®

Check for
updates

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 proficiencys; 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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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

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:
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Fig. 15.2 Spectrum of clinical manifestations that may result from Leishmania infection in New
and Old World leishmaniasis

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
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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 o, interleukin-1, or the down-modulatory interleukin-10 and transforming
growth factor-p [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-y [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, Leishmania DNA 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 LdAMT
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deletion on one chromosome, and thirdly a nonlethal mutation on the second LAMT
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 (Sb"), 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 (H,O, [71],

NADPH X Rox X X XTXNPXMX ROOH
NADP* Nyeq TXNPxgy ROH, H,0

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 (H>O, [74, 75], ONOO™
[74, 76], H,O, + 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 Sb'™, which is the toxic
reduced form of SbY 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.
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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 (ISCS5) 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 New World 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
(Sb™), 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 ICsos 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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