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Abstract  

Leishmaniasis is a neglected tropical disease caused by protozoan parasites of the genus 

Leishmania and transmitted by female sand flies. The outcome of Leishmania infection depends 

both on host and pathogen factors. Similarly as L. major, L. tropica very often causes cutaneous 

leishmaniasis in humans, but in rare occasions can also visceralize and cause systemic disease. 

Leishmaniasis cause by L. tropica has become a major public health problem in different 

endemic foci due to recent outbreaks in several urban areas and spread to new regions.  The 

complications of the disease and lack of safe and effective drug and vaccine against the L. tropica 

infection require considerable attention to studies of the host-L. tropica interaction. Until 

recently, the research of leishmaniasis caused by L. tropica was limited due to lack of suitable 

inbred model and difficulties in inducing infection in animals. The aims of the present project 

were development of a suitable mouse model of the infection caused by L. tropica, and the study 

of mechanisms of the disease, and also mapping controlling genes/loci.  

We analysed susceptibility to L. tropica infection using recombinant congenic (RC) 

CcS/Dem mouse strains. These strains differ greatly in susceptibility to L. major due to random 

distribution of 12.5% of STS genome on 87.5% BALB/c background in their genomes. Our data 

showed that CcS/Dem strains exhibited various susceptibility to L. tropica infection. We proved 

strong influences of parasite species, host genetic and sex on development of pathology in L. 

major and L. tropica infection. The CcS-16 strain not only developed the highest degree of 

susceptibility to L. tropica, but also exhibited unique transient early peaks of CCL3 and CCL5.  

Further analysis of susceptibility to L. tropica using CcS/Dem series revealed that CcS-9 

not only has large lesion but also exhibited high visceral pathology after infection with L. tropica. 

To understand the reasons of the unique symptoms of CcS-9 strain, we evaluated recruitment of 

different types of immune cells to the tissues, and also performed the gene expression analysis.  

We demonstrated the unique role of inflammatory mediators that orchestrated immune 

responses through modulation of infiltration of different cell types to organs and tissues 

reflecting the level of susceptibility to L. tropica.   

We used CcS-16 strain to dissect the genetic susceptibility and functionally characterize 

the gene-loci regulating the immune responses and pathology to L. tropica. The present project 

describes the first identification of the genetic loci controlling susceptibility to L. tropica by 

mapping 8 Ltr (Leishmania tropica response) loci. Individual Ltr loci affect different subsets of 

the disease manifestations, exhibit organ specific effects and a separate control of parasite load 

and organ pathology. We observed multiple gene interactions controlling symptoms during L. 

tropica infection.  Ltr2, Ltr3, Ltr6 and Ltr8 showed single gene effect, while Ltr1, Ltr4, Ltr5 and 
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Ltr7 were detected only in gene-gene interactions with other Ltr loci. Interestingly, Ltr3 

exhibited the phenomenon of transgenerational parental effect on parasite numbers in spleen. 

Ltr1, which controlls parasite number in lymph nodes, was the most precisely mapped locus 

(4.07 Mb). Comparative analysis showed that five Ltr loci co-localized with previously identified 

loci controlling susceptibility to L. major, whereas three were likely L. tropica specific.   

The related project on human samples described in the thesis, identified the CD8+ T cells 

as the main producer of IFN-γ which might be the responsible cells for maintenance of 

protective immune response against human leishmaniasis.   

 Collectively, the thesis presents the new insight to the research of leishmaniasis caused 

by L. tropica. These studies provided experimental evidences that the host genotype and the 

host-L. tropica interactions significantly contributed to risk and development of the disease. For 

the first time, the present project described the role of the genes/loci that are involved in 

susceptibility to L. tropica infection. In addition, it underscored the importance of the host 

genetic for mechanism of the disease. These results also illustrate the contribution of 

inflammation and infiltration of various cells to the outcome of L. tropica infection. Such 

knowledge may also provide hints for the development of novel strategies of the disease control. 

Further deep characterization of L. tropica infection in CcS-9 and CcS-16 strains may help to 

understand the detailed mechanisms of the disease and would open new perspectives of the 

research, treatment and vaccine development against leishmaniasis caused by this parasite. 

Key words: L. tropica, host-pathogen intraction, genetic control, Ltr loci, recombinant 

congenic strain, inflammation, skin pathology, visceral pathology, chemokine, CcS-9, CcS-16  
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Abstrakt  

Leishmanióza je opomíjená tropická nemoc způsobená prvočím parazitem rodu Leishmania, 

který je přenášen samičkami flebotomů. Rozdílné projevy infekce leishmániemi závisí na 

vlastnostech hostitele i patogenu. Podobně jako L. major i L. tropica často způsobuje u člověka 

kožní leishmaniózu, ale ve výjimečných případech může také visceralizovat a vést k 

systémovému onemocnění. Kvůli propuknutí nemoci v několika městských oblastech a jejímu 

proniknutí do nových regionů se leishmanióza působená parazitem L. tropica stala jedním z 

hlavních problémů veřejného zdraví v těchto různých endemických ohniscích. Komplikace 

spojené s nemocí a chybějící bezpečný a efektivní lék a vakcína proti infekci L. tropica vyžadují, 

aby byla studiu interakcí hostitele a patogenu věnována zvýšená pozornost. Donedávna byl 

výzkum leishmaniózy působené parazitem L. tropica limitován neexistencí vhodného zvířecího 

inbredního modelu a problémy při vyvolání infekce u zvířat. Cíle předkládaného projektu 

zahrnovaly vyvinutí vhodného myšího modelu infekce působené L. tropica, studium 

mechanismů nemoci a mapování kontrolních genů/lokusů. 

Analyzovali jsme vnímavost k infekci L. tropica s použitím rekombinantních kongenních (RC) 

myších kmenů série CcS/Dem. Tyto kmeny se díky náhodné distribuci 12,5% genomu kmene 

STS na pozadí 87,5% genomu kmene BALB/c velmi liší ve vnímavosti k L. major. Naše data 

ukázala, že CcS/Dem kmeny vykazují různou vnímavost i k infekci L. tropica. Prokázali jsme silný 

vliv druhu parazita a genotypu a pohlaví hostitele na vývoj patologie u infekcí působených L. 

major a L. tropica. Kmen CcS-16 byl nejen nejvnímavější k L. tropica, ale také se vyznačoval 

unikátní zvýšenou hladinou CCL3 a CCL5 v raných fázích infekce. 

Další analýza vnímavosti k L. tropica s použitím CcS/Dem série odhalila, že CcS-9 byl jediný 

CcS/Dem kmen, který k velkým kožním lezím vykazoval i viscerální patologii. K porozumění 

důvodů unikátních symptomů kmenu CcS-9 jsme vyhodnotili infiltraci různých typů imunitních 

buněk do tkání a také provedli analýzu genové exprese. Ukázali jsme unikátní roli mediátorů 

zánětu, které řídily imunitní odpovědi skrze modulaci infiltrace různých buněčných typů do 

orgánů a tkání a to reflektovalo úroveň vnímavosti k L. tropica. 

Kmen CcS-16 jsme použili k analýze genetické vnímavosti a funkční charakterizaci genů/lokusů 

regulujících imunitní odpovědi a patologii při infekci L. tropica. Předkládaný projekt popisuje 

první identifikaci genetických lokusů kontrolujících vnímavost k L. tropica zmapováním 8 Ltr 

(Leishmania tropica response) lokusů. Každý z Ltr lokusů ovlivňuje různou podmnožinu projevů 

infekce, má různé orgánově specifické efekty a různě kontroluje počet parazitů a orgánovou 

patologii. Pozorovali jsme několik interakcí mezi geny kontrolující symptomy během infekce L. 

tropica. Ltr2, Ltr3, Ltr6 a Ltr8 vykazovaly efekt jednoho genu, zatímco Ltr1, Ltr4, Ltr5 a Ltr7 byly 
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detekovány jen v gen-gen interakci z jinými Ltr lukusy. Zajímavostí je, že Ltr3 vykazoval 

fenomén transgeneračního rodičovského efektu na počet parazitů ve slezině. Ltr1, který 

kontroluje počet parazitů v lymfatických uzlinách, byl nejpřesněji zmapovaný lokus (4.07 Mb). 

Srovnávací analýza ukázala, že pět Ltr lokusů kolokalizovalo s dříve identifikovanými lokusy 

kontrolujícími vnímavost k L. major, zatímco tři byly pravděpodobně specifické pro L. tropica. 

Příbuzný projekt s lidskými vzorky popsaný v poslední části práce identifikoval CD8 T buňky 

jako hlavní producenty IFN-γ. Tyto buňky tedy mohou být odpovědny za udržování protektivní 

imunitní reakce proti lidské leishmanióze. 

Práce prezentuje nový pohled na výzkum leishmaniózy působené L. tropica. Popisované studie 

poskytly experimentální důkazy, že genotyp hostitele a interakce mezi hostitelem a L. tropica 

významně ovlivňovaly riziko a rozvoj onemocnění. Předkládaný projekt jako první popsal roli 

genů/lokusů, které určují vnímavost k infekci L. tropica. Dále zdůraznil důležitost těchto lokusů 

pro mechanismus choroby. Tyto výsledky také ukazují vliv zánětu a infiltrace různých buněk na 

výsledek infekce L. tropica. Tyto znalosti mohou naznačit nové strategie kontroly choroby. Další 

podrobná charakterizace infekce L. tropica u kmenů CCS-9 a CCS-16 může pomoci pochopit 

detailní mechanismy onemocnění a otevřít nové perspektivy výzkumu, léčení a vývoji vakcíny 

proti leishmanióze způsobené tímto parazitem. 

Key words: L. tropica, interakce mezi hostitelem a parazitem, genetická kontrola, Ltr lokusy, 

rekombinantní kongenní kmeny, zánět, kožní patologie, viscerální patologie, chemokiny, CcS-9, 

CcS-16  
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Ufsp, Ufm1-specific protease 

Vdr, vitamin D receptor 

VL, visceral leishmaniasis 

VTL, viscerotropic leishmaniasis  

WHO, World Health Organization 
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Leishmaniasis 

Leishmaniasis is a parasitic disease that comprises a diverse array of clinical 

forms, ranging from non-lethal cutaneous leishmaniasis (CL) to potentially lethal 

visceral leishmaniasis (VL). Leishmaniasis is endemic in 98 countries on 5 continents 

(Figure 1), causing 20,000 to 40,000 deaths per year (1). Additionally, leishmaniasis may 

occur in patients who have traveled to endemic areas (2) or even in people who have 

not been to known endemic areas (3) . It has been reported that more than 350 million 

people are at risk. However, due to the prevalence of leishmaniasis in socio-economical 

areas that are considered as developing or under-developed countries, consistency 

surveillance and reporting has been compulsory in only 32 of the 98 countries estimated 

incidence seems to be much higher. These facts, accompanied with high cost of medical 

treatment, the real numbers of infected individuals might be much higher (1, 4).  The 

number of cases reported globally has increased over the past 10 years in part due to 

improved diagnostics, but also due to  increasing numbers   of drug resistant  cases, and  

a lack of adequate vector or reservoir control tools (5). Urbanisation, deforestation and 

climate changes cause spreading of transmission cycles from neibouring endemic 

regions to the new, previously non-endemic, areas (5). In addition, economic crises, 

natural disasters, armed conflicts and tourism to endemic areas result in exposure of 

susceptible populations to leishmaniasis and increasing number of affected cases (5). 

Leishmaniasis is a global health challenge, as there is no safe and effective vaccine 

against any form of human leishmaniasis.  Chemotherapy either have severe side effects 

(6) or  its use in developing countries is limited due to  the high market prices (for 

example,  $2,800 per treatment for Liposomal amphotericin B )(7). The emergence of 

HIV/AIDS infection and co-infection of HIV/Leishmania is another global health 

challenge, leading to modifications on the distribution map of leishmaniasis (8, 9). 
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Figure 1. Geographic distribution map of leishmaniasis (http://www.bvgh.org.) 

 

History of leishmaniasis 

Leishmaniasis is a disease with a long history dating back as far as the 7th 

century BC. The Old World cutaneous leishmaniasis was described on tablets in the 

library of Assyrian king Assurbanipal, some of which are thought to have been derived 

from earlier text from 1500-2500 BC .   The famous Persian physician Avicenna already 

described oriental sore in 10th century as Balkh sore. The New  World leishmaniasis  

was clearly represented in the pre-Incan pottery found in Ecuador and Peru (Figure 2), 

which displayed depictions of skin lesions and facial deformities  typical  for cutaneous 

and mucocutaneous leishmaniasis (MCL)  (10). One of the first and most important 

clinical descriptions of leishmaniasis was made in 1756 by Alexander Russell following 

the examination of a Turkish patient in Aleppo of the Ottoman Empire (now Syria) 

during his 13 years of residence.  

Russell published his gathered information (11) in which, he described a 

cutaneous disease: 
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“Cutaneous disease, thought by some to be peculiar to this place, has acquired the name of Il mal d’Aleppo, 

or Aleppo evil, among the Europeans. The natives call it Habt is Senne, or Botch of a Year, from the 

supposed time of its duration. In Turkish, Haleb Choban, or the Aleppo ulcer. This disease is not, however, 

peculiar to this place, being almost as common at Antab, and all the other villages on the banks 

Introduction 1-8 of the rivers Sejour and Coik, as at this place; which favours the opinion of its being 

occasioned by the water.” 

Interestingly, he characterized two forms of the disease, the female species 

(assumed to be L. major) and the male species (assumed to be L. tropica), as the origins 

of the above-described cutaneous disease: 

“What is called the female species begins like the former; but after a month or two it becomes somewhat 

painful, increases often to double the extent of the male, discharges a good deal of the ichorous matter from 

under the scab, and by degrees comes to have the appearance of an indigested scorbutic ulcer, with a livid 

circle round it; but seems to be no deeper than the tunica cellulosa. In this condition it remains for several 

months, and is in general about a year from its first appearance before it is cured; but this is not a thing 

certain, many getting well some months sooner, while others remain several months longer. After it is 

cicatrized, it leaves an ugly scar, which remains thro’ life, and for many months has a livid colour. When 

they are not irritated, they seldom give much pain.” 

Leishmania amastigotes have been first observed by Cunningham in human skin 

lesions of patients from India, but he suggested that the found pathogenes were 

members of Mycetozoa (fungi) (12). Protozoal nature of Leishmania was first recognized 

by Borovsky during his study of skin lesions in Turkmenistan (13).  In 1903 Leishman 

and Donovan first described the occurrence of the amastigotes which later called 

Leishman- Donovan bodies in spleen cells of patients in India (14, 15). 
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Figure 2. pre-Incan pottery displaying MCL found in Ecuador and Peru (Website of Museum of Art 

& Archaeology at the University of Missouri; http://maa.missouri.edu)  

Leishmania  

Obligate intracellular parasites of the genus Leishmania (order Kinetoplastida), of 

which 21 out of 30 species infect man (16), are the causative agent of the disease. The 

main species, that can induce leishmaniasis in human, are listed in the Table 1. 

Transmission of the parasites to the vertebrate host occurres following an infected 

female phlebotomine sand flies bite during a blood meal. Rare cases of non-insect 

transmission by sexual and direct contact, blood transfusions, and vertical transmission 

have been described (reviewed by (17)). 

The parasite has minimally two stages of life cycle in at least two hosts; sandfly 

vector and vertebrate (Figure 3). The reservoir hosts of most Leishmania species from 

which parasites are transmitted to humans are rodents and canids (zoonotic 
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leishmaniasis); only in some species (for example, L. tropica in urban areas) 

transmission from is infected to non-infected humans (anthroponotic leishmaniasis) 

(18). During the life cycle, Leishmania parasites present in two forms, which are 

morphologically distinct. In the female phlebotomine sandfly the promastigotes form 

which is extracellular, motile, and long with flagellum can be found. The amastigote form 

of the parasite lives in the cell and has a roundish morphology, no flagellum and it is not 

motile. Transformation from the amastigote stage to the promastigote stage occurs in 

the sandfly gut. Then the parasites move to the proboscis and can be injected into the 

host subcutaneously during the next blood-meal. Upon inoculation in the host skin, 

promastigotes are rapidly phagocytosed by antigen presenting cells (APCs) mainly   

macrophages [MΦ] and dendritic cells [DC] however they can infect also neutrophils, 

and fibroblasts of the mammalian host (18-20). Upon phagocytosis Leishmania survive 

and multiply inside the macrophages. These parasitized cells can be taken up again by 

another sanfly during a blood meal (Figure 3)  (18) .  

 

Figure 3. Infection cycle of leishmaniasis  (18) 
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The course of the disease associated with Leishmania infections is primarily 

dependent upon the parasite species, but also may be determined in part by the host 

genetic background, the inoculation size, nutritional status of the host (18, 21-24) . In 

addition, environmental and social factors also have a considerable impact on the 

outcome of the disease (5, 18). In humans, different species of Leishmania parasite can 

give rise to distinct clinical manifestations, ranging from a self-healing singular or 

multiple skin ulcers in cutaneous leishmaniasis to systemic disease in visceral 

leishmaniasis. Clinical symptoms of leishmaniasis can be found in three main clinical 

pictures: cutaneous, mucocutaneous and visceral leishmaniasis (Figure 4) ((5). 

 

Table 1: Species of Leishmania that cause the disease in human (5)  
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 A                                                            B                                                   C 

 

 

 

 

 

 

Figure 4. Clinical forms of leishmaniasis, from the left, CL, MCL and VL 

 

Cutaneous leishmaniasis 

Cutaneous leishmaniasis (CL) (Aleppo, aleppo boil, aleppo button, Baghdad boil, 

Balkan sore, Delhi boil, Jericho button, Oriental sore, Saldana, Salak, tropical sore) is 

widely distributed and the most prevalent form of leishmaniasis is characterized by 

papules and nodules which ulcerates and crusts over (Figure 4A). The lesion is usually 

localized to the site of sandfly bite on exposed parts of the body, more often on face, 

hands or feet.  CL is present in the Middle East in Central Asia and South America; 

Mediterranean region of Europe and the North and Central Africa. Causative agent of CL 

in Old World are L. major, L. tropica and L. aethiopica and also less commonly in the 

Mediterranean area L. infantum and L. donovani (25). In New World CL is caused by L. 

braziliensis, L. guyanensis, L. amazonensis, L. panamensis, L.mexicana and L. peruviana 

(Table 1)(26). Although most of the cases of CL are selfhealing within several months or 

1-2 years after infection but, they rarely convert to non-healing form refractory to all 

types of remedies.  



16 
 

Healed lesion are followed with permanent scar and deformation of skin which 

cause a major socio‐cultural and psychological stigma (27). Sometimes in anergic 

patients diffuse cutaneous leishmaniasis [DCL] can develop, which is characterized by 

formation of plaques, ulcers and nodules all over the body. This form of leishmaniasis, 

that is chronic and may recur after treatment, is most common in New World after 

infection with L. amazonensis but may occure after L. aethiopica infection in Old World 

(28). Another form of CL is leishmaniasis recidivans which is caused by L. tropica in 

chronic stage. The disease affects approximately 5% of patients infected with this 

species. This form of CL is characterized by a strong cellular immune response and 

frequent development of microsatellite lesions that relapse and ulcerate on previous 

scars. Treatment of recidivans is very difficult and extremely disfiguring (5). Although 

the substantial disease burden imposed by leishmaniasis in tropical and subtropical 

countries and large number of cases were reported in Europe, the disease has largely 

been ignored in the global health architecture. WHO has classified CL as a neglected 

tropical disease.  

 

Mucocutaneous leishmaniasis 

Mucocutaneous leishmaniasis (MCL) (also called espundia) is the most feared 

form of leishmaniasis. The disease results after dissemination of the parasites by direct 

extension, hematogenous or lymphatic metastasis from the site of infection into mucosal 

areas of the nasopharyngeal region. It is manifested by facial disfiguration and potential 

life threatening inflammatory disease (5) (Figure 4B). MCL is seen in both the New and 

Old World, associated with infections with L. (V) braziliensis, L.(V) panamensis and L.(V) 

guyanensis (Table 1). In MCL appearence of secondary bacterial infections are common, 

and this form of the disease can be fatal (5). 

Visceral leishmaniasis 

Visceral leishmaniasis (VL) or regional descriptive names such as Dum-dum 

fever, Sikari disease, Burdwan fever, Shahib's disease, tropical splenomegaly and Kala-
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azar, which means black sickness or black fever which is caused by L. donovani, L. 

chagasi and L. infantum occur mainly in poor rural and suburban areas of 5 countries: 

Bangladesh, India, Nepal, Sudan and Brazil (29-31). However, less common VL also may 

occur after L. tropica infection.  The parasite invades the phagocytic cells of internal 

organs, particularly the liver, spleen, bone marrow, lymph nodes and intestines. 

Hepatosplenomegaly, splenomegaly and severe immunodeficiency are hallmarks of VL. 

Mortality rate in VL is very high and even after treatment often leads to death. Post-Kala-

azar Dermal Leishmaniasis (PKDL) is a complicated form of VL which occurs within 

months or a year after VL if the case remains untreated or incompletely treated. The 

disease is characterized by a nodular rash, hypopigmented macules and/or butterfly 

erythema of the face (29, 30).  

 

Leishmaniasis in Europe 

Environmental aspects such as climate change, growing urbanisation, socio-

economic development, etc. are causing changes in the epidemiology of infectious 

diseases. The distribution of leishmaniasis worldwide is limited by the distribution of its 

vector sandfly, which is very susceptible to cold climate (32). Populations of 

Phlebotomus perniciosus, one of the known vectors of Mediterranean VL, have been 

found as far north as Paris (33), and recently also in Gerweiler in Germany (34). 

Leishmaniasis is endemic in all southern European countries (Portugal, Spain, France, 

Italy, Greece, Cyprus, Turkey), with approximately 700 new cases per year; 3950 if 

Turkey is included (35).  Zoonotic cutaneous and visceral leishmaniasis caused by L. 

infantum throughout the Mediterranean region and anthroponotic cutaneous 

leishmaniasis caused by L. tropica, which occurs sporadically in Greece and probably 

neighboring countries poses a high risk of introduction by migrants and travelers into 
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the rest of the EU (4). Infection with L. donovani has also been reported. Increasing in 

the number of dog travel poses a significant risk of introducing L. infantum into northern 

Europe. Emergence of leishmaniasis in Europe is specifically associated with traveling 

from Mediterranean region to neighboring temperate areas where there are vectors yet 

without disease. It is also partly linked with increasing in number of immunosuppressed 

people (4, 35). 

 

Leishmania tropica  

Infection caused by L. tropica is known to appear in urban area. The infection 

usually manifests as a dry lesion, crusted, slowly enlarging, with long incubation period 

and may not be ulcerative (36). Lesions due to L. major tend to present as single or 

multiple "wet" ulcers and develope much faster. L. tropica usually causes CL in human, 

but occasionally can viscerlaize and cause viscerotropic leishmaniasis (VTL) in endemic 

regions of the Old World (37, 38). Visceralized L. tropica was identified as the cause of 

an initially not understood systemic illness in veterans returning from desert storm who 

served in Saudi Arabia (39, 40).This parasite has been isolated from the bone marrow 

and spleens of patients with VTL and VL, and from dogs with VL (41). Visceralizing 

strains have been isolated from patients in Israel (42), Kenya (43), India (44), and 

disseminated cutaneous leishmaniasis accompanied with visceral leishmaniasis in Iran 

(45). L. tropica was also implicated in development of mucosal leishmaniasis in Iran 

(46). The reasons of this variability are not known. This parasite may also cause 

leishmaniasis recidivans, a recrudescent infection that fails to heal completely with new 

lesions emerging at the edge of the scar tissue. The geographical distribution of L. 

tropica extends from equatorial Africa to the southeast Europe, throughout the Middle 

East, Central Asia and India (23). The foci of L. tropica  have been found on Syria, Jordan, 
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Israel, Greek island Zakyntos, in Turkey, Morocco, Tunisia, Saudi Arabia, Yemen, Iran, 

Iraq, Afghanistan, Turkmenistan, India, Pakistan, Kenya, Ethiopia and Namibia 

(reviewed in (37)).  

Unlike L. major that only causes zoonotic CL with mainly rodent (Gerbillidae) 

reservoir hosts, transmission of L. tropica is thought to be either anthroponotic (can 

circulate among humans without the involvement of animal reservoirs) or zoonotic 

depending on the local ecology. African strains isolated from Namibia and Kenya, 

seemed to be zoonotic and suspected animal reservoirs were described (47). In this area 

direct transmission between people is unlikely to occur. The parasite were isolated from 

rats (Rattus rattus) and rock hyraxes (Procavia capensis) suggesting that these animals 

may be reservoir hosts (23).  In contrast with African countries, in the densely 

populated cities of west and central Asia, most of L. tropica infection in humans is 

transmitted anthroponotically. In contrast to L. major infection, CL caused by L. tropica, 

appears to be more recalcitrant to treatment with drugs and generally takes longer to 

heal (48, 49). In addition, resistance to antimonials has been reported in L. tropica CL 

patients from Iran (50).  

Until recently studies on L. tropica have more focused on clinical description of 

disease pathology, epidemiologocial studies or treatment.  Few studies about 

immunology and diseases mechanism have been performed and no genetic analysis of 

immunopathology has been performed.  This lack of information in part was due to lack 

of suitable animal models (38, 51, 52) as well as difficulties to produce infective 

inoculum (53). Development of lesions in commonly used strain of mice like BALB/c or 

C57BL/6, rats and hamsters is slow or not apparent (38, 53-55).  Golden hamster 

(Mesocricetus auratus) was considered to be the best model host of the L. tropica, but 

this host is not inbred. Only several strains of L. tropica have been described to cause 

cutaneous disease in inbred BALB/c mice (38, 56), thus providing a better defined host.  

In contrast to the extensive data about biology of immune response to L. major infection 

(reviewed in (57)) and its genetic control (reviewed in (18, 51)), there is relatively few 
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information about specific immunological mechanisms against L. tropica infection. 

Developing a well defined model for study of L. tropica would contribute to 

understanding of the clinical course of infection and presents different aspects of 

pathology in human. 

 

Studying complex diseases using mouse model: 

Establishment of DBA strain as the first inbred mouse in the early 19th, was 

beginning of development of many other inbred strains. Since that laboratory mice have 

been found as a powerful tool for biomedical research and play an important role in 

studies of human genetics (58). Besides successful human studies, mice are widely used 

as a model object in genetic studies to overcome problems of complex diseases research 

(Table 2). Such diseases are controlled by combined effects of multiple genes. The 

genetic heterogeneity of outbred human populations, extensive gene interactions, 

variations in allelic frequencies and the incomplete penetrance of disease-causing alleles 

make study of complex diseases on human much more difficult (18). To achieve 

significant results, human genetic studies require sufficient number (tens of thousands) 

(59) of patients as well as healthy controls. Moreover, taking into account contribution 

of environmental and social parameters the studies are extremely difficult or sometime 

impossible in human. Mice are easy to breed, have short life span, high reproductive 

rates, ease of handling, an ability to select breeding and littermates, alter experiment 

design, housing conditions and finally appeared to be cost effective.  Comparative 

analysis of mouse and human genomes showed 99% homology and high similarity (60). 

Most of genes controlling physiological functions are highly conserved between human 

and mouse. That is why these species share most physiological and pathological features 

(61). Humans are more like mice than they might think. This allows prediction of 

particular genetic region in human which was identified in mouse model studies (62). 
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Table 2. Human versus murine studies 

Advantages Disadvantages 

Human studies Mouse model Human studies Mouse model 

Sequenced genotype 

Sequenced genotype, 

fast breeding, controlled 

producing of genotypes. 

Highly heterogeneous 

human population. 

Genetic differences 

between human and 

mouse. 

General similarity of 

most effects of genes 

among groups of 

various nationalities 

and living areas. 

High level of homology 

between human and 

mouse. 

Differences in 

haplotypes and 

combined effects of 

genes among groups of 

various nationalities 

and living areas. 

General differences in 

physiology between 

human and mouse. 

Results can be 

applicable to all or 

significant part of the 

human population. 

Few hundred of animals 

are enough for QTLs 

search. 

Tens of thousands 

patients and controls 

needed for a study. 

Some results may be not 

applicable to human. 

High number of genes 

identified in human 

GWAS. 

One locus can explain 

high percentage of 

variance for a trait. 

Low percentage of 

variance explained by 

each locus for a trait. 

Difficulties in 

identification of 

potential candidate 

genes from long QTLs 

with hundreds of genes. 

- 
Easy, cheap and 

standard keeping. 

Different social and 

environmental 

conditions. 

- 

- 

Creation of appropriate 

experimental groups in 

short time. 

Ethical and geographical 

obstacles for involving 

of appropriate patients. 

- 

- 

Easy obtaining of cells 

and tissues; wide 

spectrum of approaches 

for analysis. 

A range of tissues may 

be hardly accessible; 

spectrum of 

experimental methods 

is more restricted. 

- 

 

All these factors made results obtained from mouse genetic research particularly 

helpful for studies of complex diseases in human (60).  The mouse consequently became 

a key model organism for the analysis of human infectious diseases. Despite existing 
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differences, mice and humans exhibit relatively similar immune responses; they also can 

often be challenged with the same pathogens (63), including Leishmania.  

 

Experimental animal model of leishmaniasis 

  As Leishmania parasites are often able to infect several mammal hosts, it is 

possible to study immunopathology and other aspect of leishmaniasis using an animal 

model. In few animals, like human, Leishmania infection causes severe implication, 

however the parasite can cause only minor or nor symptom in many mammalian species 

that is why it may be difficult to recognize the infection. It should be mentioned that 

from the point of epidemiology, humans may be considered as secondary or accidental 

hosts of Leishmania (64).  Taking into account a wide variety and complexity of hosts, 

choosing a proper animal model is difficult and should be applied to the individual goal 

(65). Several animal models of leishmaniasis,  such as mouse, hamster, dog and non-

human primates, were  established to study the different aspects of leishmaniasis, 

including pathology, the disease mechanism and testing of candidate drugs or vaccines 

against CL and VL (64, 66). Golden hamster was one of the first animal models, which 

was used to evaluate chemotherapy ((67, 68). Whereas early studies on guinea pigs 

revealed  the role of cell mediated immunity [CMI] in protection against Leishmania 

parasites (69, 70), a mouse model appeared to be the most prominent animal model for 

studies of leishmaniasis.  Leishmaniasis research in human met the same obstacles as 

research of any other complex disease, thus scientists turned to mouse models. 

Probably, the first experiments with murine leishmaniaisis were performed in 1950th 

(71). In the 70’s, Kellina classified the strain BALB/c as very susceptible, C3H/A, CC57W 

and DBA/2 as intermediate and AKR, CBA, A/He and C57/BL6 as resistant strains to L. 

tropica major (72). Later it was confirmed that, in contrast to CBA or C57BL/6 mice, 
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BALB/c strain is highly susceptible to Leishmania parasites, including L. major (73). This 

indicated strong influence of the genetic background of inbred mouse strains on the 

outcome of leishmaniasis (74). Since then, several mouse models of leishmaniasis were 

extensively used to study immunopathlogical and genetic aspects, and brought most of 

information available now. According to severity of the disease manifestations, majority 

of mouse strains could be attributed to either Leishmania-resistant, or susceptible or 

intermediate (18). In most mouse strains (e.g. A/J, C57BL/6, C57BL/10Sn, C3H, B10.D2, 

CcS-5 and STS/A), L. major infection causes no or only temporary pathological changes, 

whereas in some strains (BALB/c, SWR/J, MAI, P/J, CcS-16) the parasites disseminate 

from the original cutaneous site of infection and cause a systemic disease affecting skin 

and visceral organs (18, 57). It is accepted now that a Th1 cell-mediated type of 

response is appropriate for combating infection by intracellular pathogens (e.g.  

Leishmania parasites), whereas Th2 response is required for protection against 

extracellular pathogens (57). Extensive study on the murine model of leishmaniasis 

caused by L. major showed that the general mechanism of the protective immune 

response against Leishmania infection is held via activation of multifunctional CD4+ T 

cells, boosting production of IFN-γ, IL-2, and TNF and limiting levels of IL-4 and IL-10 

(75). Ultimately, Th1-cytokine producing cells overwhelm IL-4 producing cells, and 

upregulate antimicrobial effector mechanisms, including the acidification of the 

phagosomes, expression of iNOS and subsequent generation of nitric oxide by infected 

macrophages and neutrophils which results in killing the parasite and resolving the 

infection (18, 57, 76). IL-12 stimulates phagocyte-dependent immunity and promotes 

development of cellular immunity and a robust Th1 response against intracellular 

pathogen and Leishmania infection (77). It was shown that administration of IL-12 

cytokine into BALB/c mice caused resistance (78, 79) whease depletion of IL-12 
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receptor in resistant mice led to uncontroled L. major infection (80). The most important 

effector cytokines in the Th1 response are IFN-γ and TNF-α, which are the key molecules 

in activation of macrophages in classical way (81).  At the very early stage of the 

infection, IFN-γ is mainly supplied by natural killer (NK) cells (82, 83). It is important to 

emphasize that protective immunity is not caused by an exclusive Th1 differentiation, 

but rather the predominance of a Th1 response (84-86). Interestingly, even though the 

pathology is absent in a resistant host due to strong immune protection, a cured 

individual may harbor very small (less than 1000 per mice) (87, 88), but roughly 

constant number of parasite whole life long (89). Possibly, the persistent parasites may 

promote maintenance of protective immunity against subsequent infection (90). The 

persistence of the parasite makes these host a reservoir for the pathogen (88, 91). The 

persistent parasite can also be reactivated under immunosupression conditions, such as 

HIV co-infection (92, 93).   

In spite of protective immune response in a resistant host, the early production of 

IL-4 and/or IL-13 is associated with susceptibility to leishmaniasis (94). Nevertheless it 

was shown that when present during the initial activation of dendritic cells (DCs) by 

infectious agents, IL-4 instructed DCs to produce IL-12 and promote TH1 development 

(95).It has been identified that oligoclonal population of T cells possessing a Vβ4Vα8 T 

cell receptor are the main supplier of early IL-4 which was produced in response to the 

Leishmania homolog of receptors for activated kinase (LACK) antigen (96). IL-13 and 

regulatory cytokine IL-10 are also important in development of Th2 response in 

susceptible mice (97, 98). These molecules not only promote Th2 response but also 

down-regulation of IL-12 receptor and eventually Th1 response and increased 

inflammatory cell infiltrate (57, 98).  
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It is now well appreciated that the mechanisms involved in the immunopathology 

of leishmaniasis are very complex and despite an important role of Th1/Th2 cells in 

creation of resistance/susceptibility to Leishmania infection, it seems that many other 

cell types, and immunological and physiological factors are involved in final outcome of 

the disease. Recent investigations have added further complexity to the parameters, 

which are involved in mechanisms of the disease. It was shown that the Th17 CD4 cells 

which are present in high number in  infected BALB/c mice are associated with 

susceptibility to L. major parasites, (99, 100).  Defect in IL-17 production in BALB/c mice 

is associated with resistance to L. major (99). It was also shown that Th9 cells and T 

follicular helper cells (Tfh) could also be involved in susceptibility to leishmaniasis 

(100). Increasing neutrophil recruitment may also promote susceptibility to Leishmania 

(99, 100).  

In humans, most of the evidence suggesting the association of Th1 with cure and 

immunity is applicable to CL. In contrast, in chronic CL or ML cases, a combination of 

Th1 and Th2 response is observed (5). In VL, a different pattern of cytokine profile 

occurs (100, 101).  Activation of Th1, Th2, Th17 or other cell types, along with cytokines 

and chemokines production and infiltration of effector cells into the site of infection, 

orchestrates the corresponding type of immune response against the diseases (100).  

Appearance of clinical symptoms and immune responses in leishmaniasis are strongly 

dependent on Leishmania species and presence of parasitic factors which are involved in 

virulence of the parasite (Table 3).  
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Table 3. Factors which are involved in parasite virulence  

Molecules 
disrupted 
gene  

parasite 
species 

 Infection 
Model  Outcome Reference 

A2  
Antisense 
RNA A2  L. donovani  BALB/c  Reduced survival  (102)  

CPA/CPB  CPA/CPB  L. mexicana BALB/c  

Virulence 
attenuation, no lesion 
formation (103, 104) 

LMPK  Δsap1‐sap2  L. mexicana BALB/c  No lesion formation (105) 
LPG  Lpg‐1‐/‐ L. major  BALB/c  Virulence attenuation (106) 

HASPB  haspb null  L. major  BALB/c  
Virulence 
enhancement (107) 

GP63  gp63‐/‐ L. major  BALB/c  
Delayed lesion 
formation (108) 

LACK 
 Lack1‐/‐or 
Lack2‐/‐ L. major  BALB/c  Virulence attenuation (109) 

LIT  Δlit1  
L. 
amazonensis  BALB/c  Reduced virulence (110) 

SIR  Sir‐/‐ L. infantum  BALB/c  Reduced infectivity (111, 112) 
lpg2 lpg2(-) L. donovani BALB/c Virulence attenuation (113) 
ODC1 and 
ODC2 

Δodc1 and 
Δodc2 L. donovani BALB/c  Reduced virulence (114)  

spdsyn Δspdsyn L. donovani BALB/c Reduced virulence (115) 

atg5 
Δatg5 

L. major BALB/c 

Differentiation defect 
and reduced 
infectivity (116) 

LHR1 Δlhr1 
L. 
amazonensis  C57BL/6 

Restored  
intracellular growth, 
No lesion formation (117) 

Ldp27 Ldp27(-/-)  L. donovani  BALB/c 

limited persistence 
and  non pathogenic 
in vicseral organs, 
protection against 
secondary infection (118) 

Ufsp Ufsp(-/-) L. donovani BALB/c Reduced virulence  (119) 
 

Previous studies have indicated that host genetic factors are implicated in 

explaining inter-individual variation in susceptibility to leishmaniasis although the 

current understanding of the specific host genetic factors which influence the 

development of these diseases is limited.  
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Studying genetic control of leishmaniasis 

Despite the differences between the human disease and the mouse models, most 

of information obtained from the mouse is applicable to human leishmaniasis (120). 

Studies of leishmaniasis in mice have been of immense interest because they allow 

extensive experimental manipulation and reproduce many of the features of the human 

disease (18, 57). Several experimental models have been used to determine the 

susceptibility and resistance mechanisms triggered by infection with L. major. The 

extensive information about the genetics of leishmaniasis in mouse models revealed a 

multigenic basis of susceptibility, with heterogeneous effects of individual genes, and 

highlighted the ability to resolve genetic control at different stages of the disease (18). 

This genetic evidence correlates well with the complexity of the response to infection 

that has been revealed by immunological studies (18). The search for loci and genes 

controlling leishmaniasis included hypothesis-free genome-wide linkage analysis and 

association mapping, and hypothesis-based candidate gene approach.  

Hypothesis-based reverse genetic or candidate gene-driven approach is based on 

previously identified functions and the role of a gene in the immune system. Using 

transgenic and knockout technologies, it includes manipulation of sequence and 

expression (insertion, inactivation or modification) of a specific gene in the whole 

animal while the rest of the genome is constant. Observation of changes of phenotype 

can reveal details of the gene function within pathology. Typing of candidate genes, 

which were chosen on the basis of previous immunological studies, detected influence of 

polymorphism in HLA-Cw7, HLA-DQw3, HLA-DR, TNFA (tumor necrosis factor alpha), 

TNFB, IL4, IFNGR1 (interferon gamma receptor 1) (reviewed in (18)), TGFB1 

(transforming growth factor, beta 1), IL1, IL6, CCL2/MCP1 (chemokine (C-C motif) ligand 
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2), CXCR1 (chemokine (C-X-C motif) receptor 1), CXCR2 (chemokine (C-X-C motif) 

receptor 2), FCN2 (ficolin-2) and MBL2 (mannose-binding lectin (protein C) 2) 

(reviewed in (121)) on response to different human leishmaniasis (Table 4).  

