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STRUCTURE OF THE THESIS 

The thesis is composed of an introduction, 9 chapters and conclusions. Every chapter is 

introduced by a brief paragraph that explains the content. Chapters 1-4 and 6 report 

papers already published, chapter 7 is a work under review, while chapters 5, 8 and 9 

contain unpublished data. During my Ph.D., I dealt with three macro-topics related to 

leishmaniasis: (i) the development and application of new molecular approaches for the 

parasite characterization at the species and strain level (chapters 1-5); (ii) the evaluation 

of current treatments, the problem of drug resistance and the screening and 

identification of new compounds active on Trypanosomatidae (chapters 6-8); (iii) host-

pathogen interaction for the discovery of new infection markers (chapter 9). The 

references relating to each work are found at the end of each chapter. 
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1.1 General Aspects 

Leishmaniases are a group of anthropo-zoonic parasitic diseases caused by a protozoan 

belonging to Leishmania genus that affect millions of people worldwide, both in Old 

World (Europe, Asia, Africa) and New World (America) (Akhoundi et al., 2016; Alvar et 

al., 2012). According to the WHO, more than 1 billion people leave in endemic areas for 

leishmaniasis and are at risk of infection. Thirty thousand new cases of visceral 

leishmaniasis (VL) and more than 1 million new cases of cutaneous leishmaniasis (CL) 

have been estimated annually. In 2018, 92 and 83 countries and territories were 

considered endemic for leishmaniasis; most of them are developing countries 

(https://www.who.int/health-topics/leishmaniasis). Italy and the Mediterranean Basin 

are included in these areas where L. infantum species is the causative agent of human 

and canine leishmaniasis (CanL). The parasites are transmitted by the bite of female 

infected sandflies of the genus Phlebotomus or the genus Lutzomyia. The pathogens 

replicate in the vector middle intestine which injects the parasites into the vertebrate 

host during the blood meal. There are several vertebrate hosts for Leishmania, from 

canids to cats and wild rodents (Podinovskaia and Descoteaux, 2015) that have an 

important role as reservoirs of infection for humans. 

In humans, there are three main forms of the disease: cutaneous (CL), mucocutaneous 

(MCL) and visceral leishmaniasis (VL). CL is characterized by papules and nodules that 

can evolve to skin ulcerative lesions nearby the phlebotomine bite site or regress 

spontaneously. The mucocutaneous leishmaniasis (MCL) shows destruction of the oro-

nasopharyngeal tissue. VL is the most severe form of the disease and consists of a 

chronic infection of internal organs such as spleen, liver, and bone marrow; if left 

untreated is fatal (Podinovskaia and Descoteaux, 2015). The clinical manifestations 

depend on the species and the host’s immune response to infection, and ranges from 

asymptomatic to fatal. VL is caused by Leishmania donovani complex that includes L. 

donovani and L. infantum; CL is related to Old World species like L. major and L. tropica, 

and New World species like L. mexicana. Although the form caused by species of the 

Viannia subgenus, including L. braziliensis, are generally responsible for the CL, the 

https://www.who.int/health-topics/leishmaniasis
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parasite can also migrate to the oro-nasopharyngeal tissues and evolve in the MCL 

(Rogers et al., 2011). 

Even though the VL cases are decreasing due to surveillance projects introduced by the 

WHO, the disease still causes relevant problems in poor countries. On the other hand, 

the CL cases increase every year, probably because of globalization and climate change. 

Moreover, the prevention and the control of leishmaniasis are complex and require a 

combination of intervention strategies that involve humans, animal reservoir hosts, 

parasites, and vectors (WHO).  

The treatments available are few and have severe limitations like toxicity, difficulty in 

administration, decrease efficacy, high production cost, and the most important, the 

presence of resistant strains (Sasidharan and Saudagar, 2021). Briefly, the current drugs 

are pentavalent antimonials, amphotericin B, pentamidine, miltefosine and 

paromomycin. The mechanism of action, when known, the characteristics and the 

limitations of these treatments will be described below.  

For all these reasons, a rapid, cheap, and early diagnosis associated with effective 

therapy is pivotal to reduce the prevalence of the disease and to prevent disabilities and 

death. These two aspects will be discussed in the thesis and new data will be presented.  
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1.2 Classification 

Leishmania genus belongs to Protozoa kingdom. The classification of this kingdom is 

quite complex and has undergone many changes over the year. More than 50,000 

species have been identified, most of which are free-living organisms, but several are 

parasitic to humans. Some species are considered commensals and generally not 

harmful, whereas some others are pathogenic and can cause disease (Yaeger, 1996). 

The genus Leishmania belongs to the class of Kinetoplastea and the order of 

Trypanosomatida. All the kinetoplastids are characterized by the kinetoplast, a DNA-

containing structure placed inside the single mitochondrion (Klatt et al., 2019). Until 

today, more than 50 species of Leishmania have been identified and classified in two 

clade: Euleishmania and Paraleishmania (Cupolillo et al., 2000). Euleishmania 

encompasses four subgenera (Figure 1): Leishmania (Leishmania), Leishmania (Viannia), 

Leishmania (Sauroleishmania), Leishmania (mundinia) also called L. enriettii complex.  

 

 

 

[Figure 1] Classification of human and animal pathogenic trypanosomatids. Human pathogenic species are 
underlined. In bold, pathogens causing systemic infection. (Sereno et al., 2020) 
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Among all the species, 20 are pathogenic to humans and cause leishmaniasis and belong 

to Leishmania subgenus (presents in both Old and New World) and Viannia subgenus 

(limited to Tropical America) (Akhoundi et al., 2016). Leishmania subgenus includes L. 

donovani complex (L. donovani, L. infantum, also called L. chagasi in South America), the 

L. mexicana complex (L. mexicana, L. amazonensis), L. tropica, L. major, L. aethiopica, 

whereas L. braziliensis, L. guyanensis, L. panamensis and L. peruviana belong to 

subgenus Viannia (Figure 1). 

In general, most of the species have been considered zoonotic agents because humans 

represent the secondary host except for L. donovani, the causative agent of 

anthroponotic visceral leishmaniasis (spread in India, Bangladesh, Sudan, Ethiopia, 

Kenya), and L. tropica that causes anthroponotic cutaneous leishmaniasis (spread in 

Middle East, Kenya, and North Africa). 
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1.3 Geographical Distribution 

According to the WHO Expert Committee, countries are classifying as: (i) “endemic” if at 

least 1 autochthonous case has been reported and the entire cycle of transmission is 

demonstrated; (ii) “previously reported cases” if at least 1 autochthonous case have 

been reported but the cycle of transmission is not demonstrated; “not autochthonous 

cases reported” if no cases have been reported. As already cited, leishmaniasis has a 

worldwide distribution but continues to represent a health problem in four eco-

epidemiological regions: the Americas, East Africa, North Africa and West and South 

East Africa (Ruiz-Postigo et al, 2021). Recently, it was published a report by the World 

Health Organization titled “Global leishmaniasis surveillance: 2019-2020, a baseline for 

the 2030 roadmap” (Ruiz-Postigo et al, 2021). According to this document, in 2020, 

among the 200 countries that reported to WHO, 98 (49%) were endemic for 

leishmaniasis; of those, 89 were endemic for CL, 79 were endemic for VL, and 71 were 

endemic for both. Of the endemic countries, 25 have been considered to have “high 

burden of leishmaniasis” (>100 VL cases or >2500 CL cases) since 2014: 13 countries for 

VL, 12 countries for CL, 1 country for both. In 2019-2020, 2 more countries have been 

added (Eritrea and Yemen). All the other endemic countries are considered as “having a 

low burden”. CL and VL are endemic in Africa, Americas, Eastern Mediterranean Region, 

Europe, South-East Asia, but most of the cases are referred in Eastern Mediterranean 

and Africa for CL and VL, respectively. Only one country, China, is endemic for both CL 

and VL in Western Pacific Region (Ruiz-Postigo et al, 2021).  

In 2020, a total of 208,357 new CL cases and 12,838 new VL cases were reported to 

WHO. More than 90% of CL cases were in Eastern Mediterranean Region and South 

America with most of the cases in seven countries: Brazil, Colombia, Pakistan, Iraq, 

Algeria, Afghanistan, and the Syrian Arab Republic (Figure 2).  
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[Figure 2] Status of endemicity of CL worldwide, 2020  
(Global leishmaniasis surveillance: 2019-2020, a baseline for the 2030 roadmap, WHO) 

 

 

Regarding the VL cases, the hot spots are East Africa (Ethiopia, Eritrea, Kenya, Somalia, 

Sudan and Uganda), the Indian subcontinent (India, Nepal, Bangladesh) and Brazil 

(Figure 3).  
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[Figure 3] Status of endemicity of VL worldwide, 2020  
(Global leishmaniasis surveillance: 2019-2020, a baseline for the 2030 roadmap, WHO) 

 

 

At a global level, there was a general increasing trend in the number of CL cases 

between 1998 and 2019 and an important decrease between 2019 and 2020, mainly 

due to the Europe trend. In the same way, also the number of VL has decreased 

consistently. A total of 3,813 VL deaths were reported in 2014-2020 with a case fatality 

rate of 3.3% in 2017, with a decrease to 2.7% in 2020. The report underlines the 

improvements made in leishmaniasis surveillance since 2014; nevertheless, the 

parasites continue to extend to new areas in endemic countries and to new countries 

(Ruiz-Postigo et al, 2021). The different Leishmania species with their respective 

reservoirs hosts and the geographical distribution are summarized in Table 1 
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[Table 1] Leishmania spp. with their reservoir hosts and geographical distribution  
(Sasidharan and Saudagar, 2021) 

 

1.3.1 Leishmaniasis in Italy  

Italy and the South of Europe are endemic areas for VL and CL caused by L. infantum 

species, which is also responsible for the CanL. The first documented epidemic outbreak 

in Italy was observed between 1971 and 1972 near Bologna, with 60 new cases and 13 

deaths. Subsequently, between 1989 and 2009, Italy recorded an increase in human VL, 

with 10-30 cases reported annually since 1950. The epidemic peak was reached 

between 2000 and 2004 with more than 200 cases/year (Gramiccia et al., 2013). 

Unfortunately, these data are rather old, and many regions suffer from under-

notification while active surveillance programs have been set up in the Campania, Sicily, 

and Liguria regions. In 2020, Ortalli et al. found 12.5% prevalence 

of Leishmania infection in the blood donor in Bologna province (endemic area in 

northeastern Italy) indicating an elevated exposure and suggesting the importance of a 

surveillance system for monitoring Leishmania infection (Ortalli et al., 2020). 

Although the number of human leishmaniasis cases in Italy are limited, the CanL 

distribution is more problematic. Since dogs represent one of the most important 

reservoirs of infection for humans, the control of infected dogs is important for public 

health and the development of prevention plans. Nevertheless, in some geographical 

areas, the direct association between the prevalence of CanL and the human VL is not 

clear. According to the latest data published on the website www.salute.gov.it from the 

“Ministero della Salute” in collaboration with “Centro di Referenza Nazionale per le 

Leishmaniosi” (C.Re.Na.L.), in Italy, the average percentage of dogs’ serum prevalence in 

http://www.salute.gov.it/
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2017 was 18.65% with a total number of 55,774 tests, of which 10,402 were positive 

(tests performed by IFAT) (Figure 4). In particular, Piemonte, Tuscany, Veneto and 

Sardinia regions showed a consistent circulation of the Leishmania parasite, higher 

compared to the past, a symptom not only of a greater spread of the parasite but also of 

poor surveillance of the pathology.  

 

[Figure 4] Number of cases of CanL in different Italian regions in 2017. The X-axis shows the italian 
regions. The yellow bars indicate the total number of tests performed by IFAT, while the blue lines the 

percentage of positivity. 
( https://www.salute.gov.it/portale/sanitaAnimale/dettaglioContenutiSanitaAnimale ) 

 

The average percentage of serum prevalence in 2017 was 14.21%, 7.42%, and 32.76%, 

in the North, center and South of Italy, respectively. The most affected regions were 

Piemonte/Valle d’Aosta and Lombardia in the North, Molise in the center and Sicily, 

Campania, and Sardinia in the South. Notably, territories that were considered CanL-free 

until some years ago, showed an increase of autochthonous infection, especially in the 

North. Surveillance plans are carried out in several regions and are focused to control 

the canine reservoir increasing in non-endemic areas and the rapid vector sand flies 

spread. The goal is to limit cases of infection by monitoring the vector and infected dogs 

and implementing proper disclosure among dog owners. Despite dogs historically 

represent the most important reservoir of infection, an increasing number of studies 

suggests that leishmaniasis also affect many other mammalian and avian species. 

https://www.salute.gov.it/portale/sanitaAnimale/dettaglioContenutiSanitaAnimale
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Domestic animals, in particular cats, pose a concern because of close contact with 

humans (Cardoso et al., 2021). 
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1.4 Leishmania Morphology and Life Cycle 

The life cycle of Leishmania is digenetic and it involves two different hosts: mammalian 

and insect (Figure 5). The insect vector is the sandfly belonging to the Phlebotomus 

genus in the Old World and Lutzomyia genus in the New World (Sasidharan and 

Saudagar, 2021). During its life cycle, Leishmania undergoes important morphological 

changes depending on the environmental conditions present in the two hosts (Figure 6). 

In the vector stage, Leishmania is in the promastigote form. Promastigotes are flagelled 

and motile. The body measures 15-20 µm in length and 1.5-3.5 µm in width. The 

flagellar length is around 15-28 µm and helps the parasite attach to the gut of the 

sandfly (Sasidharan and Saudagar, 2021). 

 

 

[Figure 5] Life cycle of Leishmania parasites ( https://www.cdc.gov/dpdx/leishmaniasis/index.html ) 

 

The Phlebotomus gets infected after a blood meal from an infected host. Once in the 

insect, the parasites transform into the procyclic promastigotes, the replicative, but not 

infective for mammals’ stage. This form divides in the sandfly’s gut (in the hindgut for 

https://www.cdc.gov/dpdx/leishmaniasis/index.html
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parasites of the Viannia subgenus; in the midgut for the Leishmania subgenus). 

Subsequently, the procyclic promastigotes differentiate into the metacyclic 

promastigotes (the non-dividing form, infective for mammals) which migrate to the 

insect’s proboscis.  

 

 

 

[Figure 6] Morphological Leishmania changes during its life cycle. (a) Scanning electron microscope 
images of the main Leishmania life cycle stages (b) Schematic representation of the main intracellular 

organelles of the Leishmania forms: promastigote (left) or amastigote (right).  
(Besteiro et al., 2007) 

 

This part of the life cycle is called metacyclogenesis and occurs in 7-10 days from the 

byte of the sandfly and the transmission to the mammalian host (Gossage et al., 2003). 

Following sandfly bite, the metacyclic promastigotes are phagocyted mainly by the 
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host’s macrophages and infect the parasitophorous vacuole. Here the promastigotes 

change in the amastigote form. The amastigotes are unmotile, ovoid and it measures 2-

4 µm in diameter. It’s interesting to observe how the parasites can survive passing 

through different environments and conditions (changes in the availability and type of 

nutrients, temperature, oxygen, pH). Leishmania developed highly specialized and 

adapted forms, characterized by different nutritional needs, growth rate, expression of 

surface molecules and morphology. The amastigotes proliferate inside the 

parasitophorous vacuole until the macrophage ruptures and the release of all mature 

amastigotes in the surrounding tissues leading to a progressive infection. This situation 

can evolve to one of the clinical manifestations: the parasites infect cells nearby the 

inoculation site (CL), they spread to the mucous membranes (MCL), or they reach organs 

particularly rich in macrophages and histiocytes, such as liver, spleen, and bone marrow 

(VL).  
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1.5 Leishmania Genome 

1.5.1 Genome Organisation 

The trypanosomatids had separated very early from the rest of eukaryotes, which 

resulted in the development of cellular and molecular mechanisms and gene 

organization and expression unique to this group (Cavalier-Smith et al., 2014). In the 

past years, these differences have been investigated to better understand the 

pathogenesis and find potential targets for disease treatment (Maslov et al., 2018). First, 

it is not easy to define the ploidy of Leishmania parasites. This is due to the different 

evidence that shows that the parasite is subject to a natural aneuploidy (Mannaert et 

al., 2012). For example, according to some studies, L. (V.) braziliensis is predominantly 

triploid with some tetrasomy, as well as having a pentasomic chromosome (Chr. 31); in 

other strains, on the other hand, a more variable degree of ploidy is observed. This 

characteristic could represent an advantage in terms of adaptability to environment 

changes (different hosts, drugs selectivity pressure). 

In general, Old and New World Leishmania species differ in the number of 

chromosomes: the Old World Leishmania karyotype is composed of 36 chromosomes, 

while the New World species, L. (V.) braziliensis, and L. (L.) mexicana, consist of 35 and 

34 chromosomes, respectively, because of the fusion of some chromosomes (Real et al., 

2013). Specific studies on the L. (L.) major genome defined in 32.8 megabases (MB) the 

dimensions of the nuclear genome organized in the 36 small chromosomes which, in 

turn, have an extension between 0.28 and 2.8 MB (Ivens et al., 2005), with over 8,200 

coding genes and 97 pseudo-genes (Peacock et al., 2007). The genome is completely 

lacking introns and the genes are arranged as same-strand tandem arrays that may 

include up to hundreds of genes. These structures are like bacterial operons, but unlike 

them, trypanosomatid genes within the same cluster are not functionally related but 

seem to be arrayed randomly. 

In addition, Leishmania (and the Trypanosomatidae) has attracted molecular biologists 

for the particular mechanisms of gene expression, such as polycistronic transcription, 

trans-splicing and RNA editing.  
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1.5.2 Gene Trascription 

Most organisms control the gene expression at the early transcription level although 

regulation of gene expression can also be achieved during the elongation phases of the 

primary transcript, through the stability or transport of the RNA or in the translation 

phase. Although Leishmania is a eukaryotic organism, its mRNAs have a polycistronic 

origin, and the expression of genes is mainly regulated at the post-transcriptional level. 

The polycistronic transcriptional units are co-transcribed by polymerase II. The mature 

mRNA derives from a primary transcript that has undergone a particular splicing 

process, called trans-splicing, which is followed by polyadenylation (Clayton, 2002). The 

trans-splicing process was discovered in Trypanosoma brucei (Boothroyd and Cross, 

1982), where a sequence of 39 nucleotides, defined spliced-leader sequence (SL) was 

discovered. This small sequence origins from a small RNA, defined SL RNA and 

transcribed by RNA polymerase II. The trans-splicing mechanism (Figure 7), presents in 

all Trypanosmatidae, is achieved through two successive transesterification reactions 

and the formation of a Y-shaped structure, unlike the ring structure found in other 

splicing processes. Although trans-splicing was first described in Trypanosomes, it has 

subsequently also been found in nematodes, flukes, euglenoids, and in chordates (Liang 

et al., 2003). 
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[Figure 7] Schematic representation of the SL RNA trans-splicing mechanism (Liang et al., 2003) 

 
 

1.5.3 Kinetoplast DNA Organization 

As already mentioned, Leishmania belongs to the order Kinetoplastida. The name 

derives from the presence of the kinetoplast at the flagellum base. The kinetoplast 

represents the unique and complex mitochondrion. This mitochondrion contains an 

abundant compact mass of mitochondrial DNA called kinetoplast DNA (kDNA). It was 

discovered in L. tarantolae (a species not pathogenic to humans) in the 1970s. 

Kinetoplast DNA is made of thousands of small circular DNA molecules, called 

minicircles, all linked together to form a network of DNA. Associated with this network, 

a small number (20-50) of larger circular molecules, defined as maxicircles, was also 

identified (figure 8) (Simpson and da Silva, 1971). The size of minicircles is specie-specific 

and varies from 460 to 2500 base pairs (bp) but contain different sequences even within 

the same network. Minicircles do not encode information for protein synthesis but 

replicate very actively. In contrast, the maxicircles, whose sizes vary from 23,000 to 

30,000 bp in different species, carry information for mitochondrial proteins and 

mitochondrial rRNAs. 
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Although the minicircles of most species are heterogeneous in sequence, a common 

feature of their organization is the presence of at least one constant region of about 

100-200 bp and a larger variable region (Jasmer and Stuart, 1986). In the Leishmania 

genus there is only a constant region of about 200 bp with a variable region of about 

700 bp (Ponzi et al. 1984; Sugisaki et al., 1987). The function of these conserved regions 

is linked to the replication mechanism of the minicircles themselves (Simpson, 1997).  

In the maxicircles there are genes coding for two rRNAs, some structural genes as well 

as some cryptic genes (Simpson, 1997). This term indicates the presence of a gene that 

could not be encoded unless a post-transcriptional modification, defined as RNA editing 

(Benne et al., 1986). Consequently, the mRNA regions, which need to be edited, are 

defined as pre-edited regions. The editing process consists in adding or subtracting 

some residues of uridine (U) to the mRNA transcript to obtain the mature form 

(Aphasizhev and Aphasizheva, 2011). In fact, without adding these residues, the correct 

mRNA translation is not possible. The editing process is mediated by small RNA 

molecules called guide RNA (gRNA) which are characterized by a tail of 13 residues of U 

at the 3' end (Simpson, 1997). Although the information for the gRNA synthesis can also 

be contained in the maxicircles, the greatest number of them is transcribed from the 

variable regions of the minicircles. 

The minicircles network is an attractive diagnosis and genotyping target. As already 

know, it presents a variable region that could be exploited to design assays to species 

differentiation, not only in terms of sequence but also following the difference 

minicircle class abundance. This aspect is better explained below in some work 

published by our group (Ceccarelli et al., 2014; Ceccarelli et al., 2017; Ceccarelli et al., 

2020; Diotallevi et al., 2020). 
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[Figure 8] Minicircles network A: minicircles and maxicircles network 

B: Minicircles concatenation detail (adapted by Simpson and da Silva, 1971). 
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1.6 Pathogenesis 

As already mentioned, macrophages are the host’s cells mainly affected by the 

parasites. Differently from other parasites, Leishmania developed various strategies to 

infect cells and to survive and replicate in the macrophage’s hostile environment. 

Understanding these mechanisms and the host immune response following infection is 

important to determine the clinical outcome and to identify novel drugs targets. 

1.6.1 Early Infection Stages 

Immediately after the vector bite and the promastigotes inoculation, macrophages, and 

neutrophils are rapidly recruited to the site of the bite (Peters et al., 2009). This is due to 

the proteophosphoglycans secreted by the parasites in the sand fly’s midgut and 

inoculated into the host during the blood meal (Rogers et al., 2009; Rogers et al., 2010). 

Initial interaction between the promastigotes and the macrophages occurs through the 

parasite flagellum, leading to the release of intracellular survival factors by the parasite 

and subsequent modulation of macrophage phagocytic activity (Rotureau et al., 2009). 

Leishmania parasites interact with different macrophage receptors, including 

complement receptors (CRs), mannose receptors, fibronectin receptors and Fcγ 

receptors (FcγRs) (Ueno and Wilson, 2012). This choice depends on the Leishmania 

species and can influence the infection development. CR-mediated uptake may create 

favorable conditions for the parasite inhibiting inflammation, superoxide burst, and 

accumulation of the lysosomal markers LAMP1 and Cathepsin D; mannose receptor 

signaling may trigger inflammatory pathways and more efficient delivery of hydrolytic 

enzymes into the phagolysosome. FcγR-mediated phagocytosis leads to enhanced 

activation of NADPH oxidase on the newly formed phagosome (Ueno and Wilson, 2012). 

Following recognition at host cell surface, promastigotes can be internalized via 

caveolae that are composed of cholesterol-rich membrane lipid microdomains 

(Rodriguez et al., 2011). Moreover, the parasite internalization depends on actin-

mediated uptake, and the integrity of the actin cytoskeleton of the host macrophage 

has been shown to be essential for L. donovani infectivity (Roy et al., 2014).  
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1.6.2 From Promastigotes to Amastigotes 

Inside the host’s macrophages, the promastigotes are internalized into the 

parasitophorous vacuole (PV) and transformed to amastigotes. Some authors proposed 

that, at this stage, some lysosomes may fuse with the PV and promote promastigote-to-

amastigote differentiation (Forestier et al., 2011). The differentiation depends on the 

temperature increase and pH decrease. It was shown that the iron uptake and 

subsequent generation of hydrogen peroxide by L. amazonensis has an impact on 

parasite differentiation (Mittra and Andrews, 2013; Mittra et al., 2013). Iron mediates 

generation of reactive oxygen species (ROS), which are normally deleterious for 

pathogens, in this case, it was proposed to act as a signaling molecule regulating 

parasite differentiation. In fact, the Leishmania iron transporter LIT1 mediates iron 

acquisition by the parasite, which leads to parasite growth arrest and differentiation. 

Moreover, the differentiation is associated with a reduction in growth rate and the 

induction of a distinct metabolic state characterized by a decrease in uptake and 

utilization of glucose and amino acids, reduced organic acid secretion and increased 

fatty acid beta-oxidation. Catabolism of hexose and fatty acids provides substrates for 

glutamate synthesis, which is essential for amastigote growth and survival. These 

changes allow amastigote survival in the nutrient-poor intracellular environment 

(Podinovskaia and Descoteaux, 2015). Both promastigotes and amastigotes are able to 

divert the classical phagosome maturation pathway, which occurs via a set of highly 

regulated fusion and fission events with vesicles including endosomes and lysosomes 

and form PVs of very specific phenotypes. 

1.6.3 Intracellular Parasite Growth 

Once the infection within the macrophages has been established, Leishmania needs 

nutrients and additional membrane for phagosome expansion. For this reason, the PVs 

are highly dynamic organelle and interacts with the secretory pathway, which contains 

endoplasmic reticulum (ER) proteins destined for other organelles (Canton and Kima, 

2012). Furthermore, intracellular parasites have complex nutritional needs that could 

limit the parasite's long-term survival within macrophages. The parasite can achieve 

some of its nutritional needs through the fusion of PV with ER-derived endosomes and 
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vacuoles (Ndjamen et al., 2010). Metabolites important to the parasite include hexoses, 

amino acids, polyamines, purines, vitamins, sphingolipids, heme and cations (i.e. Fe2+, 

Mg2+). Additionally, lipid bodies (LBs) in the macrophage can meet some of its 

nutritional requirements. LBs are organelles with a neutral lipid core mainly 

triacylglycerol and sterol esters, which can serve as nutrient sources for parasites. 

Therefore, the interaction between LB and PV can play a role in the maturation of 

phagosomes (Melo and Dvorak, 2012). Among all, iron represents an essential element 

for the growth and survival of Leishmania, the acquisition of which is favored by the 

ferric reductase LFR1, the ferrous iron transporter LIT1 and the heme transporter LHR1. 

In conclusion, Leishmania interacts with different intracellular components of the 

macrophage in order to guarantee all the elements needed for its growth and survival. 

1.6.4 Macrophages Defenses 

The macrophage is an extremely plastic cell, which encapsulates and digests dead cells 

and cell debris, foreign bodies, cancer cells and, most importantly, plays a central role in 

regulation of inflammation. There are several mechanisms through which the 

macrophage can respond to the presence of the parasite: to activate the classical cell-

mediated response (Th1) through the synthesis of IFN-γ that leads to inflammatory state 

and inhibits Leishmania growth or, alternatively, the immune-mediated activation (Th2) 

that decreases inflammation through IL-10 production and stimulates the growth of 

Leishmania (Figure 9) (Liu and Uzonna, 2012).  
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[Figure 9] Macrophages response following Leishmania infection 

(Liu and Uzonna, 2012). 

 
 
 

Additionally, one of the main mechanisms used by macrophages to neutralize 

pathogens is the generation of oxygen free radicals (ROS) and reactive nitrogen 

intermediates (RNI). The assembly of NADPH oxidase in the Leishmania-containing 

phagosome stimulates ROS and superoxide production in the phagosomal lumen 

indicating an effort by macrophage defense mechanisms to induce oxidative damage to 

the parasite and compromise its survival capacity (Podinovskaia and Descoteaux, 2015). 

1.6.5 Leishmania Evasion of Host Defenses 

Once the infection is established, the parasite can modulate the host's response by 

altering the normal macrophages activation. Some of these mechanisms are 

summarized in Table 2 taken from the review of Podinovskaia and Descoteaux published 

in 2015 (Podinovskaia and Descoteaux, 2015). These modulation pathways will be briefly 

discussed below. 
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[Table 2] Leishmania evasion mechanisms and intracellular survival factors  
(Podinovskaia & Descoteaux, 2015). 

 

 

1.6.5.1 Limitation Of The Inflammatory Process 

During the parasite’s inoculation by the vector, the secretory gel produced by the 

parasite, rich in proteophosphoglycans, intensifies the alternative activation by IL-4, 

which inhibits inflammation through the production of IL-10 and arginase upregulation, 

which favors the biosynthesis of polyamines, essential for cell proliferation and 

differentiation; therefore, it promotes the parasite survival in host macrophages (Rogers 

et al., 2009). The production of lipophosphoglycans (LPS) after murine peritoneal 

macrophages infection with L. amazonensis, leads to IL-12, IL-17 and IL-6 synthesis 

suppression. Some studies show that parasites induce host PPARγ expression, known as 

a repressor of inflammation, to protect host from excessive damage. Leishmania also 

induces protein tyrosine phosphatase (PTP) that leads to the reduction of inflammatory 

processes, the reduction of IL-12, NO, TNF, the phagolysosomal maturation and MHC 

class II antigen presentation (Liu and Uzonna, 2012; Gomez and Olivier, 2010). TRAF3 is 

another identified target of L. donovani promastigotes. Moreover, infected 
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macrophages are defective in the expression of activation-associated functions and are 

not responsive to IFN-γ (Shio et al., 2012). 

1.6.5.2 Avoiding Oxidative Damage 

ROS production could be critical to the host cells and, indirectly, to the parasite. 

Leishmania responses to oxidative stress depend on the species and host cell type 

(Olivier et al., 2012). A mechanism used by L. donovani amastigotes to impair cellular 

and mitochondrial ROS production is the induction of mitochondrial uncoupling protein 

2 (UCP2) (Ball et al., 2014). Leishmania is also able to avoid oxidative damage by 

preventing NADPH oxidase assembly at the phagosomal membrane and the generation 

of ROS within the PV. Oxidative damage by ROS induces macrophages apoptosis, 

destroying the parasite's replicative niche. As such, apoptosis was found to be 

suppressed by L. donovani promastigotes in RAW 264.7 macrophages through the 

induction of the cytokine signaling suppressors, SOCS1 and SOCS3 (Srivastav et al., 

2014). 

1.6.5.3 Antigen Presentation 

Antigen presentation is a critical phase of the immune response to pathogens. It 

involves the presentation of foreign proteins derived from the phagocytic process, cargo 

on MHC class I for subsequent detection by cytotoxic CD8+ T cells and orchestration of a 

systemic immune response. As an antigen-presenting cell (APC), the macrophage 

participates in this process. Leishmania evades host immunity by inhibiting antigen 

presentation by cleavage of the SNARE VAMP8. Disruption of VAMP8 prevents NADPH 

oxidase assembly leading to more efficient phagosomes acidification and proteolysis, 

thereby inhibiting antigen presentation and T cell activation (Matheoud et al., 2013; 

Rybicka et al., 2012; Savina et al., 2006). Inhibition of antigen presentation was also 

achieved through the disruption of membrane lipid microdomains by the parasite 

(Chakraborty et al., 2005). 

 



36 
 

1.6.5.4 Intracellular Survival Factors 

It has been shown that Leishmania has many surface molecules involved in the parasite 

protection from oxidative damage and phagolysosome proteolytic activity. Other 

survival factors are secreted and interact directly with the macrophage proteins, 

modulating the biogenesis of the phagosome, the host's defense mechanisms and the 

inflammatory process. Among these molecules, the most studied are 

lipophosphoglycans (LPG), zinc-dependent metalloprotease GP63 and glycosylinositol 

phospholipids (GIPLs), which are membrane-associated; while cysteine proteases (CPs) 

and secreted acid phosphatases (SAPs) are released through the flagellar pocket as 

virulence co-factors. Promastigotes can release exosomes into the extracellular 

environment to modulate macrophage activity. The exosome content is affected by 

external conditions, such as temperature and pH. The release of the exosome is up-

regulated at 37°C and at low pH, the conditions that parasite encounters, following 

inoculation by the phlebotomine, in the mammalian host (Silverman et al., 2010). 

1.6.5.5 Unfolded Protein Response  

The endoplasmic reticulum (ER) is an organelle involved in several intracellular 

functions: synthesis, modification, folding and proteins transport, lipids and sterols 

synthesis, calcium storage and carbohydrates metabolism (Galluzzi et al., 2017). The ER 

physiological state can be altered in many conditions (i.e., imbalance in folding capacity, 

nutrient depletion, oxidative stress, hypoxia, calcium ion imbalance). To restore ER 

homeostasis and ensure cell survival, a process called the endoplasmic reticulum stress 

response or unfolded protein response (UPR) is activated. The initial aim is to 

compensate the damage by transcribing genes able to remove unfolded proteins. 

Despite this, when the ER stress is excessive and prolonged, apoptosis is induced. 

In mammals, three ER transmembrane proteins are responsible for this process, which 

activate three signaling pathways that work in parallel: PERK (PKR-like endoplasmic 

reticulum kinase), IRE1 (inositol-requiring enzyme 1) and ATF6 (activating transcription 

factor 6). The activation of PERK and IRE1 occurs by dimerization and 

autophosphorylation, while ATF6 translocates into the Golgi apparatus where is 

activated through proteolytic cleavage. 
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Once activated, IRE1 causes a spincing reaction leading to the removal of 26 nucleotides 

from the XBP1 mRNA, generating the XBP1 spliced form (XBP1s), a transcription factor. 

XBP1s induces the expression of chaperones and proinflammatory cytokines (Martinon 

et al., 2010), proteins involved in the ERAD system (ER-associated degradation), in lipid 

synthesis and autophagy (Margariti et al., 2013). Under persistent stress conditions, 

IRE1 can also contribute to the degradation of mRNAs located in the ER membrane 

through a process known as IRE1-dependent decay (RIDD) (Kimmig et al., 2012). RIDD 

helps maintain ER homeostasis but, following prolonged stress, induces apoptosis 

(Maruel et al., 2014). Furthermore, IRE1 recruits TRAF2, which phosphorylates IκB by 

activating NF-κB, involved in the inflammatory response (Hu et al., 2006). 

PERK phosphorylates the α-subunit of eIF2α, inducing a general translation and protein 

load reduction in the ER. Nevertheless, the transcription factor ATF4 evades translation 

inhibition through an alternative translation initiation site and induces the expression of 

the transcription factor DDIT3/CHOP and GADD34, a phosphatase that regulates the 

phosphorylation of eIF2α (Novoa et al., 2003). Furthermore, PERK induces the 

expression of genes related to the antioxidant response by the phosphorylation of the 

transcription factor NFE2L2 / NRF2 (Cullinan and Diehl, 2004). 

ATF6 is a transmembrane protein containing a bZIP domain at the N-terminal. Under ER 

stress conditions, ATF6 is translocated into the Golgi apparatus, and it undergoes 

proteolytic cleavage, releasing the transcriptionally active N-terminal portion. The latter 

induces the transcription of XBP1 and contributes to the UPR. 

Some studies revealed a correlation between Leishmania infection and UPR. It has been 

shown that infection of RAW 264.7 macrophages by L. amazonensis activates the IRE1-

XBP1 branch in a TLR2-dependent manner leading to the expression of INF-β, involved in 

the pathogenesis (Vivarini et al., 2011). Furthermore, XBP1s is required for the HO-1 

gene expression, an antioxidant that inhibits ROS production. These results suggest that 

activation of the IRE1-XBP1 branch plays a role during the infection by increasing IFN-β 

expression and protecting parasites from oxidative stress, thus promoting their survival 

and proliferation (Dias-Teixeira et al., 2016). Galluzzi et al. demonstrated that L. 

infantum infection is associated with a mild UPR response in both human and mouse 

macrophages. This response involved the up-regulation of various target genes related 
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to the ER stress process (CHOP, HSPA5, ATF3, ATF4, CEBPB, MAP1LC3B) (Galluzzi et al., 

2016). The PERK/eIF2α/ATF4 pathway is known to play a key role in the regulation of 

autophagy. Indeed, MAP1LC3B, a gene essential for the autophagic process, can be 

induced by ER stress through ATF4 (B'chir et al., 2013). Although severe or prolonged ER 

stress is known to induce cell death, a slight level of stress can be beneficial to cells as it 

causes mild (adaptive) UPR and increases resistance to the next episode of stress. This 

process, called hormesis (Mollereau et al., 2014) is linked to the PERK-ATF4 and IRE1-

XBP1 branches. Activating this process, Leishmania parasites could be able to survive 

and adapt within host macrophages. 

1.6.5.6 Micro-RNA and Leishmania Infection 

Micro-RNAs (miRNAs) are short single-strand non-coding RNAs (22-23 nucleotides) that 

regulate mRNA at the post-transcriptional level. They are synthesized inside the nucleus 

as primary transcripts, defined pri-miRNAs, which are folded in a hairpin structure 

composed of 70 nucleotides. They are coupled with Drosha RNase and DGCR8 leading to 

the formation of a second precursor, called pre-miRNA. The pre-miRNA is transferred 

into the cytoplasm through the Exportin 5 and processed by the Dicer which converts 

them into the mature form. The mature miRNA is loaded into the RNA-induced silencing 

complex (RISC) comprising the Argonaute (AGO) and TRBP proteins (Kim et al., 2009). At 

this point, the miRNA is able to recognize the target mRNA exploiting a small sequence 

located in position 2-7 at the 5' end of the miRNA, called "seed sequence", 

complementary with the mRNA (Lewis et al., 2005). MiRNAs are mostly considered 

negative post-transcriptional regulators (Fabian et al., 2010). A single miRNA could 

identify numerous target mRNAs and, at the same time, a single mRNA could be 

recognized by several miRNAs (Peter, 2010). 

In the last years, several studies demonstrated how Leishmania infection induces 

alterations in human, murine, dog macrophages and dendritic cells miRNA profile, 

modifying the immune response against parasites (Acuña et al., 2020). Some miRNAs 

modulated during infection are implicated to macrophages polarization: miR-146 and 

miR-210 are related to M1 macrophages phenotype (Th1, pro-inflammatory response); 

miRNA-130a, miRNA-130b, miRNA-155, miRNA-21, miRNA-19a, miRNA-23a, miRNA-
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125a, miRNA-125b, miRNA-26a, miRNA-26b, and miRNA-720 are related to M2 

phenotype (Th2, anti-inflammatory response) (Li et al., 2018). L. donovani infection, 

downregulates miR-122 resulting in L-arginine depletion and parasites burden in mouse 

liver (Gosh et al., 2013). Furthermore, it has been shown that the induction of miR-30a-

3p expression during L. donovani infection induces a decrease in the infectivity of the 

parasite by inhibiting autophagy through the negative regulation of Beclin 1 (BECN1) in 

THP-1 cells and primary human macrophages (Singh et al., 2016). Several groups 

identified miRNAs dysregulation connected with NO production: miR-294-3p and miR-

721 were upregulated following L. amazonensis in BALB/c-BMDM (Muxel et al., 2017); 

miR-30e and miR-302d interfered with Nos2 mRNA expression, while miR-294 and miR-

302d regulated Tnf mRNA levels and miR-294 altered Ccl2/Mcp-1 mRNA (Fernandez et 

al., 2019). In our previous work, we showed that L. infantum infection in human U937 

and THP-1-derived macrophages upregulates miR-346 leading to the mRNA level 

decreasing of MHC class I and II genes, TAP1, RFX1 and BCAP31 (Diotallevi et al., 2018). 

Regarding L. major, it was observed the upregulation of various microRNAs, including 

miR-9, miR-132, miR-155, miR187 and miR-146a related to the control of TLR-receptor 

signaling, suggesting that these microRNAs are negative regulators of inflammatory 

response. Similarly, the induction of let-7a, miR-25, miR-26a, miR132 and miR-140 in 

human macrophages infected with L. major showed downregulation in the chemokine 

targets expression, including CCL2, CCL5, CXCL10, CXCL11 and CXCL12, inhibiting 

macrophages stimulation (Guerfali et al., 2008; Bazzoni et al., 2009; Lemaire et al., 

2013). On the other hand, Geraci and colleagues reported let-7a, let-7b, and miR-103 

upregulation in DCs and macrophages infected with L. donovani, but downregulated in 

L. major infections (Geraci et al., 2015). It has also been shown that the expression of 

miR-361-3p and miR-140-3p resulted significantly induced in skin lesions generated 

following L. braziliensis (Lago et al., 2018). Leishmania infection can also modify antigen 

presentation by deregulating the host’s autophagy systems. The miRNAs miR-101c, miR-

129-5p, miR-155, and miR-210-5p were related to the activation of the autophagic 

machinery and interfere with parasite clearance (Frank et al., 2015). Tiwari and 

colleagues identified 85 miRNAs whose expression was altered in macrophages infected 

with L. donovani. The in-silico analysis revealed the importance of 10 of these miRNAs 
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implicated in the survival of the parasite through the dysregulation of genes essential 

for the macrophage response to infection. MiR-6540, related to macrophage-parasite 

recognition, and miR-328, which regulates phagocytosis and phagocytic vacuole 

formation, were down-regulated. MiR-3473f, miR-763 and miR-8113 have been seen to 

be associated with the negative regulation of the apoptotic process, hampering normal 

macrophage activation functions. MiR-6996, involved in the immune response was up-

regulated. MiR-3473f and miR-8113 appeared to be involved in switching from Th1 to 

Th2 response; furthermore, the first is linked to the inhibition of autophagy. MiR-6973a 

is associated with the biosynthesis of IL-12, a key molecule in the regulation of the 

immune system and essential for the activation of the Th1 response. MiR-3620 

collaborates with the parasite in iron intake, and, together with miR-6385, regulates 

hypoxia. Finally, miR-763, miR-1264, and miR-3473f are implicated in the drug response 

mechanism. These results underline the importance of miRNAs in regulating the 

macrophage response during infection. Furthermore, they could be used as biomarkers 

to distinguish the various disease stages (infections in remission, symptomatic and 

asymptomatic) and be targets of new pharmacological strategies (Tiwari et al., 2017). In 

summary, these data appear to be quite heterogeneous and dependent on the cellular 

model, the Leishmania species, or the conditions of infection. Some of these results are 

summarized in Table 3 extracted from the review of Paul et al. (2020). 

 

[Table 3] Relevant miRNAs involved in Leishmania infection (Paul et al., 2020) 
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1.7 Clinical Manifestations 

As already described, there are three main forms of the leishmaniasis disease: CL, VL 

and MCL. The clinical manifestations are, generally, related to Leishmania species. There 

are two other rare types of the disease called diffuse cutaneous leishmaniasis (DCL) and 

post kala-azar dermal leishmaniasis (PKDL) (Sasidharan and Saudagar, 2021). The species 

responsible for the different symptoms, are summarized in Table 4. Among the three 

main forms, VL is the most severe and lethal type.  

 

 

[Table 4] Leishmania species related with clinical manifestations and geographical distribution 
(Sasidharan and Saudagar, 2021). 

 

1.7.1 Cutaneous Leishmaniasis 

CL is the most common form of the disease. Although there are cases of diffuse 

cutaneous leishmaniasis and disseminated cutaneous leishmaniasis, usually CL refers to 

localized cutaneous leishmaniasis. Different Leishmania species cause CL in the Old and 

New world. L. tropica, L. major, and L. aethiopica, as well as L. infantum and L. donovani 

are the etiological agent of Old World CL; L. mexicana species complex (L. mexicana, L. 
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amazonensis, and L. venezuelensis) or the subgenus Viannia [L. (V.) braziliensis, L. (V.) 

guyanensis, L. (V.) panamensis, and L. (V.) peruviana], L. infantum/L. chagasi are 

responsible for New World CL. Cutaneous leishmaniasis is characterized by papules 

followed by nodules that can evolve to skin lesions with a raised border and central 

depression, which can be covered by scab or crust and lead to atrophic scars. This 

condition can persist for months, sometimes years and carries the disfiguration and 

stigmatization that remains even after the treatment. The evolution of the disease starts 

from the vector insect bite which, usually, is not perceived. The incubation period is 

generally 2-4 months but can range from a minimum of 10 days to 2 years. It’s quite 

common for patients with localized cutaneous leishmaniasis to develop more than one 

primary lesion, on the same or different parts of the body. The progression of the 

disease evolves in five phases (Abdoli et al., 2017):  

(i) Acute phase or initial inflammation: no epidermis changes  

(ii) Silent phase: atrophic epidermis changes 

(iii) Active phase: acute inflammatory response with nodular lesion 

(iv) Ulcerative phase: inflammatory response with ulcerative lesion 

(v) Healing phase: symptoms decreasing with epidermis remodeling 

 

DCL is another form of CL with disfigurement resembling lepromatous leprosy 

(Sasidharan and Saudagar, 2021). 

1.7.2 Mucocutaneous Leishmaniasis 

An inadequate treatment of CL can evolve to MCL resulting in the parasites 

dissemination from the skin to the naso-oropharyngeal mucosa.  The Leishmania species 

related to this form are belonging to the Viannia subgenus [especially L. (V.) 

braziliensis but also L. (V.) panamensis and sometimes L. (V.) guyanensis] but it also can 

be caused by L. (Leishmania) amazonensis. The lesions affect the oral-nasal as well as 

the pharyngeal cavity and cause extensive damage.  If untreated, the disease can 

progress to ulcerative destruction of the naso-oropharyngeal mucosa and requires 

painful surgeries resulting in the disfigurement of the face.  
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1.7.3 Visceral Leishmaniasis 

VL is usually caused by the species L. donovani and L. infantum and is characterized by 

the parasite’s affection of the internal organs (particularly, spleen, liver, and bone 

marrow). VL is also called kala-azar, black fever in Hindi language, because of the black 

lesions observed in the body. The common VL symptoms are:  

- Fever 

- Cachexia: weight loss and muscle wasting  

- Hepatosplenomegaly: enlargement of liver and spleen 

- Pancytopenia: anemia, leukopenia, thrombocytopenia 

- A high total protein level and a low albumin level, with hypergammaglobulinemia 

- Lymphadenopathy  

Additional symptoms are bleeding, headache, fatigue, myalgia, night sweating.  

 

PKDL is a rare VL reoccurrence, even after 20 years after the first infection.  This 

syndrome is characterized by skin lesions (such as macules, papules, nodules, and 

patches), typically first noticed on the face. According to Pandey et al., 50% of VL cases 

in Sudan and 5%-10% of VL cases in India tend to evolve to PKDL from 6 months to 2 

years and sometimes even 10 years later VL treatment (Pandey et al., 2012). 

 

Another emerging issue to prevent the disease is the HIV-VL co-infection due to the 

immune-compromised state of the patients. In the period 2014-2020, 3070 cases of VL-

HIV co-infection have been reported from 42 countries (data from WHO). 

1.7.4 Canine Leishmaniasis (CanL) 

As already cited, dogs represent the main reservoir of infection for humans. CanL is 

mainly caused by L. (L.) infantum species and presents a complex range of clinical 

manifestations that occur simultaneously as visceral and cutaneous forms. The number 

of infected animals in Europe has been estimated at least 2.5/3 million cases with a 

seroprevalence in Italy in 2017 of 18.65%, but probably the cases are largely 

underestimated (www.salute.gov.it). The clinical manifestations are widely variable 

(Table 5), ranging from asymptomatic to polysymptomatic dogs and, in this case, it is 

http://www.salute.gov.it/
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interesting to note that there is no clear correspondence between parasitic load and 

clinical symptoms (Geisweid et al., 2013).  

 

 

[Table 5] Main clinical symptoms related to CanL (Solano-Gallego et al., 2011). 

