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Let us not take it for granted that life exists more
fully in what is commonly thought big than in
what is commonly thought small.

- The Common Reader (1925), Virginia Woolf

The role of the infinitely small in nature is infinitely large.

- Louis Pasteur
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3. Abstract

The protozoan parasites of Leishmania genus are the etiological agents of the
leishmaniases, diseases whose clinical manifestations range from being
asymptomatic, self-healing cutaneous lesions, via mutilating muco-cutaneous lesions,
to a potentially lethal visceral form. The World Health Organization defines the
leishmaniases as neglected tropical diseases (NTDs). The aim of this thesis was to
explore a new potential target, the amino acid permease 3 (aap3) coding regions and
flanking nucleotide sequences for parasite detection and species identification. In four
papers, the findings from research on the general and specific aims are presented. In
paper 1, the aap3 coding sequence was investigated for its potential as a target for
parasite detection. Using real-time polymerase chain reaction (real-time PCR) the
developed assay was useful for qualitative purposes, and when run in duplex with a
host specific gene-assay, it was also able to quantify parasites in the mammal host. In
paper 11, the aap3 coding sequence was investigated for its potential as a target for
species discrimination. Using high resolution melting (HRM) analysis, aap3 was
found to be a specific and sensitive target for Leishmania species-identification. The
method was validated on samples from humans, from experimentally infected mice,
as well as from naturally infected sand flies. In paper III, a multi-centre prospective
clinical study on the occurrence, diagnosis, treatment of the leishmaniases in Norway
was performed. Biopsy material was collected to validate aap3 as a target in clinical
samples. In this material, the small subunit ribosomal RNA coding sequence (SSU
rDNA), a molecular target routinely used in Leishmania detection tests, was found to
be more sensitive in conventional PCR assays. Skin biopsy was the most appropriate
material for diagnosis in cutaneous leishmaniasis. In paper IV, the aap3 gene region
from several Leishmania species was sequenced using single molecule real-time
(SMRT) sequencing. In all species analysed, two copies of the encoding gene
sequences organized in tandem were found. These sequences are conserved within
the species and between species of the same subgenera. In conclusion, this thesis

shows that aap3 with appropriate technology can be a sensitive and specific target for
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both genus detection and species discrimination. Furthermore, precise sequencing of
aap3, as described here, can be a very useful tool in subsequent gene editing studies

for a better understanding of the physiology and genetics of these parasites.
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Resumo (Portuguese)

Os protozoarios parasitas do gé€nero Leishmania sdo os agentes etiologicos das
leishmanioses, doengas cujas manifestagdes clinicas variam de formas assintomaticas
com lesdes de cura espontdnea, lesdes muco-cutdneas mutilantes, até a forma
visceral, potencialmente fatal. A Organizagdo Mundial da Saidde define as
leishmanioses como uma doenga tropical negligenciada (NTD). O objetivo desta tese
foi explorar o potencial de um novo alvo, as sequéncias nucleotidicas que codificam a
amino acid permease 3 (aap3) e as regides que as flanqueiam, para a detecgdo e
identificag@o das espécies do parasita. As conclusdes de pesquisas sobre os objetivos
gerais e especificos estdo apresentadas em quatro artigos ¢ manuscritos. No artigo 1,
foi investigado o potencial da sequéncia codificadora do aap3 como alvo de deteccao
do parasita. O ensaio desenvolvido, baseado em PCR em tempo real (real-time PCR),
foi capaz de detectar o parasita e, quando combinado em “duplex” com um gene alvo
especifico do hospedeiro, foi capaz de quantificar o parasita em amostras de
hospedeiro mamifero. No artigo II, foi investigado o potencial da sequéncia
codificadora do aap3 como alvo de discriminacdo das espécies do parasita.
Utilizando como metodologia a dissociagdo de DNA em alta resolu¢do (HRM - High
Resolution Melting), foi demonstrado que o aap3 pode ser um alvo especifico e
sensivel para a identificacdo de espécies de Leishmania. O método foi validado em
amostras obtidas de casos humanos, de camundongos experimentalmente infectados e
de flebotomineos naturalmente infectados. No artigo III, foi realizado um estudo
multicéntrico prospectivo da ocorréncia, diagnostico e tratamento de leishmaniose na
Noruega. Bidpsias foram coletadas para validar o aap3 como alvo diagndstico em
amostras clinicas. Nesse material, a sequéncia que codifica a subunidade menor do
ribossomo (SSU rDNA), rotineiramente utilizado como alvo em ensaios de detec¢do
de Leishmania, se mostrou mais sensivel na deteccdo do parasita por PCR
convencional. As bidpsias de pele foram o material mais apropriado para o
diagnostico de leishmaniose cutdnea. No artigo IV as regides codificadoras de aap3
de varias espécies de Leishmania foram sequenciadas pela metodologia SMRT
(Single Molecule Real-Time). Em todas as espécies analisadas foram encontradas

duas copias das sequéncias codificadoras organizadas in tandem. Essas sequéncias
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sdo conservadas nas cepas da mesma espécie e entre as espécies do mesmo
subgénero. Concluiu-se nesta tese que o aap3 pode ser um alvo sensivel e especifico
tanto para a deteccdo diferencial de subgéneros quanto para a discriminagdo de
espécies. Além disso, o sequenciamento preciso do aap3, como descrito aqui, pode
ser uma ferramenta extremamente Util em posteriores estudos de edigdo génica para o

melhor entendimento da fisiologia e da genética desses parasitas.
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Abstrakt (Norwegian)

Parasitter av slekten Leishmania forer til sykdomsgruppen leishmaniasis, sykdommer
hvis kliniske manifestasjoner spenner fra & vaere asymptomatiske, selvhelende kutane
lesjoner, mutilerende muko-kutane lesjoner, til potensielt dedelig visceral form.
Verdens Helseorganisasjon (WHO) definerer leishmaniasis som en av de glemte
tropiske sykdommer (NTDs). Malet med denne avhandlingen var & utforske
aminosyre permease 3 (aap3) genet og omkringliggende nukleotidsekvenser for
parasittdeteksjon og artsidentifikasjon. I fire artikler presenteres funnene fra forsking
pa de generelle og spesifikke mélene i avhandlingen. I artikkel I blir den aap3
kodende sekvens undersgkt for dens potensial for parasittdeteksjon. Ved & bruke
sanntids polymerase kjede reaksjon (real-time PCR) var den utviklede metoden nyttig
for kvalitative forméal, og nér den ble brukt sammen med vertsspesifikk gen, kunne
den ogsa bli brukt til kvantifisering 1 verten. I artikkel II ble den aap3 kodende
sekvensen underspgkt for dets potensial som mél for artsdiskriminering. Ved & bruke
hoy-resolusjon smeltepunktsanalyse (HRM), viste det seg at aap3 var et spesifikt og
sensitivt mél for Leishmania arts-identifikasjon. Metoden ble validert pa prever fra
menneske, eksperimentelt infiserte mus og fra infiserte sandfluer. Artikkel I1I var en
multi-senter prospektiv klinisk studie pa forekomst, diagnose, behandling av
leishmaniasis i Norge. Biopsimateriale ble samlet inn for & validere aap3 som et mal
pa kliniske prever. I dette materialet fant vi at det mer vanlige brukte mélet small
subunit ribosomal RNA coding sequence (SSU rDNA), var mer sensitivt ved brukt av
konvensjonell PCR. Hudbiopsi var det mest passende materialet for diagnostikk ved
kutan leishmaniasis. I artikkel IV ble aap3 gen-regionen fra flere Leishmania arter
sekvensert ved & bruke «single molecule real-time» (SMRT) sekvensering. 1 alle
artene analysert, ble det funne to kopier av gensekvenser organisert i tandem. Disse
sekvensene var bevart innenfor arten og mellom arter av ulike subgenera. Denne
avhandlingen viser at aap3 kan vere et sensitivt og spesifikt mél for béde
parasittdeteksjon og artsidentifisering. Videre, presis sekvensering av aap3, som
beskrevet her, kan vare et meget nyttig verktey i pafelgende genredigeringsstudier

for & bedre forsté parasittens fysiologi og genetikk.
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6. Abbreviations!

AAAP
AAP3
aap3
ACL
AVL
bp
CAT
cDNA
CDS
CL
DAT
DCL
DNA
dNTPs
dsDNA
ELISA
HIV
HRM

IFA
INF-y
IST
kDNA
MCL
MFL
ML
MLEE
MLST
MY
PCR
RNA
RT-PCR
qPCR
SL
SMRT

Amino acid/auxin permease

Amino acid permease 3 (the protein)
aap3 (the coding DNA sequence)
Anthroponotic cutaneous leishmaniasis
Anthroponotic visceral leishmaniasis
Base pairs

Cationic amino acid transporter
Complementary DNA

Coding sequences

Cutaneous leishmaniasis

Direct agglutination test

Diffuse cutaneous leishmaniasis
Deoxyribonucleic acid
Deoxyribonucletoide triphosphate
Double stranded DNA

Enzyme linked immunosorbent assay
Human immunodeficiency virus
High-resolution melting

Indirect immunofluorescence
Interferon — gamma
Immunochromatopgraphic strip test
Kinetoplastid DNA

Mucocutaneous leishmaniasis
Median fluorescence intensity
Mucous leishmaniasis

Multilocus enzyme electrophoresis
Multilocus sequence typing

Million years

Polymerase chain reaction
Ribonucleic acid

Reverse transcription PCR
Quantitative polymerase chain reaction
Splice leader

Single molecule real-time sequencing

!'In the Leishmania literature it is common to divide the world into the Old (Eastern hemnisphere) and New World
(Americas). In this doctoral thesis, this distinction has been avoided as it does have colonial and imperialistic connotations.
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ssDNA
SSU rDNA
tfrc

™

TNF-a
UTR

VL

WHO

ZCL

ZVL

Single stranded DNA

Small subunit ribosomal RNA coding sequence
Transferrin receptor gene

Melting temperature

Tumor necrosis factor - alfa

Untranslated region

Visceral leishmaniasis

World health organization

Zoonotic cutaneous leishmaniasis

Zoonotic visceral leishmaniasis
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7. Introduction

(Literature review completed December 2019)

“On making smear preparations from the spleen pulp, I was struck by the curious appearance,
among the spleen cells and red corpuscles, of enormous number of small round or oval bodies,
2 to 3 u in diameter, which corresponded to nothing I had seen figured or described.”(1)

In 1903 an army physician, W.B. Leishman described what he could see in the
microscope in patients with so-called Dum-dum fever (1). He further explained some

of the classical signs of visceral leishmaniasis (VL):

“Clinically, these cases presented no very definite features distinguishing them from other and
commoner forms of tropical cachexia, the chief symptoms being an irregularly remittent type
of fever, grave anemia, progressive muscular atrophy, and great enlargement of the liver.” (1)

Since Homo sapiens emerged in Africa and before, parasites have been part of our
history. The first written records of parasites are from Egyptian, Chinese, Indian and
Arabic physicians (2). Without doubt, the helminths would have been known to our
early ancestors but it was not until the development of the microscope that we could
identify the protozoans, one of which is the theme for this thesis. And it was a
protozoa, namely Giardia lamblia, that Antonie van Leeuwenhoek — the man to
whom we credit the development of the microscope — first saw in his microscope at

the end of the 17" century (2).

The Leishmania parasite was likely seen before W. B. Leishman described it (1). That
is to say, the parasite was seen by David Cunningham in 1885 and P.F. Borovsky in
1898 (3). The parasite was first described by William Leishman and Charles
Donovan independently (4). It was, however, not until 1921 that the sand fly was
established as the vector for the disease, demonstrated by Edouard and Etienne

Sergent (5).
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Besides fossil findings indicating the presence of Leishmania in ancient times, there
are a few accounts of Leishmania. Naturally, the earliest descriptions are of cutaneous
leishmaniasis (CL). There are descriptions of lesions that could be CL on tablets from
the library of the Assyrian King Ashurbanipal (2). A study of mummies from Egypt
(2050-1650 BCE) found L. (L.) donovani DNA in several of the mummies (6). A
skin condition called “Nile Pimple”, compatible with CL is mentioned as early as
1500 BCE in the Ebers Papyrus scriptures (2). Furthermore, early ceramics from

Columbia show facial conditions that could be mucocutaneous leishmaniasis (MCL)

(.

Today, leishmaniasis> remains a neglected tropical disease — underreported,
underestimated, underfunded and underprioritized. The World Health Organization
(WHO) currently classifies 20 communicable diseases and conditions as neglected
tropical diseases (NTDs) (8). Worldwide, the NTDs affect more than a billion people
and cause high levels of morbidity and mortality (8,9). For the leishmaniases there
are challenges on all levels; understanding the parasite itself, its interaction with the
vector, reservoir(s) and host. More knowledge about these are essential for the
development of new treatment options and vaccines. Furthermore, there are no

standard techniques for diagnosis in endemic nor non-endemic regions.

Arginine is a key amino acid for macrophage defence against Leishmania, but also
essential for Leishmania replication (10). The uptake of arginine is largely mediated
by the amino acid permease (AAP3) in Leishmania. In this thesis, aap3 is explored as
a diagnostic target using molecular diagnostic techniques (paper I-II), one of the
diagnostic techniques is also explored in samples from real patients (paper III), and

the coding sequence is explored further by third generation sequencing (paper 1V).

This introduction aims to give the naive reader a broad introduction to the field before

going into the particular issues that this doctoral work has concerned itself with. This

2 Leishmaniasis is also referred to as the leishmaniases, to highlight the plethora of clinical symptoms the various strains of
the parasite can cause. This thesis will use both terms. If a specific clinical condition is referred to, it will be made clear in
the text.
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thesis proceeds as follows: I begin with a general introduction to the Leishmania
parasite and the leishmaniases; thereafter I will discuss amino acid permease 3
(AAP3) followed by a deeper discussion of diagnosis, detection and identification.
The aims of this thesis are then presented, and I subsequently discuss materials and
methods used, give a brief summary of the papers and a more in-depth presentation
and discussion of the results, followed by a general conclusion and proposals for

future studies.

7.1 The parasite, vector, reservoir and host

Figure 1. The taxonomy of Leishmania

Endatrypanum

Family Trypanosomatidae
Genus
I T I I
Crithidia Leptomonas Herpetomonas Blastocrithidia Leishmania Trypanosoma Phytomonas
Subgenus | ‘
Leishmania Mundinia Viannia Sauroleishmania
Species L. amazonensis L. braziliensis
L. asthiopica L. guyanensis
L. donovani L. lainsoni
L. infantum® L. lindenbargi
L. major L. naifii L. tarentolae
L mexit L. panamensis
L. pifanoi L. peruviana
L. tropica L. shawi
L. turanica L. utigensis

L. venezuelensis

Figure 1. The taxonomy of Leishmania. The genus is divided into four subgenera, where Leishmania
(Sauroleishmania) is not considered pathogenic to humans. The subgenus Leishmania (Mundinia)
has recently been described (11-13). The list of species in the figure is not exhaustive. The figure is
adapted from (11,14). *L. (L) chagasi has been found to be identical to L. (L.) infantum (15,16).

Leishmaniasis is caused by the protozoan parasite from the genus Leishmania of the
order Kinetoplastida and family Trypanosomatidae. The genus is further divided into
three sub genera, L. (Leishmania), L. (Viannia) and L. (Sauroleishmania)®. Twenty

one different species are known to be pathogenic to humans (14). The taxonomy of

3 A further subgenus has been proposed, namely Leishmania Mundinia(11).
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Leishmania is debated. See figure 1 for an overview of a suggested taxonomy for

Leishmania.

Leishmania is a protozoan that cycles between the sand fly vector and the
macrophages of the mammalian host, where it is an obligate intracellular parasite (17)
(see figure 2). There are two major morphological forms in the life cycle of
Leishmania: the promastigote and amastigote. The extracellular and flagellated
promastigote (approximately 15-20 uM long and 1.5-3.5 pM in width) is found in the
digestive tract of the sand fly. The amastigote (approximately 2-4 uM in diameter)
has no apparent flagellum and resides, in general, in cells of the reticuloendothelial
cell line of the mammalian host. The amastigotes multiply within phagocytes, in
particular macrophages, where they scavenge for essential nutrients, like purines,

polyamines, vitamins, iron, magnesium and more (10,18).

Figure 2. The life cycle of Leishmania
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Figure 2. The life cycle of Leishmania. (1) The parasite is transmitted to the animal host through the
bite of a sandfly. (2) Promastigotes infect cells of the reticuloendothelial systems, most commonly
macrophages. (3) Promastigotes differentiate into amastigotes in the host cell, where they multiply
(4). (5) sandflies are infected through a blood meal from an infected host. (6) Amastigotes are
released into the gut of the sandfly. (7) Amastigotes differentiate into promastigotes and multiply. (8)
Metacyclic (infective form) of promastigotes move to the sandfly proboscis, ready to be transmitted
to another animal host. Source: (19) and with permission to reprint.
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7.1.1 Transmission

Sandflies of the genera Phlebotomus and Lutzomyia®* are the invertebrate host of
Leishmania, and are the vectors for human leishmaniases. They are found worldwide
in tropical and subtropical regions, from 50°N to 40°S (21,22). As one can expect,
there are differences in the species of sandflies, where some feed on a wide range of
mammals, while others prefer humans. This is reflected in human leishmaniases,

which can be both zoonotic and anthroponotic in transmission.

In Europe, North Africa, the Middle East and Asia, sandflies of the Phlebotomus spp.
transmit the parasite, while in the Americas, sandflies of Lutzomyia spp. transmit the
parasite. Leishmania spp. can be transmitted by sandflies in two ways: (i) from
animals (zoonotic) or from other humans (anthroponotic). Zoonotic is the most
common form of transmission. Anthroponotic transmission has been reported for L.
(L.) tropica and L. (L.) donovani in some endemic regions, but the exclusivity of the
human-to-human transmission has been debated (23,24). The transmission in Africa
and Asia is wide, from urban centres to rural villages, it is likely that animal
reservoirs exist, and have also been reported for L. (L.) tropica (25). Infected animals
have been found in Nepal and Bangladesh, although their role in the transmission

cycle remain debated (26,27).

Non-vector transmission, such as accidental needle injection, is rare (28), as well as
transmission by blood transfusion (29). Although some Trypanosoma species present
vertical transmission, from human to human (30,31), vertical transmission of
Leshmania has not been proved. Of the approximate 800 sand fly species, around 30

of them are proven vectors, with more than 40 involved in transmission (21,28).

4 Other sandfly species have been implicated in transmission in Brazil, but the results have yet to be confirmed (20).



27

7.1.2 Sandflies

Sandflies are small, approximately 3 mm long, bloodsucking insects. They mostly
rest during day-time hours in cool and humid places, although there are considerable
differences in the preferred resting sites (21). Their habitat is usually geographically
limited, and their dispersal is usually less than 1 km (22). Sandflies live in remarkably
diverse ecological habitats. In Europe, Africa and Asia the habitat is more common in
semi-arid to desert conditions. While in South America, it is most commonly related

to forests and has a sylvatic cycle.

Sand flies are primarily nocturnal, and biting during daylight is thought to be limited
to a few species (22). Sand flies will take their blood-meal from a range of hosts.
Thus it is not surprising that deforestation, urbanisation and changing agricultural
practices affect the feeding pattern and thereby also the transmission cycle in several
regions (28) . Furthermore, in most species, females bite most commonly outdoors
(exophagic) and they usually rest outdoors while their eggs mature (exophilic). This
observation limits the value of indoor insecticide spraying as a control measure for
leishmaniasis. After attempts to eradicate malaria by house spraying with
dichlorodiphenyltrichloroethane (DDT), for example, in India, leishmaniasis
prevalence fell in several endemic regions but returned when spraying stopped
(30,31). However, such a strategy will not work where the transmission cycle is
sylvatic. While both males and females feed on carbohydrates, only females feed on
blood. The number of blood meals during the day and for each batch of eggs differs

between species and this also affects the efficiency of transmission of Leishmania.

When the female sand fly bites, she injects saliva into the skin. The saliva has, in
numerous studies, been found to affect the outcome of the infection (32—34). The
saliva consists of proteins, enzymes and nucleic acids (35). Its main function is
vasodilation and counteraction of haemostasis (32,36). Saliva has been reported to
induce expression of Th2 cytokines by activated macrophages (37) (see section

7.1.5), and, moreover, it has been shown to have chemotactic activity on the same
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cells, potentially exacerbating an infection (38). Moreover, sand fly saliva has also
been shown to inhibit the ability of dendritic cells to present antigens and increase
apoptosis of neutrophils, also contributing to infection (39,40). Previous exposure to
the saliva has been reported to lead to protection, by potentially limiting the effects of
the saliva on the immune system (32,41). The magnitude of this effect in humans is

still not clear.

7.1.3 Host and reservoir

The terminology around host and reservoir can at times be confusing and it is used
variably in the literature (42,43). A reservoir can be defined as “ an ecological system
in which an infectious agent survives indefinitely”(44). Incidental hosts, on the other
hand, are organisms that become infected but are not essential for the maintenance of
the transmission cycle of that pathogen. Although a range of different accidental
hosts has been reported, their precise role in the transmission cycle remains to be
elucidated (26,27,45). What a host is, is possibly even less clear than what a reservoir
is. A host can be defined as “the entity that houses its associated
microbiome/microbiota, interacts with microbes, and responds to them in a way that
results in damage, benefit, or indifference, thus producing the states of symbiosis,
colonization, commensalism, latency, and disease”(43). A range of animals can be
hosts and reservoirs for the Leishmaia parasite, and rodents and carnivores are among
the most common. Animals in the same order can serve as both reservoir and host,
and this is partly dependent on the parasite species (46). Limited knowledge of the
true ecology of Leishmania transmission can lead public health authorities to ill-
informed measures and initiation of policies that are less likely to be successful. An
example is for L. (L.) infantum, where dogs are seen as the main reservoir in the
European-Mediterranean area. However, several other animals have been reported as
both hosts and reservoirs, such as cats and rabbits (47,48). Thus, dog culling may not

have the expected effect on Leishmania transmission in such an area (49).
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7.1.4 Clinical presentation

Leishmaniasis can present with a wide spectrum of clinical manifestations. The
clinical manifestations are commonly in the skin, mucous membranes and/or visceral
organs. Cutaneous leishmaniasis (CL) is characterized, most commonly, by localised
skin lesions at the site of the sand fly bite (LCL), multiple non-ulcerative nodules
(Diffuse cutaneous leishmaniasis (DCL)), mucosal affection (MCL) and visceral

leishmaniasis (VL).

See table 1 for an overview over the clinical forms, their aetiology and main
geographical distribution. The range of clinical forms is dependent on several factors,
such as; parasite species, host age, nutritional state and host immune response which

can be affected by genetic polymorphisms (50).

Table 1. Leishmania species, clinical forms, transmission and main
geographical distribution.

Species Clinical form Transmission cycle Main geographical distribution

Leishmania (Leishmania)

L. (L.) amazonensis ~ LCL, DCL Zoonotic South America
L. (L.) aethiopia LCL, DCL Zoonotic Ethiopia, Kenya
L. (L.) donovani VL, LCL Anthroponotic, Africa, Central and South East Asia
zoonotic
L. (L.) infantum VL, LCL Anthroponotic, Europe, North Africa, Central and South
zoonotic America
L. (L.) major LCL Zoonotic Central Asia, North and East Africa, Middle
East
L. (L.) mexicana LCL, DCL Zoonotic Central America, Mexico, USA
L. (L.) pifanoi LCL Zoonotic South America
L. (L.) tropica LCL Anthroponotic Central Asia, North and East Africa, Middle
East

L. (L.) venezuelensis ~ LCL Zoonotic South America
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Species Clinical form Transmission cycle Main geographical distribution
Leishmania (Mundinia)

L. (M) LCL, DCL, Unknown West Indies, Thailand

martiniquensis VL

L. (M.) orientalis DCL, VL Unknown Thailand

Leishmania (Viannia)

L. (V.) braziliensis LCL, MCL Zoonotic South America, Central America, Mexico
L. (V.) colombiensis  LCL Zoonotic Northern South America

L. (V.) guyanensis LCL Zoonotic South America

L. (V.) lainsoni LCL Zoonotic South America

L. (V.) panamensis LCL, MCL Zoonotic Central and South America

L. (V.) peruviana LCL Zoonotic Peru

L. (V.) shawi LCL Zoonotic South America

Table 1: Species causing human leishmaniasis, their main clinical forms, transmission cycle and
main geographical distribution. DCL: diffuse cutaneous leishmaniasis, LCL: local cutaneous
leishmaniasis, MCL: mucocutaneous leishmaniasis, VL; visceral leishmaniasis. The table is partly
adapted from (28). References regarding Leishmania (Mundinia): (12,13,51,52)

CL is caused by several strains of both L. (Leishmania) and L. (Viannia) subgenera.
The cutaneous manifestation is the most common, where ulcers most commonly
occur at the site of the sand fly bite (53). The ulcers usually heal spontaneously over
months to years (17). They often leave an atrophic and disfiguring scar. The scar may
cause great morbidity by social isolation and stigma (54). CL, like VL, probably
remains symptomless in most cases. Symptomatic CL typically starts with erythema,
which develops into a papule, then nodule that ulcerates over weeks to months. The
severity and time to self-heal varies between the lesions and seems to be related to the
species involved. Typically, healing occurs within a year, but can be as rapid as 2
months, but also take several years. Lymphatic spread and involvement is common,
also before clinical disease develops (28). After spontaneous healing, it is thought
that the person has a lifelong protection, possibly also against other species, although

this point is debated. Resolution of the disease is, however, connected to scarring.

DCL is a rare form, especially reported from Africa and parts of South America, is
characterized by non-ulcerative papules that cover the entire body. This is a form that

is difficult to treat and does not usually self-heal (28).
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Mucosal leishmaniasis (ML) indicates the involvement of mucous membranes, most
commonly nasopharynx, larynx and the oral cavity. Mucocutaneous leishmaniasis
(MCL) can manifest itself long after CL(17). The mucosal lesions can be severely
disfiguring, where septum perforation is not uncommon. CL precedes MCL in 5-20%
of the cases (55). However, isolated MCL has been described in 17-18% of patients
with L. (V.) braziliensis (56). MCL caused by viscerotropic strains has also been
reported, especially in immunocompromised patients, but not restricted to this patient
group (57,58). How the parasites reach the mucous membranes is still under
discussion and is thought to be dependent on the species causing the condition.
Commonly cutaneous species, like L. (L.) major are thought to spread to mucous
membranes directly from the skin lesion. On the other hand, for L. (V.) braziliensis it
is more commonly thought that the spread is lymphatic or haematological (59). Direct
inoculation of parasites by sandflies is also probable for oral and nasal sites, but less

likely for laryngeal affections (60).

The most common early manifestations are in the upper respiratory tract, nose and
oral cavity. In the early phases, MCL manifests with signs of inflammation, such as
congestion, erythema, edemia, rhinorrhea, and epistaxis which may develop into

dysphagia and dysphonia as the disease progresses.

Both subgenera may cause MCL, but in the Americas, MCL is predominantly caused
by species of the L. (Viannia) subgenus (see table 1). In South America, MCL occurs
most commonly in Brazil, Bolivia and Peru. In South America it is common to use
the term American tegumentary leishmaniasis (ATL) to include CL, DCL and MCL
(59). The strain involved in MCL in South America is commonly L. (V.) braziliensis,
but L. (V.) panamensis, L. (V.) guyanensis and L. (L.) amazonensis may also cause
the condition (59,60). Although ML/MCL is most common in South America, it has

been reported for all the endemic regions for leishmaniasis (60). Outside of South-

3 For practical purposes, and although it might not be accurate in all cases, this thesis will treat MCL and ML as the same.
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America, ML/MCL is caused by different strains of the L. (Leishmania) subgenus
(57,61).

VL is mainly caused by L. (L.) infantum in Europe and South America, while in
Africa and the Indian subcontinent, it is mainly caused by L. (L.) donovani. In Europe
and South America, it is a zoonosis, where dogs are the main reservoir. On the Indian
subcontinent it is thought to be mainly anthroponotic, but as mentioned in section
7.1.1, this is debated. Differential diagnosis includes mycobacterial infections,
haematological malignancies, like lymphoma, disseminated histoplasmosis, and
rheumatological conditions like Feltys syndrome. Biochemically, VL is characterized
by pancytopenia (anaemia, thrombocytopenia and leukopenia), increase in
inflammatory markers, like C-reactive protein (CRP) and erythrocyte sedimentation
rate (ESR), hypergammaglobulinemia and hypoalbuminemia. In addition, production
of anti-nuclear antibodies, anti dsDNA, anti-smooth muscle, anti-cardiolipin, anti-
cyclic citrullinated peptide and IgM rheumatoid factor antibodies can sometimes also

be detected (62).

7.1.5 Immune response

The clinical outcome of the infection depends on both the species of the parasite and
the host immune response (63). See figure 2 for a graphical depiction of the
Leishmania life cycle. This thesis does not give an in-depth analysis of general
immunology, nor of the immunopathology of Leishmania spp. in humans. For a good
introduction to immunology, the reader is directed to the many excellent books and
other publications in the field (such as (64)). The outcome of infection with
Leishmania is thought to be dependent on several factors, including the host immune
response, host genetics, nutritional status and parasite virulence (63,65). Most studies
focus on one species, and as is evident through the several clinical outcomes, caution
should be taken when drawing general conclusions from studies on one species to

another.
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At the time of entry into the mammal, the parasites immediately encounter the
complement system. The immediate effect of the complement system is activation of
the membrane attack complex, which will puncture the membrane of the parasite. In
addition, components of the complement system will act as opsonins thereby
stimulating phagocytosis. GP63, a known virulence factor expressed by Leishmania
promastigote is able to inactivate complement by binding C3b and increase the
conversion of C3b to C3bi (66,67). L. (L.) major deficient of GP63 has been shown to
be susceptible to complement-mediated lysis (68). GP63 is also able to suppress the
proliferation of IL-2 activated NK-cells (69). NK-cells, in turn, are central in the
mounting of the Thl response through production of IFNy. It was for L. major that
the Th1/Th2 dichotomy response (cure/not cure) was based (70). In a Thl response,
Thl cells produce IFN-y and TNF-a. On the other hand, the exacerbation of
leishmaniasis is in general thought to be related to a Th2 response, producing IL-4,
IL-5 and IL-10. Caution should however be taken when interpreting a disease in such
a strict dichotomy, as this is based on animal studies which may have limited

applicability for the leishmaniases, both cutaneous and visceral (71).

The first cells to migrate to the infected site are neutrophils, and after that
professional antigen presenting cells, such as macrophages and dendritic cells
migrate. The migration of these cells is stimulated by molecules from the sand fly
saliva (72). Saliva from Lutzomyia longipalpis decrease TNF-o, IL-10, and increase
IL-6, IL-8 and IL-12 in macrophages, reducing inflammatory response of the host
towards the parasite (73). Furthermore, pre-exposure to sand fly saliva has been

shown to be protective against Leishmania infection (74)

Neutrophils are professional killer cells. Despite this, it has been suggested that
neutrophils could work to the benefit of Leishmania as a “Trojan horse” (75). It has
been shown in vitro that Leishmania can survive within the neutrophil phagosome.
Further, the parasite may induce apoptosis, which, when the neutrophil is digested by
a macrophage, will not induce an inflammatory response (76). The role of neutrophils

has also been shown in vivo, where they rapidly migrate to the site of inoculation in
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mice (77). Apoptotic neutrophils are in turn internalized by macrophages and

dendritic cells, where the parasites may multiply.

After phagocytosis, promastigotes in phagosomes fuse to lysosomes forming the
parasitophorous vacuole that can harbour individual or several parasites, in a species-
specific way (78,79). In addition, once inside the macrophage, the parasite may
modulate cytokine secretion. The aforementioned virulence factor, GP63 is able to
activate several tyrosine phosphatases that are important in several cytokine pathways
(72). GP63 is also able to cleave CD4, a central co-receptor in T-cells, and may
inhibit cross-presentation by DC and macrophages. Cross-presentation is central in

the immune response, as microbial antigens are presented to CD8+ T-cells.

Cytokines are small signalling molecules that play a critical role in directing the
immune response. In particular, INF-y, TNF-a and IL-10 are thought to be central
for leishmaniases. Some authors argue that asymptomatic individuals are able to
control the infection by balancing the immunoregulatory cytokine IL-10 with the
effector IFN-y (71,80). It is thought that TNF-a, IL-la, IL-10 and TGF- are
significantly increased in patients with chronic disease (81). Furthermore, the
frequency of CD8+ IFN-y+ cells after stimulation with soluble L. (V.) braziliensis
antigen was found to be higher for asymptomatic than for CL patients — also

highlighting the central role of T-cells in fighting the pathogen (82).

As Leishmania is an intracellular pathogen, an adaptive immune response, in
particular a strong T-cell response, is central to keep the infection at bay. CD4+ T-
cells are important to regulate and mediate antigen presentation. A central cytokine,
INF-y, stimulates macrophages to produce NO, which is important for Leishmania
killing. INF-y, secreted by CD4+ T-cells has a dual role in infection with Leishmania,
where it is central in activating the macrophage to keep the pathogen at bay, but it is
also central in the tissue damage seen in CL (83). The other central cytokine, TNF-a
also activates the leishmanicidal activity of macrophages and is central in fighting

infection with Leishmania. TNF-o is important for granuloma formation. Anti-TNF-
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o drugs, commonly used in several autoimmune diseases, do indeed increase the risk
of developing infections, including leishmaniasis, especially intracellular organisms
(84). IL-10 is an important regulatory cytokine in Leishmania, but there have been
conflicting results as to the precise role for infections with different strains of

parasites.

