the
same order (these are called regions of synteny). Genes found to be differentially
distributed between the species encoded proteins implicated in host-pathogen
interactions, and parasite survival in the macrophage such as GP63 metalloprotease,
which interferes with the macrophage signaling during infection, is encoded by a
repeated gene cluster that seems to be enlarged fourfold in L. (V.) braziliensis as
compared with L. (L.) major or L. (L.) infantum [3, 38, 39].

Table 13.2 Leishmania spp. pathogens and disease manifestations

Pathogen Main disease manifestation References

Leishmania (L.) major Cutaneous leishmaniasis [16]

Leishmania (L.) infantum Visceral leishmaniasis, cutaneous
leishmaniasis

[17, 18]

Leishmania (V.) braziliensis Cutaneous leishmaniasis, cutaneous
leishmaniasis, Mucocutaneous
leishmaniasis

[19–21]

Leishmania (L.) mexicana Cutaneous leishmaniasis, diffuse
cutaneous leishmaniasis

[22, 23]

Leishmania (L.) donovani Visceral leishmaniasis [24]

Leishmania (V.) panamensis Cutaneous leishmaniasis,
Mucocutaneous leishmaniasis

[25, 26]

Leishmania Sp. strains AIIMS/LM/
SS/PKDL/LD-974 and MAR
LEM2494

Post-kala-azar dermal leishmaniasis [27]

Leishmania (L.) turanica Cutaneous leishmaniasis [28]

Leishmania (L.) arabica Cutaneous leishmaniasis [29]

Leishmania (L.) tropica Cutaneous leishmaniasis [30]

Leishmania (M.) enriettii Cutaneous leishmaniasis [31]

Leishmania (L.) amazonensis Cutaneous leishmaniasis, diffuse
cutaneous leishmaniasis

[32, 33]

Leishmania (L.) gerbilli Cutaneous leishmaniasis [34]

Leishmania (L.) aethiopica Cutaneous leishmaniasis, diffuse
cutaneous leishmaniasis

[35, 36]

Leishmania (V.) peruviana Cutaneous leishmaniasis [37]
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In 2009, Depledge et al. [40] analyzed the representative proteomes of these three
species to reveal conserved genes differentially expressed in the host and suggested
that species-specific parasite factors contributing to virulence and pathogenicity in
the host may be limited to the products of a small number of differentially distributed
genes, or to the differential regulation of conserved genes, either of which are
subjected to translational and/or posttranslational control. They concluded that
host genetics plays only a minor role in influencing the parasites during macrophage
infection which may be significant in determining the clinical outcome of infection.
This high degree of synteny in Leishmania genomes has been identified by compar-
ative analysis and decomposition of genomes into syntenic blocks.

Increasing the sequencing data of different types of Leishmania improves the
predictive power to identify conserved drug targets and vaccine candidates which
were previously restricted to just three representative Leishmania proteomes. Hence,
there is a need for the comparative genomics analysis to reevaluate the repository of
conserved genes in Leishmania. Notably approximately 50% of Leishmania-
predicted proteomes have no predicted function, and many proteins are annotated
as hypothetical proteins. This limits the understanding of the role of these proteins in
biological perspective and regarding their value as novel drug or vaccine targets.
Once any sequenced eukaryotic genome is demarcated with exons, introns, splicing
sites, and other structural annotations, functional annotation of every gene is of
fundamental importance [41]. The tremendous amount of data generated by
advances in next-generation sequencing projects can be used to generate more
reliable annotations together with the annotation of hypothetical proteins. Typical
tools and analysis steps for a transcriptome-based reannotation are summarized in
[42]. The recently developed database LeishDB consists the updates of L. (V.)
braziliensis protein-coding genes and noncoding RNAs [43]. The reannotation
process implemented here represents an increase of ~26% in protein-coding gene
repository of L. (V.) braziliensis [43]. Tables 13.1 and 13.3 specify this further for
studying Leishmaniasis.

The availability of an array of genomes, together with an explosion in microarray
and high-throughput transcriptomic sequencing technologies, has facilitated the
study of transcriptome responses stimulated by drugs. Several transcriptomic studies
have also investigated Leishmania-induced regulation of gene expression in infected
tissues with the aim to link such responses to disease outcome [68, 69]. Host cell
functions are modulated by intracellular pathogens, including Leishmania, to
actively promote their survival.

Transcriptomic technologies have resulted in rapid expansion of the already
substantial plethora of knowledge of the molecular interactions occurring between
Leishmania and the human host; nevertheless, significant variation in host responses
to infection has been described in several studies [70]. Currently, more than
600 gene expression datasets of Leishmania are deposited in Gene Expression
Omnibus (GEO) database [71] that can be utilized for several studies including the
understanding of interaction of Leishmania with the host. To analyze this behavior,
Beattie et al. used whole-genome array technologies to compare the gene expression
profiles of mice macrophages infected with L. (L.) donovani to those of uninfected
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macrophages, both exposed to inflammatory stimuli such as cytokines [72]. Thus,
specific transcriptome datasets for infection studies [73, 74] and drug studies [75, 76]
on Leishmania are now available in unprecedented detail.

Table 13.3 Major resources for computational analysis of Leishmania spp. pathogens

Resources Weblinks Reference

Global distribution
maps of the
leishmaniases

– High-resolution evidence-based
distribution maps [44]

EuPathDB (the
eukaryotic pathogen
genomics database)

http://eupathdb.org [45] Pathogen genomics resource for
eukaryotic pathogens [46]

TriTrypDB http://tritrypdb.org [13] Integrated genomic and functional
genomic resource for Leishmania and
Trypanosoma [47]

GeneDB (section
Kinetoplastid
protozoa)

http://www.genedb.org [48] Curated annotations and sequences of
5 Leishmania spp. [49]

trypsNetDB http://trypsNetDB.org [50] Experimentally verified as well as
predicted protein interactions and
annotations for trypanosomatid
parasites, includes 7 Leishmania spp.
[51]

LeishCyc http://biocyc.org/LEISH/
organism-summary?
object¼LEISH [52]

Biochemical pathways database for
Leishmania (L.) major [53]

LeishMicrosatDB http://biomedinformri.com/
leishmicrosat [54]

Database of repeat sequences in
6 Leishmania spp. [55]

LmSmdB http://www.nccs.res.in/
LmSmdb [56]

Biological networks and regulatory
pathways of Leishmania (L.) major
[57]

Leishmania (L.)
amazonensis genome
DB

http://bioinfo08.ibi.unicamp.
br/leishmania [58]

Sequencing and annotation of the
Leishmania (L.) amazonensis
genome [59]

CPDBa http://cpdbldv.
biomedinformri.com [60]

Annotation of cysteine proteases in
Leishmania [61]

CALPa http://biomedinformri.org/calp
[62]

Protein function and families of
4 Leishmania spp. [63]

List of putative
antileishmanials

https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4247209/
[64]

Drug targets and lead compounds
with predicted antileishmanial
activity [64]

Leishmania (L.)
major metabolic
network

http://www.ebi.ac.uk/
compneur-srv/biomodels-
main/MODEL1507180059
[65]

Genome scale metabolic network of
Leishmania (L.) major (iAC560)
available for flux balance analysis
(FBA) [66]

LeishDB http://www.leishdb.com [67] Coding gene reannotation and
noncoding RNAs in Leishmania (V.)
braziliensis [43]

aLinks are broken to the resources. Please contact the authors directly for further information
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13.3 Interactomics

Protein-protein interaction (PPI) networks are critical determinants for cellular
processes. In terms of disease, information about PPIs provide an idea about
molecular causes of sicknesses and can offer clues for new therapeutic approaches.
The topologically essential proteins of such a system can also be identified by PPI
network analysis of pathogen [72]. The PPI network that regulates host and pathogen
interaction can highlight the insights of pathogen “attack” and host counter-defense
mechanisms.

The in silico methods used for PPI network determination complement the
experimental approaches by minimizing the number of false-positive interactions.
Several experimental procedures can examine interactions between proteins; how-
ever, the methods are usually expensive, labor-intensive, and time consuming.
Additionally, experimental methodologies for protein-protein interaction detection
yield many results that end up being false negatives and/or positives [77]; these may
also be reduced by scrutinizing the data by in silico procedures. The interactomes of
several model organisms have been established experimentally. These interactomes
can be used as templates to derive PPI networks for other organisms, by means of
computational approaches such as interolog and domain interaction methods. Based
on and explaining such techniques, we have recently derived the interaction
networks of opportunistic pathogens like Serratia marcescens [78] and Aspergillus
fumigatus [79].

Initially host cells suitable for Leishmania parasites were widely regarded as
highly specific. Leishmania were considered as obligate intracellular pathogens of
macrophages. Recent studies have confirmed that Leishmania has greater degree of
promiscuity in host immune cell range such as monocyte, macrophage, dendritic
cells, and neutrophils [5, 80]. For a detailed description of the diversity and
characteristics of the host cells involved in Leishmania infection, please check
Chap. 5 in this same volume. In fact, the clinical presentation of Leishmaniasis is
dependent upon both the parasite species and the host’s immune response [5]. The
diversity of tropism and disease resulting from infection is one of the hallmarks of
the Leishmania spp. In the control of infections with all the Leishmania spp., host
cellular immune mechanisms play a major role. It has become evident from genetic
and immunological studies, using a murine model, that the members of the genus
Leishmania differ in aspects of their “approach” to the host immune system by using
number of different virulence factors and the proteins interacting with the host [5].

Interactions of host and pathogen evoke different solutions to the challenges
imposed by parasite establishment, survival, and persistence. Understanding the
extent of host-pathogen PPIs at system level is increasingly important in ensuring
the development of broadly applicable vaccines, drugs, and immunotherapeutic
interventions for many diseases including leishmaniasis. The host-pathogen PPI
network can be constructed using interolog and domain-based approaches, as previ-
ously mentioned. Our group has illustrated and documented the power of this
approach by deriving human-fungi PPI networks of Aspergillus fumigatus and
Candida albicans (from the pathogen side) and mouse and man (from the host
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side) [81]. In our work, we illustrate also the importance of robust filtering and
refinement steps in host-pathogen interaction networks to attain biologically relevant
relations. The predicted interactions can be ranked further, based on confidence
score to validate the top ones experimentally [82, 83]. The confidence score assigned
to PPI computationally reflects the likelihood of the correctness of the prediction. In
this context, the excellent review article by Kaye and Scott provides a catalog of
species-specific Leishmania genes important in pathogenesis [5]. Generally, articles
validating by experimental means, the host-pathogen interactions at small-scale
articles can be retrieved by text-based searches at the PubMed literature repository.
For instance, Lieke et al. highlighted the interaction of Leishmania surface glyco-
protein GP63 and natural killer (NK) cells and expression dynamics of NK cell
marker CD56 [84]. Along with the organism-specific literature search, the databases
consisting the catalog of host-pathogen PPIs such as HPIDB [85] and PHISTO [86]
can be primarily used as a template dataset for interolog predictions. Regarding the
host side filtering, genome-wide RNA interference screens are particularly powerful
to identify host factors required for pathogenesis. From the pathogen side, virulence
factors, effectors, and secretory proteins have key importance to prune the predicted
host-pathogen interaction networks.

Exploiting these computational methods further, Rezende et al. [87] established
the PPI networks for three Leishmania pathogens, L. (L.) major, L. (V.) braziliensis,
and L. (L.) infantum. Recently Gazestani et al. experimentally determined the protein
complex map of Trypanosoma brucei [88] which can be used to refine the computa-
tional PPIs of Leishmania. In a transcriptome level study, probing the response of
liver-resident macrophages (Kupffer cells) in L. (L.) donovani-infected mice, Beattie
et al. identified a network operating in uninfected Kupffer cells exposed to inflam-
mation that was absent in Kupffer cells coming from the same animal infected with
intracellular Leishmania [72]. They reported the retinoid X receptor alpha (RXRα)
as a key hub in the network that involves in innate resistance of Kupffer cells to
Leishmania infection. Mining of such hubs is possible by analysis of interactomes.
Moreover, the transcriptome or proteome data can be mapped on interactomes and
are useful to derive the active networks during the infection.

13.4 Resources

There are several databases and other resources available regarding detailed data on
Leishmania genome, proteome, metabolome, and interactome. Key resources
mainly dedicated to protozoan pathogens including Leishmania are listed in
Table 13.3.

Different workflows are conceivably exploiting these data, for instance, regarding
drug design, vaccine development, lab markers, or patient treatment. This is
illustrated in Fig. 13.1. In the following section, we will discuss specific bioinfor-
matics options to improve the challenges that exist in vaccine research, drug design,
and treatment of leishmaniasis.
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Fig. 13.1 Bioinformatics analysis options regarding Leishmaniosis. The data summarized in
Table 13.1 can be used in consecutive steps (arrows) for different workflows exploiting the
accumulated data, for instance, regarding drug design and protein target prediction (left), vaccine
development (middle), diagnostic lab markers, or patient treatment (right)
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13.5 Role of Immune Informatics for Vaccine Development

Vaccines are among the most efficacious and cost-effective tools for reducing
morbidity and mortality caused by infectious diseases [89]. Owing to efficient
immune evasion mechanisms such as antigenic variation and the intracellular
locations of Leishmania spp. in the human cells, vaccine design remains challenging
in leishmaniasis. The generation of an immunological memory is a prime require-
ment for effective vaccination. Patients cured from Leishmania infections develop
lifelong immunity; hence, the prevention of leishmaniasis through prophylactic
vaccination is quite feasible as suggested by clinical and experimental evidence.
The only proven vaccine agent in humans has been live L. (L.) major, and it is
discontinued because of the appearance of unacceptable lesions in some recipients
[90]. In this regard, Rezvan and Moafi reviewed the strategies for Leishmania
vaccine development, which can supplement the in silico vaccine designing
approach against Leishmania spp. before proceeding to in vitro testing [91].