Table 4. Genes involved in leishmaniasis which are identified by candidate gene-driven approach  

Molecule
s 

Disrupted 
gene  

 Infection 
Model  

parasite 
species Outcome 

Phenotype 

Reference 

IFN‐γ  IFN‐γ‐/‐ C57BL/6  L. major  Susceptibility 
dramatic increase in lesion size 

(122) 

IFN‐γ 
IFN‐γ receptor 
‐/‐ 129/Sv  L. major  Susceptibility 

dramatic increase in lesion size, 
increase in number of parasite in 
LN and spleen 

(123) 

IL‐4  IL‐4‐/‐  BALB/c  L. major  Resistance 
not developing lesion 

(124) 

IL‐12 
 IL‐12 p35‐/‐, 
IL‐12 p40‐/‐  129/Sv  L. major Susceptibility 

dramatic increase in lesion size, 
lack of DTH response 

(125) 

IL‐6  IL‐6‐/‐ C57BL/6  L. major  Resistance 

not developing lesion, decrease in 
parasite number in spleen and 
lesion site 

(126) 

IRF-1 IRF-1−/− C57BL/6 L. major Susceptibility 

increae in lesion size, decrease in 
IFNgamma production, increased 
IL-4, Leishmania-specific IgG1 
and IgE 

(127) 

IL‐13 IL‐13‐/‐ BALB/c  L. major  Resistance 
decrease in lesion size 

(97) 

IL‐13 
IL‐13‐
overexpressing  C57BL/6  L. major  Susceptibility  

suppression of IL-12 and IFN-
gamma expression, increase in 
lesion development 

(97) 

IL‐10  IL‐10‐/‐ BALB/c   L. major  Resistance  

decrease in lesion size, decrease 
in parasite in lesion site 

(128-130) 

IL‐10 
IL‐10‐/‐ 

C57BL/6 L. major Susceptibility 
increase lesion size  

(129) 

IL‐10 

IL-10 signaling 
deficient 

C57BL/6 L. major Susceptibility 
increase in lesion size  

(129) 

IL17 

 

neutralization 
of IL-17 in IL-
10 signaling 
deficient 

C57BL/6 L. major Resistance 
reduction of lesion size 

(129) 
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TNF‐α  TNF‐α‐/‐ C57BL/6   L. major  Susceptibility  

increase in lesion size and 
parasite number in spleen and LN  

(131, 132)  

MyD88  MyD88‐/‐ C57BL/6  L. major  Susceptibility  
 increase in lesion size  

(133) 

FasL FasL-deficient C57BL/6 L. major Resistance 

reduction of lesion size and 
parasite number in LN 

(134) 

FcγR FcγR−/− 
BALB/c L. major Resistance 

reduction of lesion size, and IL-
10, IL-4 production 

(130) 

FcγR FcγR KO BALB/c L. major Resistance 
reduction of lesion size 

 

CD103 CD103−/− BALB/c L. major Resistance 

reduction of lesion size and 
parasite number in LN and skin 

(135) 

CCR5 CCR5−/−  C57BL/6 L. major Resistance 

increae in  IFNgamma production, 
decreased parasite number in 
skin, and lesion size 

(136) 

CCR2  CCR2 KO C57BL/6 L. major Resistance 

reduced lesion size, parasite 
number in LN, spleen and skin 

(137) 

IL-1RI IL-1RI-/- C57BL/6 L. major Resistance 

reduced lesion size, parasite 
number in skin 

(138) 

SOCS3  SOCS3 KO C57BL/6 L. major Susceptibility 

increased parasite number in skin 
and TGF-β, reduced serum 
antibody levels 

(139) 

B cell 
B cell–deficient 
µMT mice C57BL/6 L. major Susceptibility 

enhanced lesion progression 
(140) 

Fcγ Fcγ−/− C57BL/6 L. major Susceptibility 
enhanced lesion progression 

(140) 

MCP-1 
MCP-1 nockin 
L. major BALB/c  L. major Resistance 

Reduced lesion size, parasite 
number in LN, spleen and skin 

(137) 

Dyslipid
emia 

apoE−/− C57BL/6 L. major Susceptibility 

increased parasite number in skin 
and lesion size 

(141) 

Ltbeta LTbeta-/- C57Bl/6 L. major Susceptibility 

increased lesion size and parasite 
in lesion 

(142) 

TLR9 TLR9–/– C57BL/6 L. major Susceptibility 

increased lesion size and parasite 
in lesion and LN 

(143) 

BOB.1/O
BF.1 

BOB.1/OBF.1-
/- C57BL/6 L. major Susceptibility 

increased lesion size and parasite 
in lesion and LN 

(144) 

Vdr-KO Vdr-KO C57BL/6 L. major Resistance 

reduced lesion size, parasite  in 
skin 

(145) 

STAT1 STAT1−/− 129/Sv L. major Susceptibility increased lesion size and parasite (146, 147) 
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in lesion 

Bim Bim-/-  C57BL/6 L. major Resistance 

increase in IFN-γ production, low 
parasite number in lesion and LN 

(148) 

DM and 
Ii 

DM−/− and 
DM−/−Ii−/− 

DM-/- 
B10.BR L. major Resistance 

reduction of lesion size and 
parasite in skin, spleen and liver 

(149) 

IL-17 IL-17−/− BALB/c L. major Resistance  

reduced lesion size and parasite  
in skin 

(99)  

CR3 
CD11b KO BALB/c  L. major Resistance 

reduced lesion size and parasite  
in skin 

(150)  

CCR2 Ccr2(-/-) 
C57BL6 x 
129/Sv  L. major Susceptibility 

increased lesion size and spleen 
parasite number 

(151)  

4E-
BP1/2 BP1/2-/- BALB/c L. major Resistance 

reduced lesion size, increase in 
IFN-γ and iNOs mRNA level 

(152)  

PKCδ PKCδ−/− 129/Sv L. major Susceptibility 

increased lesion size and parasite 
in lesion and LN 

(153)  

Irf-4 Irf4−/− C57BL/6 L. major Susceptibility 
increased lesion size 

(154) 

iNOS  iNOS‐/‐  
C57BL6 x 
129/Sv  

L. 
donovan
i  Susceptibility 

increased parasite number in 
liver 

(155) 

Nramp‐1  
Nramp‐1‐
/Asp169  129/Sv 

L.donova
ni  Susceptibility 

increased parasite number in 
liver 

(156)  

T-bet T-bet−/− 129/S6 

L. 
donovan
i Susceptibility 

increased parasite number in 
liver and spleen 

(157) 

STAT1 STAT1−/− 129/S 

L. 
donovan
i Resistance 

decreased  parasite number in 
liver and spleen 

(157) 

IL-4Rα IL-4Rα-/- BALB/c 

L. 
donovan
i  susceptibility 

increased  parasite number in 
liver, spleen  

(158) 

IL-13 IL-13-/- BALB/c 

L. 
donovan
i susceptibility 

increased  parasite number in 
liver, spleen and bone marrow 

(159) 

Irf-7 Irf-7(-/-) C57BL/6 

L. 
donovan
i Susceptibility 

increased  parasite number in 
liver, low iNOs production 

(160) 

IFNAR IFNAR−/− 129/Sv 

L. 
amazone
nsis Resistance 

reduction of lesion size and 
parasite number in lesion 

(161) 

CAMP Cnlp-/- BALB/c 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN, spleen and 
bone marrow 

(162) 



31 
 

MyD88  MyD88‐/‐ C57BL/6 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN and  spleen  

(163) 

IL-1β Il1r−/− C57BL/6 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN and  spleen  

(163) 

Casp1 Casp1−/− C57BL/6 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN and  spleen  

(163) 

Pycard Pycard−/− C57BL/6 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN and  spleen  

(163) 

Nlrp3 Nlrp3−/− C57BL/6 

L. 
amazone
nsis Susceptibility 

increased  lesion size, parasite 
number in skin, LN and  spleen  

(163) 

LXRαand 
LXRαβ 

LXRα−/− and 
LXRαβ−/− C57Bl/6 

L. 
chagasi/
infantu
m Resistance 

decreased  parasite number in 
liver and spleen 

(164) 

Dectin-1 Clec7a−/− C57BL/6 

L. 
infantu
m  Susceptibility 

more parasite in spleen and blood 
 (165) 

mannose 
receptor Mrc1−/− C57BL/6 

L. 
infantu
m  Susceptibility 

more parasite in spleen and blood 
 (165) 

IgG1  IgG1 KO C57BL/6 

L. 
mexican
a  Resistance 

decreased lesion size and parasite 
in lesion 

(166) 

MKP-2 MKP-2-/- 
C57BL6 x 
129/Sv  

L. 
mexican
a  Susceptibility 

decreased lesion size and parasite 
in lesion 

(167) 

iNOS iNOS−/− C57BL/6 

L. 
brazilien
sis Susceptibility 

increased lesion size and parasite 
number in  skin and LN 

(168) 

IL-12p35 IL-12p35−/− BALB/c 

L. 
brazilien
sis Susceptibility 

increased  lesion size and 
(168) 

IL-
12p35/p
40 

IL-
12p35/p40−/− C57BL/6 

L. 
brazilien
sis Susceptibility 

increased  lesion size and parasite 
number in  spleen, skin and LN 

(168) 

STAT4 STAT4−/− BALB/c 

L. 
brazilien
sis Susceptibility 

increased   lesion size  
(168) 

TNF TNF−/− C57BL/6 

L. 
brazilien
sis Susceptibility 

increased   lesion size  
(168) 

TLR2 TLR2-/- C57BL/6J 

L. 
brazilien
sis Resistance 

decreased  lesion size  
(169) 

MyD88 MyD88−/− C57Bl/6 

L. 
brazilien
sis Susceptibility 

increased  lesion size  
(169) 

IL-13and 
IL-4Rα 

IL-13(-/-) and 
IL-4Rα(-/-) BALB/c  

L. (V.) 
paname
nsis Resistance 

decreased  lesion size  
(170) 
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Despite remarkable advantages of candidate gene approach, it is not suitable for 

the genome-wide systemic study of the complex disease regulation. Hypothesis-free 

forward genetic approach or phenotype-driven approach aims to identify the genetic 

basis of the observed phenotypes. This approach can be performed using inbred and 

various recombinant strains (171). Research or phenotype variation between mouse 

strains allowed identifying many important principles of immunological responses, 

including the discovery of MHC restriction and the influence of Th1 versus Th2 

responses on pathogen resistance (171, 172). Phenotype-driven research on 

susceptibility genes included genome-wide linkage and association studies (GWAS). 

Human GWAS revealed polymorphism in IL2RB (interleukin 2 receptor, beta chain) 

(173) and DLL1 (delta-like 1 (Drosophila)) (174) that controls susceptibility to L. 

donovani and L. infantum chagasi / L. donovani respectively.  Genome-wide association 

study also showed that common variants in the HLA-DRB1-HLA-DQA1 HLA class II 

region influenced susceptibility to L. donovani and L. infantum chagasi (175). 

Genome-wide linkage scan in murine model of leishmaniasis revealed 

susceptibility gene Nramp1 (Natural resistance-associated macrophage protein 

1)/Slc11a1 (solute carrier family 11 (proton-coupled divalent metal ion transporters), 

member 1) (176). The role of this gene has also been proved in human (18). Wound 

healing related gene Fli1 (friend leukaemia integration 1) was first identified to 

influence cutaneous leishmaniasis caused by L. major in mouse (177), and later also 

discovered to have impact on susceptibility to L. braziliensis caused cutaneous 

leishmaniasis in human (178).  
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Interestingly, many of the susceptibility genes or loci identified in mice were co-

localized with human genes which had role in controlling severity of the disease (Table 

5). Polymorphism in IL-1β gene was associated with susceptibility to L. mexicana (179) 

and L. infantum in human; it co-localized with Lmr14 locus containing IL-1 gene in 

mouse (180). The MIF gene, which co-locilizes with Lmr19 locus in mouse(181), was 

proven to have influence on susceptibility to L. braziliensis (182).  Lmr5 on mouse 

chromosome 10 (183)contains Ifng gene, which was associated with susceptibility to L. 

donovani infection in human (184). CCL2 located in Lmr15 locus in mice (180) 

influenced the outcome of the disease after infection with L. braziliensis (185). The 

candidate gene Flii in mouse Lmr15 was also proven to have controlling effect on human 

leishmaniasis after L. braziliensis infection (186). Previously identified locus 5q23.3-q31 

in human contains IL-4 gene (187) which co-localized with Lmr15 locus in mouse (180).  

Mouse Lmr6 (183) contains Lif gene which co-localized with the locus 22q12 in human, 

and might play a role in susceptibility to leishmaniasis (188, 189). Lmr13 susceptibility 

locus in murine leishmaniasis (190)contains SMAD2, 4, 7 genes, which were proven to 

control susceptibility after L. braziliensis infection (186). 

Natural polymorphisms detected in mouse genes bg (beige)/Lyst (lysosomal 

trafficking regulator) (191) and cationic amino acid transporter Slc7a2 (solute carrier 

family 7 (cationic amino acid transporter, y+ system), member 2) (192) influenced 

response to L. donovani (193) and L. major (192) respectively. It remains to be tested, 

whether homologous genes also play role in humans.  
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Table 5.  Co-localization of mouse genes/loci with human genes/loci which are involved in leishmaniasis  

 

Mouse  study  
    

Human study 
   

Locus or 
gene Chr 

Posit
ion 
in 
cM 

Leishmania 
species Trait controlled 

candidate 
gene Reference 

Leishmania 
species 

Form 
of the 
diseas
e region study design  

candida
te gene 

Refere
nce 

Lsh/Nramp
1/Slc11a1 1 39.2 

L. donovani, L. 
infantum, L. 
mexicana parasite numbers in liver spleen   NRAMP1 (194-196)  L. donovani VL 

Sudan/
Masalit 67 nuclear families (n=312) NRAMP1 

(184, 
197) 

Lmr14 2 73 L. major 
hepatomegaly, splenomegaly, IgE, IFN-
γ, IL-12, TNF-α, proliferation 

Il-1 
complex 

(180, 181, 
190) 

Leishmania 
mexicana 

LCL/DC
L Mexica 

58  mestizo patients with LCL, 
6 with DCL and 123 control 
cases IL-1b (179) 

Lmr14 2 73 L. major 
hepatomegaly, splenomegaly, IgE, IFN-
γ, IL-12, TNF-α, proliferation 

Il-1 
complex 

(180, 181, 
190) L. infantum VL Iran 

95 pediatric patients /and 128 
non-relative healthy IL-1b (198) 

Lmr16 2 99 L. major proliferation 
CD40, 
Mmp9 (181) L. chagasi VL Brazil 45 individual  

CD40, 
MMP-9 (199) 

Lmr11 3 41 L. major IgE, IL-6 
Il-12a, Il-
6ra (181, 190) L. donovani VL Sudan 63 nuclear families (n=280) 

IL-2RB 
 (173) 

Lmr3 5 42 L. major 
splenomegaly, hepatomegaly, skin 
lesions, Ig-E, IFN-γ, proliferation Cd40l 

(181, 183, 
190) L. chagasi VL Brazil 45 individuals 

CD40, 
MMP-9 (199)  

Lmr4 6 48.7 L. major skin lesions, IFN-γ Il-12rb2 (183) L. donovani VL Sudan 63 nuclear families (n=280) 
IL-2RB 

 (173)  
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Lmr17 9 17 L. major IFN-γ, TNF-α Fli1, Nfrkb (181) L. braziliensis CL/ML Brazil 

168 nuclear families (250 CL; 
87 ML cases) and replicated in 
157 families (402 CL; 39 ML 
cases) FLI1 (178)  

Lmr2 9 29 L. major skin lesions 

Tirap, Fli1, 
Il-10r, 
Mmp 
family, 
Aplp2 (177, 200) L. braziliensis CL/ML Brazil 

168 nuclear families (250 CL; 
87 ML cases) and replicated in 
157 families (402 CL; 39 ML 
cases) FLI1 (178)  

Lmr19 10 45 L. major proliferation 
Mif,Itgb2, 
Timp3 (181) L. braziliensis CL Brazil 

110 cutaneous leishmaniasis 
(CL) patients and 682 healthy 
subjects MIF,TNF (182)  

Lmr5 10 63 L. major 
skin lesions, splenomegaly, IgE, IFN-γ, 
IL-12 Ifng, Stat6 

(181, 183, 
190) L. donovani VL 

Sudan/A
ringa 40 nuclear families (n=187) 

12q15 
(Ifng) (184)  

Lmr5 10  63 L. major 
skin lesions, splenomegaly, parasite 
load in spleen, IgE  IFN-γ, IL-4, IL-12 Ifng  (201) L. donovani VL 

Sudan/A
ringa 40 nuclear families (n=187) 

12q15 
(Ifng) (184)  

Lmr15 11 31 L. major hepatomegaly, IFN-γ Nos2, Ccl2 (180, 181) L. braziliensis ML Brazil 67/60 case/control 
CCL2/MC
P1 (185)  

Lmr15 11   L. major IgE, splenomegaly, lesion size Il-4 

Čepičková 
et al. in 
preparatio
n L. donovani 

VL 
/PKDL 

Sudan/
Masalit 67 nuclear families (n=312) 

5q23.3-
q31 (IL-
4, IL-9) (187)  

 Lmr15 11  39.4 L. major 
hepatomegaly, parasite load in female 
LN Flii 

Čepičková 
et al. in 
preparatio
n L. braziliensis CL/ML Brazil 

325 nuclear families (652 CL 
cases; 126 ML cases) from 
Brazil 

CTGF, 
TGFB1, 
TGFBR1/
2, SMADS 
2/3/4/7, 
FLII (186)  

Lmrq5 15 18.9 L. major skin lesions 
Eae2,Il7r, 
Lifr, C6, C7 (202) L. donovani VL Sudan 40 nuclear families (n=187) 

CSF2RB 
(LIFR) 

(184, 
189)  
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Lmr7 17 3 L. major proliferation 
H2, Tnf 
family (183) L. braziliensis CL Brazil 

110 cutaneous leishmaniasis 
(CL) patients and 682 healthy 
subjects MIF,TNF 

(18, 
182)  

H2 17 23 L. donovani 

parasite numbers in liver (strongest 
influence), and in spleen and bone 
marrow H2 

(195, 203, 
204) L. braziliensis CL Brazil 

110 cutaneous leishmaniasis 
(CL) patients and 682 healthy 
subjects MIF,TNF 

(18, 
182)  

 Lsh/Nramp
1/Slc11a1     L. infantum 

parasite numbers in liver, spleen and 
bone marrow  NRAMP1 (195) L. donovani VL 

Brazil, 
India 

989 cases and 1,089 controls 
from India and 357 cases in 
308 Brazilian families (1,970 
individuals). 

HLA-
DRB1–
HLA-
DQA1 
HLA 
class II (175)  

Lmr1 17 24.2 L. major skin lesions 
H2, Tnf 
family (200) L. braziliensis CL Brazil 

110 cutaneous leishmaniasis 
(CL) patients and 682 healthy 
subjects MIF,TNF 

(18, 
182)  

Lmr13 18 51 L. major splenomegaly  
SMADs 2, 
4, 7 

(180, 181, 
190) L. braziliensis CL/ML Brazil 

325 nuclear families (652 CL 
cases; 126 ML cases) from 
Brazil 

CTGF, 
TGFB1, 
TGFBR1/
2, SMADS 
2/3/4/7, 
FLII (186)  
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Complex diseases and systems genetics  

A standard study should be designed in the way that makes its results statistically 

significant, reasonable and comparable to those from human studies. Sufficient 

statistical power of planned QTL mapping studies is a criterion of high importance 

during the design of an experiment, along with standardized environmental conditions. 

Standardization can minimize random phenotypic variations and reach higher test 

sensitivity which subsequently allows taking sample of smaller size for precise 

measurements (205). Statistically it is possible to dissect the effect of genotype from the 

environmental effects on the phenotype and this is referred to as heritability. 

Although recent genome-wide human studies provided valuable insights into the 

genetic basis of human disease, they could explain relatively little of the heritability of 

most complex traits, and the variants identified through these studies had small effects 

(206). The low efficiency of experiments is determined by copy number variants, many 

loci with small effect, epistasis, environmental influence, parent-of-origin effect, genetic 

variation influencing expression of non-coding RNAs, and also missing variants which 

reside in unexplored regions of the genome (206). Many of these factors can be omitted 

or decreased in mouse studies. Control of environmental conditions, heterozygosity and 

other variation factors diminishes experimental complexity in animal model, whereas 

such factors can not be controlled in human studies (207). 

Majority of human diseases, including leishmaniasis, are not monogenic, but the 

outcome of interactions of complex network of genes/alleles (18, 208). The gene 

function depends upon genetic make-up of individual animal and how the gene behaves 

as a part of a complex. As a result, the same gene can exhibit different phenotype 

depending on the genetic background. Inbred mouse strains are considered as an 

excellent model for a wide spectrum of human diseases and conditions. Like humans, 
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they differ at multiple genomic sites and are extremely diverse phenotypically (207). 

Evidences show that a complex combination of genetic factors is involved in response to 

leishmaniasis.  The genetic control of parasite burden in the mouse model of L. major 

infection is organ‐specific (Figure 4, Table 6). As an example, the Lmr3 locus controls 

serum levels of IFN‐γ and IgE, splenomegaly and hepatomegaly. Alternatively, Lmr5 

controls serum levels of IFN‐γ, IL‐12 and IgE, splenomegaly but not hepatomegaly (181).  

 

 

Figure 4, Complexity and gene-gene intractions in L. major infection, cytokines and IgE were 

measured in serum of infected mice, proliferation assays were done on the spleen cells of infected mice  

 

Systems genetics is an emerging branch of system biology that integrates the 

variation in sequence of DNA, variation in expression of certain genes and finally 

changes in the product of genes which consequently make changes in molecular and 

cellular events and causes different phenotypes. In general system genetics facilitate 
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understanding the relationship between genotype using a mapping population and 

phenotype (209). This approach is based on studying correlation between a network of 

traits and network of genes to find a meaningful causal network. Systems genetics 

approach is becoming more and more important and has several applications in 

studying the genetic regulation of complex traits (210) and diseases (209, 211).  

The rapid progress in computational analysis and improvements in experimental 

conditions facilitate understanding how the variations in the genetic component 

changes the phenotype and finally what effect it makes at the whole organism scale 

(212, 213). Using this approach, the covariance between molecular and physiological 

phenotypes is identified. This makes possible to modulate the phenotypic outcomes of 

complex traits and subscribe a way to prevent or treat diseases (214-216). The target 

alleles can be combined according to purposes of the experiment, which can be used to 

study redundancy, epistasis, and dissect effect of certain interaction (208).  

 

Mapping quantitative trait loci using mouse model  

The concept of a quantitative trait is essential for genetics, and also encountered 

in many other areas of biological sciences. One of the critical components of linkage 

analysis is the measurement of one or several clearly defined phenotypes in a 

population. If the phenotype of interest is a quantitative trait that is continuously and 

normally distributed in the group of study, the phenotype is called quantitative trait and 

the controlling regions on chromosomes are called quantitative trait loci or QTL (217). 

The technique which is used to identify chromosomal segments which are linked to the 

variance in the phenotype is called QTL mapping. Genetic mapping of QTL is based on 

the fundamental Mendelian principles and tries to give a mechanistic understanding of 

the genetic basis of a given phenotype. A quantitative trait is determined by multiple 
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genes and its value is continuous.  Quantitative traits are very common and are 

important both in applied and theoretical studies. Especially in medical genetic QTL 

mapping is an important field since it can help to determine genetic predisposition to a 

disorder.  Whole genome analysis for linkage is one of the most common strategies to 

identify new chromosomal loci linked to a particular phenotype (218).  

Unlike the gene determining a Mendelian trait, an individual QTL usually has a 

small effect on a quantitative trait. The total effect (which is the sum of many QTL effects 

with or without interaction), however, could be substantial. Leishmaniasis is a complex 

diseases influenced by multiple genetic loci, where combined effects determine 

phenotype of the disease. Genetic reference populations, which are genetically well 

characterized lines, are often used in systems genetics studies as a source to study a 

multitude of different phenotypes. Thes lines are also very helpful to find the causal 

relations in networks of genetic correlations. In mouse genetics, QTL analysis can be 

performed by single-locus association or by interval mapping (219). By using of crosses 

between inbred strains with subsequent genotyping and statistical analysis, thousands 

of quantitative trait loci (QTLs) associated with phenotypes and diseases have been 

identified (220).  

In mouse QTL mapping is done using standard F2 or backcross strategies, 

recombinant  inbred lines, chromosome substitution strains (221, 222), recombinant 

congenic strains (223), the collaborative cross (224), or more recently, advanced 

intercross lines and genetically heterogeneous stock mice (225).  Studying of 

phenotypes and multi-locus genotyping of the individuals within this population can 

lead to detection of the loci that control the multiple traits. One QTL can contain several 

genetic loci at the same chromosome (226). 
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Using of F2 hybrids between inbred strains facilitated mapping of loci involved in 

the control of complex genetic traits. However, low level of mapping resolution due to 

the low number of recombination, is a limiting factor of this method. The limiting factor 

of this method is requirement of a large number of F2 populations (several hundreds or 

even thousands) in the study (227). This problem can be overcome by generating 

advanced intercross lines (AIL), which are produced by intercrossing F2 hybrids 

between two inbred strains avoiding mating brother × sister (228). The accumulation of 

recombinations in AILs reduces linkage disequilibrium and thus provides a high 

mapping resolution (229, 230). 

Recombinant inbred (RI) strains are next genetic reference populations which 

were introduced by Bailey with the purpose of detecting major-gene effects and to 

establish linkage analysis (231, 232). RI strains are produced by mating two inbred 

strains to form heterozygous F1 generation and then the F1 are intercrossed to create F2. 

Siblings are mated for 20 or more generations to ensure they are at least 99% inbred 

(231, 233).  At the end of RI protocol, each RI line carries 50% of the genome of each 

parental strain which is distributed as mosaics form in the genome. Each given gene will 

contain the allele of either one or the other parental strain. 

  One of the efficient ways of analysis of complex traits and interacting alleles is 

chromosomal segment substitution (congenic) and single chromosome substitution 

(consomic) strains (208, 223). Congenic strains are inbred strains with a selective 

chromosomal segment controlling locus, introduced to a given inbreed background 

genome (234). Congenic strains are constructed to confirm the existence of QTLs, and to 

begin narrowing the region for gene identification, without interference from multiple 

epistatic genes that also influence a phenotype (235). Congenic strains served as a tool 

for genetic analysis and mapping of loci associated with Mendelian and quantitative 
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traits (208). The traditional method for generating  congenic strains involves serially 

back- crossing the donor strain with the recipient strain for at least 10 generation (to 

ensure >99% ) followed by intercorss (234). With each backcross, the offspring has to be 

genotyped only in the region of interest until the strain has been fixed which makes this 

strategy very costly and time consuming. This problem can partially overcome by using , 

“Speed congenics”  approach which is based on marker-directed breeding programme in 

conjunction with genetic linkage maps, to achieve the congenic strain in 3-4 generations 

(236, 237).  Another strategy for mapping QTL in complex disease is using the 

recombinant congenic strains (RCS) which is explained in more detail in the next part.  

Detection of QTLs and candidate genes related to QTLs appeared to be the 

substantial bottleneck in studies of complex traits (222).  When a locus is mapped as 

short as enogh to few candidate genes, to assess the role of individual candidate genes, 

transgenic mice are used. Transgenic mice can be designed in a way that they 

overexpress or conditionally express the given gene which can be translated to the 

functional protein (238).  Transgenic mice also can be used to study the loss of function 

by preparing knocked-out mice carrying inoperative gene. Also the loss of function can 

be studied using gene knock-down/gene silencing through RNA interference (239).  

 

Recombinant congenic strains 

Another strategy, which is based on reducing the percentage of genome received 

from the donor strain relative to genome of the background strain, is applied in 

recombinant congenic strains (RCS) (228, 240). The RCS are prepared by crossing two 

inbred strains, one of which serves as the donor and the other as the background strain. 

Then descendants are backcrossed to one of the parental strains, usually for two 

generations. Finally the second backcross generation (N3) is inbredized by intermating 
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subsequent brother × sister for about 20 generations. The protocol yields a panel of RCS 

each carrying a different set of genes: approximately 12.5% genes from the common 

donor inbred strain, the remaining 87.5% from the common background inbred strain 

(240).  

The genetic segment carrying controlling gene/loci can be mapped and studied 

separately using markers which can be typed by PCR for simple sequence length 

polymorphism. Totally three series of RCS were produced using different background 

and donor strain pairs: BALB/cHeA as a background strain and STS/A as a donor strain 

(CcS/Dem series) (Figure 5), C3H/DiSnA and C57BL/10ScSnA (the HcB/Dem series), 

and O20 and B10.O20 (the OcB/Dem series) (240, 241). The CcS/Dem series was used in 

the experiments with Leishmania research that are included in the present thesis. An 

important advantage of the RC strains is random distribution of 12.5% of donor strain 

genes on chromosomes of background strain. These strains are genetically well 

characterized, homogenous and homozygous at virtually all loci. Therefore, each strain 

can be used to study the genetic dissection of mechanisms of a given phenotype 

produced by specific genes/loci.  
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Figure 5. CcS/Dem series of recombinant congenic strains (223) 

 

The application of the RCS approach to speed up mapping of QTLs responsible for 

human disease is of specific interest to human geneticists. As soon as a QTL is mapped in 

RCS an approximate chromosomal location identified loci can be found in human 

genome. Increasing information about homology of mouse and human genome along 

with well characterized phenotypes can be used to select a RCS to dissect genetic control 

of the phenotype and find homologous loci in human (241).  The application of RCS 

allowed genetic studies of various types of cancer (223, 242), cytokne-induced 

activation (243, 244), spontaneous proliferation of splenocytes (245), allogenic 

reactions (246, 247), and cytokine production (248, 249), T cell receptor induced 

activation (245, 250, 251), Bordetella pertussis infection (252), trypanosomiasis (253), 

tick born encephalitis (254), allergic asthma (255), and skeletal fragility (256). In case of 

leishmaniasis, RC (recombinant congenic) inbred mouse strains that enabled to receive 
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strong experimental results leading to detection of more than 20 Lmr (Leishmania major 

response) genetic loci especially were useful (Tabele 6)(18). Introduction of the RCS 

system into leishmaniasis studies has stimulated significant progress in mapping of 

genes that are involved in susceptibility to L. major. STS/A is a resistant strain and 

BALB/c is a susceptible strain to leishmaniasis. Mating of a susceptible inbred strain 

with a resistant strain finally produced progeny that resembled either one of the parents 

or fall in the middle of the phenotypic spectrum which very often was different from 

both parents. This specific feature has made the CcS/Dem series exhibiting different 

range of susceptibly to leishmaniasis. CcS/Dem RCS have become a reliable 

experimental model of the infection which can be used to study immune pathological 

symptom of the disease, to map of multiple loci that determine susceptibility to various 

Leishmania species (Table 6) (183, 190, 201). Studies of genetic control of leishmaniasis 

using RCS have revealed the contribution of the individual loci to different components 

of the immune response and disease pathology (18, 120, 201). 

This approach has allowed extensive screening of segregating populations with a 

higher density of markers and making use of crosses with limited genetic heterogeneity.  

The genes/loci which are mapped using CcS/Dem RC strains which are involved in 

controlling Leishmania infection are also shown to influence the response to other 

pathogens, such as Borellia burgdorferi, Trypanosoma congolense, Salmonella 

typhimurium, Mycobacterium tuberculosis, Listeria monocytogenes and Plasmodium 

chabaudi (18). 
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Table 6. Loci identified in leishmaniasis 

Strain Chr 
Genotypin
g 

gene 
location(b
p) 

gene 
name 

Controlled Lmr trait (L. 
major) Reference 

CcS-20 1 D1Mit14 
158 704 
598 Lmr8 

IgE (int D3Mit11 and int 
D3Mit25) (190)  

CcS-11 1 D1Mit403 
177 571 
382 Lmr20 

parasite load in lymph 
nodes,  IgE, IFN-γ (201)  

CcS-20 1 D1Mit17  
191 395 
133 Lmr8 IgE (190)  

CcS-16 2 D2Mit389  
103 105 
528 Lmr14 

hepatomegaly, 
splenomegaly, IgE (int 
D10Mit103), IFN-γ, IL-12, 
TNF-α, proliferation  (180, 181, 190)  

CcS-16 2 D2Mit102 
114 118 
625 Lmr14 

hepatomegaly, 
splenomegaly, IgE, IFN-γ, 
IL-12 (int D10Mit103 
(Lmr5)), TNF-α, 
proliferation  (180, 181, 190) 

CcS-16 2 

D2Nds3/Il
1b  

129 190 
306 

Lmr14 

hepatomegaly, 
splenomegaly, IgE, IFN-γ, 
IL-12, TNF-α, 
proliferation  (180, 181, 190)   

CcS-16 2 D2Mit283  
150 128 
727 Lmr14 

hepatomegaly, 
splenomegaly, IgE, IFN-γ, 
IL-12, TNF-α (int 
D16Mit126 (Lmr12) and 
int D18Mit49 (Lmr13)), 
proliferation  (180, 181, 190)  

CcS-16 2 D2Mit51 
163 150 
442 Lmr14 

hepatomegaly, 
splenomegaly, IgE, IFN-γ, 
IL-12, TNF-α, 
proliferation  (180, 181, 190) 

CcS-16 2 D2Mit52 
167 195 
801 Lmr16 

proliferation of 
splenocytes from infected 
mice (int D16Mit7 
(Lmr18)) (181)   

CcS-20 2 D2Mit52 
167 195 
801 Lmr16 

proliferation of 
splenocytes from infected 
mice (181)  

CcS-20 3 D3Mit25 56 600 603 Lmr11 IgE, IL-6 (181, 190) 

CcS-20 3 D3Mit11 
100 360 
598 Lmr11 IgE (int. Lmr8), IL-6 (181, 190) 

CcS-20 4 D4Mit149 3 584 271 Lmr9 IgE, IL-6,  (181, 190)  

CcS-5 5 D5Mit112 76 883 979 Lmr3 
splenomegaly, 
hepatomegaly, IgE, IFN-γ (183)  

CcS-20 5 D5Mit55 52 928 359 Lmr3 

splenomegaly, 
hepatomegaly, skin 
lesions, IgE, IFN-γ, 
proliferation (181, 190)  

CcS-20 5 D5Mit114 81 656 055 Lmr3 

splenomegaly, 
hepatomegaly, skin 
lesions, IgE, IFN-γ, 
proliferation (181, 190)  



47 
 

CcS-20 5 D5Mit175 
107 602 
115 Lmr3 

splenomegaly, 
hepatomegaly, skin 
lesions, IgE, IFN-γ (int 
D9Mit2 (Lmr17)), 
proliferation (181, 190)  

CcS-5 5 D6Mit122 59 066 367 Lmr4 

skin lesions, IFN-γ (int 
with D10Mit25 - 
suggestive) (183)  

CcS-5 6 D6Mit10 
113 297 
319 Lmr4 

 IFN-γ (int. with 
D10Mit25(lmr5)) (183)  

CcS-20 7 D7Mit67 
135 509 
025 Lmr21 skin lesions, IFN-γ (201)  

CcS-20 8 D8Mit125  35 916 997 Lmr10 
skin lesions, 
splenomegaly, IgE (181, 190) 

CcS-20 8 D8Mit54 59 823 151 Lmr10 
skin lesions, 
splenomegaly, IgE (181, 190)  

C57BL/
6 X 
BALB/c   D9Mit90 32 500 455 Lmr2 

Lesion size, wound 
healing (177)  

CcS-20 9 D9Mit2 37 202 486 Lmr17 
IFN-γ (int Lmr3) , TNF-α, 
Parasite  (181)  

CcS-16 10 D10Mit67  90 133 784 Lmr19 
Proliferation (int. with 
Lmr12) (181)   

CcS-16 10 D10Mit103  
125 176 
281 Lmr5  IgE, IL-12 int with Lmr14   (181, 190)  

CcS-11 10 D10Mit12 98 936 190 Lmr5 

skin lesions, 
splenomegaly, parasite 
load in spleen, IgE, IFN-γ, 
IL-4, IL-12 (201)  

CcS-11 10 D10Mit46 
115 821 
786 Lmr5 

skin lesions, 
splenomegaly, parasite 
load in spleen, IgE, IFN-γ,               
IL-4, IL-12 (201) 

CcS-5 10 D10Mit46 
115 821 
786 Lmr5 

skin lesions, 
splenomegaly,  IgE, IFN-γ, 
IL-4, IL-12 (183)  

CcS-5 10 D10Mit14 
118 098 
315 Lmr5 

skin lesions, 
splenomegaly,  IgE, IFN-γ, 
IL-4, IL-12 (183)  

CcS-5 10 D10Mit25 
121 780 
864 Lmr5 

skin lesions, 
splenomegaly,  IgE, IFN-γ, 
IL-4, IL-12 (183)  

CcS-5 10 D11Mit62 8 926 228 Lmr6 IL-4 (183)  
CcS-16 11 D11Mit139  49 023 252 Lmr15 IFN-γ (181)  

CcS-16 11 D11Mit242  63 242 083 Lmr15  hepatomegaly (180, 181)  

CcS-16 11 D11Mit37 81 753 012 Lmr15 hepatomegaly (180, 181)  
CcS-5 12 D12Mit37 5 375 246 Lmr22 IL-4 (int. with Lmr5)  (201)  
CcS-11 16 D16Mit73 12 856 286 Lmr23 IFN-γ (int. with Lmr20) (201)  

CcS-16 16 D16Mit126  45 972 563 Lmr12 

IgE, TNF-α, IL-4, 
proliferation (int with 
Lmr19) (181, 190) 
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CcS-20 16 D16Mit7 86 330 968 Lmr18 
proliferation (int with 
Lmr16) (181)  

CcS-5 17 D17Mit19 4 804 477 Lmr7 spontaneous proliferation (183)  
CcS-5 17 D17Mit46 25 502 885 Lmr7 spontaneous proliferation (183)  
C57BL/
6 X 
BALB/c  17     Lmr1 lesion size (200, 257)  

CcS-16 18 D18Mit120 36 214 168 Lmr13 
 lesions, Parasite load in 
spleen  (180)  

CcS-16 18 D18Mit35  45 135 967 Lmr13 
IgE, lesions, TNF-α, 
parasite load in spleen (180, 181, 190)  

CcS-16 18 D18Mit40  63 901 486 Lmr13 

IgE, lesions, TNF-α (int 
Lmr14) and (int Lmr12), 
parasite load in spleen 

                                                  
(180, 181, 190)  

CcS-16 18 D18Mit49  76 206 675 Lmr13 
IgE, lesions, TNF-α, 
parasite load in spleen 

                                                          
(180, 181, 190)  

C57BL/
6 X 
BALB/c X     Lmr30 lesion size (258)  
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Aims of the study 

1- To establish a defined model for a) skin and b) visceral pathology caused by 

infection with Leishmania tropica 

2- Establishment of a genetic model for cutaneous leishmaniasis induced by L. 

tropica  

3- Phenotyping and defining the cells responsible for maintenance of protective 

immune response in human leishmaniasis 
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Chapter 2 

Materials and methods 
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I. mouse studies 

Mice  

Males and females of strains BALB/cHeA (BALB/c), STS/A (STS) and selected RC 

strains (240) were tested. When used for these experiments, RC strains were in more 

than 38 generation of inbreeding and therefore highly homozygous. The parts of their 

genome inherited from the BALB/c or STS parents were defined (259). The mice were 8 

to 24 weeks old at the time of infection. During the experiment male and female mice 

were placed into separate rooms and males were caged individually. Mice were 

maintained in the animal facilities of the Institute of Molecular Genetics, v.v.i. and 

Charles University in Prague.  

To establish proper model for  L. tropica infection, mice of the strains BALB/c (18 

females, 12 males), STS (12 females, 13 males), CcS-3 (12 females, 13 males), CcS-5 (17 

females, 12 males), CcS-11 (17 females, 19 males), CcS-12 (12 females, 6 males), CcS-16 

(17 females, 12 males), CcS-18 (8 females, 12 males), and CcS-20 (12 females, 12 males) 

were infected with L. tropica. Mice were tested in 3 successive experimental groups and 

were killed 21, 32 and 43 weeks after infection. Age of the mice at the time of infection 

was 9 to 26 weeks (mean 16 weeks, median 16 weeks). In the experiments with L. major, 

mice of the strains BALB/c (25 females, 26 males), STS (8 females, 9 males), CcS-3 (10 

females, 10 males), CcS-5 (23 females, 29 males), CcS-11 (18 females, 20 males), CcS-12 

(19 females, 16 males), Ccs-16 (11 females, 13 males), CcS-18 (9 females, 4 males), and 

CcS-20 (13 females, 15 males) were infected with L. major. Mice were tested in 8 

successive experimental groups and were killed 8 weeks after infection. Age of the mice 

at the time of infection was 8 to 47 weeks (mean 16 weeks, median 15 weeks) (260). 

For studying immunopathology of leishmaniasis caused by L. tropica in CcS-9 

strain, female mice of strains BALB/c (25 infected, 21 non-infected), STS (10 infected, 8 
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non-infected) and CcS-9 (20 infected, 17 non-infected) that were 8 to 19 weeks old 

(mean age 12.28 weeks, median age 12 weeks) at the time of infection were tested for 

response to L. tropica in three independent experiments, which consisted of 20, 49 and 

32 mice, respectively (Sohrabi in preparation). When used for these experiments, the 

strain CcS-9 was in more than 90 generations of inbreeding (259). 

To analyze genetic control of pathology in L. tropica infection, females of strains 

BALB/c (16 infected, 16 uninfected) and CcS-16 (15 infected, 11 uninfected) were used. 

The mice were 8 to 19 weeks old (mean age 12 weeks, median age 12 weeks) at the time 

of infection. When used for these experiments, strain CcS-16 was in more than 90 

generations of inbreeding. The parts of its genome inherited from the BALB/c or STS 

parents were defined (259). 247 female F2 hybrids between CcS-16 and BALB/c (age 9 

to 16 weeks at the time of infection, mean age 13 weeks, median 13 weeks) were 

produced at the Institute of Molecular Genetics AS CR, v.v.i.. Mice were kept in 

individually ventilated cages (Ehret, Emmendingen, Germany) and tested in two 

experimental groups. Both groups of F2 hybrids were derived from the same F1 parents; 

second experiment started seven weeks after the first. 2 mice died shortly after 

inoculation and were excluded from experiments. Among analyzed F2 hybrids, first 

experiment consisted of 111 mice, of which 51 mice originated from a cross (BALB/c x 

CcS-16) F2 (mean age 11.9 weeks, median 12 weeks; 3 mice died before the end of an 

experiment), 60 mice originated from a cross (CcS-16 x BALB/c) F2 (mean age 12.6 

weeks, median age 13 weeks; 1 mouse died before the end of an experiment). According 

to the nomenclature rules, the first strain listed in the cross symbol is the female parent, 

the second the male. The second experiment contained 134 mice, of which 64 mice 

originated from a cross (BALB/c x CcS-16) F2 (mean age 12.6 weeks, median 16 weeks; 

2 mice died before the end of an experiment), 70 mice originated from a cross (CcS-16 x 
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BALB/c) F2 (mean age 13.4 weeks, median age 13 weeks; 6 mice died before the end of 

an experiment)(121). 

 

Ethical statement 

All experimental protocols for mice utilized in this study comply with the Czech 

Government Requirements under the Policy of Animal Protection Law (No.246/1992) 

and with the regulations of the Ministry of Agriculture of the Czech Republic 

(No.207/2004), which are in agreement with all relevant European Union guidelines for 

work with animals and were approved by the Institutional Animal Care Committee of 

the Institute of Molecular Genetics AS CR and by Departmental Expert Committee for the 

Approval of Projects of Experiments on Animals of the Academy of Sciences of the Czech 

Republic (permission Nr. 37/2007).  

 

Parasite and infection  

L. tropica from Urfa, Turkey (MHOM/1999/TR/SU23) was used for infecting 

mice. Stationary phase promastigotes (107) from subculture 2 in SNB-9 have been 

inoculated in 50 µl of sterile saline s.c. into the tail base, with promastigote secretory gel 

(PSG) collected from L. tropica-infected Phlebotomus sergenti females (laboratory colony 

originating from 51 Urfa focus). PSG was collected as described (261). The amount 

corresponding to one sand fly female was used per mouse (260). 

Parasites L. major LV 561 (MHOM/IL/67/LRC-L137 JERICHO II) were maintained 

in rump lesions of BALB/c females. Amastigotes were transformed to promastigotes 

using SNB-9 (262). Promastigotes (107) from 6-day-old subculture 2 (Figure 5) were 

inoculated in 50 µl sterile saline s.c. into the mouse rump (260). 
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Disease phenotype  

The size of the skin lesions was measured every second week using  the Profi LCD 

Electronic Digital Caliper Messschieber Schieblehre Messer (Shenzhen Xtension 

Technology Co., Ltd. Guangdong, China), which has accuracy 0.02 mm. Blood was 

collected every 2 weeks in volume from 60 to 180 µl, and serum was frozen at -30 oC for 

further analysis. The mice were killed 21 or 43 weeks after inoculation of L. tropica. Mice 

infected with L. major were killed 8 weeks after infection. Blood, spleen, liver and 

inguinal lymph nodes were collected for later analysis. Splenomegaly (enlargement of 

the spleen) and hepatomegaly (enlargement of the liver) were calculated as organ-to-

body weight ratio × 1000. 