The pathogenesis of MCL is only partly understood (60). The immune response
seems to play a central part in directing the Leishmania infection towards mucosal
leishmaniasis (ML) or CL. Whereas IL-10 levels are equal in both ML and CL, IFN-y
and TNF-o are higher in ML. The important role of the immune system is
strengthened by the fact that immunocompromised patients (such as HIV patients)
have a higher rate of ML compared to immunocompetent Leishmania patients (85).

HIV enhances the undesirable Th2 response.

7.1.6 L-Arginine and the amino acid permease

L-arginine is an essential amino acid for both Leishmania amastigotes and
promastigotes (10). L-arginine has to be taken up by the parasite from the
environment as the parasite does not have the ability to synthesize it de novo. Within
promastigotes, there is a pool of several amino acids with alanine, ornithine,
glutamate and glycine as the most abundant (10,86,87). Control of L-arginine
depends on both uptake and intracellular concentrations. L-arginine is further used in
synthesis of a range of important substrates. Polyamines are synthesized from L-
arginine by arginase. L-arginine can also be decarboxylated to agmatine, that through
hydrolysis is turned to putrescine and urea (88) Arginase is found in glycosomes (88).
Amino acids can be transported over cell membranes by a variety of permeases. The
amino acid permease 3 (AAP3) belongs to the amino acid/auxin permease (AAAP)

group (89).
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For L. (L.) amazonensis and L. (L.) donvani it has been shown that the parasite can
sense the external pool, or availability, of the amino acid, and thereby regulate the
expression of transporter proteins (87,90). Furthermore, the level of arginase activity
also affects the intracellular pool of L-arginine. And lastly, it has been shown that the

amastigotes can scavenge the phagolysosome for essential amino acids (91,92).

The amino acid permeases have been described as transporters with high affinity for
L-arginine in several Leishmania species (86,90,93-97). Amino acid permease 3
(AAP3) is a high affinity transporter of L-arginine, but can also mediate uptake of
other amino acids, such as lysine, histidine, phenylalanine of citrulline (87,94). AAP3
expression is upregulated in response to L-arginine starvation (98). Another study
found that temperature also affected the transcription of one of the AAP3 copies, as
well as protein expression and localisation (96). Furthermore, AAP3 has been found
to be localised in both the cell membrane and the glycosome, indicating direct

transport into this organelle (96).

7.1.7 Regulation of gene expression

Leishmania belongs to the Kinetoplastida, of which Leishmania spp. and
Trypanosoma spp. are known to cause human disease. They share the common
feature of being flagellated during parts of their lifecycle, and also share the common
organelle, known as the kinetoplast. The kinetoplast contains several copies of
mitochondrial DNA. The kinetoplast is organized in mini- (~ 1 kb) and maxi-circles
(~25 kb). Mini-circles code for guide RNAs and maxi-circles for pre-mRNAs. The
size of the genome in Leishmania varies from 29 Mb to 33 Mb (99). Leishmania spp.
have 34-36 chromosomes. Leishmania (Leishmania) spp. in the Eastern hemisphere
have 36 chromosomes (100). Species belonging to L. (Viannia) subgenus have 35
chromosomes where chromosome 20 and 34 are fused. While species in the Americas
belonging to L. (Leishmania) subgenus have 34 chromosomes where chromosomes 8

and 3, and 20 and 36 are fused (101). Although they cause different clinical
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manifestations the genomes are, in general, very conserved, and there are few species

specific genes (102,103).

In eukaryotes gene expression can be regulated at several levels, such as the
availability of chromatin, how the RNA is processed, the stability of mRNA and the
rate of translation of mRNA. However, the control of transcription is central, often
through transcription factors. In bacteria, on the other hand, transcription is
commonly regulated by binding of proteins to an operon (regulatory sequence and
genes). However, the gene expression in the trypanosomatids is regulated in a
curiously different way. Leishmania lacks introns, and transcription itself is initiated
at a few regions on each chromosome. The genome contains polycistronic gene
clusters, where the genes are organized head-to-tail (104). The genes are thought to
be constitutively transcribed into mRNA. The genes are transcribed in clusters
(polycistrons) of 10-100 genes (105), but unlike polycistronic transcription in
bacteria, the genes within a given pre-mRNA do not necessarily belong to the same
pathways. Through trans-splicing a splice leader sequence (SL) is added to the 5'-end
of the gene (106), and the 3"-end is polyadenylated. Leishmania have relatively short
5’-untranslated regions (UTRs), while the 3'-UTRs are longer, which is thought to be
important for the stability of the RNA transcript (107,108). Polycistronic transcription
and trans-splicing is not unique to Leishmania, but that the whole genome is

transcribed this way is thought to be unique to the kinetoplastids (105).

So, how can Leishmania adapt to such different environments as the digestive tract of
the anthropod vector and the different environments in the mammalian host? There
seem to be relatively few differentially expressed genes in a comparison of
amastigotes and promastigotes. However, there are studies which show that the set of
differentially expressed genes are different when comparing promastigotes from the
sand fly digestive tract to in vitro cultured amastigotes (109). Regulation of protein
level is through other mechanisms, such as mRNA processing and stability (110). It
has also been suggested that the plasticity between and within strains (mosaic

aneuploidy) and gene copy number is key to differential gene expression (102,111).
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This might be advantageous as beneficial mutations may spread more rapidly in
haploid populations. On the other hand, diploid populations evolve more slowly, but

are more stable (112).

7.2 Epidemiology

The neglected tropical diseases (NTDs) are a group of diseases and conditions that
are among the most common diseases affecting the world’s poor (113). The number
of deaths related to these diseases is lower than for diarrheal diseases, HIV-AIDS or
malaria, but the disability and poverty related to them are considerable. According to
the 2010 Global Burden of Disease study, the NTDs accounted for approximately
26.06 million disability adjusted life years (DALYs) (114). The NTDs can be
important obstacles for economic development and constitute large burdens on fragile

health systems (113).

The population in endemic regions for the NTDs are often infected with multiple
NTDs simultaneously, furthering the disability. This highlights the importance of a
coordinated approach where both rapid diagnosis and treatment is of paramount
importance (113). For example, drug treatment packages have been suggested as a
rapid initial response (113), but, as Hotez et al. point out, while preventive
chemotherapy may be effective for some NTDs, it may not be effective against

Chagas disease, human African trypanosomiasis and visceral leishmaniasis.

As highlighted by numerous reports, there is a severe shortage of reliable
epidemiological data for the NTDs, including for the leishmaniases. The Global
Burden of Disease study — a critical tool for monitoring global health and prioritizing
between health programmes — systematically undervalues the NTDs (115,116). For
the leishmaniases, there are problems related to the exact number of people affected
because of a complex disease cycle and epidemiology, lack of simple diagnostic
tools, and the fact that the diseases often exist in the poorest regions of the world.

This also makes the extrapolation from official data, as international organizations
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sometimes have to do, difficult, if not impossible (116). The accuracy of estimated
impact measures, such as the disability adjusted life years (DALY's), which depend

partly on the accuracy of incidence and mortality data.

The leishmaniases are endemic in 98 countries and 3 territories. See figure 3 below
for the world distribution of cutaneous and visceral distribution of leishmaniasis. One
of the most comprehensive analyses of the available data estimated the annual
incidence for CL to be 0.7-1.2 million and for VL to be 0.2-0.4 million (116). The

actual number of cases is not known in most of the endemic regions (116—118).

CL is endemic in 98 countries, but 75% of the cases are found in 10 countries:
Afghanistan, Algeria, Brazil, Columbia, Costa Rica, Ethiopia, Iran, Peru, Sudan and
Syria (116,119). 90% of VL is found in six countries: Bangladesh, Brazil, Ethiopia,
India, Sudan and South Sudan (116). There are over 500 000 cases of VL reported
annually, and the annual mortality estimates range from 20 000 to 60 000 (116,120).
VL is mainly found in the poorest parts of society, and children, young adults and

women are disproportionally affected (121).

There has been a marked increase in prevalence for both CL and MCL in recent years
in the Middle East, Central Asia and East Africa. This is probably due to war and
conflicts leading to increase of reported cases (114). Armed conflict has proven to be
a major risk for an upsurge in leishmaniasis. Destruction of housing, health
infrastructure and usually already weak leishmaniasis control programmes alongside
major population movements has had devastating effects in several areas. Cutaneous
leishmaniasis surged in Syria after the war (122). CL has been known in Syria for
centuries and was widely known as the Aleppo boil. After the outbreak of the war,
over 100 000 cases have been reported, as opposed to 25 000 to 40 000 before (122).

Figure 3. Map of the distribution of cutaneous and visceral leishmaniasis.
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Figure 3. World distribution of cutaneous (a) and visceral leishmaniasis (b). Source (116)

The war not only escalated transmission, but CL was spread to parts of the country
previously not thought to be endemic, and to neighbouring countries (123).
Furthermore, in Sudan and South Sudan there have been several epidemics, where an
outbreak between 1984 to 1994 reported over 100 000 deaths attributable to VL
among a population of approximately 280 000 (124). India has the largest number of
VL cases at 62 000, followed by South Sudan and Sudan.

In Europe, leishmaniasis is endemic around the Mediterranean basin. Some countries
report a high prevalence of asymptomatic carries (125). There have also been recent
outbreaks in several regions, such as the Madrid region in Spain (126), or Bologna in

Italy (127). Imported Ileishmaniasis is reported regularly due to travellers’
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transmission and also an increase in patients on immunosuppressant drugs (84). In a
recent retrospective study from Sweden on imported leishmaniasis in the period
1993-2016, including cases from both primary health care and hospitals, 182
laboratory confirmed cases were found of which 96 were diagnosed in the last two
years of the study (128). Leishmaniasis, on the other hand, has been reported
sporadically in Norway (129,130). This could be due to a lack of tools to diagnose
correctly and rapidly. This thesis aims to give more insight into the occurrence of
leishmaniasis in Norway, to promote better treatment and clinical management (paper

11).

It is believed that asymptomatic infection is the most common outcome of inoculation
with Leishmania spp. (71). That leishmaniasis can cause asymptomatic infection is
not extraordinary, this is true for many infections. People who are not aware of their
situation, or have not been diagnosed yet, may be able to work as reservoirs and
transmit the disease to others. Thus, people who are infectious, but who have no signs
and symptoms are called asymptomatic carriers. The problem of asymptomatic
carriers is a great challenge for the elimination of the disease on the Indian
subcontinent (131). However, there is no consensus on how asymptomatic infections
should be diagnosed. Normally a person with a positive serological test, PCR or
leishmanin skin test (LST) but otherwise healthy is considered to be an asymptomatic
carrier (131). The true epidemiology of asymptomatic infection is difficult to
estimate, but the ratio of asymptomatic to clinical cases (incident) ranges from 50:1 in
a study from Spain, 4:1 in Kenya, 18:1 to 1:2.4 in Sudan, with no obvious reason to
these differences (131). Of note is, however, that in most endemic areas, a large part
of the population are able to establish an effective immune response keeping the
parasite at bay. It is not entirely clear what mechanisms are involved in controlling
the pathogen and causing no or few clinical signs and symptoms. This knowledge is
of particular importance for several reasons — maybe the most obvious one is for
vaccine development. To date, there are no good immunological markers to identify

asymptomatic patients.
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Immunosuppression is an important risk factor for clinical disease, but may also alter
how leishmaniasis presents and the response to treatment (53). In Southern Europe
there was a re-emergence of VL in 2000 with a great number of cases related to HIV-
co-infection. The parasites were transmitted by sharing of needles and syringes by
intravenous drug users (132). During that outbreak in France, it was also shown that
dermatotropic strains could visceralise. This problem was resolved in Europe with
the introduction with highly active antiretroviral therapy (HAART). However, the
problem has persisted in other parts of the world, especially South America and
Africa (133,134). In Ethiopia a large number of people are immunosuppressed
through HIV and it is also a highly endemic area for VL (53). In Ethiopia, between
20-40% of the individuals with VL are co-infected with HIV (132).

7.3 Treatment

“From what I observed, it is infinitely better to apply nothing, than any of the numberless

medicines they make use of.” (135)

As Alexander Russel points out in the quote above, CL may be treated with
observation therapy. However, the more serious MCL and VL need treatment, and a

late diagnosis could often be lethal if untreated.

Current treatment options for leishmaniasis can be defined as limited, and they have
all been developed for other indications (120). The pentavalent antimonials, used for
centuries, remain the first option in many parts of the world, including Brazil. Their
mode of action is not clearly understood (136). The treatment regime is lengthy (30
days of injections), and several toxic side effects are reported, such as cardiotoxicity,
renal failure, pancreatitis and anaemia. Resistance has been reported in several
endemic regions against the pentavalent antimonials (120,137—139). This resistance
is most likely due to its widespread, uncontrolled and inappropriate use, especially in

India (137,140).
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Amphotericin B and liposomal amphotericin work by targeting the ergosterol
pathway in the membrane of Leishmania (121). In human cells, on the other hand, the
main membrane sterol is cholesterol. Development of resistance against these drugs is
more unlikely as the parasite would need to develop new pathways to replace surface
ergosterols (120). To improve treatment, but also to eliminate or at least greatly
reduce the incidence of transmitted VL, new dose regimens for treatments are
necessary as today’s treatment is lengthy and prone to toxic side effects. The WHO
have described the use of a single-dose approach as safe and highly effective in
Bangladesh, India and Nepal (141). Amphotericin B and paromomycin must also be
given over lengthy periods, 21 days and 30 days, respectively. Paromomycin is an

aminoglycoside, the mode of action against Leishmania is unknown (121).

Miltefosine has been used, especially in India, to treat VL. This treatment, although
attractive as it is an oral therapy, remains unattractive as it still requires lengthy

treatment (28 days) and strict birth control is necessary due to it being teratogenic.

For VL, combination therapy has increasingly been advocated, because of emergence
of drug resistance, to shorten administration time of the drugs, affordability, and ease
of administration (142). For elimination purposes, single-dose liposomal
amphotericin B seems to be the best option, as it ensures high compliance, but also
reduces the cost to families and decreases time off work. Another reason for
introducing single-dose liposomal amphotericin B in some regions is its
attractiveness, because it is relatively safe, effective and 100% compliance is
guaranteed (143). The single dose approach has been recommended by the WHO as
the first line treatment option in India (120,144). Treatment regimens have to differ
from region to region, between various patient groups (145) and between the different
Leishmania spp. For example, a combination therapy including liposomal
amphotericin B and miltefosine might be more attractive for males, while a
combination of liposomal amphotericin B and paromomycin might be more attractive

for women.
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In a study from Bangladesh, the efficacy and safety of single-dose liposomal
amphotericin B for VL were investigated (146). Out of 300 patients included, 90%
achieved final cure. The authors therefore concluded that a single dose liposomal
amphotericin B (10 mg/kg bodyweight) could be adopted in an elimination
programme in Bangladesh. However, the problem with liposomal amphotericin B is
its requirement for a cold chain, which might be problematic in remote locations,
which are also typically endemic for VL. Despite this, the authors found that the
implementation of a single-dose liposomal amphotericin B treatment strategy is
feasible in remote locations (146). Another study in rural Bangladesh confirmed the
feasibility of such an approach, given proper training of health-care staff (147). There
are however several problems related to single dose regimens: (i) what is the efficacy
and safety in selected patient groups outside the studied group, (ii) extrapolation of
the results to other regions endemic for leishmaniasis is problematic because of
geographical heterogeneity in VL (such as Africa or other agents, like L. (L.)
infantum) (142). Liposomal amphotericin B (AmBisome) is costly, but a price
reduction for all low- and middle-income countries where leishmaniasis is endemic,

has made it more feasible (148).

7.4 Prevention

Leishmaniasis, given the complex interplay between host, vector and reservoir,
probably requires a multifaceted approach for control and prevention. Elimination of
leishmaniasis is highly unlikely. In general, to eliminate an infectious disease requires
that every infection leads to clinical disease and is only present in humans. For CL,
most commonly a zoonosis, often with a sylvatic reservoir, the environmental cost of
any preventive strategy would be too high. Furthermore, in VL the role of
asymptomatic individuals in transmission is unclear, and it is likely that they
contribute to the transmission (24,130). In addition, domestic animals might have a
more prominent role as reservoirs, including in areas previously thought to be only
anthroponotic transmission areas (26). That the sand fly in the Indian subcontinent

should only feed on humans would be an exceptional finding, as the sand fly vector is
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an opportunistic feeder and one could expect them to feed on wild and domestic

animals in addition to humans.

Vector control can however work in certain areas. An example is from the European
Mediterranean area, where an important reservoir for CL, Phlebotomus obesus, is
controlled by zinc phosphide tablets in burrow entrances or clearing of vegetation in a

500 meter barrier zone around the habitat (119).

For humans, potential control strategies could include early detection, drugs and
vaccine. A vaccine is probably the best way forward, especially since infected people
are known to acquire long-lasting immunity against infection from parasites of
related strains (49,148-150). Ideally, a vaccine for leishmaniasis should be broadly
protective against all the species of the parasite causing the different variants of
clinical disease, but this has so far proven difficult. However, in theory, it should be
possible. When selecting antigens for a recombinant, vector or nucleic acid vaccine,
antigens that are highly conserved among different species of the pathogen are
typically selected. Even if two species are relatively distant in evolutionary terms, a
vaccine based on conserved antigens could give protection against several species.
Intuitively, it may be most pressing to develop a vaccine for the potentially fatal

visceral form, commonly caused by only two species — L. donovani or L. infantum.

It is not entirely clear what type of vaccine is most likely to be effective against
leishmaniasis, but as it is an intracellular pathogen, a strong T-cell response has to be
induced. Vaccines based on killed or live attenuated pathogens have the potential to
mimic natural infection closely. In the Middle East, so-called “leishmanisation” has
been practised, whereby pus from cutaneous lesions and parasites from culture were
used to induce a local infection (150). Leishmanisation was discontinued because of
problems with reproducibility and safety issues. Furthermore, a leishmanisation
strategy involving a viscerotropic strain, such as L. donovani, is highly unlikely, and
probably unethical. Vaccines consisting of purified or recombinant proteins expressed

in bacteria or eukaryotic cells usually require an adjuvant to induce a good T-cell
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response (151). The Infectious Disease Research Institute in Seattle has developed a
vaccine where several proteins conserved across several species of Leishmania are
expressed in a single vaccine using a toll-like-receptor agonist as an adjuvant to
induce a strong T-cell response (18, 19). This vaccine has shown promising results
(152). Nucleic acid vaccines work by introducing expression vectors encoding for a
protein antigen into the recipient. Here not the antigen itself, but the information
required to produce it, is introduced. The recipient’s cells produce and present the
antigens to immune cells (153). This vaccine strategy has obvious attractions, such as
the fact that the vaccine can be rapidly and cheaply produced. The DNA-vaccine
approach has been tested with several antigens against Leishmania-infected mice, but
its effect remains unconvincing. Vectors such as Adenovirus, expressing recombinant
antigens, can also be used as vaccines. A novel vaccine uses this approach by
expressing a gene encoding for two Leishmania proteins, and initial results are
promising (154). But this is only in phase I clinical trial stage, and there are

significant challenges ahead.

Over the years, several vaccine targets and vaccination routes have been proposed
and tested (155). Some of them have shown great potential in protecting animals
against leishmaniasis (156). However, remarkably few have been able to proceed to a
clinical trial. This lack of progress is partly due to lack of a small-animal model that
reflects human disease, and to the fact that many vaccines are tested with cutaneous
strains where the testing has been undertaken by injections instead of sand fly bites

(151).
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7.5 Diagnosing the leishmaniases

In this section, I will discuss the common diagnostic approaches more in detail.
Particular attention will be given to the molecular application with a discussion of

potential targets and methods.

For diagnosing leishmaniasis, a range of diagnostic methods can be used, starting
with history taking and symptoms, and - when leishmaniasis is suspected -
microscopy, serology and molecular methods. Unfortunately, lesion characteristic
and probable geographic area where the infection happened are not sufficient for
diagnosis or species identification for CL. The latter is of particular importance in the
Americas, where species from the subgenus L. (Viannia) may cause mucocutaneous

lesions years after CL.

Clinical diagnosis of VL relies on non-specific symptoms like prolonged fever,
weight-loss and splenomegaly. Biochemically, the patients often have pancytopenia
(anaemia, leukopenia and thrombocytopenia), elevated inflammatory markers and
hypergammaglobulinemia. However, although these symptoms and findings raise the
suspicion of the diagnosis in the experienced physician, they are not sensitive and

specific enough for diagnosis alone (162).

There is no standard protocol for diagnosis, and the methods used vary in endemic
and non-endemic regions. Leishmaniasis should ideally be diagnosed using several
approaches to improve the likelihood of a correct diagnostic result. The latest
diagnostic recommendations from the Infectious Disease Society of America (IDSA)
and the American Society of Tropical Medicine and Hygiene (ASTMH) suggest that
leishmaniasis should be diagnosed to the species level for all the clinical forms to

guide treatment and clinical management (144).

In brief, leishmaniasis can be detected by seeing (clinical, microscope), by the

measurement of the immune response (e.g. ELISA), or detection of protein, RNA or
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DNA. All diagnostic approaches and targets come with their strengths and
limitations. In non-endemic regions, the greatest challenge is probably the first step,
suspecting the parasitic disease in the first place. Parasitological diagnosis involves
the demonstration of the parasite in tissue or culture. Anti-leishmanial antibodies can
be detected using several methods, such as enzyme linked immunosorbent assay
(ELISA), direct agglutination test (DAT), indirect immunofluorescence (IFA) and
immunochromatographic strip tests (IST). Assays have also been developed to detect
antigen in urine (157). Molecular approaches, like PCR, real-time PCR and

associated methodologies are increasingly being used.

Diagnosing leishmaniasis can be a challenge because of the wide spectrum of clinical
manifestations. There are different diagnostic approaches for the main clinical forms
of the disease. Also, a range of differential diagnoses should be considered, and
accurate diagnosis is therefore important. In addition, in some endemic areas, co-
infection with other trypanosomatids may cause problems with the diagnosis if the
approach or assay used is not specific enough (158). Accurate diagnosis is also
crucial for surveillance and epidemiological studies. Several important questions need
to be answered when choosing a diagnostic strategy. Peeling and Mabey, highlighted
the ASSURED-criteria when choosing diagnostic tests for the developing world
(159). The ASSURED criteria are specifically made for rapid tests listing:
Affordable, Sensitive, Specific, User-friendly, Robust and rapid, Equipment-free or
minimal equipment and Deliverable to those who need them. So far, few, if any

molecular methods meet these criteria.

According to Shaw et al. (160) a diagnostic tool should differentiate Leishmania
species, be able to measure the parasite load in host and vector as well as being able
to monitor the efficacy of treatment. This seems somewhat unrealistic and most, if
not all tests, are unable to meet these criteria. Furthermore, the criteria seem
somewhat biased towards molecular methods. Besides, the demand for monitoring
the efficacy of drug treatment remains questionable as it is, so far, not included in

recent guidelines (144). Some authors include further requirements that all seem
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unrealistic and more research oriented, such as the need to identify sample origins,
relationship with non-human reservoirs and several more (161). In the next sections

the different diagnostic modalities will be discussed in more detail.

7.5.1 Parasitology

Parasitological diagnosis involves the demonstration of the parasite in tissue or
culture. The amastigote forms of the Leishmania parasite are identified intracellularly
or extracellularly by size and characteristics morphology, including the nucleus and
kinetoplast. The kinetoplast is particularly important to identify, as the parasite
without the kinetoplast can be mistaken for other pathogens, like Histoplasmosis

capsulatum, which also may be found in phagocytic cells (163,164).

For VL, smears from spleen have the highest sensitivity, followed by bone-marrow
and lymph node (165). Spleen aspirate is the recommended reference method for VL,
especially in studies comparing diagnostic methods (148). Patients with VL often
have pancytopenia, meaning they are at higher risk of fatal bleeding when a spleen
biopsy is taken. However, Sundar et al. (167) only report two fatal bleedings after
9612 splenic aspirations. Regardless, other techniques that require less invasive
diagnostic techniques are important for VL. Microscopy, although in trained and
capable hands, may be very specific, sensitivity on the other hand is comparatively

low and highly influenced by smear quality, reagents and experience (168).

In CL, a biopsy from the ulcer is sensitive (17). This requires invasiveness often not
usable for large-scale screening, but also for follow-up. For CL, some studies have
proposed that the use of filter papers able to store DNA (e.g. FTA-cards), could be a
useful solution to avoid taking a biopsy. But our study (Paper III) and others have
shown that although they might be of value in a research setting, in the clinical setting

their role is more dubious (169).

The traditional culture of Leishmania from biopsy specimens from patients is both

labour intensive, lacks sensitivity and requires considerable specialist infrastructure
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(170). Developing of new culturing techniques, like microculture, could make the
culture approach cheaper, more sensitive and specific (170). Despite this, processing
time did not improve greatly, only reducing the culture time from 5 to 3 days
compared to traditional culture, making the technique unattractive for diagnosis,
especially VL. Culturing was particularly attractive before the molecular approaches
became established because it allowed drug sensibility testing and species
identification with multiloci enzyme electrophoresis (MLEE). However, today, all

these parameters can be explored with different molecular approaches.

Microscopy has the advantage of being fast, and some argue it is easy to perform for
the trained microscopist. One severe limitation is that in chronic lesions, the number
of parasites may be difficult to find. The older the lesion, the lower the number of
parasites in the lesion. A study from Para in Brazil, found that the parasitism was

very low in lesions older than 12 months (171).

Immunofluorescence in general is sensitive but lacks specificity. In Brazil, cross-
reactivity with other common infections, such as Chagas disease (7rypanosoma
cruzi) has been reported (172). It has furthermore been shown to lack sensitivity in

patients with few lesions or acute lesions (171).

7.5.2 Serology

Anti-leishmanial antibodies can be detected using several methods, such as enzyme-
linked immunosorbent assay (ELISA), direct agglutination test (DAT), indirect
immunofluorescence (IFA) and immunochromatographic strip tests (IST). ELISA
requires considerable experience and is probably only suitable for well-equipped
reference centres. The inherent problems with ELISA could probably be overcome in
some field-settings by a collection of material in the field and transport of the
material to a reference centre thereafter. Although suitable for research studies, this
would be costly, time-consuming and delay the diagnosis. DAT has and is still in use.
The applicability of DAT in the field setting has been increased with the development

of assays where the antigen is freeze dried, thus reducing the need for a cold chain
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(173-175). Although relatively cheap, sensitive and specific, it requires considerable
laboratory time (partly due to long incubations), test readings to be standardised and
some infrastructure which is not always available in the field (176). In IFA the
antigen is adsorbed to a slide, and antibodies present in the patient sample (serum) are
detected by a fluorescein labelled secondary antibody using an immunofluorescence
antibody. Comparing ELISA and IFA, a study found that for patients with CL IFA,
along with parasitological confirmation, could be used in diagnosis. There are also
other sporadic reports of the usefulness of IFA in CL (177). A study from Iran,
comparing ELISA, DAT and IFA, found the sensitivity and specificity of the latter to
be 80.3% and 90.5% respectively (148). Although IFA may have a role in diagnosis,
the lack of a standard antigen, proper validation in different endemic settings, and the
requirement of considerable infrastructure and expensive equipment mean that the
technique has limited value in a diagnostic setting. IST can have a prominent role as

point-of-care tests, especially in rural settings.

In endemic settings, the necessary skill, quality of tissue smears and staining, and a
high quality microscope is often unavailable (167). HIV is also a major public health
issue in many endemic regions for VL, and in half of HIV-Leishmania coinfected
patients, serology has been found to be negative (178,179). Furthermore,
seropositivity has been reported in over 30% of an apparently healthy population,
probably due to the high number of asymptomatic individuals in endemic regions
(174,180,181). For the leishmaniases, serological tests only have very limited value
in CL and MCL but may have a more prominent role in VL. Especially useful is
serology for VL patients where other diagnostic tests, such as spleen biopsy or bone
marrow aspirate cannot be performed. They also have a role in screening in endemic
areas. In elimination programmes especially, active case detection is important,
requiring a good point-of-care (POC) test: for VL an IST seems like a very good
option. However, currently, the available tests have great limitations in terms of
sensitivity and specificity when it comes to different geographical locations.
Sensitivity and specificity vary depending on the antigen used, geography and host

factors. Furthermore, as antibodies can be detected years after clinical cure, caution
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should be taken in the interpretation of the results. A study from Ethiopia, found that
89% of treated and cured VL cases had DAT positive antibodies 50-90 months (7.5
years) post-treatment (182). The same was found in Brazil, where many patients with
VL had persisting and detectable antibody levels years after treatment, one even
reporting 12 years post-treatment (183). In a study from Sudan, antibody levels could
be detected up to 24 months post treatment measured by ELISA and DAT (184). On
the other hand, a study from India found that for 55 patients in India, IgG titer
reached a maximum after 6 months, declined rapidly and were not detectable after 2—
3 years, measured by ELISA (185). The discrepancies between these results are not
easily explained but it seems clear that in most cases and for most endemic areas,

anti-leishmanial antibodies remain detectable for a long time after treatment.

Several antigens have been developed for serological tests for leishmaniasis.
Antigens for serology should, due to standardization purposes and the ability to
produce enough antigen, preferably be manufactured as recombinant proteins. rK39,
rK28 and rKE16 are examples of this. rK39 is based on a 39 amino acid sequence
from the kinesin gene in L.(L.) infantum and expressed in E. coli (186). tK28 is a
polyprotein based on three proteins: L.(L.) donovani haspbl, L. (L.) donovani haspb2
and L. (L.) donovani kinesin (187). rKE16 is a development of the rK39, but the
sequence is based on a kinesin gene in L. (L.) donovani (188). A study from Kenya,
involving 131 VL patients and 88 healthy controls, and comparing a rK39 tests (IT-
LEISH, Bio-Rad) with a rKE16 test, found that for rK39 the sensitivity was 89.3%
and specificity were 89.8%, while for rKE16 sensitivity was 77.10% and specificity
was 95.5% (189). Although the authors strongly stress the need for improved RDTs
for East Africa for VL, they suggest that rK39 can be used. In Bihar in India rK28
ELISA was found to be performing as well as rK39, yielding a sensitivity of 99.6%
and specificity of 95.45% (190).

In a World Health Organization (WHO) coordinated study, 250 cases and 250
controls were included for each region (191). Patients were recruited from 4 labs

from India, Bangladesh and Nepal, 2 labs in Brazil and 3 labs in Kenya and Sudan.



53

For India, Bangladesh and Nepal the results were uplifting with good sensitivity and
specificity, and all the products had good heat-stability. Among the RDTs tested,
sensitivity ranged from 92.8-100% and specificity 96—100%. For East Africa and
Brazil, the situation was not as promising. In East Africa, the sensitivity ranged from
36.8-87.2% and specificity 90.8%-98%. The same situation was reported for Brazil
with a sensitivity of 61.5-92%, and specificity of 95.6-98.8%. For these two regions,
the rKE16 performed worse than rK39. Not only antigen diversity might explain the
difference in the test, but also differences in parasite and antibody concentration
among the study participants, again linked to age, immune status and nutritional

status (191).

A Cochrane review compared rK39 ICT, rK26 ICT, rKE16 ICT, KAtex (see section
7.5.3) in urine and FAST agglutination test. The authors conclude that the rK39 is
useful in well-defined cases with no previous history of VL in India, Bangladesh and
Nepal. However, they consider the test unsuitable in East Africa due to low
sensitivity. The other tests, they concluded, lacked both accuracy and validation

(192).

Lateral flow techniques are often optimized for serum, although in the field setting,
whole blood is the more common material (193). A study from Sudan found that, the
rK28 test was positive for two controls (2%) for serum, while none were positive for
whole blood (194). Another study from India, compared the use of the rK39 on whole
blood and serum and found 40% of the cases to be blood and serum positive, while

4% were blood negative and serum positive (193).

To conclude, serology may be useful in the field for clearly defined cases of VL in
India, Bangladesh and Nepal, but should be used with caution for surveillance also
here. For other regions, the use of serology remains unclear. Serological tests are also
limited for immunosuppressed individuals who may present with lower antibody
titers (195). In addition, several serological tests for leishmaniasis have the potential

for cross-reactivity with other trypanosomatids and malaria (173).
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7.5.3 Antigen detection

Antigen detection has been reported to be more specific than antibody detection
(196). It is believed that the levels of antigen correspond to parasite load, thus
enabling the test to be used for clinical cure and relapse. Furthermore, as antibody
detection is thought to be of limited value in the immunosuppressed, antigen
detection could have a more prominent role in this group. One of the most commonly
used assays is KAtex (Kalon Biological, UK). KAtex detects a carbohydrate antigen
present in both promastigote and amastigote stages. KAtex is fast and easy to use
without the need for specialized training. However, the assay procedure involves
several steps that must be followed strictly to yield a reliable result. The read-out of

the tests is subjective, and the reagents require refrigeration (2-8 °C).