 

Generally, the most frequent clinical symptoms are weight loss, alopecia, 

lymphadenomegaly (relates to the periscapular, popliteal and submandibular lymph 

nodes), lethargy, mucous membranes pallor, kidney disease (the principal cause of 

death), anemia, platelet disorders and a broad spectrum of skin lesions (exfoliative 

dermatitis, skin ulcers, fingertip lesions, skin depigmentations, periocular exfoliative 

alopecia) (Bourdeau et al., 2014). Moreover, an important clinical manifestation is given 

by a broad spectrum of ocular lesions (blepharitis and keratoconjunctivitis followed by 

chorioretinitis, uveitis, retinal detachment, cataract, glaucoma) which occur in 25% of 

cases (Peña et al., 2008). Regarding the pharmacological treatment, the pentavalent 
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antimonial drugs (organic salts of pentavalent antimony, meglumine antimoniate), 

allopurinol and miltefosine are the most commonly used.  
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1.8 Diagnosis 

An accurate and reliable diagnostic method is pivotal for treatment choice and 

epidemiological studies. Leishmaniasis diagnosis is based on different methodologies 

including parasitological, immunological, and molecular assays. All of them have 

advantages and issues related to sensitivity, specificity, speed, accuracy, accessibility, 

ease to use, applicability, cost. For the assays, the ability to detect, quantify and 

discriminate Leishmania spp. in different clinical samples must be evaluated. The 

current methods need laboratories with specific equipment and qualified personnel 

(Akhoundi et al., 2017). Moreover, the most widely used tests are not able to 

discriminate all the species and are not suitable for areas endemic for several species. 

Cross-reactivity issues have been also reported. Because of the broad spectrum of 

clinical features and varieties of species involved in the disease development, a “gold 

standard” for Leishmania diagnosis is not available. The most common assays are 

described below.  

1.8.1 Parasitological Methods 

1.8.1.1 Microscopic Examination 

Lesion biopsy smears for CL and aspirates of the spleen, bone marrow and lymph nodes 

for VL are examined under the microscope following Giemsa-staining (Akhoundi et al., 

2013). This is a rapid and cheap but invasive approach because all tests need biopsy 

samples. Moreover, it does not allow species discrimination and the sensitivity is 

dependent on the parasite load as well as sample process and personnel technical skills. 

Nevertheless, it is a useful diagnostic approach for primary healthcare because of its 

cost-effectiveness and simplicity (Akhoundi et al., 2017). 

1.8.1.2 Parasites Isolation 

From the same samples used for cyto-histological investigations, it is possible to isolate 

Leishmania promastigotes for in vitro culture. Unfortunately, the parasites isolation is 

not easy to perform, it is time-consuming (at least one week) and relatively expensive 

since it requires specific media (such as Evans modified Tobie’s, Schneider media) 
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(Berman, 1997). On the other hand, parasite isolation can be useful for DNA-based 

approach to discriminate Leishmania species. 

1.8.2 Immunological Methods 

Immunological methods are rapid, non-invasive and detect Leishmania antigens or 

antibodies in patients’ samples (Kumari et al., 2021). However, these assays are not 

species-specific and are not indicated to evaluate follow-up, because the antibody titers 

tend to decrease too slowly even in the presence of clinical response to the treatment 

(Torres et al., 2010). Moreover, in some geographical areas cross-reactions with other 

protozoan are possible. 

1.8.2.1 Indirect Fluorescent Antibody TEST (IFAT) 

The test uses slides with fixed Leishmania cells (antigen) that will be put in contact with 

the serum (or plasma) samples. It is used in veterinary medicine for CanL diagnosis and 

in the clinic. Briefly, the antigen is incubated with serum scalar dilutions. After washes a 

secondary antibody conjugated with fluorescein isothiocyanate (FITC) is added. After 

further washing, the preparation is observed under a fluorescence microscope. In case 

of positivity, the promastigotes appear with a brilliant green fluorescence. This test has 

high sensitivity and specificity although cross-reactions with Trypanosome parasites 

have been reported (Coura-Vital et al., 2014). The need for proper laboratories and 

fluorescence microscopes remains a limitation.  

1.8.2.2 Enzyme-linked Immunosorbent Assay (ELISA) 

ELISA uses plates with antigens adhered in the wells. According to their nature, the 

antigens used can be classified into several groups: soluble extracts of promastigotes, 

soluble extracts of amastigotes, recombinant proteins, and purified proteins. If serum 

contains anti-Leishmania antibodies, they bind antigens. The antigen-antibody 

complexes’ presence is highlighted by adding a secondary antibody conjugated with a 

specific enzyme, able to produce a colorimetric reaction that is read on the 

spectrophotometer. The sensitivity and specificity are generally high, but it depends on 

the antigen used which represents one of the main critical aspects. Moreover, is not 
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possible to distinguish between actual infection and recovery. In addition, the need for 

proper equipment and personnel represents a limitation to this technique.  

1.8.2.3 Immunochromatographic Test (ICT) 

ICT is a non-invasive and rapid screening test for VL using recombinant Kinesin-39 

antigen (rK39) immobilized on nitro-cellulose paper. Briefly, serum, plasma or whole 

blood are mixed with a buffer containing conjugated antibodies. The mixture is loaded 

on the sample pad and flows through the membrane. If the antibodies are present in 

the patient sample, a colored line appears on the test line. It is useful for field purposes 

in endemic and non-endemic regions due to its low cost and minimum analysis time (10-

15 minutes) (Karimi Kakh et al., 2020). Although the sensitivity and specificity are 

generally good, there are differences among varying populations: 90% and 100% in 

Brazil (Carvalho et al. 2003) and 100% and 93–98% in India, respectively (Sundar et al. 

2002a, b). A study conducted in the Mediterranean showed the sensitivity of 78% in all 

VL patients (Bangert et al., 2018). 

1.8.3 Molecular Methods 

As already mentioned, the immunological and parasitological methods have some 

limitations regarding sensitivity, treatment relapse detection, cross-response, low 

antibody titers. In this view, the molecular methods sensibly improved the leishmaniasis 

diagnosis. They are characterized by high sensitivity and specificity, high-trhoughput, 

possibility of quantification, species discrimination. Different types of clinical samples 

can be analyzed: whole blood, plasma, serum, biopsy, cutaneous scrab, conjunctival 

swab.  Although several molecular methods have been developed, PCR-based assays 

represent the gold standard of molecular diagnosis (Akhoundi et al., 2017).  

1.8.3.1 Conventional PCR (cPCR)  

Many Leishmania genomes have been entirely sequenced and are available in public 

databases (e.g. TRITRYPDB https://tritrypdb.org/tritrypdb/app/), allowing designing 

many assays for leishmaniasis diagnosis. Several targets can be exploited in this 

technique, i.e., ribosomal RNA (rRNA), internal transcribe spacer (ITS1), heat-shock 

proteins (hsp70), kDNA minicircles. A variant of this approach is PCR-RFLP (Restriction 

https://tritrypdb.org/tritrypdb/app/
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Fragment Length Polymorphism), a method that detects variation in the pattern of DNA 

fragments produced by restriction enzyme digestion visualized by electrophoretic gel. 

Length and numbers of fragments can be used for Leishmania species discrimination, 

particularly when applied to ITS1 (Schönian et al., 2003). ITS1 region ranges from 50 to 

350 bp and is located between the 18S rRNA and 5.8S rRNA genes. The ITS region 

between the two primers presents polymorphism that allows species typing.  

Another application is Nested-PCR that uses two primer sets in two consecutive PCR. 

The second primer set is designed to recognize a sequence internal to the product 

obtained in the first amplification. The advantage is to reduce non-specific binding and 

obtain a product with little contamination from primer dimers (Akhavan et., 2010). 

However, due to the need to open the PCR tubes between the two PCR, the risk of 

contamination remains a downside of this method.  

1.8.3.2 Real-time PCR or quantitative PCR(qPCR)  

The qPCR can amplify and simultaneously quantify the target DNA molecule. It is a rapid 

quantification method with high sensitivity and reduced contamination risk because 

there is no requirement to open the reaction tubes. The amplified product can be 

visualized employing different chemistries, e.g. intercalant DNA dyes (SYBR Green I) or 

fluorescent probes (TaqMan). In previous works, we exploited kDNA minicircles to 

discriminate Leishmania subgenus from clinical samples using qPCR followed by high 

resolution melting (HRM) analysis. Since kDNA minicircles are present in thousands of 

copies per cell, they are an ideal target for highly sensitive Leishmania detection from 

biological samples with low parasite numbers (Ceccarelli et al., 2014). Several different 

subclasses of minicircles are present and their relative amount can vary among 

Leishmania species. This variability can be exploited to discriminate among species. 

Moreover, species discrimination could be achieved by HRM analysis that allow 

discrimination of amplicons differing in a single base. HRM measures changes in the 

fluorescence intensity of a DNA-intercalating dye during dissociation of double-stranded 

DNA to single-stranded DNA by a rising temperature of 0.1 °C each 2 sec. In this way, it 

is possible to distinguish species and/or population exploiting single nucleotide 

polymorphism (SNP). For example, Ceccarelli et al., (2018) developed a high-resolution 
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melt (HRM)-based assay exploiting the polymorphism 390T>G in the malic enzyme gene 

to rapidly differentiate the genotype 390T in L. infantum clinical isolates and clinical 

samples. 

1.8.3.3 Multilocus Sequence Typing (MLST) 

MLST is a method where multiple housekeeping genes are simultaneously amplified 

using PCR and subsequently sequenced. It is a great molecular typing method for 

phylogenetic research, epidemiological surveillance, and microbial population genetic 

structure analysis (El Kacem et al., 2021). This technique is used to evaluate genetic 

variability in Leishmania strains isolated in specific geographical endemic areas to 

perform epidemiological studies. MLST has allowed efficient discrimination between L. 

braziliensis, L. guyanensis, L. naiffi and L. lainsoni using four housekeeping genes (Boité 

et al., 2012). More recently was used to evaluate the genetic diversity of L. tropica in 

Morocco (El Kacem et al., 2021), of Leishmania strains isolated from atypical and typical 

CL patients from Iran (Hosseini et al., 2020) and among L. donovani isolates from a 

genetically homogeneous population in the Indian subcontinent (Banu et al., 2019). 
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1.9 Antileishmanial Treatment 

The treatment available for leishmaniasis is based on few drugs. Historically, antimonials 

have been widely used in the treatment of this parasitosis, but now there are less toxic 

approaches, easier to administer or more effective even if more expensive. This is the 

case of liposomal formulation of amphotericin B, mostly used in human leishmaniasis. 

More recently, miltefosine, previously developed as an antineoplastic drug, resulted 

efficient as anti-Leishmania compound. Nevertheless, there are important limitations 

such as toxicities issues, administrations difficulties, high costs, efficacy decreasing, and 

the emergence of resistance strains. Because of all these reasons, the development of 

new therapies and the discovering of new targets is still a global challenge. In the 

following paragraphs, a brief description of the most frequently applied drugs and 

therapeutic protocols will be provided (Table 6) 

 

 

[Table 6] Overview of the drugs currently used to treat leishmaniasis (Kumari et al., 2021). 
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1.9.1 Pentavalent Antimonials 

Antimonial compounds, applied in human and veterinary therapy, consist of organic 

salts of pentavalent antimony and have been the first-line drugs in the treatment of 

leishmaniasis for over 60 years (Ashutosh et al., 2007). These compounds are 

commercially available as sodium stibogluconate (Pentostam®) (figure 10a) and 

meglumine antimoniate, composed of pentavalent antimony and N-methyl-D-glucamine 

and available in Italy as an antimoniate of N-methylglucamine (Glucantime®). Although 

antimonials have been in use for a long time, their mechanism of action towards 

Leishmania is still not completely clear. The active form that produces antileishmanial 

effect is trivalent antimonial (Sb III) reduced from the prodrug pentavalent antimonial 

(Sb V). Some works reported trypanothione reductase and zinc finger proteins as 

potential targets of Sb III (Aruleba et al., 2020). The drug can be administered 

intramuscularly or intravenously. In human medicine, the recommended dose is 20 

mg/kg per day for 21-28 days (Gradoni, 2001), while in veterinary medicine it is 

generally 100 mg/kg under the skin once a day for 4 weeks (GSLC, 2011). This treatment 

causes different side effects such as pancreatitis, pancytopenia, stiff joints, 

gastrointestinal problems, nephrotoxicity and, in rare cases, also cardiotoxicity 

(Brummitt and Porter, 1996; Gasser Jr et al., 1994; Zaghloul, 2004). Moreover, cases of 

resistance have been notified, especially in the geographical areas where the disease is 

more present (Ashutosh et al., 2007; Vanaerschot et al., 2011). In the veterinary field, 

antimonials are often associated with allopurinol therapy. This molecule has been used 

in human medicine for the treatment of gout due to its inhibitory effect on xanthine 

oxidase. The pharmacological effect in leishmaniasis is due to the fact that the molecule 

represents an analogous of purines, molecules that Leishmania cannot synthesize. The 

parasite, which normally uses the host's purines, also metabolizes allopurinol, 

transforming it into 4-aminopyrazole pyrimidine ribonucleotide triphosphate. This 

molecule, in turn, is incorporated into the parasite's RNA chains and this results in the 

alteration and blocking of its protein synthesis (Mirò et al., 2009). 
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1.9.2 Amphotericin B 

Amphotericin B (figure 10b) is an antifungal isolated from an actinomycetes fungi: 

Streptomyces nodosus. The molecule interacts with 24-substituted sterol: ergosterol, 

the main component of the Leishmania cell membrane. This leads to the formation of 

pores in the membrane causing cell death. Unfortunately, the molecule is also active on 

cholesterol, widely spread on mammalian cell membranes, and this causes toxic effects, 

especially on the excretory system (Kamiński, 2014), like nausea, vomiting, diarrhea, 

stomach pain, weight loss, anorexia. To limit the toxicity of the drug, it is now 

administered in a liposomal solution (AmBisome®). This drug must be administered 

intravenously and leads to a high response against VL, although the costs of the 

treatment program are particularly high. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Figure 10] Structure of 
antileishmanial drugs: (a) 

sodium stibogluconate, (b) 
amphotericin B, (c) 

pentamidine isethionate, (d) 
miltefosine, (e) paromomycin 

(Sasidharan and Saudaggar, 
2021) 
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1.9.3 Miltefosine 

Miltefosine (figure 10d) is a hexadecylphosphocholine, an analogous of phosphocholine, 

and it was originally developed as an antineoplastic agent against metastatic breast 

cancer. Since the late ‘90s (Sundar et al., 1998), the drug has been used with good 

results in VL treatment and is the only oral formulation available. The mechanisms 

involve the alteration of sterol and phospholipids composition, lipid metabolism, signal 

transduction and the production of nitric oxide (NO) inside the macrophages throw 

nitric oxide synthetase 2 (iNOS2) induction. This molecule is considered a first-line drug 

in the Indian subcontinent but, in this geographical area, drug resistance and 

therapeutic failures have been observed, as well as disease relapse (Rijal et al., 2013; 

Dorlo et al., 2014). Despite the high efficacy, side effects like gastrointestinal 

disturbances, renal and hepatotoxicity have been reported.  

1.9.4 Pentamidine Isethionate 

This drug is an aromatic diamine (figure 10c) and is administered intramuscular and 

intralesional for VL and CL treatment, respectively. The mechanism of action is not so 

clear: the efficacy seems to be due to the drug accumulation in the parasite 

mitochondrion. This causes the kDNA binding and the mitochondrial topoisomerase II 

inhibition (Mishra et al., 2007). 

1.9.5 Paromomycin 

Paromomycin (figure 10e) is an aminoglycoside antibiotic relatively new for the 

treatment of leishmaniasis, it has been approved for the VL treatment only in 2006 by 

the Indian government (Sasidharan and Saudaggar, 2021). The administration is topical 

to CL and intramuscular to VL. The mechanism remains elusive, but the inhibition of 

leishmanial protein synthesis has been confirmed (Maarouf et al. 1995). Among the side 

effects, there are elevated hepatic transaminases, hepatotoxicity, nausea, diarrhea 

(Khan and Kumar, 2011) 
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1.9.6 Vaccines Against Leishmaniasis 

In the years, many efforts have been done to develop a vaccine against Leishmania. At 

present, there is no vaccine to immunize humans, but several possibilities are evaluated 

in clinical trials (Table 7). These vaccines include live attenuated cells, killed cells, DNA 

vaccine (Gamboa-Leòn et al., 2006), vector derived vaccines and peptides vaccines 

(Petitdidier et al., 2019).  

 

 

[Table 7] Commercial and clinical trial Leishmania vaccine along with the mechanism, classification, and 
expected outcomes (Sasidharan and Saudaggar, 2021) 

 

Currently, there are four vaccines approved for canine leishmaniasis: Leish-Tec® and 

Leishmune® in Brazil, CaniLeish® and LetiFend® in Europe. However, the clinical efficacy 

and the protection are still debated (Velez and Gállego, 2020). 
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Leishmaniases are a group of anthropo-zoonic parasitic diseases caused by a protozoan 

belonging to Leishmania genus with a worldwide distribution that affects mainly the 

developing countries. The parasite has different hosts such as humans, dogs, and wild 

animals. Dogs, in particular, represent one of the most important reservoirs of infection 

for humans. Despite the surveillance programs introduced by the WHO, the disease still 

causes relevant problems in poor countries. Moreover, the treatments available are few 

and present several limitations such as toxicity, difficulty in administration, relapse, high 

production cost, and the appearance of resistant strains. In this view, an early diagnosis 

associated with effective therapy is pivotal to contain infection spread and prevent 

disabilities and death. Once entered in the host macrophages, Leishmania 

promastigotes are able to subvert the innate immune response and metabolic pathways 

of the host. The characterization of the molecular mechanisms underlying Leishmania 

infection and the pathogen survival in host cells can contribute to identifying new 

targets for therapeutic approaches. The aims of this thesis were: 

(i) the development of molecular assays mainly based on qPCR and HRM analysis, 

and application to clinical samples and isolates from different geographic 

territories to differentiate the most common pathogenic species for humans, 

with particular attention on L. infantum species, endemic in the Mediterranean 

basin (chapters 1-5) 

(ii) phenotypic screening of new classes of compounds to identify effective and safer 

drugs active on L. infantum (chapters 7-8) 

(iii) the evaluation of the Unfolded Protein Response (UPR) and the expression of 

cfa-miR-346 in a canine macrophage-like cell line (DH82) infected with 

Leishmania spp. in an optic of “one-health” approach (chapter 9) 

 

 
 

  



67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 

In some geographical areas, like South America, several Leishmania species can coexist. In 

this contest, a rapid diagnostic approach is useful for epidemiological studies and treatments 

choice. This chapter consists of an original article about the application of a Real-time PCR 

assay on Brazilian clinical sample to differentiate Leishmania (Viannia) subgenus, Leishmania 

(Leishmania) infantum and Leishmania (Leishmania) amazonensis. 

Original article (pre-print version) published in Acta Tropica  

DOI: 10.1016/j.actatropica.2019.105178 Volume 201, January 2020, 105178 
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Abstract 

Leishmaniasis is a complex disease caused by Leishmania species belonging to 

subgenera Leishmania and Viannia. In South America, L. (L.) infantum is considered the 

most important causative agent of visceral leishmaniasis, while L. (L.) amazonensis and 

Viannia subgenus species are responsible for the different cutaneous or mucocutaneous 

forms. In our previous work, we developed a diagnostic approach for Leishmania species 

discrimination based on two qPCRs (qPCR-ML and qPCR-ama) targeting the minicircle 

kDNA followed by melting analysis. This approach allowed to (i) differentiate the 

subgenera Leishmania and Viannia, and (ii) distinguish between L. (L.) infantum and L. 

(L.) amazonensis. The aim of this work was to demonstrate the applicability of the 

approach previously described, using human and canine clinical samples and strains 

from a Brazilian region, where L. (L.) infantum, L. (L.) amazonensis and Viannia subgenus 

species coexist. After validation on New World strains, the diagnostic approach was 

applied blindly to 36 canine clinical samples (peripheral blood and bone marrow) and 11 

human clinical samples (peripheral blood and bone marrow). The sensitivity was 95.6% 

(95% confidence interval 77.3-100%) and 100% (95% confidence interval 76.9-100%) in 

the canine bone marrow samples and human (peripheral blood and bone marrow) 

samples, respectively, compared to conventional PCR assays. Concerning the Leishmania 

species identification, the conventional and qPCR-based methods showed kappa value 

of 0.876 (95% confidence interval 0.638-1.000), indicating good agreement. Therefore, 

this approach proved to be useful in both veterinary and human clinical context in 

regions co-endemic for L. (L.) infantum, L. (L.) amazonensis, and Viannia subgenus, 

helping to provide rapid diagnosis and to allow studies of species distribution. 

 

 

Keywords: Leishmania infantum; Leishmania amazonensis; Viannia; qPCR; HRM; 

minicircle kDNA; diagnostics. 
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1. Introduction 

Leishmaniasis is a neglected tropical disease caused by Leishmania species and 

transmitted by the bite of female phlebotomine sandflies. Leishmaniasis shows a 

worldwide distribution and affects about 12 million people. In fact, the parasite 

Leishmania is spread in Europe, Africa, Asia (Old World) as well as in the Americas (New 

World) with the highest number of cases in developing countries. A total of 0.7–1 million 

new cases of leishmaniasis and 20,000–30,000 deaths every year has been estimated 

(World Health Organization, 2018).  

More than 20 Leishmania species, belonging to subgenera Leishmania and Viannia, 

cause infection in humans. The Leishmania (Leishmania) species are the etiological 

agents of visceral leishmaniasis (VL) and cutaneous leishmaniasis (CL). The Leishmania 

(Viannia) species, limited to tropical and subtropical America, are etiological agents of 

CL and mucocutaneous leishmaniasis (MCL) (Akhoundi et al., 2016). Leishmania (L.) 

infantum is the only Leishmania species reported in both the Old and New World. 

Recently, microsatellite analysis revealed that L. (L.) infantum in the New World (also 

known as L. chagasi) had been imported from southwest Europe (Kuhls et al., 2011).  

In the New World, Viannia subgenus, L. (L.) amazonensis and occasionally L. (L.) 

infantum are responsible for the different cutaneous forms in humans (da Silva et al., 

2010); importantly, L. (L.) amazonensis can also cause visceralization (de Souza et al., 

2018). The cutaneous forms can be very heterogeneous (e.g., localized, diffuse, 

disseminated or mucosal forms) depending on the species of Leishmania and the 

immunological and nutritional status of the human host. Therefore, species 

identification could be one of the prognostic factors for the possible evolution of the 

disease (Anversa et al., 2018; Machado et al., 2019). Concerning canine leishmaniasis in 

South America, L. (L.) infantum and L. (V.) braziliensis are considered the most important 

causative agents (Dantas-Torres, 2009), although  also L. (L.) amazonensis was isolated 

from dogs with visceral leishmaniasis in Brazil (Valdivia et al., 2017). These findings 

highlight the importance of using proper diagnostic assays to distinguish the Leishmania 

species involved in each case of leishmaniasis and coexisting in the same geographic 

area (Galluzzi et al., 2018). In this view, several PCR-based assays have been developed. 

In case of a generic PCR, the downstream analysis of PCR product is required to gain 
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information about parasite species. The most affordable technique is restriction 

fragment length polymorphism (RFLP) analysis, where electrophoretic analysis of the 

DNA fragments generated by a restriction enzyme may allow the species identification. 

Specifically, ITS1-PCR RFLP with the enzyme HaeIII has been developed by Schonian et 

al. (Schönian et al., 2003) and further assessed by in silico RFLP analysis (Van der Auwera 

and Dujardin, 2015).  

In previous work, we developed a new and affordable diagnostic approach for 

Leishmania species discrimination. This approach, based on two qPCRs (qPCR-ML and 

qPCR-ama) targeting the kDNA followed by High Resolution Melting (HRM) analysis, 

allowed to (i) differentiate the subgenera Leishmania and Viannia, and (ii) distinguish 

between L. (L.) infantum and L. (L.) amazonensis, exploiting the different abundance of 

minicircle subclasses (Ceccarelli et al., 2017) (Ceccarelli et al. Submitted manuscript). 

Briefly, the workflow of our method involves first a discrimination between subgenera 

Viannia and Leishmania based on HRM analysis of qPCR-ML amplicons. Then, to 

distinguish between L. (L.) infantum and L. (L.) amazonensis, the qPCR-ama is 

performed. The qPCR-ama assay is designed to amplify a minicircle subclass 

predominant in L. (L.) amazonensis, therefore discrimination between L. (L.) infantum 

and L. (L.) amazonensis is achieved through comparison of qPCR-ML and qPCR-ama Cq 

values. 

This work aimed to validate the approach previously described, using human and canine 

clinical samples (peripheral blood and bone marrow) previously characterized and 

strains from a Brazilian region, where L. (L.) infantum, L. (L.) amazonensis and Viannia 

subgenus species can coexist.  

 

2. Methods 

2.1 Ethical statement 

This research was approved by the Committee on Ethics in Animal (protocol number 

27/2016) and by the Human Research Ethics Committee (protocol number 

1.662.728/2016) of the Universidade Federal da Grande Dourados. 
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2.2 Experimental design 

To test the field applicability of our previously developed qPCRs, which differentiate the 

subgenera Leishmania and Viannia, and distinguish between L. (L.) infantum and L. (L.) 

amazonensis, we used Leishmania strains and clinical samples from Mato Grosso do Sul 

(Brazil), where L. (L.) infantum, L. (L.) amazonensis and Viannia subgenus species can 

coexist. The experimental design is depicted in Fig. 1. Briefly, after serological test 

and/or optical microscopy examination, human and canine clinical samples were 

subjected to DNA extraction. The presence of Leishmania DNA, as well as Leishmania 

species characterization was first assessed using well consolidated molecular methods 

such as conventional PCR (genus and/or species specific). Then, clinical sample DNA, as 

well as lysates of certified Leishmania spp. Brazilian strains, were spotted on filter paper 

and sent to a different lab for ITS1-PCR RFLP, DNA sequencing and qPCR analysis. Finally, 

the results of qPCR assays and conventional methods (i.e. species-specific PCR, ITS1-PCR 

RFLP, DNA sequencing) were compared. All methods are explained in details below.  

 

2.3 Canine and human samples 

Thirty-six canine clinical samples and 11 human clinical samples were collected in Mato 

Grosso do Sul State, located in the Center-West Region of Brazil, an endemic area of 

leishmaniasis. The dog samples, i.e., 13 peripheral blood (A1-A9, B1-B4) and 23 bone 

marrow (B5-B9, C1-C9, D1-D9), were collected by the Control Center of Zoonoses (CCZ) 

of Campo Grande City. Peripheral blood was collected by jugular venipuncture, while 

the bone marrow was collected from the iliac crest or sternum bone, in EDTA tubes. 

Dogs were referred to CCZ for euthanasia because they were positive for visceral canine 

leishmaniasis (VCL) by the immunochromatographic Dual-Path Platform (DPP™, Bio-

Manguinhos/Fiocruz, Rio de Janeiro, Brazil) and the ELISA test (EIE™; Bio-

Manguinhos/Fiocruz, Rio de Janeiro, Brazil), serologic recommended tests by the 

Brazilian Ministry of Health, and direct identification of Leishmania amastigotes from 

Giemsa-stained smears analyzed by optical microscopy. 

The human samples, 7 peripheral blood (E1, E5-E8, F2, F3) and 4 bone marrow (E2-E4, 

E9), were collected in Hospital Universitário of Dourados City from patients with a 

diagnosis of leishmaniasis. Peripheral blood was collected by venipuncture of the upper 
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limb, while the bone marrow was collected from sternum bone in EDTA tubes. Patients 

were diagnosed using serology rapid test (rK39) (Kalazar Detect™; InBios, Washington, 

US) and/or direct identification of Leishmania amastigotes from Giemsa-stained smears 

analyzed by optical microscopy, together with clinical evaluation. In details, patients E1 

and F3 had anemia and splenomegaly, and they were diagnosed with visceral 

leishmaniasis. Samples E6 and E7 were from the same patient who had pancytopenia 

and hepatosplenomegaly. Sample E8 was from a 5 years old patient having 

hepatosplenomegaly, anemia, submandibular ganglia, fever, pancytopenia, abdominal 

distension. Sample E5 was from an AIDS patient with HIV dementia, fever, 

pancytopenia, hyporexia. Patient F2 had a nasal lesion with biopsy compatible with CL. 

Samples E2, E3, E4 were from the same patient who had a late diagnosis of VL and 

complications, which culminated in death. Diagnosis details are summarized in 

supplementary Table 1 (Data in Brief).  

 

2.4 DNA extraction 

DNA from canine and human clinical samples was obtained as described previously 

(Araújo et al., 2009), with some modifications. A 300 µl volume of blood was added to 

500 µl of 20% SDS (Sodium Dodecyl Sulfate) (Sigma-Aldrich) and homogenized. Then, 

400 µl of chloroform and 300 µl of protein precipitation solution (3M potassium acetate, 

11% glacial acetic acid) were added. After centrifugation at 10,000 x g for 10 min, the 

supernatant was transferred to new tubes containing 1 ml of cold absolute ethanol, 

gently homogenized by inversion and centrifuged for 5 min at 10,000 x g. The pellets 

were washed twice with 1 ml of 70% cold ethanol each time and centrifuged for 2 min at 

10,000 x g. The supernatant was discarded and the pellet was dried in a dry bath 

(AccuBlock) at 65°C for 5 min. The DNA pellet was resuspended in TE buffer (10 mM Tris, 

1 mM EDTA, pH 8.0) to a final concentration of 200-500 ng/µl, stored at 4 °C for 24 h, 

and then frozen at -20 °C. For qPCR, DNA samples (8 µl) were spotted on filter paper 

(Macherey-Nagel MN 818), air-dried and stored at room temperature until analysis.  
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2.5 Leishmania spp. Brazilian strains 

L. (L.) infantum MHOM/BR/2002/LPC-RPV, L. (L.) amazonensis WHOM/BR/75/JOSEFA 

and L. (V.) braziliensis MHOM/BR/1987/M11272 were cultivated in 199 Medium 

(Invitrogen) supplemented with 1% human urine, 10% fetal calf serum (Invitrogen) and 2 

mM L-glutamine (Gibco-BR), at 25 °C in a B.O.D. incubator (Logen Scientific). The 

parasites were washed by centrifugation at 1,600 x g for 10 min with phosphate-

buffered saline (PBS) pH 7.2. Parasites were counted in a Neubauer chamber, diluted 

with PBS at 1x104 promastigotes/µl and stored at -20 °C until DNA extraction. The DNA 

was obtained by incubating 100 µl at 95 ºC for 30 min in a thermal cycler (Biorad, T100 

Thermal Cycler); cell lysate was centrifuged at 13,000 x g for 1 min, the supernatant was 

transferred to a clean tube and used directly as amplification template (Marcussi et al., 

2008). For qPCR, cell lysate containing DNA was spotted on filter paper (Macherey-Nagel 

MN 818) in duplicates, as described above. 

 

2.6 Genus and species-specific PCR assays 

Leishmania parasites were detected by PCR using genus-specific primers 13A and 13B 

targeting kDNA minicircle of both old world and new world species (Rodgers et al., 

1990). The reaction (25 μl) contained 0.4 μM of each primer (Sigma), 1.5 mM MgCl2, 0.2 

mM dNTPs (Invitrogen), 1.5 U Taq DNA Polymerase (Phoneutria), 1X enzyme buffer and 

2 μl extracted DNA (200-500 ng/µl). The amplification was performed in a thermal cycler 

(Biorad, T100 Thermal Cycler) at 95 °C for 5 min, followed by 35 cycles: 95 °C for 30 s, 61 

°C for 30 s, 72 °C for 30 s. 

L. (L.) infantum was detected by PCR using species-specific primers FLC2 and RLC2 

targeting kDNA minicircle (Gualda et al., 2015). The reaction (25 μl) contained 0.2 μM of 

each primer (Sigma), 2 mM MgCl2, 0.2 mM dNTPs (Invitrogen), 1.5 U Taq DNA 

Polymerase (Phoneutria), 1X enzyme buffer and 2 μl extracted DNA. The amplification 

was performed as described above, except for the annealing temperature (56 °C instead 

of 61 °C). DNAs from L. (V.) braziliensis MHOM/BR/1987/M11272, L. (L.) amazonensis 

WHOM/BR/75/JOSEFA and L. (L.) infantum MHOM/BR/2002/LPC-RPV were used as 

controls. Amplified fragments were visualized under UV light on 3% agarose gel stained 

with 0.1 µg/ml ethidium bromide.  
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2.7 ITS1-PCR RFLP 

Leishmania species were identified in available human clinical samples by ITS1-PCR 

RFLP, as described by Schonian et al. (Schönian et al., 2003). Briefly, ITS1 PCR products 

were directly digested with 10 U HaeIII (Thermo Fisher Scientifc) at 37 °C for 3 h. The 

restriction fragments were visualized on a 3.5% high-resolution MetaPhor (Cambrex) 

agarose gel stained with GelRed (Biotium, Hayward, CA). L. (L.) amazonensis 

WHOM/BR/75/JOSEFA, L. (V.) braziliensis MHOM/BR/1987/M11272, L. (L.) infantum 

MHOM/BR/2002/LPC-RPV and no template PCR reaction were used as controls. ITS1 

PCR products were directly sequenced as previously described (Ceccarelli et al., 2018). 

Phylogenetic analysis was conducted using MEGA 6 software.  

 

2.8 Quantitative PCR (qPCR) assays 

The approach described in Ceccarelli et al. (Ceccarelli et al., 2017), consisting in running 

two qPCR reactions in parallel (qPCR-ML and qPCR-ama) to amplify different classes of 

minicircles, has been applied on sample DNA spotted on filter paper. Briefly, the 

workflow of our method involves first a discrimination between subgenera Viannia and 

Leishmania based on qPCR-ML HRM analysis, performed with primers MLF and MLR 

(Supplementary Table 2, Data in Brief); if this analysis indicates subgenus Leishmania, 

the discrimination between L. (L.) infantum and L. (L.) amazonensis is performed 

through comparison of qPCR-ML and qPCR-ama Cq values. The qPCR-ama was 

performed using the forward primer LMi-amaF and the reverse primer MLR 

(Supplementary Table 2, Data in Brief). All samples were tested blindly. To evaluate the 

DNA integrity and amplifiability in canine and human samples, canine beta-2-

microglobulin (B2M) and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

were amplified. The primers were used as described previously (Ceccarelli et al., 2014b; 

Galluzzi et al., 2012) and should amplify 102 and 183 bp fragments, respectively. To 

ensure applicability with samples on filter paper, a pre-amplification step was 

introduced as follows. A punch of filter paper (2 mm in diameter) was placed in 40 µl 

reaction mixture containing 38 μl SYBR green PCR master mix (Diatheva srl, Fano, Italy) 

or RT2 SYBR Green ROX FAST Mastermix (Qiagen , Hilden, Germany) or TB Green premix 

ex TaqII Mastermix (Takara Bio Europe, France) and 200 nM of each primer 
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(Supplementary Table 2, Data in Brief). Tubes were placed in a thermal cycler (GeneAmp 

PCR System 2700), and pre-amplified under the following conditions: 94 °C for 5 min, 10 

cycles at 94 °C for 30 s, 60 °C for 20 s and 72 °C for 20 s. At the end of this pre-

amplification step, the tubes were centrifuged for few seconds and placed in ice; the 

filter paper was removed and the reaction was split into two PCR tubes (20 µl each 

tube). Then, the tubes were placed in the Rotor-Gene 6000 instrument and amplified as 

follows: 45 cycles at 94 °C for 30 s, 60 °C for 20 s and 72 °C for 20 s. As reference, PCR 

mixtures containing template DNA isolated from L. (L.) infantum MHOM/FR/78/LEM75, 

L. (L.) amazonensis MHOM/BR/00/LTB0016 and L. (V.) braziliensis MHOM/BR/75/M2904 

were included in each run. Trypanosoma cruzi and human DNA were amplified using the 

conditions described above to confirm qPCRs specificity. The DNA concentration of 

reference strains was adjusted to have qPCR-ML Cq values comparable to Cq of tested 

samples. Moreover, a negative control (no template control) was included for each 

primer pair reaction. To confirm the absence of non-specific products or primer dimers, 

a melting analysis was performed from 79 to 95 °C at the end of each run, with a slope 

of 1 °C/s, and 5 s at each temperature. The Cq values were evaluated with quantification 

analysis of the RotorGene 6000 software.  

 

2.9 High-resolution melt (HRM) analysis  

The high-resolution melt (HRM) analysis was performed immediately after the 

amplification reactions in the Rotor-Gene 6000 instrument as previously described 

(Ceccarelli et al., 2014a). In brief, HRM analysis was conducted over the range from 79 

°C to 90 °C, rising at 0.1 °C/s and waiting for 2 s at each temperature. Each sample was 

run in duplicate, and the gain was optimized before melting on all tubes. HRM curve 

analysis was performed with the derivative of the intensity of fluorescence at different 

temperatures (dF/dT), after smoothing, with the Rotor-Gene 6000 software. Only 

samples with Cq values ˂ 30 were considered for analysis (Ceccarelli et al., 2014a; White 

and Potts, 2006). Template DNA isolated from L. (L.) infantum MHOM/FR/78/LEM75 and 

L. (L.) amazonensis MHOM/BR/00/LTB0016 were used as reference for Leishmania 

subgenus, while template DNA from L. (V.) braziliensis MHOM/BR/75/M2904 was used 

as reference for Viannia subgenus. Bins were set to define Tm of amplicons for each 
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species. Automated classification of genotypes (i.e. subgenus Leishmania or Viannia) of 

unknown samples was performed by the Rotor-Gene software according to the 

presence of a derivative peak located within a defined temperature bin. 

 

2.10 Statistical analysis 

The 95% confidence intervals for sensitivity in clinical samples were calculated using the 

modified Wald method (Agresti et al., 1998). The degree of agreement between 

conventional methods (i.e. L. infantum species-specific PCR and/or ITS1-PCR RFLP 

and/or DNA sequencing) and qPCR-based methods in all samples with information 

about Leishmania species was determined by calculating Kappa values with 95 % 

confidence intervals using GraphPad QuickCalcs (GraphPad Prism, 2018).  

 

3. Results 

3.1 Brazilian strains characterization  

The approach based on two qPCRs to distinguish between L. (L.) infantum and L. (L.) 

amazonensis exploiting the different abundance of minicircle subclasses, previously 

developed with European L. (L.) infantum strains, was evaluated with additional New 

World strains. In particular, one New World L. (L.) infantum strain, one L. (L.) 

amazonensis strain and one L. (V.) braziliensis strain were tested blindly in duplicates. 

The contextual evaluation of qPCR-ML HRM peaks and qPCR-ML/qPCR-ama Cq values 

allowed to correctly identify the subgenus (Leishmania or Viannia) and the species 

(infantum or amazonensis) in each sample (Table 1). Samples F4 and F7 showed Cq 

(qPCR-ama) <Cq (qPCR-ML) and were classified as L. (L.) amazonensis. Samples F5, F6, 

F8, F9 showed Cq (qPCR-ML) <Cq (qPCR-ama) and were classified as L. (L.) infantum (F6, 

F9) and Viannia subgenus species (F5, F8), depending on the Tm of qPCR-ML amplicons 

determined by HRM analysis (Fig. 1).  

 

3.2 Canine clinical samples characterization 

Once confirmed the feasibility on New World strains, the approach described above was 

used to analyze 36 clinical sample DNAs, spotted on filter paper, from dogs with a 

diagnosis of leishmaniasis. Thirteen DNA samples (A1-A9, B1-B4) were from peripheral 
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blood and 23 from bone marrow (B5-B9, C1-C9, D1-D9). All peripheral blood samples 

were positive using conventional PCR with primers specific for genus Leishmania, and all 

bone marrow samples were positive using conventional PCR with primers specific for L. 

(L.) infantum.  

Concerning the qPCR analysis, the amplifiability of DNA on filter paper was confirmed 

for all samples using canine B2M as a target. Regarding DNA samples isolated from 

peripheral blood, 8 out of 13 samples were not detectable with both qPCR-ML and 

qPCR-ama assays. The remaining 5 samples (A4, A5, A9, B3, B4) resulted positive with 

both qPCR-ML and qPCR-ama assays, with Cq (qPCR-ML) <Cq (qPCR-ama) 

(Supplementary Table 3, Data in Brief). Regarding DNA samples isolated from bone 

marrow, only one sample (D1) was not detectable with both qPCR-ML and qPCR-ama 

assays; 5 samples (C6, C8, C9, D2, D9) were positive with the qPCR-ML only; the 

remaining 17 samples were detected with both the assays, with Cq (qPCR-ML) <Cq 

(qPCR-ama) (Supplementary Table 3, Data in Brief).  

After evaluation of HRM analysis, all samples were identified as L. (L.) infantum (Table 

2). Compared to conventional PCR results in bone marrow samples, the sensitivity was 

95.6% (95% confidence interval 77.3-100%). On the other hand, the sensitivity in 

peripheral blood samples was 38.5% (95% confidence interval 17.6-64.6%). 

 

3.3 Human clinical samples characterization 

In conventional PCR, 4 peripheral blood samples (E6-E8 and F3) and 3 bone marrow 

samples (E2-E4) were positive for the Leishmania genus. Samples E1, E9 and F2 were not 

detectable, while genus-specific PCR for sample E5 was not available. ITS1-PCR RFLP 

indicated the presence of L. (L.) infantum in samples E6, F2, F3, while sample E5 was 

characterized as Viannia subgenus species. The DNA sequence of F2 and F3 ITS1 

amplicons confirmed the identification of those samples as L. (L.) infantum (Table 3) 

(Supplementary Fig. 1, Data in Brief). 

Concerning the qPCR assays, the amplifiability of DNA on filter paper was confirmed for 

all samples using human GAPDH as a target. Regarding DNA samples isolated from 

peripheral blood, the samples E1, E6, E7 and E8 were positive with both qPCR-ML and 

qPCR-ama assays, with Cq (qPCR-ML) <Cq (qPCR-ama) (Supplementary Table 4, Data in 



79 
 

Brief). After HRM analysis, samples E1, E6 and E7 were identified as L. (L.) infantum, 

while in sample E8 both L. (L.) infantum and Viannia subgenus species were identified. 

The samples E5, F2 and F3 were positive with the qPCR-ML only. After HRM analysis, 

samples F2 and F3 were identified as L. (L.) infantum, while in sample E5 both L. (L.) 

infantum and Viannia subgenus species. were identified (Table 3). Regarding DNA 

samples isolated from bone marrow, the samples E2, E3 and E4 were identified as L. (L.) 

infantum, L. (L.) amazonensis and L. (L.) infantum, respectively (Table 3) (Supplementary 

Table 4, Data in Brief). The sample E9 was not detectable in conventional PCR but it was 

identified as L. (L.) infantum in qPCR. The sensitivity of the qPCR assays in both blood 

and bone marrow samples was 100% (95% confidence interval 76.9-100%).  

The specificity of qPCR-ML and qPCR-ama with pre-amplification conditions from filter 

paper was confirmed using Trypanosoma cruzi and human DNA as template 

(Supplementary Fig. 2, Data in Brief). 

 

3.4 Agreement between conventional and qPCR-based methods 

The agreement between conventional and qPCR-based methods was evaluated among 

all samples having species information (including Leishmania strains) by calculating 

Kappa values. The samples were classified in 3 categories: L. (L.) infantum, L. (L.) 

amazonensis and Viannia subgenus. The strength of agreement was considered to be 

“very good” (Kappa=0.876; standard error=0.122; 95% confidence interval 0.638 - 

1.000).  

 

4. Discussion 

In the New World, L. (L.) infantum, L. (L.) amazonensis and several Viannia subgenus 

species coexist in the same geographic area and can infect both humans and dogs 

(Tolezano et al., 2007). In particular, in Mato Grosso do Sul, L. (L.) infantum, L. (L.) 

amazonensis and L. (V.) braziliensis were identified as the etiologic agents of 

Leishmaniasis (Souza Castro et al., 2018). 

In a previous investigation, a new diagnostic approach based on two qPCR assays (qPCR-

ML and qPCR-ama) to differentiate the subgenera Leishmania and Viannia and to 

discriminate L. (L.) infantum from L. (L.) amazonensis exploiting differences in minicircle 
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subpopulations has been developed (Ceccarelli et al., 2017). This work represents a 

validation of the previously developed approach, using strains and clinical samples 

(canine and human) from Brazil, tested blindly.  

The qPCR-ML and qPCR-ama results obtained with the Brazilian strains corroborated the 

results obtained previously. In particular, the L. (L.) infantum MHOM/BR/2002/LPC-RPV 

strain showed the same results obtained with European strains, i.e. Cq (qPCR-ML) <Cq 

(qPCR-ama), in agreement with previous studies showing identity between L. (L.) 

infantum from south Europe and L. (L.) infantum from New World (Kuhls et al., 2011). 

Importantly, these results suggest a homology between Old and New world strains also 

at the level of minicircle subclass composition.  

Concerning canine samples, all samples with positive results were characterized as L. (L.) 

infantum, and the species identification was confirmed with the species-specific 

conventional PCR in all bone marrow samples. This was expected since all canine 

samples were from VCL cases. The qPCR sensitivity varied between peripheral blood 

(38.5%) and bone marrow (95.6%). The decreased sensitivity observed in blood samples 

could be due to the low parasite load in the peripheral blood compared to bone marrow 

or lymph node (Manna et al., 2008; Solano-Gallego et al., 2007) along with the low 

amount of template DNA, due to amplification of DNA from a punch of filter paper. 

While dogs are mainly infected by L. (L.) infantum, and occasionally by L. (V.) braziliensis 

(Carvalho et al., 2015) or L. (L.) amazonensis (Sanches et al., 2016; Tolezano et al., 2007), 

humans can be infected by different Leishmania species giving heterogeneous clinical 

manifestations. The human samples E1, E2, E4, E6, E7, E9, F2 and F3 were characterized 

as L. (L.) infantum, E3 as L. (L.) amazonensis, E5 and E8 as co-infection Viannia subgenus 

species/L. (L.) infantum. The species characterization was in agreement with the clinical 

history of the patients. The fact that L. (L.) infantum was identified also in sample F2 (a 

CL patient) is not surprising since L. (L.) infantum has been identified also as a causative 

agent of cutaneous leishmaniasis in the state of Mato Grosso do Sul (Castro et al., 2016). 

Samples E2, E3, E4, which were from the same patient, were collected at different time 

points and were characterized as L. (L.) infantum, (E2 and E4) and as L. (L.) amazonensis 

(E3). The different species characterization could be due to the presence of a co-

infection with two Leishmania species or to infection with L. (L.) infantum and L. (L.) 
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amazonensis occurring at different times in the same patient. This is plausible also 

because some Lutzomyia spp. are supposed to transmit more than one Leishmania spp. 

In particular, Lu. longipalpis, the main vector of L. (L.) infantum in Latin America, has also 

been found infected by L. (V.) braziliensis and L. (L.) amazonensis in Brazil (Guimarães-e-

Silva et al., 2017). 

On the whole, the agreement between conventional methods and qPCR-based methods 

for Leishmania species identification, determined by Kappa test, was “very good”. The 

agreement was not perfect due to a possible co-infection [L. (L.) infantum and Viannia 

subgenus species] revealed by qPCR in human sample E5, but not detected with ITS1-

PCR RFLP. Importantly, concerning the methodology, the species characterization in 

canine or human samples was reached regardless the qPCR master mix used (Diatheva, 

Qiagen or Takara) -provided that reference strains are included in each run as internal 

controls- demonstrating the robustness of this approach (Supplementary Table 3 and 4, 

Data in Brief). Since there is no PCR-based method considered as gold standard for 

species determination, DNA sequencing was performed on two representative samples 

(F2 and F3) to confirm the results obtained with qPCR-based assays. However, due to 

limited sample size, caution is still needed and the results should be considered as 

preliminary for the South American clinical context.  

Nevertheless, the fact that the closed-tube format of the assays helps to minimize 

contamination and accelerate the workflow, could make this approach a potential 

alternative to conventional PCR and/or PCR-RFLP methods (Souza Castro et al., 2018). 

For example, this has been demonstrated in endemic areas of Iran, where qPCR assays 

have shown highest sensitivity, specificity, positive and negative predictive values both 

in canine and human samples (Mohammadiha et al., 2013b, 2013a). On the other hand, 

high costs of qPCR reagents and equipment could still impair the use of this approach in 

low-income settings. 