 

Quantification of parasite load using PCR ELISA 

Parasite load was measured in lymph nodes, skin, spleen, and liver samples using 

PCR-ELISA according to the previously published protocol (263). Briefly, total DNA was 

isolated using a TRI reagent® (Molecular Research Center, Cincinnati, USA) standard 

procedure (http://www.mrcgene.com/tri.htm). For PCR, two primers (digoxigenin-

labeled F 5′-ATT TTA CAC CAA CCC CCA GTT-3′ and biotin-labeled R 5′-GTG GGG GAG 

GGG CGT TCT-3′ (VBC Genomics Biosciences Research, Austria) were used for 

amplification of the 120-bp conservative region of the kinetoplast minicircle of 

Leishmania parasite, and 50 ng of extracted DNA was used per each PCR reaction. For a 

positive control, 20 ng of L. tropica DNA per reaction was amplified as a highest 

concentration of standard. A 30-cycle PCR reaction was used for quantification of 

parasites in lymph nodes; 35 cycles for skin, 33 cycles for spleen, and 35 cycles for liver.  

Parasite load was determined by analysis of the PCR product by the modified ELISA 

protocol (Pharmingen, San Diego, USA). Concentration of Leishmania DNA was 
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determined using the ELISA Reader Tecan (Schoeller Pharma, Czech Republic) and the 

curve fitter program KIM-E (Schoeller Pharma, Prague, Czech Republic) with least 

squares-based linear regression analysis (121, 260), Sohrabi in preparation). 

 

Quantification of parasites using the modified limiting dilution assay 

The current semi-quantitative technique is based on the modified limited dilution 

assay (264).  Inguinal lymph nodes were disrupted in a glass homogenizer in complete 

RPMI containing 5 % of inactivated fetal calf serum (Sigma-Aldrich, USA), 25 mM Hepes 

Sigma- Aldrich, USA), 0.0005 % β-mercaptoethanol (Serva, Germany), 63.7 µg/ml 

penicillin (Sigma-Aldrich, USA), and 100 µg/ml streptomycin (Sigma-Aldrich, USA). 

Lymph node or spleen was homogenized, passed through the nylon filter and washed 3 

times with sterile PBS. The samples were then centrifuged 8 min at 300×g, 4 oC. 

Supernatant was removed and the cells were re-suspended in 0.5 ml of complete 

Schneider’s medium supplemented with 20 % inactivated fetal calf serum (Sigma-

Aldrich, USA), 2 % sterile fresh human urine, 50 µg/ml gentamicine (Sigma-Aldrich, 

USA), 63.7 µg/ml penicillin (Sigma- Aldrich, USA), and 100 µg/ml streptomycin (Sigma-

Aldrich, USA). The cells were counted with a Coulter Counter CBC5 (Beckman Coulter 

Inc., USA). 50 µl of the cell suspension was diluted in 20 ml of PBS. Ekoglobin 

(Hemaxspol. s.r.o., Czech Republic) was added to the diluent prior to counting to lyse red 

blood cells. For parasite counting, 0.5 ml of the cell suspension (1 × 105 cells per ml for 

lymph nodes and 2 × 105 cells per ml for spleens  was cultivated in complete Schneider’s 

medium in 48-well tissue culture plates (Costar, Corning Inc., USA) at 27 oC in the 

biological thermostat BT 120 M (Labsystems, Finland) for 3 days. Each sample was 

prepared in triplicate. After incubation, 100 µl of a mixed sample from each well, 
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containing Leishmania parasites released from lymph node or spleen cells were diluted 

in 20 ml of PBS and the parasite number was counted with the Coulter Counter (260). 

 

Chemokines and cytokine levels 

IFN-γ, IL-4, IL-12 and IgE levels in serum were determined using the primary and 

secondary monoclonal antibodies (IFN-γ: R4-6A2, XMG1.2; IL-4: 11B11, BVD6-24G2; IL-

12p40/p70: C15.6, C17.8; IgE: R35-72, R35118) and standards from BD Biosciences, 

USA (recombinant mIFN-γ, mIL-4, mIL-12 and purified mIgE: C38-2). ELISA was 

performed as recommended by BD Biosciences. The ELISA measurement of IFN-γ, IL-4, 

IL-12, and IgE levels was performed by the ELISA Reader Tecan and the curve fitter 

program KIM-E (Schoeller Pharma, Czech Republic) using least squares-based linear 

regression analysis. The detection limit of ELISA was determined to be 30 pg/ml for IFN-

γ, 8 ng/ml for IgE, 16 pg/ml for IL-4 and 15 pg/ml for IL-12. Levels of GM-CSF 

(granulocyte-macrophage colony-stimulating factor), CCL2 (chemokine ligand 2)/MCP-1 

(monocyte chemotactic protein-1), CCL3/MIP-1α (macrophage inflammatory protein-

1α), CCL4/MIP-1β (macrophage inflammatory protein-1β), CCL5/RANTES (regulated 

upon activation, normal T-cell expressed, and secreted) and CCL7/MCP-3 (monocyte 

chemotactic protein-3) in serum were determined using Mouse chemokine 6-plex kit 

(eBioscience, Vienna, Austria). The kit contains two sets of beads of different size 

internally dyed with different intensities of fluorescent dye. The set of small beads was 

used for GM-CSF, CCL5/RANTES and CCL4/MIP-1β and the set of large beads for 

CCL3/MIP-1α, CCL2/MCP-1 and CCL7/MCP-3. The beads are coated with antibodies 

specifically reacting with each of the analytes (chemokines) to be detected in the 

multiplex system. A biotin secondary antibody mixture binds to the analytes captured by 

the first antibody. Streptavidin-phycoerythrin binds to the biotin conjugate and emits a 
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fluorescent signal. The test procedure was performed in the 96 well filter plates 

(Millipore, USA) according to the protocol of manufacturer.  Beads were analyzed on 

flow cytometer LSR II (BD Biosciences, San Jose, USA). Lyophilized GM-CSF and 

chemokines (CCL2/MCP-1, CCL3/MIP1α, CCL4/MIP1β, CCL5/RANTES, CCL7/MCP-3) 

supplied in the kit were used as standards. Concentration was evaluated by Flow 

Cytomix Pro 2.4 software (eBioscience, Vienna, Austria). The limit of detection of each 

analyte was determined to be for GM-CSF 12.2 pg/ml, CCL2/MCP-1 42 pg/ml, 

CCL7/MCP-3 1.4 pg/ml, CCL3/MIP-1α 1.8 pg/ml, CCL4/MIP-1β 14.9 pg/ml, and for 

CCL5/RANTES 6.1 pg/ml. 

 

Staining of tissue sections  

Inguinal lymph nodes, skin, spleens and livers were fixed in 4% formaldehyde 

and embedded in paraffin. Hematoxylin-eosin (H&E) staining of tissues was performed 

in 2 µm sections. Briefly, slides were deparaffinized with xylene (3 times for 7 min) with 

96% ethanol (2 times for 1 min), 70% ethanol (1 min), 50% ethanol (1 min) and 

rehydrated with water (2 min). Sections were stained using Mayer’s hemalum solution 

(Merck, Damstadt, Germany) diluted 1:1 with water (30 sec), washed in running tap 

water (10 min) and 0.25% HCl in 50% ethanol (5 sec) followed by staining with 1% 

eosin yellow (Merck, Damstadt, Germany) in 50% ethanol.  Samples were gradually 

dehydrated with 50% ethanol (1 min), 70% ethanol (2 times for 1 min), 96% ethanol (2 

times for 1 min), acetone (2 times for 1 min), acetone-xylene 1:1 mix (1 min), and xylene 

(2 times for 1 min). Stained sections were mounted using 25 µl of permanent medium 

VectaMountTM (Vector Laboratories, Inc., Burlingame, U.S.A.) (260), Sohrabi in 

preparation). 
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Histological studies 

We reviewed H&E-stained sections of skin, spleen, liver and inguinal lymph 

nodes in infected and uninfected mice. Morphological and histological changes in the 

organs were assessed. Tissue microarchitecture and infiltrations of different cells were 

scored; visual examination and comparison of all samples was performed by one 

experimenter.  Images were acquired with an Olympus BX51 microscope at ×100, ×200 

and × 100 magnifications, captured with an Olympus Camedia C-5060 digital camera, 

and analyzed with QuickPhoto Micro 2.3 program (260), Sohrabi in preparation).  

The scale for each parameter was ranged from 0 to 3 (step 0.25). Hematopoietic 

cells in spleen were shown in absolute numbers. In skin, the parasite invasiveness, 

epithelioid granulomas, infiltration of lymphocytes, eosinophils, neutrophils, 

macrophages, and also fibrotic changes and level of necrosis were examined. In spleen, 

estimation of tissue microarchitecture and white pulp activation, presence of necrosis, 

infiltration of lymphocytes, eosinophils, neutrophils, plasma cells and macrophages to 

the red pulp were performed, in addition the numbers of hematopoietic cells in total cut 

were calculated. In liver, the relative numbers of granulomas, the size and maturity of 

granulomas, presence of necrosis, infiltration of lymphocytes, eosinophils, neutrophils, 

plasma cells and macrophages to the granulomas were estimated. In inguinal lymph 

nodes, the germinal centers activation, presence of granuloma-like formations, necrosis, 

apoptosis, and fibrotic changes, infiltration of lymphocytes, eosinophils, neutrophils, 

plasma cells and macrophages were examined (Sohrabi in preparation). 

 

RNA isolation 

 Mouse spleens were homogenized and immediately snapped frozen by liquid 

nitrogen and stored at -80 oC until total RNA extraction. Total RNA was isolated using 
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RNeasy mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s 

protocol. RNA concentration was measured with Nanodrop (NanoDrop Technologies, 

LLC, Wilmington, DL), quality of RNA was estimated also using Agilent 2100 Bioanalyzer 

(Agilent Technologies, Inc., Santa Clara CA, United States). The isolated RNA was stored 

at -80 oC (Sohrabi in preparation). 

 

Real-time PCR 

 One µg of total RNA was diluted in 8 µl of sterile RNase and DNase free water and 

were treated with 1 µl DNase I (1U/ µl ) and 1 µl DNase I reaction buffer (Promega 

Corporation, Madison, WI) and used for subsequent reverse transcription. Single strand 

cDNA was prepared from total RNA using Promega first-strand synthesis method. DNase 

I treated RNA was incubated incubated at 37 oC for 30 minutes and followed by 

incubation at 65 oC for 10 min. The samples were cooled quickly on ice for 5 min and 

then treated with 1 µl DNase I stop solution (Promega Corporation, Madison, WI). For 

the next step a mixture containing 1 µl of random hexamers primers (100 ng/ 1µl) 

(Invitrogen, Carlsbad, CA), 5 µl (50 ng/µl) dNTP mix (Invitrogen, Carlsbad, CA), 5µl of 

the reaction buffer (Promega Corporation, Madison, WI, USA), 2.5 µl of RNase/ DNase 

free water (Invitrogen, Carlsbad, CA) and 0.5 µl of M-MLV Reverse Transcriptase RNAase 

H Minus (100 U/1 µl), Point Mutant (Promega Corporation, Madison, WI) was added and 

followed by 60 min at 37 oC. Single strand cDNA was kept at – 80 °C until expression 

analysis. Real-time PCR was performed using a BioRad iQ iCycler Detection System (Bio-

Rad Laboratories, Inc., Hercules, CA). Reaction was performed in total volume of 25 µl, 

including 12.5 µl 2x SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA), 1 

µl of each primer of IL1-β, TNF-α, CD163, IL10R, CCL27, FasL, TRAIL, iNOS, Arginase-I 

and TGF-β genes (final concentration 6.6 µM), 7.5 µl water (Invitrogen, Carlsbad, CA, 
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USA), and 3 µl of the cDNA template. Six different samples from each experimental group 

were used, and all samples were tested in triplets. The average Ct values (Cycle 

threshold) were used for quantification and the relative amount of each mRNA was 

normalized to the housekeeping gene, GAPDH mRNA. Using the delta Ct value, relative 

expression was calculated (Ratio (reference/target) = 2 Ct (reference)-Ct (target)). All 

experiments included negative controls containing water instead of cDNA (Sohrabi in 

preparation). The sequences of the primers used in Real-time PCR are listed in Table-7. 

Table-7 List of primers used for real-time PCR analysis   
Gene Primer Sequence  NCBI Reference Sequence 
Ccl27a Forward TTCCTTGGCTGCGAATGT NM_001048179.1 
  Reverse ACGGATGCCAGCTTCTCA   
Il1b Forward TGAGCACCTTCTTTTCCTTCA NM_008361.3 
  Reverse TTGTCTAATGGGAACGTCACAC   
IL10R Forward CGCTTGGAATCCCGAATTA NM_008348.2 
  Reverse CTCAGGTTGGTCACAGTGAAAT   
TNF-a Forward TCTTCTCATTCCTGCTTGTGG NM_013693.3 
  Reverse GGTCTGGGCCATAGAACTGA   
CD163 Forward CCTCGTCACCTTGGAAACAG NM_001170395.1, NM_053094.2 
  Reverse CTGTATGCCCTTCCTGGAGT   
FASL Forward TCCGTGAGTTCACCAACCAAA NM_010177.4 
  Reverse GGGGGTTCCCTGTTAAATGGG   
TRAIL Forward TGAGAACCTTTCAGGACACCA NM_009425.2 
  Reverse GAGCTGCCACTTTCTGAGGT   
iNOs Forward TCATTGTACTCTGAGGGCTGAC NM_010927.3 
  Reverse CTTTGCCACGGACGAGAC   
Arginase-I Forward GTCTGTGGGGAAAGCCAAT NM_007482.3 
  Reverse GCTTCCAACTGCCAGACTGT   
TGF-β Forward TGGAGCAACATGTGGAACTC NM_011577.1 
  Reverse CAGCAGCCGGTTACCAAG   

 

Genotyping of F2 mice  

DNA was isolated from tails using a proteinase procedure (265) with 

modifications described in (263). The strain CcS-16 differs from BALB/c at STS-derived 

regions on nine chromosomes (259) and unpublished results). These differential regions 

were typed in the F2 hybrid mice between CcS-16 and BALB/c using 23 microsatellite 
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markers (Generi Biotech, Hradec Králové, Czech Republic): D2Mit156, D2Mit389, 

D2Nds3, D2Mit257, D2Mit283, D2Mit52, D3Mit25, D3Mit11, D4Mit153, D6Mit48, 

D6Mit320, D10Mit67, D10Mit103, D11Mit139, D11Mit242, D11Nds18, D11Mit37, 

D16Mit126, D17Mit38, D17Mit130, D18Mit35, D18Mit40 and D18Mit49. The maximum 

distance between any two markers in the chromosomal segments derived from the 

strain STS or from the nearest BALB/c derived markers was 14.16 cM. The DNA 

genotyping by PCR was performed as described elsewhere (253). The genotyping for 

microsatellite markers with fragment length difference of less than 10 bp was 

performed by using ORIGINS Elchrom Scientific electrophoresis (Elchrom Scientific AG, 

Cham, Switzerland) according to manufacturer’s instruction. Briefly, DNA was amplified 

as described in (253). Each PCR product was mixed with 5 µl of loading buffer and 

electrophoresed using Spreadex EL300 gel and Spreadex EL400 gel (Elchrom Scientific 

AG, Cham, Switzerland) for product with size of less than 150 bp or more than 150 bp, 

respectively. The best gel and proper running time was selected using ElQuantTM 

Software (Elchrom Scientific AG, Cham, Switzerland). 30 mM TAE buffer was used as a 

running buffer. Running temperature was set to 20 oC and to 50 oC, when voltage was set 

to 120 V and 100 V, respectively. After finishing the electrophoresis gel was stained by 

ethidium bromide and the results were read by GENE bio-imaging system (Syngene, 

Cambridge, UK)(121). 

 

II. Human studies  

Human samples and skin test 

In the study of human leishmaniasis, 13 volunteers with history of CL caused by 

either L. major or L. tropica and as control 18 healthy volunteers from non-endemic area 

were included. The identity of Leishmania species was analyzed using PCR method. Prior 
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to blood collection, every volunteer was skin tested with leishmanin (Pasteur Institute of 

Iran). Leishmanin was prepared from whole promastigotes of L. major (strain 

MRHO/IR/75/ER) that were harvested from 5 to 7 days culture, fixed in thimerosal, 

washed in sterile pyrogen-free PBS, and resuspended at 5 × 106 promastigotes/ml in 

PBS containing 0.01% thimerosal (266, 267). 

 

Ethical considerations  

The proposal of human project was reviewed by the Ethical Committees of the 

Center for Research and Training in Skin Diseases and Leprosy (CRTSDL) and Tehran 

University of Medical Sciences (TUMS). Potential candidates were informed about the 

study objectives and the procedure and those who were willing to sign an informed 

consent and donate blood samples were included. 

 

Soluble Leishmania antigen preparation 

L. major (MRHO/IR/75/ER) was used in this study, promastigotes were 

harvested from RPMI 1640 medium (Gibco Invitrogen, Carlsbad, CA, USA) supplemented 

with 10% fetal calf serum (FCS) at day 5 of culture, washed 3 times with PBS (pH 7.2) 

and used for preparation of soluble Leishmania antigen (SLA) as previously described 

(268). Briefly, 100 µl of protease inhibitor cocktail enzyme (Sigma, St. Louis, MO, USA) 

was added to 1 × 109 promastigotes, the parasites were freeze-thawed 10 times 

followed by sonication at 4 °C with two 20-sec blasts. Then the parasite suspension was 

centrifuged at 30,000× g for 20 min, the supernatant was collected and re-centrifuged at 

100,000× g for 4 h. Protein concentration of SLA was measured using Bradford method. 

Finally the supernatant was sterilized using 0.22 µm membrane filter, aliquoted and 

stored at −20 °C until use (267). 
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CD8+ T cell purification 

Twenty ml of blood sample was collected from each volunteer and Peripheral 

Blood Mononuclear Cells (PBMCs) were isolated using Ficoll–Hypaque (Sigma, St. Louis, 

MO, USA) density gradient centrifugation. CD8+ lymphocytes were isolated by using 

magnetic beads system (StemCell Technologies Inc., Vancouver, BC, Canada) by positive 

selection using anti-CD8 coated nanoparticles. Briefly, cell suspension was prepared at a 

concentration of 1 × 107 cells/ml in a 5 ml tube in isolation buffer containing PBS plus 

2% (v/v) FBS and 1 mM EDTA. EasySep CD8 cocktail Abs was added at 10 µl/ml, mixed 

well and incubated at room temperature (RT) for 15 min. Magnetic nanoparticles were 

added at 5 µl/ml cells and incubated at RT for 10 min. The tube was placed into the 

magnet 3 times, 5 min each, the supernatant was then discarded while the desired cells 

were remained bounded inside the tube. A portion of the isolated CD8+ T cells was 

directly cultured for phenotype study and the rest was labelled with CFSE and used for 

proliferation assay (267). 

 

CD14+ isolation and monocyte derived macrophage (MDM) production 

Monocytes (CD14+CD16−) were isolated from autologous PBMC by negative 

selection according to the manufacturer's instruction (StemCell Technologies Inc., 

Vancouver, BC, Canada). Briefly, the cell suspension was prepared at a concentration of 

5 × 106 cells/ml in isolation buffer. EasySep monocyte enrichment cocktail Abs was 

added at 5 µl/ml, mixed well and incubated at 4 °C for 10 min. Magnetic microparticles 

were added at 5 µl/ml and cells were incubated at 4 °C for 5 min. The tube was placed 

into the magnet, for 2.5 min at room temperature. The desired unbounded fraction was 

transferred into a new tube. The purity of the yielded lymphocytes or monocytes was 
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more than 95% using flow cytometry analysis and specific conjugated mAb. MDM was 

produced by resuspending the monocytes in 10 ml of cRPMI 1640 in 75 cm2 flask (Nunc, 

Roskilde, Denmark). After 1 h of incubation at 37 °C/5% CO2, non-adherent cells were 

discarded by washing 3 times using pre-warmed medium. Then 10 ml of new medium 

supplemented with 10% FCS was added to the flask and incubated at 37 °C in 5% CO2 

for 6 days and the medium was replaced every 2 days. The adherent macrophages were 

removed gently by scraper and washing with PBS, pH 7.2 and were used as antigen 

presenting cells (APC) (267). 

 

Naive/memory CD8+ T cells purification (MACS method) 

CD8+CD45RO+CD45RA−CD56−CD57− total memory T cells were purified from 

PBMC by using negative selection procedure in which about 5–10 × 106 cells were 

resuspended, and then 10 µl of biotin-conjugated mAb cocktail (against CD4, CD11c, 

CD14, CD15, CD16, CD19, CD34, CD36, CD45RA, CD56, CD57, CD61, CD123, CD141, TCR 

γδ and CD235a) was added per 107 cells and incubated at 2–8 °C for 10 min. The cells 

were washed and then 20 µl of anti-biotin microbeads (Miltnyi Biotec, Germany) was 

added per 107 cells and incubated at 2–8 °C for 15 min. The cells were washed and 

applied onto MS column in a MiniMACS separator (Miltenyi Biotec, Germany), and flow-

through containing unlabeled cells was collected as desired fraction (267). 

A 2 step purification procedure is used to prepare naive T cells, the first step was 

depletion of non-naive T cells and NK cells which is done as described above, except that 

LD column in a MidiMACS separator (Miltenyi Biotec, Germany) was used. The biotin-

conjugated mAb cocktail containing antibodies against CD45RO, CD56, CD57 and CD244 

was used. In the next step which is positive selection of CD8+ cells, the pellet was treated 

with 20 µl of microbeads conjugated to anti-CD8 mAb and incubated at 2–8 °C for 15 
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min. Then the cells were washed and applied onto MS column in a MiniMACS separator. 

The column was washed 3 times and on a new column the magnetically labelled cells 

were flushed out by using buffer and pushing the plunger into the column firmly. The 

desired cells were collected as CD8+CD45RO−CD56−CD57− naïve T cells (267). 

 

CFSE labelling for proliferation assay 

For the proliferation assay, some of isolated CD8+ lymphocytes were labelled 

using Carboxy Fluorescein diacetate Succinimidyl Ester (CFSE). Briefly, cells were 

resuspended in pre-warmed PBS plus 0.1% BSA at a final concentration of 1 × 106 

cells/ml, and 2 µl of 5 mM stock CellTrace CFSE solution (Molecular Probes, USA) was 

added per 1 ml of the cells (final working concentration: 10 µM). Tubes were incubated 

at 37 °C for 10 min. Staining was quenched by adding 5 ml of ice-cold RPMI 1640 plus 

10% FBS for 5 min on ice. The cells were washed 3 times at 300× g, 7 min and in vitro 

cell culture with APC was done. At day 5 of culture the cells were harvested, washed and 

resuspended in PBS plus 0.5 mM EDTA. The cells were incubated at 37 °C for 5 min and 

then centrifuged for 5 min, 300× g, 20 °C. The cells were resuspended in PBS and 

analyzed using flow cytometry with excitation and emission filter appropriate for 

fluorescein. The data was analyzed using ModFit LT software (Verity Software House, 

USA) (267). 

 

Lymphocyte culture 

The isolated CD8+ T cells, or CFSE labelled CD8+ T cells or purified 

CD8+CD45RO−CD56−CD57− naïve and CD8+CD45RO+CD45RA−CD56−CD57− total 

memory T cells were cultured in RPMI 1640 medium supplemented with 10% heat-

inactivated human AB Rh+ serum, 10 mM/L Hepes, 2 mM l-glutamine, 100 U/ml 
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penicillin G and 100 µg/ml streptomycin (Gibco Invitrogen, Carlsbad, CA, USA). CD8+ 

lymphocytes were adjusted to 1 × 106 cells/ml and mixed with 1:10 of autologous MDM 

and cultured in U bottomed 96-well plates (Nunc, Roskilde, Denmark) in the presence of 

either 10 µg/ml PHA or 50 µg/ml of SLA in a final volume of 200 µl. The cells were 

incubated at 37 °C with 5% CO2 in humidified atmosphere for 72 h for cytokine assay or 

5 days for CFSE proliferation assay or phenotypic analysis (267). 

 

Monoclonal antibodies and flow cytometry 

For flow cytometry analysis about 10 µl of the following monoclonal antibodies 

and isotype matched controls were added per 1 × 105 cells before or after the culture: 

PE-Cy5-conjugated mouse anti-human CD45RA, PE-conjugated rat anti-human CD197 

(CCR7) (BD Biosciences, Pharmingen, USA) along with isotype controls of FITC-

conjugated mouse IgG1 (DakoCytomation, Denmark), PE-Cy5-conjugated mouse IgG2b 

and PE-conjugated rat IgG2α (BD Biosciences, Pharmingen, USA). The cells were stained 

at 4 °C for 30 min in the dark and washed 2 times by centrifugation at 300× g for 7 min 

and resuspended in 1–2 ml of 1% paraformaldehyde before running on the flow 

cytometer. The cells were analyzed using Partec flow cytometer (DAKO cytomation, 

Denmark) while isotype matched negative controls were used to set the threshold of 

autofluorescence. FACS data analysis was performed using FloMax (DAKO cytomation, 

Denmark) software (267). 

 

ELISA cytokine assay 

The culture supernatants of memory/naive T cells were collected at 72 h and the 

level of IL-5, IL-10, and IFN-γ were titrated using ELISA method (Mabtech, Stockholm, 

Sweden). Briefly, the plates were coated with 100 µl of anti-IFN-γ/IL-5/IL-10 mAb in 
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PBS, pH 7.4, and incubated at 4 °C for overnight. After blocking the wells for 2 h at RT 

using 200 µl of buffer containing PBS plus 0.05% (v/v) Tween 20 and 0.1% (w/v) BSA, 

100 µl of culture supernatants were added to each well, then 100 µl of biotin labelled 

mAb was added to each well and incubated at RT for 1 h, as enzyme 100 µl of 

streptavidin-horse reddish peroxidase (-HRP) was added to each well and the plates 

were incubated for additional 1 h at RT. The reaction was developed using 100 µl of 

3,3′,5,5′-tetramethyl benzidine (TMB) substrate by incubation of the plate at RT for 30 

min. The reaction was stopped using 100 µl of 0.5 M H2SO4 solution per well. The plates 

were washed 5 times after each step of incubation using PBS+0.05% (v/v) Tween 20. 

The plates were read at 450 nm using a microplate reader (BioTek, Winooski, VT, USA). 

The mean ODs of the wells were compared with the standard curves prepared using 

recombinant IL-5, IL-10, and IFN-γ. The cytokine levels represent the differences 

between the ODs of the tests and the background wells. The detection limit of the assays 

was 4 pg/ml for IL-5, 0.5 pg/ml for IL-10, and 2 pg/ml for IFN-γ (267). 

 

Intracellular cytokine staining  

A portion of the purified cells from some of the volunteers (10 CL and 12 

controls) was used for ICS assay after SLA stimulation. The cells were stimulated with 

PMA (Sigma, St. Louis, MO. USA) 50 ng/ml plus Ionomycin calcium (Sigma) 500 ng/ml 

and incubated at 37 °C, 5% C02 for 5–6 h, then 25 µM/ml Monensin (Sigma) was added 

during the last 4–5 h of culture for blocking. The cells were harvested and washed 2 

times using PBS (pH 7.2) plus 0.1% bovine serum albumin (BSA). The cells were 

permeabilized using BD Cytofix/Cytoperm kit according to the manufacturer's 

instruction (BD Biosciences, San Jose, CA, USA). In the final step, cells were stained using 

FITC-conjugated mouse anti-human IFN-γ (BD Biosciences- San Jose, CA, USA). The cells 
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were washed 2 times with perm/wash buffer and resuspended in PBS (pH 7.2) plus 1% 

BSA. Then the cells were analyzed using Partec flow cytometer (DAKO cytomation 

Glostrup, Denmark) while isotype matched negative controls were used to set the 

threshold of autofluorescence. A minimum of 50,000 events were acquired for each 

sample. FACS data analysis was performed using FloMax (DAKO cytomation) software 

(267). 

 

Statistical analysis  

The differences between strains in splenomegaly, hepatomegaly, number of 

parasites in spleen and lymph nodes, hematopoiesis in spleen were evaluated by the 

analysis of variance (ANOVA) and Newman-Keuls multiple comparison in case if there 

was normally distributed data using the program Statistica for Windows 8.0 (StatSoft, 

Inc., Tulsa, Oklahoma, U.S.A.).  The differences between strains in histological 

parameters and lesion size were analyzed by Kruskal-Wallis ANOVA by Ranks and 

Mann-Whitney U test (Statistica for Windows 8.0 (StatSoft, Inc., Tulsa, Oklahoma, U.S.A.). 

Mann-Whitney U test was also used for comparing histology and lesion size between 

infected and uninfected mice within strains. The role of genetic factors in control of the 

tested pathological and immunological symptoms was examined with ANOVA using the 

program Statistica for Windows 8.0 (StatSoft, Inc., Tulsa, Oklahoma, USA). Marker, 

grandparent-of-origin effect and age were fixed factors and the experiment was 

considered as a random factor. In order to obtain normal distribution of the analyzed 

parameters, the obtained values were transformed, each as required by its distribution, 

as shown in the legends of the Tables. Markers and interactions with P<0.05 were 

combined in a single comparison.  
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To obtain whole genome significance values (corrected P-values) the observed P-

values (αT) were adjusted according to Lander and Schork (269) using the formula: 

αT*≈ [C+ 2ρGh(T)]αT 

where G = 1.75 Morgan (the length of the segregating part of the genome: 12.5% of 14 

M); C = 9 (number of chromosomes segregating in cross between CcS-16 and BALB/c, 

respectively); ρ = 1.5 for F2 hybrids; h(T) = the observed statistic (F ratio).  

The percentage of total phenotypic variance accounted for by a QTL and its interaction 

terms  was computed by subtracting the sums of squares of the model without this 

variable from the sum of squares of the full model and this difference divided by the 

total regression sums of squares:  

(SS(b1,b2,b3,b4,b5|b0)) - (SS(b1,b2,b3,b4|b0)) 

(RSS(b1,b2,b3,b4,b5|b0) 

To analyze the data of human study non-parametric tests of Mann–Whitney, 

Kruskal–Wallis and Dunn's post-test for paired comparisons were used for statistical 

analysis of the data using SPSS version 11.5 (SPSS Inc., USA) and GraphPad Prism 

version 5.01 (GraphPad Software Inc., USA) softwares. Non-parametric tests were used 

because the samples did not follow a Gaussian distribution. P value of <0.05 is 

considered as significant. 
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Chapter 3 

 Results 
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Genetics of Host Response to Leishmania tropica in Mice – Different Control of Skin 

Pathology, Chemokine Reaction, and Invasion into Spleen and Liver 

 

Tetyana Kobets, Helena Havelková, Igor Grekov, Valeriya Volkova, Jarmila Vojtíšková, 

Martina Slapničková, Iryna Kurey, Yahya Sohrabi, Milena Svobodová, Peter Demant, 

Marie Lipoldová 

PLOS Neglected Tropical Diseases. Jun 2012; 6(6): e1667. (Supplementary text 1)  

Based on our previous studies on L. major, we have tested parental strains 

BALB/c and STS and eight RC mouse strains (CcS-3, -5, -9, -11, -12, -16, -18 and 20), 

which exhibited various susceptibility to L. major, in order to establish an informative 

defined model for susceptibility to L. tropica. The infected mice were tested for several 

parameters: skin lesion size, splenomegaly (enlargement of the spleen), hepatomegaly 

(enlargement of the liver), parasite load in inguinal lymph nodes and spleen, levels of 

IFN-γ, IL-4, IL-12, IgE, GM-CSF, CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 

(RANTES) and CCL7 (MCP-3) in blood serum. Parasite load was measured using 

modified limiting dilution assay or by PCR-ELISA.  

In comparison to L. major experiments, the infection with L. tropica developed 

much slowlier. 

Nodules on skin at the site of infection appeared late, at the 11-th week of 

infection, only some of the tested CcS/Dem strains developed skin lesions (CcS-16, 

BALB/c, CcS-11, and CcS-20). 

Similarly as in L. major experiments, STS and CcS-5 strains showed the highest 

resistance to L. tropica induced disease. 

The largest skin lesions were observed in CcS-16 females. 

Females of CcS-18 and CcS-12 developed only small skin pathology. 
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Only males of BALB/c, CcS-16 and CcS-20 developed small lesions, whereas males 

of other strains had no skin pathology. 

In contrast to L. major infection, we observed strong genotype-sex interaction in 

response to L. tropica. In L. major experiments, males exhibited either higher or similar 

pathology as females, while L. tropica infected females were more susceptible than 

males.  

Draining lymph nodes of all tested stains contained viable parasites. 

L. tropica parasites visceralized and were found in spleens of strains BALB/c, CcS-

3, CcS-18, and CcS-20.  

In comparison to L. major infection parasite load was much lower than after 

infection with L. tropica. 

Despite visceralization of parasites in several strains, we observed no 

splenomegaly or hepatomegaly. 

After infection the strains BALB/c, CcS-11, CcS-18, CcS-16 and CcS-20 have 

increased levels of chemokines CCL2, CCL3 and CCL5 in serum. 

Only CcS-16 females, but not males, exhibited a unique pattern of the systemic 

reaction characterized by the additional early peak of chemokine levels. 

Table 8. Diffrences in susceptibility to skin pathology after infection with L major 

and L. tropica in CcS/Dem RC strains  

Strains  L. major                       L. tropica 
BALB/c         susceptible susceptible 
STS Resistant resistant 
CcS-3 intermediate resistant 
CcS-5 Resistant resistant 
CcS-9       susceptible highly  susceptible  
CcS-11 intermediate        susceptible 
CcS-12 susceptible intermediate 
CcS-16 susceptible highly susceptible 
CcS-18 susceptible intermediate 
CcS-20 intermediate susceptible 
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Conclusion: We established the first reliable mouse model for genetic studies of L. 

tropica infection. Comparison of L. tropica and L. major infections indicates that the 

strain patterns of response are species specific, with different sex effects and largely 

different host susceptibility genes. All tested strains contained parasites in inguinal 

lymph nodes. Some strains contained parasites also in spleen and liver, but none of the 

tested strains developed splenomegaly or hepatomegaly. Females of strain CcS-16, 

which developed the largest lesions, exhibited a unique systemic chemokine reaction, 

characterized by early peaks of CCL3 and CCL5 in serum, which were not present in CcS-

16 males nor in any other strain.  

I contributed to sample preparation, data interpretation and preparation of the 

manuscript  
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Abstract

Background: Leishmaniasis is a disease caused by protozoan parasites of genus Leishmania. The frequent involvement of
Leishmania tropica in human leishmaniasis has been recognized only recently. Similarly as L. major, L. tropica causes
cutaneous leishmaniasis in humans, but can also visceralize and cause systemic illness. The relationship between the host
genotype and disease manifestations is poorly understood because there were no suitable animal models.

Methods: We studied susceptibility to L. tropica, using BALB/c-c-STS/A (CcS/Dem) recombinant congenic (RC) strains, which
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Introduction

Several hundred million people in 88 countries are living in

areas where they can contract leishmaniasis, a disease caused by

intracellular protozoan parasites of the genus Leishmania and

transmitted to vertebrates by phlebotomine sand flies. Leishmania

parasites infect professional phagocytes (neutrophils, monocytes

and macrophages), as well as dendritic cells and fibroblasts [1].

The main vertebrate host target cell is the macrophage, where

parasites multiply, eventually rupture the cell, and spread to

uninfected cells [2]. As macrophages migrate to all mammalian

tissues, Leishmania parasites have a great potential for damaging

bodily functions. In the dermis, they cause the cutaneous form of

the disease (which can be localized or diffuse); in the mucosa, they

result in mucocutaneous leishmaniasis; and the metastatic spread

of infection to the spleen and liver leads to visceral leishmaniasis.

One of the major factors determining the type of pathology is the

species of Leishmania [3]. However, the transmitting vector, as well

as genotype, nutritional status of the host, and environmental and

social factors also have a large impact on the outcome of the

disease [3,4]. That is why even patients, infected by the same

species of Leishmania, develop different symptoms [3] and may

differ in their response to therapy [5]. The basis of this

heterogeneity is not well understood [6], but part of this variation
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is likely genetic. Numerous potentially relevant genes were

reported (reviewed in [7]).

The extent of involvement of Leishmania tropica in human

leishmaniasis has been recognized only recently. The western limit

of L. tropica appears to be the Greek Island of Zakynthos, the

disease has been found in Turkey, Syria, Jordan, Israel, Morocco,

Tunisia, Saudi Arabia, Yemen, Iran, Iraq, Afghanistan, Turkme-

nistan, Pakistan, Kenya, Ethiopia and Namibia, and at its eastern

limits in India (reviewed in [8]). While L. major is a zoonosis with

mainly rodent (Gerbillidae) reservoir hosts, L. tropica can circulate

among humans without the involvement of animal reservoirs, but

zoonotic transmission also occurs [9]. Similarly to L. major,

L. tropica causes cutaneous leishmaniasis in humans. Moreover,

L. tropica was also reported to visceralize and cause an initially not

understood systemic illness in veterans returning from endemic

areas in the Middle East [10], as well as the classical visceral

leishmaniasis (kala-azar) in India [11], and the disseminated

cutaneous leishmaniasis accompanied with visceral leishmaniasis

in Iran [12].

A suitable animal model for study of this parasite would

contribute to functional dissection of the clinical course of

infection. Golden hamsters (Mesocricetus auratus) have been consid-

ered to be the best model host of the L. tropica infection, but this

host is not inbred and hence not suitable for many studies.

However, several strains of L. tropica from Afghanistan, India [13],

and Turkey [14] have been described to cause cutaneous disease

in inbred BALB/c mice, thus providing a better defined host. In

comparison with widely studied immune response to L. major

infection (reviewed in [15]) and its genetic control (reviewed in

[7]), little is known about L. tropica in mouse [13,14,16]. Here we

aimed to study genetics of susceptibility to L. tropica in the mouse.

We analyzed response to L. tropica in CcS/Dem (CcS) recombinant

congenic (RC) strains [17] derived from the background strain

BALB/cHeA (BALB/c) and the donor strain STS. Each CcS

strain contains a different unique random set of about 12.5%

genes from the donor strain STS and 87.5% genes from the

background strain BALB/c. These strains have been already

successfully used for analysis of infection with Leishmania major [18–

22]. The RC system enabled us to analyze organ pathology and

systemic disease after infection with L. tropica and their genetic

control.

Materials and Methods

Mice
Males and females of strains BALB/c, STS and selected RC

strains [17,23] were tested. When used for these experiments, RC

strains were in more than 38 generation of inbreeding and

therefore highly homozygous. During the experiment, male and

female mice were placed into separate rooms and males were

caged individually. The research had complied with all relevant

European Union guidelines for work with animals and was

approved by the Institutional Animal Care Committee of the

Institute of Molecular Genetics AS CR and by Departmental

Expert Committee for the Approval of Projects of Experiments on

Animals of the Academy of Sciences of the Czech Republic.
Experiments with Leishmania tropica. Mice of the strains

BALB/c (12 females, 12 males), STS (12 females, 13 males), CcS-3

(12 females, 10 males), CcS-5 (11 females, 12 males), CcS-11 (14

females, 19 males), CcS-12 (6 females, 6 males), CcS-16 (12

females, 12 males), CcS-18 (8 females, 12 males), and CcS-20 (12

females, 12 males) were infected with L. tropica. Mice were tested in

2 successive experimental groups and were killed 21 and 43 weeks

after infection. The age of the mice at the time of infection was 9 to

26 weeks (mean 16 weeks, median 16 weeks).
Experiments with Leishmania major. Mice of the strains

BALB/c (27 females, 30 males), STS (8 females, 10 males), CcS-3

(10 females, 10 males), CcS-5 (26 females, 32 males), CcS-11 (20

females, 21 males), CcS-12 (18 females, 17 males), CcS-16 (11

females, 13 males), CcS-18 (9 females, 4 males), and CcS-20 (14

females, 18 males) were infected with L. major. Mice were tested in

8 successive experimental groups and were killed 8 weeks after

infection. The age of the mice at the time of infection was 8 to 47

weeks (mean 16 weeks, median 15 weeks).

Parasite
Leishmania tropica from Urfa, Turkey (MHOM/1999/TR/SU23)

was used for infecting mice. Amastigotes were transformed to

promastigotes using SNB-9 [24], 16107 stationary phase promas-

tigotes from subculture 2 have been inoculated in 50 ml of sterile

saline s.c. into the tail base, with promastigote secretory gel (PSG)

collected from the midgut of L. tropica-infected Phlebotomus sergenti

females (laboratory colony originating from L. tropica focus in

Urfa). PSG was collected as described [25]. The amount

corresponding to one sand fly female was used per mouse.

Leishmania major LV 561 (MHOM/IL/67/LRC-L137 JERI-

CHO II) was used for mouse infection. Amastigotes were

transformed to promastigotes using SNB-9 [24], 16107 promas-

tigotes from 6 days old subculture 2 were inoculated in 50 ml of

sterile saline s.c. into the tail base.

Disease phenotype
The size of the skin lesions was measured weekly using a Vernier

caliper gauge. The mice infected with L. tropica were killed 21 or 43

weeks after inoculation. Mice infected with L. major were killed 8

weeks after infection. Blood, spleen, liver and inguinal lymph

nodes were collected for further analysis.

Quantification of parasite load in spleens and inguinal
lymph nodes

The current semi-quantitative technique is based on the limiting

dilution assay [26]. We modified the procedure by using only a

single pre-selected cell concentration, and parasite count was

Author Summary

Several hundred million people are exposed to the risk of
leishmaniasis, a disease caused by intracellular protozoan
parasites of several Leishmania species and transmitted by
phlebotomine sand flies. In humans, L. tropica causes
cutaneous form of leishmaniasis with painful and long-
persisting lesions in the site of the insect bite, but the
parasites can also penetrate to internal organs. The
relationship between the host genes and development
of the disease was demonstrated for numerous infectious
diseases. However, the search for susceptibility genes in
the human population could be a difficult task. In such
cases, animal models may help to discover the role of
different genes in interactions between the parasite and
the host. Unfortunately, the literature contains only a few
publications about the use of animals for L. tropica studies.
Here, we report an animal model suitable for genetic,
pathological and drug studies in L. tropica infection. We
show how the host genotype influences different disease
symptoms: skin lesions, parasite dissemination to the
lymph nodes, spleen and liver, and increase of levels of
chemokines CCL2, CCL3 and CCL5 in serum.
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measured with a Coulter Counter CBC5 (Coulter Electronics Inc.,

Hialeah, FL). In comparison with the original limiting dilution

technique, this modified culture method is less laborious and

allows rapid estimation of parasite number.