In a study from Bangladesh with 36 patients and 40 healthy controls, KAtex was 75%
sensitive and 100% specific (159), while another study from Bangladesh, including
50 patients and 50 healthy controls, found the sensitivity to be 94% and specificity to
be 98% (162). A study from India found that out of 392 patients and 185 healthy
controls in India that the KAtex was 87% sensitive and 99% specific (197).
Furthermore, a study of 155 VL patients and 77 healthy controls in Nepal found the
KAtex to perform poorly with 47.7% sensitivity and 98.7% specificity, and with a
moderate reproducibility (198).

Another study performed in India compared parasitological diagnosis with DAT-FD,
rK39 strip test, rK25 strip test and KAtex in 230 confirmed patients, 52 probable
cases, 70 non-cases and 100 healthy endemic controls, and found the sensitivity of
KAtext to be 67% (163). This was significantly lower than the DAT-FD (98.9%) and
rK39 (98.9%). However, the specificity was above 90% of all the tests. On the other
hand, a study in Ethiopia comparing the same tests as the study from India found

KAtex to perform poorly compared to both DAT-FD and rK39 (199).
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A study from a rural setting in Nepal including 142 patients compared the formol gel
test (FGT), KAtex and rK39 (200). The sensitivity of FGT was 52%, for rK39 89%,
and KAtex 57%. All tests had a specificity of approximately 90%. It is unclear why
the sensitivity is significantly lower in Nepal than Bangladesh and India as the agent

should be the same in the region, L. (L.) donovani.

To conclude, antigen-based tests still seems to have too unsatisfactory sensitivity and

specificity to be useful in a clinical setting.

7.5.4 Detection of DNA

So far, molecular diagnostic tools have had limited to no role in the diagnosis of all
the clinical forms of leishmaniasis, but are introduced as a diagnostic tool in severeal
diagnostic laboratories. In resource-limited settings, the molecular approaches are
limited as they, in general, require a well-equipped laboratory, highly skilled

technicians and expensive equipment and chemicals.

Molecular approaches to diagnosis of leishmaniasis have been available since the
1990s (201). By polymerase chain reaction (PCR), sequences of DNA or RNA are
amplified by repetitive cycles. It requires isolation of DNA or RNA beforehand.
PCR-based methods are sensitive and are therefore prone to contamination if a strict
uni-directional work-flow is not established. In addition to both high sensitivity and

specificity, PCR based methods may also be able to quantify the parasite in the tissue.

PCR is a specific, sensitive, versatile and fast technique (202). PCR has been used on
a range of materials; cell-culture, lesions, blood and sand flies. A range of different
PCR-methods have been developed, but only a few are in routine use. One example is
the oligochromatography-PCR (OC-PCR), where the amplification of the nucleic acid
sequence is visualized on a dipstick. It is a simple technique involving little to no

expert knowledge and equipment (203,204)
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PCR techniques may not only be used for detection, but also for species
differentiation. A range of targets and techniques have been explored. Several are in
routine use, but there is no gold standard (145,163). By conventional PCR, the
amplified nucleic acid fragment (amplicon) is visualized by gel-electrophoresis where
differences in length are used either for detection or for species differentiation.
Specificity is dependent on a range of factors, but central are the enzymes used. Taq-
polymerases, first isolated from the thermophilic bacterium Thermus aquaticus in the
1970s, is still in wide use (205). Taq polymerase, however, lacks 3’-5 exonuclease
activity, and is therefore prone to producing mistakes during amplification. Using an
enzyme that has exonuclease activity may increase specificity at the cost of

sensitivity (205).

PCR products may also be digested by DNA restriction enzymes, that cut a
nucleotide sequence at a specific site, leading to different profiles of the digested
product. Several assays using restriction enzymes have been developed for
Leishmania discrimination. Examples of targets are ITS1 (206) and hsp70 (207). A
PCR may be improved by running a second PCR on an already amplified product. In
this way, both specificity and sensitivity might be improved (208). Several targets
may also be amplified in a multiplex PCR. Multiplex PCR are, for example, in

routine use for parasites in stool (209).

PCR products may also be used for subsequent sequencing using for example Sanger
sequencing (first generation sequencing). This is a technique more commonly used
for species identification. It does require expertise both in preparing the product for
analysis and in analysing results, can only sequence a limited range of base pairs, and

requires advanced technical facilities.

In most laboratories, conventional PCR has been replaced by real-time PCR. In real-
time PCR the amplification of the target sequence is detected at each cycle (paper I
and II). A further development of real-time PCR is High Resolution Melting analysis

- HRM (paper II), that measures the fluorescence intensity of dissociation from
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dsDNA to ssDNA. HRM analysis in distinct PCR products can differentiate
Leishmania-spp. based on their composition, length, GC content and strand

complementarity. The method can also be automated (210).

ELISA, a technique widely used in immunology to detect an antigen or an antibody
may also be combined with PCR. In a PCR-ELISA, a PCR product is detected after
being immobilized (211). The technique may be rapid and sensitive. It is, however,

not of widespread use in diagnosis.

Loop-mediated isothermal amplification (LAMP) may be a specific and sensitive
technique for diagnosing Leishmania in several endemic regions where diagnostic
and laboratory facilities are scarce. The amplified sequence may be visualized to the
eye. Although LAMP is hailed as sensitive and simple without the need for
specialized equipment and reagents (212-214), there are several limitations to the
technique, such as very specific requirements for the design of primers that may limit

the development of an assay.

Multilocus enzyme electrophoresis (MLEE) has, despite its limitations, been used for
species differentiation (215). Other molecular techniques, like multilocus sequence

typing (MLST) are not discussed further in this thesis.

7.5.5 Molecular targets

There are a range of molecular targets available, and Akhoundi et al. give a
comprehensive review of the most common targets (163). In general, protein coding
sequences in Leishmania have high specificity, but lower sensitivity compared to
non-protein coding targets like KDNA. This is due to the lower level of copy numbers
of chromosomal versus non-chromosomal (mitochondrial, maxicircles, minicircles)
sequences. An example of a commonly used protein-coding target is the heat-shock
protein 70 kDa — Hsp 70 (163,207,216). It is, rather uncommonly, a multicopy gene

both used for detection and species identification using a range of methods (163,216).
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Akhoundi and colleagues list important factors for validation of molecular methods
that must be take into account when choosing a target sequence (size, number of
copies in genome, specificity within genus and species), efficacy of the methodology
(precision, reproducibility), and clinical sensitivity and specificity (217). In general
terms, multi-copy genes are preferred for detection, as they improve sensitivity.
However, multi-copy genes may vary in the copy number and may therefore be
inappropriate to use in quantitative assays. For that purpose, single-copy genes may

be more appropriate.

There is no perfect diagnostic target for leishmaniasis that is perfect in molecular
diagnostic assays. In line with Akhoundi and colleagues (217), and others, this thesis
argues that for diagnostic purposes, a two-step approach is probably the most
appropriate, where multi-copy genes are used for genus detection and a single or few-
copy gene is used for species differentiation. There are potentially genes that may
work for both purposes: Hsp70 has been shown to be useful for both genus detection

and species differentiation with a good specificity and sensitivity, using HRM (210).

7.5.6 Other diagnostic possibilities

Other techniques, which are more commonly used in microbiological diagnosis may
have a role in diagnosing leishmaniasis and species identification. One example is
MALDI-TOF mass spectroscopy. MALDI-TOF is increasingly being used for
bacterial identification. There is a limited amount of evidence on the applicability of
this method for leishmaniasis. In a relatively recent paper, MALDI-TOF was shown
to be able to discriminate Leishmania at a species level (218). However, this
technique is far from being useful in most settings as it requires a well-established
mass spectral library, requiring considerable expertise and infrastructure. The
requirement of a culture means it is of little relevance in most endemic settings in
addition to being time-consuming. Although mass spectroscopy today is an integrated
part of many routine diagnostic laboratories, it is still far from being applicable to

Leishmania.
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In the Montenegro skin test, 0,1 mL of Leishmania antigen is injected in the forearm.
The local induration is measured 48-72 h after, and if its > 5 mm it is considered
positive. This test measures delayed-type hypersensitivity (59). However, caution has
to be taken as not all CL patients yield positive results. Furthermore, species used and
how it is prepared for antigen preparation varies, thus comparability is also an
important issue with this test (59). In a study from Tunisia, the test remained positive
in 20/22 patients post treatment (2 years follow-up) and in 75% of the individuals
living in the endemic area without a history of leishmaniasis (219). This test is not

included in most guidelines for diagnosing leishmaniasis (145).
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8. Aims

Gaps in the literature

The leishmaniases remain, in general, diseases related to poverty and are considered
as neglected tropical diseases. There are considerable gaps in our understanding of
the parasite biology, as well as its relationship with hosts (insect and mammal). In
addition, there is no gold-standard technique for diagnosis, classical or by molecular
methods. Therefore, there is a need to explore further diagnostic methods and
molecular targets that can be used in both endemic and non-endemic regions (217).
To distinguish Leishmania at the species level is paramount for several reasons: (i) in
several endemic areas several species coexist and the correct identification of them is
important to apply the correct therapeutic and follow-up regimes, and (ii)
epidemiological and ecological reasons. For this purpose, techniques using genetic
material (DNA or RNA) are useful. To be able to explore targets, precise DNA
nucleotide sequences are central, as this has been a challenge for several Leishmania
species. This is important also for the understanding of the physiological role of a

gene.

Primary aim
The aim of this thesis was to explore a new potential target, the amino acid permease
(AAP3) coding sequence and flanking nucleotide sequences for parasite detection and

species identification using molecular methods.

Secondary aims
e To develop an assay to detect Leishmania spp., and to quantify the parasite
load in mice (Paper I).
e To develop a diagnostic assay for species identification where the amplified
product is contained in the tube thereby lowering the risk of laboratory
contamination (Paper II).

e To validate aap3 as a target in clinical samples (Paper II and III).
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To improve the quality of available complete nucleotide sequences of aap3
coding sequences and flanking regions, to determine the nucleotide sequence
in a larger range of Leishmania spp. comparing the genomic organization in

both subgenera of Leishmania pathogenic to humans (Paper V).
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9. Methods and methodological considerations

9.1 Patient recruitment (paper III)

The basis of clinical studies, and sometimes experimental studies, is patient
recruitment. In this thesis, patients were recruited when either Leishmania infection
was established (paper II) or suspected (paper III). In paper II biopsy material from
patients was included, however, this was conducted at an earlier time-point and in
relation to another study. In paper III, patients were included prospectively, when
Leishmania infection was suspected at one of the participating hospitals in Norway.
Ethical approval was obtained for both studies. For the study in paper III, it was
planned to include approximately 50 patients. This study probably fell victim to
Lasagna’s law, which states that investigators greatly overestimated the pool of
patients (220). One goal of the project was to stimulate the establishment of
molecular diagnosis of Leishmania in Norway. This was achieved when molecular
diagnosis was established in Oslo (Ullevdl University hospital) in 2015.
Leishmaniasis is not part of the Norwegian Surveillance System for Communicable
Diseases (MSIS), and hence the occurrence is not known. The early termination of
the study could have been avoided if we had been more cautious when estimating the

occurrence of leishmaniasis in Norway.

9.2 Parasites (paper I and II)

Leishmania promastigotes can be cultured in a range of media, from semi-solid to
liquid medium. Novy-MacNeal-Nicolle (NNN) blood agar is used for diagnostic
purposes in several reference laboratories. Biopsy material from splenic aspirates,
bone marrow or lymph node is commonly cultured directly in this medium (221). For
continuous propagation of promastigotes, a range of liquid media is commonly used
(RPMI, M199, Schneider etc.). In this thesis, we worked in general with two media,
M199 and RPMI1640. These two media are well-established and it is unlikely that
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any of the results have been affected by the use of these media. In general, they
consist of a buffer-system (for example for RPMI1640 a bicarbonate buffer) and are
commonly supplemented with heat inactivated serum, hemin, glutamine and
sometimes other amino-acids, in addition to antibiotics. Human urine has been shown
to stimulate growth of several Leishmania spp. in vitro and may be added, although it
is not clear which substance is causing the increased growth (222). In addition,
several Leishmania spp. may be converted to amastigotes in vitro by increasing
incubation temperature and by making the growth medium more acidic (223,224). In
this thesis, we worked only with promastigote forms cultured in liquid media. For all
the works, we limited the number of passages in liquid culture to a minimum,
generally below five passages. Although, this is probably not essential when working
with Leishmania for diagnostic purposes and the isolation of enough DNA is the
purpose, it is indeed the case that the parasite is adaptable to long-term culture and it
alters several biological properties (224). Therefore, care has to be taken when
experiments are designed and results are analysed. For example, if a particular gene is
to be studied for functional properties, the experimental model should strive to reflect
the situation in vivo. By adapting the experiment too much to the convenience of the
researcher, one risks removing oneself too far from the situation in vivo and

consequently may make false conclusions.

9.3 Mice (paper I and II)

Animal models are central to the study of the leishmaniases. They are, for example,
essential when studying the immune response, pathology and functional studies of
genes (224-227). Mice, hamsters, domestic dogs and non-human primates have been
used, especially in the study of the immunological response to the parasite. Studies
using mice have been central in defining cells and molecules (e.g. cytokines) that are
important in the immune response against Leishmania (228). However, all the
models do not necessarily represent the situation in the infection in the human host.
For immunological studies, all aspects of the infection, from the amount of inoculum,

the saliva of the sand fly, the cells first recruited to the site of infection, the genetic
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background of the host, and much more, is essential for the outcome and
interpretation of the experiment (225-227). In the papers of this thesis only the mice
model was used and will be further discussed. The hamster model, using the Syrian
golden hamster (Mesocricetus auratus) is considered the best experimental model for
visceral leishmaniasis. The model is, however, constrained by the lack of molecular
and immunological markers available to study the gene expression and
immunological response (225). Dogs are the main reservoir of zoonotic visceral
leishmaniasis in Europe, the Middle-East, South-America and parts of Asia. Dogs
have been used as experimental models. However they are expensive and also here
the available reagents are often lacking. Primates, like the rhesus macaques (Macaca
mulatta) could be an attractive experimental animal because of their similarity to
humans. Of the available animal models, macaques are evolutionarily closest to
humans (229). They have, for example, been used in vaccine testing (229). Their
main draw-back is that they are expensive, difficult to obtain and handle. Furthermore
ethical committees are not encouraging the use of monkeys in animal experiments
(225). Mice are the most common animal used, especially the BALB/c and C57BL/6
strains. Where BALB/c mice are considered susceptible and develop a classical Th2
immune response, while C57BL/6 are considered resistant to cutaneous strains and
develop a strong Thl-response, although this is dependent on the inoculation site. In
general for animal studies, but absolutely central for mice studies, is consideration of
the developmental stage of the parasite stage, route of infection (subcutaneous,
intraperitoneal, dermal), site of infection, inoculation dose and mouse genotype, as

these issues will influence the results (226).

The use of animals in experiments are an integral part of research, especially where
studies cannot be undertaken on humans, for ethical reasons (drug testing, vaccine
studies and alike). No model is perfect for leishmaniasis, no model can reproduce the
infection in humans. Thus, care has to be taken when drawing general conclusions
from such experiments. For all the animal experiments (paper I and II), ethical
approval was obtained from the appropriate authorities, the animals were taken care

of by trained staff, they had food and water ad libitum, and the minimum number of
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animals, to statistically guarantee the results, were used. To prove that a diagnostic
method is able to detect the target in various animals (paper I and II) it is important to
test it under controlled conditions. It is arguable, though, that it might not have been
necessary to test it in laboratory animals, wild infected animals would have sufficed.
However, for paper I, the use of the method for quantitative purposes was essential to
prove and mouse experiments were difficult to avoid. For paper I, it was important to

prove that the diagnostic method could also be used in an experimental setting.

9.4 DNA (paper I-III) and RNA extraction (paper IV)

Extraction of nucleic acids from cultured cells or tissue is a central technique in any
modern research and diagnostic laboratory. The extraction techniques are often
overlooked as simple and just a pre-step before the real experiments. However, care
has to be taken when nucleic acids are separated from proteins, cell membranes and
other material as contamination has to be avoided, and one should strive for as pure a
sample as possible to avoid inhibitory molecules for later applications. Furthermore,
the nucleic acid extraction itself may be one of the most labour-intense parts of an
experiment. In general, any nucleic acid extraction protocol consists of some basic
steps: (i) lysis of the cells, (ii) purification or isolation of nucleic acid from other cell

components.

The DNA extraction procedure is generally divided into organic purification, using
phenol/chloroform or inorganic purification that uses, for example, silica beads to
bind the DNA. In papers I and III commercial kits were used to isolate DNA, based
on DNA binding to silica beads. This method is prone to contamination, as it does
involve multiple tube changes. However, the method may be automated which allows
processing of a large number of samples. In paper I an organic method, using a
salting out technique, was applied to extract DNA from trypanosomatids. The method
was based on a protocol already described by Miller et al. (230). The protocol was
laborious, but relatively simple, cheap and a high quality and pure DNA was isolated.
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In paper 111, FTA filer paper cards was also used for DNA isolation. The cellulose-

based matrix contains several reagents to stabilise nucleic acids for long-term storage.

Compared to DNA extraction, RNA extraction is inherently more difficult as there
are several enzymes in cells and tissues that rapidly degrade RNA. Thus, care has to
be taken to ensure high-quality RNA is isolated necessary for several downstream
applications, such as reverse- transcription real time PCR and RNA sequencing.
Several applications exist, generally divided into: (a) organic extraction methods, (b)
filter-based extraction methods, and (c) magnetic particle methods. In paper 1V,
TRIzol was used for isolation, a liquid extraction technique using guanidinium
thiocyanate-phenol-chloroform for extraction. TRIzol maintains RNA integrity while
at the same time contributing to the digestion of cell membranes and components.
The advantage of TRIzol is that it enables high purity extraction and has a high
recovery. However, the technique is relatively time-consuming compared to filter-

and bead-based techniques.

9.5 Polymerase chain reaction (PCR) (paper I-III) and high-resolution melting
analysis (HRM) (paper I1)

“upon cooling, one would hope to obtain two structures, each containing the full length of the
template strand appropriately complexed with the primer. DNA polymerase will be added to
complete the process of repair replication. Two molecules of the original duplex should result.
The whole cycle could be repeated, there being added every time a fresh dose of the
enzyme”(231).
The quote above is from a seminal paper by Professor Kjell Kleppe from Bergen
where he describes one of the first polymerase chain reactions (PCR) ever conducted.
PCR is a standard method used in molecular biology to amplify a specific DNA or

RNA sequence.

Conventional (or sometimes also referred to as standard or simple) PCR is relatively
simple and highly sensitive. In reverse transcription PCR (RT-PCR), RNA can be
used as template. RNA is reversely transcribed to complementary DNA (cDNA). RT-
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PCR can be the first step in real-time PCR (sometimes also referred to as qPCR) to
quantify RNA transcripts in a sample.

Conventional PCR is widely used in a research setting. It is laborious and generally
needs the visualisation of the product by gel electrophoresis to estimate quantity and
size. It has, therefore, in a diagnostic setting, largely been replaced by real-time PCR.
Real-time PCR can be broadly divided into dye-based (paper II) and probe-based
(paper I). In dye-based real-time PCR, a fluorescent label binds to dsDNA, the
fluorescent signal increases proportionally to the amount of DNA and can therefore
be measured in real time. Dye-based methods are relatively cheap but can only be
used for one target at a time and the dye does not discriminate between target DNA or
any other DNA that might be present in the reaction. Probe-based real-time PCR
commonly consists of a hydrolysis probe, including a fluorophore and a quencher.
When the target sequence is amplified, the fluorophore is separated from the
quencher, and the fluorescence can be measured real-time. Probe-based technology is

more specific and more commonly used in diagnostic assays.

Real-time PCR may be used to quantify a target, such as a parasite, in tissue.
Absolute or relative quantification may be applied. Absolute quantification relies on a
standard curve. This method requires information about the copy number per cell of
the target sequence. Furthermore, for Leishmania, the copy number should not vary
between the species. Kinetoplastid DNA (kDNA), a common target in Leishmania,
may indeed vary both between and within species (232-234). Single or less copy
genes can have a more prominent role for quantification but may fall short in

sensitivity, as can be argued for paper I and II1.

Real-time PCR is a sensitive, specific, robust and efficient technique for detecting
Leishmania-spp. However, there has not been one sensitive method that is able to
detect the parasite, quantify and also discriminate at the species level until high
resolution melting analysis (HRM) was introduced. High resolution melting analysis

(HRM) was first described in 2003 (235) and has been described as a method for
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detection and genotyping for several infectious agents (236—-239). The method relies
on the accurate detection of denaturation of a DNA fragment with increasing
temperatures. The melting temperature (Tm) is related to sequence length and GC-
content. The limit of measuring differences in Tm is approximately 0.2°C, depending
on the instrument and chemical used. There are also limits to the length of DNA
fragments that can be applied to yield a robust HRM analysis (240). Besides the Tm,
the shape of the melting curve is central, which is related to the DNA sequence and
especially the GC-content. HRM has led to development of new DNA binding dyes
that do not have an inhibitory effect on the PCR at saturating conditions. One
limitation of HRM is that it does not reveal all sequence variations and base
differences which, however, do not change the GC-content in a DNA-fragment and
thus will not be detected. In a diagnostic setting it would require a trained technician
to perform the experiments and to analyse the results, it would also require standard
strains. On the other hand, the speed, cost and the potential to process large samples

makes this technique attractive.

In microbiology, HRM has been used for identification of infectious agents (236—
239), genotyping (210,238) and detection of resistance genes (241,242). For
leishmaniasis, there are relatively few studies using HRM. With a few exceptions,
most of them are using the technique to detect and differentiate a few species in a
certain geographical region. The earliest report is by Nicolas et al. who used the
technique to differentiate L. (L.) major, L. (L.) donovani, from L. (L.) tropica and L.
(L.) infantum (243). Talmi-Frank et al. used the technique to differentiate the same
species, with the addition of L. (L.) aethiopica, by targeting polymorphisms in the
Internal Transcribed Spacer (ITS1) gene (244). Both Nicolas et al. and Talmi-Frank
et al. only target species from Eurasia and Africa, thus making their approaches of
limited value in the Americas and in a non-endemic setting where infections from all
endemic regions can be expected. Studies by Pita-Pereira et al. (245) and Ceccarelli
et al. (246) were both able to differentiate some species from the subgenus L.
(Leishmania) from the subgenus L. (Viannia), thus making their targets more

attractive for the Americas. Zampieri et al. (210), targeting several polymorphic sites
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on the hsp70 gene, was able to differentiate several species from both subgenera,
making it a very attractive target. As we had before shown that the aap3 coding
sequence could be an attractive target for detection of Leishmania (paper 1), we also

wanted to investigate if the target could be used for species identification (paper III).

gPCR may have a role, as proposed in paper I, in monitoring treatment response. An
argument against this is that parasite DNA is potentially detectable a long time after
the parasite is killed, mainly if the DNA target used is stable. However, Pessoa-e-
Silva and colleagues (247) have demonstrated that parasite DNA was only detectable
in urine before treatment for VL with L. (L.) infantum, not after. Although recent
guidelines for diagnosis, treatment and follow-up do not recommend testing the
patients for parasites after treatment (145), qPCR may be important in vaccine
development and research settings. Host DNA can affect the reliability of qPCR
results. The quantitative part of a real-time assay should therefore always be tested

with host DNA (paper II).

9.6 Nucleic acid sequencing (paper 1V)

Nucleic acid sequencing can be performed in a range of ways, all with their inherent
benefits and drawbacks. The technology can be used for sequencing small parts of a
genome, chromosomes, or entire genomes. By DNA sequencing, the order of the four
bases; thymine (T), adenine (A), cytosin (C) and guanine (G), is determined. The
technology of DNA sequencing has developed greatly from the initial steps in the
1970s (248,249). Sequencing technologies are, by convention, divided into
generations. In first generation sequencing technology, such as Sanger sequencing,
dideoxynucleotides (ANTPs), corresponding to each of the DNA bases, are separated
according to their size and visualised by an imaging system. This technology is still
widely used but has limitations in output and cost. Second generation technologies
improved output exponentially and reduced cost. Several second-generation
technologies exist, where Illumina (originally Solexa) is the most common. [llumina

uses sequencing by synthesis technology (SBS). The technology works by adding a
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single base to a nucleotide strand by a polymerase enzyme. It uses a modified ANTP
which contains a fluorescent terminator blocking further polymerisation. After the
addition of the dNTPs, an image of the fluorescent label is taken, the terminators
removed, and the process repeated. The process is conducted on a million templates
simultaneously. The second-generation technology comes with their inherent
drawbacks of short reads and problems of underrepresentation of GC-rich regions. On
the other hand, the technology can be used to sequence multiple strands

simultaneously, thereby facilitating high output.

Third generation technology, such as single molecule real time sequencing (SMRT),
is relatively cheap, fast and does, in general, not require PCR amplification. In
SMRT, by fluorescent labelling, the nucleotide is detected in real time. This
technology can provide very long reads. The drawback is a higher error rate however,
the errors are randomly spread. Another third-generation technology is the Oxford
Nanopore, where the MinlON device is small and can be connected to a USB-port of
a computer. In this technology, the DNA is passed through a protein pore, the ionic
current is then detected and translated to a nucleotide sequence. The error rate is
relatively high. This type of sequencing is relatively low cost, data are available in

real time, and it can provide very long reads.

In paper IV we used third generation sequencing technology through SMRT
sequencing. This technology produces relatively long read lengths (>20 kb) but, the
error rate is slightly higher with SMRT compared to other techniques, but as the
errors are randomly spread, the sequences remain highly accurate as the same
molecule are sequenced multiple times. SMRT sequencing has also been used in
whole-genome sequencing of Leishmania (250,251). In this work, we show that
SMRT can be a very useful technology also for studying target sequence fragments in
multiple strains of Leishmania spp. with a high accuracy, generating data that could
be important for the understanding of gene expression regulation as well as for

diagnostic purposes.
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In paper IV RNA sequencing was used to establish where the untranslated regions
(UTRs) were in relation to the coding sequences of the two copies of aap3. This was
done using next-generation sequencing technology (Illumina). RNA sequencing relies
on some initial steps to prepare cDNA before sequencing. RNA has to be isolated, a
crucial and difficult step, then different types of RNA can be selected for further
analysis (such as mRNA only), and then cDNA is synthesised. The resulting
transcriptomic analysis often requires specialist knowledge. RNA sequencing can be
used for a range of applications, such as differential expression (DE) studies, variant
discovery, fusion gene detection and more. The challenge to RNA seq is potentially
the technology itself, as it does require expertise to prepare the samples and

bioinformatical expertise to analyse the result.

9.7 Ethics

For the study in paper 11, ethical approval was obtained from the Committee of Ethics
of Irmandade de Santa Casa de Misericordia de Sdo Paulo. For paper III, ethical
approval was obtained from the Regional Committee for Medical and Health

Research Ethics.

The animal study in paper I was approved by the Laboratory animal facility at the
University of Bergen and conducted according to local guidelines and procedures.
Ethical approval for the experimental infection of mice in paper II was obtained from
Instituto de Biociéncias at the University of Sdo Paulo. The animals in paper I and II

received food and water ad libitum.

9.8 Statistics (paper I-II)

In general, for this thesis, all experiments were performed at least three times and all
samples were tested in duplicate or more. In paper II, statistical melting temperatures

were analysed using a one-way ANOVA. Results were presented with 95%
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confidence intervals and statistical significance set to p < 0.05. Analysis was

performed in Excel and GraphPad Prism version 7.
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10. Summary of papers

10.1 Paperl

For Leishmania, several publications exist on different molecular targets and methods
for identification and quantification with molecular methods (217). The aim of this
study was to develop an assay to detect Leishmania and to quantify the parasite in
mice. Therefore, a primer targeting a 74 bp region of the aap3 coding sequence in L.
(L.) major was coupled with a hydrolysis probe (TagMan). The assay was able to
detect 9 different Leishmania species; six from subgenus L. (Leishmania) and three
from subgenus L. (Viannia). The assay did not react with other trypanosomatids
tested (7. cruzi and T. brucei), nor human or mice DNA. The assay had a limit of
detection ranging from 10 fg DNA for L. (L.) major to 100 fg DNA for L. (L.)
braziliensis. When coupled with an assay targeting the transferrin receptor (#fic) in
mice, it was also able to quantify parasites in mice. The limit of detection (LOD) of
the assay was equal to other assays. The assay showed little intra-species variation in
terms of Cqg-values, but some inter-species variation for L. (V.) braziliensis and L.
(V.) guyanensis. Coupled with tfrc, the assay was able to quantify Leishmania-DNA
in mouse tissue independent of the amount of DNA harvested. Thus, this is one of the
first reports of a real-time quantitative PCR assay with a low copy-number gene able
to detect parasites with relatively good sensitivity, specificity, and replicability. Being
an only two-copy gene, it is very useful for quantitative purposes as it is not prone to

mis-quantification as multicopy genes are.

10.2 Paper II

This project was largely based in Brazil. The background were the promising findings
in paper I, and the aim was to develop a diagnostic assay for species identification. In

addition, to avoid over-complicated laboratory procedures, and the potential of
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laboratory contamination, we wanted to develop a closed-tube molecular diagnostic

method that could discriminate Leishmania species.

Real-time PCR coupled with HRM is a relatively new technique that could offer the
possibility that this project aimed for. Using three amplicons we managed to
distinguish eleven Leishmania species, six from L. (Leishmania) subgenus and five
from L. (Viannia) subgenus. The sensitivity ranged from 1 parasite per reaction
(amplicon 1 and 2), to 5 parasites per reaction (amplicon 3). The protocol was
validated with samples from humans, cats, sand flies and experimentally infected

mice.

The method, using advanced real-time PCR technology coupled to HRM, showed
that aap3 could be a valuable target for Leishmania species discrimination and
therefore also has potential as a diagnostic target. Furthermore, the methodology is
relatively cheap, fast and robust, and offers the possibility for automation. It was able
to detect Leishmania in clinical, field and experimental samples, indicating its
usefulness in an ecological and epidemiological setting. The method was, however,
validated on relatively few standard strains and few clinical, field and experimental

samples, and would need further testing to reliably determine its usefulness.

10.3 Paper III

This project was initiated by the National Advisory Unit on Tropical Infectious
Diseases at Haukeland University Hospital in Bergen. The aim of the study was two-
fold: (i) to gather information on occurrence, diagnosis, treatment and outcome of
leishmaniasis at five university hospitals in Norway, and of particular relevance for
this thesis (ii) to evaluate molecular diagnosis by comparing aap3 with SSU rDNA as
a target and test the usability of various sample material. Patients were prospectively
recruited from all health regions in Norway (Bergen, Oslo, Stavanger, Trondheim and

Tromsg) from March 2014-September 2017.
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Thirteen patients were included, of which 2 had VL and 11 CL. Both VL patients
presented with classical symptoms and findings (fever, pancytopenia, splenomegaly,
hypergammaglobulinemia and hypoalbuminemia). One patient was initially
diagnosed with serology only, and both received treatment with liposomal
amphotericin B. Eleven patients were diagnosed with CL, 10 with molecular methods
and one was diagnosed clinically. Seven received treatment with liposomal
amphotericin B, of which one did not respond, but responded well on subsequent
treatment with sodium stibogluconate. Three patients with CL healed without medical
treatment. SSU rDNA and aap3 was tested with PCR, samples from 11 patients were
included. Using SSU rDNA as target, all patients were identified as positive, while
only 7 were identified as positive with aap3. The material was not sufficient for a
meaningful statistical analysis and comparison, but clearly indicated that diagnostic
target is essential, and that SSU rDNA is more reliable than aap3 when conventional
PCR was used. Furthermore, punch biopsy is the best sample for diagnosis with
molecular techniques. This study shows that Leishmania is a rare disease in Norway,
but important to know about, since VL may be lethal. In Norway, PCR and
sequencing is recommended for species identification, to ensure the right treatment

and follow-up regime.

10.4 Paper IV

This project was based in Brazil and Norway. The background was the promising
findings in paper I and II into the diagnostic potential of aap3 as a target. During the
work with optimisation of oligonucleotides we quickly realised that although there
were relatively good sequences for some species, there were ambiguities in others. To
explore aap3 further, we needed better quality sequences. After carefully exploring
different technologies, it became clear that third generation sequencing technology

was the most appropriate, considering speed, cost and accuracy.

The aim of the study was to improve the quality of the available nucleotide sequences

of aap3 coding and flanking regions in both subgenera pathogenic to humans. We
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also wanted to investigate the presence of both copies of the gene in all species,
explore the similarity in the coding and flanking regions, describe sequences that
could be regulatory in transcription and/or translation, and explore whether there was

any marked difference at the protein level we could predict.

We managed to sequence long amplicons including both copies of aap3 in both
subgenera including nine species in subgenus L. (Leishmania) and six species in L.
(Viannia). We confirmed that aap3 is coded for by two coding sequences (CDS) and
that they are organised in tandem. We found a high similarity between the copies in a
strain, but also a high similarity between species, but a slightly lower when
comparing the copies between species at the subgenus level. Using transcriptomic
data from L. (L.) major Friedlin we analysed the flanking regions, being able to
reliably predict the untranslated regions (UTRs) for subgenus L. (Leishmania). For
this subgenus we found relatively long 3"UTRs compared to 5"UTRs. We could also
find large similarities in the UTRs comparing at the strains and species level, but
there was a marked reduction of similarity between L. (L.) major and L. (L.)
mexicana on the one hand, and L. (L.) donovani and L. (L.) tropica on the other. At
the protein level, all copies of AAP3 presented with 11 predicted transmembrane
domains, while subgenus L. (Viannia) presented with CDSs with three nucleotides
less, leading to a predicted shorter protein. We did not find any differences in protein

conformation or transmembrane domains.

