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INTRODUCCION
Leishmaniasis

La leishmaniasis comprende un grupo de enfermedades causada por parasitos protozoos
pertenecientes al genero Leishmania. La leishmaniasis, conocida también como botdén
de oriente, tlcera de Bagdad, kala-azar, fiebre negra, fiebre dum-dum o espundia, es un
serio problema de salud publica en el contexto mundial, siendo considerada como la
enfermedad protozoaria mas importante después de la malaria. Tradicionalmente la
leishmaniasis ha sido separada en dos grupos: leishmaniasis del Viejo Mundo y
leishmaniasis del Nuevo Mundo, refiriéndose esta clasificacion a la region geografica
donde se adquiere la infeccion. La leishmaniasis, inicialmente hallada en el sudeste
Asiatico, este de Africa y en Brasil, es endémica en 22 paises del Nuevo Mundo
(América) y en 66 del Viejo Mundo (Africa, Asia y Europa)

(http://www.who.int/topics/leishmaniasis/en/) (Figura 1). El reconocimiento y

diagnostico de la leishmaniasis son de importancia creciente aun en paises donde la
enfermedad no es endémica debido al creciente traslado de militares y voluntarios a
paises endémicos. Aproximadamente 350 millones de personas viven o se mueven en
zonas de riesgo, su prevalencia excede los 12 millones de casos, presentandose
alrededor de 2 millones de nuevos casos al afio, de los cuales 0,5 millones corresponden
a la forma visceral (LV) y 1,5 millones a la forma cutanea de la enfermedad (LC). La
leishmaniasis se asocia a mas de 50 mil muertes por afo

(http://www.who.int/topics/leishmaniasis/en/).

La propagacion y el solapamiento de infecciones con Leishmania y VIH descrito en 35
paises, hacen de la co-infeccion Leishmania-VIH un serio problema mundial,
principalmente en los focos mas importantes de leishmaniasis (India, Brasil y el sudeste
de Africa). La LV es una infeccion oportunista en individuos infectados con VIH. La
infeccion con VIH incrementa el riesgo de desarrollar LV de 100 a 2000 veces en areas
endémicas, reduce la posibilidad de una respuesta terapéutica e incrementa
significativamente la posibilidad de recidivas (Alvar ef al. 2008). Al mismo tiempo, la
LV promueve la progresion de la infeccion con VIH a SIDA. Ambas enfermedades
ejercen un efecto sinérgico en detrimento de la respuesta inmune celular, debido a que
ambas afectan a células similares del sistema inmune. Tanto macréfagos como células

dendriticas pueden ser infectadas por Leishmania y VIH.
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Figura 1. Distribucién mundial de algunos tipos de leishmaniasis. Leishmaniasis visceral (a),
cutinea y mucocutinea en el Nuevo Mundo (b), leishmaniasis cutinea debida a Leishmania tropica
y Leishmania aethiopica (c) y leishmaniasis cutinea debida a Leishmania major (d)
(www.who.int/leishmaniasis/leishmaniasis_maps/en/index.html).

El uso de la terapia antirretroviral de gran actividad (TARGA) ha disminuido de forma
pronunciada el nimero de casos de coinfeccion en paises europeos donde la
leishmaniasis es endémica. Sin embargo, el problema se ha expandido en otros
importantes focos de leishmaniasis donde hay muy poco acceso a tratamientos como
TARGA. Las manifestaciones clinicas de la LV en personas infectadas con VIH no son
significativamente diferentes de las que se observan en individuos no infectados con
VIH, pero la tasa de mortalidad de los LV-VIH coinfectados es mucho mayor que la de
los pacientes con LV VIH-negativos (Alvar et al. 2008).
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Los parasitos son transmitidos entre hospedadores, con
pocas excepciones, por un insecto vector perteneciente al
‘ orden Diptera, subfamilia Phlebotominae, conocidos
. vulgarmente como moscas de la arena (Figura 2). Los

vectores de la leishmaniasis son insectos hembra de las

especies Phlebotomus (Viejo Mundo) y Lutzomyia (Nuevo
Figura 2. Mosca hembra del Mundo). Las excepciones a esta forma de transmision son
genero Phlebotomus. .. . . .
casos raros de transmision venérea, transmision congénita,
infeccion por transfusion de sangre, o transmision por agujas entre drogadictos (Killick-
Kendrick, 1999). La mayoria de las formas de la enfermedad son transmitidas al hombre
desde animales (zoonosis), pero algunas pueden ser transmitidas entre humanos
(antroponosis). Por ejemplo, la LV, la forma zoonoética de la enfermedad en la cual el
perro es el reservorio principal, esta presente en la cuenca mediterranea, China, Medio
Oriente y Sudamérica, y es causada principalmente por Leishmania infantum o
Leishmania chagasi. La forma antroponoética (reservorio humano) es causada por

Leishmania donovani y prevalece en el este de Africa y en el Subcontinente Indio (van

Griensven et al. 2010).

La leishmaniasis canina (LCan) debida a la infeccién con L. infantum (= L. chagasi en
el Nuevo Mundo) es muy importante en veterinaria por tratarse de una zoonosis grave
que puede llegar a ser mortal para el perro. El perro se considera el principal reservorio
de estos parasitos para el humano, por lo cual, una alta prevalencia de infeccion canina
se asocia a un alto riesgo de la enfermedad en humanos. La LCan tiene una amplia
distribucién en Europa, Asia, Africa y América (Alvar et al. 2004). Se estima que
solamente en el suroeste europeo hay al menos 2,5 millones de perros infectados

(Baneth et al. 2008).

El parasito Leishmania

En 1901, W.B. Leishman identifico ciertos organismos en frotis procedentes de bazo de
un paciente muerto por la fiebre dum-dum. En ese momento “Dum-dum”, un pueblo
cercano a Calcuta, era considerado particularmente insalubre. La enfermedad se
caracterizo por una debilidad general, ataques de fiebre irregulares y repetitivos, anemia

severa, atrofia muscular e inflamacion excesiva del bazo. Inicialmente estos organismos
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fueron considerados como tripanosomas, pero en 1903 el capitan Charles Donovan los
describié como nuevos organismos. La relacion entre estos organismos y el kala-azar
(leishmanisis visceral) fue descubierta por Major Ross, quien los llamo6 L. donovani

(www.who.int/leishmaniasis/history disease/en).

Leishmania es un parasito protozoario patégeno perteneciente a la familia
Trypanosomatidae, Orden Kinetoplastida (Figura 3). El genero Leishmania contiene
aproximadamente 30 especies que infectan mamiferos (Shaw, 1994). Las diferentes
especies son morfolégicamente muy similares, aunque se pueden diferenciar analizando
su composicion en isoenzimas, mediante analisis de la secuencia de ADN vy utilizando

anticuerpos monoclonales.

Order Kinetoplastida
Family Trypanosomatidae
Genus Crithidia lLeptomonas Herpetomonas  Blastocrithidia  Leish Se leish Tryy Ph Endotrypanum
Subgenus Leishmania Viannia
Complex L. donovani L. tropica 1. major L. aethiopica L. mexicana L. braziliensis L. guyanensis L. naiffi L. lainsoni
Species L. archibaldi L. killicki  I.. major L. aethiopica L. amazonensis L. braziliensis L. panamensis L. naiffi 1. lainsoni
L. chagasi L. tropica L. garnh [ peruviana 1. guyanensis
L. infantum L. mexicana Non pathogenic for Lo shawi No final
humans classification
L. donovani L. pifanoi 0Old World L. colombiensis
L. venezuelensis L. arabica L. equatorensis
L. gerbilli
L. forattinii L. turanica
New World
L. aristidesi
L. enrietti
L. deanei
L. hertigi

Figura 3. Taxonomia de Leishmania (Baiiuls ef al. 2007).

Ciclo de vida de Leishmania

El ciclo de vida de este parésito es digenético, alternando entre dos formas morfolégica
y bioquimicamente distintas: la forma promastigote (Figura 4a), flagelada y
extracelular, que se multiplica y desarrolla en el tracto digestivo del insecto vector de la
enfermedad, y la forma amastigote (Figura 4b), no flagelada e intracelular, que se

replica en los macrofagos del hospedador vertebrado.
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Figura 4. Forma promastigote extracelular (a) y amastigote intracelular (b) de Leishmania.

Los promastigotes de Leishmania experimentan un proceso de metaciclogénesis en el
tracto digestivo del insecto vector, transformandose en formas altamente infectivas para
el hospedador vertebrado (Muskus y Marin Villa, 2002). Los promastigotes
metaciclicos, inoculados por la picadura del insecto vector, son fagocitados por células
reticuloendoteliales del huésped y se diferencian a amastigotes, los cuales se replican
dentro de los macrdéfagos en fagolisosomas hasta romper la célula, liberandose al
torrente sanguineo para invadir diferentes tejidos donde seran fagocitados nuevamente
por los macrofagos. El ciclo se completa cuando el insecto vector ingiere macrofagos
infectados, o amastigotes liberados al torrente sanguineo, al alimentarse de la sangre del
hospedador; en el insecto, los amastigotes se transforman en promastigotes que podran

ser inoculados a un nuevo hospedador vertebrado (Figura 5).
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Figura 5. Ciclo de vida de Leishmania.
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Biologia y bioquimica del parasito

El genoma de Leishmania. En los ultimos afios, los genomas de tres especies de
Leishmania (L. major, L. infantum y L. braziliensis) han sido secuenciados, revelando
que contiene unos 8.300 genes que codifican proteinas y 900 genes de ARN (Myler,
2008). El contenido de los genomas se puede encontrar en GeneDB
(http://www.genedb.org/Homepage); como ejemplo, el genoma de L. major

MHOM/IL/81/Friedlin (LmjF), tiene un tamafio de 32,8 Mb, con un cariotipo de 36

cromosomas. El resto de especies secuenciadas de Leishmania tienen una estructura
gendmica muy similar, constituida por 35 cromosomas (32 Mb) en L. braziliensis y por
36 cromosomas (32 Mb) en L. infantum (Peacock et al. 2007), con tamafios que oscilan
entre 250 kb y 4 Mb. Casi la mitad del genoma (47,9 %) codifica para proteinas. El
contenido en GC de las regiones codificantes y no codificantes es de un 62,5 % y un

57,3 %, respectivamente.

Una particularidad de los genomas de los tripanosomatidos es que los genes que
codifican proteinas estdn organizados en largas unidades donde se produce una
transcripcion policistronica. La gran mayoria de los genes que codifican proteinas en
Leishmania carecen de intrones, de hecho hasta ahora s6lo dos genes de L. major se ha
descrito que contienen intrones, uno que codifica una poli(A) polimerasa y el otro una
ARN helicasa (Myler, 2008). Se sabe muy poco sobre las secuencias involucradas en la
iniciaciéon de la transcripcion en Leishmania; pareceria que la iniciacion de la
transcripcion por la ARN polimerasa II se daria en las regiones entre unidades de
transcripcion divergentes, o entre policistrones y regiones transcritas por otra ARN
polimerasa, aunque esto aun no esta claro (Martinez-Calvillo et al. 2010). Se ha descrito
en L. major que se encuentran histonas H3 acetiladas en K9/K14, un conocido marcador
para sitios de iniciacion de la transcripcion en otros eucariotas, en todas estas regiones

entre unidades divergentes (Thomas et al. 2009).

El proceso de transcripcion da lugar a ARN policistronicos que son procesados
mediante corte y empalme en trans, y poliadenilacion, lo que resulta en la adicion de
una secuencia de 39 nucleétidos, llamada mini-ex6n, en el extremo 5” de cada ARNm y
de una cola poliA en el extremo 3" (Perry y Agabian, 1991) (Figura 6); ambos procesos
estarian acoplados ya que la seleccion del sitio de poliadenilacion estaria influenciada

por la seleccion del sitio de adicion del mini-exon (LeBowitz et al. 1993). La expresion
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génica esta regulada post-transcripcionalmente por secuencias ubicadas en las regiones
no traducidas 3°, que usualmente controlan la estabilidad del ARNm y su traduccion. La
regulacion post-traduccional se asocia a la expresion de genes especificos para cada

estadio del parasito (Papadopoulou et al. 2008).

ADN GENOMICO

"'III' L, CIAANmINaA
~CO00UCOWNCD 00000000

Transcripcion
policistronica

v

ARN POLICISTRONICO a3 140 L] A L

medARN L:_ * | Trans-splicing
y
polizdenilacion
genes del 7% 0 -l
miniexon

Figura 6. Mecanismo de transcripcion en Leishmania (esquema de J.M. Requena;

http://www.ricet.es/es/5/grp-grupo-de-biologia-molecular-de-parasitos-tropicales.htm).

Kinetoplasto. Una caracteristica de los protozoos kinetoplastidos, como Leishmania, es
que el ADN mitocondrial se ubica en una estructura particular llamada kinetoplasto
(Figura 7), que se localiza cerca del cuerpo basal del flagelo. E1 ADN del kinetoplasto
comprende una red de anillos de ADN entrelazados, denominados maxicirculos y
minicirculos. Hay varios miles de minicirculos con un tamafio entre 0,5 y 2,5 kb, y unas
pocas docenas de maxicirculos, cuyo tamafio varia entre 20 y 40 kb. Los maxicirculos
son estructural y funcionalmente andlogos al ADN mitocondrial de eucariotas
superiores, y codifican para ARNr y subunidades de los complejos de la cadena
respiratoria. Los minicirculos codifican para ARN guias que modifican los transcritos
de los maxicirculos mediante insercion o delecion de uridilato en un proceso conocido

como edicion del ARN (de Souza et al. 2009).

Acidocalcisomas. Leishmania posee unos organulos acidicos densos, llamados
acidocalcisomas (Figura 7), que acumulan una gran concentracion de foésforo presente

como pirofosfato y polifosfato asociado con calcio y otros cationes, y aminoacidos
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basicos. Son organulos redondeados cuyo tamafio y nimero es variable de acuerdo a la
especie, al estadio del parasito, y al medio de cultivo. A pesar de estas variaciones se ha
visto que el volumen celular que ocupa se mantiene aproximadamente en un 2 %
(Docampo et al. 2005). Los acidocalcisomas se asocian a varias funciones, incluidas
almacenamiento de cationes y fosforo, metabolismo del polifosfato, homeostasis de
calcio, mantenimiento de la homeostasis del pH intracelular, y a la osmoregulacion.
Para llevar a cabo varias de sus funciones tienen en su membrana intercambiadores
Na'/H"y Ca®"/H", y dos bombas de protones de tipo vacuolar: una H'-ATPasa (V-H'-
ATPasa) y una H'-pirofosfatasa (V-H'-PPasa) responsables de la acidificacion de los
acidocalcisomas. Se ha descrito que los acidocalcisomas pertenecen al grupo de
organulos relacionados con el lisosoma (LRO) con los que comparte algunas
caracteristicas (Moreno y Docampo, 2009); por ejemplo se ha demostrado que la
proteina adaptadora 3 (AP-3), implicada en el transporte de proteinas de membrana al
lisosoma y LROs, tiene una funcién similar en los acidocalcisomas de L. major
(Besteiro et al. 2008). Estos organulos estan conservados desde bacterias al hombre, sin
embargo se les considera potenciales blancos de accion para la quimioterapia frente a
parasitos protozoos dado que los acidocalcisomas de Leishmania y otros parasitos
protozoos poseen enzimas que no se encuentran en su contraparte en mamiferos, y
ademas su pH acido hace que puedan acumular farmacos basicos, pudiendo potenciar de

esta manera su toxicidad (Docampo y Moreno, 2008).
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Figura 7. Representacién esquematica de los organulos de Leishmania en las formas promastigote y

amastigote. MVB, cuerpo multivesicular; MVT, tibulo multivesicular (Besteiro et al. 2007)

Metabolismo de Leishmania. Se han identificado en L. major unos cuatrocientos genes
que codifican para enzimas de las principales vias metabolicas, sin embargo, se
desconoce su nivel de actividad a lo largo del ciclo de vida del parésito. Més aun, lo
poco que se conoce de los distintos ambientes en donde residen las diferentes formas
del parasito, hace que sea muy dificil para los investigadores el poder reproducir esas
condiciones experimentalmente. Una variacion conocida es el pH, los amastigotes
residen en un ambiente dcido mientras el hébitat de los promastigotes se cree que es
neutro, aunque el pH interno de ambas formas estd cercano a ser neutro. Esta diferencia
asi como la adquisicion de nutrientes, la disponibilidad de oxigeno y didxido de
carbono, etc., hacen que las dos formas del parésito tengan un metabolismo diferente

(Opperdoes y Coombs, 2007; McConville et al. 2008).

Los estudios sobre el metabolismo energético en promastigotes, han mostrado que la
glucosa y los aminoécidos (principalmente prolina) pueden ser usados como fuente de
energia, y que la generacion de energia implicaria a la glicolisis y al metabolismo

mitocondrial, el cual incluye una muy activa cadena de transporte de electrones (Figura
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8) (Opperdoes y Coombs, 2007). En el caso de los amastigotes, se sabe mucho menos
del metabolismo energético, principalmente debido a la menor disponibilidad de formas
amastigotes intracelulares. Estudios realizados con amastigotes de L. mexicana,
demostraron que, en comparacion con los promastigotes, los amastigotes tienen
incrementada la p-oxidacion de los acidos grasos y tienen una menor necesidad de
consumir glucosa (Hart y Coombs, 1982), ya que estdn expuestos a altos niveles de
aminodcidos que pueden usarlos como sustrato para el metabolismo energético

mediante el ciclo de los acidos tricarboxilicos (McConville et al. 2008; Saunders et al.

2010).

En los kinetoplastidos encontramos unos organulos de origen peroxisomal, llamados
glicosomas, que son el principal lugar donde se lleva a cabo el metabolismo de los
carbohidratos, ya que ademas de muchas de las enzimas de la glucolisis (Opperdoes,
1987), también se encuentran en ¢él, casi todas las enzimas de la via de las pentosas
fosfato (Hannaert et al. 2003), al igual que la enzima gluconeogénica, fructosa-1,6-
bifosfatasa (Naderer et al. 2006). La co-expresion y co-localizacion de enzimas
gluconeogénicas y glucoliticas permite al parasito que se adapte rapidamente a
diferentes fuentes de carbono. Leishmania utiliza una serie de hexosas y pentosas que se
interconvierten con glucosa para su uso en estas vias, también tiene amilasa y sucrasa
que le permiten a los promastigotes obtener sustratos digiriendo el almidon y
disacéaridos tomados por el insecto vector al alimentarse de néctar. Igualmente, se ha
descrito que Leishmania sintetiza manano (polimero de manosa), como una reserva de
energia. Ademds cuenta con quinasas de azlicares como ribuloquinasa y xiluloquinasa
que le facilitan la digestion de una variedad de azucares (Opperdoes y Coombs, 2007).
En los glicosomas se han encontrado también enzimas de la via de la B-oxidacion de los
acidos grasos, de la biosintesis de ésteres lipidicos, de la biosintesis de isoprenoides
(que da lugar a una gran familia de compuestos, incluidos los esteroles), e involucradas
en el metabolismo de las purinas y pirimidinas (Michels ef al. 2006). Se desconoce aiin
cémo es el transporte de metabolitos hacia dentro/fuera del glicosoma, no habiéndose
localizado transportadores de proteinas en la membrana glicosomal (McConville et al.

2008).
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Figura 8. Vias metabdlicas en L. major (Opperdoes y Coombs, 2007). La figura muestra las reacciones
que tienen lugar en el glicosoma, que estan involucradas en el metabolismo de los carbohidratos, y en la
mitocondria, con su ciclo de los acidos tricarboxilicos, y el flujo de metabolitos entre estos dos organelos.
Los metabolitos resaltados son sustratos (fondo gris) o productos finales (fondo negro) del metabolismo.
Las flechas anchas representan los principales flujos de metabolitos. Las vias verdes son consideradas
mas importantes en la forma promastigote y las rojas son consideradas mas importantes en la forma
amastigote. Abreviaturas: Fru, fructosa; GAP, gliceraldehido-3-fosfato; Glc, glucosa; H-5-P, hexosa-5-
fosfato; Man, manosa; PEP, fosfoenolpiruvato; PGA, fosfoglicerato; PPP, ciclo de las pentosas fosfato.
Enzimas: 1, hexoquinasa; 2, fosfoglucosa isomerasa; 3, fosfofructoquinasa; 4, fructosabifosfato aldolasa;
5, triosafosfato isomerasa; 6, gliceraldehido-3-fosfato deshidrogenasa; 7, fosfoglicerato quinasa; 8,
glicerol-3-fosfato deshidrogenasa; 9, glicerol quinasa; 10, adenilato quinasa; 11, glucosamina-6-fosfato
desaminasa; 12, manosa-6-fosfato isomerasa; 13, fosfomanomutasa; 14, GDP-manosa pirofosforilasa; 15,
fosfoglicerato mutasa; 16, enolasa; 17, piruvato quinasa; 18, fosfoenolpiruvato carboxiquinasa; 19,

malato deshidrogenasa; 20, fumarato hidratasa; 21, fumarato reductasa dependiente de NADH; 22,
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enzima malica; 23, alanina aminotransferasa; 24, aspartato aminotransferasa; 25, piruvato fosfato
diquinasa; 26, citrato sintasa; 27, 2-cetoglutarato deshidrogenasa; 28, succinil-CoA ligasa; 29, succinato
deshidrogenasa; 30, acetato—succinato CoA transferasa; 31, piruvato deshidrogenasa; 32, citrato liasa; 33,
acetil-CoA sintetasa; 34, via de oxidacion de prolina; 35, via de oxidacion de treonina; 36, ribuloquinasa;

37, riboquinasa; 38, xiluloquinasa; 39, proteina tipo amilasa; 40, proteina tipo sucrasa.

La glucdlisis es una via metabolica presente en todos los eucariotas, pero en los
kinetoplastidos tiene la particularidad de que gran parte de ella tiene lugar dentro de los
glicosomas; esta compartimentacion facilita la regulacion de la misma. No se produce
una sintesis neta de ATP como resultado de la glucdlisis dentro de los glicosomas; el
ATP es generado fuera del glicosoma, cuando la piruvato quinasa transfiere el fosfato
de alta energia desde el fosfoenolpiruvato al ADP (Parsons, 2004). Cuando hay
abundancia de glucosa, los principales productos de la via glucolitica, fosfoenolpiruvato

Glycosome y piruvato, son el primero catabolizado a

succinato en el glicosoma, y el segundo

glycerol3P transportado a la mitocondria y oxidado a

Mitochondrion CO, y acetato (Figura 8).

DHAP <« |GPDH
Leishmania, al igual que  otros

tripanosomatidos, contiene una Unica
mitocondria, que se ramifica y ocupa
aproximadamente el 12 % del volumen
celular (Brun y Krassner, 1976). La
mitocondria contiene los componentes de

una cadena respiratoria funcional,

outer

codificados por genes nucleares y
memorane

mitocondriales  procedentes de los

Figura 9. Cadena respiratoria en Leishmania. maxicirculos. La cadena respiratoria esta

DHAP, dihidroxiacetona fosfato; GPDH, glicerol-
3-fosfato deshidrogenasa; UQ, ubiquinona; C,

citocromo ¢ (Basado en Saunders ef al. 2010). enzimaticos que se encuentran en la

formada  por  cuatro complejos

membrana interna mitocondrial: NADH deshidrogenasa (complejo I), succinato
deshidrogenasa (complejo II), coenzima Q-citocromo c¢ reductasa (complejo III), y
citocromo ¢ oxidasa (complejo IV), con la ubiquinona (coenzima Q) y el citocromo ¢

actuando como portadores de electrones entre los complejos. Los complejos I, III y IV
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funcionan como bombas de protones generando un gradiente electroquimico de
protones que dirige la sintesis de ATP mediante una ATP sintasa mitocondrial
(complejo V), que acopla los procesos de respiracion y fosforilacion (de Souza et al.
2009) (Figura 9). La presencia del complejo I en la mitocondria de Leishmania es un
tema controvertido ya que hay autores que evidencian su presencia en L. tropica y L.
mexicana (Martin y Mukkada, 1979; Bermudez et al. 1997), y otros que sostienen que
estd ausente de la cadena respiratoria en L. donovani (Santhamma y Bhaduri, 1995). Por
otro lado, inhibidores de los complejos II, III y IV (por ejemplo: malonato,
tenoiltrifluoroacetona, antimicina A y cianuro) son efectivos, aunque a veces producen
una inhibicién parcial de la respiracion, e inducen un estado reversible de arresto
metabolico en varias especies de Leishmania (Van Hellemond y Tielens, 1997). En la
mitocondria de Leishmania hay una glicerol-3-fosfato deshidrogenasa (GPDH)
dependiente de FAD" (que cataliza la oxidacién de glicerol-3-fosfato, proveniente del
glicosoma, a dihidroxiacetona fosfato) que contribuye a la reduccion de la ubiquinona
(Guerra et al. 2006) (Figura 9). A su vez se observo que esta GPDH dependiente de
FAD" contribuye al balance redox del glicosoma, permitiendo de esta manera
incrementar la eficiencia de la glucolisis ya que evita la necesidad de una fermentacion
del succinato glicosomal, y permite la utilizacion del glicerol como fuente de carbono

(Guerra et al. 2006).

A diferencia de sus hospedadores, el pardsito Leishmania carece de la maquinaria
metabolica necesaria para la sintesis de purinas de novo, por lo que dependen de las
purinas sintetizadas por su hospedador, para lo que secreta nucleotidasas y nucleasas
para la degradacion de los nucleétidos y 4cidos nucleicos extracelulares, y cuenta con
transportadores en la membrana plasmatica que median la entrada de nucledsidos de
purinas (y de pirimidina). Esta caracteristica ha hecho que la via utilizada por el parasito
para el rescate de purinas sea investigada como posible blanco de accién de fdrmacos
leishmanicidas. Por el contrario, el parésito es capaz de sintetizar de novo pirimidinas,
y lo hace por una via biosintética similar a la del humano (Carter ef al. 2008). A su vez,
Leishmania es auxotrofa para varias vitaminas y cofactores, como por ejemplo:
biopterina, folato y grupo hemo, y debe obtenerlos de su hospedador (McConville et al.

2008).

Otra particularidad de los tripanosomatidos es que poseen un peculiar metabolismo

redox, que depende de tioles. En cualquier organismo vivo, la homeostasis redox
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celular estd afectada por un exceso de especies reactivas de oxigeno (ROS) y de
nitrogeno originadas como subproductos del crecimiento aerdbico y a partir del medio
ambiente. En la mayoria de los organismos eucariotas los sistemas glutation/glutation
reductasa y tioredoxina/tioredoxina reductasa, son los encargados de mantener la
homeostasis redox. Sin embargo, en los tripanosomatidos el metabolismo redox se basa
en el tripanotion [N'N®-bis(glutationil) espermidine; T(SH),], la tripanotion reductasa
(TR) que lo mantiene en su forma reducida y el sistema de peroxidasas dependientes de
tripanotion. Esta diferencia con mamiferos, hace a los componentes de este
metabolismo blancos atractivos para farmacos leishmanicidas. EI T(SH); es el principal
tiol que dona electrones para la sintesis de precursores de ADN, siendo clave para la
detoxificacion de hidroperoxidos, y de otros compuestos téxicos (Krauth-Siegel y

Comini, 2008).

Superficie celular. Leishmania presenta una cubierta externa cuyas principales
macromoléculas en la forma promastigote son lipofosfoglicanos (LPG), glicoproteinas y
proteofosfoglicanos (PPG), todas ellas ancladas a glicosilfosfatidilinositol (GPI), y una
familia de glicolipidos GPI libres, llamados glicoinositolfosfolipidos (GIPLs) (Naderer
et al. 2004) (Figura 10). La tasa de biosintesis de moléculas ancladas a GPI varia
marcadamente en los diferentes estadios del desarrollo, siendo mayor y mas rapida en
promastigotes en division y menor en fase estacionaria y en formas amastigotes. La
forma amastigote de Leishmania expresa niveles muy bajos, o practicamente
indetectables de LPG y también disminuye la expresion de proteinas ancladas a GPI,
como la glicoproteina metaloproteasa de 63 kDa conocida como gp63. En cambio, el
nivel de expresion de GPIs libres continua siendo muy alto, de tal forma que son el
principal componente de la superficie de la forma amastigote intracelular (McConville

et al. 2008) (Figura 10).
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Figura 10. Composicién de la cubierta externa en formas promastigote y amastigote de Leishmania.
LPG, lipofosfoglicano; GPI, glicosilfosfatidilinositol; PPG, proteofosfoglicano (Ilgoutz y McConvile,
2001).

Una caracteristica en la composicion de las membranas de Leishmania es que el
principal esterol tanto en la forma promastigote como en la amastigote es el ergosterol
(ergosta-5,7,24-trien-3f3-0l), en contraste con lo que sucede en mamiferos donde el
principal esterol es el colesterol (Roberts et al. 2003). Otro grupo de esteroles que
encontramos en Leishmania son del tipo estigmasta, que usualmente representan el 5 %
de los esteroles totales en la forma promastigote, pero que en la forma amastigote
intracelular pueden alcanzar hasta el 20 %, sugiriendo que pueden beneficiar de alguna
manera al parasito cuando se encuentra en el macrofago huésped. También encontramos
colesterol (menos del 10 % del total de esteroles), el cual puede derivar tanto del medio
de cultivo como del huésped animal. Igualmente, Leishmania tiene una ruta de
biosintesis de esteroles similar a la que encontramos en hongos, y su crecimiento es
susceptible a inhibidores de la biosintesis de esteroles, como por ejemplo a inhibidores
de la 14-o-desmetilasa y de la esterol 24-metiltransferasa (Lorente et al. 2005). Sin
embargo, se ha descrito que Leishmania es capaz de sobrevivir con una gran alteracion
en su perfil de esteroles, y que también tiene la capacidad de utilizar y metabolizar

esteroles del huésped (Roberts et al. 2003).

En la membrana plasmatica de Leishmania, al igual que sucede en eucariotas
superiores, existen subgrupos especificos de proteinas y glicolipidos que estan
organizados en microdominios, llamados balsas lipidicas (Lipid rafts) que son
equivalentes a los dominios denominados membranas resistentes a detergente (DRMs).

En Leishmania, se han definido estas balsas lipidicas como microdominios enriquecidos
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en esfingolipidos, esterol (ergosterol) y moléculas ancladas a GPI (Denny et al. 2001).
Estos microdominios se ha visto que tienen un papel importante en la diferenciacion de
los promastigotes a su forma infectiva metaciclica, en la resistencia al sistema del

complemento del huésped, y en la invasion al macrofago (Denny y Smith, 2004).

Apoptosis en Leishmania. Los estudios realizados para evaluar el efecto sobre
Leishmania de distintos farmacos o diferentes condiciones de estrés (choque térmico,
privacion de nutrientes, etc.) han permitido observar que el tratamiento daba como
resultado la muerte del parasito mediante la produccion de unos efectos tipicos de la
muerte por apoptosis (Shaha, 2006). Tratamientos con farmacos leishmanicidas han
dado lugar en el parésito a efectos como despolarizacion de la membrana mitocondrial,
condensacion del ADN, externalizacion de fosfatidilserina, aumento del Ca®" citosélico
y de especies reactivas de oxigeno (ROS), fragmentacion del ADN, e induccion de
actividad tipo caspasas (Shaha, 2006) mediada supuestamente por metacaspasas; no
obstante, existe un gran debate sobre si la actividad tipo caspasas realmente influye en
la muerte por apoptosis en Leishmania o si tienen otra funcion independiente (Deponte,
2008). Recientemente se ha descrito en L. major que cuando los parésitos son expuestos
a un choque térmico, H,O,, miltefosina o curcumina, la metacaspasa LmjMCA es
procesada y su dominio catalitico liberado; a su vez se observo que la sobreexpresion de
la LmjMCA induce la aparicion de marcadores fenotipicos de muerte celular por
apoptosis y a su vez hace mas sensible al pardsito a un estrés oxidativo (Zalila et al.
2011). Se ha descrito que los cambios a nivel mitocondrial inducidos por diferentes
agentes leishmanicidas estan estrechamente ligados con la induccion de un proceso de
muerte del parasito por apoptosis. La actividad antiparasitaria de muchos farmacos esta
mediada por la despolarizacion de la membrana mitocondrial, debido a alteraciones en
el funcionamiento de la cadena respiratoria. Igualmente, se ha observado en diferentes
vias apoptoticas, que existe una estrecha relacion entre la modificacion del potencial
mitocondrial, el aumento del Ca®" citosélico y la produccion de ROS. Posterior a estos
eventos, tiene lugar la activacion de proteasas y nucleasas (Figura 11) (Smirlis et al.

2010).
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Figura 11: Representacion de las principales vias que dan como resultado la muerte por apoptosis

en los tripanosomatidos. ROS, especies reactivas de oxigeno; AWm; potencial de la membrana

mitocondrial; Cytc, citocromo ¢, EndoG, endonucleasa G (Smirlis et al. 2010).

Igualmente, se especula que el proceso de apoptosis en Leishmania es importante para

el mantenimiento del ciclo de vida del parésito. En el intestino medio del insecto vector,

durante la metaciclogénesis, el proceso de apoptosis permite eliminar los parasitos no

aptos para la posterior infeccion, evitando de esta manera el consumo innecesario de

nutrientes provenientes del vector y ademds evitando un crecimiento incontrolado de

parésitos y la consecuente muerte del vector (Debrabant y Nakhasi, 2003). Una
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caracteristica de la muerte celular programada por apoptosis es la habilidad de las
células apoptoticas de ser eficientemente internalizadas por células fagociticas sin la
activacion de los procesos de inflamacion e inmune del organismo huésped. Los
parasitos, mediante un mecanismo llamado mimetizacion de la apoptosis, se aprovechan
de este sistema de eliminacion de células apoptoticas como una estrategia para evadir el
sistema inflamatorio e inmune del hospedador. La mimetizaciéon de la apoptosis por
parte del parasito, es el resultado de la exposicion de fosfatidilserina en su superficie,

sin que la consecuencia necesaria sea la muerte celular (Wanderley y Barcinski, 2010).
Establecimiento de la infeccion

Para poder infectar al huésped vertebrado, Leishmania debe en primer lugar poder
sobrevivir dentro del intestino medio del insecto vector. Para esto Leishmania cuenta
con LPG y gp63 en su superficie, las cuales protegen al parasito de las enzimas
hidroliticas del intestino del insecto. A su vez, los promastigotes prociclicos
permanecen adheridos al epitelio del intestino mediante uniones del LPG con lectinas
del intestino y asi evitan ser excretados; cuando los promastigotes se diferencian a la
forma metaciclica, las moléculas de LPG sufren una serie de modificaciones que
reducen su afinidad por las lectinas. Esto hace que el promastigote metaciclico se separe
del epitelio del intestino medio y pueda migrar a la faringe preparandose para la

transmision al huésped vertebrado (Cunningham, 2002).

Cuando el insecto vector infectado con Leishmania pica al huésped vertebrado para
alimentarse de sangre, produce una herida donde secretard saliva y regurgitara los
parésitos. Los neutréfilos son las primeras células en ser movilizadas y en llegar al sitio
del dafio tisular y de entrada del parasito. Junto con los macrofagos, estas células
fagocitan los parasitos, pero s6lo los macréfagos son las células huésped definitivas
para Leishmania. La mayoria de los microorganismos ingeridos por los neutrdfilos son
destruidos con facilidad (Nathan, 2006). Sin embargo, algunos patégenos como
Leishmania pueden sobrevivir transitoriamente dentro de los neutréfilos; para esto el
parasito ha desarrollado varios mecanismos de proteccion que evitan el estallido
oxidativo (generacion de especies reactivas de oxigeno altamente toxicas), dan lugar al
escape de los compartimentos liticos del neutrdfilo, aumentan la vida media del
neutrofilo, e interfieren en la via de sefializacion mediante interferon-y (IFNy). Se ha

descrito también que la presencia de parasitos apoptoticos en el indculo media el
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silenciamiento de las células (evita la activacion de mecanismos antimicrobianos), dado
que inducen por un lado la liberacion de citoquinas antiinflamatorias como el factor de
crecimiento transformante beta (TGF-f) y la interleuquina 10 (IL-10), y por otro la
disminucién en la expresion de la citoquina proinflamatoria: factor de necrosis tumoral
alfa (TNF-a), apoyando de esta manera la supervivencia de la poblacion infectiva (van
Zandbergen et al. 2006). Cuando los neutréfilos se vuelven apoptoticos, son fagocitados
por macrdfagos, pasando los parasitos al macrofago donde podran replicarse; se sugiere
que los neutréfilos actuarian como un “Caballo de Troya” que contendria los parasitos
intactos (Laskay et al. 2008), permitiendo a estos entrar en el macroéfago de una forma
“silenciosa” (sin ser reconocidos); sin embargo, ain se desconoce como es la
transferencia de parasitos entre neutrofilos y macréfagos (Charmoy et al. 2010) (Figura
12). Una forma que tiene el parésito de persistir en el hospedador vertebrado por un
periodo largo de tiempo, es infectar células denominadas blancos seguros (que tienen
una reducida actividad antimicrobiana) como son los fibroblastos y hepatocitos

(Bogdan, 2008).

macrofago
A
Leishmania l
viable/virulenta
/ infeccion
3 “silenciosa” de la
ﬁ) > A célula huesped
final
entrada "silenciosa” N ‘ tosis del
Leishmania de los parasitos en N agocitosis de
apoptética el neutrofilo neutrofilo neutrofilo
apoptotico apoptotico
I'4 infectado infectado
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Figura 12. Primeras etapas de la infeccion con Leishmania. A) Los parasitos son fagocitados por
neutrofilos y cuando los neutroéfilos se vuelven apoptoticos son fagocitados por macréfagos donde
los parasitos pueden multiplicarse (Laskay ez al. 2008). B) Promastigotes viables en la vacuola
parasitéfora de un neutréfilo apoptotico. Lm, L. major; N, nucleo; K, Kinetoplasto; F, flagelo; P,

bolsillo flagelar (van Zandbergen et al. 2004).
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Las formas metaciclicas son mas resistentes a la lisis por complemento que los
promastigotes en fase logaritmica. Esto se debe en parte a que los promastigotes
metaciclicos expresan un mayor niimero de moléculas de LPG y de gp63, que permiten
que la proteina C3 del complemento se una a la superficie del parasito y que sea
reconocida por receptores del complemento (CR) presentes en los macrofagos. Los
parasitos opsonizados entran al macrofago por endocitosis, esto es posible en parte
gracias a la accion de la gp63 que Via silenciosa Lisosomas

degrada la proteina C3b (forma activa

de la proteina C3) del complemento,

" oxidase
LPG PKC

CR1 - DAG
~?

transformandola en C3bi y M®

previniendo de esta forma la lisis del
Fagosoma

parésito (Denkers et al. 2005). Tras la

union a la superficie del macrofago, :
Promastigote

los promastigotes son endocitados en
Cubierta de LPG

un fagosoma conocido como “vacuola ) T -
via alternativa

parasitofora”, la cual sufre una serie

., Figura 13. Entrada de Leishmania en el macrofago.
de eventos de fusion  hasta M®, macrofago, PMNs, leucocitos
polimorfonucleares; PS, fosfatidilserina; LPG,
lipofosfoglicano; PKC, proteina quinasa C; DAG,
diacilglicerol (Peters and Sacks, 2006).

transformarse en un fagolisosoma. Las
moléculas de LPG protegen al
promastigote de las condiciones adversas para la supervivencia durante el proceso de
maduracion de la vacuola parasitofora (Figura 13). La transformacion de la forma
promastigote a la amastigote y su subsiguiente proliferacion ocurre en el ambiente acido
y rico en hidrolasas del fagolisosoma (Cunningham, 2002). Una vez dentro, el parasito
usa la maquinaria de la célula huésped para poder sobrevivir y replicarse. Una forma de
supervivencia es la distorsion de las vias de sefalizacion del macrdéfago para reprimir o
estimular la expresion de varias citoquinas, moléculas microbicidas y la presentacion de
antigenos (Bhardwaj er al. 2010). Los amastigotes obtienen del fagolisosoma del
macrofago la mayoria de los nutrientes y fuentes de carbono que requieren para su
metabolismo, en cambio el fagolisosoma de los neutrofilos se cree que contiene bajos
niveles de aminoécidos esenciales, pudiendo ser esta la causa que imposibilitaria que el
parésito pueda diferenciarse y crecer en ellos (Naderer y McConville, 2008). Diferentes
especies de Leishmania modulan de diferente manera las vias de sefializacion y el
metabolismo de los macréfagos. Por ejemplo, la activacion con bajos niveles de IFN-y

de macrofagos infectados con L. major es suficiente para eliminar los amastigotes
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intracelulares, mientras que la misma activacion con IFN-y pero en macréfagos

infectados con L. amazonensis promueve el crecimiento de los amastigotes

intracelulares (Qi et al. 2004).
Respuesta inmune del hospedador

Después de la infeccion con Leishmania, se inicia un proceso de inflamacion local, que
involucra una acumulacién de leucocitos en el sitio de inoculacion de los parasitos. La
composicion de la poblacion celular reclutada en esta primera etapa de infeccion es
esencial para el prondstico de la enfermedad. Durante este proceso, miembros de la
familia de las quimioquinas tienen un papel fundamental para atraer subgrupos

especificos de leucocitos y para su posterior estimulacion (Teixeira et al. 2006).

