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RESUMEN

Los helmintos parasitos son un grupo de metazoarios muy diverso y complejo, cuya
principal caracteristica en comun es su habilidad de generar infecciones cronicas en
sus hospederos naturales. Dentro de las helmintiasis, la equinococosis quistica (EQ) es
una parasitosis causada por el estadio larvario de Echinococcus granulosus, y es
considerada una zoonosis de gran relevancia por afectar tanto al ser humano como a
una amplia variedad de especies ganaderas productivas. Interesantemente, la
infeccion por E. granulosus es capaz de durar varios aios de manera asintomatica en
sus hospederos intermediarios, por lo que se ha postulado que el parasito tiene la
habilidad de modular la respuesta del hospedero en favor de su sobrevida. En este
sentido, los fenomenos inmunoldgicos responsables de la resistencia o susceptibilidad
del hospedero a la infeccion han sido escasamente estudiados. Por lo tanto, el
presente trabajo se realizo a efectos de profundizar en el conocimiento de las
respuestas inmunes potencialmente protectoras desencadenadas por hospederos
intermediarios. Para ello, se realizaron estudios en humanos y modelos murinos
focalizados en demostrar que las respuestas inmunes montadas por ciertos hospederos

tendrian un papel crucial en limitar el establecimiento y/o desarrollo de la EQ.

En primer lugar, se caracteriz6 el perfil serologico de una cohorte de individuos
residentes en una zona endémica para EQ en Uruguay; que si bien fueron
serologicamente positivos, no fueron diagnosticados imagenoldgicamente como
pacientes con EQ durante un periodo de seguimiento de 2 afos. En forma paralela, se
caracterizaron también sendas cohortes de pacientes con EQ confirmada por cirugia y
de donantes sanos. Los resultados mostraron que los individuos seropositivos pero
normales por ultrasonido para EQ, presentaron un perfil serologico particularmente
interesante, capaz de diferenciarlos de los dos grupos control. Asimismo, las
caracteristicas de dicho perfil sugieren que son capaces de mediar potenciales
funciones efectoras antiparasitarias. En este sentido, aunque nuestro trabajo no
describe una relacion causal inequivoca anticuerpos-resistencia, el perfil serolédgico

descripto podria asociarse con un cierto nivel de resistencia potencial a la infeccion.

Gustavo Mourglia Ettlin



“Estudio de las respuestas inmunes asociadas a resistencia y susceptibilidad frente a la
infeccién por Echinococcus granulosus”

En segundo lugar, se establecié un modelo de susceptibilidad diferencial a la infeccion
por E. granulosus utilizando el modelo murino de EQ secundaria, mediante el uso de
las cepas de ratones Balb/c y C57Bl/6. En este sentido, se demostrdé que la cepa
Balb/c es mas permisiva al desarrollo de la infeccion secundaria, mientras que la
C57BLl/6 tiene comparativamente un nivel de resistencia mayor. Una vez establecido
dicho modelo, se analizaron las diferencias entre la respuesta inmune generada por
ratones Balb/c y C57BLl/6 infectados con E. granulosus. Los resultados indican que los
anticuerpos naturales tendrian un papel relevante sobre el grado de susceptibilidad a
la infeccion. Ademas, se mostré que la polarizacion diferencial de la respuesta de
anticuerpos inducidos en ambas cepas de ratones, se correlacionaria con diferencias
en la eficiencia de las mismas frente al desafio con E. granulosus.

Por otro lado, teniendo en cuenta que el establecimiento de la infeccion en el modelo
experimental es un fendbmeno anatomicamente confinado a la cavidad peritoneal, se
evaluo el papel de las células peritoneales durante la fase temprana de la infeccion.
Los resultados obtenidos apoyan firmemente la sugerencia existente para cestodos
parasitos, en cuanto a que la susceptibilidad del hospedero experimental frente a la
infeccion requiere de respuestas potentes de tipo Th2. Asimismo, se mostré que la
produccién temprana de 6xido nitrico por células peritoneales podria ser un factor
contribuyente a la resistencia en el modelo de infeccidon secundaria, y se mostrd por
primera vez, que los anticuerpos naturales tendrian un papel importante como
mediadores innatos de respuestas de citotoxicidad celular dependiente de
anticuerpos. Finalmente, se demostré6 que Unicamente los ratones con baja
susceptibilidad a la infeccion (C57Bl/6), generan una respuesta de anticuerpos
inducidos tempranamente, capaz de potenciar mecanismos efectores con actividad

protoscolicida.