Our findings indicate that the general organisation of the CDS is conserved in the
Leishmania genus despite having undergone evolutionary processes leading to
differences in the flanking regions. Altogether, we managed to sequence and thereby
improve the quality of available nucleotide sequences for aap3. This could be

important for further studies into gene and protein function and regulation.
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11. Results and discussion

11.1 Paperl

The real-time PCR assay, in this paper, was designed on the L. (L.) major gene
encoding AAP3. To investigate if the assay could be used for quantitative purposes in
an animal model, it was also coupled to a coding sequence from the transferrin
receptor gene (#frc) in mice. To ensure the assay would be useful for the identification
of other Leishmania species, the test was applied on nine different species, and
several strains of the species. The assay controls were: DNA from 7. cruzi, T. brucei,
human and mice. The controls were all negative in the amplification with aap3
primers, the #firc was positive only for mice DNA. Furthermore, in silico analysis
revealed no unspecific binding to bacterial genomic sequences. Three strains were
chosen for sensitivity analysis, representing each clinical form: L. (V.) braziliensis
(MCL), L. (L.) donovani (VL) and L. (L.) major (CL). The limit of detection ranged
from > 10 fg for L. (L.) donovani and L. (L.) major) and > 100 fg for L. (V.)
braziliensis. While the limit of quantification ranged from > 10 fg for L. (L.)
donovani) to > 1 pg for L. (V.) braziliensis. The assay presented a good
reproducibility. Furthermore, one aim of this project was to find a method for
quantification of parasites in mice. To enable this, the aap3 assay detecting
Leishmania DNA was run in duplex with a ¢frc-assay detection mice DNA. The assay
was able to quantify Leishmania DNA present in mouse tissue, independently of the

DNA loaded.

Traditionally, Leishmania parasites have, and are to a great extent still, been
quantified using indirect techniques, such as the measurement of the swelling of the
footpad of mice and limiting-dilution assay. Although these forms of measurements
do have some value, they also have severe limitations (227). Footpad swelling in
mice measures the extent of tissue edema in the foot, which in turn is related to

inflammation. It is common to measure the footpad swelling as a correlate to the
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amount of infection with parasites. This is problematic as (a) parasites may be killed
long before the reduction in footpad size, (b) swelling in foot-pads has been reported
without an increase in parasite numbers, (¢) low numbers of parasites can be found in
resolved lesions (227,252,253). Limiting-dilution assay may be used for all types of
infected tissue. It is, however, a laborious and time-consuming technique where the
infected tissue is incubated in culture medium over several days, where the
amastigotes differentiate to promastigotes and then, the replication of this form can
be followed in the limiting dilution. The incubation time increases the risk of
contamination (254). Real-time PCR offers the advantage of great sensitivity,
specificity, capacity to analyse many samples at once, and reproducibility. As long as
DNA can be isolated, the technique can be applied. One immediate drawback is also
its strength. It measures the presence of nucleic acids, not live parasites. That is one
reason why some researchers have been hesitant in introducing the technique. Some
have argued that when comparing limiting dilution assay with real-time PCR, that the
lack of correlation between the techniques could be because limiting dilution assay
measures only live parasites (255). For sure, the detection of DNA depends on the
origin of the target molecule, since chromosomal DNA is more sensitive to DNase

than the circular form of kDNA.

A real-time PCR assay for quantifying Leishmania spp. has to take into account the
copy number of the target gene. Many real-time PCR assays for quantification of
Leishmania use multicopy genes which increases sensitivity greatly. But as the copy
number among different Leishmania strains varies, and sometimes, the variation also
occurs during the life cycle of the same strain, they are often unreliable targets for

quantification (25,254-257).

11.2 Paper II

In this study, we wanted to investigate if aap3 could have potential as a diagnostic
target and, more specifically, be able to identify Leishmania species. We designed

three primer pairs for several amplicons, where three primer pairs were found to
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generate good amplicons for an HRM assay. The in silico study indicated that the
primer pairs used did not produce an unspecific amplification product. Theoretical
melting temperatures were calculated in silico based on available sequences in
GenBank and TriTryp Database. The amplicons were then tested for specificity in a
conventional PCR. All amplicons were specific without any primer dimers formation
that could potentially inhibit the performance of the assays. We also included, as
biological controls, DNA from 7. brucei, T. cruzi, Crithidia fasciculata,
Endotrypanum schaudinni, rat, mice and human. Only C. fasciculata DNA was
positive for amplicon 3, producing a fragment of approximately the same size of
Leishmania DNA, in the conventional PCR. After the conventional PCR, the
amplicons were tested in a real-time PCR followed by HRM. Although the essential
parameter for the assay is the melting temperature (Tm), Cq was also considered. The
limit of the equipment was 0.2 °C, but we considered a Tm value exceeding £0.25 °C

as discriminatory between the species.

By using amplicon 1, the assay was able to distinguish the species into three clusters:
(1) visceral - L. (L.) donovani and L. (L.) infantum, (ii) cutaneous from Eurasia and
Africa - L. (Leishmania) strains, and (iii) cutaneous and mucocutaneous strains from
South America. Within this last cluster, the assay was able to differentiate L. (L.)
amazonensis, L. (L.) mexicana from L. (Viannia) strains, and the last cluster L. (V.)

guyanensis, L. (V.) naiffi and L. (V.) shawi.

Amplicon 2 was designed specifically to differentiate between the L. (Leishmania)
subgenus. By using amplicon 2, the assay was able to differentiate L. (L.) donovani
from L. (L.) infantum and L. (L.) major from L. (L.) tropica. It was, however, not able
to differentiate L. (L.) amazonensis from L. (L.) mexicana, a common problem as the
species are phylogenetically close. Therefore, amplicon 3 was designed. By using
amplicon 3, the assay was able to amplify L. (Viannia) subgenus, in addition to being

able to differentiate L. (L.) amazonensis from L. (L.) mexicana.
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Although we did not propose the use of Cg-values for diagnostic reasons, the
parameter is important to assess the specificity and efficiency of a real-time PCR
assay. Using 25 ng as the standard DNA amount in our assay, amplicon 1 showed
roughly similar Cqg-values for all species. For the controls, we found unspecific
amplification of human DNA at Cq >30, a different Cq and Tm profile than the ones
obtained for Leishmania spp. Amplicon 2, designed for L. (Leishmania) subgenus
proved to be the most effective for L. (L.) donovani, L. (L.) infantum and L. (L.)
tropica, while the Cq value for L. (L.) major was around 30 for L. (L.) amazonensis
and around 26 for L. (L.) mexicana. This finding was also clearly visualised in the
conventional PCR, where there was no band detectable for L. (L.) major. For
amplicon 3, the Cq values were similar for all species, indicating a similar specificity

and efficiency of the assay for all species.

The inter-species variability of Tm was also investigated for those species where
additional strains were available. For amplicon 1, the variability was little except for
L. (L.) major (average Tm 82.20 °C, SD 0.24) and L. (V.) naiffi (average Tm
83.23°C, SD 0.26). For amplicon 2, the variability was significant for L. (L.)
donovani (average Tm 85.23°C, SD 0.3), while for amplicon 3, the profiles were

consistent for all strains.

Sensitivity was estimated for all amplicons by diluting DNA from standard strains.
For amplicon 1 and 2, the LOD was 100 fg for all species, except L. (L.) mexicana
(LOD 250 fg for amplicon 1, and 50 pg for amplicon 2). The reason for this
discrepancy is discussed later. For amplicon 3, the LOD was higher, 500 fg, except
for L. (V.) braziliensis, which has a LOD of approximately 50 pg. The efficiency for
all amplicons was investigated using 25 ng, 5 ng and 50 pg of DNA from selected
species. The efficiency calculations for all amplicons showed Cg-values between 20
and 30, slopes between -3.58 and -3.1 (except L. (L.) donovani (-4.255) and L. (L.)
mexicana (-3.975) in amplicon 3) and R2-values >0.99 except for L. (L.) donovani in

amplicon 1 (R? = 0.985).
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To finalise the analysis of the assays, we validated the assays on biological samples.
Samples from humans, cats, mice and sand flies were tested. The results showed a
good correlation with earlier diagnostic tests that had been performed on the same
samples. As expected, using amplicon 2, the assay did not detect samples from L.
(Viannia) subgenus. Using amplicon 2 or 3, the assay was not able to detect L. (L.)

amazonensis in the human sample.

Molecular methods are increasingly being used for the detection and identification of
Leishmania spp. (258,259). In Europe, PCR followed by sequencing is increasingly
being used, although it is relatively laborious, time-consuming, and requires expert
knowledge and product manipulation, thereby increasing the risk of laboratory
contamination (259). Therefore, we wanted to test if the PCR coupled HRM assay
would be a technique where aap3 could be used as a target for species discrimination.
The HRM methodology is attractive as the whole process is performed in a closed
tube system, avoiding contamination. Apart from the work by Zampieri et al. (210)
that targets hsp70, all HRM studies published so far target a limited number of
species, or species from one or few endemic areas (243,244). Assays that target only
a limited number of species may be of value in a study setting or for research
purposes, but they are of limited value in a diagnostic setting. With increasing
migration and travel to and from several endemic areas, the ability of an assay to

target species outside the endemic region is important.

The aap3-assay, by using 3 amplicons, was able to differentiate all L. (Leishmania)
subgenus tested, and several of the species from L. (Viannia) subgenus. Any medical
diagnosis does not rely solely on laboratory diagnosis alone. Diagnosing
leishmaniasis relies on a rigorous patient and travel history, clinical symptoms and
findings, and results from laboratory tests. Thus, the inability of amplicon 1 to
reliably distinguish L. (L.) donovani from L. (L.) infantum, although compensated by
both amplicon 2 and 3, is of limited importance. A patient diagnosed with VL would

receive the same treatment and follow-up regime regardless (258). However, to
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reliably distinguish the species may be central in a public health perspective,

epidemiology and research setting.

Although Crithidia fasciculata was amplified in the conventional PCR producing a
fragment of the same size as for Leishmania spp., Crithidia is a non-pathogenic
parasite for humans that only parasitizes insects and is regarded as a model organism
in trypanosomatid research (260). This way, for a diagnostic assay for human,
unspecific amplification of Crithidia is less of a problem. It could, however, be a
problem for an assay in an ecological setting. However, the HRM assay for amplicon
3 showed that the Cq and Tm values for C. fasciculata DNA were distinct from the
ones observed for Leishmania spp.. In addition, as the assay includes 3 amplicons,
where the other two amplicons do not amplify Crithidia, the issue is not a problem at

all.

The sensitivity of a diagnostic assay is key to evaluating its usefulness. For
Leishmania, multi-copy genes are known to be sensitive targets (217), while single-
copy genes are commonly used for species differentiation. Ideally, a diagnostic test
for Leishmania should be able to detect the parasite in different material (skin, spleen,
bone-marrow, blood). This is then also one of the attractions of a molecular approach
to diagnosis. As long as Leishmania DNA can be isolated, it has also the potential to
be detected. There are several variables affecting the sensitivity of a molecular
method, such as the quality of the target, quality of the DNA, and the modality used.
Conventional PCR commonly uses agarose gel electrophoresis to visualise an
amplified product. It is thought of as a fairly easy technique, but the resolution is
comparatively poor, it lacks precision, and has considerable limitations for
quantitative purposes. Real-time PCR does not measure the end-point amplification,
but the amplification of a nucleotide sequence in real-time in the exponential phase of
an amplification. The fluorescent signal is proportional to the number of amplicons
generated. Real-time PCR does not require any post-PCR processing and has a
greater sensitivity than conventional PCR. For example, Talmi-Frank et al.,

Hernandez et al. and Zampieri et al. all report LODs of less than one parasite for their
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assays (210,244,261). We determined a LOD of 100 fg (approximately 1 parasite)
for amplicon 1 and 2, and 500 fg for amplicon 3. The assay was able to detect
Leishmania in all samples tested. In the publication of this work, we suggest that the
sensitivity could be improved with a pre-amplification step (262). Although this
could be a solution, and indeed would be likely to improve the sensitivity, a pre-
amplification step would involve removing one of the main attractions of the method,
i.e. the closed-tube system, thereby increasing the possibility of contamination. The
likelihood of contamination could, of course, be greatly reduced by strict adherence
to good laboratory practices (such as unidirectional workflow), but the risk would

remain.

We found it very encouraging that the assay, although tested on a limited number of
biological samples, did indeed detect Leishmania and correctly identified the species.
The assay itself includes three amplicons, and thereby species might be confirmed in
all amplicons being controls in themselves. We did not have samples giving

ambiguous answers. If so, this would have to be reported as undetermined.

For the potential of the assay and the target to be shown reliably, it would have to be
tested on more samples, on samples using different DNA extraction techniques, using
different PCR machines and, preferably, also tested by independent laboratories. We
did not test the assay using different reagents and equipment. Thus, this is very likely
to affect the result. However, the standardisation of the test in different labs, using

DNA obtained from standard reference Leishmania DNAs can solve this problem.

11.3 Paper III

This was a clinical study of patients with leishmaniasis in Norway where aap3 was
also tested as a diagnostic marker. For this thesis, the latter results are of particular
relevance and the results from the clinical part of the study are only briefly presented

and discussed.



84

Twenty-one patients were included from the participating university hospitals; 13
patients were diagnosed with leishmaniasis. Of the 13, two had VL and 11 had CL.
The patients had been infected in South America, Europe and the Middle East — as
can be expected in a non-endemic country. The VL patients were diagnosed with
serology and PCR on peripheral blood and spleen tissue. For one patient, the strain
was also determined by sequencing. Ten of the CL patients were diagnosed by PCR,
while one was diagnosed clinically. Both VL patients were treated with liposomal
amphotericin B and recovered fully. Seven of the 11 CL patients were treated
successfully with liposomal amphotericin B, one patient did not respond to liposomal
amphotericin B, but responded well to sodium stibogluconate. Three patients healed
spontaneously without medical treatment. Aap3 as a diagnostic target was tested and
compared with SSU rDNA, using conventional PCR. Depending on the clinical
manifestation, samples from diverse sites were collected from the patients. One of the
patients with VL had blood and spleen samples collected, all the CL patients had
punch biopsies taken, and from several patients, filter paper had been pressed into the
wound for DNA conservation. Of the 11 known Leishmania positive patients from
other diagnostic tests, ten were detected by either aap3 and/or SSU rDNA. All were
detected by SSU rDNA, while only seven of ten were detected by aap3. For one CL
patient, only the filter paper was positive, while for another the biopsy was positive.
None of the negative patients from earlier diagnosis or negative controls came out

positive in either SSU rDNA or the aap3 assay.

Leishmaniasis, and VL in particular, is a severe parasitic disease that should be
suspected in travellers with fever from endemic areas. Delayed diagnosis and
treatment can be life-threatening. One of the VL patients was only diagnosed with
serology, while the other patient was diagnosed with microscopy, serology and real-
time PCR and sequencing. The aim should be to diagnose using several different
modalities. This is especially the case for VL where false negative results or delayed
diagnosis may have fatal consequences. All patients with CL were diagnosed with
real-time PCR and subsequent sequencing for species determination, except one

patient that was diagnosed clinically. Modality and molecular target differed between
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the samples. Determining the species is of value in CL, especially when the patient
has a travel history from an area endemic for MCL. All punch biopsies were positive
except for one when comparing aap3 and SSU rDNA. Punch biopsies are usually
taken from the border of an ulcer and will involve several layers of the skin. In
general, parasites are scarce in an ulcer so involving several layers will increase the
likelihood of including a parasite in the specimen. However, punch biopsies are
invasive. Membranes that can store nucleic acids, such as the FTA-technology
(Whatman), can be extremely useful. Nucleic acids, from for example pathogens like
Leishmania, can be isolated and stored on the membrane without requiring specific
expertise, toxic chemicals or special equipment. For Leishmania, it seems that using
the FTA-technology on cutaneous lesions can be useful in ecological settings, but
lacks the required sensitivity for diagnostic purposes (169) In paper III, however,
filter papers were negative in two out of five samples, most likely because of few
parasites in the ulcer. This shows that not only the target, but also the sampling

technique, is central when Leishmania is diagnosed.

We wanted to investigate if aap3 could be used in a diagnostic setting for humans
and if its sensitivity was comparable to commonly used targets, such as SSU rDNA.
The results in this study were limited and not sufficient to make any meaningful
statistical analysis. However, there was a clear trend that SSU rDNA was a more
sensitive target. Several of the samples were negative when using aap3, a result that
could have detrimental results for the patient. This indicates that aap3 may be a more

suitable target for species differentiation than for genus detection (see paper I1).

This was a prospective study where medical doctors at five Norwegian university
hospitals sent patient data, clinical, biochemical and diagnostic information, and
samples from each patient were sent to the coordination centre in Bergen. When
planning the study, we had very limited information about the occurrence of
leishmaniasis in Norway. Therefore, the prospect of including 50 patients was
somewhat arbitrarily set. In hindsight, this was too high. Furthermore, the study

protocol did not include any way of determining if we had included all patients
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diagnosed with leishmaniasis at the respective hospitals. We determine it as likely
that all patients were included, but resources could have been spent on regular follow-
up visits to the participating study centres. Furthermore, in Norway, all patients and
their diagnosis are registered in the Norwegian Patient Registry. The reliability of the
study could have been improved by cross-checking if all patients diagnosed with
leishmaniasis in the study period were included. This should have been included in

the initial study protocol.

11.4 Paper IV

In this study, we wanted to improve the quality of the available sequences of aap3 in
several Leishmania species from both subgenera pathogenic to humans. Furthermore,
we wanted to determine the similarity of the copies of the coding sequences, and their
flanking regions, within a strain, between species and between subgenera. In addition,
we wanted to explore whether there were any marked differences that we could

predict at the protein level.

DNA was extracted from nine species belonging to subgenus L. (Leishmania) and six
belonging to subgenus L. (Viannia). We extracted DNA from all species and RNA
from one species, L. (L.) major. Oligonucleotides were designed to amplify a long
fragment including the CDSs and flanking regions of both subgenera. However,
because of differences in the nucleotide sequences, it was necessary to design one set

of oligonucleotides per subgenera.

The average sequence length was 10 799 bp for L. (Leishmania) spp. and 11 083 for
L. (Viannia) spp. In all species we sequenced, we identified two CDSs organised in
tandem in the genome. Both of the copies in L. (Leishmania) spp. were 1443
nucleotides long, coding for a predicted 480 amino acid protein, while the copies in
L. (Viannia) spp. were 1440 long, coding for a 479 amino acid protein. Comparing to
the L. (Leishmania) species, there was no clear pattern in which amino acid was

deleted.
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Comparing the similarity of the CDSs (named aap3-1 and aap3-2), we found the
average similarity for aap3-1 for L. (Leishmania) to be 97.6% and for L. (Viannia) to
be 99%. Comparing the subgenera to each other, there was a marked reduction in
similarity to 83.5%. The same pattern was found for aap3-2 as similarity for L.
(Leishmania) was 97.6% and for L. (Viannia) at 99.4%. Comparing aap3-1 to aap3-
2, there was a high similarity within the subgenus, at average 97.7% for L.
(Leishmania) and 98.7% for L. (Viannia). Comparing the subgenera to one another,
the similarity was reduced to 83.4%. Codon usage was, in general, identical for both
CDSs, with some peculiar exceptions, where the most notable was the consistent use
of TAA as stop-codon for L. (Viannia) spp., while L. (Leishmania) used TGA or
TAG, depending on the CDS. Codons ending with A and T seemed to be avoided.

By using transcriptomic data for L. (L.) major Friedlin, the untranslated regions
(UTRs) for both aap3-1 and aap3—2 CDSs were mapped. For species in L. (Viannia)
it was not possible to map the UTRs as the alignment of these regions were weakly
similar. We found 5'UTR of aap3-2 to be 859 nucleotides, while the size of aap3-1
was 296 nucleotides. The size of 3'UTR of aap3—2 was 2017 nucleotides, while for
aap3-1 it was 4001 nucleotides, of which our sequences only covered 1486
nucleotides. The similarity was also compared and was relatively high for all UTRs
when comparing within species 98.4% for 5"UTR aap3-2 and 99.7% for aap3-1, and
for 3’'UTR aap3-2 it was 98.3% and for aap3—1 99.1%. However, the similarity was
greatly reduced when comparing L. (L.) major and L. (L.) mexicana on the one hand,
to L. (L.) tropica and L. (L.) donovani on the other, with average 74.2% similarity for
5'UTR aap3-2, 89.3% for 5"UTR aap3-1, and 80.7% for 3'UTR aap3-2 and 83.7%
for aap3-1. In all species, the gene products from both aap3-1 CDS and aap3-2 CDS
presented with 11 trans-membrane domains and had similar structure, according to in

silico analyses.

Amino acid permease (AAP3) was first described in L. (L.) donovani (86,87) and

later in L. (L.) amazonensis (90). Both works found two copies coding for the amino
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acid permease, organised in fandem, and found that there was a relatively high
similarity of the CDSs. We confirmed these findings and increased the analysis, being
the first to describe aap3 in several species of subgenus L. (Viannia). We found that
in L. (Viannia) a deletion has led to those species lacking an amino acid in both
CDSs, but how this affects the protein needs further studies. Furthermore, why the
gene exists in several copies can only be speculated on, but is likely to be related to

rapid expression, ability to resist drugs and antigen variation.

Gene expression in Leishmania is regulated at the post-transcriptional level, where
the 3'UTR play a significant role. This can, for example, be seen in the relatively
long 3'UTR domains we found for aap3 in subgenus L. (Leishmania)®. As for the
CDSs, there was a relatively high similarity within species, while there was a marked
loss of similarity between them. It is therefore likely, as has been repeatedly
suggested, that gene expression in Leishmania spp. is regulated in the 3'UTRs. We
also found the presence of a region in the 3'UTR, that has been described as an
element regulating mRNA translation in response to intracellular stress (263).
Furthermore, studies from our group have earlier found that transcripts of aap3-1 in
L. (L.) amazonensis are more abundant than aap3-2, indicating that AAP3 regulation

can occur at two levels: RNA-stability and translational control.

The study could have been improved through ensuring that all regions, especially
including all of 3'UTR of aap3-1, were sequenced. This could have been done by
dividing the sequencing into two overlapping regions. Furthermore, the sequences
described can now be used in the construction of mutants, by deletion or
overexpression, of all sequence components, enabling us to explore their

physiological role and the description of a possible chemotherapeutic target.

6 Recall we did not have enough data to support an analysis of subgenus L. (Viannia).
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12. Conclusions

Paper I —To develop an assay to detect Leishmania spp. and to quantify the
parasite load in mice
e The real-time PCR assay targeting the aap3 coding sequence was able to

detect Leishmania species from all endemic regions and from both L.
(Leishmania) and L. (Viannia) subgenera.

e The assay had a high sensitivity of 10 fg DNA for L. (L.) major and L. (L.)
donovani, and 100 fg DNA for L. (V.) braziliensis.

e The duplex running with a host-gene assay, such as #frc for mice, can be used
for quantitative purposes. It may therefore be a valuable tool in monitoring the

effects of drugs, testing vaccine candidates and for diagnosis.

Paper II — To develop a diagnostic assay for species identification where the
amplified product is contained in the tube and thereby lowering the risk of
laboratory contamination. And to validate aap3 in clinical samples.

o The aap3 coding sequence could be used to distinguish Leishmania at the

species level.

e The target and method were able to detect Leishmania in clinical, field and
experimental samples.

e The assay may be useful for diagnostic purposes, as well as ecological and

epidemiological studies.

Paper II1 — Validate aap3 as a target in clinical samples.
e Lecishmaniasis is a rare imported infectious disease in Norway. The patients

with VL included in the study were diagnosed late and were infected in
countries where clinicians rarely suspect Leishmania.

e VL and MCL were diagnosed through PCR and effectively treated with
liposomal amphotericin B, according to guidelines. Although not according to
guidelines, those CL patients given medical treatment received systemic
treatment with liposomal amphotericin B, and one patient received

subcutaneous injections with sodium stibogluconate.
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o SSU rDNA detected all positive samples (11/11), while aap3 only detected
7/11, indicating that SSU rDNA is the best target for genus detection. Punch

biopsy was the best material for genus detection.

Paper IV — To improve the quality of available complete nucleotide sequences of
aap3 coding sequences and flanking regions, to determine the nucleotide sequence
in a larger range of Leishmania species comparing the genomic organisation in
both subgenera of Leishmania pathogenic to humans

e In all species studied, nine from subgenus L. (Leishmania) and six from

subgenus L. (Viannia), aap3 was organised in tandem and the two coding
sequences (CDS) presented a high average similarity at species and strain
levels, but lower similarity at the subgenus level. The size of the CDSs
differed on the subgenus level, where copies in L. (Leishmania) presented the
same size (1443 bp), while L. (Viannia) presented copies with a three
nucleotide smaller size (1440 bp). Codon usage was in general conserved.

e For L. (Leishmania) the 3" UTRs were relatively long for both copies, and the
similarity in the UTRs was relatively high at the strain and species levels.

e Long amplicon sequencing using single molecule real-time sequencing can be
a useful technology for target sequencing of multiple strains in Leishmania
with high accuracy.

e The general organisation of aap3 is conserved in Leishmania genus, with some
marked differences at the subgenus level and also in the flanking regions,

which could indicate some regulatory mechanism of gene expression.
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13. Proposal for future studies

Working with Leishmania and the leishmaniases is incredibly exciting but also

exhausting— as you open one door, numerous other doors also open simultaneously.

Leishmania is a diverse pathogen with transmission in rainforest, rural and urban

areas, as well as dry climates. And the leishmaniases present with a variety of clinical

syndromes. Working within the framework of a PhD, this gives you a lot of freedom

and opportunity, but also a sense of “angst” — time and resources are limited and

maybe the path you are taking is wrong or not as exciting as the other path you could

have chosen? Thus, there are a range of different paths I would have liked to have

taken. In particular, I would have liked to:

Investigate the aap3-HRM approach with more biological samples from
different mammalian and non-mammalian backgrounds to evaluate its true
diagnostic and epidemiological potential.

According to Peeling and Mabey, increasing access to treatment for infectious
diseases can have a major impact on disease burden (161). Key to improving
this access is diagnosis. In developing countries, due to limited laboratory
facilities, increasing the availability of point-of-care tests is likely to be
important. To develop a molecular based point-of-care test would therefore be
of particular interest and importance in future studies. A likely approach would
be an isothermal method using enzymes like recombinase, or similar.

A multicentre study to evaluate the best sampling method and DNA extraction
method from all the leishmaniases.

Continue studies into aap3 and flanking regions on more strains and species,
include the complete sequences of flanking regions by optimising
oligonucleotides further, and to study the gene expression further, combine
with RNA-sequencing data from more species.

Use gene-editing technology, like CRISPR-Cas9 to edit aap3 CDSs and target

sequences in the UTRs to study function and regulation.



92

14. References

1. Leishman WWB. On the possibility of the occurrence of trypanosomiasis in India. Br
Med J. 1903;1252-4.

2. Cox FEG. History of Human Parasitology. Clin Microbiol Rev. 2002 Oct
1;15(4):595-612.

3. Steverding D. The history of leishmaniasis. Parasit Vectors . 2017 Dec;10(1).
http://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-017-2028-5

4. Donovan C. The etiology of the heterogenous fevers in India. Br Med J. 1903;1401.
5. Sergent Ed, Sergent Et, Parrot L, Donatien A, Béquet M. Transmission du clou de
Biskra par le phlébotome (Phlebotomus papatasi Scop.). C R Hebd Séances Acad Sci.
1921;173:1030-2.

6. Zink AR, Spigelman M, Schraut B, Greenblatt CL, Nerlich AG, Donoghue HD.
Leishmaniasis in Ancient Egypt and Upper Nubia. Emerg Infect Dis. 2006 Oct;12(10):1616—
7.

7. Tuon FF, Amato Neto V, Sabbaga Amato V. Leishmania : origin, evolution and
future since the Precambrian. FEMS Immunol Med Microbiol. 2008 Nov;54(2):158-66.

8. World Health Organization. Neglected Tropical Diseases [Internet]. 2017. Available
from: http://www.who.int/neglected_diseases/diseases/en/

9. Welburn SC, Beange I, Ducrotoy MJ, Okello AL. The neglected zoonoses—the case
for integrated control and advocacy. Clin Microbiol Infect. 2015 May;21(5):433-43.

10. Muxel SM, Aoki JI, Fernandes JCR, Laranjeira-Silva MF, Zampieri RA, Acufia SM,
et al. Arginine and Polyamines Fate in Leishmania Infection. Front Microbiol [Internet].
2018 Jan 15 [cited 2018 Jan 17];8.
http://journal.frontiersin.org/article/10.3389/fmicb.2017.02682/full

11.  Espinosa OA, Serrano MG, Camargo EP, Teixeira MMQG, Shaw JJ. An appraisal of
the taxonomy and nomenclature of trypanosomatids presently classified as Leishmania and
Endotrypanum. Parasitology. 2018 Apr;145(4):430-42.

12.  Desbois N, Pratlong F, Quist D, Dedet J-P. Leishmania (Leishmania) martiniquensis
n. sp. (Kinetoplastida: Trypanosomatidae), description of the parasite responsible for
cutaneous leishmaniasis in Martinique Island (French West Indies). Parasite Paris Fr.
2014;21:12.

13. Jariyapan N, Daroontum T, Jaiwong K, Chanmol W, Intakhan N, Sor-suwan S, et al.
Leishmania (Mundinia) orientalis n. sp. (Trypanosomatidae), a parasite from Thailand
responsible for localised cutaneous leishmaniasis. Parasit Vectors. 2018 Dec;11(1):351.

14. Akhoundi M, Kuhls K, Cannet A, Votypka J, Marty P, Delaunay P, et al. A
Historical Overview of the Classification, Evolution, and Dispersion of Leishmania Parasites
and Sandflies. Bafiuls A-L, editor. PLoS Negl Trop Dis. 2016 Mar 3;10(3):e0004349.

15. Leblois R, Kuhls K, Frangois O, Schénian G, Wirth T. Guns, germs and dogs: On the
origin of Leishmania chagasi. Infect Genet Evol. 2011 Jul;11(5):1091-5.

16. Kuhls K, Alam MZ, Cupolillo E, Ferreira GEM, Mauricio IL, Oddone R, et al.
Comparative Microsatellite Typing of New World Leishmania infantum Reveals Low
Heterogeneity among Populations and Its Recent Old World Origin. Kamhawi S, editor.
PLoS Negl Trop Dis. 2011 Jun 7;5(6):e1155.

17. Burza S, Croft SL, Boelaert M. Leishmaniasis. The Lancet. 2018
Sep;392(10151):951-70.

18. Podinovskaia M, Descoteaux A. Leishmania and the macrophage: a multifaceted



93

interaction. Future Microbiol. 2015 Jan;10(1):111-29.

19. Blomberg B, Miiller KE, Helgeland L, Fladeby C, Merch K. En mann i 80-arene med
leddgikt og vedvarende feber. Tidsskr Den Nor Legeforening [Internet]. 2019 [cited 2019
Nov 22]; Available from: https://tidsskriftet.no/2019/09/noe-laere-av/en-mann-i-80-arene-
med-leddgikt-og-vedvarende-feber

20. Brazil RP, de Queiroz Pontes MC, Passos WL, Fuzari Rodrigues AA, Brazil BG. The
sand fly fauna (Psychodidae: Phlebotominae) in the region of Saquarema, State of Rio de
Janeiro, Brazil, an endemic area of cutaneous leishmaniasis transmission. J Vector Ecol.
2011 Mar;36:S95-8.

21.  Sacks D, Lawyer P, Kamhawi S. The Biology of Leishmania-Sandfly Interactions.
In: Leishmania After the genome. Caister Academic Press; 2008.

22.  Killick-Kendrick R. The biology and control of Phlebotomine sand flies. Clin
Dermatol. 1999 May 6;17(3):279-89.

23.  Tabbabi A. Review of Leishmaniasis in the Middle East and North Africa. Afr Health
Sci. 2019 Mar;19(1):1329-37.

24. Singh OP, Hasker E, Boelaert M, Sundar S. Elimination of visceral leishmaniasis on
the Indian subcontinent. Lancet Infect Dis. 2016 Dec;16(12):e304-9.

25. King R, Talmi-Frank D, Warburg A, Peleg O, Nasereddin A, Svobodova M, et al.
Leishmania tropica in Rock Hyraxes (Procavia capensis) in a Focus of Human Cutaneous
Leishmaniasis. Am J Trop Med Hyg. 2010 May 1;82(5):814-8.

26. Bhattarai NR, Van der Auwera G, Rijal S, Picado A, Speybroeck N, Khanal B, et al.
Domestic Animals and Epidemiology of Visceral Leishmaniasis, Nepal. Emerg Infect Dis.
2010 Feb;16(2):231-7.

27. Akter S, Alam MZ, Nakao R, Yasin G, Kato H, Katakura K. Molecular and
Serological Evidence of Leishmania Infection in Stray Dogs from Visceral Leishmaniasis-
Endemic Areas of Bangladesh. Am J Trop Med Hyg. 2016 05;95(4):795-9.

28. Reithinger R, Dujardin J-C, Louzir H, Pirmez C, Alexander B, Brooker S. Cutaneous
leishmaniasis. Lancet Infect Dis. 2007 Sep;7(9):581-96.