Preparation of cells must be carried out under sterile conditions.

During preparation, all samples, which were not immediately

worked with, were kept on ice. Inguinal lymph nodes and quarters

of spleens were disrupted in a glass homogenizer in complete

RPMI (containing 5% of heat-inactivated fetal calf serum (Sigma-

Aldrich, USA), 25 mM Hepes (Sigma-Aldrich, USA), 0.0005% b-

mercaptoethanol (Serva, Germany), 63.7 mg/ml penicillin (Sigma-

Aldrich, USA), and 100 mg/ml streptomycin (Sigma-Aldrich,

USA). The homogenate was passed through the nylon filter.

The homogenizer was washed 3 times with 3 ml of sterile PBS

after processing each lymph node. The samples were then

centrifuged 8 min at 300 g, 4uC (centrifuge Eppendorf 5810 R,

Eppendorf, Germany). The supernatant was removed and the cells

were resuspended in 0.5 ml of complete Schneider’s medium

supplemented with 20% heat-inactivated fetal calf serum (Sigma-

Aldrich, USA), 2% sterile fresh human urine, 50 mg/ml

gentamicine (Sigma-Aldrich, USA), 63.7 mg/ml penicillin (Sig-

ma-Aldrich, USA), and 100 mg/ml streptomycin (Sigma-Aldrich,

USA). To count cells with a Coulter Counter CBC5 (Coulter

Electronics Inc., Hialeah, FL), USA), 50 ml of the cell suspension

was diluted in 20 ml of PBS. Ekoglobin (Hemax s.r.o., Czech

Republic) was added to the diluent prior to counting to lyse red

blood cells.

0.5 ml of the cell suspension (16105 cells per ml for lymph

nodes and 26105 cells per ml for spleens) was cultivated in

complete Schneider’s medium in 48-well tissue culture plates

(Costar, Corning Inc., USA) at 27uC (Biological thermostat BT

120 M, Labsystem, Finland) for 3 days. Each sample was prepared

in triplicate. After incubation, 100 ml of a mixed sample from each

well, containing Leishmania parasites released from lymph node or

spleen cells were diluted in 20 ml of PBS and the parasite number

was counted with the Coulter Counter.

Quantification of parasite load in livers
Parasite load was measured in frozen liver samples using PCR-

ELISA according to the previously published protocol [27].

Briefly, total DNA was isolated using a standard proteinase

procedure. For PCR, two primers (digoxigenin-labeled F 59-ATT

TTA CAC CAA CCC CCA GTT-39 and biotin-labeled R 59-

GTG GGG AGG GGG CGT TCT-39 (VBC Genomics

Biosciences Research, Austria) were used for amplification of the

120-bp conservative region of the kinetoplast minicircle of

Leishmania parasite, and 50 ng of extracted DNA was used per

each PCR reaction. For a positive control, 20 ng of L. tropica DNA

per reaction was amplified as a highest concentration of standard.

A 40-cycle PCR reaction was used for detection. Parasite load was

determined by analysis of the PCR product with the modified

ELISA protocol (Pharmingen, USA). Concentration of Leishmania

DNA was determined using the ELISA Reader Tecan and the

curve fitter program KIM-E (Schoeller Pharma, Czech Republic)

with least squares-based linear regression analysis.

Cytokine and IgE levels
Levels of GM-CSF (granulocyte-macrophage colony-stimulat-

ing factor), CCL2 (chemokine ligand 2)/MCP-1 (monocyte

chemotactic protein-1), CCL3/MIP-1a (macrophage inflammato-

ry protein-1a), CCL4/MIP-1b (macrophage inflammatory pro-

tein-1b), CCL5/RANTES (regulated upon activation, normal T-

cell expressed, and secreted) and CCL7/MCP-3 (monocyte

chemotactic protein-3) in serum were determined using Mouse

chemokine 6-plex kit (Bender MedSystems, Austria). The kit

contains two sets of beads of different size internally dyed with

different intensities of fluorescent dye. The set of small beads was

used for GM-CSF, CCL5/RANTES and CCL4/MIP-1b and the

set of large beads for CCL3/MIP-1a, CCL2/MCP-1 and CCL7/

MCP-3. The beads are coated with antibodies specifically reacting

with each of the analytes (chemokines) to be detected in the

multiplex system. A biotin secondary antibody mixture binds to

the analytes captured by the first antibody. Streptavidin-phycoer-

ythrin binds to the biotin conjugate and emits a fluorescent signal.

The test procedure was performed in the 96 well filter plates

(Millipore, USA) according to the protocol of Bender MedSystem.

Beads were analyzed on flow cytometer LSR II (BD Biosciences,

USA). As standards were used lyophilized GM-CSF and

chemokines (CCL2/MCP-1, CCL3/MIP1a, CCL4/MIP1b,

CCL5/RANTES, CCL7/MCP-3) supplied in the kit. Concentra-

tion was evaluated by Flow Cytomix Pro 2.4 software (eBioscience,

Vienna, Austria). The limit of detection of each analyte was

determined to be for GM-CSF 12.2 pg/ml, CCL2/MCP-1 42 pg/

ml, CCL7/MCP-3 1.4 pg/ml, CCL3/MIP-1a 1.8 pg/ml, CCL4/

MIP-1b 14.9 pg/ml, CCL5/RANTES 6.1 pg/ml respectively.

IFNc, IL-4, IL-12 and IgE levels in serum were determined

using the primary and secondary monoclonal antibodies (IFNc:

R4-6A2, XMG1.2; IL-4: 11B11, BVD6-24G2; IL-12p40/p70:

C15.6, C17.8; IgE: R35-72, R35118) and standards from BD

Biosciences, USA (recombinant mIFNc, mIL-4, mIL-12 and

purified mIgE: C38-2). ELISA was performed as recommended by

BD Biosciences. The ELISA measurement of IFNc, IL-4, IL-12,

and IgE levels was performed by the ELISA Reader Tecan and

the curve fitter program KIM-E (Schoeller Pharma, Czech

Republic) using least squares-based linear regression analysis.

The detection limit of ELISA was determined to be 30 pg/ml for

IFNc, 8 ng/ml for IgE, 16 pg/ml for IL-4 and 15 pg/ml for IL-12.

Staining of tissue sections
Inguinal lymph nodes and spleens were fixed in 4% formalde-

hyde and embedded in paraffin. Immunohistochemical staining of

parasites was performed in 5 mm lymph node sections. Slides were

deparaffinized with xylene (2 times for 5 min) and rehydrated with

96% ethanol (3 times for 3 min), 80% ethanol (3 min), 70%

ethanol (3 min) and PBS (phosphate buffer saline, 3 min).

Endogenous peroxidase was quenched with 3% H2O2 in methanol

for 10 min. Sections were washed in PBS (10 min) and parasites

were stained using anti-Leishmania lipophosphoglycan monoclonal

mouse IgM (Code Nr. CLP003A, Cedarlane, Canada) diluted

1:100 in PBS with 1% BSA (bovine serum albumine, Sigma-

Aldrich, USA) and applied for 1 h at 37uC, followed by TRITC-

conjugated goat anti-mouse IgM (Code Nr. 115-025-020, Jackson

Immunoresearch, USA), also diluted 1:100 in PBS with 1% BSA

and applied for 1 h at 37uC. Cell nuclei were stained with DAPI

(49,6-diamidino-2-phenylindole dihydrochloride) 10 ng/ml (Sigma-

Aldrich, USA). For histological analysis, 5 mm spleen and lymph

node sections were stained by the routine hematoxylin and eosin

method (H&E).

Statistical analysis
The differences between CcS/Dem strains in parasite numbers

in lymph nodes were evaluated by the analysis of variance

(ANOVA) and Newman-Keuls multiple comparison using the

program Statistica for Windows 8.0 (StatSoft, Inc., Tulsa,

Oklahoma, U.S.A.). Strain and age were fixed factors and

individual experiments were considered as a random parameter.

The differences in parameters between strains were evaluated

using the Newman-Keuls multiple comparison test at 95%

Genetic Influence on Susceptibility to L. tropica
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significance. Difference between sexes in parasite numbers in

lymph nodes was analysed by Mann Whitney U test. Analysis of

sex influence on lesion development after L. major infection was

performed using General Linear Models, Univariate ANOVA,

Statistica 8.0 with experiment as a random and age as a fixed

parameter.

Results

Genetic differences in skin pathology caused by infection
with L. tropica

To study susceptibility to L. tropica we infected both females and

males of the strains BALB/c, STS and RC strains CcS-3, CcS-5,

CcS-11, CcS-12, CcS-16, CcS-18, and CcS-20.

In females, skin pathology started as a nodule at the site of L.

tropica infection appearing between weeks 11 and 20, which

transformed in susceptible strains into a skin lesion (Figure 1).

Females of the strains BALB/c, CcS-11, CcS-16 and CcS-20 were

relatively susceptible to the infection and developed skin lesions

after week 18; the largest lesions were observed in CcS-16

(Figure 2A). Females of the strain CcS-16 exhibited skin lesions

from week 18 until the end of experiment (week 43). In females of

the strains BALB/c, CcS-11 and CcS-20, the lesions partly healed

and tended to transform back to nodules after week 30.

Interestingly, in females of the strain CcS-11, small skin nodules

appeared at week 14, but at 32–42 weeks of infection half of the

females died without obvious pathological findings. Only one

female died at week 13 in the 21-week experiment. Strains CcS-12

and CcS-18 are intermediate in susceptibility to skin pathology.

CcS-12 females developed small skin lesions at the late stages of

infection (after week 37), whereas CcS-18 females developed

nodules or small lesions that healed. Strains STS, CcS-3 and CcS-

5 were resistant to skin lesions development. Females of the strain

CcS-3 had small skin nodules at the late stages of infection and did

not develop skin lesions during the entire course of the experiment.

Females of the strains STS and CcS-5 were resistant to L. tropica,

and only a few of them developed small nodules at the site of

infection.

Males of the strain CcS-16 developed small lesions from week

22, which later healed, whereas BALB/c males exhibited small

lesions from week 30 until the end of the experiment (Figure 2B).

Males of the strain CcS-12 developed small skin lesions at the late

stages of infection (after week 37). Males of CcS-11 developed no

or only small skin nodules, but most of the animals died before

week 18 of infection. Similarly as CcS-11 females, they were

without obvious pathological findings. Males of the strains STS,

CcS-3 and CcS-5 had small skin nodules at the late stages of

infection and did not develop skin lesions within the entire course

of the experiment. Only a few males of the strains CcS-18 and

CcS-20 developed small nodules at the site of infection.

Sex has different effect on skin pathology caused by L.
tropica and L. major

Sex differences observed in susceptibility to L. tropica led us to

analyze sex influence in susceptibility to L. major. As our previous

research with L. major was focused on analysis of females [28], in

this study we have infected with L. major both females and males of

strains BALB/c, STS and RC strains CcS-3, CcS-5, CcS-11, CcS-

12, CcS-16, CcS-18, and CcS-20. Both males and females of all

analyzed strains developed larger skin lesions after infection with

L. major than when infected with L. tropica (Table 1, Figure 2A, B).

The effect of sex was different in experiments with L. major and L.

tropica. After the infection with L. tropica, females of CcS/Dem

strains in most cases exhibited more extensive skin pathology than

males (Figure 2 A, B), whereas after infection with L. major, skin

lesions in males and females of strains BALB/c, STS, CcS-11,

CcS-12, CcS-16 and CcS-20 did not differ, whereas males of

strains CcS-3 (P = 0.001), CcS-5 (P = 0.001) and probably also

CcS-18 (P = 0.043) developed larger skin lesions than females

(Table 1).

Figure 1. Skin lesion caused by Leishmania tropica in female of CcS-16 strain at week 43 after infection.
doi:10.1371/journal.pntd.0001667.g001
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Figure 2. Kinetics of skin lesion development of CcS/Dem strains after infection with L. tropica. Individual strains are marked with
different colors. The columns show median values of lesion size in females (A) and males (B). Figure summarizes data from two independent
experiments.
doi:10.1371/journal.pntd.0001667.g002

Table 1. Sex differences in lesion size (week 8) after L. major infection.

Strain Sex Number of mice Lesion size week 8 in mm2
P-level of difference between females and males

mean ±SD

BALB/c females 27 116.7 630.4 0.098

BALB/c males 30 144.3 660.5

STS females 8 3.0 67.4 0.252

STS males 10 6.9 68.2

CcS-3 females 10 45.2 613.5 0.001

CcS-3 males 10 73.8 617.2

CcS-5 females 26 14.9 615.3 0.001

CcS-5 males 32 29.7 627.9

CcS-11 females 20 61.7 638.1 0.074

CcS-11 males 21 68.6 644.2

CcS-12 females 18 134.6 627.0 0.296

CcS-12 males 17 146.5 644.4

CcS-16 females 11 138.0 632.7 0.105

CcS-16 males 13 160.8 628.2

CcS-18 females 9 97.5 636.8 0.043

CcS-18 males 4 126.2 638.0

CcS-20 females 14 51.6 631.7 0.665

CcS-20 males 18 57.4 636.0

Analysis of sex influence on lesion development was performed using General Linear Models Univariate ANOVA with experiment as a random and age as a fixed
parameter. We have observed influence of experiment (P range 0.006–0.000019), whereas influence of age was not significant (P.0.17).
doi:10.1371/journal.pntd.0001667.t001
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Draining lymph nodes of all tested strains contained
viable L. tropica parasites

In vitro culture tests showed that all tested mice, including strains

that did not exhibit any skin pathology, contained viable parasites in

their inguinal lymph nodes both 21 and 43 weeks after infection

(Figure 3). Presence of parasites was also documented by staining of

Leishmania in tissue smears with the anti-Leishmania lipophosphogly-

can monoclonal antibody (Figure 4) and by histological analysis of

hematoxylin-eosin stained lymph nodes smears (Figure S1).

None of the strains contained more parasites in the lymph nodes

than the background parental strain BALB/c (Figure 3). At week

21 after infection, females of the strains STS and CcS-5

(P = 0.0002), and males of the strain CcS-5 (P = 0.0093) contained

significantly lower parasite numbers than the strain BALB/c. At

week 43 after infection, females of the strains STS, CcS-5 and

CcS-11 (P = 0.00000001), and STS males (P = 0.0004) had

significantly lower parasite load than BALB/c. At week 43,

females of strain CcS-18 had higher parasite count than males

(P = 0.0209), whereas males of the strain CcS-5 had higher parasite

load than females (P = 0.0143). In both experiments counted

together, females of CcS-18 (P = 0.0318) strain had higher parasite

load than males, whereas STS males had higher parasite numbers

than females (P = 0.0097) (Figure 3).

L. tropica can invade spleens and livers of several mouse
strains

We did not observe any splenomegaly and hepatomegaly

induced by infection with L. tropica. However, in vitro cultures have

shown that 21 weeks after infection 50% (3 out of 6), 66.7% (2 out

of 3) and 16.7% (1 out of 6) spleens of female mice of the strains

CcS-3, -18 and -20, respectively, contained viable parasites. We

were also able to cultivate parasites from 16.7% (1 out of 6) and

33.3% (2 out of 6) of spleens of males of the strains BALB/c and

CcS-20, respectively. Parasite presence in spleens was confirmed

by histological examination (Figure 5). Parasite numbers in spleens

of other strains were either below the level of detection or absent.

Mice of the strain CcS-12 were not tested in the 21-week

experiment.

Later we measured parasite load in frozen liver tissues using

PCR-ELISA [27]. The presence of parasites after 21 weeks of

infection was detected in females of the strains BALB/c 33.33% (2

out of 6), CcS-3 66.67% (4 out of 6), CcS-11 42.86% (3 out of 7),

CcS-16 71.43% (5 out of 7), CcS-18 66.67% (2 out of 3) and CcS-

20 75% (3 out of 4). Livers of males of the same strains also

contained parasites: BALB/c 83.33% (5 out of 6), CcS-3 100% (3

out of 3), CcS-11 80% (4 out of 5), CcS-16 66.67% (4 out of 6),

CcS-18 33% (2 out of 6) and CcS-20 83.33% (5 out of 6).

Unfortunately, an additional analysis of spleens and lymph

nodes with PCR-ELISA cannot be performed as these organs were

completely used for the cultivation assay.

Systemic reactions after infection with L. tropica
We measured levels of IL-4, IL-12, IFNc, GM-CSF (granulo-

cyte-macrophage colony-stimulating factor), CCL2 (chemokine

ligand 2)/MCP-1 (monocyte chemotactic protein-1), CCL3/MIP-

Figure 3. Number of parasites cultivated from lymph nodes of mouse strains 21 and 43 weeks after infection. Mice were killed at week
21 (A) and week 43 (B) after infection. Asterisks show strains that exhibited parasite load significantly different from BALB/c. Brackets indicate strains
with differences between males and females. Data are presented as mean 6 SD.
doi:10.1371/journal.pntd.0001667.g003

Figure 4. Leishmania tropica parasites inside the macrophage. A
smear of the inguinal lymph node of BALB/c male was stained with the
anti-Leishmania lipophosphoglycan monoclonal antibody (CLP003A,
Cedarlane, Hornby, Canada) and TRITC labeled IgM (115-025-020,
Jackson Immunoresearch, West Grove, PA, United States of America), all
diluted 1:100. Nuclei of the cells were stained with DAPI. Parasites are
shown with arrows.
doi:10.1371/journal.pntd.0001667.g004
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1a (macrophage inflammatory protein-1a), CCL4/MIP-1b (mac-

rophage inflammatory protein-1b), CCL5/RANTES (regulated

upon activation, normal T-cell expressed, and secreted), CCL7/

MCP-3 (monocyte chemotactic protein-3) and IgE in serum of

uninfected and infected mice.

No significant difference was found in IL-4, IL-12, IgE, IFNc
and GM-CSF levels in serum of infected mice in comparison with

noninfected controls (data not shown). We have observed an

increase of serum levels of CCL2, CCL3 and CCL5 in infected

strains; the largest increase was observed in strains CcS-11, CcS-

16, CcS-18 and CcS-20. Figure 6 shows chemokine kinetics in

females. Peak of increase of levels of these chemokines usually

followed the start of lesion development. The increase was greater

in females than in males (data not shown). Females of the strain

CcS-16 exhibited a unique pattern of kinetics of CCL3 and CCL5

levels, which differed from all other strains (Figure 6) and also from

CcS-16 males (Figure 7). We observed two peaks of increase of

serum levels of CCL3 and CCL5 in females of CcS-16 (Figure 6);

one before the development of skin lesions, the other after the

decrease of lesion size, and there were almost no changes in CCL2

level. CcS-16 males had slight increase of CCL3, CCL5 (Figure 7),

and CCL2 (data not shown); their kinetics of increase was similar

to those in females and males of other strains.

Discussion

We have analyzed manifestations of the disease and the

immunological parameters, which constitute the pathology of

leishmaniasis in mice (organ pathology, parasite load in organs,

systemic immune response) after infection with L. tropica.

Compared with infection with L. major, infection progressed more

slowly, some manifestations (skin lesions, parasite load in organs)

were less pronounced, some (splenomegaly, hepatomegaly) were

absent in the tested strains, and the systemic immune response also

differed. These observations reveal new areas where the compar-

ative research of infection by the two species can contribute to a

deeper genetic and functional understanding of responses to both

and perhaps eventually lead to a common conceptual framework

for their interpretation. Such more general scheme could not be

readily obtained by analysis of any of them alone. A progress in the

heavily under-investigated biology of responses to L. tropica

infection may also have a translational potential, which may be

significant in view of the recent wider recognition of the etiological

role of this parasite in human disease. The areas highlighted by

our results include the likely species specificity of at least some

susceptibility genes, the dramatically different effects of sex on the

response, and a different regulation of some systemic responses.

Genotype effects are different in L. tropica and L. major
infection

We have observed clearly different patterns in strains’ suscep-

tibility to L. tropica and L. major. Out of the nine strains tested, four

(BALB/c, STS, CcS-5, CcS-16) exhibited similar relative suscep-

tibility, whereas susceptibility of five strains (CcS-3, CcS-11, CcS-

12, CcS-18 and CcS-20) to these two parasites differed. Strains

CcS-3 and CcS-20 are resistant and susceptible, respectively, to

development of skin lesions after infection with L. tropica, but

intermediate to infection with L. major. The strains CcS-12, CcS-

18, and CcS-16 are among the most susceptible to L. major

infection [28], (Table 1), whereas with L. tropica CcS-12 and CcS-

18 are clearly less susceptible than BALB/c and CcS-16 (Figure 2).

The mice of strain CcS-11 are intermediate after infection with L.

major, but after infection with L. tropica they died with small or no

lesions, low parasite load in lymph nodes and with no detectable

parasites in spleens. The cause of mortality of CcS-11 was not

revealed by standard histo-pathological investigation. These

differences indicate presence of species-specific susceptibility genes.

Such genes were indicated also by results of Anderson and

coworkers [16] who found that strains BALB/c and C57BL/6 had

similar numbers of parasites in ear dermis and exhibited similar

ear lesion development after infection with L. tropica. In contrast,

these two strains differ greatly in susceptibility to L. major [29],

(reviewed in [7] and [15]). Poly-specific response genes that

control susceptibility to both L. major and L. tropica probably also

exist, as the strains STS and CcS-5 are resistant and BALB/c and

CcS-16 are susceptible to cutaneous disease induced by both

parasite species (Figure 2, Table 1).

These data complement information about species-specific and

poly-specific control of infection to L. donovani, L. infantum, L.

mexicana and L. major (reviewed in [7]). Poly-specific and species-

specific susceptibility genes are not limited to leishmaniasis, but

Figure 5. Parasites in hematoxylin-eosin stained spleen smears. Arrows show a group of parasites among spleen cells in infected BALB/c
male (A); noninfected control BALB/c male without parasites (B).
doi:10.1371/journal.pntd.0001667.g005
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were also indicated in susceptibility to other pathogens such as

Plasmodium (reviewed in [30]). The data on susceptibility to L.

tropica and L. major reported here is relevant for investigators of

other species-specific responses.

Females of the strain CcS-16 that contains a set of approxi-

mately 12.5% genes of the donor strain STS and 87.5% genes of

the background strain BALB/c exhibited the largest skin

pathology (Figure 1, Figure 2A), exceeding skin manifestations in

both parental strains BALB/c and STS. The observations of

progeny having a phenotype, which is beyond the range of the

phenotype of its parents, are not rare in traits controlled by

multiple genes. It was observed in different tests of immune

responses of RC strains in vitro [31–35] and in vivo [28,36].

Similarly, analysis of gene expression from livers in chromosome

substitution strains revealed that only 438 out of 4209 expression

QTLs were inside the parental range [37]. These observations are

due to multiple gene-gene interactions of QTLs, which in new

combinations of these genes in RC or chromosomal substitution

strains can lead to the appearance of new phenotypes that exceed

their range in parental strains. Alternatively, with traits controlled

by multiple loci, parental strains often contain susceptible alleles at

some of them and resistant at others, and some progeny may

receive predominantly susceptible alleles from both parents.

However, we cannot exclude the possibility that the unique

phenotype of CcS-16 may be caused by a spontaneous mutation,

which had appeared during the inbreeding, similarly as for

example a loss-of-function mutation in pyruvate kinase protecting

RC strains AcB55 and AcB61 against malaria, which is absent in

both parental strains A/J and C57BL/6 [38].

The strains CcS-3 and CcS-5, which are resistant to L. tropica

share common STS-derived segments on chromosome 5 (a small

part near the position 131.01 Mb); chromosome 6 (segment 32-

44 Mb); chromosome 8 (0–14.72 Mb) and on chromosome 10

(114.44–125.42 Mb)([23] and unpublished data). Interestingly, the

segment on chromosome 10 overlaps with Lmr5, which controls

resistance to L. major [19].

Strong sex-genotype interaction after infection with L. tropica
Three phenomena related to sex influence on Leishmania

infection deserve attention: i) a different sex influence on overall

Figure 6. Relationship between chemokine expression and lesion size development during the course of L. tropica infection. Kinetics
of skin lesion development (median, left y axis) and serum levels of CCL2, CCL3 and CCL5 (median values; right y axis) in females are shown. Figure
summarizes data from two independent experiments (21 and 43 weeks of infection).
doi:10.1371/journal.pntd.0001667.g006

Figure 7. Comparison of kinetics of serum level of CCL3 and CCL5 in females and males of strains CcS-16 and BALB/c. Kinetics of CCL3
levels (median values) in serum of BALB/c (A) and CcS-16 (B) and serum levels of CCL5 (median values) in BALB/c (C) and CcS-16 (D) mice is shown.
Figure summarizes data from two independent experiments (21 and 43 weeks of infection).
doi:10.1371/journal.pntd.0001667.g007
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susceptibility to skin pathology after infection with relatively

closely related pathogen species L. tropica and L. major (Figure 2,

Table 1), ii) different sex influence on strains’ susceptibility to

development of skin lesions (Figure 2) and on parasite numbers in

lymph nodes (Figure 3), and iii) sex influence on chemokine levels

in serum (Figure 7).

In contrast to L. major infection in CcS/Dem RC strains where

males exhibited either higher or similar pathology as females, in L.

tropica experiments females were more susceptible to skin

pathology than males. However, lymph nodes of females and

males of most RC strains do not differ in L. tropica parasite load.

The only exceptions are lymph nodes of the strains CcS-5 (and

possibly STS), where males exhibit higher numbers of parasites

than females and strain CcS-18, where females exhibit higher

number of parasites than males (Figure 3). We have also observed

a unique transient early peak of serum level of CCL3 and CCL5 in

CcS-16 females, but not in CcS-16 males nor in any other strain

(see the following section). These data suggest that some genes

controlling susceptibility to L. tropica might be sex dependent or

alternatively that this sex influence depends on genotype.

Different sex influence on susceptibility to L. mexicana and L.

major was observed in DBA/2 mice where females were highly

resistant and males susceptible to lesion development after

infection with L. mexicana. On the contrary, although both female

and male mice developed ulcerating lesions after infection with L.

major, lesions healed in males but not in females [39]. Sex

influenced liver parasite burdens after intravenous inoculation of

L. major in strains BALB/cAnPt, DBA/2N and DBA/2J, males

having higher parasite load than females [40].

Genotype influence on sex differences was described in studies of

L. major infection [22,41]. No sex differences in susceptibility were

observed in BALB/cJ mice, whereas male B10.129(10 M)ScSn

mice were relatively resistant to cutaneous disease, while females

developed non-healing ulcerative lesions followed by parasites’

metastases and death [41]

Comparison of L. major susceptibility in two strains, BALB/

cHeA and CcS-11, has shown that there is no significant sex

influence on skin lesion development, splenomegaly and hepato-

megaly in these strains. Parasite numbers in lymph nodes in males

of both strains were higher than in females; however in spleens

only CcS-11 but not BALB/c males had higher numbers than

females. These observations show that sex affects pathology of

various organs differently and that this influence is modified by the

host genotype [22].

These results indicate that data obtained with L. tropica (different

sex influence on susceptibility to two relatively closely related

pathogen species, sex and genotype interaction, and different sex

influence on pathology in different organs) reflect a more general

phenomenon. Other clear sex biases in incidence of disease,

parasite burden, pathology, mortality, and immunological re-

sponse against various parasites, have been observed in humans

and in rodents (reviewed in [42]).

Systemic reactions and a unique pattern of chemokine
response in CcS-16 females, but not males of CcS-16

No significant difference was found in IL-4, IL-12, IFNc and

GM-CSF levels in serum of infected mice in comparison with

noninfected controls (data not shown). This differs from increase of

serum levels of IL-4, IFNc and IL-12 observed in CcS/Dem

strains after 8 weeks of infection [28]. Loci controlling serum levels

of IL-4, IFNc, IL-12, TNFa and IL-6 after 8 weeks of L. major

infection are described in [19,21,22]. Similarly as after L. tropica

infection, no increase was observed in serum GM-CSF level after

infection with L. major (data not shown).

However, the absence of differences in serum levels of IL-4,

IL-12, IFNc and GM-CSF after infection does not exclude the

possibility that they are involved in the local response to L. tropica.

To test this alternative future experiments are needed, similar to

those performed to establish the role of Fli1 (Friend leukemia

integration 1) in L. major infection model [43].

Infection with L. tropica led to increased serum levels of

chemokines CCL2, CCL3 and CCL5. The highest increase was

observed in the strains CcS-11, CcS-16, CcS-18, and CcS-20

(Figure 6, chemokine kinetics in females). The most prominent was

the increase of CCL3/MIP-1a. Unexpectedly and in contrast with

the other strains tested, the CcS-16 females but not males

exhibited a unique pattern of this systemic reaction, characterized

by an additional early peak of chemokine levels before the onset of

cutaneous disease. It suggests that these early peaks of CCL3 and

CCL5 (Figure 7) might be associated with an increased

susceptibility of CcS-16 females to L. tropica. However, they could

also reflect a stronger, but ineffective response.

CCL3 is produced by a range of cell types, including

monocytes/macrophages, lymphocytes, mast cells, basophils,

epithelial cells, and fibroblasts. Similarly, expression of CCL5

can be induced in activated T cells, macrophages, fibroblasts,

epithelial and endothelial cells, and mesanglial cells [44,45].

Although chemokines evolved to benefit the host, inappropriate

regulation or utilization of these proteins can contribute to many

diseases [45].

Both CCL3 and CCL5 bind to receptors CCR1, CCR5 and to

chemokine decoy receptor D6. CCL5 also binds to CCR3 [45].

Genes ccl3 and ccl5 are situated on mouse chromosome 11; genes

ccr1, ccr5 and ccbp2 (D6) are located on mouse chromosome 9

(Table S1). In CcS-16 ccl5 is on a STS-derived segment, whereas

the strain of origin of ccl3 is not yet known; ccr1, ccr5 and ccbp2 are

on BALB/c-derived segment ([23] and unpublished data).

The role of CC-chemokines CCL2, CCL3 and CCL5 in

leishmaniasis has been tested in a number of studies (reviewed in

[46,47]). CCL2 and CCL3 stimulate anti-leishmania response via

the induction of NO-mediated regulatory mechanisms to control

the intracellular growth and multiplication of L. donovani [48].

CCL2 together with CCL3 also significantly enhanced parasite

killing in L. infantum infected human macrophages [49]. In analysis

of susceptibility to L. major in mouse, CCL5 contributed to host

resistance, but CCL2 alone did not correlate with resistance [50].

In humans, CCL2 expression correlated with self healing

cutaneous lesions, whereas CCL3 was associated with lesions of

chronic progressive diffuse cutaneous leishmaniasis caused by L.

mexicana [51]. These studies indicate that a coordinated interaction

of several chemokines is important for successful immune response

against Leishmania, but also that the role of different chemokines in

defense against various Leishmania ssp. might differ. The observed

strain differences and the double peak of CCL3 and CCL5 in CcS-

16 females provide a novel potential starting point for investigation

of the impact of inter-individual differences in chemokine response

on pathogenesis of leishmaniasis.

L. tropica parasites are present in lymph nodes of all
strains, but in much lower numbers than in mice infected
with L. major

In spite of relatively limited pathological symptoms, we found

viable parasites in inguinal lymph nodes of all tested strains

(Figure 3, 4). In some strains (CcS-3, -18, -20 females, and CcS-20

and BALB/c males) we also observed visceralization of parasites in

the spleen (Figure 5); and in females and males of BALB/c, CcS-3,

CcS-11, CcS-16, CcS-18 and CcS-20 we detected parasites in the

liver. Similarly as in previous L. major experiments, which mapped
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genes controlling parasite numbers and demonstrated their

distinctness from susceptibility genes [22], our present L. tropica

studies confirmed that the extent of the pathological changes in

different organs did not directly correlate with parasite load. This

was especially obvious in CcS-3 mice, which were resistant to

development of skin pathology, but nevertheless contained

parasites in lymph nodes, spleen and liver. These data indicate

that parasite spread to the different organs and other manifesta-

tions of the disease are dependent on the genome of the host.

Absence of correlation between parasite load in organs or

parasitemia and intensity of disease has been observed also after

infection with several other pathogens such as Toxoplasma gondii

[52], Trypanosoma brucei brucei [53], Trypanosoma congolense [54], and

Plasmodium berghei [55].

In conclusion, the present observation that many of the RC

strains tested with the two Leishmania species exhibited different

susceptibility to L. major and L. tropica demonstrates existence of

species-specific controlling host genes with different functions.

Therefore, without combining the two components of variation

involved in the outcome of Leishmania infection – genetic variation

of the host and species of the parasite - the understanding of the

mechanisms of disease will remain incomplete. On the basis of the

observed strain differences we will perform linkage analysis of the

responsible genes. This information may provide the first step to

distinguishing the species-specific from the general genes control-

ling pathogenesis of leishmaniasis.

Supporting Information

Figure S1 Parasites in hematoxylin-eosin stained lymph
node smears. All tested mice contained viable parasites in their

inguinal lymph nodes. Infected BALB/c female (A); noninfected

control BALB/c female (B); infected BALB/c male (C); nonin-

fected control BALB/c male (D); infected STS female (E);

noninfected control STS female (F); infected STS male (G);

noninfected control STS male (H). Parasites are shown with

arrows.

(TIF)

Table S1 ID numbers for genes of chemokines and
cytokines. ID numbers of genes, whose products were analyzed

in this study, are shown.

(DOC)
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Separation of multiple genes controlling the T-cell proliferative response to IL-2

and anti-CD3 using recombinant congenic strains. Immunogenetics 41:
301–311.
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Similarly as L. major, L. tropica causes cutaneous leishmaniasis in humans, but 

was also reported to visceralize and cause systemic illness. The results of our previous 

studies showed that some strains of CcS/Dem series contained parasites in spleens and 

liver, but none of the tested strains developed splenomegaly or hepatomegaly, except 

CcS-9 strain. 

In the present study we tested CcS-9 females to examine visceral pathology. CcS-9 

strain developed higher skin and visceral pathology than BALB/c strain. 

Though infected mice of CcS-9 strain showed significant enlargement of spleen 

and liver after infection with L. tropica, they did not differ in number of parasite in these 

organ from the strain BALB/c. 

Histological study showed that number of lymphocytes, neutrophils, eosinophils, 

macrophages and plasmocytes were increased significantly in the spleen of CcS-9 

infected mice in comparison to infected BALB/c and STS. 

In addition, the degree of white pulp activation of spleen was much higher in 

infected CcS-9 strain. 

The results of expression of selected genes in spleen samples showed that the 

expression of inflammatory mediators, like IL-1β and TNF-α, and also FasL genes were 

increased in both CcS-9 and BALB/c mice after infection with L. tropica.  
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Nevertheless, overall fold changes in expression of IL-1β and TNF-α and FasL 

genes were higher in infected CcS-9 mice than in BALB/c. 

CCL27 gene was significantly increased in CcS-9 mice, in comparison to BALB/c 

mice after infection, while expression of CD163 gene was dramatically downregulated in 

infected CcS-9 versus BALB/c mice. 

The CcS-9 strain showed hepatomegaly after infection with L. tropica, however 

histological study showed no significant changes in infiltration of cells in comparison to 

infected BALB/c mice.  

Estimation of gene expression showed that the only inflammatory mediator 

siginificantly increased in CcS-9 versus BALB/c infected mice was TNF-α.  

Although expression of CCL27 was higher in infected CcS-9 mice than in infected 

BALB/c, and the expression of this gene was higher in infected STS mice versus 

noninfected STS there was no significant change in BALB/c and STS after infection with 

L. tropica. 

The results of histological analysis showed significant increase in infiltration of 

lymphocytes, neutrophils, eosinophils and macrophages in the the site of infection in 

CcS-9 mice. 

IL-1β gene was the only inflammatory mediator, the expression which was 

siginificantly increased in CcS-9 versus BALB/c infected mice.  

The expression of CD163 and Arginase was significantly increased in infected 

CcS-9 mice in comparison to BALB/c infected mice. 

Finally, the expression of CCL27 was significantly higher in infected CcS-9 mice 

than in BALB/c mice.  
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Conclusion: We have found that RC strain CcS-9, which carries 12.5% of the genome of 

the resistant strain STS on the background of the 87.5% of the genome of the susceptible 

strain BALB/c, differs from both parental strains and exhibits large skin lesions, 

splenomegaly and hepatomegaly. The difference in pathology from the strain BALB/c is 

not due to higher parasite numbers, but is caused by more severe inflammatory 

response, characterized by higher numbers of infiltrating cells and expression of 

inflammatory molecules.   

As the first auther contributed to performing the experiment, collecting blood and 

isolation of organs from the mice, DNA and RNA isolation and expression analysis 

by Real-time PCR. I also contributed to the data analysis, interpretation and 

preparation of the manuscript. 
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Abstract  
In human, L. tropica causes cutaneous leishmaniasis. However, sometimes it can 

induce visceral disease. CcS-9 is the only mouse strain which developed visceral 

pathology after infection with L. tropica. Thus, this strain could be used for research of 

systemic pathology. In the present study, we searched for the relashionship between 

parasite number, infiltration of various cells into organs and inflammation with visceral 

pathology in CcS-9 strain after infection with L. tropica. Histological analysis showed 

that the infected CcS-9 mice exhibited higher infiltration of lymphocytes, neutrophils, 

eosinophils, macrophages, and plasmocytes into spleen in comparison to infected 

BALB/c and STS mice.  In addition, the results of gene expression showed higher 

expression of IL1-β, CCL27 and lower level of CD163 in CcS-9 strains. These might be the 

reason for induction of inflammation and recruitment of the cells into spleen resulting in 

enlargement of the organ. In liver, there were no significant differences between 

infected BALB/c and CcS-9 in infiltration of the cells. However, the expression of TNF-α 

and CCL27 was much higher in liver of infected CcS-9 mice. In skin, higher expression of 

IL1-β, massive inflammation and infiltration of neutrophils, eosinophils and 

macrophages into the site of infection were detected in CcS-9 infected mice. Surprisingly, 

the higher level of CD163 and Arginase-I genes was also recorded in infected CcS-9. 

Increased expression of these genes indicated presence of M2 macrophages in the site of 

infection. In conclusion, we showed for the first time that higher expression of 

inflammatory genes in spleen and liver and infiltration of immune cells into the organs 

could explain visceral pathology in CcS-9 strain. The expression of inflammatory genes 

and infiltration of inflammatory cells into skin of CcS-9 strains after infection with L. 

tropica might also be the main reason for developing larger lesion. 

 
Keywords: L. tropica, visceral pathology, skin pathology, inflammation, gene expression  
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Introduction 
 

Several hundred million people are exposed to the risk of leishmaniasis, a disease 

caused by intracellular protozoan parasites of Leishmania species that are transmitted 

by phlebotomine sand flies. The disease is endemic in 98 countries on 5 continents, with 

20,000 to 40,000 annual mortality rate. During the past decade, the number of endemic 

regions have expanded, prevalence has increased and the number of unrecorded cases 

must have been substantial, because notification has been compulsory in only 32 of the 

98 countries [Alvar et al., 2012, Ready, 2010]. The infection represents an important 

global health problem, as no safe and effective vaccine currently exists against any form 

of human leishmaniasis, and the treatment is hampered by serious side effects [Kobets 

et al. 2012 CMC]. 

In the vertebrate host organism, Leishmania parasites infect so-called 

professional phagocytes (neutrophils, monocytes and macrophages) [Lipoldova and 

Demant, 2006], as well as dendritic cells [Terrazas et al. 2010], immature myeloid 

precursor cells, sialoadhesin-positive stromal macrophages of the bone marrow, 

hepatocytes and fibroblasts [Bogdan, 2008]. Leishmaniasis includes asymptomatic 

infection and three main clinical syndromes. In the dermis, parasites cause the 

cutaneous form of the disease, which can be localized or diffuse; in the mucosa, they 

cause mucocutaneous leishmaniasis, and the metastatic spread of infection to the spleen 

and liver leads to visceral leishmaniasis (also known as kala-azar or black fever). 

Parasites can also enter other organs, such as lymph nodes, bone marrow and lungs, and 

in rare cases, can even reach the brain [Lipoldova and Demant, 2006]. One of the major 

factors determining the type of pathology is the species of Leishmania [McMahon-Pratt 

and Alexander, 2004]. However, the transmitting vector, as well as genotype, nutritional 

status of the host, and environmental and social factors also have a large impact on the 
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outcome of the disease [Lipoldova and Demant, 2006, McMahon-Pratt and Alexander, 

2004]. That is why even patients infected by the same species of Leishmania develop 

different symptoms [McMahon-Pratt and Alexander, 2004] and may differ in response to 

therapy [Kobets et al. 2012CMC]. The basis of this heterogeneity is not well understood 

[Herwaldt, 1999], but part of this variation is likely genetic.  Numerous potentially 

relevant genes were reported [reviewed in Lipoldova and Demant, 2006, Sohrabi et al 

2013].  

The extent of involvement of Leishmania tropica in human leishmaniasis has been 

recognized only recently. The western limit of L. tropica appears to be the Greek Island 

of Zakynthos, the disease has been found in Turkey, Syria, Jordan, Israel, Morocco, 

Tunisia, Saudi Arabia, Yemen, Iran, Iraq, Afghanistan, Turkmenistan, Pakistan, Kenya, 

Ethiopia and Namibia, and at its eastern limits in India (reviewed in [ Jacobson, 

2003,Ready, 2010]). L. tropica can circulate among humans without the involvement of 

animal reservoirs, but zoonotic transmission also occurs [Svobodova et al. 2006].   

L. tropica causes cutaneous leishmaniasis in humans, but it can also visceralize. 

Although cutaneous disease due to L. tropica is known for a long time, its potential 

to visceralize in humans has been recognized only relatively recently [Jacobson, 2003]. 

Visceralized L. tropica was also identified as the cause of an initially not understood 

systemic illness in veterans returning from endemic areas in the Middle East [ Magill et 

al. 1993]. This finding stimulated interest in less typical symptoms induced by this 

parasite. It was found that L. tropica caused visceral disease in Kenya [Mebrahtu et al. 

1989], as well as classical visceral leishmaniasis (kala-azar) in India [Sacks et al. 1995, 

Khanra et al. 2012] and in Iran [Alborzi et al. 2006], and disseminated cutaneous 

leishmaniasis accompanied with visceral leishmaniasis in Iran [Alborzi et al. 2008]. L. 
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tropica was also implicated in development of mucosal leishmaniasis in Iran [Shirian et 

al. 2012]. The reasons of this variability are not known.  

