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Identification de composés immuno-stimulateurs anti-microbiens de 

nouvelle génération   

 

La Leishmaniose est une maladie tropicale négligée que l on retrouve dans plus de 98 

pa s à travers le monde  On compte par an jusqu à    de nouveau  cas  menant à près 
de   morts  Che  l homme  il e iste plusieurs formes de la maladie  allant d une forme 
cutanée pouvant guérir spontanément  à la forme viscérale la plus grave  

La leishmaniose viscérale est conférée par plusieurs espèces de leishmanies  dont L. infantum 

dans le pourtour du bassin Méditerranéen  Ce parasite dimorphique envahit les macrophages 

de ses hôtes notamment l humain et le chien où il est responsable de la maladie  En l absence 
de traitement  la leishmaniose viscérale est mortelle et les traitements existants aujourd hui 
sont to iques  coûteu  et font face à l apparition croissante de résistances  

Trouver de nouveau  traitements est donc aujourd hui une priorité  et ce projet de thèse vise 
à identifier des alternatives naturelles au  molécules anti-Leishmania. En prenant une 

approche écologique  nous récupérons des déchets de la parfumerie et des plantes issues de 

la biodiversité locale et nous en testons les extraits sur les parasites afin d identifier des 
composés immunostimulateurs  qui permettraient de favoriser une élimination du parasite 
par l hôte  Afin de pouvoir suivre l évolution au cours du temps d une infection in vitro et/ou 

in vivo  nous avons également cherché à créer de nouveau  outils pour visualiser la présence 

du parasite Leishmania en développant de nouvelles souches rapportrices fluorescentes et 
bioluminescentes. 

 

Au cours de ma thèse  nous avons identifié une plante dont l e trait favorise 
l élimination de la forme amastigote intracellulaire retrouvée dans les macrophages hôtes  A 
l aide de nos collaborateurs à l Institut de Chimie de Nice ICN  nous avons réalisé un 
fractionnement bioguidé et obtenu des sous-fractions de cette plante ainsi que des molécules 
pures capables d éliminer le parasite Leishmania infantum. 

Une seule molécule  dont le nom est soumis à confidentialité pour des raisons de dépôt de 
brevet  a montré un effet sur le parasite intracellulaire  sans montrer de to icité  Cette 
dernière module la sécrétion de c tokines de la cellule hôte  Actuellement  l étude de  
dérivés structurau  de cette molécule est en cours. Des études préliminaires chez la souris ont 

permis de montrer que la prise de cette molécule par voie orale  de façon préventive  pouvait 
diminuer la charge parasitaire dans l animal  

 

 Nous avons en parallèle développé la construction de nouvelles souches rapportrices 
de Leishmania e primant la luciférase teLuc  le fluorophore rouge mRub  ou rouge lointain 
mMaroon1, et des souches exprimant fluorescence et bioluminescence, eFFly-mCherry. Cette 

dernière construction a été intégrée dans  espèces différentes de leishmanies : L. infantum, 

responsable de leishmaniose viscérale  L. major responsable de leishmaniose cutanée  et L. 

tarentolae qui est une souche non pathogène pour l homme   
 

Mots clef : Leishmania, immunostimulation, souche rapportrice  
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Identification of new immune-stimulators and anti-microbial 

compounds  

 

Leishmaniasis is a neglected tropical disease found in more than 98 countries around 

the world. There are up to 1,000,000 new cases per year, leading to nearly 30,000 deaths. In 

humans, there are several forms of the disease, ranging from a cutaneous form that can heal 

spontaneously, to the most severe visceral form. 

Visceral leishmaniasis is conferred by several species of Leishmania, including L. infantum 

around the Mediterranean basin. This dimorphic parasite invades the macrophages of its 

hosts, particularly humans and dogs, in which it is responsible for the disease. Left untreated, 

visceral leishmaniasis is fatal, and treatments available today are toxic, expensive, and face 

growing resistance. 

Finding new treatments is therefore a priority, and this thesis project aims to identify natural 

alternatives to anti-leishmanial molecules. By taking an ecological approach, we recover waste 

from the perfumery industry and plants from the local biodiversity. We then test the extracts 

on the parasites in order to identify immunostimulatory compounds, which would favor 

promotion of elimination of the parasite b  the host s own immune s stem  In order to follow 
the evolution over time of the infection in vitro and/or in vivo, we have also sought to create 

new tools to visualize the presence of Leishmania parasites by developing new fluorescent 

and bioluminescent reporter strains. 

 

We have identified a plant whose extract promotes the elimination of the intracellular 

amastigote form found in host macrophages. With the help of our collaborators at the Institut 

de Chimie de Nice (ICN), we performed a bioguided fractioning. We obtained sub-fractions of 

this plant as well as pure molecules capable of eliminating the parasite Leishmania infantum. 

One single molecule, whose name is confidential because of a pending patent registration, 

showed an effect on the intracellular parasite, without showing toxicity. It is capable of 

modulating the secretion of cytokines from the host cell. We are currently studying 20 

structural derivatives of this molecule. Preliminary studies in mice have shown that taking this 

molecule orally, as a preventive measure, can reduce the parasite load in animals. 

 

In the meantime, we have developed the construction of new reporter strains of 

Leishmania expressing the luciferase teLuc, the red mRuby or far red mMaroon1 fluorophore, 

and strains expressing fluorescence and bioluminescence, eFFly-mCherry. This last 

construction has been integrated into 3 different species of Leishmania: L. infantum, 

responsible for visceral leishmaniasis, L. major responsible for cutaneous leishmaniasis, and L. 

tarentolae, which is a non-pathogenic strain for humans. 

 

 

Mots clef : Leishmania, immuno-stimulation, reporter strain  
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C3M  Centre Méditerranéen de Médecine Moléculaire 

CC50 : valeur 50% de la concentration Cytotoxique 

CHU : Centre Hospitalier Universitaire 

dSVF  Sérum de Veau Fœtal décomplémenté 

EDTA : Ethylene-Diamine-Tetraacetic Acid 

ELSD : Evaporative Light Scattering Detector Détecteur Evaporatif à Diffusion de Lumière  

G418  Généticine 
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HPLC : High Performance Liquid Chromatography (Chromatographie en phase Liquide Haute 

Performance) 

Hyg : Hygromycine B 

IC50 : valeur 50% de la concentration Inhibitrice 

ICN : Institut de Chimie de Nice 

iNOS : inducible Nitric Oxide Synthase (Oxide Nitrique Synthase inductible) 

L. infantum : Leishmania infantum 

L. major : Leishmania major 

L. tarentolae : Leishmania tarentolae 
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M-CSF : Macrophage-Colony Stimulating Factor 

MGG : May-Grünwald Giemsa 
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NO : Nitric Oxide (Oxide Nitrique) 

OMS : Organisation Mondiale de la Santé 

PBMC  Peripheral Blood Monoc tes Cellules mononuclées de sang périphérique  

PBS : Phosphate Buffered Saline (Tampon Phosphate Salin) 

PCR : Polymerase Chain Reaction (Amplification en chaine par pol mérase  

ROS  Reactive O gen Species Espèces réactives de l O gène) 

SATT Sud-Est : Société d accélération du Transfert des Technologies Sud-Est 

UCA  Université Côte d A ur 
WT : Wild Type (Sauvage) 
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I. É idé i gie 

 

a. Che  h ai  

 

Les leishmanioses sont un groupe de maladies tropicales négligées  Selon l Organisation 

Mondiale de sa Santé OMS)  il s agit de la seconde cause de mortalité parmi les maladies 

tropicales négligées  et de la quatrième cause de morbidité des maladies tropicales. 

Chaque année  on estime qu il  a entre 700 000  1 000 000 de nouveaux cas de leishmaniose 

dans le monde, avec  milliard de personnes à risque d une infection dans les ones 

endémiques de la maladie  Les personnes les plus à risque vivent dans des pa s en voie de 

développement  où le risque de transmission et de développement de la maladie sont 

largement favorisés par la pauvreté et la malnutrition (WHO, 2021). 

 

 Des cas de leishmaniose ont été reportés sur tous les continents à l e ception de 

l Antarctique  et on estime qu elles sont endémiques dans plus de 98 pays pour la forme 

cutanée et 4 pa s pour la forme viscérale à travers le monde (Fig 1).  
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Figure 1 : Cartes d  de i di a  e  a  d e dé ici é de a Lei h a i e c a ée e  i cé a e 

Source : https://apps.who.int/neglected_diseases/ntddata/leishmaniasis/leishmaniasis.html 
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L infection à Leishmania peut être asymptomatique, mais lorsque la maladie est déclarée  

différentes formes cliniques se présentent  Elles sont conférées par différentes espèces de 

leishmanies et peuvent aller de sévérité croissante d une leishmaniose cutanée localisée à une 

leishmaniose viscérale mortelle en l absence de traitement   

 

 

b. Che  a i a  

 

En Europe  et précisément sur le pourtour du bassin méditerranéen  L. infantum est souvent 

retrouvée che  le chien qui est considéré comme étant le réservoir majoritaire  Il est estimé 

que 2,5 millions de chiens sont atteints de la leishmaniose en Europe, dont 1 million en France 

(Virbac, 2018) et que la prévalence varie entre  à  de chiens infectés  en dépit de 

l e istence d un vaccin préventif (Bourdoiseau, 2015). Cependant depuis quelques années  on 

sait que le parasite Leishmania peut aussi être retrouvé che  le chat (Pennisi et al., 2013), les 

rongeurs comme les souris, rats et lapins (Alcover, Riera, & Fisa, 2021), les renards (Dipineto 

et al., 2007) et même che  les kangourous (Rose et al., 2004), même si les prévalences sont 

bien inférieures à celles retrouvées che  le chien  
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II. Parasites 

 

a. Morphologie 

 

Les leishmanies sont des parasites dimorphiques capables d alterner entre deux formes.  

La première est une forme extracellulaire  promastigote  flagellée  d une longueur de   

25 m de long sur 1  4 m de large  Elle est retrouvée dans le tube digestif et au niveau du 

rostre du vecteur, le phlébotome. Les promastigotes vivent et se multiplient dans le 

phlébotome à température ambiante  et se cultivent au laboratoire à une température 

d environ C  

La seconde est une forme intracellulaire appelée forme  amastigote  ne présentant pas de 

flagelle externe, mesurant entre 2   m de diamètre  Cette forme est retrouvée dans les 

hôtes et réservoirs de la maladie  La transformation en cette forme se fait sous l effet d une 

augmentation de la température et la diminution du pH de la vacuole parasitophore, dans 

laquelle le parasite est contenu. Ainsi la forme amastigote est trouvée à une température de 

C dans les macrophages des espèces hôtes  ou dans des macrophages en culture (Fig 2). 

 

 

 

Figure 2 : Deux formes du parasite Leishmania 

 

Forme Promastigote

Retrouvée chez le phlébotome femelle

Flagelle externe

Taille : 10 25 m de long sur 1 4 m de large

Conditions de vie : pH neutre et T ambiante 

Forme Amastigote

Retrouvée dans les cellules du système 

Réticulo-Histiocytaire de l’hôte

Flagelle internalisé
Taille : 2 4 m de diamètre

Conditions de vie : pH acide et T = 37 C 
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b. Cycle de Vie 

 

Les parasites du genre Leishmania possèdent un c cle de vie particulier qui nécessite leur 

passage entre deux formes.  

Dans le phlébotome femelle  les parasites sont présents sous leur forme promastigote  Lors 

du repas sanguin d un phlébotome  et contrairement au  moustiques qui piquent afin de se 

nourrir de sang  le phlébotome déchiquète les tissus afin de créer un lac sanguin dans lequel 

il se nourrit.  

 

Lors du repas sanguin  le phlébotome va régurgiter les promastigotes contenus au niveau de 

son rostre dans le lac sanguin. Ils vont ensuite pouvoir être phagoc tés et entrer par un 

mécanisme d invasion active dans les macrophages hôtes  où ils seront contenus dans une 

vacuole parasitophore. Les vacuoles parasitophores fusionnent avec les lysosomes qui 

mènent à une acidification forte jusqu à un pH d environ 5,5 dans le phagolysosome. Afin de 

s adapter au  nouvelles conditions de vie dans l hôte pH acide et température de C  les 

promastigotes se transforment en amastigotes  Les cellules s arrondissent  internalisent leur 

flagelle et en ralentissent tout métabolisme non essentiel à la croissance. Ils vont ensuite se 

multiplier par scissiparité jusqu à l ser la cellule hôte pour se disséminer  infecter de nouveau  

macrophages et ainsi amplifier l infection aboutissant au développement des s mptômes. 

Lorsqu un phlébotome sain vient prendre son repas sanguin sur un hôte infecté  il ingère des 

macrophages et monocytes sanguins contenant des leishmanies, qui sont rapidement lysés 

mécaniquement dans le tractus digestif, libérant ainsi les amastigotes. Ils vont alors se 

transformer en promastigotes proc cliques sous l effet de la diminution de température et du 

retour à un pH moins acide  Dans le tractus intestinal du phlébotome  les promastigotes 

procycliques vont se multiplier, puis migrer le long du tractus digestif vers le rostre du 

phlébotome  ou une seconde transformation s opère en promastigotes métac cliques  qui 

correspondent à la forme la plus infectante du parasite   

 

Finalement le cycle se complète lorsque le phlébotome infecté vient prendre son repas 

sanguin sur un hôte sain  et ainsi de suite (Fig 3). 
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Figure 3 : Cycle biologique du parasite Leishmania 

Source : Le cycle a é é ada é de i  la hè e de G ég  Miche  (Michel, 2011) 
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III. Vec e  e  Ré e i  

 

a. Le Ph éb e fe e e 

 

Il e iste une vingtaine d espèces de leishmanies pathogènes pour l Homme dans le monde, 

transmises par environ trente espèces de phlébotomes différents  Ces insectes diptères de la 

famille des Psychodidae mesurent 2 à 3 mm de long  et seules les femelles ont besoin d un 

repas sanguin afin de stimuler leur oogenèse  Les phlébotomes femelles constituent donc le 

vecteur des leishmanioses  Lors du repas sanguin les phlébotomes régurgitent une grande 

quantité d agents anticoagulants et anesthésiants  en même temps que les parasites 

accumulés dans la one buccale  Chaque espèce de phlébotome sera souvent porteuse 

spécifiquement d une seule espèce de leishmanie  qui possède souvent un hôte préférentiel 

ce qui rend les répartitions des maladies très spécifiques d un point de vue géographique 

(Alemayehu & Alemayehu, 2017) (Fig 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  P i ci a e  e èce  de h éb e a e a  de  ei h a ie  ca ab e  d i fec e  

h e  

  

Sand fly species Geographical distribution 

Phlebotomus papatasi, Phlebotomus dubosqi, 

Phlebotomus salehi 

Central and West Asia, North Africa, Sahel of 

Africa, Central and West Africa 

Phlebotomus sergenti Central and West Asia, North Africa 

Phlebotomus longipes, Phlebotomus pedifer Ethiopia, Kenya 

Phlebotomus argentipes, Phlebotomus 

orientalis, Phlebotomus martini Indian subcontinent, East Africa 

Phlebotomus ariasi, Phlebotomus perniciosus Mediterranean basin, Central and West Asia 

Lutzomyia longipalpis Central and South America 

Lutzomyia olmecaolmeca Central America 

Lutzomyia flaviscutellata South America 

Lutzomyia wellcomei, Lutzomyia complexus, 

Lutzomyia carrerai Central and South America 

Lutzomyia peruensis, Lutzomyia verrucarum Peru 

Lutzomyia umbratilis South America 

Lutzomyia trapidoi Central America 
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b. Le  Ré e i  

 

Selon l OMS  il e iste environ  espèces hôtes pour Leishmania (WHO, 2021). 

Deux grandes classes de leishmanioses sont connues : les leishmanioses zoonotiques, 

caractérisées par un réservoir animal  et les leishmanioses anthroponotiques, caractérisées 

par un réservoir humain  

Un e emple de leishmaniose oonotique est la transmission méditerranéenne de L. infantum 

par le phlébotome P. perniciosus, avec pour réservoir principal le chien  Les infections à L. 

infantum chez le chien peuvent rester indétectées pendant une longue durée  La période 

d incubation varie de quelques mois à quelques années  puis les chiens développent une 

forme viscérale de la maladie  Les principau  s mptômes sont la perte de poils autour des 

yeux, la pousse incontrôlée des griffes (onychogryphose) et des affections cutanées  Dans les 

cas les plus sévères  on observe une perte de poids importante de l animal  qui précède 

généralement le décès   

Si pendant longtemps le chien a été considéré comme le réservoir principal de L. infantum sur 

le pourtour du bassin méditerranéen  aujourd hui le chat apparaît de plus en plus comme un 

réservoir potentiel  En Italie  des études ont montré une prévalence de  che  les chats, 

(Iatta et al., 2019) et dans des foyers de leishmaniose canine dans les Alpes-Maritimes, 12,5% 

des chats présentaient des anticorps contre des antigènes de L. infantum (Mancianti, 2004). 

 

La leishmaniose anthroponotique est caractérisée par le fait que le réservoir est l humain  Un 

exemple est la transmission de la leishmaniose anthroponotique viscérale sur le continent 

Indien de L. donovani par le phlébotome P. argentipes.  Le second exemple est la transmission 

de L. tropica par P. sergenti au Moyen-Orient  caractérisé comme une leishmaniose 

anthroponotique cutanée (Reithinger et al., 2003).  
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IV. Formes Cliniques 

 

Les s mptômes de la maladie che  l humain sont e trêmement variables  et on considère qu il 

y a largement plus de cas asymptomatiques que de cas symptomatiques des suites d une 

infection à Leishmania (Michel, Pomares, Ferrua, & Marty, 2011). Dans les cas 

s mptomatiques  les manifestations cliniques dépendent principalement de deu  choses : le 

statut immunitaire du patient  et l espèce de leishmanie  On retrouve principalement 3 formes 

de la maladie d une sévérité croissante  la forme cutanée  la forme muco-cutanée et la forme 

viscérale (Fig 5). 

 

 

Figure 5  Sché a de  i  f e  de a Lei h a i e  

D e i e i é e  g a i é c i a e   di i g e a f e c a ée  c -c a ée e  i cé a e a i 

les manifestations cliniques de la leishmaniose. 

 

 

a. Lei h a i e  C a ée  

 

La leishmaniose cutanée est la forme la plus fréquente de la maladie  Elle cause des lésions 

cutanées au site d infection  qui peuvent guérir spontanément mais laissent d importantes 

cicatrices  responsables de problèmes sociau  d e clusion et de stigmatisation  On estime 

entre   à    de nouveau  cas par an de leishmaniose cutanée  et  de ces cas 

sont retrouvés sur le continent Américain  sur le pourtour du Bassin Méditerranéen  au 



 

 

 

26 

Moyen-Orient et en Asie centrale  avec  de ces cas observés dans les  pa s les plus 

touchés par la leishmaniose cutanée Afghanistan  Algérie  Brésil  Colombie  Iran  Iraq  Lib e  

Pakistan, Syrie et Tunisie) (WHO, 2017; WHO, 2021). La leishmaniose cutanée peut être 

conférée par L. major, L. tropica, L. aethiopica, le complexe L. mexicana (L. mexicana, L. 

amazonensis, L. venezuelensis) ou le complexe Vianna (L. braziliensis, L. guyanensis, L. 

panamensis, L. peruviana) (CDC, 2020). 

 

 

b. Leishmanioses Muco-c a ée  

 

La leishmaniose muco-cutanée provoque d importantes lésions au niveau des muqueuses du 

ne  et de la bouche  En l absence de traitement  ces lésions peuvent évoluer et mener à la 

destruction des muqueuses  de la cloison nasale et présenter des cas de défiguration sévère  

Dans la majorité des cas  les lésions muqueuses surviennent quelques années voire di aines 

d années après une leishmaniose cutanée  et sont le résultat de la dissémination métastatique 

des parasites après une absence de traitement ou un traitement incomplet ou sub-optimal. 

La leishmaniose muco-cutanée est le plus souvent conférée par les espèces du comple e 

Vianna, majoritairement par L. braziliensis, mais aussi par L. guyanensis et L. panamensis. L. 

amazonensis peut aussi conférer la leishmaniose muco-cutanée  Les risques de 

développement de leishmaniose muco-cutanée sont encore largement méconnus  tant en 

matière de réponse de l hôte que des parasites (CDC, 2020). 

 

 

c. Lei h a i e  Vi cé a e  

 

La leishmaniose viscérale est la forme la plus sévère de la maladie  car elle est fatale en 

l absence de traitement  contrairement au  formes cutanées qui n entraînent pas 

directement la mort, même si elles présentent un risque de morbidité associée  Elle peut être 

conférée par L. donovani et L. infantum (aussi appelé L. chagasi) et provoque de la fièvre 
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irrégulière  une importante perte de poids  une panc topénie anémie  leucopénie et 

thromboc topénie , avec une h pergammaglobulinémie et une hépatosplénomégalie  En 

effet  ces espèces ont un tropisme particulier pour le foie et la rate, ou la multiplication des 

leishmanies s opère  En Inde  cette forme est appelée Kala-a ar traduit par  fièvre noire  

et elle donne également son nom à la leishmaniose Post Kala-A ar  un s ndrome caractérisé 

par des lésions cutanées disséminées arrivant des suites d une infection à L. donovani.  
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V. La e a i  h e- a h gè e 

 

Lors du repas sanguin sur les hôtes  le phlébotome régurgite dans sa salive les promastigotes 

et de nombreu  autres composés  Si plus de  des parasites seront détruits par la l se de 

la cascade du complément  une partie est capable d utiliser le dépôt des fragments C b liés à 

l opsonisation pour faciliter l entrée dans les macrophages par le récepteur au complément 

CR2 (Elmahallawy, Alkhaldi, & Saleh, 2021)  Parmi les composés sécrétés par le phlébotome  

on trouve des facteurs pro-inflammatoires qui vont permettre le recrutement de cellules 

immunitaires au site de l infection et favoriser la phagoc tose des promastigotes  qui se 

retrouvent alors dans leur cellule hôte directement (Chagas et al., 2014)  Afin de réussir à 

échapper à la réponse du s stème immunitaire  le parasite se transforme en forme amastigote 

pour résister au pH acide de la vacuole parasitophore  suite à la fusion des l sosomes à la 

vacuole parasitophore  Le promastigote  par ses protéines de surface comme le 

Lipophosphogl can LPG  est capable de retarder la maturation du phagosome et d atténuer 

les fonctions microbicides du macrophage (Vinet, Fukuda, Turco, & Descoteaux, 2009). La 

métalloprotéase GP63 est un autre facteur de virulence important, permettant la survie 

intracellulaire de Leishmania même si les mécanismes spécifiques n ont pas encore été mis 

en lumière (Olivier, Atayde, Isnard, Hassani, & Shio, 2012). Une fois le parasite contenu dans 

les macrophages de l hôte  la réponse immunitaire est très dépendante de l espèce de 

leishmanie étudiée  mais aussi de l hôte  Il a été admis longtemps qu une réponse de t pe Th  

serait plus favorable pour une élimination du parasite  Les cellules T Th  en sécrétant de l IFN- 

 et TNF-  sont capables d activer les mécanismes microbicides des macrophages  tel que la 

sécrétion d espèces réactives de l o gène ROS  et d O ide nitrique NO  par induction de 

l O ide nitrique s nthase inductible iNOS  Au contraire  une réponse Th  caractérisée par la 

sécrétion d IL-4 et IL-  serait bénéfique à la réplication du parasite  Aujourd hui  il est admis 

qu il faut une balance entre les deu  réponses  et qu une réponse trop forte Th1 et TNF-  

pourrait même favoriser la dissémination de lésions cutanées (Rossi & Fasel, 2018). 
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VI. Les traitements 

 

Actuellement il n e iste aucun vaccin pour l homme  et les mesures préventives se limitent à 

l application de produits répulsifs pour moustiques sur la peau et les vêtements dans les ones 

endémiques de la maladie  Il existe des traitements curatifs pour la leishmaniose humaine, 

qui totalisent  molécules autorisées. Les indications des traitements de référence sont 

différentes en fonction des pa s et des régions  cependant aujourd hui en Europe le 

traitement préconisé contre la leishmaniose est l Amphotéricine B sous sa forme Liposomale 

(WHO, 2010). 

 

 

a. A i ié  e a a e  

 

Historiquement  les antimoniés Pentavalents sont les premiers traitements approuvés contre 

la leishmaniose et sont encore utilisés aujourd hui  Ils ont remplacé en  les antimoniés 

trivalents  plus dangereu  pour la santé  Il e iste aujourd hui sur le marché deu  antimoniés 

pentavalents préconisés dans le traitement de la leishmaniose  le Sodium Stibogluconate et la 

Meglumine antimoniate  Ces composés ont été largement utilisés jusque dans les années 

 mais présentent aujourd hui un grand risque d échec thérapeutique dû au nombre 

important de souches résistantes présentes. 

 

 

b. Pentamidine 

 

La pentamidine  même si elle figure toujours sur la liste des traitements autorisés pour traiter 

la leishmaniose, a vu son utilisation limitée par l OMS à la suite d occurrences d effets 

secondaires sévères tel que le diabète et la m ocardite. 
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c. A h é ici e B 

 

L Amphotéricine B est disponible depuis  et avait au départ été approuvé comme un 

antifongique pour traiter la candidose invasive  L injection par voie intraveineuse de ce 

composé  bien qu efficace et avec peu de résistances connues à ce moment-là  possède une 

néphroto icité importante  C est pour cela que quelques années plus tard  sa forme 

encapsulée liposomale a été mise sur le marché et a permis de réduire drastiquement sa 

to icité  L Amphotéricine B interagit avec l ergostérol de la membrane  retrouvé seulement 

che  les pathogènes et non che  l humain  et  crée des pores responsables de la mort des 

parasites. Bien que très efficace sous sa forme liposomale  la réduction de la to icité a 

drastiquement augmenté le coût de production de l Amphotéricine B  ce qui fait qu il n est 

pas accessible à des personnes vivant dans des pa s à faible revenu. De plus, afin de limiter la 

néphroto icité  le traitement est administré par perfusion  et les patients doivent rester 

hospitalisés quelques jours afin de surveiller la fonction rénale  

 

 

d. Miltefosine 

 

La miltefosine est le seul traitement anti-Leishmania à pouvoir être pris sous forme orale. 

Repositionné depuis une drogue anti-cancéreuse  la miltefosine a la particularité de moduler 

la réponse de l hôte vers une immunité de t pe  Th1 , bénéfique pour la résolution de 

l infection  en même temps que d inhiber la s nthèse de lipides essentiels pour les membranes 

parasitaires. 

 

 

e. Paromomycine 

 

La paromom cine est la drogue la plus récemment approuvée  Elle est capable d inhiber la 

s nthèse protéique de Leishmania mais présente une importante to icité rénale et hépatique  
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Elle est administrée par voie intramusculaire ou par voie topique dans le cas de traitement de 

leishmaniose cutanée  La paromom cine est à l origine un antibiotique  

 

 

f. L a i  pour la leishmaniose canine 

 

Utilisée seule ou en combinaison avec le Meglumine antimoniate  l allopurinol est le 

traitement de choix pour les chiens atteints de leishmaniose. Ce composé est un 

leishmaniostatique inhibant la multiplication des parasites qui  utilisé en combinaison avec 

une autre drogue comme par exemple la miltefosine, permet de diminuer le nombre de cas 

de rechute après traitement (Dias et al., 2020). 

 

 

g. Autres traitements 

 

La recherche de nouveau  traitements contre la leishmaniose est aujourd hui une priorité  

Ainsi, les stratégies actuelles de développement de nouveau  traitements visent à contourner 

les problèmes des anciens traitements  les effets secondaires  la to icité  l administration 

invasive qui rend la continuité des traitements problématique dans des ones ou l accès à 

l hôpital n est pas toujours facile  Le coût des traitements et la nécessité d hospitalisation 

prolongée  

Afin de comprendre comment les stratégies actuelles de recherche de nouveau  traitements 

permettent de contourner ces problèmes  j ai réalisé un travail de s nthèse sous la forme 

d une revue de la littérature   

Brièvement  nous avons regardé entre  et aujourd hui les traitements approuvés et les 

avancées récentes dans la recherche de nouveau  traitements  Sur les  articles recueillis 

sur le sujet, nous avons réalisé un premier tri afin de ne garder que des articles traitant 

d e périmentations in vivo ou in vitro sur des amastigotes. 
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Dans un premier temps, nous avons documenté les traitements actuellement approuvés  avec 

leur mécanisme d action et leur limite  puis nous avons regardé comment les traitements 

actuellement développés cherchaient à améliorer la prise en charge des patients. Nous avons 

fini par trier 89 articles restants dans 6 grands groupes. En regardant les 7 traitements 

approuvés contre la leishmaniose  nous avons pu identifier  stratégies principales de 

contournement des problèmes liés au  traitements  Dans un premier temps  près de la moitié 

des traitements approuvés sont issus du repositionnement de composés utilisés à l origine 

pour traiter d autres maladies  On peut ainsi citer l Amphotéricine B  la miltefosine et la 

paromomycine. Ensuite  la formulation sous forme de nanoparticules a montré d importants 

effets de réduction de la to icité de l amphotéricine B  car elle peut améliorer la 

biodisponibilité et permettre un changement de formulation de nombreu  composés   

Ensuite  la dose nécessaire pour traiter efficacement la leishmaniose est souvent 

problématique  C est pour cela que l une des stratégies les plus e plorées est la combinaison 

de traitements approuvés afin de réduire la dose nécessaire de chaque traitement et ainsi 

limiter les effets to iques de chaque drogue  Dans la même idée  la combinaison de 

traitements approuvés et de c tokines ou d agents immuno-modulateurs permettrait la 

réduction de la dose nécessaire de chémo-thérapie  étant donné que la leishmaniose et la 

progression de cette maladie est liée à la réponse Th Th  des cellules  Finalement, nous 

avons consacré une partie de cette revue à la recherche de traitements sur la base de 

l ethnobotanique  qui vise à découvrir de nouvelles molécules en s appu ant sur l e périence 

de groupes ethniques et de leur connaissance des plantes médicinales. Ceci permet de cribler 

des plantes  qui sont connues pour être un grand réservoir de molécules actives  tout en 

limitant le cout d un crible à grande échelle en le resserrant d emblée sur des plantes connues 

pour leur vertus médicinales  

 

Ainsi, cette revue met en perspective comment la recherche aborde actuellement la 

problématique de la leishmaniose en ayant recours à diverses stratégies pour réduire la 

to icité  le coût ou modifier la voie d administration de traitements actuellement approuvés  

et quelles sont les méthodes pour la découverte de nouveau  traitements dans le conte te 

d une maladie tropicale négligée   
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Abstract 

 

Leishmaniasis is a vector-borne disease that threatens over 1 billion people worldwide. This dimorphic 

parasite targets cells of the reticulo-histiocitary system like macrophages where they multiply until 

macrophage burst and propagate infection. Several forms of this disease exist, ranging from localized 

cutaneous afflictions to life-threatening visceral forms leading to death in 95% of cases in the absence 

of treatment. Actual treatments rely on the invasive administration of toxic, expensive treatments 

facing more and more frequent apparition of resistance. Thus, it is important to find alternative 

treatments for this disease. This review of literature bases itself on recent development of alternative 

treatments in the last 5 years, and aims to show the different strategies used to bypass actual 

limitations such as cost, toxicity, off-target effects, administration route and the emergence of 

resistance. Starting with the review of actual authorized treatments and their specific limitations, we 

have divided the strategies of treatment development in 5 classes. The use of a combination of 

approved treatments allowed for the bypassing of resistance, dosage-decrease, thus limiting adverse 

effects and toxicity. Formulation in nanoparticle carriers allowed for specific targeting in infected 

organs, as well as efficiency increase, coming with a higher cost due to formulation. Drug repositioning, 

a technique already used for more than half of the actual approved compounds, showed promising 

results for the identification of molecules with an anti-leishmanial effect. Immunomodulation in 

combination with current chemotherapies allowed for efficiency increase of reference treatments and 

reduced risks of relapse by stimulating the immune system, but did not always skew the host response 

in a favorable way. Last the use of ethnobotanics gave rise to some promising in vitro results, that 

combined molecules with low toxicity, immunomodulatory properties, and a good anti-parasitic effect. 

In summary, this review has listed some classes of current strategies of treatment development with 

their benefits over reference treatments and their limitations. 
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 Author Summary 

 

Leishmaniasis is a disease conferred by a flagellated parasite called Leishmania that is transmitted 

through the bite of sandflies. Whereas the cutaneous form of this disease leads to localized self-healing 

infections on the skin, the visceral form leads to death in 95% of cases when left untreated. There is 

no human vaccine against this disease, and current treatments present import limitations, with a high 

cost, toxicity, relapses after treatment and increase of therapeutic failures due to the apparition of 

resistances against approved molecules. It is thus important to develop new treatments against this 

disease. Among actual strategies to reduce adverse effects and limitations of current treatments, this 

review investigates the advantages of combination of approved molecules, their formulation in 

nanocarriers and combination with immunomodulators in order to limit actual treatment issues. Novel 

treatments are being investigated by using a time and money-saving strategy of drug repurposing by 

using approved drugs against other diseases in the treatment of leishmaniasis. Last, in an attempt to 

obtain cheaper, more sustainable products with low toxicity and available in great numbers, the 

strategy of ethnobotany relies on the knowledge of indigenous populations in order to tests plants for 

anti-parasitic compounds. In summary, numerous strategies exist to try and find alternative 

treatments against leishmaniasis.  
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Introduction 

 

Leishmaniasis is a vector-borne disease transmitted by the bite of phlebotomine sandflies, that can be 

found in over 98 countries in the world, thus putting over 1 billion people at risk of exposure [1]. It is 

responsible for 20 000 to 30 000 deaths a year and figures since 2011 on the list of uncontrolled 

neglected tropical diseases  [2]. 

Leishmania parasites target the reticulo-histiocitary system of mammals, targeting macrophages as 

their main host cell, where they replicate until macrophage burst and propagate infection. There are 

over 20 causative species of Leishmania, with different tropisms leading to either asymptomatic 

carriage or to various clinical manifestations, ranging from self-healing skin ulcers to systemic infection, 

with severe hepatosplenomegaly, which is fatal without treatment [3].  

In the case of human leishmaniasis, there are four main forms with increasing severity. Cutaneous 

leishmaniasis, giving rise to ulcerating skin lesions, is the most common form and is generally due to 

infection with Leishmania (L.) major, L. tropica or L. mexicana. Muco-cutaneous leishmaniasis 

conferred by L. braziliensis, L. panamensis and L. amazonensis targets the mucosa of the nose and 

mouth, leading to severe disfiguration with the progression of the disease. Visceral leishmaniasis is the 

most severe form of the disease, targeting the liver and spleen, leading to irregular fever, severe 

hepatosplenomegaly, with a mortality of 95% in the absence of treatment. It can be conferred by L. 

donovani, which can give rise to Post Kala-Azar Dermal Leishmaniasis (PKDL) manifesting as a 

disseminated skin affection after initial successful cure from VL  [3]. It can also be conferred by L. 

infantum. 

In the case of L. infantum, dogs are the main reservoir of the parasite, since the circulating burden in 

the bloodstream is high enough that a non-infected sandfly can become infected during a bloodmeal. 

Transmission can then occur to other mammals including foxes, rodents, and humans. In symptomatic 

dogs, clinical symptoms often start by showing cutaneous affections such as alopecia, 

onychogryphosis, keratoconjunctivitis and eye lesions such as uveitis. These symptoms can gradually 

evolve to a visceral form with splenomegaly and renal failure in later stages, leading to weight loss, 

muscular atrophy, and lethargy [4]. 

Up to date, there are three commercialized vaccines with proven efficacy against canine leishmaniasis 

due to L. infantum  Ca Le  a d Le Fe d   E e  a d Le -Tec   B a  b  e e   a  

vaccine efficient against any form the disease [5]. Prevention of the disease in humans relies solely on 

repulsive methods, such as sprays or mosquito nets, to avoid initial infection by the parasite after 

contact with sandflies. Once the infection took place, the only option is to rely on curative treatments. 

WHO has recommended the use of Pentavalent antimonials as first line treatment in most parts of the 

world, but today Liposomal Amphotericin B (L-AMB) is considered first line treatment in high-income 
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countries [6]. Overall, approved molecules for the treatment of leishmaniasis present problems 

including high cost, toxicity, the need for invasive administration, important duration of treatment and 

the emergence of resistance towards all approved treatment regimens [7]. Thus, it is a priority today 

to develop alternative treatments to cure leishmaniasis. 

This review aims to focus on the strategies used to avert and bypass these limitations regarding current 

treatments against leishmaniasis. We will focus on the development of alternative treatments or 

administration seeking to reduce toxicity, cost, and resistance, as well as administration routes and 

reduction of treatment duration.  

 

 

 

Methods 

  

This review sheds light on strategies of drug development to treat leishmaniasis and focuses on recent 

developments from the last five years, between 2015 and 2020. Briefly, we conducted bibliography 

research on PubMed with different keywords including: leishmaniasis, treatment, cutaneous or 

mucocutaneous or visceral, mechanism, combination. All 598 articles matching our keywords criteria 

were divided into sub-categories depending on the selected strategy for drug development. First, we 

have reviewed current therapies used and validated for Leishmania treatment, with their mechanism 

of action and limitations. Combination therapies focused on the simultaneous use of several approved 

compounds against leishmaniasis. Next, we focused on the two strategies that gave rise to more than 

half of the major approved molecules: Nanoparticle carriers like in the case of Liposomal Amphotericin 

B, and drug repositioning, like but not limited to miltefosine and paromomycin. Next, we looked at 

articles combining Immuno-therapy with current treatment and last, ethnobotanics as a strategy of 

novel drug discovery. We included all articles from in vivo studies, plus articles from in vitro studies on 

intracellular amastigotes only because this is the form found inside hosts that is responsible for the 

disease. All articles focusing exclusively on the promastigote form were not included. 
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Results 

 

Current treatment options and limitations 

 

Currently, there are 7 approved and frequently used treatments against different forms of 

leishmaniasis throughout the world (Table 1). Historically, the first approved treatment for 

leishmaniasis was based upon the administration of trivalent antimonials starting 1912, soon 

to be replaced by a safer alternative in 1922 consisting of pentavalent antimonials, giving rise 

 da   a ed lec le  S di  ib gl c a e a d Megl i e a i ia e  

Their mechanism of action remains unclear, although it is known they induce DNA damage 

and Oxidative stress in parasites [8,9]. Pentamidine, a drug approved around 1940 is still on 

the list of approved molecules to treat leishmaniasis, but WHO ha  li i ed i  e f ll i g 

the observation of severe side effects including diabetes mellitus, severe hypoglycemia, shock, 

and myocarditis. Sodium stibogluconate and Meglumine antimoniate, although showing 

important side effects such as gastrointestinal troubles including vomiting, anorexia and 

ca di ici  ha e h  a high efficac  a e il he  a d  he  i a  

treatment failures were observed and the first resistant strains appeared [6]. The problematic 

of emerging resistance strains was partially solved in 1996 with the approval of Amphotericin 

B (AMB) as a therapeutic molecule. Developed initially as an antifungal drug treating invasive 

candidiasis, AMB interacts with membrane ergosterol, specific to pathogen cell walls, and 

form pores leading to cytosol leakage. Further studies have also shown it could induce gene 

overexpression and immunomodulation as described in Table 1. The most observed side 

effects are fever, rigor, chills, and an important nephrotoxicity, which could be partially solved 

with the development of an encapsulated form in 1999: Liposomal Amphotericin B (L-AMB). 