29. Jimenez-Marco T, Fisa R, Girona-Llobera E, Cancino-Faure B, Tomas-Pérez M,
Berenguer D, et al. Transfusion-transmitted leishmaniasis: a practical review:
TRANSFUSION-TRANSMITTED LEISHMANIASIS. Transfusion (Paris). 2016
Mar;56:S45-51.

30. Sen Gupta PC. Return of kala-azar. J Indian Med Assoc. 1975 Aug 1;65(3):89-90.
31.  Mukhopadhyay AK, Chakravarty AK, Kureel VR, Shivraj null. Resurgence of
Phlebotomus argentipes & Ph. papatasi in parts of Bihar (India) after DDT spraying. Indian J
Med Res. 1987 Feb;85:158-60.

32. Abdeladhim M, Kamhawi S, Valenzuela JG. What’s behind a sand fly bite? The
profound effect of sand fly saliva on host hemostasis, inflammation and immunity. Infect
Genet Evol. 2014 Dec;28:691-703.

33. Oliveira F, de Carvalho AM, de Oliveira CI. Sand-Fly Saliva-Leishmania-Man: The
Trigger Trio. Front Immunol [Internet]. 2013 [cited 2018 Jan 8];4. Available from:
http://journal.frontiersin.org/article/10.3389/fimmu.2013.00375/abstract

34.  Gomes R, Oliveira F. The Immune Response to Sand Fly Salivary Proteins and Its
Influence on Leishmania Immunity. Front Immunol [Internet]. 2012 [cited 2018 Jan 8];3.
Available from: http://journal.frontiersin.org/article/10.3389/fimmu.2012.00110/abstract

3s. Lestinova T, Rohousova I, Sima M, de Oliveira CI, Volf P. Insights into the sand fly
saliva: Blood-feeding and immune interactions between sand flies, hosts, and Leishmania.
Milon G, editor. PLoS Negl Trop Dis. 2017 Jul 13;11(7):e0005600.

36. Soares MB, Titus RG, Shoemaker CB, David JR, Bozza M. The vasoactive peptide
maxadilan from sand fly saliva inhibits TNF-alpha and induces IL-6 by mouse macrophages



94

through interaction with the pituitary adenylate cyclase-activating polypeptide (PACAP)
receptor. J Immunol Baltim Md 1950. 1998 Feb 15;160(4):1811-6.

37. Abdeladhim M, Ben Ahmed M, Marzouki S, Belhadj Hmida N, Boussoffara T,
Belhaj Hamida N, et al. Human Cellular Immune Response to the Saliva of Phlebotomus
papatasi Is Mediated by IL-10-Producing CD8+ T Cells and Th1-Polarized CD4+
Lymphocytes. Bates PA, editor. PLoS Negl Trop Dis. 2011 Oct 4;5(10):e1345.

38. Teixeira CR, Teixeira MJ, Gomes RBB, Santos CS, Andrade BB, Raffaele-Netto I, et
al. Saliva from Lutzomyia longipalpis induces CC chemokine ligand 2/monocyte
chemoattractant protein-1 expression and macrophage recruitment. J Immunol Baltim Md
1950. 2005 Dec 15;175(12):8346-53.

39. Carregaro V, Valenzuela JG, Cunha TM, Verri WA, Grespan R, Matsumura G, et al.
Phlebotomine salivas inhibit immune inflammation-induced neutrophil migration via an
autocrine DC-derived PGE2/IL-10 sequential pathway. J Leukoc Biol. 2008 Apr
3;84(1):104-14.

40. Prates DB, Aragjo-Santos T, Luz NF, Andrade BB, Franga-Costa J, Afonso L, et al.
Lutzomyia longipalpis saliva drives apoptosis and enhances parasite burden in neutrophils. J
Leukoc Biol. 2011 Sep;90(3):575-82.

41. Belkaid Y, Kamhawi S, Modi G, Valenzuela J, Noben-Trauth N, Rowton E, et al.
Development of a natural model of cutaneous leishmaniasis: powerful effects of vector
saliva and saliva preexposure on the long-term outcome of Leishmania major infection in the
mouse ear dermis. J Exp Med. 1998 Nov 16;188(10):1941-53.

42. Marcantonio M, Pascoe EL, Baldacchino F. Sometimes Scientists Get the Flu.
Wrong...! Trends Parasitol. 2017 Jan;33(1):7-9.

43.  Casadevall A, Pirofski L. What Is a Host? Incorporating the Microbiota into the
Damage-Response Framework: TABLE 1. Andrews-Polymenis HL, editor. Infect Immun.
2015 Jan;83(1):2-7.

44.  Ashford RW. When Is a Reservoir Not a Reservoir? Emerg Infect Dis. 2001
Nov;9(11):1495-6.

45.  Ruiz-Fons F, Ferroglio E, Gortazar C. Leishmania infantum in free-ranging hares,
Spain, 2004-2010. Euro Surveill Bull Eur Sur Mal Transm Eur Commun Dis Bull. 2013 Jul
25;18(30):20541.

46.  Roque ALR, Jansen AM. Wild and synanthropic reservoirs of Leishmania species in
the Americas. Int J Parasitol Parasites Wildl. 2014 Dec;3(3):251-62.

47. Garcia N, Moreno I, Alvarez J, de la Cruz ML, Navarro A, Pérez-Sancho M, et al.
Evidence of Leishmania infantum Infection in Rabbits ( Oryctolagus cuniculus ) in a Natural
Area in Madrid, Spain. BioMed Res Int. 2014;2014:1-5.

48. Pennisi MG, Hartmann K, Lloret A, Addie D, Belak S, Boucraut-Baralon C, et al.
Leishmaniosis in cats: ABCD guidelines on prevention and management. J Feline Med Surg.
2013 Jul;15(7):638—42.

49.  Stockdale L, Newton R. A Review of Preventative Methods against Human
Leishmaniasis Infection. Biischer P, editor. PLoS Negl Trop Dis. 2013 Jun 20;7(6):e2278.
50. Murray HW, Berman JD, Davies CR, Saravia NG. Advances in leishmaniasis. Lancet
Lond Engl. 2005 Nov 29;366(9496):1561-77.

51. Pothirat T, Tantiworawit A, Chaiwarith R, Jariyapan N, Wannasan A, Siriyasatien P,
et al. First Isolation of Leishmania from Northern Thailand: Case Report, Identification as
Leishmania martiniquensis and Phylogenetic Position within the Leishmania enriettii
Complex. Schonian G, editor. PLoS Negl Trop Dis. 2014 Dec 4;8(12):¢3339.

52.  Noyes H, Pratlong F, Chance M, Ellis J, Lanotte G, Dedet J-P. A previously
unclassified trypanosomatid responsible for human cutaneous lesions in Martinique (French
West Indies) is the most divergent member of the genus Leishmania ss. Parasitology. 2002



95

Jan;124(1):17-24.

53. van Griensven J, Carrillo E, Lopez-Vélez R, Lynen L, Moreno J. Leishmaniasis in
immunosuppressed individuals. Clin Microbiol Infect. 2014 Apr;20(4):286-99.

54. Kassi M, Kassi M, Afghan AK, Rehman R, Kasi PM. Marring Leishmaniasis: The
Stigmatization and the Impact of Cutaneous Leishmaniasis in Pakistan and Afghanistan.
Utzinger J, editor. PLoS Negl Trop Dis. 2008 Oct 29;2(10):¢259.

55. Di Lella F, Vincenti V, Zennaro D, Afeltra A, Baldi A, Giordano D, et al.
Mucocutaneous leishmaniasis: report of a case with massive involvement of nasal,
pharyngeal and laryngeal mucosa. Int J Oral Maxillofac Surg. 2006 Sep;35(9):870-2.

56. Glesby MJ, Machado PR, Carvalho EM, Lago E, Rosa ME, Guimarges LH, et al.
Epidemiological and Clinical Changes in American Tegumentary Leishmaniasis in an Area
of Leishmania (Viannia) braziliensis Transmission Over a 20-Year Period. Am J Trop Med
Hyg. 2012 Mar 1;86(3):426-33.

57. Aliaga L, Cobo F, Mediavilla JD, Bravo J, Osuna A, Amador JM, et al. Localized
mucosal leishmaniasis due to Leishmania (Leishmania) infantum: clinical and microbiologic
findings in 31 patients. Medicine (Baltimore). 2003 May;82(3):147-58.

58. Faucher B, Pomares C, Fourcade S, Benyamine A, Marty P, Pratlong L, et al.
Mucosal Leishmania infantum leishmaniasis: Specific pattern in a multicentre survey and
historical cases. J Infect. 2011 Jul;63(1):76-82.

59.  Goto H, Lindoso JAL. Current diagnosis and treatment of cutaneous and
mucocutaneous leishmaniasis. Expert Rev Anti Infect Ther. 2010 Apr;8(4):419-33.

60. Strazzulla A, Cocuzza S, Pinzone MR, Postorino MC, Cosentino S, Serra A, et al.
Mucosal Leishmaniasis: An Underestimated Presentation of a Neglected Disease. BioMed
Res Int. 2013;2013:1-7.

61. Shirian S, Oryan A, Hatam GR, Daneshbod Y. Mixed Mucosal Leishmaniasis
Infection Caused by Leishmania tropica and Leishmania major. J Clin Microbiol. 2012 Nov
1;50(11):3805-8.

62. Sakkas LI, Boulbou M, Kyriakou D, Makri I, Sinani C, Germenis A, et al.
Immunological features of visceral leishmaniasis may mimic systemic lupus erythematosus.
Clin Biochem. 2008 Jan;41(1-2):65-8.

63.  Kaye P, Scott P. Leishmaniasis: complexity at the host—pathogen interface. Nat Rev
Microbiol. 2011 Jul 11;9(8):604—-15.

64. Abbas AK, Lichtman AH, Pillai S, Baker DL, Baker A. Cellular and molecular
immunology. Ninth edition. Philadelphia, PA: Elsevier; 2018. 565 p.

65. Saporito L, Giammanco GM, De Grazia S, Colomba C. Visceral leishmaniasis: host—
parasite interactions and clinical presentation in the immunocompetent and in the
immunocompromised host. Int J Infect Dis. 2013 Aug;17(8):e572-6.

66. Bouvier J, Bordier C, Vogel H, Reichelt R, Etges R. Characterization of the
promastigote surface protease of Leishmania as a membrane-bound zinc endopeptidase. Mol
Biochem Parasitol. 1989 Dec;37(2):235-45.

67.  Chaudhuri G, Chaudhuri M, Pan A, Chang KP. Surface acid proteinase (gp63) of
Leishmania mexicana. A metalloenzyme capable of protecting liposome-encapsulated
proteins from phagolysosomal degradation by macrophages. J Biol Chem. 1989 May
5;264(13):7483-9.

68. Joshi PB, Kelly BL, Kamhawi S, Sacks DL, McMaster WR. Targeted gene deletion
in Leishmania major identifies leishmanolysin (GP63) as a virulence factor. Mol Biochem
Parasitol. 2002 Mar;120(1):33—-40.

69. Lieke T, Nylén S, Eidsmo L, McMaster WR, Mohammadi AM, Khamesipour A, et
al. Leishmania surface protein gp63 binds directly to human natural killer cells and inhibits
proliferation. Clin Exp Immunol. 2008 Aug;153(2):221-30.



96

70.  Sacks D, Noben-Trauth N. The immunology of susceptibility and resistance to
Leishmania major in mice. Nat Rev Immunol. 2002 Nov;2(11):845-58.

71.  Andrade-Narvaez FJ, Loria-Cervera EN, Sosa-Bibiano EI, Van Wynsberghe NR.
Asymptomatic infection with American cutaneous leishmaniasis: epidemiological and
immunological studies. Mem Inst Oswaldo Cruz. 2016 Oct;111(10):599-604.

72.  Séguin O, Descoteaux A. Leishmania , the phagosome, and host responses: The
journey of a parasite. Cell Immunol. 2016 Nov;309:1-6.

73. Costa DJ, Favali C, Claréncio J, Afonso L, Conceigdo V, Miranda JC, et al.
Lutzomyia longipalpis salivary gland homogenate impairs cytokine production and
costimulatory molecule expression on human monocytes and dendritic cells. Infect Immun.
2004 Mar;72(3):1298-305.

74. Kamhawi S, Belkaid Y, Modi G, Rowton E, Sacks D. Protection against cutaneous
leishmaniasis resulting from bites of uninfected sand flies. Science. 2000 Nov
17;290(5495):1351-4.

75.  Laskay T, van Zandbergen G, Solbach W. Neutrophil granulocytes--Trojan horses for
Leishmania major and other intracellular microbes? Trends Microbiol. 2003 May;11(5):210-
4,

76.  Ravichandran KS, Lorenz U. Engulfment of apoptotic cells: signals for a good meal.
Nat Rev Immunol. 2007 Dec;7(12):964-74.

77. Peters NC, Egen JG, Secundino N, Debrabant A, Kimblin N, Kamhawi S, et al. In
vivo imaging reveals an essential role for neutrophils in leishmaniasis transmitted by sand
flies. Science. 2008 Aug 15;321(5891):970-4.

78. Courret N, Fréhel C, Gouhier N, Pouchelet M, Prina E, Roux P, et al. Biogenesis of
Leishmania-harbouring parasitophorous vacuoles following phagocytosis of the metacyclic
promastigote or amastigote stages of the parasites. J Cell Sci. 2002 Jun 1;115(Pt 11):2303—
16.

79.  Antoine JC, Prina E, Lang T, Courret N. The biogenesis and properties of the
parasitophorous vacuoles that harbour Leishmania in murine macrophages. Trends
Microbiol. 1998 Oct;6(10):392—-401.

80. Gomes-Silva A, De Cassia Bittar R, Dos Santos Nogueira R, Amato VS, Da Silva
Mattos M, Oliveira-Neto MP, et al. Can interferon-y and interleukin-10 balance be
associated with severity of human Leishmania (Viannia) braziliensis infection?: IFN-y/IL-10
ratio in tegumentary leishmaniasis. Clin Exp Immunol. 2007 Jul 5;149(3):440-4.

81. Melby, P C, Andrade-Narvaez, F J, Darnell , B J, Tryon, V V, Palomo-Cetina, A.
Increased expression of proinflammatory cytokines in chronic lesions of human cutaneous
leishmaniasis. Infect Immun. 1994;62(3):837-42.

82. Cardoso TM, Machado A, Costa DL, Carvalho LP, Queiroz A, Machado P, et al.
Protective and Pathological Functions of CD8+ T Cells in Leishmania braziliensis Infection.
Appleton JA, editor. Infect Immun. 2015 Mar;83(3):898-906.

83.  Soong L, Henard CA, Melby PC. Immunopathogenesis of non-healing American
cutaneous leishmaniasis and progressive visceral leishmaniasis. Semin Immunopathol. 2012
Nov;34(6):735-51.

84. Fletcher K, Issa R, Lockwood DNJ. Visceral Leishmaniasis and Immunocompromise
as a Risk Factor for the Development of Visceral Leishmaniasis: A Changing Pattern at The
Hospital for Tropical Diseases, London. Schallig HDFH, editor. PLOS ONE. 2015 Apr
1;10(4):e0121418.

85. Siqueira AM, Guerra JAO, Almeida TML, Barbosa M das GV, Pereira FR, Ribeiro
RL, et al. American Tegumentary Leishmaniasis and HIV-AIDS Association in a Tertiary
Care Center in the Brazilian Amazon. Am J Trop Med Hyg. 2011 Sep 1;85(3):524-7.

86. Akerman M, Shaked-Mishan P, Mazareb S, Volpin H, Zilberstein D. Novel motifs in



97

amino acid permease genes from Leishmania. Biochem Biophys Res Commun. 2004
Dec;325(1):353-66.

87. Shaked-Mishan P, Suter-Grotemeyer M, Yoel-Almagor T, Holland N, Zilberstein D,
Rentsch D. A novel high-affinity arginine transporter from the human parasitic protozoan
Leishmania donovani. Mol Microbiol. 2006 Apr;60(1):30-8.

88. Roberts SC, Tancer MJ, Polinsky MR, Gibson KM, Heby O, Ullman B. Arginase
plays a pivotal role in polyamine precursor metabolism in Leishmania. Characterization of
gene deletion mutants. J Biol Chem. 2004 May 28;279(22):23668-78.

89.  Young GregoryB, Jack DonaldL, Smith DouglasW, Saier MiltonH. The amino
acid/auxin:proton symport permease familyl The accompanying review paper ‘Phylogenetic
characterization of novel transport protein families revealed by genome analysis’ by M.H.
Saier Jr. et al. will be published in Biochim. Biophys. Acta, Vol. 1422/1, February 1999
issue. 1. Biochim Biophys Acta BBA - Biomembr. 1999 Jan;1415(2):306-22.

90. Castilho-Martins EA, Laranjeira da Silva MF, dos Santos MG, Muxel SM, Floeter-
Winter LM. Axenic Leishmania amazonensis Promastigotes Sense both the External and
Internal Arginine Pool Distinctly Regulating the Two Transporter-Coding Genes. El-Sayed
NM, editor. PLoS ONE. 2011 Nov 16;6(11):e27818.

91.  McConville MJ. Metabolic Crosstalk between Leishmania and the Macrophage Host.
Trends Parasitol. 2016 Sep;32(9):666-8.

92. McConville MJ, de Souza D, Saunders E, Likic VA, Naderer T. Living in a
phagolysosome; metabolism of Leishmania amastigotes. Trends Parasitol. 2007
Aug;23(8):368-75.

93.  Zilberstein D. Transport of Nutrients and Ions across Membranes of Trypanosomatid
Parasites. In: Advances in Parasitology [Internet]. Elsevier; 1993 [cited 2018 Jan 17]. p.
261-91. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0065308X08602092
94. Kandpal M, Fouce RB, Pal A, Guru PY, Tekwani BL. Kinetics and molecular
characteristics of arginine transport by Leishmania donovani promastigotes. Mol Biochem
Parasitol. 1995 May;71(2):193-201.

95. Darlyuk I, Goldman A, Roberts SC, Ullman B, Rentsch D, Zilberstein D. Arginine
Homeostasis and Transport in the Human Pathogen Leishmania donovani. J Biol Chem.
2009 Jul 24;284(30):19800-7.

96.  Aoki JI, Muxel SM, Zampieri RA, Acuiia SM, Fernandes JCR, Vanderlinde RH, et
al. L-arginine availability and arginase activity: Characterization of amino acid permease 3
in Leishmania amazonensis. Jardim A, editor. PLoS Negl Trop Dis. 2017 Oct
26;11(10):e0006025.

97. Geraldo MV, Silber AM, Pereira CA, Uliana SRB. Characterisation of a
developmentally regulated amino acid transporter gene from Leishmania amazonensis.
FEMS Microbiol Lett. 2005 Jan;242(2):275-80.

98. Goldman-Pinkovich A, Balno C, Strasser R, Zeituni-Molad M, Bendelak K, Rentsch
D, et al. An Arginine Deprivation Response Pathway Is Induced in Leishmania during
Macrophage Invasion. Miiller I, editor. PLOS Pathog. 2016 Apr 4;12(4):e1005494.

99. Cantacessi C, Dantas-Torres F, Nolan MJ, Otranto D. The past, present, and future of
Leishmania genomics and transcriptomics. Trends Parasitol. 2015 Mar;31(3):100-8.

100. Wincker P, Ravel C, Blaineau C, Pages M, Jauffret Y, Dedet JP, et al. The
Leishmania genome comprises 36 chromosomes conserved across widely divergent human
pathogenic species. Nucleic Acids Res. 1996 May 1;24(9):1688-94.

101. Britto C, Ravel C, Bastien P, Blaineau C, Pages M, Dedet JP, et al. Conserved
linkage groups associated with large-scale chromosomal rearrangements between Old World
and New World Leishmania genomes. Gene. 1998 Nov 5;222(1):107-17.

102. Rogers MB, Hilley JD, Dickens NJ, Wilkes J, Bates PA, Depledge DP, et al.



98

Chromosome and gene copy number variation allow major structural change between
species and strains of Leishmania. Genome Res. 2011 Dec 1;21(12):2129-42.

103. Peacock CS, Seeger K, Harris D, Murphy L, Ruiz JC, Quail MA, et al. Comparative
genomic analysis of three Leishmania species that cause diverse human disease. Nat Genet.
2007 Jul;39(7):839-47.

104. Martinez-Calvillo S, Nguyen D, Stuart K, Myler PJ. Transcription Initiation and
Termination on Leishmania major Chromosome 3. Eukaryot Cell. 2004 Apr;3(2):506—-17.
105. Kramer S. Developmental regulation of gene expression in the absence of
transcriptional control: the case of kinetoplastids. Mol Biochem Parasitol. 2012
Feb;181(2):61-72.

106. Parsons M, Nelson RG, Watkins KP, Agabian N. Trypanosome mRNAs share a
common 5’ spliced leader sequence. Cell. 1984 Aug;38(1):309-16.

107. Kelly BL, Nelson TN, McMaster WR. Stage-specific expression in Leishmania
conferred by 3' untranslated regions of L. major leishmanolysin genes (GP63). Mol Biochem
Parasitol. 2001 Aug;116(1):101-4.

108. Myung KS, Beetham JK, Wilson ME, Donelson JE. Comparison of the Post-
transcriptional Regulation of the mRNAs for the Surface Proteins PSA (GP46) and MSP
(GP63) ofLeishmania chagasi. J Biol Chem. 2002 May 10;277(19):16489-97.

109. Alcolea PJ, Alonso A, Gomez MIJ, Postigo M, Molina R, Jiménez M, et al. Stage-
specific differential gene expression in Leishmania infantum: from the foregut of
Phlebotomus perniciosus to the human phagocyte. BMC Genomics. 2014 Oct 3;15:849.

110. Clayton CE. Life without transcriptional control? From fly to man and back again.
EMBO J. 2002 Apr 15;21(8):1881-8.

111. Tantorno SA, Durrant C, Khan A, Sanders MJ, Beverley SM, Warren WC, et al. Gene
Expression in Leishmania Is Regulated Predominantly by Gene Dosage. Weiss LM, editor.
mBio. 2017 Nov 8;8(5):¢01393-17, /mbio/8/5/e01393-17.atom.

112.  Sterkers Y, Lachaud L, Bourgeois N, Crobu L, Bastien P, Pagés M. Novel insights
into genome plasticity in Eukaryotes: mosaic aneuploidy in Leishmania: Mosaic aneuploidy
in Leishmania. Mol Microbiol. 2012 Oct;86(1):15-23.

113.  Hotez PJ, Molyneux DH, Fenwick A, Kumaresan J, Sachs SE, Sachs JD, et al.
Control of Neglected Tropical Diseases. N Engl J Med. 2007 Sep 6;357(10):1018-27.

114. Herricks JR, Hotez PJ, Wanga V, Coffeng LE, Haagsma JA, Basafiez M-G, et al. The
global burden of disease study 2013: What does it mean for the NTDs? Zhou X-N, editor.
PLoS Negl Trop Dis. 2017 Aug 3;11(8):0005424.

115. King CH, Bertino A-M. Asymmetries of Poverty: Why Global Burden of Disease
Valuations Underestimate the Burden of Neglected Tropical Diseases. Brooker S, editor.
PLoS Negl Trop Dis. 2008 Mar 26;2(3):¢209.

116. AlvarJ, Vélez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis
Worldwide and Global Estimates of Its Incidence. Kirk M, editor. PLoS ONE. 2012 May
31;7(5):¢35671.

117. Hotez PJ, Savioli L, Fenwick A. Neglected Tropical Diseases of the Middle East and
North Africa: Review of Their Prevalence, Distribution, and Opportunities for Control.
Aksoy S, editor. PLoS Negl Trop Dis. 2012 Feb 28;6(2):e1475.

118. Postigo JAR. Leishmaniasis in the World Health Organization Eastern Mediterranean
Region. Int J Antimicrob Agents. 2010 Nov;36 Suppl 1:S62-65.

119. Karimkhani C, Wanga V, Coffeng LE, Naghavi P, Dellavalle RP, Naghavi M. Global
burden of cutaneous leishmaniasis: a cross-sectional analysis from the Global Burden of
Disease Study 2013. Lancet Infect Dis. 2016 May;16(5):584-91.

120. Matlashewski G, Arana B, Kroeger A, Battacharya S, Sundar S, Das P, et al. Visceral
leishmaniasis: elimination with existing interventions. Lancet Infect Dis. 2011



99

Apr;11(4):322-5.

121.  Bryceson A. A policy for leishmaniasis with respect to the prevention and control of
drug resistance. Trop Med Int Health TM IH. 2001 Nov;6(11):928-34.

122.  Burki T. Leishmaniasis unleashed in Syria. Lancet Infect Dis. 2017 Feb;17(2):144-5.
123. DuR, Hotez PJ, Al-Salem WS, Acosta-Serrano A. Old World Cutaneous
Leishmaniasis and Refugee Crises in the Middle East and North Africa. Rafati S, editor.
PLoS Negl Trop Dis. 2016 May 26;10(5):e0004545.

124.  Seaman J, Mercer AJ, Sondorp E. The epidemic of visceral leishmaniasis in western
Upper Nile, southern Sudan: course and impact from 1984 to 1994. Int J Epidemiol. 1996
Aug;25(4):862-71.

125.  Sigko-Kraljevi¢ K, Jeron¢i¢ A, Mohar B, Punda-Poli¢ V. Asymptomatic Leishmania
infantum infections in humans living in endemic and non-endemic areas of Croatia, 2007 to
2009. Eurosurveillance [Internet]. 2013 Jul 18 [cited 2019 Sep 3];18(29). Available from:
http://www.eurosurveillance.org/content/10.2807/1560-7917.ES2013.18.28.20533

126. Arce A, Estirado A, Ordobas M, Sevilla S, Garcia N, Moratilla L, et al. Re-
emergence of leishmaniasis in Spain: community outbreak in Madrid, Spain, 2009 to 2012.
Eurosurveillance. 2013 Jul 25;18(30):20546.

127. Varani S, Cagarelli R, Melchionda F, Attard L, Salvadori C, Finarelli AC, et al.
Ongoing outbreak of visceral leishmaniasis in Bologna Province, Italy, November 2012 to
May 2013. Euro Surveill Bull Eur Sur Mal Transm Eur Commun Dis Bull. 2013 Jul
18;18(29):20530.

128.  Sébirk SK, Inghammar M, Collin M, Davidsson L. Imported leishmaniasis in
Sweden 1993-2016. Epidemiol Infect. 2018 May 31;1-8.

129. Moser KH, Rodevand E, Hammerstrem J, Steinum HO, Hannula R. [A previously
healthy male with progressive high fever episodes]. Tidsskr Den Nor Laegeforening Tidsskr
Prakt Med Ny Raekke. 2008 Aug 28;128(16):1845-7.

130. Besada E, Njélla RJ, Nossent JC. Imported case of visceral leishmaniasis presenting
as pancytopenia in a Norwegian patient treated with methotrexate and etanercept for
psoriasis arthritis. Rheumatol Int. 2013 Oct;33(10):2687-9.

131.  Singh OP, Hasker E, Sacks D, Boelaert M, Sundar S. Asymptomatic Leishmania
Infection: A New Challenge for Leishmania Control. Clin Infect Dis. 2014 May
15;58(10):1424-9.

132.  Alvar J, Cafavate C, Gutiérrez-Solar B, Jiménez M, Laguna F, Lopez-Vélez R, et al.
Leishmania and human immunodeficiency virus coinfection: the first 10 years. Clin
Microbiol Rev. 1997 Apr;10(2):298-319.

133. Lindoso J, Moreira C, Cunha M, Queiroz IT. Visceral leishmaniasis and HIV
coinfection: current perspectives. HIVAIDS - Res Palliat Care. 2018 Oct;Volume 10:193—
201.

134. Leite de Sousa-Gomes M, Romero GAS, Werneck GL. Visceral leishmaniasis and
HIV/AIDS in Brazil: Are we aware enough? Gradoni L, editor. PLoS Negl Trop Dis. 2017
Sep 25;11(9):e0005772.

135.  Russell A. The natural history of Aleppo, and parts adjacent. Containing a description
of the city, and the principal natural productions in its neighbourhood; together with an
account of the climate, inhabitants, and diseases; particularly of the plague, By Alex.
Russell, M.D. [Internet]. London,: Printed for A. Millar,; 1756 [cited 2018 Jan 9]. Available
from: http://www.biodiversitylibrary.org/bibliography/36635

136. Haldar AK, Sen P, Roy S. Use of Antimony in the Treatment of Leishmaniasis:
Current Status and Future Directions. Mol Biol Int. 2011;2011:1-23.

137. Croft SL, Sundar S, Fairlamb AH. Drug resistance in leishmaniasis. Clin Microbiol
Rev. 2006 Jan;19(1):111-26.



100

138.  Thakur CP, Dedet JP, Narain S, Pratlong F. Leishmania species, drug
unresponsiveness and visceral leishmaniasis in Bihar, India. Trans R Soc Trop Med Hyg.
2001 Apr;95(2):187-9.

139.  Sundar S. Drug resistance in Indian visceral leishmaniasis. Trop Med Int Health TM
IH. 2001 Nov;6(11):849-54.

140. Sundar S, Thakur BB, Tandon AK, Agrawal NR, Mishra CP, Mahaptra TM, et al.
Clinicoepidemiological study of drug resistance in Indian kala - azar. BMJ. 1994 Jan
29;308(6924):307-307.

141. den Boer M, Argaw D, Jannin J, Alvar J. Leishmaniasis impact and treatment access.
Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis. 2011 Oct;17(10):1471-7.
142. van Griensven J, Boelaert M. Combination therapy for visceral leishmaniasis. The
Lancet. 2011 Feb;377(9764):443-4.

143. Bhattacharya SK, Dash AP. Treatment of visceral leishmaniasis: options and choice.
Lancet Infect Dis. 2016 Feb;16(2):142-3.

144.  'WHO Expert Committee on the Control of the Leishmaniases, World Health
Organization, editors. Control of the leishmaniases: report of a meeting of the WHO Expert
Committee on the Control of Leishmaniases, Geneva, 22-26 March 2010. Geneva: World
Health Organization; 2010. 186 p. (WHO technical report series).

145.  Aronson N, Herwaldt BL, Libman M, Pearson R, Lopez-Velez R, Weina P, et al.
Diagnosis and Treatment of Leishmaniasis: Clinical Practice Guidelines by the Infectious
Diseases Society of America (IDSA) and the American Society of Tropical Medicine and
Hygiene (ASTMH). Clin Infect Dis. 2016 Dec 15;63(12):¢202—64.

146. Mondal D, Alvar J, Hasnain MG, Hossain MS, Ghosh D, Huda MM, et al. Efficacy
and safety of single-dose liposomal amphotericin B for visceral leishmaniasis in a rural
public hospital in Bangladesh: a feasibility study. Lancet Glob Health. 2014 Jan;2(1):e51-7.
147. Maintz E-M, Hassan M, Huda MM, Ghosh D, Hossain MdS, Alim A, et al.
Introducing Single Dose Liposomal Amphotericin B for the Treatment of Visceral
Leishmaniasis in Rural Bangladesh: Feasibility and Acceptance to Patients and Health Staff.
J Trop Med. 2014;2014:1-7.

148. World Health Organization. WHO and Gilead sign agreement for enhanced access to
visceral leishmaniasis treatment. World Health Organization; 2011.

149.  Chappuis F, Sundar S, Hailu A, Ghalib H, Rijal S, Peeling RW, et al. Visceral
leishmaniasis: what are the needs for diagnosis, treatment and control? Nat Rev Microbiol.
2007 Nov;5(11):S7-16.

150. Srivastava S, Shankar P, Mishra J, Singh S. Possibilities and challenges for
developing a successful vaccine for leishmaniasis. Parasit Vectors [Internet]. 2016 Dec
[cited 2017 Jun 8];9(1). Available from:
http://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-016-1553-y

151. Noazin S, Modabber F, Khamesipour A, Smith PG, Moulton LH, Nasseri K, et al.
First generation leishmaniasis vaccines: A review of field efficacy trials. Vaccine. 2008
Dec;26(52):6759-67.

152.  Duthie MS, Raman VS, Piazza FM, Reed SG. The development and clinical
evaluation of second-generation leishmaniasis vaccines. Vaccine. 2012 Jan;30(2):134-41.
153. Llanos-Cuentas A, Calder?n W, Cruz M, Ashman JA, Alves FP, Coler RN, et al. A
clinical trial to evaluate the safety and immunogenicity of the LEISH-F1+MPL-SE vaccine
when used in combination with sodium stibogluconate for the treatment of mucosal
leishmaniasis. Vaccine. 2010 Oct;28(46):7427-35.

154. DeFrancesco L. The ‘anti-hype’ vaccine. Nat Biotechnol. 2017 Feb 27;35(3):193-7.
155. Osman M, Mistry A, Keding A, Gabe R, Cook E, Forrester S, et al. A third
generation vaccine for human visceral leishmaniasis and post kala azar dermal leishmaniasis:



101

First-in-human trial of ChAd63-KH. McDowell MA, editor. PLoS Negl Trop Dis. 2017 May
12;11(5):e0005527.

156. Jain K, Jain NK. Vaccines for visceral leishmaniasis: A review. J Immunol Methods.
2015 Jul;422:1-12.

157. Alvar J, Croft SL, Kaye P, Khamesipour A, Sundar S, Reed SG. Case study for a
vaccine against leishmaniasis. Vaccine. 2013 Apr;31:B244-9.