Los neutroéfilos son las primeras células en ser movilizadas y en llegar al sitio de entrada
del parésito, sumado a su funcion fagocitica los neutréfilos contribuyen al inicio del
proceso inflamatorio. Su répido reclutamiento todavia no esta bien definido pero podria
involucrar quimioquinas, citoquinas y otras moléculas secretadas por el huésped y/o por
el parasito, asi como moléculas contenidas en la saliva del insecto vector. A su vez, se
ha visto que los neutréfilos que han fagocitado Leishmania liberan quimioquinas, por
ejemplo, IL-8 en humanos y la quimioquina KC en ratéon, que promueven el
reclutamiento de mas neutrofilos (Charmoy et al. 2010). Ademés de la fagocitosis, los
neutrdfilos poseen un mecanismo dependiente de oxigeno, el estallido oxidativo, para

generar ROS altamente toxicas para el patogeno (Laskay et al. 2008).

Las células dendriticas (DCs) son potentes células presentadoras de antigeno, que tienen
un papel importante como puente entre la respuesta inmune innata y la adaptativa
mediante la induccion de la activacion de las células T. También se ha visto que las DCs
son la fuente de diferentes citoquinas como la IL-12, IL-10 e IFN-y. La incubacion de
promastigotes de Leishmania con DCs produce IL-12, que es la principal citoquina que
induce proteccion frente a Leishmania. La 1L-12 estimula la diferenciacion de los
linfocitos T CD4 en células T cooperadoras de tipo 1 (Thl), e induce la produccion de
IFN-y por las células T y las células “natural killer” (NK), que a su vez da lugar a la
activacion de los macrofagos y la muerte del parasito (Cunningham, 2002; Awasthi et

al. 2004).
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Los macrofagos son la segunda oleada de células que llegan al sitio de infeccion con
Leishmania. En las primeras etapas de la infeccion, los macrofagos serian atraidos por
componentes de la saliva del insecto vector. En humanos, las quimioquinas CCL2 y la
proteina inflamatoria de macréfago 1o (MIP-1a) parecen ser las responsables de la
activacion de los macréfagos en las lesiones de la piel. Los macréfagos tienen varias
funciones, sirven como células huésped para la replicacion del parasito, asi como de
células presentadoras de antigeno y como fuente de citoquinas modulando la respuesta
inmune mediada por células T (Teixeira et al. 2006). Mas aun, tras una apropiada
activacion por Thl, sirven como células efectoras matando al parasito intracelular. La
via comun por la cual los macrofagos murinos destruyen al pardsito implica la
produccion de 6xido nitrico inducida por IFN-y mediante la activacion de la enzima

oxido nitrico sintasa inducible (iNOS).

Las células T ayudadoras juegan un papel fundamental en la respuesta inmune frente a
Leishmania. En modelos murinos se ha observado que, mientras una respuesta Thl es
clave para dar muerte al pardsito y lograr la curacion de la lesion, una respuesta Th2
secreta IL-4, IL-5 e IL-10 que limitan la respuesta inmune por Thl desactivando al
macrofago y de esta manera ayudando al crecimiento intracelular del parasito y a la

progresion de la enfermedad (Awasthi et al. 2004) (Figura 14).
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Figura 14. Reaccion inmunitaria frente a Leishmania. NK, célula “natural Killer”; CPA, célula

presentadora de antigeno; Th, célula T cooperadora; IL, interleuquina; iNOS, dxido nitrico sintasa

inducible (Hernandez-Ruiz y Becker, 2006).

22



Introduccién

Manifestaciones clinicas

Las distintas manifestaciones clinicas con que se puede presentar la leishmaniasis en
humanos dependen de las caracteristicas genéticas e inmunoldgicas de la persona
infectada, asi como de la especie de Leishmania que realiza la infecciéon. Cada una de
las especies de Leishmania presenta diferente tropismo por determinadas partes del
organismo infectado. Las diferentes manifestaciones clinicas de la leishmaniasis
permiten clasificar esta enfermedad en: Leishmaniasis visceral (LV), Leishmaniasis
cutanea (LC) y Leishmaniasis mucocutanea (LMC), las cuales resultan de la replicacion
del parasito en macréfagos en el sistema fagocito mononuclear, dermis, y mucosa naso-
orofaringea, respectivamente (Herwaldt, 1999). La LV es causada principalmente por L.
donovani en el este de Africa y en la India, y por L. infantum/chagasi en Europa, norte
de Africa y Latinoamérica. La LC es cominmente causada por las especies L.
mexicana, Leishmania (Viannia) braziliensis, o L. panamensis en Sudamérica, y L.
major o L. tropica en los otros paises. La LMC se da en casos de infectados con
especies de Leishmania del subgénero Viannia, localizadas en Sudamérica: (L. (V)
braziliensis, L. (V) amazonensis, L. (V) panamensis, y Leishmania (V) guyanensis

(Chappuis et al. 2007; David y Craft, 2009).

LV o “kala-azar”. Es la forma mas grave de leishmaniasis, siendo mortal tras unos
meses en ausencia de tratamiento. Involucra a todo el sistema reticulo-endotelial y se
caracteriza por espasmos irregulares y fiebre, pérdida sustancial de peso, hepato y
esplenomegalia, y anemia (Figura 15a). Después de una curacion aparente pueden
aparecer complicaciones cutaneas tardias, las dermatitis post-kala-azar, particularmente
frecuentes en la India y en Sudan. La LV es particularmente frecuente en Bangladesh,
India, Nepal, Sudan y Brasil, paises que representan en conjunto el 90% de la incidencia
global. La malnutricion es un factor de riesgo conocido en el desarrollo de esta forma de
leishmaniasis, y las epidemias florecen bajo condiciones de hambruna, emergencias

complejas y movimientos en masa de la poblacion.

LC. Es la forma més comun. La incubacion, de duracién muy variable, a menudo es de
uno a tres meses, tiempo al final del cual generalmente aparece en el sitio de picadura
del insecto vector una lesion ulcerosa de 0,5 a 10 cm de diametro, recubierta de una

costra y con un borde saliente morado y escamoso (Figura 15b). E1 90% de los casos de
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leishmaniasis cutdnea se concentran en Afganistan, Pakistan, Argelia, Brasil, Iran, Peru,
Arabia Saudita y Siria. A pesar de no representar un riesgo de muerte para el paciente,
las epidemias de la forma cutdnea son un problema importante en algunos paises y son
dificiles de controlar. Una variedad de esta forma de leishmaniasis es la leishmaniasis
cutanea difusa. Es una enfermedad dificil de tratar que se caracteriza por la aparicion
en todo el cuerpo de nddulos diseminados que se extienden poco a poco hasta llegar a
ser confluentes. Se trata de una forma que corresponde a un estado anérgico del

paciente, que no produce anticuerpos anti-Leishmania.

LMC. También llamada "espundia", es una afeccion de las selvas tropicales
amazonicas. Al principio es exclusivamente cutdnea (una o varias lesiones) y parece
curar al cabo de algunos meses. Pero en el 20 al 50% de los casos, segtn los focos, al
cabo de un tiempo aparecen lesiones granulomatosas hemorragicas en la mucosa nasal,
luego bucal y rinofaringea, evolucionando hacia una necrosis extendida y espantosas

mutilaciones (Figura 15¢).

Figura 15. Leishmaniasis visceral (a), cutanea (b) y mucocutinea (c).

Diagnostico

El método de referencia para el diagnostico de leishmaniasis es la identificacion del
parasito, teniendo en consideracion que la forma amastigote de Leishmania es la Gnica
con relevancia clinica. En el caso de lesiones cutaneas o mucocutaneas, sospechosas de
leishmaniasis, el primer paso es tratar de determinar la presencia de amastigotes por

microscopia, mediante la tinciéon de Giemsa de un frotis y/o biopsia. Si combinamos la
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microscopia con cultivo in vitro, por ejemplo en medio NNN (Novy-MacNeal-Nicolle),
la sensibilidad del diagnostico supera el 85%. El cultivo y la identificacion de la especie
de Leishmania, mediante técnicas como la reaccion en cadena de la polimerasa (PCR)
y/o el analisis de isoenzimas, pueden aportar datos importantes para el tratamiento y
prondstico de la enfermedad, el problema es que estas técnicas s6lo pueden realizarse en
centros especializados. Otro método para diagnosticar LC es la prueba de Montenegro
que consiste en inyectar al paciente antigenos de Leishmania, la reaccion se considera
positiva con la aparicion de un nddulo palpable en 48-72 horas, el problema de esta
prueba es que no distingue entre una infeccidon activa y una previa (David y Craft,
2009). En pacientes sospechosos de LV, por ejemplo con una fiebre prolongada y
esplenomegalia, el método de referencia para confirmarlo es la identificacion de
Leishmania intracelular mediante microscopia y cultivo a partir de aspirados de bazo,
medula 6sea, o ganglio linfatico, siempre que se cuente con las instalaciones y
habilidades técnicas para la obtencion y examen de las muestras. La sensibilidad de este
diagndstico varia, siendo mas alta para bazo (93-99%), que para médula 6sea (53-86%),
o ganglio linfatico (53-65%). La deteccion de parasitos en la sangre u 6rganos mediante
cultivo o técnicas como la PCR es mas sensible que la observacion al microscopio, pero
como se dijo antes, estas técnicas tienen limitado su uso a centros de investigacion y
ciertos hospitales. Debido a las dificultades para realizar los métodos anteriores, en
muchas zonas endémicas los métodos serologicos son la forma de diagndstico mas
comun. Titulos altos de la inmunoglobulina G en el suero del paciente es un hallazgo
comun en pacientes con LV. La prueba de formol-gelificacion (o prueba de Napier) se
basa en la deteccion de un aumento de las y globulinas, es un método simple y de bajo
costo, pero tiene como contra su baja sensibilidad (34%). Varias pruebas detectan
anticuerpos especificos frente a Leishmania pero tienen dos importantes desventajas, no
sirven para detectar recaidas de LV ya que una vez curado el paciente mantiene niveles
detectables de anticuerpos por varios afios, y tampoco discriminan entre individuos
enfermos y sanos con infecciones asintomaticas. Pruebas como la inmunofluorescencia
indirecta (IFI), el andlisis de inmunoabsorcion ligado a enzimas (ELISA) o Western
blot, han mostrado alta sensibilidad y especificidad, pero poca adaptacion para su uso en
zonas rurales endémicas. Dos pruebas serologicas muy sensibles son las que han sido
especificamente desarrolladas para su uso en campo y han sido suficientemente
validadas: 1.- la prueba de aglutinacion directa (DAT), si hay anticuerpos especificos en

el suero o la sangre del paciente, la aglutinaciéon es apreciable a simple vista tras 18

25



Introduccién

horas de reaccion, y 2.- una prueba inmunocromatografica frente al antigeno rK39, la
prueba se lleva a cabo en una tira reactiva, un formato apropiado para el diagnostico de
campo, ademas es rapida (resultado en 20 min) y barata (Figura 16). En busca de
pruebas mas especificas, se ha desarrollado una prueba de deteccion de antigenos del
parésito, que consiste en la prueba de aglutinacion en latex para detectar el antigeno en
la orina (Chappuis et al. 2007; Murray et al. 2005). Para el diagnostico de LCan, las
formas mas utilizadas incluyen estudios seroldgicos mediante técnicas cuantitativas, y
PCR. Niveles altos de anticuerpos se asocian a un parasitismo severo y a enfermedad,
pero en la mayoria de los casos se trata de perros con infecciones subclinicas, o perros

infectados clinicamente sanos (Solano-Gallego et al. 2009).
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Figura 16. Pruebas serolégicas para el diagnodstico de leishmaniasis: la prueba de aglutinaciéon

directa DAT y una prueba inmunocromatografica basada en rK39 en tira reactiva.

Control del vector

El control de la leishmaniasis es muy dificil debido a la diversidad de vectores, parasitos
y huéspedes reservorios. Para el control del vector se han desarrollado diversas
estrategias. Una via de control del vector es mediante la completa destruccion de su
hébitat para evitar las condiciones apropiadas para el desarrollo de la mosca, como por
ejemplo, los programas de deforestacion llevados a cabo en Bolivia. En algunos casos,
modificaciones del medio ambiente en lugar de su completa destrucciéon pueden ser
efectivas, como por ejemplo, el revoque de paredes con cal o barro. Igualmente, los

programas de fumigacion de casas con DDT o deltametrina llevados a cabo en paises
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como Argelia, India o Brasil, han disminuido considerablemente el nimero de vectores
en ambientes peridomésticos. También se han utilizado mosquiteras para camas y
cortinas impregnadas con insecticidas con diversa efectividad. Por otro lado, para el
control de vectores de leishmaniasis canina, los collares para perros impregnados con
deltametrina han demostrado ser efectivos frente a una variedad de especies del insecto
vector en diferentes lugares de Europa, Asia y Sudamérica (Killick-Kendrick, 1999;

Joshi et al. 2009).

Prevencion mediante el desarrollo de vacunas frente a la leishmaniasis

El hecho de que en casos de LC las lesiones tienden a curarse solas y la inmunidad que
resulta de esta curacion natural protege al individuo de una reinfeccion, son indicadores
de que el desarrollo de una vacuna contra la leishmaniasis es posible. Sin embargo,
hasta ahora, el progreso en el desarrollo de una vacuna que proteja de las diferentes
formas de leishmaniasis en humanos ha sido muy limitado. La “leishmanizacion”, que
simulaba una infeccion activa mediante la inoculacion de parasitos vivos, como vacuna
contra la LC, ha sido discontinuada debido a la apariciéon de lesiones inaceptables.
Igualmente, el uso de preparaciones a partir de parasitos muertos, con o sin adyuvantes,
no ha demostrado gran eficacia profilactica (Murray et al. 2005; Chappuis et al. 2007).
Otras aproximaciones se han hecho a partir de proteinas especificas del parasito, ADN,
parésitos genéticamente atenuados, componentes de la saliva del insecto vector, etc.
Actualmente, los ensayos que se estan llevando a cabo para el desarrollo de una vacuna
estan basados en gran medida en la identificacion de antigenos de superficie de
Leishmania. Seria de esperar que una vacuna contra la leishmaniasis combinara mas de
un antigeno y que estos estuvieran conservados entre distintas especies de Leishmania,
y presentes tanto en la forma amastigote como promastigote del parasito (de Oliveira et
al. 2009). En Brasil se aprob6 el uso de dos vacunas frente a LCan debido a que los
estudios clinicos de fase I y II mostraron una disminucion de la severidad de la
enfermedad en los perros. Se estan llevando a cabo estudios de fase III para evaluar la
efectividad de estas vacunas en la disminucion de la transmision de la enfermedad

(http://whqlibdoc.who.int/trsy WHO_TRS 949 eng.pdf).
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Tratamiento

El tratamiento frente a la leishmaniasis no es sencillo debido a la complejidad de la
enfermedad. Diversos ensayos clinicos realizados han demostrado resultados variables
segun el estado del paciente, las manifestaciones clinicas, la especie de Leishmania a
tratar y la localizacion geografica. Sumado a esto, el nimero creciente de casos de co-
infeccion con VIH hace atn mas dificil el tratamiento. Se han desarrollado tratamientos
diversos basados en quimioterapia, quimioterapia combinada, inmunoterapia e
inmunoquimioterapia. En el caso de pacientes con manifestaciones clinicas de LV,
donde la muerte puede ser inminente, el llevar a cabo una terapia efectiva en un breve
periodo de tiempo es muy importante, asi como un control de hemorragias, de
infecciones intercurrentes (neumonia, tuberculosis y disenteria) y de la malnutricion
(Herwaldt, 1999; Chappuis et al. 2007). Que no se produzca una recaida de LV en 6
meses es el mejor indicador de curacion. Si el estado del paciente es dudoso, se
recomienda un nuevo analisis de muestras de tejidos. Sin embargo, la presencia de
parasitos residuales no necesariamente debe presagiar un mal resultado, asi como la
aparente ausencia de los mismos no se opone a la posibilidad de una recaida. En
pacientes con manifestaciones clinicas de LC, en los que en un alto porcentaje las
lesiones curan solas en 3-18 meses, el tratamiento generalmente es para acelerar la cura,
reducir cicatrices, tratar de evitar su diseminacion, y disminuir la posibilidad de recaida.
La decision de tratar al paciente y de como hacerlo debe tener en cuenta en primera
instancia si el paciente estd en riesgo de contraer una LMC, ya que ésta podria provocar
la muerte del paciente. Otro factor a tener en cuenta es cuan molestas son las lesiones en
la piel dada su localizacién, tamafio, nimero, persistencia, etc (David y Craft, 2009).
Las infecciones bacterianas superficiales de la piel pueden complicar las lesiones
ulcerosas debidas a leishmaniasis, por lo que deben ser tratadas con antibidticos. Por
otro lado, frente a la LCan el tratamiento farmacologico de primera linea mas utilizado
es una combinacion de antimoniato de meglumina y alopurinol. Sin embargo, a pesar de
que la mayoria de los perros se recuperan clinicamente con esta terapia, generalmente
no se logra una completa eliminacion del pardsito y los perros infectados pueden recaer.
Por lo cual, un seguimiento de los perros post-tratamiento es muy importante para evitar
la reaparicion de la enfermedad. También se utilizan insecticidas tdpicos como

proteccion contra la picadura del insecto vector, y recientes estudios han dado indicios
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de que la prevencion mediante vacunacion seria factible en un futuro (Solano-Gallego et

al. 2009).

Farmacos leishmanicidas

El arsenal terapéutico frente a la leishmaniasis es limitado (Figura 17). Ademas, los
farmacos en uso, en general, tienen ciertas desventajas entre las que se incluyen su
toxicidad, eficacia variable, la administracion parenteral y la duracion del tratamiento
(Croft, 2008). Sumado a estos problemas, el alto costo de los compuestos hace en

muchos casos que los tratamientos disten mucho de ser aplicables (Santos et al. 2008).
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Figura 17. Farmacos leishmanicidas.

Dentro de los compuestos en uso o en ensayos clinicos frente a la leishmaniasis

encontramos los siguientes (Tabla 1):

Antimoniales pentavalentes. Por mas de 70 afios, los antimoniales pentavalentes
(estibogluconato de sodio y antimoniato de meglumina) han sido la piedra angular del
tratamiento frente a LC y LV. Actualmente siguen siendo los farmacos de eleccion,

excepto en el estado de Bihar, India (donde se encuentra el 90% de los casos de LV de
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la India y el 45% a nivel mundial), ya que mas del 60% de los pacientes con
leishmaniasis presenta resistencia al tratamiento con antimoniales pentavalentes, lo que
hace que ya no sean ttiles en esta zona endémica. El estibogluconato de sodio es de uso
parenteral con una dosis diaria de 20 mg/kg durante 30 dias. Los antimoniales son
farmacos toxicos con efectos adversos que incluyen arritmias cardiacas y pancreatitis
aguda (Chappuis et al. 2007). El requerimiento de inyecciones diarias y la necesidad de
un control frecuente debido a la posibilidad de que surjan efectos secundarios, puede
suponer un reto en el medio rural y en lugares con pocos recursos econémicos. No se
sabe muy bien aun su mecanismo de accién, pero hay un consenso de que los
antimoniales actuarian sobre varios blancos, influyendo sobre la bioenergética de los
parasitos de Leishmania mediante la inhibicion de la glucolisis, la B-oxidacion de los
acidos grasos, y la inhibicion de la fosforilacion del ADP. También se ha observado que
actuarian sobre los tioles, promoviendo su eflujo o bloqueando los grupos SH. Ademas,
inhiben la tripanotion reductasa produciendo una acumulacion de las formas oxidadas
tanto de tripanotion como de glutation (Wyllie et al. 2004). Estos dos mecanismos

actuarian sinérgicamente frente al parasito.

Anfotericina B. La anfotericina B es un antibiotico macrélido poliénico que formulado
como desoxicolato es el farmaco que ha sustituido a los antimoniales como tratamiento
de primera linea frente a la LV en muchas éreas del estado de Bihar (India). Se
administra por infusion intravenosa. En dosis de 0,75-1 mg/kg/dia por 15-20 dias o en
dias alternos, se logran curas del 97 % (Sundar y Rai, 2002). Su actividad leishmanicida
se basa en su afinidad selectiva por el ergosterol, el principal esterol en Leishmania.
Altera la permeabilidad de la membrana formando canales para iones monovalentes
produciendo un colapso bioenergético y la lisis celular. Efectos secundarios como fiebre
y escalofrios son comunes en la infusiones intravenosas, pero ademas la administracion
de anfotericina B puede tener efectos secundarios mds graves como miocarditis,
hipocalemia severa, neurotoxicidad e incluso la muerte del paciente. Otros
inconvenientes de este fairmaco son su alto costo y una hospitalizaciéon prolongada
(Sundar y Chatterjee, 2006; Chappuis et al. 2007). Para tratar de suavizar su toxicidad
se han testado otras formulaciones de anfotericina B, de ellas la que mejor resultado ha

dado es la anfotericina B liposomal.
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Anfotericina B liposomal. La formulacion de anfotericina B liposomal es considerada
actualmente por muchos expertos como el mejor fArmaco contra la LV. La anfotericina
B liposomal es bien tolerada y muy efectiva, haciendo posible tratamientos con altas
dosis por tiempos cortos, pero su alto costo restringe el uso en paises en desarrollo. Se
administra por infusién intravenosa. Se emplea como tratamiento de primera linea en
Europa y Estados Unidos, en la India una dosis total de 10 mg/kg (5 dosis de 2 mg/kg)
logra una tasa de cura mayor del 95 % frente a L. donovani. La Organizacion Mundial
de la Salud (OMS) ha logrado una disminucién de su precio en un 90% para los paises
donde la LV es endémica (Chappuis et al. 2007), pero aun asi sigue siendo un farmaco
caro. Dentro de las marcas de anfotericina B liposomal que encontramos en el
mercado la que ha resultado ser mas eficaz y con menos efectos toxicos es el

AmBisome (Gilead Sciences Inc., San Dimas, California-EEUU).

Miltefosina. Es un alquil-fosfolipido (hexadecilfosfocolina) inicialmente desarrollado
como un farmaco anticancerigeno. Es un firmaco de administracion oral, efectivo para
tratar LV (registrado en la India en 2002) y LC (Berman, 2008). En la India se da
durante 28 dias en dosis diarias de 50 mg/kg si el peso corporal es menor de 25 kg o
100 mg/kg si es mayor o igual a 25 kg. Se ha descrito que inhibe la citocromo ¢ oxidasa
(Luque-Ortega y Rivas, 2007) y es posible que actiue sobre diferentes dianas. Tiene
una vida media larga y la resistencia al firmaco por parte del parasito es facil de inducir
experimentalmente. Por lo tanto, para evitar la generaciéon de resistencias debe
asegurarse una continuidad en el tratamiento y la administracion de miltefosina debe
llevarse a cabo bajo observacion directa. Otra desventaja es que la miltefosina es
teratogénica, por lo que no debe ser usada en mujeres embarazadas ni en las que podrian
quedar embarazadas durante el tratamiento y en los dos meses siguientes. Igualmente,
como efecto adverso se ha observado toxicidad gastrointestinal (Sundar y Chatterjee,

2006; Chappuis et al. 2007).

Paromomicina. La paromomicina es un antibiotico aminoglicésido que posee actividad

antibacteriana y antiprotozoaria. El farmaco es efectivo frente a LV por via parenteral
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(registrado en la India en 2006) y frente a LC tanto en administracién tdpica como
parenteral. Es un fdrmaco seguro y muy barato, pero para el tratamiento de la LV
requiere de inyecciones intramusculares durante 21 dias (16-20 mg/kg/dia) (Sundar y
Chatterjee, 2006; Chappuis ef al. 2007). Se ha observado que la aplicacion topica de
paromomicina es insuficiente para el tratamiento de cualquier forma de LC, sin
embargo, la administracion parenteral es tan efectiva como los antimoniales (David y
Craft, 2009). El mecanismo de accién de la paromomicina en Leishmania seria similar
al descrito en bacterias. El antibittico se une al sitio A del ribosoma provocando errores

en el proceso de traduccion (Fernandez et al. 2011).

Pentamidina. Es una diamidina aromética, usada generalmente como firmaco de
segunda linea, principalmente en casos que no respondieron al tratamiento con
antimoniales. Frente a LC es administrada de forma intramuscular o intravenosa con
una dosis de 4 mg/kg/dia por 3-4 dias o por 7 dias cuando es usado como fdrmaco de
primera linea (David y Craft, 2009). Su mecanismo de accioén leishmanicida no esta
bien definido pero probablemente incluye la inhibicion de la biosintesis de poliaminas,
interferencia en la sintesis de ADN y en el potencial de la membrana mitocondrial
(Croft et al. 2006). Debido a su toxicidad (puede producir diabetes mellitus dependiente
de insulina y posteriormente la muerte del paciente) y a su baja eficacia, se ha

abandonado su uso frente a LV en la India (Sundar y Chatterjee, 2006).

Azoles. Los azoles como por ejemplo: ketoconazol, fluconazol e itraconazol, son anti-
fungicos que esencialmente inhiben la biosintesis de esteroles. Bloquean
especificamente la sintesis de ergosterol, el principal esterol en Leishmania, mediante la
inhibicion de la Cl4a-desmetilasa. Estudios in vitro han demostrado actividad
leishmanicida, aunque hay controversia con respecto a la sensibilidad hacia los azoles

por parte de distintas especies de Leishmania (Croft et al. 2006).

Sitamaquina. Es una 8-aminoquinolina eficaz por via oral para tratar la LV. Ensayos
clinicos fase I y II han mostrado resultados con distintos niveles de éxito dependiendo

de las especies de Leishmania y de la zona donde fueron realizados. Se han detectados
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efectos secundarios adversos como nefropatia y metahemoglobinemia (Sundar y
Chatterjee, 2006). En un ensayo clinico fase IIb llevado a cabo en India, la sitamaquina
mostré ser eficaz y mejor tolerada que el desoxicolato de anfotericina B
(GlaxoSmithKline website: http://www.gsk.com/responsibility/access/medicines-for-
developing-world.htm). Actualmente, la empresa GlaxoSmithKline esta intentando
solventar los problemas de toxicidad de la sitamaquina antes de continuar con los

estudios clinicos.

Alopurinol. Es un analogo estructural de la hipoxantina, que inhibe las enzimas que
llevan a cabo la interconversion de las purinas en Leishmania. Afecta la biosintesis de
ARN y por ende de las proteinas del parasito (Singh y Sivakumar 2004; Croft et al.
2006). A pesar de no ser efectivo como monoterapia para el tratamiento de la
leishmaniasis en humanos, se usa frente a la LCan y es mas eficaz en combinacion con
antimoniales. Se ha observado en estudios farmacologicos que los niveles del farmaco
en plasma humano son bajos comparados con los alcanzados en plasma de perro, (Croft

et al. 2006).

Imiquimod. Es un andlogo nucleosidico antiviral que actiia estimulando una respuesta
inmune local en el sitio de aplicacion. Induce la produccion de citoquinas y de oxido
nitrico en los macrofagos. Ha demostrado tener efecto en infecciones experimentales de
LC, y en combinacion con los antimoniales ha sido usado con éxito para tratar pacientes
con lesiones cutaneas que no respondieron a la monoterapia con antimoniales (Croft et

al. 2006).
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Farmacos Comentarios
Leishmaniasis visceral
Farmacos en primera linea Estibogluconato de sodio (Pentostam y SSG) El estibogluconato de sodio genérico (SSG) de Albert David (India) ha abaratado el
Antimoniato de meglumina (Glucantime) tratamiento. A su vez, Sanofi-Aventis ha reducido el precio de Glucantime

Anfotericina B (Fungizone)

Anfotericina B Liposomal (Ambisome) Esta ha probado ser la formulacion lipidica mas efectiva y menos toxica frente a LV.

Miltefosine Registrado en la India y disponible en el mercado. Precio mas barato disponible por
intermedio de la OMS.

Paromomicina

En ensayos clinicos Sitamaquina Ensayos en fase 2 finalizados en India

Otras formulaciones de anfotericina B En investigaciones pre-clinicas para el desarrollo de formulaciones mas baratas

Leishmaniasis cutanea

Farmacos en primera linea Estibogluconato de sodio (Pentostam y SSG)
Antimoniato de meglumina (Glucantime)

Anfotericina B (Fungizone) Para manifestaciones complejas como la leishmaniasis mucosal
Pentamidina Para formas especificas en Sud America

Paromomicina (formulacién tépica)

En ensayos clinicos Paromomicina (formulacidnes tépicas, fase 2 Formulaciones del WRAIR (Washington) y del FioCruz (Belo Horizonte).
y fase 3)
Miltefosina (oral, fase 3) La sensibilidad varia entre especies. Registrada en Colombia

Imiquimod (inmunomodulador tdpico, fase 2)  Como terapia adjunta a los antimoniales. Se ha descrito que no es efectiva en Iran

Tabla 1. Resumen de la situacion actual de algunos de los firmacos para el tratamiento de

leishmaniasis (Croft, 2008).

Otros farmacos candidatos para tratar la leishmaniasis.

Ademas de los farmacos descritos, se estan llevando a cabo estudios dirigidos a la
busqueda de nuevos farmacos leishmanicidas més potentes y menos toxicos. Una de las
estrategias de busqueda de nuevos farmacos leishmanicidas es el ensayo de farmacos
comunmente usados frente a otras patologias, de sustancias aisladas de
microorganismos y plantas, y otras utilizadas en la medicina popular (Santos et al.
2008). Entre los compuestos candidatos seleccionados hay chalconas, flavonoides,
alquilfosfocolinas, bifosfonatos, sesquiterpenos, quinolinas, formulaciones orales de
anfotericina B, buparvaquona, y compuestos que interfieren con el metabolismo del
esterol (Polonio and Efferth 2008, Richard and Werbovetz 2010). Para identificar los
compuestos mas prometedores, las moléculas candidatas deben ser comparadas con uno
o mas farmacos leishmanicidas conocidos como farmacos de referencia (por ejemplo
anfotericina B), en estudios experimentales empleando modelos in vivo (por ejemplo:
ratones BALB/c o hamster); posteriormente, sobre los compuestos mas activos in vivo

se realizaran estudios de farmacocinética, metabolismo y toxicidad. Sin embargo, todos
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estos estudios son caros y la inversion requerida para llevar a cabo experimentos con
farmacos candidatos para el tratamiento de la leishmaniasis representa un gran reto

(Richard and Werbovetz 2010).

Tratamiento combinado de farmacos

El uso de terapias combinadas, utilizando farmacos de distinta estructura quimica y con
diferentes blancos de accidn, constituye actualmente la estrategia mas recomendada por
los organismos internacionales, encabezados por la OMS, para abordar el dificil reto de
conseguir mejores tratamiento para la leishmaniasis, dado que permitird una mayor
eficacia terapéutica asi como una reduccion en la toxicidad y periodo de tratamiento,
una disminucion de las probabilidades de adquisicion de resistencias, y quizas una
reduccion en los costes (van Griensven et al. 2010). En relacion a la posibilidad de
prevenir la aparicion de resistencias, ambos farmacos idealmente deberian tener
farmacocinéticas similares. Si el pardsito siempre tiene que hacer frente a ambos
farmacos seria de esperar que la probabilidad de que emerjan parasitos doble-resistentes
sea muy baja. No obstante, hay que tener en consideracion que el desarrollo de una
terapia combinada tiene que tener en cuenta los sistemas de salud de las regiones
endémicas, a los efectos de no aumentar la complejidad en términos de logistica, formas

de administracién y monitoreo del tratamiento.

Sin embargo, considerando la gran plasticidad cromosdémica de Leishmania y su
capacidad de desarrollar resistencias, no puede descartarse que el parasito desarrolle en

un futuro resistencias a las combinaciones de farmacos.

Se han realizados varios estudios con terapias combinadas que han demostrado ser
eficaces con resultados prometedores, por ejemplo, la combinacion de bajas dosis de
pentamidina con alopurinol frente a LV fue mas efectiva que la pentamidina sola; la
paromomicina mas cloruro de metilbencetonio en forma de ungiliento es mas efectiva
frente a LC que muchas monoterapias (Singh y Sivakumar, 2004); la asociacion de
estibogluconato de sodio y paromomicina para tratar la LV es segura y efectiva en
ensayos llevados a cabo en India y en el este de Africa y ha sido utilizada exitosamente
por Médicos sin Fronteras en pacientes sudaneses, mostrando menor mortandad y

menores complicaciones durante el tratamiento en comparacion con una monoterapia
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con estibogluconato de sodio (Chappuis et al. 2007; van Griensven et al. 2010). Otras
combinaciones de farmacos como anfotericina B liposomal y miltefosina o
paromomicina, o miltefosina y paromomicina, ensayadas en India para tratar la LV, son
mas eficaces que el tratamiento estandar con anfotericina B y con menos efectos
adversos (Sundar et al. 2011); ademés, se ha demostrado en modelos experiementales
murinos que existe un sinergismo entre miltefosina y anfotericina B y también con
paromomicina frente a LV (Seifert y Croft, 2006). A su vez el empleo de anfotericina B
liposomal més miltefosina o estibogluconato de sodio en una poblacion VIH-negativa

esta siendo estudiado en el este de Africa (van Griensven et al. 2010).

A pesar de que la idea de una terapia combinada es en general aceptada, las bases para
la eleccion de los farmacos en esos regimenes combinados esta todavia en discusion por
parte de la OMS y otros organismos internacionales (DND1). Hacen falta varios afios
para tener disponibles suficientes datos experimentales y clinicos para poder seleccionar
una combinacion de farmacos eficaz para ser empleada frente a cada una de las especies

de Leishmania.

Resistencia a farmacos en Leishmania

El reducido arsenal de farmacos frente a la leishmaniasis se enfrenta con la frecuente
aparicion de resistencia, lo que dificulta el control de la enfermedad. Muchas veces una
inadecuada administracion (dosis o tiempo de tratamiento) del fArmaco da lugar a una
tolerancia progresiva al mismo por parte del parasito. Esta resistencia puede deberse a
multiples mecanismos, como por ejemplo: alteraciéon de los niveles intracelulares del
farmaco, inactivacion por metabolismo o secuestro del farmaco, variacion de los niveles
del blanco de accidn, sobreexpresion de los mecanismos de reparacion del parésito, etc.
(Figura 18). El conocimiento sobre los mecanismos de resistencia puede mejorar el uso
de los farmacos, lo cual podria minimizar el desarrollo de resistencias y lograr

tratamientos mas efectivos (Croft et al. 2006).
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Figura 18. Algunos de los posibles mecanismos de resistencia a firmacos en protozoos parasitos.