En suma, estos resultados en su conjunto, confirman nuestra hipotesis de partida, es
decir, que las respuestas inmunes desencadenadas por los hospederos intermediarios
tienen un papel crucial en limitar el establecimiento y/o desarrollo del metacestodo
de E. granulosus. De esta forma, la exposicion a estadios infectivos del parasito no

siempre derivaria en un establecimiento exitoso de la infeccion.
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Capitulo 1

Introduccion
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1.- INTRODUCCION

Los helmintos parasitos son un grupo diverso y complejo de metazoarios compuesto
por numerosas especies que difieren en aspectos como tamano, ciclo de vida e
impacto clinico; sin embargo, todos ellos comparten una caracteristica importante y es
su capacidad de generar infecciones cronicas en sus hospederos especificos [Wiria et
al., 2012]. El grupo de patologias derivadas de la infeccion por helmintos parasitos
forma parte de las denominadas Enfermedades Tropicales Desatendidas (del inglés:
Neglected Tropical Diseases), que en su conjunto afectan a un tercio de la poblacion
mundial [Hotez et al., 2011]. Asimismo, dentro de estas enfermedades, sélo las

helmintiasis afectan a 1 de cada 4 individuos en el planeta [Hotez et al., 2008].

En la actualidad se reconocen mas de 20 especies de helmintos parasitos capaces de
afectar directamente al ser humano, la mayoria de los cuales generan infecciones
inicialmente leves, asintomaticas y raramente son motivo de consulta directa en los
centros de salud. Sin embargo, por ejemplo en ninos, la persistencia de helmintiasis
gastrointestinales suele derivar en desnutricidn, retardo en el crecimiento fisico y en
el desarrollo intelectual, asi como pueden ser responsables de deficiencias cognitivas
en la edad adulta [Wiria et al., 2012].

Un fenémeno interesante y comin a la mayoria de las infecciones por helmintos
parasitos es la ausencia “clara” de sintomatologia observable. Se supone que las
helmintiasis han co-existido durante millones de anos con los seres humanos (y lo
siguen haciendo), habiéndose alcanzado cierto nivel de armonia entre los parasitos y
sus hospederos, de forma tal que el parasito se asegure su sobrevida por largos
periodos de tiempo. A su vez, esta misma adaptacion seria beneficiosa para el
hospedero ya que restringiria el daio en tejidos y 6rganos propios generado durante su
respuesta inmune. De hecho, en la actualidad se postula que en la mayoria de los
individuos infectados por helmintos parasitos, su sistema inmune se encuentra en
“equilibrio” con el invasor, mientras que solo en una proporcion pequena de casos el
mismo no se alcanza (o se desgasta por otros factores), y es a raiz de ello que se

generan las manifestaciones clinicas asociadas a las helmintiasis [Wiria et al., 2012].
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1.1.  Echinococcus granulosus

Las equinococosis (en sus formas quistica, alveolar y poliquistica) son un grupo de
zoonosis causadas por parasitos cestodos del género Echinococcus. En particular, la
equinococosis quistica (EQ) tiene como agente etioldgico a Echinococcus granulosus y
es considerada actualmente por la Organizacion Mundial de la Salud (OMS) como una
enfermedad desatendida [Cucher et al., 2015]. Estimaciones sobre el impacto
econémico de esta enfermedad han sugerido pérdidas mundiales anuales de entre 1y
3.6 millones de DALYs (del inglés Disability-Adjusted Life Year) a causa de EQ en
humanos [Craig et al., 2007], y de 2 billones de ddlares americanos en la industria a
causa de EQ en especies ganaderas [Budke et al., 2006]. La magnitud de dichas
pérdidas se debe, en parte, a que esta zoonosis es cosmopolita y de amplia
distribucion mundial, siendo especialmente endémica (e incluso hiper-endémica) en
gran parte del territorio oeste de China y en el cono sur de América del Sur
(principalmente en el sur de Brasil, las regiones montanosas de Per(, Argentina, Chile

y Uruguay) [Cucher et al., 2015].