In conclusion, the applicability of the method developed in (Ceccarelli et al., 2017) was 

demonstrated in clinical samples from a Brazilian endemic area. Our data indicate that 

this approach could be useful in a clinical context in regions co-endemic for L. (L.) 

infantum, L. (L.) amazonensis, and Viannia subgenus, helping to provide rapid diagnosis 

and to allow studies of species distribution.  
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Figures and tables  

Fig. 1. Flow diagram of experimental design. See text for details. 

 

 

 

Fig. 2. Example of high resolution melting curve analysis for qPCR-ML amplicons. The 

plot of the negative derivative of fluorescence (dF/dT) vs temperature is presented, 

showing melting transitions as peaks. Replicates are grouped for clarity. a) Curves 

obtained from reference strains L. (V.) braziliensis MHOM/BR/75/M2904 (Bin A), L. (L.) 

amazonensis MHOM/BR/00/LTB0016 (Bin B) and L. (L.) infantum MHOM/FR/78/LEM75 

(Bin C); b) same curves including sample F8, assigned to Viannia subgenus (blue arrow); 

c) same curves including sample F6, assigned to Leishmania subgenus.  
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Table 1. qPCR-ML and qPCR-ama results in Brazilian strains 

Species/strain 
Sample 

ID 

qPCR-ML 

(Cq ± SD) 

qPCR-ama 

(Cq ± SD) 

qPCR-ML 

(HRM Tm °C) 

Species 

identification 

L. (L.) amazonensis 

WHOM/BR/75/JOSEFA 
F4 n.d. 18.38±0.17 n.d. 

L.(L.) 

amazonensis 

L. (V.) braziliensis 

MHOM/BR/1987/M11272 
F5 29.67±0.15 35.54±0.02 83.56±0.01 

Viannia 

subgenus 

L. (L.) infantum 

MHOM/BR/2002/LPC-RPV 
F6 20.37±0.06 31.39±0.31 84.30±0.04 L. (L.) infantum 

L. (L.) amazonensis 

WHOM/BR/75/JOSEFA 
F7 36.39±1.26 17.80±0.49 u. 

L.(L.) 

amazonensis 

L. (V.) braziliensis 

MHOM/BR/1987/M11272 
F8 28.80±0.33 33.84±1.15 83.46±0.04 

Viannia 

subgenus 

L. (L.) infantum 

MHOM/BR/2002/LPC-RPV 
F9 24.45±0.18 37.94±0.12 84.37±0.04 L. (L.) infantum 

n.d. = not detectable   

u. = unreliable since qPCR-ML Cq˃˃30 
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Table 2. Summary of results from canine samples  

Source 
sample 

ID 
Serology1 

Microscopy 

Identification2 
Conventional PCR 

Species 

identification 

(qPCR-ML and 

qPCR-ama) 

Peripheral 

blood 

A1 + + genus Leishmania3 - 

A2 + + genus Leishmania3 - 

A3 + + genus Leishmania3 - 

A4 + + genus Leishmania3 L. (L.) infantum  

A5 + + genus Leishmania3 L. (L.) infantum 

A6 + + genus Leishmania3 - 

A7 + + genus Leishmania3 - 

A8 + + genus Leishmania3 - 

A9 + + genus Leishmania3 L. (L.) infantum 

B1 + + genus Leishmania3 - 

B2 + + genus Leishmania3 - 

B3 + + genus Leishmania3 L. (L.) infantum 

B4 + + genus Leishmania3 L. (L.) infantum 

Bone 

marrow 

B5 + + L. (L.) infantum4 L. (L.) infantum 

B6 + + L. (L.) infantum4 L. (L.) infantum 

B7 + + L. (L.) infantum4 L. (L.) infantum 
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B8 + + L. (L.) infantum4 L. (L.) infantum 

B9 + + L. (L.) infantum4 L. (L.) infantum 

C1 + + L. (L.) infantum4 L. (L.) infantum 

C2 + + L. (L.) infantum4 L. (L.) infantum 

C3 + + L. (L.) infantum4 L. (L.) infantum 

C4 + + L. (L.) infantum4 L. (L.) infantum 

C5 + + L. (L.) infantum4 L. (L.) infantum 

C6 + + L. (L.) infantum4 L. (L.) infantum 

C7 + + L. (L.) infantum4 L. (L.) infantum 

C8 + + L. (L.) infantum4 L. (L.) infantum 

C9 + + L. (L.) infantum4 L. (L.) infantum 

D1 + + L. (L.) infantum4 - 

D2 + + L. (L.) infantum4 L. (L.) infantum 

D3 + + L. (L.) infantum4 L. (L.) infantum 

D4 + + L. (L.) infantum4 L. (L.) infantum 

D5 + + L. (L.) infantum4 L. (L.) infantum 

D6 + + L. (L.) infantum4 L. (L.) infantum 

D7 + + L. (L.) infantum4 L. (L.) infantum 

D8 + + L. (L.) infantum4 L. (L.) infantum 

D9 + + L. (L.) infantum4 L. (L.) infantum 
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1immunochromatographic Dual-Path Platform and the ELISA test 

2direct identification of suggestive forms of Leishmania amastigotes from Giemsa-stained 

smears analyzed by optical microscopy 

3conventional PCR with primers specific for genus Leishmania (Rodgers et al., 1990) 

4conventional PCR with primers specific for L. (L.) infantum (Gualda et al., 2015) 



Source sample ID Serology1 
Microscopy 

identification2 

Conventional 

PCR3 
ITS1-PCR RFLP4 ITS1 DNA sequencing 

Species identification  

(qPCR-ML and qPCR-ama) 

Peripheral 

blood 

E1  + n.a. - n.a. n.a. L. (L.) infantum 

E5 - + n.a. 
Viannia 

subgenus 
n.a. 

L. (L.) infantum  

Viannia subgenus 

E6 + n.a. 
genus 

Leishmania 
L. (L.) infantum n.a. L. (L.) infantum 

E7 + n.a. 
genus 

Leishmania 
- n.a. L. (L.) infantum 

E8 + n.a. 
genus 

Leishmania 
- n.a. 

L. (L.) infantum  

Viannia subgenus 

F2 n.a. +* - L. (L.) infantum L. (L.) infantum L. (L.) infantum 

F3 n.a. n.a. 
genus 

Leishmania 
L. (L.) infantum L. (L.) infantum L. (L.) infantum 

Bone 

marrow 

E2 - + 
genus 

Leishmania 
n.a. n.a. L. (L.) infantum 

E3 - + 
genus 

Leishmania 
- n.a. L. (L.) amazonensis 
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E4 - + 
genus 

Leishmania 
n.a. n.a. L. (L.) infantum 

E9 n.a. n.a. - n.a. n.a. L. (L.) infantum 

Table 3. Summary of results from human samples  

 

1Rapid Test (rK39) for visceral leishmaniasis 

2direct identification of suggestive forms of Leishmania amastigotes from Giemsa-stained smears analyzed by optical microscopy 

3convencional PCR with primers specific for the genus Leishmania (Rodgers et al., 1990) 

4ITS1-PCR RFLP according to Schonian et al (Schönian et al., 2003) 

*from lesion of patient 

n.a. not available 

 

  



 

 

 

 

 

 

 

 

 

CHAPTER 2 

This chapter contains the supplementary data, tables and images related to the article “Real-

time PCR to differentiate among Leishmania (Viannia) subgenus, Leishmania (Leishmania) 

infantum and Leishmania (Leishmania) amazonensis: application on Brazilian clinical 

samples” of the previous chapter 

Data article published in Data in Brief (pre-print version)  

 

DOI: 10.1016/j.dib.2019.104914 Volume 28, February 2020, 104914 
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1. Abstract 

This article contains the data regarding Leishmania species identification in human and 

canine clinical samples from a Brazilian region endemic for Leishmania (Viannia) spp., 

Leishmania (Leishmania) infantum and Leishmania (Leishmania) amazonensis, using a 

previously developed approach involving two qPCR assays (qPCR-ML and qPCR-ama). 

The data are related to the article “Real-time PCR to differentiate among Leishmania 

(Viannia) subgenus, Leishmania (Leishmania) infantum and Leishmania (Leishmania) 

amazonensis: application on Brazilian clinical samples” [1] and include also details of 

mailto:luca.galluzzi@uniurb.it
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clinical evaluation/diagnosis of human patients and primers sequences used in the qPCR 

assays. The Leishmania species has been determined in 27 canine samples and 11 

human samples, exploiting HRM analysis of qPCR-ML and Cq values of qPCR-ML and 

qPCR-ama, as reported previously [2]. The results were in agreement with the species 

characterization obtained with other methods such as conventional species-specific 

PCR, ITS1 PCR-RFLP or DNA sequencing. Despite the limited number of clinical samples, 

the results are encouraging for a potential application in regions where L. (Viannia) spp., 

L. (L.) infantum and L. (L.) amazonensis are co-endemic. 

 

Keywords 

Leishmania infantum; Viannia; Leishmania amazonensis; qPCR; real-time PCR; HRM  

 

 

Specifications Table  

 

Subject Parasitology 

Specific subject 
area 

Molecular diagnostics 

Type of data Table 
Figure  

How data were 
acquired 

The qPCR assays were performed using Rotor-Gene 6000 
instrument (Corbett life science). The qPCR runs were analyzed 
with Rotor-Gene software version 1.7 to obtain Cq values and 
High resolution melting temperatures.     

Data format Analyzed 
 

Parameters for 
data collection 

DNA extracted from clinical samples and strains was spotted 
on filter paper for storage and laboratory transfer. The qPCR 
assays (qPCR-ML and qPCR-ama), as well as ITS1 PCR, were 
performed directly from a punch of filter paper, with a pre-
amplification step.  
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Description of data 
collection 

HRM data obtained with qPCR-ML allowed to discriminate 
between subgenera Viannia and Leishmania. In case of 
subgenus Leishmania, the discrimination between L. (L.) 
infantum and L. (L.) amazonensis is performed through 
comparison of qPCR-ML and qPCR-ama Cq values. Both HRM 
and Cq data were collected by amplification of DNA extracted 
from clinical samples and spotted on filter paper.  
      

Data source 
location 

Canine samples 
Institution: Control Center of Zoonoses (CCZ)  
City/Town/Region: Campo Grande City/Mato Grosso do Sul 
Country: Brazil 
Human samples 
Institution: Hospital Universitário 
City/Town/Region: Dourados City/Mato Grosso do Sul 
Country: Brazil 

Data accessibility With the article 
 

Related research 
article 

Aurora Diotallevi, Gloria Buffi, Marcello Ceccarelli, Herintha 
Coeto Neitzke-Abreu, Laisa Vieira Gnutzmann, Manoel 
Sebastião da Costa Lima Junior, Alice Di Domenico, Mauro De 
Santi, Mauro Magnani, Luca Galluzzi. 
Real-time PCR to differentiate among Leishmania (Viannia) 
subgenus, Leishmania (Leishmania) infantum and Leishmania 
(Leishmania) amazonensis: application on Brazilian clinical 
samples. 
Acta Tropica, submitted paper 
 

 

 

Value of the Data 

• These data are useful to point out the potential field application of our SYBR Green-

based qPCR assays to distinguish among Leishmania (Viannia) subgenus, L. (L.) infantum 

and L. (L.) amazonensis, exploiting HRM and Cq values.    

• The rapid Leishmania species identification can be particularly useful for diagnosis in 

regions where Leishmania (Viannia) subgenus, L. (L.) infantum and L. (L.) amazonensis 

are co-endemic.  
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• These data can be considered to further develop qPCR-based assays for other species 

differentiation in the Viannia subgenus (e.g. L. (V.) braziliensis and L. (V.) panamensis) or 

in the Leishmania subgenus (e.g. L. (L.) amazonensis and L. (L.) mexicana). 

 

Data 

The presented data first describe the Clinical evaluation/diagnosis of human patients 

(Table 1) and the primers used in the qPCR assays targeting Leishmania minicircle kDNA 

(qPCR-ML and qPCR-ama) and host genes (Table 2). Then, the Cq and HRM values 

obtained from qPCR-ML and qPCR-ama used for Leishmania species identification in 

canine (n=36) and human (n=11) clinical samples spotted on filter paper are presented 

(Table 3 and Table 4, respectively). As a further confirmation of Leishmania infantum 

species identification, ITS1 amplicons from two human clinical samples were directly 

sequenced and a phylogenetic analysis was performed with ITS1 sequences from L. (V.) 

braziliensis (n=21) L. (L.) infantum (n=7) and L. (L.) amazonensis (n=4) available in 

genbank database (Fig. 1). Moreover, the data also show the specificity of qPCR-ML and 

qPCR-ama assays in the conditions used to amplify DNA samples from filter paper (Fig. 

2).  

2. Experimental Design, Materials, and Methods 

2.1 Canine and human clinical samples 

Thirty-six canine clinical samples and 11 human clinical samples were collected in Mato 

Grosso do Sul (Brazil), an endemic area of leishmaniasis. The canine samples consisted in 

13 peripheral blood (A1-A9, B1-B4) and 23 bone marrow (B5-B9, C1-C9, D1-D9), 

collected by the Control Center of Zoonoses (CCZ) of Campo Grande City. Dogs were 

diagnosed positive for visceral canine leishmaniasis (VCL) by the 

immunochromatographic Dual-Path Platform (DPP™, Bio-Manguinhos/Fiocruz, Rio de 

Janeiro, Brazil) and the ELISA test (EIE™; Bio-Manguinhos/Fiocruz, Rio de Janeiro, Brazil), 

and direct identification of Leishmania amastigotes from Giemsa-stained smears 

analyzed by optical microscopy. 



99 
 

The human samples consisted in 7 peripheral blood (E1, E5-E8, F2, F3) and 4 bone 

marrow (E2-E4, E9), collected in Hospital Universitário of Dourados City from patients 

with a diagnosis of leishmaniasis. After evaluation of clinical signs (Table 1), patients 

were diagnosed using serology rapid test (rK39) (Kalazar Detect™; InBios, Washington, 

US) and/or direct identification of Leishmania amastigotes from Giemsa-stained smears 

analyzed by optical microscopy. 

2.2 DNA extraction 

DNA from canine and human clinical samples, positive for Leishmania infection, was 

obtained as follows. A 300 µl volume of sample was added to 500 µl of 20% Sodium 

Dodecyl Sulfate (Sigma-Aldrich) and homogenized. Then, 400 µl of chloroform and 300 

µl of protein precipitation solution (3M potassium acetate, 11% glacial acetic acid) were 

added. After centrifugation at 10,000 x g for 10 min, the supernatant was transferred to 

new tubes containing 1 ml of cold absolute ethanol, gently homogenized by inversion 

and centrifuged for 5 min at 10,000 x g. The pellets were washed twice with 1 ml of 70% 

cold ethanol each time and centrifuged for 2 min at 10,000 x g. The supernatant was 

discarded and the pellet was dried in a dry bath (AccuBlock) at 65°C for 5 min. The DNA 

pellet was resuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to a final 

concentration of 200-500 ng/µl, stored at 4 °C for 24 h, and then frozen at -20 °C. For 

sample transfer, DNA samples (8 µl) were spotted on filter paper (Macherey-Nagel MN 

818), air-dried and stored at room temperature until analysis.  

2.3 Quantitative PCR (qPCR) assays 

The approach described in Ceccarelli et al. [2], consisting in running two qPCR reactions 

in parallel (qPCR-ML and qPCR-ama) to amplify different classes of minicircles, has been 

applied on sample DNA spotted on filter paper. The workflow of this approach involves 

first a discrimination between subgenera Viannia and Leishmania based on qPCR-ML 

HRM analysis, performed with primers MLF and MLR (Table 2); if this analysis indicates 

subgenus Leishmania, the discrimination between L. (L.) infantum and L. (L.) 

amazonensis is performed through comparison of qPCR-ML and qPCR-ama Cq values. 

The qPCR-ama was performed using the forward primer LMi-amaF and the reverse 

primer MLR (Table 2). All samples were tested blindly. To evaluate the DNA integrity and 
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amplifiability in canine and human samples, canine beta-2-microglobulin (B2M) and 

human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified under the 

same conditions as the qPCR-ML and qPCR-ama (described below).  

To ensure applicability with samples on filter paper, a pre-amplification step was 

introduced as follows. A punch of filter paper (2 mm in diameter) was placed in 40 µl 

SYBR green reaction mixture containing 200 nM of each primer. Three different PCR 

master mix were tested: SYBR green PCR master mix (Diatheva srl, Fano, Italy), RT2 SYBR 

Green ROX FAST Mastermix (Qiagen , Hilden, Germany), TB Green premix ex TaqII 

Mastermix (Takara Bio Europe, France). Tubes were placed in a thermal cycler 

(GeneAmp PCR System 2700), and pre-amplified under the following conditions: 94 °C 

for 5 min, 10 cycles at 94 °C for 30 s, 60 °C for 20 s and 72 °C for 20 s. At the end of this 

pre-amplification step, the tubes were centrifuged for few seconds and placed in ice; 

the filter paper was removed and the reaction was split into two PCR tubes (20 µl each 

tube). Then, the tubes were placed in the Rotor-Gene 6000 instrument and amplified as 

follows: 45 cycles at 94 °C for 30 s, 60 °C for 20 s and 72 °C for 20 s. As reference, PCR 

mixtures containing template DNA isolated from L. (L.) infantum MHOM/FR/78/LEM75, 

L. (L.) amazonensis MHOM/BR/00/LTB0016 and L. (V.) braziliensis MHOM/BR/75/M2904 

were included in each run. A no template control (NTC) was included for each primer 

pair reaction. To monitor non-specific products or primer dimers, a melting analysis was 

performed from 79 to 95 °C at the end of each run, with a slope of 1 °C/s, and 5 s at 

each temperature. The Cq values were evaluated using the quantification analysis of the 

RotorGene 6000 software. 

Trypanosoma cruzi and human DNA were amplified using the conditions described 

above to confirm qPCR_ML and qPCR-ama specificity with the three master mix used 

and including the pre-amplification step. The absence of specific amplicons was 

confirmed by visualization on 2% agarose gel electrophoresis.  

2.4 High-resolution melt (HRM) analysis  

The high-resolution melt (HRM) analysis was performed immediately after the 

amplification reactions in the Rotor-Gene 6000 instrument. HRM analysis was 
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conducted over the range from 79 °C to 90 °C, rising at 0.1 °C/s and waiting for 2 s at 

each temperature. Each sample was run in duplicate, and the gain was optimized before 

melting on all tubes. HRM curve analysis was performed with the derivative of the 

intensity of fluorescence at different temperatures (dF/dT), after smoothing, with the 

Rotor-Gene 6000 software. Only samples with Cq values ˂ 30 were considered for 

analysis.Template DNA isolated from L. (L.) infantum MHOM/FR/78/LEM75 and L. (L.) 

amazonensis MHOM/BR/00/LTB0016 were used as reference for Leishmania subgenus, 

while template DNA from L. (V.) braziliensis MHOM/BR/75/M2904 was used as 

reference for Viannia subgenus. Bins were set to define Tm of amplicons for each 

species. Automated classification of genotypes (i.e. subgenus Leishmania or Viannia) of 

unknown samples was performed by the Rotor-Gene software according to the 

presence of a derivative peak located within a defined temperature bin. 

2.5 ITS1 DNA sequencing and phylogenetic analysis 

To confirm Leishmania species identification, ITS1 fragments, obtained by ITS1-PCR RFLP 

[3], were sequenced in two human samples (F2 and F3) as follows. The ITS1 amplicons 

were directly digested with 10 U HaeIII (Thermo Fisher Scientifc) at 37 °C for 3 h. The 

restriction fragments were visualized on a 3.5% high-resolution MetaPhor (Cambrex) 

agarose gel stained with GelRed (Biotium, Hayward, CA). The larger fragment was 

excised from gel, purified using MinElute Gel Extraction kit (Qiagen) and directly 

sequenced. DNA sequencing was performed using the BigDye Terminator v. 1.1 Cycle 

Sequencing Kit on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). The F2 and 

F3 sequences were aligned with ITS1 sequences from L. (L.) infantum (n=7), L. (V.) 

braziliensis (n=21) and L. (L.) amazonensis (n=4) available in GenBank database, using 

BioEdit Sequence Alignment Editor using default options. The phylogenetic analysis of 

aligned ITS1 fragments was conducted with MEGA 6 software. Phylogenetic 

relationships were inferred by using the maximum likelihood method and Tamura-Nei 

model. Bootstrap values were calculated from 100 replications. 
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Table 1. Diagnosis and clinical evaluation of human patients  

sample ID Diagnosis Patient clinical evaluation 

E1  VL Anemia, splenomegaly 

E2, E3, E4 VL No clinical information 

E5 VL HIV patient, fever, pancytopenia, hyporexia 

E6, E7 VL Pancytopenia, hepatosplenomegaly 

E8 VL 
5 years old; hepatosplenomegaly, anemia, submandibular 

ganglia, fever, pancytopenia, abdominal distension 

E9 n.a. No clinical information 

F2 CL Nasal lesion 

F3 VL Anemia, splenomegaly 

 

 

https://doi:10.1016/S0732-8893(03)00093-2


Table 2. Primer sequences for qPCR. 

Target Forward primer (5’-3’) Reverse primer (5’-3’) 

B2M canine GTCCCACAGATCCCCCAAAG CTGGTGGATGGAACCCTGAC 

GAPDH 

human 
CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG 

kDNA 

(qPCR-ML) 
MLF - CGTTCTGCGAAAACCGAAA MLR - CGGCCCTATTTTACACCAACC 

kDNA 

(qPCR-ama) 
LMi-amaF - AAAATGAGTGCAGAAACCC MLR - CGGCCCTATTTTACACCAACC 

B2M canine, Canis familiaris Beta-2-Microglobulin; 

GAPDH human, Homo sapiens glyceraldehyde-3-phosphate dehydrogenase. 

 



Table 3. qPCR-ML and qPCR-ama results in canine clinical samples.   

Source 
clinical 

sample (ID) 

qPCR-ML 

(Cq ± SD) 

qPCR-ama 

(Cq ± SD) 

qPCR-ML 

(HRM Tm °C) 
Results 

Peripheral 

blood 

A1 1 n.d. n.d. n.d. - 

A2 1 n.d. n.d. n.d. - 

A3 1 n.d. n.d. n.d. - 

A4 1 20.58±0.62 31.83±0.89 84.08±0.11 L. (L.) infantum  

A5 1 26.51±0.40 n.d. 84.12±0.02 L. (L.) infantum 

A6 1 n.d. n.d. n.d. - 

A7 1 n.d. n.d. n.d. - 

A8 1 n.d. n.d. n.d. - 

A9 1 27.60±1.39 39.23±0.81 84.03±0.04 L. (L.) infantum 

B1 1 n.d. n.d. n.d. - 

B2 1 n.d. n.d. n.d. - 

B3 1 23.69±0.14 32.28±0.66 83.64±0.01 L. (L.) infantum 

B4 1 18.16±0.35 24.77±0.16 83.95±0.32 L. (L.) infantum 

Bone 

marrow 

B5 1 17.96±0.17 26.09±0.09 83.94±0.08 L. (L.) infantum 

B6 1 22.90±0.30 30.34±0.08 84.08±0.11 L. (L.) infantum 

B7 1 17.39±4.53 25.93±3.47 83.79±0.02 L. (L.) infantum 

B8 1 18.18±3.62 25.12±2.64 84.05±0.14 L. (L.) infantum 

B9 1 25.58±1.20 33.57±0.86 84.90±0.04 L. (L.) infantum 

C1 1 17.41±3.39 26.27±2.25 83.85±0.02 L. (L.) infantum 
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C2 1 14.80±0.23 22.62±0.01 83.96±0.08 L. (L.) infantum 

C3 1 16.02±0.13 23.73±0.07 84.12±0.02 L. (L.) infantum 

C4 1 17.53±0.06 25.20±0.06 83.97±0.07 L. (L.) infantum 

C5 1 14.57±0.22 22.43±0.13 83.90±0.07 L. (L.) infantum 

C6 1 25.95±10.55 n.d. 84.86±0.05 L. (L.) infantum 

C7 1 20.38±0.50 26.40±3.57 84.10±0.05 L. (L.) infantum 

C8 1 22.52±0.50 n.d. 84.05±0.05 L. (L.) infantum 

C9 1 30.81±0.35 n.d. 84.10±0.07 L. (L.) infantum 

D1 1 n.d. n.d. n.d. - 

D2 1 28.51±3.35 n.d. 84.03±0.05 L. (L.) infantum 

D3 2 20.04±0.12 32.36±0.35 80.44±0.04 L. (L.) infantum 

D4 2 17.65±0.18 28.62±0.93 80.08±0.09 L. (L.) infantum 

D5 2 12.14±0.01 23.68±0.32 79.95±0.03 L. (L.) infantum 

D6 2 12.17±0.09 22.63±0.17 80.13±0.11 L. (L.) infantum 

D7 2 8.72±0.01 18.85±0.13 80.06±0.04 L. (L.) infantum 

D8 2 8.38±0.18 18.50±0.05 80.07±0.08 L. (L.) infantum 

D9 1 30.75±0.04 n.d. 84.10±0.08 L. (L.) infantum 

n.d. = not detectable   

1Samples tested with SYBR green PCR master mix (Diatheva srl) 

2Samples tested with RT2 SYBR Green ROX FAST Mastermix (Qiagen) 
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Table 4. qPCR-ML and qPCR-ama results in human clinical samples.  

Source 

Human 

clinical 

sample (ID) 

qPCR-ML 

(Cq ± SD) 

qPCR-ama 

(Cq ± SD) 

qPCR-ML 

(HRM Tm °C) 
Results 

Peripheral 

blood 

E1 1 28.28±0.72 34.08±0.71 84.20±0.05 L. (L.) infantum 

E5 2 28.81±2.36 n.d. 
83.27±0.05* 

83.15±0.07 

L. (L.) infantum  

L. (V.) sp 

E6 1 19.12±0.06 27.35±0.23 84.20±0.01 L. (L.) infantum 

E7 1 31.12±0.31 34.93±0.74 83.94±0.08 L. (L.) infantum 

E8 2 28.34±0.76 28.76±0.30 
83.47±0.02* 

82.75±0.28 

L. (L.) infantum  

L. (V.) sp 

F2 1 33.85±3.11 n.d. 84.18±0.04 L. (L.) infantum 

F3 1 29.19±0.18 n.d. 84.14±0.06 L. (L.) infantum 

Bone 

marrow 

E2 3 27.80±0.84 n.d. 80.06±0.13 L. (L.) infantum 

E3 3 n.d. 30.35±1.55 n.d. L. (L.) amazonensis 

E4 3 31.99±1.31 n.d. 80.65±0.05 L. (L.) infantum 

E9 1 27.78±1.34 n.d. 84.62±0.07 L. (L.) infantum 

n.d. = not detectable 

1Samples tested with SYBR green PCR master mix (Diatheva srl) 

2Samples tested with SYBR green PCR master mix (Diatheva srl) and TB Green premix ex 

TaqII Mastermix (Takara) 

3Samples tested with RT2 SYBR Green ROX FAST Mastermix (Qiagen) 

* values obtained with TB Green premix ex TaqII Mastermix (Takara)  
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Fig. 1. Phylogenetic analysis of ITS1 fragments of F2 and F3 samples (red dotted line). The 
phylogenetic tree was constructed by using the maximum likelihood method and Tamura-
Nei model. Numbers below branches represent bootstrap support.  
 

 

 

 

 

  

 JX448547.1 Leishmania braziliensis isolate M004

 JQ061322.1 Leishmania braziliensis MHOM/BR/2006/EFSF

 JX448548.1 Leishmania braziliensis isolate M007

 JX448549.1 Leishmania braziliensis isolate M019

 AJ300483.1 Leishmania braziliensis MHOM/BZ/75/M2903

 AJ300484.1 Leishmania braziliensis MHOM/CO/81/Moro

 FN398333.1 Leishmania braziliensis MHOM/PE/2002/LH2215

 FN398334.1 Leishmania braziliensis MHOM/PY/2000/KA9

 FN398335.1 Leishmania braziliensis MHOM/BR/2002/NMT-RBO018

 FN398336.1 Leishmania braziliensis MHOM/PE/2006/CU00176

 FN398337.1 Leishmania braziliensis MHOM/PE/2003/LH2920

 FN398338.1 Leishmania braziliensis MHOM/BR/00/LTB300

 HG512898.1 Leishmania braziliensis MHOM/PE/--/LC1407.cl5

 HG512901.1 Leishmania braziliensis MHOM/PE/--/LH1099

 HG512929.1 Leishmania braziliensis MHOM/CO/90/LEM2216

 HG512930.1 Leishmania braziliensis MCAN/PE/91/LEM2222

 HG512937.1 Leishmania braziliensis MHOM/PE/90/FY (LEM2682)

 HG512938.1 Leishmania braziliensis MHOM/BO/90/AN (LEM2700)

 HG512940.1 Leishmania braziliensis IWHI/BR/86/M10187 (LEM2823)

 HG512942.1 Leishmania braziliensis MHOM/BR/00/LTB333 (LEM2851)

 HG512966.1 Leishmania braziliensis MHOM/PE/03/LH2511

 MF945584.1 Leishmania infantum MCAN/PR-BR/16/CUR1882

 MF945583.1 Leishmania infantum MCAN/PR-BR/15/CUR37STI

 MF945582.1 Leishmania infantum MCAN/PR-BR/14/CUR1644

 MF945581.1 Leishmania infantum MCAN/PR-BR/14/CUR1518

 MF945580.1 Leishmania infantum MCAN/PR-BR/14/CUR828

 MF945579.1 Leishmania infantum MCAN/PR-BR/14/EBB2248

 FN398343.2 Leishmania infantum MHOM/BR/2007/JFF_BM

 sample_F3

 sample_F2

 AB709806.1 Leishmania amazonensis

 HG512932.1 Leishmania amazonensis MHOM/PA/87/GML416 (LEM2237)

 HG512933.1 Leishmania amazonensis MHOM/CO/82/CELIS (LEM2247)

 HG512964.1 Leishmania amazonensis MHOM/BR/73/M2269

100

100

100

0.02
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Fig. 2. Specificity of qPCR-ML (A) and qPCR-ama (B). qPCR amplicons were run on a 2 % agarose gel. Both qPCR 
assays were performed using three different PCR master mix: SYBR green PCR master mix, Diatheva (I); RT2 
SYBR Green ROX FAST Mastermix, Qiagen (II); TB Green premix ex TaqII Mastermix, Takara Bio (III). For each 
master mix, DNA from L. (L.) infantum (0,006 ng/µl), L. (L.) amazonensis (0,15 ng/µl), Trypanosoma cruzi (0,1 
ng/µl) and human DNA (30 ng/µl) were tested with the condition described in the manuscript. As negative 
control, a no template control was used for each qPCR run. M: ΦX174 DNA/BsuRI (HaeIII) Marker, 9 
(ThermoFisher Scientific); NTC: no template control. 
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CHAPTER 3 

This chapter consists of an original article about the application of sequential qPCR Assays 

and High-Resolution Melt Analysis to differentiate Leishmania (L.) infantum, Leishmania (L.) 

amazonensis and Leishmania (L.) mexicana. 
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Abstract 

Leishmania protozoa are the etiological agents of visceral, cutaneous and 

mucocutaneous leishmaniasis. In specific geographical regions, such as Latin America, 

several Leishmania species are endemic and simultaneously present; therefore, a 

diagnostic method for species discrimination is warranted. In this attempt, many qPCR-

based assays have been developed. Recently, we have shown that L. (L.) infantum and L. 

(L.) amazonensis can be distinguished through the comparison of the Cq values from 

two qPCR assays (qPCR-ML and qPCR-ama), designed to amplify kDNA minicircle 

subclasses more represented in L. (L.) infantum and L. (L.) amazonensis, respectively. 

This paper describes the application of this approach to L. (L.) mexicana and introduces 

a new qPCR-ITS1 assay followed by high-resolution melt (HRM) analysis to differentiate 

this species from L. (L.) amazonensis. We show that L. (L.) mexicana can be distinguished 

from L. (L.) infantum using the same approach we had previously validated for L. (L.) 
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amazonensis. Moreover, it was also possible to reliably discriminate L. (L.) mexicana 

from L. (L.) amazonensis by using qPCR-ITS1 followed by an HRM analysis. Therefore, a 

diagnostic algorithm based on sequential qPCR assays coupled with HRM analysis was 

established to identify/differentiate L. (L.) infantum, L. (L.) amazonensis, L. (L.) mexicana 

and Viannia subgenus. These findings update and extend previous data published by our 

research group, providing an additional diagnostic tool in endemic areas with co-existing 

species. 

Keywords: leishmania infantum; leishmania amazonensis; leishmania mexicana; qPCR; 

high resolution melting; kDNA; ITS1 

 

1. Introduction 

Leishmaniasis is caused by many Leishmania species belonging to subgenera 

Leishmania (Leishmania) and Leishmania (Viannia), creating a global public health 

problem with 0.2–0.4 million cases of visceral leishmaniasis (VL) and 0.7–1.2 million 

cases of cutaneous leishmaniasis (CL) per year [1]. In specific geographical regions, such 

as Central and South America, many Leishmania species are endemic and 

simultaneously present and, in some cases, can give rise to the same clinical form [2]. 

For instance, L. (L.) amazonensis and L. (L.) mexicana are responsible for the cutaneous 

manifestations and have a wide geographic distribution from Mexico to the north of 

Argentina. The epidemiological heterogeneity and difficulties in clinical approaches 

make species identification a critical step in clinical diagnosis and management, 

especially in case of co-infections. Therefore, an accurate diagnostic method allowing 

species identification is necessary [3]. Since the microscopic analysis does not provide 

information for species discrimination and the isoenzymatic characterization (i.e., 

multilocus enzyme electrophoresis) is a challenging and time-consuming technique, 

many biomolecular assays have been developed for Leishmania detection and species 

identification [4,5]. In particular, many qPCR assays have been designed to target the 

ribosomal DNA (rDNA) sequences and the kinetoplast DNA (kDNA) minicircle network 

that characterizes the Leishmania genus [6,7]. The rDNA sequence is repeated tens or 
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hundreds of times per cell, allowing acceptable sensitivity also with DNA from clinical 

samples. Moreover, the variability of the internal transcribed spacer (ITS) sequences can 

be exploited for typing at the species level [8]. The kDNA minicircles are about 800 bp 

long and are present in several thousands of copies per cell, which makes them ideal 

targets for highly sensitive PCR-based assays. Minicircles are characterized by conserved 

regions in their replication origin [9], which allows the design of PCR primers with broad 

taxonomic coverage. On the other hand, the minicircle network is composed of different 

subclasses presenting high sequence variability, with exception of the conserved regions 

[10]. The number and identity of minicircle subclasses vary greatly among Leishmania 

species [11–13]. These features make the design of qPCR assays for identification at the 

species level difficult to perform, even using probes or melting analysis [14–17]. To 

differentiate L. (L.) infantum from L. (L.) amazonensis, we recently proposed an 

approach based on the evaluation of relative abundance of minicircle subclasses by 

using two qPCR assays [18–20]. However, our previous works did not include L. (L.) 

mexicana, which is closely related to L. (L.) amazonensis [21]. 

In this paper, we also applied this diagnostic approach to L. (L.) mexicana species, 

with the aim to extend the validity of our previous work. Results showed that, as 

previously demonstrated for L. (L.) amazonensis, L. (L.) mexicana can also be 

distinguished from L. (L.) infantum by exploiting the two qPCR assays designed on 

minicircle kDNA. Moreover, it was also possible to reliably distinguish L. (L.) mexicana 

from L. (L.) amazonensis species using a new high-resolution melt (HRM) assay designed 

on the ITS1 region (qPCR-ITS1). 

2. Materials and Methods 

2.1. Leishmania Strains, Clinical Samples and DNA Extraction 

The Leishmania strains and isolates used in this study are listed in Table 1. The L. (L.) 

mexicana clinical isolates 2, 3 and 5 were from diffuse cutaneous leishmaniasis lesions, 

whereas the clinical isolates 14, 17 and MHOM/MX/2011/Lacandona were from 

localized cutaneous leishmaniasis lesions. The clinical samples were taken from 

individuals from Quintana Roo, an endemic area of leishmaniasis in Mexico, as well as 

from patients treated at the Tropical Medicine Center, Medical Faculty, National 
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Autonomous University of Mexico (UNAM); all patients were clinically diagnosed as 

diffuse or localized cutaneous leishmaniasis by Giemsa-stained smears of the lesions and 

by ELISA test for Leishmania (Table 2). 

The DNA was extracted from promastigote cultures and from clinical samples using 

phenol-chloroform standard procedures followed by ethanol precipitation and the High 

Pure PCR Template Preparation Kit (Roche, Mannheim, Germany). The DNA was 

quantified using a Qubit fluorometer (Life Technologies, Carlsbad, USA) and stored at 

−20 °C until being used. 

Table 1. Leishmania spp reference strains/clinical isolates used in this study. 

Species Strain/Isolate 

L. (L.) infantum MHOM/TN/80/IPT1 

L. (L.) infantum MHOM/IT/86/ISS218 

L. (L.) infantum MHOM/FR/78/LEM75 

L. (L.) amazonensis MHOM/BR/00/LTB0016 

L. (L.) amazonensis IFLA/BR/67/PH8 

L. (L.) amazonensis Clinical isolate 

L. (V.) braziliensis MHOM/BR/75/M2904 

L. (L.) mexicana MHOM/MX/2011/Lacandona 

L. (L.) mexicana Clinical isolate 2 

L. (L.) mexicana Clinical isolate 3 

L. (L.) mexicana Clinical isolate 5 

L. (L.) mexicana Clinical isolate 14 

L. (L.) mexicana Clinical isolate 17 

Table 2. Clinical samples used in this study. 

Sample  
Species Identification 

(ITS1-PCR RFLP) 

Species 

Identification (ALAT 

sequencing) 

CL Form 

Px1 L. (L.) mexicana n.a. 1 LCL 

Px2 
L. (L.) mexicana L. (L.) mexicana 

LCL 

Px3 
L. (L.) mexicana L. (L.) mexicana 

LCL 

Px4 
L. (L.) mexicana 

n.a. 1 LCL 

Px5 
L. (L.) mexicana 

n.a. 1 DCL 

Px7 
L. (L.) mexicana 

n.a. 1 LCL 

Px9 
L. (L.) mexicana L. (L.) mexicana 

DCL 

Px10 
L. (L.) mexicana L. (L.) mexicana 

LCL 

PxGSF 
L. (L.) mexicana 

n.a. 1 LCL 

PxCM

U 
n.a. 1 

n.a. 1 n.a. 1 

PxJLC 
L. (L.) mexicana 

L. (L.) mexicana LCL 

1 not available. 
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2.2. ITS1-PCR RFLP 

The L. (L.) mexicana strains and clinical samples were typed using ITS1-PCR RFLP 

according to Monroy-Ostria et al. [22]. Briefly, the PCR was performed using primers 

LITSR and L5.8S, following the amplification protocol—94 °C for 4 min followed by 36 

cycles of 94 °C for 40 s, 54 °C for 30 s and 72 °C for 1 min and a final extension at 72 °C 

for 6 min. PCR products were nested using the same PCR conditions for 18 cycles. PCR 

products were digested with HaeIII for 3 h at 37 °C and for 20 min at 80 °C to inactivate 

the enzyme. The restriction fragments were subjected to electrophoresis on a 4% 

agarose gel. 

2.3. DNA Sequencing and Phylogenetic Analysis 

The alanine aminotransferase (ALAT) gene was amplified in clinical samples px2, 

px3, px9, px10, pxJLC and in L. (L.) mexicana MHOM/MX/2011/Lacandona according to 

Marco et al. [23] using primers ALAT.F and ALAT.R. The amplification conditions were—

94 °C for 3 min followed by 40 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. 

PCR products were purified using the Agencourt AMPure XP kit (Beckman Coulter, Brea, 

CA, USA) and sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo 

Fisher Scientific, Waltham, MA, USA) on ABI 3730xL DNA Analyzer (Thermo Fisher 

Scientific, Waltham, MA, USA). Chromatograms were visualized with ApE software and 

consensus sequences were generated and compared between them and with other 

validated species of L. (L.) mexicana deposited in GenBank using the Blastn tool available 

in the same platform. A phylogenetic reconstruction based on the Maximum Likelihood 

(ML) method was generated and a phylogenetic tree was constructed with 10,000 

bootstrap replications, using the close-neighbor interchange method in Mega 6.0. 

2.4. qPCR Assays 

The qPCR-ML (amplifying kDNA minicircle subclass more represented in L. (L.) 

infantum) and qPCR-ama (amplifying kDNA minicircle subclass more represented in L. 

(L.) amazonensis) were performed as previously described [18]. The new assay qPCR-

ITS1 was performed using the new primers ITS1mexama_F (5′-

GGATCATTTTCCGATGATTACACC-3′) and ITS1mexama_R (5′-
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CTGCAAATGTTGTTTTTGAGTACA-3′), flanking a portion of ITS1 sequence containing 

differences between L. (L.) amazonensis and L. (L.) mexicana (Figure 1). The primers 

were designed using Primer BLAST and were verified against the ITS1 sequences of L. (L.) 

amazonensis (n = 32) and L. (L.) mexicana (n = 30) encompassing forward and/or reverse 

primers, available in the Genbank database. 

 

Figure 1. Alignment of ITS1 partial sequence of L. (L.) amazonensis MHOM/BR/73/M2269 (acc. n. DQ182536.1) 

and L. (L.) mexicana MHOM/MX/98/UNAM (acc. n. AF466382.1). Highlighted sequences represent primers 

ITS1mexama_F and ITS1mexama_R. Sequences are representative of L. (L.) amazonensis (n = 32) and L. (L.) 

mexicana (n = 30) ITS1 sequences available in the Genbank database. 

For all assays, PCR reactions were carried out in a 25 μL volume with 1–3 μL of 

template DNA using SYBR green PCR master mix (Diatheva srl, Fano, Italy) or TB Green 

premix ex TaqII Mastermix (Takara Bio Europe, France) and 200 nM of each primer in a 

Rotor-Gene 6000 instrument (Corbett Life Science, Mortlake, Australia). The 

amplification conditions were—94 °C for 10 min, 40 cycles at 94 °C for 25 s, 60 °C for 20 

s and 72 °C for 20 s. At the end of each run, a melting curve analysis was performed 

from 78 to 92 °C with a slope of 1 °C/s, and 5 s at each temperature. The reactions were 

performed in duplicate. Dilution curves (from 1.0 to 1 × 10−5 ng/reaction) were 

established using L. (L.) mexicana MHOM/MX/2011/Lacandona DNA for qPCR-ML, qPCR-

ama and qPCR-ITS1. The threshold cycles (Cq) were determined using the quantitation 

analysis of the Rotor-Gene 6000 software, setting a threshold to 0.15. To evaluate the 

potential interference of host DNA as a background in the qPCR analysis, 30 ng of 

human DNA was spiked in the reaction tubes. 

2.5. High-Resolution Melt (HRM) Analysis 

The qPCR-ML, qPCR-ama and qPCR-ITS1 amplicons were analyzed by HRM protocol 

on a Rotor-Gene 6000 instrument as described previously [24] with few modifications. 
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Briefly, HRM was carried out over the range from 80 to 90 °C (qPCR-ML, qPCR-ama) or 

75 to 85 °C (qPCR-ITS1), rising at 0.1 °C/s and waiting for 2 s at each temperature. Each 

sample was run in duplicate, and the gain was optimized before melting on all tubes. 

2.6. Ethics Approval 

This study was conducted according to the principles expressed in the Declaration 

of Helsinki. This research was approved by the Institutional Ethics Committee of the 

Medical Faculty of the National Autonomous University of Mexico 

(FM/DI/013/SR/2019). Guidelines established by the Mexican Health Authorities were 

strictly followed. All patients received treatment and clinical care by health authorities 

and signed a written informed consent for the collection of samples and subsequent 

analysis. 

2.7. Statistical Analysis 

Statistical analysis was performed with GraphPad Prism 5.0 (GraphPad Software, 

San Diego, CA, USA). Normal distribution of data was assessed by D′Agostino and 

Pearson omnibus normality test (alpha = 0.05). Difference between Tm mean values was 

evaluated using the nonparametric Mann–Whitney test. 

3. Results 

3.1. Both L. (L.) mexicana and L. (L.) amazonensis Can be Distinguished from L. (L.) 

infantum Exploiting A Differential qPCR Targeting Minicircle kDNA 

Previously, we have shown that L. (L.) infantum and L. (L.) amazonensis can be 

distinguished by comparing the Cq values of two qPCR assays (qPCR-ML and qPCR ama). 

In this work, the qPCR-ML and qPCR-ama were sequentially performed using DNA from 

L. (L.) mexicana MHOM/MX/2011/Lacandona, isolate 2, isolate 3, isolate 5, isolate 14 

and isolate 17 as templates. As already shown for L. (L.) amazonensis strains, Cq values 

obtained with qPCR-ama were much lower compared to those obtained with qPCR-ML 

(Table 3). 
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Table 3. qPCR-ML and qPCR-ama results in strains/clinical isolates. 

Leishmania Species, Strain/Isolate 
DNA Template 

(ng) 

qPCR-ML (Cq 

± SD) 

qPCR-ama 

(Cq ± SD) 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 
1.0 31.61 ± 2.03 14.25 ± 0.69 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 1.0 × 10−1 33.43 ± 2.09 17.48 ± 1.13 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 1.0 × 10−2 37.53 ± 1.27 20.68 ± 1.46 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 1.0 × 10−3 n.d. 1 24.07 ± 1.09 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 1.0 × 10−4 n.d. 1 27.37 ± 1.05 

L. (L.) mexicana 

MHOM/MX/2011/Lacandona 1.0 × 10−5 n.d.1 31.36 ± 0.93 

L. (L.) mexicana Isolate 2 1.0 33.19 ± 1.34 16.78 ± 0.06 

L. (L.) mexicana Isolate 3 1.0 33.62 ± 2.14 18.62 ± 1.12 

L. (L.) mexicana Isolate 5 1.0 38.19 ± 1.01 20.14 ± 0.43 

L. (L.) mexicana Isolate 14 1.0 34.59 ± 0.51 16.54 ± 0.17 

L. (L.) mexicana Isolate 17 1.0 35.94 ± 1.20 19.15 ± 1.00 

L. (L.) amazonensis 

MHOM/BR/00/LTB0016 
1.0 × 10−1 33.95 ± 0.34 21.1 ±1.02 

L. (L.) infantum MHOM/FR/78/LEM75 1.0 14.42 ± 0.75 28.02 ± 0.98 

1 not detectable. 

The Cq difference between qPCR-ama and qPCR-ML allowed us to include L. (L.) 

mexicana among the Leishmania (Leishmania) species that can be distinguished from L. 

(L.) infantum. Results from L. (L.) amazonensis MHOM/BR/00/LTB0016 and L. (L.) 

infantum MHOM/FR/78/LEM75 were included as representative results obtained 

previously. As a consequence of different minicircle subclass amplified, the qPCR-ML 

and qPCR-ama showed a different limit of detection, allowing to amplify up to 1.0 × 10−2 

and 1.0 × 10−5 ng of L. (L.) mexicana MHOM/MX/2011/Lacandona DNA, respectively 

(Table 3). In the qPCR-ML, the presence of 30 ng of purified human DNA delayed the 

limit of detection to 1.0 × 10−1 ng (Figure S1). With regard to qPCR-ama, the efficiency 

and detection limit were evaluated using 10-fold L. (L.) mexicana 

MHOM/MX/2011/Lacandona DNA serial dilutions (from 1.0 to 1×10−5 ng) in three 

independent experiments. There was a linear correlation between the log of DNA 

concentration and Cq value (slope = −3.3909, R2 = 0.9716) with a reaction efficiency of 

97%. In order to evaluate the interference of host DNA, the DNA dilutions were spiked 

with 30 ng of purified human DNA, showing a delay on the Cq values but with 
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comparable efficiency and limit of detection (Figure 2). The efficiency and detection 

limit obtained with L. (L.) mexicana DNA were in agreement with previous results 

obtained using DNA template from L. (L.) amazonensis [18]. 