158. Boelaert M, Rijal S, Regmi S, Singh R, Karki B, Jacquet D, et al. A comparative
study of the effectiveness of diagnostic tests for visceral leishmaniasis. Am J Trop Med Hyg.
2004 Jan;70(1):72-7.

159. Salam MA, Khan MGM, Mondal D. Urine antigen detection by latex agglutination
test for diagnosis and assessment of initial cure of visceral leishmaniasis. Trans R Soc Trop
Med Hyg. 2011 May;105(5):269-72.

160. Moreira OC, Yadon ZE, Cupolillo E. The applicability of real-time PCR in the
diagnostic of cutaneous leishmaniasis and parasite quantification for clinical management:
Current status and perspectives. Acta Trop [Internet]. 2017 Sep [cited 2017 Nov 27];
Available from: http://linkinghub.elsevier.com/retrieve/pii/S0001706X17304850

161. Peeling RW, Mabey D. Point-of-care tests for diagnosing infections in the developing
world. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis. 2010
Aug;16(8):1062-9.

162. Shaw J, Pratlong F, Floeter-Winter L, Ishikawa E, El Baidouri F, Ravel C, et al.
Characterization of Leishmania (Leishmania) waltoni n.sp. (Kinetoplastida:
Trypanosomatidae), the Parasite Responsible for Diffuse Cutaneous Leishmaniasis in the
Dominican Republic. Am J Trop Med Hyg. 2015 Sep;93(3):552-8.

163.  Akhoundi M, Downing T, Votypka J, Kuhls K, Lukes J, Cannet A, et al. Leishmania
infections: Molecular targets and diagnosis. Mol Aspects Med. 2017 Oct;57:1-29.

164. BavaJ, Troncoso A. Giemsa and Grocott in the recognition of Histoplasma
capsulatum in blood smears. Asian Pac J Trop Biomed. 2013 May;3(5):418-20.

165. Hofman V, Brousset P, Mougneau E, Marty P, Lamant L, Antoine J-C, et al.
Immunostaining of Visceral Leishmaniasis Caused by Leishmania infantum Using
Monoclonal Antibody (19—11) to the Leishmania Homologue of Receptors for Activated C-
Kinase. Am J Clin Pathol. 2003 Oct;120(4):567-74.

166. Srivastava P, Dayama A, Mehrotra S, Sundar S. Diagnosis of visceral leishmaniasis.
Trans R Soc Trop Med Hyg. 2011 Jan;105(1):1-6.

167. Sundar S, Rai M. Laboratory Diagnosis of Visceral Leishmaniasis. Clin Vaccine
Immunol. 2002 Sep 1;9(5):951-8.

168. Bezuneh A, Mukhtar M, Abdoun A, Teferi T, Takele Y, Diro E, et al. Comparison of
point-of-care tests for the rapid diagnosis of visceral leishmaniasis in East African patients.
Am J Trop Med Hyg. 2014 Dec;91(6):1109-15.

169. Kato H, Caceres AG, Mimori T, Ishimaru Y, Sayed ASM, Fujita M, et al. Use of
FTA Cards for Direct Sampling of Patients’ Lesions in the Ecological Study of Cutaneous
Leishmaniasis. J Clin Microbiol. 2010 Oct 1;48(10):3661-5.

170. Boggild AK, Miranda-Verastegui C, Espinosa D, Arevalo J, Martinez-Medina D,
Llanos-Cuentas A, et al. Optimization of microculture and evaluation of miniculture for the
isolation of Leishmania parasites from cutaneous lesions in Peru. Am J Trop Med Hyg. 2008
Dec;79(6):847-52.

171.  Gontijo B, de Carvalho M de LR. [American cutaneous leishmaniasis]. Rev Soc Bras
Med Trop. 2003 Feb;36(1):71-80.

172.  Vexenat A de C, Santana JM, Teixeira AR. Cross-reactivity of antibodies in human
infections by the kinetoplastid protozoa Trypanosoma cruzi, Leishmania chagasi and
Leishmania (viannia) braziliensis. Rev Inst Med Trop Sao Paulo. 1996 Jun;38(3):177-85.



102

173. Harith AE, Kolk AH, Kager PA, Leeuwenburg J, Faber FJ, Muigai R, et al.
Evaluation of a newly developed direct agglutination test (DAT) for serodiagnosis and sero-
epidemiological studies of visceral leishmaniasis: comparison with IFAT and ELISA. Trans
R Soc Trop Med Hyg. 1987;81(4):603—6.

174.  Sundar S, Singh RK, Maurya R, Kumar B, Chhabra A, Singh V, et al. Serological
diagnosis of Indian visceral leishmaniasis: direct agglutination test versus rK39 strip test.
Trans R Soc Trop Med Hyg. 2006 Jun;100(6):533-7.

175. Oskam L, Nieuwenhuijs JL, Hailu A. Evaluation of the direct agglutination test
(DAT) using freeze-dried antigen for the detection of anti-Leishmania antibodies in stored
sera from various patient groups in Ethiopia. Trans R Soc Trop Med Hyg. 1999
Jun;93(3):275-7.

176. Lockwood DNIJ, Sundar S. Serological tests for visceral leishmaniasis. BMJ. 2006
Oct 7;333(7571):711-2.

177. Barroso-Freitas APT, Passos SRL, Mouta-Confort E, Madeira MF, Schubach AO,
Santos GPL, et al. Accuracy of an ELISA and indirect immunofluorescence for the
laboratory diagnosis of American tegumentary leishmaniasis. Trans R Soc Trop Med Hyg.
2009 Apr;103(4):383-9.

178. Desjeux P. Leishmaniasis: current situation and new perspectives. Comp Immunol
Microbiol Infect Dis. 2004 Sep;27(5):305-18.

179. Pasquau F, Ena J, Sanchez R, Cuadrado JM, Amador C, Flores J, et al. Leishmaniasis
as an opportunistic infection in HIV-infected patients: determinants of relapse and mortality
in a collaborative study of 228 episodes in a Mediterreanean region. Eur J Clin Microbiol
Infect Dis Off Publ Eur Soc Clin Microbiol. 2005 Jun;24(6):411-8.

180. Sundar S, Maurya R, Singh RK, Bharti K, Chakravarty J, Parekh A, et al. Rapid,
Noninvasive Diagnosis of Visceral Leishmaniasis in India: Comparison of Two
Immunochromatographic Strip Tests for Detection of Anti-K39 Antibody. J Clin Microbiol.
2006 Jan 1;44(1):251-3.

181. Faris H. Al Lami HAH. Prevalence of Asymptomatic Visceral Leishmaniasis among
under 5 Years Contacts of Confirmed Cases in Thiqar Governorate, 2012. J Infect Dis Ther
[Internet]. 2013 [cited 2018 Jan 24];01(04). Available from:
http://esciencecentral.org/journals/prevalence-of-asymptomatic-visceral-leishmaniasis-
among-under-years-contacts-of-confirmed-cases-in-thiqar-governorate-2332-
0877.1000122.php?aid=21305

182. Hailu A. The use of direct agglutination test (DAT) in serological diagnosis of
Ethiopian cutaneous leishmaniasis. Diagn Microbiol Infect Dis. 2002 Apr;42(4):251-6.

183. De Almeida Silva L, Romero HD, Prata A, Costa RT, Nascimento E, Carvalho SFG,
et al. Immunologic tests in patients after clinical cure of visceral leishmaniasis. Am J Trop
Med Hyg. 2006 Oct;75(4):739-43.

184.  Zijlstra EE, Daifalla NS, Kager PA, Khalil EA, El-Hassan AM, Reed SG, et al. rK39
enzyme-linked immunosorbent assay for diagnosis of Leishmania donovani infection. Clin
Diagn Lab Immunol. 1998 Sep;5(5):717-20.

185.  Singh S, Kumari V, Singh N. Predicting kala-azar disease manifestations in
asymptomatic patients with latent Leishmania donovani infection by detection of antibody
against recombinant K39 antigen. Clin Diagn Lab Immunol. 2002 May;9(3):568-72.

186. Burns JM, Shreffler WG, Benson DR, Ghalib HW, Badaro R, Reed SG. Molecular
characterization of a kinesin-related antigen of Leishmania chagasi that detects specific
antibody in African and American visceral leishmaniasis. Proc Natl Acad Sci U S A. 1993
Jan 15;90(2):775-9.

187. Pattabhi S, Whittle J, Mohamath R, El-Safi S, Moulton GG, Guderian JA, et al.
Design, Development and Evaluation of rK28-Based Point-of-Care Tests for Improving



103

Rapid Diagnosis of Visceral Leishmaniasis. Louzir H, editor. PLoS Negl Trop Dis. 2010 Sep
14;4(9):e822.

188.  Sivakumar R, Sharma P, Chang K-P, Singh S. Cloning, expression, and purification
of a novel recombinant antigen from Leishmania donovani. Protein Expr Purif. 2006
Mar;46(1):156-65.

189. Mbui J, Wasunna M, Balasegaram M, Laussermayer A, Juma R, Njenga SN, et al.
Validation of Two Rapid Diagnostic Tests for Visceral Leishmaniasis in Kenya. Boelaert M,
editor. PLoS Negl Trop Dis. 2013 Sep 26;7(9):¢2441.

190. Vaish M, Bhatia A, Reed SG, Chakravarty J, Sundar S. Evaluation of rK28 antigen
for serodiagnosis of visceral Leishmaniasis in India. Clin Microbiol Infect Off Publ Eur Soc
Clin Microbiol Infect Dis. 2012 Jan;18(1):81-5.

191. Cunningham J, Hasker E, Das P, El Safi S, Goto H, Mondal D, et al. A Global
Comparative Evaluation of Commercial Immunochromatographic Rapid Diagnostic Tests
for Visceral Leishmaniasis. Clin Infect Dis. 2012 Nov 15;55(10):1312-9.

192. Boelaert M, Verdonck K, Menten J, Sunyoto T, van Griensven J, Chappuis F, et al.
Rapid tests for the diagnosis of visceral leishmaniasis in patients with suspected disease.
Cochrane Infectious Diseases Group, editor. Cochrane Database Syst Rev [Internet]. 2014
Jun 20 [cited 2018 Jan 21]; Available from:
http://doi.wiley.com/10.1002/14651858.CD009135.pub2

193. Matlashewski G, Das VNR, Pandey K, Singh D, Das S, Ghosh AK, et al. Diagnosis
of Visceral Leishmaniasis in Bihar India: Comparison of the rK39 Rapid Diagnostic Test on
Whole Blood Versus Serum. Debrabant A, editor. PLoS Negl Trop Dis. 2013 May
23;7(5):e2233.

194. Mukhtar M, Abdoun A, Ahmed AE, Ghalib H, Reed SG, Boelaert M, et al.
Diagnostic accuracy of rK28-based immunochromatographic rapid diagnostic tests for
visceral leishmaniasis: a prospective clinical cohort study in Sudan. Trans R Soc Trop Med
Hyg. 2015 Sep;109(9):594-600.

195. Santos-Gomes G, Gomes-Pereira S, Campino L, Araijo MD, Abranches P.
Performance of immunoblotting in diagnosis of visceral Leishmaniasis in human
immunodeficiency virus-Leishmania sp.-coinfected patients. J Clin Microbiol. 2000
Jan;38(1):175-8.

196. Abeijon C, Singh OP, Chakravarty J, Sundar S, Campos-Neto A. Novel Antigen
Detection Assay to Monitor Therapeutic Efficacy of Visceral Leishmaniasis. Am J Trop
Med Hyg. 2016 Oct 5;95(4):800-2.

197. Sundar S, Agrawal S, Pai K, Chance M, Hommel M. Detection of leishmanial
antigen in the urine of patients with visceral leishmaniasis by a latex agglutination test. Am J
Trop Med Hyg. 2005 Aug;73(2):269-71.

198. Rijal S, Boelaert M, Regmi S, Karki BMS, Jacquet D, Singh R, et al. Evaluation of a
urinary antigen-based latex agglutination test in the diagnosis of kala-azar in eastern Nepal.
Trop Med Int Health TM TH. 2004 Jun;9(6):724-9.

199. Diro E, Techane Y, Tefera T, Assefa Y, Kebede T, Genetu A, et al. Field evaluation
of FD-DAT, rK39 dipstick and KATEX (urine latex agglutination) for diagnosis of visceral
leishmaniasis in northwest Ethiopia. Trans R Soc Trop Med Hyg. 2007 Sep;101(9):908—-14.
200. Chappuis F, Rijal S, Jha UK, Desjeux P, Karki BMS, Koirala S, et al. Field validity,
reproducibility and feasibility of diagnostic tests for visceral leishmaniasis in rural Nepal.
Trop Med Int Health. 2006 Jan;11(1):31-40.

201.  Smyth AJ, Ghosh A, Hassan MQ, Basu D, De Bruijn MH, Adhya S, et al. Rapid and
sensitive detection of Leishmania kinetoplast DNA from spleen and blood samples of kala-
azar patients. Parasitology. 1992 Oct;105 ( Pt 2):183-92.

202. Neitzke-Abreu HC, Venazzi MS, Bernal MVZ, Reinhold-Castro KR, Vagetti F, Mota



104

CA, et al. Detection of DNA from Leishmania (Viannia): accuracy of polymerase chain
reaction for the diagnosis of cutaneous leishmaniasis. PloS One. 2013;8(7):¢62473.

203. Deborggraeve S, Laurent T, Espinosa D, Van der Auwera G, Mbuchi M, Wasunna
M, et al. A Simplified and Standardized Polymerase Chain Reaction Format for the
Diagnosis of Leishmaniasis. J Infect Dis. 2008 Nov 15;198(10):1565-72.

204. Laurent T, Van der Auwera G, Hide M, Mertens P, Quispe-Tintaya W, Deborggraeve
S, et al. Identification of Old World Leishmania spp. by specific polymerase chain reaction
amplification of cysteine proteinase B genes and rapid dipstick detection. Diagn Microbiol
Infect Dis. 2009 Feb;63(2):173-81.

205. Ishino S, Ishino Y. DNA polymerases as useful reagents for biotechnology - the
history of developmental research in the field. Front Microbiol. 2014;5:465.

206. Schoénian G, Nasereddin A, Dinse N, Schweynoch C, Schallig HDFH, Presber W, et
al. PCR diagnosis and characterization of Leishmania in local and imported clinical samples.
Diagn Microbiol Infect Dis. 2003 Sep;47(1):349-58.

207. Montalvo AM, Fraga J, Maes I, Dujardin J-C, Van der Auwera G. Three new
sensitive and specific heat-shock protein 70 PCRs for global Leishmania species
identification. Eur J Clin Microbiol Infect Dis Off Publ Eur Soc Clin Microbiol. 2012
Jul;31(7):1453-61.

208. Akhavan AA, Mirhendi H, Khamesipour A, Alimohammadian MH, Rassi Y, Bates P,
et al. Leishmania species: detection and identification by nested PCR assay from skin
samples of rodent reservoirs. Exp Parasitol. 2010 Dec;126(4):552—6.

209. Binnicker MJ. Multiplex Molecular Panels for Diagnosis of Gastrointestinal
Infection: Performance, Result Interpretation, and Cost-Effectiveness. J Clin Microbiol.
2015 Dec;53(12):3723-8.

210. Zampieri RA, Laranjeira-Silva MF, Muxel SM, de Lima ACS, Shaw JJ, Floeter-
Winter LM. High Resolution Melting Analysis Targeting hsp70 as a Fast and Efficient
Method for the Discrimination of Leishmania Species. PLoS Negl Trop Dis.
2016;10(2):e0004485.

211.  Sue MJ, Yeap SK, Omar AR, Tan SW. Application of PCR-ELISA in Molecular
Diagnosis. BioMed Res Int. 2014;2014:1-6.

212. Khan MGM, Bhaskar KRH, Salam MA, Akther T, Pluschke G, Mondal D.
Diagnostic accuracy of loop-mediated isothermal amplification (LAMP) for detection of
Leishmania DNA in buffy coat from visceral leishmaniasis patients. Parasit Vectors. 2012
Dec 3;5:280.

213. Ghasemian M, Gharavi MJ, Akhlaghi L, Mohebali M, Meamar AR, Aryan E, et al.
Development and Assessment of Loop-Mediated Isothermal Amplification (LAMP) Assay
for the Diagnosis of Human Visceral Leishmaniasis in Iran. Iran J Parasitol. 2014
Mar;9(1):50-9.

214. Sriworarat C, Phumee A, Mungthin M, Leelayoova S, Siriyasatien P. Development
of loop-mediated isothermal amplification (LAMP) for simple detection of Leishmania
infection. Parasit Vectors [Internet]. 2015 Dec [cited 2018 Jan 23];8(1). Available from:
http://www.parasitesandvectors.com/content/8/1/591

215.  Van der Auwera G, Dujardin J-C. Species Typing in Dermal Leishmaniasis. Clin
Microbiol Rev. 2015 Apr;28(2):265-94.

216. Van der Auwera G, Maes I, De Doncker S, Ravel C, Cnops L, Van Esbroeck M, et
al. Heat-shock protein 70 gene sequencing for Leishmania species typing in European
tropical infectious disease clinics. Eurosurveillance. 2013 Jul 25;18(30):20543.

217. Akhoundi M, Downing T, Votypka J, Kuhls K, Lukes J, Cannet A, et al. Leishmania
infections: Molecular targets and diagnosis. Mol Aspects Med [Internet]. 2017 Jan [cited
2017 Jul 25]; Available from:



105

http://linkinghub.elsevier.com/retrieve/pii/S0098299716300450

218. Lachaud L, Fernandez-Arévalo A, Normand A-C, Lami P, Nabet C, Donnadieu JL, et
al. Identification of Leishmania by Matrix-Assisted Laser Desorption Ionization-Time of
Flight (MALDI-TOF) Mass Spectrometry Using a Free Web-Based Application and a
Dedicated Mass-Spectral Library. J Clin Microbiol. 2017 Oct;55(10):2924-33.

219. Sassi A, Louzir H, Ben Salah A, Mokni M, Ben Osman A, Dellagi K. Leishmanin
skin test lymphoproliferative responses and cytokine production after symptomatic or
asymptomatic Leishmania major infection in Tunisia. Clin Exp Immunol. 1999
Apr;116(1):127-32.

220. Lasagna L. Problems in publication of clinical trial methodology. Clin Pharmacol
Ther. 1979 May;25(5 Pt 2):751-3.

221. Maurya R, Mehrotra S, Prajapati VK, Nylen S, Sacks D, Sundar S. Evaluation of
Blood Agar Microtiter Plates for Culturing Leishmania Parasites To Titrate Parasite Burden
in Spleen and Peripheral Blood of Patients with Visceral Leishmaniasis. J Clin Microbiol.
2010 May 1;48(5):1932-4.

222. Howard MK, Pharoah MM, Ashall F, Miles MA. Human urine stimulates growth of
Leishmania in vitro. Trans R Soc Trop Med Hyg. 1991 Jul;85(4):477-9.

223. Doyle PS, Engel JC, Pimenta PFP, da Silva PP, Dwyer DM. Leishmania donovani:
Long-term culture of axenic amastigotes at 37 °C. Exp Parasitol. 1991 Oct;73(3):326-34.
224. Bates PA. Axenic culture of Leishmania Amastigotes. Parasitol Today. 1993
Apr;9(4):143-6.

225. Loria-Cervera EN, Andrade-Narvaez FJ. ANIMAL MODELS FOR THE STUDY
OF LEISHMANIASIS IMMUNOLOGY. Rev Inst Med Trop Sao Paulo. 2014 Jan;56(1):1—
11.

226. Loeuillet C, Baiuls A-L, Hide M. Study of Leishmania pathogenesis in mice:
experimental considerations. Parasit Vectors. 2016 Mar 11;9:144.

227. Sacks DL, Melby PC. Animal models for the analysis of immune responses to
leishmaniasis. Curr Protoc Immunol. 2001 May;Chapter 19:Unit 19.2.

228. Lira R, Doherty M, Modi G, Sacks D. Evolution of Lesion Formation, Parasitic Load,
Immune Response, and Reservoir Potential in C57BL/6 Mice following High- and Low-
Dose Challenge with Leishmania major. Infect Immun. 2000 Sep 1;68(9):5176-82.

229. Grimaldi G. The utility of rhesus monkey (Macaca mulatta) and other non-human
primate models for preclinical testing of Leishmania candidate vaccines. Mem Inst Oswaldo
Cruz. 2008;103(7):629-44.

230. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acids Res. 1988 Feb 11;16(3):1215.

231. Kleppe K, Ohtsuka E, Kleppe R, Molineux I, Khorana HG. Studies on
polynucleotides. J Mol Biol. 1971 Mar;56(2):341-61.

232. Mary C, Faraut F, Lascombe L, Dumon H. Quantification of Leishmania infantum
DNA by a Real-Time PCR Assay with High Sensitivity. J Clin Microbiol. 2004 Nov
1;42(11):5249-55.

233. Losada-Barragan M, Cavalcanti A, Umafia-Pérez A, Porrozzi R, Cuervo-Escobar S,
Vallejo AF, et al. Detection and quantification of Leishmania infantum in naturally and
experimentally infected animal samples. Vet Parasitol. 2016 Aug 15;226:57-64.

234.  Weirather JL, Jeronimo SMB, Gautam S, Sundar S, Kang M, Kurtz MA, et al. Serial
quantitative PCR assay for detection, species discrimination, and quantification of
Leishmania spp. in human samples. J Clin Microbiol. 2011 Nov;49(11):3892-904.

235.  Gundry CN. Amplicon Melting Analysis with Labeled Primers: A Closed-Tube
Method for Differentiating Homozygotes and Heterozygotes. Clin Chem. 2003 Mar
1;49(3):396-406.



106

236. Pangasa A, Jex AR, Campbell BE, Bott NJ, Whipp M, Hogg G, et al. High resolution
melting-curve (HRM) analysis for the diagnosis of cryptosporidiosis in humans. Mol Cell
Probes. 2009 Feb;23(1):10-5.

237. Chua KH, Lim SC, Ng CC, Lee PC, Lim YAL, Lau TP, et al. Development of High
Resolution Melting Analysis for the Diagnosis of Human Malaria. Sci Rep [Internet]. 2015
Dec [cited 2018 Jan 17];5(1). Available from: http://www.nature.com/articles/srep15671
238. Merchant-Patel S, Blackall PJ, Templeton J, Price EP, Tong SYC, Huygens F, et al.
Campylobacter jejuni and Campylobacter coli Genotyping by High-Resolution Melting
Analysis of a flaA Fragment. Appl Environ Microbiol. 2010 Jan 15;76(2):493-9.

239.  Odell ID, Cloud JL, Seipp M, Wittwer CT. Rapid species identification within the
Mycobacterium chelonae-abscessus group by high-resolution melting analysis of hsp65 PCR
products. Am J Clin Pathol. 2005 Jan;123(1):96-101.

240. Tong SYC, Giffard PM. Microbiological Applications of High-Resolution Melting
Analysis. J Clin Microbiol. 2012 Nov 1;50(11):3418-21.

241. Chen X, Kong F, Wang Q, Li C, Zhang J, Gilbert GL. Rapid Detection of Isoniazid,
Rifampin, and Ofloxacin Resistance in Mycobacterium tuberculosis Clinical Isolates Using
High-Resolution Melting Analysis. J Clin Microbiol. 2011 Oct 1;49(10):3450-7.

242. Daniels R, Ndiaye D, Wall M, McKinney J, Séne PD, Sabeti PC, et al. Rapid, field-
deployable method for genotyping and discovery of single-nucleotide polymorphisms
associated with drug resistance in Plasmodium falciparum. Antimicrob Agents Chemother.
2012 Jun;56(6):2976-86.

243. Nicolas L, Milon G, Prina E. Rapid differentiation of Old World Leishmania species
by LightCycler polymerase chain reaction and melting curve analysis. J] Microbiol Methods.
2002 Nov;51(3):295-9.

244. Talmi-Frank D, Nasereddin A, Schnur LF, Schénian G, Toz SO, Jaffe CL, et al.
Detection and Identification of Old World Leishmania by High Resolution Melt Analysis.
Louzir H, editor. PLoS Negl Trop Dis. 2010 Jan 12;4(1):e581.

245. Pita-Pereira D, Lins R, Oliveira MP, Lima RB, Pereira BA, Moreira OC, et al. SYBR
Green-based Real-Time PCR targeting kinetoplast DNA can be used to discriminate between
the main etiologic agents of Brazilian cutaneous and visceral leishmaniases. Parasit Vectors.
2012;5(1):15.

246. Ceccarelli M, Galluzzi L, Migliazzo A, Magnani M. Detection and Characterization
of Leishmania (Leishmania) and Leishmania (Viannia) by SYBR Green-Based Real-Time
PCR and High Resolution Melt Analysis Targeting Kinetoplast Minicircle DNA. Inacio J,
editor. PLoS ONE. 2014 Feb 13;9(2):¢88845.

247. Pessoa-E-Silva R, Mendonca Trajano-Silva LA, Lopes da Silva MA, da Cunha
Gongalves-de-Albuquerque S, de Goes TC, Silva de Morais RC, et al. Evaluation of urine
for Leishmania infantum DNA detection by real-time quantitative PCR. J Microbiol
Methods. 2016;131:34-41.

248. Padmanabhan R, Wu R. Nucleotide sequence analysis of DNA. IX. Use of
oligonucleotides of defined sequence as primers in DNA sequence analysis. Biochem
Biophys Res Commun. 1972 Sep 5;48(5):1295-302.

249. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating
inhibitors. Proc Natl Acad Sci U S A. 1977 Dec;74(12):5463-7.

250. Dumetz F, Imamura H, Sanders M, Seblova V, Myskova J, Pescher P, et al.
Modulation of Aneuploidy in Leishmania donovani during Adaptation to Different In Vitro
and /n Vivo Environments and Its Impact on Gene Expression. Gull K, editor. mBio
[Internet]. 2017 Jul 5 [cited 2019 May 29];8(3). Available from:
http://mbio.asm.org/lookup/doi/10.1128/mBi0.00599-17

251. Real F, Vidal RO, Carazzolle MF, Mondego JMC, Costa GGL, Herai RH, et al. The



107

Genome Sequence of Leishmania (Leishmania) amazonensis: Functional Annotation and
Extended Analysis of Gene Models. DNA Res. 2013 Dec 1;20(6):567-81.

252. Hill JO, North RJ, Collins FM. Advantages of measuring changes in the number of
viable parasites in murine models of experimental cutaneous leishmaniasis. Infect Immun.
1983 Mar;39(3):1087-94.

253. Titus RG, Marchand M, Boon T, Louis JA. A limiting dilution assay for quantifying
Leishmania major in tissues of infected mice. Parasite Immunol. 1985 Sep;7(5):545-55.
254. Srivastava A, Sweat JM, Azizan A, Vesely B, Kyle DE. Real-time PCR to quantify
Leishmania donovani in hamsters. J Parasitol. 2013 Feb;99(1):145-50.

255.  Ghotloo S, Haji Mollahoseini M, Najafi A, Yeganeh F. Comparison of Parasite
Burden Using Real-Time Polymerase Chain Reaction Assay and Limiting Dilution Assay in
Leishmania major Infected Mouse. Iran J Parasitol. 2015 Dec;10(4):571-6.

256. Nicolas L, Prina E, Lang T, Milon G. Real-time PCR for detection and quantitation
of leishmania in mouse tissues. J Clin Microbiol. 2002 May;40(5):1666-9.

257.  Verma S, Kumar R, Katara GK, Singh LC, Negi NS, Ramesh V, et al. Quantification
of Parasite Load in Clinical Samples of Leishmaniasis Patients: IL-10 Level Correlates with
Parasite Load in Visceral Leishmaniasis. Rodrigues MM, editor. PLoS ONE. 2010 Apr
9;5(4):e10107.

258. Aronson N, Herwaldt BL, Libman M, Pearson R, Lopez-Velez R, Weina P, et al.
Diagnosis and Treatment of Leishmaniasis: Clinical Practice Guidelines by the Infectious
Diseases Society of America (IDSA) and the American Society of Tropical Medicine and
Hygiene (ASTMH). Am J Trop Med Hyg. 2017 Jan 11;96(1):24-45.

259. Van der Auwera G, Bart A, Chicharro C, Cortes S, Davidsson L, Di Muccio T, et al.
Comparison of Leishmania typing results obtained from 16 European clinical laboratories in
2014. Eurosurveillance [Internet]. 2016 Dec 8 [cited 2018 Jan 7];21(49). Available from:
http://www.eurosurveillance.org/ViewArticle.aspx? Articleld=22662

260. Alcolea PJ, Alonso A, Garcia-Tabares F, Torafio A, Larraga V. An Insight into the
proteome of Crithidia fasciculata choanomastigotes as a comparative approach to axenic
growth, peanut lectin agglutination and differentiation of Leishmania spp. promastigotes.
PloS One. 2014;9(12):e113837.

261. Hernandez C, Alvarez C, Gonzélez C, Ayala MS, Leén CM, Ramirez JD.
Identification of Six New World Leishmania species through the implementation of a High-
Resolution Melting (HRM) genotyping assay. Parasit Vectors [Internet]. 2014 Dec [cited
2018 Jan 17];7(1). Available from:
http://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-014-0501-y

262. Miiller KE, Zampieri RA, Aoki JI, Muxel SM, Nerland AH, Floeter-Winter LM.
Amino acid permease 3 (aap3) coding sequence as a target for Leishmania identification and
diagnosis of leishmaniases using high resolution melting analysis. Parasit Vectors [Internet].
2018 Dec [cited 2018 Dec 12];11(1). Available from:
https://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-018-2989-z

263. Boucher N, Wu Y, Dumas C, Dubé M, Sereno D, Breton M, et al. A Common
Mechanism of Stage-regulated Gene Expression in Leishmania Mediated by a Conserved 3'-
Untranslated Region Element. J Biol Chem. 2002 May 31;277(22):19511-20.



108

“All things must pass”
- George Harrison









Acta Tropica 137 (2014) 99-104

Contents lists available at ScienceDirect

ACTA
TROPICA

Acta Tropica

journal homepage: www.elsevier.com/locate/actatropica

Detection of a broad range of Leishmania species and determination of
parasite load of infected mouse by real-time PCR targeting the
arginine permease gene AAP3

@ CrossMark

Marit Gjerde Tellevik®*, Karl Erik Muller?, Karen Rebbestad Lakken,
Audun Helge Nerland®

2 National Centre for Tropical Infectious Diseases, Department of Medicine, Haukeland University Hospital, 5021 Bergen, Norway
b Department of Clinical Science, University of Bergen, 5021 Bergen, Norway

ARTICLE INFO ABSTRACT

Article history:

Received 19 November 2013

Received in revised form 13 May 2014
Accepted 14 May 2014

Available online 22 May 2014

Leishmaniasis is one of the world’s most neglected infectious diseases, affecting around 12 million people
and more than 350 million at risk of infection. The clinical picture varies from self-healing cutaneous
lesions to severe visceral infections, but still no commercial vaccines for humans are available and the
currently used drugs have unpleasant side effects. Here we report a real-time PCR assay targeting the
arginine permease gene AAP3 that can be applied for all the nine different species of the Leishmania
genus tested; 4 Old World species and 5 New World species, from both L. (Leishmania) and L. (Viannia)

Keywords: ) . . . .
Leishmania subgenera. No cross-reaction was seen with Trypanosoma cruzi, Trypanosoma brucei, human or mouse
qPCR genomic DNA. The assay has a high sensitivity, with a limit of detection of 10 fg DNA for L. (L.) major and

Arginine permease L.(L.)donovani, and 100 fg DNA for L. (V.) braziliensis, and can be used for both qualitative and quantitative
AAP3 purposes. This AAP3-Assay, run in duplex with a host specific gene-assay, was also successfully used for
quantification of parasite load of footpads from L. (L.) major-infected mice. It can therefore be a valuable
tool in applications like monitoring effects of drugs, the selection of vaccine candidates and in screening

Quantification
Detection

patients, including asymptomatic carriers.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Leishmaniasis is a vector-borne disease with different clinical
pictures caused by protozoa of the genus Leishmania. It is one of the
world’s most neglected infectious diseases and the second cause of
parasite related deaths after malaria (Mathers et al., 2007). Spread
of the Leishmania parasite is caused by the bite of infected sand
flies. Worldwide more than 350 million people in 98 countries
or territories are at risk (World Health Organization, 2010). The
estimated incidence of new cases each year is 0.2-0.4 million for
visceral leishmaniasis and 0.7-1.2 million for cutaneous leishman-
iasis, causing 20 000 to 40 000 deaths annually, and these data are
probably underestimates (Alvar et al., 2012). In some affected areas
both domestic and sylvatic animals seem to be important reservoirs
of the parasite, contributing to promote human infections (Quinnell

* Corresponding author. Tel.: +47 55977888.
E-mail addresses: marit.gjerde.tellevik@helse-bergen.no (M.G. Tellevik),
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Audun.Nerland@k2.uib.no (A.H. Nerland).
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and Courtenay, 2009). Available drugs for treating the disease can
be characterized as limited, expensive and often with unpleasant
side effects. Moreover, there has been an emergence of drug resis-
tance (Sundar and Chakravarty, 2013). No commercial vaccines are
currently available for preventing leishmaniasis in humans. There-
fore, in order to control the disease, there is a need for development
of new drugs, vaccines and more specific and sensitive diagnostic
methods. Assays for quantification of the parasite in the host tis-
sues are essential for development and testing of prophylactic and
therapeutic regimes.