Although reducing toxicity of the compound, liposomal encapsulation dramatically increased 

the cost of this treatment, making it difficult to implement in developing countries [10]. All 

the previous treatments were based upon invasive administration via intravenous or 

intramuscular route, making treatments difficult to observe in some parts of the world 

because of the need to return to a hospital several times for injections. Thus in 2004, 

Miltefosine, the first oral drug for the treatment of leishmaniasis was approved. Miltefosine 

induces a bias in host immune response, skewing it towards a Th1 profile which is beneficial 

in the course of remission. Moreover, this drug targets Ca2+ homeostasis in parasites and 



 38 

inhibits the synthesis of lipids essential for parasite membrane integrity and biological 

functions, namely sphingomyelin and phosphatidylcholine, forcing parasites to enter an 

apoptotic state. Although the oral administration of this drug is an improvement over other 

therapies, it is nonetheless teratogenic, making its use impossible in pregnant women, and it 

leads to gastrointestinal side effects [10]. The last drug to be approved for anti-leishmanial 

treatment dates back to 2006, and is the aminoside antibiotic Paromomycin, which inhibits 

protein synthesis through RNA translation in leishmania by targeting the decoding center of 

ribosomes [11,12]. Limitations of this drug include its side effects including ototoxicity, renal 

toxicity, and hepatotoxicity.  

   

Today, these drugs are used as first line treatment regimens and are recommended in WHO guidelines 

for all forms of leishmaniasis. In addition to showing important limitations, including invasive 

administration of most treatments, long duration of treatment regimens, and a high cost and toxicity, 

we observe today an increasing number of patients that fail to respond to treatment, and resistant 

Leishmania isolates become more frequent for all approved treatment regimens [7].   
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Table 1: Classical monotherapies  
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Combination therapies 

 

One option to overcome current limitations of approved drugs is the use of combination therapy based 

on the hypothesis that combining two functional treatments should add the leishmanicidal effects of 

both treatments and reduce their doses, possibly bringing them down to a less toxic quantity, as well 

as reducing the cost of some expensive therapies such as L-AMB, rendering them much easier to 

access. 

Based on these assumptions, several drug combinations have been tested and managed to successfully 

reduce treatment duration (Table 2). In humans, the combination of 20mg/kg of Sodium 

Stibogluconate (SSG) and 15mg/kg of Paromomycin led to a reduction of treatment time from 30 days 

to 17 days all the while retaining the same efficiency, while the combination of L-AMB with 50-

100mg/kg of Miltefosine or 11mg/kg of Paromomycin in India reduced treatment duration from 31 to 

15 days and reduced the needed L-AMB dose from 15mg/kg over 30 days to a single injection of 

5mg/kg, thus reducing duration of treatment, cost and toxicity [14]. These two combination therapies 

are now first line recommended treatment by WHO in Eastern Africa and Yemen for SSG + 

Paromomycin, and second intention treatments in Bangladesh, Bhutan, India, and Nepal for L-AMB 

combination treatments. 

In HIV positive patients, combination therapy of 30mg/kg L-AMB and 100mg/day miltefosine during 

28 days led to increased efficiency from 50% cure rate for 40mg/kg L-AMB monotherapy at 29 days to 

81% cure rate in combination therapy [15]. 

Other articles sought not to reduce time, cost or toxicity, but to increase efficiency and to overcome 

resistance to treatment, as seen in the article of Chunge et al., where patients unresponsive to SSG or 

relapsed after treatment were given a combination of 20mg/kg of SSG and 20mg/kg Allopurinol leading 

to remission with no observed relapses over the course of 12 months [16]. 

In dogs, reference treatment for leishmaniasis is a combination therapy of 100mg/kg/day Meglumine 

Antimoniate (MA) and Allopurinol. Efforts have been made to improve these treatments, seeking to 

combine Miltefosine or Paromomycin with Allopurinol. Miltefosine seems to lead to a favorable 

remission of sick dogs, with sustained inflammatory environment deleterious for the parasite [17], 

although Manna et al., showed that less relapses were observed in the reference treatment group MA 

+ Allopurinol as compared to the Miltefosine group [18]. Treatment with Paromomycin appeared safe 

in dogs although it did not significantly improve cure rates in comparison with reference treatment 

[19]. 

  

Some experimental treatments in hamsters try using topical applications namely of Paromomycin for 

cutaneous leishmaniasis in combination with classical treatments of Glucantime or Miltefosine, and 
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showed that each combination therapy at suboptimal doses proved more effective than monotherapy, 

suggesting combination with topical Paromomycin as an alternative strategy for parasite load 

reduction [20]. The efficiency of Miltefosine and Paromomycin has also been assessed, showing an 

increased efficiency upon combination treatment, without cross resistance observed between 

parasites and no notable resistance appearance upon repeated exposition, meaning combination 

treatment can be an efficient way of avoiding treatment failures due to resistant strains [21]. 

  

Although it is possible to increase treatment efficiency or reduce duration, toxicity and cost, this 

method of combination is not always successful [22 24]. Another strategy that has already proven its 

use in overcoming limitations of current anti-leishmanial treatments is their encapsulation by 

nanoparticles, as in the case of Amphotericin B.  
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Table 2: Combination therapies   
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Nanoparticle carriers 

 

Nanoparticles are defined as small assemblies of organic or inorganic matter that are sized between 1 

and 100 nm. The organic class can be divided into two sub-groups: Polymeric nanoparticles, like 

dendrimers, and Lipid-based nanoparticles. Lipid based nanoparticles like liposomes are structures 

comprised mainly of phospholipids that are very biocompatible. They assemble into a bilayered 

structure due to their amphipathic properties, with a hydrophobic layer and a hydrophilic interior, 

allowing solubilization and delivery of both hydrophilic and hydrophobic drugs. This class of nano-

carriers is the most commonly FDA-approved. Polymeric nanoparticles have a wide variety of 

structures because of the ability to modify the composition and allow insertion of compounds allowing 

for intracellular targeting [25]. 

  

Although Nanoparticles have been largely studied to increase efficiency of anti-cancer drugs [26], 

liposomes have already proven to be effective in the case of anti-leishmanial treatment, as 

Amphotericin B is administered in its liposomal form in humans. Here we review the experimentation 

in mice and hamsters of other approved anti-leishmanial treatments that have been encapsulated in 

a variety of nanoparticles, seeking for improvements in efficiency of current treatments (Table 3). 

Encapsulation of approved treatments in Lipid-based structures like liposomes has led to a range of 

improvements, starting with increased stability allowing oral route administration, because it is not 

directly in contact with a harsh environment like gastrointestinal fluids [27].  

Encapsulation in nanoparticles allowed for different formulations of treatments. Except for miltefosine 

that can be administered orally, all other approved anti-leishmanial treatments need an invasive 

gesture for administration, limiting its use in developing countries and severely affecting treatment 

follow-up because of the need to return several times for injections. Formulation in nanoparticles 

allowed for oral administration of AmB [28], Paromomycin [29] and pentamidine [30]. It also allowed 

topical administration of AmB, Meglumine antimoniate, Miltefosine [31] and SSG [32]. 

 

Increased efficiency has also been observed. This could partly be attributed to the capacity of 

liposomes to increase half-life of compounds by allowing for slower delivery. In a second time, slower 

delivery also led to decreased toxicity on renal functions because of the lower concentration available 

at one time. Last, liposomes being lipid-based structures, their interaction with target organs liver and 

spleen was increased, thus increasing bioavailability while reducing toxicity [33]. 

 

Following-up on increased bioavailability, the use of nanoparticles allowed for the addition of 

functional groups capable of targeting whole organs or even specific types of cells, allowing for better 
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tissue-permeation. Phosphatidylserine [33] acts as a target signal to macrophages, that then migrate 

towards macrophage-rich organs such as the liver and the spleen. Similarly, lactoferrin is recognized 

by a group of C-type lectin receptors which are present on the surface of Antigen Presenting Cells, 

allowing for specific targeting to macrophages [34], and the natural polysaccharide Guar gum targets 

mannose-like receptors on macrophages [28]. Chitosan presence induces preferential phagocytosis, 

also targeting compounds directly to spleen and liver [35]. Other than relying on additional targeting 

signals, it is known that polymeric structures are preferentially recognized by the Mononuclear 

Phagocyte System, and thus structure only can favor targeting of nanoparticles toward target organs 

liver and spleen of dendrimers [36] and liposomes [31], or globally negatively charged structures [37]. 

Addition of compounds on nanoparticle surface not only allowed for targeting, but also for stabilization 

like PEG inclusion provided steric hindrance which reduced opsonization by plasma proteins and thus 

allowed for longer persistence in the blood and accumulation in target organs [37]. 

  

The use of dendrimers that present a very specific 3D structure allowed for great increase in compound 

solubilization. As such, solubility of Amphotericin B could be increased 478-fold by using an Anionic 

Linear Globular Dendrimer (ALDGD) carrier [38]. 

 

The addition of functional groups also allowed for immunomodulation. Stearylamine based Lipid 

nanoparticles devoid of any anti-leishmanial drug were found to increase antiparasitic effect by 

potentializing a Th1 response mediated by upregulation of IL-12, IFN-  and TNF-  in splenocytes, while 

inducing iNOS pathways, important in intracellular pathogen destruction [39]. This showed a 

synergistic anti-leishmanial effect between the nanoparticle carrier and the drug, that could be 

exploited in order to decrease drug concentration and so reduce cost and toxicity. Lactoferrin presence 

is capable of inducing cell signaling through the modulation of cytokines, chemokines and interleukins 

[34], as is Sodium alginate, also shown to activate macrophages and thus activating the innate immune 

system [36]. Similarly, guar gum could activate macrophages by induction of pro-inflammatory 

polarization [28]. 

Another strategy to overcome current treatment limitations is through the use of drug repositioning. 

This strategy has already proven its efficacy in the fight against this neglected tropical disease with the 

repositioning of the antifungal Amphotericin B, the anti-cancer drug miltefosine and the antibiotic 

paromomycin, used as first intention treatment against Leishmaniasis in several countries. 
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Table 3: Nanoparticle carriers  
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Drug repositioning  

 

As addressed in a previous review, 60% of current approved anti-leishmanial drugs are repositioned 

[10]. Repositioning strategies have thus already proven useful in anti-leishmanial treatment research. 

Here we reported some of the more recent advances in repositioning testing by selecting previously 

approved compounds against a disease other than leishmaniasis, used as monotherapies against any 

Leishmania species. 

The most represented class of repositioned drugs against leishmaniasis are anti-microbial compounds 

(Table 4). As mentioned above, Amphotericin B is an anti-fungal that has successfully been 

repositioned. Several other anti-fungals have been approved and are recommended by WHO against 

cutaneous leishmaniasis, like Ketoconazole, Fluconazole and Itraconazole [6]. Multiple in vitro studies 

have shown efficiency of other anti-fungal compounds as anti-leishmanial treatments. Anti-fungal 

compounds mainly target the sterol synthesis pathway, which is essential for fungal and Leishmania 

cell membrane integrity. The membrane composition between mammal cells and microbes is very 

different, thus targeting the ergosterol pathway allows for great selectivity indexes and specificity as 

it does not perturb mammal cells. The use of butenafine was shown to inhibit ergosterol synthesis in 

L. infantum, and showed activity against L. amazonensis and L. braziliensis in other studies [51]. 

Ravuconazole and Miconazole both inhibited the sterol pathway by inhibiting C14-demethylases, 

blocking conversion of sterols, and leading to the accumulation of intermediate forms [52,53]. 

Anti-bacterial compounds have also been repositioned, as in the case of Paromomycin. In a similar 

fashion to anti-fungals disrupting cellular membranes, the anti-bacterial Delamanid, an anti-

tuberculosis treatment approved for multi-resistant strains was shown to inhibit cell wall component 

synthesis [54]. 

Most anti-bacterial compounds targeted intracellular pathways and homeostasis in vivo studies. 

SQ109, a small 1,2-ethylene diamine molecule, is another compound repositioned from tuberculosis, 

that can collapse mitochondrial potential, and disrupt intracellular Ca2+ homeostasis which is essential 

for parasite motion and macrophage invasion [55]. 

Among antimicrobial compounds, two repositioned anti-trypanosomatids targeted metabolic 

pathways in Leishmania parasites. The first one, fexinidazole targets nitroreductase in 

trypanosomatids, which possess a homolog in Leishmania parasites. At a dose of 200mg/kg, 

fexinidazole showed activity similar to approved drugs miltefosine and Pentostam, and overexpression 

of NADPH-dependent nitroreductase increased sensitivity to the compound, validating the target [54]. 

The second one, suramin targets enzymes of Trypanosomes and appeared to have a strong 

immunomodulatory profile when administered in vivo, showing elevated pro-inflammatory Th1 

cytokine secretion and decreased Th2 biased response [56]. 
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Another class of repositioned compounds are Anti-cancer drugs. Validated and successful application 

has already been seen in the case of miltefosine. Anti-cancer drugs mostly increased host-mediated 

response in terms of pro-inflammatory cytokines, as seem with Ibrutinib in vivo and Imiquimod TLR 7 

agonist in vitro [57,58]. Other compounds, as Miranstertib and AR-12 acted through inhibition of 

specific host pathways, like the Akt kinase pathway, capable of phosphorylating a series of 

downstream targets ultimately regulating cell growth, survival, and metabolism. Akt has been shown 

to be important in Leishmania survival, thus the use of an oral inhibitor of Akt was a good molecular 

target for treatment and led to reduction of parasite burdens in vivo [59,60]. 

A surprising class of repositioned drugs can be found in the anti-depressants. All molecules acted as 

selective inhibitors of serotonin uptake to treat depression, anxiety or Obsessive Compulsive Disorders 

(OCD) as first intention. Use in vivo or in vitro showed activity on parasite metabolic pathways. 

Sertraline and Clomipramine led to energetic stress in parasites, as oxidative stress, intracellular ATP 

reduction and mitochondrial targeting with disruption of mitochondrial potential [61] or respiration 

uncoupling [62]. Sertraline led to shortage of intracellular amino acids and variation of thiol-redox 

intermediates, and clomipramine led to trypanothionine reductase inhibition, with hallmarks of 

apoptosis visible [61,62]. Imipramine interacted with lipid bilayers and inhibited methyl transferase 

leading to membrane destruction [53].  

Various other classes of molecules have been repositioned against leishmaniasis. Cholesterol reducer 

Simvastatin enhanced host protection by increasing production of hydrogen peroxide and enhancing 

phagosome maturation [63]. Rapamycin, an immunosuppressor given to avoid graft rejects, biased 

immune responses towards protective Th1 cytokine secretion [64]. The anti-arrhythmic drug 

amiodarone disrupted Ca2+ homeostasis and was shown to block sterol biosynthesis in Leishmania 

parasites [65].Various repositioned compounds have shown a bias in cytokine response. Knowing that 

leishmaniasis cure is dependent on Th1/Th2 balance, another strategy of treatment development 

involves the use of a combination of immunomodulators and classical compounds. 
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Table 4: Repositioned drugs  
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 c
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c
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 c
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n
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v
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 d
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 c
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c
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R
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 p
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p
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 c
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 c
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c
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c
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a
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c
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c
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ra
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c
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 c
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 d
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e
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 r
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 c
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 p
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 b
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P
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 D
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Immunotherapies  

 

In the last 20 years, immunotherapy has been developed either as monotherapy or in combination 

with classically used treatment against leishmaniasis. Immunity is extremely important in the 

progression and outcome of leishmaniasis. In a general manner, it has been stipulated that Th1 

responses with IL-12, IL-18, IFN-  and TNF-  act as protective cytokines in the case of Leishmania 

infections. On the other hand, Th2 responses with predominant IL-4, IL-10, IL-13 and TGF-  cytokines 

favored parasite survival and infection progression [66]. Research on leishmaniasis has revolved 

around this dogma for a long time, although today it is accepted that to efficiently eliminate 

Leishmania, there must be a balance between these two pathways, and it is known that susceptibility 

highly depends on host immunity and parasite species [67].  

Thus, by combining current treatments with immunotherapy, it could be possible to reduce 

concentration and duration of chemotherapy while skewing host immunity to favor Leishmania 

elimination (Table 5). 

Unsurprisingly, as Th1 responses induce protection against Leishmania infections, the first strategy 

used to enhance approved treatments has been to stimulate associated cytokines in order to favor 

remission. As such, combination of Glucantime with IFN-  was shown to both enhance cure rate and 

decrease treatment time in humans. Interestingly, it also allowed patients previously unresponsive to 

antimony to cure [68] and combination of IFN-  with L-AMB even allowed to bypass a multi-resistant 

strain conferring visceral leishmaniasis found in a 2-year-old boy [69]. Administration of IL-12 in 

combination with amphotericin B in mice increased efficiency of 2mg/kg to the same efficiency as a 

dose of 15mg/kg [70]. 

The use of upstream agonists of Toll Like Receptors (TLR) has already been proposed, as release of 

cytokines is often associated with upstream recognition of pathogens mediated by Pathogen 

Associated Molecular Patterns (PAMP) recognition by TLRs [71]. Agonists of these TLR were shown to 

enhance effects by downstream transcription of NF- B leading to pro-inflammatory responses. As 

such, TLR-7 agonist Imiquimod was able to increase efficiency of Glucantime against L. major [72] and 

TLR-2 agonist Pam3Cys enhanced efficiency of sub-optimal treatment dosage of oral miltefosine 

against L. donovani in mice [68]. 

The use of Thalidomide as an immunomodulator decreased TNF-  secretion while increasing IFN- , 

thus modulating Th1 responses towards a multiresistant strain of mucosal leishmaniasis [73]. In dogs, 

supplementation of Glucantime with Active Hexose Correlated Compound (AHCC) known to increase 

Th1 response, reduced the apparition of adverse effects due to Allopurinol [68]. Another strategy 

would also be to inhibit Th2 responses by modulating cytokines. The administration of Anti IL-10R 



 50 

accelerated L. donovani elimination in mice and increased efficiency in combination with either 

Pentostam or Amphotericin B [70,74]. The use of immuno-therapies is still quite recent and calls for a 

lot of complex experimentation and development as it depends entirely on parasite species and host 

immunity. Knowing that, rather than spending time developing complex therapies to combine with 

toxic treatments that should be replaced with safer alternatives, one other way of approach is to find 

novel immunostimulators. Research on plant extracts has shown to be another way to skew host 

immune response in a favorable way to eliminate Leishmania. 
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Table 5: Immuno-chemotherapy  
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Ethnopharmacology 

 

Ethnopharmacology is defined as a fast-growing branch of science mixing botany, chemistry, and 

pharmacology, that aims to assess biological activity and scientific relevance in traditionally used 

plants. By using the knowledge of indigenous populations, ethnopharmacology can help identifying 

plants for drug development through empirical evidence, and lead to valuable time and resource 

savings. It can thus be considered as a shortcut for the discovery of new active compounds. 

It is interesting to note that all the articles presented in the in vivo section of the table showed an 

increase in Th1 response and a decrease in Th2 cytokine secretion, thus modeling immunity to favor 

host over parasite survival. It is also interesting to see that most of the compounds were used in a vast 

array of applications by indigenous people, often treating various microbial infections without 

important specificity towards Leishmania. Most articles described an effect in parasitic burden 

reduction without unraveling the mechanisms behind this elimination in vivo. In vitro, however, three 

compounds, Lupeol, Mahanine and Croton caudatus Geisel extract, were shown to upregulate classical 

pathways for intracellular pathogen destruction, the Reactive Oxygen Species (ROS) and Nitric Oxide 

(NO) pathways [81 83]. For two of these compounds, molecular docking helped identifying potential 

targets for the compounds, such as parasite antioxidants like ascorbate peroxidase [82] or in the case 

of Lupeol, binding to several potential drug targets in Leishmania parasites (PTR1, APRT, LPG and GP63) 

[81]. This allowed identification of potential targets for these compounds and allowed to identify a 

multicomponent mechanism by potential direct parasite targeting on top of host immunomodulation. 

In the case of Mahanine and JdHex, oral formulation was used, making administration easier than that 

of most anti-leishmanial drugs for visceral leishmaniasis [82,83]. 

As concerning the in vitro testing of novel molecules, most isolated compounds showed very low 

cytotoxicity. Studies assessing activity without further investigation on molecular mechanisms by 

which extracts exerted their activity were common [84 87]. Among studies that did assess 

mechanisms of activity, the majority of studies highlighted compounds that could inhibit pathways 

specific to the parasites, like parasite arginase [88,89], trypanothionine reductase [90], or both these 

pathways at the same time [91]. Other plant extracts exerted their effect by stimulation of cytokine 

secretion or inhibition of cytokines involved in parasite progression, like T. riparia essential oil, 

stimulating IFN-  secretion that is critical for resolution of the disease [92]. Increase of NO secretion 

and phagocytic activity [93] as well as phagocytic capacity [94] or macrophage activation state [95] 

was also observed. Finally, ROS are known to be important in intracellular parasite clearance, and 

number of studies evidenced an increase in ROS levels leading to parasite death [95 97]. 
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Table 6: Ethnopharmacology  
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Discussion  

 

This review aimed to identify specific strategies of drug development by looking at current advances 

in drug discovery. We chose to only include studies that were either performed in vivo or on 

amastigotes in vitro as amastigotes are the form that are found inside host cells and are responsible 

for the disease. We have excluded screenings of compounds on promastigotes since it is known 

screening on amastigotes leads to a good hit-to-success ratio but screenings on promastigotes often 

fail in later stages of drug development due to false positivity [100]. 

As regarding treatments, monotherapies are recommended by WHO as first line treatments with 

different authorized molecules among different parts of the world. Liposomal Amphotericin B (L-AMB) 

figures among the most efficient treatments, although it has numerous issues regarding its necessity 

for hospitalization, cost, and its availability throughout the world. Indeed, many countries do not have 

access to L-AMB, and recent reports of resistant strains have only confirmed the necessity to change 

strategies in drug development if we do not want to face a crisis like the current therapeutic failures 

of antibiotics.  

 

In order to counter problems of drug resistance, combination of authorized drugs has emerged as a 

key strategy to efficiently and with reduced costs, develop new treatment regimens. Although most 

combinations indeed reduced dosage, toxicity and increased efficiency, combination of L-AMB with 

SSG or Miltefosine [22] or combination of intralesional Glucantime with oral itraconazole [24] offered 

no benefit over monotherapy. In the case of Miltefosine and Pentamidine combination, an additive 

effect of treatment was observed, but it also gave rise to additive side effects and cost, rendering this 

treatment unusable [23]. Overall, the development of combination treatments still needs a lot of trial 

in order to determine which combinations are effective, and which are the optimal doses and posology 

for these treatment regimens. Despite this reduction of cytotoxicity and cost because of reduced 

doses, it does not allow the elimination of both these problems since they are inherent to the used 

molecules and would need the development of alternative compounds to be resolved. 

  

The formulation in nanocarriers such as liposomes had proven efficient in the case of Amphotericin B, 

efficiently reducing toxicity, but increasing cost of the treatment. This was partially because current 

formulations rely on animal derived cholesterol. Processing of this cholesterol to render it free of 

mammal prions and ready for injection is very expensive, thus it has been proposed to replace the 

liposome carrier of Amphotericin B by a new lipid derived from plant stigmasterol (DSHemsPC). This 

formulation did not reduce AMB in target organs or efficiency in the reduction of inflammation and 

parasite burden in mice, making it a promising alternative for liposomal formulations [45]. 
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Formulations in nanoparticles has allowed for a decrease of toxicity by delaying liberation of the 

compound, allowed targeting to specific organs or cell types and allowed for modifications in the route 

of administration [84 87].  Nanoparticle formulation can be combined with either strategy of 

improvement of existent molecules, like deliver combination therapies like AMB and paromomycin 

orally [101] or AMB and miltefosine topically [102]. It can also help effectively deliver natural molecules 

[28]. 

Overall, since nanoparticules are carriers, they are a very versatile tool for treatment improvement 

and can come as a last improvement on already better treatments against leishmaniasis, although this 

comes with an important raise of cost.  

 

Drug repositioning, like nanoparticle formulations, had already proven its use in the case of neglected 

tropical diseases as discussed previously with for example miltefosine. Compounds cited in this review 

were repositioned from the fight against other pathogens, aiming for common pathways to block or 

inhibit, but also from diseases that had nothing to do with infection. Only one of these repositioned 

drugs, fexinidazole, has undergone clinical trials after promising results in vivo in mice. This anti-

trypanosomatid targeting a homolog of nitroreductase in Leishmania, has shown a good effect but led 

to multiple relapses, causing the trial to be terminated because of lack of efficiency [54]. The sterol 

synthesis pathway is one other promising target, and several approved drugs against other diseases 

are known to act on this pathway. Andrade-Neto et al. have proposed the combination of two sterol 

pathway inhibitors acting at different stages of sterol conversion, leading to the decrease of IC50 

values for miconazole when used in combination with imipramine, and thus seeming like an interesting 

combination strategy acting at different levels of one pathway [53]. 

Repositioning allows for great time and money saving in the process of drug development, as 

compounds have already received authorization for human application. Although it can sometimes be 

complicated to foresee the effects of the drug when it has immunomodulatory properties, like in the 

case of simvastatin that allowed for parasite burden reduction in both susceptible Balb/c and resistant 

C57/Bl6 mice, contrary to pravastatin that increased survival of susceptible mice, but worsened the 

condition of resistant mice [63].  

 

As immunity is so important in disease progression, and current treatments present mechanisms of 

action revolving around the parasite, it has been often proposed to combine classical treatments with 

immunomodulating compounds in order to skew host response in a more favorable way, either by 

stimulating pro-inflammatory environment or by avoiding excessive response in the case of cutaneous 

lesions. If certain of these strategies have led to treatment duration decrease, or treatment dosage 

decrease, lowering side effects and cost at the same time, others have shown no effect [78]. Moreover, 
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some treatments actually increased incidence of adverse effects, as in the case of pentoxifylline 

supplementation [76]. In the case of combination with imiquimod, while combination with Glucantime 

on L. major infections showed better cure rate [72], combination with SSG on L. braziliensis showed a 

tendency but no statistical significance [75]. Multiple articles have sought to increase Th1 responses 

by favoring a Pro-inflammatory environment, though there have also been trials that inhibited Th1 

responses to limit local inflammation and reduce tissue damage in response to cutaneous infection 

[79,80]. Although immunomodulation is a very promising strategy in the fight against leishmaniasis, 

up to date there are no immunomodulatory treatments available that show complete efficiency on 

their own, without an anti-leishmanial chemotherapy associated. Furthermore, the development of 

immunostimulation could lead to the identification of treatments efficient on a range of different 

pathogens, as activation of the immune system is not specific to one microbe in particular, like actual 

treatments are. 

 

A multitude of articles screening for novel anti-leishmanial drugs in plants have been published over 

the course of the last years. Among these articles, there are different approaches as to the selection 

of these plants, but one of the more promising approaches, allowing for possible time saving and 

money saving is the ethnobotanical approach. All over the world, scientists have tried to use this 

approach to identify new anti-leishmanial compounds. Starting from surveys and interrogation of the 

local population, most plants have various indications against a large variety of symptoms, ranging 

from inflammation to thrombosis or aphrodisiacs [81]. Thus, it is no wonder that not every 

ethnobotanical study ends up giving favorable results or confirming ethnopharmacological use of 

plants. If overall, most extracts were shown to have low toxicity, some studies revealed fractions with 

important CC50 values, which has led them to be unusable on macrophages [103,104]. Highlighting 

the importance of testing on intracellular amastigotes, Girardi et al. showed that while compounds 

showed activity on promastigotes and axenic amastigotes, none of the extracts were active against 

intracellular macrophages at a concentration lower than their CC50 [105]. If numerous studies have 

screened these compounds, few elucidate their mechanism of action. Furthermore, it is not always 

possible to narrow down the effects of an extract to one unique molecule, as sometimes several 

compounds can act synergistically. Overall, the ethnobotanical approach still seems to be quite 

promising as it allows for the valorization of the vast biodiversity and gives access to highly represented 

compounds that could be way cheaper to produce. The commercialization of natural products meets 

c e  de a d   a e c c  a d a e  a  of treating diseases, and would lead to easier 

commercialization of products that often have low cytotoxicity and possibly immunomodulatory 

properties. 
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Objectifs de la Thèse 
 

 

 

 

Les Leishmanioses sont aujourd hui endémiques dans plus de  pa s  et présentent ainsi un 

risque pour plus d un milliard de personnes dans le monde  Il n e iste à l heure actuelle aucun 

vaccin prévenant l infection che  l humain  et les traitements possèdent d importantes 

limites, tant en matière de coût  qu en matière de to icité et d efficacité quant à la prévention 

de rechutes  Ceci fait qu il est aujourd hui urgent de trouver des traitements alternatifs contre 

la leishmaniose  C est en se basant sur ce constat que ce projet a commencé avec l idée de 

cribler des plantes locales pour des extraits moins cytotoxiques que les traitements de 

référence et montrant un effet anti-Leishmania. 

 

Les objectifs de cette thèse  débutée en  se déclinent en 2 grandes parties.  

 

La première consiste à la création de nouvelles souches rapportrices de Leishmania. Ceci afin 

d obtenir des outils plus performants pour le suivi de l infection in vitro par l obtention de 

souches émettant de la fluorescence à différentes longueurs d onde  et pour le suivi de 

l infection in vivo par la création de souches capables d émettre de la bioluminescence  

 

La seconde partie consiste à utiliser ces outils afin de continuer le crible sur les différents 

extraits de plante  afin d en isoler des molécules possédant une activité anti-parasitaire et 

d e plorer leur efficacité ainsi que l efficacité des dérivés des molécules d intérêt isolées  
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Partie I  C éa i  de e e  che  a ice  de 

Leishmania  

 

 

I. Introduction 

 

Afin d élucider les mécanismes d entrée  de persistance  de propagation et permettre un 

crible plus rapide et plus simple de nouvelles molécules anti-Leishmania, la création de 

souches rapportrices a révolutionné l étude in vitro et in vivo de la leishmaniose. En effet, les 

techniques utilisées auparavant consistaient en la coloration au Ma -Grünwald Giemsa des 

leishmanies  ou en des techniques d immunofluorescence  nécessitant la fi ation des cellules 

étudiées  Avec l apparition d autres gènes rapporteurs, qui comme la -galactosidase, -

lactamase  les protéines fluorescentes ou les en mes permettant l émission de 

bioluminescence (Dube, Gupta, & Singh, 2009) d importants progrès ont pu être faits tant en 

matière de gain de temps qu en matière de précision des mécanismes étudiés  La transfection 

a permis l e pression de ces différents gènes rapporteurs de façon transitoire  pendant 

quelques générations  ou de façon stable par insertion dans le génome des parasites, ce qui 

permet leur persistance au cours des générations  

L e pression de rapporteurs fluorescents a permis la visualisation des parasites in vitro en 

contournant la nécessité d additionner un substrat  ou de fi er les cellules pour le marquage  

ce qui permet de faire des suivis de plus longue durée sur des cellules vivantes  

L e pression d en mes bioluminescentes comme la luciférase a été plus utilisé in vivo car en 

dépit de la nécessité d additionner un substrat  la luciférine  elle permet la visualisation des 

leishmanies dans des organes internes comme le foie et la rate, qui sont des organes cibles 

dans le cas des leishmanioses viscérales  L utilisation des en mes bioluminescentes a permis 

de mettre en place des suivis longitudinau  sur le même animal  car le sacrifice n est pas 

nécessaire pour quantifier la charge parasitaire  

Il e iste une multitude de fluorophores émettant à des longueurs d onde différentes  et une 

multitude de luciférases permettant de l émission de bioluminescence plus ou moins forte.  
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Au cours de cette thèse  nous avons cherché à produire des souches rapportrices 

fluorescentes autre que la GFP que nous possédions  afin de pouvoir élargir leur utilisation et 

contourner l autofluorescence verte in vitro. Nous avons cherché à construire des souches 

plus performantes avec une émission de bioluminescence plus élevée que la souche L. 

infantum-Luc que nous possédons afin d augmenter la quantité de signal reçue et contourner 

certains problèmes de limite de détection in vitro et in vivo. Finalement  nous avons réalisé la 

construction de souches doublement transformées pour e primer de la fluorescence et de la 

bioluminescence en même temps  afin de garder une seule souche en culture pour les 

e périmentations aussi bien in vitro que in vivo.  

 

 

II. Ma é ie  e  Mé h de   

 

Culture des souches de Leishmania 

Les L. tarentolae sont maintenues en culture à C dans des flasques ventilées  en milieu 

Schneider s Complet  Les souches WT sont maintenues sans antibiotique de sélection  les 

souches transformées eFFl -mCherr  sont additionnés d H grom cine B à  g/ml 

(1068701, GIBCO . 

 

Coloration des leishmanies 

Après une infection de h à une multiplicité d infection de  les cellules BMDM ont été fi ées 

et colorées au Ma -Grünwald MG  et Giemsa G) selon le protocole suivant : MG 3 minutes, 

 lavages PBS  MG  pendant  minute, 2 lavages PBS, G pendant 20 minutes. Les lames ont 

été observées au microscope Nikon Eclipse  i objectif  A  à huile  caméra DS-Fi, 

Nikon). 

 

Imagerie Bioluminescente in vivo et quantification 

Après inoculation de L. infantum, les souris ont été imagées une fois par semaine après 

injection intrapéritonéale de D-luciferin (PerkinElmer, 122799 XenoLight D-Luciferin, K+ Salt 

Bioluminescent Substrate) à 300 mg/kg, ou de 200 l de DTZ à mM MedChem E press HY-
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 L injection a été réalisée  minutes avant d anesthésier les souris dans une 

atmosphère de  isoflurane Vetflurane  puis les souris ont été placées dans le 

PhotonIMAGER Optima (Biospace Lab), et l anesthésie a été maintenue en utilisant 2,5% 

d isoflurane pendant  minutes d acquisition. Les images ont été anal sées avec le logiciel 

M3Vision (Biospace Lab, Version 1.1.3.31192) avec des régions d intérêt ROI  autour du foie 

et de la rate pour quantifier l émission de bioluminescence en photons/s/cm2/sr. 

 

PCR quantitative 

Des sections de foie (20mg) et de rate (10mg) ont été récupéré en Lysis buffer du kit Qiagen 

QIAmp DNA Mini Kit  et dissociés avec le Precell s     sec   sec break  L e traction 

d ADN a été réalisé selon le protocole Qiagen . La PCR quantitative ciblant les minicercles de 

l ADN du kinétoplaste utilise des amorces et des sondes décrites précédemment par Mary et 

al. (Mary, Faraut, Lascombe, & Dumon, 2004) et contient  pmol de sonde forward -

CTTTTCTGGTCCTCCGGGTAGG-  et reverse -CCACCCGGCCCTATTTTACACCAA-  et  

pmol de sonde TaqMan (FAM-TTTTCGCAGAACGCCCCTACCCGC-TAMRA). Le volume final est 

de L  avec L d ADN  dans un automate StepONE system (ThermoFisher). Chaque 

e périmentation utilise des contrôles négatifs et une gamme standard obtenue de l e traction 

d AND de 2x108 parasites dilués en série au e  ce qui correspond à 50 000 à 0.05 parasites 

dans  L  Le programme de PCR réalise deu  étapes de température à C et C pendant 

40 cycles. 

 

 

III. Ré a  

 

Tests de la souche sauvage 

 

Afin de déterminer la souche à transfecter  nous avons fait des tests préliminaires d infectivité 

des souches. Pour ce faire, nous avons testé  souches de parasites, LPN 05, 101, 388 et 432, 

classés du plus ancien au plus récemment isolé au CHU de Nice  Nous avons réalisé une 

infection de cellules BMDM à une MOI de  durant h  puis à h nous avons réalisé une 
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fixation et coloration au May-Grünwald Giemsa MGG  La quantité de cellules infectées a été 

comptée, ainsi que le nombre moyen de leishmanies par cellules, sur un total de 100 cellules, 

en duplicat  Les résultats représentés ci-dessous indiquent que plus la souche est récente, plus 

elle infecte les BMDM  La souche la plus virulente LPN  a donc été choisie pour les futures 

transfections (Fig 6). 

 

 

   

Figure 6 : Te  d i fec i i é de  che  a age  i ée  a  CHU de Nice 

 

Afin d obtenir de nouvelles souches rapportrices utilisables avec un large éventail de 

techniques, nous avons choisi des rapporteurs fluorescents.  

Le premier, mRuby est une protéine monomérique dérivée de l anémone Entacmaea 

quadricolor, émettant de la fluorescence dans le rouge longueur d onde d e citation à nm 

et d émission à nm . Le second, mMaroon1  émet de la fluorescence dans le rouge lointain 

(longueur d onde d e citation à nm et d émission à nm .  

Nous avons choisi pour rapporteur bioluminescent le teLuc  qui est un mutant de la protéine 

nanoLuc trouvée dans la crevette marine Oplophorus gracilirostris  Comparé à la luciférase de 

luciole, cette luciférase permet une émission de bioluminescence plus intense  et la mutation 

pour obtenir le teLUC a permis d obtenir une protéine émettant en plus une fluorescence 

shiftée vers le rouge-lointain  Le substrat du teLuc est un dérivé du substrat du nanoLuc  la Di-

Phén l Tera ine DTZ  Des comparaisons ont montré que in vitro, le couple teLuc/DTZ permet 
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une émission de bioluminescence jusqu à  fois plus importante que le couple Luciférase 

de Luciole Luciférine (Yeh et al., 2017). 

Enfin  nous avons voulu obtenir des souches e primant à la fois de la bioluminescence et de 

la fluorescence  et nous avons essa é de transformer à l aide des deux constructions obtenues 

précédemment une souche qui exprimerait le mMaroon1 et le teLuc  que nous n avons 

malheureusement pas réussi à obtenir. Pour terminer, nous avons choisi le couple eFFly-

mCherry. Le marqueur bioluminescent  la Luciférase de luciole  est utilisable avec un substrat 

luciférine très répandu pour l imagerie in vivo, et la protéine fluorescente mCherr  peu 

intense en terme de fluorescence mais peu sensible au pH et qui émet de la fluorescence dans 

le rouge. Ces travaux font l objet d une publication sous forme d article original  qui sera 

résumée ci-dessous. 

 

Les constructions ont été réalisées à l aide des vecteurs d e pression pLEXSY  qui possèdent 

des séquences homologues à la séquence ADN de Leishmania codant pour l ARN S 

permettant son insertion par recombinaison homologue  Le vecteur possède également un 

gène de résistance à un antibiotique pour permettre la sélection des clones transformés  Les 

gènes d intérêt utilisés pour générer les souches rapportrices ont été amplifiés à l aide 

d amorces homologues en partie avec le vecteur et en partie avec l insert, afin de pouvoir 

utiliser la technique Gibson Assembly IN-FUSION pour l insertion dans le vecteur d e pression  

Une fois le vecteur d e pression obtenu  des parasites L. major ou L. infantum ont été 

transfecté et sélectionnés pour l e pression des gènes d intérêt  

 

Après transfection  nous avons tout d abord vérifié par microscopie si la fluorescence était 

bien e primée dans les promastigotes sélectionnés  Les souches mMaroon  mRub  et 

mCherry permettaient une visualisation en microscopie confocale des promastigotes. 