The qPCR-ML/qPCR-ama approach was also applied to 11 clinical samples. These 

samples were characterized as L. (L.) mexicana by ITS1-PCR RFLP (Figure S2), with the 

exception of pxCMU, for which a digestion profile could not be obtained. Moreover, the 

genotype of five clinical samples (px2, px3, px9, px10, pxJLC) were further confirmed as 

L. (L.) mexicana by sequencing and phylogenetic analysis of the alanine 

aminotransferase (ALAT) gene (Figure S3). All samples showed Cq qPCR-ama Cq qPCR-

ML (Table 4), confirming the presence of L. (L.) mexicana parasites. 

Figure 2. qPCR-ama curves constructed with serial dilutions of L. (L.) mexicana MHOM/MX/2011/Lacandona 

DNA. The curves were obtained with serial dilutions ranging from 1.0 to 1.0 × 10−5 ng/tube, spiked with 30 ng 

human DNA (upper curve, y = −3.4168x + 19.73; R2 = 0.9648) or nonspiked (lower curve, y = −3.3909x + 14.0605; 

R2 = 0.9716). Results were from three independent experiments in duplicate. 
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Table 4. qPCR-ML and qPCR-ama results in clinical samples. 

Sample 

ID 

qPCR-ML (Cq ± 

SD) 

qPCR-ama (Cq ± 

SD) 

Px1 n.d. 1 27.71 ± 0.08 

Px2 n.d. 1 25.79 ± 0.55 

Px3 n.d. 1 24.57 ± 0.58 

Px4 36.21 ± 1.99 29.59 ± 0.80 

Px5 n.d. 1 28.99 ± 1.57 

Px7 35.31 ± 1.47 28.04 ± 0.25 

Px9 n.d. 1 28.35 ± 1.93 

Px10 n.d. 1 24.92 ± 0.87 

PxGSF 36.38 ± 1.70 29.49 ± 0.53 

PxCMU 36.53 ± 1.36 31.48 ± 0.36 

PxJLC n.d. 1 34.87 ± 1.93 
1 not detectable. 

 

3.2. L. (L.) amazonensis Can be Differentiated from L. (L.) mexicana by qPCR-ITS1 HRM 

Analysis 

In the attempt to differentiate L. (L.) mexicana and L. (L.) amazonensis, HRM 

analyses were performed after qPCR-ML and qPCR-ama using the L. (L.) mexicana and L. 

(L.) amazonensis samples indicated in Tables 1 and 2. However, both assays did not 

allow us to distinguish the two species reliably. In particular, the qPCR-ML assay showed 

overly high Cq values (30) in L. (L.) mexicana samples. Concerning the qPCR-ama assay, 

HRM analysis of all L. (L.) mexicana and L. (L.) amazonensis samples showed 

heterogeneous profiles (Figure S4). Moreover, despite that the mean Tm of PCR 

products from L. (L.) mexicana and L. (L.) amazonensis were significantly different 

(Mann–Whitney test, p < 0.01), the Tm value distributions partly overlapped, de facto 

making the distinction between the two species unreliable (Figure 3). 

Therefore, a new qPCR assay and HRM analysis were designed on ITS1 sequences. 

The in silico analysis showed that PCR product lengths were 125–126 and 129–131 bp 

for L. (L.) amazonensis and L. (L.) mexicana, respectively. The qPCR-ITS1 efficiency and 

detection limit were evaluated using 10-fold L. (L.) mexicana 

MHOM/MX/2011/Lacandona DNA serial dilutions (from 1.0 to 1 × 10−4 ng). A linear 

correlation between the log of DNA concentration and Cq value was demonstrated 

(slope = −3.6227, R2 = 0.997), with a reaction efficiency of 89%. As shown for the qPCR-

ama, spiking with 30 ng of purified human DNA induced a delay on the Cq values, but 
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efficiency and limit of detection were not affected (Figure 4). The Tm analysis of qPCR-

ITS1 amplicons obtained from all amplified L. (L.) amazonensis and L. (L.) mexicana 

samples allowed full discrimination between the two species (Mann–Whitney test, p < 

0.001) (Figure 5) (Table S1). However, three clinical samples failed to amplify (Px7, 

PxGSF, PxCMU). Overall, the qPCR-ITS1 HRM assay for amazonensis/mexicana species 

discrimination showed 84.2% sensitivity and 100% specificity. 

 

Figure 3. Box and whisker plot with 5–95% confidence interval showing Tm values distribution obtained with 

high-resolution melt (HRM) analysis of qPCR-ama amplicons of L. (L.) mexicana (n = 32) and L. (L.) amazonensis 

(n = 6). Line within the box represents the median and the red dots above and below the whiskers represent the 

outliers that are either greater than 95th or less than 5th percentile. ** p  0.01. 
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Figure 4. qPCR-ITS1 curves constructed with serial dilutions of L. (L.) mexicana MHOM/MX/2011/Lacandona 

DNA. The curves were obtained with serial dilutions ranging from 1.0 to 1.0 × 10−4 ng/tube, spiked with 30 ng 

human DNA (upper curve, y = −3.555x + 18.729; R2 = 0.996) or nonspiked (lower curve, y = −3.623x + 16.087; R2 

= 0.997). Triplicates of the PCR amplification are represented. 

 

Figure 5. Box and whisker plot with 5–95% confidence interval showing Tm value distribution obtained with 

HRM analysis of qPCR-ITS1 amplicons of L. (L.) mexicana (n = 26) and L. (L.) amazonensis (n = 6). Line within the 

box represents the median and the red dots above and below the whiskers represent the outliers that are either 

greater than 95th or less than 5th percentile. *** p  0.001. 

 

 



122 
 

4. Discussion 

The identification of Leishmania species is an important diagnostic aspect, 

especially in Latin America, not only for epidemiological studies but also for the accurate 

monitoring of clinical disease evolution. In fact, the only species causing VL in this 

geographical region is L. (L.) infantum (syn. chagasi), while cutaneous or mucocutaneous 

(MCL) manifestations can also be generated by Viannia subgenus and L. (L.) mexicana 

complex. In this epidemiological and clinical context, the species discrimination appears 

pivotal, e.g., to monitor a cutaneous lesion that could evolve in VL, MCL or disseminated 

CL, depending on the species. In this view, molecular diagnostic tools allowing species 

discrimination can be helpful. The kDNA minicircles are ideal targets for highly sensitive 

molecular detection of Leishmania spp. since they are present in thousands of copies 

per cell [25]. Since the pioneering work of Nicolas et al. [26], many qPCR assays have 

been designed on conserved regions of minicircles to detect/quantify Leishmania 

parasites. Moreover, several authors investigated the possibility to exploit minicircle 

sequences to discriminate Leishmania parasites at the species level, reaching only 

partial results due to the variability of minicircle subclasses [15,16]. Previously, we 

proposed an SYBR Green qPCR-based approach to distinguish L. (L.) infantum from L. (L.) 

amazonensis, exploiting the different abundance of minicircle subclasses rather than 

targeting a species-specific sequence. Using this approach, which relies on two qPCR 

assays (qPCR-ML and qPCR-ama) and evaluation of Cq values, we were able to 

distinguish the two species adequately [18]. 

In this work, we tested this approach with L. (L.) mexicana, which is genetically close 

to L. (L.) amazonensis. The comparison of Cq values of qPCR-ML and qPCR-ama 

confirmed results previously obtained with L. (L.) amazonensis, allowing us to include L. 

(L.) mexicana among the Leishmania (Leishmania) species that can be differentiated 

from L. (L.) infantum, therefore extending the conclusion of our previous work. 

Importantly, this approach was successfully applied to cutaneous lesions of 11 patients 

diagnosed with diffuse or localized cutaneous leishmaniasis. Notably, the clinical sample 

pxCMU, which was negative in ITS1-PCR RFLP, was identified as L. (L.) 

mexicana/amazonensis, evidencing the highest sensitivity of our qPCR assays targeting 

minicircles. These results further support the possibility of exploiting the relative 
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abundance of minicircles for Leishmania species discrimination. Moreover, we 

confirmed the use of an adequate diagnostic approach based on consecutive qPCR 

assays to define species [18], as also proposed by other authors [27]. 

The distinction between L. (L.) amazonensis and L. (L.) mexicana is important for 

epidemiological studies and disease monitoring, but it can be challenging [28]. For 

instance, hsp70 analysis by Fraga et al. [29] did not resolve between these species. On 

the other hand, other authors were able to separate these species based on multilocus 

sequence typing (MLST) [30] or sequential real-time PCR assays [27]. 

The qPCR coupled with HRM analysis is considered as a good option in molecular 

diagnostics since it avoids the use of modified oligonucleotides, it is accurate, allows 

high-throughput applications and is faster and cheaper than other types of analysis such 

as MLST, RFLP or single-gene DNA sequencing. Moreover, since the qPCR is a closed-

tube system, the potential for carryover contamination will be reduced. In the attempt 

to discriminate between L. (L.) amazonensis and L. (L.) mexicana, HRM profiles of 

amplicons from qPCR-ama were investigated; however, their heterogeneity did not us 

allow to distinguish these two species reliably. Since Schönian et al. demonstrated the 

possibility to discriminate the two species using ITS1-PCR RFLP [31], we designed an 

HRM-based assay exploiting differences in L. (L.) amazonensis and L. (L.) mexicana ITS1 

sequences, in order to avoid restriction digestion and electrophoretic analysis. This 

process allows saving a considerable amount of time to perform the analysis and avoids 

possible difficulties in restriction fragment identification. As expected from the in silico 

sequence analysis, the observed HRM Tm values of all L. (L.) mexicana samples were 

significantly higher as those of all L. (L.) amazonensis samples, allowing a robust 

distinction between these two species. The fact that three clinical samples did not 

amplify (Px7, PxGSF, PxCMU) was probably due to the lower sensitivity of qPCR-ITS1 as 

compared to the assay targeting kDNA minicircles. 

5. Conclusions 

In the attempt to use a qPCR-based approach to differentiate Leishmania species 

co-existing in the New World, sequential qPCR assays and HRM analysis have been 

implemented. The results showed that—(i) L. (L.) infantum can be distinguished from L. 
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(L.) mexicana comparing the Cq values of qPCR-ML and qPCR-ama, as previously shown 

for L. (L.) amazonensis; (ii) this distinction was possible not only using strains/isolates 

but also in clinical samples; (iii) the differentiation between L. (L.) amazonensis and L. 

(L.) mexicana was achieved by qPCR-ITS1 HRM analysis. Therefore, it was possible to 

design/update an algorithm that allows us to identify/differentiate L. (L.) infantum, L. 

(L.) amazonensis, L. (L.) mexicana and Viannia subgenus with sequential qPCR assays 

coupled with HRM analysis targeting minicircle kDNA and ITS1 sequence (Figure 6), 

which further extends our previous work.  

 

Figure 6. Updated sequential qPCR and HRM approach targeting minicircle kDNA and ITS1 sequence for the 

identification of L. (L.) infantum, L. (L.) amazonensis, L. (L.) mexicana and Viannia subgenus. First, the qPCR-ML 

and qPCR-ama followed by HRM analysis are performed. The evaluation of Cq values and HRM profiles for both 

assays will allow discriminating among L. (Viannia) spp, L. (L.) infantum and the two species L. (L.) 

mexicana/amazonensis. Then, qPCR-ITS1 HRM analysis is performed to discriminate between L. (L.) 

amazonensis and L. (L.) mexicana. 
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6. Supplementary matherials 

 

Figure S1. Electrophoretic analysis of qPCR-ML products. Lane 1: L. (L.) infantum MHOM/TN/80/IPT1; Lane 
2: L. (L.) infantum MHOM/IT/86/ISS218; Lane 3: L. (V.) braziliensis MHOM/BR/75/M2904; Lane 4: L. (L.) 
amazonensis MHOM/BR/00/LTB0016; Lanes 5-8: L. (L.) mexicana MHOM/MX/2011/Lacandona serial 
dilution ranging from 10.0 to 0.01 ng DNA/reaction tube; Lanes 9-12: L. (L.) mexicana 
MHOM/MX/2011/Lacandona serial dilution ranging from 10.0 to 0.01 ng DNA/reaction tube spiked with 
30 ng of human DNA. Abbreviations: M, 100 bp DNA ladder; NTC, no template control. 

 

Figure S2. Digestion of ITS1 amplicons of clinical samples and reference Leishmania strains with the 
restriction endonuclease HaeIII. The following strains of Leishmania have been used as reference: L. 
mexicana MHOM/MX/2011/Lacandona, L. braziliensis MHOM/BR/75/M2904, L. amazonensis 
MHOM/BR/00/LTB0016. Fragments were separated on a 4% agarose gel. The fragments specific for L. 
mexicana are indicated by arrows. L: 25bp ladder. 
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Figure S3. Maximum likelihood phylogenetic tree of ALAT amplicons. The tree was constructed with 

MEGA 6.0 software using the close neighbor interchange method. 
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Figure S4. HRM analysis of qPCR-ama amplicons. A) Normalized HRM curves obtained from amplicons of 
L. (L.) amazonensis MHOM/BR/00/LTB0016, L. (L.) amazonensis clinical isolate and L. (L.) amazonensis 
IFLA/BR/67/PH8 (blue lines); B) Normalized HRM curves obtained from amplicons of L. (L.) mexicana 
isolates 2, 3, 5, 14, 17, MHOM/MX/2011/Lacandona (green lines) and L. (L.) mexicana clinical samples 
(n=11) (red lines); C) Merged curves from panels A and B. Each sample was tested in duplicate. 
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Table S1 Results of qPCR-ITS1 HRM analysis from L. (L.) amazonensis and L. (L.) 

mexicana samples. 

Species Strain/isolate/clinical 

sample 

qPCR-ITS1 

HRM (°C)±SD 

L. (L.) mexicana MHOM/MX/2011/Lacandona 79.90±0.028 

L. (L.) mexicana Isolate 2 79.82±0.005 

L. (L.) mexicana Isolate 3 79.82±0.006 

L. (L.) mexicana Isolate 5 79.91±0.035 

L. (L.) mexicana Isolate 14 79.89±0.014 

L. (L.) mexicana Isolate 17 79.88±0.005 

L. (L.) mexicana Px1 n.a. 

L. (L.) mexicana Px2 79.88±0.007 

L. (L.) mexicana Px3 79.85±0.005 

L. (L.) mexicana Px4 79.93±0.078 

L. (L.) mexicana Px5 79.85±0.005 

L. (L.) mexicana Px7 - 

L. (L.) mexicana Px9 79.78±0.007 

L. (L.) mexicana Px10 79.80±0.005 

L. (L.) mexicana PxGSF - 

L. (L.) mexicana PxCMU - 

L. (L.) mexicana PxJLC 79.88±0.035 

L. (L.) amazonensis MHOM/BR/00/LTB0016 79.48±0.035 

L. (L.) amazonensis IFLA/BR/67/PH8 79.21±0.014 

L. (L.) amazonensis Clinical isolate 79.51±0.014 

n.a.: not available 

-: negative result 

Author Contributions: Conceptualization, M.C. and L.G.; methodology, M.C., A.D. and L.G.; validation, M.C., L.G., 
E.A.F.‐F., C.R.‐E., S.A.M.‐M., I.B. and M.M.; formal analysis, L.G., A.D. and E.A.F.‐F.; investigation, M.C., A.D., M.D.S., 
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CHAPTER 4 

This chapter consists of a brief report regarding a kDNA-Based qPCR Assay, previously 

proposed to distinguish L. (L.) infantum and L. (L.) amazonensis from L. Viannia species, for 

the Detection and Quantification of Old World Leishmania species. 
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Abstract 

The parasite protozoan Leishmania, the causative agent of leishmaniasis, includes two 

subgenera of medical interest: Leishmania (Leishmania) and Leishmania (Viannia). 

Parasite species detection and characterization is crucial to choose treatment protocols 

and to monitor the disease evolution. Molecular approaches can speed up and simplify 

the diagnostic process. In particular, several molecular assays target the mitochondrial 

DNA minicircle network (kDNA) that characterizes the Leishmania genus. We previously 

proposed a qPCR assay targeting kDNA, followed by high resolution melt (HRM) analysis 

(qPCR-ML) to distinguish L. (L.) infantum and L. (L.) amazonensis from L. Viannia species. 

Successively, this assay has been integrated with other qPCR assays, to differentiate L. 

(L.) infantum, L. (L.) amazonensis and L. (L.) mexicana. In this work, we tested the 

applicability of our qPCR-ML assay on L. (L.) donovani, L. (L.) major, L. (L.) tropica and L. 

(L.) aethiopica, showing that the qPCR-ML assay can also amplify Old World species, 

different from L. (L.) infantum, with good quantification limits (1 × 10−4–1 × 10−6 ng/pcr 

tube). Moreover, we evaluated 11 L. (L.) infantum strains/isolates, evidencing the 

mailto:germanocastelli@gmail.com
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variability of the kDNA minicircle target molecules among the strains/isolates of the 

same species, and pointing out the possibility of quantification using different strains as 

reference. Taken together, these data account for the consideration of qPCR-ML as a 

quantitative pan-Leishmania assay. 

Keywords: Leishmania; Viannia; qPCR; Old World; high resolution melting; kDNA 

 

1. Introduction 

Leishmania spp. is a protozoan parasite widespread in Asia, Africa, Europe and 

America. The parasite is the etiological agent of leishmaniasis, one of the most 

important tropical diseases that encompasses a broad spectrum of clinical 

manifestations. The genus Leishmania ascribes two subgenera of medical interest: 

Leishmania (Leishmania) and Leishmania (Viannia) [1]. The subgenus Leishmania 

(Leishmania) includes species responsible for visceral leishmaniasis (VL) [L. (L.) donovani, 

L. (L.) infantum] and cutaneous leishmaniasis (CL) [L. (L.) infantum, L. (L.) major, L. (L.) 

tropica, L. (L.) aethiopica, L. (L.) mexicana, L. (L.) amazonensis], while the species 

belonging to the subgenus Leishmania (Viannia) are the etiological agents of CL and 

mucocutaneous leishmaniasis (MCL) [2]. However, a few Leishmania (Leishmania) 

species [i.e., L. (L.) infantum, L. (L.) major and L. (L.) tropica] have also been reported to 

be the etiological agent of MCL [3]. The diagnosis of leishmaniasis is based on a 

combination of clinical manifestations, epidemiological data and laboratory test (i.e., 

serological, parasitological or molecular methods). However, a real gold-standard 

method for human or veterinary leishmaniasis is still lacking [4]. Among the diagnostic 

methods, molecular assays allow to obtain fast results and high sensitivity. In particular, 

a number of PCR-based assays are targeting the mitochondrial DNA minicircle network 

(kDNA) that characterizes the Leishmania genus, ensuring very high sensitivity [5]. 

Previously, we proposed a qPCR assay targeting the conserved region of kDNA 

minicircles using primers MLF and MLR (qPCR-ML), followed by high resolution melt 

(HRM) analysis to detect and distinguish L. (Leishmania) from L. (Viannia) subgenus [6]. 

Successively, this assay has been integrated with other qPCR assays to differentiate L. 
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(L.) infantum from L. (L.) amazonensis [7] and from L. (L.) mexicana [8]. These 

approaches have also been applied to Brazilian clinical samples, allowing to distinguish 

different species causing infection in the New World [9]. However, considering the Old 

World Leishmania species, the qPCR-ML assay has been tested only on L. (L.) infantum. 

In this work, we tested the applicability of our qPCR-ML assay in Old World Leishmania 

species different from L. (L.) infantum [i.e., L. (L.) donovani, L. (L.) major, L. (L.) tropica 

and L. (L.) aethiopica], in an attempt to test the pan-Leishmania potential of our 

approach. Moreover, we quantitatively evaluated the target sequence of qPCR-ML in 

different L. (L.) infantum strains and isolates to investigate the possibility of 

quantification in clinical applications. 

2. Materials and Methods 

2.1. Leishmania Strains, Clinical Isolates and Clinical Samples 

Leishmania strains or isolates used in this study are listed in Table 1. The DNA from 

all strains and isolates was Chelex-purified from cultured promastigotes and was 

provided by the Istituto Zooprofilattico Sperimentale della Sicilia, OIE Reference 

Laboratory, National Reference Center for Leishmaniasis (C.Re.Na.L.), (Palermo, Italy), 

with the following exceptions: L. (L.) donovani MHOM/IN/02/BPK282/0cl4, provided by 

the Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia-Romagna 

(Modena, Italy); L. (V.) braziliensis MHOM/BR/1987/M11272, provided by Universidade 

Federal da Grande Dourados (Brazil); L. (L.) amazonensis MHOM/BR/1973/M2269, L. (L.) 

donovani MHOM/SD/62/1S, L. (L.) major SV39 and L. (S.) tarentolae Parrot Tar II, 

provided by Instituto de Investigação e Inovação em Saúde Universidade do Porto, 

Portugal. Moreover, the L. (V.) braziliensis clinical isolate AN1 was obtained from a 

pharyngo-laryngeal biopsy during routine diagnosis of a human patient with MCL. The 

human clinical samples Psalb and Daedio were obtained during routine diagnosis of two 

patients with VL (blood) [10] and CL (cutaneous biopsy), respectively. The DNA samples 

were quantified using a Qubit fluorometer 3 (Thermofisher, Carlsbad, CA, USA). 

 

 

 



135 
 

Table 1. Leishmania spp. reference strains, clinical isolates and clinical samples used in this study. 

Subgenus Species Strain/Isolate 

Leishmania L. infantum MHOM/TN/80/IPT1 

Leishmania L. infantum MHOM/FR/78/LEM75 

Leishmania L. infantum Clinical isolate V2921 

Leishmania L. infantum MHOM/IT/08/31U 

Leishmania L. infantum MHOM/IT/08/49U 

Leishmania L. infantum Clinical isolate 10816 

Leishmania L. infantum Clinical isolate 791  

Leishmania L. infantum MHOM/DZ/82/LIPA59  

Leishmania L. infantum MHOM/ES/81/BCN1 

Leishmania L. infantum MHOM/IT/86/ISS218  

Leishmania L. infantum MHOM/IT/93/ISS822  

Leishmania L. donovani MHOM/IN/80/DD8 

Leishmania L. donovani MHOM/NP/02/BPK282/0cl4 

Leishmania L. donovani MHOM/SD/62/1S 

Leishmania L. major MHOM/SU/73/5ASKH 

Leishmania L. major MRHO/SU/59/P-strain * 

Leishmania L. major SV39 * 

Leishmania L. tropica MHOM/SU/74/K27 

Leishmania L. aethiopica MHOM/ET/72/L100 

Leishmania L. amazonensis MHOM/BR/00/LTB0016 

Leishmania L. amazonensis MHOM/BR/1973/M2269 

Leishmania L. mexicana MHOM/MX/2011/Lacandona 

Leishmania L. infantum Clinical sample Psalb 

Leishmania L. infantum Clinical sample Daedio 

Viannia L. panamensis Clinical isolate 

Viannia L. guyanensis Clinical isolate 

Viannia L. braziliensis Clinical isolate AN1 

Viannia L. braziliensis Clinical isolate IZS 

Viannia L. braziliensis MHOM/BR/1987/M11272 
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Viannia L. braziliensis MHOM/BR/75/M2904 

Sauroleishmania L. tarentolae  Parrot Tar II  

* synonym strains coming from two different laboratories. 

2.2. qPCR Assay 

The qPCR assays were performed using MLF-MLR primer pair (MLF: 5′-

CGTTCTGCGAAAACCGAAA-3′; MLR: 5′-CGGCCCTATTTTACACCAACC-3′) as previously 

reported [6]. Briefly, the reactions were carried out in 25 μL volume with 1 μL of 

template DNA and 24 μL TB Green Premix Ex TaqII Mastermix (Takara Bio Europe, 

France) containing 200 nM MLF and MLR primers. The reactions were performed in a 

Rotor-Gene 6000 instrument (Corbett Life Science, Mortlake, Australia). The cycle 

threshold (Cq) values were determined using the quantitation analysis of the Rotor-

Gene 6000 software, setting a threshold to 0.15. 

Standard curves were established using 1 × 100 to 1 × 10−7 ng DNA of L. (L.) major 

MHOM/SU/73/5ASKH, L. (L.) donovani MHOM/IN/80/DD8, L. (L.) aethiopica 

MHOM/ET/72/L100, L. (L.) tropica MHOM/SU/74/K27, L. (L.) infantum 

MHOM/FR/78/LEM75 and L. (S.) tarentolae Parrot Tar II. To evaluate the potential 

interference of host DNA as background in the qPCR assay, 30 ng of human DNA purified 

from human cell line (CACO-2 or MCF7) was spiked in each qPCR reaction tube (with the 

exception of L. (S.) tarentolae Parrot Tar II because not pathogenic to humans). The 

standard curves were obtained from two independent experiments for each strain, 

processed in duplicate. 

To determine the variability of kDNA minicircle target sequences in L. (L.) infantum 

species, 0.02 ng DNA extracted from 11 L. (L.) infantum strains/isolates were amplified 

in 6 independent experiments and Cq were compared by Kruskal–Wallis nonparametric 

test. 

2.3. High-Resolution Melt (HRM) Analysis 

The qPCR-ML amplicons, obtained by all stains/isolates listed in Table 1, were 

analyzed by HRM protocol on a Rotor-Gene 6000 instrument as described previously [6] 

with slight modifications. Briefly, HRM was carried out over the range from 77 °C to 89 

°C, rising at 0.1 °C/s and waiting for 2 s at each temperature. Each sample was run in 
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duplicate and the gain was optimized before melting on all tubes. HRM curve analysis 

was performed with the derivative of the raw data, after smoothing, with the Rotor-

Gene 6000 software. Only the samples with Cq values ˂30 were considered [11]. The 

HRM temperature average and the standard deviation derived from 3 independent 

experiments. 

2.4. PCR Product Sequencing 

The qPCR-ML products obtained from L. (L.) major MHOM/SU/73/5ASKH, L. (L.) 

major MRHO/SU/59/P-strain, L. (L.) donovani MHOM/IN/80/DD8, L. (L.) aethiopica 

MHOM/ET/72/L100, L. (L.) tropica MHOM/SU/74/K27, L. (L.) infantum 

MHOM/FR/78/LEM75, L. (V.) braziliensis MHOM/BR/75/M2904 were purified using the 

MinElute PCR purification kit (Qiagen) and directly sequenced, using both MLF and MLR 

primers, as previously described [6,7]. The DNA sequencing was performed using the 

BigDye Terminator v. 1.1 Cycle Sequencing Kit on ABI PRISM 310 Genetic Analyzer 

(Applied Biosystems, Foster City, CA, USA). Sequences were manually edited and 

nucleotide composition analyses were conducted using MEGA6 [12]. A phylogenetic tree 

based on the Maximum Likelihood method was constructed with 10,000 bootstrap 

replications, using the nearest neighbor interchange method in MEGA6 [12]. 

2.5. Statistical Analysis 

To compare the variability on Cq values on L. (L.) infantum strains/isolates, a 

Kruskal–Wallis nonparametric test followed by Dunn’s multiple-comparison post-test 

was performed. To evaluate the different HRM temperatures between the Leishmania 

and Viannia subgenera, a Mann–Whitney test was performed. All statistical tests were 

performed using GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, CA, USA). 

A p value ≤ 0.05 was considered statistically significant. 
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3. Results 

3.1. The qPCR-ML Assay Can Amplify All Medically Relevant Old World Leishmania 

Species 

The qPCR-ML was applied to the strains listed in Table 1 to verify the amplifiability 

of all Leishmania species with MLF-MLR primers. All Old World species [i.e., L. (L.) 

infantum, L. (L.) donovani, L. (L.) major, L. (L.) tropica, L. (L.) aethiopica, L. (S.) tarentolae] 

were successfully amplified. The calibration curves evidenced a limit of quantification of 

1 × 10−4 ng/PCR tube for L. (L.) tropica and L. (L.) aethiopica, 1 × 10−5 ng/PCR tube for L. 

(L.) major, 1 × 10−6 ng/PCR tube for L. (L.) donovani, 1 × 10−7 ng/PCR tube for L. (L.) 

infantum and 1 × 10−6 ng/PCR tube for L. (S.) tarentolae Parrot Tar II, with PCR 

efficiencies ≥ 94.5% and R2 ˃ 0.97 (Figure 1). Although out of linearity range, the limit of 

detection for L. (L.) donovani MHOM/IN/80/DD8 and L. (L.) tropica MHOM/SU/74/K27 

were 1 × 10−7 (Cq 32.48 ± 0.46) and 1 × 10−5 (Cq 33.56 ± 1.14) ng/PCR tube, respectively. 

In the presence of human DNA as background, the Cq were slightly delayed, but the 

linearity and limit of quantification of the assay remained unchanged (Figure 1). 
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Figure 1. qPCR-ML standard curves obtained from DNA serial dilutions of L. (L.) infantum 
MHOM/FR/78/LEM75, L. (L.) donovani MHOM/IN/80/DD8, L. (L.) major MHOM/SU/73/5ASKH, L. (L.) 
tropica MHOM/SU/74/K27, L. (L.) aethiopica MHOM/ET/72/L100, L. (S.) tarentolae Parrot Tar II. The 
standard curves were spiked (upper curve, square points) or non-spiked (lower curve, circle points) 
with 30 ng human DNA. The standard curve of L. (S.) tarentolae Parrot Tar II, not pathogenic to 
humans, was not spiked. Each point derived from a duplicate of two independent experiments. 

The variability of kDNA minicircle target sequence was investigated among 11 L. (L.) 

infantum strains by amplification of 0.02 ng promastigote DNA. Dunn’s post-test analysis 

of Cq values revealed significant differences among V2921 clinical isolate, 

MHOM/IT/86/ISS218 strain and clinical isolate 10816 (Figure 2). The average Cq was 

19.36 ± 1.14, very close to the value obtained for the strain MHOM/FR/78/LEM75 (19.44 
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± 0.56), suggesting that this strain could be used as reference to obtain approximate 

quantification values for illness caused by L. (L.) infantum. 

 

Figure 2. qPCR-ML Cq values obtained from 11 L. (L.) infantum strains/isolates. The results were 
obtained from six independent experiments. * p < 0.01 Dunn’s Multiple Comparison Test. 

3.2. The subgenera Leishmania and Viannia can be Differentiated by HRM Analysis 

Species discrimination power of qPCR-ML assay was also evaluated by analysis of 

HRM profiles on all Leishmania species listed in Table 1. Despite the impossibility to 

reliably discriminate each species using HRM profiles, the assay evidenced the lower Tm 

of amplicons belonging to Viannia subgenus, confirming the possibility to discriminate 

between Leishmania and Viannia subgenus, as previously demonstrated with a limited 

number of species [6] (Figure 3A). However, the Tm of L. (L.) tropica MHOM/SU/74/K27 

amplicon showed a partial overlapping with L. (V.) panamensis, hence the two species 

were not fully distinguishable (Figure 3B). Accordingly, the specificity of this assay can be 

considered 96.6%. Nevertheless, this drawback can be overcome by considering the 

geographical origin of the sample since L. (L.) tropica is an Old World species. It is also 

noteworthy that L. (S.) tarentolae Parrot Tar II HRM temperature was 80.92 ± 0.08, 

clearly distinguishable from Viannia and Leishmania subgenera. 

The sequence analysis of qPCR-ML products evidenced that the GC content found in 

L. Viannia strains was lower than that found in L. Leishmania strains (<48.2% and 
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˃48.6%, respectively), accounting for the lower Tm observed in the Viannia amplicons. 

In addition, a maximum likelihood phylogenetic tree of qPCR-ML amplicons was 

performed, confirming the clusterization in two groups of the amplicons obtained from 

the two subgenera, with the exception of L. (L.) tropica, which clusterizes independently 

(Figure S1). 
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Figure 3. Leishmania spp. qPCR-ML HRM temperatures analysis. (A) Comparison between HRM 
temperatures (mean and standard deviation) of all tested samples belonging to subgenus 
Leishmania (n = 24) and Viannia (n = 6). * p < 0.05 Mann–Whitney test. (B) HRM temperature 
distribution of all samples tested. Squares and circles represent species belonging to subgenus 
Viannia and Leishmania, respectively. Mean values and standard deviations of at least three 
replicates are shown. § synonym strains coming from different laboratories. 
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4. Discussion 

Although leishmaniasis is considered a neglected disease, it affects about 12 million 

people in Africa, Americas, Asia and Europe, with a heterogeneous clinical spectrum 

[13]. The diagnosis is complicated, as well as for the different species spread in the 

world. To improve the diagnostic process and classification, a number of molecular 

assays have been developed. In particular, qPCR techniques allow obtaining rapid 

parasitic load estimation and potential species discrimination through melting analysis. 

Due to their high copy number per cell, the kDNA minicircles are considered molecular 

targets that allow to design very sensitive assays [14]. However, due to the different 

composition of minicircle classes in the various species, an assay designed on a 

particular species can show lower sensitivity in another [7]. For this reason, many works 

describe minicircle-based qPCR assays targeting only few species or complex. For 

example, some authors developed qPCR assay for New World species [15,16], while 

some others tested their primers in Old World species [17,18]. Since different reports 

describe the infection in travelers [19,20] and in military personnel operating in country 

endemic for leishmaniasis [21–23], the availability of a rapid pan-Leishmania assay, 

highly sensitive and able to provide a quantification and a partial classification, can 

certainly be useful. Moreover, a pan-Leishmania assay can also be exploited in eco-

epidemiological studies, including identification of vectors and reservoirs [24]. In recent 

years, only a few attempts to develop pan-Leishmania assays based on nucleic acids 

amplification (i.e., SL RNA, rDNA or kDNA minicircles) have been made [24–27]. We 

previously showed that qPCR-ML was able to detect Old World L. (L.) infantum and New 

world species [i.e., L. (L.) chagasi/infantum, L. (L.) amazonensis, L. (L.) mexicana, L. (V.) 

guyanensis, L. (V.) panamensis, L. (V.) braziliensis] and among these species, 

distinguishing between Leishmania and Viannia subgenera [6,8]. In this work, we show 

for the first time that the qPCR-ML assay can also amplify the Old World species 

different from L. (L.) infantum with good quantification limits (1 × 10−4–1 × 10−6 ng/pcr 

tube), including L. (S.) tarentolae, not pathogenic to humans. The differences in the limit 

of quantification of the different species can be explained by different amount of 

minicircle class amplified by ML primers, as already shown for other species [7]. 

Importantly, we confirmed that species related to Viannia subgenus can be 



144 
 

distinguished from Old World species of Leishmania subgenus by HRM analysis, with the 

only exception of L. (L.) tropica that, however, is distinguishable from Viannia subgenus 

by phylogenetic analysis. Moreover, although caution should be taken due to the few 

strains tested, it is interesting to note that the related species L. (L.) tropica and L. (L.) 

aethiopica can be distinguished through HRM analysis (Figure 3). L. (L.) aethiopica is 

geographically restricted to Kenya and Ethiopia, while L. (L.) tropica is widely distributed 

from the Eastern Mediterranean to Eastern India and in Africa. These species were 

distinguished by microsatellite analysis [28] but, to our knowledge, this is the first 

evidence of their separation using an HRM-based approach. In fact, L. (L.) aethiopica is a 

species rarely tested using HRM analysis and, when done, it is without discrimination 

from other species [29]. On the whole, due to its good sensitivity especially in Old World 

species, the qPCR-ML assay appears to be applicable in human and veterinary medicine 

in Europe, Africa and Middle East. Similar approaches having ITS1 region as target have 

been previously published [30,31]. Although these ITS1-based assays have the great 

potential to discriminate among Leishmania Leishmania species through HRM analysis 

[30], their contextual application with the Viannia subgenus has not been reported. 

Moreover, the use of FRET probes for species discrimination [31] could increase the cost 

compared to approaches based on intercalating dyes. The lack of species specificity of 

the qPCR-ML assay can be overcome using sequential PCR assays, as already 

demonstrated [8] or, in part, with the contextualization between the clinical 

presentation and the geographical origin of the patient. 

Finally, we quantitatively evaluated the minicircle subclass amplified by qPCR-ML in 

11 different L. (L.) infantum strains/isolates, to verify the possible differences in terms of 

Cq values. We confirmed the presence of significant variability among some 

strains/isolates, as previously reported in literature [14,32]. This variation could have an 

impact on absolute quantification, but the use of a reference strain with average 

minicircle kDNA amplifiable sequences could minimize the variability of results. 

Moreover, it could have a negligible consequence on the biological and clinical 

interpretation of diagnostic results, as already pointed out by Mary et al. [14]. 
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5. Conclusions 

In conclusion, the present work represents an update of our assay mentioned above 

and it demonstrates the applicability of qPCR-ML to detect and to quantify a large 

spectrum of Leishmania species, including also the Old World species, with a good limit 

of quantification and detection. We believe that this assay could be now considered as a 

quantitative pan-Leishmania assay, because it has been tested in the most common 

Leishmania species of the New and Old World, including L. (S.) tarentolae. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Maximum likelihood phylogenetic tree of qPCR-ML amplicons. 
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CHAPTER 5 
The multilocus enzyme electrophoresis (MLEE) has been historically considerer by WHO the 

reference technique for Leishmania species characterization. Since this test is time-
consuming and needs parasites isolation, the aim of this work was to develop an HRM-based 
assay for the rapid and cheap characterization of L. Infantum species. Moreover, these new 
assays were applied on L. Infantum clinical isolates/samples from the Mediterranean region, 
including the borderline territory of Pantelleria island, to explore the genetic variability that 
characterizes L. (L.) infantum. The study was made in collaboration with National Reference 

Center for Leishmaniasis (C.Re.Na.L.), Istituto Zooprofilattico Sperimentale della Sicilia 
(Palermo, Italy) and financed by the project “ricerca corrente IZS SI 01/17” 

 
(Unpublished data)  
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Development and application of an MLST panel for the identification of 

informative polymorphisms in Leishmania infantum strains in the 

Mediterranean region 

 

 

Abstract 

 

Leishmaniasis is a zoonotic disease endemic in the Mediterranean region, where the 

causative agent of human and canine infection is Leishmania infantum. The spread of 

leishmaniasis is associated with population movements, ecology of phlebotomine vectors, 

and reservoir host. We used multilocus sequence typing (MLST) to explore the genetic 

variability of L. infantum strains in the Mediterranean region, including the borderline 

territory of Pantelleria island, and identify informative polymorphisms for rapid 

identification of genotypes through high-resolution melting (HRM)-based assays. A 

customized sequencing panel targeting 14 housekeeping genes was designed and MLST 

analysis was performed using the Ion Torrent S5 on 9 L. infantum strains/isolates: 5 canine 

isolates (3 from Pantelleria Island and 2 from central Italy), and 4 human isolates/strains 

from Tunisia, France, central and southern Italy. MLST results and in silico analysis of 

sequences available in Genbank allowed to select two informative polymorphisms on malic 

enzyme (ME) and 6-phosphogluconate dehydrogenase (GPI) genes (390T/G and 1834A/G, 

respectively) used to develop two HRM-based assays for fast screening of 39 clinical 

samples. The MLST analysis identified a single L. infantum clonal complex regardless of the 

geographic origin or host (human or canine), except for the human isolate from central Italy 

that showed polymorphisms in 11 out of 14 housekeeping genes, and clustered 

independently in molecular phylogenetic analysis. Successively, the screening through HRM-

based assays of 39 clinical samples from central/south Italy and Pantelleria island allowed to 

identify 6 genotypes. Interestingly, the sequence type 390T/1834A was found only in 

Pantelleria island (prevalence 75%). This study represents a description of the genetic 

variability of L. infantum through a first approach based on MLST and then by HRM analysis 

on selected polymorphisms. The HRM assays could be used as fast and cheap tools for 

epidemiological surveillance of L. infantum. 
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1. Introduction 

Leishmaniasis is a zoonotic disease endemic in the Mediterranean basin caused by 

Leishmania infantum species, the etiological agent of human cutaneous and visceral 

leishmaniasis (CL and VL) and canine leishmaniasis (CanL). The species characterization is 

performed by multilocus enzyme electrophoresis (MLEE) technique, considered the 

reference method for parasite typing by the World Health Organization (World Health 

Organization, 2010). This enzymatic technique, developed at the Centre for Leishmaniasis of 

Montpellier (France) (MON system), is based on the different electrophoretic mobility of 15 

metabolic enzymes: malate dehydrogenase, malic enzyme, isocitrate dehydrogenase, 6-

phosphogluconate dehydrogenase, glucose-6-phosphate dehydrogenase, glutamate 

dehydrogenase, NADH diaphorase, purine nucleoside phosphorylase 1, purine nucleoside 

phosphorylase 2, glutamate–oxaloacetate transaminases 1 and 2, phosphoglucomutase, 

fumarate hydratase, mannose-phosphate isomerase, glucose phosphate isomerase (Aït-

Oudhia et al., 2011). The comparison of isoenzyme mobility with a reference strain identified 

over 300 zymodemes, also termed MON. Regarding L. infantum, 45 zymodemes have been 

identified. Zoonotic VL and CanL are mainly caused by MON-1, MON-24, MON-34, MON-72, 

MON-77, MON-80, MON-98, MON-105, MON-108, MON-199, MON-199 NP1130 variant and 

MON-281. In particular, MON-1 is the most frequent zymodeme in humans and dogs (Kuhls 

et al., 2011; Pratlong et al., 2013), while MON-72 is the second more diffuse in CanL, but has 

been identified also in patients (Aït-Oudhia et al., 2011). On the other hand, some 

zymodemes (i.e., MON-11, MON-27, MON-28, MON-29, MON-33, MON-189), were isolated 

only in humans (Millán et al., 2014). Moreover, several non-MON 1 parasites have been 

reported in HIV patients (Gramiccia, 2003). This evidence questions the role of dogs, 

historically considered the main reservoir of infection for humans. In fact, the zymodeme’s 

homogeneity relieved in the canine population does not reflect the heterogeneity found in 

humans. Unfortunately, the Leishmania characterization based on MLEE presents some 

limitations: it is time-consuming and cumbersome, requires parasites isolation and 

cultivation and can be performed only in a few laboratories. To overcome these problems, 

some biomolecular approaches have been proposed such as multilocus sequence typing 

(MLST) (Mauricio et al., 2006) and multilocus microsatellite typing (MLMT) (Gouzelou et al., 

2012). Nevertheless, also these techniques are time-consuming, expensive, and can require 
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parasite isolation; therefore, their applicability in epidemiological studies is poor. In this 

view, in a previous study, we developed an alternative technique, a high-resolution melting 

(HRM)-based assay able to differentiate the most common zymodemes (i.e., MON-1, MON-

72, MON-201, except for MHOM/TN/80/IPT1, a MON-1 strain from Tunisia) exploiting the 

polymorphism 390T>G in the malic enzyme evidencing a partial agreement, although not 

univocal, between genotyping results and MLEE. This assay has been successfully applied for 

rapid characterization of L. infantum clinical isolates and clinical samples, without the need 

for parasite isolation (Ceccarelli et al., 2018). This work represents an update of the previous 

one. We designed an MLST panel with the aim of: (i) identifying polymorphisms useful for L. 

infantum typing in the Mediterranean region through an MLST-based approach; (ii) 

developing HRM-based test on the most informative polymorphisms for the rapid and cheap 

characterization of L. infantum strains; (iii) investigating genetic variability of L. infantum 

strains in border territory in the Mediterranean (Pantelleria island). 
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2. Material and methods 

2.1 MLST panel design, library preparation and NGS sequencing  

A customized sequencing panel was designed with Ion AmpliSeq™ designer v7.0.6 (Thermo-

Fisher-Scientific), using the L. infantum JPCM5 genome as reference, to target the coding 

DNA sequences of the 14 genes listed in Table 1 (partially in common with MLEE enzymes). 

This panel consisted of two primer pools with 88 different amplicons. The Leishmania strains 

and isolated sequenced are summarized in Table 2. The DNA library preparation was 

performed by Ion AmpliSeq™ Library Kit Plus (Thermo-Fisher-Scientific) following the 

protocol instructions, starting from a total of 5 ng of DNA.  

 
Name Chromosome Chr_Start Chr_End Num 

Amplicons 

Total 

Bases 

Covered 

Bases 

Missed 

Bases 

Overall 

Coverage 

Elongation initiation factor 

2alpha 

LinJ03 386699 387940 7 1241 1241 0 1 

Spermidine synthase1 LinJ04 235535 236437 6 902 902 0 1 

Isocitrate dehydrogenase LinJ10 130500 131500 7 1000 1000 0 1 

glucose-6-phosphate isomerase LinJ12 291650 292850 7 1200 1165 35 0.971 

Nucleoside hydrolase-like 

protein (NH2) 

LinJ14 31980 33040 6 1060 1060 0 1 

Nucleoside hydrolase(iunh) 

(NH1) 

LinJ18 686250 687250 6 1000 864 136 0.864 

malic_enzyme LinJ24 280800 282400 9 1600 1500 100 0.938 

mannose_phosphate_isomerase LinJ32 621550 622150 4 600 600 0 1 

glucose-6-phosphate 

dehydrogenase 

LinJ34 26850 28050 7 1200 1200 0 1 

malate_dehydrogenase LinJ34 47355 48308 6 953 930 23 0.976 

arginase(ARG) LinJ35 570876 571865 7 989 989 0 1 

6-phosphogluconate 

dehydrogenase 

LinJ35 1288100 1288800 4 700 513 187 0.733 

phosphomannomutase(PMM) LinJ36 782734 783477 4 743 743 0 1 

N-acetylglucosamine-1-

phosphate transferase(NAGT) 

LinJ36 1632000 1633300 8 1300 1300 0 1 

[Table 1] Genes and genomic coordinates of the MLST panel designed with Ion AmpliSeq™ designer  
(ID: IAD170409) 

 

NGS was performed using the Ion Torrent S5 instrument. After sequencing, reads were 

mapped to L. infantum JPCM5 genome using Torrent Browser. Variants were called using 

LoFreq in Galaxy (Galaxy Version 2.1.5+galaxy0) (Wilm et al., 2012) using default settings. 

Integrative Genomics Viewer or Ugene were used for variant visualization. Subsequently, a 
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molecular phylogenetic analysis by Maximum Likelihood method based on the General Time 

Reversible model (Nei et al., 2000) has been performed using MEGA6 software. 

 
Sample 

ID 
Description Host species Disease Geographical origin 

1 L. infantum isolate 30 dog CanL Pantelleria island 

2 L. infantum isolate 42 dog CanL Pantelleria island 

3 L. infantum MHOM/TN/80/IPT1 human  Tunisia 

4 L. infantum MHOM/FR/78/LEM75 human  France 

5 L. infantum isolate 64 dog CanL Pantelleria island 

6 L. infantum isolate Leo-Ani human CL Marche (Central Italy) 

7 L. infantum MHOM/IT/08/31U dog CanL Sicily (South Italy) 

8 L. infantum isolate Brina (Bra-Aii)  dog CanL Marche (Central Italy) 

9 
L. infantum isolate Scagnetti (Els-

Sci) 
dog CanL Marche (Central Italy) 

 
[Table 2] Samples selected for MLST analysis  

 

 

2.2 Collected samples and DNA extraction  

 
L. infantum strains, clinical samples and isolates used in this study are listed in Table 3. The 

samples 1-14 and 29-55 were provided by the National Reference Center for Leishmaniasis 

(C.Re.Na.L.), Istituto Zooprofilattico Sperimentale della Sicilia (Palermo, Italy) (Castelli et al., 

2020; Vitale et al., 2020). Human samples (15,18,19) were obtained from the Infectious 

Diseases Department of Muraglia Hospital (Ospedali Riuniti Marche Nord, Pesaro - Italy) for 

diagnostic purposes. The parasite isolation of sample 15 was performed as previously 

described (Diotallevi et al., 2021).  The canine clinical samples (16,17,20-29) were provided 

from the veterinary clinic “Santa Teresa” in Fano (Italy). DNA from buffy-coat, biopsies, bone 

marrow and lymph node aspirates were extracted using the DNeasy Blood & Tissue kit 

(Qiagen, Valencia, USA) following the protocol indications and quantified using a Qubit 

fluorometer (Life Technologies, Carlsbad, USA). DNA from conjunctival swab was obtained 

from raw lysate by incubation for 2 h at 56°C in 200 μl lysis buffer (10 mM Tris–HCl pH 8.3, 
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50 mM KCl, 0.5% Nonidet P40, 0.5% Tween 20, 0.1 mg/ml proteinase K). After swab 

elimination, the samples were incubated for 10 min at 95°C and centrifuged at 10,000 × g for 

10 min (Ceccarelli et al., 2014a). All human and veterinary samples were diagnosed positive 

for Leishmania spp. through objective evaluation, serological tests and/or cytohistological 

exams. Moreover, samples positivity has been evaluated with qPCR-ML analysis (Ceccarelli 

et al., 2014b). L. infantum species characterization was performed with ITS1-PCR RFLP 

according to Schönian et al. (Schönian et al., 2003). Briefly, the PCR products were digested 

with 10U HaeIII (Thermo Fisher Scientific) at 37 °C for 3h. The restriction fragments were 

visualized on 3.5% high-resolution MetaPhor (Cambrex) agarose gel. 