Se han descrito diferentes mecanismos de resistencia frente a los farmacos usados en

clinica para el tratamiento de la leishmaniasis:

Los antimoniales pentavalentes (SbV) tienen que ser convertidos a trivalentes (SbIII)
para ser activos, esto puede darse tanto en el macréfago como en el pardsito. Se ha visto
que los tioles cisteina, cisteinil-glicina y tripanotion pueden reducir SbV a Sblll
(Ferreira et al. 2003), también se ha sugerido que la reductasa dependiente de tioles,
denominada TDRI, y la arsenato reductasa (ACR2) podrian participar en este proceso
de reduccion (Denton et al. 2004; Zhou et al. 2004). Una reduccion o pérdida de la
activacion del farmaco puede ser un mecanismo mediante el cual el parasito adquiere
resistencia. También se ha observado en Leishmania resistente al farmaco una menor
acumulacion del mismo, esto puede deberse a una disminucién en la entrada del
farmaco al parasito o a un aumento en su eflujo. Se ha descrito que el Sblll entra en
Leishmania por una acuagliceroporina llamada AQP1; habiéndose demostrado que
aislados resistentes a Pentostam transfectados con AQP1, recuperan la sensibilidad al
farmaco (Gourbal et al. 2004). Un transportador de la familia ABCC (MRPA) parece
estar involucrado en la resistencia a antimoniales, reconoce SbIIl conjugado a tioles
como glutation y tripanotion, y confiere resistencia mediante el secuestro del conjugado
tiol-metal en una vacuola (Ouellette et al. 2004). A su vez, se ha observado un aumento
en los tioles totales (cisteina, glutation y tripanotion) en cepas de Leishmania resistentes
a antimoniales y arsenicales, esto sugiere que una reduccion en el nivel de tioles de la

célula podria reducir el nivel de resistencia. Esta hipotesis estd fundamentada ya que la
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resistencia a SbV observada en aislados clinicos de L. donovani fue revertida en
modelos animales mediante tratamiento con inhibidores de la biosintesis de glutation
(Carter et al. 2003). Ademas, en macréfagos infectados con L. donovani se ha
observado un aumento en la expresion de glicoproteina-P (P-gp, MDR1) y de la
proteina relacionada con resistencia a multiples farmacos MRP1, dando como resultado
que no se acumulen antimoniales en la célula huésped (Mookerjee et al. 2008). También
se ha observado un aumento de la actividad antioxidante en aislados clinicos de
Leishmania resistentes a antimoniales, asociada a la sobreexpresion de triparedoxina y

de triparedoxina peroxidasa (Wyllie et al. 2010).

La pentamidina se acumula en la mitocondria mientras que en mutantes resistentes a
pentamidina in vitro, el farmaco no se acumula en la mitocondria y la fraccion citosolica
de la pentamidina es eliminada del parésito (Basselin et al. 2002). En formas
amastigotes de Leishmania se ha demostrado que la resistencia al firmaco estd mediada
por la proteina PRPI1, un transportador ABC (ABCC7) localizado en vesiculas
intracelulares (Coelho et al. 2007).

En relacion con la resistencia a anfotericina B, a nivel experimental se ha obtenido
resistencia al fArmaco mediante exposicion a concentraciones crecientes del farmaco.
Las lineas resistentes mostraron un cambio significativo en el perfil de esteroles de la
membrana plasmatica, donde el ergosterol fue reemplazado por diferentes precursores
de esteroles que carecen de metilacion en C-24 (Mbongo et al. 1998). Sin embargo,

hasta ahora, no se han encontrado resistencias clinicas a la anfotericina B.

En el caso de la miltefosina, los casos de resistencia experimental estdn asociados con
una menor acumulacion del farmaco, debido tanto a la presencia de mutaciones
puntuales en las proteinas LAMT (una aminofosfolipido translocasa [P4-ATPasa] que
forma parte del complejo del transportador de miltefosina) y LdRos3 (la subunidad no
catalitica de LdMT perteneciente a la familia CDCS50), como a la subexpresion de
LdRos3 (Pérez-Victoria et al. 2003; Pérez-Victoria et al. 2006; Sanchez-Cafiete et al.
2009), y en menor medida a modificaciones en la membrana plasmatica del parasito
por la deplecion de esteroles (Saint-Pierre-Chazalet et al. 2009). También, a nivel
experimental, se ha observado que la sobreexpresion de dos transportadores de la
superfamilia ABC, un transportador tipo ABCB (P-glicoproteina) en L. tropica, y otro

tipo ABCG en L. infantum dan lugar a un incremento en el eflujo del fa&rmaco y por
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ende a una disminucion en la acumulacion de la miltefosina en el parasito (Pérez-
Victoria et al. 2001; Castanys-Munoz et al. 2008). A su vez, mediante el analisis
protedmico de una linea de L. donovani con resistencia experimental a miltefosina, se
demostré la posible implicacion en la resistencia del factor de iniciacion eucaridtico 4A
(Singh et al. 2008). Igualmente, mediante el analisis protedmico de aislados clinicos de
L. donovani resistentes a SbV y que presentan resistencia cruzada a miltefosina, se ha
demostrado que la proteina de choque térmico HSP83 y una proteina de la familia de la
calpaina (SKCRP 14.1), protegen al parasito frente a la accion leishmanicida de la
miltefosina (Vergnes et al. 2007). Ademas, la sobreexpresion en L. donovani de la
histona H2A se ha descrito que induce una disminucioén en la sensibilidad hacia la

miltefosina (Singh et al. 2010).

El creciente uso de la miltefosina para tratar la leishmaniasis canina en Europa podria

acelerar el desarrollo de resistencias a miltefosina en L. infantum.

En relaciéon a la paromomicina, los estudios experimentales en promastigotes y
amastigotes axénicos de L. donovani resistentes a paromomicina han mostrado que uno
de los posibles mecanismos de resistencia esta asociado con una significativa reduccion
en la acumulacion del farmaco, aunque de momento se desconoce el mecanismo

molecular (Maarouf ef al. 1998; Jhingran et al. 2009).

Es importante disponer de un adecuado arsenal de farmacos con diferentes mecanismos
de accidn, para que puedan ser empleados en el tratamiento de la leishmaniasis en casos

de aparicion de resistencias (Croft ez al. 2006).

8-Aminoquinolinas
Generalidades

Las 8-aminoquinolinas fueron desarrolladas inicialmente para el tratamiento de la
malaria. En 1920 se sintetizd la primera 8-aminoquinolina, llamada pamaquina o
plasmoquina, con el proposito de buscar un compuesto alternativo a la quinina para el
tratamiento de la malaria. Posteriores modificaciones de la pamaquina dieron lugar en
los afios 40 al descubrimiento de pentaquina y primaquina (Figura 19) (Tekwani y

Walker, 2006). Actualmente, y después de mas de 60 afios, la primaquina sigue siendo

39



Introduccién

H H
,CO ,CO & HyCO A
A
¥
\/ \/\/\N )\/\/NH,

el unico antimalarico disponible en
clinica que bloquea la transmision

del parasito, mostrando una

Pamaquina Pentaquina Primaquina marcada actividad frente a los
F\C
gametocitos de todas las especies
H,CO H,CO §
m b |N, HCO A de Plasmodium que producen la
NH ”~OCH . .
/K/\/ \( L~ ~UNEL N N - ' malaria humana, incluyendo las
?
. tirresistent
Bulaquina Sitamaquina Tafenoquina cepas multirresistentes de
c c1\ Plasmodium  falciparum. Ademas
,co% de su uso como antimalarico, se ha
H,Co demostrado que la primaquina es
t&ﬁ P30 que I prinag
efectiva  contra  especies de
M 2-ter butil . .
NPC1161B primaquina Trypanosoma y Leishmania, y se

ha utilizado también en

Figura 19. 8-Aminoquinolinas combinacion con clindamicina en el

tratamiento de neumonia causada por Pneumocystis carinii (Vale et al. 2009).

Al objeto de mejorar el indice terapéutico de la primaquina y encontrar analogos mas
activos y especificos, se ha desarrollado por parte de diferentes laboratorios, entre ellos
el Walter Reed Army Institute for Research (WRAIR) en los EEUU, la sintesis de un
gran numero de 8-aminoquinolinas analogas de la primaquina, entre los que cabe
resaltar los compuestos WR 238605 (tafenoquina) y WR 6026 (sitamaquina) (Figura
19) para el tratamiento de la malaria y leishmaniasis, respectivamente (Tekwani y
Walker, 2006). La bulaquina, un profarmaco de primaquina, desarrollado por el Central
Drug Research Institute de India para el tratamiento de malaria causada por
Plasmodium vivax, ha mostrado menor toxicidad y mayor eficacia que la primaquina,
actualmente en uso clinico limitado en India (Gogtay et al. 2006). La mayoria de los
farmacos antimaldricos (incluidos primaquina y tafenoquina) son compuestos quirales
pero son usados como racemato (Brocks y Mehvar, 2003). El desarrollo de métodos
analiticos capaces de medir los enantiomeros individuales de estos antimalaricos ha
mostrado que casi todos estos farmacos poseen estereoselectividad. Dentro de las 8-
aminoquinolinas, un ejemplo claro de tener un perfil farmacologico enantioselectivo es

NPCI1161C, siendo el compuesto NPC1161B, enantiémero (-), el que ha mostrado un
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gran potencial para ser usado como un nuevo farmaco frente a varias infecciones

parasitarias (Nanayakkara ef al. 2008).

La distribucion y el metabolismo de las 8-aminoquinolinas juegan un papel muy
importante en su eficacia antiparasitaria in vivo (Tekwani y Walker, 2006). Nuevas
formulaciones pueden aumentar la eficacia; asi por ejemplo, nanoparticulas de
poliisohexilcianoacrilato y poli(D,L-lactido) cargadas con primaquina, muestran mas
actividad leishmanicida que la primaquina frente a L. donovani tanto in vitro en células

de macrofagos como in vivo en ratones BALB/c, (Tekwani y Walker, 2006).

El mecanismo de accion de las 8-aminoquinolinas como antimalaricos no esta claro
todavia, aunque su biotransformacion parece ser necesaria tanto para su eficacia como
para su toxicidad; igualmente, la generacion de estrés oxidativo selectivamente en las
células parasitadas es el mecanismo mas probable de su eficacia y toxicidad (Tekwani y

Walker, 2006).

Actividad leishmanicida de las 8-aminoquinolinas

El potencial leishmanicida de las 8-aminoquinolinas se descubrié al mismo tiempo que
el hallazgo de la primaquina como farmaco antimalarico. Desde entonces, ha habido un
considerable interés en el desarrollo de andlogos de 8-aminoquinolinas, tratando de
mejorar la actividad contra los protozoos pardsitos del género Leishmania. Se ha
estudiado la actividad leishmanicida de muchos analogos de 8-aminoquinolinas con
sustituciones en el anillo de quinolina (principalmente en las posiciones 2, 4, 5y 6) o en
la cadena lateral 8-amino; la eficacia de estos compuestos fue variable dependiendo de
la especie de Leishmania y del modelo in vitro o in vivo utilizado. Dentro de los que
mostraron mayor eficacia estdn: moxipraquina, 8(6-4'3-hidroxibutil)piperazina-1’-
ilexilamino-6-metoxi-quinolina, cuyos ensayos clinicos fueron finalizados debido a que
presentaba una significativa toxicidad fetal (Beveridge et al. 1980), y sitamaquina, N,N-
dietil-N’-(6-metoxi-4-metil-8-quinolinil)-1,6-hexanodiamina (Yeates, 2002), en ensayos
clinicos en fase 2b en India. Recientemente, se ha visto que andlogos 5-(3-
trifluorometilfenoxi)-2-ter-butil de la primaquina presentan una actividad leishmanicida
in vitro comparable a la de la pentamidina, pero menos potente que la de la anfotericina

B (Jain et al. 2005). Otros compuestos como NPC1161B, (-)-8-[(4-amino-1-
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metilbutil)amino]-6-metoxi-4-metil-5-(3,4-diclorofenoxi)quinolina succinato, ha
mostrado una actividad leishmanicida in vivo similar a la de sitamaquina y con baja
toxicidad (Nanayakkara et al. 2008). Igualmente, la tafenoquina, 5-[3-
(trifluorometil)fenoxi]-N-(5-aminopentano-2-il)-2,6-dimetoxi-4-metilquinolina-8-

amina, ha mostrado una alta actividad leishmanicida tanto in vitro como in vivo

(Yardley et al. 2010).
Sitamaquina

La sitamaquina fue sintetizada en 1946 por Campbell y

° colaboradores dentro de un proyecto dirigido a la

w busqueda de antimalaricos. Posteriormente, en la década

" de los 70, en un estudio llevado a cabo por la WRAIR

dirigido hacia la selecciéon de nuevos farmacos con

o~ actividad leishmanicida en un modelo hamster-L.

/T donovani, se ensayaron una serie de lepidinas (derivados

de 6-metoxi-4-metil-8-aminoquinolina), seleccionando a

la sitamaquina (designada originalmente como WR 6026), que administrada de forma
oral resulto ser el compuesto candidato mas prometedor para un desarrollo clinico, con
una actividad leishmanicida muy superior a la del antimoniato de meglumina
(Kinnamon et al. 1978; Yeates, 2002). Ademas, la sitamaquina ha mostrado ser efectiva
frente a Pneumocystis carinii, siendo su actividad en el modelo experimental de ratas
mayor que la combinacién de primaquina con clindamicina. Igualmente, la sitamaquina
demostr6 una significativa actividad frente a la babesiosis, incluso superior a la
combinacion de quinina con clindamicina en hamsters infectados con Babesia microti,

sugiriendo el amplio potencial clinico de la sitamaquina (Yeates, 2002).

Se han llevado a cabo ensayos clinicos de fase II frente a la LV en India y Kenia con 97
y 120 pacientes, respectivamente, al objeto de determinar la dosis-repuesta y el perfil de
seguridad de la sitamaquina por via oral (Jha et al. 2005; Wasunna et al. 2005). Los
pacientes recibieron diariamente durante 28 dias una de las siguientes dosis de
sitamaquina: 1,5, 1,75, 2 y 2,5 mg/kg/dia en India, y 1,75, 2, 2,5 y 3 mg/kg/dia en
Kenia. La tasa de curacion fue de un 87% en India y de un 83% en Kenia transcurridos
180 dias desde el comienzo del tratamiento; sin embargo, no se llegd a una conclusion

clara sobre la dosis Optima de farmaco. En ambos ensayos clinicos, la sitamaquina fue
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bien tolerada por los pacientes en general. Entre los efectos adversos observados mas
frecuentes se detectaron pacientes con dolor de cabeza, dolor abdominal o vomitos. La
metahemoglobinemia, que es un efecto secundario reconocido de las 8-
aminoquinolinas, s6lo aparecid en dos pacientes en India, y no se detectd en ningiin
paciente del ensayo de Kenia. Sin embargo, se detectaron efectos adversos renales en
pacientes en ambos ensayos tratados con dosis mayores o iguales a 2 mg/kg/dia; a pesar
de que el numero de casos es bajo, se ha sugerido que podria tratarse de un efecto dosis
dependiente, y que la sitamaquina podria tener un efecto toxico directo sobre el rifion.
El problema es que la LV por si misma produce fallo renal, ademas debido a la alta
mortandad de pacientes con LV sin tratar, es imposible evaluar nuevas terapias frente a
un placebo, por lo cual es complicado discernir si los efectos observados son debidos a
la LV o a su tratamiento. Antes de pasar a un ensayo clinico fase III, GlaxoSmithKline
llevo a cabo un ensayo de fase 2b en India, para comparar la seguridad y tolerabilidad
de un tratamiento durante 21 dias con sitamaquina con uno con anfotericina B-
desoxicolato intravenosa, que es el tratamiento estandar actualmente en India. Los
resultados mostraron una eficacia comparable a la de estudios previos, a pesar de ser de
menor duracion, y la sitamaquina fue mejor tolerada que la anfotericina B, aunque un
pequefio niimero de pacientes tuvieron efectos adversos renales leves y reversibles
(GlaxoSmithKline website: http://www.gsk.com/responsibility/access/medicines-for-

developing-world.htm).

Un estudio realizado en L. mexicana demostrd que tanto promastigotes como
amastigotes intracelulares en macrofagos presentan susceptibilidades similares frente a
la sitamaquina (Callahan et al. 1997). Sin embargo, la significativa actividad
leishmanicida de la sitamaquina observada frente a L. donovani en hamster, se vio que
disminuia en otros modelos experimentales como raton y perro, lo que podria deberse al
diferente metabolismo en cada uno de los modelos utilizados. La sitamaquina tiene una
buena actividad in vitro frente a L. donovani y se cree que la desarrollada in vivo puede
ser debida a uno o mas metabolitos derivados de la sitamaquina (Yeates, 2002). En
estudios usando microsomas de higado de rata y hamster, los principales metabolitos
encontrados de la sitamaquina fueron el desetil y el derivado 4-CH,OH, y hay evidencia
de que su produccioén estd mediada por diferentes citocromos P450. Ademas, otros
estudios sugieren que la oxidacion de la cadena lateral es un importante paso en la via

metabolica de las 8-aminoquinolinas (Yeates, 2002).
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Mediante la administracion de '‘C-sitamaquina a ratas, se determindé que
aproximadamente el 35 y 11% de la dosis fue eliminada en la orina y heces
respectivamente, dentro de las 48 h post-administracion. Los mayores niveles de
radioactividad se detectaron en el higado (aproximadamente un 10% de la dosis después
de 1 a 4 h de su administracion), donde aun se podia detectar radioactividad después de
7 dias. Igualmente, se ha determinado que los niveles de radioactividad detectados en
rifion, pulmoén y bazo eran 10 veces los encontrados en sangre tras 1 a 4 horas de la
administracion de sitamaquina. Estos datos son consistentes con los altos valores de
extraccion de sitamaquina de los 6rganos y la gran excrecion biliar de los metabolitos
(Yeates, 2002). Se ha determinado que la sitamaquina tiene un t;» de eliminacion de
26,1 h en humanos. El derivado 4-CH,OH es el principal metabolito en la orina con un
ti2 de eliminacion de 29,1 h, y las especies desetiladas son metabolitos menores. La
mayoria de las especies de §-aminoquinolinas formadas en el cuerpo son desconocidas

(Yeates, 2002).

El mecanismo de accion de las 8-aminoquinolinas frente a los protozoos es, en general,
poco conocido. La sitamaquina da lugar a una despolarizacion de la membrana
mitocondrial en promastigotes de L. donovani permeabilizados con digitonina. Debido a
su naturaleza catidnica lipofilica, el farmaco entraria en la mitocondria a través de un
mecanismo dirigido por un potencial negativo de la membrana interna de la
mitocondria, afectando la membrana mitocondrial y produciendo un desacoplamiento
de la fosforilacion oxidativa en el parasito (Vercesi y Docampo, 1992). La sitamaquina
se acumula rapidamente en compartimentos acidos, produciendo la alcalinizacion de los
acidocalcisomas del parasito (Vercesi et al. 2000). También se ha sugerido que se
produciria una interaccidon electrostatica entre la sitamaquina cargada positivamente y
fosfolipidos anidnicos de la membrana plasmadtica del parésito, y posteriormente el
farmaco se insertaria en la bicapa lipidica gracias a interacciones hidrofobicas (Duefas-

Romero et al. 2007).
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Tafenoquina

La tafenoquina, originalmente llamada WR 238605 o
" etaquina, fue identificada en 1963 a través de un
B\ " programa de la WRAIR para descubrir farmacos

& VAN antimalaricos. Inicialmente la tafenoquina fue estudiada
o como un sustituto de la primaquina para la cura radical
de la malaria causada por P.vivax, pero luego se

identifico6 como un firmaco antimaldrico de amplio

espectro con potencial para ser usado para la profilaxis

frente a malaria en viajeros no inmunes y para el tratamiento de infecciones establecidas
con P. falciparum resistentes a multiples fArmacos (Peters, 1999). Ensayos clinicos en
fase II han demostrado que la tafenoquina es muy eficaz para la profilaxis frente a
infecciones con P. falciparum y P. vivax, equivalente a la eficacia lograda con
mefloquina y primaquina. A su vez, la aparicion de recaidas por P. vivax se redujo en un
90 % en pacientes tratados con tafenoquina comparado con pacientes tratados con
placebo (Crockett y Kain, 2007). Se ha observado que la administracion de cloroquina
seguido de un tratamiento con tafenoquina puede ser mas efectivo para evitar las
recaidas con P. vivax que un tratamiento de cloroquina con primaquina (Kitchener et al.
2007). Actualmente, la tafenoquina estd siendo desarrollada por WRAIR junto a
GlaxoSmithKline en asociacién con Medicines for Malaria Venture, como un potencial

tratamiento para la cura radical de malaria causada por P. vivax.

Ademas de su gran eficacia en modelos experimentales in vitro e in vivo, la tafenoquina
mostré ser menos toxica que la primaquina. Como es el caso de otras 8-
aminoquinolinas, la tafenoquina produce metahemoglobinemia. Sin embargo, los
niveles de metahemoglobinemia asociadas con la administracion de tafenoquina en
humanos no han sido de relevancia clinica (Crockett y Kain, 2007). La tafenoquina al
igual que la primaquina y otras 8-aminoquinolinas produce, como un efecto adverso
grave, hemolisis en individuos con deficiencia en glucosa-6-fosfato deshidrogenasa
(G6PD). Actualmente se esta llevando a cabo un ensayo clinico focalizado en un mayor
conocimiento sobre la seguridad de la tafenoquina en individuos con deficiencia en

G6PD (http://www.gsk.com/responsibility/access/medicines-for-developing-

world.htm). Los efectos adversos mas comunes de la tafenoquina observados en los

ensayos clinicos en fase I y II, han sido molestias gastrointestinales: acidez, gases,
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vOmitos, diarrea y malestar abdominal. Sin embargo, son necesarios estudios
adicionales para determinar la seguridad de la tafenoquina para su uso en nifios y

mujeres embarazadas.

La tafenoquina administrada por via oral muestra un largo periodo de absorcion y, a
diferencia con la primaquina, es lentamente metabolizada y presenta una t;, de
eliminacion de 14 dias (Brueckner et al. 1998). Se ha observado que la absorcion se
incrementa cuando se administra con comida y ademas se reducen los efectos adversos
gastrointestinales (Crockett y Kain, 2007). La concentracion de la tafenoquina en sangre
total es 1,8 veces mayor que la concentracion en plasma; a su vez, el farmaco se
acumula en los globulos rojos, con una concentracion de 2,8 veces mayor que la
encontrada en plasma (Brueckner et al. 1998). La tafenoquina es eliminada por
excrecion biliar con recirculacion hepatica; siendo metabolizada a compuestos
aminofenolicos por multiples vias. La tafenoquina sufre C-hidroxilacion de la cadena
lateral 8-(4-amino-1-metilbutil)amino, lo cual no ocurre en el metabolismo de otras 8-
aminoquinolinas, aunque su significancia ain se desconoce. No hay evidencia de

excrecion urinaria de la tafenoquina (Crockett y Kain, 2007).

El mecanismo de accion de la tafenoquina como fidrmaco antimaldrico no es bien
conocido aunque se han postulado varias hipotesis; una de ellas, considera que la
cadena lateral 4-amino-1-metilbutil puede generar superdxidos, lo cual puede contribuir
a la actividad de esta clase de fArmacos contra parasitos exo-eritrociticos (Bates et al.
1990). La tafenoquina se ha demostrado que inhibe la formaciéon de hematina, lo cual
podria contribuir a su actividad esquizonticida (Vennerstrom et al. 1999). También se
ha sugerido que el tratamiento con tafenoquina, al igual que sucede con otras 8-

aminoquinolinas, podria producir una disfunciéon mitocondrial en el parasito.

Recientemente, nuestro grupo ha demostrado que la tafenoquina tiene actividad in vitro
e in vivo frente a distintas especies de Leishmania (Yardley et al. 2010).
Especificamente, se estudid in vitro su actividad frente a amastigotes intracelulares de
cepas de L. donovani provenientes de India y Africa, incluidas cepas de L. donovani
procedentes de India que presentan resistencia a antimoniales. La tafenoquina,
administrada tanto como racemato o en forma de enantiomero (+) o (-), fue activa frente

a los amastigotes intracelulares, mostrando niveles de ECsy comparables con otros
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farmacos leishmanicidas como la miltefosina, inclusive frente a las cepas resistentes a

antimoniales (Yardley et al. 2010).

Los estudios de actividad leishmanicida in vivo se realizaron en modelos animales
(ratones BALB/c) infectados con L. donovani, a los que se les administrd tafenoquina
por via oral durante 5 dias a 5 mg/kg, formulada en 10% Tween-80/Etanol 70:30
ddH,0. Los resultados demostraron un nivel de reduccion de la carga parasitaria
superior al 95 % tanto frente a las cepas sensibles como resistentes a antimoniales, y
ademads en un experimento dosis-respuesta se observo que los valores de ECs estaban

en el rango de 1 a 3,5 mg/kg (Yardley et al. 2010).

Estos resultados demuestran que la tafenoquina, al igual que otras 8-aminoquinolinas,
tiene un gran potencial para ser usado como agente leishmanicida. Estos ensayos
realizados frente a Leishmania, sumado a los estudios de seguridad del farmaco como
antimalarico que se estan llevando a cabo, apoyan el futuro empleo de la tafenoquina
como farmaco leishmanicida, asi como el uso de la tafenoquina en un tratamiento

combinado frente a la LV (Yardley et al. 2010).
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OBJETIVOS

La leishmaniasis, con 2 millones de nuevos casos anuales y 350 millones de personas en
situacion de riesgo, sigue siendo una de las enfermedades olvidadas mas importantes en
el mundo. En los tltimos 10 afios se han logrado avances en el tratamiento, diagnostico
y prevencion de la leishmaniasis, y se ha reducido el precio de algunos de los farmacos
en uso. Sin embargo, la morbilidad y mortandad de esta enfermedad muestran una
preocupante tendencia al alza. El tratamiento de la leishmaniasis estd basado
principalmente en la quimioterapia; los farmacos disponibles incluyen antimoniales
pentavalentes, anfotericina B, anfotericina B liposomal, miltefosina y paromomicina.
Sin embargo, el tratamiento estd limitado por la toxicidad, duracion, coste y una
creciente aparicion de resistencias. Esto hace necesario la busqueda de nuevos
compuestos para desarrollar nuevas terapias leishmanicidas mdas eficaces. En esta
busqueda, las 8-aminoquinolinas han mostrado ser buenos candidatos. Dentro de las 8-
aminoquinolinas, tanto la sitamaquina como la tafenoquina presentan actividad
leishmanicida in vitro e in vivo; a su vez, en el caso de la sitamaquina se han realizado
varios ensayos clinicos para evaluar su eficiencia frente a la leishmaniasis visceral con
resultados prometedores.

Dado el potencial de estos compuestos para convertirse en farmacos leishmanicidas de
uso clinico, y que el conocimiento sobre su interaccion con Leishmania es escaso, nos
planteamos como objetivo general de esta Tesis estudiar el mecanismo mediante el
cual la sitamaquina y tafenoquina producen la muerte del parasito, y la posibilidad de
que Leishmania pueda generar resistencias a estos compuestos. Para ello, nos

planteamos los siguientes objetivos especificos:

1- Establecer el mecanismo mediante el cual la sitamaquina y tafenoquina entran
en Leishmania y si existe una correlacion entre la acumulacion y la sensibilidad

hacia el farmaco.

2- Determinar el mecanismo de accion de ambos farmacos en Leishmania.

3- Generar lineas de Leishmania resistentes a sitamaquina y a tafenoquina, y tratar

de identificar los marcadores moleculares de resistencia.
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RESULTADOS

ARTICULO 1

Sitamaquine Sensitivity in Leishmania Species Is Not Mediated by

Drug Accumulation in Acidocalcisomes.
Antimicrobial Agents and Chemotherapy, vol. 52, p. 4030-36; 2008.

Carmen Lopez-Martin, Jose Maria Pérez-Victoria, Luis Carvalho, Santiago Castanys y

Francisco Gamarro.

La 8-aminoquinolina sitamaquina es un nuevo farmaco oral que se encuentra en fase
clinica IIb frente a la leishmaniasis visceral. Al ser una base débil lipofilica, se acumula
rapidamente en compartimentos acidos, principalmente en acidocalcisomas. En este
trabajo, demostramos que la actividad leishmanicida de la sitamaquina no estd
relacionada con su acumulacion en estas vesiculas acidas. El firmaco entra en el
parasito en un proceso no saturable, dependiente de pH e independiente de ATP y
temperatura. Hemos observado diferencias significativas tanto en la sensibilidad como
en la acumulacion de sitamaquina entre varias especies y cepas de Leishmania. Hemos
determinado que no existe una correlacion entre sensibilidad y acumulacion del
farmaco. Sin embargo, observamos una relacion entre los niveles de acumulacion de
sitamaquina y de sondas acidotrdpicas, el tamano de los acidocalcisomas, y los niveles
de polifosfatos. Una linea de Leishmania major mutante nula para la subunidad 0 del
complejo 3 de proteinas adaptadoras (AP3d), en la cual los acidocalcisomas se
encuentran alcalinizados y estan desprovistos de polifosfatos, es incapaz de acumular
sitamaquina; pero tanto las formas promastigotas como amastigotas intracelulares de la
linea parental como la mutante nula para la AP3d, mostraron una sensibilidad similar
hacia la sitamaquina. Estos resultados aportan una clara evidencia de que la actividad
leishmanicida de la sitamaquina no estd relacionada con su acumulacion en los

acidocalcisomas.
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Sitamaquine (WR6026), an 8-aminoquinoline derivative, is a new antileishmanial oral drug. As a
lipophilic weak base, it rapidly accumulates in acidic compartments, represented mainly by acidocalci-
somes. In this work, we show that the antileishmanial action of sitamaquine is unrelated to its level of
accumulation in these acidic vesicles. We have observed significant differences in sitamaquine sensitivity
and accumulation between Leishmania species and strains, and interestingly, there is no correlation
between them. However, there is a relationship between the levels of accumulation of sitamaquine and
acidotropic probes, acidocalcisomes size, and polyphosphate levels. The Leishmania major AP38-null
mutant line, in which acidocalcisomes are devoid of their usual polyphosphate and proton content, is
unable to accumulate sitamaquine; however, both the parental strain and the AP38-null mutants showed
similar sensitivities to sitamaquine. Our findings provide clear evidence that the antileishmanial action
of sitamaquine is unrelated to its accumulation in acidocalcisomes.

In the absence of effective vaccines against leishmaniasis,
the main weapon to control the disease relies exclusively on
chemotherapy. Although pentavalent antimonials have been
the first-line treatment for many years, the emergence of
antimony resistance compromised their use. Alternative
treatments such as amphotericin B, paromomycin, and more
recently, miltefosine have replaced antimonials for use in
disease control (1). Sitamaquine (WR6026) is a new anti-
leishmanial oral drug currently in phase 2b clinical trials by
GlaxoSmithKline (16, 28). Sitamaquine is a lipophilic weak
base that rapidly accumulates in acidic compartments of
Leishmania spp., mainly in acidocalcisomes. It has been
suggested, using permeabilized Leishmania parasites, that
the alkalinization produced by sitamaquine in the acidocal-
cisomes could be involved in its antileishmanial action (27);
however, its mechanism of action is still unknown. In addi-
tion to this, it has been reported that Leishmania species
show different sensitivities to sitamaquine in vitro (12). This
characteristic could affect sitamaquine effectiveness and
should be considered in future treatments.

Acidocalcisomes are dense acidic organelles with a high
concentration of phosphorus present as pyrophosphate and
polyphosphate (polyP) complexed with calcium and other el-
ements, including sodium, magnesium, and zinc, and are the
main calcium storage compartments of trypanosomatids (6).
Acidocalcisomes, conserved from bacteria to humans, could
play an important role in Leishmania physiology. Their func-
tions include (i) storage for polyP and calcium, which could be
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involved in energy sources and signaling processes, respec-
tively; (ii) pH homeostasis, in which polyP could be involved in
intracellular pH regulation through the H" produced from its
hydrolysis; and (iii) osmoregulation, in which acidocalcisomes
respond to osmotic stress by changing their sodium and chlo-
ride content. Some of these functions are related to the presence
of several pumps and exchangers in the acidocalcisome mem-
brane. Pumps that have been described are calcium pumps
(Ca?*-ATPase), two proton pumps, a vacuolar-type H*-ATPase
(V-H"-ATPase) and a vacuolar-type H"-pyrophosphatase (V-
H*-PPase), and Na*/H™" and Ca**/H™" exchangers (6).

The aim of this study was to determine if there was a
correlation between sitamaquine sensitivity and accumulation
in different Leishmania species. Furthermore, we have found
an explanation for the differences observed in sitamaquine
accumulation between the Leishmania species L. donovani and
L. tropica. We have identified the fact that acidocalcisomes
play a key role in the accumulation of sitamaquine in nonper-
meabilized parasites and that they can be considered the main
factor which determines the differences shown by Leishmania
strains in terms of sitamaquine accumulation but not the anti-
leishmanial potency of the drug.

MATERIALS AND METHODS

Leishmania strains and culture. L. donovani MHOM/ET/67/1L82, L. donovani
MHOM/IN/80/DDS, L. tropica MHOM/SU/60/LCR-L39, L. tropica MHOM/SU/
74/SAF-K27, Leishmania infantum MHOM/ES/1993/BCN-99, Leishmania mexi-
cana M9012, and Leishmania braziliensis MHOM/PE/03/LH2419 promastigotes
were grown at 28°C in RPMI 1640-modified medium (Invitrogen, Carlsbad, CA)
and supplemented with 20% heat-inactivated fetal bovine serum (Invitrogen). So
that they worked under the same growth stage conditions, all the parasite strains
were always collected after 48 h of growth, by centrifugation, and washed in
phosphate-buffered saline (PBS; 1.2 mM KH,PO,, 8.1 mM Na,HPO,, 130 mM
NaCl, and 2.6 mM KClI, adjusted to pH 7). The final concentration of parasites
was determined using a Coulter Counter Z1 system.

The Leishmania major (MHOM/JL/80/Friedlin) promastigote lines, the wild
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type, the AP33-null mutant, and the AP38-null mutant transfected with the AP33
gene (designated AP3 complemented) were from J. Mottram (4).

Chemical compounds. Sitamaquine [N,N-diethyl-N'-(6-methoxy-4-methylquinolin-8-
yl)hexane-1,6-diamine] dihydrochloride and benzene ring U-'*C-labeled sitamaquine
([**C]sitamaquine; 2.07 GBg/mmol) were provided by GlaxoSmithKline (Greenford,
United Kingdom). Ammonium chloride, monensin sodium salt, nigericin sodium salt,
sodium azide, 2-deoxy-D-glucose, resazurin sodium salt (Alamar Blue), and DAPI (4',6-
diamidino-2-phenylindole dilactate) were purchased from Sigma. Lysotracker Green
DND-26, Lysotracker Red DND-99, and Lysosensor Yellow-Blue DND-160 were from
Invitrogen.

Determination of sitamaquine accumulation. Leishmania parasites washed
twice with PBS were resuspended in HEPES-buffered saline (HBS; 21 mM HEPES,
0.7 mM Na,HPO,, 137 mM NaCl, 5 mM KCl, and 6 mM dextrose, adjusted to pH
7). A final concentration of 2 X 107 parasites per ml was incubated at 28°C or 4°C
with 5 uM ['“C]sitamaquine for 15 min in the presence or absence of different
concentrations of nonradioactive sitamaquine. Afterwards, samples were removed
and placed on ice. The parasites were spun down in a microcentrifuge and washed
in PBS or in PBS containing 100 pM sitamaquine for 10 min on ice, followed by two
washes with PBS to remove the radiolabeled drug adhered to the cell surface, as
previously described for the chloroquine uptake assays in yeast (10). Finally, the cell
pellet was resuspended in 0.1 ml of 1% Triton X-100. Eight microliters of the sample
were used for protein determination with a Bradford kit (Bio-Rad), and the remain-
ing volume was used to determine cell-associated radioactivity by liquid scintillation
counting.

Energy, protein, pH, and H* gradient dependence in the sitamaquine uptake
process. Parasite suspensions were prepared as described above. For the energy
depletion study, parasites were preincubated for 30 min at 28°C in HBS buffer
without glucose, with 5 mM 2-deoxy-p-glucose and 20 mM sodium azide as
previously described (2). For protein modification, parasites were treated with 1
mM N-ethylmaleimide (NEM) for 15 min on ice, centrifuged, and resuspended
in fresh HBS as previously described (22). H" gradient dependence was deter-
mined with parasites pretreated at 28°C in HBS with 20 mM NH,CI for 1 min
and 10 uM of the ionophores nigericin and monensin for 10 min. Finally, 2 X 107
parasites per ml were incubated at 28°C with 5 uM [!*C]sitamaquine for 15 min
in HBS for parasites pretreated with NEM or in HBS without glucose for energy
depletion studies. Parasites preincubated with ionophores and NH,Cl were in-
cubated with 5 pM ['*C]sitamaquine for 5 min in HBS. The influence of extra-
cellular pH in drug uptake was established with parasites incubated at 28°C with
radiolabeled sitamaquine in HBS adjusted to different pHs. Samples were then
removed and placed on ice. The parasites were spun down and washed in PBS
containing 100 wM sitamaquine for 10 min on ice, followed by two washes with
PBS. The amount of drug incorporated into the cells was determined as de-
scribed above.

Sitamaquine sensitivity assay. The sensitivity of Leishmania parasites to sita-
maquine was determined after a 72-h incubation at 28°C in the presence of
increasing concentrations of sitamaquine (24). The concentration of sitamaquine
necessary to inhibit the parasites growth by 50% (ECs,) was calculated by the
Alamar Blue method (20) using a spectrofluorometer (Molecular Devices Ltd.,
Wokingham, United Kingdom) at an excitation and emission wavelength of 530
nm and 585 nm, respectively.

Amastigote sensitivity in vitro. Late-stage promastigotes of wild-type and
AP38-null mutant L. major lines were used to infect peritoneal macrophages
from BALB/c mice (Charles River Ltd.) at a ratio of 1:5 macrophages/parasites,
as previously described (25). After 4 h of infection, excess parasites were re-
moved by washing with serum-free medium. The infected macrophage cultures
were maintained at 37°C with 5% CO, with different sitamaquine concentrations
in RPMI 1640 medium plus 10% heat-inactivated fetal bovine serum. After 72 h,
samples were fixed for 20 min at 4°C with 2% (wt/vol) paraformaldehyde in PBS,
followed by permeabilization with 0.1% Triton X-100 in PBS for 10 min. Intra-
cellular parasites were detected by nuclear staining (Prolong-Gold antifade re-
agent with DAPI; Invitrogen). The percentage of infection and the mean number
of amastigotes by infected macrophages were calculated in 200 macrophages/
well. Three independent experiments were performed with duplicates.

pH determination of acidic organelles. The measurements of acidic vesicle
pHs in different Leishmania strains and species were carried out using a modi-
fication of a previously described assay for the determination of lysosomal pH in
fibroblasts (15). The pH-sensitive fluorescent probe Lysosensor Yellow-Blue
DND-160 (Molecular Probes) was used at 50 uM for 5 min at 28°C with 1.5 X
10® parasites per ml, previously washed with PBS and resuspended in HBS
glucose buffer. Excess dye was removed with cold PBS washing. Finally, 1 X 107
parasites per ml were resuspended in 2 ml of morpholineethanesulfonic buffer at
pH 7 (5§ mM NaCl, 115 mM KCI, 1.2 mM MgSO,, 25 mM morpholineethane-
sulfonic acid), and transferred into magnetically stirred four-window cuvettes at
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28°C. The fluorescence emission intensity ratios at 490 and 530 nm were mea-
sured in an Aminco-Bowman series 2 spectrometer using excitation at 360 nm
(emission and excitation bandwidths were set to 4 nm).