Host immunity against Leishmania is mediated via both innate and adaptive
immune responses (see Chap. 5). The successful treatment of leishmaniasis depends
on efficient elimination of the pathogen by activated macrophages. Internalization of
Leishmania by macrophages leads to the production of proinflammatory cytokines
and pathogen killing [92]. The subversive activity of Leishmania parasites in this
process is the inhibition of interleukin-12 (IL-12) production, which is necessary for
the leishmanicidal activity of macrophages [93], as it leads to upregulation of
inducible nitric oxide synthase (iNOS), nitric oxide (NO), and interferon gamma
(IFN-γ) [92]. T-lymphocytes play a central role in the generation of protective
immune response in many pathogen-mediated infections including Leishmania;
hence, the identification of peptides that stimulate T-cell responses is a critical
requirement for the development of successful epitopic vaccines [94, 95].

The studies have shown that CD4þ T-cells can provide the best protection against
Leishmania by mediating long-term immunity to L. (L.) major infection, even in the
absence of persistent parasites [96]. Unfortunately, although several approaches
have been taken to develop a vaccine for leishmaniasis, to date none have been
successful in humans [92, 95]. In a recent work, Brito et al. used an integrated
approach to analyze B- and T-cell epitopes of Leishmania, PPI networks, and
metabolic pathways and further experimentally validated 20 potential candidates
in a murine model [97]. The study suggested the potential of T-cell epitopes over
B-cell epitopes as vaccine candidates against leishmaniasis. In this pursuit, to create
efficient vaccines for prevention of leishmaniasis, immunoinformatics can play a
significant role with the use of computational approaches that aim to identify
putative vaccine candidates in the protein-coding genome (proteome) of pathogens
like Leishmania.

After the successful invention of the first approved multicomponent meningococ-
cal serogroup B (MenB) vaccine (4CMenB, Bexsero®) which started from dry lab to
wet lab, immunoinformatics is now poised to deliver more vaccines vindicating its
earlier promise [98, 99]: Bexsero is now registered in several countries and was
licensed in Europe in January 2013 [100].
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Recently, several approaches have been used to improve the potential of
computer-aided vaccine designing approaches to identify vaccine candidates:
(1) selection of candidates from conserved regions [101], (2) introducing cleavage
sites for targeted cleavage of multi-epitopic vaccine [102, 103], (3) using profile
methods to analyze biased-ness of predicted epitopes toward profiles of experimen-
tally validated epitopes [101], (4) B-cell epitope prediction by docking [102], (5) -
structure-based epitopes [104], (6) CpG optimization [105], (7) homology search
against host [94], (8) adding adjuvant such as IL-12 [89], and (9) population
coverage analysis [94, 106]; they all enhance the scope of immunoinformatics.
Such approaches can be used together to deliver best vaccine candidates against
Leishmania computationally.

13.6 Computer-Aided Drug Designing (CADD)

Starting from the sequenced genome, one can predict drug targets using a subtractive
genomics approach. In brief, first all the proteins in the pathogen are classified based
on their importance in a well-characterized corresponding organism (e.g., essential
function, even verified by gene knockout as well as less important classes). If there
are no experimental data for the gene function and its importance in the pathogen,
sequence similarity from proteins of other organisms is used, and the availability of
experimental data in these organisms is considered. The “Database of Essential
Genes” (DEG database) [107] provides a catalog of functionally important genes
in several prokaryotics and eukaryotics (“essential” is not meant in this database in
the strict sense used in genetics, but a striking growth effect was observed after
modification, choosing specific growth conditions). Based on orthology (i.e., high
sequence similarity over most of the protein, indicating similar function), function-
ally important genes can in this way be correctly annotated in different organisms
[78]. Using the DEG database, several important genes have been identified and
annotated in L. (L.) donovani [108].

Network-based methods can also be applied to determine the topologically
central proteins for the organism. Inhibition of such central “hub” proteins can
lead to damage of network architecture [109]. It is also feasible to combine both
approaches to collect even more potential essential protein targets for pathogen
survival [78]. Next the proteins having human homologs are removed from the
predicted essential proteins based on sequence similarity, to avoid drug effects on
too similar enzymes occurring in the host. One has to stress that there are proven
examples where the protein is present also in the human genome but is nevertheless
sufficiently different that drugs inhibiting the pathogen molecule will not damage the
host protein too much, consequently allowing therapy; this is the case, for instance,
regarding methylene blue [110].

The metabolic potential of targets can also be analyzed using the KEGG (Kyoto
encyclopedia of genes and genomes) database of metabolic pathways. If the
predicted candidates have shown resistance to antibiotics, they can be filtered out.
This can now provide a list of putative molecules. Moreover, membrane proteins can
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be used to find best epitopes for vaccines (predicted high antigenicity of specific
membrane protein regions). The collected list contains the presumed drug targets
which now can also be searched in the DrugBank to find inhibitors or search for
inhibitors known for orthologous (sequence similar) proteins in other organisms, if
available. We have recently used such a pipeline to identify the drug targets in
S. marcescens [78]. In another recent study, we used PPI networks, gene expression
data, and metabolism to find new drug targets in Aspergillus fumigatus [79].

Such drug-search pipelines can also be extended toward finding inhibitors of
potential protein targets. For such an extension, first the three-dimensional
(3D) structure of a preferred top-ranked target is determined. If the crystal structure
of the protein is not available in the Protein Data Bank (PDB), suitable approaches of
computational structure prediction (homology modeling, threading, ab initio or
composite modeling) can be applied to determine the 3D structure. Moreover, active
sites of enzymes can be determined by modeling, and a library of inhibitors can be
screened for finding the best scoring inhibitor using techniques of virtual screening
[111]. This is particularly successful if the enzyme or protein to be modeled has a
homologous crystal structure. If this is the case, a homology model of the Leish-
mania protein structure can be build based on this known crystal structure. Next, the
binding of inhibitors available from public or private drug banks as well as their
derivatives may be studied.

We explain this technique analyzing highly toxic ribosome-inactivating proteins
[112]. Not only chemical inhibitors but also peptide inhibitors can be modeled and
used to inhibit model protein structures [113, 114]. The stability of drug-protein
complexes can be further accessed using molecular dynamics simulations
[115]. Additionally, the integration of docking techniques with mathematical models
can be used to analyze the effectiveness of anti-pathogen therapies [116].

We encourage the reader to consider some of the excellent reviews of the
advances in CADD that have been published elsewhere [117–119]. None of the
available drugs for the treatment of leishmaniasis (i.e., amphotericin-B, miltefosine,
pentavalent antimonials, paromomycin) is satisfactory, and new drugs are required,
especially some suitable for rural health systems with limited resources [120]. Sundar
et al. assessed the efficacy and safety of three potential short-course combination
treatments compared with the standard monotherapy in India [121]. In the
comparisons, different groups of patients were treated with (a) amphotericin-B,
(b) liposomal amphotericin-B with miltefosine, (c) paromomycin, and
(d) paromomycin with miltefosine. They concluded that the two-drug combination
treatments for VL were efficacious and safe with fewer adverse events, and with a
decreased duration of therapy, thereby encouraging adherence and reducing the
emergence of drug-resistant parasites [121].

Such a combination strategy is also powerful regarding malaria treatment
[122]. Using computational analysis, Waugh et al. identified a list of prospective
compounds which could serve as potential antileishmanial drugs [64]. Broad and
general information on drugs and their influence on protein-protein interaction
networks including indications, protein targets, and side targets can be accessed
from our helpful resource: the drug-minded protein interaction database (DrumPID)
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[123] (access link: http://drumpid.bioapps.biozentrum.uni-wuerzburg.de/
compounds/index.php).

13.7 Network-Based Drug Target Discovery

The core of network-based drug discovery is a robust prediction of the involved PPI
network. In the absence of experimentally derived PPIs, orthology-based methods
are mainly used for PPI network predictions. Thus, experimentally available PPIs of
related organisms are used to infer the interactions in the orthologous proteins of the
Leishmania. Another widespread method is the establishment of PPI networks based
on domain-domain interactions. In terms of drug target identification, such networks
are further analyzed for critical hubs and bottlenecks. Once the target is determined
using CADD, potential inhibitors can be predicted. Interestingly, how the proposed
inhibitor can affect PPI network structures and how the resulting signals are trans-
lated into drug effects can be predicted [124, 125].

There are few reports presenting such drug target identification in Leishmania
using computational methods. Flórez et al. constructed the first PPI network of the
L. (L.) major parasite by using a computational approach and proposed potential
drug targets for further experimental validation [126]. Later, Rezende et al.
constructed PPI networks of L. (V.) braziliensis, L. (L.) infantum, and L. (L.)
major which can be used for network-based novel drug target prediction against
Leishmania [87]. However, considering the resources, genome information, and
references reviewed here, we are reasonably optimistic that soon further advances
will become possible.

13.8 Conclusion

Leishmania infection is an increasing medical problem in South America but also
worldwide [Asia, Africa, Middle East, Southern Europe, few cases even in the USA
(Texas, Oklahoma)]. Exploiting the potential of bioinformatics and understanding
the extent of the genomic diversity of Leishmania genomes will be increasingly
important in ensuring the development of broadly applicable and effective vaccines,
conserved drug targets, drugs, and other immunotherapeutic interventions. A partic-
ular promising approach currently intensively explored is a Leishmania vaccine.
Currently, drug therapy can cure patients with high success albeit severe medical
risks. In particular, the well-known standard drugs against leishmaniasis such as
pentavalent antimonials need further alternatives and improvements. Drug resistance
observed in certain countries such as India is another motivation for improved drug
design and vaccine development against leishmaniasis.
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P-Glycoprotein-Like Transporters
in Leishmania: A Search for Reversal Agents 14
Bruno Pradines

Abstract
Until now, chemotherapy has been the main line of defense against Leishmania
infections. However, drug use and abuse have resulted in the selection and
development of resistance mechanisms which strongly limit the number of
antiprotozoal agents that are effective for the treatment of this disease. The
emergence and spread of resistance to drugs currently in use and available for
leishmaniasis emphasize that new compounds need to be identified and developed
and that novel chemotherapeutic targets must be characterized. Mechanisms of
drug resistance are often associated with decreased uptake of the drug into the
parasite, poor drug activation, physiological alterations in the drug target, and
overexpression of drug transporter proteins. One mechanism of resistance to
antimony in Leishmania involves a decrease in its accumulation by either reduced
uptake or increased efflux, mediated by P-glycoprotein (Pgp)-like transporters,
which belong to the ATP-binding cassette (ABC) superfamily of proteins. The
inhibition of the function of these proteins represents an attractive way to control
drug resistance in clinical environments. New natural or synthetic sesquiterpenes,
flavonoids, acridonecarboxamide derivative modulators of human Pgp (zosuquidar
and elacridar), statins, pyridine analogs, 8-aminoquinolines, or phenothiazines
revert in Leishmania the resistance phenotype to antimony, pentamidine, sodium
stibogluconate, and miltefosine by modulating intracellular drug concentrations. In
this chapter, we review some concepts concerning the reversal mechanism of
multidrug resistance by the use chemosensitizers which alter the capacity of Pgp.
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14.1 Introduction

Arsenic- and antimony-containing drugs are still the first line of treatment for
leishmaniasis. Pentavalent antimonial compounds (SbV) remain the choice of treat-
ment for all forms of leishmaniasis, ranging from cutaneous lesions to fatal visceral
infections. The emergence and spread of resistance to currently used antileishmanial
drugs emphasize the fact that new compounds need to be identified and developed.
Resistance to antimonial drugs is everyday more frequently reported [1–3].

A large amount of scientific effort is spent on elucidating the mechanisms
underlying this resistance with the hope of restoring/improving the efficacy of
existing drugs and of developing new drugs that can bypass resistance mechanisms.

Among the various drug resistance mechanisms identified, those based on drug
movement through the membranes appear to play an important role by decreasing
the drug concentration at the target sites. The transport proteins of the ATP-binding
cassette (ABC) superfamily provide the basis of multidrug resistance in mammalian
cancer cells and in pathogenic yeasts, fungi, parasites, and bacteria [4–8]. ABC
proteins were also identified in resistance to antileishmanial drugs (see Table 14.1).
The ABC transporters are described in Chap. 11.

But all of the ABC families are not associated with antileishmanial drug resis-
tance, such as the ABCA family [9].