 

Number ID Sample  Type of sample  Host  Geographic origin 

1 MHOM/FR/78/LEM75  Strain (MON-1) human France 

2 MHOM/TN/80/IPT1  Strain (MON-1) human Tunisia 

3 MHOM/DZ/82/LIPA59  Strain (MON-24) human Algeria 

4 MHOM/ES/81/BCN1  Strain (MON-29) human Spain 

5 MHOM/IT/86/ISS218  Strain (MON-72) human Italy 

6 MHOM/IT/93/ISS822  Strain (MON-201) human Italy 

7 MHOM/IT/08/31U  Strain (MON-1) human Italy 

8 MHOM/IT/08/49U  Strain (MON-1) human Italy 

9 30 Clinical isolate dog Pantelleria (Italy) 

10 42 Clinical isolate dog Pantelleria (Italy) 

11 64 Clinical isolate dog Pantelleria (Italy) 

12 10816  Clinical isolate cat Italy 

13 V2921 Clinical isolate marten Italy 

14 791  Clinical isolate cat Italy 

15 Leo-Ani Clinical isolate human Italy 

16 Elr-Sci    Clinical isolate dog Italy 

17 Bra-Aii    Clinical isolate dog Italy 

18 PsAlb  Clinical sample human Italy 

19 Dae-Dio  Clinical sample human Italy 

20 Aro-Sai  Clinical sample dog Italy 

21 Els-Mai Clinical sample dog Italy 

22 Toy-Gai  Clinical sample dog Italy 

23 Koa-Cro  Clinical sample dog Italy 

24 Zeo-sci  Clinical sample dog Italy 

25 Gia-Spi  Clinical sample dog Italy 
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26 Grg-Rao  Clinical sample dog Italy 

27 Vea-Fri  Clinical sample dog Italy 

28 Jon-Doe Clinical sample dog Italy 

29 1038U Clinical sample human Italy 

30 1522U Clinical sample human Italy 

31 1536U Clinical sample human Italy 

32 1538U Clinical sample human Italy 

33 1578U Clinical sample human Italy 

34 1810U Clinical sample human Italy 

35 2618U Clinical sample human Italy 

36 2619U Clinical sample human Italy 

37 1 Clinical sample dog Pantelleria (Italy) 

38 4 Clinical sample dog Pantelleria (Italy) 

39 5 Clinical sample dog Pantelleria (Italy) 

40 6 Clinical sample dog Pantelleria (Italy) 

41 9 Clinical sample dog Pantelleria (Italy) 

42 10 Clinical sample dog Pantelleria (Italy) 

43 12 Clinical sample dog Pantelleria (Italy) 

44 13 Clinical sample dog Pantelleria (Italy) 

45 14 Clinical sample dog Pantelleria (Italy) 

46 15 Clinical sample dog Pantelleria (Italy) 

47 16 Clinical sample dog Pantelleria (Italy) 

48 19 Clinical sample dog Pantelleria (Italy) 

49 20 Clinical sample dog Pantelleria (Italy) 

50 21 Clinical sample dog Pantelleria (Italy) 

51 22 Clinical sample dog Pantelleria (Italy) 

52 24 Clinical sample dog Pantelleria (Italy) 

53 26 Clinical sample dog Pantelleria (Italy) 

54 27 Clinical sample dog Pantelleria (Italy) 

55 28 Clinical sample dog Pantelleria (Italy) 

 
[Table 3] L. infantum strains, clinical isolates and clinical samples processed in this study 

 
 

2.3 Primers design 

 
MLST results and in silico analysis of sequences available in Genbank allowed to select two 

informative polymorphisms on malic enzyme (ME) and 6-phosphogluconate dehydrogenase 

(GPI) genes (390T/G and 1834A/G, as in reference sequences DQ449701.1 and AJ620647.1 
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respectively) useful to develop two HRM-based assays for fast screening of clinical samples, 

updating the genotyping method previously described and applied by Ceccarelli et al. on ME 

gene (Ceccarelli et al., 2018). Primers for each assay have been designed: two external 

primers to perform the pre-amplification step with conventional PCR (cPCR) and an internal 

couple of primer for the second amplification with quantitative PCR (qPCR), followed by 

HRM-analysis. Primers were designed with PrimerBLAST (Ye et al., 2012) using L. infantum 

MHOM/FR/78/LEM75 and MHOM/TN/80/IPT1 sequences as reference. The primers are 

listed in Table 4 and their position on the target genes is shown in Figures 1 and 2. 

Target 
Gene 

Reference 
sequence 

Primer Sequence qPCR assay 

ME DQ449701.1 

MEint_F* TCAGAACCTTCGCAAGACGA 
PCR-MEint-

ME65 
MEint_R* CACTTGCCGATGCTGATGC 

ME65_R GGCCGAGAATGCGGGAG 

GPI AJ620647.1 

GPIext_F CTCAAGTCCGGCAACATCGT 

PCR-GPIext-
GPI88 

GPIext_R ACATGCACTTCGCAGCTCT 

GPI88_F ACGAACGGCCTGATCAACAT 

GPI88_R ACATGCACTTCGCAGCTCTA 

 
[Table 4] Primers used in this study. ME: malic_enzyme; GPI: 6-phosphogluconate dehydrogenase; F: 

forward; R: reverse. *(Ceccarelli et al., 2018). 
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[Figure 1] Sequence of L. infantum MHOM/FR/78/LEM75 (DQ449701.1) ME gene and primers used for PCR-
MEint-ME65. The polymorphic position (390T/G) is in red. MEint_F is in common for both PCR assays. 
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 [Figure 2] Sequence of L. infantum MHOM/TN/80/IPT1 (AJ620647.1) GPI gene and primers used for PCR-
GPIext-GPI88. The polymorphic position (1834A/G) is in red.  

GPI88_R differs from GPIext_R by an extra base at 3’ (in bold). 
 

 

 

2.4 Pre-amplification step by cPCR 

 
To ensure the amplification of clinical samples with low parasite load, a pre-amplification 

step by conventional PCR (cPCR) was introduced. The cPCR was performed in total 50 μl with 

4 μl of template, 200 μM dNTP, 2.5 mM MgCl2, 200 nM of each primer and 1 unit of Hot-

Rescue DNA polymerase (Diatheva s.r.l., Fano, Italy). Amplification was carried out in a 

GeneAmp® PCR System 2700 thermocycler (Applied Biosystems, Foster City, USA). The 

thermal cycling profile was as follows: 94 °C for 7 min; followed by 15 cycles at 94 °C for 30 s, 

60 °C for 20, 72 °C for 15 s. A no template tube was introduced as a negative control. 
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2.5 Quantitative PCR (qPCR) and high-resolution melting (HRM) analysis 

 
The quantitative PCR-ME65 and PCR-GPI88 amplify products of 65 bp and 88 bp, 

respectively. The PCR products encompass the single nucleotide polymorphisms (SNPs) 

390T/G (PCR-ME65) and 1834G/A (PCR-GPI88). All qPCRs were carried out in 25 μl of total 

volume containing 1 μl of template DNA (genomic for control samples and pre-amplified by 

cPCR for clinical samples) and 24 μl of TB Green PreMix ex Taq II Master Mix (Takara Bio 

Europe, France), with 200 nM of each primer. The qPCR reactions were performed in a 

Rotor-Gene 6000 instrument (Corbett Life Science, Mortlake, Australia). The thermal cycling 

profile was as follows: 94 °C for 10 min, followed by 45 cycles at 94 °C for 20 s, 60 °C for 20 s 

and 72 °C for 20 s. Each sample was run in duplicate, and a no template control was 

processed in each run. After amplification, HRM analysis was performed over the range 77-

88 °C, rising by 0.1 °C/s and waiting for 2 s at each temperature. Raw HRM curves were 

normalized by the Rotorgene 6000 v.1.7 software. In PCR-ME65, MHOM/FR/78/LEM75 and 

MHOM/TN/80/IPT1 strains were used as reference for genotypes 390T and 390G, 

respectively. In PCR-GPI88, MHOM/FR/78/LEM75, MHOM/TN/80/IPT1 and 

MHOM/IT/93/ISS822 strains were used as standards for 1834G, 1834A and 1834R 

(heterozygote) genotypes. The assignment of the 390T/G and 1834G/A genotypes was 

performed by the instrument software with a confidence ≥ 85%. 

To evaluate the specificity of the new primer pairs (Meint_F/ME65_R and 

GPI88_F/GPIext_R), a qPCR was performed as described previously using 1x10-2 ng of 

MHOM/FR/78/LEM75, MHOM/TN/80/IPT1 DNA, and 30 ng of human, canine, feline and 

Tryanosoma cruzi DNA as template. Amplified fragments were analyzed by 1.8% agarose gel 

electrophoresis with Midori Green Advance DNA stain (NIPPON Genetics EUROPE GmBh). 

The gels were visualized under UV light using a gel doc apparatus (Bio-Rad, Hercules, USA). 

GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher Scientific) was included as size standard. 

To estimate ME65 and GPI88 qPCRs sensitivity and applicability on clinical samples, standard 

curves were established using serial dilutions of MHOM/FR/78/LEM75 DNA, from 1×100 to 

1×10−5 ng. To evaluate the potential interference of host DNA as background in the qPCR 

assay, 30 ng of human and canine DNA purified from human and canine cell lines (MCF7 and 

DH82) were spiked in each qPCR reaction tube. The standard curves were obtained from two 

independent experiments and processed in duplicate. 
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2.6 Sequencing 

 
To confirm the genotype assigned by the Rotorgene software, the amplification products of 

the reference strains and some clinical samples, were purified using the Minelute PCR 

purification kit (Qiagen, Hilden, Germany) and directly sequenced. DNA sequencing was 

performed using the BigDye Terminator v.11 Cycle Sequencing Kit on an ABI PRISM 310 

Genetic Analyzer (Applied Biosystems). The electropherogram was analyzed and the 

sequences were aligned using the BioEdit Sequence Alignment Editor (Hall et al., 1999). The 

heterozygous genotype was attributed when two different overlapping peaks were observed 

in the same position. 
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3. Results 

3.1 MLST on L. infantum strains and isolates 

The MLST custom panel has been applied on 9 L. infantum samples: 5 canine isolates (3 from 

Pantelleria Island and 2 from central Italy), and 4 human isolates/strains from Tunisia, 

France, central and southern Italy. The results showed identical sequences (1-3 mismatches 

compared to reference genome JPCM5 out of 15545 bases, i.e., ˂0.0002%) in all the 

samples, regardless of geographic origin or host, except for the human isolate from central 

Italy Leo-Ani that showed 25 mismatches compared to reference genome JPCM5 (i.e., 

0.0016%) (Table 5). 

 

 

[Table 5] Polymorphisms identified in samples sequenced by MLST, compared to the reference genome JPCM5. 
(In yellow, missense mutation; in green, silent mutation; in grey, non-coding) 

 

In fact, phylogenetic analysis showed that Leo-Ani isolate clustered independently from the 

other L. infantum strains/isolates (Figure 3).  
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[Figure 3] Molecular Phylogenetic analysis by Maximum Likelihood method. The tree is drawn to scale, with 
branch lengths measured in the number of substitutions per site. Evolutionary analyses were conducted in 

MEGA6 

 

Based on MLST panel results and in silico analysis of sequences available in Genbank, an 

informative polymorphism on GPI genes (1834A/G) has been identified and select to develop 

an HRM-based assay for screening of clinical samples, used in association with the 

genotyping method previously developed and applied by Ceccarelli et al. on ME gene 

(Ceccarelli et al., 2018). 

 

3.2 Specificity and sensitivity evaluation 

The new pairs of primers (Meint_F/ME65_R and GPI88_F/GPI88_R) were first tested by qPCR 

to evaluate specificity. As templates, 30 ng of human, canine, feline and Trypanosoma cruzi 

and 1x10-2 ng of MHOM/FR/78/LEM75, MHOM/TN/80/IPT1 were used. Amplified fragments 

were analyzed by agarose gel electrophoresis as described in methods. The products 

obtained were of the expected size and non-specific amplification was not detected (Figure 

4) 
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[Figure 4] Specificity evaluation of primers Meint_F/ME65_R (A) and GPI88_F/GPI88_R (B). M: marker 100 bp 
DNA ladder; Lem: MHOM/FR/78/LEM75; IPT1: MHOM/TN/80/IPT1; H: human DNA; D: dog DNA; C: cat DNA; T: 

Trypanosoma cruzi DNA; NTC: no template control. 

 

 
The sensitivity curves for ME65 and GPI88 evidenced a limit of quantification of 1 × 10−4 

ng/PCR tube with R2>0.99 (Figure 5). In the presence of human and canine DNA as 

background, the Cq was slightly delayed, but the linearity and limit of quantification of the 

assay remained unchanged.  

 

 

[Figure 5] Sensitivity curves of ME65 (A) and GPI88 (B). The standard curves were spiked with 30 ng of human 
or canine DNA (upper curves partially overlapping, circles and triangles points, respectively) or non-spiked 

(lower curve, square points). Each point is derived from a duplicate of two independent experiments.  
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3.3 HRM assays application on L. infantum strains  

The two qPCR assays (qPCR-ME65 and qPCR-GPI88) were first tested on L. infantum strains 

MHOM/FR/78/LEM75 and MHOM/TN/80/IPT1, whose ME/GPI polymorphisms were 

390T/1834G and 390G/1834A, respectively. The qPCR assays were performed as described 

in methods. At the end of the amplification, HRM analysis was performed. The evaluation of 

the dissociation curves generated by the Rotorgene software allowed to discriminate the 

two genotypes (Figure 6).  

 

[Figure 6] HRM analysis of L. infantum strains. (A) HRM profiles obtained by qPCR-ME65 of MHOM/TN/ 

80/IPT1 (genotype 390G) and MHOM/FR/78/LEM75 (genotype 390T). (B) HRM profiles were obtained by qPCR-
GPI88 of MHOM/TN/80/IPT1 (genotype 1834A) and MHOM/FR/78/LEM75 (genotype 1834G). 

 
 

3.4 HRM assays application on L. infantum clinical samples/isolates 

Once demonstrated the possibility to discriminate 390T/390G and 1834G/1834A genotypes 

on reference strains, the two PCR assays have been tested on 9 clinical isolates and 38 

human and canine clinical samples from central/south Italy and Pantelleria island (borderline 

territory of the Mediterranean), in order to evaluate the genetic variability of L. Infantum in 
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this area and obtain epidemiological information. First, the presence of L. infantum in clinical 

samples was confirmed by ITS1-PCR RFLP (Schönian et al., 2003) and/or by amplification of 

minicircles kDNA (qPCR-ML) (Ceccarelli et al., 2014b). To increase the sensitivity and 

robustness of the HRM analysis on clinical samples in which the parasite DNA was poorly 

represented, 15 cycles of pre-amplification step were introduced using the external primers 

pair. Subsequently, 2 µl of the reaction were used as template for qPCR. The qPCR-ME65 and 

qPCR-GPI88 assays allowed to discriminate the genotype of 37 and 30 out of 38 clinical 

samples available, showing a sensitivity of 97.4% and 78.9%, respectively, while on clinical 

isolates the sensitivity has reached 100% (9 out of 9 with both the assays) (Table 5). An 

example of dissociation curve and % of confidence obtained with clinical samples are shown 

in Figures 7 and 8. The sequences of selected samples confirmed data obtained with PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Figure 7] HRM dissociation curves 
analysis and % of confidence of 
reference strains and clinical isolates 
processed with qPCR-ME65 
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[Figure 8] HRM dissociation curves 
analysis and % of confidence of 
reference strains and clinical isolates 
processed with qPCR-GPI88 

 
 

3.5 Genotype identification 

From the simultaneous analysis of the two polymorphisms, it was possible to identify 6 

genotypes (Table 6) 

 

Genotype ME GPI 

G1 390T 1834G 

G2 390G 1834G 

G3 390G 1834A 

G4 390T 1834R 

G5 390G 1834R 

G6 390T 1834A 

 

[Table 6] Genotype identified in the study 
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The genotyping results obtained by the processing of all L. infantum strains, clinical samples 

and clinical isolates with qPCR-ME65 and qPCR-GPI88 are summarized in Table 7. The 

genotype distribution is depicted in Figure 9. 

 

ID Sample  Type of sample  Host  Geographic origin ME GPI Genotype 

MHOM/FR/78/LEM75  Strain (MON-1) human France 390T 1834G 1 

MHOM/TN/80/IPT1  Strain (MON-1) human Tunisia 390G 1834A 3 

MHOM/DZ/82/LIPA59  Strain (MON-24) human Algeria 390G 1834A 3 

MHOM/ES/81/BCN1  Strain (MON-29) human Spain 390G 1834G 2 

MHOM/IT/86/ISS218  Strain (MON-72) human Italy 390T 1834G 1 

MHOM/IT/93/ISS822  Strain (MON-201) human Italy 390T 1834R 4 

MHOM/IT/08/31U  Strain (MON-1) human Italy 390T 1834G 1 

MHOM/IT/08/49U  Strain (MON-1) human Italy 390T 1834G 1 

30 Clinical isolate dog Pantelleria (Italy) 390T 1834A 6 

42 Clinical isolate dog Pantelleria (Italy) 390T 1834G 1 

64 Clinical isolate dog Pantelleria (Italy) 390T 1834A 6 

10816  Clinical isolate cat Italy 390T 1834G 1 

V2921 Clinical isolate marten Italy 390G 1834R 5 

791  Clinical isolate cat Italy 390T 1834G 1 

LEO ANI Clinical isolate human Italy 390G 1834A 3 

Elr-Sci    Clinical isolate dog Italy 390T 1834G 1 

Bra-Aii    Clinical isolate dog Italy 390G 1834A 3 

PsAlb  Clinical sample human Italy 390T 1834G 1 

Dae-Dio  Clinical sample human Italy 390G 1834R 5 

Aro-Sai  Clinical sample dog Italy 390T 1834G 1 

Els-Mai Clinical sample dog Italy 390T 1834R 4 

Toy-Gai  Clinical sample dog Italy 390T  1834G 1 

Koa-Cro  Clinical sample dog Italy 390T  1834G 1 

Zeo-sci  Clinical sample dog Italy 390T  1834G 1 

Gia-Spi  Clinical sample dog Italy 390T  1834G 1 

Grg-Rao  Clinical sample dog Italy 390T  1834G 1 

Vea-Fri  Clinical sample dog Italy 390T  Nd  

Jon-Doe Clinical sample dog Italy 390T 1834G 1 

1038U Clinical sample human Italy 390T 1834G 1 

1522U Clinical sample human Italy 390T 1834G 1 

1536U Clinical sample human Italy 390T 1834G 1 
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1538U Clinical sample human Italy 390T 1834G 1 

1578U Clinical sample human Italy 390G Nd  

1810U Clinical sample human Italy 390G Nd  

2618U Clinical sample human Italy 390T 1834G 1 

2619U Clinical sample human Italy 390T 1834G 1 

1 Clinical sample dog Pantelleria (Italy) 390T 1834G 1 

4 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

5 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

6 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

9 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

10 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

12 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

13 Clinical sample dog Pantelleria (Italy) 390T Nd  

14 Clinical sample dog Pantelleria (Italy) 390T 1834G 1 

15 Clinical sample dog Pantelleria (Italy) 390T Nd  

16 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

19 Clinical sample dog Pantelleria (Italy) 390T Nd  

20 Clinical sample dog Pantelleria (Italy) 390T Nd  

21 Clinical sample dog Pantelleria (Italy) 390T 1834R 4 

22 Clinical sample dog Pantelleria (Italy) 390T 1834G 1 

24 Clinical sample dog Pantelleria (Italy) 390T Nd  

26 Clinical sample dog Pantelleria (Italy) Nd 1834A  

27 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

28 Clinical sample dog Pantelleria (Italy) 390T 1834A 6 

[Table 7] Genotyping results summary of strains and clinical samples/isolates processed by qPCR-ME65 and 
qPCR-GPI88. Nd: not detected  

 

 

[Figure 9] Genotype distribution in tested samples. Nd: not determined 
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Genotype 1 resulted the most frequent genotype in human and canine population 

independently to the geographical region. Interestingly, the genotype 6 (390T/1834A) was 

found only in Pantelleria island with a prevalence of 68.8% (Figure 10) 

 

 

[Figure 10] Geographical distribution of the six genotypes identified  
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4. Discussion 

The taxonomy of the Leishmania genus is very complex and has been revised several times 

during the years according to biochemical and biological characteristics of the parasites 

(Bates, 2007). In this study, we focused on L. infantum species, the main causative agent of 

CanL and human VL and CL. The Leishmania typing at species and strains level is important 

for epidemiology studies, (Gramiccia et al., 2013), for the identification of new reservoirs 

and to predict the clinical course of infection, particularly in humans (dermotropic and 

viscerotropic strains) (Kuhls et al., 2008). The reference technique for Leishmania genus 

typing is the MLEE (World Health Organization 2010), which is based on the electrophoretic 

mobility of various enzymes obtained from the promastigotes. According to this technique, 

Leishmania species are classified in zymodemes also called MON. In Italy, MON-1 and MON-

72 are the most represented L. infantum zymodemes in infected dogs, while human 

infections are caused by a more heterogeneous zymodeme population (Gramiccia et al., 

2013), suggesting that the dogs are not the only reservoirs of infection, and pointing out the 

importance of epidemiological studies. A recent work by Castelli et al. conducted in Sicily 

(Italy) on Leishmania isolates from humans and dogs, revealed that 71 out of 78 samples 

(91%) were MON-1, which was confirmed as the predominant strain in the Mediterranean 

area; the remaining 7 samples (9%) were non-MON-1 (Castelli et al., 2020). In particular, the 

non-MON-1 strains were isolated from humans. In this view, more and more works have 

investigated the role of other mammalians as Leishmania reservoirs. For example, hare 

(Lepus granatensis) (Molina et al., 2012) and rabbit (Garcia 2014) have been indicated as 

potential sources of L. infantum. In Madrid, two cases of infection have been reported in 

orangutans (Pongo pygmaeus pygmaeus) in the Primate Rehabilitation Center (Miró et al., 

2017) and in wolves (Canis lupus) (Oleaga et al., 2018). Other research groups (Pennisi and 

Persichetti, 2018) studied feline leishmaniasis (FeL) as an emerging disease in domestic cats 

of endemic areas (Mediterranean basin, Iran and Brazil), evidencing similarities with CanL. 

Moreover, recent studies conducted in Central Italy have shown that donkeys can also be 

affected by leishmaniasis (Nardoni et al., 2019).  

As already discussed, the MLEE technique presents some limitations including the need for 

parasite cultivation. In these years, the use of biomolecular techniques such as MLMT 

(Gouzelou et al., 2012) and MLST (Mauricio et al., 2006) has increased. In order to identify 
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polymorphisms useful for L. infantum typing in the Mediterranean region, we designed a 

custom MLST panel and the sequencing of 9 L. infantum strains and clinical isolates was 

performed. Phylogenetic analysis showed that only one sample, Leo-Ani, isolated from a 

patient with CL in the Marche region, clustered independently from the other L. infantum 

strains/isolates. Based on MLST panel results, an informative polymorphism on GPI genes 

(1834A/G) has been identified and selected to develop a qPCR-HRM-based assay for clinical 

samples screening, used in association with an updated genotyping method previously 

developed and applied by Ceccarelli et al. on ME gene (Ceccarelli et al., 2018). The two PCR 

assays have been tested on 9 clinical isolates and 38 human and canine clinical samples from 

central/south Italy and Pantelleria island showing a good sensitivity (97.4% and 78.9% for 

qPCR-ME65 and qPCR-GPI88 on clinical samples, respectively). Thanks to the pre-

amplification step, it was possible to apply this method to clinical samples without parasite 

isolation. Compared to other biomolecular approaches for Leishmania typing, performed on 

clinical strains and isolates (Mauricio et al., 2006; Zemanová et al., 2007), this represents an 

important advantage useful for fast screening in epidemiological studies. In our previous 

work it has been shown that the polymorphism 390T on malic enzyme gene was associated 

to zymodemes MON-1, 72, 201; here, with the simultaneous use of the two polymorphisms, 

it was possible to distinguish the strain MHOM/IT/93/ISS822 (MON-201) from MON-1, 72 

exploiting the heterozygosity results found in position 1834 (confirmed by sequencing). The 

presence of heterozygosity was also found in the clinical isolate V2921 (MON-1) and clinical 

samples Els-Mai, Dae-Dio, and number 21. The heterozygosity has also been described in 

other cases involving metabolic enzymes of Leishmania donovani complex (Zemanová et al., 

2007), in association with the geographical origin of the parasite (Gaunt et al., 2003). 

Despite the increase in discrimination power compared to our previous publication 

(Ceccarelli et al., 2018), no genotypic differences were found between the MON-1 and MON-

72 (G1) zymodemes. However, this may not represent an issue. In fact, the MON-1, 72 are 

the most represented zymodemes in dogs, therefore the identification of genotypes 

different from G1 could be useful to understand the exact role of the dog in the transmission 

of the pathogen and to identify other reservoirs of infection for humans. The only exception 

was the reference strain MHOM/TN/80/IPT1, which, despite being a MON-1, presents a 

genotype G3. This may be due to the geographical origin of this strain (Tunisia) compared to 
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the European strains/isolates. Excluding Pantelleria island, 77.8% and 80.0% of human and 

canine clinical samples/isolates resulted G1. Considering the correlation between G1 and 

MON-1, the results can be considered in agreement with the literature data (MON-1 

frequency is attested between 70% and 90%) (Bulle et al., 2002; Kuhls et al., 2008; Castelli et 

al., 2020). Moreover, the clinical isolates Leo-Ani and Bra-Aii resulted G3 like 

MHOM/TN/80/IPT1. This seems to confirm the genotypic heterogeneity within the MON-1 

zymodeme, as described in other works (Reale et al., 2010). Nevertheless, if Bra-Aii clusters 

with MHOM/TN/80/IPT1 in the MLST panel, placing in favor of the possibility that it is a 

MON-1, Leo-Ani clustered independently. Regarding Pantelleria island, only 25.0% of canine 

clinical isolates/samples resulted G1 while 68.8% is associated with the genotype G6 

(390T/1834A), not found in other geographical areas. To confirm this finding on a larger 

scale, the evaluation of this genotype in a database of Wellcome Sanger Institute containing 

whole-genome sequence data for over 500 Leishmania isolates is planned. Generally, an 

MLST approach would require about ten target sequences to have an adequate capacity for 

discrimination. The genotyping method based on HRM-assays proposed in this work, using 

only two molecular targets, was able to distinguish 6 different genotypes. Among them, the 

most represented was the G1 which showed a strong correlation (although not univocal) 

with MON-1, 72 zymodemes group.  
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5. Conclusion 

A total of 9 L. infantum isolates/strains have been sequenced by an MLST panel encoding for 

14 metabolic enzymes. The analysis of these sequences, together with sequences available 

in the database, allowed us to identify interesting polymorphisms exploitable to differentiate 

the most common L. infantum zymodemes in the Mediterranean basin. In particular, two 

HRM-based assays were developed to differentiate the genotype 390T/G and 1834A/G, in 

ME and GPI genes. The application on 9 clinical isolates and 38 clinical samples allowed us to 

identify 6 different genotypes. The genotype G1 (390T/1834G), correlated with zymodemes 

MON-1,72 allowing for the rapid identification of the most common L. infantum zymodemes. 

These assays have been successfully applied to clinical samples, without the need for 

parasite isolation. 

In conclusion, this approach could find application as a fast screening in epidemiological 

studies for the characterization of L. infantum strains, in the identification of new reservoirs 

of infection, and to investigate the genetic variability of L. infantum in border territory in the 

Mediterranean. 
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CHAPTER 6 

This chapter consists of a report regarding an autochthonous case of CL in a patient living in 

central Italy with an unsatisfactory response to treatment with intralesional Meglumine 

Antimoniate (the isolated parasites were reported in the previous chapter with the sample 

ID Leo-Ani). After the molecular characterization, we demonstrated the reduced 

susceptibility to SbIII through in vitro assay, helping the medical team in choosing a different 

therapeutic approach. 

Case report published in Microorganism 

DOI: 10.3390/microorganisms9061147 Volume 9, Issue 6, 2021, 1147 
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Abstract 

Cutaneous leishmaniasis (CL) caused by Leishmania (Leishmania) infantum is endemic in 

the Mediterranean basin. Here we report an autochthonous case of CL in a patient living 

in central Italy with an unsatisfactory response to treatment with intralesional 

Meglumine Antimoniate and in vitro demonstration of reduced susceptibility to SbIII. 

Parasitological diagnosis was first achieved by histopathology on tissue biopsy and the 

patient was treated with a local infiltration of Meglumine Antimoniate. Since the clinical 

response at 12 weeks from the treatment’s onset was deemed unsatisfactory, two 

further skin biopsies were taken for histopathological examination, DNA extraction and 

parasite isolation. L. (L.) infantum was identified by molecular typing. The low 

susceptibility to Meglumine Antimoniate was confirmed in vitro: the promastigotes from 

the patient strain showed significantly lower susceptibility to SbIII (the active trivalent 

form of antimonial) compared to the reference strain MHOM/TN/80/IPT1. The patient 

underwent a new treatment course with intravenous liposomal Amphotericin B, 

reaching complete healing of the lesion. Additional studies are needed to confirm the 
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epidemiological and clinical relevance of reduced susceptibility to SbIII of human L. (L.) 

infantum isolate in Italy. 

Keywords: Leishmania infantum; antimonials; resistance; cutaneous leishmaniasis; 

 

1. Introduction 

Leishmaniases are parasitic diseases transmitted by sandflies showing 

heterogeneous clinical manifestation, depending on the Leishmania species and host 

health status. About 20 species of Leishmania, mainly belonging to the subgenera 

Leishmania and Viannia, can parasitize humans. A comprehensive updated taxonomy of 

trypanosomatidae, including the genus Leishmania, has been recently published [1]. 

Clinical manifestations range from cutaneous lesions (cutaneous leishmaniasis, CL) to 

severe systemic multiorgan disease (visceral leishmaniasis, VL). In the Old World (i.e., 

southern Europe, the Middle East, Asia, and Africa) the etiological agents of CL are 

Leishmania (Leishmania) species, such as L. (L.) donovani, L. (L.) infantum, L. (L.) major, 

L. (L.) aethiopica, and L. (L.) tropica [2]. The lesions generally occur on skin portions 

easily accessible to sand flies, such as the face or limbs. The CL lesions can manifest as a 

single nodular or ulcerative lesion at the site of parasite inoculation, called localized 

cutaneous leishmaniasis (LCL) or as multiple lesions caused by infection propagation, 

named diffuse cutaneous leishmaniasis (DCL) [3]. In the Mediterranean basin, CL often 

manifests as a single, painless lesion caused by L. (L.) infantum [4], which represents the 

etiological agent of CL and VL in humans, as well as canine leishmaniasis (CanL). 

In the Old World, intralesional pentavalent antimony compounds (i.e., sodium 

stibogluconate and Meglumine Antimoniate) are among the first choice for the 

treatment of uncomplicated CL, while liposomal amphotericin B or other systemic 

treatments can be used for complicated CL or for immunosuppressed patients [5]. 

Antimonials are used also in the standard therapy for CanL, either alone, or in 

combination with allopurinol [6]. Notably, treatment failure due to resistance to 

antimonials has been described in different studies, mostly in the treatment of L. (L.) 

donovani VL in the Indian subcontinent [7], and rarely in the Mediterranean region [8], 
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where treatment efficiency exceeding 95% in HIV-negative individuals has been 

reported [9]. 

In recent years, new evidence of CL cases in north-eastern Italy has been 

documented [10]. However, to the best of our knowledge, human CL cases not 

responding to antimonials have never been notified in Italy so far. Here, we report an 

autochthonous CL case due to L. (L.) infantum in central Italy, with unsatisfactory 

response to treatment with intralesional pentavalent antimony compounds. 

2. Description of the Case  

A 61-year-old male was referred from the San Salvatore–Muraglia hospital (Pesaro, 

Italy), in May 2019 as a suspected case of CL, with a skin lesion on the dorsal left 

forearm with diameter of 5 × 3 cm. The patient reported not having traveled abroad in 

the previous years. Physical examination did not reveal any clinical sign of pathology, 

except for the abovementioned lesion. The lesion was biopsied by a dermatologist in 

aseptic conditions, with histological report of skin characterized by intense chronic 

limphoplasmocytoid inflammation and presence of histiocytes containing several 

Leishmania amastigotes. The ensuing pathological diagnosis was cutaneous 

leishmaniasis of the left forearm. Laboratory results showed 5.81 x106 erythrocytes, Hb 

17.1 g/dl, MCV 88, normal white blood cells, and platelet count and biochemical 

parameters within normal range. Renal and liver function were also normal, and no 

autoantibodies were detected. The patient had just been tested for polyglobulia by a 

hematologist, and he was in clinical follow-up. No evidence of BCR-ABL or Jak2 

mutations was reported. 

The patient was treated with a local infiltration of Meglumine Antimoniate 

(Glucantime® vials 1.5 g/5 mL—1 vial every week for a total of 5 weeks) in the skin lesion 

and along its margins. Twelve weeks after the beginning of therapy the clinical result 

was not deemed satisfactory by the managing clinicians (Figure 1).  
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Figure 1. Photograph of the dorsal forearm skin lesion on the patient with cutaneous leishmaniasis, 
twelve weeks after the beginning of treatment. 

After 12 weeks from the beginning of treatment, the patient underwent a second 

skin biopsy. Maintaining aseptic conditions and after the expression patient’s informed 

consent, two 5 mm diameter biopsies were collected from the nodular lesion. One 

biopsy was fixed in 4% formalin and sent for microscopic analysis which showed 

persistence of histiocytes containing Leishmania amastigotes. The second biopsy was 

collected in 5 mL sterile Tobie medium, disrupted by pipetting and divided into two 

aliquots: one was used for parasite isolation as described previously [11,12] and the 

other for DNA extraction. The DNA was extracted with the DNeasy Blood & Tissue kit 

(Qiagen) and amplified by a real-time PCR assay (qPCR-ML) as previously described [13–

15]. The qPCR-ML assay gave positive amplification results indicating the presence of 

Leishmania spp DNA in the skin sample. Melting analysis [13] allowed amplicons to be 

assigned to Leishmania (Leishmania) subgenus (Figure 2A). The ITS1-PCR RFLP analysis, 

performed as described by Schönian et al. [16], enabled the identification of L. (L.) 

infantum species (Figure 2B). The species identification was confirmed by partial 

sequencing of glucose-6-phosphate isomerase gene and successive alignment against 

Leishmania sequences using the BLASTN algorithm, followed by construction of the 

phylogenetic tree (Figure 3). 
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Figure 2. Molecular identification and characterization of the parasite from the skin biopsy. A)  Melting 
analysis of qPCR-ML amplicons. A region of kinetoplast DNA (kDNA) was amplified by a qPCR assay using 
primer pairs MLF/MLR as described previously [13]. Briefly, PCR reactions were carried out in duplicate, in 
25 µl volume containing 1 µl template DNA (corresponding to 140  ng DNA) and 24 µl SYBR green PCR 
master mix (Diatheva srl) with 200 nM of each primer, using a Rotor-Gene 6000 instrument (Corbett life 
science). The amplification conditions were: 94 °C for 10 min; followed by 45 cycles at 94 °C for 20 s, 60 °C 
for 20 s, and 72 °C for 20 s. At the end of the run, a melting curve analysis was performed from 82 °C to 90 
°C. As positive control, DNA from L.  (L.) infantum MHOM/FR/78/LEM75 was used. Melting temperatures 
of PCR products were overlapping (85.8 °C) indicating that parasites were from Leishmania (Leishmania) 
subgenus. B)  ITS1-PCR RFLP analysis. ITS1 region was amplified by PCR as described previously [16] using 
primers LITSR 5′-CTGGATCATTTTCCGATG-3′ and L5.8 S 5′-TGATACCACTTATCGCACTT-3′. ITS1 PCR products 
obtained from skin biopsy (1) and L. (L.) infantum MHOM/FR/78/LEM75 (2) were digested with 10 U HaeIII 
enzyme (Thermo Fisher Scientific) at 37 °C for 3 h and visualized on a 3.5% high-resolution MetaPhor 
(Cambrex) agarose gel stained with GelRed (Biotium). NTC, no template control; M, DNA marker 9. 
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Figure 3. The partial sequence of glucose-6-phosphate isomerase gene (1335 bp) was obtained from 
isolated parasites in the context of a multilocus sequence typing approach by a customized sequencing 
panel designed with Ion AmpliSeq™ designer (Thermo-Fisher-Scientific). This panel included 7 primer pairs 
specific for the glucose-6-phosphate isomerase gene. The library was prepared using Ion AmpliSeq™ 
library kit plus (Thermo-Fisher-Scientific) following manufacturer’s instructions. The library sequencing 
was performed using the Ion Torrent S5 instrument (Thermo-Fisher-Scientific) and the reads were 
mapped to L. infantum JPCM5 genome (LinJ.12 291520-292854) using Torrent Browser. The consensus 
sequence was analyzed by BLASTN against Leishmania sequences. The results with 100% coverage were 
selected. A distance tree of pairwise comparisons was visualized by BLAST tree view, using Neighbor 
Joining algorithm [17]. The sequence of the clinical isolate is highlighted. 
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Regarding parasite isolation, after 7 days of culture, the liquid phase of Evans’ 

modified Tobie’s medium (EMTM) presented numerous motile promastigotes, 

confirming the presence of viable parasites in the bioptic sample (Figure 4).  

 

 

Figure 4. Phase-contrast microscope examination of parasites isolated from the skin biopsy. Individual 
promastigotes are indicated by arrows (20 X magnification). 

 

Furthermore, the isolate was genotyped by analyzing the nucleotide polymorphism 

390 T > G in the malic enzyme gene by High Resolution Melt (HRM) analysis, as 

described previously [18]. The HRM analysis showed a 390 G genotype (Figure 5), which 

is not associated with the zymodemes MON-1 (the most common in the Mediterranean 

basin), MON-72, 201 [18].  
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Figure 5. Genotyping of L. (L.) infantum clinical isolate through HRM analysis. The malic enzyme gene 
sequence encompassing the polymorphism 390 T/G was amplified by qPCR-MEint in 25 µl volume 
containing SYBR green PCR master mix (Diatheva srl) with 200 nM of primers forward (5′-
TCAGAACCTTCGCAAGACGA-3′) and reverse (5′-CACTTGCCGATGCTGATGC-3′), using a Rotor-Gene 6000 
instrument (Corbett life science) [18]. The amplification conditions were: 94 °C for 10 min; followed by 45 
cycles at 94 °C for 20 s, 60 °C for 20 s, and 72 °C for 20 s. After amplification, high-resolution melting 
(HRM) analysis was performed over the range 77–95 °C, rising by 0.1 °C/s and waiting for 2 s at each 
temperature. Raw HRM curves were normalized by the Rotorgene 6000 v.1.7 software. Controls for 
genotypes 390 T and 390 G were L. (L.) infantum MHOM/FR/78/LEM75 and L. (L.) infantum 
MHOM/TN/80/IPT1, respectively. 

To determine whether unresponsiveness to Glucantime® was due to the presence of 

resistant parasites, the IC50 of SbIII (the active trivalent antimonial form) was 

determined in the promastigotes isolated from the lesion. Briefly, late log/stationary 

phase promastigotes were resuspended in complete RPMI-PY medium [19] at a density 

of 2.5 x 106 parasites/mL in 96-well plates (100 μL/well). The promastigotes were 

treated with potassium antimonyl tartrate trihydrate (SbIII) (Sigma-Aldrich) at 

concentrations of 1, 5, 25, 125, 625 μM for 72 h at 26 °C. The reference strain L. (L.) 

infantum MHOM/TN/80/IPT1 was included as control. Moreover, the promastigotes 

were also treated with Miltefosine (Sigma–Aldrich). Each condition was repeated sixfold. 

To evaluate the promastigote viability, the CellTiter 96 H Aqueous Non-Radioactive Cell 

Proliferation Assay (Promega) was carried out. The parasites derived from the 

unresponsive patient were significantly less susceptible to SbIII than the reference strain 

parasites (p ˂ 0.01, unpaired t-test with Welch’s correction) (Table 1). On the contrary, 

promastigotes from the clinical isolate appeared more sensitive to Miltefosine 

compared to the reference strain.  
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Table 1. In vitro susceptibility tests. 

Treatment  

L. (L.) 

infantum  

clinical isolate  

IC50 (μM) 

L. (L.) infantum 

MHOM/TN/80/I

PT1  

IC50 (μM) 

Unpaired t-

test with 

Welch’s 

correction 

P-value 

Potassium 

antimonyl tartrate 

trihydrate (SbIII) 

27.06 ± 2.70 13.22 ± 2.11 ˂ 0.01 

Miltefosine  1.31 ± 0.14  4.27 ± 0.40 ˂ 0.01 

 

Due to the unsatisfactory clinical response to pentavalent antimony compounds 

and the in vitro demonstration of low susceptibility to antimonials of the infecting 

parasitic strain, a new therapy with intravenous liposomal Amphotericin B was 

administered at the dose of 3 mg/Kg in daily doses for five days, with two further doses 

at an interval of two weeks. Liposomal Amphotericin B treatment was effective, with 

healing of the lesion after two months and no major side-effect was reported during the 

follow-up. The patient did not return with any relapse in the following 6 months. 

3. Discussion 

A high circulation of Leishmania strains causing cutaneous leishmaniasis has been 

recently observed in northeastern Italy [10]. In the index case, a lack of travel history, 

the molecular identification of L. (L.) infantum and the fact that the patient resided in 

the Marche region (central Italy) where L. (L.) infantum is endemic, strongly suggest an 

autochthonous origin of the infection.  

The diagnosis of CL was initially performed by histology with the detection of 

leishmanial amastigotes in tissue sections. However, due to treatment 

unresponsiveness, a second bioptic sample was taken and histological diagnosis was 

repeated, followed by molecular diagnosis and parasite isolation and characterization.  

Treatment failure in leishmaniasis can be caused by drug resistance of the infecting 

parasite, host factors such as immunity and nutritional status, individual variation in 
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pharmacokinetics, or other drug-related responses, or whether the parasite resides in 

tissues accessible to drugs [7]. Antimonials are often the first choice in the treatment of 

CL and they can be administered intralesionally as well as systemically [20]. In Old World 

CL, intralesional antimonials have shown >90% cure rates but most of the data are 

related to L. (L.) major infections. [20]. In fact, treatment data are scarce for L. (L.) 

infantum CL lesions [21]. To confirm the first diagnosis and to investigate the lack of 

response to treatment in the index case, the parasitic strain isolated from the lesion was 

further characterized with molecular tools and its susceptibility to antimonials was 

evaluated in  vitro. Pentavalent antimonials (SbV) such as Meglumine Antimoniate need 

to be reduced to a trivalent antimonial (SbIII) in order to be active. Since promastigotes 

cannot reduce SbV to SbIII, the susceptibility test was directly performed with SbIII, the 

active trivalent antimonial form [22].  

The L. (L.) infantum clinical isolate showed significantly lower susceptibility to 

antimonials than the reference strain (MHOM/TN/80/IPT1), which is itself a VL strain 

less susceptible to antimonials with respect to CL causing species [23]. At the same time, 

the clinical isolate exhibited a higher sensitivity to Miltefosine when compared to the 

reference strain.  

Treatment of CanL with Glucantime® is a common practice in many Mediterranean 

countries, where repeated treatments of dogs have been shown to produce a reservoir 

of L. (L.) infantum parasites with a decreased sensitivity to antimonials [24,25]. 

Nevertheless, the clinical isolate of our index case was genotyped as a strain not related 

to zymodemes MON-1, 72, 201 (polymorphism 390 G in malic enzyme), which include 

the most common zymodeme circulating in dogs in the Mediterranean basin (MON-1). 

Therefore, it is unlikely that the strain has canine origin. Since the lower susceptibility to 

SbIII could not be explained with canine origin of the strain, further investigation on 

genes involved in inducing antimony-resistant parasites (e.g., AQP1, MRPA, γ-GCS, TR, 

TDR1) will be needed. 

According to the European guidelines [5], CL lesions > 4 cm should be treated with 

systemic therapy. However, Since the patient presented a single lesion that was slightly 

above this index, local therapy with Glucantime® was attempted to avoid the toxic 

effects of the systemic therapy. Nonetheless, after the intralesional therapy, according 
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to the clinician’s judgment, a satisfactory clinical response was not achieved. 

Subsequent investigations revealed low susceptibility to SbIII. Therefore, the incomplete 

response to treatment could be due to both an insufficient therapeutic dose and the low 

susceptibility of the parasite. 

In the Old World, Glucantime® failure due to parasite resistance has been reported 

mostly in L. (L.) donovani strains circulating in the Indian subcontinent. The L. (L.) 

infantum CL case described here showed decreased susceptibility to Meglumine 

Antimoniate. Due to the scarcity of data regarding treatment of L. (L.) infantum CL 

lesions, it is possible that some similar cases may not have been reported. Additional 

studies are needed to confirm the epidemiological and clinical relevance of these 

findings.  
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CHAPTER 7 

In this chapter, it is reported the evaluation of a small library of azole-bisindole compounds 

for their anti-leishmanial potential, in terms of efficacy on Leishmania infantum 

promastigotes and intracellular amastigotes. 
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Abstract 

We report the evaluation of a small library of azole-bisindoles for their anti-leishmanial potential, in 

terms of efficacy on Leishmania infantum promastigotes and intracellular amastigotes. Nine 

compounds showed good activity on L. infantum MHOM/TN/80/IPT1 promastigotes with IC50 values 

ranging from 4 to 10 µM. These active compounds were also tested on human (THP-1, HepG2, 

HaCaT, and Human Primary Fibroblasts) and canine (DH82) cell lines. URB1483 was selected as the 

best compound, with no quantifiable cytotoxicity in mammalian cells, to test the efficacy on 

intracellular amastigotes. URB1483 significantly reduced the infection index of both human and 

canine macrophages with an effect comparable to the clinically used drug pentamidine. URB1483 

emerges as a new anti-infective agent with a remarkable antileishmanial activity and no cytotoxic 

effects on human and canine cells. 

 

Keywords Phenotype screening, Antileishmanial, Leishmania infantum, bisindoles, 3,3’-

diindolylmethanes. 
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1. Introduction 

Leishmaniasis is a neglected disease caused by protozoan parasites transmitted by phlebotomine 

sandflies. More than 20 different Leishmania species all over the world cause a variety of clinical 

conditions broadly grouped in cutaneous (CL), mucosal (ML) and visceral leishmaniasis (VL) [1]. The 

latter, being fatal if untreated, causes 20,000–40,000 deaths across the globe each year [2-3]. More 

than a million new cases are reported per year and 350 million people are at risk of contracting the 

infection [1]. Italy is an endemic country, with an increase in cases in the last two decades due to said 

disease spreading within traditionally endemic regions and to the appearance of autochthonous cases 

in previously non-endemic areas such as northern continental Italy [2,4]. The most widespread form of 

leishmaniasis endemic in southern Europe is zoonotic VL, involving humans and domestic dogs 

(which may serve as main reservoir), sometimes associated with few cases of CL. Both diseases are 

caused by L. infantum [4]. 