Flow cytometry analysis. Parasites (4 X 10° cells/ml) were labeled with 100 nM
of the acidotropic dye Lysotracker Green DND-26 in HBS buffer at 28°C. After
a 10-min incubation, parasites were treated with 20 mM NH,ClI for 1, 5, and 8
min or with 1, 10, and 30 pM sitamaquine for 15 min at 28°C. Washed parasites
were resuspended in PBS, and the cellular fluorescence intensity of the probe
was measured by flow cytometry in a FACScan flow cytometer (Becton-Dickin-
son, San Jose, CA) equipped with an argon laser operating at 488 nm. The cells
were gated to eliminate dead cells and debris, and the cell fluorescence was
quantified by scanning the emissions between 515 and 545 nm (FL-1) by using
Cell Quest software.

Confocal microscopy analysis. The acidocalcisome accumulation of the acido-
tropic dye Lysotracker Red DND-99 was determined by confocal microscopy
analysis, essentially as previously described (21). Lysotracker Red DND-99 (75
nM) was added to 4 X 10° parasites/ml maintained in HBS buffer, and, after a
10-min incubation at 28°C, the parasites were washed with PBS and analyzed
with an Axiovert confocal microscope (TCS SP5 model; Leica), operating with a
He/Ne laser (633 nm) and coupled to MRC1024 model confocal scanning laser
equipment.

Determination of polyP levels in Leishmania lines. Fluorescence staining using
DAPI is commonly used for nucleic acid detection (using an excitation wave-
length at 360 nm, with a peak of emission wavelength at 475 nm), but it is known
that DAPI also binds and stains other polyanions such as polyP (3), using an
excitation wavelength at 415 nm with a peak of emission wavelength at 525 nm.
We used DAPI staining to quantify the acidocalcisomal polyP content in differ-
ent Leishmania species and strains. Leishmania parasites (2 X 107) were resus-
pended in 1 ml of PBS and incubated for 10 min at room temperature with 10
pg/ml DAPI. After two washes with PBS, parasites in 2 ml of PBS were trans-
ferred into magnetically stirred four-window cuvettes at 28°C. Cell density de-
termined at 600 nm was equilibrated in all the samples before fluorescence
measurement. Sample fluorescence was calculated by an emission spectrum
(from 450 to 650 nm) using excitation at 415 nm in an Aminco-Bowman series 2
spectrometer.

Statistical analysis. Experiments were performed three times in duplicate.
Statistical significance was calculated by using Student’s ¢ test. Significance was
considered P values of <0.05.

RESULTS AND DISCUSSION

Uptake of sitamaquine. We studied the uptake of [**C]si-
tamaquine at 4°C and 28°C in L. donovani strain L82 to find
out if the mechanism used by sitamaquine to cross the
plasma membrane is temperature dependent. No significant
differences in ['*C]sitamaquine accumulation at 4°C and
28°C were observed (Fig. 1A); also, [**C]sitamaquine accu-
mulation decreases in a similar way at both temperatures
after washing with a nonradioactive drug. Furthermore, we
did not observe a decrease in ['*C]sitamaquine uptake when
cells were pretreated with NEM, which is considered a pro-
tein inhibitor, as it forms covalent bonds with protein sulf-
hydryl groups (18), or when parasites were ATP depleted
(data not shown). In addition, sitamaquine entry in Leish-
mania is a nonsaturable process. It does not saturate either
when the nonradioactive sitamaquine concentrations are in-
creased (Fig. 1B) or when the concentration of ['*C]sitama-
quine is increased (data not shown). These results confirm
the fact that a transporter protein does not mediate the
sitamaquine entry process. We propose that in a first step,
sitamaquine would be retained in the outer side of the
plasma membrane, and subsequently, it would cross the
membrane, reaching the cytosol by a process independent of
energy and endocytosis. Recent, studies of the interaction of
sitamaquine with membrane lipids of L. donovani suggest
that the hydrophobic interaction between the aromatic ring
of sitamaquine, a positively charged drug, and alkyl chains
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FIG. 1. Uptake of sitamaquine in L. donovani parasites. (A) Effect
of temperature on ['*C]sitamaquine uptake. Cells were incubated with
5 uM ['*CJsitamaquine for 15 min at 4°C and 28°C, with (+) and
without (—) subsequent washing with 100 pM nonradioactive sitama-
quine. No significant differences were observed in sitamaquine accu-
mulation at 4°C and 28°C (P > 0.05). (B) Effect of nonradioactive
sitamaquine on ["*C]sitamaquine uptake. Cells were incubated with 5
uM ['“C]sitamaquine and at the same time with increasing concentra-
tions of nonradioactive sitamaquine at 28°C. After 15 min, cells were
washed with 100 pM sitamaquine. (C) Effect of extracellular pH on
[**C]sitamaquine uptake. Cells were incubated with [**C]sitamaquine
in HBS at several pHs and processed as described above. Results are
means * standard deviations of three independent experiments. SQ,
sitamaquine.

of membrane phospholipids leads to insertion of sitama-
quine into a monolayer, mediating the drug entry in the
parasite (9). Sitamaquine is a weak base, and its uptake was
dependent on the extracellular pH. At basic pHs, such as pH
8, there was a higher sitamaquine uptake than at less basic
pHs such as pH 7 to 7.3 (Fig. 1C). Consequently, all data
suggest that sitamaquine seems to cross the plasma mem-
brane by a diffusion process driven by its chemical potential
gradient and possible pH gradient of intracellular organelles
as previously described for the aminoquinolines amodia-
quine and chloroquine in mammalian cells (14).

There is no correlation between sitamaquine uptake and
sensitivity in different Leishmania species. Sensitivity to sita-
maquine was assessed with different Leishmania species, ob-
taining ECs, values ranging from 9.5 to 19.8 pM (Fig. 2A).
Under our experimental conditions, L. infantum and L. dono-
vani were the most and the least sensitive species, respectively.
Similarly, variability of sitamaquine susceptibility was previ-
ously reported for promastigotes of different Leishmania spe-
cies (12), showing ECy, values ranging from 5.7 to 75.7 uM. In
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FIG. 2. Sitamaquine sensitivity and uptake in different Leishma-
nia species. (A) Differences in sensitivity to sitamaquine between
Leishmania species, compared with L. donovani 82, as assessed by
Alamar Blue. (B) Differences in sitamaquine uptake between Leish-
mania species, compared with L. donovani 182, using 5 pM [**C]si-
tamaquine for 15 min at 28°C and then washed with 100 uM non-
radioactive sitamaquine as described in Materials and Methods.
Statistical significance using Student’s ¢ test was considered for P
values of <0.05. Values for L. donovani L82 versus those of L.
mexicana M9012, L. braziliensis LH2419, and L. tropica LRC were
significantly different (P < 0.02, P < 0.0005, and P < 0.0003,
respectively). Values for L. infantum BCN99 versus L. mexicana
M9012, L. braziliensis LH2419, and L. tropica LRC were signifi-
cantly different (P < 0.04, P < 0.0006, and P < 0.0001, respectively).
Values for L. mexicana M9012 versus L. braziliensis LH2419 and L.
tropica LRC were significantly different (P < 0.0005 and P <
0.00007, respectively). Data are the means * standard deviations of
five independent experiments. SQ, sitamaquine.

addition, we studied the uptake of [**C]sitamaquine in these
Leishmania species to find out if the sensitivity observed could
be caused by dissimilarities in the uptake of sitamaquine. Re-
sults showed significant differences between Leishmania spe-
cies in terms of [**C]sitamaquine accumulation (Fig. 2B).
However, the values corresponding to the uptake of sitama-
quine did not correlate with the sensitivity to the drug.

To determine if the level of sitamaquine uptake is an intrin-
sic feature of each species of Leishmania, we assessed their
behavior in terms of ['*C]sitamaquine uptake by different
strains of L. donovani and L. tropica, which showed the lowest
and the highest rates of sitamaquine uptake, respectively. We
obtained different levels of sitamaquine uptake in each strain,
which suggests that sitamaquine uptake is an intrinsic feature
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FIG. 3. Correlation between sitamaquine uptake and the pH of
acidic organelles in different Leishmania strains. (A) ['*C]sitamaquine
uptake in different Leishmania strains. Accumulation assays were de-
termined as described in the legend to Fig. 2. Parasites were pretreated
with 20 mM NH,CI for 1 min and with the ionophores nigericin and
monensin at 10 uM for 10 min at 28°C. [**C]sitamaquine uptake was
determined for 5 min as described in Materials and Methods. (B) De-
termination of the sensitivity to sitamaquine in L. fropica and L. do-
novani strains by Alamar Blue assay. Statistical significance using Stu-
dent’s ¢ test was considered for P values of <0.05. Values for L.
donovani 1.82 versus those of L. donovani dd8, L. tropica LRC, and L.
tropica k27 were significantly different (P < 0.05, P < 0.0005, and P <
0.0004, respectively). Values for L. donovani dd8 versus those of L.
tropica LRC and L. tropica k27 were significantly different (P < 0.001
and P < 0.02, respectively). (C) Effect of NH,Cl on Lysotracker Green
fluorescence by flow cytometry. A representative graph is shown. Flu-
orescence of L. donovani 182 after incubation with 100 nM Lyso-
tracker Green for 10 min is shown in black. Decrease in fluorescence
produced by 20 mM NH,Cl at 1, 5, and 8 min is represented by the gray
lines (a, b and c, respectively). The dotted line corresponds to para-
sites” autofluorescence. Data are the means =+ standard deviations of
three independent experiments. SQ, sitamaquine.

of each Leishmania strain (Fig. 3A). The sensitivity assays to
sitamaquine in L. donovani 182, L. donovani dd8, L. tropica
LRC, and L. tropica k27 reaffirmed the fact that there is no
correlation between sitamaquine uptake and sensitivity (Fig.
3B). On the other hand, when cells were treated with 20 mM
NH,CI, which induces rapid alkalinization in acidic organelles
(18), the differences observed for the uptake of sitamaquine
between Leishmania strains completely disappeared (Fig. 3A).
The alkalinization produced by NH,Cl was checked by flow
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cytometry in all the strains assayed. A decrease in the fluores-
cence of cells loaded with 100 nM Lysotracker Green was
observed after the addition of 20 mM NH,CI (Fig. 3C). Fur-
thermore, we observed the same behavior when the cells were
incubated with the ionophores monensin and nigericin (Fig.
3A), which enable exchange of sodium and potassium ions with
protons, respectively, affecting the pH gradient in the cell (23).
These data suggest that differences in sitamaquine uptake be-
tween Leishmania strains could be related to differences at the
level of acidic organelles, such as lysosomes or acidocalci-
somes. Consequently, we continued the study to find out what
determines the differences in sitamaquine accumulation in
Leishmania strains.

Acidic organelles such as acidocalcisomes are involved in
the differences observed for sitamaquine accumulation of
Leishmania strains. Vercesi et al. (27) suggested that sitama-
quine induces extensive alkalinization in the acidocalcisomes
of permeabilized L. donovani parasites. Our studies of ['*C]si-
tamaquine accumulation in the presence of NH,CI and the
ionophores monensin and nigericin also suggested a relation-
ship between ['**CJsitamaquine uptake and acidic organelles.
Furthermore, we studied the possible implication of acidic
organelles in the differences observed for the accumulation of
['*C]sitamaquine in Leishmania strains. First, we studied the
ability of sitamaquine to displace the accumulation of Lyso-
tracker Green mediated by the alkalinization of acidic or-
ganelles. Lysotracker Green is a fluorescent acidotropic probe
used to label acidic organelles in live cells. Lysotracker was
previously found to label mainly acidocalcisomes rather than
multivesicular tubules, the lysosomal compartment of Leish-
mania (21). In all the strains assessed, sitamaquine reduced the
fluorescence of Lysotracker Green measured by flow cytom-
etry analysis (Fig. 4A). Spectrofluorometric studies did not
show a quenching phenomenon between Lysotracker Green
and sitamaquine (data not shown). These results confirm the
role of acidic organelles, acidocalcisomes, in the accumulation
of sitamaquine in Leishmania. They also suggest an important
role for these organelles in the differences observed for ['*C]si-
tamaquine accumulation between Leishmania strains. How-
ever, significant differences between Leishmania strains were
observed in terms of accumulation of Lysotracker Green, in
spite of the variable behavior of L. tropica strain k27 (Fig. 4B).
These differences could be due to different pHs in acidic or-
ganelles of the strains, or they also could be explained by
differences in the volume (size and/or number) of acidic or-
ganelles.

To study the role of acidic organelle pHs in the differ-
ences observed for Lysotracker Green accumulation, we
used Lysosensor Yellow/Blue, a marker used to measure
acidic organelle pHs (5, 15). The 490/530-nm ratio values
obtained showed no statistically significant differences be-
tween acidic organelle pHs in Leishmania strains (Fig. 4C).
Consequently, variations observed for Lysotracker Green
accumulation are not explained by differences in acidic or-
ganelle pHs; thus, they may be explained by another mech-
anism, such as differences in the volumes of these organelles
in Leishmania strains.

Leishmania strains show differences in the sizes of acidic
organelles. We studied the size of acidic organelles in Leish-
mania strains after labeling the parasites with Lysotracker Red.
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FIG. 4. Lysotracker Green and Lysosensor Yellow-Blue accumula-
tion in Leishmania strains. (A) Effect of sitamaquine on Lysotracker
Green fluorescence by flow cytometry. Parasites were labeled for 10
min with 100 nM Lysotracker Green. Afterwards, several concentra-
tions of sitamaquine were added as described in Materials and Meth-
ods. Sample fluorescence is represented as the percentage of treated
compared to nontreated parasites. (B) Lysotracker Green accumula-
tion in Leishmania strains. Units are mean fluorescent units. Values for
L. donovani L82 versus those for L. donovani dd8 and L. tropica LRC
were significantly different (P < 0.0007 and P < 0.0005, respectively)
using Student’s ¢ test. (C) Lysosensor Yellow-Blue 490 nm/530 nm
ratio values in Leishmania strains. Data are the means * standard
deviations of three independent experiments. SQ, sitamaquine.

L. donovani L82 L. donovani dd8
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We determine the accumulation of Lysotracker Red in the
different strains, comparing their fluorescence intensities by
confocal microscopy. We observed differences in the sizes of
acidic organelles between the strains. Thus, the L. tropica LRC
and L. donovani dd8 strains showed bigger acidic organelles,
while the L. donovani 182 and L. tropica k27 strains showed
smaller ones (Fig. 5). We found a correlation between Lyso-
tracker Red and Lysotracker Green fluorescence intensities
and ['*C]sitamaquine accumulation (compare the results
shown in Fig. 3A, 4B, and 5). These results suggest a possible
relationship between acidic organelle volume and ['*CJsitama-
quine accumulation. With other aminoquinolines such as chlo-
roquine, changes in the volume of the digestive vacuole of P.
falciparum were associated with drug accumulation and sensi-
tivity in different parasite strains (13).

Leishmania strains show differences in polyP levels. Based
on the fact that acidocalcisomes contain particularly high levels of
polyP (7), we studied polyP levels in Leishmania strains (3). We
used DAPI fluorescence at 525 nm after an excitation at 415 nm
to measure polyP levels (Fig. 6A). We obtained higher levels of
polyP with L. tropica LRC and L. donovani dd8 and lower levels
with L. tropica k27 and L. donovani 182 (Fig. 6B). These results
showed a good correlation between polyP levels, Lysotracker
Green/Lysotracker Red accumulation, and ['*CJsitamaquine ac-
cumulation.

Accumulation and sensitivity to sitamaquine in Leishmania
major AP38-null mutant. To confirm that sitamaquine is accu-
mulated in acidic vesicles such as acidocalcisomes and that
there is no correlation between uptake and sensitivity to sita-
maquine, we used the L. major AP338-null mutant line in which
acidocalcisomes lacked several membrane proteins (transport-
ers or ion channels), were devoid of their usual polyP and
proton content, and had a higher acidocalcisomal pH (4). AP3
is a heterodimeric protein complex mediator of protein trans-
port (such as integral membrane proteins) to the lysosomes
and lysosome-related organelles, such as acidocalcisomes (4).
Using the L. major AP38-null mutant line and L. major cell line
in which the AP38 gene was complemented from the ribosomal
locus in the L. major AP33-null mutant (designated AP3-com-

L. tropica LCR

L. tropica k27

FIG. 5. Size of acidic organelles in Leishmania strains. Differences in the sizes of acidic organelles of Leishmania strains labeled with 75 nM
Lysotracker Red were determined by confocal microscopy as described in Materials and Methods. Top row shows details of acidic organelles in
Leishmania strains at the optimal voltage used to visualize each strain. Inserted values are volts. Bottom row shows corresponding differential

interference contrast images.



VoL. 52, 2008

N
o

w
o

o
o

Fluorescence (a. u.)
N
o
IIlIlIlIIlIlllllllll

o

450 500 550 600 650
Emission (nm)

DAPI fold fluorescence
© o 9 o = =
N H O o o N
- w

A\ . 308 c® 1
o“°“a“‘ o“““‘d (09"‘"3\’ o' e
[ o i do™ (WA v

FIG. 6. Determination of polyP levels in Leishmania strains.
(A) Representative emission spectra of polyP-bound DAPI in L. do-
novani dd8 (continuous line) and L. donovani 182 (dashed line) after
sample excitation at 415 nm. Parasites were incubated for 10 min with
10 wg/ml DAPI as described in Materials and Methods. (B) PolyP
levels in different Leishmania strains were determined by spectral
integration from 450 to 650 nm as described above and compared with
those in L. donovani dd8. Values for L. donovani L82 versus those for
L. donovani dd8 and L. tropica k27 were significantly different (P <
0.004 and P < 0.0001, respectively), using Student’s ¢ test. Results
represent means * standard deviations of four independent experi-
ments. a. u., arbitrary units.

plemented), we studied sitamaquine accumulation and sensi-
tivity. [**C]sitamaquine uptake was significantly reduced in the
AP33-null mutant parasites (more than 95% reduction versus
control parasites), while in the AP3-complemented lines, the
['*C]sitamaquine accumulation was significantly increased
(Fig. 7A). To further confirm if there was a correlation be-
tween sitamaquine uptake and sensitivity, we studied the sen-
sitivity to sitamaquine by using the AP38-null mutant and the
AP3-complemented L. major lines. The results clearly show
that there are no significant differences in sitamaquine sensi-
tivity in the promastigote forms of L. major lines (Fig. 7B).
Similarly, to assess sitamaquine sensitivity of intracellular
amastigotes, mouse peritoneal macrophages were infected
with late-stage promastigotes of wild-type and AP38-null mu-
tant parasites. Sensitivities to sitamaquine of the intracellular
amastigotes of L. major lines were similar, with ECs, values of
43 = 0.6 pM and 3.9 = 0.4 uM for the wild-type and AP33-
null mutant lines, respectively, and similar to those previously
described (12). Overall, these data confirm that sitamaquine
accumulates in acidic vesicles such as acidocalcisomes and that
there is no correlation between uptake and sensitivity to sita-
maquine in Leishmania parasites. This conclusion is similar to
those obtained from studies of the mechanism of action of
drugs that accumulate in acidocalcisomes: diamidines against
Trypanosoma brucei (17, 19) and N-alkyl and N-aryl-biphos-
phonates against parasites of the order Kinetoplastida and the
phylum Apicomplexa (8, 11). Thus, the accumulation of drugs
in acidocalcisomes may not predict in vitro activity and seems
to be a widespread phenomenon.
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FIG. 7. Accumulation and sensitivity to sitamaquine in L. major
AP33-null mutant lines. (A) Sitamaquine uptake in the L. major AP33-
null mutant line and AP3-complemented parasites, using 5 wM ['*C]-
sitamaquine for 15 min as described in Materials and Methods.
(B) Sitamaquine sensitivity in the L. major lines by Alamar Blue assay
after 72 h of incubation at 28°C in the presence of increasing concen-
trations of sitamaquine is shown. Results represent means = standard
deviations of three independent experiments. SQ, sitamaquine.
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Este trabajo fue disefiado para dilucidar el mecanismo de entrada de la tafenoquina en
Leishmania, y su dependencia de esteroles. Al ser la tafenoquina un compuesto
fluorescente, mediante espectrofluorimetria pudimos monitorizar su entrada al parasito.
El farmaco presenta una cinética rdpida en la entrada, el proceso es independiente de
energia y no saturable, pero dependiente del gradiente de protones y de temperatura. La
reduccion de esteroles de la membrana plasmatica, obtenida tras el tratamiento con
metil-B-ciclodextrina, produce una disminucion significativa de la entrada de
tafenoquina en el parésito. Estos resultados sugieren que la entrada de tafenoquina en
Leishmania tiene lugar mediante un proceso de difusion y que los cambios en el
contenido de esteroles de la membrana plasmatica pueden causar una disminucién en la

entrada del farmaco.
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Objectives: The present study was designed to elucidate the mechanism of tafenoquine uptake in Leishmania

and its sterol dependence.

Methods: Because tafenoquine is a fluorescent compound, spectrofluorimetric analysis allowed us to monitor
its uptake by Leishmania promastigotes and intracellular amastigotes, and to evaluate the effect of tempera-
ture, energy and H* gradient on drug entry. The influence of sterols on tafenoquine uptake in Leishmania para-
sites was determined in experiments using sterol-depleting agents such as methyl-g-cyclodextrin or cholesterol

oxidase.

Results: Tafenoquine exhibited fast entry kinetics into Leishmania in an energy-independent, but pH- and
temperature-dependent, non-saturable process. Furthermore, sterol depletion decreased tafenoquine uptake.

Conclusions: These findings suggest that Leishmania takes up tafenoquine by a diffusion process and that
decreases in membrane sterol content may induce a decrease in drug uptake.

Keywords: 8-aminoquinolines, tafenoquine uptake, plasma membrane fluidity, sterol depletion

Introduction

Leishmaniasis, which is caused by the parasitic protozoan
Leishmania, has a wide variety of clinical manifestations,
ranging from self-healing cutaneous lesions to visceral disease,
with an annual incidence of more than 2 million new cases.
Treatment of this disease relies exclusively on chemotherapy,
limited to a few first-line drugs, including miltefosine, paromo-
mycin, amphotericin B deoxycholate and lipid amphotericin B,
along with pentavalent antimonials, although the last group
are no longer effective in endemic areas in Bihar (India) due to
drug resistance. The limited number of active drugs has
prompted the WHO to recommend combination therapy in
order to extend the life expectancy of these compounds. New
drugs, including the 8-aminoquinolines, are being developed as
part of the search for cheaper oral treatments for visceral leish-
maniasis. The 8-aminoquinoline scaffold has been extensively
used in the development of antiprotozoal drugs,’ typically as
antiplasmodial compounds. The most recent application for
these drugs is the use of sitamaquine and tafenoquine as
alternative leishmanicidal compounds; these two drugs are at
different stages of introduction because of differences in their

haematological toxicity (primarily metahaemoglobinaemia and
haemolysis).

Tafenoquine, an 8-aminoquinoline analogue of primaquine
that is in clinical trials for the treatment and prevention of
Plasmodium infections,® may be a good candidate for an alterna-
tive leishmaniasis therapy. Indeed, tafenoquine has shown
potent in vivo leishmanicidal activity by affecting mitochondrial
activity in Leishmania parasites, leading to an apoptosis-like
death process;*> however, the precise mechanism of tafeno-
quine uptake in Leishmania remains unknown. The present
article is focused on elucidating the mechanism of tafenoquine
uptake in Leishmania and its sterol dependence.

Methods

Leishmania strain and culture

Leishmania major (MHOM/JL/80/Friedlin) promastigotes were grown at
28°C in RPMI 1640 modified medium (Invitrogen, Carlsbad, CA, USA) sup-
plemented with 20% heat-inactivated fetal bovine serum (HIFBS) (Invi-
trogen).® Intracellular amastigotes were obtained as described
previously.” Briefly, macrophages differentiated from THP-1 cells were

© The Author 2011. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
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infected with late-stage promastigotes at a ratio of 1:10 macrophages/
parasites. Infected macrophages were maintained for 96 h at 37°C and
5% CO, in RPMI 1640 medium plus 10% HIFBS. Amastigotes were har-
vested from macrophages selectively lysed with 0.0125% SDS in PBS
(1.2 mM KH,PO,, 8.1 mM NaH,PO,4, 130 mM NaCl and 2.6 mM KCl, pH 7).

Tafenoquine uptake

Promastigotes (2x 107 cells/mL) were treated with 5 wM tafenoquine for
different times (1, 3, 5, 8, 10 and 15 min) or with different tafenoquine
concentrations (0.2, 0.5, 1, 2, 4, 6, 8, 10 and 20 uM) for 1 min in
culture medium at 28°C. For tafenoquine uptake experiments in amasti-
gotes, 107 cells/mL were treated with 10 uM tafenoquine for different
times (1, 5 and 15 min) in culture medium (pH 5.5) at 37°C and 5%
CO,. Parasites were then washed with the same medium followed by
PBS and re-suspended in 10% SDS. Tafenoguine accumulation was deter-
mined fluorimetrically by recording an emission spectrum in the range
360-460 nm upon excitation at 340 nm using an Aminco-Bowman
Series 2 spectrometer as described previously.®

Effects of temperature, energy and H* gradient on
tafenoquine uptake

These experiments were performed as described previously.® Briefly, pro-
mastigotes (2x107 cells/mL) or amastigotes (107 cells/mL) were incu-
bated for 10 min with 5 puM tafenoquine at 28 and 4°C or with 10 pM
tafenoquine at 37 and 4°C, respectively, in HEPES-buffered saline (HBS;
21 mM HEPES, 137 mM NaCl, 5mM KCl, 0.7 mM NaH,PO, and 6 mM
glucose, adjusted to pH 7.4 for promastigotes or pH 5.5 for amastigotes),
and the amount of drug incorporated into the cells was determined as
described above. For energy depletion studies, promastigotes or amasti-
gotes were pre-incubated for 30 min with 5 mM 2-deoxy-p-glucose and
20 mM NaNs at 28 or 37°C, respectively, in HBS buffer without glucose.
H*-gradient dependence was determined in parasites pre-treated with
10 wM of the ionophores nigericin and monensin in HBS for 10 min at
28 or 37°C.

Preparation of parasite surface membrane-enriched
fraction

Leishmania promastigotes (10° cells/mL) in lysis buffer (10 mM Tris-HCl,
2 mM EDTA and 25 pg/mL leupeptin, pH 8.0) were disrupted for 45 min in
a pre-chilled, high-pressure cavitator. The parasite lysates were centri-
fuged at 1000 g to eliminate cell debris, then the supernatant was cen-
trifuged at 8000g at 4°C for 30 min to obtain parasite surface
membrane-enriched fractions. The supernatant was removed and the
pellets were washed twice with 10 mM HEPES/145 mM NaCl, pH 7.4,
buffer before being re-suspended in the same buffer. Alkaline phos-
phatase tartrate-resistant activity was determined as a control for
membrane-enriched fractions, as described previously.'°

Anisotropy of parasite plasma membrane

Leishmania plasma membrane samples (0.14-0.15 mg/mL) in 10 mM
HEPES/145mM NaCl, pH 7.4, buffer were incubated with 1,6-
diphenylhexa-1,3,5-triene (DPH) or 1-[4-(trimethylamino) phenyl]-6-
phenylhexa-1,3,5-triene (TMA-DPH) probes in N,N'-dimethylformamide
(DMF) in the dark for 30 min at a 1/2500 probe/protein weight ratio.
The final DMF concentration in the membrane suspension was always
<0.05%. The slit widths for both excitation and emission were 5 nm
and the integration time was 1 s. Steady-state fluorescence anisotropy
(r), as defined by Lackowicz,'! was determined by measuring the
vertical and horizontal components of the fluorescence emission with

excitation polarized vertically. The excitation wavelength for DPH and
TMA-DPH was 360 nm, with emission being monitored at 430 nm. Temp-
erature ramps were done from 4 to 40°C in steps of 0.5°C, with an equi-
libration time at each temperature of 30 s and a heating rate of 30°C/
min. The data point at each temperature was the average of ten 1 s ani-
sotropy measurements.

Tafenoquine uptake dafter sterol depletion in L. major

Promastigotes (107 cells/mL) were pre-incubated with 10 mM methyl-
B-cyclodextrin (MCD) or 1 U/mL cholesterol oxidase (CH-OX) for 1h in
culture medium without HIFBS at 4°C in order to deplete sterols
from the plasma membrane, as described previously.*? Similar exper-
iments with intracellular amastigotes (107 cells/mL) were determined
using 10 mM MCD in culture medium (pH 5.5). After washing twice
with PBS, parasites were stained with the sterol dye marker filipin.*®
Leishmania parasites were incubated on ice with 10 pg/mL filipin for
10 min in culture medium without HIFBS and washed twice with
PBS, and the sample fluorescence was determined by recording an
emission spectrum (400-600 nm) upon excitation at 350 nm. After
sterol depletion, promastigotes and amastigotes were incubated,
respectively, with 5 pM tafenoquine at 28°C and 10 pM at 37°C for
15 min in culture medium. Tafenoquine accumulation was measured
as described above.

Statistical analysis

Statistical comparisons between groups were performed using
Student’s t-test. Differences were considered significant at a level of
P<0.05.

Results and discussion

The present work aimed to examine the mechanism of tafeno-
quine uptake in the protozoan parasite Leishmania; tafenoquine
is a promising leishmanicidal oral drug with less haematological
toxicity than sitamagquine. The tafenoquine concentrations used
in these experiments were designed considering the ECsq value
of tafenoquine in L. major promastigotes (2.24 uM), as previously
described.® The uptake of tafenoquine at 28°C reached satur-
ation in about 5 min (Figure 1a); similar behaviour was observed
at 4°C, but with lower accumulation than at 28°C (Figure 1a).
Similar results were obtained in amastigotes incubated at 37°C
(Figure 1a). Furthermore, the initial rate of tafenoquine uptake
was not saturable at up to at least 20 uM tafenoquine
(Figure 1b). No differences in tafenoquine uptake were observed
in the ATP-depleted parasites (Figure 1c), although tafenoquine
uptake was found to be 50% lower at 4°C than at 28°C
(P<0.05) for promastigotes and 60% lower at 4°C than at
37°C for amastigotes (P<<0.05) (Figure 1c). In summary, tafeno-
quine shows fast entry kinetics into Leishmania parasites in a
protein- and energy-independent, but temperature-dependent,
non-saturable process. Furthermore, the accumulation of
weakly basic aminoquinolines such as chloroquine and, more
recently, sitamaquine seems to be pH-dependent.'*'® This
finding was confirmed by the observation of a significant
reduction in tafenoquine accumulation only in promastigotes
pre-incubated with the ionophores monensin and nigericin
(P<0.05) (Figure 1c), which enable the exchange of sodium
and potassium ions with protons, respectively, thereby affecting
the pH gradient in the cell. No differences in drug accumulation
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Figure 1. Tafenoquine (TFQ) uptake by Leishmania parasites. (a) Kinetics of tafenoquine uptake at 28°C (diamonds) and 4°C (filled circles) in
promastigotes and at 37°C in amastigotes (open circles). a.u., arbitrary units. (b) Concentration-dependent uptake of tafenoquine in
promastigotes. a.u., arbitrary units. (c) Inhibition of tafenoquine uptake. Non-treated parasites (100% uptake), parasites treated with nigericin plus
monensin (NIG+MON) or 2-deoxy-p-glucose plus NaN; (2DDG+NaNs) and parasites incubated at 4°C. Promastigotes, black bars; amastigotes,
white bars. Data are the means+SD of three and two independent experiments for promastigotes and amastigotes, respectively.

Temperature-dependent steady-state fluorescence anisotropy experiments in promastigotes using DPH (d) and TMA-DPH (e) probes. Data are
averages of three independent experiments.
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Figure 2. Tafenoquine (TFQ) accumulation after sterol depletion. (a) Filipin staining after incubation without (Control) or with MCD or CH-OX for 1 h at
4°C. a.u., arbitrary units. (b) Tafenoquine uptake after sterol depletion. Promastigotes, black bars; amastigotes, white bars. Results are means +SD of
three and two independent experiments for promastigotes and amastigotes, respectively.

were observed in amastigotes after ionophore treatment due lower tafenoquine uptake observed at 4°C (with lower fluidity).
to the acidic pH of the incubation medium (pH 5.5). Finally, flu- Consequently, tafenoquine appears to cross the plasma mem-
orescence anisotropy studies showed significant differences brane via a diffusion process driven by its chemical potential gra-
between the anisotropy values for the measurements at 4 and dient and the pH gradient, as well as being influenced by the
40°C (Figure 1d and e). Since the anisotropy values for lipophilicity of this compound (XlogP3=5.4; http:/pubchem.
TMA-DPH and DPH give an estimate of their free rotation in the  ncbi.nlm.nih.gov/summary/summary.cgi?cid=115358).

lipid bilayer, higher fluorescence anisotropy should correspond The plasma membrane is the site where the drug is taken up,
to a decrease in membrane fluidity. This could explain the and any modification to its composition or dynamics is therefore
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likely to have an impact on drug-membrane interactions,
especially when the drug must be solubilized into the lipid bilayer
before it can be taken up. To study the influence of sterols on tafe-
noquine uptake in Leishmania parasites, we first examined
whether treatment with MCD or CH-OX induced changes in the
sterol content of L. major, using filipin fluorescence to monitor
sterol depletion. The relationship between sterol content and
plasma membrane fluidity has been described in a previous
study’? showing that a decrease in sterol content in Leishmania
was associated with higher fluidity. As can be seen from
Figure 2(a), treatment with MCD and CH-OX produced a 45% and
21% decrease in filipin fluorescence, respectively. Similar behav-
jour was observed in amastigotes after MCD treatment
(Figure 2a). Furthermore, sterol depletion induced by MCD and
CH-OX did not have a significant effect on parasite viability, as
assessed by morphology and motility (data not shown), in agree-
ment with previous findings.'? Sterol depletion resulted in a signifi-
cant 26% reduction in tafenoquine uptake in promastigotes after
MCD treatment (P<0.05), whereas no significant difference was
observed after treatment with CH-OX (Figure 2b). In amastigotes,
a 45% reduction in tafenoquine uptake was observed after MCD
treatment (P<0.05) (Figure 2b). These results can be explained
by the extent of sterol extraction observed in Figure 2(a). These
results were consistent with possible drug entry through lipid raft
domains, as previously described for the uptake of other antileish-
mania drugs.’? However, recent studies have shown that sitama-
quine uptake in Leishmania parasites is a sterol-independent
diffusion process.'® Thus, there is significant variability in the
uptake phenomena of different compounds included in the
8-aminoquinoline family.

In conclusion, our results suggest that tafenoquine uptake in
Leishmania follows a sterol-dependent diffusion process.
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The 8-aminoquinoline Analogue Sitamaquine Causes Oxidative Stress
in Leishmania donovani Promastigotes by Targeting Succinate

Dehydrogenase.
Antimicrobial Agents and Chemoterapy, vol. 55, p. 4204-10; 2011.

Luis Carvalho, Juan Roman Luque-Ortega, Carmen Lopez-Martin, Santiago Castanys,

Luis Rivas y Francisco Gamarro.

La sitamaquina, andlogo de la 8-aminoquinolina, es un farmaco oral leishmanicida
actualmente en ensayos clinicos de fase IIb para el tratamiento de la leishmaniasis
visceral. En este trabajo hemos estudiado el mecanismo de accion de este farmaco en
las formas promastigotes de Leishmania donovani. La sitamaquina inhibe, de una
manera dosis-dependiente, el complejo II (succinato deshidrogenasa) de la cadena
respiratoria en promastigotes permeabilizados con digitonina. A su vez, se produce una
caida del nivel de ATP intracelular y una disminucion del potencial de la membrana
mitocondrial; esto estd asociado con un incremento en los niveles de especies reactivas
de oxigeno y de Ca”" libre intracelular, con un mayor porcentaje de parasitos con ADN
en fase sub-Gl, y con la exposicion de fosfatidilserina en la cara externa de la
membrana plasmatica. Estos resultados en conjunto indican que la actividad
leishmanicida de la sitamaquina esta determinada por la inhibicion del complejo II de la
cadena respiratoria, lo cual desencadena un estrés oxidativo y finalmente la muerte del

parasito mediante un proceso similar a la apoptosis.
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The 8-aminoquinoline analogue sitamaquine (SQ) is an oral antileishmanial drug currently undergoing
phase 2b clinical trials for the treatment of visceral leishmaniasis. In the present study, we investigated the
mechanism of action of this drug in Leishmania donovani promastigotes. SQ causes a dose-dependent inhibition
of complex II (succinate dehydrogenase) of the respiratory chain in digitonin-permeabilized promastigotes,
together with a drop in intracellular ATP levels and a decrease of the mitochondrial electrochemical potential.
This is associated with increases of reactive oxygen species and intracellular Ca®>* levels, a higher percentage
of the population with sub-G, DNA content, and exposure of phosphatidylserine. Taken together, these results
support a lethal mechanism for SQ that involves inhibition of the respiratory chain complex II, which in turn
triggers oxidative stress and finally leads to an apoptosis-like death of Leishmania parasites.

Leishmaniasis, a protozoal infectious disease caused by a set
of 17 species of the genus Leishmania, shows a wide spectrum
of clinical manifestations, including, in order of increasing se-
verity, cutaneous (CL), mucocutaneous (MCL), and visceral
(VL) leishmaniasis (3). Although chemotherapy is the only
current treatment option for leishmaniasis, its efficacy is in-
creasingly limited by growing resistance to first-line drugs, es-
pecially antimonials, by the frequent side effects associated
with their use, and by the high cost of treatment (30). The
paucity of new drugs in the pipeline, together with the poor
definition of Leishmania targets for the drugs in current clin-
ical use, represents an additional concern for current chemo-
therapy. Solutions to curb this pessimistic scenario rely on
combination therapy (40) and the rescue of old drugs, such as
paromomycin (17, 36) and sitamaquine (SQ) (39), that were
previously discarded.