Desde una perspectiva taxonémica, E. granulosus esta compuesto de numerosas
variantes inicialmente identificadas por J.D. Smyth y Z. Davies en 1974,
denominandolas “cepas fisioldgicas” [Smyth y Davies, 1974]. Desde ese entonces, mas
cepas se identificaron en base a diversos criterios bioquimicos, fisiologicos,
inmunologicos, anatomicos y de distribucion geografica [Thompson, 2008; Cucher et
al., 2015]. Luego, mediante el uso de técnicas de biologia molecular se identificaron
polimorfismos en el ADN mitocondrial de E. granulosus que correlacionaron con las
cepas descritas, designandose desde entonces un genotipo a cada una de las mismas.
En la actualidad, se han descrito 10 genotipos (G1-G10) y la “cepa ledn” (solo hallada
en hospederos salvajes) [McManus, 2013]. Finalmente, mediante analisis filogenéticos
mitocondriales recientes, la mayoria de los genotipos han sido re-clasificados como
nuevas especies. Esta nueva clasificacion genera el complejo E. granulosus sensu lato
(s.l.) formado por las especies E. granulosus sensu stricto (s.s.) (genotipos G1/G2/G3),
E. equinus (genotipo G4), E. ortleppi (genotipo G5), E. canadensis (genotipos
G6/G7/G8/G9/G10) y E. felidis (“cepa ledn”) [Thompson, 2008; Nakao et al., 2010]. A

modo general, E. granulosus s.s. (particularmente el genotipo G1) es el que presenta
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mayor distribucion mundial y es el responsable de la amplia mayoria de casos humanos
de EQ. Asimismo, tanto E. ortleppi como todos los genotipos de E. canadensis han sido
reportados como causantes de un nimero menor de casos de EQ en humanos, mientras
que hasta el momento no existen reportes de casos debidos a E. equinus y E. felidis
[Cucher et al., 2015]. En Uruguay, la evidencia epidemiolégica molecular sobre el
complejo E. granulosus s.l. es muy escasa, y solo se ha reportado las circulacion en

ganado bovino de E. granulosus s.s. (genotipo G1) y E. ortleppi [Cucher et al., 2015].

1.2. Ciclo de vida de Echinococcus granulosus

El ciclo de vida de E. granulosus (al igual que para todos los cestodos parasitos)
requiere de dos hospederos para completar su ciclo: un hospedero definitivo donde el
adulto se desarrolla en el intestino delgado y un hospedero intermediario en el cual el
metacestode (o quiste hidatico) normalmente se desarrolla en higado y/o pulmén
(Figura 1). El hospedero definitivo siempre es un carnivoro (perros y otros canidos) que
se infecta al ingerir protoscoleces (PSC) que se producen por multiplicacion asexuada
del metacestode. Dentro de un quiste hidatico fértil puede haber varios miles de PSC y
cada uno de ellos tiene la potencialidad de desarrollarse en un gusano adulto. Los
gusanos adultos producen huevos (que contienen el embrion: la oncosfera) que son
expulsados juntos con las heces del hospedero definitivo. Los huevos son capaces de
sobrevivir en el ambiente por periodos variables y son infectivos después de su ingesta
por parte de numerosas especies de hospederos intermediarios (ungulados domésticos
y salvajes) [Thompson, 1995]. Una vez ingeridos por el hospedero intermediario, las
oncosferas se activan en el intestino delgado y producen secreciones liticas que
facilitan su pasaje a través de la mucosa intestinal hacia el sistema circulatorio del
hospedero (venoso y linfatico). Desde alli se distribuyen hacia higado y/o pulmones
principalmente, donde las oncosferas se desarrollan en quistes [Siracusano et al.,
2009].