 

Figure 1. Main commercial drugs against Leishmaniosis. 

 

Although in recent years three vaccine candidates have undergone clinical trials, and half a dozen 

more are in the pipeline, no efficacious vaccine against leishmaniasis is now available on the market 

[5]. Moreover, all currently available drugs are inadequate [1] (figure 1). Pentavalent antimonials (one 

example is meglumine antimoniate, figure 1), the first-line treatment, could not be efficacious due to 

widespread resistance to the drug. Few VL treatments against leishmaniasis have been introduced 

during the last decade, each of them having serious limitations. Amphotericin B, one of the most used 

second-line drug, is effective against antimonial-resistant Leishmania strains, but it can induce acute 

and chronic toxicity. The Amphotericin B liposomal formulation (AmBisome) ameliorates the toxicity 
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profile; yet its high formulation cost has limited its use [6]. Miltefosine is a highly potent oral drug 

against VL and CL; however, its use is limited due to high cost, teratogenicity and long treatment. 

Paromomycin is the cheapest treatment but its use has been associated with severe toxicity. Moreover, 

this drug requires parenteral administration, needs long treatment and shows region-dependent 

efficacy. On the other hand, pentamidine is used in combination therapies at low dosages but shows 

several shortcomings (renal toxicity, myocarditis, diabetes mellitus, hypoglycemia, hypotension and 

fever) [1]. 

Due to the serious drawbacks of the available therapeutic options, which are less toxic and more 

efficacious across all endemic regions, shorter courses and inexpensive drugs are urgently needed. 

Many research groups around the world have developed several new scaffolds as potential drugs 

against leishmaniasis [1, 7-10]. Among them, few bis-indoles were reported (figure 2). 

 

Figure 2. Potential anti-leishmanial agents sharing bis(indolyl) fragment. 

 

The seminal work of Roy and his collaborators reported that 3,3’-diindolylmethane (DIM, figure 2) is 

an effective inhibitor of L. donovani topoisomerase IB [11]. More specifically, the prototypical 

member of the class, DIM, was reported to act as poison for topoisomerase IB, i.e. similarly to the 

well-known drug camptothecin (CPT) it stabilizes the topoisomerase–DNA cleavage complex thus 

blocking the relaxation process [11,12]. In a subsequent work, the same authors reported three new 

DIM derivatives that were active against a DIM resistant strain of L. donovani. In figure 2, 2,2’-
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diphenyl-3,3’-diindolylmethane (DPDIM) is shown as the most promising example of the reported 

DIMs. 

In 2013, Bharate and coworkers reported a new aryl-DIM potent class of antileishmanial agents. 

Among them, compound 4 (figure 2) was the most effective against L. donovani promastigotes and 

amastigotes, showing IC50 values lower than 10 μM [13]. However, they did not propose a biological 

target of the new aryl-DIMs. 

The bis(indolyl)-pyridine 5 (figure 2) is the most interesting compound reported by Kalam Khan et al. 

against Leishmania parasites [14] but it is less potent than previously described DIMs and no 

information about its mechanism of action is available. Very recently, the group of Taha has reported 

several phenyl-aminothiazole-DIM derivatives as potent antileishmanial agents [15]. In particular, 

compound 6 (figure 2) has showed outstanding effect on the protozoa with sub-micromolar IC50 value. 

The authors claimed that this new class of compounds may inhibit the pteridine reductase. Yet, no 

inhibition studies on the isolate enzyme were reported. 

As part of our ongoing investigations on the biological activities and applications of bisindole 

derivatives [16-20] and leishmaniasis [21-24], in the present study, a focused library of selected 

published azole-bisindole derivatives 1-3 (scheme 1 and 2) [20,25] sharing the bis(indolyl) motif with 

the above mentioned anti-leishmanial agents was screened against several human and canine L. 

infantum promastigote strains. The most active compounds (IC50 < 20 μM) were then tested on human 

and canine macrophages, as well as other human cell lines to check for their potential toxicity. 

Pyrrole-bisindole 1b, named URB1483, was found to be the most specific compound against parasites 

and was tested for its efficacy on L. infantum infected human and canine macrophage-like cell lines. 

 

 

2. Results 

2.1 Chemistry 

The pyrrole-bisindoles 1a-d and imidazole-bisindoles 2a-f were synthetized according to previously 

reported methods [19] starting from the opportune bisindoles 7a-g and 1,2-diaza-1,3-diene 8a-c 

[16,20,25] (scheme 1). 

The treatment of bisindole 7 with the opportune propiolate in dichloromethane (DCM) followed by 

addition of azoalkene 8 in toluene and in the presence of trifluoroacetic acid (TFA) at reflux furnished 

the corresponding pyrrole-indole 1. The mechanism of this sequential three-component reaction 

involves the preliminary formation of enamine intermediate, subsequent Michael addition to azoene 

system, and final intramolecular heterocyclization with loss of the carbazate residue. 
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On the other hand, the indole-imidazole scaffold 2 was synthesized by a conjugate addition of 

bisindole 7 to 8 in acetonitrile (ACN) at room temperature (rt), followed by the condensation with the 

paraformaldehyde at reflux. For this three-component reaction, a thermal-assisted 1,5-eletrocyclization 

of azoalkene-derived azavinyl azomethine ylides appears to be operative. [20] 

 

Scheme 1. Reagents and conditions: (i) methyl or ethyl propiolate (R5), DCM, at room temperature 

(rt), overnight ; (ii) 1,2-diaza-1,3-diene 8, toluene, reflux, 2 h; (iii) TFA, reflux, 2-4 h. (iv) 1,2-diaza-

1,3-diene 8, ACN, rt, 1 h; (v) paraformaldehyde, reflux, 4 h. 

 

The triazole-bisindoles 3 were instead synthetized in a single step (Sakai’s protocol) from α,α-

dichlorotosylhydrazone 9 and bisindole 7 [16,20] respectively in the presence of N,N-

diisopropylethylamine (DIPEA) as a base in ethanol/acetonitrile mixture (Scheme 2). [20] 

 

Scheme 2. Reagents and conditions: (i) DIPEA, ethanol, 9 in acetonitrile, 0 °C to rt, 2 h. 
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2.2 Effect of bisindoles on L. infantum promastigote viability 

The in vitro antileishmanial activity evaluation of bisindole derivatives was carried out by treating L. 

infantum MHOM/TN/80/IPT1 promastigotes for 72h with scalar dilution 1:2 or 2:3 (from 20 to 0.31 

µM) of each molecule. As positive controls, Leishmania parasites were also treated with pentamidine, 

non-liposomal amphotericin B and miltefosine. The compounds 1a-b, 2a-f and 3b showed IC50 values 

between 3.66 and 10.09 µM. The compound 1c, 1d, 3a and DIM showed IC50 >20 µM and were not 

taken into consideration for subsequent experiments (table 1). Next, the activity of bisindoles was 

evaluated on three L. infantum clinical isolates (two canines and one human), confirming the activity 

of all tested compounds (table 1 and supporting information). 

 

Table 1. Azole-bisindole derivatives potency on L. infantum promastigote strains. IC50 values for all 

the strains are reported as mean and 95% confidence interval, from at least three independent 

experiments. Each experimental condition was conducted at least in duplicate. 

Compound 

L. infantum 

MHOM/TN/80/IPT1 

IC50 (µM) (95% CI) 

L. infantum canine 

clinical isolate 1 

IC50 (µM) (95% CI) 

L. infantum canine 

clinical isolate 2 

IC50 (µM) (95% CI) 

L. infantum human 

clinical isolate 

IC50 (µM) (95% CI) 

1a 6.63 (6.12-7.18) 7.02 (6.53-7.54) 5.72 (5.34-6.13) 6.37 (5.41-7.53) 

1b 

(URB1483) 
3.66 (3.22 - 4.17) 4.13 (3.84-4.46) 3.66 (3.48-3.85) 7.15 (5.80-8.91) 

1c >20 (42.5%)
a
 n.t.b

 
 n.t.b n.t.b 

1d >20 (10.6%)
a
 n.t.b n.t.b n.t.b 

2a 9.98 (9.21- 10.80) 6.81 (6.22-7.46) 4.78 (4.58-4.99) 8.13 (7.21-9.12) 

2b 7.69 (7.04-8.37) 6.41 (6.03-6.80) 4.97 (4.68-5.27) 6.08 (5.33-6.95) 

2c 10.09 (9.42-10.79) 8.67 (7.86-9.55) 6.53 (6.19-6.90) 8.62 (7.84-9.40) 

2d 8.46 (7.77-9.15) 9.66 (9.21-10.12) 7.03 (6.47-7.61) 7.50 (6.78-8.25) 

2e 4.90 (4.26-5.64) 4.77 (4.50-5.07) 3.57 (3.32-3.84) 5.49 (5.02-6.01) 

2f 4.88 (4.39-5.42) 6.77 (6.18-7.40) 5.63 (5.25-6.03) 5.30 (4.93-5.70) 

3a >20 (21.9%)
a
 n.t.b n.t.b n.t.b 

3b 8.13 (7.15-9.23) 5.66 (5.25-6.12) 5.27 (5.06-5.48) 7.41 (6.61-8.30) 

DIM >20 (9.9%)
a
 >20 (6.3%)

a
 >20 (11.9%)

a
 >20 (22.3%)

a
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Pent 2.56 (2.11-3.22) 1.72 (1.64-1.86) 1.41 (1.34-1.48) 1.49 (1.37-1.62) 

Amph B 0.06 (0.05-0.08) 0.12 (0.12-0.13) 0.11 (0.11-0.12) 0.08 (0.07-0.09) 

Milt 2.85 (2.47-3.30)  6.57 (6.02-7.18) 6.07 (5.63-6.53) 1.21 (0.98-1.46) 

a percentage of inhibition at 20 µM; b not tested; Pent: Pentamidine; Amph B : non-liposomal 

amphotericin B; Milt: miltefosine. 

 

2.3 Cytotoxic effect of bisindoles in human and canine cell lines 

The cytotoxicity of the most active compounds 1a, 1b (URB1483), 2a-f and 3b was evaluated in THP-

1, DH82, HEPG2, HaCaT and human primary fibroblasts (HPF) cells, in term of concentrations of 

drug required to reduce cell viability by 50% (CC50). At first, to test the viability of THP-1 and DH82 

cells following bisindoles treatment, cells were treated for 72h with each compound at five different 

concentrations (2, 10, 20, 80, 200 µM). Notably, URB1483 did not show quantifiable toxicity in both 

cell lines. The other compounds showed a cytotoxicity ˃20 µM in both cell lines, with the exception of 

compound 2d (15.44 and 18.92 µM in THP-1 and DH82 cells, respectively) and 1a (11.09 µM in 

DH82 cells) (table 2 and supporting information). 

 

Table 2. Azole-bisindole derivatives CC50 values on THP-1 and DH82 cells 

Compund 

THP-1 DH82 

CC50 (µM) 

(95% CI) 

Selectivity index 

(CC50/IC50
a) 

CC50 (µM) 

(95% CI) 

Selectivity index 

(CC50/IC50
a) 

1a 

124.40  

(90.87-193.40)  
18.76 

11.09  

(8.14-13.96) 
1.67 

1b (URB1483) ˃ 200 (2.1%)b > 55 ˃ 200 (15.4%)b > 55 

2a 

37.89  

(25.21-58.56) 
3.79 

35.31  

(29.31-42.15) 
3.54 

2b 
26.87  

(16.70-36.92) 
3.49 

24.82  

(20.98-29.01) 
3.22 

2c 
38.63  

(26.41-59.05) 
3.83 

23.52  

(19.96-28.85)  
2.33 

2d 15.44  1.83 18.92  2.24 
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(12.82-18.95)  (15.40-24.01) 

2e 
55.44  

(24.60-79.61)  
11.31 

24.30  

(20.72-29.27) 
4.96 

2f 
35.11  

(21.54-49.87) 
7.19 ˃ 200 (42.9%)b > 41 

3b ˃ 200 (33%)b > 25 
31.86  

(22.61-45.54) 
3.92 

Pent 

103.1  

(72.64-179.2) 
40.27 

10.59  

(7.88-12.85) 
4.14 

Amph B 
2.75  

(1.50-3.76) 
45.83 ˃200 (41.5%)b > 3333 

Milt 
27.78  

(22.54-35.51) 
9.75 

95.88  

(86.21-108.90)  
33.64 

a selectivity index calculated considering IC50 on L. infantum MHOM/TN/80/IPT1; b percentage of 

inhibition at 200 µM; Pent: Pentamidine; Amph B: non-liposomal amphotericin B. Milt: miltefosine. 

 

Next, the CC50 was evaluated in DH82, HepG2, HaCaT cell lines and HPF cells after 24 h treatment 

with serially diluted bis-indole compounds (2, 10, 20 µM). In this case, incubations were carried out 

for 24 hours to evaluate the cytotoxicity in actively dividing cells. In these experiments, the CC50 

values were ˃20, indicating low cytotoxicity of the bisindole derivatives also in these cell lines. 

Interestingly, the CC50/24h values of the reference compound non-liposomal amphotericin B were 

between 4.6 and 17.26 µM (Table S1, supporting information). 

2.4 Efficacy of compound URB1483 on L. infantum intracellular amastigotes 

Based on the analysis of the IC50 and CC50 obtained on L. infantum promastigotes and THP-1 or DH82 

cells, respectively, URB1483 was found to be the most effective and yet selective compound against 

the parasites and, therefore, it was selected for further experiments. 

The infection of human monocytic THP-1 cell line was conducted with L. infantum 

MHOM/TN/80/IPT1 as described in methods. Infected macrophages were treated with compound 

URB1483 or pentamidine (used as positive control) for 72h. The infection index was significantly 

reduced following the treatment with URB1483, in a dose-dependent manner (one-way ANOVA p˂ 

0.001) (figure 3A), evocative of specific mechanism of action. 
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Figure 3. Effect of URB1483 and Pent on intracellular L. infantum amastigotes. A) THP-1 cells 

infected with L. infantum MHOM/TN/80/IPT1; B) THP-1 cells infected with L. infantum human 

clinical isolate; C) DH82 cells infected with L. infantum MHOM/TN/80/IPT1. In all cases cells were 

infected for 24 h at 37°C; the drugs were added, and infection index was calculated after 72 h of 

treatment. Data are expressed as mean ± SEM of three independent experiments. Each experimental 

condition was conducted at least in duplicate. * p < 0.05, ** p < 0.01, ***p < 0.001. 
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Interestingly, the percentage of infected cells and the average number of amastigotes per infected cell 

decrease in a dose-dependent manner, in both URB1483 and pentamidine treatments. The THP-1 cells 

were also infected with the L. infantum human clinical isolate. In this case, the parasite resulted to be 

less susceptible to both URB1483 and Pent, compared to the reference strain MHOM/TN/80/IPT1 

(figure 3B). 

The same infection and treatment protocols were also performed with the DH82 cell line. In DH82 

cells infected with MHOM/TN/80/IPT1 strain, the infection index decreased significantly at the higher 

dose (20 µM) in both URB1483 (p˂ 0.01) and pentamidine (p˂ 0.05) treated cells (figure 3C). It is 

noteworthy that Pent had a cytotoxic effect on DH82 cells after 72 h treatment (table 2) (not observed 

after 24h treatment), in contrast to URB1483, which did not significantly affect the cells viability 

(figure 4). 

 

Figure 4. Cytotoxic effect of treatment with pentamidine (Pent), in contrast to URB1483, on DH82 

cells after 72 h treatment. A) Uninfected DH82 cells were treated with URB1483 or Pent for 72h at 

the concentration of 0, 2, 10, 20 µM and stained with Hoechst dye for fluorescence microscope 

observation. B) The effect of treatment was monitored by calculating the number of cells, considering 

at least five images per treatment condition. Data are means ± SEM; ***p < 0.001.  
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The two-way ANOVA followed by Bonferroni post hoc test did not show significant differences in 

infection indexes between treatments with compound URB1483 and pentamidine in all experiments 

(see supporting information, Table S2), accounting for similar effects of the two molecules. 

 

2.5 L. donovani topoisomerase IB as potential target 

Prompted by the encouraging results obtained on both L. infantum promastigote and L. infantum 

intracellular amastigotes, we searched for molecular target responsible for the antileishmanial activity 

displayed by compound URB1483. Literature data point to topoisomerase IB as the most likely target 

for bis-indole compounds [11,12]. The antileishmanial activity displayed by the bis-indolyl derivative 

DIM has been linked to the ability of this compound to block DNA relaxation with a mechanism 

similar to that of topotecan [26], i.e., stabilizing the formation of a ternary complex composed by the 

inhibitor itself, the leishmanial enzyme topoisomerase IB and double strand DNA. We thus performed 

molecular modelling investigations assuming that URB1483 could interact with the topoisomerase IB-

DNA complex by targeting the same binding site recognized by topotecan. At first, a three-

dimensional model of L. donovani topoisomerase I bound to DNA-topotecan complex was built using 

available structural information in the PDB, i. e., the human form of topoisomerase I bound to DNA 

and topotecan (PDB ID 1K4T), and the L. donovani form of topoisomerase I bound to nicked DNA 

(PDB ID 2BS9), by following the computational protocol reported by Roy et al. (see method section 

for details) [12]. This strategy appeared reasonable as the comparison between these two 

topoisomerase structures reveals that, despite a diverse architecture (monomeric the human, dimeric 

the L. donovani isoform), all of the amino acid residues that line the topotecan-binding pocket are 

entirely conserved between the two species [27]. 

The resulting model of L. donovani topoisomerase IB bound to topotecan was employed to identify 

binding mode for URB1483 that could account for its specific mechanism of action. Docking 

simulations point to a pose for URB1483 to some extent resembling the one experimentally observed 

for topotecan (figure 5), with one indolyl fragment well superposed on the A-ring of topotecan and 

one terminal carboxylic acid ethyl ester installed on the pyrrole nucleus occupying nearly the same 

space of the lactone E-ring of topotecan. The second indolyl fragment of URB1483 protruded in a 

broad cavity of topoisomerase IB, normally occupied by solvent bulk. This additional cavity is 

targeted by other classes of topoisomerase poisons such as indolocarbazole and indenoisoquinoline 

derivatives [28], which place a bulky group in this region (figure S6, supporting information). 
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Figure 5. Molecular model of URB1483 (green carbons) docked in the CPT binding site present in the 

topoisomerase IB - DNA complex (dark grey carbon atoms). The structure of topotecan (pink carbon 

atoms) is also displayed for comparison. The secondary structure of topoisomerase IB is represented 

by red (α-helices) or cyan (β-strands) cartoons, while the secondary structure of the DNA (namely, 22-

base pair duplex oligonucleotide) is represented by black cartoons.  

 

Prompted by these computational results, the inhibitory activity of URB1483 was assessed on L. 

donovani topoisomerase IB by means of a plasmid relaxation assay (figure S7, supporting 

information). This assay detects the different electrophoretic mobility of the DNA supercoiled plasmid 

converted, by the enzyme, to its relaxed forms, in the presence of increasing concentrations of the 

compound. Gathered data indicate that URB1483 does not inhibit DNA relaxation at all the tested 

concentrations (up to 50 M). 

Therefore, further investigations, not necessarily based on the structural similarity between DIM and 

URB1483, to identify a molecular target accounting for the anti-leishmania activity of pyrrole-

bisindole derivatives will be needed. 

 

2.6 Stability studies of URB1483 

Chemical stability data were measured by LC/MS approaches for URB1483 to preliminary assess its 

in vitro PK profile. Gratifyingly our analyses revealed that URB1483 exhibited a favorable chemical 
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stability both in physiological solution and in cellular medium. In both conditions, the chemical 

stability was almost quantitative with more than the 90% of URB1483 remaining unaltered after 72 h. 

 

3. Discussion 

Leishmaniasis is one of the most dangerous neglected tropical diseases, second only to malaria in 

parasitic causes of death [5]. Caused by global warming, the endemic regions of leishmaniasis are 

continuously spreading to non-tropical areas, including Europe. So far, no vaccine against 

leishmaniasis is on the market. Approved drugs in second- and third-line treatments are currently 

limited and/or exorbitantly priced (i.e. amphothericin B; paromomycin; miltefosine; pentamidine) with 

few of them being effective on antimonial-resistant Leishmania strains. Moreover, the use of these 

agents on infected patients is seriously hampered by the insurgence of acute and/or chronic toxicity. 

Therefore, there is an urgent need for developing safe, effective, and affordable drugs for the treatment 

of leishmaniasis. To fill this therapeutic gap, several research groups introduced new classes of active 

compounds against leishmaniasis, including bisindole derivatives. 

In this context, a phenotypic screening of our small library of previously reported azole-bisindoles 1-3 

(scheme 1-2) [20,25] against four human and canine L. infantum strains was performed. With few 

exceptions, all bisindoles, belonging to three different classes (pyrroles 1, imidazoles 2 and triazoles 

3), showed good activity against the analyzed L. infantum promastigotes with IC50 values lower than 

10 M (table 1).  

Conversely, pyrrole-bisindole 1c is less active than the other compounds, 1d and triazole-bisindole 3a 

are nearly inactive. At this stage, it seems that an additional nitrogen containing aryl substituent could 

increase the potency of the simple bisindole scaffold (DIM was almost inactive at 20 M). In the 

pyrrole class 1, a double substitution of the indole rings is detrimental for their activity (compounds 1c 

and 1d showed low activity). All the imidazole derivatives 2 are active in all four L. infantum 

promastigote strains, and in particular 2e and 2f, having N-methylated indoles, are very potent. The 

methylation of the indole rings seems to play an important role also in the triazole-bisindole 

derivatives 3 (3a is inactive and 3b showed IC50 < 8 M). 

The most active azole-bisindoles 1a, URB1483, 2a-f and 3b were then tested on human and canine 

macrophage-like cell lines, as well as other human cell lines to check for their potential toxicity. In 

general, the imidazole-bisindole derivatives 2 are more toxic than pyrroles 1 and triazole 3b in all the 

tested cell lines. Pyrrole-bisindole URB1483 showed good activity against parasites and the best 

selectivity index (SI) on both human (THP-1) and canine (DH82) cells (SI > 55, table 2). Moreover, 

URB1483 did not show any appreciable toxicity against human hepatocytes, keratinocytes and 

primary fibroblasts (table S1, supporting information). 



204 
 

Therefore, URB1483 was tested, in comparison with pentamidine, for its efficacy on L. infantum 

infected human and canine macrophage-like cell lines. The efficacy of compound URB1483 and 

pentamidine was not significantly different in human and canine in vitro infection models, despite the 

fact that pentamidine showed lower IC50 when compared to URB1483 in promastigotes (table 1). This 

may account for a better bioavailability of URB1483 inside the infected cells. Concerning the human 

infection model (THP1 cells), the human clinical isolate appeared less susceptible to both drug 

treatments compared to the reference strain MHOM/TN/80/IPT1. This probably reflects its higher 

virulence (infection index was twice) and/or its lower susceptibility to treatment with compound 

URB1483 (IC50 value was about two times higher in the human clinical isolate compared to other 

strains) (table 1). As regards the canine infection model, it is noteworthy that pentamidine showed 

high toxicity in DH82 cells at 72 h (table 2 and figure 4), while compound URB1483 did not show any 

appreciable toxicity, underlying its potential use also in veterinary applications. 

According to literature, topoisomerase IB was identified as a likely biological target for this class of 

bisindoles, [11,12]. Furthermore, molecular modelling investigations on topoisomerase IB point to a 

likely binding mode for URB1483 similar to the one experimentally observed for topotecan. 

Therefore, URB1483 was evaluated for its ability to inhibit on topoisomerase IB from L. donovani, 

which shared 98% sequence identity with L. infantum isoform. Unexpectedly, URB1483 failed to 

inhibit L. donovani topoisomerase IB activity, indicating that other targets are likely engaged by this 

pyrrole-bisindole. Efforts will be taken to discover the target of URB1483 in our ongoing research on 

antileishmanial agents. 

 

4. Conclusions 

A phenotypic screening of a small library of azole-bisindoles against several human and canine L. 

infantum strains was performed. Most of the tested compounds showed good activity against the 

promastigotes (IC50 values < 10 M). URB1483, a pyrrole-bisindole derivative, showed good activity 

against parasites and it did not affect viability of canine and human cell lines, with a selectivity index 

> 55. Moreover, the efficacy of URB1483 on human and canine in vitro infection models was 

comparable to that of the commercial drug pentamidine. Previous works on the bisindole prototype 

DIM demonstrated that its antileishmanial activity is due to its ability to block the DNA relaxation 

activity of Leishmania topoisomerase IB. This evidence along with computational studies support the 

hypothesis that URB1483 should have worked as topoisomerase IB inhibitor. Biochemical studies on 

the isolated enzyme ruled out inhibition of topoisomerase IB as mechanism of action for URB1483. 

Even if the search for the biological target is still ongoing, URB1483 may undoubtedly represent a 

promising lead compound for the generation of new anti-Leishmania agents with low toxicity on host 

cells. 
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Experimental Section 

5. Materials and Methods 

5.1 Chemistry 

All organic solvents used in this study were purchased from Sigma–Aldrich (St. Louis, MO, USA), 

Alfa Aesar (Haverhill, MA, USA), or TCI (Tokyo, Japan). In particular, the antileishmanial drugs 

pentamidine isethionate salt, non-liposomal amphotericin B and miltefosine, used as positive controls, 

were purchased from Sigma–Aldrich. Prior to use, acetonitrile, dichloromethane and toluene were 

dried with molecular sieves with an effective pore diameter of 4 Å. Column chromatography 

purifications were performed under ‘‘flash” conditions using Merck (Darmstadt, Germany) 230–400 

mesh silica gel. Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel 

plates (silica gel 60 F254), which were visualized by exposure to ultraviolet light and an aqueous 

solution of cerium ammonium molybdate (CAM). Melting points were determined by Buchi (Gallen, 

Switzerland) B-540. 1H NMR and 13C NMR spectra were recorded on a Bruker (Billerica, MA, USA) 

AC 400 or 100, respectively, spectrometer and analyzed using the TopSpin 1.3 (2013) software 

package. Chemical shifts were measured by using the central peak of the solvent. EI-MS and ESI-MS 

spectra were recorded with a Shimadzu (Kyoto, Japan) QP-5000 mass spectrometer and with a Waters 

(Milford, MA, USA) Micromass ZQ spectrometer respectively. The final compounds were analyzed 

on a ThermoQuest (Italia) FlashEA 1112 elemental analyzer for C, H, and N. The percentages found 

were within ±0.5% of the theoretical values. All the tested compounds were >95% pure as determined 

by elemental analysis. 

 

General procedure for the synthesis of pyrrole-bisindole derivatives 1 

A mixture of the appropriate bisindole 7 [16] (0.4 mmol) and methyl or ethyl propiolate (0.44 mmol) 

was stirred in DCM (1 mL) overnight at room temperature. A solution of the opportune azoalkene 8 

(0.6 mmol) in toluene (4 mL) was added and the reaction was refluxed for 2 h. Catalytic amount of 

TFA (two drops) was added and the reaction was refluxed for additional 2-4 h (TLC check). After 

removal of the solvent, the crude mixture was purified by column chromatography on silica gel to 

afford the corresponding pyrrole-bisindole 1. 

The physicochemical data of compounds 1a-d, including the purity >95% (determined by elemental 

analysis), are reported in the supporting information and they are in agreement with those reported in 

literature [20]. 
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General procedure for the synthesis of imidazole-bisindole derivatives 2 

To a stirred solution of the appropriate bisindole 7 [16] (0.4 mmol) in ACN (2 mL), the opportune 

azoalkene 8 (0.4 mmol) was added at room temperature. After the disappearance of the reagents, 

checked by TLC analysis, (usually 1 h), paraformaldehyde (0.8 mmol) was added, and then the 

resulting mixture was refluxed for 4 h (TLC check). The solvent was evaporated under reduced 

pressure and the crude residue was purified by column chromatography to give the corresponding 

imidazole-bisindole derivatives 2. 

The physicochemical data of compounds 2a-d [20] and 2e-f [25], including the purity >95% 

(determined by elemental analysis), are reported in the supporting information and they are in 

agreement with those reported in literature. 

 

General procedure for the synthesis of triazole-bisindole derivatives 3 

To a cooled solution (0 °C) of the appropriate bisindole 7 [16] (0.4 mmol) in ethanol (5 mL) was 

added DIPEA (2.4 mmol, 6 eq). The solution was stirred for 10 min. after which hydrazine 9 (0.52 

mmol, 1.3 eq.) dissolved in acetonitrile (4 mL) was added dropwise to the cooled solution and stirring 

was continued at room temperature for 2 h (TLC check). After completion of the reaction, all volatiles 

were removed under reduced pressure and the residue was purified by column chromatography to give 

the corresponding triazole-bisindole 3. 

The physicochemical data of compounds 3a-b, including the purity >95% (determined by elemental 

analysis), are reported in the supporting information and they are in agreement with those reported in 

literature [20]. 

 

5.2 Parasite cultures 

The reference strain L.infantum MHOM/TN/80/IPT1 (WHO international reference strain) was 

purchased from ATCC (ATCC® 50134™). Two L. infantum strains were isolated from lymph node 

aspirates of two infected symptomatic dogs, obtained from the veterinary clinic Santa Teresa (Fano, 

Italy), as previously described [21]. Moreover, one L. infantum strain was isolated from a skin biopsy 

taken during a routine diagnostic process from a patient with CL and previously treated with 

intralesional injections of glucantime [29]. All L. infantum promastigotes were cultured in Evans’ 

Modified Tobie’s Medium (EMTM) at 26–28°C. To test bis-indole compounds, the parasites were 

cultivated in RPMI-PY medium as described previously [30]. 
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5.3 Cell cultures 

The human monocytic cell line THP-1 (ECACC 88081201) was cultured in RPMI-1640 medium. The 

canine macrophage-like cell line DH82 (ATCC® CRL-10389™) and the human hepatocellular 

carcinoma cell line HepG2 [HEPG2] (ATCC® HB-8065™) were cultured in Eagle's Minimum 

Essential Medium (EMEM). Human keratinocyte cell line HaCaT (CLS 300493) and Human Primary 

Fibroblasts (HPF) from healthy subject obtained from upper arm skin biopsies, kindly provided by Dr. 

Giosuè Annibalini (University of Urbino Carlo Bo), were grown in Dulbecco′s Modified Eagle′s 

Medium (DMEM). All media were supplemented with 10% (15% for DH82 cells) heat-inactivated 

Fetal Bovine Serum (FBS), 2 mM L-glutamine, 10 g/l Non-Essential Amino Acid, 1 mM sodium 

pyruvate, 100 μg/ml streptomycin, 100 U/l penicillin. All cell lines were maintained in a humidified 

incubator at 37°C and 5% CO2. All cell culture reagents were purchased from Sigma-Aldrich (St. 

Louis, MO). 

 

5.4 L. infantum promastigotes viability assay 

To investigate the bis-indole activity on L. infantum strains, the late log/stationary phase promastigotes 

were resuspended in complete RPMI-PY medium at a density of 2.5 x 106 parasites/ml in 96-well 

plates (100 μl/well). The promastigotes were treated with scalar dilutions 1:2 or 2:3 of the 12 bis-

indole compounds (from 20 to 0.31 µM), for 72h at 26 °C. As positive controls, the antileishmanial 

drugs pentamidine (Sigma–Aldrich) (from 10 to 0.16 µM), non-liposomal amphotericin B (Sigma–

Aldrich) (from 1 to 0.0078 µM), and miltefosine (Sigma–Aldrich) (from 20 to 0.31 µM), were 

included. As negative control, parasites were treated with the vehicle (DMSO). Each condition was 

carried out in duplicate. To evaluate the promastigotes viability, the CellTiter 96H Aqueous Non-

Radioactive Cell Proliferation Assay (Promega), based on the ability of viable cells to convert a 

soluble tetrazolium salt [3-(4.5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-

sulfophenyl)-2H-tetrazolium. MTS] to a formazan product, was conducted. Briefly, 20 μl of 

MTS/PMS (phenazine methosulfate, Sigma-Aldrich) was added to 100 μl of culture medium and 

incubated at 26 °C until formazan production. Absorbance was recorded on a Microplate Reader 

(Benchmark. Bio-Rad) at 492 nm. Results were shown as % of promastigotes growth inhibition 

compared to control (DMSO). The IC50 values was calculated using nonlinear regression curves in 

GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA). The equation used for data fitting was 

Y=100/(1+10^((LogIC50-X)*HillSlope)) (hillslope not constrained), where X= log of concentration 

and Y= Normalized response. 

 



208 
 

5.5 Cytotoxicity Assay  

The cytotoxicity of bis-indole compounds was evaluated in THP-1, DH82, HEPG2, HaCaT and HPF 

cells. THP-1 cells were resuspended at a density of 5 x 106 cells/ml, 100 μl/well were seeded in a 96-

well plate and treated with 20 ng/ml phorbol myristic acid (PMA) to induce differentiation into 

macrophages-like cells for 48h. DH82 cells were seeded in a 96- well plate with a density of 2 x 105 

cells/well and wait to attach overnight. After cell adhesion to the plate, selected bis-indole compounds 

were used at concentrations of 2, 10, 20, 80, 200 μM, for 72h at 37°C. Moreover, to test cytotoxicity in 

actively proliferating cells, DH82, HEPG2, HaCaT, HPF cells were seeded in a 96- well plate with a 

density of 2 x 105 cells/well and wait to attach overnight; afterward, cells were treated with selected 

bis-indole compounds at concentration of 2, 10, 20 μM, for 24h at 37°C. The negative control, 

(DMSO), and the antileishmanial drugs pentamidine non-liposomal amphotericin B, and miltefosine, 

were included in each experiment. Each condition was carried out in duplicate. To evaluate the 

compound cytotoxicity, the CellTiter 96H Aqueous Non-Radioactive Cell Proliferation Assay 

(Promega), was conducted as described above. For each compound, the Selectivity Index (SI) was 

calculated as the ratio between cytotoxicity in THP-1 and DH82 cells (CC50, 72 h) and activity against 

L. infantum promastigotes (IC50, 72 h). 

 

5.6 Anti-amastigote assay on infected cells  

The activity of URB1483 against intracellular amastigotes was evaluated in THP-1- and DH82-

infected cells. Briefly, THP-1 cells were seeded in 35 mm dishes with a density of 6 x 105 cells/dish 

and treated with 20 ng/ml phorbol myristic acid (PMA) for 48 h to induce differentiation into 

macrophage-like cells. After differentiation, cells were infected for 24h with L. infantum 

MHOM/TN/80/IPT1 (or human clinical isolate) promastigotes with a parasite-to-cell ratio of 10:1. 

Non-internalized promastigotes were then removed and cells were treated with URB1483 or with the 

positive control pentamidine at concentrations of 2, 10, and 20 μM, for 72 h. DH82 cells were seeded 

at a density of 2.5 x 105 cells/dish in 35 mm dishes for 24 h. The infection and treatment were 

performed as described above. Since the vehicle DMSO did not show any toxicity on L. infantum 

promastigotes or on mammalian cells, it was not included in the experiments of infection. 

To monitor the infection, cells were washed, formaldehyde/methanol fixed, stained with Hoechst dye 

and observed with a fluorescence microscope. The infection index (percentage of infected 

macrophages x the average number of parasites per macrophage) was obtained by counting at least 

300 cells for each condition. 
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5.7 Statistical analysis 

The evaluation of IC50 in promastigotes and CC50 in mammalian cells following bis-indole treatment 

was performed by non-linear regression analysis and expressed as means and 95% confidence interval. 

Statistical analyses of infection indexes were performed using one-way ANOVA followed by Tukey's 

multiple-comparison post hoc test and two-way ANOVA followed by Bonferroni correction for 

multiple comparisons. All tests were performed using GraphPad Prism version 8 (GraphPad Software, 

Inc., La Jolla, CA, USA). A p value ≤ 0.05 was considered significant. 

 

5.8 Molecular modelling  

Model Building 

Differently from human topoisomerase I (hTopo I) which is produced as a monomeric enzyme 

composed of a single 765 residue polypeptide chain, L. donovani topoisomerase I is a heterodimeric 

protein composed by a large subunit (LdTOP1L) of 635 residues and a small subunit (LdTOP1S) of 

262 residues. Despite this different organization, superposition of LdTOP1LS heterodimer (PDB ID 

2B9S) [27] bound to DNA on the structure of hTopo I bound to DNA complexed with topotecan (PDB 

ID 1K4T) [26] reveals that the amino acids shaping the drug-binding cavity are conserved between the 

two species. Moreover, both human and L. donovani forms undertook similar interactions with the 22-

bp DNA duplex oligonucleotide present in both the X-ray structures. The key difference between the 

two PDB complexes resides on the size of the major groove of the DNA double strand, which is 

slightly larger in human form, where the topotecan is accommodated. Using available structural 

information here summarized, a 3D model of L. donovani topoisomerase I bound to DNA-topotecan 

complex was built using Maestro 11.6 [31] within the Schrodinger 2018-2 software, following the 

computational protocol reported by Roy et al. [12]. In brief, after superposing the backbone atoms of 

the LdTOP1LS heterodimer on the backbone atoms hTopo I protein, the DNA double strand of 

Leishmania  donovani isoform was replaced with the DNA double strand present in the hTopo I-DNA-

topotecan complex. The resulting LdTOP1LS-DNA-topotecan ternary complex was submitted to a 

protocol of geometry optimization based on energy minimization using OPLS3e force field [32]. After 

deletion of topotecan from the binding site, the resulting structure was employed to perform docking 

simulation with Glide 7.9 software [33]. 

 

5.9 Ligand docking 

Docking studies were performed with Glide included in the Schrodinger software package [34] 

starting from LdTOP1LS-DNA-topotecan ternary model described above. The docking grid was 
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centered on the position of topotecan ligand. Dimensions of enclosing and bounding boxes were set to 

20 and 10 Å on each side, respectively, and van der Waals radii of protein atoms were not scaled 

during grid generation. The structure of URB1483 was built in Maestro and then energy-minimized in 

implicit solvent (water) with OPLS3e force field to an energy gradient of 0.01 kcal/(mol Å). The 

minimized ligands were docked within the topotecan binding site (see above) using Glide software in 

Standard Precision mode with default settings. Poses were ranked according to the Gscore value. 

5.10 Stability studies of URB1483 

An opportune aliquot of a stock solution of URB1483 in DMSO (10 mM) were added to physiological 

solution or EMEM or EMTM (URB1483 concentration = 50 μM) and maintained at 37 °C. At regular 

time points, aliquots of the described solutions were sampled, two volumes of MeCN were added, and 

samples were centrifuged (8000 giri/min, 10 min) and analyzed by HPLC-ESI-MS for percentage of 

remaining compound over incubation time. 
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Physicochemical data of pyrrole-bisindoles 1 

 

4-Ethyl 3-methyl 1-(2,2-bis(6-bromo-1H-indol-3-yl)ethyl)-2-methyl-1H-pyrrole-3,4-

dicarboxylate (1a) 

Pyrrole-bisindole 1a was isolated by column 

chromatography (ethyl acetate/cyclohexane 25:75) in 70% 

yield; Yellow solid; mp: 126-128 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.17 (t, J = 

7.2 Hz, 3 H, OCH2CH3), 2.11 (s, 3 H, CH3), 3.64 (s, 3 H, 

OCH3), 4.06 (q, J = 7.2 Hz, 2 H, OCH2CH3), 4.63 (d, J = 

8.0 Hz, 2 H, CHCH2N), 4.87 (t, J = 8.0 Hz, 1 H, CHCH2N), 6.99 (dd, J1 = 8.8 Hz, J2 = 1.6 

Hz, 2 H, Ar-H), 7.16 (s, 1 H, Ar-H), 7.37-7.42 (m, 4 H, Ar-H), 7.49 (d, J = 1.6 Hz, 2 H, Ar-

H), 11.06 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.7, 14.6, 35.2, 50.9, 51.4, 59.7, 100.0, 

114.0, 114.2, 114.4, 115.4, 121.0, 121.6, 124.4, 125.8, 127.5, 135.3, 137.6, 163.7, 165.6; 

MS (EI) m/z (%) = 627 (M+) (3), 405 (31), 403 (100), 401 (38); 

Anal. calcd. for C28H25Br2N3O4 (627.32): C 53.61, H 4.02, N 6.70; found: C 53.77, H 3.95, N 

6.82. 

 

3-Ethyl 4-methyl 1-(2,2-bis(1-methyl-1H-indol-3-yl)ethyl)-2-methyl-1H-pyrrole-3,4-

dicarboxylate (1b, URB1483) 

Pyrrole-bisindole 1b was isolated by column chromatography 

(ethyl acetate/cyclohexane 35:65) in 37% yield; 

pale yellow solid; mp: 121-123 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.19 (t, J = 7.2 Hz, 

3 H, OCH2CH3), 2.19 (s, 3 H, CH3), 3.60 (s, 3 H, OCH3), 3.72 (s, 6 

H, NCH3), 4.10 (q, J = 7.2 Hz, 2 H, OCH2CH3), 4.61 (d, J = 7.6 

Hz, 2 H, CHCH2N), 4.91 (t, J = 7.6 Hz, 1 H, CHCH2N), 6.94 (t, J = 7.6 Hz, 2 H, Ar-H), 7.09 

(t, J = 7.6 Hz, 2 H, Ar-H), 7.22 (s, 1 H, Ar-H), 7.33 (s, 2 H, Ar-H), 7.35 (d, J = 8.0 Hz, 2 H, 

Ar-H), 7.55 (d, J = 8.0 Hz, 2 H, Ar-H); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.8, 14.5, 32.8, 35.1, 51.3, 59.9, 110.1, 

112.5, 113.8, 114.7, 118.9, 119.4, 121.6, 127.2, 127.3, 127.6, 135.3, 137.2, 164.2, 165.0; 
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MS (EI) m/z (%) = 497 (M+) (2), 366 (11), 273 (100); 

Anal. calcd. for C30H31N3O4 (497.58): C 72.41, H 6.28, N 8.44; found: C 72.57, H 6.35, N 

8.56. 

4-Ethyl 3-methyl 1-(2,2-bis(1,5-dimethyl-1H-indol-3-yl)ethyl)-2-methyl-1H-pyrrole-3,4-

dicarboxylate (1c) 

Pyrrole-bisindole 1c was isolated by column chromatography 

(ethyl acetate/cyclohexane 30:70) in 40% yield; White solid; mp: 

138-140 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.17 (t, J = 7.2 Hz, 

3 H, OCH2CH3), 2.14 (s, 3 H, CH3), 2.32 (s, 6 H, CH3), 3.63 (s, 3 

H, OCH3), 3.69 (s, 6 H, NCH3), 4.07 (q, J = 7.2 Hz, 2 H, 

OCH2CH3), 4.52 (d, J = 7.6 Hz, 2 H, CHCH2N), 4.82 (t, J = 7.6 Hz, 1 H, CHCH2N), 6.92 (dd, 

J1 = 8.4 Hz, J2 = 1.2 Hz, 2 H, Ar-H), 7.17−7.26 (m, 7 H, Ar-H); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.8, 14.6, 21.6, 35.0, 32.8, 51.3, 51.8, 59.6, 

109.7, 

112.3, 114.1, 114.3, 118.9, 123.2, 127.3, 127.4, 127.5, 127.7, 135.4, 135.7, 163.8, 165.6; 

MS (EI) m/z (%) = 525 (M+) (20), 380 (79), 301 (100); 

Anal. calcd. for C32H35N3O4 (525.64): C 73.12, H 6.71, N 7.99; found: C 72.89, H 6.59, N 

8.07. 

 

 

3-ethyl 4-methyl 1-(2,2-bis(6-bromo-1-methyl-1H-indol-3-yl)ethyl)-2-methyl-1H-pyrrole-3,4-

dicarboxylate (1d) 

Pyrrole-bisindole 1d was isolated by column 

chromatography (ethyl acetate/cyclohexane 40:60) in 31% 

yield; Pale yellow solid; mp: 93-95 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.19 (t, J = 

7.2 Hz, 3 H, OCH2CH3), 2.13 (s, 3 H, CH3), 3.62 (s, 3 H, 

OCH3), 3.72 (s, 6 H, NCH3), 4.10 (q, J = 7.2 Hz, 2 H, 

OCH2CH3), 4.56 (d, J = 8.0 Hz, 2 H, CHCH2N), 4.89 (t, J = 8.0 Hz, 1 H, CHCH2N), 7.04 (dd, 

J1 = 8.8 Hz, J2 = 1.6 Hz, 2 H, Ar-H), 7.24 (s, 1 H, Ar-H), 7.35 (s, 2 H, Ar-H), 7.43 (d, J = 8.8 

Hz, 2 H, Ar-H), 7.63 (d, J = 1.6 Hz, 2 H, Ar-H); 
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13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.8, 14.5, 33.0, 34.7, 51.1, 51.3, 59.9, 112.5, 

113.0, 

113.8, 114.6, 114.9, 121.1, 121.7, 126.1, 127.3, 128.6, 135.3, 138.0, 164.2, 165.0; 

MS (EI) m/z (%) = 655 (M+) (3), 433 (31), 431 (100), 429 (38); 

Anal. calcd. for C30H29Br2N3O4 (655.38): C 54.98, H 4.46, N 6.41; found: C 55.12, H 4.41, N 

6.32. 
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Physicochemical data of imidazole-bisindoles 2 

 

Methyl 1-(2,2-di(1H-indol-3-yl)ethyl)-4-methyl-1H-imidazole-5-carboxylate (2a) 

Imidazole-bisindole 2a was isolated by column chromatography 

(ethyl acetate/cyclohexane 70:30) in 75% yield; 

Pale yellow solid; mp: 224-226 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.22 (s, 3 H, CH3), 

3.80 (s, 3 H, OCH3), 4.82-4.97 (m, 3 H, CHCH2N), 6.87 (t, J = 7.6 

Hz, 2 H, Ar-H), 6.99 (t, J = 7.6 Hz, 2 H, Ar-H), 7.20 (s, 1 H, Ar-H), 7.24 (s, 2 H, Ar-H), 7.28 

(d, J = 8.0 Hz, 2 H, Ar-H), 7.53 (d, J = 8.0 Hz, 2 H, Ar-H), 10.83 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 15.6, 35.1, 50.6, 51.2, 111.3, 114.8, 117.4, 

118.1, 118.7, 120.8, 122.7, 126.4, 136.3, 141.7, 146.8, 161.0; 

MS (EI) m/z (%) = 398 (M+) (100); 

Anal. calcd. for C24H22N4O2 (398.46): C 72.34, H 5.57, N 14.06; found: C 72.45, H 5.62, N 

13.93. 

 

 

Methyl 1-(2,2-bis(5-methyl-1H-indol-3-yl)ethyl)-4-methyl-1Himidazole-5-carboxylate (2b) 

Imidazole-bisindole 2b was isolated by column chromatography 

(ethyl acetate/cyclohexane 70:30) in 69% yield; 

Pale yellow solid; mp: 207-209 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.27 (s, 3 H, CH3), 

2.32 (s, 6 H, CH3), 3.84 (s, 3 H, OCH3), 4.75-4.97 (m, 3 H, 

CHCH2N), 6.85 (d, J = 8.0 Hz, 2 H, Ar-H), 7.17-7.23 (m, 5 H, Ar-H), 7.31 (s, 2 H, Ar-H), 

10.70 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 16.1, 21.8, 35.6, 51.2, 51.7, 111.6, 114.8, 

118.0, 118.8, 122.9, 123.3, 127.0, 127.2, 135.2, 142.2, 147.4, 161.5; 

MS (EI) m/z (%) = 426 (M+) (100); 

Anal. calcd. for C26H26N4O2 (426.51): C 73.22, H 6.14, N 13.14; found: C 73.08, H 6.08, N 

13.26. 
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Methyl 1-(2,2-bis(5-methyl-1H-indol-3-yl)ethyl)-4-ethyl-1Himidazole-5-carboxylate (2c) 

Imidazole-bisindole 2c was isolated by column chromatography 

(ethyl acetate/cyclohexane 70:30) in 85% yield; 

Pale Yellow solid; mp: 161-163 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.05 (t, J = 7.6 Hz, 

3 H, CH2CH3), 2.31 (s, 6 H, CH3), 2.68 (q, J = 7.6 Hz, 2 H, 

CH2CH3), 3.82 (s, 3 H, OCH3), 4.77-4.94 (m, 3 H, CHCH2N), 6.85 (d, J = 8.4 Hz, 2 H, Ar-H), 

7.15-7.24 (m, 5 H, Ar-H), 7.27 (s, 2 H, Ar-H), 10.70 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 14.0, 21.8, 22.6, 35.5, 51.4, 51.7, 111.5, 

114.9, 117.2, 118.7, 122.9, 123.3, 126.9, 127.2, 135.1, 142.3, 152.9, 161.5; 

MS (EI) m/z (%) = 440 (M+) (8), 273 (100); 

Anal. calcd. for C27H28N4O2 (440.54): C 73.61, H 6.41, N 12.72; found: C 73.76, H 6.49, N 

12.60. 