Cependant  un suivi au cours du temps en c tométrie de flu  a révélé que les mMaroon  et 

mCherr  e primaient stablement la fluorescence même après un mois en culture  alors que 

les parasites mRuby perdaient l e pression de la fluorescence  tout en continuant à croitre 

dans un milieu contenant l antibiotique de sélection  Nous avons donc écarté la souche mRub  

pour les e périmentations suivantes  Nous avons ensuite vérifié si l insertion du transgène 
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avait eu un effet sur la croissance ou la mortalité de la souche eFFl -mCherr  par rapport à la 

souche WT  ou sur la croissance et mortalité des souches teLuc et mMaroon  Pour ce faire  

nous avons réalisé un suivi sur  jours en c tométrie de flu  et regardant à différents temps 

la concentration en parasites/mL, et le pourcentage de leishmanies mortes avec le marqueur 

de mortalité DAPI  Les cinétiques de croissance et de mortalité étaient strictement identiques 

entre la souche non transformée et transformée eFFl -mCherry, et avaient un profil normal 

pour les souches teLuc et mMaroon1. Après avoir vérifié le comportement des souches  nous 

avons regardé leur fluorescence et leur bioluminescence in vitro sous forme promastigote à 

l aide d un suivi en c tométrie de flu . La fluorescence et la bioluminescence de toutes les 

souches était relativement stable sur les  premiers jours  avant l atteinte du plateau de 

croissance  puis les deu  paramètres ont vu leurs valeurs chuter avec l augmentation de la 

mortalité  ce qui montre que les nouveau  gènes rapporteurs aussi bien bioluminescents que 

fluorescents sont de bons indicateurs de viabilité de la culture à l état promastigote  La 

corrélation entre le nombre de leishmanies et la bioluminescence émise était très bonne 

(R2>0 ,98) pour toutes les souches. 

Nous avons ensuite infecté des macrophages primaires issus de moelle osseuse de souris avec 

les parasites transformés à une multiplicité d infection de  sur la nuit  L observation en 

microscopie confocale après marquage de l actine des cellules ainsi que de leur noyau a 

montré que les leishmanies eFFl -mCherry L. infantum et L. major, ainsi que les mMaroon1 L. 

infantum étaient capables d infecter des cellules hôtes de souris  et que les parasites 

intracellulaires étaient bien visibles en fluorescence   

Le co-marquage des parasites avec les l sosomes a permis de mettre en évidence que 

certaines des leishmanies intracellulaires étaient contenues dans des vacuoles acides  Il est 

intéressant de noter que toutes les leishmanies ne colocalisent pas avec le lysotracker, ce qui 

pourrait être dû à leur temps passé dans le macrophage  Effectivement  l infection sur h 

permet au  parasites d entrer dans la cellule à différents temps  et donc d observer des 

vacuoles plus ou moins acides  Les parasites mMaroon  n étaient pas visibles en colocalisation 

avec les lysosomes. 

Nous avons ensuite regardé à h post infection  si le pourcentage de cellules infectées 

augmentait avec la multiplicité d infection  Le pourcentage de cellules infecté a été suivi en 
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c tométrie en flu  Effectivement on peut observer une augmentation du pourcentage de 

cellules infectées en eFFl -mCherr  mais aussi une augmentation de la mo enne d intensité 

de fluorescence  La mo enne d intensité de fluorescence peut être prise comme un indicateur 

du nombre de parasites par cellules  car il augmente avec la quantité de signal fluorescent 

perçu   

De façon similaire  l observation de la bioluminescence émise après ajout de luciférine par des 

cellules infectées avec L. infantum-eFFly-mCherr  et teLuc à différentes MOI a montré une 

augmentation du signal avec l augmentation de la quantité de leishmanies h post infection  

 

La construction de nouvelles souches Leishmania rapportrices permet l obtention de plus en 

plus d outils  et de contourner de plus en plus de limites de détection et de visualisation  Nous 

avons généré  souches rapportrices possédant chacune des avantages et des inconvénients  

La configuration mRub  montrait une fluorescence très intense  cependant elle n était pas 

stable au cours du temps.  

Les parasites mMaroon  montraient une fluorescence dans une longueur d onde qui menait 

à peu de bruit de fond  cependant la sensibilité à l acide de cette protéine n a pas permis leur 

visualisation en forme amastigote en colocalisation avec des vésicules acides.  

La construction teLuc permit une émission de bioluminescence très forte  mais le substrat DTZ 

est très instable  et difficilement soluble ce qui ne permet pas de contrôler la concentration  

Enfin, la souche double rapportrice eFFly-mCherr  émettait une bioluminescence correcte, et 

une fluorescence d intensité mo enne qui permettait cependant sa visualisation in vitro. 

 

Pour conclure  nous avons généré une souche doublement bioluminescente et fluorescente 

qui montre une bonne application in vitro et qui devra être testée in vivo. 
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Abstract  

 

Leishmaniasis is a neglected tropical disease, giving rise to up to a million new cases per year, 

among which up to 30 000 deaths. Current treatments are toxic, expensive, and face an 

increasing threat due to the apparition of resistance. Thus, the search for new treatments is a 

priority. The creation of reporter strains of Leishmania have revolutionized the screening of 

novel compounds, with fluorescence for in vitro studies and bioluminescence for in vivo 

adaptations and follow up in mice. We propose the creation of several reporter strains 

expressing either fluorescence, bioluminescence or both in order to adapt Leishmania 

parasites to a vast array of techniques ranging from microscopy and cytometry to  

bioluminescence follow-up in vivo. The mRuby strain we have generated failed to retain 

fluorescence expression over time. The mMaroon1 strain allowed for good visualization of 

promastigotes, but did not allow for amastigote colocalization with acid vacuoles, probably 

due to its high acid sensitivity. The teLuc expressing strain emitted the highest levels of in vitro 

bioluminescence, and the double reporter strain expressing mCherry red fluorescence and 

firefly luciferase emitted both correct fluorescence and bioluminescence. 
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In summary, eFFly-mCherry and teLuc are both promising strains for reporters of Leishmania 

in vitro, and should be further investigated in vivo. 

 

Introduction 

 

Leishmaniasis is an uncontrolled neglected tropical disease transmitted by the bite of infected 

phlebotomine sandflies. It is endemic in over 98 countries, putting 350 million people at risk 

of infection and leading to 70 000 to 1 million new cases each year, among which 20-30 000 

deaths occur annually [1]. Over 20 species of Leishmania exist, and they are responsible for 

different clinical manifestations ranging from asymptomatic infections to severe disease [2]. 

Cutaneous Leishmaniasis (CL) is the most frequent symptomatic form of the disease, 

responsible for self-healing skin lesions. It can be conferred by L. major. Muco-Cutaneous 

Leishmaniasis (MCL) provokes severe lesions to the nose and mouth mucosa, leaving patients 

with severe disfiguration in progressed stages of the disease. It can be conferred by L. 

braziliensis. The most severe form is Visceral Leishmaniasis (VL) which localizes in the liver and 

spleen and leads to death in the absence of treatment. This form can be conferred by L. 

donovani or L. infantum.  

Current treatments for visceral leishmaniasis present important drawbacks, including high 

cost, toxicity, need for invasive administration and long duration of treatments. This is making 

them difficult to follow-up in low-income countries and today, we observe the emergence of 

resistance towards all approved treatments [3].   

In order to search for new treatments, multiple tools have been developed over the years, 

including reporter strains of Leishmania expressing fluorescence for in vitro follow-up and 

bioluminescence for in vivo experimentation. Obtaining reporter strains can be achieved 

either by transient or by stable transfection. Stable integration into the genome through 

homologous recombination enables long-term gene expression, but is more time-consuming 

compared to episomal transfection. Indeed, episomal transfection can be used for expressing 

a gene for a few generations and necessitates a simple prokaryotic plasmid with leishmanial 

Intergenic Regions (IRs) and flanking multiple cloning sites only [4]. While episomal 

transfection can be used for short in vitro experiments, in vivo monitoring requires stable 
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transfection to ensure that the reporter gene can still be expressed several months after 

infection. Nowadays, stable integration is facilitated by commercial Leishmania specific 

vectors such as pXG [5], p6,5 [6] and pLEXSY [7]. Indeed, stable transfection of Leishmania 

parasites with different reporter genes has totally renewed in vitro or in vivo studies which 

follow up disease progression in mice [8,9]. These improved parasites have made it possible 

to search for new treatments by testing a greater number of new compounds [10,11]. Using 

reporter genes for in vitro and in vivo drug [12], high-throughput screening [13,14], whole-

animal non-invasive imaging for parasites [12] and for the study of several aspects of host

parasite interactions have been realized. Leishmania parasites transformed with fluorescent 

or luminescent reporters have been used to understand relapse [15] and evaluate vaccine 

candidates [16]. Moreover, reporter genes have allowed to discover, in vitro and in vivo, new 

localizations of Leishmania parasites like in the thymus [17]. 

In most cases, transfected parasites express only a fluorescent or bioluminescent reporter.  

Fluorescent parasites are usually limited to in vitro applications due to a high background 

noise in vivo. Even though some fluorescent constructions exist to bypass these problems, 

such as far-red shifted fluorescence and highly bright fluorochromes, in vivo use remains rare 

in the case of whole-animal imaging [18]. In vitro fluorescence can allow for parasite 

visualization and counting. Microscopy and flow cytometry remain good techniques to 

visualize fluorescent parasites under either promastigote or amastigote form. [19]. In order 

to compensate for this limited in vivo use, bioluminescent strains have proven to be most 

efficient. Bioluminescent reporter strains are based on the use of the couple 

Luciferase/Luciferin for detection. While Firefly luciferase is the most commonly used enzyme, 

a lot of brighter mutants were generated, like NanoLuc luciferase that is smaller in size and is 

optimized with different substrates [20]. 

In summary, both fluorescence and bioluminescence present important advantages for in 

vitro or in vivo experimentation, and a strain expressing both types of reporter genes could be 

used for a vast array of applications. Here, we propose the creation of different reporter 

constructs and their testing in Leishmania parasites to obtain novel reporter strains. To 

perform long time follow up of the infection, we used stable transfection protocol to insert 
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fluorescent and bioluminescent reporter genes and have evaluated advantages and 

drawbacks of each construction. 

 

 

Material and Methods  

 

 

Mice and ethics statement 

Six- to eight-week-old female BALB/c mice were purchased from Charles River (France). Mice 

were maintained and handled according to the regulations of the European Union, the French 

Ministry of Agriculture and to FELASA (the Federation of Laboratory Animal Science 

Associations) recommendations. Experiments were approved by the CIEPAL-Azur ethic 

committee n  France Protocol number   ). Mice have been integrated 

into experiments after a minimum of one week of acclimatization. 

 

Isolation of Murine Bone marrow derived macrophages 

Female Balb/c mice aged 8-12 weeks were euthanized. Bone marrow was extracted from 

femurs with 25G needles, passed on filters and washed in RPMI medium 1640  (Invitrogen 

GIBCO ). Monocytes were then differentiated to macrophages on non-cell culture treated 

Petri dishes at C for  days in BMDM medium RPMI medium  supplemented with 

10% fetal calf serum and 1% Penicillin-streptomycin), in the presence of 100 ng/ml mouse M-

CSF Miltenyi Biotec  To detach macrophages  petri dishes were incubated at C with PBS-

EDTA mM  during  minutes  and macrophages were washed and counted in KOVA  

Glasstic  Slide  KOVA International  

 

Promastigote culture 

L. infantum promastigotes were obtained from a patient with visceral leishmaniasis acquired 

in the south of France, strain MON-1 (MHOM/FR/18/LPN432). L. major parasites have been 

collected on a Tunisian patient (MHOM/TU/17/LPN418). Promastigotes were grown at C 

at pH  in Complete Schneider s medium Schneider s Insect Medium  Sigma-Aldrich), 
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supplemented with 10% fetal calf serum (Biowest), 2% male human urine, 1% L-glutamine 

(Gibco), 1% HEPES and 1% Penicillin-streptomycin (Gibco). Passages were performed every 3 

to 4 days when cultures reached late log-phase. 

 

Generation of reporter gene constructs 

Expression vectors pLEXSY hyg2.1 (EGE-272) and pLEXSY neo2.1 (EGE-273) were purchased 

from Jena Bioscience. Plasmids containing the inserts of interest were purchased from 

Addgene. mRuby-H2B-6, pcDNA3.1-mMaroon1,  pcDNA3-teLuc c-myc, pCDH-EF1a-eFFly-

mCherry were gifts from Michael Davidson (Addgene plasmid # 55866 ; 

http://n2t.net/addgene:55866 ; RRID:Addgene_55866) [21], Michael Lin (Addgene plasmid # 

83840 ; http://n2t.net/addgene:83840 ; RRID:Addgene_83840) [22], Huiwang Ai (Addgene 

plasmid # 100026 ; http://n2t.net/addgene:100026 ; RRID:Addgene_100026) [23] and Irmela 

Jeremias (Addgene plasmid # 104833 ; http://n2t.net/addgene:104833 ; 

RRID:Addgene_104833) [24] respectively. 

The coding regions for all inserts were amplified by PCR using primers bearing homology to 

both insert and vector that are consigned in Table 1. For amplification, we used 35 cycles of 

C for  seconds  C for  seconds  C for  minute in a Techne TC-5000 pcr thermal 

cycler. The PCR products were migrated on a 1% agarose gel and the amplification of the 

inserts plus primers were purified with QIAquick PCR purification Kit  Qiagen  Leishmania 

expression vector pLEXSY hyg2.1 conferring resistance to HygromycinB (HygB) or pLEXSY 

neo2.1 conferring resistance to Geneticin (G418) were digested with the appropriate 

restriction enzymes (Table 1), then the insert was cloned by Gibson Assembly In-Fusion 

(Takara Bio) into the expression vector. The obtained result was transformed into XL-10 gold 

thermocompetent bacteria and plated on ampicillin-containing agar overnight, then resistant 

colonies were isolated, amplified and DNA was obtained following extraction. Following 

linearization of the expression vector by Swa I restriction enzyme, the insert containing DNA 

coding for 18S RNA flanking the coding sequence for the inserts and resistance marker was 

inserted into the 18S RNA coding region of Leishmania promastigotes by electroporation. 
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Electroporation into L. infantum promastigotes 

L. infantum promastigotes in exponential growth phase were suspended at 1x108 

parasites/mL in Electroporation Buffer (HEPES 21mM, NaCl 137mM, KCl 5mM, Na2HPO4 

0,7mM and Glucose 6mM). 

 Transfections were performed by electroporation (Gene Pulser X cell System, Biorad) using 3 

g of DNA for x 7 promastigotes in mm cuvettes   F   kV   

 

Electroporation into L. major promastigotes 

L. major promastigotes in exponential growth phase were transfected using the Parasite  kit 

(Lonza) on an Amaxa  Nucleofactor 2b (Lonza) by electroporation following program X-001. 

Transfections were performed in mm cuvettes l  using  g of DNA for x 7 

promastigotes in Nucleofector  Solution  

 

Selection of transformed Leishmania clones 

Following electroporation  parasites were cultured in Complete Schneider s medium for  

days without antibiotics, followed by 1 week of culture under appropriate selection pressure 

(Hygromycin B or Geneticin), then limiting dilutions were performed under 100 g mL 

selection pressure starting at 30 parasites per well. To isolate unique clones, the last well 

containing promastigotes 15 days after the initial inoculation were selected. After collection 

and expansion of single colonies, cultures were aliquoted and frozen at - C in  fetal 

calf serum, 10% DMSO until use. 

Insert Forward primer Reverse primer Insert size Vector Restriction enzyme

mMaroon1
ACCAGATCTGCCATGGATGGTGAG

CAAGGGCGAGG

TACCCTTAAGGCTAGCTTACTTGTA

CAGCTCGTCCATGCC
735 bp pLEXSY-neo2.1 Nco I / Nhe I

mRuby
CCTTGCCACCAGATCTGATCCACCG

GTCGCCACC
AGGAGGAGGGCGGCCGCCTTACC

CTCCGCCCAGGC
681 bp pLEXSY-neo2.1 Bgl II / Not I

teLuc
ACCAGATCTGCCATGGTGCCGCCA

CCATGGTCTT

TACCCTTAAGGCTAGCATGCATGC

TCGAGTTACAGATCCT
555 bp pLEXSY-hyg2.1 Nco I / Nhe I

eFFly-mCherry
CTTGCCACCAGATCTATGGAAGAT

GCCAAGAACATCAAG
GGCATGGACGAGCTGTACAAGTA

AGGTACCCACCACCATCACCA 
2427 bp pLEXSY-hyg2.1 Bgl II / Kpn I

Table 1 : Primers and restriction enzymes used to amplify inserts and linearize expression vectors

for Leishmania reporter strains
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In vitro infection of macrophages 

Macrophages were seeded at a concentration of 4x104 cells/well or 4x105 cells/well for 96 or 

12 well plates respectively. 4-day old L. infantum promastigote cultures were used for 

infection at different Multiplicities Of Infection (MOI) overnight. Plates were then washed 

twice with PBS to eliminate excess promastigotes in culture media and incubated in BMDM 

Medium at C for h to h  

 

Microscopy visualization and staining 

Microscopy images were acquired on Nikon Confocal A1R Microscope with a 60x/oil 

magnification. Actin was labeled with Phalloidin-iFluor 488 reagent (Abcam, ab 176753) for 

lysotracker experiments, and Phalloidin-iFluor 647 reagent (Abcam, ad 176759) for 

amastigote visualization experiments, and used at 1/5000e. Lysotracker Deep Red (Invitrogen, 

L  was used following supplier s recommendations, at 1/2000e. Hoechst (fisher 

scientific) was used at 1/400e. 

 

Characterization of the newly generated reporter strains  

At late log phase  parasites were counted and seeded in culture flasks in Complete Schneider s 

medium at a concentration of 1x106 parasites/ml. Cultures were then left to grow for 11 days, 

and Flow Cytometry was performed every day for 4 days, then on day 8 and 11. Briefly, 

parasites were resuspended in 500 l of PBS, and DAPI (Sigma) was added to stain dead cells 

prior to analysis. Data was analyzed by MACSQuantify  analysis software (version 2.13.0), and 

count/ml, percentage of Dapi+ dead cells, percentage and Mean Fluorescence Intensity (MFI) 

of mCherry+ cells and mMaroon1+ were reported. After assessing concentration of parasites, 

1x106 parasites were resuspended in PBS, and bioluminescent kinetics were determined after 

addition of Luciferin (20 l per 100 l, 30 mg/ml) or DTZ  l per  l  mM  with the 

Synergy2 Microplate Reader (BioTek). 
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Results 

 

Generation of reporter constructs for Leishmania 

 

In order to obtain a strain expressing the selected reporter genes, we have generated a 

construction in an integrative constitutive expression vector pLEXSY (Fig 1). This vector 

contains a bacterial backbone conferring resistance to the antibiotic Ampicillin (AmpR) that 

allows for bacterial selection. The eucaryotic region contains a multiple cloning site, and a 

resistance marker either to Hygromycin B or Geneticin antibiotic (AtbR) inserted between two 

homologous regions to 18S RNA of Leishmania ssu and ssu  After transformation of the 

different constructs consigned in table 2, we have evaluated the success of the transformation 

into Leishmania parasites. Following culture under the appropriate antibiotic depending on 

the construct (Hygromycin B or Geneticin), we have selected a number of clones from the 

limiting dilution technique. 

For mRuby, we obtained 8 clones, with 4 clones showing a correct growth rate. Among these 

4 clones, 2 were not fluorescent. For mMaroon1, we isolated 10 clones, all showing far-red 

fluorescence. Only 1 clone showed impaired growth. For teLuc, we isolated 21 clones, among 

which 4 clones showed growth defects. Rapid testing showed the 17 remaining clones were 

bioluminescent. 8 clones were selected for further testing, and we retained the most 

bioluminescent clone. For teLuc-mMaroon1 we used the most bioluminescent clone from the 

teLuc selections above. Among the 10 clones obtained after second transfection, all showed 

far-red fluorescence, but none showed emission of bioluminescence. Thus, we did not manage 

to obtain this double fluorescent and bioluminescent strain. Finally, 8 clones were selected 

after eFFly-mCherry L. infantum transformation, 5 of them showed correct growth rates. Every 

single isolated clone showed emission of red fluorescence and bioluminescence. For eFFly-

mCherry L. major, 8 clones were obtained. We selected the 2 best growing clones, that were 

also fluorescent. 

The best performing clones in terms of fluorescence intensity and bioluminescence emission 

were next used to characterize the newly transformed strains.  
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Insertion of fluorescent reporter genes allows for rapid verification of transfection success 

 

The transformation of Leishmania with the fluorescent reporter genes allowed for easy visual 

detection of the fluorescent protein inside parasites. Confocal microscopy showed that 

mMaroon1, mRuby and mCherry were correctly expressed in transfected parasites (Fig 2). 

However, if mCherry and mMaroon1 expression was stable inside a culture under antibiotic 

selection marker, the mRuby strains completely lost fluorescence despite the antibiotic over 

the course of 28 days, suggesting this fluorescent protein is unusable as a stably transfected 

reporter gene (Fig 3). Moreover, the intensity of the signal led to important overlap in other 

channels.  

Table 2 : Table of generated Leishmania reporter strains

Reporter gene Description
Leishmania expression 

vector
Leishmania strains

Fluorescence

mRuby Red Fluorescence

pLEXSY-neo-2.1

L. infantum

mMaroon1 Far red Fluorescence

Bioluminescence teLuc
Enhanced

Bioluminescence
pLEXSY-hyg-2.1

Double

teLuc-mMaroon1

Far red Fluorescence 
and enhanced 

Bioluminescence

pLEXSY-hyg-2.1 and 
pLEXSY-neo-2.1

eFFly-mCherry 
Red Fluorescence and 

Bioluminescence
pLEXSY-hyg-2.1 L. infantum, L. major
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eFFly-mCherrymRubymMaroon1

Figure 2 : Confocal microscopy on Leishmania infantum promastigotes expressing fluorescent 

reporter genes

The nuclei of L. infantum mMaroon1, mRuby and eFFly-mCherry strains were strained with Hoechst

and appear in blue.
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Figure 3 : Follow-up of fluorescence in L. infantum promastigote culture

Fluorescence percentage in cultures was assessed once a week in transformed cultures with

mCherry, mRuby and mMaroon1 by flow cytometry.
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Insertion of reporter genes in Leishmania parasites does not alter growth or death, and 

leads to stable fluorescence or bioluminescence expression. 

 

In order to assess whether or not transfection with reporter genes altered growth or death in 

transformed Leishmania parasites, concentration and mortality were assessed over the 

course of 11 days in a WT Leishmania culture or in the transformed culture. Flow cytometry 

follow-up demonstrated eFFly-mCherry insertion did not alter growth or mortality in L. 

infantum (Fig 4A) or L. major (Fig 4B) cultures. Cultures transformed with teLuc (Fig 4C) or 

mMaroon1 (Fig 4D) showed a similar profile in growth and mortality, suggesting reporter gene 

insertion was not unfavorable for parasite growth and survival. Fluorescence was stably 

detected in promastigote cultures for the first 3 days, and decreased as mortality increased in 

eFFly-mCherry L. infantum (Fig 4E), L. major (Fig 4F) and mMaroon1 (Fig 4H). In eFFly-mCherry 

constructs, bioluminescence emission was fairly stable for the first 4 days, with culminating 

values at day 2, then decreased in a similar fashion as fluorescence both in L. infantum (Fig 

4E) and in L. major (Fig 4F), suggesting eFFly-mCherry is a good reporter construct to visualize 

parasite death by the intermediate of either fluorescence or bioluminescence. In the case of 

teLuc, bioluminescence emission peaked higher even at lower parasite concentrations (1x105 

parasites were tested in the case of teLuc, versus 1x106 in the case of eFFly-mCherry to avoid 

signal overflow), with a peak emission at day 2, but bioluminescence values dropped faster 

than in the case of eFFly expressing cultures (Fig 4G). These results were compared to two 

existent L. infantum strains previously generated by Michel et al. [9], GFP and Luc L. infantum 

which showed similar results in growth, fluorescence and bioluminescence profiles 

(Supplemental Fig 1). 
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Bioluminescence emission of reporter strains were strongly correlated to the quantity of 

parasites in vitro 

 

We have also confirmed that concentration of parasites could be strongly correlated with an 

R2 superior or equal to 0.98 to bioluminescence emission in promastigote cultures, in teLuc L. 

infantum (Fig 5B) eFFly-mCherry L. infantum (Fig 5C) and eFFly-mCherry L. major (Fig 5D). At 

an equal quantity of 106 parasites, teLuc expressing promastigotes were 59 times more 

bioluminescent than eFFly-mCherry L. infantum (teLuc = 355x106 ph/s/cm2/sr ; eFFly-mCherry 

= 6x106 ph/s/cm2/sr) (Fig 5A).  As a reference, we have included data on the previously 

generated Luc L. infantum strain. teLuc expressing promastigotes were 47 times more 

bioluminescent than Luc expressing parasites (Luc = 7,5 x 106 ph/s/cm2/sr) (Supplemental Fig 

3). 
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Transfected parasites are able to infect macrophages and are visible in fluorescence 

microscopy  

 

We have verified that the mCherry and mMaroon1 fluorophores were sufficiently expressed 

to be visible both in the extracellular and intracellular form of Leishmania parasites. Confocal 

Figure 5 : in vitro correlation between bioluminescence emission and concentration of L. infantum

eFFly-mCherry, L. major eFFly-mCherry and L. infantum teLuc

(A) Image of Bioluminescence emission of serially diluted bioluminescence-expressing parasites after

addition of Luciferin or DTZ substrate

(B-D) Correlation between concentration and bioluminescence emission of promastigotes was
assessed by serially diluting L. infantum teLUC (B), L.infantum eFFly-mCherry (C), or L. major eFFly-

mCherry (D) starting with 1x106 parasites. R2 represents the linear regression analysis. All values of

fluorescence and bioluminescence are normalized to WT background emission.
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microscopy on BMDM cells infected with an MOI of 10, 24 hours post infection, showed 

intracellular parasites were visible inside the cells, suggesting eFFly-mCherry and mMaroon1 

parasites can be used for both promastigote and amastigote visualization (Fig 6). 

 

 

 

Transfected parasites are able to penetrate into host cells and are located inside lysosome-

fused vacuoles 

 

In order to verify if our newly transfected strains effectively localize inside phagocytic 

vacuoles, we stained infected BMDM cells with Lysotracker to observe lysosome-fused 

vacuoles and assess whether they colocalize with L. infantum parasites. Confocal microscopy 

revealed eFFly-mCherry L. infantum parasites inside BMDM cells, and showed that some of 

these intracellular parasites strongly colocalized with intense fluorescence emitted by 

lysotracker straining, indeed confirming the localization of parasites inside acid parasitic 

vacuoles fused to lysosomes (Fig 7). mMaroon1 parasites were not visible in colocalization 

with lysosomes (data not shown). 

Figure 6 : Confocal microscopy observation of eFFly-mCherry and mMaroon1 amastigotes

L. infantum eFFly-mCherry, L. major eFFly-mCherry or L. infantum mMaroon1 amastigotes inside

BMDM cells were stained with Hoechst and Phalloidin for BMDM cells, then observed by confocal

microscopy.

Nuclei are stained in blue, actin is stained in cyan, and parasites emit either red (eFFly-mCherry) or
far-red (mMaroon1) fluorescence.

Leishmania + nucleus + actin

eFFly-mCherry L. infantum eFFly-mCherry L. major mMaroon1 L. infantum

Leishmania + nucleus + actin
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Reporter strains can be used for visualizing in vitro infection of host cells by fluorescence 

and bioluminescence 

 

Following evidence that the new reporter strain eFFly-mCherry L. infantum could penetrate 

inside host macrophages, we investigated the possibility of visualizing parasites inside 

macrophages by flow cytometry and with luciferase assay. Flow cytometry showed that eFFly-

mCherry L. infantum allowed for visualization of differential infection between MOI 5, 10 and 

20 (Fig 8A) with an increase in percentage of infected cells as MOI increased. Median of 

fluorescence can here be correlated to the quantity of parasites inside cells, and we can 

observe an increase in median of fluorescence for both reporter strains (Fig 8B) suggesting 

that both percentage of infected cells and number of parasites per cell increase with the MOI. 

This was confirmed by bioluminescence after addition of luciferin (Fig 8C) with a similar 

increase in emitted signal dependent on MOI, that was also seen after addition of substrate 

DTZ to teLuc expressing L. infantum (Fig 8D). Newly transformed strains performed as well as 

previously generated reporter strains GFP and Luc L. infantum (Supplemental Fig 2). 

  

Figure 7 : Confocal microscopy of Leishmania infected BMDM cells

BMDM cells infected with eFFly-mCherry L. infantum parasites at an MOI of 10 for 24 hours. Images

were taken by Confocal microscopy. Nuclei are stained with Hoechst and appear in blue, actin is

stained with phalloidin and appears in cyan, lysosomes are stained with Lysotracker and appear

yellow, and eFFly-mCherry L. infantum emit red fluorescence.

eFFly-mCherry L. infantum Lysosomes Merge + Nucleus + actin
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Figure 8 : In vitro characterization of L.infantum eFFly-mCherry amastigotes

Percentage of infected BMDM cells after 24h of infection at MOI 5 to 20 with eFFly-mCherry L.

infantum as assessed by flow cytometry (A). Median of Fluorescence was quantified on infected cells,

and represents and idea of the number of parasites per cell (B). Bioluminescence of eFFly-mCherry

(C) or teLuc (D) inside BMDM cells in the same conditions of infection was measured after addition of
luciferin substrate. Bioluminescence was aquired on Synergy Biotek machine with a gain of 255 for

eFFly-mCherry amastigotes, and a gain of 135 for teLuc amastigotes to avoid signal overflow, hence

the lower bioluminescent signal in teLuc parasites even though they are brighter than eFFly-mCherry

parasites.
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Discussion 

 

Reporter genes have revolutionized the study of disease progression in the case of 

leishmaniasis by offering time-saving, high sensitivity and high resolution tools for localization 

studies, longitudinal evolution of the disease as well as high throughput drug screening. The 

use of fluorescent markers has allowed the use of a vast array of techniques on Leishmania, 

such as cytometry [25], microscopy, ex vivo studies [26], and visualization inside infected 

sandflies [27]. Even though it is commonly limited to in vitro use, fluorescent markers can be 

used in the follow-up of cutaneous forms of leishmaniasis in vivo [28], and can also be tracked 

in deep-tissue with intravital imaging in mice [29]. 

In this article, we describe the generation of a number of different constructs, taking 

advantage of the pLEXSY configurations that allow for insertion into more than one 

Leishmania species, and from the IN-FUSION technique that allows for easy primer design and 

insert choice. Table 3 sums up the advantages and drawbacks of every strain that was 

generated for use in Leishmania. 

    

 

 

The mMaroon1 construct allowed for Far red fluorescence emission, that led to low 

background noise in cells, but with low brightness and high pH sensitivity. This construct was 

efficient in promastigotes, but signal was very faint inside host cells after infection, and was 

unobservable after 48 hours. Even though the pLEXSY configurations integrate DNA inside 18S 

Table 3 : Table of obtained Leishmania reporter strains with their advantages and drawbacks

Reporter gene Leishmania strains Advantages Drawbacks

Fluorescence

mRuby

L. infantum

High brightness (39,2), low sensitivity to pH 

(pKa=4,4)

Loses fluorescence expression even under

antibiotic selection. High brightness leads to 

signal overlap

mMaroon1
Far red fluorescence has low background 

noise in cells

Low brightness (8.8), sensitive to pH (pKa=6,2) 

rendering imaging complicated in amastigote 

form

Bioluminescence teLuc Brighter in vitro than Firefly luciferase
Unstable substrate with solubility issues. 

Expensive chemical substrate

Double eFFly-mCherry L. infantum, L. major

Low sensitivity to pH (pKa=4,5), double 

reporter genes allowing for in vitro and 

possible in vivo use

Medium brightness (15,4)
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RNA coding regions, that should not be expressed differently between stages, we have 

observed an overall decrease in fluorescence in every fluorescent strain with amastigote 

transformation. Loss of signal could be due to the low brightness of mMaroon1, but is most 

likely to be due to this protein s sensitivity to acid  Indeed  pKa of mMaroon  protein was of 

6.2, meaning half the fluorescence intensity was lost at a pH 6.2. Seeing as Leishmania 

parasites colocalize with lysosomes, it is possible that fluorescence was lost due to the 

inherent properties of this fluorophore. 

The mRuby red fluorescent protein compensated this pKa problem (pKa =  4.4) with very low 

pH sensitivity and high brightness. However, despite the choice of a configuration that allowed 

stable insertion by targeting 18S RNA, mRuby red fluorescence was lost over time even in the 

presence of antibiotic selection pressure in Geneticin (G418), contrary to the other fluorescent 

strains, that maintained fluorescence expression for at least 10 passages in vitro. Further 

investigation should be performed in order to verify if mRuby was really inserted into 18S RNA 

coding regions by sequencing, or if it was inserted then lost over time. Another explanation 

would be a lower expression of the protein by the parasite, which would explain why parasites 

retain resistance to G418 but lose red fluorescence. 

While fluorescence can be a good reporter for a vast array of studies, some drug screenings 

can face the problem of interference of fluorescence with molecular structures such as 

flavanol aglycones, rendering screening by fluorescence difficult [28]. In this case, the use of 

another reporter gene such as bioluminescence could help bypass these limitations.  

Firefly luciferase is the most commonly used luciferase enzyme, but there are a number of 

alternatives such as Renilla, Oplophorus and Gaussia Luciferase that use analog substrates 

[30]. Other mutant proteins derived from these luciferases, such as NanoLuc and teLuc have 

been generated and allow emission of bioluminescence that is brighter, even though new 

substrates are not always ideal for in vivo applications [31]. We have used teLuc, a nanoLuc 

mutant with bright, red shifted bioluminescence emission after the addition of the DTZ 

substrate that should be up to 1 000 times more bioluminescent that regular Firefly luciferase 

with luciferin [23]. Although very high bioluminescence was indeed observed in vitro, the DTZ 

substrate appeared difficult to solubilize in most classically used solvents, and is very unstable 

once it is solubilized. This could be challenging for further applications such as in vivo use, 
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where incorrect solubilization could lead to incorrect dosage and the need for chemical 

solvents might not be suitable for in vivo applications. 

In summary, both fluorescence and bioluminescent have their own sets of limitations, and are 

complementary techniques that can be used for long term follow-up of the same animal, up 

to precise localization inside cell types. Thus, the generalization of double reporter strains can 

allow for a diversity of techniques to be used with the same transformed strain. We have tried 

to obtain a strain expressing both fluorescence and bioluminescence by first transfecting 

pLEXSY-hyg2.1/teLuc and selecting a single clone expressing high levels of bioluminescence. 

We next performed a second transfection with pLEXSY-neo2.1/mMaroon1, and tried selecting 

double reporter strains. Unfortunately, parasites appeared to be fluorescent after 

transfection but did no longer emit bioluminescence after substrate addition, suggesting that 

a subsequent transformation can eject the first present insert. This should be confirmed by 

sequencing. The double transfection of two separate plasmids is a very time-consuming 

process, as it requires the selection of a single clone expressing the first reporter gene, then a 

second round of transfection and selection to obtain a double construct. Seeing the second 

transfection might lead to the loss of the first insertion, it should be considered to use two 

different expression vectors targeting different sequences as they are already available [5 7].  

However, to avoid loss of inserts and save the time of a second round in selection, it can be 

possible to combine two sequences of interest in the same expression vector configuration, 

as we did with eFFly-mCherry, that was already commercially available. eFFly-mCherry 

showed both good fluorescence with low pH sensitivity and bioluminescence emission. It was 

visible both in promastigote and amastigote form, colocalized with acidic vacuoles and could 

be followed by flow cytometry and bioluminescence, allowing for a change in technique of 

detection should there be any fluorescent interference or limit of detection in 

bioluminescence emission. 
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Conclusion 

 

Finally, we have taken profit of the multiple tools that exist today to generate Leishmania 

reporter strains expressing bioluminescence, fluorescence or both. From all the generated 

strains, the fluorescent strain mRuby did not show a stable insertion allowing for fluorescent 

expression throughout passages. mMaroon1 appeared as a good reporter strain for 

promastigote follow-up but failed to resist to the acidic pH inside macrophages, thus limiting 

its application in amastigote monitoring and highlighting the importance of pKa verification. 

teLuc showed increased bioluminescence emission in vitro and could be a good candidate for 

in vivo application, however in our hands the substrate DTZ appeared difficult to solubilize and 

would not be injectable to mice. The double reporter strain teLuc-mMaroon1 highlighted the 

possibility of gene loss in the case of insertion with the same expression vector targeting the 

same regions, even if 18S RNA is a repeated region. Finally, eFFly-mCherry appears to be a 

good candidate for further in vitro testing, with sustained fluorescence and bioluminescence 

that is visible in both L. infantum and L. major.   
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Supplemental figure 2 : In vitro characterization of the Luc and GFP L. infantum strains

Percentage of infected BMDM cells after 24h of infection at MOI 1 to 20 with GFP L. infantum as

assessed by flow cytometry (A). Median of Fluorescence was quantified on infected cells, and

represents and idea of the umber of parasites per cell (B). Bioluminescence of Luc L. infantum inside

BMDM cells in the same conditions of infection was measured after addition of luciferin substrate
(C).
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Supplemental figure 3 : in vitro correlation between bioluminescence emission and concentration

of Luc L. infantum

(A) Image of Bioluminescence emission of serially diluted bioluminescence-expressing parasites after

addition of Luciferin substrate.

(B) Correlation between concentration and bioluminescence emission of promastigotes was assessed
by serially diluting Luc L. infantum starting with 1x106 parasites. R2 represents the linear regression

analysis. All values of fluorescence and bioluminescence are normalized to WT background emission.
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Travau  complémentaires à l étude des souches 

rapportrices de Leishmania 

 

 

En parallèle de ces travaux  nous avons aussi transfecté des souches de L. tarentolae, une 

espèce trouvée chez le lé ard qui n est pas pathogène pour l homme   

La vérification de la croissance après transfection a montré que l insertion du transgène n a 

eu aucun effet sur la pousse des parasites  La souche émettait la plus haute bioluminescence 

au jour 2 de la croissance  comme ce qui avait été observé pour les souches de L. infantum et 

L. major (Fig 7). 

 

 

     

Figure 7 : C i a ce  a i é e  é i i  de bi i e ce ce de L. tarentolae WT et eFFly-mCherry. 

A ga che  c i a ce e  a i é d e che de L. tarentolae WT e  a f ée eFF -mCherry. A 

d i e  é i i  de bi i e ce ce de a che de L. tarentolae eFFly-mCherry. 

 

 

Les parasites L. tarentolae sont bien rouges en visualisation en microscopie  et émettent une 

fluorescence homogène dans la cellule (Fig 8). 
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Figure 8 : Promastigotes L. tarentolae-eFFly-mCherry en microscopie confocale.  

En rouge, le parasite, en bleu ADN marqué au Hoechst. 

 

 

Tests in vivo de la souche teLuc L. infantum 

 

Des essais in vivo avec la souche teLuc L. infantum ont été réalisés sur des souris Balb c  Après 

injection dans la veine caudale de 3x106, 3x107, ou 3x108 leishmanies  les souris ont été 

imagées au jour  puis  post infection après injection de  l de DTZ à mM  A l imagerie 

in vivo  nous n avons observé aucun signal au niveau du foie ni de la rate résultats non 

présentés). 

Quinze jours post infection  les souris ont été sacrifiées et les rates et foies ont été récupérés  

Après e traction d ADN  les charges parasitaires ont été quantifiées dans les deu  organes 

cibles et ont révélé que les souris étaient bien infectées avec des leishmanies  même si aucun 

signal n était visible en imagerie in vivo après injection du substrat (Fig 9). 
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Figure 9 : Quantification par qPCR de a cha ge a a i ai e da  e f ie e  a a e de i  i fec ée  

L i fec i  a é é éa i ée  j  a a a a  a ec de  a i é  de ei h a ie  a iab e  

 

 

Tests in vivo de la souche eFFly-mCherry L. infantum 

 

La souche double rapportrice eFFly-mCherr  caractérisée précédemment a également été 

injectée à des souris Balb c  Afin de pouvoir mieu  caractériser la souche eFFl -mCherry, nous 

l avons comparée avec la souche Luc disponible au laboratoire  Nous avons donc injecté 8 

leishmanies dans la veine caudale des souris  puis réalisé des imageries     et  jours 

post-infection. Les leishmanies Luc L. infantum et eFFly-mCherry se retrouvent bien au niveau 

du foie à  jour post infection  puis les parasites Luc se multiplient dans le foie jusqu à  jours  

puis diminuent et se localisent dans la rate à  jours  alors que les parasites eFFl -mCherry L. 

infantum ne sont plus visibles dès  jours post infection Fig  
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Figure 10 : Infection de souris Balb/c avec des L. infantum Luc et eFFly-mCherry 

 

La quantification de ces données à l aide des ROI sur le foie et sur la rate est montrée ci-

dessous (Fig 11). 