The ABCB family includes the multidrug-resistant protein 1 (MDR1) or ABCB4
protein and the multidrug-resistant protein 2 (MDR2) or ABCB2 protein, whose
overexpression confers resistance to vinblastine and structurally non-related hydro-
phobic compounds such as puromycin, adriamycin, doxorubicin, and daunomycin
[10–16]. LeMDR1 (LeABCB4) can also affect pentamidine resistance [17]. Addi-
tionally, LgMDR1 and LaMDR1 are increased in antimony-resistant strains of
L. (V.) guyanensis or L. (L.) amazonensis [18]. The subcellular location of
LeABCB4 and LaABCB2 (LaMDR2) in the tubular structure, a compartment that
may correspond to a multivesicular tubule lysosome, suggests that mechanisms of
resistance in Leishmania are different from those acting in the conventional mam-
malian efflux pump Pgp MDR1.

The ABCC family includes the multidrug-resistant protein A (MRPA) or
P-glycoprotein A (PGPA) or ABCC3; the P-glycoprotein E (PGPE) or ABCC4,
associated with resistance to arsenite and antimonial drugs; and the pentamidine
resistance protein 1 (PRP1) or ABCC7. ABCC3 and ABCC4 are involved in the
resistance of Leishmania toward arsenic and antimony compounds [19–
22]. Overexpression of ABCC4 and ABCC5 can also confer resistance to antimonial
drugs in L. (S.) tarentolae [23]. Additionally, field-resistant isolates to antimony
exhibit upregulation in ABCC3 (MRPA or PGPA) transcript levels in L. (L.)
donovani, L. (V.) braziliensis, L. (V.) guyanensis, L. (L.) amazonensis, or L. (L.)
major (>1.5) [18, 24, 25]. ABCC7 is shown to confer pentamidine resistance in the
promastigote and amastigote form of L. (L.) major and is cross-resistant to trivalent
antimonial drugs when overexpressed [26–28].

The ABCG family includes the ABCG4 and ABCG6 proteins. ABCG4, localized
mainly to the parasite plasma membrane, reduced the accumulation of
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Table 14.1 ATP-binding cassette (ABC) transporters in Leishmania spp.

ABC
subfamily

Leishmania
spp. Protein

Involvement in drug
resistance

ABCA L. (L.)
infantum

LiABCA4 No

LiABCA8 No

L. (L.) major LmABCA3 No

LmABCA4 No

LmABCA8 No

L. (L.) tropica LtrABCA4 or LtrABCA2 No

LtrABCA8 or LtrABC1.1 No

ABCB PgP
cluster

L. (L.)
amanozensis

LaABCB4 or LaMDR1 Yes

LaABCB2 or LaMDR2 Yes

L. (L.)
donovani

LdABCB4 or LdMDR1 Yes

L. (M.)
enriettii

LeABCB4 or LeMDR1 Yes

L. (V.)
guyanensis

LgABCB4 or LgMDR1 Yes

L. (L.) tropica LtrABCB4 or LtrMDR1 Yes

ABCC MRP
cluster

L. (L.)
amazonensis

LaABCC3 or LaMRPA Yes

LaABCC7 or LaPRP1 Yes

L. (V.)
braziliensis

LbABCC3 or LbMRPA Yes

L. (L.)
donovani

LdABCC3 or LdPGPA or
LdMRPA

Yes

L. (V.)
guyanensis

LgABCC3 or LgMRPA Yes

L. (L.)
infantum

LiABCC3 or LiPGPA or
LiMRPA

Yes

LiABCC4 or LiPGPE Yes

LiABCC5 Yes

LiABCC7 or LiPRP1 Yes

LiABCC9 ?

L. (L.) major LmABCC3 or LmPGPA or
LmMRPA

Yes

LmABCC7 or LmPRP1 Yes

L. (L.)
mexicana

LmeABCC3 or LmePGPA or
LmeMRPA

Yes

L. (S.)
torentolae

LtABCC2 or LtPGPB Yes

LtABCC3 or LtPGPA or
LtMRPA

Yes

LtABCC4 or LtPGPE Yes

LtABCC5 Yes

L. (L.) tropica LtrABBC4 or LtrPGPE Yes

(continued)
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phosphatidylcholine analogs and conferred resistance to alkyl-phospholipids
(miltefosine (MIL), edelfosine, and perifosine) when overexpressed. The second
ABCG reported, ABCG6, also localized mainly to the parasite plasma membrane,
confers resistance to MIL and sitamaquine when overexpressed in L. (L.) infantum
[29]. ABCG6 confers also resistance to camptothecin and arsenite [30].

The inhibition of the activity of ABC proteins represents an interesting way to
control drug resistance. This concept of inhibiting ABC transporters is well studied
for malaria [31–33]. Leishmania parasites overexpressing ABCG2 are resistant to
antimony, as they demonstrate a reduced accumulation of SbIII due to an increase in
drug efflux [34].

14.2 Transporter Inhibitors and Modulators of Multidrug
Resistance

A number of compounds, e.g., calcium channel blockers, calmodulin antagonists,
hydrophobic peptides, protein kinase inhibitors, antibiotics, hormone derivatives,
and flavonoids, have been previously described to reverse in vitro multidrug resis-
tance in mammalian cells [35]. They are called modulators or chemosensitizers;
those that reverse the multidrug-resistant phenotype in Leishmania spp. are listed in
Table 14.2.

14.2.1 Calcium Channel Blockers: Verapamil

Some of these compounds, like the L-type voltage-gated channel blocker verapamil,
are known to efficiently overcome multidrug-resistant phenotype in vitro, not only in
mammalian cells [54–56] but also in some bacteria such as Mycobacterium spp.
[57, 58] or Enterococcus spp. [59] and in parasites such as nematodes like
Haemonchus contortus [60–62] and protozoa like Entamoeba histolytica [63–65]
or Plasmodium falciparum [66–68]. Verapamil is an inhibitor of the human Pgp
(ABCB1) [69].

Previous studies have demonstrated that verapamil increases the in vitro anti-
mony activity on L. (L.) donovani [36]. Verapamil shows efficacy in reversing
several P-glycoprotein and MRP overexpression-mediated arsenite resistance

Table 14.1 (continued)

ABC
subfamily

Leishmania
spp. Protein

Involvement in drug
resistance

ABCG L. (L.)
donovani

LdABCG6 Yes

L. (L.)
infantum

LiABCG4 Yes

LiABCG6 Yes

L. (L.) major LmABCG2 Yes

? Not determined
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Table 14.2 Major multidrug resistance reversal drugs investigated in Leishmania spp.

Class of compound and specific
modulators Resistance to Strains References

Calcium channel blockers

Verapamil Antimonials L.(L.) donovani [36]

Pentamidine L. (L.) mexicana [37]

Arsenites L. (L.) donovani [30]

L. (S.) tarentolae [38]

Pirarubicin L. (V.) braziliensis [39]

L. (V.) guyanensis [39]

L. (L.) mexicana [39]

L. (V.) peruviana [39]

L. (V.) panamensis [39]

Vinblastine L. (L.) amazonensis [13]

Calmodulin inhibitors: Phenothiazine derivatives

Chlorpromazine Antimonials L. (L.) donovani [40]

L. (L.) major [40]

L. (V.) braziliensis [39]

L. (V.) guyanensis [39]

L. (L.) mexicana [39]

Pentamidine L. (L.) mexicana [37]

Trifluoperazine, prochlorperazine Pirarubicin L. (V.) braziliensis [39]

L. (V.) guyanensis [39]

L. (L.) mexicana [39]

Thioridazine, trifluoropromazine Pirarubicin L. (V.) braziliensis [39]

L. (V ) guyanensis [39]

L. (L.) mexicana [39]

Flavonoids

Silymarin and silybin derivatives Daunomycin L. (L.) tropica [41]

Quercetin Arsenites L. (L.) donovani [30]

Synthetic flavonoids Pentamidine L. (L.) donovani [42]

L. (M.) enriettii [42]

Sodium
stiboglucanate

L. (L.) donovan [42]

L. (M.) enriettii [42]

Synthetic flavonoid derivatives Antimonials L. (L.) major [43]

Trolox and derivatives Antimonials L. (L.) major [43]

Sesquiterpenes

Dihydro-β-agarofuran
sesquiterpenes

Miltefosine L. (L.) tropica [41]

Sesquiterpene C-3 (agarofuran
derivative)

Edelfosine L. (L.) tropica [41]

Daunomycin L. (L.) tropica [41]

Nortriterpene Daunomycin L. (L.) tropica [44]

Glycyrrhizic acid Sodium
stiboglucanate

L. (L.) donovani [45]

(continued)
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phenotype in L. (S.) tarentolae or L. (L.) donovani [30, 38]. The reversion of in vitro
drug resistance by verapamil is confirmed in L. (L.) donovani clinical isolates
resistant to sodium stibogluconate [70]. This drug partially reverses the resistance
in vinblastine-resistant L. (L.) amazonensis, which show cross-resistance to
adriamycin [13]. The energy-dependent efflux of pirarubicin, an anthracycline
derivative, is inhibited by verapamil in L. (V.) braziliensis, L. (V.) guyanensis,
L. (L.) mexicana, L. (V.) peruviana, and L. (V.) panamensis [39]. However, verapa-
mil cannot revert the resistance to camptothecin, a cytotoxic quinoline alkaloid
which inhibits the DNA enzyme topoisomerase-I [30]. Various studies in cancer
cell lines reveal that development of resistance to topoisomerase inhibitors is a
multifactorial event including altered transport, modified drug metabolism and
detoxification, and change in drug-target interaction. Amino acid substitutions in
topoisomerase-I confer camptothecin resistance in L. (L.) donovani [71]. The appar-
ent wide substrate specificity of the Leishmania transport system suggests that it
could be responsible for the intrinsic resistance of parasite promastigotes to drugs. Its
physiological relevance is supported by the fact that it was described in at least five
different Leishmania species. It seems that verapamil regulates drug susceptibility by
downregulating Pgp expression in arsenical-resistant Leishmania spp. [72]. In tumor
cells, the ability of verapamil to modulate multidrug resistance protein 1 (MRP1 or
ABCC1)-mediated resistance seems to be link to its effect on the reduced glutathione

Table 14.2 (continued)

Statins

Lovastatin Antimonials L. (L.) donovani [46]

Pyridine analogs

PAK104P Pirarubicin L. (V.) braziliensis [39]

L. (V.) guyanensis [39]

L. (L.) mexicana [39]

Oxazolo[3,2-α]pyridine Daunomycin L. (L.) tropica [47]

Miltefosine L. (L.) tropica [47]

Sulfonylurea

Glibenclamide Glucantime L. (L.) mexicana [48]

L. (L.) major [49]

Benzoquinones

Bis-pyranobenzoquinones Daunomycin L. (L.) tropica [50]

Acridine derivatives

Quinacrine Pentamidine L. (L.) donovani [42]

L. (V.) enriettii [51]

8-aminoquinolines

Sitamaquine Miltefosine L. (L.) tropica [52]

Antimonials L. (L.) tropica [52]

Acridonecarboxamide derivatives

Elacridar, zosuquidar Miltefosine L. (L.) tropica [53]
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(GSH) status [73]. In addition to stimulate MRP1-mediated GSH transport, verapa-
mil modulates MRP1-mediated leukotriene C4 transport [74].

Verapamil also enhances pentamidine uptake into resistant L. (L.) mexicana and
also partially reverses the drug resistance phenotype in promastigotes [37], but not in
axenic amastigotes [75]. In addition, using nontoxic concentrations of verapamil, a
dose-dependent reversion of pentamidine is observed in resistant parasites when
compared with those not treated with verapamil in L. (L.) amazonensis [27]. How-
ever, verapamil has any impact either in drug uptake or drug resistance in L. (L.)
donovani [76]. This suggests that Pgp-mediated efflux of pentamidine is not opera-
tive in L. (L.) donovani as it is in L. (L.) mexicana or L. (L.) amazonensis. PRP1
(ABCC7) is shown to confer pentamidine resistance in the promastigote and
amastigote form of L. (L.) major and in L. (L.) infantum when overexpressed
[26, 28], but not in L. (L.) amazonensis [27]. No difference in PRP1 transcript levels
is observed between susceptible and resistant L. (L.) donovani parasites to SbV [77].

The specific Pgp inhibitor cyclosporin-A does not interfere with calcein cell
retention (efflux measurement) in L. (L.) amazonensis, while verapamil does
[78]. These results demonstrate that the drug transport systems expressed in Leish-
mania are susceptible to MRP (ABCC) inhibitors like verapamil, but not to the Pgp
(ABCB) inhibitor like cyclosporin-A.

In addition, it seems that verapamil is ineffective in reverting ABCG6
overexpression-mediated resistance in Leishmania [30].

14.2.2 Calmodulin Inhibitors: Phenothiazine Derivatives

Phenothiazines and reserpine can also reverse drug resistance in mammalian cells,
bacteria, and parasites [79–82]. Phenothiazine drugs, of which chlorpromazine is the
leading molecule, are widely used for their antipsychotic, antianxiety, and antiemetic
effects. In addition, they also possess protozoacidal activity against amastigotes and
promastigotes of L. (L.) donovani and L. (L.) chagasi in vitro as well as in vivo [83–
85]. Chlorpromazine is also an inhibitor of the human Pgp (ABCB1) [69].