8-Aminoquinolines are an important class of antiparasitic
agents (37) with broad application and excellent efficacy but
with limitations due to their hematological toxicity (primarily
metahemoglobinemia and hemolysis). SQ, formerly known as
WR6026, is an 8-aminoquinoline that was initially developed
by the Walter Reed Army Institute (46). The results of phase
2b clinical trials of this drug against VL in India (16) and
Kenya (45) by GlaxoSmithKline were encouraging. These re-
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sults, together with its oral administration, represent a substan-
tial advantage in terms of its future widespread implementa-
tion.

The targets for SQ remain elusive. Entry of SQ into the
parasite starts with an electrostatic interaction with anionic
phospholipids of the plasma membrane (11). In a seminal
work, Vercesi and Docampo (43) observed a loss of mitochon-
drial electrochemical potential in digitonin-permeabilized
parasites after SQ addition, together with alkalinization of
acidocalcisomes (44), which also underwent a privileged SQ
accumulation, although no correlation was found with its tox-
icity (18).

Herein we provide further insight into the leishmanicidal
mechanism of SQ, which induces an apoptosis-like death of
the parasite, as confirmed by phosphatidylserine (PS) exter-
nalization and chromatin fragmentation (sub-G,; popula-
tion) in association with enhanced reactive oxygen species
(ROS) production, elevation of intracellular Ca** levels,
and depolarization of the mitochondrial membrane poten-
tial. The site of action was mapped to complex II (succinate
dehydrogenase [SDH]) by systematic analysis of the differ-
ent complexes in the respiratory chain, with SQ inhibiting its
activity in a dose-dependent manner.

MATERIALS AND METHODS

Chemical compounds. SQ (N,N-diethyl-N’-[6-methoxy-4-methylquinolin-8-
yl]hexane-1,6-diamine) dihydrochloride was kindly provided by GlaxoSmithKline
(Greenford, United Kingdom). A 40 mM SQ stock solution was prepared in
dimethyl sulfoxide (DMSO). DMNPE-luciferin {D-luciferin-1[-(4,5-dimethoxy-
2-nitrophenyl) ethyl ester]}, Fluo4-AM, H,DCF-DA (2',7'-dichlorodihydrofluo-
rescein diacetate, acetyl ester), pluronic F127, rhodamine 123 (Rh123), Sytox
green, DIBAC,(3) [bis-(1,3-dibutylbarbituric acid)trimethine oxonol], and Alexa
Fluor 488-conjugated annexin V were purchased from Invitrogen (Carlsbad,
CA). Fatty acid-free bovine serum albumin (BSA), digitonin, ADP, carbonyl
cyanide 4-trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP), KCN, tetramethyl-p-phenylenediamine (TMPD),
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a-glycerophosphate, malonate, oligomycin, succinate, propidium iodide (PI),
and Triton X-100 were purchased from Sigma-Aldrich (Madrid, Spain). All other
chemicals were of the highest quality available.

Parasites. Leishmania donovani promastigotes (MHOM/ET/67/L82) and pro-
mastigotes of the derived line L. donovani 3-Luc (22), which expresses cytoplas-
mic firefly luciferase mutated at its C-terminal tripeptide, were grown at 28°C in
RPMI 1640 modified medium (Invitrogen) supplemented with 20% heat-inacti-
vated fetal bovine serum (Invitrogen).

Bioluminescence assays. The in vivo variation in intracellular ATP levels was
monitored in promastigotes expressing a cytoplasmic form of firefly luciferase, as
described previously (19). Briefly, parasites from the L. donovani 3-Luc strain
(2 X 107 promastigotes/ml) were resuspended in HEPES-buffered saline (HBS;
21 mM HEPES, 0.7 mM Na,HPO,, 137 mM NaCl, 5 mM KCl, and 6 mM
p-glucose, pH 7.1), and DMNPE-luciferin was added to a final concentration of
25 wM. Aliquots of this suspension (100 pl/well) were immediately added to a
96-well black polystyrene microplate, and different SQ concentrations were
added once the luminescence had reached a plateau. Changes in luminescence
were recorded with an Infinite F200 microplate reader (Tecan Austria GmbH,
Austria). Inhibition of recombinant firefly luciferase activity by SQ in vitro was
discarded by using an ATP determination kit (Invitrogen) in the presence of
saturable ATP concentrations. The release of ATP from L. donovani promasti-
gotes into the external medium was determined using the same Kkit.

Determination of AW . The membrane potential probe DiBAC,(3) was used
to measure the plasma membrane potential (AW,,). Parasites (107 promastigotes/
ml) were incubated with or without 100 uM SQ in HBS for 15, 30, 60, or 120 min
at 28°C and then treated with 1 pM DiBAC,(3) for 10 min at 28°C. Parasites
treated with a 10 M concentration of the depolarizing agent CCCP for 15 min
were used as a control. DIBAC,(3) fluorescence was analyzed by flow cytometry
using a FACScan flow cytometer (Becton Dickinson, San Jose, CA) equipped
with an argon laser operating at 488 nm. Fluorescence emission between 515 and
545 nm was quantified using Cell Quest software.

Plasma brane per bilization. Sytox green dye was used to assess
plasma membrane integrity as described previously (21), with some modifica-
tions. Briefly, parasites (4 X 10° promastigotes/ml) were treated with 100 M SQ
in HBS for 10, 30, and 60 min at 28°C, washed twice with HBS, and then
incubated with 2 pM Sytox green (final concentration) for 15 min at 28°C. The
parasites were subsequently transferred to a 96-well microplate (100 pl/well),
and fluorescence due to binding of the dye to intracellular nucleic acids was
recorded using an Infinite F200 microplate reader (Tecan Austria GmbH, Aus-
tria) equipped with 485- and 535-nm filters for excitation and emission wave-
lengths, respectively. The control for maximum fluorescence was obtained by
addition of 0.05% Triton X-100.

Analysis of AW, . The variation of the mitochondrial membrane potential (AW,)
in promastigotes was monitored using Rh123 accumulation, as described previously
(8). Parasites (107 promastigotes/ml) were incubated with 50 and 100 wM SQ in HBS
for 15 min at 28°C, and then 0.8 uM Rh123 was added and incubated for 5 min.
Afterwards, the parasites were washed twice, resuspended in phosphate-buffered
saline (PBS), and analyzed by flow cytometry in a FACScan flow cytometer (Becton
Dickinson, San Jose, CA) equipped with an argon laser operating at 488 nm.
Fluorescence emission between 515 and 545 nm was quantified using Cell Quest
software. Parasites either left untreated or fully depolarized by incubation with 10
M FCCP for 10 min were used as controls.

Determination of oxygen consumption rates. Oxygen consumption rates were
measured using a Clark oxygen electrode (Hansatech, KingsLynn, United King-
dom) at 25°C, using 1 ml of promastigote suspension (10° cells/ml) in respiration
buffer (10 mM Tris-HCI, 125 mM sucrose, 65 mM KCl, 1 mM MgCl,, 2.5 mM
NaH,PO,, 0.3 mM EGTA, pH 7.2) supplemented with 5 mM succinate and 1
mg/ml fatty acid-free BSA, as described previously (1). Cells were permeabilized
with 60 wM digitonin, which allows selective permeation of the plasma mem-
brane but not of the inner mitochondrial membrane (42), and then 100 uM ADP
was added to restore state 3 respiration, followed by 250 uM SQ once a steady
rate had been reached. Although this concentration is much higher than the 50%
effective concentration (ECs) for SQ, it mimics the intracellular concentration
of SQ: a previous estimation has found a 10-fold greater enrichment of SQ in
cytosol than on the membrane, in equilibrium with the external concentration
(5). A set of substrates and inhibitors specific to the different complexes inside
the respiratory chain was used to map the site of inhibition by SQ within the
respiratory chain. Their final concentrations were 6.7 mM a-glycerophosphate, 1
mM KCN, 0.1 mM TMPD plus 1.7 mM ascorbate, and 2 mM malonate.

SDH activity. A mitochondrion-enriched fraction was obtained as described by
Chen et al. (4). Leishmania promastigotes were washed twice in PBS, resus-
pended in hypo-osmotic buffer (5 mM Tris-HCI, pH 7.4) for 10 min at 25°C, and
then homogenized on ice using a Potter-Elvehjem homogenizer. Cell debris was
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removed by centrifugation (1,000 X g, 10 min, 4°C). The supernatant was then
centrifuged at 13,000 X g (20 min, 4°C). The resulting pellet, containing the
mitochondrial fraction, was resuspended in isotonic phosphate saline buffer (50
mM Na,HPO,, 90 mM NaCl, and 5 mM KCl, pH 7.2) at a protein concentration
of 0.2 mg/ml. Aliquots (100 pl/well) of the mitochondrial fraction were added to
a 96-well microplate and incubated for 1 h at 25°C with either SQ (10, 25, 50, 75,
100, 150, and 200 wM) or 10 mM malonate. The SDH activity was measured
spectrophotometrically at 415 nm, using a model 680 Bio-Rad microplate en-
zyme-linked immunosorbent assay (ELISA) reader, in the presence of 10 mM
succinate and 1 mM potassium ferricyanide (13).

Detection of ROS production. The generation of ROS was measured using the
cell-permeating probe H,DCF-DA as described previously (35), with some mod-
ifications. The increase in fluorescence due to the oxidation of H,DCF (non-
fluorescent) to the fluorogenic compound 2’,7'-dichlorofluorescein (DCF) is
commonly used to detect the generation of reactive oxygen species. Parasites
(1 X 107 promastigotes/ml) were incubated with 100 .M SQ in HBS for 30, 60,
and 120 min at 28°C and then centrifuged and incubated with H,DCF-DA (2
pg/ml) in HBS for 15 min at 28°C in the dark. DCF fluorescence was measured
by flow cytometry using a FACScan flow cytometer, and fluorescence emission
was quantified using Cell Quest software. Parasites either left untreated or
incubated with 10 wM oligomycin for 15 min to enhance ROS production were
used as controls.

Measurement of free intracellular Ca?*. Changes in the cytosolic Ca* level
were monitored using the Ca?*-specific fluorescent probe Fluo4-AM, as de-
scribed previously (9). Briefly, cells (1 X 107 promastigotes/ml) were incubated
with 5 M Fluo4-AM for 60 min at 28°C in RPMI 1640 medium devoid of phenol
red and supplemented with 0.02% pluronic acid F127 to improve dispersion of
the nonpolar acetyloxymethyl ester in aqueous media. After incubation, the cells
were washed and incubated with 100 uM SQ in fresh medium supplemented or
not with 8 mM EGTA. The fluorescence of Ca*>*-bound Fluo4 was analyzed at
28°C by using an Aminco-Bowman series 2 fluorometer (excitation and emission
wavelengths of 490 and 518 nm, respectively).

Analysis of PS externalization. The exposure of PS at the outer leaflet of the
plasma membrane is often a hallmark of apoptosis-like cell death. The external-
ization of PS was determined by measuring Alexa Fluor 488-conjugated annexin
V binding to the cell, thereby exploiting its high Ca>*-dependent affinity for PS,
according to the manufacturer’s instructions, with slight modifications. Parasites
(1 x 107 promastigotes/ml) were treated with or without 50 and 100 pM SQ in
HBS for 1 h, washed twice with PBS, and resuspended in annexin binding buffer
(10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl,, pH 7.4) at 5 X 10°
parasites/100 pl. A 2.5-pl aliquot of Alexa Fluor-conjugated annexin V and PI at
0.4 pg/ml were added to 100 pl of parasite suspension, which was further
incubated for 15 min at room temperature. Afterwards, 400 pl of annexin
binding buffer was added, and the fluorescence of the stained parasites was
analyzed by flow cytometry using a FACScan flow cytometer (Becton Dickinson,
San Jose, CA) equipped with an argon laser operating at 488 nm. Fluorescence
intensity was measured on the FL1-H channel for Alexa Fluor 488-conjugated
annexin V and on the FL3-H channel for PI, using Cell Quest software.

DNA content analysis. DNA content was analyzed by flow cytometry as de-
scribed previously (12). Briefly, parasites (1 X 107 promastigotes/ml) were incu-
bated with or without 50 and 100 uM SQ in culture medium for 24 h at 28°C,
washed twice with PBS, fixed with ice-cold methanol by incubation for 3 min on
ice, resuspended in 500 wl of PBS containing 1 pg/ml PI and 100 pg/ml RNase
A, and incubated for 1 h in the dark at room temperature. Dye fluorescence was
measured by flow cytometry using a FACScan flow cytometer (Becton Dickinson,
San Jose, CA), and fluorescence emission was quantified using Cell Quest soft-
ware.

Statistical analysis. Statistical comparisons between groups were performed
using Student’s ¢ test. Differences were considered significant at P values of
<0.05.

RESULTS

SQ decreases intracellular ATP levels in L. donovani pro-
mastigotes. We previously determined the ECs, of SQ for L.
donovani promastigotes to be 19.8 = 1.9 uM. The in vivo
bioluminescence of Leishmania parasites of the 3-Luc strain
was assayed after incubation with increasing concentrations of
SQ (range, 0 to 200 wM). Above 30 pM SQ, the luminescence
measured 10 min after drug addition decreased by 50% (Fig.
1). Since luminescence is directly related to the concentration
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FIG. 1. SQ reduces intracellular ATP levels. Changes in intracel-
lular ATP levels were determined on the basis of changes in the
luminescence of L. donovani 3-Luc promastigotes treated with the
following SQ concentrations: 5 (H), 10 (O), 30 ([J), 50 (A), 100 (@),
and 200 (¢ ) wM. Promastigotes were preloaded with 25 uM DMNPE-
luciferin, SQ was added (time zero) once luminescence had reached a
plateau, and the luminescence was monitored as described in Materials
and Methods. Luminescence changes were normalized with respect to
the control untreated parasites. Similar results were obtained in three
independent experiments.

of free intracellular ATP under these experimental conditions,
SQ induces a fast and irreversible bioenergetic collapse in L.
donovani promastigotes.

Effect of SQ on plasma membrane integrity. Because SQ
inserts into the Leishmania membrane, it may cause permea-
bilization by induction of faulty phospholipid packing (11).
Depolarization of the plasma membrane and entry of the vital
dye Sytox green (molecular weight = 600) were therefore mea-
sured after treatment with SQ to assess membrane permeabi-
lization. SQ was found to induce plasma membrane depolar-
ization, as monitored using DIBAC,(3) as a fluorescent probe
(Fig. 2A); however, this cellular event occurred just after the
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decrease of intracellular ATP levels. Furthermore, the assays
with the vital dye Sytox green revealed that incubation with 100
pM SQ for 60 min produced only 10% of the fluorescence
increase obtained with 0.05% Triton X-100, which induces full
permeabilization (data not shown). Leakage of ATP into the
supernatant was also measured, and SQ did not induce ATP
release into the medium compared with that for the control
parasites (<50 pmol ATP X 10~° promastigotes).

SQ induces depolarization of AW, . Mitochondrial oxidative
phosphorylation is the main source of ATP in Leishmania
parasites (41). To determine whether intracellular ATP decay
was associated with an effect of SQ on the mitochondria, the
variation of the mitochondrial electrochemical potential was
monitored in parasites incubated with SQ. Parasites incubated
for 15 min with 100 uM SQ or with 10 uM FCCP as a positive
depolarization control showed significant decreases in Rh123
accumulation (3.1- and 3.8-fold, respectively) compared with
untreated parasites (n = 3; P < 0.02), while only 47% of the
parasites incubated with 50 pM SQ showed a 3.4-fold decrease
of Rh123 accumulation with respect to control parasites (n =
3; P < 0.01) (Fig. 2B and C).

Oxygen consumption and SDH activity are inhibited by SQ.
In the next step, we set out to determine the molecular target
of SQ responsible for intracellular ATP decay. As noted above,
oxidative phosphorylation is the main source of ATP for Leish-
mania. To afford unrestricted access of substrates and inhibi-
tors to the respiratory chain, the plasma membrane was per-
meabilized with digitonin. Preservation of the mitochondrial
inner membrane’s integrity was confirmed by the increase of
respiration after ADP addition (state 3), as it is no longer the
limiting substrate for oxidative phosphorylation. The oxygen
consumption rate in this state was 8.6 nmol/min X 10° cells
(Fig. 3A). The addition of SQ (250 wM final concentration) to
digitonin-treated parasites fully inhibited the succinate-depen-
dent respiration (Fig. 3A). Furthermore, the oxygen consump-
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FIG. 2. Effects of SQ on AW, and AW,,. (A) Promastigotes were incubated without (c) and with 100 uM SQ in HBS for 15, 30, 60, and 120
min at 28°C and then treated with a 1 uM concentration of the specific plasma membrane potential probe DiBAC,(3) for 10 min at 28°C.
DiBAC,(3) fluorescence is represented relative to that of parasites treated with 10 puM CCCP, used as 100% depolarization of the plasma
membrane potential. Results are means *+ standard deviations (SD) for three independent experiments. (B and C) SQ-induced AW, depolar-
ization. L. donovani promastigotes were treated without (c) and with 50 and 100 pM SQ for 15 min, stained with 0.8 .M Rh123, and analyzed for
fluorescence by flow cytometry. Parasites treated with 10 uM FCCP for 10 min were used as a depolarization control. (B) Histograms from a
representative experiment of three independent experiments. (C) Geometric mean (Geo.Mean) channel fluorescence values + SD for three
experiments. The experimental values were significantly different from control values by Student’s ¢ test (P < 0.02). *, geometric mean for the 47%
of parasites that showed an Rh123 accumulation decrease compared to the control.
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FIG. 3. Identification of the inhibition site of SQ in the respiratory
chain of Leishmania. (A) Traces represent the oxygen consumption
rates of L. donovani promastigotes in the presence of 5 mM succinate.
Arrows indicate the addition of appropriate substrates and inhibitors
at their respective final concentrations, namely, 60 wM digitonin, 100
pM ADP, 0.1 mM TMPD plus 1.7 mM ascorbate, 1 mM KCN, 2 mM
malonate, 6.7 mM a-glycerophosphate (a-GP), and 250 pM SQ.
(B) SDH activity in the presence of increasing concentrations of SQ.
Activity was measured by the decrease of absorbance at 415 nm due to
the reduction of ferricyanide by the SDH activity of the mitochondrial
fraction in the presence of succinate, as described in Materials and
Methods. Error bars indicate the SD. Samples not treated with SQ (c)
and samples in the presence of malonate (M), an SDH inhibitor, were
used as positive and negative controls, respectively. Activity was mea-
sured at 37°C.

tion rate was restored after addition of TMPD-ascorbate, an
electron donor for cytochrome ¢ (Fig. 3A), thereby ruling out
cytochrome ¢ oxidase (complex IV) and ATP synthase (com-
plex V), located downstream, as SQ targets and restricting the
search to targets upstream of cytochrome ¢ (Fig. 4). Addition
of 6.7 mM a-glycerophosphate (Fig. 3A), which feeds the elec-
tron transport chain through the mitochondrial flavin adenine
dinucleotide (FAD)-dependent glycerol-3-phosphate dehydro-
genase by producing reduced ubiquinone (Fig. 4), partially
reverted (60.3% of the original rate) SQ inhibition of respira-
tion (14). This observation confirmed the functionality of com-
plex IIT in the presence of SQ and pinpointed complex II as the
drug target. To verify this hypothesis, succinate-dependent res-
piration was fully inhibited with malonate at the level of com-
plex I, and a-glycerophosphate was added. Under these con-
ditions, oxygen consumption proceeds only through complex
III, and this rate was not inhibited by SQ (Fig. 3A), thereby
ruling out complex III and confirming complex II as the sole
SQ target within oxidative phosphorylation.

To verify this finding, inhibition of SDH by increasing SQ
concentrations was assayed in mitochondrial fractions. Figure
3B shows the dose-dependent inhibition of SDH activity by
SQ. Total inhibition of this enzyme was achieved with 10 mM
malonate as a control.

SITAMAQUINE TARGETS LEISHMANIA SUCCINATE DEHYDROGENASE 4207

TMPD
Antimycin A b
. Ascorbate
a-Glycerophosphate :
v
- - . ..
1UQ jmp »' Cyt C -
4'-- Sitam aquino 0,
A
Succinato Malonate

FIG. 4. Scheme of the respiratory chain in Leishmania, shown with
the specific substrates and inhibitors used in this study. Sites of elec-
tron feeding and inhibition are indicated by solid and dotted lines,
respectively. UQ, ubiquinone; Cyt C, cytochrome c. The role of com-
plex I was based on the concepts compiled in reference 29.

SQ increases ROS production in Leishmania. Since mito-
chondrial depolarization is strongly associated with ROS pro-
duction, which is induced by a variety of leishmanicidal drugs
(2, 7, 23, 31, 33, 34), we determined the potential of SQ to
induce ROS production. For this purpose, we used the ROS-
sensitive probe H,DCF in L. donovani promastigotes treated
with 100 M SQ for different incubation times (30, 60, and 120
min) or treated with oligomycin (10 wM; 15 min) as a positive
control for ROS formation. Flow cytometry analysis revealed
that SQ induced significant (n = 3; P < 0.01) ROS production
in a time-dependent manner (Fig. 5A and B).

SQ increases free cytosolic Ca** levels. ROS generation and
changes of AW, are associated with altered intracellular Ca**
homeostasis (25). The fluorescent probe Fluo4 was used to
monitor cytosolic Ca®" variation. Promastigotes treated with
100 uM SQ showed an increased cytosolic Ca®" level com-
pared with untreated control parasites (Fig. 5C). To ascertain
the source of the Ca®* responsible for this effect, the experi-
ment was repeated in the presence of EGTA to rule out the
entry of external Ca®*. Under these conditions, the fluores-
cence increase was reduced by 56%, thereby evidencing a dual
source for the observed Ca®* increase, namely, release from
intracellular stores and entry of external Ca**, with their con-
tributions being approximately equal.

SQ induces externalization of PS. All of the previous exper-
imental evidence pointed toward an apoptosis-like process of
Leishmania death. To provide further experimental support
for this process, we assayed the externalization of PS, a hall-
mark of apoptosis. Translocation of PS from the cytoplasmic
space into the external leaflet of the plasma membrane was
evidenced by the binding of fluorescent annexin V to the par-
asites. To rule out access of the reagent to the PS pool facing
the cytoplasm due to membrane permeabilization, annexin V
was incubated together with PI as a control for necrosis. Par-
asites treated with 100 uM SQ for 1 h showed a significant,
1.9-fold increase in the percentage of apoptotic promastigotes
(annexin V positive and PI negative) by flow cytometry com-
pared with untreated control parasites (n = 3; P < 0.02), while
parasites treated with 50 uM SQ showed no significant differ-
ence (Fig. 6A).
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FIG. 5. SQ induces ROS generation and increases cytosolic Ca®>" levels. ROS levels were measured using the specific fluorescent dye
H,DCF-DA. L. donovani promastigotes were incubated without (c) and with 100 uM SQ for 30, 60, and 120 min and then loaded with 2 pg/ml
H,DCEF-DA for 15 min. Oligomycin (Olig) (10 wM; 15 min) was used as a control for ROS generation. The fluorescence intensity was determined
by flow cytometry analysis as described in Materials and Methods. (A) Histograms for a representative experiment of three independent ones.
(B) Geometric mean (Geo.Mean) channel fluorescence values = SD for three experiments. The experimental values were significantly different
from control values by Student’s ¢ test (P < 0.01). (C) Fluo4-preloaded parasites were treated without (c¢) and with 100 wM SQ and then analyzed
for increasing fluorescence over 90 min at 28°C, using an Aminco-Bowman series 2 spectrometer. The experiments were assessed with and without
the presence of the Ca>* chelator EGTA. Arrows indicate the addition of SQ and EGTA. Similar results were obtained in three independent
experiments.

SQ increases the sub-G, DNA parasite population. SQ- DISCUSSION

induced chromatin degradation was measured by determining

the hypodiploid DNA content in parasites, as monitored by PI
fluorescence using flow cytometry. The fluorescence values for
cells with DNA degradation were lower than those for G, cells
(sub-G, peak in the DNA histograms) (28). After 24 h of
incubation with 50 and 100 puM SQ in culture medium, 17.8
and 38.3% of the parasites, respectively, had DNA in the
sub-G, region, compared with only 10.7% of untreated control
parasites (n = 3; P < 0.02) (Fig. 6B).

Definition of a drug target is an important step in establish-
ing a robust rationale for optimization and design of new
surrogate generations from an initial lead. Examples of drug
targets in Leishmania are rather scarce, with ergosterol, a
membrane ligand targeted by amphotericin B, and redox me-
tabolism, a target for antimonials, perhaps being the best-
defined targets (6).

SQ was rescued from temporary oblivion after its initial
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FIG. 6. SQ induces PS externalization and DNA fragmentation. (A) Parasites were treated without (c) and with 50 and 100 uM SQ in HBS
for 1 h, costained with Alexa Fluor 488-conjugated annexin V and PI, and analyzed by flow cytometry (FL1 versus FL3) as described in Materials
and Methods. Representative dot plots are divided into four quadrants. The percentage of cells in each quadrant is expressed as the mean = SD
for three independent experiments. Viable cells that did not bind annexin V or incorporate PI are represented in the lower left quadrant of each
dot plot. The bottom right quadrants indicate apoptotic cells. The percentages of cells in these quadrants, expressed as means *= SD for three
independent experiments, were significantly different from control values by ¢ test (P < 0.02) only for parasites treated with 100 M SQ. (B) SQ
causes an increase of parasites in the sub-G, phase. DNA fragmentation was quantified by measuring the percentage of cells in the sub-G; DNA
region. The DNA content degradation profiles of parasites were determined by flow cytometry and PI staining. Parasites were incubated without
(c) or with 50 and 100 wM SQ for 24 h and then loaded with PI as described in Materials and Methods. The distribution of DNA content was
analyzed by flow cytometry. The percentages of cells in the sub-G; phase, expressed as means + SD for three independent experiments, were
significantly different from control values by ¢ test (P < 0.02).
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successful assay in the 1970s by the Walter Reed Army Insti-
tute. Although mitochondria and acidocalcisomes were ini-
tially proposed as SQ targets (43, 44), further studies of para-
sites with acidocalcisomes defective for SQ accumulation
showed identical SQ susceptibilities, thus providing clear evi-
dence that the antileishmanial action of SQ is unrelated to its
accumulation in acidocalcisomes (18).

In this work, we aimed to pinpoint the target for SQ in L.
donovani promastigotes. To attain this goal, we carried out a
systematic analysis, starting with the general effects of the drug
on the parasite and finishing by defining the molecular entity
inhibited by this drug. SQ induces a fast and significant de-
crease of intracellular free ATP levels, thus leading to a bio-
energetic collapse of the parasite. This may be due either to a
direct inhibition of ATP synthesis or to a plasma membrane
permeabilization phenomenon where ATP is leaked through
membrane lesions or hydrolyzed in a futile manner by ionic
pumps in an attempt to recover initial ionic gradients across
the plasma membrane. In support of the last hypothesis, it has
been reported that SQ interacts with the plasma membranes of
parasites in a two-step mode involving electrostatic binding to
anionic phospholipids and further insertion into the hydropho-
bic matrix to minimize aqueous exposure of its rather hydro-
phobic quinoline nucleus (5, 11). Hence, a feasible perturba-
tion of phospholipid packing (5, 11) that leads to membrane
permeability may ensue. This assumption was not supported
experimentally, however, as plasma membrane permeabiliza-
tion barely reached 10% of full permeabilization after 1 h of
incubation with 100 wM SQ. Thus, inhibition of ATP synthesis
was the only remaining option to account for collapse of the
ATP levels. In contrast to the case for other trypanosomatids,
such as the bloodstream trypomastigotes of African trypano-
somes, the contribution of glycolysis to the overall ATP pool in
Leishmania is considerably lower than that from oxidative
phosphorylation (38). Hence, inhibition of ATP synthesis nec-
essarily implies inhibition of oxidative phosphorylation, as con-
firmed by the SQ-induced inhibition of the oxygen consump-
tion rate of these parasites. Polarographic analysis of the
oxygen consumption rate of digitonin-treated parasites showed
that complex II (SDH) was the target for SQ, after other
targets within the oxidative phosphorylation pathway were sys-
tematically discarded by the use of selective substrates and
inhibitors. Thus, reversion of SQ inhibition by TMPD plus
ascorbate and a-glycerophosphate excluded complex IV and
IIT as SQ targets, respectively, as well as the ATP synthase
downstream of complex I'V. Although complex I is present in
trypanosomatids, it is defective in four subunits supposedly
involved in proton extrusion, thereby excluding this complex
from energy generation and relegating its activity to mainte-
nance of the mitochondrial NADH/NAD ratio (29). SDH ac-
tivity in the mitochondrion-enriched fractions was inhibited in
a dose-dependent manner by SQ.

Although complexes I and III are the main producers of
ROS in mammalian cells (26), complex II may also act as a
source of ROS (15). Indeed, ROS production by inhibition of
complex II is increasingly considered an objective for antican-
cer drugs that target mitochondria (10), thereby triggering
apoptosis in these cells. Complex II has also been demon-
strated to be a good target in Leishmania for phenyl-phenale-
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nones (19), benzophenone-derived biphosphonium surrogates
(20), and thenoyltrifluoroacetone (24).

ROS production triggers the increase of intracellular Ca**
and subsequent steps of the apoptotic process in Leishmania.
Interestingly, the Ca®" pools involved may vary according to
the stimulus. Thus, whereas oxidative stress induced by H,O,
involves mobilization from intra- and extracellular Ca** pools
(25), only the intracellular pool is implicated after complex II
poisoning with thenoyltrifluoroacetone plus pentamidine (24).
Although both external and internal sources account for this
process for SQ, the question of whether the entry of external
Ca®" is due to unspecific and transitory membrane permeabi-
lization by SQ or to effects on Ca*>* channels remains un-
answered.

In any case, we propose the following sequence of events
triggered by SQ, as described for other leishmanicidal drugs,
including antimonials (24, 25, 35): ROS production — oxida-
tive stress — increase of intracellular Ca*>* — final steps of
apoptosis (PS externalization plus chromatin degradation).

In summary, we have demonstrated that SQ acts against the
respiratory chain complex II, an essential target for Leishma-
nia. This result, together with related findings for tafenoquine,
which acts on the next downstream complex in the respiratory
chain (2), demonstrates the versatility of the 8-aminoquinoline
scaffold for the development of leishmanicidal drugs. The re-
cently described improvement of 8§-aminoquinolines (27)
therefore appears to be an attractive strategy for development
of analogs with promising antimalarial, antimicrobial, and an-
tileishmanial activities, together with lower hematological tox-
icity. Furthermore, SQ was recently suggested as a candidate
for drug combinations (32), thus supporting its use for reduced
drug dosage, toxicity, and therapeutic failure.
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Tafenoquine, an  Antiplasmodial 8-Aminoquinoline, Targets

Leishmania Respiratory Complex III and Induces Apoptosis.
Antimicrobial Agents and Chemotherapy, vol. 54, p. 5344-51; 2010.

Luis Carvalho, Juan Roman Luque-Ortega, José Ignacio Manzano, Santiago Castanys,

Luis Rivas y Francisco Gamarro.

La tafenoquina, una 8-aminoquinolina analoga de la primaquina, con la que se estan
llevando a cabo ensayos clinicos de fase IIb/III para el tratamiento y la prevencion de la
malaria, puede representar una alternativa para el tratamiento de la leishmaniasis dado
que ha mostrado ser eficaz frente infecciones experimentales de Leishmania donovani
en raton. En este trabajo, hemos estudiado el mecanismo de acciéon de la tafenoquina
frente a Leishmania. Al igual que sucede con la sitamaquina, la toxicidad de la
tafenoquina es independiente del contenido de acidocalcisomas. La tafenoquina afecta
al metabolismo energético de los promastigotes de Leishmania, causando una réapida
caida en el nivel de ATP intracelular sin afectar la permeabilidad de la membrana
plasmatica. La tafenoquina induce disfuncion mitocondrial a través de la inhibicion de
la citocromo ¢ reductasa (complejo III de la cadena respiratoria), lo que lleva aparejado
una disminucion en la tasa de consumo de oxigeno y la despolarizacion del potencial de
la membrana mitocondrial; a esto le sucede una produccion de especies reactivas de
oxigeno, la elevacion del nivel de Ca®" libre intracelular y una posterior fragmentacion
del ADN. En base a estos resultados, concluimos que la tafenoquina tiene como blanco
de accion en Leishmania a la mitocondria, e induce la muerte del parasito mediante un

proceso similar a la apoptosis.
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Tafenoquine (TFQ), an 8-aminoquinoline analogue of primaquine, which is currently under clinical trial
(phase IIb/III) for the treatment and prevention of malaria, may represent an alternative treatment for
leishmaniasis. In this work, we have studied the mechanism of action of TFQ against Leishmania parasites.
TFQ impaired the overall bioenergetic metabolism of Leishmania promastigotes, causing a rapid drop in
intracellular ATP levels without affecting plasma membrane permeability. TFQ induced mitochondrial dys-
function through the inhibition of cytochrome c¢ reductase (respiratory complex III) with a decrease in the
oxygen consumption rate and depolarization of mitochondrial membrane potential. This was accompanied by
ROS production, elevation of intracellular Ca*>* levels and concomitant nuclear DNA fragmentation. We
conclude that TFQ targets Leishmania mitochondria, leading to an apoptosis-like death process.

Leishmaniasis includes a wide variety of clinical manifesta-
tions caused by the protozoan parasite Leishmania. Visceral
leishmaniasis is the most severe form of the disease and is
usually fatal if not treated (http://www.who.int/leishmaniasis
/burden/en/). In the absence of a reliable vaccine, leishmaniasis
treatment relies exclusively on chemotherapy. Resistance to
organic pentavalent antimonials (until recently considered to
be the standard treatment) in northeast India (4), together
with the severe side effects associated with their use, has led to
the use of alternative treatments based on the incorporation of
drugs such as amphotericin B, miltefosine, and paromomycin
into the arsenal of antileishmanial drugs (8). Nevertheless, the
limited number of active drugs has prompted the WHO to
recommend a combined therapy in order to extend the life
expectancy of these compounds.

Among the new drugs under development, sitamaquine
(WR6026; GlaxoSmithKline), an 8-aminoquinoline, currently
under phase IIb clinical trials, represents a promising drug for
the oral treatment of leishmaniasis (35). In addition, another
8-aminoquinolines have been synthesized and evaluated for
their leishmanicidal activity (29, 36). However, the leishmani-
cidal mechanism of 8-aminoquinolines is still unknown. Sita-
maquine, for example, accumulates in the acidocalcisomes, but
this organelle has been ruled out as its final target (17). The
collapse of mitochondrial potential in digitonized Leishmania
donovani promastigotes has also been reported (39). Tafeno-
quine (TFQ), formerly known as WR238605, is an analogue of
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primaquine with much lower toxicity than the parental drug. It
has demonstrated significant leishmanicidal activity in the
mouse experimental model (41) and may represent an alter-
native treatment for leishmaniasis.

In the present study, we have shown that TFQ inhibits the
mitochondrial cytochrome ¢ reductase of Leishmania promas-
tigotes. This inhibition causes a drop in the intracellular ATP
levels of the parasite and the loss of mitochondrial membrane
potential. TFQ induces ROS production and deregulation of
Ca®* homeostasis, followed by nicking and fragmentation of
DNA in Leishmania promastigotes leading to an apoptosis-like
death. Our results provide the first insight into the mechanistic
lethal pathway of an 8-aminoquinoline in Leishmania. This
information may be useful for the design of more specific and
less toxic compounds against leishmaniasis.

MATERIALS AND METHODS

Reagents. Tafenoquine (TFQ) was kindly provided by GlaxoSmithKline
(Greenford, United Kingdom). A stock solution of 10 mM TFQ was prepared in
ethanol. DMNPE-luciferin {p-luciferin-1[-(4, 5-dimethoxy-2-nitrophenyl) ethyl
ester]}, Fluo4-AM, Lysotracker Green DND-26, MitoSOX Red, Pluronic F-127,
rhodamine 123 (Rh123) and SYTOX Green, were purchased from Invitrogen
(Carlsbad, CA). Fatty acid-free bovine serum albumin (BSA), digitonin, ADP,
antimycin A, ascorbate, cytochrome ¢ (from equine heart), FCCP (carbonyl
cyanide 4-trifluoromethoxyphenylhydrazone), a-glycerophosphate, malonate,
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), KCN,
TMPD (tetramethyl-p-phenylenediamine), succinate, propidium iodide (PI), and
Triton X-100 were purchased from Sigma-Aldrich (Madrid, Spain). All other
chemicals were of the highest quality available.

Strains and parasite cultures. Leishmania donovani promastigotes (MHOM/
ET/67/HU3) were grown at 28°C in RPMI 1640-modified medium (Invitrogen)
supplemented with 20% heat-inactivated fetal bovine serum (HIFBS; Invitro-
gen). The L. donovani strain MHOM/SD/00/1S-2D and its derived line, L. do-
novani 3-Luc, which expresses cytoplasmic firefly luciferase (19), were grown at
25°C in RPMI 1640 medium with 10% HIFBS. L. major MHOM/JL/80/Friedlin
parental and AP33-null mutant (AAP3) were kindly provided by J. Mottram
(Institute of Biomedical and Life Sciences, University of Glasgow, Glasgow,
United Kingdom) (2) and cultured at 28°C in RPMI 1640-modified medium
supplemented with 20% HIFBS.
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TFQ sensitivity assay. Logarithmic-phase parasites (2 X 10° promastigotes/
ml) were incubated with TFQ (0.5 to 20 uM) for 72 h at 28°C in culture medium.
Cell proliferation was determined by the MTT colorimetric assay, as described
previously (15). Parasites incubated with 0.2% ethanol were used as control.