 

 

Figure 11 : Q a ifica i  de é i i  de bi i e ce ce a  i ea  d  f ie e  de a a e de i  

i fec ée  a  L. infantum Luc et eFFly-mCherry 

 

Nous avons voulu regarder dans une e périmentation indépendante et sur des temps plus 

courts la cinétique de disparition du signal dans les souris infectées par eFFl -mCherry L. 

infantum  Le signal bioluminescent était toujours présent dans le foie des souris infectées à  

Luc L. infantum
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jour post-infection  puis a chuté fortement  mettant encore en évidence des leishmanies à  

jours mais plus à  jours Fig  

 

Figure 12 : É i  de i fec i  de i  Ba b c a  L. infantum eFFly-mCherry sur des temps 

courts 

 

La quantification de la charge parasitaire dans le foie par bioluminescence est montrée ci-

dessous (Fig 13). 

 

Figure 13 : Q a ifica i  de é i i  de bi i e ce ce da  e f ie de i  i fec ée  a  L. 

infantum eFFly-mCherry. 
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IV. Discussion 

 

Face aux limites des traitements actuels contre la leishmaniose, tant au niveau du coût, de la 

to icité et face à l apparition croissante de résistances  il est aujourd hui urgent de trouver 

des traitements alternatifs  L arrivée des gènes rapporteurs pouvant être stablement 

e primés par les parasites a montré un gain de temps et d argent considérable  permettant 

des criblages à haut débit (Lang, Goyard, Lebastard, & Milon, 2005) et l avancée constante en 

terme de génération de protéines fluorescentes améliorées et de luciférases permettant une 

émission de bioluminescence plus vive ne cesse d agrandir l étendue des possibilités  Nous 

avons réalisé des transfections afin d obtenir  nouvelles souches fluorescentes  

bioluminescentes ou doublement transformées  Les transgènes sélectionnés l ont tous été 

pour améliorer la détection  ou la longueur d onde d émission de rapporteurs déjà disponibles 

dans Leishmania, et ont tous montré des avantages et des inconvénients complémentaires les 

uns des autres. 

La construction mMaroon  permettant une émission de fluorescence dans le rouge lointain  

possédait une intensité basse  mais menait à très peu de bruit de fond dans les cellules  

Cependant  sa sensibilité à l acide n a pas permis sont utilisation pour visualiser la forme 

amastigote du parasite localisé dans des vacuoles acides  Pour compenser ce problème  nous 

avons réalisé une construction mRub  très intensément fluorescente dans le rouge  avec un 

pKa de  traduisant une très faible sensibilité à l acide  Cette construction a donné des 

promastigotes très fluorescents  mais l émission de fluorescence n a pas été maintenue au 

cours du temps  Il serait intéressant de vérifier la présence du transgène mRub  par 

séquençage  et de vérifier la présence de la protéine afin de voir pourquoi cette construction 

qui devrait être stablement insérée dans le génome pouvait conduire à une perte de la 

fluorescence.  

La construction teLuc a permis une émission de bioluminescence très forte  à la fois dans la 

forme promastigote qu amastigote  mais le substrat est comple e à dissoudre dans un 

solvant. Il n est pas stable dans du DMSO et nécessite la suspension dans des solvants 

incompatibles avec le vivant  ou alors donne lieu à des solutions non homogènes  L obtention 

d une souche e primant à la fois la fluorescence et la bioluminescence a été un échec une 
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première fois avec le mMaroon -teLuc  car l insertion du second transgène a remplacé le 

premier. La construction eFFly-mCherr  issu d un seul plasmide donc d une seule 

recombinaison  a montré de bons résultats in vitro.  

Les souches eFFly-mCherry et teLuc ont donc été testées in vivo.  

Si le teLuc avait pu être utilisé in vivo dans la littérature (Yeh et al., 2017), la solubilisation du 

substrat de l en me a posé un problème in vivo de détection entre nos mains  Effectivement, 

si la qPCR a permis de mettre en évidence une charge parasitaire importante au niveau du 

foie et de la rate de souris Balb/c 15 jours post-infection  aucun signal n était visible en suivi 

de bioluminescence sur l animal entier  Sachant que la souche teLuc émet plus de 

bioluminescence que des souches Luc classiques  et que les souches Luc ont été visualisables 

en imagerie in vivo, nous émettons l h pothèse qu il s agit d un problème d accessibilité du 

substrat aux organes profonds. 

Les parasites eFFly-mCherr  nécessitent l ajout de l en me luciférine  qui est très facilement 

soluble dans le PBS  Nous n avons pas observé de difficultés in vivo de mise en évidence de 

l infection  jour post injection  cependant contrairement au  leishmanies Luc  les eFFly-

mCherry L. infantum n ont pas persisté au niveau du foie  et ce dès  jours post infection  Il 

sera nécessaire de réaliser des quantifications par qPCR pour confirmer l élimination du 

parasite et écarter la possibilité d une baisse de l e pression de la protéine eFFl  qui mènerait 

à une réduction du signal bioluminescent  

 

 

V. Conclusion et Perspectives 

 

La génération d une nouvelle souche rapportrice est un processus couteu  en temps  qui ne 

donne pas toujours des constructions utilisables dans le s stème dans lequel elles ont été 

insérées  Sur les  constructions que nous avons essa é d obtenir   n a pas aboutie à la double 

transformation souhaitée   ont montré des limites dès les tests in vitro et les deux autres ont 

montré des problèmes lors des tests in vivo.  

Cependant la mise au point des techniques de construction et de transformation nous ont 

permis d avoir un protocole robuste pour le remplacement des gènes d intérêt dans les 
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constructions  et il sera intéressant d utiliser ces connaissances afin de générer un panel de 

nouvelles souches rapportrices dans le futur. 

La souche la plus prometteuse reste la L. infantum teLuc car elle montre une bioluminescence 

très importante in vitro  qui pourrait permettre la mise en évidence de sites faiblement 

infectés dans l animal  et peut être d étudier les sanctuaires de persistance ou le portage 

as mptomatique si le problème de solubilité du substrat peut être résolu  

Actuellement  de nouveau  solvants sont disponibles et des tests préliminaires ont montré 

que la solubilité était bien meilleure dans ces conditions de solubilisation  Nous 

reprogrammerons donc des e périmentations afin de tester de nouveau la détection in vivo 

des parasites teLuc avec le nouveau solvant. 
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Partie II  Recherche de nou eau  composés immuno-

stimulateurs contre Leishmania 

 

 

Cette partie de la thèse contient des résultats confidentiels  car soumis à un dépôt de brevet  

Les noms de toutes les molécules utilisées ont aussi été volontairement anonymisés afin de 

ne pas dévoiler la nature des composés. Pour le rapport, qui devra rester confidentiel à la suite 

d une demande de la SATT Sud-Est  les correspondances avec les molécules sont indiquées 

dans ce tableau (Fig 14). 
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1 Acide palmitique 

2 Harmane 

3 Uvaol 

6 Acide oléanolique 

7  sitostérol 
8 DL-  tocopherol acétate 

9  tocopherol 

10  tocopherol 

11  tocopherol 

12  tocopherol 

13  tocotrienol 

14  tocotrienol 

15  tocotrienol 

16  tocotrienol 

17 -tocopherol acétate 

18 -tocopherol succinate 

19 Phytol 

20 Oleyl alcohol 

21 Trolox 

22 Trolox méthyl éther 

23 Acide garcinoique 

24 Succinate de phytyle 

25 Maléate de phytyle 

26 Succinate d' -tocopherol 

27 Maléate d' -tocopherol 

28 Succinate de -tocopherol 

29 Succinate de l'ester isopropylique du trolox 

30 Maléate de l ester isopropylique du trolox 

 

Figure 14 : Tableau des correspondances entre les numéros des molécules et leur nom. 
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I. Introduction 

 

Comme il a été mentionné dans l introduction générale de la thèse  et dans la revue 

 Leishmaniasis : Strategies in treatment development  (cf. page 33 du manuscrit), il existe 

actuellement plusieurs traitements approuvés permettant le traitement de la leishmaniose  

Ces traitements possèdent cependant d importantes limitations  Le traitement de référence  

préconisé par l OMS pour le traitement des leishmanioses viscérales sur le pourtour du bassin 

méditerranéen est l Amphotéricine B sous sa forme liposomale  Sa formulation liposomale est 

importante pour limiter la toxicité rénale du traitement  mais augmente aussi fortement le 

coût de production  Il est administré par voie intraveineuse  et nécessite une hospitalisation 

pour suivre le traitement. Si ce traitement limitait auparavant les risques de rechute et de 

non-réponse thérapeutique comparé à d anciens traitements comme les antimoniés 

pentavalents (Sodium Stibogluconate et Meglumine antimoniate  on voit aujourd hui 

apparaître de plus en plus de cas de résistance à l Amphotéricine B (Ponte-Sucre et al., 2017). 

Il devient donc urgent de découvrir de nouveaux traitements efficaces contre la leishmaniose. 

Parmi les stratégies de recherche de traitement actuels  la recherche de molécules naturelles  

que ce soit au travers l étude de composés couramment utilisés en médecine traditionnelle 

ou à travers l étude de la biodiversité  possède une place de plus en plus importante  

Effectivement  les végétaux représentent une grande partie de la biodiversité terrestre et 

beaucoup de composés utilisés aujourd hui en médecine sont issus de plantes  De plus  c est 

un sujet qui est dans l air du temps  avec la montée de plus en plus importante de la 

consommation  Bio  et des remèdes naturels  moins  chimiques  et le souci de recyclage 

afin de préserver la planète  

 

Depuis  mon équipe d accueil au C3M travaille en collaboration avec l Institut de Chimie 

de Nice ICN  Dans un souci de valorisation de la végétation locale  et de recyclage de déchets 

végétaux issus de l industrie de la parfumerie  l équipe de l ICN a récupéré des plantes  qui ont 

été extraites en fractions  Ces fractions ont ensuite servi à réaliser un crible visant à identifier 

des extraits : 
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1. Non cytotoxiques 

2. Avec ou sans activité sur la forme extracellulaire promastigote de L. infantum 

3. Avec une activité sur la forme amastigote intracellulaire de L. infantum, 

responsable de la maladie 

 

L organisation de ce crible nous permettra d identifier des extraits qui peuvent être utilisés 

sur les cellules sans posséder de toxicité  Les tests sur la forme promastigote et amastigote 

permettront d identifier  types de candidats actifs : 

1. Ceux avec une activité sur la forme promastigote seulement  activité directe sur le 

parasite. 

2. Ceux avec une activité sur la forme promastigote et amastigote  activité directe 

sur le parasite  avec possibilité d agir sur la leishmanie intracellulaire accessibilité 

des composés  

3. Ceux avec une activité sur la forme amastigote uniquement  activité possiblement 

indirecte sur le parasite  médiée par l activité de la cellule hôte  

 

Ce crible ne permet donc pas seulement d identifier des composés actifs  mais aussi 

potentiellement d identifier des composés immuno-stimulateurs  dont l activité anti-

parasitaire est médiée par la cellule hôte  

Ceci est important car des composés qui ne ciblent pas directement les pathogènes  

présentent un risque moins important d aboutir à l émergence de résistances  

 

Sur près de  plantes et extraits testés dans ce crible de  qui font l objet d une thèse 

de science réalisée avant celle-ci par Aurélie Schwing (Schwing-Chaïb   les extraits 

cytotoxiques ont été écartés du crible de façon précoce  Par la suite  les extraits non toxiques 

ont été testés sur les promastigotes et amastigotes de L. infantum   extraits ont montré une 

activité sur seulement la forme promastigote   extraits avaient une activé sur la forme 

promastigote et amastigote  et  seul extrait n était actif que sur la forme intracellulaire 

amastigote du parasite  Au cours de ma thèse  je me suis intéressé à ce dernier extrait intitulé 

CA-TM-0015 (Fig 15). 
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Figure 15 : Résumé du projet de thèse à l’origine des travaux présentés ici.  

 

L extrait CA-TM-  montrant une activité uniquement sur la forme amastigote  a été divisé 

en fractions afin de pouvoir éventuellement identifier la ou les molécules responsables de son 

activité  L extraction a été réalisée à l aide d un extracteur de Soxhlet  qui consiste à faire 

macérer dans un solvant la drêche de la plante  Le mélange est ensuite chauffé  et le solvant 

s évapore tandis que le liquide retombe par condensation dans le ballon et enrichit petit à 

petit le mélange en composés solubles issus de la drêche  L extraction est suivie par un 

fractionnement par chromatographie sur colonne de silice  qui permet une séparation des 

composés contenus dans l extrait  Les fractions sont ensuite passés sur une colonne HPLC 

High Performance Liquid Chromatography  qui permet l identification de pics correspondant 

à des molécules ou familles de molécules Fig  
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Figure 16  Schéma d  océdé d ob en ion de  chromatogrammes HPLC.  

 

L identification par HPLC se base sur une technique de séparation des composés présents dans 

un extrait basé sur leur affinité avec le solvant utilisé. La détection est réalisée selon deux 

techniques  une lecture à nm, ainsi que l utilisation d un détecteur évaporatif à diffusion 

de lumière ELSD  Le passage de l extrait CA-TM-  a permis l obtention du graphe suivant 

(Fig 17). 

 

 

 

Figure 17  Ch oma og amme HPLC de l e ai  CA-TM-0015.  

Obtenu sur une colonne Luna® C18 (150 mm × 4,6 mm ; 5 m) à 280 nm et avec ELSD ; gradient de 

solvan  acidifié  à  d acide fo mi e : H2O, ACN, iPrOH 
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Lorsque l on analyse les profils ELSD de la fraction CA-TM-0015, on remarque que deux grands 

groupes de pics ont pu être isolés  L extrait CA-TM-  a ensuite été repassé en 

Chromatographie sur colonne de silice phase normale (cyclohexane et Et2O  afin d obtenir les 

fractions A à G  Parmi celles-ci  les fractions C et E permettaient de séparer le plus 

efficacement les deux familles de pics obtenus en HPLC (Fig 18). 

 

 

 

 

 

Figure 18 : Chromatogramme HPLC des fractions C et E.  

Obtenues sur une colonne Luna® C  ( 0 mm  ,  mm ;  μm) avec ELSD  
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Dans les étapes suivantes, les fractions ont été passés en Chromatographie de partage 

centrifuge afin de séparer les pics contenus dans les fractions, pour obtenir 1 seul pic par 

condition (Fig 19). 

 

 

 

 

 

Figure 19 : Résultat de la chromatographie de partage centrifuge sur la séparation de la fraction E 

 

 

Une fois qu il n y avait qu un seul pic par chromatogramme, les molécules ont été identifiées 

par spectroscopie RMN (Résonnance magnétique), et nous avons pu obtenir des fractions les 

molécules 1 à 8 qui seront testées dans la suite de ce manuscrit. 
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II. Matériel et Méthodes 

 

Culture des leishmanies Luc et teLuc L. infantum sous forme promastigote 

Les souches utilisées pour ces travaux ont été isolées sur des patients atteints de leishmaniose 

viscérale à Nice  Une souche de L. infantum MON-  MHOM FR LPN  transformée pour 

exprimer stablement la luciférase Luc, et une souche de L. infantum MON-1 

(MHOM/FR/18/LPN432) isolée à Nice en  transformée pour exprimer stablement la 

luciférase teLuc ont été utilisées  Elles sont maintenues en culture à C dans du milieu 

Schneider s Insect Medium Référence   Sigma  supplémenté en NaHCO3 0.4g/L 

Janssen chimica  CaCl2 g L Fluka Chemika  Sérum de veau fœtal SVF   Référence 

: 10270-  GIBCO  Urine  provenant d un pool  HEPES mM pH  Référence  

D  EUROMEDEX ), L-Glutamine 1% Référence  -  GIBCO  Pénicilline-

Streptomycine  Référence : 15140-122 GIBCO ), et de  de Rouge Phénol Sigma, 

P0290  Les cultures sont diluées  fois par semaine  en début de phase stationnaire de 

croissance  à x 6  leishmanies mL  Le milieu de culture est additionné d Hygromycine B à 

ug mL Référence : 1068701, GIBCO ) pour permettre la sélection des souches 

transformées  

 

Isolation et culture des macrophages murins primaires 

Les BMDM Bone Marrow Derived Macrophages  proviennent de souris Balb c  âgées de  à 

12 semaines  Les souris sont euthanasiées par dislocation cervicale  Après dissection et 

récupération des fémurs  la moelle osseuse est récupérée par lavages successifs avec une 

seringue G  puis filtrées sur un tamis de 0,45 M. Les cellules sont ensuite lavées  puis mises 

en culture à C  CO2 (5%), dans du milieu RPMI Medium 1640  Référence : 21875, 

Invitrogen GIBCO  supplémenté en SVF  Référence : 10270-098, GIBCO ), 

Pénicilline streptomycine  Référence : 15140-122 GIBCO ), et de M-CSF 100 ng/mL 

(Mouse M-CSF, Miltenyi Biotec). Les cellules sont maintenues en culture pendant 6 jours sur 

des boites en plastique non traité pour la culture cellulaire  afin d induire leur différenciation 

en macrophages sous l effet du M-CSF (100ng/ml  Ensuite  les cellules sont détachées au PBS-

EDTA 5mM pendant 10 minutes, puis ensemencées   cellules par puits dans les 
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plaques 12 puits, 30 000 cellules par puits dans les plaques 96 puits) sur la nuit pour une 

utilisation le lendemain. 

 

P é a a  de  e a  de a e  

Les extraits ont été fournis par l ICN à une concentration de mg ml  suspendus dans du 

diméthylsulfoxyde DMSO  Dès leur arrivée  les extraits sont répartis en petits volumes et 

congelés à - C afin d éviter les successions de cycles de congélation décongélation qui 

pourraient mener à la dégradation des molécules contenues dans les extraits  

 

Te  de c c é de  e a  e  éc e  

Les extraits de plante sont testés à  g mL  incubés avec les cellules BMDM à C  CO2 

(5%) pendant 48h. Les molécules pures sont testées à des concentrations allant de  M 

à M par dilutions sérielles au  La viabilité des cellules est ensuite testée par ajout de 

 d alamarBlue HS  (Invitrogen)  La mesure de la viabilité est réalisée après h 

d incubation à C  en lisant la fluorescence Excitation Emission nm  : 530-560  590) de la 

plaque dans le lecteur de plaques multi-mode Synergy   BioTek ). 

 

Ac é de  extraits et éc e   a f e a g e 

Les extraits de plante sont testés à  g mL  incubés avec les cellules BMDM à C  CO2 

 pendant h  Les molécules pures sont testées à des concentrations allant de  M 

à  M par dilutions sérielles au  La viabilité des promastigotes est testée grâce à l ajout 

de l d une solution de 30 mg/mL de luciférine (D-Luciferin Potassium salt 1G, 122796, 

PerkinElmer SAS) par lecture de bioluminescence dans le lecteur de plaques multi-mode 

Synergy   BioTek ). 

 

Ac é de  e a  e  éc e   a f e a a g e b e ce e 

On ensemence 2x104 cellules BMDM par puits  en présence de  ng/ml de MCSF pour 

induire leur activation et différenciation en macrophages pendant  jours à C  Après 

activation, on infecte les cellules à une MOI de  parasites par cellule  h plus tard  les cellules 

sont lavées puis laissées h à C pour la transformation des parasites en amastigotes. Les 
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extraits et les molécules sont ajoutées à 100 μg/ml, et on incube à 37°C pendant 48h, puis on 

mesure la viabilité à l aide de la luciférine, par mesure de bioluminescence 

(Photons/secondes) dans le lecteur de plaques multi-mode Synergy   BioTek ). 

 

Tests de stabilité des molécules 

Les molécules pures commerciales sont initialement suspendues dans du DSMO à une 

concentration de 100 µg/mL. Pour la dégradation forcée, les molécules sont gardées pendant 

1 semaine à 4°C, 50°C ou 100°C. Pour les expérimentations en condition de laboratoire, les 

molécules sont gardées à - C ou à température ambiante à l abri de la lumière durant  

jours. Les suspensions sont ensuite passées en Chromatographie liquide de haute 

performance HPLC  dans un gradient d élution  Acéto-nitrile, 20% Isopropanol, sur une 

colonne Luna C18 150 mm*4,6 mm*5 µm. Les chromatogrammes DEDL, 210 nm et 292 nm 

sont acquis, puis l aire sous la courbe  nm est mesurée à l aide du logiciel Agilent 

Chemstation avec l aire sous la courbe de la molécule nouvellement reprise fixée à  

Ensuite, le rapport est réalisé afin d obtenir le pourcentage de molécule présente dans la 

suspension. 

 

Cytokine Array 

Le cytokine array (R&D systems Proteome Profiler, Mouse cytokine Array Panel A, #ARY006) 

est composé d un panel de  cytokines  Il a été réalisé en suivant les indications du 

fournisseur. Brièvement, 500 µl des échantillons sont mélangés avec le cocktail d anticorps et 

incubés pendant une heure, puis sont ajoutés sur les membranes du cytokine array. La 

révélation des cytokines capturées par les anticorps de la membrane est réalisée à l aide de la 

Streptavidine/HRP et de son substrat, qui mène à une émission de bioluminescence. La 

visualisation de la membrane a été réalisée à l aide du Fujifilm LAS 4000 Gel Imager contrôlé 

par le logiciel ImageQuant LAS 4000. Le traitement des données a été fait avec le logiciel Multi 

Gauge v3. de Fujifilm. 

 

Infection et suivi des souris in vivo 

Des souris Balb/c femelles âgées de 6 semaines ont été infectées par voie intraveineuse avec  
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3x108 parasites L. infantum-Luc en fin de phase exponentielle de croissance, 5 jours post-

dilution  Les parasites ont été préalablement lavés  fois avec du PBS  Suivant l infection  les 

souris ont été imagées aux jours indiqués après injection intrapéritonéale de D-luciférine 

(PerkinElmer, 122799 XenoLight D-Luciferin, K+ Salt Bioluminescent Substrate) à une 

concentration de 300 mg/kg. L injection a été réalisée  minutes avant d anesthésier les 

souris dans une atmosphère à  d isoflurane Vetflurane  puis les souris ont été placées 

dans le PhotonIMAGER Optima Biospace Lab  et l anesthésie a été maintenue à  

isoflurane pendant les  minutes d acquisition. Les images ont été analysées avec le logiciel 

M3Vision (Biospace Lab, Version 1.1.3.31192) en traçant des Régions d Intérêt (ROI) autour 

du foie et de la rate afin de quantifier la bioluminescence émise en photons/s/cm2/sr. 
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III. Résultats 

 

Partie I. Crible initial 

 

a. Cytotoxicité des molécules 

 

Les structures des molécules de  à  sont représentées ci-contre (Fig 20) :  

 

Figure 20 : Structure chimique des molécules  à  

 

Nous avons testé ces molécules pour leur toxicité sur des cellules BMDM à une concentration 

de  g mL correspondant aux concentrations auxquelles les extraits de plantes ont été 

testé  Ceci nous a permis de mettre en évidence une absence de toxicité de la molécule  et 

 mais des toxicités variables pour les molécules de  à  La molécule  montrait une toxicité 

aussi forte que l amphotéricine B  alors que les molécules  et  montraient une faible toxicité  

La molécule  a montré une toxicité variable en fonction des expérimentations  ce qui était 

potentiellement dû au fait qu elle forme des cristaux en DMSO et que la concentration n est 

pas systématiquement identique  ce qui explique également l écart-type plus important (Fig 

21). 
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Figure 21 : Cytotoxicité des molécules pures sur des cellules primaires BMDM murines.  

n=3 ; Test Statistique : One-Way ANOVA (par rapport à la condition « DMSO »), non paramétrique, 

Kruskal-Wallis, Dunn non corrigé. P value * 0,0  ; ** 0,00  ; *** 0,000  **** 0,000  

 

 

Afin de confirmer ces résultats sur cellules primaires murines  j ai réalisé des tests de toxicité 

des molécules sur  autres types cellulaires humains  Dans un premier temps  des THP-1, une 

lignée monocytaire humaine (Fig 22), et dans un second temps sur des PBMC, monocytes 

primaires circulants issus du sang de donneurs sains Fig  Les résultats sur les trois types 

cellulaires étaient asse  semblables  montrant les molécules  et  avec une faible toxicité  

puis une toxicité plus ou moins importante sur les autres molécules  Après ces études  nous 

avons exclu la molécule  dû à sa forte toxicité sur tous les types cellulaires  similaire à 

l Amphotéricine B  Nous n avons donc plus testé cette molécule dans les expérimentations 

suivantes. 
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Figure 22 : Cytotoxicité des molécules pures sur une lignée de cellules THP-1 humaines.  

n=2 ; Test Statistique : One-Way ANOVA (par rapport à la condition « DMSO »), non paramétrique, 

Kruskal-Wallis, Dunn non corrigé. P value * 0,0  ; ** 0,00  ; *** 0,000  **** 0,000  

 

 

 

 

 

 

Figure 23 : Cytotoxicité des molécules pures sur des PBMC primaires humains.  

n=1 ; Test Statistique : One-Way ANOVA (par rapport à la condition « DMSO »), non paramétrique, 

Kruskal-Wallis, Dunn non corrigé. 
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b. Effet sur la forme promastigote 

 

Dans un second temps, nous avons observé l effet des molécules sur la forme promastigote 

de L. infantum, en utilisant la souche L. infantum-Luc disponible dans l équipe  La molécule  

semblait avoir un effet favorisant la croissance des parasites, car leur nombre double par 

rapport au contrôle  Les molécules  et  possèdent un effet anti-Leishmania sur la forme 

promastigote du parasite  alors que les molécules  et  n ont aucun effet sur la viabilité des 

promastigotes (Fig 24). 

 

 

 

 

Figure 24 : Effet sur la forme promastigote de L. infantum des molécules pures.  

n=3 ; Test Statistique : One-Way ANOVA (par rapport à la condition « Control »), non paramétrique, 

Kruskal-Wallis, Dunn non corrigé. P value * 0,0  ; ** 0,00  ; *** 0,000  **** 0,000  

 

 

c. Effet sur la forme amastigote 

 

Nous avons ensuite observé la survie des parasites intracellulaires après une infection de 

BMDM  Nous retrouvons l effet antiparasitaire des molécules  et  ainsi que l augmentation 

de la survie des leishmanies en présence de la molécule  En revanche  la molécule  semble 
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montrer ici une diminution de viabilité des parasites  alors qu elle n avait aucun effet sur la 

forme extracellulaire promastigote du parasite  La molécule  se présente donc comme un 

candidat intéressant du fait de son activité uniquement sur la forme amastigote  similaire à 

celle de l extrait CA-TM-  dont les molécules ont été isolées Fig  

 

 

 

 

 

Figure 25 : Effet sur la forme amastigote de L. infantum dans des BMDM des molécules pures. 

n=1 ; La survie des amastigotes a été mesurée par bioluminescence après ajout de luciférine 

 

 

d. Effet sur la sécrétion de cytokines 

 

Une fois que nous avions isolé la molécule  comme un potentiel candidat pour une molécule 

anti-parasitaire, nous avons voulu regarder si cette molécule exerçait son effet par une 

modulation immunitaire  vu qu elle ne semble pas avoir d effet direct sur le parasite  mais que 

l effet semble être médié par la cellule hôte  Pour ce faire  nous avons réalisé un Cytokine 

Array afin de comparer la sécrétion de cytokines entre une condition contrôle et additionnée 

de Molécule  

Nous avons représenté l effet de la molécule seule sur les BMDM afin d observer quels étaient 

les changements observés dans la sécrétion de cytokines  
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On peut observer une augmentation dans la sécrétion de composés chémo-attractants 

lorsque les BMDM sont traités avec la molécule  On observe une modulation plus 

hétérogène des cytokines pro-inflammatoires  avec une augmentation d IFN- , mais une 

diminution d IL-2 et de TNF-  qui sont des cytokines très régulées au cours de l infection à 

Leishmania. Parmi les cytokines anti-inflammatoires  la plus fortement réprimée était l IL-1ra, 

un antagoniste de l IL-1  (Fig 26). 

 

 

 

 

Figure 26 : Modifications induites par la molécule  sur la sécrétion de cytokines par des BMDM. 

Le cytokine array a été réalisé sur surnageant de cellules BMDM traitées pendant h avec la 

molécule . En bleu, les chémokines, en vert, les cytokines pro-inflammatoires et en rose les cytokines 

anti-inflammatoires. 

 

Partant du postulat que les chémokines interviennent dans la réponse immunitaire adaptative 

en recrutant d autres cellules immunitaires au site de l infection  nous nous sommes 

intéressés aux cytokines de l immunité innée Pro et Anti-inflammatoires  La protéine la plus 
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fortement réprimée étant l antagoniste au récepteur de l IL-  l IL- ra  nous avons quantifié 

de façon plus précise la variation d IL- ra à l aide d une technique d ELISA sandwich (Fig 27). 

On observe ici que la molécule  est capable de diminuer la sécrétion d IL-1ra en condition 

normale  L infection augmente fortement la sécrétion d IL-1ra par les cellules, et le traitement 

avec la molécule  en contexte d infection permet de revenir à des valeurs basales de quantité 

d IL-1ra.  

Ainsi  la molécule  possède la capacité de moduler la sécrétion cytokinique par les cellules 

BMDM  et semble donc posséder les caractéristiques d un immuno-modulateur. 

 

 

 

 

Figure 27 : Quantification par ELISA sandwich de l’IL-1ra dans les surnageants de cellules BMDM. 
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Pa e II  S ab é de a M éc e  

 

L un des points limitants pour l utilisation des traitements anti-Leishmania, surtout dans les 

pays en voie de développement  est également la conservation des composés  Nous avons 

donc voulu vérifier si la molécule  était stable et facilement conservable en regardant dans 

un premier temps sa stabilité en fonction de l exposition à la température  

Pour ce faire  nous avons mis en place un suivi par HPLC en collaboration avec l ICN  La 

quantité de molécule  dans l échantillon a été mesurée après une resuspension à  g mL 

au départ Fig  

La technique d HPLC se base sur la séparation dans une colonne avec une phase stationnaire 

composée de chaines de carbone  de molécules mises en suspension dans un mélange de 

solvants  Les molécules contenues dans la solution injectée seront entrainées par le flux du 

solvant  puis resteront plus ou moins longtemps dans la colonne en fonction de leur polarité  

Ici les molécules les plus polaires sortent en premier  entrainées par le solvant polaire alors 

que les composés apolaires interagiront avec les chaines carbonées contenues dans la 

colonne  A la sortie  les composés passent devant un détecteur  qui permet la génération de 

pics correspondant à présence de molécules  

 

 

Figure 28 : Schéma de la technique de chromatographie sur colonne HPLC. 

Cette technique a été utilisée pour caractériser la stabilité de la molécule . 
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La caractérisation de la molécule  en HPLC nous a permis d observer entre  et  minutes le 

pic correspondant au DMSO, et le pic correspondant à la molécule 8 vers 9m30. Les trois 

couleurs de courbes correspondent à trois lectures différentes : à 210 nm les structures 

absorbant en UV tel que les cycles et les chromophores (bleu), en ELSD les structures 

n absorbant par en UV tel que les chaines carbonées vert , et la mesure à  

nm correspondant au maximum d absorption de la molécule 8 (rouge) (Fig 29). 

 

 

 

 

 

Figure 29 : Chromatogramme HPLC classique de la Molécule 8.  

210 nm : Structures absorbant en UV (cycles) ; ELSD  S c e  n ab o ban  a  en UV chaine  

carbonées) ; 292 nm  Ma im m d ab o ion de la moléc le  

On peut observer entre 2 et 4 minutes le pic correspondant au DMSO, puis vers 9m30 un pic unique 

correspondant à la molécule 8. 

 

Une fois le profil HLPC normal de la molécule  obtenu, nous avons voulu savoir s il était 

possible, en soumettant cette molécule à différentes conditions de température, d observer 

un changement dans le profil HPLC obtenu. Nous avons soumis la molécule à des 

températures de 50°C et 100°C, en plus de la condition contrôle gardée à 4°C pendant 7 jours, 

puis nous avons repassé l échantillon en HPLC  On peut remarquer ici la présence d une 

multitude de pics avant le pic de la molécule 8 à 9m30, correspondant à des produits de 
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dégradation de la molécule , que nous n avions pas lorsque la molécule était gardée à C 

(Fig 30). 

 

 

 

Figure 30 : Chromatogramme HPLC de la Molécule 8 après 7 jours à 100°C.  

210 nm : Structures absorbant en UV (cycles) ; ELSD  S c e  n ab o ban  a  en UV chaine  

carbonées) ; 292 nm  Ma im m d ab o ion de la moléc le . 

 

A l aide du calcul de l aire sous la courbe, nous avons pu rapporter ces valeurs au pourcentage 

de molécule présent par rapport au pourcentage initial (Fig 31). 

 

 

Figure 31 : Quantification de la stabilité de la molécule 8 en suivi HPLC.  

La molécule a été resuspendue a 100 µg/mL, puis soumise à différentes conditions de température. 
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Après avoir démontré que l on peut suivre le pourcentage de molécule présent  ainsi que 

l apparition de produits de dégradation à l aide de la méthode d HPLC  nous avec regardé la 

stabilité de la molécule dans des conditions d utilisation normale au laboratoire  en la laissant 

à température ambiante ou en la soumettant à des cycles de congélation décongélation 

successifs (Fig 32). 

On peut voir sur la figure que la molécule  est très stable dans des conditions d utilisation 

normales au laboratoire  On a une tendance à la décroissance du pourcentage de molécule au 

bout de la 5e décongélation  et au bout d une mois à température ambiante  Ainsi  afin de 

s assurer de l intégrité de la molécule  nous avons réalisé une répartition par petits volumes 

et nous avons veillé à ne jamais dépasser  congélations décongélations   

 

  

 

Figure 32 : Intégrité de la molécule  au cours du temps. 

Après  cycles de congélation/décongélation (gauche) ou à température ambiante pendant  jours 

(droite) 
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Pa e III  Dé é  de a éc e  

 

Une fois que la molécule  avait été identifiée comme un bon candidat  avec une activité anti-

Leishmania sur la forme amastigote intracellulaire de L. infantum, l ICN nous a fourni des 

dérivés de cette molécule afin d identifier des formes soit moins toxiques  soit plus actives sur 

les parasites  Les dérivés représentaient les tocophérols  les tocotriénols avec des chaines 

carbonées saturées  des dérivés acétate et succinate de la molécule  initiale  Il y avait 

également des formes sans chaine carbonée et des chaines carbonées sans cycle pour 

identifier quelle partie de la molécule médie l activité anti-Leishmania (Fig 33). 

 

Figure 33 : Structure des dérivés de la molécule  
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a. Cytotoxicité des dérivés sur cellules BMDM 

 

Dans un premier temps  nous avons déterminé la toxicité des molécules  Cette fois  nous 

avons cherché à préciser les études en réalisant des dilutions sérielles au demi des molécules 

depuis  M  en montant jusqu à  M lorsque le dérivé ne montrait aucune toxicité 

sur la cellule  La plupart des dérivés ont montré une cytotoxicité plus importante que la 

molécule  sauf les molécules 9, 17, 21, 22 et 29 (Fig 34). 
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Figure 34 : Cytotoxicité des dérivés sur cellules BMDM  

n=3 ; Concentration des extraits : Dilutions au /  à partir de 00 M ou 000 M 

Test statistique utilisé : Ordinary One-Way ANOVA (par rapport à la condition « DMSO »), 
comparaisons multiples. Correction Dunnett test * = <0,0001 

La barre rouge correspond à la toxicité du traitement de référence Amphotéricine B 

 

 

b. Effet des dérivés sur la forme promastigote de L. infantum 

 

Nous avons ensuite regardé l effet anti-parasitaire des molécules sur la forme promastigote 

de L. infantum  Nous avons ici utilisé les parasites L. infantum teLuc  étant donné que cette 

souche est plus bioluminescente et permet une meilleure détection des signaux faibles  

Comme on pouvait s y attendre  la plupart des dérivés de la molécule  à l instar de celle-ci, 

n ont pas d effet sur la forme promastigote du parasite  On peut cependant noter que les 

molécules  et  ont quant à elles un effet anti-Leishmania (Fig 35). 
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Figure 35 : Effet des molécules pures sur la forme promastigote de L. infantum   

n=3 ; Concentration des extraits : Dilutions au /  à partir de 00 M ou 1000 M. 

Test statistique utilisé : One-Way ANOVA (par rapport à la condition « DMSO »), non paramétrique, 
Kruskal-Wallis, Dunn non corrigé. * 0,0 . 

La barre rouge correspond à la toxicité du traitement de référence Amphotéricine B 

 

 

 

c. Calcul de l Indice de Sélectivité 

 

Les tests de cytotoxicité sur les cellules BMDM ainsi que les tests d activité contre la forme 

promastigote de L. infantum nous ont par la suite permis de réaliser un tableau récapitulatif 

de ces résultats  ainsi que de calculer l indice de sélectivité des composés sur les 

promastigotes  L indice de sélectivité correspond à la division de la valeur de CC50 par l IC50. 

Ainsi cet indicateur rend compte de l efficacité d un composé par rapport à sa toxicité  Si 

l indice de sélectivité est supérieur à  le composé est toxique sur la cellule alors qu il n est 

pas actif contre le pathogène  Plus il sera donc proche de  plus le composé sera efficace 

contre le pathogène à des concentrations non cytotoxiques  Les indices de sélectivité de 

chaque dérivé sont indiqués dans le tableau ci-contre (Fig 36) : 
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Cytotoxicité CC50  

M  

Promastigote IC50 

M  Promastigote SI 
 

8 > 1000 > 1000 Nd. 

9 > 200 

> 200 

Nd. 

10 77,69 

> 1 

11 44,52 

12 68 

13 63,3 

14 30,43 

15 16,86 

16 26,57 

17 > 1000 > 1000 Nd. 

18 37,74 
> 200 > 1 

19 ~ 97,12 

20 63,3 16,54 0,26 

21 > 1000 > 1000 
Nd. 

22 > 200 > 200 

23 ~ 108,2 21,77 0,2 

24 ~ 174,9 

En cours 

25 121,1 

26 ~ 46,71 

27 113,9 

28 ~ 42,20 

29 > 200 

30 ~ 195,7 

 

Figure 36 : Tableau récapitulatif des valeurs de CC50, IC50 et SI  

L’IC50 est calculée pour la forme promastigote et a servi pour le calcul de l’indice de sélectivité des 
dérivés de la molécule  (SI = IC50 / EC50) 

 

Sur la première partie de molécules testées  de  à  la majorité des molécules ont montré 

un SI supérieur à  indiquant qu elles sont plus toxiques sur les cellules que sur les 

promastigotes  Certaines molécules  comme la    et  ont un indice de sélectivité 

 Nd.  car elles ne sont ni toxiques sur les BMDM ni actives contre la forme promastigote  



 

 

 

138 

Seules les molécules  et  ont montré un SI inférieur à  indiquant qu elles possèdent un 

effet anti-parasitaire sans montrer de toxicité sur les BMDM   

La seconde partie des dérivés de  à  ont été obtenu plus tard  Les valeurs de CC50 ont déjà 

été calculées  cependant les expérimentations pour déterminer leur effet sur la forme 

promastigote restent à réaliser  
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Partie IV. Premiers essais in vivo 

 

Dans le cadre de la collaboration avec la SATT Sud-Est  nous avons obtenu une pré-maturation 

pour le projet de recherche sur la molécule  et une pré-maturation de la part de l Université 

Cote d A ur  Académie  ce qui nous a permis de réaliser une première série 

d expérimentations in vivo afin de déterminer si l effet anti-Leishmania de la molécule est 

visible dans l organisme entier dans un modèle murin de leishmaniose viscérale  Pour ce faire  

nous avons testé  façons différentes d administrer la molécule  en traitement préventif ou 

curatif.  