Chlorpromazine, trifluoropromazine, thioridazine, trifluoperazine, and
prochlorperazine are reported to inhibit the energy-dependent efflux of pirarubicin,
an anthracycline derivative, in L. (V.) braziliensis, L. (V.) guyanensis, and L. (L.)
mexicana [39]. A synergistic effect between chlorpromazine and N-meglumine
antimoniate is observed in multidrug-resistant L. (L.) donovani and L. (L.) major
cells in vitro [40]. The effect of phenothiazine derivatives on Leishmania drug
transport may be explained by their ability to inhibit the activity of trypanothione
reductase [86, 87]. Indeed, if we consider that the reduced form of trypanothione is
an important co-factor for the function of the Leishmania drug transporter, in the
same way as reduced glutathione is required for the MRP1 function [74, 88],
phenothiazines may inhibit transport activity by decreasing the intracellular level
of reduced trypanothione [39]. However, no significant effect is observed in vivo
against amastigotes of L. (L.) major and L. (L.) mexicana, in cutaneous lesions in
mice [40]. The toxic effects reported with the most frequently studied phenothiazine,
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which is chlorpromazine, have impaired the investigation of other phenothiazines as
potential clinical agents.

Prochlorperazine and trifluoperazine enhance pentamidine uptake into resistant
L. (L.) mexicana and also partially reverse the drug resistance phenotype [37]. How-
ever, these drugs have any impact either in drug uptake or drug resistance in L. (L.)
donovani [76]. This indicates that Pgp-mediated efflux of pentamidine is not opera-
tive in L. (L.) donovani as it is in L. (L.) mexicana, like for verapamil.

14.2.3 Flavonoids

The flavonoid class is constituted by flavones, flavonols, isoflavones, flavanones,
and chacones [89]. More than 6500 different flavonoids have been identified from
plant sources.

Flavonoids have shown promise to reverse multidrug-resistant phenotypes in
L. (L.) tropica [41, 42, 90, 91]. Flavonoids constitute a well-known class of natural
inhibitors of different proteins [92] with contradictory results concerning their
modulation effects on different multidrug-resistant cells [93–95]. They bind to the
two cytosolic NBSs of the ABC transporters. The flavanolignan silybin and its
hemisynthetic derivatives exhibit good affinity to NBD2 [96]. The flavonoid
interactions with the ATP-binding site and a vicinal hydrophobic region [41, 91,
97] cause the inhibition of drug efflux and reverse the resistance to daunomycin in
L. (L.) tropica. Only flavonoids which bind with high affinity to the cytosolic domain
NBD2 are able to both increase daunomycin accumulation in a L. (L.) tropica line
overexpressing MDR1 (LtrABCB4) and inhibit the parasite growth in the presence
of the drug [41]. In addition, flavonoids, such as quercetin a flavone, may modulate
the multidrug transporter by decreasing Pgp synthesis and inhibiting the transcrip-
tional activation of the mdr gene involved in the susceptibility to daunomycin
[53, 98]. Quercetin is a human Pgp (ABCB1), MRP2 (ABCC2), and BCRP
(ABCG2) transporter inhibitor [69, 99]. Quercetin reverts the resistance to
camptothecin in L. (L.) donovani that overexpresses LdABCG6 involved in resis-
tance to camptothecin and arsenite [30] and is associated with reduction of accumu-
lation of alkyl-phospholipid drugs such as MIL in Leishmania [29]. Synthetic
flavonoid dimmers exhibit a significant reversing activity on pentamidine and
sodium stibogluconate resistance in L. (S.) enriettii and L. (L.) donovani [42]. This
modulatory effect is dose-dependent and due to the bivalent nature of the flavonoid
compounds. Compared to other MDR inhibitors such as verapamil, reserpine,
quinine, quinacrine, and quinidine, these compounds are the only agents that can
reverse sodium stibogluconate resistance in L. (S.) enriettii. These modulators
exhibit reversal activity on pentamidine resistance, comparable to that of reserpine
and quinacrine but whatever the level of overexpression of Lemdr1 gene suggesting
that these modulators are not specific to LeABCB4 (LeMDR1). Recently, new
compounds derived from aurone, flavones, isoflavones, xanthone, chalcones, and
trolox were evaluated against antimony-resistant strains of L. (L.) major [43]. Two
trolox carboxamides induce reversion of antimony resistance in the promastigote

326 B. Pradines



form of L. (L.) major. These two compounds are specific reversal agents targeting
the Leishmania ABCI4 transporter. This transporter belongs to an unclassified group
of proteins in the ABC family with no known homology with other eukaryotic ABC
proteins but with orthologues in Trypanosoma brucei and Trypanosoma cruzi
[100]. ABCI4 is a protein located in the plasma membrane and mitochondria of
the parasite and efflux antimony. Overexpression of ABCI4 confers resistance to
antimony.

14.2.4 Sesquiterpenes

Agarofuran sesquiterpenes, e.g., natural compounds isolated from Maytenus
cuzcoina [101, 102], M. chubutensis [91], M. macroparta [103], M. magellanica
[91],M. apurimacensis, [104] and Crossopetalum tonduzii [105], are new promising
reversal agents that overcome the multidrug-resistant phenotype in Leishmania,
including the resistance to anthracyclines (daunomycin) and alkyl-
lysophospholipids (MIL and edelfosine). In L. (L.) tropica, dihydro-β-agarofuran
sesquiterpenes enhance accumulation of calcein, a Pgp substrate, probably due to
Pgp-like transporter inhibition [91]. These compounds bind to the NBD2 C-terminal
of L. (L.) tropica Pgp-like transporter, LtrMDR1 (LtrABCB4) [105]. A series of
dihydro-β-agarofuran sesquiterpenes isolated from the leaves of Maytenus cuzcoina
or semisynthetic derivatives have been tested on L. (L.) tropica parasites
overexpressing Pgp [101]. Three-dimensional quantitative structure-activity rela-
tionship using the comparative molecular similarity indices analysis (3D-QSAR/
CoMSIA) is employed to characterize the steric, electrostatic, lipophilic, and
hydrogen-bond-donor and hydrogen-bond-acceptor requirements of these
sesquiterpenes as modulators at Pgp-like transporter. The most salient features of
requirements are the H-bond interaction between the substituents at the C-2 and C-6
positions with the receptor. The structure-activity relationship (SAR) suggests that a
substituent at the C-2 position seems to be essential for reversal activity in the MDR
Leishmania line by acting as a H-bond acceptor. The furan ring at the C-6 position
seems to form a hydrogen bond with the receptor. The introduction of a carbonyl
group, capable of acting as a H-bond acceptor in the H-bond with the receptor,
produces a tenfold higher chemosensitization. This suggests a direct interaction with
the receptor. These results would be used to design and synthesize more effective
and specific new Pgp inhibitors.

Sesquiterpene C-3 remarkably sensitizes multidrug-resistant parasites to MIL and
edelfosine by increasing alkyl-lysophospholipid accumulation [53]. Moreover,mdr1
gene transfections can alter membrane fluidity in mammalian cells and change alkyl-
lysophospholipid effects [106, 107].

Nortriterpene, extracted from Maytenus chubutensis and M. magellanica
(Celastraceae family), shows only moderate MDR1 reversal activity in a L. (L.)
tropica strain overexpressing LtrMDR1, involved in daunomycin resistance [64].

Glycyrrhizic acid, a triterpenoid saponin isolated from the root of the liquorice
plant, limits infection with sodium antimony gluconate (SAG)-resistant L. (L.)
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donovani in combination with SAG treatment [45]. Glycyrrhizic acid enhances
antimony retention by inhibition of MRP1 and Pgp expression levels in splenic
macrophages from infected mice. Glycyrrhizic acid acts by modulation of host ABC
transporters. Glycyrrhizic acid suppresses cell surface expression of MRP1 and Pgp
in host macrophages.

14.2.5 Statins: Lovastatin

Statins, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors,
belong to a family of lipid-lowering drugs that are currently used for the control of
hyperlipidemia and are considered useful for protection from cardiovascular events.
Apart from the cholesterol-lowering activity of statins, the immunomodulatory and
pleiotropic effects of statins may significantly impact infection-related survival
[108, 109]. Statins interfered with the growth of protozoan parasites in the
Trypanosomatidae family, such as Trypanosoma cruzi and various Leishmania
species [110–112].

Statins are also inhibitors of Pgp in cancer cells [66, 113, 114]. Additionally, in
Plasmodium falciparum, atorvastatin has synergistic effects in combination with
antimalarial drugs such as dihydroartemisinin, quinine, or mefloquine [115–117].
atorvastatin acts probably by inhibition of MDR-like proteins, which are involved in
malaria resistance.. In Leishmania, the combination of the antifungal drug micona-
zole and lovastatin is synergic in terms of inhibition of promastigote proliferation,
macrophage infection, and amastigote number [118]. In promastigote cultures, the
effect is more marked in L. (L.) amazonensis parasites than L. (L.) donovani. But it
seems that this effect is due to inhibition of sterol biosynthesis by both lovastatin and
miconazole. More recently, lovastatin, which can inhibit both Pgp and MRP1
(ABCC1), allows the accumulation of sodium antimony gluconate in resistant
L. (L.) donovani and reversion of antimony resistance [46]. Lovastatin can induce
not only the retention of antimony compounds but also that of an unrelated chemo-
therapeutic agent such as doxorubicin in cancer cells.

14.2.6 Pyridine Analog: PAK-104P

A pyridine analog, PAK-104P, was demonstrated in vitro as well as in vivo to inhibit
Pgp-mediated multidrug resistance to vincristine, adriamycin, doxorubicin, pacli-
taxel, and antimonial and arsenical drugs [119–124]. PAK-104P partially reverses
the resistance and increases the arsenite accumulation in cancer cells that
overexpress MRP1 (ABCC1) [125]. PAK-104P can inhibit both Pgp and MRP
[123]. PAK-104P also blocks the energy-dependent efflux of pirarubicin in L. (V.)
braziliensis, L. (V.) guyanensis, and L. (L.) mexicana [39]. This compound probably
alters the activity of trypanothione reductase and the transport activity by decreasing
the intracellular level of reduced trypanothione.
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Oxazolo[3,2-α]pyridine derivatives produce a significant reversion of resistance
to both MIL and daunomycin in a MDR1 overexpressing L. (L.) tropica strain [47].

14.2.7 Sulfonylurea: Glibenclamide

Glibenclamide is a sulfonylurea that inhibits ABC proteins such as Pgp (ABCB1)
[69, 126] and MRP1 (ABCC1) of cancer cells [127].

Glibenclamide increases calcein accumulation in L. (L.) amazonensis-resistant
line, like verapamil [78]. Cyclosporin-A, which is a specific inhibitor of Pgp, doesn’t
increase calcein accumulation. These results demonstrate that the drug transport
systems expressed in L. (L.) amazonensis are susceptible to MRP (ABCC) inhibitors
like glibenclamide or verapamil, but not to the Pgp (ABCB) inhibitor like
cyclosporin-A. The increased expression of MRP1 (ABCC1) at the plasma mem-
brane of the protoplast of Arabidopsis thaliana is associated with an increase in the
resistance of Arabidopsis to SbIII and a decrease of SbIII accumulation in protoplast
[128]. The simultaneous administration in vitro of glibenclamide, a human MRP1
(ABCC1) inhibitor, increases the efficacy of Glucantime and decreases the infection
rate of infected macrophages by L. (L.) major [49]. A fixed concentration of 50 μM
glibenclamide in combination with various concentration of Glucantime caused an
inhibition of 80–90% in cell growth. The administration of glibenclamide in experi-
mental in vivo settings increases the potency of Glucantime when administered
simultaneously and reduces the size of lesions in mice infected with drug-susceptible
and drug-resistant Leishmania [48]. The Glucantime-glibenclamide combination
could represent a novel strategy to fight against Leishmania infection.

14.2.8 Acridonecarboxamide Derivatives: Elacridar and Zosuquidar

Acridonecarboxamide derivatives, elacridar (LY335979) and zosuquidar
(GF120918), modulators of human P-glycoprotein [129, 130], can overcome Pgp
(LtrMDR1 or LtrABCB4)-mediated LeishmaniaMIL resistance by increasing intra-
cellular MIL accumulation [131]. Overexpression of LtrABCB4 is involved in MIL
resistance [59]. In addition, ABCG4, localized mainly to the parasite plasma mem-
brane, reduced the accumulation of phosphatidylcholine analogs and conferred
resistance to alkyl-phospholipids (MIL, edelfosine, and perifosine) when
overexpressed [132]. The second ABCG reported, ABCG6, also localized mainly
to the parasite plasma membrane, conferred resistance to MIL and sitamaquine when
overexpressed in L. (L.) infantum [29]. Overexpression of ABCG6 is associated with
reduction of accumulation of alkyl-phospholipid drugs into Leishmania.
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14.2.9 Dithiocarbamate: Disulfiram

Disulfiram (Antabuse) is used as an adjunct in the treatment of chronic alcoholism.
Disulfiram is able to potentiate the antimalarial action of subcurative doses of
chloroquine and amodiaquine in Plasmodium berghei- and P. vinckei petteri-
infected mice [133]. Disulfiram inhibits P-glycoproteins by covalently modifying
one or more endogenous cysteine residues (Cys1074) in NBD2 [134]. Modification
of only one of the Walker A cysteines is sufficient to inactive Pgp [135]. This drug
could be effective in combination with Glucantime [136].