Animal models are a powerful tool for elucidation of host-parasite interactions 

using defined conditions [Lipoldova and Demant, 2006], but the literature about the use 

of inbred animal models for L. tropica studies was scant. The infection caused by L. 

tropica has been significantly under-investigated until recently [Lira et al. 1998, 

Girginkardesler et al. 2001, Anderson et al. 2008] mainly due to lack of a suitable animal 

model. 

Thus, the aim of our research was to establish a defined genetic model for 

analysis of the disease caused by L. tropica. To achieve this, we used a robust genetic 

system – the recombinant congenic (RC) strains of mice. Each RC strain carries a 

different random subset of 12.5% of genes of the donor strain and 87.5% of genes of the 

background strain [Demant and Hart, 1986, Demant 2003]. This system was already 

successfully used for analysis of response to viruses [Palus et al. 2013], bacteria [Banus 

et al. 2005] and parasites [Sima et al. 2011], including infection with L. major [Demant et 

al. 1996]. We have analyzed manifestations of the disease and the immunological 

parameters, which constitute the pathology of leishmaniasis in mice (organ pathology, 

parasite load in organs, systemic immune response) after infection with L. tropica using 

parental strains BALB/c, STS, and RC strains CcS-3, CcS-5, CcS-11, CcS-12, CcS-16, CcS-

18, and CcS-20. Background parental strain BALB/c is susceptible, whereas the donor 

parental strain STS is resistant to infection with L. tropica. Similarly as in the human 

infection, infection in RC strains progressed slowly, some manifestations (skin lesions, 

parasite load in organs, the systemic immune response) were observed, some 

(splenomegaly, hepatomegaly) were absent in the tested strains [Kobets et al. 2012 

PNTD]. On the basis of the observed strain differences we performed linkage analysis of 
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the responsible genes. We mapped eight Ltr (Leishmania tropica response) loci in 

infected F2 hybrids between BALB/c and CcS-16 [Sohrabi et al. 2013]. Some F2 hybrids 

exhibited symptoms splenomegaly, however the strains BALB/c and CcS-16 do not 

significantly differ in this parameter [Sohrabi et al. 2013]. This may be explained by the 

effect of multiple genes that determine the final outcome of response.  Such genes  can 

often have opposite effects masking each other. These genes segregate in F2 hybrids. 

However, these gene combinations were not genetically fixed and thus could not be 

repeatedly used for functional analyses.  

We have therefore screened additional RC strains in the search for a reliable 

model of a splenomegaly and hepatomegaly, which is genetically fixed. We have found 

that RC strain CcS-9, which carries 12.5% of the genome of the resistant strain STS on 

the background of the 87.5% of the genome of the susceptible strain BALB/c, differs 

from both parental strains and exhibits splenomegaly and hepatomegaly. Thus, CcS-9 

could be used as a first inbred model for analysis of visceral pathology induced by L. 

tropica.  
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Materials and methods 
 
 
Mice 
 

Female mice of strains BALB/c (25 infected, 21 non-infected), STS (10 infected, 8 

non-infected) and CcS-9 (20 infected, 17 non-infected) that were 8 to 19 weeks old 

(mean age 12.28 weeks, median age 12 weeks) at the time of infection were tested for 

response to L. tropica in three independent experiments, which consisted of 20, 49 and 

32 mice, respectively. When used for these experiments, the strain CcS-9 was in more 

than 90 generations of inbreeding.  

 
Ethical statement 
 

 All experimental protocols utilized in this study comply with the Czech 

Government Requirements under the Policy of Animal Protection Law (No.246/1992) 

and with the regulations of the Ministry of Agriculture of the Czech Republic 

(No.207/2004), which are in agreement with all relevant European Union guidelines for 

work with animals and were approved by the Institutional Animal Care Committee of 

the Institute of Molecular Genetics AS CR and by Departmental Expert Committee for the 

Approval of Projects of Experiments on Animals of the Academy of Sciences of the Czech 

Republic (permission Nr. 37/2007).  

Parasite 
 

 L. tropica from Urfa, Turkey (MHOM/1999/TR/SU23) was used for infecting 

mice. Amastigotes were transformed to promastigotes using SNB-9 [Grekov et al. 2011]; 

1 x 107 stationary phase promastigotes from subculture 2 were inoculated in 50 µl of 

sterile Phosphate Buffer Saline (PBS) s.c. into the tail base with promastigote secretory 

gel (PSG) collected from the midgut of L. tropica-infected Phlebotomus sergenti females 
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(laboratory colony originating from L. tropica focus in Urfa). PSG was collected as 

described [Rogers et al. 2004]. The amount corresponding to one sand fly female was 

used per mouse.  

 
Disease phenotype 
  

The size of the skin lesions was measured every second week using the Profi LCD 

Electronic Digital Caliper Messschieber Schieblehre Messer (Shenzhen Xtension 

Technology Co., Ltd. Guangdong, China), which has accuracy 0.02 mm. The mice were 

killed 43 weeks after inoculation. Skin, spleen, liver and inguinal lymph nodes were 

collected for later analysis.  

 
Quantification of parasite load 
 

Parasite load was measured in lymph nodes, skin, spleen, and liver samples using 

PCR-ELISA according to the previously published protocol [Kobets et al. 2010]. Briefly, 

total DNA was isolated using a TRI reagent® (Molecular Research Center, Cincinnati, 

USA) standard procedure (http://www.mrcgene.com/tri.htm). For PCR, two primers 

(digoxigenin-labeled F 5′-ATT TTA CAC CAA CCC CCA GTT-3′ and biotin-labeled R 5′-

GTG GGG GAG GGG CGT TCT-3′ (VBC Genomics Biosciences Research, Austria) were used 

for amplification of the 120-bp conservative region of the kinetoplast minicircle of 

Leishmania parasite, and 50 ng of extracted DNA was used per each PCR reaction. For a 

positive control, 20 ng of L. tropica DNA per reaction was amplified as a highest 

concentration of standard. A 30-cycle PCR reaction was used for quantification of 

parasites in lymph nodes; 35 cycles for skin, 33 cycles for spleen, and 35 cycles for liver.  

Parasite load was determined by analysis of the PCR product by the modified ELISA 

protocol (Pharmingen, San Diego, USA). Concentration of Leishmania DNA was 
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determined using the ELISA Reader Tecan and the curve fitter program KIM-E (Schoeller 

Pharma, Prague, Czech Republic) with least squares-based linear regression analysis. 

 
Histology 
  

Inguinal and lesion, skin, spleens and livers were fixed in 4% formaldehyde and 

embedded in paraffin. Hematoxylin-eosin (H&E) staining of tissues was performed in 2 

μm sections. Briefly, slides were deparaffinized with xylene (3 times for 7 min) with 

96% ethanol (2 times for 1 min), 70% ethanol (1 min), 50% ethanol (1 min) and 

rehydrated with water (2 min). Sections were stained using Mayer’s hemalum solution 

(Merck, Damstadt, Germany) diluted 1:1 with water (30 sec), washed in running tap 

water (10 min) and 0.25% HCl in 50% ethanol (5 sec) followed by staining with 1% 

eosin yellow (Merck, Damstadt, Germany) in 50% ethanol.  Samples were gradually 

dehydrated with 50% ethanol (1 min), 70% ethanol (2 times for 1 min), 96% ethanol (2 

times for 1 min), acetone (2 times for 1 min), acetone-xylene 1:1 mix (1 min), and xylene 

(2 times for 1 min). Stained sections were mounted using 25 μl of permanent medium 

VectaMountTM (Vector Laboratories, Inc., Burlingame, U.S.A.). 

We reviewed H&E-stained sections of skin, spleen, liver and inguinal lymph nodes 

in infected and uninfected mice. Morphological and histological changes in the organs 

were assessed. Tissue microarchitecture and infiltrations of different cells were scored; 

visual examination and comparison of all samples was performed by one experimenter.  

Images were acquired with an Olympus BX51 microscope at ×100, ×200 and × 100 

magnifications, captured with an Olympus Camedia C-5060 digital camera, and analyzed 

with. QuickPhoto Micro 2.3 program.  

The scale for each parameter was ranged from 0 to 3 (step 0.25). Hematopoietic 

cells in spleen were shown in absolute numbers. In skin, the parasite invasiveness, 
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epithelioid granulomas, infiltration of lymphocytes, eosinophils, neutrophils, 

macrophages, and also fibrotic changes and level of necrosis were examined. In spleen, 

estimation of tissue microarchitecture and white pulp activation, presence of necrosis, 

infiltration of lymphocytes, eosinophils, neutrophils, plasma cells and macrophages to 

the red pulp were performed, in addition the numbers of hematopoietic cells in total cut 

were calculated. In liver, the relative numbers of granulomas, the size and maturity of 

granulomas, presence of necrosis, infiltration of lymphocytes, eosinophils, neutrophils, 

plasma cells and macrophages to the granulomas were estimated. In inguinal lymph 

nodes, the germinal centers activation, presence of granuloma-like formations, necrosis, 

apoptosis, and fibrotic changes, infiltration of lymphocytes, eosinophils, neutrophils, 

plasma cells and macrophages were examined. 

RNA isolation 
  

Mouse spleens were homogenized and immediately snapped frozen by liquid 

nitrogen and stored at -80˚C until total RNA extraction. Total RNA was isolated using 

RNeasy mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s 

protocol. RNA concentration was measured with Nanodrop (NanoDrop Technologies, 

LLC, Wilmington, DL), quality of RNA was estimated also using Agilent 2100 Bioanalyzer 

(Agilent Technologies, Inc., Santa Clara CA, 

United States). The isolated RNA was stored at -80˚C. 

 
Real-time PCR 
  

One μg of total RNA was diluted in 8 µl of sterile RNase and DNase free water and 

were treated with 1 µl DNase I (1U/ µl ) and 1 µl DNase I reaction buffer (Promega 

Corporation, Madison, WI) and used for subsequent reverse transcription. Single strand 



99 
 

cDNA was prepared from total RNA using Promega first-strand synthesis method. DNase 

I treated RNA was incubated for 10 min at 65 oC and then cooled quickly on ice for 5 min 

and then treated with 1 µl DNase I stop solution (Promega Corporation, Madison, WI). 

For the next step a mixture continuing 1 µl of random hexamers primers (100 ng/ 1µl) 

(Invitrogen, Carlsbad, CA), 5 µl (50 ng/µl) dNTP mix (Invitrogen, Carlsbad, CA), 5µl of 

the reaction buffer (Promega Corporation, Madison, WI, USA), 2.5 µl of RNase/ DNase 

free water (Invitrogen, Carlsbad, CA) and 0.5 µl of M-MLV Reverse Transcriptase RNAase 

H Minus (100 U/1 µl), Point Mutant (Promega Corporation, Madison, WI) was added and 

followed by 60 min at 37oC. Single strand cDNA was kept at − 80 °C until expression 

analysis. Real-time PCR was performed using a BioRad iQ iCycler Detection System (Bio-

Rad Laboratories, Inc., Hercules, CA). Reaction was performed in total volume of 25 µl, 

including 12.5 µl 2x SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA), 1 

µl of each primer of IL1-β, TNF-α, CD163, IL10R, CCL27, FasL, TRAIL, iNOS, Arginase-I 

and TGF-β genes (final concentration 6.6 µM), 7.5 µl water (Invitrogen, Carlsbad, CA, 

USA), and 3 µl of the cDNA template. Six different samples from each experimental group 

were used, and all samples were tested in triplets. The average Ct values (Cycle 

threshold) were used for quantification and the relative amount of each mRNA was 

normalized to the housekeeping gene, GAPDH mRNA. Using the delta Ct value, relative 

expression was calculated (Ratio (reference/target) = 2 Ct (reference)-Ct (target)). All 

experiments included negative controls containing water instead of cDNA. The 

sequences of the primers used in Real-time PCR are listed in Table-1. 

 
Statistical analysis 
  

 The differences between strains in splenomegaly, hepatomegaly, number 

of parasites in spleen and lymph nodes, hematopoiesis in spleen were evaluated by the 
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analysis of variance (ANOVA) and Newman-Keuls multiple comparison using the 

program Statistica for Windows 8.0 (StatSoft, Inc., Tulsa, Oklahoma, U.S.A.). Analysis of 

variance (ANOVA) was used for comparing infected and uninfected mice for parameters 

mentioned above. Strain, age and infection were fixed factors and individual 

experiments were considered as a random factor. The differences in parameters 

between strains were evaluated using the Newman-Keuls multiple comparison test at 

95% significance. The differences between strains in histological parameters and lesion 

size were analyzed by Kruskal-Wallis ANOVA by Ranks and Mann-Whitney U test 

(Statistica for Windows 8.0 (StatSoft, Inc., Tulsa, Oklahoma, U.S.A.). Mann-Whitney U test 

was also used for comparing histology and lesion size between infected and uninfected 

mice within strains.
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Results 

Skin pathology  
 
CcS-9 develops larger skin lesions than both parental strains BALB/c and STS, but 

does not differ from BALB/c in parasite numbers in skin 

At week 43, the susceptible background parental strain BALB/c developed larger 

skin lesions than the resistant donor parental strain STS (P=0.017), which developed 

only very small nodules at the site of infection (Figure 1 and Figure 2), and had also 

higher parasite numbers in skin than the strain STS (P=0.0020) (Figure 3). The RC strain 

CcS-9 exhibited significantly larger skin lesions than both parental strains BALB/c (P = 

0.011) and STS (P = 0.00037) (Figure 1), but it differed in parasite number in skin only 

from the strain STS (P = 0.0020), but not from the strain BALB/c (Figure 3). CcS-9 mice 

developed two forms of lesion either ulcerative or non-ulcerative (Figure 2). The 

ulcerated lesion was characterized with destructed surface tissue. Non- ulcerative lesion 

was swollen with no surface tissue destruction. 

 

Histological analysis of skin revealed higher invasiveness of parasites and higher 

cell infiltration in CcS-9 than in both parental strains 

Non-infected control mice of all tested strains and the infected mice of the 

resistant strain STS do not have pathological changes in morphology of the skin and in 

cell infiltration into this organ (Figure 3 and Figure 4). Infected mice of susceptible 

strain BALB/c differ from infected STS mice in formation of epithelioid granulomas (P = 

0.043), invasiveness of parasites into skin (P = 0.043), and in infiltration of lymphocytes 

(P = 0.043) and macrophages (P = 0.043). Infected CcS-9 mice differ from both parental 

strains BALB/c and STS in formation of epithelioid granulomas (P = 0.022 and P = 

0.00016, respectively), in invasiveness of parasites (P = 0.0095 and P = 0.00016, 
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respectively), and in fibrotic changes (P =0.015 and P = 0.0033, respectively). The strain 

CcS-9 also differs from both BALB/c and STS in infiltration of  lymphocytes (P = 0.0042 

and P = 0.00016, respectively), neutrophils (P = 0.037 and P = 0.0072), eosinophils (P = 

0.034 and P = 0.015, respectively) and macrophages (P = 0.010 and P = 0.00016, 

respectively) being higher than both parental strains (Figure 3). 

 

Massive inflammation induced at the site of infection in CcS-9 mice  

Expression analysis of selected genes showed high expression of inflammatory 

mediators in skin of CcS-9 infected mice than BALB/c (P=0.0070) and STS (P=0.0060) 

strains. IL1-β expressed significantly higher in infected CcS-9 mice in comparison to 

infected BALB/c (P=0.0070) and STS (P=0.0060) strains and uninfected group of CcS-9 

(P=0.0011) (Figure 5). Also IL1-β expressed significantly higher in skin of infected 

BALB/c mice than uninfected control (P=0.0012) and infected STS mice (P=0.0060) 

(Figure 5). The results of gene expression showed that TNF-α genes expressed 

significantly higher in infected CcS-9 in comparison to uninfected CcS-9 (P=0.0012) mice 

and infected STS (P=0.0061) mice. There was no significant difference between infected 

BALB/c and CcS-9 strains however expression level in uninfected BALB/c mice was 

significantly higher than uninfected CcS-9 mice (P=0.026). The data showed that 

infected BALB/c mice expressed TNF-α gene much higher than infected STS (P=0.0061) 

(Figure 5). The results showed that expression of IL10R dramatically increased in 

infected CcS-9 (P=0.0012) and BALB/c (P=0.014) strains in comparison to uninfected 

controls and STS infected mice (P=0.0061 and P=0.0061 respectively). Expression level 

of IL10R gene in uninfected BALB/c was significantly higher than uninfected mice of 

both CcS-9 and STS mice (P=0.026 and P=0.0022 respectively) (Figure 5). Analysis of 

TGF-β showed that the level of expression increases after infection with L. tropica in 
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BALB/c (P=0.0082)  and CcS-9 (P=0.0012) strains. Also the expression of TGF-β gene 

was higher in BALB/c (P=0.0024) and CcS-9 (P=0.0024) infected mice however there 

was no significant difference between infected BALB/c and CcS-9 strains (Figure 5). The 

analysis of gene expression showed significant increase of CD163 expression level in 

CcS-9 infected mice in comparison to uninfected CcS-9 (P=0.0047), infected BALB/c 

(P=0.026) and infected STS (P=0.0061) mice (Figure 5). Also the results showed higher 

level of CD163 mRNA in infected BALB/c than infected STS (P=0.012) (Figure 5). The 

expression analysis showed that FasL expressed significantly higher in infected CcS-9 

(P=0.0025) and BALB/c (P=0.035) than uninfected control group whereas there was no 

significant difference among infected and uninfected STS mice. TRAIL expressed much 

higher in infected BALB/c (P=0.0012) and CcS-9 (P=0.0046) mice in comparison to 

control group whereas there was no dramatic changes in expression of TRAIL in STS 

mice after infection with L. tropica. The level of TRAIL mRNA in uninfected STS mice was 

significantly higher than uninfected BALB/c (P=0.015) and CcS-9 (P=0.0087) mice 

(Figure 5). The results of gene expression analysis showed that CCL27 produced much 

higher in CcS-9 mice than BALB/c (P=0.038) and STS (P=0.024) infected mice. Also level 

of CCL27 mRNA in uninfected CcS-9 was higher than uninfected BALB/c (P=0.015) 

however there was no dramatic difference between infected and uninfected mice of each 

strains (Figure 5). Expression of iNOs in CcS-9 infected mice was higher than infected 

STS mice (P=0.024). Also the level of iNOs expression in uninfected CcS-9 was higher 

than uninfected STS mice (Figure 5). Although the average expression iNOs in infected 

CcS-9 was higher than BALB/c group but the difference was not significant. Expression 

of Arginase-I was dramatically increased in CcS-9 after infection with L. tropica in 

comparison to CcS-9 uninfected mice (P=0.038) and both infected BALB/c and STS 

(P=0.038 and P=0.024 respectively). The level of Arginase-I mRNA in STS uninfected 



104 
 

mice was significantly lower than uninfected BALB/c (P=0.041) and CcS-9 (P=0.015) 

mice. There were no dramatic changes in BALB/c and STS mice after infection with the 

parasite.    

 
Visceral pathology  
 
CcS-9 does not differ in parasite load in spleen from BALB/c and STS, but exhibits 

splenomegaly and shows more extensive inflammation than both parental strains 

Relative spleen weight (spleen to body weight ratio) did not differ in non-infected 

and infected mice of strains BALB/c and STS; infected CcS-9 mice exhibit spleen 

enlargement (splenomegaly) in comparison with non-infected mice (P = 0.015). 

However, both infected CcS-9 and STS mice exhibit higher relative spleen weight than 

BALB/c (P = 0.0080 and P = 0.017, respectively) (Figure 6). Infected STS mice show 

higher hematopoiesis than both BALB/c and CcS-9 (P = 0.016 and P = 0.012, 

respectively) (Figure 6). We did not observe significant differences in parasite numbers 

in spleens of  BALB/c, CcS-9 and STS mice, but the tested strains differ in spleen 

morphology and cell infiltration into spleen. Non-infected controls and also resistant 

infected STS mice exhibit highly preserved spleen microstructure (Figure 7), BALB/c 

mice have partly preserved microstructure, whereas CcS-9 mice show signs of extensive 

inflammation and white pulp activation (Figure 7). Infected BALB/c and STS mice differ 

in white pulp activation (P = 0.039), and in infiltration of macrophages and lymphocytes 

into red pulp (P = 0.00018 and P = 0.00027, respectively). CcS-9 differs from both 

BALB/c and STS mice in white pulp activation (P = 0.014 and 0.00021, respectively), and 

in infiltration of neutrophils (P = 0.014 and P = 0.028, respectively), eosinophils (P = 

0.013 and P = 0.049, respectively), macrophages (P = 0.0039 and P = 0.00062, 

respectively) and lymphocytes (P = 0.0015 and P = 0.0000040, respectively) into red 
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pulp, being higher than both parental strains. Infected CcS-9 mice also exhibit higher 

infiltration of plasmocyte into spleen than BALB/c (P = 0.011) and STS (P = 0.0072) mice 

(Figure 6). 

 

Expression of mRNAs encoding selected proinflammatory molecules in spleen 

Results of Real-time PCR showed high expression of inflammatory mediators in 

CcS-9 and BALB/c spleen. IL1-β expressed significantly higher in infected CcS-9 mice in 

comparison to Uninfected group (P=0.001) and STS infected mice (P=0.006) but not 

infected BALB/c group (Figure 8). Also IL1-β expressed significantly higher in spleen of 

infected BALB/c mice than uninfected control (P=0.022) and infected STS mice 

(P=0.006) (Figure 8). The data showed that expression of IL10R increased in all three 

strains BALB/c (P=0.001), CcS-9 (P=0.002) and STS (P=0.016)  after infection with L. 

tropica. The results of expression analysis showed increased expression of TNF-α in 

infected BALB/c (P=0.022), CcS-9 (P=0.001) and STS (P=0.032) in comparison to 

uninfected controls. Real-time PCR showed that expression of CD163 receptor was 

higher in infected BALB/c mice in comparison to uninfected control group (P=0.0047), 

and infected CcS-9 (P=0.00058) and STS (P=0.006) mice (Figure 8). Also CcS-9 infected 

mice expressed more CD163 receptor than infected STS (P=0.012) (Figure 8). The 

expression analysis showed that FasL expressed significantly higher in infected CcS-9 

(P=0.002) and STS (P=0.016) whereas there was no significant difference among 

BALB/c infected and uninfected groups. TRAIL expressed much higher in infected 

BALB/c mice in comparison to control group (P=0.002) whereas in CcS-9 mice infected 

group expressed less TRAIL that uninfected group (P=0.035) (Figure 8). The results of 

gene expression analysis showed that CCL27 produced much higher in CcS-9 

(P=0.00058) and STS (P=0.006) mice than BALB/c however there was no dramatic 
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difference between infected CcS-9 and STS and corresponding uninfected control group 

(Figure 8). Expression of CCL27 increased significantly in infected CcS-9 (P=0.0047) and 

BALB/c (P=0.002) but there was no significant difference between STS infected and 

uninfected groups. The expression of iNOs in infected CcS-9 strain was significantly 

higher than STS infected mice (P=0.049) however there were no dramatic changes 

between experimental group of infected and uninfected CcS-9 and BALB/c strains. There 

was also no change in infected and uninfected STS mice in expression of iNOs. The 

results showed no difference in expression of TGF-β and Arginase-I between any of 

experimental groups (the results are not shown).    

   

Liver: CcS-9 differs from both parental strains in hepatomegaly, but not in parasite 

load  

Non-infected BALB/c and CcS-9 mice exhibit higher relative liver weight than STS 

(P = 0.00012 and P = 0.00012, respectively). Relative liver weight (liver to body weight 

ratio) did not increased in mice of strains BALB/c and STS after infection, whereas 

infected CcS-9 mice exhibit higher relative liver weight than non-infected mice (P = 

0.0066) (Figure 9) and this strain differs in hepatomegaly from both BALB/c (P = 0.013) 

and STS (P = 0.00012) (Figure 9). Livers of infected mice of all tested strains contain 

parasites, but did not significantly differ in their numbers. Metastasis of L. tropica to 

livers induces formation of granulomas (Figure 10). Strain STS differs from CcS-9, but 

not from BALB/c in number of granulomas, in infiltration of macrophages into 

granulomas and in infiltration of neutrophils into liver (P = 0.028 and P = 0.035, P = 

0.044 respectively) and has smaller granulomas than both BALB/c (P = 0.022) and CcS-9 

(P = 0.011) (Figure 9). Strains BALB/c, STS and CcS-9 do not differ in maturity of 

granulomas. Infected mice of all tested strains have higher infiltration of lymphocytes 
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than noninfected mice (BALB/c P = 0.0000014, STS P = 0.000046, CcS-9 P = 

0.000000028) to liver, but we did not observe significant differences among the strains. 

Infected CcS-9 mice show higher infiltration of eosinophils into liver than noninfected 

mice (P = 0.027) (Figure 9).  

 

Gene expression analysis in liver  
 

Expression analysis of genes in showed significant increase in expression of IL1-β 

in infected CcS-9 mice in comparison to uninfected group (P=0.014) (Figure 11). Also 

IL1-β expressed significantly higher in liver of uninfected BALB/c mice than uninfected 

CcS-9 (P=0.0022) and STS mice (P=0.0043) (Figure 11). The results showed high 

expression of IL1-β in CcS-9 infected mice in comparison with uninfected CcS-9 

(P=0.0047) and infected BALB/c mice (P=0.0069).Infected BALB/c mice also showed 

significant increase after infection with L. tropica (P=0.035). Also the level of expression 

in infected STS mice was significantly higher than infected BALB/c mice (P=0.024) 

(Figure 11). Analysis of TGF-β showed that the level of expression increases after 

infection with L. tropica in BALB/c (P=0.0012), CcS-9 (P=0.0012) and STS (P=0.022) 

strains (Figure 11). However there were no statistically significant difference amount 

different strains neither infected nor controls groups.  The analysis of gene expression 

showed significantly higher level of CCL27 in infected and uninfected groups of CcS-9 

(P=0.00058 and P=0.0022 respectively) and STS (P=0.0061 and P=0.0043 respectively) 

strains than BALB/c infected and uninfected mice. The expression analysis showed that 

FasL expressed significantly higher in infected BALB/c than uninfected control group 

(P=0.0047) and infected STS mice (P=0.012) whereas the level of mRNA in uninfected 

control of CcS-9 strain was significantly higher than uninfected BALB/c (P=0.0043) and 
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STS (P=0.0087) groups (Figure 11). The expression analysis of Arginase-I mRNA showed 

only significant changes in STS infected mice in comparison with uninfected STS mice 

(P=0.0159) and CcS-9 infected group (P=0.042) (Figure 11).  There were no significant 

changes in expression of CD163, IL10R, TRAIL and iNOs between any experimental 

groups (data are not shown).  

 

Evaluation of parasite load and histological analysis of inguinal lymph nodes 
 

Susceptible parental strain STS has tendency to higher parasite numbers in 

inguinal lymph nodes than the resistant strain STS, but the observed differences are not 

significant, whereas RC strain CcS-9 has higher parasite numbers than STS (P = 0.031) 

(Figure 12). Histological analysis showed significant changes in macrostructure of the 

tissue in infected BALB/c and CcS-9 after infection (Figure 13). Infected BALB/c and 

CcS-9 mice showed higher infiltration of macrophages (P=0.00021 and P=0.001 

respectively) and plasmocytes (P=0.00064 and P=0.024, respectively) in comparison 

with noninfected control groups (Figure 12). Infected BALB/c had more macrophages in 

inguinal lymph nodes than infected STS mice (P=0.023). Activation of germinal centers 

in infected BALB/c and CcS-9 mice were significantly more intensive than in uninfected 

mice of the same strains (P=0.000024 and P=0.0022 respectively) (Figure 12). Only 

infected BALB/c had higher activation of the germinal center in comparison to infected 

STS (P=0.045) (Figure 12).    
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Discussion 
 

A range of studies using mouse models showed similarities and differences in 

susceptibility of mouse strains to different parasite species. Certain mouse strains 

appeared to be genetically resistant or susceptible to Leishmania, however there is also 

substantial influence of a parasite strain. For instance, BALB/c is susceptible to L.major 

and L. donovani/infantum, whereas C57BL/6 is susceptible to L. donovani/infantum, but 

resistant to L. major [Wilson, 2005].  In addition, immunological reactions evoked by 

different Leishmania species show both similarities and differences in the induced 

manifestations and pathological changes. It was shown that two different Leishmania 

species, L.  major and L. amazonensis, that cause cutaneous leishmaniasis in the old and 

the new world respectively, determine distinct profiles of immune responses and 

histopathological changes in CBA mice[Lemos de Souza, 2000]. Moreover, organ-specific 

immune reactions within the host organism can also markedly vary dependently on the 

species of the parasite. This can explain complete or partial absence of the infection in 

some organs and simultaneous persistence of the pathogen within other organs. 

For a long period, mechanism of pathology caused by L. tropica infection remained 

completely unclear due to absence of the appropriate animal model [Kobets, 2012]. Most 

attempts to infect potential model animals were unsuccessful [Anderson, 2008]. 

However, during our recent studies, we were able to induce L. tropica infection in mice 

and developed a model using CcS/Dem Recombinant Congenetic (RC) strains.  CcS/Dem 

strains previously showed different susceptibility L. major (Reviewed in Lipoldova 

2006), Trypanosoma brucei brucei [Sima et al. 2013], Tick-borne encephalitis [Palus et al. 

2013]. We analyzed susceptibility of the CcS/Dem series to L. tropica and observed 

diverse range of susceptibility that was specific to the present parasite species [Kobets, 

2012].  Among tested CcS/Dem series, CcS-16 [Kobets, 2012] and CcS-9 strains exhibited 
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highest level of skin pathology. Interestingly, CcS-9 was the only strain which developed 

visceral pathology defined by enlargement of spleen and liver. Enlargement of the 

organs often accompanies persistence of Leishmania within the infected host. To analyze 

possible correlation between parasite number in the organs and enlargement of spleen 

and liver, we measured parasite number in the organs of infected CcS-9 mice. However, 

the results showed no significant association between number of parasites and 

splenomegaly or hepatomegaly. Previous studies proved reverse correlation between 

infiltration of plasma cells in spleen and liver and number of L. donovani parasites 

[Premvati, 1979]. Consequently, parasite in visceral organs may be an initiative factor of 

the enlargement due to inflammation.  

The possible cause of enlargement of visceral organs may be the infiltration and 

accumulation of different immune cells in these organs. Massive histological analysis 

showed significant remodeling of spleen along with higher infiltration of immune cells in 

CcS-9 strain in comparison to parental strains. We observed marked changes in 

microstructure of white and red pulp, and also increasd numbers of recruited 

neutrophils, eosinophils and plasmocytes. Histologica evaluation of the spleen tissue in 

human studies revealed presence of similar changes during visceral leishmaniasis 

caused by L. donovani [Zijlstra, 2001]. Histological changes were characterized by 

disorganization and reduction of size of white pulp structures and hypertrophy of the 

red pulp [Kaye, 2004]. In addition, the results of current experiments on CcS-9 mouse 

model showed that pattern of cell infiltration in spleen differs from the one in lymph 

nodes. Early studies of Leishmania proposed that the spleen may be loaded with 

undifferentiated monocytes infected by parasites, but the cells failed to be activated 

[Mirkovich, 1986]. Our experiments confirmed that accumulation of various immune 

cells in spleen might be a possible reason of splenomegaly.   



111 
 

Infiltration and proliferation of Leishmania parasite in visceral organs substantially 

depends on Leishmania genotype. It is known that the A2 gene family plays role in 

visceralization of the parasite. A2 is expressed in L. donovani and L. Infantum, causative 

agents of VL, whereas in L. major and L. tropica, which cause mainly CL this gene is a 

pseudogene [McCall, 2013]. Nevertheless, it is unclear what genetic factors determine 

visceralization of L. tropica causing CL in most cases.   

After initial entering of Leishmania parasite to the site of infection, both 

neutrophils and macrophages are recruited. However, neutrophils are attracted first, 

and they are the most efficient cells in parasite uptake at the initial stages [Liu, 2012].  

During the present study, the results of histological examination of skin and visceral 

organs showed that the number of neutrophils was significantly higher in skin and 

spleen of CcS-9 mice. Neutrophils and eosinophils granulocytes possibly phagocyte and 

kill the parasite through mechanisms such as those related to oxidative burst (Chang, 

1981, Oliveira et al. 1998). Neutrophils are implicated in both protection of the host and 

development of the pathological manifestations during leishmaniasis. Mouse model 

studies of cutaneous leishmaniasis caused by L. major revealed that Ab depletion of 

neutrophils led to the increase of parasite load in resistant mice [Chen, 2005, Lima, 

1998], though it led to parasite elimination in susceptible BALB/c mice [Ribeiro-Gomes, 

2004, Tacchini-Cottier, 2000]. Since neutrophils are short-lived phagocytes, they are 

believed to serve as intermediate host cells [van Zandbergen et al. 2004].  It was 

proposed that L. major infected neutrophils could make the delay in apoptosis and 

attract more macrophages to the site of infection by secretion of high levels of MIP-1β. It 

resulted in high infection of macrophages in susceptible mice [van Zandbergen et al. 

2004].  
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Macrophages and monocytes are the second population of the cells recruited to the site 

of infection.  Histological analysis of CcS-9 and the parental strains indicated 

significantly higher numbers of macrophages in skin and spleen of CcS-9 strain than the 

parental strains. Macrophages are the main effector cells responsible for the parasites 

elimination. Activation of macrophages is mediated by the products of IFN-γ by Th1 and 

NK cells and leads to NO production for destruction of the parasite [Kaye, 2011]. 

Macrophages can also be activated by alternative pathway, mediated by IL-4 and IL-13 

that favors parasite survival in the macrophage.  It is clear that proper activation of 

macrophages is crucial for parasite elimination [Liu, 2012].  According to the results of 

the current study, higher numbers of infiltrated macrophages in tissues did not correlate 

with protection. Macrophages could be recruited rather to support the growth of 

amastigotes in skin and expansion of the disease.  

The most striking differences visible in spleen, liver and skin were infiltration of 

eosinophils in infected CcS-9 comparing to the parental BALB/c and STS strains. It was 

previously found that neutrophils, macrophages and eosinophils were the main infiltrate 

cells in the acute infection of experimental CL [Belkaid, 2000] [Belkaid, 2001]. 

Histopathological analysis of primary lesions and draining lymph nodes L. amazonensis 

revealed the predominance of eosinophils and mast cells during the initial phase of 

infection [de Oliveira Cardoso, 2010 jid].  Another study showed that at 10 days after L. 

major infection eosinophils represent up to 30% of the infiltrated cells into lesion site in 

C57BL/6 whereas in susceptible BALB/c mice the percentage of infiltrated eosinophils 

was three time less (Beil et al. 1992). It is known that the number of eosinophils 

increases during parasitic infections, allergic reactions, malignancy, and also in HIV 

patients with cutaneous disease [Skiest, 1997].  Upon activation eosinophils release 

highly toxic granule proteins and free radicals, which can kill microorganisms and 
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parasites but also cause significant tissue damage in the site of immune infection. On 

activation, they synthesize chemical mediators such as prostaglandins, leukotrienes, and 

cytokines which amplify the inflammatory response by activating epithelial cells and by 

recruiting and activating more eosinophils and leukocytes. IFN-γ and iNOS knock-out 

mice had increased number of neutrophils in dermal tissue at late stages of L. major 

infection [Belkaid, 2000], whereas in IL-12p40 and CD40L knock-out mice, eosinophils 

were the predominant infiltrated type of cells [Belkaid, 2000].  We observed 

accumulation of inflammatory cells in the site of L. tropica infection, as well as in visceral 

organs of CcS-9 mice. Belkaid et al. also proved that under some circumstances, 

eosinophils and macrophages were capable of supporting sustained, productive 

intracellular infections by harboring large numbers of parasites [Belkaid, 2000].   It was 

shown that the number of eosinophils was increased in nonhealing cases of chronic 

leishmaniasis [Nylén, 2012].  Histological study of skin lesion showed that accumulation 

of granulocytes predominantly eosinophils were high in acute phase L.  mexicana 

compared with other cells. Same study suggested that probably eosinophils might 

contribute to parasite destruction through co-operation with macrophages [Grimaldi, 

1984].  

CL caused by L. tropica is associated with chronic skin inflammation and 

extensive remodeling of tissues. Interestingly, skin lesions appeared after a long 

incubation time in CcS-9, as it usually happened also in human cases (17-19 weeks).  

Lesion development in leishmaniasis was linked to the intensive local inflammatory 

response with high concentration of inflammatory mediators towards infected 

macrophages, neutrophils activation, necrosis and apoptosis mediated by Fas Ligand 

(FasL), as well as Tumour necrosis factor-related apoptosis inducing ligand (TRAIL) [ 

Nylén, 2012]. 
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The results of histological examination of  liver tissue showed higher infiltration 

of inflammatory cells to spleen of CcS-9 strain after infection with L. tropica. The 

infection caused development of more, larger and mature granulomas in the liver of 

infected mice of all three strains. The data also showed that there were more mature and 

larger granulomas in infected CcS-9 group even though statistical analysis did not show 

significant differences between infected CcS-9 and BALB/c mice.  Granulomas formation 

enabled the immune system to limit the infection, kill and remove the microbial target, 

and then repair any accompanying tissue injury. However, it also led to potentially 

destructive actions. Formation of granulomas is dependent on production of chemokine 

and subsequent recruitment of monocytes, neutrophils, T cells, as well as inflammatory 

cytokines production and activation of cells. These processes orchestrate efficient 

immune responses to visceral infection caused by L. donovani in the liver [Stanley, 

2007]. Regulation of TNF-α production has an important role in granuloma formation 

and maintenance. IL-10 can make macrophages to be unresponsive to activation signals 

and inhibit killing of parasite by down-regulating of TNF-a and nitric oxide production 

[Nylen, 2007]. Granulomas reflect the chronic, rather than acute, form of inflammation. 

In susceptible strain mature granulomas were characterized by extensive presence of 

macrophages alongside the Kupffer cells surrounding intracellular amastigotes. 

However, macrophages appeared to have failed to trigger an inflammatory reaction and 

eliminate the parasite [Kaye, 2004].  

In mice, the infection of liver was self-resolving; while spleen infection was tend 

to be progressive. The overall infection is asymptomatic in most cases [McCall, 2013]. In 

spite liver, granuloma formation in the spleen was absent or delayed and they were not 

completely mature [Kaye, 2004].  The basis of this organ-specific failure in the 

development of granulomas is not clear yet.  
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The results of expression analysis showed higher expression of pro-inflammatory 

cytokine IL1-β and TNF-α in CcS-9 spleen. In addition, the results showed higher 

expression of CD163 in infected BALB/c mice, but not in infected CcS-9 mice. This 

receptor belongs to cysteine-rich scavenger receptor superfamily type B and expressed 

by the monocyte/ macrophage lineage. Macrophages highly expressing CD163 

constitute the predominant macrophage population during the late or resolution phase 

of inflammatory reactions. CD163 expression induced by anti-inflammatory mediators 

like glucocorticoids, IL-6 and IL-10 results in development of distinct population of cells 

called the alternatively activated macrophages. Anti-inflammatory cytokine IL10 

produced by alternatively activated macrophages inhibits T lymphocyte proliferation 

[Akila, 2012]. High inflammation results in infiltration of increased numbers of cells.  

Low expression of CD163 in CcS-9 probably led to  proliferation of lymphocytes and  

caused development of splenomegaly in this strain. CCL27 chemokine mediates 

inflammation by promoting lymphocyte migration into the skin. Our data showd that 

this chemokine expressed in spleen of strains CcS-9 and STS, but not in BALB/c. 

Expression of CCL27 rises in spleen of CcS-9 strain after infection with Leishmania. 

CCL27 gene is located on chromosome 4 in the position 41.77 Mbp. The CcS-9 strain 

carries the STS derived segment, which contains CCL27 gene. Probably, the expression of 

this gene in CcS-9 and STS is genetic dependent and naturally is high in CcS-9 and STS.  

The infection promotes high expression of this gene in susceptible strain CcS-9. Hence, 

there might be more T cells infiltrated to spleen.   Taking the results of CCL27 and 

CD163 gene expression together, it seems that there are more lymphocytes recruited to 

spleen of CcS-9 mice than BALB/c mice, which resulted in relative enlargement of 

spleen. However, higher expression CD163 could result inhibition of lymphocyte 

proliferation, which consequently could lead to smaller number of cells and relatively 
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smaller spleen of BALB/c strain. To investigate whether the rate of apoptosis has a role 

in enlargement of spleen, we measured expression of TRAIL and FasL genes. 

Surprisingly, the results of TRAIL expression showed upregulation of TRAIL in infected 

BALB/c, but downregulation in CcS-9 infected mice. The expression of FasL was 

significantly increased in CcS-9 and STS mice after infection with L. tropica. TRAIL and 

FasL belong to a subgroup of the Tumor Necrosis Factor (TNF) superfamily. TRAIL and 

FasL both activated extrinsic pathway of apoptosis trough activation of caspase 8 via 

their cognate death receptors and DR4 (TRAIL-R1)/DR5 (TRAIL-R2/Trick2) and Fas 

respectively.  They are characterized by a cytoplasmic death domain. It seems that 

induction of apoptosis in BALB/c is different than in CcS-9 and STS strains after 

infection with L. tropica.  However, it was shown that FasL played a role in inducing 

apoptosis in chronic phase of infection. On the other hand, it was shown that FasL was 

required for down-modulation of the virally induced chronic inflammatory response 

mediated by elimination of activated T lymphocytes in the spleen before their 

emigration to the target organs [Zhang, 2000].   

Extensive histological analysis of Leishmania infections in CcS-9 and parental 

strains demonstrated that genetic-dependent host susceptibility largely influenced 

development of manifestations and pathological changes. Comparative analysis of the 

infection caused by L. tropica in CcS/Dem strains provided unique information about 

pathogenesis, stressing the determining role of the host genotype. Since CcS-9 and other 

CcS/Dem series are genetically well characterized, they could be used as a suitable 

model for various L. tropica related studies, including of functional analysis of 

immunopathology and development of vaccine and drugs.   The results also introduce 

the important role of neutrophils and eosinphils in visceral and skin pathology during 

the chronic stage of L. tropica infection.  
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Figures  
 
Figure 1. Kinetics of skin lesion development in the CcS-9 (n =20) and the parental strains BALB/c (n = 25) and STS (n 

= 10) after infection with L. tropica.  The columns show mean values of skin lesion. The Figure summarizes data from 

three independent experiments.  
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Figure 2. Appearance of the cutaneous lesion development at the base of the tail of BALB/c (a, b, c) and CcS-9 (d, e, f 

and g, h, i) mice after infection with L. tropica. (d, e and f ) showing ulcerative lesion with destructed surface tissue. (g, 

h, i) Representative of non-ulcerative form of lesion in CcS-9 strain with no surface tissue destruction. a, d and g was 

taken in week 21st, b, e and h at week 30th and c, f and i  at week 40th after infection.  