 

a. Prévention 

 

Le premier protocole de prévention visait à savoir si la prise de molécule  pouvait prévenir 

ou diminuer l installation de l infection dans le foie et dans la rate de souris Balb c  Les souris 

ont été traitées pendant  jours par voie orale gavage  avec des doses croissantes de 

molécule  Nous avons donc administré aux souris des doses de   et mg kg 

administrées de façon cumulée sur  jours de gavage par voie orale   et  

mg kg jour respectivement pour les doses cumulées  Après pré-traitement  les souris ont été 

infectées par voie Intra Veineuse IV  avec x 8 leishmanies L. infantum-Luc. La 

bioluminescence émise a été monitorée entre J  et J  post infection afin d observer 

l installation de l infection   

 



 

 

 

140 

 

Figure 37  Sché a e é i e al d  c le de é e i  à l aide de la léc le  

 

On peut observer que globalement  les souris pré-traitées avec la molécule  ont une charge 

parasitaire moins importante dans le foie et dans la rate par rapport aux contrôles  L image 

montre des souris représentatives de chaque groupe Fig  et l émission de 

bioluminescence a été quantifiée dans le foie et dans la rate (Fig 38). On peut observer que 

comparé à la condition contrôle  le traitement à  mg kg avec la molécule  mène à une 

diminution par  de la bioluminescence quantifiée dans le foie à J  et dans la rate à J  

indiquant que le pré-traitement a eu un effet sur l installation de l infection dans ces souris  

 

Figure 38  S i  e é e a i e  de  g e  ai é    avec la léc le  a è  i fec i  à L. 

infantum 

 

Schéma crée avec BioRender et SMART - Servier medical art
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Figure 39 : Effet du pré-traitement avec la Molécule  sur l’infection de souris à L. infantum 

La bioluminescence émise a été quantifiée sur le foie et la rate de souris pré-traitées pendant  jours 

avec la molécule . Pour chaque groupe, la courbe représente la moyenne de  souris pour les 

conditions pré-traitées, et  souris dans la condition contrôle. 

 

 

b. Traitement 

 

Le second protocole visait à déterminer si dans un modèle de leishmaniose viscérale installée  

le traitement curatif avec la molécule  était efficace à des doses de   et mg kg 

administrées de façon cumulée sur  jours de gavage par voie orale  Des souris Balb c âgées 

de 6 semaines ont été infectées par voie IV avec x 8 leishmanies L. infantum-Luc. La 

bioluminescence émise au niveau du foie a été contrôlée à  semaines post-infection, lorsque 

les leishmanies ont commencé leur installation dans la rate mais que l infection dans le foie 

est encore visible  Le gavage a été réalisé pendant  jours puis nous avons observé la 

bioluminescence dans les organes avant le gavage  puis à   et  jours post gavage Fig 

39).  
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Figure 40  Sché a e é i e al d  c le de ai e e  de i  a ec la léc le  

 

 

Nous avons pu observer que dans ces conditions  il n y avait aucune différence entre les 

groupes contrôle et les groupes traités  

 

 

Figure 41 : Effet du traitement avec la M léc le   l i fec i  de i  à L. infantum 

La bi l i e ce ce é i e a é é a ifiée  i  e iè e  ai ée  pendant 5 jours avec la 

léc le  i a aie  é é i fec ée  à L. infantum 3 semaines auparavant  P  cha e g e ai é  

3-5 souris sont suivies au cours du temps. 

 

 

 

Schéma crée avec BioRender et SMART - Servier medical art
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IV. Discussion 

 

En l absence de vaccin préventif contre la leishmaniose humaine  la chimiothérapie est la seule 

option disponible pour lutter contre cette maladie. Cependant, le nombre de composés anti-

Leishmania disponibles en clinique reste relativement faible  Un problème majeur dans le 

développement de nouveaux composés potentiellement efficaces contre la leishmaniose est 

la recherche de fonds (Craig et al., 2021). En effet, les populations principalement touchées 

étant généralement asse  pauvres  les grandes entreprises pharmaceutiques considèrent la 

leishmaniose comme un marché de niche  Pourtant  les changements climatiques en cours 

aboutissent à une expansion des ones d endémies et c est pour cela que l OMS considère la 

leishmaniose comme une maladie réémergente et que la mise au point de nouveaux 

traitements est aujourd hui nécessaire (Short, Caminade, & Thomas, 2017). Le processus de 

découverte des molécules comprend de nombreuses étapes avant d aboutir à un nouveau 

médicament pour traiter une maladie spécifique  et ce processus est coûteux et prend du 

temps  Par conséquent  de nombreuses stratégies ont été développées pour optimiser le coût 

en temps et en argent. 

La première consiste à utiliser des banques de molécules et tester automatiquement un grand 

nombre de molécules chimiques  Dans ce type d approche  des techniques automatisées sont 

utilisées pour tester des composés  Les échanges hydrogène deutérium couplés à la 

spectrométrie de masse HDX-MS  et aux bibliothèques de fragments sont des techniques qui 

jouent un rôle essentiel dans cette stratégie  HDX-MS est une approche bien adaptée pour 

étudier les altérations de la conformation des protéines induites par la liaison de petites 

molécules aux ligands (Marciano, Dharmarajan, & Griffin, 2014). Les progrès récents de la 

microscopie automatisée ont la capacité d augmenter le débit des criblages en remplaçant les 

observations microscopiques manuelles laborieuses par une imagerie à haut débit  et cette 

technique est utilisée avec succès dans le dépistage in vitro d'organismes entiers contre les 

parasites kinétoplastides vivants (Siqueira-Neto et al., 2012). Les outils bio-informatiques qui 

prédisent le potentiel du composé en tant que médicament  tels que les règles de Lipinski 

(Lipinski, Lombardo, Dominy, & Feeney, 2001)  ainsi que d autres outils qui prédisent 

l interaction de ce composé avec les protéines tests d amarrage  fournissent des données 
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solides pour aider à choisir des tests cellulaires à effectuer et permettre l exclusion de certains 

composés s ils ne présentent pas de bons résultats in silico. Les bibliothèques de fragments de 

molécules permettent également d identifier des composés plus petits qui se lient à 

différentes parties d une cible biologique et permet ainsi de trouver rapidement des familles 

de composés et de fragments utilisables pour traiter les maladies  La justification principale 

d utiliser les banques est que les hits identifiés donnent accès à un espace chimique plus large 

tout en criblant un nombre limité de composés Schul  Landström  Bright   Hubbard  . 

La seconde approche réutilise ou modifie des molécules existantes  Pour cela  les plates-

formes de familles de gènes  les bibliothèques de composés  les modèles informatiques, la 

biologie structurelle et les tests cellulaires et biochimiques sont largement utilisés pour 

évaluer si une molécule existante peut être redirigée comme traitement contre la 

leishmaniose (Lage et al., 2018). 

Enfin la troisième approche consiste à étudier les médicaments qui sont connus pour cibler 

une voie de signalisation cellulaire impliqué dans la destruction des leishmanies (Moffat, 

Vincent, Lee, Eder, & Prunotto, 2017). 

Nous avons développé dans notre laboratoire une stratégie supplémentaire en utilisant les 

déchets de la parfumerie  Dans un contexte grandissant d économie circulaire  et de 

renforcement des démarches écoresponsable au sein de notre société  l utilisation des parties 

de plantes non utilisés en parfumerie nous a paru être une bonne alternative  C est ainsi 

qu une plante locale  l argousier  a été sélectionnée pour son effet anti-Leishmania  Après 

séparation des différents composés chimiques de cette plante et leur caractérisation  par 

l ICN  une série de test in vitro a permis d évaluer leur cytotoxicité  leur effet sur la forme 

promastigote extracellulaire du parasite et sur la forme amastigote intracellulaire  Plus d une 

di aine de fractions ont montré une action directe sur la forme promastigote  Les molécules 

contenues dans ces fractions seront intéressantes pour les formulations de crèmes 

préventives  qui pourront être utilisées dans les ones d endémie  Mais seulement une 

molécule  la molécule  a permis d obtenir une diminution de la charge parasitaire dans les 

cellules hôtes  sans avoir d effet direct sur les promastigotes  Les résultats du profil 

cytokinique ont montré qu en présence de la molécule  il y avait une immunomodulation de 

la réponse cellulaire face à la présence de parasites  Nous avons pu observer une 
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augmentation de chémokines recrutant des macrophages et des cellules NK (MIP-1 , MIP-1 , 

CCL5), et des monocytes inflammatoires (MCP-5 et JE), et une diminution du recrutement de 

neutrophiles (MIP-  et KC  Les neutrophiles sont les premières cellules recrutées au site de 

l infection (Elmahallawy, Alkhaldi, & Saleh, 2021). Elles ont un rôle très dépendant de l espèce 

de la leishmanie dans la progression de la maladie  qui peut être protecteur comme dans le 

cas de L. amazonensis  ou être à l origine d une progression de l inflammation comme dans le 

cas des parasites conférant une forme viscérale  L. donovani ou L. infantum (Gabriel, 

McMaster, Girard, & Descoteaux, 2010)  La régulation des cytokines des voies Th  et Th  ne 

permet pas de mettre en évidence un biais vers l une ou l autre de ces voies  mais plutôt un 

équilibre  nécessaire à la bonne résolution de l infection  La diminution de cytokines attirant 

des cellules nuisibles pour la résolution de l infection comme les neutrophiles  et la diminution 

des cytokines de la voie Th17 qui possède également un rôle controversé  nous permettent 

d émettre l hypothèse que la molécule  semble avoir un rôle prometteur dans le cours de 

l infection (Rossi & Fasel, 2018). 

Même si  pour l instant  les traitements basés sur l activation du système immunitaire de 

l hôte se sont avérés peu efficace dans le contrôle de la leishmaniose viscérale par rapport à 

une chimiothérapie conventionnelle (Ratnapriya, Keerti, Yadav, Dube, & Sahasrabuddhe, 

2021)  l intérêt d avoir une molécule avec des effets stimulateurs de l immunité de l hôte 

paraît être une solution au problème de résistance qui apparaît dans les traitements actuels 

(Ponte-Sucre et al., 2017). 

Pour mieux comprendre comment fonctionne la molécule  nous avons étudié les dérivés de 

ce composé  Cette stratégie nous a permis d isoler des molécules proches et de déterminer 

quelle partie de la molécule pouvait être responsable de l élimination des leishmanies 

intracellulaires  L étude in vitro de notre molécule d intérêt s est poursuivie par une étude in 

vivo  La première difficulté a été de choisir la voie d administration  La première voie était la 

possibilité d ajouter notre molécule d intérêt à l eau de boisson  Le problème est que cette 

molécule est très peu soluble dans l eau  et que nous ne pouvions contrôler la quantité exacte 

de molécule ingérée par chaque souris  La mauvaise solubilité en eau de la molécule  est 

aujourd hui en cours d étude dans le laboratoire  Le problème a été le même lorsque nous 

avons voulu utiliser des croquettes supplémentées avec notre molécule d intérêt  puisque 
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sous l effet de la hiérarchie créée dans chaque cage  la prise de nourriture différentielle 

pouvait aboutir à une grande variabilité inter-individu  C est pour cela que nous avons choisi 

d utiliser la méthode de gavage des souris  afin de mieux contrôler l ingestion de notre 

molécule  D après les premiers résultats  la molécule  semble avoir un effet préventif au 

développement de l infection  Mais cette étude in vivo nécessitera encore certains 

ajustements tel que la fréquence du gavage  les quantités fournies et la nécessité ou non 

d arrêter le traitement après l infection réalisé  Des études en cours permettront 

certainement de répondre à ces questions   

Finalement, les parasites Leishmania ont donc été utilisé comme modèle dans ma thèse  mais 

les travaux présentés devront certainement être adaptés et étudiés dans d autres modèles de 

pathogènes intracellulaire afin de pouvoir déposer un brevet sur des traitements capables de 

moduler la réponse immunitaire de l hôte  permettant ainsi l élimination d un grand nombre 

de pathogènes  En effet  des études sur des bactéries intracellulaires comme Salmonella ou 

Listeria  devront être réalisées  La réalisation de ces études sera normalement facilitée par le 

fait que la culture des bactéries par rapport aux leishmanies prend moins de temps et que leur 

cycle de vie est en général plus simple  En effet  la recherche de nouveaux traitements contre 

la leishmaniose nécessite de prendre en compte les  états principaux des leishmanies  

promastigote et amastigote  ce qui fait que le nombre de tests à effectuer est deux fois plus 

important  Un dépôt de brevet est donc entrepris mais nécessitera de pouvoir fournir des 

résultats complémentaires sur d autres pathogènes dans les mois à venir  
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Conclusion et perspectives 
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Au cours de ma thèse  j ai eu l occasion d étudier le parasite Leishmania infantum, 

responsable de la leishmaniose viscérale  Cette maladie  en dépit de l existence de 

traitements  fait encore   morts par an  principalement à cause de la mauvaise 

accessibilité au traitement dans les pays en voie de développement  En effet  l observance du 

traitement n est pas toujours respectée car les personnes malades doivent se déplacer à 

l hôpital pour des injections invasives des composés  qui sont en plus de cela toxiques. Le 

traitement le plus efficace et le moins toxique est l amphotéricine B sous sa forme liposomale  

mais le coût élevé de cette formulation limite son application aux pays les plus riches  Outre 

ces problèmes de prix  de toxicité et d administration invasive  des résistances à tous les 

traitements disponibles apparaissent aujourd hui (Ponte-Sucre et al., 2017). 

C est pour cela qu il est aujourd hui indispensable de trouver de nouveaux traitements   

Dans la recherche de traitements contre la leishmaniose  deux grandes problématiques se 

posent  il faut de nouvelles molécules antiparasitaires pour lutter contre la maladie  et il faut 

des outils permettant d identifier des composés anti-Leishmania de façon simple et rapide, 

afin de pouvoir cribler un nombre important de composés   

 

En intégrant ces deux problématiques  ma thèse a été divisée en deux grands axes :  

- Construire de nouvelles souches rapportrices de Leishmania 

- Trouver de nouveaux composés anti-microbiens pour lutter contre le parasite  

 

La construction de nouvelles souches rapportrices a été un projet long  intégrant beaucoup 

d étapes  le choix des vecteurs d expression  le choix des gènes rapporteurs  l élaboration des 

plasmides et leur construction  la transformation et l intégration des constructions dans les 

leishmanies puis leur sélection  et enfin les tests des souches obtenues  

De la construction à l obtention d une souche prête pour les tests in vitro il faut compter 1 

mois et demi lorsque toutes les étapes se passent sans encombre  car la sélection d un seul 

clone par technique de dilution limite  et l amplification de ce dernier sont des étapes longues 

lorsque l on se base sur le cycle de vie de Leishmania. 

Nous avons rencontré d importants problèmes dans la sélection des souches fluorescentes  

avec des problèmes de pKa et de sensibilité à l acide de la protéine mMaroon  la perte de la 
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protéine mRuby au cours des générations  Pour l instant  la meilleure alternative fluorescente 

reste la souche GFP précédemment caractérisée  Les souches bioluminescentes ou 

doublement transformées ont montré de bons résultats in vitro mais ont montré des limites 

d utilisation in vivo. L accessibilité du substrat pour la souche teLuc n a pas permis d observer 

de signal bioluminescent dans l animal  En ce qui concerne la souche eFFly-mCherry  la durée 

de persistance dans l animal semble être limitée  En somme  la souche teLuc est très 

prometteuse  mais il faudra résoudre le problème de solubilité du substrat afin de 

possiblement obtenir un signal bien plus important que la souche Luc  qui reste aujourd hui la 

meilleure alternative. 

Cependant  même si nous n avons pas pour le moment obtenu une souche capable de 

dépasser les problématiques actuelles des souches rapportrices de Leishmania, la mise en 

place du protocole de construction des inserts avec la méthode d IN-FUSION permet un gain 

de temps considérable  et nécessite seulement la commande d un insert et son amplification 

avec des amorces homologues  puis l étape d assemblage  réduisant le temps nécessaire pour 

la construction  A l aide de ces protocoles et des outils disponibles  une étudiante en master 

poursuivra la création de souches rapportrices afin d essayer d obtenir une souche 

doublement transformée  efficace in vivo et in vitro. 

 

Le travail réalisé dans le cadre de l identification de nouvelles molécules anti-Leishmania est 

sans doute le projet qui m a le plus appris  La collaboration avec les Chimistes de l ICN m a 

donné la possibilité d assister à des extractions de plantes  et de me familiariser avec une 

discipline autre que la biologie  Si le projet initial partait d une idée de crible bioguidé  et 

d identification de nombreuses molécules à tester sur Leishmania infantum, nous avons 

obtenu très tôt dans le projet un hit intéressant  la molécule  et nous avons interrompu le 

crible afin de nous concentrer sur cette molécule prometteuse  

Grâce à la collaboration et l échange avec l ICN  j ai eu la possibilité de réaliser moi-même les 

expérimentations de stabilité de la Molécule  en HPLC  et ainsi d obtenir des connaissances 

techniques sur les méthodes utilisées pour identifier et caractériser les composés  

Notre collaboration avec la SATT Sud-Est m a aussi permis de voir comment il était possible 

de valoriser les résultats issus de la recherche  et actuellement  un dépôt de brevet est en 
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cours  Cependant  étant donné que la leishmaniose est un marché de niche  nous nous 

sommes heurtés à des limitations dans l intérêt de différentes compagnies quant à 

l application sur la leishmaniose  Finalement  les composés que nous cherchons à identifier 

dans ce crible sont des composés non actifs sur la forme promastigote, mais actifs sur la forme 

amastigote intracellulaire. Ceci sous-entend que nous essayons d identifier des composés 

sans activité directe sur le parasite  car ces composés peuvent donner lieu à l apparition de 

résistances  mais que nous cherchons à stimuler l activité anti-microbienne de la cellule en 

identifiant des immuno-stimulateurs  De ce fait  nous avons mis en évidence que la molécule 

 est capable de moduler la sécrétion cytokinique  Il serait intéressant de poursuivre les 

études mécanistiques sur ce composé afin d identifier les voies d action de cette molécule et 

leur effet sur les voies classiques d élimination de pathogènes intracellulaires  l Oxide Nitrique 

NO  et les Espèces Réactives de l Oxygène ROS  Le caractère immunomodulateur de cette 

molécule laisserait présager que son activité n est pas spécifique à Leishmania, mais pourrait 

être généralisée à d autres pathogènes  Ainsi Leishmania infantum nous sert de modèle pour 

identifier des composés immuno-stimulateurs  qui pourront ensuite être testés sur d autres 

intracellulaires  D un point de vue valorisation  son utilisation potentielle contre la maladie de 

Lyme a été une des pistes suggérées   

 

Les premiers essais in vivo ont permis de montrer que la molécule  ne semblait pas avoir 

d effet en traitement pendant une semaine  sur une infection installée che  la souris  

Cependant  en pré-traitement  elle a montré une diminution de la charge parasitaire dans les 

souris à des doses de   à   mg kg  Ces résultats préliminaires devront être reproduits 

sur un nombre plus important de souris  cependant nous devrons auparavant résoudre le 

problème de solubilité de la molécule  afin de mieux contrôler les doses administrées  Nous 

sommes actuellement en train d étudier la possibilité de formuler cette molécule sous forme 

de croquettes  L étude de brevetabilité de la SATT Sud-Est a révélé que des dérivés de la 

molécule  se trouvaient déjà dans certaines marques de nourriture pour chiens souffrant de 

Leishmaniose  Advance Veterinary Diets Leishmaniasis  de Affinity Pet care même s il 

s agissait de suppléments  et pas directement de composés favorisant la réduction de la 

charge parasitaire  Nous proposons ici d utiliser ce composé en plus grande quantité  au vu de 
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sa très faible toxicité  et de préconiser ces croquettes en prise préventive dans des ones 

endémiques de la maladie  Il est cependant intéressant de noter et de garder en tête que 

certaines études ont mis en évidence une croissance favorisée du parasite en présence de la 

molécule  che  des hamsters (Garg, Singh, & Dube, 2004) et qu il est donc important de 

surveiller l effet de cette supplémentation à long terme dans l animal  

 

Au cours de ma thèse  j ai également rédigé une revue de la littérature sur les différentes 

stratégies de recherche de traitement contre la leishmaniose  qui m ont permis de me 

familiariser avec un nombre important de méthodes visant à améliorer l efficacité d un 

composé  Ainsi  l une des pistes pour la solubilisation de la molécule  pourrait être son 

intégration dans des liposomes composés de lipides d origine végétale (Iman, Huang, 

Alavizadeh, Szoka, & Jaafari, 2017)  ce qui limiterait son coût tout en favorisant son 

administration  De plus  il pourrait être envisagé de combiner cette molécule avec des 

traitements de référence afin de limiter la concentration des chémo-thérapies et donc limiter 

le coût et les effets secondaires néfastes tout en appliquant cette molécule dans le cadre de 

traitements. 

 

Finalement  la collaboration avec l ICN sera poursuivie à l issue de cette thèse afin de 

poursuivre le crible de composés  La mise en place récente d un protocole permettant la 

séparation sur plaque de fractions entières de plante  puis le test biologique sur la forme 

promastigote et amastigote de Leishmania pourrait être appliquée dans le futur  afin 

d accélérer encore plus la recherche de nouvelles molécules en contournant les étapes 

longues de fractionnement aujourd hui nécessaires voir article en collaboration annexé : 

 New method for screening anti-Leishmania compounds in plants extracts by HPTLC-

bioautography  

 

En somme  mon projet de thèse m a permis de travailler en collaboration avec le monde de la 

chimie et de la valorisation de la recherche  J ai pu adresser les deux grands problèmes de 

disponibilité de souches rapportrices et de molécules anti-Leishmania au cours de mon projet, 

qui se poursuivra à l issue de cette thèse avec d autres étudiant-e-s. 
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Rés mé 

 

Les parasites du genre Leishmania sont responsables de leishmanioses, un groupe de maladies 

affectant 12 million de personnes dans les zones tropicales et subtropicales. Actuellement, 

quelques traitements sont disponibles, mais ils sont chers et causent de nombreux effets 

secondaires. La recherche de nouveaux traitements dans le monde végétal semble être une 

voie prometteuse. Ces travaux présentent un test original HPLC contre Leishmania infantum 

afin de cribler de nouvelles molécules issues d’extrais de plante. La technique utilise des 

protozoaires transformés stablement avec le gène de la Luciférase, ce qui permet 

l’observation de l’autobiogramme en bioluminescence. Nous avons développé différents 

protocoles afin de tester les deux formes du parasite : la forme promastigote, et la forme 

intracellulaire amastigote. Ces deux formes se multiplient dans des conditions très différentes, 

ce qui a nécessité la mise en place de deux protocoles distincts. Pour la forme promastigote, 

la technique d’autobiographie directe a été choisie, alors que pour la forme amastigote 

intracellulaire, l’autobiographie par immersion (les cellules parasitées étant contenues dans 

une couche d’agar) a été nécessaire. L’amphotéricine B a été choisi comme drogue de 

référence pour ces tests. Le développement de ces deux protocoles a permis de mettre en 

évidence des zones d’activité sur l’autobiogramme, permettant un crible rapide et peu 

couteux des de molécules avec des propriétés antiparasitaires contenues dans des extraits 

naturels.  
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A B S T R A C T

Leishmania genus is responsible for leishmaniasis, a group of diseases affecting 12 million people in the tropical
and subtropical zone. Currently, the few drugs that are available to treat this disease are expensive and cause
many side effects. Searching for new therapeutics from plant species seems to be a promising path. This work
proposes an original HPTLC test against parasites, in particular on Leishmania infantum, to screen new molecules
from plant extracts. The technique uses protozoa transformed to express the luciferase gene to observe the
bioautogram in bioluminescence. We have developed two different test protocols based on the two dimorphic
stages of the parasite. The free promastigote stage, and an intracellular stage parasitizing macrophage cells
called the amastigote stage. These two stages only survive under extremely different conditions which required
the development of two very different test protocols. For the promastigote free stage of the protozoa, the direct
bioautography technique was chosen while for the intracellular amastigote stage, bioautography by immersion
(agar overlay) was required. Amphotericine B was chosen as the reference compound for this assay. The devel-
opment of each of these two tests made it possible to clearly detect areas of activity on the bioautogram, allow-
ing a rapid and inexpensive screening of the antiparasitic properties of molecules in natural extracts.

1. Introduction

Leishmaniases are vector parasites of reticuloendothelioses. The
causative agent is a Yagellated protozoan belonging to the genus Leish-
mania. Leishmaniasis is considered by the WHO (World Health Organi-
zation) to be an emerging, uncontrolled, and neglected disease [1].
They represent the second highest cause of mortality and the fourth
cause of morbidity from tropical diseases. The number of cases world-
wide is very high (estimated at 12 million). There are more than twenty
species of Leishmania around the world, leading either to an asympto-
matic carriage, or to various clinical manifestations such as a simple
skin papule, a spreading of the mucous membranes of the face or even a
visceral stage which is lethal without treatment. The number of thera-
peutic molecules currently available is limited and they have significant
undesirable side-effects [2]. The number of molecules authorized for
the treatment of leishmaniasis is very low. Most of these molecules are

from synthetic origin and are shared with other diseases. For example,
amphotericin B was originally used as an antifungal [3]. However, this
molecule is very expensive and has many side effects. In addition, resis-
tance to molecules has appeared in parasites and cases of relapse have
been described [4,5,6,7]. Furthermore, plants have always been a com-
mon source of drugs, either in traditional medical practices or as
sources for puriXed active pharmaceuticals. The WHO considers more
than 60% of the world’s population predominately relied on plant-
derived treatments in front line treatments [8].Therefore, research of
new antileishmanial drugs focusing on the use of plants seems a promis-
ing pathway.

Actual screening in vitro methods for anti-leishmanial compounds
are 96 well plates assays. Detection methods can be microscopy [9,10]
or coloring agents such as resazurin [11], MTT [12], or Alamar Blue®
[13]. Some have modiXed Leishmania parasites transfecting β-lactamase
gene in order to follow the apparition of a colorimetric compound [14,
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15]. These microwell screening techniques are well suited to screening
libraries of pure molecules. However, these techniques are not efXcient
for studying plant extracts which are complex mixtures of molecules.
Usually, the identiXcation of new active plants compounds requires the
preparation of various extracts of plants before assessing the activity of
each molecule in the extract. Numerous bio-guided fractionation steps
are ultimately necessary which are extremely time-consuming and
costly in materials, reagents, and labor [16].

The aim of this work was to present a faster and more effective
screening strategy for anti-Leishmania bioassays of plant extracts. We
have succeeded in developing an HPTLC-bioautography method, in-
cluding a new biological activity screening test [17,18]. This method
has never been adapted to protozoa. Each molecule of the extract can
therefore be evaluated separately from each other and the tedious steps
of conventional bioguided fractionation are eliminated. The method
has been described and adapted to each of the parasite lifecycle, pro-
mastigote and amastigote.

2. Material and methods

2.1. High-performance thin-layer chromatography

All solvents used for plate preparation were of analytical grade from
Carlo Erba Reagents (Cornaredo MI, Italy). Amphotericin B (fungi-
zone® from Bristol-Myers Squibb (New York, USA)) solution (100 µg/
ml) was applied with CAMAG ATS4 (Muttenz, BL, Switzerland) on pre-
washed (MeOH/H2O (8/4 ; v/v)) HPTLC silica gel plates 60 F254
Merck (Darmstadt, Hesse, Germany) on four spots with different con-
centrations (2 µl, 4 µl, 6 µl and 8 µl applications). Plates were devel-
oped with MeOH/H2O (90/10 ; v/v) mobile phase on CAMAG ADC2.
Photos of the developed plate were taken with CAMAG TLC Visualizer 2
at 366 nm.

For the separation of the plant extracts, a raw methanolic extract (1/
10 ; v/v) of a plant and an non-polar fraction of this extract were ap-
plied on a prewashed HPTLC plate in two separate spots (2 µl). The
plate was developed with toluene/acetone (4/1 ; v/v) mobile phase.
Photos of the derivatized (Natural Products reagent) plate were taken
with CAMAG TLC Visualizer 2 under visible light.

2.2. In vitro inhibition test on promastigote stage

Leishmania infantum MON-1 parasites (MHOM / FR / 94 / LPN101)
were isolated from a patient with visceral Lleishmaniasis in the Nice
region. and 1.6 kb of the XreYy luciferase coding region has been
added to its genome [19].

Preparation of Culture Medium: The promastigote stage was cul-
tured in Schneider's Insect Medium® from Sigma Aldrich (Saint-Louis,
MI, USA). In To this medium the following were added: 0.4 g/L of
NaHCO3 from Acros Organics (Antwerp, Belgium), 0.6 g/L of CaCl2
from Fluka chemie (Buchs, Switzerland), 10% of fetal calf serum, 10 ml
of a human urine pool, 0.1% of phenol red from Sigma Aldrich (Saint-
Louis, MI, USA), 1 % 1 M HEPES pH 7.3, 1% of respectively penicillin
and streptomycin, 1% L-glutamine all three from GIBCO Thermo Fisher
(Waltham, USA).

VeriXcation of bioluminescence: 1 ml of parasite suspension at
1.107 parasites/ml (p/ml) was collected and centrifuged. The pellet was
resuspended in 100 μl of complete schneider medium added to 100 μl
of luciferin from Perkin (Waltham, USA) 8 mg/ml. The suspension was
placed in a well of a 96-well microplate stirred for 5 s and read by lumi-
nescence (Gen5 (BioTek, Winooski, USA)).

The developed HPTLC plate was immersed in the parasite suspen-
sion at 1.107p/ml using a narrow development and soaking tank
100 × 100 mm from Bionis (Houdan, Yvelines, France), and placed in
a wet atmosphere box in the incubator at 26 °C for 6 h. After these 6 h,
the plate was immersed in a solution of luciferin at 8 mg/ml and read

directly in the Fuji LAS4000® from FujiXlm Life Science (Valhalla, NY,
United States) in luminescence mode with a time of exposure of 50 s.

2.3. In vitro inhibition test on amastigote stage

THP-1 cells (ATCC® TIB-202 ™) are derived from a pre-monocytic
human cell line, derived from a child with leukemia. They were culti-
vated in RPMI Medium 1640® Invitrogen GIBCO® medium from
GIBCO Thermo Fisher (Waltham, USA) to which 10% fetal calf serum,
1% glutamine, 1% sodium pyruvate, and 1% penicillin and strepto-
mycin all four from GIBCO Thermo Fisher (Waltham, USA) have been
added.

To avoid adhesion to the walls of the culture Yasks, cells have been
activated with vitamin D3. THP-1 cells were activated with 100 µl of vi-
tamin D3 at 250 ng/ml. The activation time was three days long. Acti-
vated THP-1 cells were infected by parasites in the promastigote stage.
by introducing 20 promastigote parasites into the cell culture for one
THP-1 cell (MOI 20). The infection time was 24 h.

A total of 20 ml of Ficoll® from Cytiva (Marlborough, USA) was
placed in respectively two 50 ml centrifuge tubes and the suspension of
infected THP-1 cells was split in two (2 × 20 ml) and each half was de-
posited delicately on the surface of Ficoll® using a pipette. Each of the
tubes were centrifuged at 2000 rpm for 30 min (acceleration 1 and
braking 0). Cells were collected at the Ficoll® / medium interface and
washed twice with sterile PBS. The pellet was collected and suspended
in 10 ml of THP-1 medium. The cells were counted using a Glasstick®
slide from Kova international (Garden Grove, USA).

The developed plate was placed in a 100 mm × 100 mm wet box.
The suspension was diluted or concentrated to obtain a Xnal concentra-
tion of 1.108 cells in 5 ml of THP-1 medium. This mix was added to 5 ml
of liqueXed 1.2% agar and homogenized to be Xnally poured onto the
plate. The plate was incubated at 37 °C for 24 h. At the end of these
24 h, the agar was covered with luciferin solution at 8 mg/ml and
20 min later the dish was photographed in luminescence mode during
50 s placed in the Fuji LAS4000®.

3. Results and discussion

3.1. Choice of the HPTLC-bioautography method

Among other screening methods, HPTLC-bioautography has been
chosen because in this technique the constituents of complex mixtures
are Xrst separated by high performance thin layer chromatography
(HPTLC), which is already widely used in phytochemistry for quality
control, followed directly by the contact with microorganisms. After
revelation, spots appear on the bioautogram corresponding to mole-
cules exhibiting a anti-parasitic activity. In addition, the chromatogra-
phy step will allow to separate molecules that could have antagonistic
effects inside the plant extract and whose activity had not been yet re-
vealed. Likewise, this process will also separate the molecules whose
activity could have resulted from a synergy with others various com-
pounds. This method was therefore particularly suitable for the discov-
ery of new, active, pure compounds to promote as future drug candi-
dates. Three types of bioautography currently exist [20]. Two of them
have been used in this assay development.:

The Xrst method is direct bioautography, in which the microorgan-
ism of interest is applied directly onto the developed HPTLC plate sur-
face.

The second bioautography method used is agar overlay: a layer of
agar seeded with a given concentration of microorganisms was poured
and gelled directly on the plate where the plant extracts had been sepa-
rated. The active molecules included in the extracts then diffused off
the plate and through the agar to interacted with microorganisms.
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3.2. Methods adaptation to parasite stages

As the parasite exists in two different stages, the search for active
molecules therefore took place in two different ways. The survival con-
ditions of promastigotes being less demanding than those of amastig-
otes, thus direct bioautography was chosen for the promastigotes (Fig.
1).

Conversely, the agar overlay technique proved to be the best option
for attest inhibition of amastigotes. This method Xxes the cells and
nourishes them properly during this time (Fig. 2).

For this development, a strain of Leishmania transfected with the
gene encoding the enzyme luciferase [19] was used. Thus, the viability
of the parasites was directly proportional to the number of photons
picked up by the detector of the Synergy II plate reader when the Leish-
mania parasites are brought into contact with the luciferase substrate,
luciferin. This molecule is oxidized by luciferase resulting in the pro-
duction of photons. When the parasites are dying, the photon emission
is no longer possible and the decrease in luminescence is directly pro-
portional to the antileishmanial activity of the molecule on the para-
sites [19].

3.3. Test with a standard

The test was developed with an amphotericin B standard as a posi-
tive control, which is the gold standard in the treatment of leishmania-
sis. The amphotericin B stock solution was chosen at a concentration of
100 µg / ml. Deposits of increasing volumes were made on the plate:
2 µl, 4 µl, 6 µl and 8 µl. The plate was then developed using the mobile
phase: MeOH / H2O (90/10; v / v) allowing the migration of ampho-
tericin B.

3.4. Development of in vitro inhibition test on promastigote stage

Since HPTLC-bioautography has never been developed for protozoa,
the Xrst step in development was to ascertain that promastigotes could
survive on the Silica gel plate by doing a test plate with just one spot of
amphotericin B and luminescence revelation. Once this step was suc-
cessful, the adequate concentration to have a sufXciently bright back-
ground was searched and set at 107 parasites/ml. At this concentration,
the active areas were clearly visible. The luciferin concentration was set
at 8 mg/ml. Several contact time assays were carried out to Xnd the op-
timal contact time between the eluted plate and the parasite. It has been
found that 6 h was a good compromise between having a fast test and
suitable results. Migrated amphotericin B treated under these condi-
tions showed black areas on a luminescent background. Evaluation of
the different concentrations of this latter has permitted to determine its
proper limit of detection for this test. In fact, the lowest concentration
deposited (2 μl in a Xnal solution of 100 μg/ml, i.e. 200 ng deposited on
the plate) did not produce visible black spot on the plate while the 2
times higher concentration allowed it (400 ng deposited on the plate)
(Fig. 3).

3.5. Development in vitro inhibition test on amastigote stage.

In contrast to most anti-Leishmania screening methods, this method
uses live, in-host, amastigotes. Usually, to screen the anti-leishmanial
activities on the amastigote stage, many scientists use axenic lLeishma-
nia parasites, which are free forms of the parasite simply approaching
the amastigote stage. This use is now criticized [23] because these
forms do not exactly mimic the metabolism of the real amastigote stage
which is intracellular. For several years now, the C3M research labora-

Fig. 1. Process for promastigotes testing. Plant is extracted and applied on the plate which is developed with proper mobile phase, immersed in parasitic culture and
kept in contact for 6H. Revelation is operated by dipping the plate in 8 mg/ml luciferin solution.

Fig. 2. Process for amastigotes testing. Plant is extracted and applied on the plate which is developed with proper mobile phase. THP-1 cells are activated in vit D3 for
24H and infected with promastigotes for 48H. Agar 1.2% is added to the THP-1 broth and poured on the plate. The plate is kept in contact for 24H then luciferin solu-
tion (8 mg/ml) is poured on it for the revelation step.
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Fig. 3. HPTLC-bioautogram on Leishmania infantum promastigote stage. Four different volumes of amphotericin B solution (100 µg/ml) have been applied on the
plate (2 µl, 4 µl, 6 µl and 8 µl). Promastigote stage test: plates have been developped in MeOH/H2O (90/10 ; v/v). Plate is immersed in Leishmania solution (107/ml)
and photo is taken with FUJIFILM LAS400. Amastigote stage test: plates have been developped in MeOH/H2O (90/10 ; v/v). Plate was covered by agar containing in-
fected THP-1 cells (107/plate) and photo is taken with FUJIFILM LAS400. Dark zones on both bioautograms show the antileishmanial effect of amphotericin.

tory is working on real amastigote stages that mimic reality more faith-
fully. However, these stages are extremely delicate to produce and
maintain. As the amastigote stage of the parasite can only survive in a
host cell, the test conditions have had to be adapted. Longer time was
needed for the penetration of the molecule towards and inside the cell
to make contact with the parasite, but the THP-1 cells did not survive
this time on the silica surface (maybe the nutrient was not enough),
therefore agar overlay bioautography was chosen. This method has al-
lowed the cell to remain in a viable environment during the entire con-
tact time. As before, the test was developed with a plate containing sev-
eral deposits of an amphotericin B solution (100 µg/ml) of increasing
volumes. After all these steps, an 8 mg/ml luciferin solution was poured
over the agar before revelation. Kinetic curve has been done to register
the delay caused by the luciferin to diffuse through agar and reach the
amastigote stage. The plateau of the curve was reached after 20 min. Fi-
nally, the plates were then photographed 20 min after the luciferine
pouring. Dark spots corresponded to inhibition zones of amastigote par-
asites (Fig. 4).

This stage has required a much more advanced test development
methodology than the promastigote stage given that the development
time was much longer. Indeed, many difXculties were overcome during
the development of this test, in particular, Xrst the challenge to obtain
living and infected cells in the agar gel and then specifically to Xnd the
right concentration of cells allowing to obtain an exploitable signal.

Fig. 4. HPTLC-bioautograms on plant extracts 1 and 2. Both bioautographic
tests (amastigote stage and promastigote stage) were carried out on both plant
extract. Plates were developed with toluene/acetone (4/1 ; v/v) mobile phase.