 

 

Methyl 1-(2,2-bis(6-bromo-1H-indol-3-yl)ethyl)-4-methyl-1Himidazole-5-carboxylate (2d) 

Imidazole-bisindole 2d was isolated by column 

chromatography (ethyl acetate/cyclohexane 80:20) in 72% 

yield; Brown solid; mp: 197-199 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.26 (s, 3 H, 

CH3), 3.80 (s, 3 H, OCH3), 4.91-4.96 (m, 3 H, CHCH2N), 

7.01 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 2 H, Ar-H), 7.22 (s, 1 H, Ar-H), 7.30 (d, J = 2.0 Hz, 2 H, 

Ar-H), 7.40 (d, J = 8.4 Hz, 2 H, Ar-H), 7.50 (d, J = 1.6 Hz, 2 H, Ar-H), 11.04 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 16.1, 35.4, 51.0, 51.8, 114.2, 114.5, 115.4, 

117.9, 120.8, 121.6, 124.4, 125.9, 137.6, 142.2, 147.4, 161.5; 

MS (EI) m/z (%) = 556 (M+) (100), 401 (32), 403 (100), 405 (39); 

Anal. calcd. for C24H20Br2N4O2 (556.25): C 51.82, H 3.62, N 10.07; found: C 51.95, H 3.66, 

N 9.94. 
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Methyl 1-[2,2-bis(1-methyl-1H-indol-3-yl)ethyl]-4-methyl-1Himidazole-5-carboxylate (2e) 

Imidazole-bisindole 2e was isolated by column chromatography 

(ethyl acetate/cyclohexane 70:30) in 72% yield; White solid; mp: 

168-170 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.25 (s, 3 H), 3.72 (s, 

6 H), 3.82 (s, 3 H), 4.92 (m, 3 H), 6.95 (dt, J1 = 8.0 Hz, J2 = 0.8 Hz, 

2 H), 7.10 (dt, J1 = 8.0 Hz, J2 = 0.8 Hz, 2 H), 7.26 (s, 2 H), 7.33 (s, 1 

H), 7.35 (d, J = 8.0 Hz, 2 H), 7.56 (d, J = 8.0 Hz, 2 H); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 16.1, 32.8, 35.2, 51.3, 51.8, 110.1, 114.6, 

118.0, 118.9, 119.3, 121.5, 127.3, 127.6, 137.1, 142.3, 147.3, 161.5; 

MS (EI) m/z (%) = 426 (11) (M+), 273 (100); 

Anal. calcd. for C26H26N4O2 (426.51): C 73.22, H 6.14, N 13.14; found: C 73.36, H 6.06, N 

13.25. 

 

 

Ethyl 1-[2,2-bis(1-methyl-5-nitro-1H-indol-3-yl)ethyl]-4-methyl-1H-imidazole-5-carboxylate 

(2f) 

Imidazole-bisindole 2f was isolated by crystallization (ethyl 

acetate/cyclohexane) from crude in 54% yield (114.6 mg); 

Yellow solid; mp: 227-229°C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 1.27 (t, J = 7.2 

Hz, 3 H), 2.23 (t, 3 H), 3.85 (s, 6 H), 4.28 (q, J = 7.2 Hz, 2 H), 

4.89 (d, J = 7.6 Hz, 2 H), 5.17 (t, J = 7.2 Hz, 1 H), 7.37 (s, 1 H), 

7.57-7.62 (m, 4 H), 8.00 (dd, J1 = 8.8 Hz, J2 = 2.0 Hz, 2 H), 8.40 (d, J = 2.0 Hz, 2 H); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 14.5, 16.0, 33.5, 34.4, 51.9, 60.4, 110.8, 

116.3, 117.0, 117.3, 118.3, 126.4, 131.7, 139.9, 140.9, 142.2, 147.6, 161.1; 

MS (EI) m/z (%) = 530 (100) (M+); 

Anal. calcd. for C27H26N6O6 (530.53): C 61.13, H 4.94, N 15.84; found: C 61.01, H 5.02, N 

15.73. 
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Physicochemical data of triazole-bisindoles 3 

 

3,3'-(2-(4-Methyl-1H-1,2,3-triazol-1-yl)ethane-1,1-diyl)bis(1H-indole) (3a) 

Triazole-bisindole 3a was isolated by column chromatography (ethyl 

acetate/cyclohexane 60:40) in 100% yield; 

Pale yellow solid; mp: 224-226 °C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.12 (s, 3 H, CH3), 

5.04-5.16 (m, 3 H, CH2CHN), 6.91 (t, J = 7.6 Hz, 2 H, Ar-H), 7.03 

(t, J = 7.6 Hz, 2 H, Ar-H), 7.31-7.35 (m, 4 H, Ar-H), 7.54 (d, J = 8.0 Hz, 2 H, Ar-H), 7.68 (s, 

1 H, Ar-H), 10.86 (s, 2 H, NH); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.9, 35.5, 53.9, 111.9, 115.3, 118.7, 119.2, 

121.4, 122.8, 123.2, 126.8, 136.8, 141.7; 

MS (EI) m/z (%) = 341 (M+) (4), 109 (100); 

Anal. calcd. for C21H19N5 (341.41): C 73.88, H 5.61, N 20.51; found: C 73.75, H 5.72, N 

20.39. 

 

 

3,3'-(2-(4-Methyl-1H-1,2,3-triazol-1-yl)ethane-1,1-diyl)bis(1-methyl-1Hindole) (3b) 

Triazole-bisindole 3b was isolated by column chromatography (ethyl 

acetate/cyclohexane 55:45) in 90% yield; White solid; mp: 168-170 

°C; 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 2.11 (d, J = 0.4 Hz, 3 

H, CH3), 3.71 (s, 6 H, NCH3), 4.97-5.15 (m, 3 H, CH2CHN), 6.96 (t, 

J = 7.6 Hz, 2 H, Ar-H), 7.10 (t, J = 7.6 Hz, 2 H, Ar-H), 7.30 (s, 2 H, 

Ar-H), 7.35 (d, J = 8.0 Hz, 2 H, Ar-H), 7.55 (d, J = 8.0 Hz, 2 H, Ar-H), 7.75 (q, J = 0.4 Hz, 1 

H, Ar-H); 

13C NMR (100 MHz, DMSO-d6, 25 °C): δ = 10.9, 32.8, 35.0, 54.0, 110.1, 114.6, 118.9, 

119.2, 121.6, 122.9, 127.1, 127.4, 137.2, 141.8; 

MS (EI) m/z (%) = 369 (M+) (7), 273 (72), 109 (100); 

Anal. calcd. for C23H23N5 (369.46): C 74.77, H 6.27, N 18.96; found: C 74.91, H 6.19, N 

19.08. 
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Figure S1a. MTS assay of pyrrole-bisindole derivatives 1 on L. infantum 

MHOM/TN/80/IPT1 promastigotes 

 

 

Figure S1b. MTS assay of pyrrole-bisindole derivatives 1 on L. infantum canine clinical 

isolate 1 promastigotes 
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Figure S1c. MTS assay of pyrrole-bisindole derivatives 1 on L. infantum canine clinical 

isolate 2 promastigotes 
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Figure S1d. MTS assay of pyrrole-bisindole derivatives 1 on L. infantum human clinical 

isolate promastigotes 
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Figure S2a. MTS assay of imidazole-bisindole derivatives 2 on L. infantum 

MHOM/TN/80/IPT1 promastigotes 
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Figure S2b. MTS assay of imidazole-bisindole derivatives 2 on L. infantum canine clinical 

isolate 1 promastigotes 
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Figure S2c. MTS assay of imidazole-bisindole derivatives 2 on L. infantum canine clinical 

isolate 2 promastigotes 
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Figure S2d. MTS assay of imidazole-bisindole derivatives 2 on L. infantum human clinical 

isolate promastigotes 
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Figure S3a. MTS assay of triazole-bisindole derivative 3b on L. infantum 

MHOM/TN/80/IPT1 promastigotes 

 

Figure S3b. MTS assay of triazole-bisindole 3b on L. infantum canine clinical isolate 1 

promastigotes 

 

 

Figure S3c. MTS assay of triazole-bisindole 3b on L. infantum canine clinical isolate 2 

promastigotes 
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Figure S3d. MTS assay of triazole-bisindole 3b on L. infantum human clinical isolate 

promastigotes 
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Figure S4a. Toxicity test by MTS assay with selected azole-bisindoles 1 and 3b on THP-1 

cells 
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Figure S4b. Toxicity test by MTS assay with imidazole-bisindole derivatives 2 on THP-1 

cells 
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Figure S5a. Toxicity test by MTS assay with selected azole-bisindoles 1 and 3b on DH82 

cells (72h treatments). 
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Figure S5b. Toxicity test by MTS assay with imidazole-bisindole derivatives 2 on DH82 

cells (72h treatments). 
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Table S1. Azole-bisindole derivatives 1-3 toxicity on DH82, HepG2, HaCaT, and HPF cell 

lines. CC50 values for all the strains are reported as mean and 95% confidence interval 

 

 

DH82 

CC50 (µM) 

(95% CI) 

HepG2 

CC50 (µM) 

(95% CI) 

HaCaT 

CC50 (µM) 

(95% CI) 

HPF 

CC50 (µM) 

(95% CI) 

1a > 20 (12.1%)* > 20 (n.e.)*. > 20 (11.8%)* > 20 (6.5%)* 

URB1483 (1b) > 20 (n.e.)*. > 20 (n.e.)*. > 20 (17.8%)* > 20 (8.2%)* 

1c > 20 (n.e.)*. > 20 (n.e.)*. > 20 (9.5%)* > 20 (n.e.)*. 

2a > 20 (n.e.)*. > 20 (n.e.)*. > 20 (9.7%)* > 20 (12.0%)* 

2b > 20 (11.3%)* > 20 (n.e.)*. > 20 (12.2%)* > 20 (13.8%)* 

2c > 20 (6.1%)* > 20 (n.e.)*. > 20 (23.0%)* > 20 (6.7%)* 

2d > 20 (n.e.)*. > 20 (n.e.)*. > 20 (28.8%)* > 20 (n.e.)*. 

2e > 20 (n.e.)*. > 20 (n.e.)*. > 20 (12.6%)* > 20 (5.1%)* 

2f > 20 (20.5%)* > 20 (10.2%)* > 20 (3.7%)* > 20 (21.1%)* 

3b > 20 (17.9%)* > 20 (n.e.)*. > 20 (9.6%)* > 20 (17.1%)* 

Pent > 20 (n.e.)*. > 20 (n.e.)*. > 20 (11.2%)* > 20 (n.e.)*. 

Amph B 
17.26  

(13.72-23.95) 

4.60  

(3.65-5.80) 

7.95  

(6.44-9.66) 

5.03  

(3.50-6.89) 

Milt > 20 (43.9%)* > 20 (37.9%)* > 20 (45.5%)* > 20 (46.2%)* 

HPF: Human Primary Fibroblasts. Amph B: non-liposomal amphotericin B. Milt: 

miltefosine. 

Pent: Pentamidine. 

n.e. no effects were observed following these treatments 

*in parenthesis the percentage of inhibition at 20 µM was reported 
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Table S2. Two way Anova results of treatment with compound URB1483 and pentamidine 

(Pent) in three different infection models 

 

Infection model 
Source of 

Variation 

% of total 

variation 
P value 

THP1 cells infected 

with L. infantum 

MHOM/TN/80/IPT1 

Interaction 0.32 0.7149 

URB1483 

or Pent 
0.03 0.7353 

Treatment 44.46 <0.0001 

THP1 cells infected 

with L. infantum 

human clinical isolate 

Interaction 2.54 0.1668 

URB1483 

or Pent 
0.02 0.8341 

Treatment 23.41 <0.0001 

DH82 cells infected 

with L. infantum 

MHOM/TN/80/IPT1 

Interaction 3.01 0.5513 

URB1483 

or Pent 
1.44 0.3185 

Treatment 33.28 0.0003 
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Figure S6. Superposition of the docking pose of URB1483 (1b, green carbon atoms) within 

the L. donovani topoisomerase IB (black carbon atoms) on the indolocarbazole inhibitor 

SA315F (orange carbon atoms) reported in the ternary adduct involving DNA and human 

topoisomerase IB (1SEU.pdb, see ref. 28 main text), after structural alignment of the C-alpha 

atoms of the enzymes. 
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Inhibition studies of the L donovani and Human topoisomerase IB activities 

 

Results 

Relaxation assay and agarose cleavage assay showed that URB1483 does not inhibit both 

Leishmania and human TopIB at any tested concentration. 

URB1483 was not active at any concentration used at short time (figure S7, panel A) and at 

longer time (figure S7, panel B). (DAT), a relaxation inhibitor of the Leismania enzyme 

(positive control), inhibits both the leishmanial and human enzymes. Camptothecin (Cpt) was 

effective as human enzyme inhibitor and less effective with the Leishmania version. 

 

Figure S7: Relaxation of negative supercoiled plasmid DNA by Human and L. donovani 

topoisomerase IB in the presence of increasing concentrations of the URB1483. A) 2 min 

preincubation; B) 30 min incubation. The reaction products were separated in 1% agarose gel 

and visualized with ethidium bromide. In lane 1 only the supercoiled DNA substrate is 
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present. S.C. and R. represent the supercoiled substrate and the relaxed DNA plasmid 

respectively. 

 

Figure S8 shows agarose cleavage assay with URB1483, cpt (top panel) and DAT, bottom 

panel, (see differences in the position of supercoiled (Sc), relaxed (R) and cleavage (C) 

bands). CPT produces clear C band in human (not in leishmania) and DAT inhibit the 

relaxation of DNA (it does induce formation of ternary cleavage complexes). 

 

Figure S8: Agarose cleaving assay by Human and L. donovani topoisomerase IB in the 

presence of increasing concentrations of URB1483 and A) with Cpt or B) DAT. The reaction 

products were separated in 1% agarose gel and visualized with ethidium bromide. In lane 1 



249 
 

only the supercoiled DNA substrate is present. S.C. and R. represent the supercoiled substrate 

and the relaxed DNA plasmid respectively. 

Material and Methods 

Both recombinant human (hTopIB) and leishmanial (LTopIB) were synthesized and purified 

from a Saccharomyces cerevisiae platform according to Tejería et al [1]. 

The compound was tested using two different assays. The standard relaxation assays and the 

agarose cleaving assay. 

In the first case (relaxation assay) one unit of purified LTopIB or hTopIB was incubated for 

30 min at 37 ºC in the presence of 0.5 μg of supercoiled pSK DNA, 10 mM Tris-HCl buffer 

pH 7.5, 5 mM MgCl2, 0.1 mM EDTA, 15 µg/mL bovine serum albumin, 150 mM KCl along 

with different concentrations of the compound, in a final volume of 20 μL. The reaction was 

stopped by the addition of 4 µL loading buffer (5% sarkosyl, 0.12% bromophenol blue, 25% 

glycerol). The topoisomers were resolved in 1% agarose gels by electrophoresis in 0.1 M Tris 

borate EDTA buffer (pH 8.0) at 2 V/cm for 16 h and visualized with UV illumination after 

ethidium bromide (0.5 μg/mL) staining. 

In the agarose cleaving assay 20 μL of reaction mixture (containing one unit of purified 

LTopIB or hTopIB, 0.5 μg supercoiled pSK; 10 mM Tris-HCl pH 7.5; 5 mM MgCl2; 0.1 mM 

EDTA; 150 mM KCl; 15 μg/mL bovine serum albumin) along with the different compounds 

were incubated at 37 °C during 4 min. Reactions were stopped by adding 1% SDS (final 

concentration), digested with 1 mg/mL proteinase K at 37 °C during 2 h and extracted with 

phenol/chloroform. DNA was separated by gel electrophoresis in 1% agarose containing 

0.1 μg/mL ethidium bromide in 0.1 M Tris borate EDTA buffer (pH 8.0) at 4 V/cm for 16 h. 

Gels were visualized with UV illumination. Fifty micromolar CPT or DAT [2] were used as 

positive controls. 
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CHAPTER 8 

In this chapter, we report the screening of a library of indole-derivative compounds for their 

potential anti-parasitic effect, in terms of efficacy on L. infantum promastigotes and 

amastigotes, and on T. brucei bloodstream trypomastigotes. Moreover, the efficacy of two 

compounds, including the compound URB1483, identified in the previous study (chapter 7) 

was tested in an in-vivo Leishmania infection model. 

This work was performed at the Institute of Research and Innovation in Health (i3s) - 

University of Porto (Portugal) under the supervision of Professor Anabela Cordeiro-da-Silva 

and Dr. Nuno Santarem. 

All the data were obtained by the author of this thesis during the work period at the 

University of Porto. 

(Unpublished data) 
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Research for new scaffolds against trypanosomatidae: indole-derivatives 

compounds against Leishmania infantum and Trypanosoma brucei 

parasites 

Abstract 

The protozoa Leishmania and Trypanosoma brucei are the etiological agents of 

leishmaniases and Human African Trypanosomiasis (HAT), which belong to Neglected 

Tropical Diseases (NTDs). Because of their worldwide distribution, they represent a 

concern for global health. The treatments available are poor and present several 

limitations such as high costs, toxicity, and the appearance of resistant strains. In this 

view, the discovery of new potential drug candidates remains a challenge. In this work 

we report the screening of a library of indole-derivative compounds for their potential 

anti-parasitic effect, in terms of efficacy on Leishmania infantum promastigotes and 

Trypanosoma bloodstream trypomastigotes. Four and ten compounds showed good 

activity on Leishmania and Trypanosoma, respectively, showing an IC50 < 5 µM. In 

particular, three of them were active at a concentration < 1 µM. The compounds were 

also tested on human THP-1-derived macrophages to evaluate the cytotoxicity. Finally, 

two compounds have been tested in an in-vivo Leishmania infection model. The infected 

BALB/c mice have been treated with 5mg/Kg of drug for ten days. The formulation 

resulted well tolerated by the animals but, unfortunately, at this dosage, the treatments 

did not revert the infection and did not significantly reduce the parasite burden in the 

mice’s organs. In conclusion, the good results obtained in in-vitro assays suggest indole-

derivative compounds as promising antiparasitic agents and represent the bases for 

further optimization and formulation studies. 

1. Introduction 

Neglected Tropical Diseases (NTDs) are a group of several conditions mainly prevalent in 

tropical areas, where they mostly affect impoverished communities affecting health, 

social and economic conditions of over one billion people (WHO). They include parasitic 

infections caused by trypanosomatids, such as Human African Trypanosomiasis (HAT, 

also known as African sleeping sickness) and leishmaniasis caused by Trypanosoma 

brucei and different species of Leishmania, respectively. These parasites belong to 
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Kinetoplastea class, are flagellated and are characterized by a particular life cycle that 

involves a vector stage and a mammalian host. Two different species are responsible for 

HAT: T. brucei gambiense causes chronic African trypanosomiasis and it is endemic in 

the west and central Africa. T. brucei rhodesiense, is related with acute African 

trypanosomiasis spread in eastern and southern Africa. Parasites are transmitted by the 

bite of infected tsetse fly belonging to Glossina spp. During the blood meal, the insect 

injects metacyclic trypomastigotes into skin tissue. The parasites enter the lymphatic 

system and pass into the bloodstream muting into bloodstream trypomastigotes. From 

the bite site, they reach other body fluids such as lymph and spinal fluid and continue to 

replicate. Unlike Leishmania, the entire life cycle of African trypanosomes is represented 

by extracellular stages (Figure 1).  

 

[Figure 1] African trypanosomiasis life cycle 
(https://www.cdc.gov/dpdx/trypanosomiasisafrican/index.html) 

 

https://www.cdc.gov/dpdx/trypanosomiasisafrican/index.html
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The disease occurs in two stages. In the first stage (haemolymphatic) the trypanosomes 

multiply in subcutaneous tissues, blood and lymph and nonspecific signs and symptoms 

such as fever, headache, itching and lymphadenopathy occur. In the second stage 

(meningoencephalitic) the parasites cross the blood-brain barrier to infect the central 

nervous system causing a variety of neuropsychiatric manifestations including sleep 

disorders (hence the name of the disease), changes of behavior, confusion, sensory 

disturbances, and poor coordination. Severe cardiac involvement with perimyocarditis is 

also observed. Without treatment, sleeping sickness is considered fatal although cases 

of healthy carriers have been reported (WHO). The treatment choice depends on 

disease stage and species involved. At the moment there are five drugs available (Table 

1): pentamidine, suramin, melarsoprol, eflornithine (administrated as monotherapies), 

and nifurtimox–eflornithine combination therapy (NECT) (Avery et al., 2013). 

Pentamidine and suramin are used for early-stage HAT caused by T. b. gambiense and T. 

b. rhodiense, respectively.  

 

[Table 1] Current treatment available for HAT (i.v. intravenous; i.m. intramuscular)  
(Adapted from Kourbeli et al., 2021) 
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Pentamidine is an aromatic diamine and acts by preventing the synthesis of 

trypanosomal proteins, nucleic acids, phospholipids, and folate. Its mechanism of action 

includes the inhibition of the enzymes participating in the polyamine synthesis and the 

RNA polymerase activity (Simarro et al., 2012). It is relatively toxic, and patients need to 

be monitored during therapy (Kourbeli et al., 2021). Suramin seems to act by inhibiting 

glycerophosphate oxidase, serine oligopeptidase, and the RNA-editing ligase of the 

trypanosome’s kinetoplast (Wiedemar et al., 2020). It is administrated for five weekly 

intravenous injections at a concentration of 20 mg/kg. For the second-stage treatment, 

eflornithine, either in monotherapy or in combination with nifurtimox, and melarsoprol 

are approved. Melarsoprol is the combination of melarsen oxide (a trivalent organic 

arsenical) with dimercaprol. This drug is associated with many adverse drug reactions, 

but the most severe is the encephalopathic syndrome (ES) that can be fatal (Seixas et al., 

2020). Melarsoprol could be replaced by the much safer eflornithine. Nevertheless, 

eflornithine requires huge doses of administrations (56 infusions during 14 days in 14 

liters of sterile saline) which represents an important limitation in rural areas with poor 

accessibility to hospital and medical care. Moreover, it presents high risk of resistance. 

In 2009, the nifurtimox-eflornithine combination therapy (NECT) was added to the WHO 

essential drug list, replacing the more toxic drug, melarsoprol. However, NECT is not 

effective for the treatment of late-stage T. b. rhodesiense HAT, and in this condition, 

melarsoprol remains the first choice (WHO). More recently, the orally available drug 

fexinidazole has been approved to treat both stages of T. brucei gambiense HAT and has 

been added to the WHO treatment guidelines; and acoziborole, formerly known as 

SCYX-7158, has been advanced to Phase II/III clinical trials for HAT (Klug et al., 2021). 

Since the treatments available have problems related to poor efficacy, difficulties in 

administration, side effects and resistance, the need to discover new affordable drugs 

remains pivotal. Several groups around the world are working on the development of 

new scaffolds with potential anti-trypanosomatidae effects. As already reported in 

Chapter 7, some works mentioned bis-indoles as anti-leishmanial compounds. Briefly, a 

work showed that 3,3’-diindolylmethane (DIM) is active on L. donovani inhibiting the 

enzyme topoisomerase IB of Leishmania (Roy et al., 2008) while a new aryl-DIM class 

has been reported as antileishmanial agents (Bharate et al., 2013). Moreover, 
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bis(indolyl)-pyridine and phenyl-aminothiazole-DIM derivatives showed good IC50 value 

(Kalam Kan et al., 2017; Taha et al., 2019). On the other hand, little is reported in the 

literature on the efficacy of indole derivatives on T. brucei. Recently Klug et al. (2021) 

identified a series of 3,5-disubstituted-7-azaindoles as growth inhibitors of T. brucei. In 

this study, we report the screening of a library of indole-derivative compounds 

previously synthesized (Mantenuto et al., 2016-2017; Ciccolini et al., 2018) at the 

Department of Biomolecular Science (University of Urbino) for their potential anti-

parasitic effect, in terms of efficacy on Leishmania infantum promastigotes and 

Trypanosoma bloodstream trypomastigotes. A single experiment was performed also in-

vivo on BALB/c mice infected by L. infantum axenic amastigotes. 

 

2. Material and methods 

2.1- Compounds 

The 35 DIM-derivatives compounds tested in this work have been provided by Prof. 

Simone Lucarini (Department of Biomolecular Science, University of Urbino) and have 

been previously synthesized (Mantenuto et al., 2016-2017; Ciccolini et al., 2018). 

Compounds belong to eight different classes (Table 2). All the compounds were soluble 

in dimethyl sulfoxide (DMSO) and have been resuspended at a final concentration of 10 

mM and stored at -20°C in the dark. To perform the efficacy and toxicity tests they were 

thawed and diluted in the specific medium to the required concentration without 

exceeding 1% of DMSO. 

 

 

 

 

 



257 
 

Name Structure Reference 

Bisindole-pyrrole 

GB01 

 

[3] 

GB02 (1a) [Confidential] [1] 

GB03 (1c) 

 

[1] 

GB04 (1d) 

 

[1] 

GB36 (1b-

URB1483) 

 

[1] 
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Bisindole-imidazole 

GB05 

 

Unpublished 

GB06 (2b) 

 

[1] 

GB07 (2c) 

 

[1] 

GB08 (2d) 

 

[1] 

GB09 

 

[1] 

GB10 

 

[1] 

Bisindole-triazoles 
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GB11 (3a) 

 

[1] 

GB12 (3b) 

 

[1] 

GB13 

 

[1] 

Planar Rigid Bisindole-Imidazoles 

GB14 

 

[2] 

GB15 

 

[2] 
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GB16 

 

[2] 

Planar semi-rigid Indoline-Indole-Pyrrole 

GB17 

 

[3] 

Rigid indole-Pyrroles 

GB18 

 

[3] 

GB19 

 

[3] 

GB20 

 

[3] 

GB21 

 

[3] 
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GB22 

 

[3] 

GB23 

 

[2] 

GB24 

 

[3] 

Rigid Indole-Imidazoles 

GB25 

 

[2] 

GB26 [Confidential] [2] 

GB27 [Confidential] Unpublished 

GB28 [Confidential] [2] 

GB29 

 

[2] 
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GB30 

 

[2] 

GB31 

 

[2] 

GB32 

 

[2] 

Rigid Indole-Triazoles 

GB33 

 

[2] 

GB34 

 

[2] 

3,3’-diindolylmethane (DIM)  

GB35 

 

 

 

[Table 2] Compounds tested in this study. The compounds with second name in the brackets have been 
already tested on L. infantum with comparable results (paper submitted see chapter 7). 

[1] Mantenuto et al., 2016 [2] Mantenuto et al., 2017 [3] Ciccolini et al., 2018. 

 

2.2- Parasite cultures 

Promastigotes from the L. infantum strain (MHOM/MA/67/ITMAP-263) were grown in 5 

ml on a T25 flasks in Schneider's insect medium supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS), 200U/ml penicillin/streptomycin, 6 µg/ml Phenol 
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Red and 5 mM HEPES. The cultures were maintained in an incubator at 27° and diluted 

to 2x105/ml every 5 days. For the assays the parasites used were equivalent to late/log 

with two or three days of culture. 

T. b. brucei Lister 427 strain bloodstream forms were grown in a humidified incubator at 

37 °C, 5% CO2 in complete HMI-9 medium (Hirumi and Hirumi, 1989) supplemented with 

10% heat-inactivated Fetal Bovine Serum (FBS) and 100 UI/mL penicillin/streptomycin. 

Parasites maintenance was done in T25 ventilated flasks by subpassage at a 

concentration of 1x10^4/ml every 2 days.  

Luciferase-expressing L. infantum (MHOM/MA/67/ITMAP-263) axenic amastigotes 

(Sereno et al., 2001) were maintained in MAA/20 (axenic amastigote medium) (Sereno 

et al., 1998) at 37 °C, 5% CO2 environment with subculture every 7 days at 1x106/ml in 5 

ml on T25 ventilated flasks.  

All cell culture reagents were purchased from Lonza-Bioscience (Morrisville, NC). 

2.3- Cell cultures 

Human leukemia cell line, THP-1 (ATCC® TIB‐202™) were cultured in RPMI-1640 medium 

supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), 2 mM L-glutamine, 

100 UI/mL penicillin/streptomycin, 20 mM HEPES. Cell line was maintained in a 

humidified incubator at 37°C and 5% CO2 by subculture every three days in 20 ml of 

media at a concentration of 2x105/ml in a T75 flask. All cell culture reagents were 

purchased from Lonza-Bioscience (Morrisville, NC). 

2.4- In-vitro evaluation of compounds activity against T. brucei and L. infantum 

The compounds efficacy against T. brucei bloodstream forms and L. infantum 

promastigotes was evaluated using a resazurin-based assay (Borsari et al., 2016). The 

anti-parasitic activity was first investigated at single dose at 20 µM and then, the 

compounds associated with activity >50% at 20 µM were further evaluated in a dose-

response curve. Parasites were added to 100 µl of serial dilutions of compounds in 

supplemented complete medium at a final cell density of 1x104/ml and 1x106/ml for 

Trypanosome and Leishmania, respectively, in a final volume of 200 µl. As positive 

controls, the antitrypanosomal pentamidine and the antileishmanial miltefosine drugs, 

were included.  Each condition was carried out in duplicate. Following 72h incubation at 
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the specific conditions for each parasite, 20 µl of a 0.5 mM resazurin solution was added 

and plates were incubated for a further 4 h under the same conditions. The assay is 

based on the ability of viable cells to reduce resazurin (7-Hydroxy-3H-phenoxazin-3-one 

10-oxide), a dye with a blue to purple color and weak fluorescence, to the pink-colored 

and highly fluorescent resorufin (7-Hydroxy-3H-phenoxazin-3-one). Fluorescence was 

measured at 544 nm and 590 nm excitation and emission wavelength, respectively, 

using a Synergy 2 Multi-Mode Reader (Biotek, Winooski, VT, USA). Results were shown 

as % of parasite growth inhibition compared to control (untreated parasites) and 

represent the average of at least three independent experiments. The effect was 

evaluated by the determination of the IC50 value (concentration required to inhibit 

growth in 50%) and calculated by non-linear regression curves using GraphPad Prism 

version 8.0.2 for Windows (GraphPad Software, San Diego CA, USA).  

2.5- Cytotoxicity Assay  

The cytotoxicity effect of compounds on THP-1-derived macrophages was assessed by 

the colorimetric MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide) as previously described (Magoulas et al., 2021), with some modifications. 

Briefly, THP-1 cells were resuspended in RPMI complete medium at a density of 5 x 105 

cells/ml and 100 μl/well were seeded in a 96-well plate and were differentiated into 

macrophages by addition of 40 ng/mL of phorbol-myristate 13-acetate (PMA, Sigma, 

Saint Louis, MI, USA) for 24 h followed by replacement with fresh medium and 

cultivated for additional 24 h. Subsequently, cells were incubated with 100 μl of 

compounds ranging from 100 to 12.5 μM after dilution in the RPMI complete medium 

containing a maximum amount of 1% DMSO. For interesting compounds, the dose-

response curve was performed to calculate the exact CC50. Each condition was carried 

out in duplicate or triplicate. After 72 h of incubation at 37°C 5% CO2, the medium was 

removed and 200 μl of 0.5 mg/mL MTT solution diluted in RPMI was added. Plates were 

incubated for an additional 4 h to allow viable cells to convert MTT into a purple 

formazan product. Solubilization of formazan crystals was achieved by the addition of 2-

propanol and absorbance was read at 570 nm using a Synergy 2 Multi-Mode Reader 

(Biotek, Winooski, VT, USA). Cytotoxicity was evaluated by the determination of the CC50 
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value (drug concentration that reduced the percentage of viable cells in 50%) and 

calculated by non-linear regression analysis using GraphPad Prism version 8.0.2 for 

Windows (GraphPad Software, San Diego, CA, USA). The results represent the average 

of at least three independent experiments. For each compound, the Selectivity Index (SI) 

was calculated as the ratio between cytotoxicity in THP-1 (CC50, 72 h) and activity 

against parasites (IC50, 72 h). 

2.6- In-vitro evaluation of anti-amastigotes activity on infected cells  

The best ten efficient and not-toxic compounds against Leishmania promastigotes have 

been tested on L. infantum intracellular amastigotes according to the literature (Sereno 

et al., 1998) with some modifications. Briefly, THP-1 cells were resuspended in RPMI 

complete medium at a density of 5 x 105 cells/ml and 100 μl/well were seeded in a 96-

well plate and were differentiated into macrophages by addition of 40 ng/mL of 

phorbol-myristate 13-acetate (PMA, Sigma, Saint Louis, MI, USA) for 24h followed by 

replacement with fresh medium for more 24 h. After that, cells were infected for 4 h 

with L. infantum axenic amastigotes expressing luciferase in a macrophage:amastigotes 

ratio of 1:20 at 37 °C, 5% CO2. Non-internalized parasites were washed, and compounds 

were added at different concentrations in a final volume of 100 µL. The anti-parasitic 

activity was first investigated at single dose at 10 µM and then, the compounds 

associated with activity >50% at 10 µM were further evaluated in a dose-response 

curve. As positive controls miltefosine was included.  Each condition was carried out in 

quadruplicate. After 72 h of incubation, the media was substituted by 100 µL of PBS and 

25 µL of Glo-lysis buffer from the Steady-Glo Luciferase Assay System (Promega, 

Madison, WI, USA) was added. The plates have been placed in an agitator at 100 rpm for 

10 minutes at room temperature. Finally, 30 µL of the Steady-Glo reagent (Promega, 

Madison, WI, USA) was added to the plate and was incubated for 15 min in the dark at 

the same conditions. 100 µL of solution was transferred to white-bottom 96-well plates. 

The luminescence intensity was read using a Synergy 2 Multi-Mode Reader (Biotek, 

Winooski, VT, USA). The antileishmanial effect was evaluated by the determination of 

the IC50 value and calculated by the non-linear regression analysis using GraphPad Prism 
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version 8.0.2 for Windows (GraphPad Software, San Diego CA, USA). The results 

represent the average of at least three independent experiments. 

2.7- Ethical statement  

The I3S Animal Ethics Committees approved all the experiments carried out on mice and 

the project was licenced by the Portuguese National Authority for Animal Health, in 

accordance with the statements on the directive 2010/63/EU of the European 

Parliament and Council. 

2.8- In-vivo evaluation of anti-amastigotes activity on BALB/c mice infected with L. 

infantum axenic amastigotes 

Among the compounds tested against Leishmania, the two showing better activity and 

low cytotoxicity (i.e. GB26, GB36-URB1483 of the previous chapter), have been selected 

for the in-vivo evaluation on a BALB/c mice infection model.  Six-to seven-week-old 

BALB/c mice were purchased from Charles River or the i3S animal facility. L. infantum 

axenic amastigotes expressing episomal luciferase were cultured in complete cell-free 

medium MAA/20 at 37°C with 5% CO2. Amastigotes recovered from five-day old cultures 

were washed twice with PBS and resuspended at a concentration of 1x109 parasites/ml 

(Mendes Costa et al., 2019).  A total of 21 mice have been infected with 100 µL of 

parasite suspension containing 1x108 parasites. The injection was performed intra-

venous (IV) in the mice’s tail. Treatments started 21 days post-infection for 10 

consecutive days. After solubility and stability studies, compounds have been 

resuspended in 5% DMSO, 60% of 100% PEG 400 (Molecular Dimensions), 35% 

distillated H2O in a final volume of 800 µL. The injection solution has been prepared 

fresh every day to avoid compound precipitation. As negative and positive controls, 4 

mice have been treated with PEG 400 solution without compounds and 4 with 

miltefosine (stock solution 20mg/ml in distillated water). The administration took place 

intraperitoneally (IP) with 100 µL/mouse at a concentration of 5mg/kg. The treatment 

and control groups were as follows: 

- 5 uninfected mice (healthy) 

- 5 infected and untreated mice 



267 
 

- 4 mice infected and treated with 20mg/kg/day miltefosine oral administration (OP) 

(positive control) 

- 4 mice infected and treated with 5mg/kg/day SM414 (GB26) IP 

- 4 mice infected and treated with 5mg/kg/day SM318 (GB36) IP 

- 4 mice infected and treated with 3g/kg/day of the vehicle (PEG 400) IP (negative 

control) 

Mice weight has been checked every 2 days. After 10 days of treatment, mice have been 

anesthetized with 2.5% isofurane and euthanized with cervical dislocation. After that, 

spleen, liver, and femur bone marrow have been removed for parasite load calculation. 

Spleen and liver have been weighted and bone marrow cells have been counted with 

automatic cell counter EVETM (NanoEnTek). Organ homogenates (1 mg of spleen and 10 

mg of liver) and 105 bone marrow cells were subjected to serial dilutions in triplicate in 

Schneider’s Insect medium in 96-well microtitration plates. The plates were incubated at 

27 °C for 15 days and then each well was inspected for the presence or absence of 

promastigotes and checked to find the final dilution for which the well contained at 

least one parasite (Tavares et al., 2019). The number of parasites per gram of organ 

(parasite burden) is calculated as follows: [(geometric mean of reciprocal titer from each 

triplicate / mass of homogenized organ) × reciprocal fraction of the homogenized organ 

inoculated into the first well]. For bone marrow the number of parasites is calculated 

per 105 cells using the formula: [(geometric mean of reciprocal titer from each triplicate 

/ number of cells) × reciprocal fraction of the cells inoculated into the first well].  For 

graphical representation log transformation is applied to the parasite load to reduce 

right skewness. 

2.9- Statistical analysis  

The evaluation of IC50 in parasites and CC50 in THP1 cells was calculated by the non-

linear regression analysis using GraphPad Prism version 8.0.2 for Windows (GraphPad 

Software, San Diego CA, USA) and expressed as means and 95% confidence interval. The 

statistical analysis for the in-vivo experiments was performed by Ordinary one-way 

ANOVA with Dunnett’s multiple comparisons test (single pooled variance). A p value ≤ 

0.05 was considered significant. 
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3. Results 

3.1- Effect of compounds on parasites viability 

The anti-parasitic activity on L. infantum and T. brucei was first evaluated at single dose 

at 20 µM for 72h. The compounds that showed activity > 50% at 20 µM were further 

evaluated in a dose-response curve starting from 20 µM. Regarding L. infantum, 21 

compounds showed an IC50 > 20 µM (Table 3), 9 compounds had a value between 6.00 

and 11.98 µM, while the compounds GB01, GB12, GB26, GB27, GB28, GB36 showed an 

IC50 ≤ 5.82 µM. Notably, GB26 and GB28 had a value of 0.39 µM and 0.43 µM, 

respectively, sensibly lower compared with the reference drug miltefosine (IC50 = 13.88 

µM). The dose-response curves of these compounds are shown in Figure 2 panel A 

compared with miltefosine. The curve represents the % of growth parasites inhibition at 

increasing compound concentrations.  

 

Compound 
THP1 

CC50 (µM) (95% CI) 

L. infantum 

promastigotes 

IC50 (µM) (95% CI) 

Selectivity index 

(CC50/IC50) 

on L. infantum 

promastigotes 

GB01 75.85 (67.15 - 87.82) 5.09 (4.61- 5.59) 14.90 

GB02-1a 28.24 (26.58 - 30.01) 6.00 (5.66 - 6.38) 4.71 

GB03-1c >100 >20.00 - 

GB04-1d >100 >20.00 - 

GB05 >100 >20.00 - 

GB06-2b 25< CC50<50 8.96 (8.55 - 9.36) 2.79<SI<5.58 

GB07-2c 25< CC50<50 8.81 (8.29 - 9.33) 2.84<SI<5.68 

GB08-2d 12.5< CC50<25 8.02 (7.53 - 8.53) 1.56<SI<3.11 

GB09 25< CC50<50 11.98 (11.23 - 12.82) 2.09<SI<4.17 

GB10 77.73 (67.82 - 91.37) >20.00 - 

GB11-3a >100 >20.00 - 

GB12-3b 101.1 (76.02 - 152.4) 4.58 (4.13 - 5.07) 22.07 
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GB13 >100 11.96 (11.22 - 12.79) >8.36 

GB14 50< CC50<100 >20.00 - 

GB15 >100 >20.00 - 

GB16 >100 >20.00 - 

GB17 >100 9.24 (8.63 - 9.91) >10.82 

GB18 >100 >20.00 - 

GB19 50< CC50<100 >20.00 - 

GB20 >100 >20.00 - 

GB21 >100 >20.00 - 

GB22 >100 >20.00 - 

GB23 >100 9.19 (8.26 - 10.30) >10.88 

GB24 >100 >20.00 - 

GB25 50< CC50<100 >20.00 - 

GB26 >100 0.39 (0.34 - 0.45) >256.41 

GB27 >100 5.82 (4.81 - 7.05) >17.18 

GB28 113.4 (95.64 - 141.6) 0.43 (0.40 - 0.47) 263.72 

GB29 50< CC50<100 >20.00 - 

GB30 50< CC50<100 >20.00 - 

GB31 25< CC50<50 >20.00 - 

GB32 >100 10.22 (9.43 - 11.13) >9.78 

GB33 25< CC50<50 >20.00 - 

GB34 25< CC50<50 >20.00 - 

GB36-1b 

(URB1483) 
>100 4.05 (3.50 - 4.67) >24.69 

GB35-3-3' DIM 50< CC50<100 >20.00 - 

Miltefosine 28.70 (26.53 - 31.04) 13.88 (12.66 - 15.19) 2.07 

[Table 3] Indole derivatives potency on L. infantum promastigotes and cytotoxicity on THP1 cells. IC50 values are 
reported as mean and 95% confidence interval from at least three independent experiments. In bold, the three 

best compounds in terms of SI 
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Regarding T. brucei, 13 compounds showed an IC50 > 20 µM (Table 4), 12 compounds 

between 5.00 and 20.00 µM, while 10 compounds had values ≤ 5.00 µM. GB02 resulted 

the best compound (IC50 = 0.83 µM). The dose-response curves of the two best 

compounds (GB02-GB11) are shown in Figure 2 panel B.  

 

Compound 

THP1 

CC50 (µM) (95% 

CI) 

T. brucei 

bloodstream form 

IC50 (µM) (95% CI) 

Selectivity index 

(CC50/IC50) on T. brucei 

bloodstream form 

GB01 75.85 (67.15 - 87.82) 3.74 (3.49 - 3.99) 20.28 

GB02-1a 28.24 (26.58 - 30.01) 0.83 (0.76 - 0.90) 34.02 

GB03-1c >100 3.92 (3.79 - 4.04) >25.51 

GB04-1d >100 3.74 (3.52 - 3.97) >26.74 

GB05 >100 14.79 (14.12 - 15.46) >6.76 

GB06-2b 25< CC50<50 4.37 (4.18 - 4.47) 5.72<SI<11.44 

GB07-2c 25< CC50<50 4.30 (3.92 – 4.72) 5.81<SI<11.63 

GB08-2d 12.5< CC50<25 3.97 (3.60 - 4.19) 3.15<SI<6.30 

GB09 25< CC50<50 6.95 (6.30 - 7.45) 3.60<SI<7.19 

GB10 77.73 (67.82 - 91.37) 3.60 (3.41 - 3.76) 21.59 

GB11-3a >100 2.58 (2.49 - 2.68) >38.76 

GB12-3b 101.1 (76.02 - 152.4) 20.08 (18.74 - 22.29) 5.03 

GB13 >100 5.14 (4.79 - 5.52) >19.46 

GB14 50< CC50<100 11.81 (10.92 - 12.80) 4.23<SI<8.48 

GB15 >100 6.51 (5.65 - 7.53) >15.36 

GB16 >100 >20.00 - 

GB17 >100 3.23 (2.96 - 3.52) >30.96 

GB18 >100 >20.00 - 

GB19 50< CC50<100 7.78 (7.29 - 8.32) 6.43<SI<12.85 

GB20 >100 >20.00 - 
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GB21 >100 >20.00 - 

GB22 >100 >20.00 - 

GB23 >100 11.62 (10.78 - 12.51) >8.61 

GB24 >100 18.14 (14.82 - 24.33) >5.51 

GB25 50< CC50<100 >20.00 - 

GB26 >100 >20.00 - 

GB27 >100 >20.00 - 

GB28 113.4 (95.64 - 141.6) >20.00 - 

GB29 50< CC50<100 >20.00 - 

GB30 50< CC50<100 17.33 (14.45 - 22.11) 2.89<SI<5.77 

GB31 25< CC50<50 >20.00 - 

GB32 >100 5.04 (4.59 - 5.54) >19.84 

GB33 25< CC50<50 >20.00 - 

GB34 25< CC50<50 >20.00 - 

GB36-1b 

(URB1483) 
>100 5.71 (5.57 - 5.85) >17.51 

GB35-3-3' DIM 50< CC50<100 11.11 (10.33 - 11.93) 4.50<SI<9.00 

Pentamidine 52.30 (46.88 - 58.84) 
0.0015 (0.0014 – 

0.0016) 
34866.67 

 

[Table 4] Indole derivatives potency on T. brucei and cytotoxicity on THP1 cells. IC50 values are reported as 
mean and 95% confidence interval from at least three independent experiments. In bold, the three best 

compounds in terms of SI 

 

Taken all the results together, and considering 10 µM as threshold, 15 compounds were 

not active (green square), 5 and 9 compounds were specific for Leishmania and 

Trypanosoma, respectively (blue and grey squares). Finally, 7 compounds were active on 

both although with different efficacy (red square) (Figure 3). 
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[Figure 2] Dose-response curves. The 
curve represents the % of growth 
parasites inhibition at increasing 

compound concentrations and 
represent the average of at least three 

independent experiments. [A] L. 
infantum [B] T. brucei. (GraphPad Prism 

version 8.0.2) 

 

 

3.2- Cytotoxic effect of bisindole compounds in human THP-1 cell line 

The cytotoxicity of the compounds was evaluated on THP-1 to calculate the CC50. First, 

the viability assay was achieved by incubating cells with different concentrations of each 

compound (100, 50, 25, 12.5 µM) for 72h to individuate the CC50 interval. Subsequently, 

for interesting compounds, the dose-response curve was performed to calculate the 

exact CC50. The results are summarized in Table 3 and 4 (second column) and represent 

the average of at least three independent experiments. The imidazole-bisindole 

derivatives resulted toxic on cells and were not particularly active on the parasites. 

Interestingly, the compounds GB26, GB28 and GB36 were not toxic on THP1 resulting in 

good SI on Leishmania parasites, if compared with miltefosine (Table 3, fourth column). 

In the same way, GB11 and GB17 resulted not toxic and showed good SI on 

Trypanosoma parasites. GB02 had a CC50 of 28.24 µM. Nevertheless, because of the low 

IC50, the SI is comparable with the two other compounds (Table 4, fourth column). 
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[Figure 3] Correlation graph. The axes represent the values of IC50 and have been set from highest to 
lowest. Green square: not active compounds; blue square: compounds active on Leishmania; grey square: 
compounds active on Trypanosoma; red square: compounds active on both parasites. Some dots overlap. 