 

 

 

 

 

 

 

 

 

 

 

 



124 
 

Figure 3. Parasite number in skin measured by PCR-ELISA, epithelioid granulomas,  invasiveness of parasites, 

infiltration of neutrophils, and eosinophils into skin, fibrotic changes and infiltration of macrophages into skin of 

mouse strains BALB/c, CcS-9 and STS after infection with L. tropica . Columns show the means and standard deviation 

of the means. The numbers on the capped line show P value. P values > 0.05 are considered to be not significant and 

are not shown in the Figure. The graphs present data from 39 BALB/c mice (23 infected and 16 uninfected), 32 CcS-9 

mice (19 infected and 13 uninfected) and 18 STS mice (10 infected and 8 uninfected) tested in three independent 

experiments.  
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Figure 4. Morphological changes in skin of BALB/c (a and d), CcS-9 (b and e) and STS mice (c and f) week 43 after 

infection: a, d – BALB/c control and infected females, respectively; b, e – CcS-9 control and infected females, 

respectively; c, f – control and infected STS females, respectively. The arrows show epithelioid granuloma present in 

the infected BALB/c and CcS-9 mice. Magnification 100×. 
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Figure 5. Analysis of gene expression in skin of infected and uninfected mice. The graph is showing the expression 

level in BALB/c (7 infected and 6 uninfected) and STS (4 infected and 6 uninfected, and in the RC strain CcS-9 (7 

infected and 6 uninfected) from 2 independent experiments. P values > 0.05 are considered to be not significant and 

are not shown in the Figure.  
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Figure 6. Influence of infection with L. tropica on spleen. Spleen-to-body weight ratio×1,000 in the parental strains 

BALB/c (25 infected and 20 uninfected) and STS (10 infected and 8 uninfected, and in the RC strain CcS-9 (20 infected 

and 17 uninfected), data from three independent experiments; Histological changes in spleen after infection with L. 

tropica. parasite number in spleen measured by PCR-ELISA; infiltrations of lymphocytes, neutrophils, eosinophils, 

macrophages and into red pulp,  activation of white pulp, and infiltration of hematopoiesis in spleen.  Columns show 

the means and standard deviation of the means.  The numbers on the capped line show P value. P values > 0.05 are 

considered to be not significant and are not shown in the Figure. The histological graphs present data from 35 BALB/c 

mice (21 infected and 14 uninfected), 32 CcS-9 mice (20infected and 12 uninfected) and 18 STS mice (10 infected and 

8 uninfected) tested in three independent experiments.  
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Figure 7. Morphological changes in spleen of BALB/c (a and d), CcS-9 (b and e) and STS mice (c and f) 43 weeks after 

infection with L. tropica. a, b and c indicate uninfected and infected d, e and f indicate infected samples. The arrows 

show the areas of preserved white pulp. Magnification 100×. 
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Figure 8. Analysis of gene expression in spleen of infected and uninfected mice. The graph is showing the expression 

level in BALB/c (7 infected and 6 uninfected) and STS (4 infected and 5 uninfected, and in the RC strain CcS-9 (7 

infected and 6 uninfected) from 2 independent experiments. P values > 0.05 are considered to be not significant and 

are not shown in the Figure.  
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Figure 9. Influence of L. tropica infection on liver. 

Hepatomegaly (Liver-to-body weight ratio×1,000) in the parental strains BALB/c (25 infected and 20 uninfected) and 

STS (10 infected and 8 uninfected), and in the strain CcS-9 (20 infected and 17 uninfected). Parasite number in liver 

measured by PCR-ELISA; number of granulomas and size of granulomas in liver, maturity of granulomas.  

Histological analysis obtained from 24 BALB/c mice (22 infected and 14 uninfected), 9 STS mice (10 infected and 8 

uninfected) and 25 CcS-9 mice (20 infected and 14 uninfected) mice in three independent experiments. The columns 

show mean and standard deviation of the means. The numbers on the capped line are showing P value. P value > 0.05 

is considered to be not significant. Figure summarizes data from three independent experiments. 
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Figure 10. Morphological changes in liver of BALB/c (a and d), CcS-9 (b and e) and STS mice (c and f) after infection. 

a, b and c indicate uninfected and infected d, e and f indicate infected samples. The arrows show the areas of 

preserved white pulp. Magnification 200×. 
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Figure 11. Analysis of gene expression in liver of infected and uninfected mice. The graph is presenting the 

expression level in BALB/c (7 infected and 6 uninfected) and STS (4 infected and 5 uninfected, and in the RC strain 

CcS-9 (7 infected and 6 uninfected) from 2 independent experiments. P values > 0.05 are considered to be not 

significant and are not shown in the Figure.  
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Figure 12. Histological changes in inguinal lymph node after infection with L. tropica. Parasite number in inguinal 

lymph node measured by PCR-ELISA;  (activation of germinal center, infiltration of plasmocytes and macrophages into 

inguinal lymph node. The graphs summarize data from 3 independent experiments comprising 22 BALB/c mice 

(20infected and 12 uninfected), 9 STS mice (4 infected and 5 uninfected) and 29 CcS-9 mice (18 infected and 11 

uninfected).Columns show the means and standard deviation of the means.  The numbers on the capped line show P 

value. P values > 0.05 are considered to be not significant and are not shown in the Figure.  
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Figure 13. Morphological changes in spleen of infected and uninfected mice. Inguinal lymph nodes: a, d – BALB/c 

control and infected females respectively; b, e – CcS-9 control and infected females; c, f – control and infected STS 

females. The arrows show sites of germinal center activation present in lymph nodes of the infected mice. 

Magnification 100×. 
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We described previously that the recombinant congenic strain CcS-16 carrying 

12.5% genes from the resistant parental strain STS/A and 87.5% genes from the 

susceptible strain BALB/c is more susceptible to L. tropica than BALB/c. 

We used these strains to map and functionally characterize the gene-loci 

regulating the immune responses and pathology. 

We analyzed genetics of response to L. tropica in infected F2 hybrids between 

BALB/c×CcS-16. CcS-16 strain carries STS-derived segments on nine chromosomes. We 

genotyped these segments in the F2 hybrid mice and tested their linkage with 

pathological changes and systemic immune responses. 

We mapped 8 Ltr (Leishmania tropica response) loci. Four loci (Ltr2, Ltr3, Ltr6 

and Ltr8) exhibited independent responses to L. tropica, while Ltr1, Ltr4, Ltr5 and Ltr7 

were detected only in gene-gene interactions with other Ltr loci (Table 9).  

Ltr3 exhibited the recently discovered phenomenon of trans-generational 

parental effect effect on parasite numbers in spleen. The most precise mapping (4.07 

Mb) was achieved for Ltr1 (chr.2), which controlled parasite numbers in lymph nodes. 

Five Ltr loci co-localize with the loci controlling susceptibility to L. major (Lmr), 

whrereas three are likely L. tropica specific (Table 9).  
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Individual Ltr loci affect different subsets of responses, exhibit organ specific 

effects and a separate control of parasite load and organ pathology (Table 10). 

Ltr2 co-localize not only with Lmr14, but also with Ir2 influencing susceptibility 

to L. donovani, and might therefore carry a common gene controlling susceptibility to 

leishmaniasis. 

 

Table 9. Summary of Ltr loci that control responses to L. tropica in CcS-16 strain. 

 

Loci are sorted according their influence on organ pathology (skin lesions, 

splenomegaly, and hepatomegaly) and systemic immune response (chemokines levels in 

serum). C indicates BALB/c and S indicates STS Homozygote allele.  

 

 

chr. locus lesion size parasites in 
spleen

spleno-
megaly

parasites in 
liver

hepato-
megaly

parasites in 
lymph node

CCL3 in 
serum

CCL5 in 
serum

CCL7 in 
serum

control                      
of L. major

2 Ltr1 int Ltr4 

 C < S 

int Ltr6 

 C > S  C > S 

 int Ltr7 int Ltr7 

   int Ltr7     

 int Ltr8 

17 Ltr7  int Ltr5    int Ltr3    int Ltr3 

   C > S             

  int Ltr5    

int Ltr2 

18 Ltr8  int Ltr4    C > S             

11 Ltr6 C< S 

10 Ltr5

3 Ltr3  C < S 
(suggestive) 

int Ltr8  int Ltr1 Ltr4  C > S 
(suggestive) 

 C < S CC>CS<SS

 int Ltr2 

2 Ltr2  C < S 

Lmr13

int Ltr3 Lmr14

Lmr11

4

Lmr5

Lmr15

 

 C > S 
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Table 10. Individual Ltr loci exhibit organ specific effects and distinct sets of genes control of 

parasite elimination and organ pathology 

chr. locus Parasite number  Visceral pathology 

2 Ltr1 parasites in lymph nodes (int. Ltr4 - 
D4Mit153) 

splenomegaly (int. Ltr3 - 
D3Mit11) 

2 Ltr2 parasites in liver Hepatomegaly 

3 Ltr3 parasites in spleen (parent-of-origin 
effect) 

splenomegaly (int. Ltr2 - 
D2Mit257) 

4 Ltr4 
parasites in liver (int. Ltr8 - D18Mit40)  
parasites in lymph nodes (int. Ltr1 - 
D2Mit156) 

splenomegaly (int. Ltr7 - 
D17Mit130)  
splenomegaly (int. Ltr8 -  
D18Mit49) 

10 Ltr5     

11 Ltr6 parasites in spleen (parent-of-origin 
effect) 

splenomegaly (int. Ltr5 - 
D10Mit67) 

17 Ltr7   
Splenomegaly 
splenomegaly (int. Ltr5 - 
D10Mit103); 

18 Ltr8 parasites in liver (int. Ltr4 - D4Mit153) 
  

 

Conclusion: This is the first identification of genetic loci controlling susceptibility to L. 

tropica in any species. The different combinations of alleles controlling various 

symptoms of the disease likely co-determine different manifestations of disease induced 

by the same pathogen in individual mice. 

As the first author contributed to performing the experiment, collecting blood and 

isolation of organs from the mice, DNA isolation and genotyping. I also contributed 

to the data analysis, interpretation and preparation of the manuscript. 
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Abstract

Background: L. tropica can cause both cutaneous and visceral leishmaniasis in humans. Although the L. tropica-induced
cutaneous disease has been long known, its potential to visceralize in humans was recognized only recently. As nothing is
known about the genetics of host responses to this infection and their clinical impact, we developed an informative animal
model. We described previously that the recombinant congenic strain CcS-16 carrying 12.5% genes from the resistant
parental strain STS/A and 87.5% genes from the susceptible strain BALB/c is more susceptible to L. tropica than BALB/c. We
used these strains to map and functionally characterize the gene-loci regulating the immune responses and pathology.

Methods: We analyzed genetics of response to L. tropica in infected F2 hybrids between BALB/c6CcS-16. CcS-16 strain
carries STS-derived segments on nine chromosomes. We genotyped these segments in the F2 hybrid mice and tested their
linkage with pathological changes and systemic immune responses.

Principal Findings: We mapped 8 Ltr (Leishmania tropica response) loci. Four loci (Ltr2, Ltr3, Ltr6 and Ltr8) exhibit
independent responses to L. tropica, while Ltr1, Ltr4, Ltr5 and Ltr7 were detected only in gene-gene interactions with other
Ltr loci. Ltr3 exhibits the recently discovered phenomenon of transgenerational parental effect on parasite numbers in
spleen. The most precise mapping (4.07 Mb) was achieved for Ltr1 (chr.2), which controls parasite numbers in lymph nodes.
Five Ltr loci co-localize with loci controlling susceptibility to L. major, three are likely L. tropica specific. Individual Ltr loci
affect different subsets of responses, exhibit organ specific effects and a separate control of parasite load and organ
pathology.

Conclusion: We present the first identification of genetic loci controlling susceptibility to L. tropica. The different
combinations of alleles controlling various symptoms of the disease likely co-determine different manifestations of disease
induced by the same pathogen in individual mice.
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Introduction

Leishmaniasis is endemic in 98 countries on 5 continents, caus-

ing 20,000 to 40,000 deaths per year [1]. In the past decade the

number of endemic regions have expanded, prevalence has in-

creased and the number of unrecorded cases must have been

substantial, because notification has been compulsory in only 32

of the 98 countries where 350 million people are at risk [1,2].

Infection represents an important global health problem, as no

safe and effective vaccine currently exists against any form of

human leishmaniasis, and the treatment is hampered by serious

side effects [3].

The disease is caused by obligate intracellular vector-borne

parasites of the genus Leishmania. In the vertebrate host organism,

Leishmania parasites infect so-called professional phagocytes (neu-

trophils, monocytes and macrophages) [4], as well as dendritic

cells [5], immature myeloid precursor cells, sialoadhesin-positive

stromal macrophages of the bone marrow, hepatocytes and

fibroblasts [6]. Leishmaniasis includes asymptomatic infection

and three main clinical syndromes. In the dermis, parasites cause

the cutaneous form of the disease, which can be localized or

diffuse; in the mucosa, they cause mucocutaneous leishmaniasis,

and the metastatic spread of infection to the spleen and liver leads

to visceral leishmaniasis (also known as kala-azar or black fever).

Parasites can also enter other organs, such as lymph nodes, bone

marrow and lungs, and in rare cases, can even reach the brain [4].

One of the major factors determining the type of pathology is
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the species of Leishmania [7]. However, the transmitting vector, as

well as genotype, nutritional status of the host, and environmen-

tal and social factors also have a large impact on the outcome of

the disease [4,7]. That is why even patients infected by the same

species of Leishmania develop different symptoms [7] and may differ

in response to therapy [3]. The basis of this heterogeneity is not

well understood [8], but part of this variation is likely genetic [4].

The search for loci and genes controlling leishmaniasis included

candidate-gene approach, genome-wide linkage and association

mapping. Genotyping of candidate genes, which have been chosen

on the basis of previous immunological studies (hypothesis-driven

approach) detected influence of polymorphism in HLA-Cw7, HLA-

DQw3, HLA-DR, TNFA (tumor necrosis factor alpha), TNFB, IL4,

IFNGR1 (interferon gamma receptor 1) [reviewed in [4]], TGFB1

(transforming growth factor, beta 1) [9], IL1 [10], IL6 [11], CCL2/

MCP1 (chemokine (C-C motif) ligand 2) [12], CXCR1 (chemokine

(C-X-C motif) receptor 1) [13], CXCR2 (chemokine (C-X-C motif)

receptor 2) [14], FCN2 (ficolin-2) [15] and MBL2 (mannose-

binding lectin (protein C) 2) [16] on response to different human

leishmaniases.

Hypothesis-independent search for susceptibility genes included

genome-wide linkage and association mapping. Bucheton and

coworkers [17] performed a genome-wide linkage scan, identified

a major susceptibility locus that controls the susceptibility to

L. donovani on chromosome 22q12 [17] and found that poly-

morphism in IL2RB (interleukin 2 receptor, beta chain) in this

chromosomal region is associated with susceptibility to visceral

leishmaniasis [18]. Genome-wide search with the subsequent

analysis of a putative susceptibility locus on chromosome 6q27

revealed that polymorphism in DLL1 (delta-like 1 (Drosophila)),

the ligand for NOTCH3 (Neurogenic locus notch homolog

protein 3) [19] is associated with susceptibility to visceral leish-

maniasis caused by L. donovani and L. infantum chagasi. Delta1-

Notch3 interactions bias the functional differentiation of activated

CD4+ T cells [20]. GWAS (genome-wide association study)

established that common variants in the HLA-DRB1-HLA-DQA1

HLA class II region contribute to susceptibility to L. donovani and L.

infantum chagasi [21].

Genome-wide linkage in mouse revealed susceptibility genes

Nramp1 (Natural resistance-associated macrophage protein 1)/

Slc11a1 (solute carrier family 11 (proton-coupled divalent metal

ion transporters), member 1) [22] and Fli1 (Friend leukaemia virus

integration 1) [23] and the role of these genes has been also

established in humans [13,24,25]. NRAMP1, which controls sus-

ceptibility to L. donovani and L. infantum functions as a divalent

metal pH-dependent efflux pump at the phagosomal membrane of

macrophages and neutrophils [26]. It is also expressed in dendritic

cells and influences major histocompatibility complex class II

expression and antigen-presenting cell function [27]. Susceptible

mouse allele carries a ‘‘null’’ mutation that abolishes gene function

(it is a natural knockout) [28], whereas polymorphisms in the

promoter, exon3 and the intron of human SLC11A1 [24], are

expected to have a smaller impact on gene function. The Friend

leukaemia virus integration gene, linked with wound healing,

influences cutaneous leishmaniasis caused by L. major in mouse

[23] and by L. braziliensis in human [25]. It remains to be tested,

whether natural polymorphisms detected in mouse genes bg

(beige)/Lyst (lysosomal trafficking regulator) [29] and cationic

amino acid transporter Slc7a2 (solute carrier family 7 (cationic

amino acid transporter, y+ system), member 2) [30] influencing

response to L. donovani [31] and L. major [30], respectively, plays

role also in humans. However, nothing is known about genes

controlling L. tropica-induced disease in humans.

L. tropica causes cutaneous leishmaniasis in humans, but it can

also visceralize. Although cutaneous disease due to L. tropica is

known for a long time, its potential to visceralize in humans has

been recognized only relatively recently [32]. Visceralized L. tropica

was also identified as the cause of an initially not understood

systemic illness in veterans returning from endemic areas in the

Middle East [33]. This finding stimulated interest in less typical

symptoms induced by this parasite. It was found that L. tropica

caused visceral disease in Kenya [34], as well as classical visceral

leishmaniasis (kala-azar) in India [35,36] and in Iran [37], and

disseminated cutaneous leishmaniasis accompanied with visceral

leishmaniasis in Iran [38]. L. tropica was also implicated in develop-

ment of mucosal leishmaniasis in Iran [39]. The reasons of this

variability are not known.

A suitable animal model for study of this parasite would

therefore contribute to genetic dissection of the functional and

clinical manifestations of infection. Golden hamsters (Mesocricetus

auratus) have been considered to be the best model host for L.

tropica infection, but this host is not inbred and therefore not

suitable for genetic dissection. Fortunately, several L. tropica strains

from Afghanistan, India [40], and Turkey [41] have been reported

to cause cutaneous disease in inbred BALB/c mice. Extension of

analysis to the strains C57BL/6J, C57BL/10SgSnAi and gene-

deficient mice on their backgrounds indicated role of IL-10 and

TGFb in regulation of parasite numbers in ears of infected mice

[42].

We studied susceptibility to L. tropica using BALB/c-c-STS/A

(CcS/Dem) recombinant congenic (RC) strains [43], which differ

greatly in susceptibility to L. major [44,45]. Parental strains BALB/

c, STS and RC strains CcS-3, CcS-5, CcS-11, CcS-12, CcS-16,

CcS-18, and CcS-20 were infected with L. tropica and skin lesions,

cytokine and chemokine levels in serum, splenomegaly, hepato-

megaly, and parasite numbers in organs were measured [46].

These experiments revealed that manifestations of the disease after

infection with L. tropica are strongly influenced by genotype of the

host. We have found that females of the RC strain CcS-16 that

Author Summary

Leishmaniasis, a disease caused by Leishmania ssp. is
among the most neglected infectious diseases. In humans,
L. tropica causes cutaneous form of leishmaniasis, but can
damage internal organs too. The reasons for this variability
are not known, and its genetic basis was never investigat-
ed. Therefore, analysis of genes affecting host’s responses
to this infection can elucidate the characteristics of
individual host-parasite interactions. Recombinant con-
genic strain CcS-16 carries 12.5% genes from the mouse
strain STS/A on genetic background of the strain BALB/c,
and it is more susceptible than BALB/c. In F2 hybrids
between BALB/c and CcS-16 we detected and mapped
eight gene-loci, Ltr1-8 (Leishmania tropica response 1-8)
that control various manifestations of disease: skin lesions,
splenomegaly, hepatomegaly, parasite numbers in spleen,
liver, and inguinal lymph nodes, and serum level of CCL3,
CCL5, and CCL7 after L. tropica infection. These loci are
functionally heterogeneous - each influences a different
set of responses to the pathogen. Five loci co-localize with
the previously described loci that control susceptibility to
L. major, three are species-specific. Ltr2 co-localizes not
only with Lmr14 (Leishmania major response 14), but also
with Ir2 influencing susceptibility to L. donovani and might
therefore carry a common gene controlling susceptibility
to leishmaniasis.
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contains 12.5% genes of the resistant donor strain STS and 87.5%

genes of the susceptible strain BALB/c [43,47] developed the

largest skin lesions and exhibited a unique systemic chemokine

reaction, characterized by additional transient early peaks of

CCL3 and CCL5, which were present neither in CcS-16 males

nor in any other tested RC strain [46]. In order to establish the

genetic basis of these differences, we prepared F2 hybrids between

BALB/c and CcS-16, infected them with L. tropica and measured

their skin lesions, splenomegaly, hepatomegaly, parasite numbers

in spleen, liver and inguinal lymph nodes, and serum level of

CCL3, CCL5 and CCL7 during the transient early peak. The

strain CcS-16 carries STS-derived segments on nine chromo-

somes. They were genotyped in the F2 hybrid mice and their

linkage with pathological symptoms and systemic immune re-

sponses was determined, which revealed eight controlling genes.

Materials and Methods

Mice
Females of strains BALB/c (16 infected, 16 uninfected) and

CcS-16 (15 infected, 11 uninfected) were 8 to 19 weeks old (mean

age 12 weeks, median age 12 weeks) at the time of infection. When

used for these experiments, strain CcS-16 was in more than 90

generations of inbreeding. The parts of its genome inherited from

the BALB/c or STS parents were defined [48]. 247 female F2

hybrids between CcS-16 and BALB/c (age 9 to 16 weeks at the

time of infection, mean age 13 weeks, median 13 weeks) were

produced at the Institute of Molecular Genetics AS CR, v.v.i..

Mice were kept in individually ventilated cages (Ehret, Emmen-

dingen, Germany) and tested in two experimental groups. Both

groups of F2 hybrids were derived from the same F1 parents;

second experiment started seven weeks after the first. 2 mice died

shortly after inoculation and were excluded from experiments.

Among analyzed F2 hybrids, first experiment consisted of 111

mice, of which 51 mice originated from a cross (BALB/c6CcS-

16)F2 (mean age 11.9 weeks, median 12 weeks; 3 mice died before

the end of an experiment), 60 mice originated from a cross (CcS-

166BALB/c)F2 (mean age 12.6 weeks, median age 13 weeks; 1

mouse died before the end of an experiment). According to the

nomenclature rules, the first strain listed in the cross symbol is the

female parent, the second the male. The second experiment

contained 134 mice, of which 64 mice originated from a cross

(BALB/c6CcS-16)F2 (mean age 12.6 weeks, median 16 weeks; 2

mice died before the end of an experiment), 70 mice originated

from a cross (CcS-166BALB/c)F2 (mean age 13.4 weeks, median

age 13 weeks; 6 mice died before the end of an experiment). The

numbers of mice analyzed for individual phenotypes are given in

Supplementary Table S1.

Ethics statement
All experimental protocols utilized in this study comply with the

Czech Government Requirements under the Policy of Animal

Protection Law (No. 246/1992) and with the regulations of the

Ministry of Agriculture of the Czech Republic (No. 207/2004),

which are in agreement with all relevant European Union guide-

lines for work with animals and were approved by the Institutional

Animal Care Committee of the Institute of Molecular Genetics AS

CR and by Departmental Expert Committee for the Approval of

Projects of Experiments on Animals of the Academy of Sciences of

the Czech Republic (permission Nr. 37/2007).

Parasite
Leishmania tropica from Urfa, Turkey (MHOM/1999/TR/SU23)

was used for infecting mice. Amastigotes were transformed to

promastigotes using SNB-9 [49], and 16107 stationary phase

promastigotes from subculture 2 were inoculated in 50 ml of sterile

Phosphate Buffer Saline (PBS) s.c. into the tail base, with promas-

tigote secretory gel (PSG) collected from the midgut of L. tropica-

infected Phlebotomus sergenti females (laboratory colony originating

from L. tropica focus in Urfa). PSG was collected as described [50].

The amount corresponding to one sand fly female was used per

mouse.

Disease phenotype
The size of the skin lesions was measured every second week

using the Profi LCD Electronic Digital Caliper Messschieber

Schieblehre Messer (Shenzhen Xtension Technology Co., Ltd.

Guangdong, China), which has accuracy 0.02 mm. Blood was

collected every 2 weeks in volume from 60 to 180 ml, and serum

was frozen at 230uC for further analysis. The mice were killed 43

weeks after inoculation. Blood, spleen, liver and inguinal lymph

nodes were collected for later analysis.

Quantification of parasite load
Parasite load was measured in frozen lymph nodes, spleen, and

liver samples using PCR-ELISA according to the previously pub-

lished protocol [51]. Briefly, total DNA was isolated using a TRI

reagent (Molecular Research Center, Cincinnati, USA) standard

procedure (http://www.mrcgene.com/tri.htm). For PCR, two

primers (digoxigenin-labeled F 59-ATT TTA CAC CAA CCC

CCA GTT-39 and biotin-labeled R 59-GTG GGG GAG GGG

CGT TCT-39 (VBC Genomics Biosciences Research, Austria)

were used for amplification of the 120-bp conservative region of

the kinetoplast minicircle of Leishmania parasite, and 50 ng of

extracted DNA was used per each PCR reaction. For a positive

control, 20 ng of L. tropica DNA per reaction was amplified as a

highest concentration of standard. A 30-cycle PCR reaction was

used for quantification of parasites in lymph nodes; 33 cycles for

spleen, and 40 cycles for liver. Parasite load was determined by

analysis of the PCR product by the modified ELISA protocol

(Pharmingen, San Diego, USA). Concentration of Leishmania DNA

was determined using the ELISA Reader Tecan and the curve

fitter program KIM-E (Schoeller Pharma, Prague, Czech

Republic) with least squares-based linear regression analysis.

Chemokines and cytokine levels
Levels of GM-CSF (granulocyte-macrophage colony-stimulat-

ing factor), CCL2 (chemokine ligand 2)/MCP-1 (monocyte che-

motactic protein-1), CCL3/MIP-1a (macrophage inflammatory

protein-1a), CCL4/MIP-1b (macrophage inflammatory protein-

1b), CCL5/RANTES (regulated upon activation, normal T-cell

expressed, and secreted) and CCL7/MCP-3 (monocyte chemo-

tactic protein-3) in serum were determined using Mouse chemo-

kine 6-plex kit (eBioscience, Vienna, Austria). The kit contains two

sets of beads of different size internally dyed with different in-

tensities of fluorescent dye. The set of small beads was used for

GM-CSF, CCL5/RANTES and CCL4/MIP-1b and the set of

large beads for CCL3/MIP-1a, CCL2/MCP-1 and CCL7/MCP-

3. The beads are coated with antibodies specifically reacting with

each of the analytes (chemokines) to be detected in the multiplex

system. A biotin secondary antibody mixture binds to the analytes

captured by the first antibody. Streptavidin-phycoerythrin binds

to the biotin conjugate and emits a fluorescent signal. The

test procedure was performed in the 96 well filter plates (Milli-

pore, USA) according to the protocol of manufacturer. Beads

were analyzed on flow cytometer LSR II (BD Biosciences, San

Jose, USA). Lyophilized GM-CSF and chemokines (CCL2/MCP-

1, CCL3/MIP1a, CCL4/MIP1b, CCL5/RANTES, CCL7/

Genetic Control of Resistance to L. tropica
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MCP-3) supplied in the kit were used as standards. Concentration

was evaluated by Flow Cytomix Pro 2.4 software (eBioscience,

Vienna, Austria). The limit of detection of each analyte was

determined to be for GM-CSF 12.2 pg/ml, CCL2/MCP-1

42 pg/ml, CCL7/MCP-3 1.4 pg/ml, CCL3/MIP-1a 1.8 pg/ml,

CCL4/MIP-1b 14.9 pg/ml, and for CCL5/RANTES 6.1 pg/ml.

Genotyping of F2 mice
DNA was isolated from tails using a proteinase procedure [52]

with modifications described in [51]. The strain CcS-16 differs

from BALB/c at STS-derived regions on nine chromosomes [48

and unpublished results]. These differential regions were typed in

the F2 hybrid mice between CcS-16 and BALB/c using 23 micro-

satellite markers (Generi Biotech, Hradec Králové, Czech Re-

public): D2Mit156, D2Mit389, D2Nds3, D2Mit257, D2Mit283,

D2Mit52, D3Mit25, D3Mit11, D4Mit153, D6Mit48, D6Mit320,

D10Mit67, D10Mit103, D11Mit139, D11Mit242, D11Nds18,

D11Mit37, D16Mit126, D17Mit38, D17Mit130, D18Mit35,

D18Mit40 and D18Mit49 (Supplementary Table S2). The maxi-

mum distance between any two markers in the chromosomal

segments derived from the strain STS or from the nearest BALB/c

derived markers was 14.16 cM. The DNA genotyping by PCR

was performed as described elsewhere [53]. The genotyping for

microsatellite markers with fragment length difference of less than

10 bp was performed by using ORIGINS Elchrom Scientific

electrophoresis (Elchrom Scientific AG, Cham, Switzerland) ac-

cording to manufacturer’s instruction. Briefly, DNA was amplified

as described in [53]. Each PCR product was mixed with 5 ml of

loading buffer and electrophoresed using Spreadex EL300 gel and

Spreadex EL400 gel (Elchrom Scientific AG, Cham, Switzerland)

for product with size of less than 150 bp or more than 150 bp,

respectively. The best gel and proper running time was selected

using ElQuantTM Software (Elchrom Scientific AG, Cham,

Switzerland). 30 mM TAE buffer was used as a running buffer.

Running temperature was set to 20uC and to 50uC, when voltage

was set to 120 V and 100 V, respectively. After finishing the elec-

trophoresis gel was stained by ethidium bromide and the results

were read by GENE bio-imaging system (Syngene, Cambridge,

UK).

Statistical analysis
The role of genetic factors in control of the tested pathological

and immunological symptoms was examined with ANOVA using

the program Statistica for Windows 8.0 (StatSoft, Inc., Tulsa,

Oklahoma, USA). Marker, grandparent-of-origin effect and age

were fixed factors and the experiment was considered as a random

factor. In order to obtain normal distribution of the analyzed

parameters, the obtained values were transformed, each as re-

quired by its distribution, as shown in the legends of the Tables.

Markers and interactions with P,0.05 were combined in a single

comparison.

To obtain whole genome significance values (corrected P-values)

the observed P-values (aT) were adjusted according to Lander and

Schork [54] using the formula:

aT �& Cz2rGh Tð Þ½ �aT

where G = 1.75 Morgan (the length of the segregating part of the

genome: 12.5% of 14 M); C = 9 (number of chromosomes segre-

gating in cross between CcS-16 and BALB/c, respectively); r= 1.5

for F2 hybrids; h(T) = the observed statistic (F ratio).

The percent of total phenotypic variance accounted for by a

QTL and its interaction terms was computed by subtracting the
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sums of squares of the model without this variable from the sum of

squares of the full model and this difference divided by the total

regression sums of squares:

SS b1,b2,b3,b4,b5 b0jð Þð Þ - SS b1,b2,b3,b4 b0jð Þð Þ
RSS b1,b2,b3,b4,b5 b0jð Þð

Results

Genetic control of skin lesions development
Differences in skin lesions development between strains BALB/

c and CcS-16 are controlled by two loci, which are not dependent

on or influenced by interaction with other genes (main effects)

(Table 1, Figure 1). Ltr2 (Leishmania tropica response 2) linked to

D2Nds3 (Figure 1A) and D2Mit389 influences lesion size at week

19 (corrected P = 0.004, Bonferroni corr. P = 0.049), 21 (corrected

P = 0.0020, Bonferroni corr. P = 0.024) and 31 (corrected P =

0.0152, Bonferroni corr. P = 0.18) after infection, Ltr3 that controls

lesion size at week 21 after infection is linked to D3Mit11

(corrected P = 0.042, Bonferroni corr. P = 0.5) (Figure 1B). STS

allele of both Ltr2 and Ltr3 determines larger lesions. STS allele of

Ltr4 marked by D4Mit153 (which also controls parasite numbers

in liver and in lymph nodes) has an opposite effect on the studied

trait; its STS allele is associated with smaller lesions at week 27

after infection. Figure 1C and Figure 1D show the strong additive

effects of Ltr2 and Ltr3, and Ltr2, Ltr3 and Ltr4, respectively. How-

ever, Ltr3 and Ltr4 effects on skin lesions (nominal P value =

0.00048 and 0.00096, respectively, corr. P value = 0.024 and

0.045, respectively) were not significant after Bonferroni correction

for number of tested weeks of infection and for whole genome

significance. Although lesions were larger in the second experi-

ment, no significant interaction between experimental group and

markers was observed.

Genetic control of parasite numbers in organs and
visceral pathology

Parasite numbers in spleen and splenomegaly are

controlled by different sets of genes. Parasite numbers in

Figure 1. Differential lesion development in F2 hybrid mice carrying one, two and three Ltr loci after infection with L. tropica. A. F2

hybrids carrying BALB/c or STS homozygous (resistant or susceptible) alleles in Ltr2 (D2Nds3); B. F2 hybrids carrying BALB/c or STS homozygous
(resistant or susceptible) alleles in Ltr3 (D3Mit11); C. F2 hybrids carrying BALB/c or STS homozygous (both resistant or both susceptible) alleles in both
Ltr2 (D2Nds3) and Ltr3 (D3Mit11); D. F2 hybrids carrying BALB/c homozygous (both resistant) alleles in Ltr2 and Ltr3 and STS (resistant) homozygous
alleles in Ltr4 (D4Mit153), and F2 hybrids carrying STS homozygous (both susceptible) alleles in Ltr2 and Ltr3 and BALB/c (susceptible) homozygous
alleles in Ltr4. n, number of mice. Graphs summarize data from two independent experimental groups and give non-normalized lesion sizes. Lesions
were measured every second week. CC and SS indicate the homozygosity of BALB/c and STS allele, respectively. Please note different scales of
Figures 1A,B, 1C and 1D.
doi:10.1371/journal.pntd.0002282.g001
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spleen are controlled by two loci (Table 2). STS allele of Ltr3

linked with D3Mit25 (corrected P = 0.0085) determines lower

parasite load, whereas STS allele of Ltr6 (linked with D11Mit37)

(corrected P = 0.014) is associated with higher parasite numbers.

These P-values for Ltr3 and Ltr6 were significant only in cross

(BALB/c6CcS-16)F2 (where mother of the F1 hybrids was BALB/

c and father was CcS-16), but not in cross (CcS-166BALB/c)F2

(where mother was CcS-16 and father was BALB/c). Interaction

between the cross and marker D3Mit25 is highly significant (corr.

P = 0.0013). Younger mice (from 9 to 12 weeks, mean = 11 weeks)

have higher parasite load than the older (from 13 to 16 weeks,

mean = 14 weeks) mice, but interaction between the marker and

age was not significant (nominal P = 0.86).

Splenomegaly is controlled by five loci (Table 2, 3). Ltr8 linked

with D18Mit49 (corr. P = 0.012) has a main effect, its BALB/c

allele is associated with a larger spleen to body weight ratio. Ltr2,

Ltr3, Ltr5 and Ltr7 affect splenomegaly in gene-gene interactions.

Ltr2 linked to D2Mit257 influences splenomegaly in interaction

with Ltr3 linked to D3Mit11 (corrected P = 0.010). F2 mice with

homozygous STS (SS) alleles at both Ltr2 and Ltr3 have the

smallest splenomegaly. Ltr5 linked to D10Mit103 influences sple-

nomegaly in interaction with Ltr8 linked to D18Mit49 (corrected

P = 0.029). F2 mice with homozygous STS (SS) alleles at both

Ltr5 and Ltr8 have the smallest splenomegaly. Ltr5 also influences

splenomegaly in interaction with Ltr7 linked to D17Mit30 (cor-

rected P = 0.029). F2 mice with homozygous BALB/c (CC) alleles

at Ltr5 and homozygous STS (SS) alleles at Ltr7 have the most

severe splenomegaly, the other genotypes show no pronounced

differences.

Parasite numbers in liver are controlled by Ltr2, Ltr4 and

Ltr8, whereas hepatomegaly is influenced by Ltr2

only. Parasite numbers in liver are controlled by three genes

(Table 2, 4). Ltr2 linked to D2Nds3 (corrected P = 0.028) has a

main effect on parasite numbers in liver. Its STS allele is associated

with a higher parasite load (Table 2). Ltr4 linked to D4Mit153

influences parasite load in liver in interaction with Ltr8 linked

to D18Mit40 (corrected P = 0.021). F2 mice with homozygous

BALB/c (CC) alleles at Ltr4 and heterozygous at Ltr8 have the

highest parasite burden in liver.

Hepatomegaly is determined by locus Ltr2 linked to D2Mit389

(corrected P = 0.00033) (Table 2). Less severe hepatomegaly was

observed in heterozygotes.

Genetic control of parasite load in inguinal lymph

nodes. Parasite numbers in inguinal lymph nodes are influenced

by interaction between Ltr1 linked to D2Mit156 and Ltr4 linked

to D4Mit153 (corrected P = 0.032). Highest parasite load is ob-

served in F2 mice with homozygous STS (SS) alleles at Ltr4 and

homozygous BALB/c (CC) alleles at Ltr1 (Table 4). There was no

interaction between experimental group and markers (nominal

P = 0.89).

Genetic control of early peak of chemokines level in
serum of infected mice

Genetic analysis of F2 hybrids has revealed identical genetic

control of serum levels of CCL3 and CCL5 at week 7 after

infection (Table 5, 6). Ltr3 linked to D3Mit11 determines levels of

both CCL3 (corrected P = 0.0046) and CCL5 (corrected P =

0.010), its BALB/c allele is associated with higher chemokine

levels (Table 5). Ltr3 has not only individual (main) effect on

chemokines levels, but also influences levels of CCL3 (corrected

P = 0.014) and CCL5 (corrected P = 0.0012) in interaction with

Ltr7 linked to D17Mit130. The largest effect is seen by Ltr3 when

Ltr7 is SS. In that genotypic situation the Ltr3 CC alleles cause

more than 3006higher levels of CCL3 and 286higher levels of

CCL5 than the Ltr3 SS alleles (Table 6). It is likely that this very

large size of this effect in Ltr7 SS mice makes the Ltr3 effects visible

as a main effect, although smaller, in F2 hybrids irrespective of

their Ltr7 genotype.

CCL7 level is controlled with two loci with an opposite effect on

the studied trait. The homozygosity for the STS allele of Ltr2 (SS)

determines higher CCL7 level (corrected P = 0.002), whereas

Table 2. Main effect loci: control of parasite load in spleen and in liver, and visceral pathology.

Phenotype LocusMarker Genotype P value
corr. P
value

% of
expl.
variance

CC CS SS

Parasites in
spleen

Both crosses Ltr3 D3Mit25 0.80 4.3860.16 (n = 61) 0.63 4.1560.13 (n = 108) 0.48 3.8760.17 (n = 62) 0.094 NS NA

(BALB/c6CcS-16)F2 Ltr3 D3Mit25 1.72 5.1560.22 (n = 29) 0.75 4.3260.21 (n = 43) 0.43 3.7660.22 (n = 37) 0.00014 0.0085 19.38

(CcS-166BALB/c)F2 Ltr3 D3Mit25 0.38 3.6360.21 (n = 32) 0.49 3.8960.15 (n = 65) 0.61 4.1160.23 (n = 25) 0.304 NS NA

Parasites in
spleen

Both crosses Ltr6 D11Mit37 0.57 4.0460.16 (n = 65) 0.46 3.8460.12 (n = 105) 0.96 4.5660.16 (n = 62) 0.0028 0.113 NA

(BALB/c6CcS-16)F2 Ltr6 D11Mit37 0.65 4.1760.24 (n = 31) 0.45 3.8160.21 (n = 46) 1.75 5.1760.23 (n = 32) 0.00024 0.014 29.58

Splenomegaly Ltr8 D18Mit49 5.28 1.7060.06 (n = 74) 4.67 1.5760.05 (n = 106) 3.60 1.3060.07 (n = 53) 0.00022 0.012 18.59

Parasites in liver Ltr2 D2Nds3 0.61 4.1260.11 (n = 60) 0.83 4.4260.08 (n = 123) 1.25 4.8360.14 (n = 49) 0.00056 0.028 9.50

Hepatomegaly Ltr2 D2Mit389 45.76 37.4160.81 (n = 55) 42.28 34.6660.52 (n = 131) 48.31 39.4260.86 (n = 46) 4.361026 0.00033 13.83

Parasite numbers (week 43) were estimated by PCR–ELISA. Means, SE and P values for splenomegaly (week 43), hepatomegaly (week 43) and concentration of parasite
DNA (ng/ml) in isolates from lymph nodes, spleen and liver were calculated by analysis of variance. Normal distribution was obtained for splenomegaly (spleen-to-body
weight ratio61000) by raising values to the power of 0.00002. Hepatomegaly (liver-to-body weight ratio61000) was normalized by raising values to the power of
0.0125. To obtain normal distribution for parasite load in organs, the following transformations were used: natural logarithm of (value6100). The numbers in bold give
the average non-transformed values. Only P values significant after correction for genome-wide testing are given. Number of tested mice is shown in brackets. C and S
indicate the presence of BALB/c and STS allele, respectively. NS – not significant, NA – not applicable.
doi:10.1371/journal.pntd.0002282.t002
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homozygosity for the BALB/c allele of Ltr8 (CC) is associated with

higher level of this chemokine (corrected P = 0.013) (Table 5). No

significant interaction between experimental group and marker

was observed. Older mice had higher levels of CCL7 in serum

than the younger ones, but we did not observe any interactions

between marker and age (nominal P (Ltr2) = 0.80, nominal P

(Ltr8) = 0.64). Levels of CCL7 in serum of infected mice are also

influenced by interaction of Ltr2 linked to D2Mit257 and Ltr6

linked to D11Mit37 (corrected P = 0.016), the highest CCL7 levels

are observed in STS allele (SS) homozygotes in Ltr6 in com-

bination with heterozygotes (CS) or STS allele (SS) homozygotes

in Ltr2 (Table 6).