3.6. Tests on plant extracts

To achieve the development of the test, these methods were carried
out also on plant extracts to ascertain the correct progress and the ap-
pearance of active molecules in complex matrices. The test was carried
out on a total methanolic plant extract as well as on a fraction contain-
ing only the non-polar molecules. This plant contains antibacterial com-
pounds and has been screened for anti-leishmanian activity. One mole-
cule in particular was targeted by this test. It is a terpenoid-type com-
pound (revealed in violet with anisaldehyde) and eluting at Rf = 0.5
with the toluene / acetone (4/1; v / v) mobile phase.

A dark spot is visible at Rf = 0.5 after incubation with both pro-
mastigote and amastigote stage test methods. These two methods have
thus successfully revealed a single compound which shows anti-
leishmanial activity for further study (Fig. 4).

3.7. Advantages and limits

On both obtained bioautograms, a dark spot (at Rf = 0.5) has indi-
cated a zone where a molecule with anti-leishmanial activity has mi-
grated. This molecule has showed an activity on both stages of the para-
site because of the dark spot appearing on both bioautograms. From
these results, the plant extracts evaluation has attested that the assays’

methods were suitable for use in the research of natural anti-
leishmanial compounds.

One issue is that activity zones appeared slightly diffuse for the
amastigote assay. One solution could be to further optimize mobile
phase conditions inducing a greater selectivity to obtain an improved
separation of the compounds from each plant extract. Otherwise, an al-
ternative could be to use a direct bioautographic method with small
amount of agarose (e.g. 0.05%) in the cell suspension in order to Xx
more medium on the silica plate.

4. Conclusion

This work has enabled the development of an innovative HPTLC-
Bbioautography assay to identify anti-leishmanial compounds in crude
plant extracts. These types of microorganisms have never been used be-
fore in this type of biochemical test. It constitutes a new tool in the
search for new natural molecules in the Xght against both stages of
leishmaniasis: searching for systemic medicines to treat the human dis-
ease using the amastigote stage test and for topical medicines to pre-
vent the infection of the parasite using the promastigote stage test. As
this test works properly, even at the amastigote stage, these methods
could be applied to other intracellular pathogenic microorganisms.
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Rés mé 

 

Leishmania infantum est l’espèce responsable de la leishmaniose viscérale, transmise par la 

morsure de phlébotomes femelles. Selon l’OMS, l’incidence annuelle estimée de nouveaux 

cas de leishmaniose est d’un million, résultant en 30 000 morts par an. Les traitements 

recommandés incluent l’amphotéricine B, mais au cours des dernières années, les cas de 

rechutes se sont multipliés. Ces rechutes remettent en cause l’efficacité des traitements 

actuels et soulèvent la question de l’existence de sites de persistance des parasites. En effet, 

Leishmania peut persister chez l’humain pendant de longues périodes, même après un 

traitement concluant. Plusieurs sites de persistance ont déjà été identifiés et nommés « Safe-

targets ». Sachant que le tissu adipeux a été proposé comme un sanctuaire de persistance 

pour plusieurs pathogènes, nous avons cherché à vérifier si Leishmania infantum pouvait être 

présent dans ce tissu. Nous avons démontré in vitro et in vivo que Leishmania infantum est 

capable d’infecter des adipocytes. Dans l’ensemble, nos résultats suggèrent que les 

adipocytes peuvent être un « Safe-target » pour Leishmania infantum. 
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Leishmania infantum (L. infantum) is the causative agent of visceral leishmaniasis and is transmitted by the bite 
of female sand flies. According to the WHO, the estimated annual incidence is one million new cases, resulting 
in 30,000 deaths per  year1. "e outcome of infection can be variable, ranging from an asymptomatic form in 
immunocompetent individuals to obvious  disease2. "ese clinical features depend on the species and the immune 
response of the  host3. Symptomatic leishmaniasis is characterized by 3 main forms: cutaneous (CL), mucocutane-
ous (MCL) and visceral leishmaniasis (VL). CL is a chronic infection with ulcerative skin lesion occurring at the 
site of inoculation. MCL is generally the result of parasite dissemination from the skin to the naso-oropharyngeal 
mucosa. VL is the most serious form of leishmaniasis and typically leads to death in a few months in the absence 
of treatment. It is characterized by irregular fever, weight loss, hepatosplenomegaly, lymphadenopathies and 
pancytopenia. Currently, there is no human vaccine and treatments are expensive, with WHO guidelines rec-
ommending the use of just a few drugs, such as Amphotericin  B4. Over time, several cases of relapses have been 
 documented5,6, which thus call into question the efficiency of current  treatments5,7 and raise the unsolved ques-
tion of host sites allowing parasite persistence. Indeed, Leishmania has the ability to persist in humans for long 
periods of time, even a$er successful  treatment8. Several potential persistence sites have already been identified 
and named as safe targets. "ese include immature myeloid precursor cells, monocytes, sialoadhesin-positive 
stromal macrophages of the bone marrow, hepatocytes and  fibroblasts8. Previously, L. infantum persistence 
and development has been demonstrated in intra-abdominal adipose tissue of intraperitoneally infected  mice9. 
Moreover, adipose tissue has been proposed as a sanctuary of persistence for bacteria such as Mycobacterium (M.) 
tuberculosis10 or M. canettii11, Coxiella burnetii12, viruses such as Human or Simian Immunodeficiency  Virus13,14, 
and parasites such as Trypanosoma (T.) cruzi or T. brucei and Plasmodium spp.15,16. Here, we address the issues 
of whether L. infantum infects adipose tissues and whether adipocytes represent host cells for these parasites.

L. infantum First, we investigated whether L. infan-
tum was present in brown (BAT) and white (WAT) adipose tissue of infected mice. For this purpose, BALB/c 
mice were intravenously inoculated with LUC-L. infantum as previously  described9. Although bioluminescent 
parasites were used in this study, parasite burden in adipose tissue was insufficient to obtain an exploitable signal 

Université 

 *

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-00443-y&domain=pdf


Vol:.(1234567890)

 |        (2021) 11:21275  | 

www.nature.com/scientificreports/

and allow in vivo monitoring of infection. Mice were thus sacrificed 6, 10 and 31 weeks post infection (p.i.). 
Tissue samples were analyzed for the presence of L. infantum by qPCR, which confirmed chronic infection in 
the spleen and liver (Fig. S1). At 6 weeks p.i., subcutaneous and periovarian BAT and WAT presented parasite 
burden which remained high in BAT 10 weeks p.i. In subcutaneous tissue, between 6 and 10 weeks p.i., parasite 
burden decreased then totally disappeared a$er 31 weeks (Fig. 1). In contrast, the percentage of mice with posi-
tive parasite burden in BAT remained higher than 70%. "ese results indicated the persistence of L. infantum 
in BAT a$er infection by the intravenous route. Furthermore, we performed histological sections on different 
tissues from the same infected mice in order to visualize parasites by immunolabelling. 40 weeks p.i., the pres-
ence of L. infantum parasites in all types of adipose tissue could be observed (Fig. 2). "is raised the question 
of whether parasites contained in adipose tissue were alive and endowed with the capacity to infect. We thus 
performed an adoptive transfer experiment by intravenously injecting naive mice with BAT homogenate from 
infected mice. 34 weeks post-transfer we were able to detect parasite DNA by qPCR in the liver, spleen and BAT 
of secondary-infected mice (Fig. S2). Taken together, our results show that L. infantum parasites present in the 
adipose tissue of mice kept their infectivity.

L. infantum To assess whether L. infantum was present 
in adipocytes or other cell types, we separated an adipocyte-enriched fraction from the stromal vascular frac-
tion (SVF). WAT and BAT from 4 mice infected intravenously were isolated and floating fractions enriched in 
adipocytes were obtained. "e samples were pooled in order to increase the number of parasites and improve 
detection by qPCR. Separation between adipocytes and stromal cells was checked by amplification of adipocyte 
marker mRNA (Fig. 3A). As expected, expression of perilipin 1, a protein coating the lipid droplet and abun-
dantly expressed only in white and brown  adipocytes17, Uncoupling Protein 1 (UCP-1) Mitochondrial protein 
responsible for thermogenic respiration, a specialized capacity of brown adipose tissue, as well as adiponectin, a 
glycoprotein adipocyte-specific  factor18, were specifically detected in the adipocyte fraction. As no parasite DNA 
was detected in the SVF of each kind of adipose tissue (Fig. 3B), these results demonstrated the localization of 
L. infantum in adipocytes.

L. infantum We next evaluated in vitro, the 
ability of L. infantum to infect white, brown and brite adipocytes derived from primary mouse pre-adipocytes. 
Brite adipocytes are similar to classical brown adipocytes although they are derived from WAT. Primary pre-
adipocytes from BALB/c mice were collected in subcutaneous (SC) white adipose tissue and differentiated into 
white and brite adipocytes. Pre-adipocytes from BAT were differentiated into brown adipocytes. 24, 48 and 
72h post-infection, observation of the cells suggested the presence of intracellular parasites. "is infection was 
observed in all types of adipocytes, and indicated the ability of L. infantum to infect and survive in murine adipo-
cytes in vitro (Fig. 4). Given that L. infantum targets macrophages, bone marrow-derived macrophages (BMDM) 
were taken as a positive control for infection (Fig. S3). We subsequently observed the presence of parasites in 
human white and brite adipocytes differentiated from human adipose tissue stromal cells (Fig. S4)19. Specificity 

Figure 1.  L. infantum parasites are present in adipose tissue from BALB/c mice. Subcutaneous, periovarian, 
and brown adipose tissue (25 mg) from mice inoculated with L. infantum were collected a$er different periods 
of time (6 (A), 10 (B) and 31 weeks post infection (C)), DNA was extracted in a 100 µL volume and the presence 
of L. infantum DNA was determined by qPCR using a 2.5 µL DNA extract. Results represent parasite burden per 
milligram of tissue with SEM. *p < 0.05. qPCR negative samples are not shown on graphs.
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Figure 2.  Immuno-labeled histological sections of tissues from BALB/c mice infected with Leishmania 
infantum, 40 weeks post infection. "e presence of Leishmania infantum was determined in sections of different 
paraffin-embedded adipose tissue using rabbit anti-Leishmania polyclonal antibodies. Parasites were revealed 
using biotin-conjugated antibodies and peroxidase-labeled streptavidin. Labeled Leishmania infantum appear in 
orange/brown in adipocyte tissue (black arrows).

Figure 3.  (A) mRNA expression of Perilipin 1 and Adiponectin determined by RT-qPCR in the stroma vascular 
fraction (SVF) and the adipocyte fraction from scAdi, oAdi and bAdi of BALB/c mice in brown and white 
adipocytes (subcutaneous and periovarian) and stromal vascular fractions. Perilipin-1 and Adiponectin mRNA 
expression were used as a control for adipocyte purification. Histograms represent mean + sem of 4 mice. (B) 
Detection by qPCR of Leishmania infantum in adipose tissue fractions. DNA was extracted in a 100 µL volume 
and the presence of L. infantum DNA was determined by qPCR using a 2.5 µL DNA extract. *p < 0.05.
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of in vitro differentiated adipocytes was assessed by qPCR for both adipocytes isolated from mouse and human 
donors (Fig. S5). To confirm the intracellular localization of L. infantum parasites in brown adipocytes, we per-
formed an electron microscopy experiment. L. infantum parasites were indeed found inside a vacuole within 
lipid droplet-containing cells (Fig. 5). Moreover, using confocal microscopy we found GFP-L.infantum parasites 
inside 3T3-L1 adipocytes (Fig. S6). Altogether, by combining confocal and electron microscopy approaches, 
we confirmed the ability of L. infantum to parasitize adipocytes. Here we provide in vivo and in vitro evidence 
demonstrating that adipocytes are bona fide host cells for L. infantum parasites.

Leishmania persistence in humans is a critical medical problem but their sanctuaries remain undetermined. 
Adipose tissue has been recently hypothesized as a reservoir for several intracellular pathogens that are able to 
induce  relapses10–15. Moreover, we previously highlighted the presence of L. infantum in intra-abdominal fat in 
BALB/c  mice9. Here, we investigated whether or not adipocytes could be infected and if the adipose tissue could 
be a sanctuary of persistence for L. infantum.

Our results have shown the presence of L. infantum in murine subcutaneous, periovarian, dorsal and pre-
dominantly in brown adipose tissue. "ese results show that L. infantum parasites can be found both in white 
and brown adipose tissue regardless of their different physiological roles, even though persistence in white 

Figure 4.  Confocal microscopy of BALB/C adipocytes infected In vitro with GFP-L. infantum. Adipocytes of 
pre-adipocyte murine origin were infected a$er 7 days of differentiation with 10 GFP-Leishmania/cells. Red: 
phallloidin-Txred, Blue: Dapi, Green: GFP-leish. Images were acquired with Nikon Confocal A1R so$ware 
(NIS-Elements Confocal) from Nikon (https:// www. micro scope. healt hcare. nikon. com). Images were merged 
with ImageJ bundled with Java 1.8.0_172 (https:// imagej. nih. gov/ ij/). Images were assembled with Adobe 
Photoshop 2020 (https:// www. adobe. com/).

https://www.microscope.healthcare.nikon.com
https://imagej.nih.gov/ij/
https://www.adobe.com/
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adipose tissue is shorter. Mechanisms leading to the elimination of parasites in white adipose tissue over time 
would be of interest to study.

As mentioned in the results section, parasite burden in adipose tissue was insufficient for bioluminescence 
detection using the previously generated LUC-L. infantum parasites, thus we could not follow-up the infection 
in vivo. It would be interesting in the future to generate new highly bioluminescent strains allowing detection 
of few parasites, in order to characterize persistence in adipose tissue, and possibly shed light on other possible 
persistence sites.

As adipose tissue also contains macrophages, we investigated by qPCR the presence of parasites in an adipo-
cyte-enriched fraction. Because presence of L. infantum parasites was demonstrated only in this fraction and not 
in the macrophage-containing SVF fraction, we analyzed by electron microscopy the infection of adipocytes by 
L. infantum parasites. For that purpose, we used adipocytes differentiated from murine pre-adipocytes isolated 
from stromal vascular cells. Visualization of electron microscopy data, 48h post infection has shown entrance 
and presence of a vacuole around L. infantum parasites. Interestingly, we could not found vacuoles containing 
multiple parasites. It would be interesting to perform further experiments to assess whether or not parasites are 
able to multiply in adipocytes.

Indeed, as it has been shown for Mycobacterium tuberculosis10, we can hypothesize that within the adipocytes 
L. infantum is in a dormancy state waiting for a better time to exit its host cell. Moreover, transfer of BAT from 
previously infected BALB/c to naive mice led to development of infection. "is indicates that the L. infantum 
parasites present in BAT are infectious parasites, able to infect the liver, spleen and BAT of naive mice. We have 
shown that, in vitro, L. infantum can infect mouse and human adipocytes equally. Furthermore, BAT has been 
discovered recently in human adults in several anatomical  regions20,21, thus, we suppose that L. infantum can 
similarly infect humans, as is described for rodents herein.

Another advantage for the parasite to infect adipocytes is that these cells are not professional phagocytes 
with inherent antimicrobial activities compared to macrophages, which are typically considered to be the host 
cell reservoir for Leishmania parasites. Nevertheless, it has been demonstrated that dermal adipocytes displayed 
antimicrobial  activity22. Also, it will be interesting to evaluate this in white, brite and brown adipocytes to 
tentatively correlate antimicrobial capacity to the variation of persistence duration between these tissues. Our 
results further suggest that treatments with poor access to adipose tissue would be poorly effective at resolving 
the infection and would likely be followed by relapses. Further studies will be necessary to determine in humans 
whether adipocytes could be a reservoir for L. infantum. "ese findings could have an impact on future treat-
ment development, taking into account drug bioavailability in newly found persistence sites to avoid relapses.

Design and realization of animal experiments follow the ARRIVE guidelines. 
Female BALB/c mice were purchased from Charles River (France). Mice were maintained and handled accord-
ing to the regulations of the European Union, the French Ministry of Agriculture and to FELASA (Federation of 
Laboratory Animal Science Associations) recommendations. Experiments were approved by the ethics commit-
tee of the Nice School of Medicine, France (Protocol number: 2017-56).

GraphPad Prism 9 was used for statistical analysis. Significance was determined by 
analysis of variance (ANOVA) using a Bonferroni correction for multiple comparisons. A p-value < 0.05 was 
considered significant.

Figure 5.  (A–C) Electron microscopy of in vitro infected brown adipocytes by GFP-L. infantum with different 
magnification (nucleus (n), flagella (f), kinetoplast (k), mitochondrion (m)).
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L. infantum L. infantum MON-1 (MHOM/FR/94/LPN101), was isolated from a patient with Med-
iterranean visceral leishmaniasis contracted in the Nice area (South of France). We used this isolate to generate 
a recombinant L. infantum—expressing the Green Fluorescent Protein reporter (GFP-L. infantum) and L. infan-
tum—expressing the Luciferase reporter (LUC-L. infantum)9. L. infantum promastigotes were routinely grown at 
26 °C in Schneider’s Insect Medium  (Sigma®) supplemented with NaHCO3 0.4 g/L (Janssen  chimica®),  CaCl2 0.6 
g/L (Fluka  Chemika®), Fetal Bovine Serum 10%  (Gibco®), 10 mL urine pool for 500 mL of medium, Phenol Red 
0,1%, Hepes 10 mM pH 7.3, penicillin/streptomycin 1%  (Gibco®), and l-Glutamine 1%  (Gibco®).

Briefly the promastigote forms were washed three times 
in PBS, and 2 ×  108 parasites were injected by intravenous route in 200 µL of PBS. Control mice were injected 
with 200 µL of PBS.

BAT from infected BALB/c mice was sampled and freshly 
minced using a potter. "e minced infected BAT was injected by intraperitoneal route in naive BALB/c mice.

Briefly 
BAT and WAT were minced and then digested for 45 min at 37 °C in collagenase type 2. "e tissue digest was 
passed through 250 μm nylon sheets. Floating adipocytes were separated from the SVF a$er decantation. "e 
floating fraction corresponding to the adipocyte-enriched fraction was carefully removed.

Each sample of Adipose tissue, liver and spleen (25 
mg) was put in a sterile tube of Lysing Kits  (Precellys®), and then homogenized by  Precellys® (2 × 30 s, with a 
break of 15 s) in lysis buffer of the Qiagen Kit QIAmp DNA Mini  Kit®. DNA extraction was conducted accord-
ing to the recommendations of  Qiagen®. "e extracts were kept at − 20 °C for conservation. Quantitative PCR 
was implemented for detection and quantification of L. infantum targeting minicircle kinetoplast DNA (kDNA). 
Primers and probes previously described by Mary et al.5 containing 20 pmol of each forward (5 -CTT TTC TGG 
TCC TCC GGG TAGG-3 ) and reverse (5 -CCA CCC GGC CCT ATT TTA CAC CAA -3 ) primer and 3.33 pmol 
TaqMan probe (FAM-TTT TCG CAG AAC GCC CCT ACC CGC -TAMRA) were used for Leishmania screening 
and  quantification5. "e assays were performed with a final volume of 10 µL, including the 2.5 µL DNA sample. 
A standard curve was obtained from the primary DNA extraction source of 2.5 ×  107 parasites and diluted seri-
ally at a 1/10 rate, which corresponded to 50,000 to 0.05 parasites in 2.5 µL. "e PCR program was implemented 
with two temperature steps of 95 °C and 60 °C for 40 cycles. "e standard curve and a pair of negative controls 
were used for each assay.

Organs were fixed in 4% PFA (ParaFormAldehyde). Samples 
were embedded in paraffin automatically with the spin tissue processor STP120  ("ermoFisher®). "e tissue 
processor STP120 uses alcohol to remove water from tissues and replace it with a medium that allows sectioning 
of tissue. "in sections (2.5 µm) were cut with a Microtome Microme HM340E (Leica  BIOSYSTEMS®). Sections 
were deparaffinized by immersing 3× in xylene, rehydrated by successive immersion in ethanol solutions of dif-
ferent percentages (100%, 95%, 70%, 50%) and in water. Unmasking was conducted boiling in 10 mM Sodium 
Citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked by a solution of 3.0% hydrogen peroxide. 
"e immuno-histochemistry labeling consisted of a primary human antibody directed against Leishmania. "is 
antibody was recognized by an anti-human goat antibody, which was recognized by biotinylated anti-goat, the 
signal was amplified and revealed by Streptavidin-HRP. "e brightfield microscope was an Eclipse Ci upright 
stand (Nikon, Japan), using objectives 20× dry NA 0.40. Acquisitions were done with a DS—Ri 1 camera (Nikon, 
Japan).

"e method for generating white, 
brite and brown adipocytes from stromal vascular fraction (SVF) cells was adapted from a previous  publication23. 
Briefly, fat deposits were sampled, minced and then digested for 45 min at 37 °C in DMEM (Lonza, BE12–707F) 
containing 2 mg/mL collagenase A (Roche Diagnostics, 11088793011) and 20 mg/mL BSA (Sigma-Aldrich Che-
mie Gmbh, A7030). "e digestion was successively filtrated through 250, 100 and 27 μm nylon sheets, and finally 
centrifuged at 500×g for 5 min. "e pellet containing the SVF was cleared from red blood cells using specific 
buffer (Sigma) before being plated and maintained in DMEM containing 10% (v/v) fetal calf serum (FCS) until 
confluence. Differentiation was induced by supplementation with 1 μM dexamethasone (Sigma-Aldrich Chemie 
Gmbh, D4902), 0.5 mM isobutylmethylxanthine (Sigma-Aldrich Chemie Gmbh, I5879) and 860 nM insulin 
(Invitrogen, 12585014) for 2 days. Cells were then maintained for 7–10 days in presence of 100 nM insulin for 
white adipogenesis or a mixture containing 100 nM insulin, 1 μM rosiglitazone (BertinPharma, 71740) and 0.2 
nM triiodothyronine (Sigma-Aldrich Chemie Gmbh, T6397) for brown or brite adipogenesis.

3T3-L1 fibroblasts were grown at 7% CO2 and 37 
°C on coverslips in 35 mm dishes in DMEM, 25 mm glucose, and 10% calf serum, and 1% Penicillin–Streptomy-
cin, and induced to differentiate in adipocytes. Briefly, 2 days a$er confluence, medium was changed for DMEM, 
25 mM glucose, 1% Penicillin–Streptomycin, and 10% fetal calf serum (FCS) supplemented with isobutylmeth-
ylxanthine (0.25 mM), dexamethasone (0.25 µM), insulin (5 µg/mL), and pioglitazone (10 µM). "e medium 
was removed a$er 2 days and replaced with DMEM, 25 mM glucose, 1% Penicillin–Streptomycin, and 10% FCS 
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supplemented with insulin (5 µg/mL) and pioglitazone (10 µM) for 2 days. "en the 3T3-L1 adipocytes were fed 
every 2 days with DMEM, 25 mM glucose, 1% Penicillin–Streptomycin, and 10% FCS.

For BMDM (Bone Marrow Derived Macrophage), 
mouse femurs were removed and purified from the surrounding muscles and connective tissue. Under sterile 
conditions, the bone marrow was flushed by pressure a$er needle penetration in epiphyses with BMDM medium 
containing RPMI and decomplemented FBS 10% and gentamycin 0.001%. "e cells were centrifuged (400×g, 5 
min) and resuspended in BMDM medium supplemented with M-CSF 10 ng/mL. Cells were seeded at 5 ×  105 
cells/well.

Blood monocytes were isolated from human healthy blood samples (leukoplatelet layer, Etablissement 
Français du Sang) using EasySep™ Human Monocyte Enrichment Kit (STEMCELL Technologies) according 
to manufacturer’s instructions. Macrophage differentiation was induced by human M-CSF (Peprotech, 100 pg/
mL, 5 days).

Human adipose tissue primary progenitor cells were from a previ-
ous  study19 and differentiated as follow. Cells were cultivated in DMEM containing 10% FCS until confluence. 
When the cells reached confluence, they were induced to differentiate for 3 days in DMEM/Ham’s F12 (1:1) 
media supplemented with 10 μg/mL transferrin, 10 nM insulin, 0.2 nM triiodothyronine, 1 μM dexamethasone 
and 500 μM isobutyl-methylxanthine. "e cells were next differentiated into white adipocytes using a media 
supplemented with 10 μg/mL transferrin, 10 nM insulin, 0.2 nM triiodothyronine or into brite adipocytes in the 
same media supplemented with 100 nM rosiglitazone.

Total RNA was extracted using a TRI-Reagent kit (Euromedex) according 
to the manufacturer’s instructions. Reverse transcription-polymerase chain reaction (RT-PCR) was performed 
using M-MLV-RT (Promega). SYBR qPCR premix Ex Taq II from Takara (Ozyme) was used for quantitative 
PCR (qPCR), and assays were run on a StepOne Plus ABI real-time PCR instrument (PerkinElmer Life and 
Analytical Sciences). "e expression of selected genes was normalized to that of the 36B4 (RPLP0, Ribosomal 
Protein Lateral Stalk Subunit P0) and TBP (TATA-box protein) housekeeping genes and then quantified using 
the comparative-ΔCt method. Primer sequences are available upon request.

"e BMDM and adipocytes of pre-adipocyte murine origin were infected a$er 7 days of 
differentiation with a ratio of 10:1 GFP-L. infantum per cell. Human adipocytes were infected a$er 14 days of 
differentiation with a ratio of 10:1 GFP-L. infantum per cell. 3T3 cells were infected 8 days a$er their differentia-
tion with a ratio of 10:1 GFP-L. infantum per cell.

For epifluorescence acquisition, we used the EVOS FL 
microscope (AMF-4302-EU; Labtech, France), using the 10× dry Ph and 20× dry FL objectives. Acquisitions 
were done with a Sony ICK285AL monochrome CCD, 2/3  1360 × 1024, 1.4 Megapixel camera (Labtech, 
France). For confocal microscopy, F-actin was labeled with phalloidin-TRITC (red), and the nuclei were labeled 
with DAPI (blue). Leishmania-GFP parasite are green. "e fluorescent signals were analyzed with a Nikon con-
focal microscope using a × 60 magnification lens.

For ultrastructural analysis, cells were fixed in 1.6% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4) at 4 °C, rinsed in 0.1 mol/L cacodylate buffer, and fixed for 1 h in 1% osmium tetroxide 
and 1% potassium ferrocyanide in 0.1 mol/L cacodylate buffer to enhance the staining of membranes. Cells were 
rinsed in cold distilled water, quickly dehydrated in cold ethanol, and lastly embedded in epoxy resin. Con-
trasted ultrathin sections (70 nm) were analyzed under a JEOL 1400 transmission electron microscope (EM) 
mounted with a Morada Olympus charge-coupled device camera.
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Au regard de la prévalence des cancers et de la leishmaniose, la présence de ces deux 

pathologies dans le même tissu pourrait être complètement fortuite. L’issue clinique des deux 

maladies dépend de l’immunité innée et adaptative, et dans les deux cas, ces maladies sont 

caractérisées par une réponse Th1 insuffisante. Par conséquent, l’environnement cytokinique 

Th2 résultant de la progression de la leishmaniose pourrait promouvoir la prolifération de 

cellules tumorales, et vice versa. D’autre part, les aspects cliniques de formes sub-cliniques de 

leishmaniose cutanée ou viscérale peuvent ressembler à des néoplasmes, menant parfois à 

des diagnostics erronés. Dans cette revue, nous présentons les récentes découvertes sur 

l’association entre leishmaniose et affections malignes. Nous incluons des patients HIV 

positifs, négatifs et des patients dont le statut HIV n’était pas établi. La ressemblance dans les 

aspects cliniques a mené au diagnostic erroné de carcinome cellulaire squameux, lymphome 

B et T, tumeurs et granulomes oraux et intranasaux dans des cas de leishmaniose. Par 

conséquent, la leishmaniose devrait être considérée dans le diagnostic de cancers dans des 

zones ou le parasite est endémique, ou dans des patients ayant voyagé vers des régions 

endémiques. Nous avons également listé des articles montrant que Leishmania pouvait 

promouvoir le développement de cancers dans des patients immunodéprimés et 

immunocompétents. Les mécanismes potentiels supportant cet effet sont discutés. 
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A B S T R A C T

Given the prevalence of cancer and leishmaniasis worldwide, the presence of these two pathologies in the same
tissue sample may be merely fortuitous. The clinical outcome of both diseases is under the control of innate and
adaptive immunity, and in both cases these progressive diseases are characterized by an impaired host Th1
response. As a consequence, the Th2 cytokine microenvironment occurring in progressive leishmaniasis may
potentially promote tumor cell proliferation and vice versa. On the other hand, clinical aspects of subclinical
cutaneous or visceral leishmaniasis sometimes closely resemble those observed in various neoplasms thus
leading to misdiagnosis. In this review, we present recent findings on the association between leishmaniasis and
malignant disorders. Our review includes HIV positive, HIV negative subjects and patients whose HIV status has
not been established. Leishmaniasis mimicking a malignant disorder was confirmed and extended to unreported
neoplastic disorders including squamous cell carcinoma, T-cell and B-cell lymphoma, oral and intranasal tumors
and granulomas. Thus, leishmaniasis should be considered in the differential diagnosis and course of various
cancers in Leishmania endemic areas or in patients with travel history to these areas. We also listed recent reports
showing that Leishmania can promote cancer development in immunocompromised as well as in im-
munocompetent patients. The potential mechanisms supporting this promoting effect are discussed.

1. Introduction

Leishmaniasis is a disease induced in humans by protozoan parasites
from more than twenty different Leishmania species(WHO, 2018). The
vector, a female phlebotomine sand fly, transmits parasites during
blood feeding. The common clinical forms of leishmaniasis are visceral
Leishmaniasis (VL), cutaneous Leishmaniasis (CL) and to a lesser extent
muco-cutaneous Leishmaniasis (MCL). The outcome of infection can be
variable, ranging from an asymptomatic form to obvious disease with
intermediate cases of subclinical forms (Michel et al., 2011). In humans,
CL appears as a localized lesion, with a long self-healing process. After
healing, a depressed scar remains. MCL is generally the result of the
parasite dissemination from the skin to the naso-oropharyngeal mucosa
of certain species from the New World Leishmania subgenus (Burza
et al., 2018). This dissemination occurs through lymphatic or blood
vessels from a CL papule to the nasal mucosa. The most severe form, VL,
is fatal if untreated and represents the second largest parasitic killer in
the world after malaria (DebRoy et al., 2017). Leishmaniasis, classified
as a neglected tropical disease, is widespread worldwide except for

Oceania. According to the WHO, the estimated annual incidence of
leishmaniasis is one million new cases, resulting in 30 000 deaths per
year (WHO, 2018). In parallel, besides the numerous cases of leish-
maniasis, there are about 14 million new cases of cancer each year,
which represents the second leading cause of death in the world
(McGuire, 2016). Therefore, due to their frequency, an association
between leishmaniasis and neoplastic disorders is likely to occur by
chance. However, a growing number of studies speculate on a possible
causal association between Leishmaniasis infection and the subsequent
appearance of malignancy (Al-Kamel, 2017). We will review the lit-
erature in order to assess whether or not this hypothetical link is pre-
sent. We shed in light that Leishmania infection can mimic cancer
symptoms resulting in misdiagnosis, but also highlight that Leishmania
can be found in neoplastic disorders in various clinical situations. The
possible mechanisms underlying how leishmaniasis could promote
cancer progression and vice versa are discussed.
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2. Leishmaniasis and cancer: diseases with similar symptoms

Sometimes, physical aspects as well as clinical parameters of CL and
VL closely resemble those observed in various neoplasms (Tables 1 and
2). For example, lymphoma symptoms including enlarged lymph nodes,
fever, sweating and chills, weight loss, extreme tiredness and swollen
abdomen are clearly similar to those observed in VL (Kawakami et al.,
1996; Evers et al., 2014). In a same way, CL lesions can resemble cu-
taneous cancers. Tables 1 and 2 present data from 18 clinical studies on
leishmaniasis that masqueraded as a neoplastic disorder including 14 of
them that were not mentioned in a previous review (Kopterides et al.,
2007). Reported clinical cases indicated that subclinical forms of MCL
and CL due to L. infantum and L. major can be misdiagnosed as various
cancers including oral carcinomas, squamous cell carcinomas, T-cell
lymphomas and granuloma tumors (Table 1). In the same way, sub-
clinical forms of VL were misdiagnosed as lymphomas, histiocytosis,
nasopharyngeal tumors, cutaneous spindle-cell pseudotumors and
adrenal cystic masses (Table 2). Subclinical VL cases were characterized
by clinical manifestations such as lymphadenopathy or two or more
mild symptoms associated with at least one positive biological test
(Badaro et al., 1986). In every case, Leishmania parasites were found in
biopsies by anatomopathological studies. Therefore, Leishmaniases can
sometimes be misdiagnosed, and this misdiagnosis can lead either to
surgical interventions or to the administration of an inadequate treat-
ment (corticosteroids) and can delay the correct diagnosis and treat-
ment (Orlandi and Malfitano, 2014; Gul et al., 2016).

3. The Leishmania and cancer link: does Leishmaniasis promote
cancer development?

In humans, clinical expression of leishmaniasis ranged from sub-
clinical to symptomatic forms. In this chapter, we focused only on
clinical cases where leishmaniasis and tumor cells were observed in the

same biological sample. Leishmaniasis cases arising in patients pre-
viously diagnosed with various cancers and treated with anti-cancer
chemotherapy for months have been reviewed previously (Kopterides
et al., 2007). Indeed, although local immune suppression induced by
malignant disorders may promote leishmaniasis development, it is
more likely that immunosuppression induced by long-term anti-cancer
drug therapy is responsible for parasite expansion (Fishman, 2011). In
these cases, clinical data suggested that leishmaniasis may manifest
itself in a more severe clinical course with unfavorable prognostic. In
our review, numerous cases that speculate on a possible causal asso-
ciation between leishmaniasis infection and appearance of malignancy
have been studied. Among the 28 presented cases, 14 cases were pub-
lished after 2007 (Kopterides et al., 2007). Moreover, co-presence of
leishmaniasis and cancer is represented with 5 new cases. Those 33
clinical cases with the co-presence at cancer diagnosis time, of tumor
cells and Leishmania parasites in humans are summarized in Tables 3–5.

3.1. In HIV+ patients

Seven cases of co-presence of leishmaniasis and cancer, originated
from HIV+patients, are reported in this review. In HIV+ subjects, VL
was associated in three cases with squamous carcinoma and in one case,
either with Burkitt lymphoma or dermatofibroma (Table 3). In HIV+
individuals, as previously reported, the parasite multiplication can
simply result from the immunosuppression due to the HIV-induced loss
of Leishmania specific CD4+T cells (Akuffo et al., 2018). However,
participation of tumor cells to parasite expansion via local tumor-in-
duced decrease of Th1 compartment, leading to a facilitated parasite
growth, cannot be totally ruled out.

3.2. In HIV- patients

In HIV- humans, cutaneous leishmaniasis was associated with basal

Table 1
Human Cutaneous leishmaniasis mimicking cancer disorder.

Leishmania species Clinical expression Cancer mimicking Investigation method for leishmania Sample Country References

L. braziliensis CL Squamous cell carcinoma Microscopy Biopsy Brazil (Quintella et al., 2011)
L. donovani complex MCL Intranasal tumor Histopathological examination and

PCR
Tumoral mass Turkey (Gul et al., 2016)

L. infantum CL Squamous cell
carcinoma

Microscopy Biopsy Iran (Khorsandi-Ashtiani et al.,
2009)

Microscopy and PCR Biopsy Spain (Ramos et al., 2015)
MCL Intranasal tumor Microscopy lesion smears Spain/Bolivia (Cobo et al., 2016)

L. major CL Carcinoma Biopsy Syria (Sabri et al., 2009)
L. mexicana Squamous cell

carcinoma
Biopsy United States (Oetken et al., 2017)

nd MCL T-cell
lymphoma

Serological
Assays and PCR

Serum, biopsy Brazil (Nicodemo et al., 2017)

Oral cancer Biopsy and microscopy Biopsy Italy (Celentano et al., 2015)
Subclinic Granulomas Microscopy Biopsy Saudi Arabia (Al-Qahtani et al., 2012)
MCL Squamous carcinoma Microscopy and PCR Biopsy Turkey (Akcali et al., 2008)

Table 2
Human Visceral leishmaniasis mimicking cancer disorder (nd : not documented).

Leishmania species Cancer mimicking Investigation method for leishmania Sample Country References

L. donovani Lymphoma Microscopy, peripherical blood culture Bone marrow aspiration India (Kawakami et al., 1996)
Histiocytosis Microscopy and Serology Saudi Arabia (Sheikha et al., 1993)
Nasopharyngeal tumor Microscopy Biopsy India (Naik et al., 1978)

L. infantum Lymphoma Microscopy, PCR and Serology Bone marrow aspiration Spain (Evers et al., 2014)
Cutaneous spindle-cell pseudotumors Microscopy, culture nd (Perrin et al., 1993)

nd B-cell lymphoma Microscopy Italy (Orlandi and Malfitano, 2014)
Adrenal Cystic Mass Biopsy Greece (Brenner et al., 2000)
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cell carcinoma, ocular epidermoid carcinoma or basal cell carcinoma
and visceral leishmaniasis was co-present with lymphoblastic leukemia,
lymphoma or osteosarcoma (Tables 4,5). In patients whose HIV status
was not documented, CL or VL were associated mainly with leukemia
and myeloma (Tables 4,5). Interestingly, on some occasions, a non-re-
sponse to leishmaniasis therapy was observed. This lack of response was
attributed to the presence of tumor cells, and excision of these cells
restored the sensitivity of Leishmania to current treatments (Jewell and
Giles, 1996; Asilian et al., 2012). Moreover, the development of cancer
in leishmaniasis scars could occur several years after apparent healing.
Therefore, the possible role of CL as a predisposing factor for skin
cancer should be taken into account (Suster and Ronnen, 1988; Asilian
et al., 2012).

3.3. In animals

In Table 6, we specifically pinpointed clinical cases of co-localiza-
tion of Leishmania parasites and tumor cells in dogs. In these cases, dog
visceral Leishmaniasis was mainly associated with transmissible ve-
nereal tumor or less frequently with histiocytic tumor, non-histiocytic
lymphoma or squamous cell carcinoma.
The co-presence of Leishmaniasis and tumor cells in im-

munocompetent host (HIV - patients or dogs) at the time of cancer di-
agnosis raises the question of the reciprocal influence of cancer devel-
opment and Leishmania proliferation (Tables 3–6).

4. Leishmaniasis triggered modulation of anti-cancer immunity

Studies in mouse models as well as in humans have demonstrated
that the control of parasite proliferation in target organs depends on
innate and adaptive immunity developed by the host. Type 1 adaptive

immunity characterized by IFN-γ, IL-2, TNF-α and IL-12 production by
CD4+T-cell subsets, delayed-type hypersensitivity (DTH) and
CD8+T cells with suppressor antibody activity, confers protection
against infection. By contrast, development of type 2 (Th2 cells)
adaptive immunity, characterized by IL-4, IL-5 and IL-10 production by
CD4+T-cell subsets, antibody production and T suppressor DTH cells,
leads to uncontrolled parasite proliferation in target organs (Kumar
et al., 2017). Recently, Th17 subsets in conjunction with Th1 subsets
have been shown to play an important role in the defense against
various pathogens or in the control of cancer development, but these
responses can be suppressed by T regulatory cells (T regs) recruited by
the growing tumors (Steer et al., 2010). Generally, mixed Th1/Th2
responses were observed in response to parasite infection, but only
hosts mounting a Th1 dominant response were able to contain parasite
multiplication (Bretscher et al., 2002). Following parasite inoculation,
most humans control parasite proliferation and become asymptomatic
carriers. Thus, people developing patent disease represent only the tip
of the iceberg (Michel et al., 2011). Immune suppression in healthy
subjects such as that occurring in HIV+ or in long-term im-
munosuppressive or anti-cancer therapy, results in some cases in the
reactivation of parasite multiplication (Marty et al., 2007). Leishma-
niasis also affects the activation and function of macrophages and
dendritic cells and is responsible for chronic inflammation. Interest-
ingly enough, chronic inflammation promotes cancer through multiple
mechanisms like genomic instability and DNA damage which may
cause genetic and epigenetic mutations initiating cancer (Schetter et al.,
2010). Of note, like Leishmaniasis, progressive cancers alone can in
some cases be associated with tumor specific Th2 response and re-
gression of Th1 response (Bretscher et al., 2001; Ivanova and Orekhov,
2015). Moreover, many types of cancers take advantage of the im-
munomodulating activities of cytokines because of their capacity to act

Table 3
Leishmaniasis in HIV+patients diagnosed with cancer.