14.2.10 Benzoquinones

Bis-pyranobenzoquinones inhibit the activity of Pgp of mammalian cells but not
MRP1 (ABCC1) [50]. In addition, these compounds increase the activity of dauno-
rubicin in resistant L. tropica line. Bis-pyrano-1,4-benzoquinones are the best
modulators in MDR human cancer cells, while bis-pyrano-1,2-benzoquinones
exhibit the higher toxicity in combination with daunorubicin in MDR L. (L.)
tropica line.

14.2.11 Quinacrine

Quinacrine is an acridine derivative with antimalarial, antileishmanial, and
antitrypanosomal activities [137–139].

Quinacrine can have a synergistic effect in combination with pentamidine in
L. (M.) enriettii and in L. (L.) donovani [42, 51]. Moreover, quinacrine is only
effective in the pentamidine-resistant Leishmania, not in the sodium stibogluconate-
resistant or vinblastine-resistant parasites [42]. Surprisingly, quinacrine not only
restores the susceptibility of resistant parasites to pentamidine but also increases
the susceptibility of susceptible parasites. This result suggests that the quinacrine
target remains unaltered in susceptible and resistant parasites to pentamidine. What-
ever the quinacrine target might be, it cannot be an ABC transporter in Leishmania.

14.2.12 8-Aminoquinolines: Sitamaquine

Sitamaquine (WR6026), an 8-aminoquinoline analog, overcomes the MDR1-
mediated resistance to MIL by increasing intracellular MIL accumulation in a
L. (L.) tropica strain overexpressing MDR1 and resistant to MIL [52]. Additionally,
sitamaquine also modulates the activity of MRPA, involved in antimony resistance,
in resistant L. (L.) tropica strain. Sitamaquine reverses MRPA-mediated resistance to
antimony.
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14.3 Conclusion and Future Trends

Efflux transporters play a key role in the emergence and dissemination of resistant
parasites and in the acquisition of additional mechanisms of drug resistance caused
by a decrease in intracellular drug concentration. Despite their noticeable divergence
in structure and membrane topology, the major efflux systems share a dependence on
specific key parameters including (1) the functional assembly of a membrane
transporter, (2) the energy required (e.g., ATP, ion antiport, or membrane potential)
for active transport, and (3) the presence of affinity sites inside the transporter that
are involved in substrate recognition and transport.

The identification of functional domains and the characterization of various
interactions with the transported drug may elucidate key parameters that govern
efflux activity. At present, some 3D structures have been solved for bacterial drug
transporters, and these have allowed the proposal of dynamic and mechanical
models for drug transport [140]. The same approach must be used for Leishmania
infection. Drug-transporter interactions have recently been shown to be an important
part of multidrug resistance. In silico modeling is a powerful tool often employed to
predict drug properties prior to in vitro and in vivo studies. Modeling efforts are
currently being undertaken using both ligand- and transporter-based methods such as
structure-activity relationship (SAR) studies, quantitative-SAR (QSAR) studies,
hologram QSAR (HQSAR), comparative molecular field analysis (CoMFA) and
comparative molecular similarity index analysis (CoMSIA) studies, pharmacophore
modeling, homology modeling, and molecular dynamics studies. The most common
approaches to discover human ABC substrates and inhibitors are development of
QSAR models and SAR. This approach has been carried out in the case of human
ATP-transporter multidrug resistance-associated protein 2 (MRP2 or ABCC2)
[141]. The goal of QSAR modeling is to construct a mathematical relationship
between descriptors and pharmacological activities of compounds. The model can
then be used to predict the activity for an untested compound. The goal of SAR is
usually to discern the structural features or side groups that directly lead to the
desired activity under investigation. In order to use these in silico modeling
techniques, compounds need to be screened to find the degree of substrate binding
to inhibition. Until now, there are no or very few inhibitors or substrate datasets
available for ABC transporters in Leishmania in literature. Some compounds with
inhibitory effects toward human ABCB1 (Pgp) and ABCC1 (MRP1) transporters
were studied by pharmacophore modeling, docking, and 3D QSAR to described the
binding preferences of these proteins [142]. Docking of selective inhibitors into the
Pgp binding cavity by the use of a structural model based on the recently resolved
Pgp structure confirms the Pgp pharmacophore features identified and reveals the
interactions of some functional groups and atoms in the structures with particular
protein residues. However, due to the complex nature of the applied methods, useful
interpretation of the models that can be directly translated into chemical structures by
the medicinal chemist is rather difficult.

The aim of these efforts is to decipher the molecular basis of drug transport, to
explain how differences in chemical structures modify interactions with the
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transporter, or to elucidate how the transporter functions in general. In addition,
original molecules have been demonstrated to restore the antileishmanial activity of
drugs that are pump substrates, and these studies make it possible to identify
pharmacophoric groups that are involved in efflux inhibition.

These data are crucial for the design of (1) new antileishmanial molecules that are
devoid of efflux-substrate characteristics and can reach a normal intracellular accu-
mulation level and (2) new compounds that have strong efflux pump affinity
associated with a high inhibitor capability and block the pump, restoring the
intracellular concentration of antileishmanial drugs.

The most prevalent mechanisms of resistance in Leishmania are mutations of
proteins involved in the drug transport (uptake or efflux) and amplification of
transporter genes. The role of ABC transporters in drug resistance in Leishmania
is well established. Several modulators have been described to reverse multidrug
resistance in vitro in Leishmania.Most of these drugs remain to be evaluated in vivo.
Hence, clinical evaluation of therapeutic regimens is now required to validate the
efficacy of these promising compounds or combinations for the treatment of
leishmaniasis.

Another perspective is to modulate proteins which participate to the regulation of
the expression of the level of MDR1 in Leishmania. Silent information regulator
2 (Sir2) is involved in Leishmania survival by preventing programmed cell death
[143]. Sir2 plays a role in regulating the expression of MDR1 and thereby
amphotericin-B (AMB) efflux from the resistant L. (L.) donovani [144]. Inhibition
or deletion of Sir2 allele shows decreased expression levels of MDR1 and lower
efflux of AMB in resistant parasites. In contrast, Sir2 overexpression in susceptible
parasites leads to resistant phenotype associated with reduced activity of AMB,
increased drug efflux, and increased mRNA level of MDR1. Sir2 will be used as a
potent drug target for Leishmania treatment.
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The Concept of Fitness in Leishmania 15
Manu Vanaerschot, Franck Dumetz, Marlene Jara,
Jean-Claude Dujardin, and Alicia Ponte-Sucre

Abstract
A pathogen’s fitness relates to all biological processes that ensure its survival,
reproduction, and transmission in specific conditions. These often include the
presence of drugs, forcing pathogens to adapt and develop drug resistance in
order to survive. The acquisition of a drug-resistant trait usually comes at a cost,
making drug-resistant parasites less fit than their wild-type counterparts. This has
important implications on the development of drug resistance and on the fre-
quency of treatment failure cases in endemic regions. Treatment failure in patients
suffering from leishmaniasis has been observed for most antileishmanials, but
could not always be correlated to drug resistance of the infecting parasite. One
similitude of both pentavalent antimonial and miltefosine treatment failure,
however, relates to changes in parasite fitness. In the specific case of Leishmania
donovani, for example, this may contrast with the usual fitness cost observed in
natural drug-resistant organisms and highlights parasite fitness as an important
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contributor to treatment failure in visceral leishmaniasis in the Indian subconti-
nent. In this final chapter, we will canvass the knowns and the unknowns of
Leishmania fitness at different parasite life stages and for different Leishmania
species and discuss its relevance for the development and spread of drug resis-
tance and/or treatment failure in the field. We will also propose new research
avenues for leishmaniasis drug development and control in the context of current
elimination efforts.

15.1 Introduction

Viruses were pioneers as target for studies of the concept of fitness. In these
organisms, fitness was initially defined as their ability to successfully survive, repro-
duce, and infect in a defined environment [1–4]. For Leishmania, the concept was
initially related to proficiency; i.e., the complex integrated skills that allow Leishmania
to successfully replicate and cause the disease [5]. As the life cycle of Leishmania
oscillates between two life stages that occur in a specific host—promastigotes develop
in the insect vector and amastigotes develop in mammalian hosts—Leishmania
adapted to these environments by undergoing several developmental stages; each
bears specific traits to guarantee survival, reproduction, and ultimately, transmission
to a new host. The fitness of Leishmania is thus the amalgamation of its success in all
these processes combined (reviewed in [6]). Although many of the determinants
involved in these processes are becoming more and more appreciated, only few are
well understood. These include determinants specific to parasite life stages such as
promastigote metacyclogenesis and amastigote survival in host cells (Sect. 15.2.1) and
molecular traits that contribute to the parasite’s adaptive skills during its whole life
cycle (Sect. 15.2.2).

Importantly, the fitness of an organism is not only dependent on that organism
itself but also on the environment in which it lives (Fig. 15.1). In the case of
Leishmania, this includes host factors such as immunity and nutritional status,
whether or not the parasite can hide in certain tissues (Sect. 15.2.1.1), to even
dynamic global trends that may enhance the chance for emerging infectious diseases
to occur and expand swiftly [7], discussed in Sect. 15.2.3. The interaction of all these
fitness determinants is complex and eventually results in the capacity of the parasite
to be transmitted and to infect the next host, where it may cause disease, a process
originally defined as virulence. Virulence has been used as one of the foremost
markers for fitness in Leishmania since its expression constitutes the mechanism per
excellence that permits the “survival of the best,” guaranteeing successful transmis-
sion to the next host [8]. Virulence is important at both the promastigote and the
amastigote stage. Its function is evident at the dynamic interface that allows integrity
but at the same time guarantees communication between the organism and its host.

More recent contributor to this environment are drugs. Drugs can dramatically alter
the fitness landscape for Leishmania parasites, selecting Leishmania sub-populations
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that are able to survive drug pressure thanks to specific physiological traits—this will
be discussed in Sect. 15.3 of this chapter.

15.2 The Knowns and Unknowns of Leishmania Fitness

15.2.1 Life Cycle Determinants

15.2.1.1 Amastigotes
Once an infected sand fly bites a mammalian host, parasites and sand fly saliva
components are inoculated into the skin and invade mononuclear phagocytes in
which they will develop into amastigotes. This may lead to two different outcomes:

Fig. 15.1 The impact of parasite fitness on the evolution of parasite populations in the presence of
drugs. Drug pressure selects for drug-resistant parasites, but sensitive parasites may potentially
overcome drug treatment through mechanisms related to quiescence or hiding in niches where drug
levels are low—thus without developing a classic drug-resistant phenotype. Once drug pressure is
relieved again (due to, e.g., changes in treatment policies), their fitness compared to wild-type drug-
sensitive parasites will decide on their future success in the population
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either the host immune system successfully controls the infection, resulting in an
asymptomatic infection, or the infection becomes patent, resulting in mild or severe
disease (Fig. 15.2).

Classically, amastigotes are defined as the non-motile, parasitic forms with an
ovoid or spherical body, a rod-shaped kinetoplast and a rudimentary, retracted
flagellum arising from a basal body. This developmental form paradoxically lives
in the immune cells that constitute the primary defense against invasion by foreign
organisms, suggesting that through evolution, Leishmania has successfully learned
to adapt to the stressful environment constituted by the intracellular milieu. Leish-
mania amastigotes are experts at exploiting host cell processes to establish infection
and persist in several tissues. Although infected cells favor the immediate control of
intracellular pathogens, the intracellular milieu constitutes a pathogenic protective
space that drives the adaptive response of the parasite and allows it to display its
florid pathogenic potential [9] and divert host mechanisms that would otherwise lead
to parasite killing.

1. Immune System
Once the primary parasite-host interaction occurs, the immune system initiates

its activity with the aim to control the infection. The final end of its function could
represent control of the disease, with or without sterilization, eventually leading
to the asymptomatic character of the infection, or to a patent infection, either
tegumentary or visceral. Leishmania is a versatile organism with diverse host
defense evading mechanisms [9]. These host manipulation skills of the parasite
are key to its survival and replication inside host cells. While being phagocytosed,
Leishmania ensures that it is not recognized as a foreign organism by the host cell
by interacting with specific surface receptors expressed by host neutrophils,
dendritic cells, macrophages, and monocytes (reviewed in [10]). This is
exemplified by L. (L.) amazonensis, which causes diffuse cutaneous

Fig. 15.2 Spectrum of clinical manifestations that may result from Leishmania infection in New
and Old World leishmaniasis
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leishmaniasis (CL), a true anergic form of tegumentary leishmaniasis. As
described by Zerpa et al. (Chap. 8), an initial local lesion may be the origin of
the spread of parasites by lymphatic and hematic means, with the subsequent
inhibition of specific cellular immunity. L. (L.) amazonensis expose
phosphatidylserine on their surface, a signal to host immune cells to phagocytose
harmless agents. This “apoptotic mimicry” of L. (L.) amazonensis allows it to
silently enter the mononuclear phagocytes in which it multiplies, without
activating the immune system, and is thought to have evolved from a few
parasites with altruistic behavior for the greater good of the overall parasite
population in a host—a trait that was fixated throughout the parasite’s evolution
[11]. Once inside the host cell, the biggest threat to the parasite is the production
of reactive oxygen and nitrogen species by this host cell. However, specific
molecular features of Leishmania will protect it from these immune effector
molecules (see Sect. 15.2.2). Additionally, Leishmania actively inhibits the host
cell from producing these toxic molecules. One intriguing example of specific
molecular features triggered by Leishmania is the parasite-mediated activation of
the host cell phosphatase SHP-1 that will inhibit host cell pathways that would
normally lead to mounting an adequate anti-parasite immune response, including
the production of ROS and RNS (reviewed in [6]).