Although chemokine levels were higher in the first experiment,

no significant interaction between experimental group and markers

was observed.

No linkage was found for GM-CSF, CCL2/MCP-1 and CCL4/

MIP-1b.

Discussion

The present study provides the first insight into the genetic

architecture of susceptibility to L. tropica. We have described eight

loci on seven chromosomes (Figure 2 [10,12,55–83]) and shown

that the presence of individual symptoms of disease is controlled by

different subsets of host’s genes. The identification of host’s genes

responsible for the specific symptoms of the disease induced by

different Leishmania species will contribute to the understanding of

mechanisms of pathogenesis of leishmaniasis, similarly as com-

parative parasite genomics led to identification of differentially

distributed genes in Leishmania species inducing different pathology

[84,85], and analysis of specific virulence factors revealed how

different Leishmania species subvert or circumvent host’s defenses

[7]. Such analysis will provide description of individual predispo-

sition to specific symptoms of disease and its probable course.

Moreover, the possibility to compare genetics of response to

several Leishmania species will further help to understand the

genetic basis of general and species-specific responses of the host.

This will synergize with the future information about genome

sequence of L. tropica and about interaction of its specific virulence

factors with the immune system.

Response to L. tropica is controlled by multiple genes
with heterogeneous effects

Our data show that interaction of mice with L. tropica parasites is

complex and involves numerous genes and responses (Table 7).

We have detected eight loci that in the strain CcS-16 control host-

parasite interaction (Table 7, Figure 2). All eight Ltr loci are

involved in gene-gene interactions (Figure 3), four loci (Ltr2, Ltr3,

Ltr6, Ltr8) have also individual effect, while effects of Ltr1, Ltr4, Ltr5

and Ltr7 are seen only in interaction with other Ltr loci. This is not

surprising, as the average proportion of genetic variation explained

by epistatic QTLs in mice in different systems was estimated to be

49% [86] and gene-gene interactions were observed also in

response to other pathogens such as L. major [87–89], Trypanosoma

brucei brucei [53], Salmonella enteritidis [90], Plasmodium falciparum [91]

and Mycobacterium leprae [92].

The loci described here have heterogeneous effects (Table 7).

Ltr1 on chromosome 2 controls in interaction with Ltr4 only

parasite numbers in lymph nodes, whereas the more distal Ltr2 on

the same chromosome influences development of skin lesions,

splenomegaly (in interaction with Ltr3), hepatomegaly, parasite

load in liver and level of CCL7 in serum. Multiple functions are

also exerted by Ltr3 on chromosome 3, which controls spleno-

megaly (in interaction with Ltr2), parasite numbers in spleen, and

levels of CCL3 and CCL5 in serum. We have analyzed genetic

control of early levels of chemokines, as there is a unique early

peak in the CcS-16 females [46]. However, comparison of genetic

control of CCL3 and CCL5 levels with genetic control of

development of skin lesions indicates that there is no simple

correlation between the chemokines levels and manifestations of

disease. Ltr4 on chromosome 4 controls in interaction with Ltr1

and Ltr8 parasite numbers in lymph nodes and in liver,

respectively. Ltr5 on chromosome 10 influences in interaction

with Ltr7 or Ltr8 splenomegaly. Ltr6 influences parasite numbers in

spleens and level of CCL7 in serum (in interaction with Ltr2). Ltr7

controls splenomegaly (in interaction with Ltr5) and in interaction

with Ltr3 level of both CCL3 and CCL5 in serum. Ltr8 controls

splenomegaly (as a main effect gene and in interaction with Ltr5),

parasite numbers in liver (in interaction with Ltr4) and level of

CCL7 in serum. Ltr1 and Ltr5 control only one parameter,

whereas other loci have multiple effects. Some multiple effects

could reflect causal relationship – e.g. CCL7 influences recruit-

ment of monocytes to spleen [93], which could contribute to

splenomegaly. The observed multiple effects of some Ltr loci might

also suggest that some such loci might represent complexes of two

or more closely linked Ltr genes. This issue will be resolved by

future recombinational analysis.

We have detected also loci that control symptoms, such as

splenomegaly, in which the strains BALB/c and CcS-16 do not

differ [46]. This is because in an inbred strain the final outcome of

Table 5. Main effect of loci controlling serum chemokine level after 7 weeks of infection.

Phenotype Locus Marker Genotype
P
value

corr. P
value

% of
explained
variance

CC CS SS

CCL3 Ltr3 D3Mit11 711.42 3.7260.18 (n = 64) 371.57 3.2760.12 (n = 118) 94.68 2.4960.21 (n = 53) 7.561025 0.0046 4.56

CCL5 Ltr3 D3Mit11 2724.44 5.1560.08 (n = 64) 1805.94 4.9860.05 (n = 117) 861.34 4.6660.09 (n = 53) 0.00018 0.010 3.99

CCL7 Ltr2 D2M52 566.41 6.3460.05 (n = 48) 590.60 6.3860.03 (n = 127) 740.99 6.6160.05 (n = 60) 361025 0.002 9.06

CCL7 Ltr8 D18M40 766.86 6.6460.05 (n = 60) 602.67 6.4060.04 (n = 118) 613.11 6.4260.06 (n = 55) 0.00024 0.013 11.38

In order to normalize distribution of the observed values (in pg/ml), the following transformations were used: the power of 0.2 (concentration value+1) – CCL3/MIP1a;
natural logarithm – CCL7/MCP-3; the power of 20.117545 followed by subtraction with 1 – CCL5/RANTES. In case of CCL5/RANTES, the calculated value was further
divided by 20.117545. The Table gives mean of non-transformed (in bold) and transformed concentration and SE of the transformed values calculated by analysis of
variance. Only P values significant after correction for genome-wide significance are given. Number of tested mice is shown in brackets. C and S indicate the presence of
BALB/c and STS allele, respectively.
doi:10.1371/journal.pntd.0002282.t005
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Figure 2. Position of the loci that control response to L. tropica in strain CcS-16. The regions of STS and BALB/c origin are represented as
dark and white, respectively; the boundary regions of undetermined origin are shaded. Only the markers and SNPs defining the boundaries the STS-
derived segment and the markers that were tested for linkage are shown. The markers that exhibit significant P values (corrected for genome-wide
search) are shown in bold. Abbreviations show genes that have been reported to be involved in response to Leishmania ssp.: Ccl1 (chemokine (C-C
motif) ligand 1) [55], Ccl11 (chemokine (C-C motif) ligand 11) [56], Ccl2 (chemokine (C-C motif) ligand 2), Ccl5 (chemokine (C-C motif) ligand 5) [57],
Ccl7 [58], Cd2 (CD2 antigen) [59], Cd40 (CD40 antigen) [60], Cd44 (CD44 antigen) [61], Cd74 (CD74 antigen) [62], Dll4 (Delta-like 4) [63], Hdc (histidine
decarboxylase) [64], Ifnb1 (interferon beta 1) [65], Igf1 (insulin-like growth factor 1) [66], Il1 (interleukin 1) [67], Il12a (Interleukin 12a) [68], Jun (Jun
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response is exerted by multiple genes, which often have opposite

effects, masking each other. In the F2 hybrids these genes segregate

and can be therefore detected.

Reliability and validity of the described loci is supported by

the fact that they have been detected by analysis of different

phenotypes and their statistical significance was corrected for

whole genome testing and where appropriate also by conserva-

tive Bonferroni correction. The relatively high proportion of va-

riance explained by the mapped loci (Table 1–6) might be partly

due to a limited variability of the tested manifestations of the

disease.

Susceptibility alleles carried by a resistant strain
Most inbred mouse strains that were produced without

intentionally selectively bred for a specific quantitative phenotype

(like susceptibility to specific infections) inherited from their non-

inbred ancestors randomly susceptible alleles at some loci and

resistant alleles at others, so that their overall susceptibility phe-

notype depends on the relative number of both. STS is resis-

tant to L. tropica and does not develop skin lesions [24], however

some STS-derived segments carried by CcS-16 on chromosome

2 (Ltr2) and possibly also on chromosome 3 (Ltr3) are associated

with larger lesions. Similarly, STS-derived alleles of Ltr2 and Ltr6

are associated with higher parasite load in liver and spleen,

respectively. This finding is not unique as susceptibility alleles

originating from resistant strains were found in studies of colon

cancer [94] and L. major [95] susceptibility; a low-responder

allele was identified in a strain exhibiting high response to IL-2

[96] or producing a high level of IFNc [97], whereas a high

responder allele was found in a strain producing low level of IL-4

[98].

Transgenerational parental effect
Loci Ltr3 and Ltr6 influencing parasite numbers in spleen

(Table 2) were significant only in the cross (BALB/c6CcS-16)F2,

but not in the cross (CcS-166BALB/c)F2, hence the outcome

in these crosses that are theoretically genetically identical

depends on the strain of the female or male used originally

to produce the F1 hybrids, which were then crossed with each

other to produce the F2 hybrids for the tests. Thus, this is a

special type of a transgenerational parental effect as the mothers

and fathers of the F2 hybrids were genetically identical. Recently,

examples of transgenerational parental effects have been

described in several species [reviewed in [99]] and several

possible mechanisms have been proposed. Our observation may

reflect a parental effect due to modification of the developing

immune system of fetuses or youngs by maternal environment,

maternal nutritional effects, or epigenetic effects, and it offers a

possibility to characterize the transgenerationally regulated

functional pathways.

Control of parasite load is predominantly organ specific
Control of parasite elimination differs among organs: the loci

Ltr1 and Ltr4 interact to control parasite numbers in inguinal

lymph nodes, while Ltr4 in interaction with Ltr8 influences

parasite load in liver (Table 4). Parasite load in liver is also

controlled by Ltr2 (Table 2), whereas parasite burden in spleen is

influenced by Ltr3 and Ltr6 (Table 2). These data show that

parasite elimination in lymph nodes, liver and spleen are

controlled differently, suggesting a predominantly organ specific

control of parasite load. Mechanistic studies analyzing response

to L. tropica in different organs are not yet available, but generally

organ specific responses described here are compatible with the

mechanistic studies of other parasites. The enzymes inducible

nitric oxide synthase and phagocyte NADPH oxidase, which are

required for the control of L. major, display organ- and stage-

specific anti-Leishmania effects [76,100]. Inducible nitric oxide

synthase has been shown to control resistance to parasites in skin

and draining lymph nodes, but not in spleen of the resistant strain

C57BL/6 [100]. On the other hand, activity of phagocyte

NADPH oxidase is essential for the clearance of L. major in the

spleen, but it is dispensable for the resolution of the acute skin

lesions and it exerted only a limited effect on the containment of

the parasites in the draining lymph node [76]. Similarly, bg/Lyst

(lysosomal trafficking regulator) is involved in control of parasite

numbers of L. donovani in spleen, but not in liver [31]. On the

oncogene) [69], Lgals9 (lectin, galactose binding, soluble 9) [70], Man2a1 (mannosidase 2, alpha 1) [71], Mbd2 (methyl-CpG binding domain protein 2)
[72], Mif (macrophage inhibitory factor) [73], Mmp9 (matrix metalopeptidase 9) [74], Ngf (nerve growth factor) [75], Nos2 (nitric oxide synthase 2,
inducible) [76], Notch2 (notch 2) [77], Ptpn1 (protein tyrosine phosphatase, non-receptor type 1) [78], Sec22b (SEC22 vesicle trafficking protein
homolog B (S. cerevisiae)) [79], Smad7 (SMAD family member 7) [80], Stat6 (Signal transducer and activator of transcription-6) [81], Traf6 (TNF receptor
associated factor 6) [60], Vcam1 (vascular cell adhesion molecule 1) [82], Vtcn1 (V-set domain containing T cell activation inhibitor 1) [83]. (Genes IDs
are shown in Supplementary Table S3).
doi:10.1371/journal.pntd.0002282.g002

Table 7. Summary of loci that control response to L. tropica.

chr. locus marker Phenotype controlled

2 Ltr1 D2Mit156 parasites in lymph nodes (int. Ltr4 - D4Mit153)

2 Ltr2 D2Mit389; D2Nds3/Il1b; D2Mit257;
D2Mit52

skin lesions wk 19; skin lesions wk 21; splenomegaly (int. Ltr3 - D3Mit11); parasites in liver;
hepatomegaly; CCL7; CCL7 (int. Ltr6 - D11Mit37)

3 Ltr3 D3Mit25; D3Mit11 splenomegaly (int. Ltr2 - D2Mit257); parasites in spleen (transgenerational parental effect); CCL3; CCL3
(int. Ltr7 - D17Mit130); CCL5; CCL5 (int. Ltr7 - D17Mit130)

4 Ltr4 D4Mit153 parasites in lymph nodes (int. Ltr1 - D2Mit156); parasites in liver (int. Ltr8 - D18Mit40)

10 Ltr5 D10Mit67; D10Mit103 splenomegaly (int. Ltr7 - D17Mit130); splenomegaly (int. Ltr8 - D18Mit49)

11 Ltr6 D11Mit37 parasites in spleen (transgenerational parental effect); CCL7 (int. Ltr2 - D2Mit257)

17 Ltr7 D17Mit130 splenomegaly (int. Ltr5 - D10Mit67); CCL3 (int. Ltr3 - D3Mit11); CCL5 (int. Ltr3 - D3Mit11)

18 Ltr8 D18Mit40; D18Mit49 splenomegaly; splenomegaly (int. Ltr5 - D10Mit103); parasites in liver (int. Ltr4 - D4Mit153); CCL7

doi:10.1371/journal.pntd.0002282.t007

Genetic Control of Resistance to L. tropica

PLOS Neglected Tropical Diseases | www.plosntds.org 12 July 2013 | Volume 7 | Issue 7 | e2282



other hand VCAM-1 (vascular cell adhesion molecule-1) and

VLA-4 (very late antigen-4) interactions influenced early L.

donovani burden in liver, but not in spleen [82].

Different control of parasite elimination and organ
pathology

Comparison of genetic control of parasite numbers in spleen

and splenomegaly, or parasite numbers in liver and hepatomegaly

shows that control of parasites elimination and organ pathology

overlap only partially. For example Ltr3 controls both parasite

numbers in spleen and splenomegaly, but Ltr6 is involved in

control of parasite numbers in spleen, but not in splenomegaly,

whereas Ltr2, Ltr8, Ltr5, and Ltr7 are involved only in control of

splenomegaly (Table 2, 3, 7). Similarly, Ltr2 influences both

parasite load in liver and hepatomegaly, but parasite load in liver is

controlled also by interaction of Ltr4 with Ltr8. The differences in

genetic control of parasite numbers and organ pathology induced

by the parasites are probably due to the fact that during a chronic

disease the organ damage is a combined result of speed of

elimination of parasite on one hand and changes caused by

reaction to parasite (such as influx of immune cells, inflammatory

responses) and healing processes on the other hand. It is therefore

likely that these processes are regulated by different sets of genes.

It is important to understand that as in any QTL study, failure

to find a linkage between a phenotype and a marker does not rule

out that such linkage may exist, although its phenotypic effect are

likely smaller than in the detected linkages. So for a QTL, which

affects several but not all parameters of a complex disease, this

indicates that it has predominant effects on some parameters,

although it might modify to a lesser extent other parameters as

well.

Comparison of genetic control of response to several
pathogens

Comparison of loci that control response to L. tropica and

L. major – indication of common and species-specific

genes. Comparison of genetic control of response to L. tropica

and L. major might indicate some common and some distinct

mechanisms in response to these two parasites. We compared

genetic relationship between the Ltr (this study) and Lmr [88,95,

101] loci detected in the strain CcS-16. Loci Ltr1 (chromosome 2),

Ltr4 (chromosome 4) and Ltr7 (chromosome 17) appear to be

species-specific and do not overlap with loci controlling response

to L. major. Ltr2 (chromosome 2) co-localizes with Lmr14, Ltr5

(chromosome 10) with Lmr5, Ltr6 (chromosome 11) with Lmr15,

and Ltr8 (chromosome 18) with Lmr13. Ltr2 controls visceral

pathology in both species and is also involved in additional

responses, which are unique for each parasite. Moreover, Ltr2 and

Lmr14 overlap with Ir2, which controls visceral pathology after

infection with L. donovani [4]. The other co-localizing loci also

influence different sets of symptoms and are often involved in

different interactions. This might indicate either the presence of

the same controlling genes, which function differently under

exposure to L. tropica and L. major, or less likely, a chance

Figure 3. Interactions among loci that control response to L. tropica. Phenotypes controlled by each locus are shown at its symbol in
different colors. The colored lines connecting the loci indicate interactions controlling the specific phenotypes.
doi:10.1371/journal.pntd.0002282.g003
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coincidence – presence of different controlling genes on the same

chromosomal segment.

Ltr3 on chromosome 3 co-localizes with Lmr11, which was

detected in the strain CcS-20, but not in the CcS-16, and which

exhibits a single gene effect on IL-6 level in serum [88] and in

interaction with Lmr8 on chromosome 1 influences serum IgE level

in L. major-infected mice [101].
Some loci affect susceptibility to several pathogens. Some

loci affect responses to a very broad spectrum of pathogens. For

example, locus Ltr2 co-localizes also with Bb15, which controls

specific and total IgG in serum after infection with Borrelia

burgdorferi [102]. The most obvious potential candidate gene in this

chromosomal segment is Il1 (interleukin 1). IL-1b was found to be

up-regulated in dermal lesions of patients with cutaneous

leishmaniasis caused by L. tropica and decreased after therapy

[103], IL-1 was also found to regulate visceral manifestation of

murine leishmaniasis after infection with L. major [67], and

polymorphism in IL1B was linked with disease severity in patients

infected with L. mexicana [10]. IL-1 was also described to influence

IgG level in autoimmunity [104], which might suggest its

involvement in response to B. burgdorferi.

Potential candidate genes
Usually, a standard inbred-strain mapping experiment using F2

hybrids will map a QTL into a 20- to 40-cM interval [105]. In the

RC strains 54% of their donor strain genome reside in segments of

medium length (5–25 cM) [106]. However, RC strains can carry

on some chromosomes very short segments of the donor strain

origin. This feature of the RCS system allowed us previously to

narrow the location of Lmr9 (Leishmania major response 9) on

chromosome 4 to a segment of 1.9 cM (6.79 Mb) without any

additional crosses [101]. The short length of this segment, which

controls levels of serum IgE in L. major infected mice, enabled us to

detect a human homolog of this locus on human chromosome

8q12 and show that it controls susceptibility to atopy [107]. In

another study, we were able to precisely map Tbbr2 (Trypanosoma

brucei brucei response 2) to 2.15 Mb [53].

In the present F2 mapping experiment the shortest locus Ltr1 is

4.07 Mb long (Figure 2). Although most Ltr loci contain several

possible candidate genes, here we list (Figure 2)[10,12,55–83] only

those that have been shown previously to influence infection with

Leishmania ssp.. However, the effects of many of Ltr loci might be

caused by genes that are at the present not considered as

candidates. Currently we are producing mice with recombinant

haplotypes that carry individual Ltr loci in a very short segment on

chromosome. The testing of these strains will restrict the present

number of the candidate genes to the most likely ones.

Conclusion
We present the first description of genetic architecture of

response to L. tropica in any species. We observed organ specific

control of infection and distinct control of parasite load and organ

pathology, the typical characteristics of immune response to many

pathogens observed in all infections where multiple disease

parameters were studied (L. major [4], L. donovani [4], Borrelia

burgdorferi [102], Toxoplasma gondii [108], Trypanosoma congolense

[109], and Chlamydia psittaci [110]). In addition, the genetic control

of response to L. tropica exhibits heterogeneity of gene effects, gene-

gene interactions, and trans-generational parental effects. These

complexities of genetic control have been invoked [111] to explain

the very large fraction of heritability that has not been detectable

in genome-wide association studies (GWAS) [112], a power

deficiency that likely cannot be ameliorated by further increases of

the number of tested SNPs or by whole genome sequencing.

Identification of these complexities in the present study will open

way to elucidation of their functional basis and detection of

homologous processes in humans.
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Recovery from CL is usually followed by long-lasting protection and induction of 

strong immune response. The phenotypes, generation and maintenance of central 

(=TCM) and effector (=TEM) memory T cell subsets in human leishmaniasis are not well 

known.  

Profile of T cell subsets were analyzed on peripheral CD8+ T cells from 

volunteers with history of cutaneous leishmaniasis (HCL). 

In HCL and control groups, mean frequencies of CCR7+CD45RA+CD8+ naïve and 

CCR7−CD45RA−CD8+ TEM cells were higher than other subsets before culture. 

  After stimulation with soluble Leishmania antigen, the frequency of naïve T cells 

was significantly decreased and the frequency of TEM cells was significantly increased.  

TEM phenotype composed the highest portion of proliferating Carboxy 

Fluorescein diacetate Succinimidyl Ester (CFSE)-dim population, which was significantly 

higher in HCL volunteers than in the control group.  

Stimulation of isolated CD8+ memory T cells, but not naïve T cells, from HCL 

volunteers induced a significantly higher IFN-γ production compared with that of 

healthy controls. Intracellular IFN-γ staining provided the same result. 

Memory population was shown to be responsible for Leishmania-induced IFN-γ 

production. Leishmania-reactive proliferating TEM cells were identified as the most 



156 
 

frequent subset, which may play a role in recall immune response and protection against 

Leishmania infection. 

Conclusion: We have shown that memory CD8+ T cells are the main sorce of IFN-γ in 

people with history of leishmaniasis. This can be considered to be potential therapeutic 

target for those nonhealed patients who do not respond to drugs and do not heal.   
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Abstract
Recovery from CL is usually accompanied with long-lasting protection and induction of strong immune response. The phenotypes,
generation and maintenance of central (¼TCM) and effector (¼TEM) memory T cell subsets in human leishmaniasis are not well known. Profile
of T cell subsets were analyzed on peripheral CD8þ T cells from volunteers with history of cutaneous leishmaniasis (HCL).

In HCL and control groups, mean frequencies of CCR7þCD45RAþCD8þ naı̈ve and CCR7�CD45RA�CD8þ TEM cells were higher than
other subsets before culture, but after stimulation with soluble Leishmania antigen, the frequency of naı̈ve T cells was significantly decreased and
the frequency of TEM cells was significantly increased. TEM phenotype composed the highest portion of proliferating Carboxy Fluorescein
diacetate Succinimidyl Ester (CFSE)-dim population which was significantly higher in HCL volunteers than in control group. Stimulation of
isolated CD8þ memory T cells, but not naı̈ve T cells, from HCL volunteers induced a significantly higher IFN-g production compared with that
of healthy controls. Intracellular IFN-g staining provided the same result.

Memory population is shown to be responsible for Leishmania-induced IFN-g production. Leishmania-reactive proliferating TEM cells were
identified as the most frequent subset which may play a role in recall immune response and protection against Leishmania infection.
� 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: CD8þ T cells; Memory T cells; Cutaneous leishmaniasis; IFN-g
1. Introduction

It is estimated that in 88 countries mostly developing ones
approximately 350 million people are at risk of acquiring
leishmaniasis [1]. Two most common clinical forms of the
disease Cutaneous Leishmaniasis (CL) and Visceral Leish-
maniasis (VL) are mainly seen in 14 of the 22 countries of
EMRO (Eastern Mediterranean Regional Office) region
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including Iran [2]. Cutaneous leishmaniasis is usually a self
healing lesion but rarely the lesion does not heal during
expected time period and might not even respond to multiple
courses of therapy. It is well known that recovery from cuta-
neous leishmaniasis, is usually accompanied with long-lasting
protection and development of strong immune response
against Leishmania antigens which is shown by in vivo
Leishmanin Skin Test (LST) and various in vitro tests [3,4].
Control measures including chemotherapy, vector and reser-
voir control are not successful in most of the endemic areas
[1,5]. To date there is no vaccine available against any form of
human leishmaniasis [6e8]. Adaptive immune response plays
sson SAS. All rights reserved.
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a critical role to control infections through generation of
“immunological memory” which composes the basis of
protection against previously encountered antigens. The
memory T cells consist of CD4þ and CD8þ T cells which
rapidly initiate effector functions and kill infected cells and/or
secrete inflammatory cytokines [9]. The heterogeneous pop-
ulation of memory T lymphocytes is distinguished based on
surface markers and/or effector functions including cytokine
secretion and proliferation capacity [10]. Memory T cells in
human are characterized by surface markers, including
CD45RO/RA, CD27, chemokine receptors like CCR7 and
adhesion molecules such as CD62L [11,12]. In lymphocyte
trafficking, CCR7 is an important marker by which T cells
enter secondary lymphoid tissues [13], recently base on the
expression of the CCR7 central memory T cell
(TCM ¼ CD45ROþCCR7þ) and effector memory T cell
(TEM ¼ CD45ROþCCR7�) subsets are defined [14]. Naı̈ve
(CD45RAþCCR7þ) and TCM cells display a high capacity of
proliferation without immediate effector functions whereas
TEM cells produce Th1/Th2 cytokines upon in vitro activation.
CD45RAþ effector memory cells (TEMRA) are the terminally
differentiated phenotype of CD8þ memory cells. TEMRA cells
are very susceptible to apoptosis and this population produces
a high level of cytotoxic molecules.

A vaccine is effective when it induces long-term immuno-
logical memory [15]. Although the development of an effector
T cell response to Leishmania major is shown in murine model
of leishmaniasis [16,17], but the process of memory T cells
(TCM/TEM) generation and maintenance in human leishmani-
asis is not well known. Previously we have [18] reported that
CD8þ T cells is a source of IFN-g production in individuals
with history of CL. It is proposed that this population may
represent a TCM/TEM memory phenotype, in this study the
profile of circulating memory T cell subsets and IFN-g
producing population are further studied.

2. Materials and methods
2.1. Ethical considerations and study population
The proposal was reviewed by the Ethical Committees of the
Center for Research and Training in Skin Diseases and Leprosy
(CRTSDL) and Tehran University of Medical Sciences
(TUMS). Potential candidates were informed about the study
objectives and the procedure and those whowere willing to sign
an informed consent and donate blood samples were included.

In this study, 13 volunteers with history of CL caused by
either L. major or Leishmania tropica and as control 18
healthy volunteers from non-endemic area were included. The
identity of Leishmania species was analyzed using PCR
method. Prior to blood collection, every volunteer was skin
tested with leishmanin (Pasteur Institute of Iran). Leishmanin
was prepared from whole promastigotes of L. major (strain
MRHO/IR/75/ER) that were harvested from 5 to 7 days
culture, fixed in thimerosal, washed in sterile pyrogen-free
PBS, and resuspended at 5 � 106 promastigotes/ml in PBS
containing 0.01% thimerosal [19].
2.2. Parasite and soluble Leishmania antigen
preparation
L. major (MRHO/IR/75/ER) was used in this study, pro-
mastigotes were harvested from RPMI 1640 medium (Gibco
Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
calf serum (FCS) at day 5 of culture, washed 3 times with PBS
(pH 7.2) and used for preparation of soluble Leishmania
antigen (SLA) as previously described [20]. Briefly, 100 ml of
protease inhibitor cocktail enzyme (Sigma, St. Louis, MO,
USA) was added to 1 � 109 promastigotes, the parasites were
freeze-thawed 10 times followed by sonication at 4 �C with
two 20-sec blasts. Then the parasite suspension was centri-
fuged at 30,000� g for 20 min, the supernatant was collected
and re-centrifuged at 100,000� g for 4 h. Protein concentra-
tion of SLAwas measured using Bradford method. Finally the
supernatant was sterilized using 0.22 mm membrane filter,
aliquoted and stored at �20 �C until use.
2.3. CD8þ T cell purification
Twentyml of blood samplewas collected from each volunteer
andPeripheralBloodMononuclearCells (PBMCs)were isolated
using FicolleHypaque (Sigma, St. Louis, MO, USA) density
gradient centrifugation. CD8þ lymphocytes were isolated by
using magnetic beads system (StemCell Technologies Inc.,
Vancouver, BC, Canada) by positive selection using anti-CD8
coated nanoparticles. Briefly, cell suspension was prepared at
a concentration of 1 � 107 cells/ml in a 5 ml tube in isolation
buffer containing PBS plus 2% (v/v) FBS and 1 mM EDTA.
EasySep CD8 cocktail Abs was added at 10 ml/ml, mixed well
and incubated at room temperature (RT) for 15 min. Magnetic
nanoparticles were added at 5 ml/ml cells and incubated at RT for
10min. The tubewas placed into themagnet 3 times, 5min each,
the supernatant was then discarded while the desired cells were
remained bounded inside the tube. A portion of the isolated
CD8þ T cells was directly cultured for phenotype study and the
rest was labelled with CFSE and used for proliferation assay.
2.4. CD14þ isolation and monocyte derived macrophage
(MDM) production
Monocytes (CD14þCD16�) were isolated from autologous
PBMC by negative selection according to the manufacturer’s
instruction (StemCell Technologies Inc., Vancouver, BC,
Canada). Briefly, the cell suspension was prepared at
a concentration of 5� 106 cells/ml in isolation buffer. EasySep
monocyte enrichment cocktail Abs was added at 5 ml/ml, mixed
well and incubated at 4 �C for 10 min. Magnetic microparticles
were added at 5 ml/ml and cells were incubated at 4 �C for
5 min. The tube was placed into the magnet, for 2.5 min at RT.
The desired unbounded fraction was transferred into a new
tube. The purity of the yielded lymphocytes or monocytes was
more than 95% using flow cytometry analysis and specific
conjugated mAb. MDM was produced by resuspending the
monocytes in 10 ml of cRPMI 1640 in 75 cm2 flask (Nunc,
Roskilde, Denmark). After 1 h of incubation at 37 �C/5% CO2,
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non-adherent cells were discarded by washing 3 times using
pre-warmed medium. Then 10 ml of new medium supple-
mented with 10% FCS was added to the flask and incubated at
37 �C in 5% CO2 for 6 days and the medium was replaced every
2 days. The adherent macrophages were removed gently by
scraper and washing with PBS, pH 7.2 and were used as antigen
presenting antigen presenting cells (APC).
2.5. Naı̈ve/memory CD8þ T cells purification (MACS
method)
CD8þCD45ROþCD45RA�CD56�CD57� total memory T
cells were purified from PBMC by using negative selection
procedure in which about 5e10 � 106 cells were resuspended,
and then 10 ml of biotin-conjugated mAb cocktail (against
CD4, CD11c, CD14, CD15, CD16, CD19, CD34, CD36,
CD45RA, CD56, CD57, CD61, CD123, CD141, TCR gd and
CD235a) was added per 107 cells and incubated at 2e8 �C for
10 min. The cells were washed and then 20 ml of anti-biotin
microbeads (Miltnyi Biotec, Germany) was added per 107

cells and incubated at 2e8 �C for 15 min. The cells were
washed and applied onto MS column in a MiniMACS sepa-
rator (Miltenyi Biotec, Germany), and flow-through containing
unlabelled cells was collected as desired fraction.

A 2 step purification procedure is used to prepare naı̈ve T
cells, the first step was depletion of non-naı̈ve T cells and NK
cells which is done as described above, except that LD column in
a MidiMACS separator (Miltenyi Biotec, Germany) was used.
The biotin-conjugated mAb cocktail containing antibodies
against CD45RO,CD56, CD57 andCD244was used. In the next
step which is positive selection of CD8þ cells, the pellet was
treated with 20 ml of microbeads conjugated to anti-CD8 mAb
and incubated at 2e8 �C for 15min. Then the cells werewashed
and applied onto MS column in a MiniMACS separator. The
column was washed 3 times and on a new column the magnet-
ically labelled cells were flushed out by using buffer and pushing
the plunger into the column firmly. The desired cells were
collected as CD8þCD45RO�CD56�CD57� naı̈ve T cells.
2.6. CFSE labelling for proliferation assay
For the proliferation assay, some of isolated CD8þ

lymphocytes were labelled using Carboxy Fluorescein diac-
etate Succinimidyl Ester (CFSE), as previously described [21].
Briefly, cells were resuspended in pre-warmed PBS plus 0.1%
BSA at a final concentration of 1 � 106 cells/ml, and 2 ml of
5 mM stock CellTrace CFSE solution (Molecular Probes,
USA) was added per 1 ml of the cells (final working
concentration: 10 mM). Tubes were incubated at 37 �C for
10 min. Staining was quenched by adding 5 ml of ice-cold
RPMI 1640 plus 10% FBS for 5 min on ice. The cells were
washed 3 times at 300� g, 7 min and In vitro cell culture with
APC was done. At day 5 of culture the cells were harvested,
washed and resuspended in PBS plus 0.5 mM EDTA. The cells
were incubated at 37 �C for 5 min and then centrifuged for
5 min, 300� g, 20 �C. The cells were resuspended in PBS and
analyzed using flow cytometry with excitation and emission
filter appropriate for fluorescein. The data was analyzed using
ModFit LT software (Verity Software House, USA).
2.7. Lymphocyte culture
The isolated CD8þ T cells, or CFSE labelled CD8þ T cells
or purified CD8þCD45RO�CD56�CD57� naı̈ve and
CD8þCD45ROþCD45RA�CD56�CD57� total memory T
cells were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated human AB Rhþ serum, 10 mM/L Hepes,
2 mM L-glutamine, 100 U/ml penicillin G and 100 mg/ml
streptomycin (Gibco Invitrogen, Carlsbad, CA, USA). CD8þ

lymphocytes were adjusted to 1 � 106 cells/ml and mixed with
1:10 of autologous MDM and cultured in U bottomed 96-well
plates (Nunc, Roskilde, Denmark) in the presence of either
10 mg/ml PHA or 50 mg/ml of SLA in a final volume of 200 ml.
The cells were incubated at 37 �C with 5% CO2 in humidified
atmosphere for 72 h for cytokine assay or 5 days for CFSE
proliferation assay or phenotypic analysis.
2.8. Monoclonal antibodies and flow cytometry
For flow cytometry analysis about 10 ml of the following
monoclonal antibodies and isotype matched controls were
added per 1 � 105 cells before or after the culture: PE-Cy5-
conjugated mouse anti-human CD45RA, PE-conjugated rat
anti-human CD197 (CCR7) (BD Biosciences, Pharmingen,
USA) along with isotype controls of FITC-conjugated mouse
IgG1 (DakoCytomation, Denmark), PE-Cy5-conjugated mouse
IgG2b and PE-conjugated rat IgG2a (BD Biosciences, Phar-
mingen, USA). The cells were stained at 4 �C for 30 min in the
dark and washed 2 times by centrifugation at 300� g for 7 min
and resuspended in 1e2 ml of 1% paraformaldehyde before
running on the flow cytometer. The cells were analyzed using
Partec flow cytometer (DAKO cytomation, Denmark) while
isotypematched negative controls were used to set the threshold
of autofluorescence. FACS data analysis was performed using
FloMax (DAKO cytomation, Denmark) software.
2.9. ELISA cytokine assay
The culture supernatants of memory/naı̈ve T cells were
collected at 72 h and the level of IL-5, IL-10, and IFN-g were
titrated using ELISA method (Mabtech, Stockholm, Sweden).
Briefly, the plates were coated with 100 ml of anti-IFN-g/IL-5/
IL-10 mAb in PBS, pH 7.4, and incubated at 4 �C for overnight.
After blocking the wells for 2 h at RT using 200 ml of buffer
containing PBS plus 0.05% (v/v) Tween 20 and 0.1% (w/v)
BSA, 100 ml of culture supernatants were added to each well,
then 100 ml of biotin labelled mAb was added to each well and
incubated at RT for 1 h, as enzyme 100 ml of streptavidin-horse
reddish peroxidase (-HRP)was added to eachwell and the plates
were incubated for additional 1 h at RT. The reaction was
developed using 100 ml of 3,30,5,50-tetramethyl benzidine
(TMB) substrate by incubation of the plate at RT for 30min. The
reaction was stopped using 100 ml of 0.5 M H2SO4 solution per
well. The plates were washed 5 times after each step of



Table 1

Demographic information of the volunteers who were included in the study.

CL Control

No 13 18

Sex: M/F 6/7 12/6

Age 33.6 � 7.1 34.9 � 6.7

Number of lesion 1 (1e7) NA

Time between cure and sampling (Months) 60 (1e132) NA

Leishmanin Skin Test (mm) 8.7 � 3.62 0
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incubation using PBSþ0.05% (v/v) Tween 20. The plates were
read at 450 nm using a microplate reader (BioTek, Winooski,
VT, USA). The mean optical densities (ODs) of the wells were
compared with the standard curves prepared using recombinant
IL-5, IL-10, and IFN-g. The cytokine levels represent the
differences between the ODs of the tests and the background
wells. The detection limit of the assays was 4 pg/ml for IL-5,
0.5 pg/ml for IL-10, and 2 pg/ml for IFN-g.
Age & LST: mean � SD/time and number: median (range).

NA ¼ Not Applicable.
2.10. Intracellular cytokine staining (ICS)
A portion of the purified cells from some of the volunteers
(10 CL and 12 controls) was used for ICS assay after SLA
stimulation. The cells were stimulated with PMA (Sigma, St.
Louis, MO. USA) 50 ng/ml plus Ionomycin calcium (Sigma)
500 ng/ml and incubated at 37 �C, 5% C02 for 5e6 h, then
25 mM/ml Monensin (Sigma) was added during the last
4e5 h of culture for blocking. The cells were harvested and
washed 2 times using PBS (pH 7.2) plus 0.1% bovine serum
albumin (BSA). The cells were permeabilized using BD
Cytofix/Cytoperm kit according to the manufacturer’s
instruction (BD Biosciences, San Jose, CA, USA). In the final
step, cells were stained using FITC-conjugated mouse anti-
human IFN-g (BD Biosciences- San Jose, CA, USA). The
cells were washed 2 times with perm/wash buffer and
resuspended in PBS (pH 7.2) plus 1% BSA. Then the cells
were analyzed using Partec flow cytometer (DAKO cytoma-
tion Glostrup, Denmark) while isotype matched negative
controls were used to set the threshold of autofluorescence. A
minimum of 50,000 events were acquired for each sample.
FACS data analysis was performed using FloMax (DAKO
cytomation) software.
2.11. Statistical analysis
Non-parametric tests of ManneWhitney, KruskaleWallis
and Dunn’s post-test for paired comparisons were used for
statistical analysis of the data using SPSS version 11.5 (SPSS
Inc., USA) and GraphPad Prism version 5.01 (GraphPad
Software Inc., USA) softwares. Non-parametric tests were
used because the samples did not follow a Gaussian distribu-
tion. P value of <0.05 is considered as significant.

3. Results
3.1. LST results
Basic demographic information of the volunteers and
leishmanin skin test (LST) results are presented in Table 1.
The mean diameters of LST was 8.7 � 3.62 mm in the
volunteers with HCL and healthy controls showed no response
to LST (0 mm).
3.2. Frequency of CD8þ T cell subsets
CD8þCD45RO�CD56�CD57� naı̈ve and
CD8þCD45ROþCD45RA�CD56�CD57� total memory T
cells were purified from PBMC by MACS system using mAbs.
The mean (�SD) percentage of memory T cells retrieved from
volunteer’s PBMC was 5% � 1.8 and for naı̈ve CD8þ T cells
was 9% � 2.2.

Frequency of different T cell phenotypes in isolated CD8þ

T cells was separately studied for each patient using flow
cytometry before and after in vitro SLA restimulation. Data of
the volunteers with HCL and healthy controls were pooled
separately and outlined in Table 2. In the volunteers with HCL
and healthy controls, the mean frequencies of
CD45RAþCCR7þCD8þ naı̈ve and CD45RA�CCR7�CD8þ

TEM cells were higher than other subsets before culture.
Frequency of naı̈ve CD8þ T cells in the volunteers with HCL
and control volunteers was significantly (P < 0.05) decreased
at day 5 of culture with SLA. Frequency of TEM CD8þ T cells
was significantly (P < 0.001) increased after stimulation with
SLA compared with that of before culture. However, the
alterations of T cell subsets frequencies after culture were
similar between the volunteers with HCL and healthy controls.
3.3. Proliferation assay of CD8þ T cells
Isolated CD8þ lymphocytes were labelled with CFSE and
cultured in the presence of SLA for 5 days, stained for surface
markers and analyzed using flow cytometry. SLA restimulated
proliferating and non-proliferating populations of T cells were
gated based on fluorescence intensity of FL1. The more the
cell population proliferates, the less intensity of CFSE is
detected by flow cytometry. Among gated CFSEdim sub-
population expression of different surface markers was
analyzed for each sample (Fig. 1A) and then data of the
volunteers with HCL and healthy controls were pooled sepa-
rately and represented in Fig. 1B. Based on the results in
CFSEdim population, among different subsets, TEM subset
composed the highest number of proliferating cells for both
HCL and healthy controls (P < 0.001). A significantly higher
number of TEM was obtained with SLA restimulation in the
volunteers with HCL than in healthy controls (P ¼ 031).
3.4. Cytokine secretions of purified memory/naı̈ve T cell
subsets
The cytokine levels were titrated on supernatant collected
at 72 h of SLA stimulation of purified memory/naı̈ve CD8þ T
cell subsets. Fig. 2A and B show the mean concentration of



Table 2

Frequency of different CD8þ T cell subsets based on surface markers before and after SLA restimulation in vitro.

CD8þ T cell subset CD45RAþCCR7þ (naı̈ve) CD45RA�CCR7þ (TCM) CD45RA�CCR7� (TEM) CD45RAþCCR7�

(TEMRA)

SLA stimulation Before After Before After Before After Before After

Mean percentage (�SD) in CL 51.0* (�9.9) 14.4* (�6.6) 16.6 (�3.5) 10.3 (�2.7) 20.2** (�6.1) 60.2** (�14.5) 12.0 (�4) 14.7 (�2.3)
Controls 53.3* (�10.7) 12.8* (�5.2) 12.5 (�2) 12.1 (�3.2) 22.4** (�6.8) 56.0** (�12) 11.3 (�4.5) 18.5 (�4.6)
Statistical tests have been done between the mean percentages before compared to after stimulation for each group of volunteers.

*Significant difference P < 0.05.

** Significant difference P < 0.001.
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cytokines in volunteers’ naı̈ve and memory T cells culture,
respectively. As it is shown, stimulation of memory CD8þ T
cells of HCL volunteers induced a significantly higher IFN-g
production compared with memory T cells of healthy controls
(P ¼ 0.0011). However, no significant difference was seen
between the IFN-g production of naı̈ve T cell subsets from
HCL volunteers and healthy controls. No significant difference
was seen in IL-10 production of naı̈ve and/or memory T cell
subsets between HCL volunteers and healthy controls. The
level of IL-5 was not detectable in T cell culture.
3.5. Intracellular cytokine staining (ICS) of purified
memory/naı̈ve T cell subsets
At 72 h, a portion of SLA stimulated T cells were harvested
and stimulated with PMA plus ionomycin, and stained for
intracellular IFN-g and the frequency of positive cells was
analyzed using flow cytometry (Fig. 3A and B). Results of
analysis of the cells from HCL volunteers and healthy controls
were pooled separately and presented as mean number of intra-
cellular IFN-g positive naı̈ve/memory CD8þ T cells (Fig. 3C).
Based on the analysis, significantly higher numbers of memory
CD8þT cells fromHCLvolunteerswere positive for intracellular
IFN-g than the same cells from healthy controls (P < 0.001).