Leishmania
species

Clinical
expression

Cancer Investigation method for leishmania Sample Country References

L. donovani Subclinical Conjunctival Squamous
Carcinoma

Microscopy Biopsy Guatemala (Bielory et al., 2011)

L. donovani VL Burkitt lymphoma nd (Boutros et al., 2006)
L. infantum Subclinical Squamous cell

carcinoma
Italy (Donati et al., 2013)

L. infantum Histopathology,
Microscopic examination

Spain / Morrocco (Armengot-Carbó et al., 2012)

L. infantum MCL Kaposi's
sarcoma

Microscopy, izoenzymatic methods France (Michiels et al., 1994)
L. infantum VL Microscopy, culture, serology Bone marrow

aspiration, biopsy
Mediterranean countries (Taillan et al., 1992)

nd Dermatofibroma Microscopy Biopsy Spain (Castellano et al., 1999)
nd Subclinical Cutaneous Kaposi’s

sarcoma
Spain / Mexico (Albrecht et al., 1994)

Table 4
Human Cutaneous leishmaniasis in patients diagnosed with cancer.

Leishmania species Clinical expression Cancer Investigation method for leishmania Sample Country References

L. braziliensis MCL Ocular Epidermoid carcinoma Microscopic examination Biopsy Brazil (Matayoshi et al., 2000)
L. infantum Diffuse CL Sezary syndrome Microscopic examination and PCR Spain (Giavedoni et al., 2014)

CL Chronic lymphocytic leukaemia Skin culture Italy (Jewell and Giles, 1996)
MCL Kaposi's

sarcoma
Microscopy and izoenzymatic methods France (Michiels et al., 1994)

L. mexicana Diffuse CL Epidermoid cancer Microscopy and PCR Mexico (Blum-Domínguez et al., 2017)
nd CL Basal Cell Carcinoma Leishmanin skin tests Iran (Asilian et al., 2012)

nd (30 years after the primary lesion) Turkey (Unlü et al., 2007)
Necrotic leukaemic lesion Microscopic examination Turkey (Paydaş and Zorludemir, 2000)
Basal Cell Carcinoma United Kingdom (Rayatt and Moss, 2000)

United Kingdom (Czechowicz et al., 1999)
Squamous Cell Carcinoma Iran (Friedman et al., 2003)
Basal Cell Carcinoma Israel (Suster and Ronnen, 1988)
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on gene expression and to down-regulate immune responses that can
eliminate cancer cells. Thus, many tumor cells secrete the im-
munosuppressive IL-10 cytokine with a concomitant decrease in the
capacity to trigger protective Th1 responses. Consequently, Th2 micro
environment together with chronic inflammation observed in obvious
Leishmaniasis may facilitate cancer setting and progression and vice
versa.

5. Discussion

In this review, we analyzed clinical cases of Leishmania infection in
relationship with cancers. As in some cases development of atypical CL
or VL physically and clinically resembles various cancer developments
(Albrecht et al., 1994; Galluzzi et al., 2018), Leishmania infection was
misdiagnosed and some patients received either anti-tumoral therapy
before biopsy or underwent surgery. As a consequence, Leishmania in-
fection worsened, until the right diagnosis was established and ade-
quate Leishmania treatment was initiated (Al-Qahtani et al., 2012).
These data confirmed that atypical CL can mimic various other skin
disorders. Therefore, CL should be considered in patients with non-
healing and/or unusual dermatological lesions especially in endemic
countries and in individuals travelling in endemic regions. In addition,
CL should be considered in transplanted patients who traveled or lived
in endemic areas and display atypical cutaneous lesions whose clinical
initial appearance suggested cancer development (Ramos et al., 2015).
Cancers and leishmaniasis are very common diseases occurring world-
wide (WHO, 2018; McGuire, 2016). Therefore, the unrelated coex-
istence of both pathologies in the same host can at first glance be ex-
pected. The outcome of both diseases is under the control of innate
immunity including macrophages and natural killer cells, and of
adaptive immunity including CD4/CD8 cells and regulatory T-cells
(Melssen and Slingluff, 2017) and (da Silva Santos and Brodskyn,
2014). The development of a Th1 dominant response by CD4+T-cells
generally leads to the containment of both pathologies whereas the
impairment of Th1 responses leads to parasite proliferation in target
organs or uncontrolled cancer progression (Rodrigues et al., 2016)
(Melssen and Slingluff, 2017). Presence of Leishmania and/or tumor
cells, prolonged inflammatory signaling and defects in anti-in-
flammatory mechanisms can lead to chronic inflammation and benefit
tumor development and/or parasite proliferation. Therefore, Leish-
mania chronic infection and/or cancer development are able to create a
microenvironment that could promote parasite growth and/or cancer
progression. As a consequence, environment generated following
Leishmania infection can promote cancer progression and vice versa. Of
note, the fact that the anti-cancer drug Miltefosine also displays a strong
leishmanicidal effect suggests that mechanisms supporting parasite or
cancer growth are at least partially similar (Tiwari et al., 2018). The
notion that chronic inflammation may induce, promote or influence
susceptibility to carcinogenesis is not novel (Parisi et al., 2018). Indeed,
coinfection with multiple pathogens has been shown to accelerate
cancer development in certain cases (Yasunaga and Matsuoka, 2018).
For example, parasitic or bacterial infection is a risk factor for adult T
cell leukemia lymphoma induced by human T cell leukemia virus type
1. Similarly, Epstein-Barr virus and malaria are closely associated with
endemic Burkitt lymphoma (Yasunaga and Matsuoka, 2018). These
findings indicate that these oncogenic pathogens can overcome host
barriers against cancer development. Actually, it is estimated that 15%
of cancers worldwide can be attributed to infection with oncogenic
pathogens.
Here, we listed articles reporting on the co-localization of VL or CL

with various cancers in HIV+human hosts, in humans whose HIV
status was not documented, in HIV- patients and dogs (Tables 3–6). As
immunosuppression alone in HIV+patients can promote Leishma-
niasis development or can induce Kaposi’s sarcoma and increase the
risk of various cancers, the association of both pathologies evolving
independently can be possible. In all human cases, subclinical orT
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symptomatic forms of Leishmaniasis were observed. This would suggest
that only progressive leishmaniasis could promote cancer development
and consequently that asymptomatic Leishmania carriage does not dis-
play a potential indirect oncogenic power. However, the great number
of asymptomatic carriers in endemic areas (Michel et al., 2011), aging
population and possible immunosuppression (HIV, cancers, transplan-
tation) represent potential factors that could initiate parasite reactiva-
tion or trigger disease by de novo infection. This could therefore pro-
mote cancer development (Torres-Guerrero et al., 2017). Although no
association between asymptomatic carriage and tumor development
has yet been studied, it is not excluded that asymptomatic carriage may
increase the risk of cancer development. In addition, a tumor-induced
parasite growth cannot be totally excluded. In this case, the micro-
environment created by progressive cancers in asymptomatic carriers
and the immunosuppressive effect of cancer therapies could lead to
parasite reactivation, which in turn could promote cancer growth. This
synergy would be extremely detrimental for the host. However, the lack
of studies showing a direct effect of cancer on Leishmaniasis develop-
ment and previous studies showing the oncogenic power of pathogens
such as Plasmodium falciparum (Yasunaga and Matsuoka, 2018) indicate
that subclinical or symptomatic Leishmaniasis can promote cancer
growth. As a consequence, patients with subclinical or obvious leish-
maniasis can be at higher risk of developing various cancers and thus
would necessitate a particular treatment regimen. Further studies are
however necessary to precise the impact of Leishmania infection on
cancer development in Leishmaniasis endemic areas.
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Visceral leishmaniasis in dogs diagnosed with cancer (nd= not documented).

Leishmania species Clinical expression Cancer Investigation method for leishmania Sample Country References

L. infantum Asymptomatic Transmissible
venereal tumor

Intratumoral fine needle aspirates, microscopy Biopsy Spain (Kegler et al., 2013)

VL Extranodal lymphoma Bone marrow aspirate, IFAT
(immunofluorescent antibody test)

Bone marrow
aspirate

Italia (Foglia Manzillo et al.,
2008)

VL Transmissible
venereal tumor

Cytological examination, IFAT, PCR Biopsy, Lymph node
aspirate

Italia (Catone et al., 2003)

IFAT, Microscopy Serum and cutaneous
Nodules aspirates

(Albanese et al., 2002)

nd Asymptomatic Nonhistiocytic Canine
Tumors

Microscopy, serology Biopsy (Ferro et al., 2013)
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Rés mé 

 

Les inflammasomes sont des plateformes de signalisation assemblées en réponse à une 
infection ou inflammation stérile par des « pattern recognition receptors » (PRR) cytosoliques. 
L’activation par l’inflammasome de la caspase-1 qui en découle est indispensable pour la 

défense de l’hôte contre les pathogènes. Au cours de l’infection, NLRP3, un PRR appelé aussi 
cryopyrine, déclenche l’assemblage de la caspase-1 activatrice de l’inflammasome par le biais 
du recrutement de la protéine ASC et Nek7. L’activation de l’inflammasome NLRP3 est 
étroitement régulé au niveau transcriptionnel et post-traductionnel. Malgré l’importance de 

la régulation de l’inflammasome NLRP3 dans les maladies auto-inflammatoires et infectieuses, 

peu de choses sont connues sur le mécanisme contrôlant l’activation de NLRP3 et la 

signalisation en aval qui régule l’assemblage de l’inflammasome NLRP3. Nous avons 
précédemment démontré que la toxine d’Escherichia coli « Cytotoxic necrotizing factor-1 » 
(CNF-1) activatrice de la Rho-GTPase était capable d’activer la caspase-1, mais le mécanisme 
reste à élucider. Ici, nous démontrons le rôle de l’inflammasome NLRP3 dans la détection de 
toxines bactériennes et de facteurs de virulence activant les Rho-GTPases de l’hôte. Nous 
montrons que cette activation dépend de l’activité de cette toxine sur la Rho GTPase Rac2. 

Nous démontrons également que l’inflammasome NLRP3 est activé par une cascade de 
signalisation qui implique les Kinases p21-activées 1 et 2 (Pak1/2) et de la phosphorylation de 
Thr 659 de NLRP3 par Pak-1, nécessaire pour l’interaction NLRP3-Nek7, l’activation de 
l’inflammasome et la maturation de la cytokine IL-1β. De plus, l’inhibition de l’axe Pak-NLRP3 

diminue la clairance bactérienne dans les souris de bactéries E. coli UTI89 exprimant le CNF-

1. Dans l’ensemble, nos résultats démontrent que Pak1 et Pak2 sont des régulateurs critiques 

de l’inflammasome NLRP3, et révèlent le rôle de l’axe de signalisation Pak-NLRP3 in vivo au 

cours de bactériémies chez la souris. 
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U
ropathogenic E. coli is the leading causative agent of bacte-
raemia1. It is therefore fundamental to decipher the mecha-
nisms that determine the fate of this pathogen in the blood. 

The innate immune sensing of E. coli is mediated by pattern rec-
ognition receptors (PRRs), mainly by Toll-like receptor-4 (TLR4), 
which detects bacterial lipopolysaccharides (LPS). LPS are the prin-
cipal component of the external membrane of both pathogenic and 
non-pathogenic E. coli and, therefore, pattern-triggered immunity 
does not seem to be sufficient to gauge the pathogenic potential of 
microorganisms. As TLR4 is activated by both live and dead bacte-
ria, pattern-triggered immunity is certainly important for monitor-
ing the quantity of bacteria, but is not sufficient to determine their 
quality2. One strategy to determine microbial pathogenicity is the 
detection of virulence factor activities that are specific to pathogens3. 
Virulence factors of uropathogenic E. coli include CNF1, which is 
a Rho-GTPase-targeting toxin. The CNF1 toxin bears enzymatic 
activity that is responsible for the post-translational deamidation  

of a specific glutamine residue on a subset of Rho GTPases, namely 
Rac, Cdc42 and RhoA4–6. This modification destroys the intrin-
sic and GTPase-activating-protein- (GAP)-regulated ability of 
these Rho GTPases to hydrolyse GTP, conferring dominant posi-
tive mutant characteristics to Rho proteins4–6. This modification 
increases GTP-bound activated Rho proteins and the activation 
of their downstream signalling pathways6. By modulating the host 
cytoskeleton, these virulence factors confer to bacteria invasion 
properties and the ability to modulate inflammatory responses7–10. 
Among the virulence factors, there are more than 30 that target Rho 
GTPases. They are either activators or inhibitors of Rho GTPases, 
both of which activate caspase-1 (refs. 11,12).

Inflammasomes are signalling platforms that are assembled by 
cytosolic PRRs that activate caspase-1. NLRP3 oligomerizes on 
infection or cellular damage, and recruits ASC, Nek7 and caspase-1 
to form the NLRP3 inflammasome. This assembly results in ASC 
speck formation, cleavage of pro-caspase-1 into active caspase-1 and 
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Inflammasomes are signalling platforms that are assembled in response to infection or sterile inflammation by cytosolic 
pattern recognition receptors. The consequent inflammasome-triggered caspase-1 activation is critical for the host defence 
against pathogens. During infection, NLRP3, which is a pattern recognition receptor that is also known as cryopyrin, triggers 
the assembly of the inflammasome-activating caspase-1 through the recruitment of ASC and Nek7. The activation of the NLRP3 
inflammasome is tightly controlled both transcriptionally and post-translationally. Despite the importance of the NLRP3 inflam-
masome regulation in autoinflammatory and infectious diseases, little is known about the mechanism controlling the activation 
of NLRP3 and the upstream signalling that regulates the NLRP3 inflammasome assembly. We have previously shown that the 
Rho-GTPase-activating toxin from Escherichia coli cytotoxic necrotizing factor-1 (CNF1) activates caspase-1, but the upstream 
mechanism is unclear. Here, we provide evidence of the role of the NLRP3 inflammasome in sensing the activity of bacterial 
toxins and virulence factors that activate host Rho GTPases. We demonstrate that this activation relies on the monitoring of 
the toxin’s activity on the Rho GTPase Rac2. We also show that the NLRP3 inflammasome is activated by a signalling cascade 
that involves the p21-activated kinases 1 and 2 (Pak1/2) and the Pak1-mediated phosphorylation of Thr 659 of NLRP3, which 
is necessary for the NLRP3–Nek7 interaction, inflammasome activation and IL-1β cytokine maturation. Furthermore, inhibition 
of the Pak–NLRP3 axis decreases the bacterial clearance of CNF1-expressing UTI89 E. coli during bacteraemia in mice. Taken 
together, our results establish that Pak1 and Pak2 are critical regulators of the NLRP3 inflammasome and reveal the role of the 
Pak–NLRP3 signalling axis in vivo during bacteraemia in mice.
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the maturation of pro-IL-1β into IL-1β. The NLRP3 inflammasome 
assembly is controlled by both the priming by TLR ligands and acti-
vation signals. Furthermore, the NLRP3 inflammasome assembly is 
regulated by phosphorylation and ubiquitination events13,14. Despite 
a variety of identified NLRP3 activators, the upstream signalling 
pathways that control NLRP3 post-translational modifications and 
activation mechanisms remain unclear14. Interestingly, toxins that 
inactivate Rho GTPases activate the Pyrin inflammasome through 
the modification of its phosphorylation status by the PKN1/2 
kinases. The Pyrin inflammasome has been shown to detect tox-
ins that inhibit Rho GTPases, but information about the sensing of 
toxins that activate Rho GTPases through inflammasomes is lack-
ing15,16. In this Article, we used the CNF1 toxin as a model of the 
Rho-GTPase-activating virulence factor to demonstrate the role of 
the Pak–NLRP3 axis in sensing CNF1 activity and controlling the 
clearance of bacteria during bacteraemia.

Results
CNF1-triggered immunity requires NLRP3. We set up an 
assay to monitor the CNF1-triggered activation of caspase-1 
using a FAM-YVAD-FMK (FAM-FLICA) probe. Primary 
bone-marrow-derived macrophages (BMDMs) isolated from 
BALB/c mice were treated with CNF1 and analysed using confocal 
microscopy. Cells with dots of FAM-FLICA staining correspond-
ing to ASC specks were counted (Extended Data Fig. 1a). This 
unbiased screen revealed that NLRP3 is the major NLR involved in 
CNF1-triggered caspase-1 activation (Fig. 1a). The role of NLRP3 
in this pathway was confirmed in BMDMs isolated from C57BL/6J 
mice bearing ASC–citrine knockin using flow cytometry (Extended 
Data Fig. 1b,c). In this assay, we quantified the percentage of cells 
with ASC specks as previously described17,18. These data revealed 
the conserved role of NLRP3 in the response to CNF1 in macro-
phages isolated from both BALB/c and C57BL/6J background.

Next, we investigated the role of NLRP3 in CNF1-triggered immu-
nity. Co-treatment of BMDMs isolated from wild-type (WT) mice 
with the CNF1 toxin together with the NLRP3 inhibitor MCC950 
was sufficient to block caspase-1 activity, demonstrating that the 
CNF1 toxin is an NLRP3 activator (Fig. 1b,c). Importantly, the num-
ber of FAM-FLICA+ cells was substantially reduced in BMDMs that 
were treated with catalytically inactive mutant CNF1C866S. This result 
provided evidence that CNF1 toxin activity is monitored by NLRP3, 
rather than the pattern of the toxin3. Furthermore, CNF1-triggered 
maturation and secretion of IL-1β and activation of caspase-1 was 
impaired in NLRP3-knockout BMDMs (Fig. 1d and Supplementary 
Fig. 1). By contrast, CNF1 treatment did not affect the secretion of 
IL-6 or TNF-α, two cytokines that are not regulated by inflamma-
somes (Fig. 1d and Supplementary Fig. 1). Activation of the NLRP3 
inflammasome is often associated with pyroptosis19. To investigate 
whether CNF1 triggered pyroptosis, we measured propidium iodide 
incorporation (Extended Data Fig. 2a), lactate dehydrogenase 
(LDH) release (Extended Data Fig. 2b) and gasdermin D (GSDMD) 
cleavage (Extended Data Fig. 2c). In contrast to nigericin, we did 
not observe any of these pyroptosis markers after CNF1 treatment 
and we observed a similar level of CNF1-triggered caspase-1 activa-
tion and IL-1β maturation/secretion in WT and GSDMD-knockout 
macrophages (Extended Data Fig. 2d,e). We subsequently tested the 
role of the NLRP3 inflammasome regulator Nek7 in CNF1-triggered 
immunity. Transfection of Nlrp3 or Nek7 short interfering RNA 
(siRNA) in BMDMs inhibited CNF1-triggered IL-1β maturation 
(Extended Data Fig. 3a,b). K+ efflux is an upstream event for NLRP3 
inflammasome activation and Nek7 requires K+ efflux for NLRP3 
inflammasome assembly14,20. We observed that KCl treatment was 
sufficient to inhibit CNF1-triggered caspase-1 cleavage (Extended 
Data Fig. 3c). Importantly, we confirmed that the KCl treatment 
did not inhibit CNF1 toxin activity towards Rho GTPase activation 
using a glutathione S-transferase (GST)–Pak-Rac-binding domain 

(RBD) pull-down assay (Extended Data Fig. 3d). We next investi-
gated whether other toxins that target Rho GTPases have the ability 
to activate the NLRP3 inflammasome. Dermonecrotic toxin (DNT) 
from Bordetella has transglutaminase activity towards Rho GTPases 
that enables the constitutive activation of Rho GTPases6,10. We 
observed that purified recombinant DNT triggered the activation of 
caspase-1 in WT macrophages, but not in NLRP3-knockout macro-
phages (Extended Data Fig. 4a). We next tested whether the NLRP3 
activation was triggered specifically by virulence factors activat-
ing Rho GTPases using NLRP3 inflammasome reconstitution in 
HEK293T cells21. Cells were transfected with plasmids encoding 
the DNT toxin or the injected bacterial virulence factors YopE from 
Yersinia containing a GAP domain that enables inactivation of the 
Rho GTPases6. We observed NLRP3-dependent IL-1β maturation 
when cells were transfected with the Rho-GTPase-activating toxin 
DNT, but not when cells were transfected with the Rho GTPase 
inhibitor YopE (Extended Data Fig. 4b). The expression of the viru-
lence factor SopE from Salmonella containing a guanine nucleotide 
exchange factor (GEF) domain activating Rac and Cdc42 (refs. 6,22) 
or the expression of the GEF domain of the Dbl exchange factor 
(Dbl495–826)23 were sufficient to trigger NLRP3-dependent IL-1β 
maturation (Extended Data Fig. 4b,c). Taken together, we showed 
that the activation of Rho GTPases by toxins and virulence factors 
triggered the activation of the NLRP3 inflammasome and that Rac 
has a major role in this pathway.

Activation of the NLRP3 inflammasome by CNF1 relies on Rac2 
and the Pak serine–threonine kinases. Although the CNF1 toxin 
is a Rho GTPases activator and Rac2 is a haematopoietic-specific 
Rho GTPase that is involved in the innate immune response to the 
CNF1 toxin24, the contribution of Rac1 and Rac2 in this process is 
still unknown. To investigate the role of Rac in the CNF1-triggered 
NLRP3 inflammasome activation, we knocked down Rac1 and/
or Rac2 using siRNA in BMDMs. Interestingly, Rac1 knock-
down resulted in an increase in the level of CNF1-triggered IL-1β 
maturation whereas Rac2 knockdown was sufficient to block it  
(Fig. 2a). We tested whether activated GTP-bound Rac2 levels would 
increase when Rac1 was targeted by siRNA. The GST–Pak-RBD 
pull-down analysis showed an increase in activated Rac2 when 
Rac1 was knocked-down using siRNA (Fig. 2b). These data demon-
strate the critical role of Rac2 in CNF1-triggered IL-1β maturation  
(Fig. 2a,b). To determine the molecular mechanism of the caspase-1 
activation, we used a system of NLRP3 inflammasome reconstitu-
tion in HEK293T cells. This analysis showed that CNF1 is sufficient 
for the NLRP3 inflammasome activation-triggered caspase-1 cleav-
age and that the co-treatment of CNF1 with MCC950 inhibited this 
caspase-1 activation (Fig. 2c). The transfection of Rac2 GTPase or 
activated mutant forms of Rac2 (including Q61E mimicking the 
CNF1 modification or Q61L and G12V) were sufficient to activate 
caspase-1, in contrast to the inactive mutant Rac2T17N (Fig. 2d). 
Interestingly, the strength of caspase-1 activation observed using 
the activated forms of Rac2 GTPase was correlated with the amount 
of Rho GTPases that were bound to GST–Pak-RBD (Fig. 2e). These 
data indicate that NLRP3 senses the activation level of the Rho 
GTPase Rac2 proportionally to the strength of activation rather 
than by detecting the structural modification made by the toxin as 
it would be predicted for a classical PRR.

The correlation between caspase-1 activation and the amount 
of Rac2 bound to GST–Pak-RBD suggested a potential role of Pak 
kinases in CNF1-triggered NLRP3 inflammasome activation. We 
therefore knocked-down Pak1 and/or Pak2 in BMDMs by transfect-
ing siRNA (Pak3 is predominantly expressed in the brain25,26). We 
observed a major decrease in caspase-1 cleavage in cells treated with 
Pak1 siRNA but a moderate impact when using siRNA targeting  
Pak2, indicating that Pak1 has a main role (Fig. 3a). However, 
we could not exclude the possibility that the total inhibition of 
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Fig. 2 | Rac2 activation triggers NLRP3 inflammasome activation. a, BMDMs extracted from BALB/c mice were transfected with siRNA targeting the 

indicated isoform of Rac GTPase for 72 h and treated with CNF1 (500 ng ml−1) and LPS (100 ng ml−1) for 8 h. Supernatants and cell lysates were analysed 

using immunoblotting. b, Immortalized BMDMs (iBMDMs) were transfected with the indicated siRNA for 72 h before being treated or not treated with 

CNF1 (500 ng ml−1) for 6 h before analysis using a GST–Pak-RBD pull-down assay. The Rac2 associated with the GST–Pak-RBD beads is indicated as 

Rac2–GTP. c,d, HEK293T cells were transfected for 16 h with plasmids encoding NLRP3 inflammasome components: Myc–NLRP3, green fluorescent 

protein (GFP)-tagged ASC, mouse caspase-1 (mCasp1) and pro-IL-1β–Flag as indicated, before analysing caspase-1 cleavage or pro-IL-1β maturation using 

immunoblotting. c, Cells were pretreated or not with 1 μM MCC950 for 45 min before treatment for 6 h with CNF1 (500 ng ml−1). d, Cells were transfected 

with the following haemagglutinin (HA)-tagged mutants of Rac2: the constitutively active mutant mimicking CNF1-induced deamidation Rac2Q61E (Q61E), 

the constitutively active mutants Rac2Q61L (Q61L) or Rac2G12V (G12V), or the dominant negative mutant Rac2T17N (T17N). Supernatants and cell lysates were 

analysed using immunoblotting. e, HEK293T cells were transfected for 16 h with HA-tagged active mutants Rac2Q61E, Rac2Q61L or Rac2G12V, or the dominant 

negative mutant Rac2T17N before analysis using a GST–Pak-RBD pull-down assay. HA–Rac2 associated with the GST–Pak-RBD beads is indicated as Rac2–

GTP. Experiments were repeated at least three times, and representative data are shown.
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is an ATP-competitive inhibitor27. In the inflammasome recon-
stitution system in HEK293T, we expressed the activated form of 
Pak1 (T423E) together with caspase-1, ASC and pro-IL-1β, and 
we observed no IL-1β maturation. By contrast, when NLRP3 was 
transfected together with ASC and caspase-1, the expression of the 
activated form of Pak1 was sufficient to trigger maturation of IL-1β 
(Fig. 3d). Furthermore, phosphorylated forms of Pak colocalized in 
dot-like structures with NLRP3 and active caspase-1 (Supplementary 
Fig. 2). We next investigated whether Rac2, Pak1 and NLRP3 pro-
teins formed a complex. We found NLRP3 interacting with acti-
vated Rac2 when activated Pak1 was expressed (Fig. 3e). We next 
investigated whether Pak1 was involved in the nigericin-triggered 
activation of the NLRP3 inflammasome and observed that IPA-3 
treatment was sufficient to inhibit both caspase-1 cleavage and the 
release of LDH (Extended Data Fig. 5a,b). Furthermore, siRNA tar-
geting of Pak1 was found to decrease nigericin-triggered caspase-1 
maturation (Extended Data Fig. 5c).

To genetically prove the involvement of Pak1 in NLRP3 
inflammasome activation, we used Pak1-knockout mice. We 
observed a reduction in caspase-1 cleavage triggered by CNF1 in 
Pak1-knockout macrophages and a reduction in IL-1β secretion 
(Fig. 3f,g). By contrast, the secretion of TNF-α was unaffected  
(Fig. 3g). Both caspase-1 cleavage and IL-1β secretion triggered by 
CNF1 were substantially reduced when the Pak1-knockout macro-
phages were treated with the Pak2 siRNA, suggesting that there is 
a partial compensation in Pak1-knockout macrophages (Fig. 3f,g).

Pak1 phosphorylates NLRP3 and triggers inflammasome activa-
tion. To further investigate whether NLRP3 is a substrate for the 
Pak1 serine–threonine kinase, we set-up an in vitro kinase assay. 
When both Pak1 and NLRP3 proteins were incubated with ATPγ32P, 
we observed a band at the size of NLRP3, indicating that NLRP3 
is directly phosphorylated by Pak1 in vitro (Fig. 4a). The in vitro 
kinase assay was then used to identify the phosphorylated sites 
of NLRP3 by analysing the band corresponding to NLRP3 using 
mass spectrometry. The analysis revealed that Pak1 phosphory-
lates NLRP3 at three independent positions that correspond to 
Ser 163, Ser 198 and Thr 659 in the human NLRP3 (Extended Data 
Fig. 6a,c and Supplementary Table 1). Interestingly, the Ser 163 and 
Ser 198 residues were previously reported to be phosphorylated, 
and Ser 198 was reported to be important for NLRP3 priming28. 
NLRP3 Thr 659 was not reported to be phosphorylated and, inter-
estingly, the identified peptide appears to be conserved between 
humans and mice (Extended Data Fig. 6d). Reinforcing the poten-
tial conservation of the Pak–NLRP3 axis, CNF1-triggered caspase-1 
activation was observed in primary human macrophages and was 
inhibited by treatment with NLRP3 inhibitor or Pak1 inhibitor 
(Extended Data Fig. 7a,b). In the inflammasome reconstitution 
system, we next expressed the activated Pak1T423E and compared 
the effect of the expression of NLRP3 WT with the triple-mutant 
NLRP3S163A S198A T659A or single mutants NLRP3S163A, NLRP3S198A and 

NLRP3T659A in which the phosphorylated residues were replaced 
with alanine residues, which are not sensitive to phosphorylation. 
The results show that the triple-mutant NLRP3S163A S198A T659A and 
the single mutant NLRP3T659A is impaired in IL-1β maturation trig-
gered by the activated Pak1T423E, indicating that the NLRP3 Thr 659 
residue has an important role in Pak1-triggered NLRP3 inflam-
masome activation (Fig. 4b). Furthermore, we generated a T659D 
phosphomimetic NLRP3 mutant and observed that, compared with 
NLRP3T659A, the NLRP3T659D mutant had an increased ability to trig-
ger pro-IL-1β maturation (Fig. 4c). Importantly, similar results were 
obtained when the Rho-GTPase-activating virulence factor SopE 
was transfected to activate the pathway, highlighting the involve-
ment of this NLRP3 post-translational regulation for the sensing 
of other virulence factors activating Rho GTPases (Extended Data 
Fig. 8a). We next stably reconstituted immortalized macrophages 
knocked-out for NLRP3 with plasmids encoding either NLRP3 
or NLRP3T659A. Confirming our results, we observed impaired 
CNF1-triggered IL-1β maturation/secretion in macrophages 
expressing NLRP3T659A compared with macrophages expressing 
WT NLRP3 (Fig. 4d,e). By contrast, TNF-α was similarly secreted 
by macrophages expressing either NLRP3 or NLRP3T659A (Fig. 4e). 
After treatment with the DNT toxin, we also observed an impair-
ment in CNF1-triggered IL-1β maturation in macrophages express-
ing the NLRP3T659A mutant compared with macrophages expressing 
WT NLRP3 (Extended Data Fig. 8b). Reinforcing the importance 
of this NLRP3 phosphorylation site in the inflammasome activa-
tion process, nigericin-triggered IL-1β maturation and secretion 
were reduced in macrophages expressing the NLRP3T659A compared 
with the macrophages expressing NLRP3, whereas TNF-α secretion 
was unaffected (Extended Data Fig. 9). Taken together, these results 
show that phosphorylation of NLRP3 at Thr 659 has a functional 
role, and that Pak1 is a regulator of the NLRP3 inflammasome. 
Structural analysis of the NLRP3–Nek7 interaction revealed a puta-
tive interaction domain at the level of the Thr 659 of NLRP3 (ref. 29). 
Using co-immunoprecipitation experiments, we tested whether the 
NLRP3S163A S198A T659A triple mutant or NLRP3S163A, NLRP3S198A and 
NLRP3T659A single mutants affected the interaction with endogenous 
Nek7. The interaction between NLRP3 and Nek7 was impaired in 
the NLRP3S163A S198A T659A triple mutant and in the NLRP3T659A mutant, 
indicating that Thr 659 is a critical site for NLRP3–Nek7 interac-
tion and suggesting that the phosphorylation of NLRP3 at Thr 659 is 
important for the NLRP3–Nek7 interaction (Fig. 4f). This observa-
tion was confirmed using anti-Nek7 immunoprecipitation in mac-
rophages in which we found a decrease in NLRP3T659A binding to 
Nek7 compared with WT NLRP3 (Fig. 4g).

Clearance of CNF1-expressing E. coli during bacteraemia 
requires the Pak–NLRP3 signalling axis. We next addressed the 
relevance of the CNF1-triggered Pak–NLRP3 signalling axis during 
infection. We observed an increase in caspase-1 maturation when 
macrophages were infected with CNF1-expressing E. coli compared 

Fig. 4 | Pak1 phosphorylates NLRP3 to promote inflammasome activation. a, In vitro [γ-32P]ATP kinase assay using human recombinant NLRP3 

(arrows) and human recombinant Pak1 (arrowheads) analysed using autoradiography and Coomassie brilliant blue (CBB) staining. b, HEK293T cells 

were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC–GFP, mouse caspase-1), pro-IL-1β−Flag, Myc–Pak1T423E, with 

Myc–NLRP3, Myc–NLRP3S163A, Myc–NLRP3S198A, Myc–NLRP3T659A or Myc–NLRP3S163A S198A T659A, and IL-1β maturation was analysed using immunoblotting. 

c, HEK293T cells were transfected with plasmids encoding components of the NLRP3 inflammasome (ASC–GFP, mouse caspase-1) and Myc–Pak1T423E, 

with Myc–NLRP3, Myc–NLRP3T659A or Myc–NLRP3T659D, and IL-1β maturation was analysed using immunoblotting. d,e, NLRP3-knockout iBMDMs that 

were reconstituted with either NLRP3 or NLRP3T659A were treated with vehicle or LPS (100 ng ml−1) and CNF1 (500 ng ml−1) for 8 h. d, Supernatants and 

cell lysates were analysed using immunoblotting. e, Supernatants were analysed using ELISA for IL-1β (n = 4 biologically independent samples) and 

TNF-α (n = 3 biologically independent samples). Data are mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. 

f, HEK293T cells were transfected with plasmids encoding Myc–NLRP3, Myc–NLRP3S163A, Myc–NLRP3S198A, Myc–NLRP3T659A or Myc–NLRP3S163A S198A T659A. 

Cell lysates were processed for anti-Myc immunoprecipitation and endogenous Nek7 was revealed using anti-Nek7 antibodies. g, NLRP3-knockout 

iBMDMs that were reconstituted with either NLRP3 or NLRP3T659A were treated with CNF1 (500 ng ml−1) for 6 h. Cell lysates were analysed using 

immunoprecipitation with anti-Nek7 antibodies or isotypic IgG. Experiments were repeated at least three times, and representative data are shown.
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NLRP3 (Fig. 5c). TNF-α secretion measured during infection with 
CNF1-expressing E. coli was not affected in macrophages that were 
isolated from NLRP3-knockout mice or macrophages expressing the 
NLRP3T659A mutant (Fig. 5b,c). We previously demonstrated that the 
CNF1 toxin expressed by E. coli triggered both an immune response 
in vivo and bacterial clearance during bacteraemia11. To investigate 
the role of Pak1 during CNF1-expressing E. coli bacteraemia, we 
used the Pak1 inhibitor AZ13711265, which blocks CNF1-triggered 
IL-1β maturation (Supplementary Fig. 3) and is associated with 
good in vivo pharmacokinetic properties27. We monitored the bac-
terial burden during bacteraemia in control mice or mice injected 
with AZ13711265. Mice bacteraemia was measured for each mouse 
at 4 h, 24 h and 48 h after infection (Fig. 5d). The bacterial clearance 
of CNF1-expressing E. coli was observed; no bacteria were detect-
able at 48 h in all of the control animals (Fig. 5d). We measured a 
statistically significant higher bacterial load at 48 h and 77% of the 
animals were found to be positive for bacteraemia in the mice that 
were injected with the Pak1 inhibitor, indicating that in vivo the 
inhibition of Pak1 is sufficient to inhibit the CNF1-expressing E. 
coli clearance (Fig. 5d). We next used an NLRP3 inhibitor, MCC950, 
which has been shown to be efficient in vivo30. We monitored bacte-
raemia in mice injected with MCC950 compared with the controls. 
The bacterial clearance of CNF1-expressing E. coli in mice injected 
with the NLRP3 inhibitor was significantly higher at 48 h, and 70% 
of the animals were found to be positive for bacteraemia (Fig. 5d). 
Consistent with our model, we observed no significant effect of 
both AZ13711265 and MCC950 towards the bacterial clearance 
when we infected mice with the isogenic E. coli CNF1-knockout 
strain (Extended Data Fig. 10a). To genetically prove this point, we 
infected WT mice, NLRP3-knockout mice or Pak1-knockout mice, 
and compared the CNF1-expressing E. coli burden. Consistent with 
the results obtained with the NLRP3 and Pak1 inhibitors, we did not 
detect any bacteria in the blood of infected WT mice at 48 h, whereas 
we measured a mean of 1.5 × 104 and 2.5 × 102 bacteria per mouse 
in the blood of NLRP3-knockout and Pak1-knockout mice, respec-
tively (Fig. 5e,f). The smaller effect observed in Pak1-knockout 
mice compared with NLRP3-knockout mice could be explained 
by the redundancy observed between Pak1 and Pak2 at the cellu-
lar level. The difference in the clearance of CNF1-expressing E. coli 
measured at 48 h between WT and NLRP3-knockout mice was still 
observable at later time points and was not observed when mice were 
infected with the isogenic E. coli CNF1-knockout strain, indicating 
the specificity of the CNF1 response towards the NLRP3 pathway 
in vivo (Extended Data Fig. 10b,c). Furthermore, we measured a 
similar trend in the clearance of the CNF1-expressing E. coli strain 
in WT and GSDMD-knockout mice (Extended Data Fig. 10d). We 
next monitored the bacterial burden in mice that were infected with 
CNF1-expressing E. coli and treated with AZ13711265, MCC950 or 
both. We observed no differences in the bacterial clearance between 
the three groups (Fig. 5d). NLRP3-knockout mice that were injected 
with vehicle or with AZ13711265 demonstrated no differences in 
bacterial clearance, suggesting that Pak1 and NLRP3 act within the 

same signalling pathway during bacteraemia (Fig. 5g). Together, 
these results unravel the critical role of Pak1 and NLRP3 in the 
clearance of CNF1-expressing bacteria and their importance in the 
innate immune response during bacteraemia.

Discussion
Our results shed light on a regulatory mechanism for NLRP3 after 
the activation of Rac2 by the bacterial toxin CNF1. The level of 
NLRP3 inflammasome activation is correlated with the strength of 
the interaction between activated Rac2 and Pak1-RBD, indicating 
that the innate immune system can adapt its response to the level 
of Rac2 activity. This seems to be an elegant strategy to deliver a 
commensurate response to the level of CNF1 toxin activity. Notably, 
the phosphorylated peptide containing Thr 659 of human NLRP3 
isolated by mass spectrometry is highly conserved between species, 
and the Pak–NLRP3 axis is conserved in human macrophages and 
is involved in the nigericin-triggered NLRP3 inflammasome acti-
vation. Complementary studies will be necessary to determine the 
precise molecular mechanism in other species or in other contexts 
as well as to determine whether the phosphorylation of NLRP3 at 
Thr 659 is a consensus site used by other kinases. Nevertheless, our 
results show that phosphorylation of NLRP3 at Thr 659 is important 
for NLRP3 inflammasome activation and suggest that it is impli-
cated in NLRP3-related inflammatory disorders or susceptibility  
to infection.