The parasite also affects the immune system at a more systemic level: infected
macrophages can produce high levels of activating cytokines like tumor necrosis
factor α, interleukin-1, or the down-modulatory interleukin-10 and transforming
growth factor-β [9]. Additionally, the parasite contributes to confuse host cells
from their functions, by expressing, for example, decoy molecules on their
surface or excreting molecules into the host cell that disturb cell signaling
pathways [6, 12]. By affecting physiological functions of the host cell, the
parasite ultimately determines its own fate and that of the host (possibly causing
disease). For example, the amastigote form of the parasite can influence the
phosphorylation state of host molecules, as well as the activity of mitogen-
activated protein kinases [13, 14]; additionally, it can inhibit the production of
superoxide and nitric oxide by infected macrophages [15], as well as macrophage
activation by interferon-γ [16, 17]. Last but not least, their presence inside
macrophages is effective to prevent the action of interleukin-12 [10, 18]. All
these events occur upon internalization of the parasite into the parasitophorous
vacuole in the newly infected host cell. However, the signaling mechanisms and
pathways that are essential to prevent amastigotes disappearance and to guarantee
their survival and replication inside the parasitophorous vacuole are not yet fully
elucidated [10]. Since chemotherapy, especially with drugs like antimonials that
need a competent immune system to exert their action mechanism, decreases the
parasite load in the patient, the host immune system might be able to retake
control and mount an effective response [6]. An interesting example of how
determinant the immune system is on the outcome of the disease is exemplified
in visceral leishmaniasis (VL) and post-Kala-azar dermal leishmaniasis (PKDL).
In this case, the continuous presence of T-regulatory cells and their selective
recruitment to the infected sites play a critical role in the persistence of a residual
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parasite burden [19]. This continuous presence can result in visceral disease
relapse after apparent cure or the development of post-Kala-azar dermal leish-
maniasis [20]. On the other hand, MIL does not require a potent immune system
to fully exert its action but has been reported to positively affect the immune
status of VL patients [21]. Immunomodulation may thus also depend on the
parasite load in the patient: a higher parasite load likely further boosts the
immunomodulatory effects that are already intrinsic to any Leishmania.

2. Niches and Quiescence
Leishmania parasites are ancient eukaryotic organisms that have evolved into a

species that has a higher diversity and adaptive capacity than its hosts. This is
especially important since intracellular parasitism (rare, obligatory) associates
with challenges that if not conquered mean the senescence of an organism and at
the end, of a species. Thus, parasites must invade host cells successfully and be
able to escape or divert intracellular mechanisms that would otherwise clear
intracellular invaders. The used mechanisms include programmed cell death
either by apoptosis or autophagy and machineries related to the activation of
immunity like production of reactive oxygen-nitrogen intermediates and lyso-
somal degradation [22]. Moreover, host surveillance such as Toll-like receptors
and intracellular sensor systems impose an additional challenge that intracellular
parasites must overcome [22].

This means that a determinant factor that modulates the outcome of the
invasion produced by Leishmania depends on its ability to infect alternative
tissue niches within the vertebrate host, less accessible not only to the surveil-
lance systems but also to drugs. In fact, amastigotes either remain in the original
site of infection (as in the case of CL) or disseminate to other teguments (as in
mucocutaneous leishmaniasis (MCL) or disseminated leishmaniasis) or to the
viscera (as in VL) [20]. Interestingly, parasites are capable of invading sites other
than those expected to be affected, albeit at lower levels and hereby remaining
unnoticed. These places may function as hidden niches that can be (re)activated at
a later moment. As such, LeishmaniaDNA has been described to be present in the
bloodstream [23], in urine [24], and in apparently healthy mucosa [25] of patients
suffering from cutaneous and MCL. More interestingly, as the Leishmania
kinetoplast DNA degrades rapidly [26], this observed DNA should originate
from living or recently dead parasites. In VL patients, parasites have been
found in the blood [27] and skin as evidenced by the emergence of post-Kala-
azar dermal leishmaniasis [28]. Interestingly, both MCL and PKDL are examples
of leishmanial disease that appears many years after apparent cure. Yet the tissues
and organs that are targeted are either very well perfused in the case of MCL (the
mucosa) or not so perfused in the case of post-Kala-azar dermal leishmaniasis
(the skin). This imposes a controversial discussion since hiding in a well-perfused
tissue might result in a higher exposure to the immune system, while hiding in a
less perfused organ could imply hiding from the immune system.

Host cells of Leishmania include macrophages, neutrophils, and dendritic
cells. Upon initial infection, neutrophils are recruited to the site of sand fly bite
and survival within these cells will determine the fate of the parasite. Inside
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neutrophils, Leishmania parasites establish vacuoles that avoid lysosome fusion
thus providing a protective environment for survival, if not replication. The
parasite might also invade tissue cells like fibroblasts or Langerhans cells that
support growth but are less able to clear parasites, perhaps due to the restricted
microbicidal capacity of these host cells [22, 29]. Upon time, less neutrophils and
more macrophages are infected, resulting in an active infection [22]. Amastigotes
are thought to be metabolically less active than promastigotes. This is exemplified
by the longer doubling time for axenic amastigotes (4 days) and amastigotes from
lesions (12 days) compared to promastigotes (9 h) [30]. There is also experimen-
tal evidence showing that Leishmania amastigote transcription [31, 32] and
translation [30, 33, 34] are significantly decreased in the amastigote stage,
coinciding with lower levels of polysomes observed in axenic amastigotes
[34]. Amastigotes also have a downregulated metabolism. The uptake and utili-
zation of amino acids and glucose is diminished [35]. At the energetic level,
amastigotes have lower levels of ATP than promastigotes, probably due to their
attenuated oxidative phosphorylation and lower oxygen consumption
[36]. Although such studies should also be performed on intracellular
amastigotes, these results imply that amastigotes (or a subset of them) could be
in a quiescent state, living on their reserves. This has been shown to be the case in
the chronic stage of L. (L.) major infection in a murine model after the lesion is
self-cured: persistent amastigotes could be divided into a population of
amastigotes that grow at the same rate (60% of total) and another population
that shows no evidence of active growth (40% of total) [37]. Interestingly, both
dividing and non- or slow-dividing cells resided in the same host cells, being
macrophages and dendritic cells. Quiescence among amastigotes or/and other
niches of infection could be critical factors to hide from the host’s immune system
and eventually promote the parasite’s survival.

15.2.1.2 Promastigotes
When a female sand fly bites an infected host, it will engorge Leishmania
amastigotes and amastigote-containing cells together with the blood. These
amastigotes will then transform to slender flagellated promastigotes in the abdominal
midgut of the sand fly, where they need to overcome several bottlenecks in order to
continue the parasite’s life cycle. Alkalinization, changes in the midgut, and a
decrease in the level of proteolytic activity promote the development of
promastigotes in the gut of sand flies, meaning that growth and differentiation within
the sand fly are linked to changes in pH, sugars, and among others, AA levels that
might even modulate migration from preceding gastrointestinal portions into the
cardio-esophageal valve [38, 39]. Gut epithelial cells of the sand fly will secrete a
chitinous matrix that will form a peritrophic membrane encircling the blood meal
and the engorged parasites, but promastigote-secreted chitinases will cause it to
break down sooner than normal to allow migration of parasites to the anterior part of
the sand fly [40]. To avoid excretion with the rest of the digested blood meal,
promastigotes attach themselves to the microvillar lining by their flagellum
(reviewed in [41]). Over the course of a few days, they will migrate to the thoracic
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midgut and the stomodeal valve and will undergo a transformation from dividing
non-infective promastigotes into nondividing infective metacyclic promastigotes, a
process called metacyclogenesis [42]. This process is of the utmost importance for
Leishmania, as only these metacyclic parasites will be able to successfully initiate
infection of the mammalian host later on. In the anterior midgut of the sand fly,
promastigotes will secrete a gel-like substance to create a plug that fills the anterior
midgut and extends to the stomodeal valve into the foregut [43]. When the sand fly
wants to feed, it will first have to regurgitate to overcome the obstruction by the plug,
hereby expelling (metacyclic) promastigotes into the skin of the host [44] and
allowing the life cycle to continue. Breaking through the peritrophic membrane,
attaching to the midgut to avoid excretion and metacyclogenesis are processes that
are initiated by the parasite. However, while undergoing these developmental steps,
the parasite needs to continuously defend against the sand fly immune system
(reactive oxidative and nitrosative stress) and compete for resources with the normal
flora of the sand fly.

This complex play of various Leishmania promastigote differentiation stages in
the metabolically different locations in the sand fly and the complexity of sand fly
studies itself have hampered our understanding of the exact detail of the fitness
actors at play in this part of the parasite’s life cycle. However, the in vivo transmis-
sion model of Leishmania development that has been developed using hamsters and
Lutzomyia longipalpis sand flies [45] opens new avenues for fitness studies, includ-
ing the promastigote stages in their natural environment.

15.2.2 Molecular Determinants

Leishmania belongs to the trypanosomatid family [46], implying among others two
particularities: (1) at the genome expression level, all trypanosomatids transcribe
their genes in long transcripts that contain several genes, also called polycistronic
expression [47, 48], and (2) at the biochemical level, they use trypanothione (two
glutathione molecules linked by spermidine) as the main regulator of their intracel-
lular reducing environment and to detoxify the cell, in contrast to other eukaryotes
that only have the less powerful glutathione [49–51]. To adapt to the poor flexibility
of polycistronic expression, Leishmania developed multiple and unique, genomic
adaptations among trypanosomatids. Leishmania is constitutively mosaic aneuploid,
meaning that a given chromosome may have a different copy number, or somy,
within different cells in the total population, going from monosomy (one copy of the
chromosome) to pentasomy (five copies of the chromosome) [52–54]. Evidences
that mosaic aneuploidy is also present at the amastigote stage were recently
described in L. (L.) donovani parasites isolated from hamsters [55]. This creates a
vast diversity within the population, providing a high adaptive capacity of the
parasite population to various kinds of stress, including drugs [56]. This adaptive
capacity provided by somy variation and SNP selection was exemplified when
selecting for MIL resistance in vitro: first a somy reduction of chromosome 13 carry-
ing the L. (L.) donovani MIL transporter (LdMT) appeared, secondly a LdMT
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deletion on one chromosome, and thirdly a nonlethal mutation on the second LdMT
allele that provided good levels of resistance [57]. Leishmania also has other features
related to genome flexibility. As such, the parasite can generate local gene copy
number variations (CNV) through linear or circular extrachromosomal amplifica-
tion, using direct and inverted DNA repeats [58], as well as intrachromosomal
amplification (ICA) [59, 60]. This phenomenon was observed in in vitro laboratory
parasites selected against many different drugs such as arsenic [61], antimonials
[60, 62, 63], amphotericin-B (AMB) [64], methotrexate [65–67], and other
non-antileishmanial drugs [68, 69], highlighting that this mechanism is one of the
main adaptive features of Leishmania. Interestingly, 94% of the clinical isolates from
the lowland of the Indian subcontinent assessed in a genetic diversity study showed
two different ICAs, and two epidemic clones that carry these ICAs showed to have
propagated successfully in India. Parasites not carrying these ICAs were also present
in the Indian subcontinent but were restricted to one restricted area, the Nepalese
highlands, and seemed less fit to spread throughout the Indian subcontinent
[59]. This highlights once more the importance of ICAs for the parasite’s adaptive
capacity to survive environmental stress, be it the presence of drugs (Dumetz
F. et al., unpublished data) or other selective pressures.

Such ICAs may indeed affect the metabolomic profile of the parasite: the same
clinical antimonial-resistant (SSG-R) parasites from Nepal that carried an ICA at the
level of argininosuccinate synthase [59], the enzyme catalyzing the transformation of
citrulline in argininosuccinate, also displayed a significant increase in their
argininosuccinate content as identified by metabolome studies [70]. Notably,
argininosuccinate is a metabolite that is part of the urea cycle and is, among others,
a basic component of the pathway that eventually leads to putrescine and
trypanothione synthesis.