4. Discussion

The characteristics and important role of CD8þ memory T
cells in viral infections in animal model and human are exten-
sively investigated [22e24]. Previously, it was shown by the
same group that immune responses in individuals with history of
zoonotic CL (ZCL) due to L. major is mediated not only through
expansion of antigen-specific IFN-g producing CD4þ Th1 cells,
but also through IFN-g producing CD8þ T cells [18]. In the
current study, phenotypic characteristics of CD8þ T cell pop-
ulations in the volunteers with history of CL are studied.

Expression of CCR7 and CD45RA were analyzed and
different frequencies of T cell subsets are shown. The most
frequent cell population was related to CD45RAþCCR7þ

naı̈ve T cells with more than half of the total CD8þ T cell
population; similar results were reported by other investigators
in healthy individuals and patients with other infectious
diseases [14,25e27]. The second most frequent subset was
CD45RA�CCR7� TEM composing about 20e22% of total
CD8þ T cells. The third and the least frequent population were
CD45RAþCCR7� TEMRA (effector memory RAþ T) and
CD45RA�CCR7þ TCM. The low proportion of TCM in this
study may be due to the sensitivity of CCR7 marker to
physical conditions, since internalization of CCR7 may occur
during cell preparation [28]. Higher proportion of CD8þ TCM

in human peripheral blood was reported by the others [29,30]
but there are reports indicating that peripheral TCM is more
frequently seen in CD4þ than in CD8þ T cells [25,31].

In this study, the major contributor of effector immune
response in volunteers with history of CL seems to be TEM cell
subsets. Variable ratios of antigen-specific memory subsets are
reported in different diseases [39,40]. The study of the
distribution of viral specific CD8þ T cells in human showed
that HIV specific T cells composed of about 70% TEM,
whereas CMV specific T cells composed of 50% of TEMRA

phenotypes [32]. In chronic Chagas disease, a relatively lower
percentages of naı̈ve CD4þ and CD8þ T cells is seen than non-
infected controls [33]. This variability in the frequencies might
be partly due to the nature of the Chagas disease in which the
antigens are available to the immune cells, or systemic
infections might not be similar to a local infection such as CL.
No significant difference in the frequency of CD8þ T cell
subsets was seen between the volunteers with HCL and the
control group. This observation might be interpreted by the
fact that the total memory repertoire does not significantly
increase with the age and maintaining a huge pool of resident
memory T cells is not reasonable for the immune system [34].

In this experiment, after 5 days of SLA stimulation, purified
cells were analyzed using flow cytometry for surface maker
phenotypes. Stimulation of sorted T cells caused the expression
of CCR7 marker on cells to be fallen off so the proportion of
CD45RAþCCR7þ naı̈ve T cells was significantly decreased and
the proportion of CD45RA�CCR7� TEM was increased. It was
shown that CCR7 is rapidly lost upon antigenic stimulation
concomitant with the differentiation of TCM to effector pheno-
type [13,34,35]. The shedding of the receptor of CCR7þ cells
after 10 days of stimulation in culturewas shown to be associated
with acquiring the capacity to produce effector cytokines [14].

The data which was gated on CFSEdim population indi-
cated that TEM composed a higher portion of proliferated cells,
and the mean percentage of proliferated TEM cells was
significantly higher in the volunteers with history of CL than
the healthy controls. However, other studies showed that
although both TCM and TEM have a high capability to respond
to antigenic stimulation, but the expansion potential of TCM is
higher than TEM and TEMRA subsets [34,36].

In the current study CD8þCD45ROþCD45RA�CD
56�CD57� total memory T cell subsets were purified and the
cytokine levels and frequency of IFN-g positive cells after SLA



Fig. 1. Frequency of different CD8þ T cell subsets among proliferating CFSEdim sub-population. For CD8þ lymphocytes isolation, PBMCs were isolated using

FicolleHypaque and a suspension was prepared at a concentration of 1 � 107 cells/ml in isolation buffer containing PBS plus 2% FBS and 1 mM EDTA. 10 ml/ml

of CD8 cocktail Abs were added followed by adding 5 ml/ml magnetic nanoparticles. The tube containing cells was placed into the magnet for 3 times of 5 min, the

supernatant was discarded and the desired cells bounded inside the tube were collected. Cells were resuspended in pre-warmed PBS plus 0.1% BSA at

a concentration of 1 � 106 cells/ml, and 10 mM of CellTrace CFSE solution was added for 10 min at 37 �C. Cells were washed at 300� g, 7 min with media and co-

cultured with autologous MDM in the presence of SLA for 5 days. Cells were harvested, washed and resuspended in 0.5 mM EDTA plus PBS. After centrifugation

for 5 min, 300� g, 20 �C, cells were stained for surface markers and analyzed using flow cytometer with excitation and emission filter appropriate for fluorescein.

Data were analyzed using FloMax software. A) One representative plot is shown. Since more proliferation of the cell population leads to less fluorescence intensity,

proliferating populations of CD8þ T cells were selected based on of FL1 intensity as CFSEdim region (RN1). Among gated CFSEdim sub-population, expression

of CCR7 and CD45RA surface markers was analyzed for each volunteer’s sample and cells were designated as CCR7þCD45RAþ naı̈ve T, CCR7þCD45RA�

central memory T and CCR7�CD45RA� effector memory T cells. B) The data of frequency of CCR7þCD45RAþ naı̈ve T, CCR7þCD45RA� TCM and

CCR7�CD45RA� TEM cells generated from each volunteer by flow cytometry were pooled and represented as the mean frequency of different phenotypes of

CD8þ T cell subsets among CFSEdim proliferating population. Error bars show �SD of mean.
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stimulation were analyzed. The results showed that IFN-g
production by total memory T cells in HCL volunteers was
significantly more than that of healthy controls. This result was
confirmed by the result of ICS which showed a higher number of
IFN-g positive memory cells in HCL volunteers than healthy
controls. Previously, CD8þ T cells were shown as a source of
IFN-g production in healed CL individuals [18], but the
phenotype of the IFN-g producing T cells was not determined.
The role of IFN-g as a hallmark of CD4þ Th1 response or as
a production of CD8þ T cells in protection against Leishmania
infection is well documented in mouse model [37,38] but not in
human leishmaniasis [39]. The role of CD8þ T cells in human
Leishmania infection is not well known. In a study performed on
Sudan, it was suggested that IFN-g production is associated with



Fig. 2. Cytokine secretions of purified naı̈ve and memory CD8þ T cell subsets

after culture. CD8þCD45ROþCD45RA�CD56�CD57� total memory T cells

were purified from PBMC using negative selection procedure in which about

5e10 � 106 cells were resuspended in buffer, 10 ml of biotin-conjugated mAb

cocktail was added per 107 cells, 10 min at 2e8 �C. Cells were washed, 20 ml of
anti-biotin microbeads was added per 107 cells and incubated at 2e8 �C for

15 min. Cells were washed with buffer and applied onto a column in a magnetic

separator, column was washed with buffer and flow-through containing unla-

belled cells was collected. For naı̈ve T cells, a 2 step purification procedure was

used, the first step was depletion of non-naı̈ve T cells and NK cells which was

done as described above. In the subsequent positive selection, 20 ml of

microbeads conjugated to anti-CD8mAbwas added and incubated at 2e8 �C for

15 min. Cells were washed and applied onto a column in a magnetic separator.

The column was washed with buffer, and magnetically labelled cells were

flushed out as CD8þCD45RO�CD56�CD57� naı̈ve T cells by using buffer.

1 � 106 cells/ml of purified memory/naı̈ve cells mixed with 1:10 of autologous

MDM were cultured in complete RPMI 1640 medium supplemented with 10%

heat-inactivated human AB Rhþ serum. Cells were stimulated with 10 mg/ml of

PHAor 50mg/ml of SLA. Plates were incubated at 37 �Cwith 5%CO2, and after

72 h, culture supernatants were collected and the level of IL-10 and IFN-gwere

titrated byELISAmethod. Plateswere coatedwith 100ml of anti-IFN-g/IL-5/IL-

10 mAb in PBS, pH 7.4, and incubated at 4 �C for overnight. After blocking the

wells using 200 ml PBS plus 0.05% Tween 20 and 0.1% BSA, 100 ml of culture

supernatants were added to each well. Biotin labelled mAb in incubation buffer

and then streptavidin-HRPwas used at 100 ml/well. The reaction was developed

using 100 ml of TMB substrate by incubation of plates at RT for 30 min and

stopped with 100 ml of 0.5 M H2SO4 solution. The plates were washed 5 times
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CD4þT cells rather thanCD8þT cells in individuals with history
of CL due to L. major [40]. A report from New World leish-
maniasis showed that in both asymptomatic and antimonial
treated CL individuals caused by Leishmania braziliensis,
a higher proportions ofCD4þwas present thanCD8þTcells [41].
In another study it was shown that after treatment of CL due to L.
braziliensis, the frequency of CD4þ and CD8þ T cells was the
same with approximately constant production of IFN-g [42]. A
few studies reported a high number of Leishmania specific CD8þ

T cells in the lesions and peripheral blood during acute phase and
healing process in L. major or L. braziliensisCL patients [43,44].

The current study is carried out on the PBMC and may not
reflect the actual resident memory status around the lesion,
since memory T cell subsets distribution may not be the same
in peripheral blood and around the CL lesions, particularly in
regard of the expression of some specific surface receptors on
the circulating memory T cells which are employed during
migration into sites of infection [45].

To our knowledge there is no report on memory T cell
subsets with CCR7 expression in human leishmaniasis. In
a recent publication, different T cell types including memory
T cells (without subset indication) were investigated in
visceral leishmaniasis (VL) due to Leishmania donovani and
the results showed a significantly reduced number of
memory T cells in VL patients compared to the treated VL
or asymptomatic individuals [27]. In animal models, Zaph
et al. [46] showed that in mice TCM mediated long-term
immunity to Leishmania infection independent of parasite
but TEM cells were parasite-dependent. In another study,
immune cells were characterized in the liver and spleen of
symptomatic/asymptomatic dogs naturally infected with
Leishmania. In the liver of asymptomatic dogs an effective
immunity with granulomas around parasites and central
memory (CD44low, CD45ROhi) as well as effector (CD44hi,
CD45ROhi) T cells were observed [47]. CD8þ memory T
cells are studied in other infectious diseases in mouse model
[23,24] and human [26,27,29,48e50]. In patients with
Plasmodium vivax infection, a high proportion of
CD8þCD45ROþ memory T cell subset was seen in the
control group living in endemic area and a three-fold
increase of CD8þCD45ROþ T cells was seen in patients
with acute infection which maintained for up to 60 days after
the treatment [48]. IFN-g producing CD62L� TEM and IFN-
g negative CD62Lþ TCM cells were identified in individuals
with persistent EBV infection [50].

Individuals with history of CL are presumed to be pro-
tected against further Leishmania infection. In this study
memory T cell subsets were detected on blood samples
collected from volunteers whose lesions were healed 1
after each step of incubation using PBSþ0.05% Tween 20. The mean ODs of

wells at 450 nm were compared with the standard curves prepared using

recombinant IL-5, IL-10, and IFN-g. The mean concentrations of cytokines in

CD8þCD45RO�CD56�CD57� naı̈ve (A) and CD8þCD45ROþCD45RA�

CD56�CD57� total memory (B) T cell cultures were shown for both CL and

control groups. Mean (horizontal line) with interquartile ranges (box) and range

(whiskers) are shown.



Fig. 3. Frequency of intracellular IFN-g positive CD8þ T cells subsets. A portion of purified CD8þCD45ROþCD45RA�CD56�CD57� total memory/

CD8þCD45RO�CD56�CD57� naı̈ve T cells from some of volunteers was used for ICS assay after 72 h of SLA stimulation. Cells were stimulated with

PMA þ Ionomycin for 5e6 h, Monensin was added during the last 4e5 h of culture. Cells were permeabilized and stained for intracellular IFN-g with conjugated

mAbs. The cells were gated based on SCC and FSC profile and threshold was selected by using isotype matched control Abs. One representative flow cytometry

plots showing intracellular IFN-g positive fractions of gated populations of memory (A) and naı̈ve (B) CD8þ T cells. The top panels represent the cell analysis in

CL and the bottom panels represent the cell analysis in healthy control volunteers. C) Frequency of IFN-g positive CD8þCD45RO�CD56�CD57� naı̈ve and

CD8þCD45ROþCD45RA�CD56�CD57� total memory T cell subsets were calculated from flow cytometry data for each volunteer. Data were pooled and are

shown for CL and control volunteers as mean � SD.
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month to 11 years prior to sampling, the strong LST
response (mean LST ¼ 8.7 � 3.62 mm) and IFN-g
production are indications of protective immune response.
This protective immune response is partly mediated through
the expansion of antigen-specific IFN-g producing CD8þ T
cells with CD45ROþCD45RA� memory phenotype. The
question about the role of CD4þ T cell compartment needs
further investigations. In addition, Leishmania-reactive
proliferating CD45RA�CCR7� TEM is identified as the most
frequent CD8þ memory subset in CL which may play a role
in protective recall immune response against Leishmania
infection.

The present data might be used as a basis for future
investigations of memory T cells in human leishmaniasis and
might have an implication in the development of an effective
vaccine.
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Chapter	4		

Discussion	and	conclusions	
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We	 have	 analyzed	 manifestations	 of	 the	 disease	 and	 the	 immunological	

parameters,	which	constitute	the	pathology	of	 leishmaniasis	 in	mice	(organ	pathology,	

parasite	 load	 in	 organs,	 systemic	 immune	 response)	after	 infection	with	 L.	 tropica.	 In	

comparison	with	L.	major	infection,	the	disease	progressed	slowly,	some	manifestations	

(skin	 lesions,	 parasite	 load	 in	 organs)	 were	 less	 pronounced,	 some	 (splenomegaly,	

hepatomegaly)	were	 absent	 in	 the	 tested	 strains,	 and	 the	 systemic	 immune	 response	

also	differed.	These	observations	reveal	new	areas	where	the	comparative	research	of	

infection	 by	 the	 two	 species	 can	 contribute	 to	 a	 deeper	 genetic	 and	 functional	

understanding	 of	 responses	 to	 both	 and	 perhaps	 eventually	 lead	 to	 a	 common	

conceptual	 framework	 for	 their	 interpretation.	 The	 areas	 highlighted	 by	 our	 results	

include	 the	 likely	 species	 specificity	 of	 at	 least	 some	 susceptibility	 genes,	 the	

dramatically	different	effects	of	sex	on	the	response,	and	a	different	regulation	of	some	

systemic	responses.	

We	 have	 observed	 clearly	 different	 species-specific	 patterns	 in	 strains'	

susceptibility	to	L.	tropica	and	L.	major	with	different	sex	effects.	Out	of	the	 ten	strains	

tested,	 five	 (BALB/c,	STS,	CcS-5,	CcS-9	CcS-16)	exhibited	similar	relative	susceptibility,	

whereas	susceptibility	of	five	strains	(CcS-3,	CcS-11,	CcS-12,	CcS-18	and	CcS-20)	to	these	

two	parasites	differed.	We	have	detected	 that	 infected	 females	of	 the	 strain	 CcS-9	and	

CcS-16	appeared	to	be	the	most	susceptible	(260),	Sohrabi	et	al	in	preparation).	These	

observations	might	 be	 due	 to	multiple	 gene-gene	 interactions	 of	 QTLs,	 which	 in	 new	

combinations	of	these	genes	in	RC	strains	can	lead	to	the	appearance	of	new	phenotypes	

that	 exceed	 their	 range	 in	 parental	 strains.	 Alternatively,	 with	 traits	 controlled	 by	

multiple	 loci,	 parental	 strains	 often	 contain	 susceptible	 alleles	 at	 some	 of	 them	 and	

resistant	 at	 others,	 and	 some	 progeny	 may	 receive	 predominantly	 susceptible	 alleles	

from	 both	 parents.	 However,	 we	 cannot	 exclude	 the	 possibility	 that	 the	 unique	
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phenotype	of	CcS-9	and	CcS-16	may	be	 caused	by	a	 spontaneous	mutation,	which	had	

appeared	during	the	inbreeding,	similarly	as	for	example	a	loss-of-function	mutation	in	

pyruvate	kinase	protecting	RC	strains	AcB55	and	AcB61	against	malaria,	which	is	absent	

in	 both	 parental	 strains	 A/J	 and	 C57BL/6	 (270).	 Poly-specific	 response	 genes	 that	

control	susceptibility	 to	both	L.	major	 and	L.	 tropica	 probably	also	exist,	as	 the	strains	

STS	and	CcS-5	are	resistant	and	BALB/c	and	CcS-16	are	susceptible	to	cutaneous	disease	

induced	 by	 both	 parasite	 species.	 These	 data	 complement	 information	 about	 species-

specific	and	poly-specific	control	of	infection	to	L.	donovani,	L.	infantum,	L.	mexicana	and	

L.	major	 (reviewed	 in	 (18)).	 Poly-specific	 and	 species-specific	 susceptibility	 genes	 are	

not	limited	to	leishmaniasis,	but	were	also	indicated	in	susceptibility	to	other	pathogens	

such	 as	 Plasmodium	 (reviewed	 in	 (271)).	 The	 strains	 CcS-3	 and	 CcS-5,	 which	 are	

resistant	to	L.	tropica	share	common	STS-derived	segments	on	chromosome	5	(a	small	

part	near	the	position	131.01	Mb);	chromosome	6	(segment	32-	44	Mb);	chromosome	8	

(0 14.72	 Mb)	 and	 on	 chromosome	 10	 (114.44 125.42	 Mb)	 ((259)	 and	 unpublished	

data).	Interestingly,	the	segment	on	chromosome	10	overlaps	with	Lmr5,	which	controls	

resistance	to	L.	major	(183).	

We	have	also	observed	a	unique	transient	early	peak	of	serum	level	of	CCL3	and	

CCL5	 in	 CcS-16	 females,	 but	 not	 in	 CcS-16	males	 nor	 in	 any	 other	 strain.	 These	 data	

suggest	that	some	genes	controlling	susceptibility	to	L.	tropica	might	be	sex	dependent	

or	alternatively	that	this	sex	influence	depends	on	genotype.	Different	sex	influence	on	

susceptibility	 to	L.	mexicana	 and	L.	major	was	observed	 in	DBA/2	mice	where	 females	

were	highly	resistant	and	males	susceptible	to	lesion	development	after	infection	with	L.	

mexicana.	 On	 the	 contrary,	 although	 both	 female	 and	male	mice	 developed	 ulcerating	

lesions	after	infection	with	L.	major,	lesions	healed	in	males	but	not	in	females	(272).	Sex	

influenced	 liver	 parasite	 burden	 after	 intravenous	 inoculation	 of	 L.	 major	 in	 strains	
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BALB/cAnPt,	 DBA/2N	 and	 DBA/2J,	 males	 having	 higher	 parasite	 load	 than	 females	

(273).	 Genotype	 influence	 on	 sex	 differences	 was	 described	 in	 studies	 of	 L.	 major	

infection	(201,	274).	

CCL3	 is	 produced	 by	 a	 range	 of	 cell	 types,	 including	 monocytes/macrophages,	

lymphocytes,	mast	cells,	basophils,	epithelial	cells,	and	fibroblasts.	Similarly,	expression	

of	 CCL5	 can	 be	 induced	 in	 activated	 T	 cells,	 macrophages,	 fibroblasts,	 epithelial	 and	

endothelial	cells,	and	mesanglial	cells	(275,	276).	The	role	of	CC-chemokines	CCL2,	CCL3	

and	CCL5	 in	 leishmaniasis	 has	 been	 tested	 in	 a	 number	 of	 studies	 (reviewed	 in	 (277,	

278).	 CCL2	 and	 CCL3	 stimulate	 anti-leishmania	 response	 via	 the	 induction	 of	 NO-

mediated	 regulatory	 mechanisms	 that	 control	 the	 intracellular	 growth	 and	

multiplication	of	L.	donovani	(279).	CCL2	together	with	CCL3	also	significantly	enhanced	

parasite	 killing	 in	 L.	 infantum	 infected	 human	 macrophages	 (280).	 In	 analysis	 of	

susceptibility	to	L.	major	in	mouse,	CCL5	contributed	to	host	resistance,	but	CCL2	alone	

did	not	correlate	with	resistance	(281).	The	observed	strain	differences	and	the	double	

peak	 of	 CCL3	 and	CCL5	 in	 CcS-16	 females	 provide	 a	 novel	 potential	 starting	point	 for	

investigation	 of	 the	 impact	 of	 inter-individual	 differences	 in	 chemokine	 response	 on	

pathogenesis	of	leishmaniasis.	

In	spite	of	relatively	limited	pathological	symptoms,	we	found	viable	parasites	in	

inguinal	lymph	nodes	of	all	tested	strains.	In	some	strains	(CcS-3,	 -18,	-20	females,	and	

CcS-20	and	BALB/c	males)	we	also	observed	visceralization	of	parasites	 in	the	 spleen;	

and	 in	 females	 and	 males	 of	 BALB/c,	 CcS-3,	 CcS-11,	 CcS-16,	 CcS-18	 and	 CcS-20	 we	

detected	 parasites	 in	 the	 liver.	 Similarly	 as	 in	 previous	 L.	 major	 experiments,	 which	

mapped	genes	 controlling	parasite	numbers	and	demonstrated	 their	distinctness	 from	

susceptibility	genes	(201),	our	present	L.	tropica	studies	confirmed	that	the	extent	of	the	

pathological	 changes	 in	 different	 organs	 did	 not	 directly	 correlate	with	 parasite	 load. 	
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Absence	of	correlation	between	parasite	load	in	organs	or	parasitemia	and	intensity	of	

disease	 has	 been	 observed	 also	 after	 infection	 with	 several	 other	 pathogens	 such	 as	

Toxoplasma	 gondii	 (282),	 Trypanosoma	 brucei	 brucei	 (283),	 Trypanosoma	 congolense	

(284),	and	Plasmodium	berghei	(285).	

For	 the	 first	 time	 we	 have	 developed	 a	 mouse	 model	 which	 exhibites	

splenomegaly	 and	 hepatomegaly	 after	 infection	 with	 L.	 tropica.	 CcS-9	 strain	 not	 only	

appeare	to	be	a	model	for	visceral	pathology	but	also	it	can	serve	as	a	suitable	model	for	

skin	 pathology,	 since	 it	 develops	 much	 larger	 lesion	 than	 BALB/c.	 We	 estimated	

infiltration	and	presence	of	 inflammatory	mediators	 in	 tissues	 in	order	 to	 identify	 the	

reasons	 for	 the	unique	phenotype	of	CcS-9	strain	 in	developing	 large	visceral	and	skin	

pathology.	Extensive	histological	analysis	of	Leishmania	infections	in	CcS-9	and	parental	

strains	 demonstrated	 that	 genetic-dependent	 host	 susceptibility	 largely	 influenced	

development	 of	manifestations	 and	 pathological	 changes.	 Comparative	 analysis	 of	 the	

infection	 caused	 by	 L.	 tropica	 in	 CcS/Dem	 strains	 provided	 unique	 information	 about	

pathogenesis,	 stressing	 the	 determining	 role	 of	 the	 host	 genotype	 and	 organ-specific	

reactions.	We	observed	marked	changes	 in	microstructure	of	white	and	 red	pulp,	 and	

also	 increased	 numbers	 of	 recruited	 neutrophils,	 eosinophils,	 macrophages	 and	

plasmocytes.	 Histological	 evaluation	 of	 the	 spleen	 tissue	 in	 human	 studies	 revealed	

presence	of	similar	changes	during	visceral	 leishmaniasis	caused	by	 L.	donovani	(286).	

Histological	 changes	 were	 characterized	 by	 disorganization	 and	 reduction	 of	 size	 of	

white	pulp	structures	and	hypertrophy	of	the	red	pulp	(286).		

Analysis	 of	 gene	 expression	 showed	 upregulation	 of	 CCL27	 gene	 and	

downregulation	of	CD163	gene	in	infected	CcS-9	mice	in	comparison	with	BALB/c	mice.		

Previuos	 data	 showed	 that	 CCL27	 chemokine	 mediates	 inflammation	 by	 promoting	

lymphocyte	migration	into	the	skin.	Our	data	shows	that	this	chemokine	is	expressed	in	
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spleen	 of	 both	 strains	 CcS-9	 and	 STS	 but	 not	 in	BALB/c.	 However	 expressions	 of	 this	

gene	 rised	 only	 in	 spleen	 of	 CcS-9	 strain	 after	 infection	with	Leishmania.	CcS-9	 strain	

carries	 the	 STS	 derived	 segment	 on	 chromosome	 4	 in	 the	 position	 41.77	 Mbp	 were	

CCL27	 gene	 is	 located.	 Although	 the	expressions	 of	 orher	 tested	 inflamatory	 genes	 in	

spleen	were	increased	in	CcS-9	after	infection	however	the	level	of	expression	was	not	

different	 in	 comparision	 with	 infected	 BALB/c	 mice.	 Macrophages	 highly	 expressing	

CD163	constitute	the	predominant	macrophage	population	during	the	late	or	resolution	

phase	 of	 inflammatory	 reactions.	 CD163	 expression	 induced	 by	 anti-inflammatory	

mediators	 like	 glucocorticoids,	 IL-6	 and	 IL-10	 results	 in	 development	 of	 distinct	

population	 of	 cells	 called	 the	 alternatively	 activated	 macrophages.	 Anti-inflamatory	

cytokine	 IL10	produced	by	alternatively	activated	macrophages	 inhibits	T	 lymphocyte	

proliferation	(287).	High	expression	of	CD163	in	spleen	of	BALB/c	 infected	mice	 could	

inhibit	extensive	proliferation	of	 infalamatory	cells	 in	comparision	with	CcS-9	 infected	

mice.		

The	 data	 of	 histological	 analysis	 showed	 that	 although	 the	 infiltration	 of	

eosinophils	 and	 neutrophils	 into	 the	 liver	 of	 infected	 CcS-9	 mice	 was	 seemed	 to	 be	

higher	 but	 the	 differences	 between	 infected	 BALB/c	 and	 CcS-9	 were	 not	 significant.	

Expression	of	TNF- 	gene	was	siginificantly	higher	in	infected	CcS-9	than	BALB/c	mice.	

The	liver	is	selectively	enriched	in	macrophages	(Kupffer	cells),	natural	killer	(NK),	and	

NKT	cells.	Kupffer	cells	and	NK	cells	can	produce	high	level	of	TNF- (288).	Also	it	was	

found	that	neutrophils	indirectly	impaired	bacterial	clearance	and	enhanced	pathogenic	

response	marked	by	expansion	of	TNF- -producing	T	cells	during	severe	infection	with	

an	 intracellular	 bacterium	 (289).	 Furthermore,	 previous	 studies	 have	 shown	 that	

administration	of	TNF- weight	(290),	 induces	hepatocyte	

mitosis,	 and	 stimulates	 liver	DNA	 synthesis	 (290,	291).	 It	was	 also	 shown	before	 that	
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TNF- (292).	 Altogether	 above	 mentioned	

possibilities	may	 induce	 enlargement	 of	 the	 liver	 in	 CcS-9	mice	 after	 infection	with	 L.	

tropica.		

CL	 caused	 by	 L.	 tropica	 is	 associated	 with	 chronic	 skin	 inflammation	 and	

extensive	remodeling	of	tissues.	Skin	lesions	appeared	after	a	long	incubation	time	(17-

19	 weeks).	 	 Lesion	 development	 in	 leishmaniasis	 was	 linked	 to	 the	 intensive	 local	

inflammatory	 response	 with	 high	 concentration	 of	 inflammatory	 mediators	 towards	

infected	macrophages,	 neutrophils	 activation,	 necrosis	 and	 apoptosis	mediated	 by	 Fas	

Ligand	 (FasL),	 as	 well	 as	 Tumor	 necrosis	 factor-related	 apoptosis	 inducing	 ligand	

(TRAIL)	(293).	We	observed	accumulation	of	inflammatory	cells	in	the	site	of	L.	tropica	

infection.	 	 Belkaid	 et	 al.	 also	 proved	 that	 under	 some	 circumstances,	 eosinophils	 and	

macrophages	were	 capable	of	 supporting	 sustained,	productive	 intracellular	 infections	

by	 harboring	 large	 numbers	 of	 parasites	 (87).	 	 	 It	 was	 shown	 that	 the	 number	 of	

eosinophils	 was	 increased	 in	 nonhealing	 cases	 of	 chronic	 leishmaniasis	 (293).		

Histological	 study	 of	 skin	 lesion	 showed	 that	 accumulation	 of	 granulocytes,	

predominantly	eosinophils	were	high	in	acute	phase	of	L.		mexicana	infection	compared	

with	other	cells	(294).	The	results	of	expression	analysis	showed	that	IL-1

was	 significantly	 higher	 in	 CcS-9	 infected	 mice	 than	 in	 BALB/c	 infected	 mice.	 As	 an	

inflammatory	mediator	IL-

cells	to	the	site	of	infection.	Based	on	increased	expression	of	CD163	and	Arginase	I	in	

infected	 CcS-9	 mice	 it	 seems	 that	 the	 alternatively	 activated	 macrophages	 were	

increased	 in	 the	 lesion	 sites	 which	 can	 be	 the	 reason	 for	 non-ulcereative	 lesion	

developed	 in	CcS-9	mice.	 	 Lesions	 feature	 in	CcS-9	mice	after	 infection	with	 L.	 tropica	

were	unique,	in	the	most	cases	exhibiting	only	nonulcerative	large	swelling	sores.	It	was	

shown	that	nonulcerative	diffuse	cutaneous	leishmaniasis	(DCL)	in	the	site	of	infection	
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contains	 numerous	 disorganized	 macrophages	 enriched	 with	 Leishmania	 amastigotes	

(293).	 Conventional	 CD4+	Th2	 and	CD8+	T	 cells,	NKT	cells,	 basophils,	mast	 cells,	 and	

eosinophils	are	the	cells	which	are	behind	the	macrophages	alternative	activation	 (295).	

These	cells	produce	IL-13	and	IL-4	and	promote	differentiation	of	 the	macrophages	to	

M2	 types	 (296).	 	 It	 is	 also	 shown	 that	 eosinophils	 can	 become	 the	main	 producer	 of	

these	cytokines	(295).	 	High	number	of	eosinophils	in	the	site	of	infection	may	indicate	

that	 eosinophils	 are	 one	 of	 the	 main	 sources	 of	 cytokines	 which	 are	 necessary	 for	

development	 of	 M2	 macrophages.	 	 Massive	 inflammation	 and	 recruitment	 of	 the	

immune	cells	 into	 the	 site	of	 infection	 in	CcS-9	mice	 is	 the	 reason	 for	development	of	

larger	lesion.			

On	the	basis	of	the	observed	data	about	higher	susceptibility	of	CcS-16	strain	to	L.	

tropica	 infection	we	 performed	 linkage	 analysis	 of	 the	 responsible	 genes.	 The	 present	

study	 provides	 the	 first	 insight	 into	 the	 genetic	 architecture	 of	 susceptibility	 to	 L.	

tropica.	 We	 have	 described	 eight	 loci	 on	 seven	 chromosomes	 and	 shown	 that	 the	

presence	 of	 individual	 symptoms	 of	 disease	 is	 controlled	 by	 different	 subsets	 of	 host	

genes.	Our	data	 show	that	 interaction	of	mice	with	L.	 tropica	parasites	 is	complex	and	

involves	numerous	genes	and	responses.	We	have	detected	eight	 loci	 that	 in	the	strain	

CcS-16	 control	 host-parasite	 interaction	 (121).	 We	 have	 analyzed	 genetic	 control	 of	

early	levels	of	chemokines,	as	there	is	a	unique	early	peak	in	the	CcS-16	females	(260).	

However,	comparison	of	genetic	control	of	CCL3	and	CCL5	levels	with	genetic	control	of	

development	 of	 skin	 lesions	 indicates	 that	 there	 is	 no	 simple	 correlation	 between	 the	

chemokines	levels	and	manifestations	of	disease.	We	have	detected	also	loci	that	control	

symptoms,	such	as	splenomegaly,	in	which	the	strains	BALB/c	and	CcS-16	do	not	differ	

(260).	This	 is	because	 in	an	 inbred	 strain	 the	 final	outcome	of	 response	 is	 exerted	 by	

multiple	genes,	which	often	have	opposite	effects,	masking	each	other.	In	the	F2	hybrids	
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these	genes	 segregate	and	can	be	 therefore	detected.	 STS	 is	 resistant	 to	L.	 tropica	 and	

does	 not	 develop	 skin	 lesions	 (260),	 however	 some	 STS-derived	 segments	 carried	 by	

CcS-16	 on	 chromosome	 2	 (Ltr2)	 and	 possibly	 also	 on	 chromosome	 3	 (Ltr3)	 are	

associated	 with	 larger	 lesions.	 This	 finding	 is	 not	 unique	 as	 susceptibility	 alleles	

originating	 from	 resistant	 strains	were	 found	 in	 studies	 of	 colon	 cancer	 (297)	 and	 L.	

major	(180)	susceptibility.	

Loci	Ltr3	and	Ltr6	influencing	parasite	numbers	in	spleen	(121)	were	significant	

-16)	F2,	but	not	 in	 the	cross	(CcS- 	F2,	hence	

the	outcome	in	these	crosses	that	are	theoretically	genetically	identical	depends	on	the	

strain	of	the	female	or	male	used	originally	to	produce	the	F1	hybrids,	which	were	then	

crossed	with	each	other	to	produce	the	F2	hybrids	 for	 the	tests.	Thus,	 this	 is	 a	special	

type	of	a	transgenerational	parental	effect	as	the	mothers	and	fathers	of	the	F2	hybrids	

were	genetically	identical.	Recently,	examples	of	transgenerational	parental	effects	have	

been	described	in	several	species	(reviewed	in	(298))	and	several	possible	mechanisms	

have	been	proposed.	

Control	 of	 parasite	 elimination	 differs	 among	 organs:	 the	 loci	 Ltr1	 and	 Ltr4	

interact	to	control	parasite	numbers	in	inguinal	lymph	nodes,	while	Ltr4	 in	interaction	

with	Ltr8	influences	parasite	load	in	liver.	Parasite	load	in	liver	is	also	controlled	by	Ltr2,	

whereas	parasite	burden	in	spleen	is	influenced	by	Ltr3	and	Ltr6.	These	data	show	that	

parasite	 elimination	 in	 lymph	 nodes,	 liver	 and	 spleen	 are	 controlled	 differently,	

suggesting	 a	 predominantly	 organ	 specific	 control	 of	 parasite	 load.	 Comparison	 of	

genetic	control	of	parasite	numbers	in	spleen	and	splenomegaly,	or	parasite	numbers	in	

liver	and	hepatomegaly	shows	that	control	of	parasites	elimination	and	organ	pathology	

overlap	only	partially.	 For	example	Ltr3	 controls	both	parasite	numbers	 in	 spleen	 and	

splenomegaly,	but	Ltr6	 is	 involved	 in	control	of	parasite	numbers	 in	spleen,	but	not	 in	
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splenomegaly,	 whereas	 Ltr2,	 Ltr8,	 Ltr5,	 and	 Ltr7	 are	 involved	 only	 in	 control	 of	

splenomegaly.	

It	 is	 important	 to	understand	 that	as	 in	any	QTL	study,	 failure	 to	 find	a	 linkage	

between	 a	 phenotype	 and	 a	 marker	 does	 not	 rule	 out	 that	 such	 linkage	 may	 exist,	

although	 its	phenotypic	effect	are	 likely	 smaller	than	 in	the	detected	 linkages.	So	 for	a	

QTL,	which	 affects	 several	 but	 not	 all	 parameters	 of	 a	 complex	 disease,	 this	 indicates	

that	it	has	predominant	effects	on	some	parameters,	although	it	might	modify	to	a	lesser	

extent	other	parameters	as	well.	

Comparison	 of	 genetic	 control	 of	 response	 to	 L.	 tropica	 and	 L.	 major	 might	

indicate	 some	 common	 and	 some	 distinct	 mechanisms	 in	 response	 to	 these	 two	

parasites.	We	compared	genetic	relationship	between	the	Ltr	(this	study)	and	Lmr	(18)	

loci	detected	in	the	strain	CcS-16.	Loci	Ltr1	(chromosome	2),	Ltr4	(chromosome	4)	and	

Ltr7	 (chromosome	 17)	 appear	 to	 be	 species-specific	 and	 do	 not	 overlap	 with	 loci	

controlling	 response	 to	 L.	 major.	 Ltr2	 (chromosome	 2)	 co-localizes	 with	 Lmr14,	 Ltr5	

(chromosome	 10)	 with	 Lmr5,	 Ltr6	 (chromosome	 11)	 with	 Lmr15,	 and	 Ltr8	

(chromosome	18)	with	 Lmr13.	Ltr2	 controls	 visceral	 pathology	 in	 both	 species	 and	 is	

also	 involved	 in	 additional	 responses,	 which	 are	 unique	 for	 each	 parasite.	 Moreover,	

Ltr2	and	Lmr14	overlap	with	 Ir2,	which	controls	visceral	pathology	after	infection	with	

L.	donovani	(18).	

In	human	CL	we	have	shown	that	memory	T	cell	population	are	responsible	 for	

Leishmania-induced	IFN- Leishmania-reactive	proliferating	TEM	cells	were	

identified	 as	 the	 most	 frequent	 subset	 which	 may	 play	 a	 role	 in	 recall	 of	 immune	

response	and	protection	against	Leishmania	infection.	Individuals	with	history	of	CL	are	

presumed	to	be	protected	against	further	Leishmania	 infection.	This	protective	immune	

response	is	partly	mediated	through	the	expansion	of	antigen-specific	IFN-
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of	 CD4+	 T	 cell	 compartment	 needs	 further	 investigations.	 In	 addition,	 Leishmania-

+	

memory	 subset	 in	 CL	which	may	 play	 a	 role	 in	 protective	 recall	 of	 immune	 response	

against	Leishmania	infection.	This	data	might	be	used	as	a	basis	for	future	investigations	

of	 memory	 T	 cells	 in	 human	 leishmaniasis	 and	 might	 have	 an	 implication	 in	 the	

development	of	an	effective	vaccine.	
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Conclusions	

We	have	provided	the	first	insight	into	immunopathology	of	leishmaniasis	caused	

by	L.	tropica.	We	have	established	a	successful	method	to	induce	lesion	in	mouse	model	

but	 more	 importantly	 we	 have	 introduced	 proper	 models	 for	 studying	 visceral	

pathology	and	skin	pathology	of	L.	tropica	infection.	We	have	shown	the	strong	influence	

of	parasite	species,	host	genetics	and	sex	on	development	of	pathology	in	L.	major	and	L.	

tropica.		

For	 the	 first	 time	we	 have	 introduced	 CcS-9	 strain	 as	 a	model	which	 develops	

visceral	pathology.	This	strain	also	is	much	more	susceptible	to	L.	tropica	infection	than	

BALB/c	mice.			We	have	tried	to	search	in	deep	the	causes	of	visceral	and	skin	pathology	

in	this	strain.		This	research	will	bring	new	insight	to	leishmaniasis	research.	Since	CcS-9	

and	 other	 CcS/Dem	 series	 are	 genetically	well	 characterized,	 they	 could	 be	 used	 as	 a	

suitable	model	for	various	L.	 tropica	 related	studies,	 including	of	 functional	analysis	of	

immunopathology	and	development	of	vaccine	and	drugs.	 	 	The	 results	also	 introduce	

the	important	role	of	neutrophils	and	eosinophils	in	visceral	and	skin	pathology	during	

the	chronic	stage	of	L.	tropica	infection.	

The	 identification	 of	 host	 genes	 responsible	 for	 the	 specific	 symptoms	 of	 the	

disease	induced	by	different	Leishmania	species	will	contribute	to	the	understanding	of	

mechanisms	 of	 pathogenesis	 of	 leishmaniasis	 ,	 similarly	 as	 comparative	 parasite	

genomics	 led	 to	 identification	of	differentially	distributed	genes	 in	Leishmania	 species	

inducing	 different	 pathology	 (299,	 300),	 and	 analysis	 of	 specific	 virulence	 factors	

revealed	how	different	Leishmania	species	subvert	or	circumvent	host	defenses	(301).	

We	 presented	 the	 first	 description	 of	 genetic	 architecture	 of	 response	 to	 L.	

tropica	 in	 any	 species.	 We	 observed	 organ	 specific	 control	 of	 infection	 and	 distinct	

control	 of	 parasite	 load	 and	 organ	 pathology,	 the	 typical	 characteristics	 of	 immune	
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response	 to	 many	 pathogens	 observed	 in	 all	 infections	 where	 multiple	 disease	

parameters	were	 studied	 (L.	major	 (18),	 L.	 donovani	 (18),	Borrelia	 burgdorferi	 (302),	

Toxoplasma	gondii	(282),	Trypanosoma	congolense	(284),	and	Chlamydia	psittaci	(303).	

In	addition,	the	genetic	control	of	response	to	L.	tropica	exhibits	heterogeneity	of	

gene	 effects,	 gene-gene	 interactions,	 and	 trans-generational	 parental	 effects.	 These	

complexities	 of	 genetic	 control	 have	 been	 invoked	 (206)	 to	 explain	 the	 very	 large	

fraction	of	heritability	that	has	not	been	detectable	in	genome-wide	association	studies	

(GWAS)	(304),	a	power	deficiency	that	likely	cannot	be	ameliorated	by	further	increases	

of	 the	 number	 of	 tested	 SNPs	 or	 by	whole	 genome	 sequencing.	 Identification	 of	 these	

complexities	in	the	present	study	will	open	way	to	elucidation	of	their	functional	basis	

and	detection	of	homologous	processes	in	humans.	

We	 have	 shown	 that	 memory	 CD8+	 T	 cells	 are	 the	 main	 source	 of	 IFN-

individuals	 with	 history	 of	 leishmaniasis.	 This	 can	 be	 considered	 to	 be	 potential	

therapeutic	target	for	those	nonhealed	patients	who	do	not	respond	to	drugs	and	do	not	

heal.			
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