Our results suggest that there is redundancy between Pak1 and 
Pak2, as shown by a partial compensation by Pak2 in Pak1-knockout 
macrophages and mice. Further studies are required to clarify the 
importance of each of the group-1 Pak proteins in the activation 
of the NLRP3 inflammasome. Unfortunately, the Pak2-knockout 
mutations in mice are embryonically lethal (at embryonic day 8.0) 
and these studies would require the generation of conditional trans-
genic mice31.

We unravelled a CNF1-triggered secretion of IL-1β that is not 
linked to an increase in cell death and is independent of GSDMD. 
Studies of NLRP3 inflammasome canonical triggers have demon-
strated different IL-1β secretion scenarios. In the conventional sce-
nario, caspase-1 cleaves the inflammasome-related cytokines and 
GSDMD to generate active N-GSDMD32,33. N-GSDMD relocates in 
the plasma membrane to form pores, enabling IL-1β secretion32,33. 
GSDMD pores are associated with pyroptosis in the case of classical 
inflammasome activation or are controlled during inflammasome 
hyperactivation, leading to secretion without pyroptosis34–36. The 
CNF1-triggered IL-1β secretion seems to fall into another category, 
independent of both GSDMD cleavage and cell death, that may 
share similarities with the unconventional IL-1β secretion37. This 
unconventional secretion relies on the affinity of IL-1β to the plasma 
membrane ruffles that are characteristic of the CNF1-triggered 
Rac GTPase activation. The mechanism explaining how CNF1  
triggered caspase-1 activation without GSDMD cleavage remains to 
be elucidated and may be unique to toxins activating Rho GTPases. 
One hypothesis is that the activation of Rac2, in parallel to the 

Fig. 5 | Pak1 and NLRP3 control the burden of CNF1-expressing E. coli during bacteraemia. a, BMDMs isolated from C57BL/6 mice were pretreated for 

45 min with 1 μM MCC950 or 5 μM IPA-3 and were infected or not (multiplicity of infection (m.o.i.) = 5) with either E. coliCNF1+ or isogenic CNF1-deleted 

mutant E. coliCNF1−. Supernatants and cell lysates were analysed using immunoblotting. b,c, BMDMs isolated from C57BL/6 or C57BL/6 NLRP3-knockout 

mice (b) or iBMDMs expressing NLRP3 or NLRP3T659A (c) were infected (m.o.i. = 5) with E. coliCNF1+. The supernatants were analysed using ELISA. n = 4 

biologically independent samples per group. Data are mean ± s.e.m. Statistical analyses were performed using two-tailed unpaired Student’s t-tests. 

d–g, Mice were intravenously infected with 107 colony-forming units (c.f.u.) of E. coliCNF1+, before collecting peripheral blood at 4 h, 24 h and 48 h for 

the measurement of bacteraemia. d, C57BL/6J mice were injected intraperitoneally with vehicle, or with 50 mg kg−1 MCC950 (n = 10 mice), 10 mg kg−1 

AZ13711265 (n = 10 mice) or both once a day (n = 9 mice). **P < 0.01 (each individual inhibitor-treated group compared with the group injected with 

vehicle). e, WT (n = 7 mice) or NLRP3-knockout C57BL/6J mice (n = 6 mice) were analysed. ***P < 0.001. f, WT (n = 4 mice) or Pak1-knockout C57BL/6J 

mice were analysed (n = 4 mice). *P < 0.05. g, NLRP3-knockout C57BL/6J mice were injected intraperitoneally with 10 mg kg−1 AZ13711265 (n = 7 mice) or 

vehicle (n = 9 mice) once each day. Experiments were repeated at least two times, and representative data are shown. Data are the geometric mean ± 95% 

confidence interval. Statistical analyses were performed using two-tailed nonparametric Mann–Whitney U-tests. *P < 0.05, **P < 0.01, ***P < 0.001.
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Pak1–NLRP3 pathway activation, inhibits the cleavage of GSDMD. 
Similar to Toxoplasma gondii, the NF-κB activation triggered by 
Rac2 might be another mechanism explaining the IL-1β secretion 
independent of cell death and GSDMD38. Rac2 signalling may also 
regulate a potassium channel explaining the inhibition by KCl of 
the CNF1-triggered IL-1β secretion. Favouring this hypothesis,  
Rac GTPases have been found to modulate Kir2.1, a Kir-family 
potassium channel39.

Our study shows that NLRP3 is a major sensor of toxins that acti-
vate Rho GTPases, whereas previous research has shown the sensing 
of Rho-GTPase-inactivating toxins by Pyrin12. These studies high-
light that the mammalian innate immune system has evolved strate-
gies that share similarities with the effector-triggered immunity to 
detect abnormal activation of Rho GTPases3,40,41. Interestingly, both 
inactivation of RhoA and activation of Rac2 by bacterial toxins 
are monitored by Pyrin and NLRP3, respectively. More precisely, 
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here we show that Rac GTPases that activate bacterial factors are 
sensed by NLRP3 independently of the type of modification made. 
Similarly, bacterial factors that inactivate RhoA activate Pyrin inde-
pendently of the type of modifications12,42,43. These results suggest 
that the host guarding of Rho GTPase signalling integrity relies 
on two sensors that monitor the abnormal Rho GTPase cycling 
rather than toxin-triggered post-translational modifications of 
host proteins or virulence factor enzymatic activities. Interestingly, 
both Pyrin and NLRP3 require regulation by the serine–threonine 
kinases PKN1/2 and Pak1/2, respectively. The fact that two different 
inflammasomes have been evolutionarily selected to detect bacterial 
toxins that modify Rho GTPases highlights the importance of Rho 
GTPases in innate immunity.

Further studies are necessary to determine the in vivo conser-
vation of the Pak–NLRP3 axis and whether the sensing of other 
Rho-GTPase-activating virulence factors by the NLRP3 inflamma-
some impacts the bacterial burden during infection. Similarly, we 
expect that further studies will determine the importance of other 
inflammasomes in detecting bacterial virulence factors that are 
endowed with enzymatic activities.

Our results reveal the importance of Pak1 and NLRP3 in con-
trolling the bacterial burden during bacteraemia in mice. Even 
though further studies will be required to determine the role of the 
Pak–NLRP3 signalling axis in patients with bacteraemia, our results 
showing an increase in bacterial burden in MCC950-treated mice 
suggest that caution will be necessary for the use of NLRP3 inhibi-
tors in the clinical setting. This is consistent with clinical data show-
ing that there is an increased risk of infections associated with IL-1 
signalling inhibition44,45. One option would be to consider com-
bining inflammasome inhibitors with antibiotherapies or with an 
enhanced surveillance for a potential for bacteraemia risk.

Methods
Ethics statement. !is study was carried out in strict accordance with the 
guidelines of the Council of the European Union (Directive 86/609/EEC) regarding 
the protection of animals used for experimental and other scientific purposes. !e 
protocol was approved by the Institutional Animal Care and Use Committee on the 
Ethics of Animal Experiments of Nice, France (APAFIS#18322-20181218099427035 
v2 and APAFIS#24906-2020031614223228 v2).

Bacterial strains and toxins. The E. coli UTI89 clinical isolate was originally 
obtained from a patient with cystitis46 and the isogenic UTI89 CNF1+ (E. coliCNF1+) 
or UTI89 CNF1− (E. coliCNF1−) streptomycin-resistant strain generation and culture 
conditions were previously described11. For the infections, a 1/100 dilution of an 
overnight culture was inoculated and grown up to an optical density at 600 nm 
of 1.2 using a Luria–Bertani (LB) medium supplemented with streptomycin 
(200 μg ml−1). Bacteria were collected by centrifugation and washed twice in 
PBS before dilution in PBS to obtain the desired bacterial concentrations for 
the mouse infection experiments. Recombinant WT CNF1 and its catalytically 
inactive form (CNF1C866S) were produced and purified as previously reported47,48. 
The recombinant DNT toxin was purified from pQEDNTwt using the same 
protocol49. The recombinant proteins were passed through a polymyxin B column 
(Affinity Detoxi-Gel, Pierce). The removal of endotoxin was verified using a 
colorimetric limulus amebocyte lysate (LAL) assay (LAL QCL-1000, Cambrex). 
Each stock of the CNF1 preparation (2 mg ml−1) was shown to contain less than 0.5 
endotoxin units per ml. Plasmid expressing the virulence factor pCMV-SopE-HA 
was previously reported22 and SopE expression was stabilized by adding MG132 
(10 μM) to the cells to block its proteasomal degradation as previously described50. 
Plasmids expressing the pRK5-Myc-DNT were obtained by PCR amplification 
of pQEDNTwt, and pCMV-HA-YopE was obtained by PCR amplification and 
subcloning from pACY184-YopE-GSK (gift from I. Brodsky). All of the plasmids 
were verified by sequencing (Eurofins).

Cell culture, transfection and inhibitors. HEK293T cells were obtained from 
ATCC (CRL-3216) and maintained according to the ATCC instructions. BMDMs 
were extracted from the femurs of BALB/c, C57BL/6J, C57BL/6J knockin or 
C57BL/6J knockout mice (aged 6–10 weeks) as indicated in the legends and 
were cultured in RPMI GlutaMax medium (Life Technologies) supplemented 
with 100 ng ml−1 M-CSF (premium grade, Miltenyi Biotec), 10% heat-inactivated 
FBS (Biowest) and 50 μg ml−1 gentamycin (Life Technologies) at 37 °C in an 
atmosphere containing 5% CO2. The cells were seeded at a concentration of 106 
cells per well in a six-well plate. After 6 d of differentiation, BMDMs were used for 

experiments. HEK293T cells were transfected with plasmids using Lipofectamine 
2000 (Life Technologies) according to the manufacturer’s instructions. siRNAs 
were transfected in BMDMs for 72 h using Lipofectamine RNAiMAX Reagent 
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells 
were transfected as indicated in the figure legends with siRNAs (Dharmacon) 
targeting Nlrp3 (L-053455-00), Rac1 (L-041170-00), Rac2 (L-041171-01), Nek7 
(J-063266-09), Pak1 (L-048101-00), Pak2 (L-040615-00) or non-targeting control 
siRNA (D-001810-10). For the siRNA screen, the BMDMs were transfected with 
siRNA (Dharmacon) targeting Nod1 (L-055182-00), Nod2 (L-052735-00), Nlrc3 
(L-052823-01), Nlrc4 (L-055000-00), Nlrc5 (L-067620-01), Nlrx1 (L-057712-01), 
Ciita (L-043166-02), Naip1 (L-047682-00), Naip2 (L-044151-01), Naip5 (L-044142-
01), Naip6 (L-044145-01), Naip7 (L-065757-00), Nlrp1a (L-066229-00), Nlrp1b 
(L-161107-01), Nlrp2 (L-053528-01), Nlrp3 (L-053455-01), Nlrp4a (L-052395-01), 
Nlrp4b (L-058181-01), Nlrp4c (L-049416-01), Nlrp4d (L-067051-01), Nlrp4e (L-
068064-01), Nlrp4f (L-052668-01), Nlrp4g (L-066364-01), Nlrp5 (L-045315-01), 
Nlrp6 (L-066157-01), Nlrp9a (L-058269-01), Nlrp9b (L-066417-01), Nlrp9c (L-
057344-01), Nlrp10 (L-056559-01), Nlrp12 (L-060234-01), Nlrp14 (L-066093-01), 
Pycard (L-051439-01), Mefv (L-048693-01) and Aim2 (L-044968-01). BMDMs 
were pretreated with the following inhibitors for 45 min: 1 μM CP-456773 or 
MCC950 (Sigma-Aldrich), 5 μM IPA-3 (Tocris), 1 μM FRAX597 (Tocris) or the 
indicated concentration of AZ13711265 (AGV Discovery) in 2% FBS containing 
RPMI followed by the addition of CNF1 500 ng ml−1 and/or ultrapure LPS 
100 ng ml−1 (Invivogen) as indicated in the figure legends. Cells treated with 
nigericin 5 μM (Invivogen) or ATP 5 mM (Invivogen) for 30 min were used as 
positive control for NLRP3 inflammasome activation. For K+-efflux-preventing 
experiments, BMDMs were treated with 10 mM, 20 mM or 40 mM KCl. Primary 
macrophages were infected with E. coliCNF1+ or the isogenic E. coliCNF1− (m.o.i. = 5) 
for 16 h. Immortalized NLRP3-knockout BMDMs were stably complemented with 
pINDUCER21 plasmids encoding human NLPR3 WT or NLRP3T659A under a 
doxycycline-inducible promoter as previously described51. NLRP3 expression was 
induced by adding 2 μg ml−1 doxycycline for 16 h (Takara Bio). All of the cell lines 
were authenticated using PCR assays with species-specific primers. Mycoplasma 
testing was negative.

Mouse model of infection. Female C57BL/6J mice (aged 7 weeks; Charles River 
Laboratory) were injected intraperitoneally with MCC950 (Sigma-Aldrich) at 
50 mg kg−1 every 24 h or AZ13711265 (AGV Discovery) at 10 mg kg−1 every 24 h 
or both. NLRP3-knockout mice were provided by V. Petrilli and were described 
previously52. The Pak1-knockout, GSDMD-knockout and ASC–citrine-knockin 
mice used in this study were reported previously17,32,53. Female NLRP3-knockout or 
Pak1-knockout and female congenic WT C57BL/6J littermate mice were injected 
intravenously with 107 colony-forming units of E. coli and the determination of 
bacteraemia was monitored as previously described11. Mice were housed with 
their littermates and kept under a regular 12 h–12 h light–dark cycle at room 
temperature (20–25 °C) and a relative humidity of 50–70%. Food and water were 
available ad libitum. Experiments were performed under pathogen-free conditions 
with randomly chosen animals (same sex, matched by age and body weight). 
Investigators were blinded for in vivo experiments. Sample size was determined on 
the basis of our previous research11 and using G*Power software.

Reconstituted NLRP3 inflammasome in HEK293T cells. HEK293T cells were 
transfected with plasmids encoding the NLRP3 inflammasome components as 
previously described21,28. HEK293T cells were transfected with plasmids encoding 
Myc–NLRP3 or NLRP3 mutants, ASC–GFP, mpro-caspase1 and pro-IL-1β–Flag. 
Where indicated in the legend, cells were cotransfected with HA–Rac2, the 
constitutively active mutant of Rac2 mimicking CNF1-induced deamidation 
Rac2Q61E, Rac2Q61L, Rac2G12V or Rac2T17N, a dominant negative mutant of Rac2 
for 16 h. The monitoring of caspase-1 or IL-1β cleavage was performed using 
supernatant immunoblotting.

Immunoprecipitation. HEK293T cells were transfected with plasmids encoding 
Myc–NLRP3, Myc–NLRP3S163A S198A T659A, Myc–NLRP3S163A and Myc–NLRP3T659A, 
GFP–NLRP3, Myc–Pak1T423E and HA–Rac2Q61E, or NLRP3 expression was induced 
by adding 2 μg ml−1 doxycycline for 16 h to iBMDMs stably expressing NLPR3 or 
NLRP3T659A. Cells were lysed and processed for immunoprecipitation using 2 μg 
of anti-Myc or 3 μg of anti-Nek7 antibodies according to previously described 
conditions54. The expression of NLRP3 and endogenous levels of Nek7 were 
monitored in the cell lysate as well as in the immunoprecipitated fraction.

LDH release. The supernatant of stimulated macrophages was collected and 
centrifuged at 300g for 5 min to remove cellular debris. LDH measurement was 
performed using the LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) 
according to the manufacturer’s instructions, in samples diluted 1:5 in PBS. Data 
were plotted as the percentage of LDH release considering a Triton X-100 treated 
well as 100%.

Cell permeabilization kinetics. BMDMs were plated and stimulated in a 
96-well plate in medium containing propidium iodide (0.1 µg ml−1) and data 
were acquired with a ×10 objective using the IncuCyte Zoom system v.6.2.9200.0 
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(Essen BioScience) under a CO2- and temperature-controlled environment. 
Each condition was run in quadruplicate. The number of fluorescent objects was 
counted using Incucyte Zoom (Essen BioScience).

In vitro kinase assay. Recombinant purified Pak1 (500 ng) was incubated with 1 µg of 
recombinant human NLRP3 protein (Abcam, ab165022), and with 50 μM ATP and 
4 μCi of [γ 32 P]ATP in kinase buffer (50 mM HEPES pH 7.3, 50 mM NaCl, 0.05% 
Triton X-100, 10 mM β-glycerophosphate, 5 mM NaF, 10 mM MgCl2 and 0.2 mM 
MnCl2) at 30 °C for 30 min in a final volume of 39 μl. The reaction was stopped by 
adding 15 μl of LDS (Thermo Fisher Scientific) and 6 μl of dithiothreitol 500 mM. 
Samples were analysed by electrophoresis using Bolt 4–12% Bis-Tris Plus gels 
(Thermo Fisher Scientific) followed by Coomassie blue staining and autoradiography.

Immunofluorescence staining, antibodies and ELISA assays. Caspase-1 activation  
was detected using the fluorescent probe FAM-FLICA (ImmunoChemistry 
Technologies) after 6 h of treatment, according to the manufacturer’s instructions. 
After labelling, cells were fixed in 4% paraformaldehyde for 15 min, PFA was 
neutralized with 50 mM NH4Cl for 15 min, cells were permeabilized with 0.5%  
Triton X-100 for 5 min and blocked with 2% TBS-BSA. Cells were incubated  
with mouse anti-NLRP3 (clone Cryo-2, Adipogen) and/or rabbit anti-ASC  
(AG-25B-0006, Adipogen) or rabbit anti-phosphorylated-Pak (ab40795, Abcam) 
antibodies for 1 h followed by incubation with the secondary antibodies TexasRed 
anti-mouse IgG (TI-2000, Vector Laboratories) or Cy5 anti-mouse IgG (715-175-151,  
Jackson Immunoresearch) and/or TexasRed anti-rabbit IgG (711-075-152, Jackson 
Immunoresearch) and/or phalloidin Alexa Fluor 647 (ab176759, Abcam) and 
Hoechst 33342 (H1399, Thermo Fisher Scientific) for 30 min. Cells were imaged 
using a Nikon A1R confocal microscope. The following antibodies were used  
in this study: rabbit anti-IL-1β (GTX74034, Genetex), mouse anti-caspase-1  
(clone Casper-1, Adipogen), mouse anti-Rac (clone 102/Rac1, BD Biosciences), 
goat anti-Rac2 (ab2244, Abcam), mouse anti-NLRP3 (clone Cryo-2, Adipogen), 
rabbit anti-Nek7 (ab133514, Abcam), rabbit anti-Pak1 (2602, CST), rabbit anti-Pak2 
(2608, CST), rabbit monoclonal anti-GSDMD (ab209845), mouse anti-β-actin 
(AC-74, Sigma-Aldrich), mouse anti-Myc (9E10, Roche), mouse anti-HA (16B12, 
Covance), mouse anti-Flag (clone M2, Sigma-Aldrich), mouse anti-GFP (clone 
7.1, 13.1, Roche). Cytokine secretion was determined by ELISA using the mouse 
Quantikine ELISA kits for mouse IL-6, IL-18, TNF-α and IL-1β (R&D Systems) 
according to the manufacturer’s instructions.

Flow cytometry analysis. BMDMs isolated from C57BL/6J mice constitutively 
expressing ASC–citrine fusion protein (R26-CAG-ASC-citrine) were treated 
with LPS (100 ng ml−1) for 16 h before 6 h of treatment with vehicle or CNF1 
(500 ng ml−1) or 30 min with nigericin (5 µM). Cells were collected and analysed by 
flow cytometry using a BD FACSCanto II cytometer (BD Biosciences). Cytometry 
data were analysed using FlowJo v.10.6.2. Doublets were excluded using a side 
scatter (SSC)-A (area) and SSC-H (height) plot; cells with a high expression of 
ASC–citrine were gated and then analysed for ASC–citrine signal area (ASC–
citrine-A) and ASC–citrine signal height (ASC–citrine-H). Cells with ASC specks 
were defined with a higher ASC-H:ASC-A ratio.

Statistical analyses. Statistical analyses were performed using GraphPad 
Prism v.8.2.1. Comparisons of the bacterial load of mice were performed using 
nonparametric Mann–Whitney U-tests. Statistical analyses of FAM-FLICA+ cells, 
cytokine secretion and LDH release were performed using unpaired two-tailed 
Student’s t-tests.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the Article and 
its Supplementary Information or from the corresponding author on reasonable 
request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | CNF1 triggers Caspase-1 activation and ASC specks formation. a, BMDMs isolated from BALB/c mice were either treated with 

vehicle (control) or CNF1 (500 ng ml–1), inactive catalytic mutant CNF1 C866S (500 ng/mL) for 6 h, or Nigericin (5 μM) for 30 min. Active Caspase-1 was 

revealed with FAM-FLICA (green), ASC was stained using an anti-ASC antibody (Texas Red), nuclei and actin filament were stained with Hoechst and 

phalloidin-Alexa 647 respectively. Cells were analyzed by confocal microscopy. Arrows indicates FAM-FLICA dots that colocalize with the ASC staining. 

Scale bar: 10μm. b, BMDM isolated from C57BL/6 J mice constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were transfected 

with the indicated siRNA for 72 h prior to 6 h of CNF1 treatment (500 ng/mL) or treated with vehicle (control). Percent of cells with ASC specks. Data 

are expressed as the mean ± SEM. Each dot represents 105 cells (n = 2 biologically independent samples). c, BMDM isolated from C57BL/6 J mice 

constitutively expressing ASC-citrine fusion protein (R26-CAG-ASC-citrine) were treated 6 h with CNF1 (500 ng/mL) or Nigericin (5 μM) for 30 min or 

vehicle (control). Cells were analyzed for ASC speck formation by flow cytometry as indicated, doublets were excluded using SSC-A and SSC-H plot, cells 

with a high expression of ASC-citrine were gated and then analyzed for ASC-citrine area (ASC-citrine-A) and ASC-citrine height (ASC-citrine-H). Cells 

with ASC specks are defined with a higher ASC-H:ASC-A ratio. Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | NLRP3 inflammasome activation by CNF1 does not induce pyroptosis. a, BMDMs isolated from C57BL/6 J mice were treated 

with vehicle (control), Nigericin (5 μM) or CNF1 (500 ng/mL or 5 μg/mL) with or without LPS (100 ng/mL). Propidium iodide (PI) uptake was monitored 

over time (red object count) by real time imaging. Data are expressed as mean ± SD. 104 cells were analyzed for each replicate (n = 4 independent 

wells). b, BMDMs isolated from C57BL/6 J mice were treated with vehicle (control, n = 6 independent experiments), LPS (100 ng/mL, n = 4 independent 

experiments), LPS and CNF1 (500 ng/mL, n = 6 independent experiments) or LPS and Nigericin (5 μM, n = 4 independent experiments), and LDH  

release was assessed. Data are expressed as the mean ± SEM. Statistical analyses were performed using a two-tailed nonparametric Mann Whitney test. 

c, BMDMs isolated from C57BL/6 J mice were treated either with Nigericin (5 μM) for 30 min or CNF1 (0.5, 1 or 5 μg/mL) for 8 h and GSDMD cleavage 

in cell lysates is shown. d, BMDMs isolated from C57BL/6 J wild-type or CASP1, CASP11, PYCARD (coding for ASC) or GSDMD knock-out mice were 

untreated or treated with CNF1 (500 ng/mL) for 6 h and were analyzed for Caspase-1 activation using the FAM-FLICA probe. Data are expressed as the 

mean ± SEM. Statistical analyses were performed using a two-tailed unpaired Student’s t-test. Each dot represents 100 cells (n = 700 cells). e, BMDMs 

isolated from wild-type or GSDMD knock-out mice were treated with CNF1 (500 ng/mL) and LPS (100 ng/mL) for 8 h as indicated. Supernatants and cell 

lysates were analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least 

three times, and representative data are shown.
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Extended Data Fig. 3 | CNF1-triggered inflammasome activation depends on NLRP3, Nek7 and K+ efflux. a,b, BMDMs isolated from C57BL/6 J mice were 

transfected with siRNA-targeting NLRP3 (a), siRNA-targeting Nek7 (b), or control non-targeting siRNA for 72 h before treatment with CNF1 (500 ng/mL) 

and/or LPS (100 ng/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot. c,d, BMDMs isolated from C57BL/6 J mice (c) or iBMDMs 

(d) were treated with the indicated KCl concentration and CNF1 (500 ng/mL) for 8 h. c, Supernatants and cell lysates were analyzed by immunoblot, or (d) 

cell lysates were analyzed using a GST–Pak-RBD pull-down assay. The Rac associated with the GST-Pak-RBD beads is indicated as Rac-GTP. The numbers 

on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 4 | Toxins mediated Rho GTPases activation but not inhibition trigger the NLRP3 inflammasome. a, BMDMs isolated from 

wild-type or NLRP3 knock out C57BL/6 J mice were treated with DNT (1 µg/mL) for 8 h. Supernatants and cell lysates were analyzed by immunoblot. 

b-c, HEK293T cells were transfected as indicated with plasmids encoding NLRP3 inflammasome components (myc-NLRP3, ASC-GFP, mCaspase-1) and 

pro-IL-1β-Flag together with (b) myc-DNT, HA-YopE or myc-Dbl495–826 or (c) transfected with SopE-HA and treated with MG132 to block SopE degradation 

(10 μM). Supernatants and cell lysates were analyzed by immunoblot. d, BMDMs isolated from C57BL/6 J mice were treated with IPA-3 (5 μM) or 

MCC950 (1 μM) for 45 min prior to 8 h of DNT treatment (1 μg/mL). Supernatants and cell lysates were analyzed by immunoblot. The numbers on the side 

of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 5 | Inhibition of Pak1 diminishes NLRP3 activation by Nigericin. a,b, BMDMs isolated from C57BL/6 J mice were treated with 

MCC950 (1 μM) or IPA-3 (5 μM) for 45 min prior to Nigericin (5 μM) treatment for 30 min. Supernatants and cell lysates were analyzed by (a) 

immunoblot and (b) supernatants were analyzed for LDH release (n = 3 biologically independent experiments). Statistical analyses were performed using 

a two-tailed nonparametric Mann Whitney test. n = 3 biologically independent samples were analyzed. c, BMDMs isolated from C57BL/6 J mice were 

treated for 72 h with non-targeting (CT) or Pak1-targeting siRNA before treatment with Nigericin (5 μM) for 30 min. Supernatants and cell lysates were 

analyzed by immunoblot. The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, 

and representative data are shown. Data are expressed as the mean ± SEM.
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Extended Data Fig. 6 | Mass spectrometry analysis of Pak1 triggered NLRP3 phosphorylation. a-c, Fragmentation spectra of human NLRP3 peptides 

showing phosphorylation of Ser-163, Ser-198 and Thr-659. d, Representation of NLRP3 domain structure and sequence alignment of NLRP3 ortholog 

peptides surrounding phosphorylated residues identified by mass spectrometry. The phosphorylated residues are in bold red.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Conservation of the Pak-NLRP3 axis in Human monocyte-derived macrophages. a-b, Human monocyte-derived macrophages 

(hMDMs) were pretreated with vehicle, MCC950 (1 μM) or IPA-3 (5 μM) for 45 min before CNF1 (500 ng/mL) treatment for 6 h. Active Caspase-1 

was stained with FAM-FLICA (green), NLRP3 (red) and nuclei (blue) were stained for immunofluorescence and confocal microscopy imaging. Arrows 

indicates FAM-FLICA dots that colocalize with NLRP3. Scale bar: 20 μm. b, quantification of FAM-FLICA positive cells. Data are expressed as the mean ± 

SEM. Statistical analyses were performed using a two-tailed unpaired Student’s t-test. Each dot represents 100 cells (n = 1800 cells). Experiments were 

repeated at least three times, and representative data are shown.
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Extended Data Fig. 8 | The NLRP3 T659A mutant inhibit the IL-1β maturation triggered by SopE and DNT. a, HEK293T cells were transfected with 

plasmids encoding NLRP3 inflammasome components (ASC-GFP, mCaspase-1) and pro-IL-1β-Flag and either myc-NLRP3 (WT) or myc-NLRP3 T659A 

together with SopE-HA and treated with MG132 (10 μM) to block SopE degradation. Supernatants and cell lysates were analyzed by immunoblot.  

b, NLRP3 knock-out iBMDMs reconstituted either with NLRP3 or NLRP3 T659A were treated with vehicle or LPS (100 ng/mL) and DNT (1 μg/mL) for 8 h. 

The numbers on the side of the immunoblots indicate molecular weight (kDa). Experiments were repeated at least three times, and representative data 

are shown.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ARTICLES NATURE MICROBIOLOGYARTICLES NATURE MICROBIOLOGY

Extended Data Fig. 9 | Macrophages expressing the NLRP3 T659A mutant have an impaired Nigericin- triggered IL-1β maturation. a-b, iBMDMs stably 

expressing either NLRP3 or NLRP3 T659A were treated with Nigericin (5 μM) for 30 min. Supernatants and cell lysates were analyzed by immunoblot and 

by ELISA for IL-1β (n = 4 biologically independent samples) and TNF-α (n = 3 biologically independent samples). Data are expressed as the mean ± SEM. 

Statistical analyses were performed using a two-tailed unpaired Student’s t-test. The numbers on the side of the immunoblots indicate molecular weight 

(kDa). Experiments were repeated at least three times, and representative data are shown.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | E. coli CNF1− clearing is not affected by Pak1 or NLRP3 inhibition and E. coli CNF1+ clearing does not rely on GSDMD. a-d, Wild-type 

or knock-out mice were infected intravenously with isogenic CNF1-deleted E. coli (E. coli CNF1−) or CNF1 expressing E. coli (E. coli CNF1+). a, Wild-type mice 

were injected intraperitoneally with 10 mg/kg AZ13711265 or 50 mg/kg MCC950 or vehicle once a day and were infected intravenously with isogenic 

CNF1-deleted E. coli (E. coli CNF1−) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia (n = 5 mice per group). 

b, Wild-type or NLRP3 knock-out C57BL/6 J mice were infected intravenously with CNF1 expressing E. coli (E. coli CNF1+) prior to the collection of peripheral 

blood at 4 h, 24 h, 48 h, 72 h and 96 h for measurement of bacteraemia (n = 6 per group). c, Wild-type (n = 6 mice) or NLRP3 knock-out C57BL/6 J mice 

(n = 4 mice) were infected intravenously with isogenic CNF1-deleted E. coli (E. coli CNF1−) prior to the collection of peripheral blood at 4 h, 24 h and 48 h for 

measurement of bacteraemia (n = 6 per group). d, Wild-type (n = 6 mice) or GSDMD knock-out C57BL/6 J mice (n = 6 mice) were infected intravenously 

with E. coli CNF1+ prior to the collection of peripheral blood at 4 h, 24 h and 48 h for measurement of bacteraemia. Experiments were repeated two times and 

representative data are shown. Data are expressed as the geometric mean ± 95 CI.
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Abstract 

 

Leishmaniasis is a tropical neglected disease caused by an intracellular protozoan carried by 

female phlebotomine sandflies. Each year this disease causes 20 000 to 30 000 deaths worldwide. It is 

characterized by several forms : cutaneous, muco-cutaneous and visceral leishmaniasis. The latter can 

be due to Leishmania infantum, and is fatal without treatment. Currently only few treatments are 

available, but they are expensive, toxic, as well as presenting high risks of relapse. This leads to the 

urgency to develop new treatments against L.infantum. In collaboration with the Institut de Chimie de 

Nice, the laboratory decided to screen plants coming from perfumery waste for innovative active 

compounds. This has already led to the identification of CA-TM-0015, a fraction with leishmanicidal 

activity. 

During my internship, I screened sub-fractions of CA-TM-0015 as well as purified molecules for their 

cytotoxicity on primary murine macrophages. I determined their activity on the promastigote form of 

L. infantum using a bioluminescent parasite model expressing firefly luciferase. Next I determined their 

activity on the amastigote form using the same bioluminescence technique, as well as another 

technique of microscopy visualisation using GFP parasites. I ha e de f ed a ec e  de f ed a   
ec e   d e  c f de a  ea  h ch ha   c c    e ac hage  I  

has no effect on promastigotes, but has an effect on amastigotes following luciferase and GFP essays. 

These kind of compounds could be promoting the elimination of Leishmania amastigotes by 

stimulating host immunity, and thus present an interest for many intracellular pathogens. 
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Abstract 

 

Leishmaniasis is a neglected tropical disease caused by an intracellular protozoan transmitted by 

female phlebotomine sandflies. Each year this disease causes 20 000 to 30 000 deaths worldwide. 

Leishmania infantum is responsible for a visceral form of leishmaniasis which is fatal without 

treatment, and today only few treatments are available presenting issues of toxicity, high risks of 

relapse and emerging resistance. Therefore, development of new treatments is necessary, and 

requires models allowing to monitor leishmania survival. Due to important autofluorescence in mice, 

it is commonly accepted that bioluminescent detection is most sensitive in vivo whereas fluorescence 

visualization is a key tool to monitor Leishmania infection in vitro. Tools to monitor L.infantum infection 

are often found to be either bioluminescent or fluorescent, requiring multiple cultures and different 

constructs for in vivo and in vitro imaging, which can cause a bias in subsequent results and 

applications. Therefore, we aimed to develop a stable construction which allows parasites to emit both 

enhanced bioluminescence and fluorescence, through the integration in the 18S RNA region of a 

modified firefly luciferase and of the monomeric red fluorescent protein mCherry. Microscopy analysis 

showed that mCherry-expressing parasites can be observed both in their extracellular promastigote 

and intracellular amastigote form. These results have been corroborated by Flow Cytometry, showing 

that mCherry is a reliable fluorescent marker of live parasites. Moreover, both forms expressed 

important levels of bioluminescence. Currently, weekly follow-up of bioluminescence emission on live 

infected mice is ongoing to assess localization of infection in the liver and spleen. Developing new tools 

to monitor Neglected Tropical diseases is a key point in the research for alternative treatments against 

leishmaniasis. Insertion of both bioluminescent and fluorescent constructs allows for easier culture 

follow-up as well as reliable comparison between in vivo and in vitro experimentation. These double 

transformed constructs will be used as a model to rapidly screen for novel molecules. Moreover, the 

developed constructions allow for insertion in parasites of the genus Leishmania without restriction of 

sub-genus. Experimentation on transformed L.major will furthermore increase reliability of 

subsequent screening by allowing the identification of molecules active against visceral or cutaneous 

leishmaniasis. 
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Abstract 

 

Leishmaniasis is a Neglected Tropical Disease, accounting for one million cases and leading to 

20 to 50 000 deaths a year. There are 3 main forms of the disease showing gradual severity : cutaneous, 

muco-cutaneous, and visceral leishmaniasis. The most severe form is visceral leishmaniasis which is 

fatal without treatment. Leishmania infantum (L.infantum), my study model, is transmitted as an 

extracellular promastigote form by the bite of female phlebotomine sandflies, and targets host 

macrophages where it transforms into an amastigote form and replicates for the disease to spread and 

colonize the spleen and liver, conferring visceral leishmaniasis. Treatments exist, but they present 

important limitations, including high pricing, invasive administration, needed hospitalization due to 

the toxicity of treatments and increased apparition of resistance. Thus my thesis aims to identify 

alternative treatments based on natural molecules extracted from plants. In order to identify such 

compounds, I have generated a reporter strain of L.infantum expressing Firefly luciferase, and the red 

fluorescent protein mCherry (eFFly-mCherry). During my thesis, I have identified a molecule that is 

active on the intracellular amastigote form of the parasite, with reduced toxicity compared to current 

treatment Amphotericin B. Further studies showed the compound could modulate cytokines in both 

non infected and infected conditions. The effect of this molecule on classical pathways involved in the 

destruction of intracellular pathogens is currently under investigation. The identified compound seems 

to act as an immunostimulator, promoting macrophage activity for the destruction of intracellular 

parasites. We are currently testing the leishmanicidal effect of around twenty other structural 

derivates of the identified molecule, in order to identify active chemical structures, and hopefully to 

identify a compound with increased efficiency. In vivo experiments are ongoing, and aim to verify the 

innocuity of the molecule, and the best administration route in mice. Finally, we will also test its 

leishmanicidal activity in a model of murine visceral leishmaniasis. 

 

 





 



 



Iden ifica ion de com o é  imm no-stimulateurs anti-microbiens de 

no elle géné a ion   

 

 

La Lei hmanio e e  ne maladie o icale négligée e l on e o e dan  l  de  
a  à a e  le monde  On com e a  an j à    de no ea  ca  menan  à è  

de   mo  Che  l homme  il e i e l ie  fo me  de la maladie  allan  d ne fo me 
c anée o an  g é i  on anémen  à la fo me i cé ale la l  g a e  

La lei hmanio e i cé ale e  confé ée a  l ie  e èce  de lei hmanie  dont L. infantum 

dan  le o o  d  ba in Médi e anéen  Ce a a i e dimo hi e en ahi  le  mac o hage  
de e  h e  no ammen  l h main e  le chien o  il e  e on able de la maladie  En l ab ence 
de ai emen  la lei hmanio e i cé ale e  mo elle e  le  ai emen  e i an  a jo d h i 
on  o i e  co e  e  fon  face à l a a i ion c oi an e de é i ance  

T o e  de no ea  ai emen  e  donc a jo d h i ne io i é  e  ce oje  de hè e i e 
à iden ifie  de  al e na i e  na elle  a  moléc le  an i-Leishmania. En prenant une 

a oche écologi e  no  éc é on  de  déche  de la a f me ie e  de  lan e  i e  de 
la biodi e i é locale e  no  en e on  le  e ai   le  a a i e  afin d iden ifie  de  
com o é  imm no im la e  i e me aien  de fa o i e  ne élimina ion d  a a i e 

a  l h e  Afin de o oi  i e l é ol ion a  co  d  em  d ne infec ion in vitro et/ou 

in vivo  no  a on  égalemen  che ché à c ée  de no ea  o il  o  i ali e  la é ence 

du parasite Leishmania en dé elo an  de no elle  o che  a o ice  fl o e cen e  e  
bioluminescentes. 

 

A  co  de ma hè e  no  a on  iden ifié ne lan e don  l e ai  fa o i e 
l élimina ion de la fo me ama igo e in acell lai e e o ée dan  le  mac o hage  h e  A 
l aide de no  collabo a e  à l In i  de Chimie de Nice ICN  no  a on  éali é n 
f ac ionnemen  biog idé e  ob en  de  o -f ac ion  de ce e lan e ain i e de  moléc le  

e  ca able  d élimine  le a a i e Leishmania infantum. 

Une e le moléc le  don  le nom e  o mi  à confiden iali é o  de  ai on  de dé  de 
b e e  a mon é n effe   le a a i e in acell lai e  an  mon e  de o ici é  Ce e 
de niè e mod le la éc é ion de c okine  de la cell le h e  Ac ellemen  l é de de  
dé i é  c a  de ce e moléc le e  en co  De  é de  éliminai e  che  la o i  on  

e mi  de mon e  e la i e de ce e moléc le a  oie o ale  de façon é en i e  o ai  
dimin e  la cha ge a a i ai e dan  l animal  

 

 No  a on  en a allèle dé elo é la con c ion de no elle  o che  a o ice  
de Leishmania e iman  la l cifé a e eL c  le fl o o ho e o ge mR b  o  o ge loin ain 
mMaroon1, et des souches exprimant fluorescence et bioluminescence, eFFly-mCherry. Cette 

de niè e con c ion a é é in ég ée dan   e èce  diffé en e  de lei hmanie  : L. infantum, 

e on able de lei hmanio e i cé ale  L. major e on able de lei hmanio e c anée  e  L. 

tarentolae i e  ne o che non a hogène o  l homme   
 

Mots clef : Leishmania, immunostimulation, souche rapportrice 