Polymerase chain reaction (PCR) and its variations repre-
sent highly sensitive and specific methods for Leishmania DNA
detection. PCR has shown to be superior to other methods like
microscopy and various immunologic tests, reducing time from
sampling to test result, optimizing sensitivity and specificity and
reducing subjective evaluation (Aviles et al., 1999; Bensoussan
et al.,, 2006; Srivastava et al., 2011a; Wall et al., 2012). Real-time
PCR is advantageous over conventional PCR because it is faster,
less labor-intensive, reduces risk of contamination, and by using
probes the sensitivity and specificity can be increased (Dymond,
2013; Mohammadiha et al., 2013; Yang and Rothman, 2004)

0001-706X/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Furthermore, by using standard curves real-time PCR can be used
for quantification. Exploring the Leishmania parasites and the clin-
ical manifestations they cause, quantitative real-time PCR (qPCR)
can be useful for detection and species identification, but it also has
a wider potential, like monitoring the effect of drug activity and
measuring the protection as part of vaccine development. Due to
the high sensitivity, qPCR can be used for screening of patients and
detection of asymptomatic carriers, and thereby addressing gaps
in the understanding of infection with Leishmania (Francino et al.,
2006; Mary et al., 2006; Pourabbas et al., 2013).

There are many publications of different variants of PCRs for
Leishmania, using different molecular targets, but most protocols
target a single species (Francino et al., 2006; Srivastava et al.,
2011b), a group of closely related species (Harris et al., 1998;
Odiwuor et al.,, 2011), or they are not quantitative (Berzunza-Cruz
et al.,, 2009; de Almeida et al., 2011; Harris et al., 1998; Odiwuor
et al.,, 2011; Srivastava et al., 2011b), and some also show low
sensitivity (Wortmann et al., 2005). There are only few publica-
tions of real-time PCR assays that target all or nearly all of the
approximately 20 different Leishmania species found in humans
(Castilho et al., 2008; Tupperwar et al., 2008; Wortmann et al.,
2001). Many protocols target multicopy genes (Bossolasco et al.,
2003; Francino et al., 2006; Talmi-Frank et al., 2010) and some pro-
tocols for multicopy genes also use SYBRGreen (de Monbrison etal.,
2007). Multicopy genes are often preferred to enhance sensitivity,
and thus are advantageous for detection, but due to potential varia-
tions and instability in copy number of the same gene both between
and within species (Weirather et al., 2011) they can be challenging
and confounding for quantification using standard curves. SYBR-
Green has the disadvantages of more unspecific binding, hence a
probe, which is more specific, is to be preferred. However, it can
be challenging to design a qPCR with a specific probe that target a
DNA sequence universal to all species of the Leishmania genus.

L-Arginine is an essential amino acid for Leishmania, for which
metabolism depends on arginine supply from external sources, as
no evidence for endogenous synthesis has been reported. The argi-
nine transporter Leishmania arginine permease AAP3 is encoded
on chromosome 31 in Leishmania (L.) major and other Leishmania
species, and on chromosome 30 in Leishmania (L.) mexicana (which

due to chromosome fusion events is the equivalent of chromosome
31 in L. (L.) major (Britto et al., 1998)). The AAP3 gene is identi-
fied in several different Leishmania species (Shaked-Mishan et al.,
2006). Likely more AAP3 sequences will be published along with
the increasing number of sequencing projects.

The aim of the study was to develop a quantitative PCR method
that could be applied for infectivity studies in mice, focusing on L.
(L.) major, as murine models are widely used in Leishmania research,
with the benefit that it could also be used for other Leishmania
species from both the Old- and New World groups. We devel-
oped a PCR-Assay targeting the arginine transporter gene AAP3 and
included DNA from cell pellets or cultured promastigotes from nine
different Leishmania species, as well as different negative controls,
to validate the assay. This AAP3-Assay, run in duplex with a host
specific gene-assay, was then used for quantification of parasite
load of footpads from L. (L.) major-infected mice.

2. Materials and methods
2.1. Strains used in this study

Leishmania strains used in this study are given in Table 1. Leish-
mania promastigotes were grown at 26°C in RPMI 1640 medium
(Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% heat
inactivated fetal calf serum (Gibco®, Life Technologies - Invi-
trogen, Carlsbad, CA, USA), 1001U/ml penicillin and 100 pg/ml
streptomycin, or in Schneider’s Insect Medium (Sigma-Aldrich)
supplemented with 20% heat inactivated fetal calf serum and 1%
sterile-filtered human urine. Parasites in culture were washed and
counted by flow cytometry using reference beads (Flow-Count
Fluorospheres®, Beckman Coulter, Brea, CA, USA) after stain-
ing with Vybrant® DyeCycle™ Green Stain (Molecular probes®,
Eugene, OR, USA).

L. (L.) mexicana MHOM/BZ/82/BEL21 was a kind gift from Cen-
tro de Investigaciones Regionales ‘Dr. Hideyo Noguchi’, Universidad
Auténoma de Yucatan, Mérida, Yucatan, México. Cell pellets from
Leishmania strains as indicated in Table 1, as well as from Try-
panosoma brucei and T. cruzi, were kindly donated from Dr. Silvia

Table 1
Leishmania strains used in this study, and their Cq-value when 100 pg of DNA was used as template in the AAP3-Assay.
Species?® International code or other reference Origin Source® G©
L. (L.) aethiopica MHOM/ET/91/Kassaye Ethiopia SMI 234
L. (V.) amazonensis MHOM/BR/73/M2269, LEM 0690 Brazil CNRL 23.7
L. (V.) braziliensis MHOM/BR/87/LTB12MAR87, LEM 2839 Brazil CNRL 25.0
L. (V.) braziliensis MHOM/BR/75/M2904, LEM 2249 Brazil CNRL 25.1
L. (V.) braziliensis SMI 2094 Unknown SMI 253
L. (L.) donovani MHOM/CY/2006/CH33, LEM 5298 Cyprus CNRL 238
L. (L.) donovani MHOM/IN/80/DDS8, LEM 0703 India CNRL 23.7
L. (L.) donovani MHOM/ET/67/[HU3 Ethiopia SMI 23.7
L. (V.) guyanensis MHOM/GF/94/22319, LEM 2763 French Guiana CNRL 27.6
L. (L) major MHOM]/AF/2006/LEM5344, LEM 5344 Afghanistan CNRL 239
L. (L.) major MHOM/MA/2004/LEM4905, LEM 4905 Morocco CNRL 242
L. (L.) major MHOM/TN/2006/LPN296, LEM 5373 Tunisia CNRL 239
L. (L.) major MHOMY/IL/80/FRIEDLIN, LEM 3150 Israel CNRL 234
L. (L.) major-np MRHO)/SU/59/LV39 USSR CNRL 236
L. (L.) major-p MRHO)/SU/59/LV39 USSR CNRL 24.0
L. (L.) mexicana MHOM/MX/96/NANO1, LEM 3816 Mexico CNRL 238
L. (L.) mexicana MHOM/MX/93/CRE47, LEM 2695 Mexico CNRL 235
L. (L.) mexicana-np MHOM)/BZ/82/BEL21 Belize CIR 243
L. (L.) mexicana-p MHOM/BZ/82/BEL21 Belize CIR 244
L (V.) naiffi MHOM/GF/97/CRESS, LEM 3426 French Guiana CNRL 24.0
L. (L.) tropica MHOM/SU/74/K27, LEM 0419 USSR CNRL 242
L. (L.) tropica MHOM/MA/2000/INHW10, LEM 5277 Morocco CNRL 241

2 np: not been propagated in mouse; p: propagated in mouse.

b SMI: Public Health Agency of Sweden, Sweden; CNRL: Centre National de Référence des Leishmanioses, Montpellier, France; CIR: Centro de Investigaciones Regionales,

Universidad Auténoma de Yucatin, Mérida, Yucatan.
¢ Cq-value from the AAP3-assay using 100 pg DNA as template.
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Botero-Kleiven and Dr. Leigh Davidsson at the Public Health Agency
of Sweden, Sweden, and were kept in ethanol during transport to
our laboratory and until DNA extraction.

2.2. Detection of the AAP3 gene in Leishmania species

2.2.1. DNA extraction

Cultured promastigotes from the stationary phase and cell pel-
lets in ethanol were washed with Dulbecco’s phosphate-buffered
saline (10 mM Phosphate, 137 mM Sodium chloride, 2.7 mM Potas-
sium chloride, pH 7.4) (DPBS) before subjected to DNA extraction
using QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, except that Pro-
teinase K was used instead of protease. DNA was eluted in 100 .l of
Buffer AE (Qiagen). In all DNA extractions a negative control of DPBS
was included to monitor for contamination. DNA concentration
and quality was determined by a NanoDrop® ND-1000 Spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA). All DNA samples
were stored at —20°C.

2.2.2. Real-time PCR

Primers and hydrolysis probe (TagMan® MGB probe) targeting
a 74 bp region of the L. (L.) major gene encoding the arginine trans-
porter AAP3 were designed by the Custom TagMan® Assay Design
Tool from Applied Biosystems (Applied Biosystems, Warrington,
UK). The sequences of the primers and probe were 5-GGCGGC-
GGTATTATCTCGAT-3’ (Forward), 5'-ACCACGAGGTAGATGACAGA-
CA-3' (Reverse) and FAM 5'-ATGTCGGGCATCATC-3' NFQ (probe).
In silico analysis of specificity of the assay was performed
using the Vector NTI software (Life Technologies). A global
BLAST search was undertaken by the 74bp region wherein
the primers and probe bind. In addition, complete genome
sequences of some relevant bacteria (like Mycobacteria, Pseu-
domonas, Streptococcus, Staphylococcus) were downloaded from
GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and investi-
gated for the extent of binding (BLAST) of the primers and probe.

Each PCR test was performed in triplicate in a 20 pl reaction
mixture. The reaction mixture included: 1x TagMan Universal Mas-
ter Mix Il with UNG (Applied Biosystems), 1x Custom TagMan®
Gene Expression Assay Mix with primers and probe targeting the
Leishmania AAP3 gene, 1x TagMan® Copy Number Reference Assay,
Mouse, Tfrc, water and 100 pg of DNA sample. The PCR was run as a
duplex assay after comparing the results of singleplex AAP3-Assay
and the duplex with the Tfrc-Assay (results not shown).

The qPCR was performed with an Applied Biosystems 7900HT
Fast Real-Time PCR System (Applied Biosystems), with cycling con-
ditions as follows: 50 °C for 2 min, 95 °C for 10 min, followed by 40
cycles at 95°C for 15s and 60 °C for 1 min each. All samples were
run on MicroAmp® Optical 96-well Reaction Plates (Applied Biosys-
tems) sealed with MicroAmp® Optical Adhesive Film (Applied
Biosystems). Each run included multiple no-template controls.
Human DNA, T. brucei and T. cruzi was used as negative controls to
check for cross-reactivity. The human DNA for control was provided
by Christel G. Haanshuus, National Centre for Tropical Infectious
Diseases, Department of Medicine, Haukeland University Hospital,
Bergen, Norway.

Tenfold dilution series of L (L) major DNA (range
12ng-1.2 x 107 ng) were prepared for creating standard curves
and estimating assay performance for the AAP3-Assay. Besides
quantification, dilution series and standard curves were used for
estimation of PCR efficiency, limit of quantification (LOQ) and
limit of detection (LOD). LOQ and LOD were also estimated for L.
(L.) donovani and L. (V.) braziliensis. The dilution corresponding
to the LOQ was the highest dilution used for the standard curve.
For estimating repeatability and reproducibility, replicates of a
DNA sample from the footpads of BALB/c mice infected with L. (L.)

major parasites were used. DNA was quantified using the Absolute
Quantification Assay. Thresholds were set automatically. Ampli-
cons were run on a 2% agarose gel (SeaKem™, Lonza, Rockland,
ME, USA) with 1X GelRed™ (Biotium, Hayward, CA, USA) to check
for the correct size. Replicates with quantification cycle (Cq)-value
differing by more than 0.3 were omitted.

A unidirectional workflow pre- to post-qPCR was enforced, and
preparation of qPCR reaction mixture, DNA preparations and qPCR
were carried out in facilities physically separate from each other.

2.3. Detection of the AAP3 gene in L. (L.) major-infected mice

2.3.1. Mouse tissue samples

The left footpads of female BALB/c mice were inoculated
with 10 pl of 108 ml~! L. (L.) major parasites in stationary phase.
After swelling and lesions had developed, 56 days post inocu-
lation, mice were euthanized after first using Isoba vet. 100%
(Intervet/Schering- Plough Animal Health, Intervet Denmark A/S,
Denmark) for anesthesia. Footpads of control mice (2 animals) and
infected mice (8 animals), and liver for providing control DNA, were
harvested and stored at —80°C.

2.3.2. Ethical clearance

The animal experiments were approved by the National Animal
Research Authority in Norway and carried out at the Laboratory
Animal Facility (AAALAC-accredited) at the University of Bergen,
Bergen, Norway.

2.3.3. DNA extraction from mice tissue

Mouse footpads were subjected for DNA extraction by
a phenol-chloroform based protocol from Instituto Oswaldo
Cruz, Rio de Janeiro, Brazil, available at http://clioc.fiocruz.br/
documents/mmp.pdf (Leishmaniasis Epidemiology Network South
America, 2009). DNA pellet was dissolved in 200wl TE-buffer
(10mM Tris-HCl, 1 mM EDTA, pH 8.0) and incubated at room tem-
perature overnight. Mouse livers were incubated over night at 56 °C
in Buffer ATL (Qiagen) with 2 mg/ml Proteinase K (Qiagen), before
subjected to DNA extraction using QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer’s instructions. DNA was eluted in
100 .l of Buffer AE (Qiagen).

In all DNA extractions a negative control of DPBS was included
to monitor for contamination. DNA concentration and quality
was determined by a NanoDrop® ND-1000 Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). All DNA samples were
stored at —20°C.

2.3.4. Quantitative real-time PCR

In order to normalize the parasite load for amount of mouse tis-
sue DNA, and hence overcome the possible quantification errors
due to different cutting points when harvesting the footpads, the
qPCR was run as a duplex-assay with the AAP3-Assay and the
TagMan® Copy Number Reference Assay, Mouse, Tfrc (Applied
Biosystems, Foster City, CA, USA), as a reference assay. This pre-
made reaction mixture consists of primers and a VIC® dye-labeled
TAMRA™ probe which detects the single-copy transferrin receptor
gene (Tfrc) in the mouse genome.

Each qPCR test was performed in triplicate in a 20 .l reaction
mixture. The reaction mixture was as in Section 2.2.2, except that
100 ng of DNA sample was used as template. Initial dilution exper-
iments showed that with 100 ng of DNA the background level, or
inhibition, was negligible.

Fivefold dilution series of BALB/c mouse DNA (range
1050ng-0.33ng) were prepared for creating standard curve
and estimating assay performance for the Tfrc-Assay. For esti-
mating repeatability and reproducibility, replicates of a DNA
sample from the footpads of BALB/c mice infected with L. (L.)
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major parasites were used. DNA was quantified using the Absolute
Quantification Assay. Thresholds were set automatically. The
parasite load in tissue samples was given as the ratio between
Leishmania DNA and genomic mouse DNA in the 100ng DNA
applied to each PCR reaction. Since the amount of DNA cannot be
reliably estimated outside the linear area of the standard curve,
the DNA quantity for samples with Leishmania DNA less than the
LOQ was set to be equal to or less than the LOQ. Parallels with
Cq-value differing by more than 0.3 were omitted.

3. Results
3.1. Specificity of the AAP3-Assay and the Tfrc-Assay

The primers and probe for the AAP3-Assay were designed for
L. (L.) major. We also experimentally tested the ability of these
oligonucleotides to detect other different Leishmania species, rep-
resenting nine different species, either isolated from cell pellets or
cultured promastigotes. L. (L.) aethiopica, L. (V.) amazonensis, L. (V.)
braziliensis, L. (L.) donovani, L. (V.) guyanensis, L. (L.) major, L. (L.)
mexicana, L. (V.) naiffi and L. (L.) tropica could all be amplified with
the AAP3-Assay, as seen from Table 1. The PCR resulted in ampli-
cons of the correct size, 74 bp, as visualized by gel electrophoresis
(results not shown). Neither the AAP3-Assay nor the Tfrc-Assay
could amplify T. brucei and T. cruzi, or genomic DNA from humans
or mice (AAP3-Assay only).

The global BLAST search with the 74bp region (wherein the
primers and the probes bind) gave only hits indicating generation
of positive signals of the assay when targeting DNA from Leish-
mania species. Likewise, investigation of the bacterial genomic
sequences did not reveal strong binding of any combinations of
applied primers in a way that would generate amplification of any
segment to which the probe would bind, and thereby giving rise to
a positive signal.

3.2. Sensitivity of the AAP3-Assay

LOD and LOQ were estimated for L. (V.) braziliensis, L. (L.) dono-
vani and L. (L.) major using serial dilutions of DNA purified from
in vitro cultivated parasites. With the applied method used for
DNA extraction, 100 fg corresponded to 2 parasites (p). For L. (V.)
braziliensis, L. (L.) donovani and L. (L.) major the LODs, given in fg
with number of parasites with our extraction method in brackets,
were: >100fg (2 p), >10fg (0.2 p) and >10fg (0.2 p), respectively.
The LOQs for L. (V.) braziliensis, L. (L.) donovani and L. (L.) major were
>1000fg (20 p), >10fg (0.2 p) and >100fg (2 p), respectively.

3.3. Assay performance

From the DNA dilution series parameters of assay perfor-
mance other than sensitivity was calculated. From repeated runs
the mean slopes of the AAP3-Assay and Tfrc-Assay were —3.205
(range —2.994 to —3.305) and -3.193 (range —3.083 to —3.313),
respectively. Efficiency, as determined from the slope and using
the formula E=10-1/sloPe _ 1, was 105.1% for the AAP3-Assay
and 105.7% for the Tfrc-Assay. The correlation coefficient, R,
was 0.999 (range 0.996-0.999) for the AAP3-Assay and 0.997
(range 0.996-0.999) for the Tfrc-Assay, and the Y-intercept was
19.48 (range 18.26-20.85) for the AAP3-Assay and 31.83 (range
31.43-32.11) for the Tfrc-Assay. A DNA sample from the footpads
of BALB/c mice infected with L. (L.) major parasites was used for
estimating repeatability and reproducibility. The intra-assay coef-
ficient of variation (CV) for the AAP3-Assay, calculated from DNA
quantity of replicates, was for each of three separate runs 0.0908,
0.0901 and 0.0882, respectively. For the Tfrc-Assay the intra-assay
CV was for each of two separate runs 0.0179 and 0.021. Inter-assay
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Fig. 1. Amplification plot for the AAP3-Assay and the Tfrc-Assay. Amplification
curves for DNA isolated from footpad of uninfected Control mouse (Control) and
mouse infected with L. (L.) major.

CV, calculated from DNA quantity of separate runs, was 0.052 for
the AAP3-Assay and 0.059 for the Tfrc-Assay. The ratio in 100 ng
DNA between quantity of L. (L.) major DNA, as measured by the
AAP3-Assay, and mouse DNA, as measured by the Tfrc-Assay, was
3.22 x 1074 and 3.25 x 10~ for the same sample on two separate
runs.

No amplification of any of the no-template controls was
detected.

3.4. Estimation of L. (L.) major DNA in mice footpads

For analyzing and quantification of parasite load of footpads
from L. (L.) major-infected mice, the AAP3-Assay was run in duplex
with a host specific gene-assay; the Tfrc-Assay, which detects
mouse DNA. Leishmania DNA was successfully amplified from all
the infected mice, but not from the control mice. Fig. 1 shows
amplification plots for the AAP3-Assay and the Tfrc-Assay when
analyzing a sample of Leishmania-infected tissue, together with
plots for the Tfrc-Assay when analyzing a control sample of unin-
fected tissue. As the mice DNA constitute the majority of the DNA
in the infected tissue, all plots from the Tfrc-Assay make up a con-
current curve. Values for the AAP3-Assay triplicates and for the
triplicates of the Tfrc-Assay are given in Table 2. In addition, DNA
isolated from the footpad of one of the other L. (L.) major-infected
mice was analyzed, where we made two different dilutions of the
DNA to confirm that the same ratio between Leishmania DNA and
mouse DNA would still be obtained. For 148.5 ng sample the ratio
was 1.99 x 10~4 and using 74.3 ng of the same sample the ratio was
1.93 x 1074

4. Discussion

Microscopy has traditionally been the cheapest and easiest
method for detecting and counting, Leishmania parasites. How-
ever, real-time PCR is superior regarding sensitivity, specificity,
capacity and has in addition short time of analysis and minimized
subjectivity of laboratory staff. We have developed a qPCR assay
able to detect as little as 10fg of DNA, and to quantify down to
the limit of 10fg (L. (L.) donovani). The AAP3-Assay is effective
in detecting several different species, and possibly the species
range for our assay is broader than we have tested for. Regarding
specificity, both experimental and bioinformatic analyzes show no
homology of the target sequence to non-Leishmania sequences.
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Sample® Cqanp3-assay ™" Qty LeishDNA? Cafre-Assay” Qty mouseDNA® Qty LeishDNA/Qty mouseDNA
L. (L.) major-1 28.08 23x1073 25.55 90.03 2.55x107°

L. (L.) major-2 27.96 2.5x1073 25.46 96.18 2.60 x 10>

L. (L.) major-3 28.03 2.4x1073 25.46 95.99 2.50 x 10>

Control 1-1 Undet. - 25.46 95.79 -

Control 1-2 Undet. - 25.51 92.54 -

Control 1-3 Undet. - 25.49 93.84 -

a Control 1, uninfected mice; results are shown for all triplicates for each sample.
b Cq, quantification cycle.
¢ Undet., Undetermined.
d

Qty LeishDNA, Quantity Leishmania DNA in ng detected by the AAP3-Assay per 100 ng DNA.
¢ Qty mouseDNA, Quantity mouse DNA in ng detected by the Tfrc-Assay per 100 ng DNA.

With the applied method used for DNA extraction, 100 fg cor-
responded to 2 parasites. Assuming 80 fg of Leishmania DNA is
equivalent to one parasite, then 100 fg corresponds to 1.2 parasites,
indicating that the sensitivity of the AAP3-Assay actually is better
than experienced, and can be further improved by optimizing DNA
extraction.

Regarding sensitivity in terms of DNA quantity, the LOD of our
assay equals that of some of the publications targeting both rRNA-
and kDNA minicircle genes (Berzunza-Cruz et al., 2009; Nicolas
et al., 2002; Prina et al,, 2007; Gomes et al., 2012; Talmi-Frank
et al,, 2010; Wortmann et al., 2001), which are genes with high
copy numbers, but there are also publications targeting multicopy
genes showing higher sensitivity (Francino et al., 2006). However,
when using multicopy genes for quantification there might be a
need for a species specific standard curve as number of gene copies
vary between species (Weirather et al., 2011), thus making those
assays little suitable for a universal quantitative Leishmania-assay.
Like the AAP3-Assay, the assay of (Wortmann et al., 2001), targeting
the Leishmania 16S rRNA, was also able to amplify a wide range of
Leishmania strains at the genus level. However, the sensitivity was
only determined for L. (L.) mexicana, the Cq-values both within and
between species had a great range, though they not clearly spec-
ify if the same amount of DNA was used, and parameters for assay
performance, like efficiency, LOQ, reproducibility and repeatability
was not estimated, or at least not given in the text.

The chromosome that hosts the AAP3 gene is supernumerary;
tetrasomic for some species, like L. (L.) major, L. (L.) infantum and
L. (L.) donovani, and hexasomic for L. (V.) braziliensis (Rogers et al.,
2011). In L. (L.) major, L. (L.) infantum, L. (V.) amazonensis and L. (L.)
donovani there are two identical copies of AAP3 (Castilho-Martins
et al,, 2011; Shaked-Mishan et al., 2006), whereas in L. (L.) mex-
icana there is no reported equivalent gene duplication. We have
included 22 Leishmania strains, representing 9 different species.
The Cq-values for these strains using 100 pg DNA as template in
the AAP3-Assay are shown in Table 1. There is very little intra-
species variation in Cy-value, but some inter-species variation,
mainly between L. (V.) braziliensis and L. (V.) guyanensis against the
others species included in our study. This might indicate that ploidy
between strains and species does not largely affect the results of
the assay, but this should be investigated further. Tupperwar et al.
(2008) describes a PCR assay targeting the Leishmania GP63 able
to amplify several different species, but compared to the AAP3-
Assay there is a markedly difference in the Cq-valuable between
species when the same amount of template was used. Whether
there is a need for a species specific, or even strain specific, standard
curve for the AAP3-assay depends on the specific application and
the required accuracy, and has yet to be more thoroughly evalu-
ated. In contrast to other multicopy genes like the kDNA minicircle
and ITS1, with copy numbers around 10 000 and 200 respectively,
and as seen from Table 1, it is less likely, and for several species
probably species group-specific standard curve will be sufficient.

A way of avoiding a species specific standard curve could be to
use the DNA concentrations for the dilutions of the standard curve
instead of the number of parasites, and then using species related
conversion factors.

In this study we developed a qPCR assay that can be applied on
a broad range of species of the Leishmania genus, from both the
Old- and New World groups, including both L. (Leishmania) spp.
and L. (Viannia) spp., and which in addition can be used to analyze
DNA from both cell cultures and mouse tissue, and most likely DNA
from several other kinds of sample materials. By using a standard
curve one can determine the amount of target DNA in a sample,
and from that also calculate the number of parasites. However,
when isolating DNA from infected tissues the amount of DNA will
be dependent on the size of the tissue sample and the recovery
of DNA at the different steps of the isolation protocol. The use of
host reference gene can circumvent this problem. When applied
to Leishmania infected mouse, the AAP3- and Tfrc-Assays give a
ratio between Leishmania DNA and mouse DNA. This ratio, which
is independent of the amount of total DNA applied for the analy-
sis, is reflecting parasite load in the tissue and hence differences
can be detected. In a study by Tupperwar et al. (2008), they nor-
malized the parasite number to the total DNA isolated from the
mice tissue samples, and finally reported the parasite number per
milligram of original tissue, not using a host reference gene. This
reported result could then be prone to differences in recovery of
DNA during the extraction process. Nicolas et al. (2002) describe
a real-time PCR assay which successfully detects four different
Leishmania species from a wide range of mouse infected tissues.
However, the study does not include a method, like using a host
reference gene, for estimating and normalization of the parasite
burden of the tissue. They also target the high copy number mini-
circle kDNA, which might have drawbacks, as mentioned above.
A limitation of our method is that it not necessarily discriminates
between live and dead parasites. However, the levels of Leishmania
DNA detected will still indicate the parasite load at the time of
sampling.

In summary, we have developed a very sensitive method for
detection of Leishmania that can be applied for several different
species of the parasite. In combination with an assay for quantifica-
tion of host DNA, it is possible to measure the load of Leishmania in
infected tissues. With its high sensitivity the method has potential
as a tool for diagnostic purposes, including detecting asymptomatic
infections. Due to the quantification possibility, the method can be
used to monitor the progress of infection, which will be a valuable
tool in testing new drugs and in vaccine development.
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Abstract

experimentally infected mice.

and epidemiological studies.

Background: The leishmaniases comprise a spectrum of clinical manifestations caused by different species of
Leishmania. |dentification of species is important for diagnosis, treatment and follow-up management. However,
there is no gold standard for species identification. High resolution melting analysis (HRM) offers a possibility to
differentiate Leishmania species without the need for processing of the PCR-product. The amino acid permease 3
(aap3) gene is an exclusive target for trypanosomatids and is conserved among Leishmania spp., thus it can be a
valuable target for an HRM assay for diagnosis of the leishmaniases.

Results: The HRM dissociation profiles of three amplicons targeting the aap3-coding region allowed the discrimination
of L. (Leishmania) donovani, L. (L) infantum, L. (L) major, L. (L.) tropica, L. (L) mexicana, L. (L.) amazonensis, L. (Viannia)
braziliensis, L. (V) guyanensis, L. (V.) lainsoni, L. (V) naiffi and L. (V) shawi using DNA from promastigote cultures. The
protocol was validated with DNA samples from clinical infection in humans and a cat, naturally infected sand flies, and

Conclusions: HRM analysis using the aap3 coding sequence as target is a relatively cheap, fast and robust strategy to
detect and discriminate Leishmania species from all the endemic regions worldwide. The target and method proved to
be useful in clinical, field and experimental samples, thus it could be used as a tool in diagnosis as well as ecological

Keywords: PCR, HRM, Infectious diseases, Leishmania discrimination

Background

The leishmaniases are a group of diseases caused by Leish-
mania spp. Clinical presentations range from self-healing
cutaneous lesions to potentially lethal visceral leishmaniasis
[1]. It is defined by the World Health Organization (WHO)
as a neglected tropical disease, meaning it is underreported,
underestimated, underfunded and underprioritized by the
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pharmaceutical industry and often by public health author-
ities alike [2]. Over 350 million people are at risk of being
infected, and it is estimated that 20,000 to 40,000 die each
year of the leishmaniases [3]. In some regions, it is consid-
ered as largely an anthroponotic disease, while in others it
is a zoonosis. The reservoir of the parasite can be domestic,
sylvatic, and in some areas, both. Over 20 different species
of Leishmania can cause the disease in humans [1, 4]. The
species that cause disease in humans are grouped into
two subgenera: Leishmania (Leishmania) and Leishmania
(Viannia), based on biological features of the parasites [5].
Species identification is important for clinical diagnosis,
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prognosis, treatment and follow-up management. For
example, some L. (Viannia) species, such as L. (V.) bra-
ziliensis, are known to cause cutaneous lesions and may
later reappear as mucocutaneous lesions, thus requiring
systemic treatment, while other lesions infected by strains
known to only cause cutaneous manifestations may be
treated with local treatment or observation therapy [6].

The leishmaniases can be diagnosed in various ways,
all with their strengths and limitations. However, there is
no gold standard for diagnosing the diseases. Microscopy
is useful in a high-endemic setting, but lacks sensitivity
and needs a trained microscopist, not easily found in most
non-endemic areas. Diagnostic tests involving serology,
such as the direct agglutination test (DAT) and lateral flow
immunochromatographic tests can also be useful. Espe-
cially lateral flow immunochromatographic tests can give
a rapid diagnosis, are simple to use, easy to interpret and
relatively cheap - all qualities which are very important in
a low-resource setting in many endemic areas. However,
serological tests may vary greatly in their sensitivity and
specificity between endemic regions [7]. Furthermore, ser-
ology is not able to determine the species causing the dis-
ease. Diagnosis involving nucleic acid detection is valuable
due the high sensitivity and specificity, and for the poten-
tial ability to quantify and identify the infecting species.
There is a plethora of possible techniques and an equal
amount of possible targets [8].

Real-time PCR, followed by high-resolution melting
analysis (HRM), generates thermodynamic differences in
the dissociation profile of amplicons resulting in specific
signatures of polymorphisms due to small differences in
nucleotide composition [9]. HRM is rapid, comparatively
little laborious and a relatively cheap method where the
post-PCR treatment is contained in the tubes with small
risk for lab-contamination. HRM has been used for iden-
tification of other infectious agents [10-13]. In earlier
work, we have already shown that HRM can be a valu-
able tool for Leishmania genotyping, using hsp70 as a
target [14]. AAP3 is an amino acid transporter, which
mediates uptake of lysine, histidine, phenylalanine, cit-
rulline and arginine, with the highest affinity for the last
one [15-20]. AAP3 is involved in the polyamine pathway,
essential for parasite replication [17, 21-23]. The coding se-
quence for AAP3 is conserved among Leishmania spp., in-
dicating its value as the chosen target [17]. We already
demonstrated aap3 as an attractive target for detecting
Leishmania, by a real-time PCR method, but this approach
did not discriminate the species [24]. In this paper, we de-
scribe the use of the aap3 coding sequence as target for dif-
ferentiation of Leishmania spp., using HRM analysis. The
aap3-HRM method showed to be a specific and sensitive
tool to differentiate Leishmania spp., using reference strain
cultures and validated using clinical samples, naturally in-
fected sand flies and experimentally infected mice samples.
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Methods

Organisms

Promastigotes of Leishmania spp. (see Table 1) were
grown at 25 °C in M199 medium containing Earle’s salts,
supplemented with 10% fetal bovine serum, 40 mM
HEPES (pH 7.4), 100 pM adenine, 5 mg/l hemin, 0.05
mg/ml streptomycin and 4550 U/ml penicillin. Trypano-
soma cruzi (Y-strain), Crithidia fasciculata (TCC-039)
and Endotrypanum schaudinni (MCHO/BR/80/M6159)
were grown at 28 °C in liver-tryptose medium supple-
mented with 10% fetal bovine serum and 0.05 mg/ml
streptomycin and 4550 U/ml penicillin. Trypanosoma
brucei (Lister 427) was grown at 28 °C in SDM-79
medium (LGC Biotecnologia, Cotia, Sdo Paulo, Brazil),
supplemented with 10% fetal bovine serum, 0.05 mg/ml
streptomycin and 4550 U/ml penicillin. Mammalian DNA
from BALB/c mouse and Wistar rat were obtained from
the DNA repository of the Laboratory of Trypanosomati-
dae at Physiology - IB-USP and were used as negative con-
trols (see Additional file 1: Figure S1 and Additional file 2:
Figure S2).