Trypanothione is the main active defense system of Leishmania against reactive
oxygen and nitrogen stress (ROS/RNS). The parasite will encounter oxidative and
nitrosative stress throughout its life cycle as a promastigote and an amastigote, but
ROS/RNS can also be induced by drugs such as pentavalent antimonials (SbV), for
example. Leishmania’s redox system consists of a cascade of enzymes with
trypanothione as the main reducing agent (Fig. 15.3). When ROS and RNS are
detoxified by members of this cascade (either trypanothione itself (H2O2 [71],

NADPH

NADP+ TRred TS2 TXNred

TRox T(SH)2 TXNox TXNPxred ROOH

ROH, H2OTXNPxox

Fig. 15.3 The NADPH-dependent redox cascade with trypanothione (TSH2) as the central
reductant. TR trypanothione reductase, TXN tryparedoxin, TXNPx, tryparedoxin peroxidase
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NO. [72, 73]), tryparedoxin or tryparedoxin peroxidase (H2O2 [74, 75], ONOO�

[74, 76], H2O2 + NO. [77]), the flavoenzyme trypanothione reductase (TR) will
replenish the pool of reduced trypanothione (T[SH]2) from oxidized trypanothione
(T[S]2) using NADPH as an electron donor (Fig. 15.3). TR is therefore thought to be
a central and very important enzyme for the intracellular survival of Leishmania [78–
80].

When promastigotes were put under pressure with SbIII, which is the toxic
reduced form of SbV that is the core component of SSG, many intermediates of
the trypanothione pathway were found to be upregulated [70, 81–83], confirming
earlier investigations carried out at the protein level in different L. (L.) donovani
strains from the Indian subcontinent where an upregulation of the enzymes of the
thiol pathway was observed in SSG-R L. (L.) donovani [84] and L. (L.) infantum [85]
parasites.

Studies on the metabolomic profile of MIL-resistant L. (L.) donovani showed a
large modification of the lipid composition, probably due to the mechanism of action
of MIL on the membrane, but also an increase of the metabolites implicated in the
thiol pathway [57, 86]. The lipid composition is also found to be changed in parasites
resistant to drugs without a clear link to lipid metabolism: unsaturated phosphatidyl-
choline lipids and phosphatidylethanolamine were increased in SSG-R versus
SSG-S parasites, suggesting an extensive change in the membrane composition of
SSG-R parasites [87].

Interestingly, studies on in vitro selection of resistance against a combination of
drugs identified that this requires different adaptations compared to resistance
against just either one of the drugs in that combination [82]. One common factor,
however, was the pivotal role of pathways regulating protection against oxidative
stress and membrane composition [82]. These molecular traits of Leishmania are
thus considered to be important molecular determinants of the parasite’s adaptive
capacity and therefore also its fitness.

15.2.3 Epidemiological Determinants

When talking about epidemiological determinants that might affect the fitness of
Leishmania, we have to be aware of the fact that nowadays, and regarding the
spectrum of leishmaniasis, CL and VL have undoubtedly a wider geographical
distribution than before; additionally, the higher leishmaniasis incidence is a result
of risk factors that can also be determinant for changes in fitness and virulence of the
parasite [88]. In fact, changes in environmental conditions (i.e., temperature), human
behavior (nutrition, misuse of drugs), immunogenic patient profile (co-infection with
HIV), and genetic factors (parasite species) might determine the fate of the parasite-
host interaction affecting directly the interplay between these two fundamental actors
in the development of the disease.

Regarding climate models, it is well recognized that there will be a global average
increase of air temperatures from 1 �C to 4 �C by 2100 [89]—more than ever before
[90]. A consequent modification of species occurrence and distribution will occur
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with up to 37% of all existent species “committed to extinction” due to climate
change [91]. For parasites, an increase in organisms’ virulence and transmission
rates are the most commonly described responses to rising temperatures [92, 93],
implying that some parasites might become more successful and increase their
fitness compared to earlier times. Examples exist in the bacterial parasite Pasteuria
ramosa [94] or in the tapeworm Schistocephalus solidus with increased castration
rates of Daphnia magna or growth rates in three-spined sticklebacks at higher
temperatures [95]. Besides direct effects on hosts and/or parasites, if the global
warming changes parasite virulence and/or host resistance in an asynchronous
way, the interactions among both organisms will also be affected [96]. Environmen-
tal changes can therefore induce adaptive peaks (different host species) to occur
closer in time, easing the transfer to a new host by a proportion of the parasite
population, afterward followed by the rest of the same population. These changes in
the environment can also facilitate the invasion of more species that then become
potential hosts suitable for ecological fitting of the parasite [90].

The importance of the immune system status for disease development can be
understood by evaluating the effect of co-infection between HIV and leishmaniasis.
In fact, HIV is changing the nature of the human infection, the response to treatment,
and the epidemiology of leishmaniasis in different geographical areas including
Africa, Europe, and Brazil. HIV patients are immunosuppressed, and treatment of
VL in such patients requires a long course of treatment, resulting in an increased risk
of relapse and a high chance on the development of drug resistance. Further
suppression of the immune system by HIV exacerbates the situation. Both diseases
drive each other at least in experimental settings [97], and patients suffering from
both diseases simultaneously have higher parasite burdens and weaker or absent
immune responses. This causes them to respond slowly to treatment with
antimonials (SSG) [98], and their clinical improvement does not correlate with
parasite clearance from splenic aspirate smears, resulting in about 60% of the
patients showing relapse within 1 year, and with any antileishmanial drug used
[99], with secondary resistance being common to all of them [100, 101]. As under
experimental settings, the vector Phlebotomus ariasi, common in southern Europe,
can become infected by feeding on HIV-Leishmania co-infected patients
[97]. Questions arise about whether or not these patients can provide a human
reservoir prone to modulate the epidemiology of the disease in southern Europe.
This is a fundamental question since without HIV, VL patients are not infectious to
this sand fly. As the courses of drug treatment should be increased concomitantly, an
open question is whether this condition can lead to the emergence of primary drug
resistance [102].

In the American leishmaniasis context, it is interesting to note that parasites of the
Viannia subgenus may be infected by a specific virus (Leishmania RNA virus-1 or
LRV1) that successfully impairs the host immune response to Leishmania and
promotes parasite persistence [103]. In L. (V.) braziliensis, the presence of the
RNA virus was shown to be associated to the development of mucosal disease
[104] and even treatment failure [105]. The importance of viral or bacterial
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endosymbiosis and how this may shape the genome and the fitness of the parasite
remains to be further studied.

This takes us to the discussion that among the factors that are determinant to the
outcome of an initial infection with Leishmania, the species constitutes one of the
strongest predictors for the development of a given clinical form of disease. This is
clearly exemplified in American leishmaniasis. L. (V.) braziliensis and L. (L.)
amazonensis infections lead mostly to tegumentary forms of disease, while L. (L.)
infantum has the potential to induce visceral disease. Even more, strain differences
within the same species might also be associated with a given clinical form of disease
[9]. As described elsewhere [20], in Peru, patients infected with L. (V.) guyanensis
are generally more responsive to SSG than patients infected with L. (V.) braziliensis
[106], while the opposite result was observed in Brazil [107]. In Venezuela, diffuse
CL patients infected with either L. (L.) amazonensis or L. (L.) mexicana comprise a
poor response to SSG [108] (Chap. 8 by Zerpa et al.). These results reveal the
important role of the different epidemiological and genetic diversity of New World
Leishmania on treatment outcome of American tegumentary leishmaniasis.

A final determinant that we will briefly discuss relates to the fact that the response
to treatment in the New World differs significantly from that in the Old World, an
issue that further reflects the multifactorial character of the disease. As previously
mentioned, drug, host, and parasite factors contribute to the final outcome [109]. Old
World leishmaniasis has a more homogeneous therapeutic outcome, except when
caused by L. (L.) aethiopica, compared to New World leishmaniasis, where thera-
peutic responses are mixed and unpredictable. This implies that treatment guidelines
have to be evaluated on a global basis, taking into account the vast differences
between Old and New World leishmaniasis [106, 109]. This also implies a different
rationale for researchers looking for determinant factors that contribute to treatment
outcome, as drug resistance could be partially responsible for treatment failure, but
additional factors like the epidemiological complexity of the disease due to the
diversity of etiological agents and their (epi-) genetic features may dramatically
complicate the panorama, especially for American tegumentary leishmaniasis treat-
ment. However, other issues can determine the response to treatment and we will
briefly refer to them herein.

Substandard product levels constitute the inevitable consequence of inadequate
local regulation of pharmaceutical companies and the lack of good manufacturing
practices in many countries [110]. Drugs with substandard concentrations of the
active ingredient determine a poor response to treatment and can increase the risk of
spread of drug-resistant (drug-R) pathogens [111]. Similarly, inadequate dosage
(even higher dosage than needed) is also a positive factor that could be a selective
factor for the selection of resistant parasites occurring in a patient [20, 112].

Additionally, poor hygienic measures and transmission control in clinics and
hospitals in the developing world, the natural niche for leishmaniasis, lead to
environmentally suboptimal disposition of the medicaments. The threat from these
(and other) released medicaments is illustrated by the existence of a large reservoir of
resistance genes present in the human microflora. These genes could serve as donors
for the transfer of genes to human pathogens by means of horizontal gene transfer.

352 M. Vanaerschot et al.



Little is known about the role of horizontal gene transfer in poor response to drugs in
parasites like Leishmania. Nevertheless, we cannot exclude the relevance that this
mechanism might have in this parasite [113].

15.3 Leishmaniasis Treatment Failure and Fitness

15.3.1 Fitness Cost or Not

The presence of drugs has a dramatic impact on parasite fitness and therefore also on
the equilibrium that exists within the parasite populations in a region where drugs are
deployed. In fact, although “fitness cost” is the most common feature observed in
nature as a result of drug resistance expression, “fitness compensation” is also
observed in such circumstances (reviewed in [114]).

Parasite populations under drug pressure can result in either the selection of
pre-existing resistant variants that were circulating in the field or in the induction
of new variants emerging under drug pressure. The level of drug pressure will play
an important role in the emergence and/or spread of drug-R parasites. As mentioned
earlier, both substandard drug levels and higher dosages than what is required may
result in a high selective pressure for pre-existing drug-R parasites [115].

Drug pressure on a parasite population may result in parasites with a drug-R trait
that may have an originally lower relative fitness compared to others in natural
no-drug conditions. However, they will become more successful than drug-sensitive
(drug-S) parasites in drugged conditions. This capacity to better withstand drugs
may be related to genetic factors that prevent the drug from acting on its target or to
factors that enable the parasite to more easily adapt to drug pressure compared to its
counterparts. As discussed earlier in this chapter, these factors can be species
dependent. Assessing the fitness of drug-S and drug-R parasites can therefore shed
more light on the life span of a drug, as a rise in drug-R parasites leads to a more
frequent appearance of treatment failure, which may eventually lead to the drug
being too inefficacious to justify further use. However, the acquisition of a drug-R
trait generally comes at a cost [114]. This fitness cost will make the drug-R parasite
less fit compared to wild-type parasites when the drug pressure on the parasite
population is low or even absent [20]. Since most Leishmania parasites hide in
reservoirs that are generally untreated, such as asymptomatics or PKDL-patients for
L. (L.) donovani and animal reservoirs for L. (V.) braziliensis, the relative fitness of
drug-S and drug-R parasites in no-drug conditions will have a major impact on the
speed by which drug-R parasites will spread in a parasite population.

Such a fitness assessment is hard to make and requires adequate in vitro and
in vivo tools and, even more important, a set of Leishmania strains that are
representative for the region of interest. In the context of drug resistance studies,
clinical drug-R strains or strains from treatment failure patients may not always be
available and therefore require substitution by strains that are made resistant in the
lab. Although the resistance mechanisms generated in the lab may differ from those
in the field, they do provide insights into how a drug works and what the parasite’s
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options are to become resistant. The fitness effects related to these resistance
mechanisms, however, may play out very different when induced in an in vitro
context compared to being naturally generated in a patient. This is mainly due to the
lack of immune factors, different host cell niches, and other fitness determinants
described earlier that are missing in a simplified in vitro context.