Bioluminescence assays. The in vivo variation in intracellular ATP levels was
monitored in promastigotes expressing a cytoplasmic form of firefly luciferase, as
described previously (19). Briefly, parasites from the L. donovani 3-Luc strain (2
% 107 promastigotes/ml) were resuspended in HEPES-buffered saline (HBS; 21
mM HEPES, 0.7 mM Na,HPO,, 137 mM NaCl, 5 mM KCl and 6 mM bp-glucose,
pH 7.1) and DMNPE-luciferin was added at a final concentration of 25 pM.
Aliquots of this suspension (100 wl/well) were immediately distributed into a
96-well black polystyrene microplate. Once the luminescence reached a plateau,
different TFQ concentrations were added. Changes in luminescence were re-
corded with an Infinite F200 microplate reader (Tecan Austria GmbH, Austria).
In vitro inhibition of recombinant firefly luciferase activity by TFQ was discarded
using the ATP determination kit (Invitrogen) in the presence of saturable ATP
concentrations. The release of ATP from L. donovani promastigotes into the
external medium was determined using the same Kkit.

Plasma membrane permeabilization. Plasma membrane integrity was assessed
by the entry of the vital dye SYTOX Green, as described previously (20) with
some modifications. Briefly, parasites (2 X 10° promastigotes/ml) were treated
with 1, 5, and 10 uM TFQ for 45 min at 28°C in HBS, washed twice with HBS,
and incubated with 2 uM SYTOX Green (final concentration) for 15 min at
28°C. The parasites were then transferred into a 96-well microplate (100 pl/well)
and fluorescence, due to the binding of the dye to intracellular nucleic acids, was
recorded with an Infinite F200 microplate reader (Tecan Austria GmbH, Aus-
tria) equipped with 485- and 535-nm filters for excitation and emission wave-
lengths, respectively. Control for maximum fluorescence was obtained by addi-
tion of 0.05% Triton X-100.

Analysis of AW, . The variation of mitochondrial membrane potential (AW,,)
in the promastigotes was monitored using rhodamine 123 (Rh123) accumulation,
as described previously (9). To this end, the parasites (107 promastigotes/ml)
were incubated with 5 uM TFQ for 1, 5, 10, and 30 min at 28°C in HBS, and then
0.8 pM Rh123 was added and incubated for 5 min. Subsequently, the parasites
were washed twice, resuspended in phosphate-buffered saline (PBS) and ana-
lyzed by flow cytometry in a FACScan flow cytometer (Becton-Dickinson, San
Jose, CA) equipped with an argon laser operating at 488 nm. Fluorescence
emission between 515 and 545 nm was quantified using Cell Quest software.
Parasites that were either untreated or fully depolarized by incubation with 10
M FCCP for 10 min were used as controls.

Determination of oxygen consumption rates. Oxygen consumption rates were
measured with a Clark-oxygen electrode (Hansatech, KingsLynn, United King-
dom) at 25°C, using 1 ml of promastigote suspension (10® cells/ml) in respiration
buffer (10 mM Tris-HCI, pH 7.2, 125 mM saccharose, 65 mM KCl, 1 mM MgCl,,
2.5 mM NaH,PO,, 0.3 mM EGTA) supplemented with 5 mM succinate and 1
mg/ml fatty acid-free BSA, as described previously (1). Cells were permeabilized
with 60 pM digitonin, which allows selective permeation of the plasma mem-
brane but not of the inner mitochondrial membrane (38). Subsequently, 100 M
ADP was added to restore state 3 respiration; once a steady rate was reached,
TFQ was added. In order to map the site of inhibition by TFQ within the
respiratory chain, a set of substrates and inhibitors specific to the different
complexes inside the respiratory chain were used. Their final concentrations
were: 6.7 mM a-glycerophosphate, 0.1 mM TMPD plus 1.7 mM ascorbate, and
2 mM malonate.

Isolation of mitochondrial fraction. A mitochondrion-enriched fraction was
obtained as described by Chen et al. (5). Leishmania promastigotes were washed
twice in phosphate-buffered saline (PBS), resuspended in hypo-osmotic buffer (5
mM Tris-HCI, pH 7.4) for 10 min at 25°C, and homogenized in a Potter-
Elvehjem homogenizer on ice. Cell debris was removed by centrifugation
(1,000 X g, 10 min, 4°C). The supernatant was next centrifuged at 13,000 X g (20
min, 4°C). The pellet, containing the mitochondrial fraction, was resuspended in
75 mM sodium phosphate, pH 7.4, and the protein content was adjusted to 2
mg/ml, as measured using Bradford reagent (Bio-Rad).

Measurement of CcR activity. Determination of cytochrome ¢ reductase
(CcR) activity was carried out according to Sottocasa et al. (34), based on the
reduction of oxidized cytochrome c. Briefly, different TFQ concentrations were
added to the incubation mixture (200 wg/ml of mitochondrial fraction, 0.02%
Triton X-100 and 32 uM oxidized cytochrome ¢ in 75 mM sodium phosphate pH
7.4). The reaction started by addition of 10 mM succinate (final concentration).
The increase of absorbance at 550 nm was monitored for 5 min at 37°C in a
Varioskan Flash (Thermo Scientific) microplate reader. Oxidation of reduced
cytochrome ¢ by cytochrome ¢ oxidase (respiratory complex IV) was precluded
by previous inhibition of this enzyme with 10 mM KCN. Samples without suc-
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cinate or in the presence of 2 wM antimycin A, an inhibitor of cytochrome ¢
reductase, were taken as controls.

Determination of ROS production. To detect mitochondrial reactive oxygen
species (ROS) production we used the cell-permeable fluorogenic probe
MitoSOX Red, which targets mitochondria selectively, being oxidized by local
superoxide (32). Parasites (2 X 107 promastigotes/ml) were preincubated with
0.5 pM MitoSOX Red for 30 min at 28°C in HBS and then treated with 5 uM
TFQ for 1, 5, 10, and 30 min. Fluorescence emission at 580 nm was measured by
flow cytometry, in a FACScan flow cytometer, with an excitation wavelength of
488 nm. Antimycin A (0.3 pg/ml) was used as a positive control for ROS
generation.

Variation in free intracellular Ca?*. Changes in the cytosolic Ca®>* levels were
monitored using Fluo4-AM, as described previously (11). Briefly, parasites (2 X
107 promastigotes/ml) were incubated with 5 wM Fluo4-AM for 60 min at 28°C
in RPMI 1640 medium devoid of phenol red and supplemented with 0.02%
pluronic acid F127 to improve dispersion of the nonpolar acetyloxy-methyl ester
in aqueous media. After incubation, cells were washed and incubated with 2, 5,
and 10 pM TFQ in a fresh medium, with and without addition of 8 mM EGTA.
The fluorescence of Ca?"-bound Fluo4 was analyzed at 28°C in an Aminco-
Bowman series 2 fluorometer (490/518 nm, excitation and emission wavelengths,
respectively). Parasites treated with NH,Cl (20 mM) were used as positive
control for calcium release from intracellular organelles as described previously
(18).

TFQ-induced alkalinization. Parasites (4 X 10° promastigotes/ml), treated
either with or without 5 pM TFQ (10 min at 28°C), were incubated with 100 nM
the acidotropic dye LysoTracker Green DND-26 for 10 min in HBS at 28°C.
Afterwards, the parasites were washed and then resuspended in PBS, and dye
fluorescence was measured by flow cytometry in a FACScan flow cytometer
(excitation at 488 nm; emission between 515 and 545 nm).

TFQ localization. Using the intrinsic fluorescence of TFQ (excitation at 340
nm; emission at 388 nm), its intracellular distribution was ascertained by fluo-
rescence microscopy. Parasites were treated with 5 uM TFQ for 15 min at 28°C
in culture medium, washed successively with the same medium and then with
PBS, and finally observed under a Zeiss Axiophot (Germany) epifluorescence
microscope; images were captured with a SPOT camera (Diagnostic Instrument,
Inc.). Parasites labeled with Lysotracker Green (as mentioned above) were used
to visualize the distribution of acidocalcisomes and analyzed in parallel by flu-
orescence microscopy.

Analysis of autophagy in Leishmania induced by TFQ treatment. Induction of
autophagy by TFQ was analyzed in L. donovani lines using autophagy-related
protein 8 (ATGS) fused to green fluorescent protein (GFP) as a marker of
autophagosomes (3). Parasites were transfected with an episomal expression
vector plasmid containing the GFP-ATGS8 construct, kindly provided by J.
Mottram, as described previously (31). Parasites expressing GFP-ATGS8 were
treated with 5 WM TFQ for 24 h in culture medium at 28°C. The presence of
autophagic bodies was observed under a Zeiss Axiophot epifluorescence micro-
scope. Images were captured with a SPOT camera. The percentage of autopha-
gosome-bearing cells and the number of these structures per cell were analyzed.
At least four series of 200 cells were counted, and this was repeated three times.

DNA fragmentation analysis. DNA fragmentation was analyzed by terminal
deoxynucleotidyltransferase (TdT)-mediated dUTP end labeling (TUNEL) us-
ing the Roche in situ cell death detection kit. Parasites (107 promastigotes/ml)
were incubated with 5, 10, and 20 uM TFQ for 4 h at 28°C in culture medium,
fixed with 4% formaldehyde in PBS for 15 min at room temperature, and
permeabilized with 0.1% Triton X-100 for 2 min at 4°C. The cells were labeled
with TUNEL reaction mixture following the manufacturer’s instructions. Fluo-
rescence was measured by flow cytometry, in a FACScan flow cytometer, with
excitation and emission wavelengths of 488/520 nm. Unfixed parasites were
labeled with 0.4 pg/ml PI for 5 min at 4°C and measured at 488/617 nm to detect
necrotic cells.

Additionally, DNA fragmentation was detected as described by Vergnes et al.
(40). After treatment with TFQ, total DNA was extracted from the parasites
using the “salting-out DNA extraction” method. Briefly, parasites were pelleted
and treated with lysis buffer (10 mM Tris-HCI, 5 mM EDTA, pH 8.0, 0.5% SDS,
200 mM NaCl, 100 wg/ml proteinase K) for 1 h at 65°C. Two volumes of ice-cold
absolute ethanol were added, and the DNA was centrifuged for 15 min at
13,000 X g. The supernatant was discarded, and the dried pellet was resuspended
in 100 pl of a mixture of 10 mM Tris-HCI, pH 7.4, and 0.1 mM EDTA and
treated with RNase A (0.3 pg/ml) for 1 h at 37°C. The DNA was analyzed on 2%
agarose gel.
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RESULTS

TFQ inhibits Leishmania proliferation in vitro. After 72 h of
TFQ exposure, proliferation of L. donovani and Leishmania
major promastigotes was inhibited at the micromolar range in
a dose-dependent manner, with 50% effective concentrations
(ECss) of 5.6 = 1.0 pM and 5.3 = 2.1 uM for L. donovani
MHOM/ET/67/HU3 and MHOM/SD/00/1S-2D, respectively,
and 2.2 + 0.2 uM and 2.2 = 0.1 uM for L. major MHOM/JL/
80/Friedlin parental strain and AAP3 mutant, respectively.

TFQ reduces the intracellular ATP level of L. donovani pro-
mastigotes. In order to ascertain the general metabolic pro-
cesses underlying the leishmanicidal effect of this drug, the
bioenergetic state of L. donovani promastigotes was first stud-
ied. Parasites of the 3-Luc strain, expressing a cytoplasmic
form of luciferase, were employed together with the mem-
brane-permeable luciferase substrate DMNPE-luciferin. Un-
der these conditions, the luminescence of these promastigotes
is directly related to the concentration of free cytoplasmic
ATP, the limiting substrate of the reaction (21). TFQ de-
creased the luminescence in a concentration-dependent man-
ner, reaching the respective endpoint level about 15 min after
addition of the drug (Fig. 1A), leading to the bioenergetic
collapse of the promastigotes.

TFQ does not affect the plasma membrane integrity. One of
the more likely reasons to account for the observed decrease in
the intracellular ATP content may be that TFQ compromises
plasma membrane integrity. To test this hypothesis, the en-
trance of the vital dye SYTOX Green (molecular weight
[MW], 600) into the cytoplasm of L. donovani promastigotes,
induced by TFQ, was monitored. At the highest TFQ concen-
tration assayed (10 wM, 45 min), the increase in SYTOX
Green fluorescence accounted for only 11% of the maximal
permeabilization, defined as that obtained with 0.05% Triton
X-100 (Fig. 1B), ruling out the formation of large lesions on
the parasite plasma membrane as a key event in the mecha-
nism of action of TFQ. Furthermore, we measured leakage of
ATP into the supernatant; TFQ does not induce an enhanced
ATP liberation to the medium when compared to the control
parasites (<50 pmol ATP X 107° cells).

TFQ induces AW, depolarization. The decrease in intracel-
lular ATP levels caused by TFQ is consistent with impairment
of the processes involved in ATP synthesis. In Leishmania,
mitochondrial oxidative phosphorylation accounts for most of
the ATP expenditure of the parasite, with glycolysis being of
minor importance in this process (37). As AWV, is essential to
drive mitochondrial ATP synthesis, its variation with TFQ was
monitored in Leishmania promastigotes by cytofluorometry
using Rh123 accumulation. After the addition of 5 wM TFQ to
promastigotes, in the first 30 min, dye accumulation falls to
levels approximately 7 times lower than that for the untreated
parasites, similar to those obtained by incubation of parasites
with the uncoupling reagent FCCP (10 nM, 30 min), used as
control for full depolarized promastigotes (Fig. 2).

Inhibition of CcR activity by TFQ. Mitochondrial respira-
tory chain complexes I, III, and IV drive the maintenance of
AW through the proton pumping generated during electron
transfer. In trypanosomatids, the contribution of complex I to
this process was questioned as it lacks subunits essential for H*
extrusion present in other eukaryotes (30). We hypothesized
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FIG. 1. TFQ reduces intracellular ATP level without plasma mem-
brane permeabilization. (A) Changes in the intracellular ATP levels
were determined by variation of luminescence in L. donovani 3-Luc
promastigotes treated with different TFQ concentrations: 2 (H), 5 (O),
8 (), and 10 pM (@). Promastigotes were preloaded with 25 pM
DMNPE-luciferin, and when luminescence reached a plateau, TFQ
was added (r = 0) and luminescence was monitored as described in
Materials and Methods. Variation of luminiscence was normalized
relative to the level in the control untreated parasites. Similar results
were obtained in three independent experiments. At the concentra-
tions tested, TFQ did not inhibit the activity of recombinant firefly
luciferase. (B) The effect of TFQ on the plasma membrane perme-
ability was determined by incubating promastigotes without (control
[c]) and with 1, 5, and 10 uM TFQ for 45 min in HBS at 28°C and then
treating them with 2 pM SYTOX Green for 15 min at 28°C. SYTOX
Green fluorescence is represented relative to parasites treated with
0.05% Triton X-100 used as 100% permeabilization. Results are
means * standard deviations (SD) from three independent experi-
ments.

whether the observed TFQ-induced AW, depolarization may
correspond to a specific inhibition within the respiratory chain.
To pinpoint the TFQ target in the respiratory chain of Leish-
mania, parasites were permeabilized with digitonin to allow
unrestricted access of specific substrates and inhibitors to the
different complexes of the respiratory chain. Preservation of
the integrity of the inner mitochondrial membrane was dem-
onstrated by the increase of respiration after the addition of
ADP (state 3), as it is no longer the limiting substrate for
oxidative phosphorylation. At this state, using succinate as the
sole substrate that feeds complex II (Fig. 3A and B), the
oxygen consumption rate of digitonin-permeabilized parasites
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FIG. 2. AWV, depolarization induced by TFQ. L. donovani promas-
tigotes were treated with 5 uM TFQ for 1, 5, 10, and 30 min (b to e,
respectively) and analyzed for fluorescence by flow cytometry, after
being stained with 0.8 wM Rh123. TFQ-untreated parasites were used
as a control (a), and treatment with 10 puM FCCP for 10 min was used
as a depolarization control (f). (A) Histogram of a representative
experiment. Percentages of depolarized cells are shown. (B) Geomet-
rical (Geo.) mean channel fluorescence values = SD from three ex-
periments versus the control were significantly different by Student’s ¢
test (P < 0.05).

was 8.9 = 0.6 nmol X min~' X 107% cells (Fig. 3A). The
addition of 5 uM TFQ led to a full inhibition of this process
(Fig. 3A), which was restored to 50% after addition of TMPD-
ascorbate, an electron donor to cytochrome ¢ (Fig. 3A). This
excluded cytochrome ¢ oxidase (complex IV) as the site for
TFQ inhibition, and pinpoints the potential target as complex
II or I (Fig. 4).

In Leishmania, the pool of reduced ubiquinone used by
complex III as substrate to reduce cytochrome ¢ comes from
two sources: the mitochondrial FAD-dependent glycerol-3-
phosphate dehydrogenase, channeling the a-glycerophosphate
produced by glycolysis (13); and complex I, which is of much
higher relevance in Leishmania, using succinate as substrate.
The addition of 5 uM TFQ led to a full inhibition of the oxygen
consumption rate using succinate as sole substrate (Fig. 3A),
and a further addition of 6.7 mM «-glycerophosphate did not
reverse at all the inhibition caused by TFQ (Fig. 3A). The
modest rate increase obtained by a-glycerophosphate after full
inhibition of complex II by malonate was also inhibited after
the addition of TFQ (Fig. 3B). Altogether, these results pin-
pointed complex III (cytochrome ¢ reductase [CcR]) as the
main target for TFQ inside the respiratory chain. To corrob-
orate this result, the inhibition of CcR by increasing TFQ
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FIG. 3. Identification of the inhibition site of the respiratory chain
of Leishmania by TFQ. (A and B) Inhibition of the oxygen consump-
tion rates of permeabilized L. donovani promastigotes in the presence
of 5 mM succinate as the substrate. The arrows indicate the addition of
the indicated substrates and inhibitors at their respective final concen-
trations as stated: 60 uM digitonin, 100 .M ADP, 0.1 mM TMPD plus
1.7 mM ascorbate, 2 mM malonate, 6.7 mM a-glycerophosphate (a-
GP), and 5 pM TFQ. (C) Inhibition of CcR activity by TFQ. CcR
activity = SD was monitored by the increase of absorbance at 550 nm
due to the reduction of initially oxidized cytochrome ¢ solution (32
wM) after addition of different TFQ concentrations to mitochondrial
fraction as described in Materials and Methods. Samples without suc-
cinate or in the presence of antimycin A, as the inhibitor of CcR, were
considered as controls. Activity was measured at 37°C.

concentrations was assayed in mitochondrial fractions. Figure
3C shows the specific dose-dependent inhibition of CcR activ-
ity by TFQ. Total inhibition of this enzyme was achieved with
2 uM antimycin A.

ROS production in Leishmania by TFQ. Due to the inherent
relationship between ROS generation and respiratory chain
inhibition, and as respiratory complex III was described as the
main source of superoxide anion radicals in both mammals and
Leishmania (12, 24), we explored the potential of TFQ to
induce ROS production. Leishmania promastigotes were incu-
bated with the ROS-sensitive probe MitoSOX Red and treated
with 5 uM TFQ for 30 min. Flow cytometry analysis showed a
time-dependent increase in ROS generation after treatment
with TFQ (Fig. 5SA and B). As a positive control for ROS
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FIG. 4. Scheme of the respiratory chain in Leishmania with the specific substrates and inhibitors used in this study. Sites of electron feeding
or inhibition are indicated by solid or dotted lines, respectively. UQ, ubiquinone; Cyt C, cytochrome c. Feeding of the respiratory chain by
a-glycerophosphate through flavin adenine dinucleotide-dependent glycerophosphate dehydrogenase (FAD-GPDH) is according to references 13

and 30.

generation, parasites were treated with antimycin A (0.3 g/
ml) as reported previously (24).

TFQ increases free cytosolic Ca*>* level. Mitochondrial dam-
age, exemplified by AV, depolarization, is frequently associ-
ated not only with ROS production but also with an increase of
intracellular Ca** concentration (28). The relevance of Ca**
mobilization from intracellular stores during the progression of
apoptosis in Leishmania has been reported previously (33).
With this premise in mind, we studied the variation of cytosolic
Ca®" levels in both control and TFQ-treated Leishmania pro-
mastigotes, using Fluo4 as a calcium fluorescent probe. In the
presence of EGTA, 5 and 10 uM TFQ induced Ca*" mobili-
zation from its intracellular stores, resulting in a significant
increase of cytosolic Ca®* concentration (Fig. 5C). In the ab-
sence of EGTA, parasites treated for 30 min with 5 pM TFQ
showed a Ca®"-bound Fluo4 fluorescence 30% higher than
that obtained with EGTA (data not shown), suggesting that

A B

mobilization from intracellular stores is the main source of the
observed cytosolic Ca™? increase.

TFQ is partly localized in acidocalcisomes. Acidocalcisomes
are important Ca”>" reservoirs in Leishmania (10); this, to-
gether with our previous report on the privileged accumulation
of sitamaquine, a close analogue of TFQ (17), in these or-
ganelles, prompted us to investigate whether TFQ may accu-
mulate in acidocalcisomes, inducing the release of Ca*".

First, we studied the decrease in the accumulation of the
acidotropic probe LysoTracker Green, mediated by TFQ
through the alkalinization of acidic organelles. The results
showed that TFQ reduced the cellular accumulation of Lyso-
Tracker Green measured by flow cytometry (Fig. 6A), due, at
least in part, to an increase in the pH of acidocalcisomes
induced by TFQ. The feasibility of quenching of the Lyso-
Tracker Green fluorescence signal by TFQ was discarded by
spectrofluorometry (data not shown).
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FIG. 5. TFQ induces ROS generation and changes in cytosolic Ca®" levels. ROS levels were measured using the specific fluorescent dye
MitoSOX Red. L. donovani promastigotes preloaded with 0.5 pM MitoSOX Red were incubated without (0) and with 5 uM TFQ at the time points
indicated. Antimycin A (Ant) (0.3 pg/ml, 30 min) was used as the control of ROS generation. Fluorescence intensity (arbitrary units [a.u.]) was
determined by flow cytometry analysis, as described in Materials and Methods. (A) Histogram of a representative experiment. (B) Geometrical
(Geo.) mean channel fluorescence values * SD of three experiments were significantly different versus control by Student’s ¢ test (P < 0.05), except
for parasites treated for 1 min. (C) Variation in cytosolic Ca®" levels of L. donovani promastigotes. Fluo4-preloaded parasites were treated with
different concentrations of TFQ as indicated and then analyzed for increasing fluorescence over a period of 30 min at 28°C using an Aminco-
Bowman series 2 spectrometer. The experiments were assessed in the presence of Ca?* chelator EGTA. The arrow indicates the addition of
NH,CI, taken as positive control. The arrowhead (¢t = 30 min) indicates the addition of 0.05% Triton X-100 to assess complete permeabilization
of parasites. The trace “Control” represents TFQ-untreated parasites. Similar results were obtained in three independent experiments.
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FIG. 6. Intracellular localization of TFQ in Leishmania. (A) L.
donovani promastigotes were pretreated with (a) and without (b) 5 uM
TFQ for 10 min at 28°C and then labeled with 100 nM Lysotracker
Green DND-26 for 10 min. Fluorescence was analyzed by flow cyto-
metry as described in Materials and Methods. Representative histo-
grams of three independent experiments are shown. (B) Intracellular
localization of TFQ and Lysotracker Green in the control (a and b,
respectively) and AAP3 (c and d, respectively) L. major promastigote
lines were visualized by fluorescence microscopy after incubation with
5 wM TFQ or 100 nM Lysotracker Green DND-26 for 10 min at 28°C,
as described in Materials and Methods. AC, acidocalcisome; N, nu-
cleus; FP, flagellar pocket.

Subsequently, the intrinsic fluorescence of TFQ was used to
assess its intracellular distribution. Fluorescence microscopy
images showed a vesiculated pattern throughout the whole cell
body (Fig. 6Ba), resembling that for acidocalcisomes stained
with LysoTracker Green (Fig. 6Bb), pointing toward a privi-
leged accumulation of TFQ in these organelles. Apparently,
TFQ did not localize in the acidocalcisomes of L. major AAP3
(Fig. 6Bc); a mutant line that is devoid of several acidocalci-
some membrane proteins, which is therefore defective for
polyphosphate accumulation and internal acidic milieu, and
has an alkaline pH inside these organelles (2). As no differ-
ences for TFQ sensitivity were observed between the wild type
and the AAP3 mutant, resembling the results with sitama-
quine, the acidocalcisome could be rule out as final target for
TFQ (17). However, an increase in pH reduced the TFQ flu-
orescence intensity (data not shown), and consequently, we
cannot exclude the possibility that TFQ accumulates in the
acidocalcisomes of the AAP3 mutant.

TFQ induces an apoptosis-like death in Leishmania. Since
elevation of cytosolic Ca**, mitochondrial dysfunction, ROS
generation, and reduction of intracellular ATP levels are all
distinctive events during the progression of an apoptosis-like
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FIG. 7. TFQ induces programmed cell death in Leishmania. (A) Au-
tophagosome formation in L. donovani promastigotes. (Upper panel)
Distribution of GFP-ATGS in L. donovani promastigotes untreated or
treated with 5 uM TFQ. (Lower panel) Autophagosomes could be iden-
tified as punctate structures clearly observable in the cytoplasm (arrow-
head). (B and C) Representative histogram of TUNEL analysis and PI
labeling, respectively, of L. donovani promastigotes treated with TFQ.
Parasites were treated with different concentrations of TFQ: 5 (b), 10 (c)
and 20 (d) uM for 4 h at 28°C, using untreated parasites (a) as controls.
Fluorescein-dUTP and PI nucleic acid labeling were analyzed by flow
cytometry as described in Materials and Methods. PI was used as the
control of necrosis. Histograms are representative of three independent
experiments with 10,000 parasites analyzed per group. (D) DNA frag-
mentation in L. donovani promastigotes. Genomic DNAs were isolated
from parasites either untreated (lane 2) or treated for 4 h with 5 uM TFQ
in HBS (lane 3), run through a 2% agarose gel, and visualized by ethidium
bromide as described in Materials and Methods. DNA size markers (lane
1) are shown in base pairs (bp).

death process, we examined this possibility for TFQ. In
trypanosomatids, there are several classes of programmed cell
death (25). The induction of autophagy by TFQ was deter-
mined by using an L. donovani line overexpressing the auto-
phagosome marker GFP-ATGS (3). No significant increase in
the number of autophagosomes was observed after 24 h of
TFQ treatment versus untreated parasites (Fig. 7A). Accord-
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ingly, in a further step, TFQ-induced DNA nicking, typical of
apoptotic-like processes, was tested using the TUNEL assay.
Parasites treated with different concentrations of TFQ for 4 h
were significantly TUNEL positive (Fig. 7B). Necrotic cell
death was rejected due to the lack of parasite staining with PI,
as it requires a permeable plasma membrane in order to reach
the intracellular nucleic acid. Only at 20 uM TFQ, a concen-
tration 4-fold higher than the ECs,, were parasites PI positive
(Fig. 7C). These conclusions were confirmed by the fragmen-
tation of genomic DNA in parasites treated with 5 uM TFQ
for 4 h (Fig. 7D).

DISCUSSION

The 8-aminoquinoline scaffold has been extensively used in
the development of antiprotozoal drugs (36), typically as anti-
plasmodial compounds. The most recent application for these
drugs is the use of sitamaquine and TFQ as alternative leish-
manicidal compounds, currently at different stages of imple-
mentation (35, 41). Unfortunately their mechanism of action is
scarcely known, jeopardizing the rational optimization of new
analogues. In order to address this problem, we decided to
outline the leishmanicidal mechanism of TFQ.

At the concentrations at which TFQ inhibits promastigote
proliferation, the most conspicuous effect observed is the rapid
drop in the intracellular ATP levels. A similar effect has been
described for the mechanism of action of other potential and
established leishmanicidal drugs (19-23). Arguably, the two
most likely hypotheses to account for this result are (i) inhibi-
tion of ATP synthesis and (ii) permeabilization of the plasma
membrane with release of intracellular ATP into the external
medium. The last hypothesis is typical for the membrane active
reagents, including antimicrobial peptides and polyenes such
as amphotericin B (21, 22). Nevertheless, even at concentra-
tions producing above 95% growth inhibition, entry of the vital
dye SYTOX Green only reached a small percentage (11%) of
that corresponding to full permeabilization. Thus, the ob-
served drop in ATP levels is more likely to be due to inhibition
of ATP synthesis. In Leishmania, approximately 70% of the
total bioenergetic requirements are fulfilled by oxidative phos-
phorylation, tightly coupled with AW, . which appeared to be
decreased in TFQ-treated parasites. This prompted us to carry
out a systematic study to identify the TFQ target among the
different complexes involved in oxidative phosphorylation. As
a result, complex III was defined as its main target; this state-
ment was further validated by the inhibition of CcR in vitro by
TFQ. It is noteworthy that, complex III is the crossroads where
the reduced ubiquinone pools from complex II and the oxida-
tion of a-glycerophosphate converge (13).

There is a wealth of knowledge linking 8-aminoquinolines to
mitochondrial dysfunction in their respective target cells, such
as primaquine in Plasmodium falciparum gametocytes (16) or
sitamaquine in Leishmania mitochondria (39). The Leishmania
mitochondrion is the target for a wide variety of leishmanicidal
drugs; including some in clinical use such as pentamidine (27)
and miltefosine (20), and others at different stages of develop-
ment, such as chalcones or histatin 5, (5, 23). The inhibition of
complex III by TFQ led to the production of superoxide rad-
icals at levels similar to those produced by antimycin A (24).

ANTIMICROB. AGENTS CHEMOTHER.

ROS, either produced inside the cell by drugs (7) or added
exogenously (6), trigger an apoptosis-like death process.

Programmed cell death (PCD) was classified by biochemical
and morphological criteria under three major classes, which
are not mutually exclusive (25). Autophagy was discarded as
being the predominant PCD induced by TFQ, as no significant
differences were found between treated and control parasites
for distribution and expression levels of the autophagosome
marker GFP-ATGS. Necrosis (another PCD class) was also
ruled out as plasma membrane disruption (one of its hall-
marks) only reached significant values at concentrations far
higher than those that are lethal. In contrast, TFQ-treated
parasites showed typical features for apoptosis-like PCD, in-
cluding a decrease in AW, (28), a rise in intracellular Ca*"
levels, and late-stage apoptosis markers (such as DNA nucleo-
somal fragmentation), which is similar in many aspects to that
described in metazoan organisms (6).

The increased intracellular Ca®*" levels induced by TFQ
came from both an external medium and intracellular stores, as
the addition of EGTA led to only a 30% abrogation. The entry
of external Ca®>* was described in Leishmania apoptosis in-
duced by external H,O, (28), camptothecin (33), and curcumin
(7) and mediated by specific channels activated by ROS or its
derived metabolites inside the cells (14). Accordingly, the re-
maining 70% came from intracellular stores, mainly the endo-
plasmic reticulum, glycosomes, acidocalcisomes, and/or mito-
chondria (26).

All these molecular events activate PCD with DNA nicking
and fragmentation as the final outcome, both of which are
characteristic of an apoptosis-like death in Leishmania. Studies
are currently in progress to determine whether other potential
leishmanicidal 8-aminoquinolines act through a similar mech-
anism. In conclusion, our studies suggest that TFQ inhibits the
functionality of the mitochondrial respiratory chain through
CcR (complex III) inhibition, inducing a rapid drop in the
intracellular ATP levels in Leishmania. At the same time, the
increase in mitochondrial ROS production and elevation of
intracellular Ca** leads to a depolarization of AW, . Taken
together, these biological events induced by TFQ, trigger an
apoptosis-like death in Leishmania.
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La tafenoquina, una 8-aminoquinolina usada para prevenir y tratar infecciones con
Plasmodium, puede representar una terapia alternativa para tratar la leishmaniasis. La
tafenoquina ha mostrado tener una significativa actividad leishmanicida tanto in vitro
como in vivo, tiene como blanco de accion la mitocondria del parasito y le induce un
proceso de muerte similar a la apoptosis. Con el objetivo de aportar datos sobre la
durabilidad que tendria en clinica este potencial farmaco leishmanicida, es importante
determinar la probabilidad de que Leishmania pueda desarrollar resistencia a
tafenoquina y los mecanismos de resistencia que pueda generar. Para abordar este
estudio, se selecciond una linea de promastigotes de Leishmania major resistente a
tafenoquina (R4). Esta resistencia, la cual resultd inestable en medio libre de farmaco
(linea revertida), se mantuvo en la forma amastigote intracelular en macrofagos.
Ademas, los promastigotes de la linea R4 presentaron resistencia cruzada a otras 8-
aminoquinolinas. Tanto en la linea R4 como en la linea revertida, se observd una
disminucion en la acumulacion de la tafenoquina, lo cual probablemente esté asociado
con la alcalinizacion del pH intracelular y una reducciéon en el contenido de
acidocalcisomas que desarrollan ambas lineas, dado que no se apreciaron diferencias en
el eflujo de tafenoquina en comparacion con la linea salvaje. En todas las lineas de
Leishmania se observd una disminucion en la sintesis de ATP debido a la accion de la
tafenoquina, aunque los niveles de ATP total se mantuvieron mas altos en los parasitos
de la linea R4. Igualmente, se observo que la sintesis de ATP mediante la via glucolitica
estaba significativamente incrementada en los parasitos de la linea R4, mientras que la
sintesis de ATP mitocondrial era similar a la de los parésitos salvajes. Por lo tanto
concluimos que el incremento en la sintesis de ATP glucolitico es el principal

mecanismo responsable de la resistencia a tafenoquina en la linea R4 de Leishmania.
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Tafenoquine (TFQ), an 8-aminoquinoline used to treat and prevent Plasmodium infections, could represent
an alternative therapy for leishmaniasis. Indeed, TFQ has shown significant leishmanicidal activity both in
vitro and in vivo, where it targets Leishmania mitochondria and activates a final apoptosis-like process. In order
not to jeopardize the life span of this potential antileishmania drug, it is important to determine the likelihood
that Leishmania will develop resistance to TFQ and the mechanisms of resistance induced. To address this
issue, a TFQ-resistant Leishmania major promastigote line (R4) was selected. This resistance, which is unstable
in a drug-free medium (revertant line), was maintained in intramacrophage amastigote forms, and R4
promastigotes were found to be cross-resistant to other §-aminoquinolines. A decreased TFQ uptake, which is
probably associated with an alkalinization of the intracellular pH rather than drug efflux, was observed for
both the R4 and revertant lines. TFQ induces a decrease in ATP synthesis in all Leishmania lines, although
total ATP levels were maintained at higher values in R4 parasites. In contrast, ATP synthesis by glycolysis was
significantly increased in R4 parasites, whereas mitochondrial ATP synthesis was similar to that in wild-type
parasites. We therefore conclude that increased glycolytic ATP synthesis is the main mechanism underlying

TFQ resistance in Leishmania.

Treatment for leishmaniasis currently relies on a reduced
arsenal of drugs, including pentavalent antimonials (which can-
not be given in areas where drug resistance is endemic), am-
photericin B deoxycholate, lipid formulations of amphotericin
B, miltefosine, and paromomycin, all of which have drawbacks
in terms of toxicity, efficacy, price, and inconvenient treatment
schedules (6, 17). To increase the therapeutic life span of these
drugs and delay the emergence of resistance, the World Health
Organization has recommended combination therapy as a
strategy to be implemented in clinical trials. Of the new drugs
under development, 8-aminoquinolines such as sitamaquine
(WR6026; GlaxoSmithKline), which is currently in phase 2b
clinical trials (12, 34), represent a promising new oral leish-
manicidal treatment. Although the mechanism of action of
sitamaquine is still unknown, it has been reported that acido-
calcisomes play a key role in the accumulation of sitamaquine,
although they do not determine the leishmanicidal potency of
the drug (14). Other 8-aminoquinolines chemically related to
primaquine have been synthesized and evaluated for their an-
tiparasitic activity (1, 25). Thus, tafenoquine (TFQ), formerly
known as WR238605, is a primaquine analogue which is being
developed jointly by the Walter Reed Army Institute of Re-
search and GlaxoSmithKline pharmaceuticals for the treat-
ment and prevention of relapsing malaria (31). Phase I, II, and
III clinical studies with this drug have shown that TFQ is a safe,
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well-tolerated, and highly effective oral chemoprophylactic
agent for the treatment of plasmodial infections (8, 24, 30).
Recently, we have proposed that TFQ could be used as a new
leishmanicidal drug (33) and have determined that TFQ tar-
gets Leishmania mitochondria by specifically inhibiting mito-
chondrial cytochrome ¢ reductase, thus leading to a final
apoptosis-like process (3). However, to ensure the future long
life of this promising leishmanicidal drug, it is important to
determine how easy it is to induce TFQ resistance experimen-
tally, as this information can then be extrapolated to the pos-
sible emergence of drug resistance in the field. The mechanism
of resistance to other aminoquinoline derivatives, such as the
4-aminoquinoline derivative chloroquine, in Plasmodium, for
example, has been associated with a reduction in drug accu-
mulation (13, 27).

In the present study, we have determined the mechanism of
resistance to TFQ in Leishmania parasites and have found that
TFQ resistance is unstable. TFQ accumulation was lower in
resistant parasites than in sensitive parasites, although reduced
drug accumulation was found not to be a mechanism of resis-
tance, as it was present in revertant (i.e., nonresistant) lines.
However, the mechanism of TFQ resistance does appear to be
linked to increased ATP synthesis from glycolysis.

MATERIALS AND METHODS

Chemical compounds. TFQ [2-methoxy-4-methyl-5-(3-trifluoromethylphe-
noxy)primaquine succinate], sitamaquine [N,N-diethyl-N’-(6-methoxy-4-meth-
ylquinolin-8-yl)hexane-1,6-diamine] dihydrochloride and [benzene ring-U-
14Clsitamaquine  (['*CJsitamaquine; 2.07 GBg/mmol) were provided by
GlaxoSmithKline (Greenford, United Kingdom). ["*C]Glucose (11.8 GBgq/
mmol) was purchased from PerkinElmer. Amplex Red, LysoTracker Green
DND-26, LysoTracker Red DND-99, BCECF-AM [2',7'-bis-(2-carboxyethyl)-5-
(and-6)-carboxyfluorescein, acetoxymethyl ester], and BCECF (free acid) were
purchased from Invitrogen. Dicyclohexylcarbodiimide (DCCD), trivalent anti-
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mony, pentamidine, paromomycin, amphotericin B, ketoconazole, chloroquine,
quinine, mefloquine, primaquine, glucose, sodium azide, ammonium chloride,
nigericin sodium salt, 2-deoxy-p-glucose, DAPI (4’,6-diamidino-2-phenylindole
dilactate), phosphoenolpyruvate, propidium iodide, MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide], phenylmethanesulfonyl fluoride
(PMSF), flavin adenine dinucleotide (FAD), thiamine pyrophosphate (TPP),
horseradish peroxidase (HRP), pyruvate oxidase, and sodium pyruvate were
purchased from Sigma-Aldrich (St. Louis, MO). Lactate dehydrogenase was
purchased from Roche Applied Science, and miltefosine was purchased from
/Aterna Zentaris (Frankfurt, Germany). All chemicals were of the highest quality
available.