(GraphPad Prism version 8.0.2) 
 

 

3.3- Efficacy of compounds on L. infantum intracellular amastigotes 

The ten best compounds in terms of SI on Leishmania promastigotes have been selected 

to be evaluated on L. infantum intracellular amastigotes. Human monocytic THP-1 cells 

were infected with L. infantum axenic amastigotes as described in methods. After 4 h, 

macrophages have been treated with 10 µM of the compound. Miltefosine was used as 

positive control. Five compounds showed an activity < 50% at 10 µM and were not taken 

into consideration for subsequent experiments (Table 5). Regarding the other five 

compounds, a dose-response curve was performed to calculate the exact IC50. Compared 

with IC50 on promastigotes, the values resulted dramatically higher except for GB02 and 

GB36. On the other hand, miltefosine showed high efficacy to fight cell infection.  
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Compound 

Percentage (% ±SD) 

of growth parasite 

inhibition at 10 µM 

L. infantum intracellular 

amastigotes 

IC50 (µM) (95% CI) 

Selectivity index 

(CC50/IC50) 

on L. infantum 

intracellular 

amastigotes 

GB01 49%±7% 11.62 (9.64 - 14.41) 6.53 

GB02-1a 79%±6% 5.04 (3.73 - 7.43) 5.60 

GB12 39%±13% >10 - 

GB17 48%±7% >10 - 

GB23 36%±8% >10 - 

GB26 62%±8% 6.46 (4.04 - 13.00) >15.48 

GB27 43%±12% >10 - 

GB28 54%±15% 15.98 (10.75 - 32.27) 7.10 

GB32 45%±7% >10 - 

GB36-1b 

(URB1483) 
71%±13% 3.59 (2.89 - 4.47) >27.86 

Miltefosine 96%±6% 0.47 (0.44 - 0.50) 61.06 

[Table 5] Indole derivatives potency on L. infantum amastigotes. IC50 values are reported as mean and 
95% confidence interval from at least three independent experiments. In bold, the two best compounds in 

terms of SI 

 

3.4- Efficacy of compounds on BALB/c mice infected with L. infantum axenic 

amastigotes  

Considering the results on intracellular amastigotes, compounds GB26 and GB36 have 

been selected for in-vivo experiments. Twenty-one BALB/c mice have been infected with 

1x108 L. infantum axenic amastigotes intravenous. After 21 days post-infection, mice 

have been treated for 10 days, as described in methods. Miltefosine and PEG 400 

administration were included as positive and negative control, respectively. Every 2 

days, mice have been checked to control the weight and the presence of stress signs. 

The formulation administered in 60% PEG 400 was well tolerated by the mice that did 

not show any alteration either in physical or behavioral status. The only change was 

found in mice treated with miltefosine where a weight decrease of 10% occurred from 
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the second treatment. Nevertheless, a weight loss ≤ 20% is considered physiological 

(Figure 4). 

 

[Figure 4] Mice’s weight variation during 10 days of treatment. Each dot represents the average and the 
SD. (GraphPad Prism version 8.0.2). 

 

After 10 days of treatment, mice have been euthanized and spleen, liver, and femur 

bone marrow have been removed. Since Leishmania infection is associated with 

splenohepatomegaly, the organs weight has been considered to evaluate the treatment 

efficacy. The infected animals presented significantly heavier spleens than the non-

infected (healthy) animals. The treated animals with effective drugs are expected to 

have a reversion of this increased spleen weight. This occurred only in miltefosine 

treated group that presented average spleen weights significantly lower to the non-

treated and comparable with healthy group (Ordinary one-way ANOVA with Dunnett’s 

multiple comparisons test. Single pooled variance) (Figure 5 panel A) The data on liver 

shows no differences among all the groups probably because our infection model did 

not originate hepatomegaly (Figure 5 panel B) 
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[Figure 5] Organs’ weight at the end of 10 days of treatment. The scatter dot plot represents the Mean ± 
SD. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (single pooled variance).  

*p ≤ 0.05 *** p ≤ 0.001 (GraphPad Prism version 8.0.2). 
 
 
 

Moreover, in order to evaluate the efficacy of the treatment to fight infection, the 

calculation of the parasite burden was performed using the gold standard limiting 

dilution assay. Organ homogenates (1 mg of spleen and 10 mg of liver) and 1x105 bone 

marrow cells were subjected to serial dilutions in 96-well microtitration plates and were 

incubated at 27 °C for 15 days to find the final dilution for which the well contained at 

least one parasite. Results showed that miltefosine was able to reduce the parasite 

burden in all the organs (more than 99,9%) (Figure 6). In particular, no parasites were 

detected in the liver after the miltefosine treatment (considering the limit of detection 

of the technique) (Figure 6, panel A). Unfortunately, no other treatment was able to 

significantly reduce parasite burden in any organ. (Ordinary one-way ANOVA with 

Dunnett’s multiple comparisons test; single pooled variance)  
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[Figure 6] Parasite burden in liver, spleen and bone marrow. The scatter dot plot represents the Median. 
Ordinary one-way ANOVA with Dunnett’s multiple comparisons test (single pooled variance). 

**p ≤ 0.01 **** p ≤ 0.0001. The dashed line in the graphs represents the limit of detection of the 
technique (GraphPad Prism version 8.0.2). 

 

4. Discussion 

According to the WHO, neglected tropical diseases affect more than 1 billion people, 

primarily poor populations living in tropical and subtropical geographical territories. 

Despite the efforts to improve prevention strategies and surveillance programs, they 

represent a global health concern. Among them, leishmaniasis and human African 

trypanosomiasis are two of the most important. In particular, human leishmaniasis is 

second only to malaria in terms of deaths for parasitic diseases. Moreover, because of 
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climate changes and migrations, parasites are spreading in non-endemic areas, including 

non-tropical areas. Up to now, there are no vaccinations available, and the common 

treatments present limitations related to high costs, difficulties in administration, side 

effects and toxicity, and, more important, they became less effective due to the 

emergence of resistant strains. In this context, the development and discovery of safe 

and effective drugs remain a challenge. Several research groups proposed new classes 

of compounds with potential anti-parasitic effects, including indole-derivatives. Based 

on the information present in the literature and on the results previously obtained with 

the phenotypic screening of a small library of azole-bisindoles (chapter 7, submitted 

paper), we decided to extend the screening to new compounds and to test them on L. 

infantum and T. brucei. The eight classes of indole tested showed different results in 

terms of efficacy on parasites. In general, the imidazole-bisindole derivatives are more 

toxic than other classes in THP1 cell line, resulting in lower selectivity indices. GB14 and 

GB15 (planar Rigid Bisindole-Imidazoles) showed some solubility problems following 

subsequent thawing, causing problems in the results reproducibility. Concerning T. 

brucei, the most active classes were bisindole-pyrrole, bisindole-triazoles (excepted for 

GB12), and planar semi-rigid Indoline-Indole-Pyrrole (GB17) with IC50 values lower than 

10 µM. As already shown on Leishmania in the previous work, and also on T. brucei, the 

addition of a nitrogen containing aryl substituent increases the potency compared with 

the simple bisindole scaffold (DIM showed an IC50 > 10 µM). In the pyrrole class, the 

addition of bromine at the indole rings significantly increases effectiveness. On the 

other hand, double substitution is detrimental for the activity (compounds GB02 

showed high activity than GB04, although with higher cytotoxicity) (Table 4). Compared 

with pentamidine, the selectivity indexes were not particularly interesting since the 

reference drug effectiveness lies in the nanomolar range. Nevertheless, due to the 

toxicity and the use limited to the first phase of the disease, it is not conclusive on 

clinical applicability. Regarding Leishmania, in addition to the pyrrole URB1483 (GB36) 

identified in the previous work, another class of compounds, rigid Indole-Imidazoles, 

showed interesting IC50 on in-vitro promastigotes. In particular, GB26 and GB28, 

characterized respectively by ethyl and n-propyl substitution on imidazole ring, had IC50 
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< 1 µM. The potency was clearly higher compared with miltefosine, as well as the SI 

(Table 3). 

Subsequently, the ten best compounds in terms of SI on Leishmania promastigotes have 

been selected to be evaluated on L. infantum intracellular amastigotes. In general, 

compared with IC50 on promastigotes, the values resulted dramatically higher probably 

due to a bioavailability problem of compounds inside the infected cells.  On the 

contrary, miltefosine showed high efficacy to fight cell infection (Table 5). Considering 

the results on intracellular amastigotes, compounds GB26 and GB36 have been selected 

for in-vivo experiments on infected BALB/c mice. After the solubility evaluation, mice 

have been treated IP with 5mg/kg of compound resuspended in 60% PEG 400. The 

formulation resulted well tolerated and no toxicity symptoms occurred. The parasite 

burden evaluated in spleen, liver and bone marrow showed that only miltefosine was 

able to heal mice from infection (Figure 6). Unfortunately, the treatment with GB26 and 

GB36 compounds did not reduce significantly parasite burden in any organ indicating 

therapeutic failure under these conditions. The good results on in-vitro assays suggest 

indole-derivative compounds as promising antiparasitic agents and represent the bases 

for further studies in terms of compounds optimization and solubility and bioavailability 

improvement. In this view, an effective delivery system using nanocarriers such as 

liposomes or decorated liposomes to improve selective uptake from macrophages could 

be pivotal for further in-vivo studies. Moreover, the molecular target(s) as well as 

mechanism of action of this class of compounds still need to be investigated.  

5. Conclusion 

The phenotypic screening of a library of indole-derivative compounds for their potential 

anti-parasitic effect against L. infantum and T. brucei was performed. Several classes of 

compounds showed good activity on in-vitro assay showing an IC50 < 5 µM and not 

relevant cytotoxicity on THP1 cell line. The ten less toxic and more active compounds 

were selected to test the efficacy on Leishmania intracellular amastigotes and two of 

them have been tested on an in-vivo infection model. After 21 days of infection, BALB/c 

mice have been treated with 5mg/Kg of drug for ten days. The formulation resulted well 

tolerated by the animals but, unfortunately, at this dosage, the treatments did not be 
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able to revert the infection and reduce the parasite burden in the mice’s organs. Despite 

the negative results of in-vivo experiments, these findings allow us to identify a new 

promising class of compound against L. infantum (rigid Indole-Imidazoles) and a new 

scaffold active on T. brucei representing the bases for further optimization and 

development studies. 
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CHAPTER 9 

Previously it has been shown that L. infantum induces a mild but significant increase in 

endoplasmic reticulum (ER) stress expression markers to promote parasites’ survival in 

human and murine infected macrophages. Moreover, it was demonstrated that the miRNA 

hsa-miR-346, induced by the UPR-activated transcription factor sXBP1, was significantly 

upregulated in human macrophages infected with different L. infantum strains. However, no 

literature exists regarding the ER stress response and miR-346 expression in infected dogs, 

which represent important reservoirs for Leishmania parasite. Therefore, this study aimed to 

investigate these pathways in the canine monocyte cell line DH82 infected by Leishmania 

spp. and to evaluate the presence of cfa-miR-346 in plasma of healthy and infected dogs. 

(Unpublished data)  
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Cfa-miR-346 is a potential plasma biomarker of canine 

leishmaniasis 

 

Abstract 

Leishmaniases are a group of anthropo-zoonotic parasitic diseases caused by a 

protozoan of the Leishmania genus, affecting both humans and other vertebrates, 

including dogs. L. infantum is responsible for the cutaneous and visceral form of the 

disease in humans and CanL in dogs. Previously, we have shown that L. infantum 

induces a mild but significant increase in endoplasmic reticulum (ER) stress expression 

markers to promote parasites’ survival in human and murine infected macrophages. 

Moreover, we demonstrated that the miRNA hsa-miR-346, induced by the UPR-

activated transcription factor sXBP1, was significantly upregulated in human 

macrophages infected with different L. infantum strains. However, no literature exists 

regarding the ER stress response and miR-346 expression in infected dogs, which 

represent important reservoirs for Leishmania parasite. Therefore, this study aimed to 

investigate these pathways in the canine macrophagic-like cell line DH82 infected by 

Leishmania spp. and to evaluate the presence of cfa-miR-346 in plasma of healthy and 

infected dogs. The DH82 cells were infected with L. infantum and L. braziliensis parasites 

and the expression of cfa-mir-346, as well as several ER stress markers, was evaluated 

by quantitative PCR (qPCR) at different time points. As ER stress positive control, cells 

were treated with 2 µg/ml of tunicamycin. Furthermore, the cfa-miR-346 was monitored 

in plasma collected from healthy dogs (n=11) and dogs naturally infected by L. infantum 

(n=18). 

The results in DH82 cells showed that cfa-mir-346 was induced at both 24 h and 48 h 

post-infection with all Leishmania strains but not with tunicamycin, accounting for a 

mechanism of induction independent from sXBP1, unlike what was previously observed 

in human cell lines. Moreover, the cfa-miR-346 expression analysis on dog’s plasma 

revealed a significant increase in infected dogs compared to non-infected dogs. Despite 

the cfa-miR-346 appears to be an infection marker in dogs affected by Leishmaniasis, its 

role during Leishmania infection needs to be further elucidated.   
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1. Introduction 

Leishmaniasis includes a group of anthropo-zoonotic diseases caused by a protozoan 

belonging to the Leishmania genus, which can have different hosts, like humans, dogs, or 

wild animals (Abbate et al., 2019; Risueño et al., 2018). According to WHO data, 

leishmaniasis shows a worldwide distribution, involving at least 98 countries, with the 

highest number of cases in developing countries (Alvar et al., 2012). Italy, in particular 

the southern regions (including Sicily and Sardinia), is a country highly endemic for 

leishmaniasis caused by Leishmania (L.) infantum. Nevertheless, cases of canine 

leishmaniasis (CanL) and human leishmaniasis are largely underestimated due to the lack 

of notification of new cases, and the difficulty in diagnosing or misdiagnosis (Gaspari et 

al., 2017). Although a subclinical or self-limiting form was described, CanL represents a 

very critical problem in veterinary medicine, because the disease can be severe and with 

fatal exitus (Solano-Gallego et al., 2011). The most frequent signs of CanL are 

lymphadenopathy, onychogryphosis, cutaneous lesions, weight loss, cachexia, fever and 

locomotor abnormalities (Baneth et al., 2008). 

Leishmania is a dimorphic parasite that develops as promastigotes in the midgut of the 

sand-fly and as intracellular amastigotes in phagocytic cells, mainly macrophages, of the 

vertebrate host. Leishmania promastigotes enter in the host macrophages, where they 

survive and replicate within the phagolysosomal environment, subverting the innate 

immune response and metabolic pathways of the host (Arango Duque & Descoteaux, 

2015; Podinovskaia & Descoteaux, 2015).  

Among different mechanisms activated by L. (L.) infantum to survive and to spread the 

infection in the host cell, we previously reported the mild induction of the Unfolded 

Protein Response (UPR) in human monocytic cell lines (U937 and THP-1) and murine 

primary macrophages (Galluzzi et al., 2016). The mild UPR could represent a common 

pathogenic mechanism among the different species of Leishmania (Leishmania), also 

considering the role of X-box binding protein 1 (XBP1) in the L. amazonensis infection 

highlighted by Dias Teixeira et al. (Dias-Teixeira et al., 2016). The unconventional splicing 

of XBP1 mRNA, induced by the ER transmembrane protein IRE1, originates a spliced 

mRNA (sXBP1) encoding an active transcription factor that leads to the expression of 

chaperones, proinflammatory cytokines (Martinon et al., 2010) and genes involved in the 
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autophagic response (Margariti et al., 2013). Moreover, Bartoszewski et al., (2011) 

showed that, during endoplasmic reticulum (ER) stress, sXBP1 induces miR-346 in both 

human and murine cells. We have previously reported the significant induction of miR-

346, in both U937 and THP-1 human cell lines infected with four different strains of L. (L.) 

infantum and a human clinical isolate of L. (V.) braziliensis (Diotallevi et al., 2018). 

MicroRNAs have gained more and more relevance in the last years in the context of host-

pathogen interaction. In fact, it is known that many intracellular parasites are able to 

modify the miRNA expression profiles of host cells (Acuña et al., 2020). In particular, in 

the context of CanL, Bragato et al. reported a differential modulation in the expression of 

miR-150, miR-451, miR-192, miR-194, and miR-371 in PBMCs of symptomatic dogs 

naturally infected with L. infantum. These miRNAs can target genes involved in the 

immune response and pathogenesis, such as NF-κB, TNF-α, CD80, and IFN-γ. (Bragato et 

al., 2018). 

In this study we investigated the UPR and the induction of cfa-miR-346 in a canine 

macrophage-like cell line (DH82) infected with Leishmania spp. Furthermore, the 

presence of cfa-miR-346 in the plasma of non-infected and infected dogs and its 

potential role as a marker of infection was analyzed. 
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2. Materials and methods 

2.1 Leishmania parasites cultivation  

Three L. (L.) infantum reference strains (MHOM/TN/80/IPT1, MHOM/FR/78/LEM75 and 

MHOM/IT/08/31U), and one L. (L.) infantum canine clinical isolate (isolate 42) were 

provided by the OIE Reference Laboratory National Reference Centre for Leishmaniasis 

(C.Re.Na.L.) (Palermo, Italy). Moreover, a L. (V.) braziliensis clinical isolate (isolate AN1), 

identified at the species level by PCR RFLP as described by Schönian et al. (Schönian et 

al., 2003), was obtained from a pharyngolaryngeal biopsy during routine diagnosis of a 

human patient with suspect MCL, as previously described (Ceccarelli et al., 2020; 

Diotallevi et al., 2018). Leishmania promastigotes were cultivated at 26-28°C in Evans’ 

Modified Tobie’s Medium (EMTM) (Castelli et al., 2014) and stationary promastigotes 

were transferred to fresh medium (ratio 1:5) every 5-7 days. 

2.2 Cell culture and infection 

The canine macrophage-like cell line DH82 (ATCC® CRL-10389™) was cultured in an 

incubator at 37°C and 5% CO2 in Eagle’s Minimum Essential Medium (EMEM) 

supplemented with 15% heat-inactivated Fetal Bovine Serum (FBS), 2 mM L-glutamine, 

10 g/l Non-Essential Amino Acid, 1 mM sodium pyruvate, 100 μg/ml streptomycin, 100 

U/l penicillin. For infection experiments, 2.5x105 cells were seeded in 35 mm dishes for 

24 hours for cell adhesion. Then, cells were infected with stationary-phase 

promastigotes of L. (L.) infantum strains/isolate or L.(V.) braziliensis clinical isolate with a 

parasite-to-cell ratio of 10:1. To exclude the modulation of target genes by the 

phagocytosis mechanism of macrophages, 2.5x106 promastigotes of L. (L.) infantum 

MHOM/TN/80/IPT1 and canine clinical isolate 42 were inactivated (heat-killed – HK) at 

70°C for 45 minutes and placed into DH82 culture medium. To promote and synchronize 

cell infection, dishes were centrifuged at 450 x g for 3 minutes at room temperature. 

After 24h, non-internalized parasites were removed by medium replacement. As ER-

stress positive control, cells were treated with 2 μg/ml of tunicamycin for 4 h or with 

vehicle dimethyl sulfoxide (DMSO) as control. All cell culture reagents were purchased 

from Sigma-Aldrich (St. Louis, MO). After 6h, 24 h, and 48 h from infection, cells were 
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directly lysed for gene expression analysis; moreover, one dish for each time point was 

stained with Hoechst and Acridine Orange dyes and the infection index was calculated 

by multiplying the percentage of infected macrophages by the average number of 

parasites per macrophage. At least 300 macrophages were counted for each condition.  

2.3 Animals recruitment 

To evaluate the presence of cfa-miR-346 in clinical samples, 21 mixed breed dogs from 

Pantelleria Island (Sicily, Italy), an endemic area for leishmaniasis, were recruited for this 

study by the C.Re.Na.L. in Palermo (Italy) (Vitale et al., 2020). Additional 8 plasma 

samples of healthy and infected dogs have been supplied by the veterinary clinic “Santa 

Teresa” in Fano (Pesaro-Urbino, Italy). All samples were collected for diagnostic 

purposes during routine examination; oral informed consent was obtained from the 

owners of dogs. To diagnose CanL, every dog was subjected to physical, clinical, and 

dermatological evaluation, including the anamnestic history and changes compatible 

with CanL (e.g., alopecia and desquamation, nodular or ulcerative lesions, exfoliative 

dermatitis weight loss, lymphadenomegaly). In addition, serological [i.e. IFAT, SNAP test 

(IDEXX Laboratories, Westbrook, Maine, USA) or Speed Leish K test (BVT Groupe Virbac, 

La Seyne sur Mer, France] and qPCR-based tests (Vitale et al., 2004) were performed on 

blood and/or lymph nodal aspirates. In two cases (IDs 42 and 64), L. (L.) infantum 

amastigotes isolation was obtained as previously described (Castelli et al., 2020). After 

diagnosis, dogs were divided into two groups: i) non-infected: negative for clinical signs 

and/or negative IFAT, negative qPCR, negative for SNAP test or for Speed Leish K test; ii) 

infected: presence of clinical signs, IFAT ≥1:40 and/or positive qPCR, and/or positive 

SNAP test or Speed Leish K test. Details of samples are summarized in Table 1. 
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Sample ID Clinical signs IFAT SNAP 
TEST 

qPCR on 
blood 

samples 

qPCR on 
Lymph nodal 

(parasites/ml) 

Parasite’s 
isolation 

Diagnosis 

24 Lymphadenomegaly Neg n.a. Neg Neg n.a. - 

29 Neg Neg n.a. Neg n.a. n.a. - 

35 Neg Neg n.a. Neg Neg n.a. - 

43 Eye signs Neg n.a. Neg n.a. n.a. - 

46 Neg Neg n.a. Neg n.a. n.a. - 

52 Neg Neg n.a. Neg n.a. n.a. - 

54 Neg Neg n.a. Neg n.a. n.a. - 

GOA Neg Neg n.a. n.a. n.a. n.a. - 

GON Neg Neg n.a. n.a. n.a. n.a. - 

VIA  Neg Neg n.a. n.a. n.a. n.a. - 

ZAR Neg Neg n.a. n.a. n.a. n.a. - 

 

9 Lymphadenomegaly 1:160 n.a. Neg 35 n.a. + 

11 Lymphadenomegaly 1:320 n.a. Neg n.a. n.a. + 

23 Skin signs, 
Lymphadenomegaly 

1:320 n.a. Neg 320 n.a. + 

30 Skin signs, 
Lymphadenomegaly 

1:320 n.a. Neg Neg n.a. + 

31 Skin signs 1:80 n.a. Neg 30 n.a. + 

32 Neg 1:320 n.a. Neg Neg n.a. + 

40 Skin signs 1:320 n.a. Neg 45 n.a. + 

42 Neg 1:5120 n.a. Neg 165000 Pos + 

45 Neg 1:40 n.a. Neg 165 Bacterial 
contamin

ation 

+ 

49 Eye signs 1:160 n.a. Neg n.a. n.a. + 

51 Neg Neg n.a. Neg 30 n.a. + 

58 Lymphadenomegaly 1:2560 n.a. Neg 60 n.a. + 

63 Neg 1:80 n.a. Neg 225 n.a. + 

64 Skin and eye signs, 
lymphadenomegaly 

1:2560 n.a. Neg 5700 Pos + 

STA-VOI Mild periocular 
dermatisis, anemia, 
thrombocytopenia 

n.a. Pos n.a. n.a. n.a. + 
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MAI-EUI Alopecia, weight 
loss, mild 

onychogryphosis, 
lymphadenomegal, 
leucopenia, decline 

in performance  

n.a. Pos n.a. n.a. n.a. + 

MIA-MAI Chronic anemia n.a. Pos n.a. n.a. n.a. + 

KIO-MEI Neg n.a. Pos n.a. n.a. n.a. + 

[Table 1] Dogs recruited for the study. Pos: positive; neg: negative; n.a.: data not available; +: infected dogs; -: non-infected 

dogs 

2.4 Plasma collection 

1 mL of peripheral blood was collected from the jugular vein of each dog and placed into 

tubes containing ethylene diamine tetraacetic acid (EDTA). Blood was centrifuged at 

1500 x g for 15 minutes at 4 °C to separate plasma from the corpuscular part. Plasma 

collected was further centrifuged at 3000 x g for 15 minutes at 4°C to remove any 

cellular debris. The supernatant (150 µl) was transferred in a sterile tube and processed 

as described below. 

2.5 RNA isolation and cDNA synthesis 

RNA extraction from DH82 infected and non-infected cells was performed with the 

miRNeasy Mini Kit (Qiagen, Hilden, Germany) after direct lysis with 700 µl of QIAzol Lysis 

Reagent (Qiagen, Hilden, Germany). RNA extraction from plasma was carried out with 

Total RNA Purification Kit (Norgen Biotek Corporation, Ontario, Canada) according to the 

manual instructions specific for plasma. In both cases, extracted RNA was quantified 

with a NanoVue PlusTM spectrophotometer (GE Healthcare Life Sciences, Piscataway, 

NJ, United States).  

For gene expression analysis in DH82 cells, total RNA (500 ng) was reverse-transcribed 

using PrimeScriptTM RT Master Mix (Perfect Real Time) (Takara Bio Inc.). For expression 

analysis of miR-16 and miR-346 in all samples, total RNA (1-5 ng/μl) was reverse-

transcribed with the TaqMan™ MicroRNA Reverse Transcription Kit (Applied 

Biosystems).  
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2.6 Quantitative Real-Time PCR 

The expression of several ER stress markers and GRID1 was evaluated by qPCR as 

previously described (Galluzzi et al., 2016) with some modifications. Briefly, the qPCR 

reactions were carried out in duplicate in a final volume of 20 µl using TB Green PreMix 

ex Taq II Master Mix (Takara Bio Europe, France) and 200 nM primers listed in Table 2. 

The amplification conditions were: 95 °C for 10 min, 40 cycles at 95 °C for 10 s and 60 °C 

for 50 s, followed by a melting curve analysis at the end of each run from 65-95 °C, to 

exclude the presence of non-specific products or primer dimers. As reference gene, 

GAPDH (glyceraldehydes-3-phosphate dehydrogenase) was selected. To evaluate the 

expression of cfa-miR-346, the qPCR reactions were performed with a specific Taqman 

small RNA assay (Applied Biosystems), according to the manufacturer instructions. The 

amplification protocol was: 95 °C for 10 min, 50 cycles at 95 °C for 15 s and 60 °C for 50 

s. The microRNA cfa-miR-16 was used as reference gene (Heishima et al., 2017; 

Hulanicka et al., 2014). All qPCR reactions were performed in a RotorGene 6000 

instrument (Corbett life science, Sydney, Australia). A duplicate non-template control 

was included for each primer pair reaction as negative control. The relative expression 

levels were calculated using the 2-ΔΔCt method (Pfaffl, 2001). 

 

Target 

mRNA 

Accession 

number 
Forward primer (5′-3′) Reverse primer (5′-3′) 

Atf3 XM_022420880.1 TTCGCCATCCAGAACAAGCA GGGCTACCTCAGTTTTCGTG 

Atf4 XM_854584.5 TTCTCCAGCGACAAGGCTAA AAGGCATCCTCCTTTCCGTTG 

Chop/ 

Ddit3 
XM_014117187.2 CTGGAAACAAGGAGGAAGAATCA GGCTCTGGAAGGTGTTCGTG 

Gapdh NM_001003142.2 GTCCCCACCCCCAATGTATC TCCGATGCCTGCTTCACTAC 

Grid1 XM_022417615.1 TACAGCAAGGTGGCGAATCCT AGGAGCACACAATGAGGGTGA 

Hspa5 XM_858292.5  TGGCATAAACCCAGACGAGG AGGGGACATACATCAAGCAGT 

sXbp1 XM_849540.5 CTGAGTCCGCAGCAGGT TGAACAGAATGCCCAACAGG 

uXbp1 XM_849540.5 CCGCAGCACTCAGACTACG TGAACAGAATGCCCAACAGG 

 
[Table 2] Primers sequence. Atf3, Canis lupus familiaris activating transcription factor 3; Atf4, Canis lupus familiaris 

activating transcription factor 4; Chop, Canis lupus familiaris DNA damage inducible transcript 3; Gapdh, Canis lupus 

familiaris glyceraldehyde-3-phosphate dehydrogenase; Grid1, Canis lupus familiaris glutamate ionotropic receptor delta 

type subunit 1; Hspa5, Canis lupus familiaris heat shock protein family A (Hsp70) member 5; sXbp1, Canis lupus familiaris X-

box binding protein 1 (spliced); uXbp1, Canis lupus familiaris X-box binding protein 1 (unspliced). 
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2.7 Statistical analysis 

Statistical analysis was performed by unpaired t-test or one-way ANOVA with Tukey’s 

multiple-comparison post-test. Values are expressed as mean ± standard deviation (SD). 

All statistical tests were performed using GraphPad Prism version 5 (GraphPad Software, 

Inc., La Jolla, CA, USA). A P value ≤ 0.05 was considered statistically significant.  
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3. Results 

3.1 Tunicamycin treatment induces the expression of ER stress markers but not cfa-

miR-346 in a canine macrophage-like cell line 

Previously it has been shown that L. (L.) infantum could induce a mild but significant 

increase in ER stress expression markers, including the spliced form of XBP1 (sXBP1), in 

human and murine infected macrophages (Galluzzi et al., 2016). 

To further explore these pathways in a canine cell line, we first determined whether cfa-

miR-346 could be induced following ER stress in DH82 cells treated with tunicamycin, an 

inducer of ER stress through the inhibition of protein N-linked glycosylation. After 4h 

treatment, the gene expression analysis revealed a significant induction of the ER stress 

markers (i.e. ATF3, ATF4, CHOP, HSPA5, sXBP1) compared to vehicle DMSO (Unpaired t-

test with Welch's correction p<0.05) (Fig. 1A). Notably, the unspliced form of XBP1 

(uXBP1) resulted downregulated, confirming previous findings in human and murine 

models. On the contrary, the expression of cfa-miR-346 did not change significantly in 

response to treatment with Tunicamycin, suggesting a lack of correlation between the 

upregulation of sXBP1 and the induction of cfa-miR-346 (Fig. 1B). 

 

 

[Figure 1] Tunicamycin treatment induces er stress markers but not mir-346 in DH82 cells. The ER stress expression 
markers resulted upregulated in DH82 cells treated with tunicamycin 2 µg/ml for 4h (A), while the expression of miR-346 

did not change significantly (B). Data are represented as the mean ± SD of technical replicates and are representative of two 
independent experiments. The graph shows the fold changes in comparison to the control (DMSO). Unpaired t-test *p<0.05 

**p<0.01 ***p<0.001 
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3.2 ER stress response induction by Leishmania infection in canine macrophage-like 

cell line 

The ER stress response and induction of cfa-miR-346 were investigated in DH82 cells 

infected with promastigotes of four L. (L.) infantum strains (i.e. MHOM/TN/80/IPT1, 

MHOM/FR/78/LEM75, MHOM/IT/08/31U and the canine clinical isolate 42) and a L. (V.) 

braziliensis human clinical isolate (i.e. AN1) for 24 h and 48 h, as described in methods. 

The infection indexes are reported in Table 3.  

 

 Infection index 
24h 

Infection index 
48h 

L. (L.) infantum 
MHOM/TN/80/IPT1 

143.3 ± 31.1 168.9 ± 58.8 

L. (L.) infantum 
MHOM/FR/78/LEM75 

100.2 ± 22.1 92.7 ± 29.7 

L. (L.) infantum 
MHOM/IT/08/31U 

130.0 ± 10.1 167.8 ± 25.8 

L. (L.) infantum canine 
clinical isolate 42 

189.9 ± 31.9 245.7 ± 50.5 

L. (V.) braziliensis human 
clinical isolate AN1 

185.2 ± 31.2 94.0 ± 26.3 

 
[Table 3] Infection indexes (means ± SD).  

Infection index was calculated by multiplying the percentage of infected macrophages by the average number of parasites 
per macrophage. At least 300 macrophages were counted for each condition.  

 
 
 

A significant induction of ER stress expression markers -including sXBP1- was evident after 

48h infection with L. braziliensis, IPT1 and isolate 42. However, a significant upregulation of 

cfa-miR-346 was detected at both 24 and 48 hours of infection with all Leishmania strains 

(yellow bar), consolidating the hypothesis that, in the canine cell model, the induction of cfa-

miR-346 could not be related to the induction of ER stress expression markers (Fig. 2).  
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[Figure 2] ER stress markers and mir-346 expression in infected DH82 cells.  Gene expression of selected ER stress markers 
and miR-346 in DH82 cells infected with different Leishmania spp. after 24h (A) and 48h (B). Graphs show the fold changes 

related to the control (non-infected cells). Unpaired t-test with Welch's correction * p <0.05 ** p <0.01 

 

3.3 Cfa-miR-346 induction is related to Leishmania spp. active infection and it is 

independent from GRID1 expression 

To deeply analyze the induction of miR-346 following the infection, and therefore to 

exclude that its regulation was not related to the phagocytosis mechanism of the 

macrophage, the infection was performed with both live and heat killed (HK) parasites 

as described in methods. 

A significant induction of miR-346 was evident at 6h, 24h, and 48h in cells infected with 

live parasites. After 6h the induction of mir346 was not significantly different between 

cells infected with live or HK parasites; however, at 24 and 48 h the mir346 expression in 

cells treated with HK parasites was significantly lower, dropping close to the values of 

non-infected controls (Fig. 3). These results further confirm that the induction of miR-

346 at 24h and 48h post infection is related to the interaction with the vital pathogen. 

As well as hsa-miR-346, Cfa-miR-346, is located in intron 2 of the glutamate ionotropic 

receptor delta type subunit 1 (GRID1) gene. To investigate if mir-346 upregulation could 

be due to induction of GRID1, the expression level of GRID1 was evaluated by real-time 

PCR in infected and non-infected DH82 cells. The real-time PCR assays showed no 

amplification or amplification with Cq > 33 in some technical replicates, leading to the 
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conclusion that GRID1 gene was not expressed in either infected or non-infected DH82 

cells (data not shown).  

 

[Figure 3] mir-346 induction is related to active Leishmania infection. miR-346 expression in DH82 cells infected with L. (L.) 
infantum MHOM/TN/80/IPT1 (A) and canine clinical isolate 42 (B) for 6h, 24h, 48h. Graph shows the fold changes in 

comparison to non-infected cells (mean ± SD of two independent experiments). One-way ANOVA with Tukey's Multiple 
Comparison Test. n.s.: not significant, **p<0.01, ***p<0.001 

 

3.4 Cfa-miR-346 expression in plasma of infected dogs 

To explore the role of miR-346 in dogs naturally infected with Leishmania spp., a study 

was conducted on 29 mixed breed dogs from Pantelleria island and Marche region 

(central Italy), both endemic areas for leishmaniasis. The diagnosis of CanL was based on 

the presence of clinical signs (weight loss, skin and eye signs, lymphadenomegaly) and 

was confirmed by serological and/or qPCR-based methods, performed on blood and/or 

lymph node aspirates. In two cases (dog IDs 42 and 64) the isolation of the parasite was 

also obtained. Following the diagnostics evaluation, the dogs were divided into two 

groups, infected and non-infected, for Leishmania infection. The relative quantity of mir-

346 was evaluated in the plasma RNA from all dogs. The results showed that the 

amount of miR-346 in plasma of dogs naturally infected with L. (L.) infantum is 

significantly higher compared to non-infected dogs, confirming the previous finding 

obtained in vitro and suggesting the role of miR-346 as a marker of active infection (Fig. 

4). 
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[Figure 4] Relative amount of cfa-miR-346 in plasma of non-infected (n=11) and infected dogs (n=18).  
The scatter plot graph indicates the mean ± SD.  Unpaired t-test ***p<0.001 
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4. Discussion 

Many different mechanisms activated by Leishmania spp. to survive within the host cell 

have been described, e.g. counteracting the antigen presentation and interfering with 

the macrophage signaling cascade (Podinovskaia & Descoteaux, 2015). Among them, the 

role of the ER stress and Unfolded Protein Response (UPR), including the activation of 

IRE1-XBP1 and PERK/eIF2α/ATF4 arms of UPR, have also been investigated (Dias-

Teixeira et al., 2016, 2017; Galluzzi et al., 2016). Although dogs are considered of 

primary importance in the epidemiology of Leishmaniasis, the majority of the current 

knowledge about Leishmania-macrophage interaction comes from cell cultures of 

murine or human origin. In fact, a limited number of works used the canine monocyte 

cell line DH82 as cell model to study Leishmania infection. The DH82 cells can be 

considered an M2 subtype macrophage model for leishmaniasis (Nadaes et al., 2020), 

however, these cells were less permissive to L. infantum infection and showed a lower 

number of amastigotes per macrophages compared to mouse macrophages or human 

U937 cell line (Maia et al., 2007). This was evident also in the present work, since the 

infection indexes were rather low compared to human or murine models used in our 

previous publications (Diotallevi et al., 2018; Galluzzi et al., 2016). This could be 

explained by the fact that the DH82 canine monocytes were not differentiated by PMA 

before parasites addition and therefore can multiply during the infection influencing the 

% of infected macrophages. Moreover, little is known about the surface molecules 

presented in these cells involved in parasite recognition and uptake. The low infection 

index could explain the late induction of ER stress markers, which was evident only at 

48h post infection, in particular with L. infantum MHOM/TN/80/IPT1 and canine clinical 

isolate 42. A number of recent studies demonstrated that infections caused by several 

Leishmania species can induce alteration of miRNA profile in human, murine and canine 

macrophages (Acuña et al., 2020). We have recently investigated mir-346 expression in 

human U937 and THP-1-derived macrophages infected by L. infantum or L. braziliensis, 

finding a significant upregulation of this miRNA during infection (Diotallevi et al., 2018). 

In this work, we extended these findings to a canine monocyte cell line (DH82) by 

analyzing the induction of cfa-miR-346 after ER stress induction or Leishmania infection. 

First, we showed that treatment of DH82 cells with tunicamycin significantly induced ER 
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stress markers (including sXBP1); however, the mir-346 expression did not change, 

accounting for a sXBP1-independent mechanism of mir-346 induction in this cell line. 

Nevertheless, the ER stress markers induction with tunicamycin resulted moderate 

compared to U937, THP1 or murine macrophages (Galluzzi et al., 2016; Diotallevi et al., 

2018). In the same way, Nadaes et al., showed general low responsiveness in DH82 

stimulated by LPS compared with RAW264.7 cells in terms of reactive oxygen species 

(ROS) and nitric oxide (NO) production, underling a different activation mechanism in 

this cell line (Nadaes et al., 2020). On the other hand, the cfa-mir-346 was always 

significantly upregulated after infection with all Leishmania strains and at all times 

tested, including 24h from infection, when the expression of ER stress markers was still 

unchanged. Notably, we also showed that induction of mir-346 at early time of infection 

(6h) can be elicited also by HK parasites; however, cfa-miR-346 upregulation was 

maintained at later time points (24h and 48h) only in cells infected with viable parasites. 

Taken together, these data account for a mechanism of cfa-mir-346 induction in canine 

macrophage-like cells i) depending on active infection and ii) not related to the 

induction of the ER stress marker sXBP1 (unlike human and mouse cells). 

Afterwards, we investigated the presence of cfa-miR-346 in the plasma of dogs naturally 

infected by L. infantum in comparison with plasma obtained from non-infected dogs. 

Our data showed a significant increase of the cfa-miR-346 expression level in the plasma 

of infected dogs, suggesting a possible application of the circulating cfa-mir-346 as low-

invasive marker of infection. This could help to overcome the limit of PCR-based assays 

for Leishmania detection from whole blood, which presents lower sensitivity compared 

to bone marrow or lymph node samples (Solano-Gallego et al., 2017), as also 

demonstrated by qPCR results summarized in Table 1. Interestingly, similar to our 

findings, Nishimura et al showed that hsa-miR-346 is secreted from macrophages 

infected by the intracellular pathogen Mycobacterium avium complex, which has been 

demonstrated to elicit ER stress-induced apoptosis in infected macrophages (Go et al., 

2019), and proposed that its serum levels could be a potential biomarker of 

Mycobacterium avium complex pulmonary disease activity (Nishimura et al., 2017).  

In summary, miR-346 was found to be upregulated in the canine macrophagic-like cell 

line DH82 infected with four different strains/isolates of L. (L.) infantum, as well as 
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one L. (V.) braziliensis isolate, confirming previous findings in human cell lines and 

pointing to a possible common pathogenic mechanism in human and canine host cells. 

Moreover, since miR-346 has been shown to be upregulated in the plasma of dogs 

naturally infected by L. infantum, it could be considered a potential biomarker of 

Leishmaniasis.  
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Leishmaniases are a group of parasitic diseases caused by protozoa belonging to the 

Leishmania genus. Approximately 20 species are pathogenic to humans and the disease has 

a worldwide distribution. Italy and the Mediterranean basin are considered endemic areas 

for canine and human leishmaniasis caused by L. infantum species. In some geographical 

regions, like Latin America, several Leishmania species are endemic and simultaneously 

present. Since various species can cause different forms of the disease, a rapid diagnostic 

method for species discrimination, particularly in co-existing regions, that does not require 

parasite isolation, would be needed, not only for epidemiological studies, but also to predict 

the clinical disease evolution and choose the correct pharmacological therapy. Most of the 

qPCR assays available are not species-specific and identify only the Leishmania genus. We 

developed a diagnostic approach for Leishmania species discrimination based on multiple 

qPCRs followed by HRM analysis that allowed us to differentiate the subgenera Leishmania 

and Viannia and distinguish among L. infantum, L. amazonensis and L. mexicana. This 

approach has been implemented with both veterinary and human clinical samples, from 

Brazil, where L. infantum, L. amazonensis and Viannia subgenus species coexist, and from 

Mexico, where the main species is L. mexicana, which is genetically close to L. amazonensis. 

These studies allowed us to establish a diagnostic algorithm involving 3 different SYBR green-

based qPCR assays for the effective discrimination among Viannia subgenus, L. mexicana 

complex (including L. amazonensis and L. mexicana species) and L. (L.)  infantum. This 

approach could be useful in a clinical context in co-endemic regions for different Leishmania 

species to provide a rapid diagnosis and for epidemiological investigations. Furthermore, we 

showed that our assay designed on kDNA minicircles conserved regions (qPCR-ML) can also 

amplify the Old World species different from L. (L.) infantum [i.e. L. (L.) donovani, L. (L.) 

major, L. (L.) tropica and L. (L.) aethiopica] with good quantification limit; therefore, this 

assay could be considered as a pan-Leishmania assay. It is noteworthy that the two closely 

related species L. (L.) tropica and L. (L.) aethiopica were distinguished through HRM analysis 

of qPCR-ML amplicons. However, this could be considered a preliminary result due to the low 

number of strains analyzed. 

Besides the development of tools for Leishmania species discrimination, we wanted to find a 

rapid screening method to explore the genetic variability among the L. infantum strains in 

the Mediterranean region. To this end, a customized sequencing panel targeting 14 
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housekeeping genes was designed and MLST analysis was performed. The results allowed 

the selection of two informative polymorphisms on ME and GPI genes (390T/G and 

1834A/G, respectively) used to develop two HRM-based assays, which allowed to identify 6 

genotypes in L. infantum samples collected in the Mediterranean region. This study 

represents a description of the genetic variability of L. infantum through an approach based 

first on MLST and then on HRM analysis of selected polymorphisms. The HRM assays could 

be used as fast and cheap tools for epidemiological surveillance of L. infantum.  

Since L. (L.) infantum and L. (L.) donovani species are genetically closely related and are part 

of the same species complex, their molecular differentiation is a challenge. Moreover, they 

can coexist in the same geographical areas (such as Ethiopia) and cause the same clinical 

manifestations (VL). Future studies will be aimed to identify genetic polymorphisms that can 

be exploited to develop molecular assays useful to discriminate between these two species.  

Parallel to the identification of a rapid diagnostic method for species discrimination, the 

mechanisms underlying host-pathogen interaction were investigated. As already known, 

once that Leishmania infection is established, parasites are able to survive and replicate in 

the host macrophages subverting the host’s innate immune response. Among these 

mechanisms, we previously showed a mild but significant induction of the Unfolded Protein 

Response (UPR) in human and murine cell lines to promote parasites’ survival in the host 

cells. Moreover, we demonstrated that a microRNA, miR-346, related to the UPR-activated 

transcription factor sXBP1, with a potential role in the immune response modulation, was 

significantly upregulated in human macrophages infected with different L. infantum strains. 

Since dogs represent one of the most important reservoirs of infection for leishmaniasis, in 

the optic of a "one health" approach, we evaluated, for the first time, the gene expression of 

some ER stress-related genes and miR-346 by qPCR in a canine macrophage cell line (DH82) 

infected by either L. (Leishmania) or L. (Viannia) species and we compared the presence of 

the micro-RNA cfa-miR-346 in plasma of dogs healthy and naturally infected with L. 

infantum. The results in DH82 cells showed that cfa-mir-346 was induced post-infection with 

all Leishmania strain/isolates tested. Moreover, the cfa-miR-346 expression analysis on dogs’ 

plasma revealed a significant upregulation in infected dogs compared to healthy dogs. 

Despite the role of cfa-miR-346 during Leishmania infection needs to be deeply elucidated, 

these findings seem to identify the miRNA-346 as an infection marker in dogs affected by 
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leishmaniasis. Over the past decade, it has become clearer how the microRNAs are related to 

the pathogenesis of leishmaniasis. In this view, in collaboration with IZS Palermo, we are 

evaluating the miRNome of a human monocytic cell line (U937) differentiated into 

macrophages infected with L. infantum MHOM/IT/08/31U for 24h and 48h, using next-

generation sequencing (NGS) approach. Bioinformatics analyses of the data are still ongoing 

in search of dysregulated metabolic pathways following infection.  

Finally, in the last year, we worked on new drug screening and discovery against 

trypanosomatidae. Since the drugs currently available for the treatment of leishmaniasis are 

expensive, show high toxicity or are subject to drug resistance (as shown in the case report 

of chapter 6), the rapid identification of drug-resistant strains is important to direct the 

clinician to more effective treatment; moreover, the progress in the discovery of a safer, 

affordable, and effective therapeutic alternative is considered peremptory. In this view, we 

tested a small library of 12 3,3’-diindolylmethane (DIM) derivatives for their anti-leishmanial 

potential, first in terms of efficacy on L. infantum promastigotes and then on intracellular 

amastigotes. Five compounds showed activity on promastigotes with IC50 values below 10 

μM. In particular, the bis-indole compound URB1483 revealed a promising anti-leishmanial 

activity against both promastigotes and intracellular amastigotes, with low toxicity for the 

host cells. Starting from these preliminary results, we started a collaboration with the 

“Institute of Research and Innovation in Health” at the University of Porto. During my 

activity as visiting research, I tested a library of 35 3,3’-diindolylmethane derivatives, 

previously synthesized by Prof. Simone Lucarini from the University of Urbino, for their 

potential antiparasitic effects against L. infantum and Trypanosoma brucei, the causative 

agent of African trypanosomiasis.  The compounds have been tested in terms of efficacy on 

the extracellular form, and, after the evaluation of the cytotoxicity on THP1 cells, the 

molecules have been tested on L. infantum intracellular amastigotes. Ten and four 

compounds resulted active on T. brucei and L. infantum, respectively, with an IC50 below 

than 5 μM. These results allowed us to find new promising classes of compounds never 

tested before. The two best compounds have been selected for the in vivo experiments on 

Balb/C mice infected with L. infantum amastigotes. After 3 weeks of infection, the mice have 

been treated with 5mg/Kg IP of compound for 10 days. Unfortunately, at these conditions, 

the results did not show differences in terms of molecules efficacy compared with the 
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untreated mice. Nevertheless, the project is ongoing, and these findings represent the basis 

for further studies about the pharmacokinetics, pharmacodynamics, solubility test, 

bioavailability to optimize the new classes of compounds for the development of new 

therapeutical strategies. In this view, future work will be aimed to develop an effective 

delivery system using nanocarriers such as liposomes or decorated liposomes to improve 

selective uptake. Moreover, the molecular target(s) as well as mechanism of action of this 

class of compounds still needs to be investigated. 

In summary, this thesis illustrates our attempt to contribute to the improvement of both 

diagnostics and therapeutics, in the context of a one health approach, to reduce the burden 

of this complex and heterogeneous disease. 
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