In the last few years, there was an appreciable upsurge of fitness studies in the
context of both natural and in vitro drug resistance. Comparing a set of clinical
L. (L.) donovani SSG-S and SSG-R strains, an increase in metacyclogenesis [116]
and an increased fitness in infected mice were observed for SSG-R lines compared to
SSG-S lines [117, 118]. Since SSG interacts with the immune system to reduce the
parasite load in the patient, it was hypothesized that the parasite adapted to the host
immune system while adapting to the drug, leading to the traits that are suggestive of
a higher fitness compared to wild-type drug-S strains [6, 20]. This was further
substantiated by several studies that identified specific host manipulation skills of
clinical SSG-R strains that can be directly related to the increased fitness of these
strains in vivo (reviewed in [20]). Interestingly, the majority of these clinical SSG-R
strains isolated from SSG-treatment failure patients belong to a specific genetic
group of parasites (ISC5) that has expanded significantly in the Indian subcontinent,
even at times when SSG was no longer the first-line treatment [119]. This observa-
tion was confirmed by mathematical modeling studies showing that SSG-R strains
must have had an increased fitness compared to SSG-S strains in order to explain
their success in the field [120, 121]. Recent reports, however, indicate that the
genotype related to SSG-R parasites is decreasing in prevalence since 2013 [122],
possibly due to other treatment options (such as MIL) wiping out genetic diversity
and reshaping the landscape of Leishmania genotypes circulating in the field.
Initially, the higher fitness that was described for L. (L.) donovani SSG-R versus
SSG-S strains was thought to be a unique case due to the combination of a highly
adaptive parasite and a drug that interacts closely with the immune system. How-
ever, when testing clinical L. (L.) donovani strains from patients that failed the more
recently introduced MIL treatment, an increased metacyclogenesis that translated
into higher in vitro infection levels was again observed—this despite the lack of a
clear in vitro miltefosine-resistant (MIL-R) phenotype in these clinical lines
[123]. Phenotypes linked to an increased fitness might thus be a common trait of
L. (L.) donovani parasites that are able to overcome drug treatment. This is further
supported by studies on L. (L.) donovani lines that were in vitro generated to be
resistant to various single and combination treatment regiments, showing a generally
higher competitive fitness of resistant lines compared to their wild-type [124]. These
studies identified a higher promastigote survival rate in conditions of starvation, a
higher tolerance to heat shock and pH stress, and an increased survival rate in in vitro
macrophages [124]. Although some of these traits seemed to be absent in some drug-
R lines (combinations with amphotericin-B and the MIL-R line), there is a general
trend toward a fitness increase of L. (L.) donovani drug-R lines, even when generated
in vitro.

However, what is true for one Leishmania species is not necessarily true for
another. In the closely related L. (L.) infantum species, for example, studies on
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in vitro-induced MIL-R lines did not reveal similar trends [125]. These strains did
not display the increased metacyclogenesis rate and even showed a lower in vitro
survival rate than the wild-type control, contrasting with the L. (L.) donovani
findings described earlier [123]. The induced L. (L.) infantum MIL-R line showed
a similar susceptibility to nitrosative stress as the wild-type control but showed a
lower capacity to induce IL-10 production in in vitro-infected macrophages
[125]. While it is hard to compare fitness results between species and experimental
designs due to differences in protocols, some studies have compared the effect of
several drugs using the same (model) system. While the in vitro-induced MIL-R line
did not show a difference or a lower in vitro infection level, the same study reports
that in vitro-induced paromomycin-R lines did show a better in vitro and in vivo
growth at the amastigote level and a higher tolerance for nitrosative stress, without a
clear influence of metacyclogenesis as defined in their setup. Induced IL-10 levels
remained unchanged in paromomycin-R vs wild-type L. (L.) infantum lines
[125]. Also, in L. (L.) majo made resistant in vitro to MIL, the MIL-R strain
proliferated at comparable rates as wild-type parasites and exhibited similar
responses regarding programmed cell death. Interestingly, metacyclogenesis was
increased in MIL-resistant L. (L.) major, although they proved to be less virulent
both in vitro and in vivo. These results thus suggest that development of experimen-
tal resistance to MIL did not lead to an increased competitive fitness in L. (L.)
major [126].

Assessing the fitness of drug-R or treatment failure parasites reaches an even
higher level of complexity in the case of American tegumentary leishmaniasis,
which comprises infection of many different Leishmania species. Here, treatment
outcome is largely affected by the infecting (tolerant) species, although it is not clear
if true parasite adaptation to the drug exists [20]. In fact, as previously mentioned,
L. (V.) guyanensis-infected patients in Peru respond better to SSG than those
infected with L. (V.) braziliensis [106], but the opposite occurs for Brazilian patients
[107]. Venezuelan L. (L.) amazonensis- or L. (L.) mexicana-infected diffuse CL
patients also often show a poor response to SSG [127–130] (Chap. 8 by Zerpa et al.).
Another complicating factor for New World leishmaniasis is the existence of
hybrids. The analysis of L. (V.) braziliensis-L. (V.) peruviana hybrids suggests that
they display a growth capacity (growth rate and cell density at stationary phase)
similar to that of wild-type L. (V.) peruviana parasites but significantly lower than
that of L. (V.) braziliensis, thus suggesting a lower fitness of the hybrids in compari-
son to the L. (V.) braziliensis wild-type parasites [131]. How these hybrids relate to
parasite fitness in the context of drug resistance and treatment failure requires more
research. However, it is clear that this vast variety of Leishmania species and their
different epidemiological and genetic context in NewWorld Leishmania has a major
impact on treatment outcome and makes an assessment of the fitness effects of drug
resistance and tolerance in New World Leishmania species even more complicated
than for Old World Leishmania species.

Another factor that affects parasite fitness and treatment outcome in New World
leishmaniasis is superinfection of L. (V.) braziliensis by the Leishmania RNA virus
(LRV) [132]. Taylor et al. in 1998 developed a mathematical model explaining that a
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lower infectivity of superparasitized parasites might exist in contrast to the potential
benefit of being infected by an organism that encodes functions as resistance to
antibiotics. This is common in nature as pathogens might be infected either by
plasmids, viruses, or parasites [133]. Leishmania superinfected with LRV has been
associated with failure of SSG-treatment, most likely due to RNA factors that
modulate the host’s immune system, ensuring survival of L. (V.) braziliensis and
therefore also the virus it carries. Although superinfection of Leishmania by a virus
might induce a fitness cost in the absence of drugs, it seems to result into an
advantage when the patient in which it resides is being treated.

The previously discussed quiescent-like state among amastigotes could affect
their drug tolerance compared to promastigotes: if the drug depends on the action of
a metabolic pathway that is downregulated in a quiescent stage or if the drug enters
the cell through a transporter and this transporter is downregulated in a quiescent
stage, this will result in an increased tolerance to the drug for the population with a
quiescent phenotype [134]. For example, L. (L.) amazonensis and L. (L.) mexicana
amastigotes have shown to be more tolerant to treatment with trivalent antimonials
(SbIII), which enter the cell through the aquaglyceroporin 1 transporter, compared to
their respective promastigotes [135]. L. (L.) mexicana amastigotes are also more
tolerant to exposure to pentamidine, a drug which interferes with the synthesis of
DNA and the morphology of kinetoplast DNA [136, 137]. Larger studies comparing
the IC50s of promastigotes and amastigotes should be performed in order to extend
these segregated observations. From another perspective, quiescence might explain
the survival of a small population of amastigotes inside the tissue that, because of
their low metabolic status, are drug tolerant or indifferent even when the majority of
the population is susceptible.

Host tissue niche preference may also affect treatment outcome, as drug distribu-
tion might differ between different niches, possibly resulting in sublethal or irregular
drug exposure of amastigotes and apparent clinical cure of the patient. Such niches
might then serve as foci from where infection can spread again and result in PKDL or
MCL [20, 138], as described earlier (Chap. 8 by Zerpa et al.). The presence of other
niches of infection could explain the survival of Leishmania despite treatment of the
host, but the fact that in most of the cases the amastigotes remain in the original
lesion indicates that quiescence could be an important strategy of Leishmania to
survive the drug pressure and the immune system.

Oversimplification of the process by which drug-R lines are selected in nature
sometimes leads to the difficulty by which in vitro or in vivo experimental resistance
can be attained being interpreted as an argument against fitness benefits in natural
drug-R lines [125]. It is important to stress that in the field, drug-R phenotypes are
selected in the context of immune systems (which are different than those of
common in vivo VL models), transmission through sand flies, and additional
challenges for the parasite that are not present in in vitro or in vivo selection systems
in the lab. When the parasite is developing drug resistance in the field, these natural
bottlenecks will also serve as positive filters for those drug-R parasites that have the
best combination of traits to survive all bottlenecks. This series of bottlenecks gives
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the opportunity to rare variants to become successful and may result in different traits
emerging in natural drugged populations compared to lab parasite populations.

15.3.2 Drug Discoveries and Control Perspectives

The treatment of leishmaniasis has long relied on drugs based on ancient compounds
with known curative but also toxic effects, such as SSG. MIL and AMB, the two
most recent additions to the antileishmaniasis drug arsenal, were originally devel-
oped as antineoplastic or antifungal compounds, respectively. New compounds are
in the pipeline but are not likely to evolve into an actual therapy option in the next
few years to come. The search for new drugs against leishmaniasis, being a neglected
tropical disease, has been hampered by the lack of public and private interest ever
since the parasite was discovered. However, the lack of funding that this entailed was
not the only limiting factor for drug discovery projects. The intracellular lifestyle of
Leishmania amastigotes, the only life stage that reproduces in the host, severely
complicated the development of large-scale leishmaniasis drug discovery pipelines
as intracellular amastigotes could not be easily cultured in vitro. Methods to grow
amastigotes extracellularly (axenic amastigotes), which are to certain extents similar
to the naturally occurring intracellular amastigotes, have been developed and further
optimization of these culture protocols recently allowed high-throughput screening
with a high predictability of leishmanicidal intracellular activity [139]. In addition,
recent efforts developed an in vitro model that allowed replication of actual intracel-
lular amastigotes in THP-1 cells [140], providing a model that is much closer to
natural infections than the axenic models, allowing Leishmania to grow intracellu-
larly, invade new host cells, etc. This intracellular model may therefore also allow
assessing these fitness determinants at a higher throughput. Evaluating the fitness of
natural wild-type parasites and parasites resistant to experimental compounds can
provide a better insight into the effect that introducing a drug in a certain geographi-
cal context may have on the local parasite population and the spread of a possible
resistant phenotype. Such studies are rarely performed at early stages of leishmania-
sis drug discovery but could now be encouraged by the development of such higher-
throughput assays.

All monotherapies but one, AMB, have succumbed to a rise in treatment failure
rates several years after their introduction. This is due to treatment failure-inducing
parasites having a competitive fitness over wild-type parasites when under treatment.
This not only entails that they continue to replicate in the host in the presence of the
drug, but also that they are able to spread to the vector, undergo the different
promastigote development stages, and eventually infect new hosts. A better knowl-
edge on the factors important for parasite fitness in both the mammalian host and the
vector might contribute to the development of innovative treatment regimens that
disturb this fitness advantage of resistant parasites in a parasite population under
treatment. One could consider treating patients with a combination of one or more
drugs that aim to cure the patient and one other compound that has the sole purpose
of allowing easy emergence of a specific resistance mechanism that induces a fitness
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defect at the level of promastigote development in parasites that somehow survived
exposure to the curative partner drug. This would prevent drug-R parasites to
undergo full development in the vector, impeding their transmission to new hosts
and preventing the spread of drug-R parasites. This is of course easier said than done,
as it requires the identification of factors that are important for parasite development
in both the host and the vector and subsequently the identification of a chemical
compound able to induce a specific genetic change in the parasite that results in
resistance in the mammalian host and impedes promastigote development in the
vector. Nevertheless, innovative treatment schemes such as these exploit the
parasite’s ability to become drug-R but provide the benefit of prolonging the life
span of the other drugs that are part of the combination treatment regimen. Designing
more treatment schemes that directly affect parasite fitness in wild-type and drug-R
parasites may be a way forward in rational drug design pipelines. In the Leishmania
field, the importance of studying drug-R parasites in drug discovery projects has
only recently gained more attention [141].

However, rational drug design and drug use are only two of several important
aspects in leishmaniasis control. As such, the Kala-azar Elimination Program in the
Indian subcontinent relied on early diagnosis, adequate treatment, and vector con-
trol. While early diagnosis and adequate treatment are pivotal to cure patients,
mathematical modeling has shown that it has only little effect on eventual control
of the disease at the population level, i.e., reducing infection incidence [120]. Build-
ing further upon this mathematical model, studies have estimated that 10 years of
sustained suboptimal insecticidal residual spraying would be required to reach the
VL elimination goal [142]. These studies highlight that transmission is a major
contributor to the fitness of Leishmania and emphasize the importance of affecting
parasite development in the vector, either by killing the vector itself or by preventing
parasite development in this vector. A better understanding of the fitness factors
related to promastigote development and how they can be affected may thus provide
powerful new tools for leishmaniasis control.

15.4 Conclusion

Leishmania is a parasite with remarkable adaptive skills, posing major challenges for
its control in endemic areas. Fitness of drug-R versus drug-S parasites plays an
important role in shaping future parasite populations, and understanding the pro-
cesses involved is pivotal to allow the design of new treatment strategies that defy
the parasite’s capacity to render new drugs useless through the development of drug
resistance. It is encouraging that fitness studies are more and more performed in the
context of drug resistance. However, it is often difficult to compare results between
species or even between studies on the same species due to varying epidemiological
and genetic contexts. Current advances in genome editing (CRISPR/Cas9) in com-
bination with a detailed knowledge of resistance mechanisms should now allow to
create genetically paired clinical isolates in the lab with and without these resistance
determinants. This is well exemplified by a combinatorial genetic modeling study
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that focused on a quadruple Plasmodium mutant resistant to chloroquine
[143]. Through the creation of a battery of genetically engineered mutants, fitness
studies on each of these and implementation of all data into a mathematical model,
the mutational trajectory that led to this successful mutant could be reconstructed.
Comparing such genetic mutants or revertants with their wild types will provide
more insight into the exact fitness consequences of the phenotype, how it might have
evolved and allow a more straightforward comparison of results obtained in different
systems.
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