Leishmania culture conditions. Promastigotes of Leishmania major (MHOM/
JL/80/Friedlin) and derivative lines used in this study were cultured at 28°C in
RPMI 1640 modified medium (Invitrogen, Carlsbad, CA) supplemented with
20% heat-inactivated fetal bovine serum (iFBS; Invitrogen), as described previ-
ously (10). All parasite lines were collected from culture by centrifugation after
48 h of growth and washed in phosphate-buffered saline (PBS; 1.2 mM KH,PO,,
8.1 mM Na,HPO,, 130 mM NaCl, and 2.6 mM KCI adjusted to pH 7). The final
parasite concentration was determined using a Coulter Z1 counter.

Generation of a TFQ-resistant L. major line. A TFQ-resistant L. major line
was obtained by following a previously described stepwise selection process (4,
23) with a starting concentration of 2.5 uM TFQ increasing to 4 pM TFQ over
10 weeks. The TFQ-resistant (R4) line was maintained in the continuous pres-
ence of 4 uM TFQ. To determine the stability of the resistant phenotype, the R4
line was grown in a drug-free medium for 1 month (revertant line; revR4). The
sensitivity of wild-type (WT), R4 and revR4 L. major promastigotes to TFQ and
the cross-resistance profile of the R4 line to different compounds were deter-
mined after incubation for 72 h at 28°C in the presence of increasing concen-
trations of the drug. The concentration of TFQ required to inhibit parasite
growth by 50% (ECs,), and the resistance indices (ratio of ECsgs for resistant
and WT parasites) were calculated using an MTT colorimetric assay, as de-
scribed previously (11).

TFQ sensitivity in intracellular amastigotes of Leishmania. Late-stage pro-
mastigotes from the WT and R4 lines were used to infect mouse peritoneal
macrophages from BALB/c mice (Charles River, Ltd.) at a macrophage/parasite
ratio of 1:10, as described previously (14). After infection for 6 h, extracellular
parasites were removed by washing with serum-free medium. Infected macro-
phage cultures were maintained at 37°C with 5% CO, at different TFQ concen-
trations in RPMI 1640 medium plus 10% iFBS, as described previously (14).
After 72 h, macrophages were fixed for 20 min at 4°C with 2.5% paraformalde-
hyde in PBS, permeabilized with 0.1% Triton X-100 in PBS for 10 min, and
treated with RNase A (1 mg/ml) for 30 min. Intracellular parasites were detected
by nuclear staining with 5 pg/ml propidium iodide and Prolong Gold antifade
reagent without DAPI (Invitrogen).

TFQ uptake and efflux. L. major promastigotes (2 X 107 per ml) were incu-
bated with 5 puM TFQ for 15 min at 28°C in culture medium and then washed
twice with PBS and lysed by the addition of 10% SDS, pH 4. Sample fluorescence
(in the range of 360 to 460 nm) was then measured using an Aminco Bowman
series 2 spectrometer upon excitation at 340 nm. The time course uptake of TFQ
at 28°C was determined at different time intervals (1, 3, 5, 8, 10, and 15 min). To
determine TFQ efflux, WT and R4 parasites (2 X 107 per ml) were incubated
with 2 and 2.5 uM TFQ, respectively, for 1 h in culture medium at 28°C to allow
for a similar labeling in the two lines. The parasites were then washed with PBS
and resuspended in culture medium at 28°C, and the fluorescence retained was
measured at different time points (0, 15, 30, 60, and 90 min).

Acc lation of sit: quine. Sitamaquine accumulation was determined as
described previously (14). Briefly, promastigotes were incubated at 28°C with 0.5
uM ['*C]sitamaquine for 15 min and then washed with PBS containing 100 pM
nonradioactive sitamaquine. The cell-associated radioactivity was measured by
liquid scintillation counting, and the protein concentration was determined using
a Bradford kit (Bio-Rad).

Microscopy analysis. Promastigotes (107 per ml) were incubated with 5 pM
TFQ for 15 min in culture medium. After being washed twice with PBS, the
pellet was resuspended in PBS and analyzed by fluorescence microscopy (Zeiss).
Acidocalcisome accumulation of the acidotropic dye LysoTracker Red DND-99
was determined by confocal microscopy analysis, as described previously (14).
Briefly, promastigotes were incubated with 75 nM LysoTracker Red DND-99 in
HBS buffer (21 mM HEPES, 0.7 mM Na,HPO,, 137 mM NaCl, 5 mM KCl, and
6 mM glucose [pH 7]), and the parasites were then washed with PBS and
analyzed with a confocal microscope (TCS SP5 model; Leica) equipped with a
He/Ne laser (633 nm) and coupled to an MRC1024 model confocal scanning
laser equipment.
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pHi measurement. The intracellular pH (pHi) of L. major lines was deter-
mined fluorimetrically using a BCECF-AM probe, as described previously (28).
Briefly, promastigotes (2 X 107 per ml) were resuspended in standard buffer
(136.89 mM NaCl, 2.68 mM KCl, 1.47 mM KH,PO,, 8.46 mM Na,HPO, 11.1
mM glucose, 1 mM CaCl,, 0.8 mM MgSO,, and 20 mM HEPES [pH 7.4]). After
incubation for 30 min at 28°C in the presence of BCECF-AM (5 pg/ml), the
parasites were washed twice. The fluorescence ratios (excitation ratio, 490 nm/
440 nm; emission, 535 nm) were monitored continuously using an Aminco
Bowman series 2 spectrometer. For calibration curves, the BCECF ratio fluo-
rescence as a function of pH was obtained using a parasite suspension incubated
with BCECF-AM and treated with the ionophore nigericin (5 pug/ml). Different
pH values were obtained by the addition of 1 M MES (morpholineethanesulfonic
acid; pH 5.0) or 1.5 M Tris-CIH (pH 8.8) followed by measurement of the pH.
The intracellular alkalinization of parasites was obtained after pretreatment of L.
major lines at 28°C with 20 mM NH,CI for 1 min, followed by incubation with 5
M TFQ in the presence of NH,Cl for 15 min. For the studies involving parasite
acidification, the pHi was lowered using the NH,CI prepulse technique, as
described previously (15). Thus, promastigotes (2 X 107) were resuspended in 50
wl of standard buffer (described above) containing 40 mM NH,CI at 28°C for 15
min. The parasites were then centrifuged and resuspended in standard buffer
with or without the H"-ATPase inhibitor DCCD and in chloride-free buffer (135
mM sodium gluconate, 5 mM potassium gluconate, 5 mM glucose, 1 mM calcium
gluconate, 1 mM MgSO,, and 10 mM HEPES-Tris [pH 7.4]). The rate of
recovery from acidification was determined from the slope of the initial 100 s of
recovery, and the final pHi was determined after 10 min. To determine the
acidification produced by TFQ and sodium azide, BCECF-loaded promastigotes
(2 X 107 per ml) were incubated in culture medium with 5 uM TFQ or 20 mM
sodium azide for different times (1, 3, 5, 10, and 30 min).

Proton efflux ements for Leish ia parasites. Extracellular pH, which
reflects the proton efflux activity of parasites, was determined as described
previously (15). Thus, parasites (1 X 10%) were washed and resuspended in 2 ml
of weakly buffered (0.1 mM HEPES-Tris; pH 7.4) standard buffer containing 0.38
pM BCECF (free acid). The fluorescence excitation ratio (490 nm/440 nm;
emission, 535 nm) was then recorded and translated into nmol of H" released/
min on the basis of ratios obtained at various extracellular pHs by the addition
of known HCI equivalents.

ATP measurements for L. major lines. ATP was measured using a CellTiter-
Glo luminescent assay (Promega), which generates a luminescent signal propor-
tional to the amount of ATP present. Promastigotes (4 X 10° per ml) were
incubated in culture medium at different TFQ concentrations (1, 2, 5, 10, and 20
M) for 60 min. For glycolytic and mitochondrial ATP determination, parasites
were incubated separately in HBS buffer plus 20 mM sodium azide to inhibit
mitochondrial oxidative ATP generation, and glucose-free HBS buffer plus 5
mM 2-deoxy-D-glucose and 5 mM sodium pyruvate to inhibit glycolytic ATP
generation, for 1 h at 28°C. For the study of ATP levels at different pHi values,
promastigotes (2 X 107 per ml) were incubated in distinct buffers to obtain a
different pHi, as described previously (15). The buffers used were regular buffer
(135 mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM CaCl,, 1 mM MgSO, and 10
mM HEPES-Tris for pH 7.4 or 10 mM MES-Tris for pH 5.5), regular buffer
containing 25 mM HCO; ™, sodium-free buffer (135 mM choline CI, 5 mM KClI,
5 mM glucose, 1 mM CaCl,, 1 mM MgSO, and 10 mM HEPES-Tris [pH 7.4])
and chloride-free buffer (described above). The pHi of parasites was measured
using BCECF-AM as the pHi fluorescent probe, as described above. A 25-pl
aliquot of parasites was then transferred to a 96-well plate, mixed with the same
volume of CellTiter-Glo, and incubated in the dark for 10 min, and the biolu-
minescence was measured using an Infinite F200 microplate reader (Tecan
Austria GmbH, Austria).

Determination of intracellular pyruvate levels in Leishmania lines. Pyruvate
was extracted as described by Zhu et al. (35). Briefly, 5 X 10® parasites were
incubated in HBS buffer or in glucose-free HBS buffer plus 5 mM 2-deoxy-p-
glucose for 1 h at 28°C. The parasites were then collected and resuspended in 0.1
ml of ice-cold 0.25 M HCIO, and incubated on ice for 5 min. The resulting
mixture was neutralized with 2.8 pl of 5 M K,CO; (pH ~6.5). The supernatant
was collected after centrifugation at 10,000 X g for 5 min. Pyruvate was measured
using a fluorimetric assay (35) based on the oxidation of pyruvate by pyruvate
oxidase. The hydrogen peroxide generated reacts with nonfluorescent Amplex
Red at a 1:1 stoichiometry to form the red fluorescent product resorufin. This
fluorescence is proportional to the initial pyruvate concentration in the solution.
Briefly, 20 pl of intracellular pyruvate extract was pipetted into a 96-well white
plate, and 180 pl of reaction solution (final concentration, 100 mM potassium
phosphate with 1 mM EDTA [pH 6.7], 1 mM MgCl,, 10 uM FAD, 0.2 mM TPP,
0.2 U/ml pyruvate oxidase, 50 uM Amplex Red, and 0.2 U/ml HRP) was then
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FIG. 1. TFQ sensitivity of L. major promastigotes. L. major WT
(diamonds), R4 (squares), and revR4 (triangles) lines were assayed for
TFQ sensitivity by determination of the percent cell viability using an
MTT-based assay, as described in Materials and Methods. Shown are
the means * standard deviations (SD) from four independent exper-
iments.

added. Fluorescence at 590 nm was measured upon excitation at 535 nm using a
microplate reader (Infinite F200; Tecan Austria GmbH, Austria).

Determination of pyruvate kinase activity in Leishmania lines. Pyruvate kinase
activity was determined as described previously (21). Briefly, parasites (1 X 10%)
were washed twice in PBS, resuspended in hypotonic buffer (10 mM Tris-HCI,
pH 7.4) plus a protease inhibitor cocktail (Sigma-Aldrich) for 10 min at 4°C, and
then disrupted by nitrogen cavitation (90 bar, 30 min, 4°C). Cell debris was
removed by centrifugation at 800 X g and 4°C for 10 min, and the supernatant
was then centrifuged at 100,000 X g and 4°C for 60 min. Pyruvate kinase activity
was determined with a lactate dehydrogenase-coupled assay system by measuring
the decrease of NADH absorbance at 340 nm. The enzymatic assay was per-
formed at 25°C in 1 ml of reaction mixture containing 50 mM triethanolamine
buffer (pH 7.2), 2.5 mM phosphoenolpyruvate, 2 mM ADP, 6 mM MgSO,, 50
mM KCl, 0.42 mM NADH, and 6.25 g lactate dehydrogenase. The reaction was
initiated by the addition of 50 ug of protein from the supernatant from the
centrifugation performed at 100,000 X g.

Glucose uptake assay for Leishmania lines. The accumulation of glucose was
determined after incubation of 2 X 107 promastigotes with 0.15 nCi/ml [**C]glu-
cose for 10 min at 28°C in glucose-free HBS buffer. The parasites were subse-
quently washed with PBS containing 6 mM nonradioactive glucose at 4°C and
then with PBS alone. The cell-associated radioactivity was measured by liquid
scintillation counting, and the protein concentration was determined using a
Bradford kit (Bio-Rad).

Statistical analysis. Statistical significance was calculated by using Student’s ¢
test. Differences were considered significant at a P value of <0.05.

RESULTS

Generation of a TFQ-resistant L. major line. A TFQ-resis-
tant L. major line was selected in vitro by a stepwise adaptation
process up to a maximum of 4 uM TFQ. Subsequent attempts
to increase the level of TFQ resistance were unsuccessful. This
TFQ-resistant line (R4) has an ECy, of 545 = 0.35 pM, a
2.5-fold-higher concentration than for the WT line (Fig. 1 and
Table 1). The R4 parasites showed a growth rate similar to that
of the WT line. Additionally, no morphological differences
were observed between the two lines, as determined by light
microscopy and flow cytometry analyses (data not shown). The
resistance phenotype was unstable in drug-free medium for up
to 4 weeks; the revertant line (revR4) presented a sensitivity
(2.26 = 0.02 wM) that was similar to that of the WT parasites
(Fig. 1). Additionally, we found that TFQ resistance in the
promastigote forms was maintained in intracellular amasti-
gotes obtained after infection of mouse peritoneal macro-
phages with WT and R4 promastigotes (ECs,s of 0.38 = 0.03
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and 0.95 = 0.02 uM for intracellular WT and R4 amastigotes,
respectively) and that R4 amastigotes were 2.5-fold more re-
sistant, similar to the value obtained for R4 promastigotes.
Additionally, the R4 line profile showed significant cross-resis-
tance to the 8-aminoquinolines sitamaquine (2-fold more re-
sistant) and primaquine (1.9-fold; Table 1); no cross-resistance
to the 4-aminoquinolines chloroquine and mefloquine and the
quinoline derivative quinine was observed. As can be seen
from Table 1, the R4 parasites did not show any significant
cross-resistance to other antileishmanial drugs, such as triva-
lent antimony, pentamidine, miltefosine, paromomycin, and
ketoconazole.

TFQ uptake and accumulation in acidic vesicles. To deter-
mine whether TFQ resistance in R4 parasites was associated
with a failure to accumulate the drug, TFQ uptake experiments
were therefore carried out using spectrofluorometric tech-
niques. The time course uptake of TFQ in WT, R4, and revR4
lines showed that TFQ uptake became saturated after 5 min
(data not shown), with a 24% lower uptake in R4 parasites with
respect to their WT counterparts and intermediate values for
the revR4 line (data not shown). Additionally, no significant
differences in TFQ efflux between the R4 and WT parasites
were observed (data not shown). A decrease in R4 and revR4
drug uptake was also observed for ['*C]sitamaquine, which
present a 55% lower uptake in R4 parasites than in WT par-
asites, and the revR4 line presents accumulation values of 25%
(data not shown). Since TFQ and sitamaquine accumulate in
acidic vesicles, such as acidocalcisomes (3, 14), the differences
in the size of such organelles could determine the TFQ accu-
mulation. In fact, with the acidic organelles in WT parasites
being larger than those in the R4 and revR4 lines, as can be
seen from the significantly lower accumulation of LysoTracker
Green (data not shown), a fluorescent acidotropic probe was
used to label acidic organelles (mainly acidocalcisomes) in
Leishmania (18).

TABLE 1. Drug sensitivity profile for L. major promastigote lines*

ECs (M)
Drug RI¢
WwT R4

Tafenoquine 224 = 0.15 5.49 = 0.35 2.5%
Sitamaquine 12.02 = 0.38 2449 £1.92 2%
Primaquine 27.73 £ 0.24 53.04 = 1.14 1.9*
Quinine 9.41 = 0.11 9.53 = 0.06 1
Chloroquine 18.75 = 1.25 23.82 = (.81 1.3
Meflpquine 12.48 = 0.55 13.92 = 0.86 1.1
Sbir 1543 +0.73 21.12 = 0.88 1.4
Amphotericin B 1.87 £ 0.12 3.16 £ 0.23 1.7
Ketoconazole 19.98 = 0.56 28.05 = 0.71 1.4
Pentamidine 0.28 = 0.02 0.45 = 0.04 1.8
Miltefosine 17.69 = 0.51 25.69 = 1.12 1.5
Paromomycin 4.29 = 0.04 3.98 = 0.14 1
Daunomycin 0.22 = 0.01 0.38 = 0.01 1.7

“ L. major WT and R4 lines were grown as described in Materials and Methods
for 72 h at 28°C in the presence of increasing concentrations of drugs. Subse-
quently, cell viability was determined using an MTT-based assay.

® Data are means of ECsys = SD from three independent experiments.

¢ Resistance index (RI) was calculated by dividing the ECss for R4 parasites
by that for WT parasites. Significant differences were determined by Student’s ¢
test (x, P < 0.05).

4 ECsqs for Sb!!! are expressed in pg/ml.
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FIG. 2. Determination of intracellular pH (pHi) in L. major lines.
Leishmania WT promastigotes loaded with BCECF-AM (5 pg/ml, 30
min) were exposed to a KCI/HEPES-nigericin (NIG)-containing solu-
tion (pH 7.1). The traces represent the fluorescence signal ratio (ex-
citation ratio, 490 nm/440 nm; emission, 535 nm) obtained at different
pHs after the addition of acidic MES or basic Tris-CIH. The inset
represents the dependence of the fluorescence excitation ratio on pHi,
i.e., extracellular pH. According to this calibration curve, L. major WT
has a pHi of 6.75. Similar calibration curves were obtained for R4 and
revR4 parasites (data not shown). R4 has a pHi of 7.21, and revR4 has
a pHi of 7.11.

An increase in pHi reduces TFQ accumulation. The accu-
mulation of weakly basic aminoquinolines, such as amodia-
quine, chloroquine, and more recently, sitamaquine, seems to
be pH dependent (9, 14). Initially, we determined the pHi of
Leishmania lines using BCECEF as a fluorescent-dependent pH
indicator (28). Under physiological culture conditions, WT
promastigotes maintained a steady-state pHi of 6.75 = 0.01
(n = 5) (Fig. 2), a value similar to that reported by other
authors (28), whereas R4 parasites presented a pHi of 7.21 +
0.02 (n = 5) (Fig. 2), which is 0.46 pH units higher than that
observed for WT parasites. Interestingly, a similar pHi alka-
linization was observed in revR4 parasites, which presented a
pHi of 7.11 = 0.01 (Fig. 2), 0.36 units higher than that for WT
parasites. These findings suggest that an increased pHi could
be associated, in part, with decreased TFQ accumulation in R4
parasites. To validate this hypothesis, we induced an intracel-
lular alkalinization of parasites with NH,CI and then incubated
the parasites with TFQ. The pHi obtained for WT parasites
pretreated with NH,Cl increased by 0.94 units (n = 4) and was
associated with a significant reduction in TFQ accumulation
(close to 35%) with respect to the control parasites (Table 2).
Similar experiments using R4 and revR4 parasites led to a
moderate increase in the pHi values (0.24 and 0.30 units, re-
spectively), both of which were associated with a lower, but
nevertheless significant, decrease in TFQ accumulation (4%
and 11.7% for R4 and revR4, respectively; Table 2).

Activation of a plasma membrane P-type H"-ATPase in R4
parasites. One proposed mechanism for pHi regulation in
Leishmania promastigotes involves a plasma membrane P-type
H™"-ATPase (15) identified for other unicellular organisms (15,
28). In light of the possibility that the increased pHi observed
with the R4 and revR4 Leishmania lines could be due to an
increased P-type H*-ATPase activity, we determined the pro-
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ton efflux activity as described previously (15). The fluores-
cence ratios obtained (excitation at 505/440 nm and emission
detected at 530 nm) were transformed into the amount of H*
released min ™. The results confirmed that the proton efflux in
R4 parasites was significantly higher, with a value of 24.58 +
0.05 nmol H*/min per 10® cells (7.65 = 0.44 nmol H*/min per
10® WT parasites). The R4 parasites therefore presented a
higher proton efflux activity (3.21-fold) than WT parasites as a
mechanism of pHi alkalinization. Additionally, revR4 parasites
presented a proton efflux activity similar to that of R4 parasites
(22.63 = 0.37 nmol H*/min per 10® cells). Experiments to
determine the recovery capacity of pHi following acidification
support these findings. Thus, as can be seen from Table 3, R4
parasites recovered their pHi significantly faster than WT par-
asites (recovery rates of 0.32 = 0.04 and 0.17 = 0.02, respec-
tively). Similar results were obtained for revR4 parasites, which
presented a recovery rate intermediate between those for WT
and R4 parasites (0.28 = 0.02; Table 3). The recovery rates for
the different Leishmania lines were slightly lower when using
the specific H"-ATPase inhibitor DCCD, and a significant
decrease in the final pHi was also observed. These results
support the presence of a plasma membrane H"-ATPase as a
major pHi regulator (15). The pHi recovery was also deter-
mined by using chloride-free buffer, as the chloride ion is
essential for acid extrusion in Leishmania promastigotes (29).
The recovery rates for the R4 and revR4 Leishmania lines were
found to be higher than that for WT parasites under these
conditions (Table 3).

The effect of TFQ on ATP synthesis. We assessed the ATP
levels in L. major lines in the presence of TFQ and found that
WT parasites exhibit a significant decrease in total ATP levels
in response to different TFQ concentrations (Fig. 3A). Fur-
thermore, R4 parasites showed significantly higher basal ATP
levels than WT parasites, along with a lower decrease in ATP
levels in response to TFQ treatment (Fig. 3A). Additionally,
revR4 parasites presented ATP levels intermediate between
those for the WT and R4 lines, although the levels were similar
to those for WT parasites at TFQ concentrations above 5 uM
(Fig. 3A). We also examined whether the increased total ATP
levels observed for R4 parasites were due to an increase in
mitochondrial ATP synthesis or increased glycolysis. Sodium
azide treatment inhibits the F1-ATPase and cytochrome ¢ ox-
idase from complex IV, thus producing a loss of mitochondrial
membrane potential that is critical for the electron transport

TABLE 2. pHi dependence of tafenoquine accumulation in
Leishmania promastigotes”

pHi TFQ uptake (AU/mg protein)
Promastigote
Control NH,CI Control NH,CI
WT 6.75 =0.01 7.69 =0.02* 10,775 =149 7,009 £ 95*
R4 721 +£0.02 7.45=*0.01* 8809 =84 8,462 + 67*

revR4 7.11 £0.01 7.41 *=0.02* 9,657 = 127 8,524 + 59*

“WT, R4, and revR4 L. major promastigotes were pretreated at 28°C with
20 mM NH,CI for 1 min and incubated with 5 wM tafenoquine (TFQ) in the
presence of NH,CI for 15 min. pHi values were determined as described in
the legend of Fig. 2. Data are the means = SD from three independent
experiments. Significant differences were determined by Student’s ¢ test (*, P
value was <0.05 versus the corresponding control without NH,CI). AU,
arbitrary units.
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TABLE 3. pHi recovery in L. major lines®

Final pHi Recovery rate
Buffer (pH 7.4)
WT R4 revR4 WT R4 revR4
Standard 6.73 = 0.03 7.13 = 0.02* 7.03 = 0.02* 0.17 £ 0.02 0.32 = 0.04* 0.28 £ 0.02*
DCCD (50 pM) 6.52 + 0.04F 7.03 = 0.03* 6.88 = 0.03*F 0.14 = 0.01 0.26 = 0.03* 0.21 £ 0.01%F
Cl™ -free 6.37 = 0.03F 6.87 = 0.01*7 6.78 = 0.02*F 0.06 £ 0.01F 0.18 = 0.02*F 0.15 £ 0.02%F

“ BCECF-loaded (5 mg/ml, 30 min) WT, R4, and revR4 promastigotes were acidified by NH,Cl pretreatment (40 mM) for 15 min and resuspended in standard or
Cl™ -free buffers at pH 7.4. The H*-ATPase inhibitor DCCD (dicyclohexilcarbodiimide) was added to the standard buffer at 50 pM. Rate of recovery from acidification
was determined from the slope of the initial 100 s of recovery, and final intracellular pH (pHi) was determined after 10 min as described by Marchesini and Docampo
(15). Data are the means + SD from three independent experiments. Significant differences (*, P < 0.05 versus WT parasites; F, P < 0.05 versus standard buffer) were

determined by Student’s ¢ test.

chain activity involved in the generation of ATP. Under our
experimental conditions, sodium azide decreased the ATP lev-
els in all Leishmania lines studied, although the ATP levels in
R4 parasites were significantly higher than those observed for
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FIG. 3. Effect of TFQ on ATP levels in L. major promastigotes.
Promastigotes (4 X 10° per ml) of WT (black histograms), R4 (gray
histograms), and revR4 (white histograms) L. major lines were incu-
bated (A) in culture medium with different concentrations (1, 2, 5, 10,
and 20 pM) of TFQ for 60 min or (B) in HBS buffer (control), HBS
buffer plus 20 mM sodium azide (AZ) to inhibit mitochondrial oxida-
tive ATP generation, glucose-free HBS buffer plus 5 mM 2-deoxy-D-
glucose (DEO) and 5 mM sodium pyruvate (PYR) to inhibit glycolytic
ATP generation (DEO + PYR), and glucose-free HBS buffer plus 5
mM DEO and 20 mM AZ to inhibit both glycolytic and oxidative ATP
generation (AZ + DEO). Afterward, 25-pl aliquots of the parasites
were transferred to a 96-well plate, mixed with the same volume of
CellTiter-Glo (Promega), and incubated for 10 min in the dark, and
the sample bioluminescence was measured. ATP levels were calculated
relative to 100% of the control WT. Data are the means = SD from
three independent experiments. Significant differences were deter-
mined using Student’s ¢ test (*, P < 0.05 versus WT parasites; f, P <
0.05 versus R4 parasites).
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the WT and revR4 lines (Fig. 3B), thus suggesting that glyco-
lytically generated ATP is higher in R4 parasites. We therefore
inhibited glycolysis in Leishmania lines deprived of glucose but
provided with 2-deoxy-p-glucose, a competing substrate for
hexokinase, and pyruvate to ensure that the majority of ATP
generation was dependent on mitochondrial electron transport
and the function of complex V. This inhibition of glycolytic
ATP synthesis significantly reduced ATP levels to reach similar
values in all Leishmania lines (Fig. 3B).

Increased ATP synthesis by glycolysis in R4 parasites. The
TFQ-resistant Leishmania line upregulates glycolysis, whose
final step involves the conversion of phosphoenolpyruvate into
pyruvate by the enzyme pyruvate kinase. The change in intra-
cellular pyruvate concentration is therefore proportional to the
glycolytic activity. We compared the levels of pyruvate between
Leishmania lines using a highly sensitive Amplex Red-based
fluorescent assay. As shown in Fig. 4A, the pyruvate concen-
tration in R4 parasites was higher (approximately 3-fold) than
that observed for the WT line, in agreement with the higher
levels of glycolytically generated ATP. The revR4 parasites
presented pyruvate levels intermediate between those for the
WT and R4 lines. Furthermore, when parasites were pre-
treated with the glycolysis inhibitor 2-deoxy-p-glucose, the
amount of pyruvate in the three lines dropped significantly
(Fig. 4A), thereby supporting the hypothesis that the higher
pyruvate levels present in the R4 line result from glycolysis. As
pyruvate kinase activity is known to be critical in glycolysis, we
determined this activity in Leishmania lines; no significant dif-
ferences between parasite lines were observed (data not
shown). Furthermore, as trypanosomatids normally use glu-
cose as their main carbon source, we tested whether R4 par-
asites increased their glucose uptake as the starting product for
glycolysis. Thus, the parasites were cultured in the presence of
0.5 mM ["*C]glucose for 10 min, and analysis of the uptake of
[**C]glucose showed no significant differences between the dif-
ferent Leishmania lines (data not shown). Additionally, to dis-
card the possibility that the observed higher level of ATP
produced by glycolysis in the R4 line could be due to a different
pHi, which could influence the activity of key enzymes involved
in glycolysis, we determined the ATP levels for the Leishmania
WT line with different pHi values. The results showed that
total ATP values were similar at the different Leishmania pHi
values studied (Fig. 4B).

TFQ induces a decrease in pHi. As TFQ induces a reduction
in intracellular ATP levels and the plasma membrane H™-
ATPase is the major regulator of pHi in Leishmania, we in-
vestigated whether TFQ treatment modified the pHi of para-
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FIG. 4. Intracellular pyruvate values and the effect of pHi on ATP
levels. (A) Intracellular pyruvate levels for WT (black), R4 (gray), and
revR4 (white) lines pretreated without (Control) or with (DEO) 2-de-
oxy-D-glucose were determined by a fluorimetric assay, as described in
Materials and Methods. Different intracellular pyruvate levels of the
samples were compared with that of the WT control. The fluorescence
of resorufin is proportional to the initial pyruvate concentration in the
solution. Data are the means * SD from three independent experi-
ments. (B) The effect of pHi on ATP levels was determined for WT
promastigotes (diamonds) at different pHi values as described in Ma-
terials and Methods. The Leishmania R4 line (square) was used as the
control. Data are the means * SD from three independent experi-
ments.

sites. The results of this study showed that TFQ produces a
significant and rapid acidification of pHi after 1 min of treat-
ment (Fig. 5A). Indeed, after 30 min, the pHi values for WT
and revR4 parasites were 6.50 and 6.49, respectively, whereas
the acidification induced by TFQ in R4 parasites was signifi-
cantly lower (pHi 6.94) (Fig. 5A). These results support our
hypothesis that R4 parasites increase their ATP synthesis in
order to maintain the functionality of a plasma membrane
H™-ATPase involved in the regulation and recovery of pHi as
a defensive strategy against the TFQ toxicity. Similar results
were observed after treatment with sodium azide (Fig. 5B),
which produces a reduction in pHi as a consequence of ATP
depletion and nonoptimal functioning of the plasma mem-
brane H"-ATPase in Leishmania.

DISCUSSION

8-Aminoquinolines, such as sitamaquine and TFQ, have re-
cently been reported to be promising antileishmania drugs (12,
33, 34). Furthermore, we have shown that TFQ induces mito-
chondrial dysfunction in Leishmania, with the resulting de-
creased oxygen consumption and depolarization of the mito-
chondrial membrane potential leading to a final apoptosis-like
process (3). In this study, we induced experimental resistance
to TFQ in order to determine the ability of Leishmania to
generate resistance to this 8-aminoquinoline and as a strategy
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FIG. 5. Acidification of pHi by TFQ and sodium azide in L. major
lines. WT (diamonds), R4 (squares), and revR4 (triangles) BCECF-
loaded promastigotes were incubated with 5 uM TFQ (A) or with 20
mM sodium azide (B) at different time points (1, 3, 5, 10, and 30 min).
The pHi was calculated from a calibration curve as described in the
legend of Fig. 2. The results are the means * SD from three indepen-
dent experiments. Significant differences versus the WT were deter-
mined using Student’s ¢ test (%, P < 0.05 versus WT parasites).

to validate the mechanism of action of these compounds in this
protozoan parasite. Thus, we selected for a TFQ-resistant L.
major (R4) line that presents 2.5-fold higher EC;s for TFQ in
both the promastigote and intracellular amastigote stages, with
an unstable resistant phenotype after 1 month without drug
pressure. Experiments to increase the TFQ resistance level
further were unsuccessful, although it should be noted that
other authors have obtained 5- and 3-fold-higher resistance
levels for sitamaquine in the promastigote and intracellular
amastigote forms of Leishmania, respectively (2). None of the
standard leishmanicidal drugs (Sb™, amphotericin B, miltefos-
ine, and paromomycin) displayed a cross-resistance profile
with TFQ in the R4 line; cross-resistance was limited to other
8-aminoquinolines, such as sitamaquine and primaquine. The
cross-resistance to sitamaquine detected is interesting, as this is
a promising oral drug against leishmaniasis.

Reduced drug uptake is one of the main mechanisms of
resistance in Leishmania (2, 5, 19); however, this mechanism
was not relevant for the resistance to TFQ, as decreased TFQ
uptake levels were similar for the R4 and revR4 lines.

Similarly to sitamaquine (14) and other aminoquinolines (9),
TFQ appears to cross the plasma membrane by a pH gradient-
driven diffusion process. The R4 parasites present a higher pHi
than WT parasites, as does the revR4 line, thus suggesting that
these parasites maintain a phenotype with characteristics sim-
ilar to that of the resistant line even though the TFQ sensitivity
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was identical to that for WT parasites. The increase of pHi in
R4 and revR4 Leishmania lines could contribute to the lower
TFQ accumulation observed for these parasites. Indeed, the
change in pHi observed as a result of pretreatment with NH,Cl
resulted in a significant reduction in TFQ accumulation. Ad-
ditionally, we observed that R4 and revR4 Leishmania lines
have a higher capacity to regulate the pHi than the WT line,
although this regulation is not sufficient to prevent the toxicity
of this drug in revR4.

Under physiological conditions, approximately 70% of the
total bioenergetic requirements of Leishmania are fulfilled by
oxidative phosphorylation in the mitochondria, a metabolic
process which produces more ATP molecules from a given
amount of glucose than glycolysis. However, when the ability of
parasites to generate ATP through mitochondrial oxidative
phosphorylation is compromised, parasites are able to adapt
alternative metabolic pathways, such as increasing their glyco-
lytic activity, to maintain their energy supply. We have dem-
onstrated that an increase in glycolytic metabolism observed
for R4 parasites is associated with increased ATP delivery to
essential ATP-consuming cell processes, such as the mainte-
nance of ion-motive ATPases required to retain their pHi
values. A similar situation has been described for cancer cells,
where mitochondrial metabolic defects due, in part, to muta-
tions in mitochondrial DNA, dysfunction of the electron trans-
port chain, aberrant expression of enzymes involved in energy
metabolism, and insufficient oxygen available in the cellular
microenvironment contribute to an increased dependency on
glycolysis (32). This results in increased expression of enzymes
required for glycolysis, such as hexokinase II, the enzyme cat-
alyzing the first step of the glycolytic pathway (16). Leishmania
R4 parasites can increase glycolytic ATP synthesis in several
different ways, including upregulation of glycolytic enzymes
or an increased uptake of glucose as a carbon source. Ad-
ditionally, the modification of pHi in the R4 line can also
change the enzymatic activities of glycolytic enzymes. We
have observed that Leishmania R4 parasites present an in-
creased accumulation of pyruvate as the end product of
glycolysis but with no modification of their pyruvate kinase
activity, this kinase being one of the key enzymes involved in
glycolysis in trypanosomatids (26). Additionally, R4 para-
sites do not modify the accumulation of glucose as a carbon
source. Thus, Leishmania R4 parasites can increase glyco-
lytic ATP either through upregulation of the metabolism
using other substrates as a carbon and energy source or by
upregulation of other glycolytic enzymes. The first option
can be ruled out in light of the fact that the ATP levels after
treatment with sodium azide and deoxyglucose, which inhib-
its both mitochondrial synthesis and glycolysis, are signifi-
cantly diminished. This indicates that R4 parasites cannot
make use of other carbon sources, such as B-oxidation of
fatty acids or the catabolism of certain amino acids (22).
Experiments are under way to determine which glycolytic
enzymes are upregulated and could therefore be used as
molecular markers of TFQ resistance in Leishmania. Addi-
tionally, further studies using a metabolomics-based ap-
proach will be undertaken to identify the metabolic path-
ways associated with TFQ resistance.
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DISCUSION

Estado actual de la leishmaniasis.

La leishmaniasis se engloba dentro del grupo de enfermedades tropicales olvidadas,
afecta a 12 millones de personas y es endémica en 88 paises con 350 millones de
personas en situacion de riesgo (http://www.who.int/leishmaniasis/en/). A pesar de los
avances tangibles en el diagndstico, tratamiento, e investigacion bdasica en los ultimos
10 afios, la leishmaniasis sigue arraigada en la pobreza y olvidada por los gobiernos y la
industria farmacéutica. Los actuales obstaculos para una prevencion realista y un
tratamiento eficaz incluyen un inadecuado control del vector (mosca de la arena),
carencia de vacunas, un insuficiente acceso a los farmacos y la falta de interés para
desarrollar nuevos farmacos econdmicamente accesibles (Murray et al. 2005). El
reducido arsenal de fArmacos disponibles en el mercado para combatir la leishmaniasis
presenta varios inconvenientes, entre los cuales se incluyen la toxicidad, una eficacia
variable, el requerimiento de un tratamiento prolongado y precios muy altos, aunque
con respecto a este ultimo punto, los esfuerzos realizados por parte de la Organizacion
Mundial de la Salud (OMS) y de organizaciones no gubernamentales (ONG), han
logrado que tengan un precio preferencial para paises donde la leishmaniasis es
endémica, transformandolos en una opcién mds accesible para paises con ingresos
medios y bajos (van Griensven et al. 2010). El conocimiento reciente del genoma
completo de diferentes especies de Leishmania, brinda nuevas oportunidades para
estudiar e identificar rutas metabolicas especificas de estos pardsitos, lo que podria
ayudar a desarrollar nuevos farmacos hacia blancos de accion especificos del parasito,
pero esto requiere muchos afios de investigacion y ensayos clinicos antes de contar con
nuevos compuestos en el mercado para combatir la leishmaniasis. Ante este escenario la
OMS recomienda el uso de terapias combinadas, al objeto de aumentar la vida util de
los farmacos existentes, tratando de retrasar la aparicion de resistencia a los mismos, y a
su vez disminuir la duracion de los tratamientos y su toxicidad. Otra estrategia en uso
para aumentar el arsenal de farmacos es el estudio de la actividad leishmanicida de
compuestos originalmente desarrollados o en uso frente a otras enfermedades. Esto ha
dado sus frutos en el caso del antitumoral miltefosina y el antibidtico paromomicina,
farmacos empleados en la actualidad para el tratamiento de la leishmaniasis (Sundar et

al. 2000; Sundar et al. 2007).
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Las 8-aminoquinolinas como posibles agentes leishmanicidas.