Naturally and experimentally infected samples

To validate the standardized protocols, samples previously
identified by other diagnosis tests for the leishmaniases
were used as a template in aap3-HRM assays [14, 26].
Human paraffin-embedded samples (from patients from
Hospital das Clinicas da Universidade de Sao Paulo or
Hospital da Irmandade da Santa Casa de Misericérdia
de Sao Paulo), a sample from an infected cat (from
Instituto de Medicina Tropical de Sdao Paulo - USP),
naturally infected sand flies (from Superintendéncia de
Controle de Endemias de Sao Paulo), and samples from
experimentally infected mice (from Instituto de Biociéncias -
USP) were included.

DNA extraction
The Leishmania strains used as assay-standards, T. cruzi,
T. brucei, C. fasciculata, E. schaudinni and the mamma-
lian DNA was isolated using a modified salting out tech-
nique, as previously described [14]. The DNA from the
additional strains used for specificity studies was isolated
using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions.
DNA from mouse was isolated from whole blood and
DNA from rat was isolated from liver-tissue, both by using
the DNeasy Blood and Tissue Kit (Qiagen), according to
the manufacturer's instructions. DNA quality and concen-
tration were determined by NanoDrop ND-1000 Spectro-
photometer (Thermo Scientific, USA). All DNA was
stored at -20 °C until further use.

For the paraffin-embedded tissues, a first step of wash-
ing was performed with xylol heated to 95 °C to remove
paraffin, followed by repetitive washes of absolute ethanol.
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Table 1 Leishmania reference strains and additional strains used in this study with information about international code number,
clinical form and host according to the World Health Organization classification [25]

Strain International code number Clinical form Isolated from WHO reference strain

Assay standard strains
L. (L) donovani MHOM/IN/80/DD8 Visceral Homo sapiens Yes
L. (L) infantum MCER/BR/1981/M6445 Visceral Cerdocyon thous No
L. (L) tropica MHOM/SU/60/0D Cutaneous Homo sapiens No
L. (L) major MHOM/IL/81/Friedlin Cutaneous Homo sapiens No
L. (L) amazonensis MHOM/BR/1973/M2269 Cutaneous Homo sapiens Yes
L. (L) mexicana MNYC/BZ/62/M379 Cutaneous Nyctomys sumichrasti Yes
L. (V) lainsoni MHOM/BR/81/M6426 Cutaneous Homo sapiens Yes
L. (V) braziliensis MHOM/BR/1975/M2903 Cutaneous Homo sapiens Yes
L. (V) guyanensis MHOM/BR/1975/M4147 Cutaneous Homo sapiens Yes
L. (V) naiffi MDAS/BR/1979/M5533 na Dasypus novemcinctus Yes
L. (V) shawi MCEB/BR/84/M8408 Cutaneous Cebus apella Yes

Additional strains used for specificity studies
L. (L) donovani MHOM/CY/2006/CH33 Visceral Homo sapiens No
L. (L) tropica MHOM/SU/74/K27 Cutaneous Homo sapiens Yes
L. (L) tropica MHOM/MA/2000/INHW10 Cutaneous Homo sapiens No
L. (L) major MHOM/AF/2006/LEM5344 Cutaneous Homo sapiens No
L. (L) major MHOM/MA/2004/LEM4905 Cutaneous Homo sapiens No
L. (L) major MHOM/TN/2006/LPN296 Cutaneous Homo sapiens No
L. (L) major MRHO/SU/59/LV39 na Rhombomys opimus No
L. (L) mexicana MHOM/BZ/82/BEL21 Cutaneous Homo sapiens Yes
L. (L) mexicana MHOM/MX/93/CRE47 Cutaneous Homo sapiens No
L. (L) mexicana MHOM/MX/96/NANO1 Cutaneous Homo sapiens No
L. (V) braziliensis MHOM/BR/75/M2904 Cutaneous Homo sapiens Yes
L. (V) braziliensis MHOM/BR/87/LTB12MAR87 Mucocutaneous Homo sapiens No
L. (V) guyanensis MHOM/GF/94/22319 Cutaneous Homo sapiens No
L. (V) naiffi MHOM/GF/97/CRE88 Cutaneous Homo sapiens No

Abbreviation: na not applicable

Then DNA was purified by an organic extraction with
phenol-chloroform according Uliana et al. [27]. For sand
flies, cultured Leishmania and mice samples, DNA was
purified by silica columns, using DNeasy Blood & Tissue

Kit (Qiagen).

Primer design

The primers (listed in the Table 2) were designed based on
the following sequences: L. (L.) amazonensis (HQ912026.1
and HQ912027.1), L. (V.) braziliensis (XM_001567050.2),
L. (L.) major (XM_001685021.1), L.

(L) donovani

Table 2 Primer sequences used in this study based on the amino acid permease 3 (aap3) coding sequence, for amplicon 1 (Amp1),
amplicon 2 (Amp2) and amplicon 3 (Amp3)

Name Sequence (5-3") Length (bp) Orientation Amplicon size (bp)
AAP3-Amp1-F ATCCGCTACGTCTCCGCCATCGG 23 Forward 123

AAP3-Amp1-R CGTGGTGAAGTACTTCATGTCGC 23 Reverse

AAP3-Amp2-F GCCGTCGATAAACACCCGAGC 21 Forward 131

AAP3-Amp2-R AAGCGGAAGATGATGTTGCGCCC 23 Reverse

AAP3-Amp3-F GGCGGTCGCCTACATCAGCG 20 Forward 140

AAP3-Amp3-R CGGGCACCATGAACACGAGCCATA 24 Reverse
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(AY247004.1), L. (L) infantum (XM_001467313.2) from
GenBank, and L. (L.) aethiopica (LAEL147_000015800), L.
(L.) mexicana (L.mxM.30.0870), L. (L.) tropica (LTRL590_
310015200) and L. (V.) panamensis (LPAL13_000030300)
from the TriTryp Database [28]. To predict melting temper-
atures (Tm), Oligo Calculator version 3.27 was used [29].
The nucleotide sequences of the amplicons and primer lo-
calizations are detailed in Additional file 3. A global BLAST
search was performed for the three amplicon regions using
the available amplicon sequences from the strains listed
above.

PCR assays

Conventional PCR with the primers (Table 2) was per-
formed for testing amplicon specificity. PCR reactions
were performed using TopTaq Master Mix (Qiagen, Hilden,
Germany) in a final volume of 25 pl with 200 nM of each
primer and 25 ng of genomic DNA as a template. The cyc-
ling conditions were as follows: initial denaturation at 94 °C
for 3 min, followed by 25 cycles of denaturation at 94 °C for
1 min, annealing at 60 °C for 1 min and extension at 72 °C
for 30 s and a final extension at 72 °C for 10 min.

Real-time PCR was performed using MeltDoctor HRM
Master Mix (Applied Biosystems, Foster City, CA, USA),
according to the manufacturer’s instructions. Final reaction
volume was 20 pl, including 200 nM of each primer and
25 ng of genomic DNA as a template. Real time amplifica-
tion conditions were as follows: an initial denaturation step
at 95 °C for 5 min, followed by 40 cycles of denaturation at
94 °C for 30 s and annealing/extension at 60 °C for 1 min,
with the acquisition of fluorescent signals at the end of
each extension step, followed by the dissociation curve for
HRM analysis. All reactions were performed in a Ther-
mocycler PikoReal96 (Thermo Fisher Scientific, Walthan,
MA, USA).

High resolution melting analysis

For HRM analysis, fluorescent signals were detected at
0.2 °C intervals, with hold-time for 10 s, between 60-95 °C.
Data analysis was performed using PikoReal 2.1 Software
(Thermo Fisher Scientific, Walthan, MA, USA).

Sensitivity assays
For sensitivity assays we tested the performance of the
three amplicons with standard strains which produced an
overlapped melting profile (see Table 1 for information
about the strains).

For amplicon 1, we tested L. (L.) donovani, L. (L.) mexi-
cana, L. (V.) braziliensis and L. (V.) guyanensis. For ampli-
con 2, we tested L. (L.) donovani, L. (L.) mexicana, L. (L.)
infantum and L. (L.) tropica. For amplicon 3, we tested L.
(L.) donovani, L. (L.) mexicana, L. (V.) braziliensis and L.
(V.) guyanensis. For all amplicons, a range of parasite
DNA from 25 ng to 100 fg was tested, with or without
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25 ng/pl of human DNA. The DNA from standard
strains was purified from in vitro cultivated parasites,
as described above. Efficiency calculations were made
for each amplicon from template ranging from 25 ng to
50 pg (see Additional file 4: Figure S3).

Statistics

All samples were tested in duplicate in at least three in-
dependent experiments. One-way ANOVA was used to
calculate statistical difference between the Tm’s of paired
species for each amplicon. The results are presented as
mean differences with 95% confidence intervals, and stat-
istical significance set to P < 0.05. The results were ana-
lyzed and graphs were produced using GraphPad Prism
version 7 (Additional file 5).

Results

Specificity

Three amplicons were designed based on available se-
quences from GenBank or TriTryp database [28], con-
sidering that aap3 is present in two copies situated in
tandem around 4 kb apart in most of Leishmania spe-
cies [16, 47]. As expected, the BLAST search did not re-
veal any other hits than for Leishmania spp. As shown
in Additional file 1: Figure S1, designed primers generated
amplicons of the same size for all the species, presenting
differences in nucleotide composition. To predict and to
delimit potentially informative polymorphic regions, the-
oretical melting temperatures were calculated in silico
using the OligoCalc tool [29] (data not shown), to guide
primer design. In addition, the two copies of the gene
were aligned concomitantly for the choice of primers that
amplify both copies (data not shown). Although some
single nucleotide polymorphism (SNP’s) were detected
between the two copies of the gene, it did not alter the
Tm values. The alignments also allowed the selection
of conserved regions for the design of oligonucleotides
common to all species, which were used to generate
products containing differences in nucleotide composition
that were able to distinguish species or groups of species.
Furthermore, we analyzed the amplification profile by con-
ventional PCR using the same primers (Additional file 1:
Figure S1). We observed specific products of the same size
for all species analyzed for each set of primers: 123, 131
and 140 bp for amplicon 1, amplicon 2 and amplicon 3,
respectively. No formation of dimers of primers were
detected. Control samples were used and no amplifica-
tion was observed for T. brucei, T. cruzi, E. schaudinni,
rat, mouse and human DNA (Additional file 1 and
Additional file 2). The analysis of amplicon 3 showed an
amplification of C. fasciculata, a non-pathogenic and
closely related organism to Leishmania spp., but the Cq
and Tm values were able to distinguish C. fasciculata from
all Leishmania spp. tested (Additional file 1: Figure S1 and
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Additional file 2: Figure S2 ). Individual Tm values and
normalized melting profiles of 3 amplicons for reference
strains are presented in Fig. 1, indicating that these differ-
ential profiles distinguished among Leishmania spp. To re-
liably distinguish different species, we only considered
differences in Tm values exceeding + 0.25 °C, an interval
statistically determined as discriminatory (Additional file 5:
Figure S3).
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According to Tm and melting curves, amplicon 1 was
able to distinguish the species into 3 clusters for sub-
genus L. (Leishmania): the visceral L. (L.) donovani and
L. (L.) infantum, cutaneous strains from Eurasia and Af-
rica [L. (L.) major and L. (L.) tropica], and cutaneous
and mucocutaneous strains from the Americas L. (L.
amazonensis, L. (L.) mexicana, and strains of subgenus
L. (Viannia). Furthermore, it was also able to distinguish
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some species of the subgenus L. (Viannia) into 3 clus-
ters: L. (V.) lainsoni, L. (V.) braziliensis from the other
species in that subgenus (Fig. 1).

Amplicon 2 was especially designed for strains of the
subgenus L. (Leishmania). No amplification for subgenus
L. (Viannia) was observed (Additional file 1: Figure S1).
It was able to further distinguish the visceral strains into
two different clusters: L. (L.) donovani and L. (L.) infan-
tum. For the cutaneous species, it was able to distinguish
the Eurasian and African cutaneous strains L. (L.) major
and L. (L.) tropica. However, no difference in melting
temperature was detected for the American cutaneous
strains L. (L.) amazonensis and L. (L.) mexicana (Fig. 1).
Therefore, amplicon 3 was designed for this purpose.

Amplicon 3 was, as predicted, able to further distinguish
L. (L.) amazonensis from L. (L.) mexicana. Furthermore, it
was able to distinguish L. (L.) donovani from L. (L.) infan-
tum, thereby distinguishing the two species commonly
causing VL. It was also able to distinguish the more com-
mon causes of CL in Eurasia and Africa: L. (L.) major and
L. (L.) tropica.

Differences in amplification efficiencies could be ob-
served when the amplification curves from real-time
PCR were analyzed. Cq (quantification cycle) data were
used as a relative parameter of quantification for the 3
targets when normalized amounts of samples were com-
pared (see Additional file 2: Figure S2). Using 25 ng as
template, for all Leishmania species, the amplification
reactions produced curves with similar Cq values for
amplicon 1 and 3, indicating a good specificity for all
species. For amplicon 2, no amplification of DNA from
subgenus L. (Viannia) was observed. In addition, high
Cq-values for L. (L.) amazonensis, L. (L.) major and L.
(L.) mexicana indicate a lower efficiency compared with
the other L. (Leishmania) species, which also could be
used as a parameter of discrimination. For amplicon 1,
there was an unspecific amplification of human DNA.
However, both the Cq and Tm values were distinct.

For all amplicons, additional strains were tested for
specificity for all species, except L. (L.) infantum, L. (L.)
amazonensis, L. (V.) lainsoni and L. (V.) shawi, as we did
not have additional strains for these species available.
For amplicon 1, we found that most strains, except L.
(L.) major and L. (V.) naiffi showed a consistent profile
for their melting temperatures. For amplicon 2 a rela-
tively large SD was found for L. (L.) donovani (Table 3).

Sensitivity

To evaluate the role of DNA-concentration, we tested
the performance of the three amplicons in strains that
presented close melting temperatures, based on the spe-
cificity assays. The limit of detection (LOD) was esti-
mated using ten-times serial dilutions from 25 ng to 100
fg of DNA from standard strains purified from in vitro
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Table 3 Average melting temperatures and standard deviations
(SD) for standard strains and additional strains (see Table 1 for
further information on all strains tested)

Species Amplicon 1 Amplicon 2 Amplicon 3
Average SD  Average SD  Average SD
L. (L) donovani 8247 0.16 8523 030 86.04 0.08
L. (L) infantum 8251 na 8502 na 8567 na
L. (L) tropica 82.22 002 8647 008 8591 0.07
L. (L) major 82.29 0.24 8590 011 8557 0.04
L. (L) amazonensis ~ 83.00 na 8443 na 8645 na
L. (L) mexicana 83.12 000 8446 005 86.88 0.09
L. (V) lainsoni 8439 na na na 8588 na
L. (V) braziliensis 8344 018 na na 85.97 0.04
L. (V.) guyanensis ~ 83.83 015 na na 8614 0.1
L. (V) naiffi 83.89 026 na na 8600 0.21
L. (V.) shawi 83.92 na na na 8620 na

Abbreviation: na not applicable, where only one strain was tested

cultured parasites. For amplicon 1 the LOD was 100 fg
for all species tested except L. (L.) mexicana, which had
a LOD of 250 fg. For amplicon 2 the LOD was 100 fg
for all species tested except for L. (L.) mexicana, which
had a LOD of 50 pg. For amplicon 3, the LOD was lower
for all species, with 500 fg for L. (L.) donovani, L. (L.)
mexicana and L. (L.) guyanensis, while for L. (V.) brazi-
liensis the LOD was 50 pg. The LOD was the same for
all amplicons and all species in mixtures of Leishmania
and human DNA (data not shown). Considering that the
Leishmania genome sizes range between 29 Mb and 33
Mb, varying from 34 to 36 chromosomes [30], the esti-
mated single-cell DNA is approximately 75 fg. Thus, we
can assume that 100 fg is equivalent to just above one
parasite in most of the Leishmania species.

We further tested if the initial amount of DNA would
cause a variation in the melting temperature by serially
diluting DNA from 25 ng to 100 fg with or without 25
ng/pl of human DNA. For all three amplicons, the re-
sults were the same with or without human DNA. There
was a slight variation in melting temperature for all the
species, only exceeding 0.2 °C for L. (V.) guyanensis in
amplicon 1 with human DNA (Table 4). Furthermore,
for amplicon 1 the difference in melting temperature be-
tween L. (L.) mexicana and L. (V.) braziliensis could po-
tentially cause a confusion between these two species if
melting temperatures were considered for this amplicon,
the same can be noticed for L. (L.) donovani, L. (L.) bra-
ziliensis and L. (L.) guyanensis for amplicon 3 (Fig. 2).

Efficiency

The reaction efficiency for each amplicon was performed
using 25 ng, 5 ng and 50 pg of DNA from each reference
Leishmania species. Efficiency curves, slopes and R?
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Table 4 Effect of initial amount of DNA on melting
temperature. Mean and standard deviation (SD) for serial
dilutions of DNA from standard strains. DNA concentration
ranged from 25 ng to 100 fg. Human DNA concentration was
kept constant at 25 ng/ul

Strain Without human DNA With human DNA
Mean Tm + SD (°C) Mean Tm =+ SD (°C)
Amplicon 1
L. (L) donovani 8252 +0.10 8264 + 0.18
L. (L) mexicana 83.16 + 0.10 8323 +0.13
L. (V) braziliensis 83.31 + 0.09 8343 £ 0.11
L. (V.) guyanensis 83.83 £ 008 83.96 + 0.34
Amplicon 2
L. (L) donovani 8544 + 0.14 8544 + 0.14
L. (L) mexicana 8440 + 0.08 8456 + 0.07
L. (L) infantum 8492 + 0.1 85.17 + 0.14
L. (L) tropica 8633 £0.13 86.73 +0.18
Amplicon 3
L. (L) donovani 86.17 £ 0.12 86.15 +0.12
L. (L) mexicana 86.77 +0.16 8691 +0.16
L. (V) braziliensis 86.00 + 0.14 86.17 + 0.15
L. (V) guyanensis 8597 £0.13 86.36 + 0.13
Amplicon 1 Amplicon 2 Amplicon 3
87.2
87.00
e |
= -
o ==
_ h | == s s
QU 85.75 =
g =
5 8525 =
® 85.00
2w —
3 o =Sl
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= 83:25- = é
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Fig. 2 Effect of DNA-concentration on melting temperature (Tm °C).
Dispersion graph of Tm values for amplicons 1, 2 and 3 from a
range of 25 ng to 100 fg of DNA template. The plot shows mean,
minimum and maximum Tm-values
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values were calculated (see Additional file 4: Figure S3).
The template points produced Cq values between 20 and
30, where the PCR reactions produced copies of template
at exponential ratios and with 95-105% of efficiency.
The efficiency patterns were similar for all species tes-
tes for each amplicon, except for L. (L.) mexicana in
amplicon 2. The lower efficiency for L. (L.) mexicana
for amplicon 2 can be explained by the presence of mis-
matches comparing in primers (see Additional file 3),
as can also be observed in the Cq values showed in
Additional file 2: Figure S2.

Validation using naturally and experimentally infected
samples

To validate the aap3-HRM protocol with other samples
than reference strain cultures, we applied this protocol in
seven biological samples from naturally infected humans,
naturally infected cat, naturally infected sand flies, and ex-
perimentally infected BALB/c mice (Table 5). The results
of amplicon 1 showed a correlation with those obtained
with other diagnostic targets; small subunit ribosomal
DNA (SSU rDNA) [26], glucose-6-phosphate dehydrogen-
ase (gopd) PCR [31] and heat-shock protein 70 (hsp70)
HRM [14]. Although amplicons 2 and 3 were not able to
amplify all samples, the positive samples correlated with
results obtained with other targets.

Discussion
Diagnosing Leishmania infection at the species level is
important, as it may guide treatment options and follow-
up protocols. Accurate diagnosis is also important in an
ecological and epidemiological sense. Unfortunately, in
most endemic regions, the leishmaniases are underre-
ported, and the true burden of the disease remains un-
known. Techniques that target genomic or mitochondrial
DNA by PCR or related techniques are today the most
common for detection and identification of Leishmania
spp. However, there is no gold standard in methods and
targets [8]. Common targets such as kinetoplast DNA
(kDNA) and SSU rDNA gene have been used for parasite
detection. On the other hand, the gépd coding region, in-
ternal transcribed spacer 1 (ITS1) rRNA, and hsp70 cod-
ing region have been more commonly used to identify the
parasite at the species level [14, 32-38]. Conventional
PCR and real-time PCR often followed by sequencing is
increasingly being used for detection and identification of
Leishmania spp. [6, 39]. Both methods are relatively la-
borious and time-consuming and they require PCR
product manipulation, increasing the risk of laboratory
contamination. Furthermore, the interpretation of the
results requires also considerable skill and experience.
HRM is a relatively new real-time PCR coupled tech-
nique, with the first papers appearing in 2003 [40, 41]. The
technique identifies nucleotide composition polymorphisms
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Table 5 Identification of Leishmania in naturally and experimentally infected samples by HRM analysis targeting the aap3 gene

Sample HRM identification Previous diagnosis

source Amplicon 1 Amplicon 2 Amplicon 3 Diagnostic method Species identification
Human® L. (L) amazonensis negative negative SSU rDNA sequencing L. (L) amazonensis
Human® L. (L) infantum L. (L) infantum L. (L) infantum SSU rDNA sequencing L. (L) infantum

Cat® L. (L) infantum L. (L) infantum L. (L) infantum hsp70 HRM L. (L) infantum
Mouse® L. (L) amazonensis L. (L) amazonensis L. (L) amazonensis SSU rDNA sequencing L. (L) amazonensis
Mouse® L. (V) braziliensis negative L. (V) braziliensis gépd PCR L. (V) braziliensis
Sand flies® L. (L) infantum L. (L) infantum L. (L) infantum SSU rDNA sequencing L. (L) infantum

Sand flies’ Subgenus Viannia negative Subgenus Viannia g6pd PCR L. (V) braziliensis

Note: The aap3 amplicons 1, 2 and 3 of DNA from each sample was submitted to HRM analysis. The result was compared with previous identification performed

by SSU rDNA-sequencing [26], hsp70 HRM [14] or g6pd PCR [31]
“Human paraffin-embedded tissue from Hospital das Clinicas de Sao Paulo

PHuman paraffin-embedded tissue from Irmandade da Santa Casa de Misericordia de Sao Paulo

“Isolated parasites from cat

dExperimentally infected BALB/c mice

®Naturally infected Lutzomyia (Lutzomyia) longipalpis
Naturally infected Lu. (Nyssomyia) whitmani

in real-time PCR products. The HRM methodology pre-
sents several attractive features: the whole process is per-
formed in a closed-tube system (avoiding contamination in
the laboratory) and it is relatively fast and cheap. The ana-
lysis may also be automated. The melting temperature gen-
erated depends on a range of factors, where GC-content,
sequence, and length of the sequence are central. The melt-
ing curves can be objectively differentiated from each other
by differences in melting temperature and shape [9].

For Leishmania, there are few studies utilizing HRM
for detection and species identification. One of the earli-
est reports on the usefulness of HRM in differentiation
of Leishmania species is by Nicolas et al. [42] who uti-
lized polymorphisms in the coding sequence for minicir-
cle kDNA to differentiate Eurasian and African species,
L. (L.) major, L. (L.) donovani and L. (L.) tropica, and L.
(L.) infantum. Later, Talmi-Frank et al. [43] utilized the
ITS1 rRNA region to identify, distinguish and quantify
Eurasian and African species, L. (L.) infantum/L. (L.)
donovani, L. (L.) aethiopica, L. (L.) tropica and L. (L.)
major. Both Nicolas et al. [42] and Talmi-Frank et al.
[43] only targeted Eurasian and African species, making
the approaches valuable in these endemic areas, al-
though of limited value in other endemic areas and in a
non-endemic settings where species from all endemic re-
gions could be expected. Pita-Pereira et al. [33] also uti-
lized the minicircle kDNA to discriminate among strains
from the subgenus L. (Viannia) and L. (L.) infantum and
L. (L.) amazonensis, making it an attractive methodology
in an American setting to differentiate strains commonly
causing cutaneous, mucocutaneous and visceral manifes-
tations. Ceccarelli et al. [44] also demonstrated an ability
to differentiate species of the subgenus L. (Leishmania)
from L. (Viannia). HRM has also been used for detec-
tion of Leishmania in sand ﬂies, where Aghaei et al. [45]
used ITS1 to identify L. (L.) tropica in sand flies. Kuang

et al. [46] utilized the lack gene to differentiate five Eur-
asian and African species from one American species, L.
(V.) braziliensis. Although they showed its usefulness in
clinical samples, the relatively few Leishmania species
tested made it difficult to conclude if this target could
be useful in other endemic areas. With increasing travel
to several endemic regions, the correct diagnosis and
species identification for the leishmaniases is of para-
mount interest. Hernandez et al. [36] utilized the ITS1
and &sp70 to differentiate L. (L.) mexicana, L. (L.) infan-
tum, L. (L.) amazonensis, L. (V.) panamensis, L. (V.)
guyanensis and L. (V) braziliensis. Although they found
some ambiguities in species identification between the
targets, they showed that ITS1 and Asp70 had potential
as diagnostic targets utilizing HRM. Zampieri et al. [14]
showed, in a recent paper, that HRM targeting several
polymorphic sites on the /sp70 coding region could suc-
cessfully be used to differentiate several Eurasian, Afri-
can and American species. This makes it the most
attractive target reported so far, especially useful in a
non-endemic setting where the patient could have trav-
elled to several endemic areas.

In this work, we describe a method for rapid detection
and discrimination of most Leishmania species. We used
the aap3 coding sequence as target. Leishmania aap3
coding sequences available in the GenBank and TriTryp
databases were aligned to search for relatively conserved
regions but present polymorphisms that enable the iden-
tification of different species. For this, the available cod-
ing sequences of some species from the subgenus L.
(Leishmania) and L. (Viannia) were analyzed in silico.
The coding sequence for aap3 is present in two copies
and organized in tandem in most of the Leishmania spp.
genomes. For L. (L.) donovani and L. (L.) amazonensis a
98% identity has been described between the copies of
coding regions and a 93% identity between these two
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species [16, 47]. In addition, aap3 appeared conserved
among other Leishmania species [17]. Although some
species present only one aap3 gene copy, for example L.
(V.) braziliensis, this could be due the misannotation in
the genome database. Considering these observations,
the polymorphisms found between the two copies of the
coding region did not affect the Tm analysis.

Amplicon 1 was able to discriminate the two strains
causing visceral leishmaniasis from strains causing Ameri-
can cutaneous leishmaniasis. Furthermore, it was able to
differentiate the American cutaneous strains and several of
the strains of the subgenus L. (Viannia). The inability to
differentiate the two visceral strains L. (L.) donovani from
L. (L.) infantum was compensated with these strains having
distinct Tm’s in amplicon 2 and amplicon 3. The same
situation is true for the Eurasian cutaneous species: L.
(L.) major and L. (L.) tropica were indistinguishable in
amplicon 1, but had distinct Tm’s in amplicons 2 and 3.
Leishmania (L.) amazonensis and L. (L.) mexicana are
phylogenetically closely related species [48], and the
difficulty in differentiating these species for diagnostic
purposes has been described elsewhere [14]. Both amplicon
1 and 2 showed similar profiles for these two species, while
amplicon 3 was able to distinguish them. Amplicon 2 was
specifically designed for the subgenus L. (Leishmania), and
there was no amplification of L. (Viannia) spp. High Cq
values, observed for L. (L) amazonensis, L. (L.) mexicana
and L. (L.) major for amplicon 2, could be explained by
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primer-mismatches. Some caution should be taken
when analyzing the result in a diagnostic setting, espe-
cially if negative. However, taken together the results
from all amplicons can be considered to strengthen the
diagnosis.

Diagnosing leishmaniasis relies on patient and travel his-
tory, clinical information (symptoms and clinical findings),
and results from laboratory tests. Thus, for example, the
inability of amplicon 1 to reliably distinguish L. (L.) dono-
vani from L. (L.) infantum, in a patient with suspected vis-
ceral leishmaniasis is of little importance in a clinical
setting, as the patient would receive the same treatment
and follow-up regime regardless. But in an epidemiological
setting, it is of importance to distinguish the species from
each other to generate reliable data.

In general, multi-copy genes can be expected to yield a
higher sensitivity in molecular diagnostics. The assays
developed by Talmi-Frank et al. [43], Hernandez et al.
[36] and Zampieri et al. [14], all report a limit of detec-
tion (LOD) of less than one parasite. Despite that aap3
only comes in two copies we report a relatively good
sensitivity with a LOD of 100 fg for amplicon 1 (just
above 1 parasite) to 500 fg for amplicon 3 (approximately
5 parasites). This could probably be improved with a
pre-amplification step.

Some HRM assays have found little evidence that
DNA concentration of the initial template influences the
Tm [36, 46]. However, the initial amount of DNA for

I;(E.M I;(I:)lajﬂ—b Amplicon 2 Amplicon 3

S R~ Amvicon 3

i L(L) Amplicon 2 Amplicon 3

L. (L.) donovani L. (L.) tropica — Amplicon 1 Amplicon 2

L. (L.) infantum L. (L.) major — Amplicon 1 Amplicon 2

Fig. 3 Proposed strategy for Leishmania species identification. Diagram of a proposed strategy using aap3-HRM for species identification. For VL
patients from the Americas, amplicon 1 would suffice, while for VL patients from Eurasia and Africa we suggest the use of either amplicon 2 alone or

Samples from L. (L.) de
Eurasia _[
or Africa
A L it
Samples from L. (L.) infantum
r  Eurasia _
N L. (L.) donovani
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r  Eurasia
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this assay influenced the Tm for some of the species.
This is in concordance with the findings of Zampieri et
al. [14], who also found that initial DNA applied to the
assay did affect the Tm for several strains. For the ampli-
cons investigated in our study, this could lead to a mis-
identification for L. (L.) mexicana and L. (L.) braziliensis
for amplicon 1. However, it should be noted that we
propose the use of the three amplicons in the identifica-
tion to strengthen the diagnostic validity and avoid spe-
cies misidentification. A strategy for Leishmania species
identification in patients with suspected leishmaniases is
proposed in Fig. 3.

The validation of the target and the technique with
clinical and experimentally infected samples from human,
cat, mice and sand flies indicated a good correlation with
other diagnostic targets and techniques. Not all amplicons
were able to yield a result for all the samples, as could be
expected due to differences in specificity and sensitivity of
the primers, where amplicon 2 was not produced for any
species belonging to the subgenus L. (Viannia). Despite
the limited number of samples tested, the data indicate
the potential of the aap3-HRM method to identify Leish-
mania species.

Conclusions

Overall, the aap3 coding sequence can be a promising
target since it is specific and conserved for Leishmania
spp. The design of the aap3-HRM protocol described is
a relatively rapid, simple, sensitive and specific method
to identify and distinguish several Leishmania spp. There
is no need for sequencing or gel fractionation to analyze a
PCR-product, minimizing the laboratory contamination as
all the reactions are performed within a closed tube. The
method can be automated, dispensing a trained technician
to analyze the results. It also has the potential to quantify
parasites present in samples, as it is a real-time PCR
technique, able to detect a small number of parasites.
In conclusion, the protocol described may offer a relatively
low-cost and reliable method for detection and identifica-
tion of Leishmania in biological and clinical samples.

Additional files

Additional file 1: Figure S1. Agarose gel electrophoresis of PCR products.
Reactions were performed using TopTaq Master Mix (Qiagen, Hilden,
Germany) in a final volume of 25 pl with 200 nM of each primer and 25
ng of genomic DNA as a template. The PCR product was applied to a
3% agarose gel and stained with ethidium bromide. Conventional PCR
products for standard strains and controls: A, amplicon 1 (expected 123
bp); B, amplicon 2 (expected 131 bp); C, amplicon 3 (expected 140 bp).
(DOCX 8881 kb)

Additional file 2: Figure S2. Specificity using Cq values as parameter.
Representative graph of Cq values obtained with HRM assays. The same
amount of genomic DNA from all species was used as template to

evaluate amplification efficiency. The samples used as negative controls
are marked in red. Products generated in late Cq's (>30) were evaluated
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in the PikoReal software and revealed that Tm’s and melting profiles
were different than for Leishmania. The fluorescence generated for these
samples was due to unspecific amplification or noise. (DOCX 152 kb)

Additional file 3: Alignment of nucleotide sequences of aap3 coding
regions and primer localization. The underlined sequences indicate the
position of the primers used and the grey boxes represent the variable
regions found among the Leishmania strains based on in silico analysis.
The numbers at the top of each amplicon are based on the position of
the nucleotides in relation to the whole coding sequence in L. (L)
amazonensis. (DOCX 21 kb)

Additional file 4: Figure S3. Efficiency curves for all amplicons. Efficiency
curves, slopes and R2 were calculated from four species for each amplicon
using 25 ng, 5 ng and 5 pg of DNA from each Leishmania species. For
amplicon 1 and 3 two species of L. (Leishmania) and two of subgenus L.
(Viannia) were selected. Amplicon 2 only amplified L. (Leishmania), and
strains from this subgenus were therefore selected. (DOCX 948 kb)

Additional file 5: Statistical analysis of melting temperatures (Tm's) for
all amplicons. (XLSX 16 kb)
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