Las 8-aminoquinolinas, desarrolladas inicialmente para buscar un sustituto de la quinina
para combatir la malaria, forman parte de los compuestos candidatos para tratar la
leishmaniasis (Richard y Werbovetz, 2010). Las 8-aminoquinolinas vienen usandose
desde hace mas de 80 afos como farmacos antiprotozoarios principalmente como
antimaléricos (Tekwani y Walter, 2006). Desde 1950, cuando se observo por primera
vez su potencial como agentes leishmanicidas, ha habido un considerable interés en el
desarrollo de analogos de 8-aminoquinolinas con mayor actividad frente a protozoos
parasitos del género Leishmania (Tekwaniy Walter, 2006).

Dentro de la extensa sintesis de andlogos de 8-aminoquinolinas llevada a cabo por el
Walter Reed Army Institute for Research (WRAIR) en 1978, se identifico a la
sitamaquina como uno de los compuestos mds activos frente a L. donovani in vivo,
convirtiéndose en el candidato més prometedor para un desarrollo clinico. Previamente,
se habia observado que tenia actividad frente a malaria y, a su vez, que era activo in
vitro frente a L. donovani, L. mexicana y L. tropica (Kinnamon et al. 1978).
Posteriormente, se han desarrollado diversos ensayos clinicos con este farmaco, entre
los cuales estan los estudios de fase II llevados a cabo en Kenia e India con pacientes
con LV, donde se ha producido un 85% de cura 6 meses después de un tratamiento de
28 dias (Wasunna et al. 2005; Jha et al. 2005). A pesar de que en general los pacientes
toleraron bien el farmaco, ciertos problemas renales se detectaron en unos pocos
pacientes, lo que hizo que la compaifiia farmacéutica GlaxoSmithKline (GSK) realizara
un estudio de fase IIb en India donde se observo que la sitamaquina era mucho mejor
tolerada que la anfotericina B-desoxicolato intravenosa y que unos pocos pacientes
presentaron efectos secundarios renales reversibles. Actualmente, GSK ha parado los
estudios de fase clinica IIb hasta conseguir solventar los problemas de toxicidad de la
sitamaquina, principalmente casos de metahemoglobinemia, asociada a pacientes con
deficiencia de glucosa-6-fosfato deshidrogenasa.

La tafenoquina, sintetizada también dentro del programa de WRAIR para buscar nuevos
farmacos para tratar la malaria, ha mostrado ser, en estudios clinicos de fase II,
altamente efectiva para la cura radical de la malaria y para la profilaxis de infecciones
causadas por P. vivax y P. falciparum. En general, la tafenoquina ha mostrado ser un
compuesto seguro y bien tolerado (Crockett y Kain, 2007). Actualmente, estd siendo
desarrollada por GSK en asociacion con Medicines for Malaria Venture, como un

potencial nuevo tratamiento para la cura radical de la malaria causada por P. vivax.
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Recientemente, en colaboracion con el grupo del Prof. Simon Croft (LSHTM-
University of London), hemos estudiado la actividad leishmanicida de la tafenoquina.
Los resultados obtenidos han demostrado que la tafenoquina es efectiva, tanto in vitro
frente a formas promastigotes y amastigotes, como in vivo en modelos de leishmaniasis
en raton, con una potencia similar a la observada con sitamaquina (Yardley et al. 2010).
Las 8-aminoquinolinas sitamaquina y tafenoquina tienen un futuro prometedor como
farmacos leishmanicidas pero, sin embargo, se desconoce tanto su mecanismo de accion
como las posibilidades de que Leishmania desarrolle mecanismos de resistencia. Es por
tanto que decidimos abordar los estudios presentados en esta Tesis Doctoral que
permitirdn un mayor conocimiento sobre estos farmacos, y en particular sobre la
tafenoquina que ha demostrado tener una menor toxicidad, siendo un farmaco oral
prometedor frente al tratamiento de la leishmaniasis.

Especificamente, la informacion que existia hasta el momento sobre el mecanismo de
accion de la sitamaquina en Leishmania era muy escasa. Se habia descrito que la
sitamaquina produce cambios morfologicos en el parasito (Langreth er al. 1983),
acumuldndose en compartimentos 4acidos y produciendo alcalinizacion en los
acidocalcisomas (Vercesi ef al. 2000); igualmente, se habia sugerido que la sitamaquina
puede generar alteraciones a nivel mitocondrial en parasitos permeabilizados (Vercesi y
Docampo, 1992). Con respecto a tafenoquina, antes del comienzo de esta Tesis Doctoral

se desconocia tanto su mecanismo de accion y resistencia en Leishmania.

Mecanismo de entrada de sitamaquina y tafenoquina en Leishmania, y la
influencia de los organelos acidos en la acumulacion y sensibilidad al farmaco.

La membrana plasmadtica es la primera barrera que limita la entrada de un farmaco, por
lo que es de gran importancia dilucidar como penetra un fairmaco al interior celular, lo
cual facilita su posterior optimizacion y el analisis de la posibilidad de aparicion de
resistencias. Con el fin de estudiar el mecanismo de entrada de ambas 8-
aminoquinolinas al parasito, realizamos estudios para poder discriminar si se trata de
una entrada dependiente de energia, mediada por un transportador, mediante endocitosis
o si es mediante un proceso pasivo por difusion.

La sitamaquina es una base débil lipofilica, los estudios previos sobre su interaccion con
la membrana del parasito sugieren que la entrada de la sitamaquina al pardsito estaria
mediada por interacciones hidrofébicas entre la sitamaquina y los fosfolipidos de la

membrana (Duefias-Romero e al. 2007). Empleando sitamaquina marcada con '“C,
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hemos demostrado que la entrada de la sitamaquina al parasito es un proceso
independiente de energia y de temperatura, y por tanto no interviene un transportador
proteico dependiente de ATP ni penetra mediante endocitosis. Todos estos datos nos
sugieren que la sitamaquina entra al parasito por un proceso de difusion (Articulo I del
apartado de resultados). Igualmente, observamos que la entrada de sitamaquina es
dependiente del pH extracelular, la protonacion del firmaco reduce la velocidad de
difusién a través de la membrana plasmatica, al igual que se ha descrito para otras bases
débiles lipofilicas que son protonables a pH fisiologico. En un estudio posterior, se ha
confirmado que la sitamaquina entra al pardsito mediante un proceso de difusion
dependiente de un gradiente eléctrico e independiente tanto de energia como de

esteroles (Coimbra ef al. 2010).

Para estudiar el mecanismo de entrada de la tafenoquina llevamos a cabo un analisis
similar al realizado con la sitamaquina. Los resultados obtenidos mostraron que la
tafenoquina, también una base débil, entra en Leishmania mediante un proceso no
saturable, independiente de energia y dependiente de gradiente de pH, dando indicios de
que la entrada estd mediada por un proceso de difusion al igual que sucede con la
sitamaquina, pero a diferencia de ésta, la entrada de tafenoquina mostr6 ser dependiente
de temperatura (Articulo II del apartado de resultados). La fluidez de la membrana
plasmatica podria afectar en este caso la permeabilidad del farmaco. Los estudios de
anisotropia de la membrana plasmatica de Leishmania mostraron un incremento
significativo de la rigidez a 4°C (Articulo II del apartado de resultados). Resultados
similares han sido descritos para la mitoxantrona en células de mamifero. La
acumulacion de ese farmaco antitumoral hidrofobico se reduce a 4°C, incluso en células
que sobreexpresan bombas de eflujo dependientes de energia, mientras que la
permeabilidad se reestablece al afiadir agentes que fluidifican la membrana plasmatica
(Breuzard et al. 2005). Igualmente, se conoce que la temperatura puede afectar los
valores de pKa del fdrmaco, como sucede con la 4-aminoquinolina cloroquina
(Augustijns, 1996), reduciendo de esta manera el paso de la tafenoquina a través de la
membrana plasmatica y/o su acumulacion en organulos internos.

Al considerar que cualquier alteracion a nivel de la membrana plasmatica del parasito
puede modificar la interaccion de ésta con un farmaco, y por consiguiente afectar la
entrada del mismo al interior del parésito, decidimos estudiar la influencia de los

esteroles en el proceso de entrada de la tafenoquina en Leishmania. Para realizar el
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estudio utilizamos dos compuestos que extraen los esteroles de la membrana plasmatica,
la metil-B-ciclodextrina (MCD) y la colesterol oxidasa (CH-OX), logrando una
disminucién en la cantidad de esteroles de membrana (Articulo Il del apartado de
resultados). Al estudiar el efecto que ejerce la disminucién de los esteroles de
membrana en la entrada de la tafenoquina al parasito, observamos que la acumulacion
del farmaco no se ve alterada significativamente post-tratamiento con CH-OX, mientras
que el tratamiento con MCD produce una reduccion de la cantidad de tafenoquina en el
interior del parasito. La diferencia entre los dos compuestos en su efecto sobre la
entrada del farmaco puede explicarse por su eficacia para extraer esteroles de la
membrana plasmatica. Los resultados obtenidos nos indican que la tafenoquina entra al
parasito mediante un proceso de difusion, y que este es dependiente de esteroles; sin
embargo, los esteroles no influyen en el proceso de entrada de la sitamaquina (Coimbra
et al. 2010). Quedaria por determinar si la entrada del farmaco es dependiente de una
interaccion directa con los esteroles y si se lleva a cabo a través de las denominadas

"balsas lipidicas".

En el caso de la sitamaquina, evaluamos también si existia una relacion entre la
acumulacion del farmaco y la susceptibilidad al mismo por parte del parasito. Estudios
previos in vitro han mostrado que diferentes especies de Leishmania presentan una
distinta sensibilidad a la sitamaquina (Garnier et al. 2006). En este estudio, hemos
corroborado estos resultados y observamos que los promastigotes de L. donovani y de
L. infantum eran los que presentaban menor y mayor sensibilidad a la sitamaquina,
respectivamente. Decidimos estudiar si la diferencia observada en la sensibilidad al
farmaco podia estar relacionada con diferencias en el nivel de acumulacién de la
sitamaquina en el parasito. Como en el caso de la sensibilidad, las diferentes especies de
Leishmania analizadas mostraron diferentes niveles de acumulacion de sitamaquina; sin
embargo, no se observo una relacion entre los niveles de sensibilidad y acumulacion.
Mas alin, observamos que el nivel de acumulacion es caracteristico de cada cepa y no de
especie (Articulo I del apartado de resultados). Por otra parte, tanto al tratar los
pardsitos con NH4Cl, que incrementa el pH de los compartimentos acidicos
intracelulares, o con los ionéforos monensina (Na', H') y nigericina (K, H"), que
alteran el gradiente de pH en el parésito y por tanto alcalinizan los acidocalcisomas, se
produce una disminucion en la acumulacion de sitamaquina y una reduccidon en las

diferencias observadas entre las diferentes cepas ensayadas. Ademads, la sitamaquina
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puede producir alcalinizaciéon en los acidocalcisomas de parésitos de L. donovani
permeabilizados (Vercesi et al. 2000). Los ensayos que hemos realizado mostraron que
efectivamente la sitamaquina produce alcalinizacion en los acidocalcisomas, y los
resultados obtenidos tras el uso de sondas acidotropicas y el estudio del contenido en
polifosfatos, sugieren que existe una relacion entre el volumen de acidocalcisomas en
cada cepa y su nivel de acumulacion de sitamaquina (Articulo I del apartado de
resultados). Para reforzar la conclusion de que la sitamaquina se acumula en organulos
acidos, estudiamos lo que sucedia en una linea de L. major mutante nula para la AP3d
(AAP30). En esta linea, los acidocalcisomas carecen de la pirofosfatasa translocadora de
protones de tipo vacuolar (V-H'-PPasa) y tienen afectada la actividad de otra bomba de
protones de tipo vacuolar, la V-H'-ATPasa, lo cual produce su alcalinizacién y ademas
tienen reducido el contenido de polifosfatos (Besteiro et al. 2008). Lo que observamos
fue que la acumulacion de sitamaquina en la linea AAP3d es de un 5% con respecto a la
linea parental, confirmando que la sitamaquina se acumula en organulos &cidos
principalmente en acidocalcisomas. Ademas, se corrobor6 la ausencia de correlacion
entre acumulacion y sensibilidad, ya que la susceptibilidad de ambas lineas hacia la
sitamaquina fue practicamente la misma tanto en promastigotes como en amastigotes

intracelulares.

La fluorescencia intrinseca de la tafenoquina nos permitié estudiar la distribucion del
farmaco dentro del parasito. Observamos mediante microscopia que la tafenoquina se
localizaba principalmente en vesiculas que podrian ser acidocalcisomas (Articulo 1V del
apartado de resultados). La tafenoquina en la linea AAP39, descrita anteriormente,
mostré una distribucion dispersa, diferente a la observada en la linea salvaje; sin
embargo, la susceptibilidad de ambas lineas hacia la tafenoquina fue la misma,
descartando que la localizacion de la tafenoquina en los acidocalcisomas influya en su
mecanismo de accion (Articulo 1V del apartado de resultados), al igual que habiamos
descrito para la sitamaquina. Esta conclusion, en el caso de la tafenoquina, tiene una
salvedad y es que en la linea AAP3d los acidocalcisomas tienen un pH mas alcalino, y
como la fluorescencia de la tafenoquina disminuye al aumentar el pH, en realidad no
podemos descartar al 100% que la tafenoquina se localice en los acidocalcisomas de la
linea mutada. Atn asi, en la linea AAP30 los acidocalcisomas presentan tan grandes

diferencias en su composicion al compararlos con los de la linea salvaje que aunque la
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tafenoquina se acumulara en ellos, es muy poco probable que sean el blanco de accion

del farmaco cuando ambas lineas presentan la misma sensibilidad.

Efecto de la sitamaquina y tafenoquina en el metabolismo energético de

Leishmania.

En estudios preliminares se ha descrito que la sitamaquina puede bloquear la funcién
mitocondrial en formas promastigotas permeabilizadas de Leishmania (Vercesi y
Docampo, 1992). Por tanto, analizamos con mayor profundidad la influencia de ambas
8-aminoquinolinas sobre el metabolismo energético de Leishmania y hallamos que la
accion de ambos fArmacos produce una rapida caida de los niveles de ATP libre en el
parasito, reduccion que es dependiente de la concentracion del farmaco. (Articulos 111 y
1V del apartado de resultados). Los ensayos se realizaron a tiempo real empleando
promastigotes transfectados con una forma mutada de la enzima luciferasa de Photinus
pyralis que se localiza en el citosol del parésito (Luque-Ortega et al. 2003). La
disminucién en los niveles de ATP puede deberse principalmente a dos causas: a un
efecto del farmaco a nivel de la sintesis de ATP, o a una salida de ATP del parasito
debido a una alteracion de la membrana plasmatica. En el caso de la sitamaquina, una
alteracion de la permeabilidad de la membrana plasmatica podria producirse tras las
interacciones que suceden entre la sitamaquina y los fosfolipidos anidnicos de la
membrana plasmatica (Duenas-Romero et al. 2007). La tafenoquina sabemos que
presenta una entrada rapida aunque desconocemos exactamente como interacciona con
la membrana plasmatica. Para evaluar el efecto de ambos farmacos sobre la membrana
plasmatica utilizamos dos aproximaciones (Luque-Ortega et al. 2003). Por un lado
utilizamos la sonda fluorescente SYTOX Green que requiere de lesiones grandes de la
membrana plasmatica para poder atravesarla y unirse a los 4acidos nucleicos
intracelulares; los experimentos mostraron que después de incubar los pardsitos con
sitamaquina y tafenoquina en condiciones en las que se produce una caida del contenido
de ATP, la acumulacion de la sonda fluorescente en los parasitos fue sélo de
aproximadamente un 10% comparada con la observada en parasitos con la membrana
plasmatica 100% permeabilizada debido a la incubacion de estos con 0.05% de Triton
X-100, descartando asi que el mecanismo de accion de ambos farmacos involucre la
formacion de grandes lesiones en la membrana plasmatica (Articulos Il y IV del

apartado de resultados). En el caso de la sitamaquina utilizamos una segunda
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aproximacion que consistio en el estudio del efecto de ésta sobre el potencial de la
membrana plasmatica ya que su modificacion puede afectar el consumo de ATP,
necesario para el mantenimiento de este potencial; para ello también usamos una sonda
fluorescente y observamos que la sitamaquina produce despolarizacion de la membrana
plasmatica, pero esta alteracion del gradiente idnico a través de la membrana ocurre
posterior a la caida del nivel de ATP libre intracelular (Articulo 11l del apartado de
resultados). Ademas, tras el tratamiento con ambos farmacos, no se detectdé una
liberacion significativa de ATP al medio extracelular. Estos resultados descartan que la
caida del ATP libre intracelular observada para ambos farmacos sea debida a un efecto
de estos sobre la integridad de la membrana plasmatica, y sugieren que pueda deberse a
un efecto sobre la sintesis de ATP.

Leishmania se clasifica dentro del grupo de tripanosomatidos donde la produccion de
ATP se da principalmente por fosforilacion oxidativa (Tielens y van Hellemond, 2009),
por lo que decidimos estudiar el efecto que tenian tanto la sitamaquina como la
tafenoquina sobre la mitocondria. La actividad antiparasitaria de muchos farmacos esta
mediada por una alteracion del potencial de la membrana mitocondrial, como por
ejemplo, la pentamidina y la miltefosina (Mukherjee et al. 2006; Luque-Ortega and
Rivas, 2007), que son farmacos de uso clinico frente a la leishmaniasis, y otros como
chalconas, la histatina 5, la edelfosina y la camptotecina frente a diferentes especies de
Leishmania, (Chen et al. 2001; Luque-Ortega et al. 2008; Alzate et al. 2008; Sen et al.
2004), alcaloides frente a Trypanosoma brucei brucei (Rosenkranz y Wink, 2008) o
derivados del 4cido cindmico frente a 7. cruzi (Pardo Andreu et al. 2009). Vercesi y
Docampo ya en 1992 habian observado que en promastigotes de L. donovani
permeabilizados con digitonina, la sitamaquina produce un desacoplamiento de la
fosforilacion oxidativa, convirtiendo a la mitocondria en un posible blanco de accion
para el farmaco (Vercesi y Docampo, 1992). Hemos observado que al tratar
promastigotes de L. donovani con sitamaquina y tafenoquina, se produce una
despolarizacion del potencial de la membrana mitocondrial; resultados que sugieren que
el blanco de accion para cada uno de los farmacos podria estar a nivel mitocondrial, y
especificamente dentro de la cadena respiratoria. Para validar esta hipotesis decidimos
estudiar el efecto de los farmacos sobre el consumo de oxigeno en pardsitos
permeabilizados. Una vez comprobado, tras afiadir ADP, que la permeabilizacion de los
parésitos no afecta el funcionamiento de la cadena respiratoria, se adicionaron los

farmacos y en ambos casos observamos una total inhibicioén del consumo de oxigeno. A
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continuacion, estudiamos especificamente sobre qué complejo actiia cada uno de los
farmacos, empleando para ello distintos sustratos e inhibidores de los diferentes
complejos que componen la cadena respiratoria (Figura I). La adicion de tetrametil-p-
fenildiamina (TMPD) mas ascorbato, que dona electrones al citocromo ¢, produjo una
reversion en la inhibicion del consumo de oxigeno producido por ambos farmacos,
descartando asi al complejo IV (citocromo ¢ oxidasa) como su blanco de accién. En
Leishmania, el complejo II, que utiliza succinato como sustrato, y la glicerol-3-fosfato
deshidrogenasa dependiente de FAD™ (FAD-GPDH), que utiliza o-glicerofosfato como
sustrato, son los que aportan electrones a la ubiquinona para que ésta los traslade al
complejo III. Al agregar a-glicerofosfato observamos una reversion de la inhibicion
producida por la sitamaquina pero no asi de la inducida por la tafenoquina. Ademas, al
inhibir el consumo de oxigeno adicionando malonato, un inhibidor del complejo 11, y
revertir en parte esta inhibicion mediante la adicion de a-glicerofosfato, observamos que
la adiciéon de sitamaquina era incapaz de volver a inhibir el consumo de oxigeno; sin
embargo, el consumo de oxigeno era nuevamente inhibido mediante la adicion de
tafenoquina. Llegamos entonces a la conclusion de que la sitamaquina actua sobre el
complejo II (succinato deshidrogenasa), mientras que el blanco de accion de la
tafenoquina seria el complejo III (citocromo c¢ reductasa) (Articulos III y IV del

apartado de resultados) (Figura I).
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Figura 1. Representacion de la cadena respiratoria en Leishmania con los sustratos e inhibidores
usados para el ensayo. El aporte de electrones esta marcado con flechas de trazo continuo y su
inhibicion con flechas de trazo discontinuo. UQ: ubiquinona; Cit C: citocromo c¢; TMPD:
tetrametil-p-fenildiamina; FAD-GPDH: glicerol-3-fosfato deshidrogenasa dependiente de FAD".
Esquema basado en Guerra ef al. 2006, y en Opperdoes y Michels, 2008.
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Estos resultados los confirmamos al observar la inhibicion de la actividad de la
succinato deshidrogenasa y de la citocromo c reductasa por la sitamaquina y la
tafenoquina, respectivamente. En ambos casos, la inhibicion de la enzima se producia
en una forma dosis-dependiente (Articulos IIl y IV del apartado de resultados). El
complejo II ya se ha descrito anteriormente como blanco de accién de otros compuestos
leishmanicidas como son las fenil fenalenonas, bifosfonato derivado de la benzofenona,
y tenoil-trifluoro-acetona (Luque-Ortega et al. 2004; Luque-Ortega et al. 2010; Mehta y
Shaha, 2004). Ademads, el complejo III se ha descrito como blanco de accién de
distintos agentes antimicrobianos, como por ejemplo, del farmaco antimalérico
atovacuona (Fry y Pudney, 1992) y de la propamidina que actua frente al hongo
patdgeno Botrytis cinerea (Wu et al. 2010).

Sitamaquina y tafenoquina inducen la muerte de Leishmania por un proceso
similar a la apoptosis.

El desacoplamiento de la fosforilacion oxidativa debido a la accion de compuestos
leishmanicidas, en la mayoria de los casos, se ha visto que esta estrechamente ligado a
un aumento en los niveles de las especies reactivas de oxigeno (ROS) en el parasito.
Ademas, se ha descrito en L. donovani que la inhibicion de los complejos 11 y III de la
cadena respiratoria da lugar a la produccién de peroxido de hidrogeno y superoxido,
respectivamente (Mehta y Shaha, 2004). En base a estos antecedentes, determinamos si
ambos farmacos inducen la produccion de ROS empleando dos sondas fluorescentes:
H,DCF-DA, que principalmente detecta peroxido de hidrégeno, y MitoSOX Red, que
detecta superoxido mitocondrial. El tratamiento con ambos fiarmacos produjo un
aumento de los niveles de ROS (Articulos IIl y IV del apartado de resultados). La
alteracion del potencial mitocondrial y el aumento en los niveles de ROS son
caracteristicos dentro de una cascada de eventos que se producen cuando se
desencadena un proceso de apoptosis. La alteracion de la homeostasis del calcio es otro
evento tipico dentro de esta cascada y a su vez estd intimamente ligado a la generacion
de ROS y a la disfuncion mitocondrial (Smirlis ef al. 2010). Esto nos llevo a estudiar el
efecto de la sitamaquina y tafenoquina sobre los niveles de Ca>" libre citosolico en
Leishmania. Un aumento en los niveles de Ca®" citosolico debido a un incremento tanto
del influjo de Ca*" extracelular como de la liberacion de Ca®" al citosol a partir de

reservorios intracelulares, principalmente el reticulo endoplédsmico, acidocalcisomas y
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mitocondria (Moreno y Docampo, 2003), produce citotoxicidad. Comprobamos que
tanto la sitamaquina como la tafenoquina inducen un aumento en el nivel de Ca>" libre
citosolico. El uso de un quelante de calcio, EGTA, en el medio extracelular, nos
permiti6 discriminar la procedencia del Ca*"; mientras que en el caso de la sitamaquina
este aumento se debe, aproximadamente a partes iguales, a un aporte de Ca”" extra e
intracelular; en el caso de la tafenoquina, el aporte es en un 70% debido al Ca®*
procedente de reservorios intracelulares (Articulos 111 y IV del apartado de resultados).
Se ha descrito anteriormente al estudiar el mecanismo de accion de varios compuestos
con actividad leishmanicida que estos tres efectos: alteracion del AW, ROS y Ca*'
citosolico, pueden sucederse en diferente orden (Mukherjee ef al. 2002; Das et al. 2008;
Sudhandiran y Shaha, 2003; Sen ef al. 2004); harian falta experimentos adicionales para
evaluar como cada uno de ellos influye en la aparicion de los otros.

En Leishmania se ha descrito que la aparicion de estos tres eventos moleculares es un
indicador de la activacion en el parasito de un proceso de muerte similar a la apoptosis
(Mehta y Shaha, 2004; Mukherjee et al. 2002; Sudhandiran y Shaha, 2003). La
externalizacion de fosfatidilserina, uno de los primeros eventos que se observa en un
proceso de apoptosis, sumado a la degradacion de la cromatina que se refleja en el
aumento en el contenido en ADN hipodiploide debido a la accion de ambos farmacos,
refuerzan los resultados obtenidos al estudiar el AWy, ROS y Ca®" citosolico, y nos
permite concluir que tanto la sitamaquina como la tafenoquina inducen la muerte en

Leishmania mediante un proceso similar a la apoptosis (Figura II).
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Figura II. Mecanismo de accién de la sitamaquina y la tafenoquina en Leishmania. La tafenoquina
y sitamaquina entran al parasito por un proceso de difusion. Se acumulan principalmente en
acidocalcisomas, pero su blanco de accién esta en la mitocondria. La sitamaquina y la tafenoquina
inhiben los complejos II y III, respectivamente, de la cadena respiratoria, produciendo una caida en
los niveles de ATP y la despolarizacion del potencial de la membrana mitocondrial. Esto va
acompaiiado de un aumento en los niveles de Ca’" libre intracelular y de ROS. Estos eventos
inducen la externalizacién de fosfatidilserina y la degradacién de la cromatina, dando lugar a la
muerte del parasito por un proceso similar a la apoptosis. SQ: sitamaquina; TFQ: tafenoquina;
A¥m: potencial de la membrana mitocondrial; ROS: especies reactivas de oxigeno; A:

acidocalcisomas.

Estudio de la resistencia a sitamaquina y tafenoquina en Leishmania.

La actividad in vivo de la sitamaquina y tafenoquina frente a Leishmania, hace de estos
farmacos una alternativa a tener en consideracion dentro del tratamiento actual frente a
la leishmaniasis, asi como también permite considerarlos como farmacos de eleccion a
la hora de disenar terapias combinadas.

Hemos determinado la forma de entrada, y el mecanismo de accion de ambos farmacos
que actiian sobre la mitocondria del parasito, produciendo la muerte celular mediante un
proceso similar a la apoptosis. El siguiente paso, pensando en un futuro uso clinico, es
tratar de asegurar que tengan una larga vida, evaluando la facilidad con que se puede
inducir experimentalmente resistencia a los mismos, y en caso de aparicion de

resistencia evaluar los mecanismos por los cuales se genera. El conocimiento de los
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mecanismos de resistencia podria ayudar a un uso racional de los fAirmacos en zonas
endémicas y, a su vez, a combatir la aparicion de resistencia a los mismos.

La forma en que intentamos obtener experimentalmente Leishmania resistentes a
sitamaquina y tafenoquina por separado, fue mediante el método de exposicion a
concentraciones crecientes de farmaco. Este método ya ha sido usado con éxito para
generar lineas de Leishmania resistente a otros farmacos, entre ellos, miltefosina,
anfotericina B, glucantime o paromomicina (Seifert et al. 2003; Mbongo et al. 1998;
Arana et al. 1998; Maarouf et al. 1998). Sin embargo, bajo nuestras condiciones
experimentales, empleando este método no logramos generar una linea resistente a
sitamaquina. Por el contrario, el grupo del Dr. Philippe Loiseau (Université Paris-Sud,
Paris, Francia), mediante este mismo método, gener6 in vitro una linea de promastigotes
de L. donovani casi 5 veces menos sensible a sitamaquina que la linea salvaje (Bories et
al. 2008). Sin embargo, hay que tener en consideraciéon que las condiciones
experimentales empleadas por este grupo, en particular el cultivo en presencia de un 5
% CO,, son diferentes a las usuales en el mantenimiento de Leishmania. Los estudios
realizados por ese grupo demostraron que la resistencia se mantenia en formas
intracelulares amastigotes dentro de macrofagos peritoneales de ratén (aunque en este
caso el indice de resistencia pasaba de 5 a 3 veces). Adicionalmente, se determind que
la resistencia a sitamaquina era estable cuando los parasitos eran mantenidos en medio
de cultivo sin sitamaquina por un periodo de tiempo de 3 meses. Los estudios de
infeccion experimental, demostraron que esta linea de Leishmania resistente a
sitamaquina era significativamente menos infectiva que la control (Bories et al. 2008),
sin embargo no argumentan posibles causas que pudiesen explicar este descenso en la

capacidad infectiva de los parasitos.

En el caso de la tafenoquina, si hemos logrado mediante este método obtener
experimentalmente una linea de promastigotes de L. major menos sensible al farmaco,
llamada R4, con una tasa de crecimiento en presencia de 4 uM de tafenoquina similar a
la de la linea control, y con un indice de resistencia de 2,5, el maximo valor que se pudo
obtener. Esta linea R4, al ser mantenida un mes en medio de cultivo sin farmaco,
demostrd tener un fenotipo de resistencia inestable, dado que tras este periodo de
tiempo los valores de sensibilidad a tafenoquina eran similares a los controles; a esta
linea revertida le llamamos revR4. Igualmente, observamos que el indice de resistencia

de las formas promastigotes de la linea R4, se mantenia en las formas amastigotes
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intracelulares dentro de macrofagos peritoneales de raton. La linea R4 no presentd
resistencia cruzada a firmacos leishmanicidas en uso como el SbIII (forma activa tras la
reducion intracelular del compejo de SbV), anfotericina B, miltefosina y paromomicina,
pero si a otras 8-aminoquinolinas como primaquina y sitamaquina (Articulo V del
apartado de resultados). Curiosamente, frente a la sitamaquina, la linea R4 tiene un
indice de resistencia (2) que no logramos exponiendo a la linea control a
concentraciones crecientes de este farmaco.

Una vez obtenida la linea resistente, iniciamos el estudio del mecanismo de resistencia
de L. major a tafenoquina. La obtencion de la linea revR4, que presenta la misma
sensibilidad hacia la tafenoquina que la linea control pero que a su vez comparte
muchas caracteristicas con la linea R4, nos ayudo a discriminar que fenotipos de la linea
R4 podrian estar implicados en el proceso de resistencia al farmaco.

Lo primero que abordamos fue el estudio de la acumulacion de farmaco en las tres
lineas de Leishmania, considerando que uno de los principales mecanismos de
resistencia a farmacos que Leishmania puede desarrollar es una disminucion en la
entrada o un aumento en el eflujo de los mismos (Polonio y Efferth, 2008). Observamos
una disminucién en la acumulacion del farmaco en la linea R4 con respecto a la linea
control, pero no la asociamos con un mecanismo de resistencia relevante dado que esta
disminucién en la acumulacion de farmaco también se observd en la linea revR4.
Estudiamos el pHi de las tres lineas y observamos que tanto la linea R4 como la revR4
tienen un pHi mayor que la linea control. Previamente, habiamos descrito que la entrada
de la tafenoquina es dependiente del gradiente de pH (Articulo V del apartado de
resultados), el mayor pHi de las lineas R4 y revR4 podria explicar las diferencias
observadas en la acumulacion del farmaco. Para confirmar la influencia del pHi en la
acumulacion de tafenoquina en las tres lineas, realizamos un pretratamiento con NH4Cl
para inducir un incremento del pHi y observamos como efectivamente disminuia la
acumulacion de farmaco.

Hemos descrito previamente que la tafenoquina actiia sobre la cadena respiratoria del
parasito produciendo una rapida caida en el nivel de ATP. Cuando realizamos un
estudio comparativo de los niveles de ATP en las tres lineas de Leishmania (control, R4
y revR4) y el efecto de la tafenoquina, comprobamos que el nivel basal de ATP en la
linea R4 es mayor que en el control; igualmente, comprobamos que la caida de ATP
debido a la accion del farmaco es menor en la linea R4 que en el control. La linea revR4

presenta un nivel basal de ATP intermedio entre el de las lineas R4 y control, pero a
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partir de una concentracion 5 uM de tafenoquina, el nivel de ATP observado posterior a
la accion del farmaco es igual al de la linea control (Figura 3 del Articulo V del
apartado de resultados). Leishmania produce ATP principalmente mediante la
fosforilacion oxidativa, pero cuando ésta se ve afectada, puede hacer uso de la via
glucolitica para suplir el aporte energético. Previamente, se ha descrito la capacidad que
tiene Leishmania de alternar entre distintos sustratos y vias para producir ATP cuando
alguna estéd afectada (Uzcategui et al. 2005). La linea R4 mostré una mayor sintesis de
ATP por la via glucolitica que las lineas control y revR4 (Articulo V del apartado de
resultados), explicando el mayor nivel de ATP basal observado. Este mayor nivel de
ATP permite a la linea R4 aportar mayor energia a diversos mecanismos para hacer
frente a la accion de la tafenoquina, por ejemplo, tratar de contrarrestar la caida en el
valor de pHi producida por el farmaco (Figura III). Las causas para que tenga lugar una
mayor actividad glucolitica pueden ser principalmente que haya una mayor cantidad de
sustrato de la via metabdlica, o una mayor actividad catalitica en alguna de las enzimas
de la via. Descartamos una mayor disponibilidad de glucosa como fuente de carbono,
por sobreexpresion de un transportador de glucosa o una mayor actividad del mismo,
dado que la acumulacion de glucosa en las tres lineas no present6 diferencias (Articulo
V del apartado de resultados). A su vez, al tratar los pardsitos con azida de sodio y 2-
deoxi-D-glucosa, inhibiendo la fosforilacion oxidativa y la glicolisis, la sintesis de ATP
disminuye marcadamente casi al mismo nivel en las tres lineas, descartando la
utilizacion por parte de la linea R4 de una fuente de carbono alternativa, como puede ser
la oxidacion-f§ de acidos grasos o el catabolismo de ciertos aminodcidos, para la
produccion de ATP (Saunders et al. 2010). Respecto a la posibilidad de que exista una
modificacion en la expresion o actividad de las enzimas de la via, ya que observamos en
la linea R4 una mayor produccion de piruvato, producto final de la glucolisis, medimos
la actividad de la piruvato quinasa, una de las enzimas mds importantes, pero no
observamos diferencias entre las lineas control y R4 (Articulo V del apartado de
resultados). Queda por determinar alin, porqué se produce un aumento en la actividad
glucolitica, al objeto de disponer de un posible marcador de resistencia hacia la

tafenoquina en Leishmania.

68



Discusién

590 "e® ®
1~ATP/ }I'Pw — ¢pH@®\

¥ Acumulacion
TFQ

TFQ
; :

Figura II1. Mecanismo de resistencia en la linea R4 de Leishmania. El aumento de ATP glucolitico
permite aumentar el pHi, contrarrestando su bajada debido a la accién de la tafenoquina. TFQ:

tafenoquina; G: glicosoma; A: acidocalcisomas.

La poca infectividad in vivo de la linea de Leishmania resistente a sitamaquina obtenida
por el Dr. Philippe Loiseau, asi como el bajo indice de resistencia y poca estabilidad de
la linea resistente a tafenoquina in vitro, hacen pensar que la aparicion de resistencia
clinica a estos farmacos, si finalmente son aprobados para su uso clinico, es poco

probable.

Perspectivas

1. Estudiar el empleo de estas 8-aminoquinolinas frente a la leishmaniasis en
combinacion con otros farmacos leishmanicidas. Las 8-aminoquinolinas, al igual
que las 4-aminoquinolinas tales como la cloroquina, tienen como limitaciéon su
hemotoxicidad, producen metahemoglobinemia y hemolisis, por lo que la
reduccion de la dosis y la frecuencia de administracion, favoreceria su tolerancia
y baja toxicidad.

2. Emplear estos farmacos como cabezas de serie para desarrollar nuevos
compuestos mas potentes y selectivos frente a la leishmaniasis.

3. Estudiar los marcadores de resistencia hacia estos farmacos, por ejemplo,

mediante una aproximacion metabolomica.
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CONCLUSIONES

1. La sitamaquina y la tafenoquina son 8-aminoquinolinas que entran en Leishmania

mediante un proceso de difusion dependiente de un gradiente de protones.

2. La reduccion del contenido de esteroles de la membrana plasmatica inhibe la entrada

de la tafenoquina en Leishmania.

3. Ambos farmacos se acumulan en las vesiculas acidas del parasito, principalmente en
acidocalcisomas. Sin embargo, no existe correlacion entre acumulacion y sensibilidad,

lo cual sugiere que su blanco de accidon no reside en dichas vesiculas.

4. La sitamaquina y la tafenoquina disminuyen el contenido de ATP del parasito.

Ambos farmacos inhiben respectivamente los complejo II y III de la cadena respiratoria.

5. La sitamaquina y la tafenoquina inducen en el parésito la aparicion de marcadores
fenotipicos de muerte celular por apoptosis tales como, la exposicion de fosfatidilserina
en la cara externa de la membrana plasmatica, disminucion del potencial de membrana
mitocondrial, produccidn de especies reactivas de oxigeno, incremento del contenido de

calcio libre citosolico y fragmentacion del ADN nuclear.

6. En nuestras condiciones experimentales, el principal mecanismo de resistencia a la
tafenoquina en Leishmania viene determinado por un aumento en la sintesis de ATP

procedente de la glucolisis.
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