El quiste hidatico es unilocular y contiene un liquido claro y transparente, denominado
liquido hidatico, que lo mantiene distendido. En la pared se distinguen dos capas: la
externa o laminar, formada por mucopolisacaridos, es acelular y de estructura

laminada; mientras que la capa interna o membrana germinativa esta constituida por
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epitelio nucleado, prolifera y origina agregados de células que se vacuolizan y forman
las denominadas vesiculas proligeras. A su vez, en el interior de estas vesiculas se
forman mediante gemacion los PSC. Con el tiempo, las vesiculas se desprenden de la
membrana germinativa y flotan libremente en el interior del quiste (vesiculas hijas);
algunas se rompen y se liberan los PSC que se acumulan formando la denominada
“arenilla hidatidica”. El quiste hidatico esta envuelto por una capa adventicia formada
por tejido conjuntivo del hospedero procedente de la reacciéon inflamatoria local
[Siracusano et al., 2009].

Adult in smal
from cyst /

Ingestion of cysis
(in organs Definitive Host
(dogs & other canidae)

Intermediate Host
(sheep, goats, swine, elc.)

«

Ingestion of eggs
{in fecas)

i A\ = Infective Stage
V Oncosphere hatches; L\ = Diagnostic Stage

Hydatid cyst in livar, lungs, atc. penetrates intestinal wall

FIGURA 1. Ciclo de vida de E. granulosus.
(1) Gusano adulto, (2) Huevo embrionado, (3) Oncésfera, (4) Quiste hidatico, (5) Protoscélex,
(6) Escolex adherido a la mucosa intestinal.
[Tomado del sitio oficial del Centro para el Control y Prevenciéon de Enfermedades del gobierno

de los Estados Unidos: www.cdc.gov/dpdx/echinococcosis/].
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1.3. Equinococosis quistica

La EQ es una enfermedad cronica y compleja, considerandose a los humanos como
hospederos intermediarios accidentales ya que no permiten que se complete el ciclo
de vida del parasito al funcionar como un “callejon sin salida” bioldgico. ELl
crecimiento de los metacestodos en humanos es lento (de 1 a 5 cm por ano), pudiendo
alcanzar en el higado los 20 cm de diametro. Con el tiempo se pueden formar septos
internos y “quistes hijos” que perturban el patron unilocular tipico de los quistes
jovenes. En su desarrollo pueden comprimir estructuras adyacentes, fisurarse,
romperse o infectarse. Cuando accidentalmente un quiste fértil se rompe, se produce
una siembra interna de PSC que pueden originar nuevos quistes (infeccion secundaria)
dada la plasticidad que presentan los PSC permitiéndoles evolucionar a quistes en el
hospedero intermediario o a gusanos adultos en el hospedero definitivo [Thompson,
1995].

El diagnodstico y seguimiento de la EQ en humanos se basa en gran medida en el
resultado de técnicas imagenoldgicas, principalmente ultrasonido (US), tomografia
computarizada (TC) y resonancia magnética (RM). ELl US es el método de eleccioén en la
deteccion de quistes hidaticos hepaticos mostrando una sensibilidad del 93-98%,
mientras que la TC (sensibilidad estimada en 90-97%) es util para confirmar el
diagnostico inicial, y es capaz de detectar la presencia de “quistes hijos” y/o
calcificados [Tsaroucha et al., 2005; Mandal y Mandal, 2012]. Asimismo, la TC con
contraste es la modalidad mas recomendada para el estudio de posibles quistes
hidaticos pulmonares, ya que el signo de “burbuja de aire” tiene una sensibilidad y
especificidad del 85.7% y 96.6%, respectivamente, en el diagndstico de quistes
fisurados y/o infectados [Das y Das, 2011]. Por ultimo, la RM es central en el
diagnostico de EQ cerebral [Tsaroucha et al., 2005; Mandal y Mandal, 2012].
Finalmente, el uso de US ha permitido realizar una clasificacion estandarizada de los
quistes hidaticos segin su “estado vital” (activos: CE1, CE2 y CE3a; transicionales:
CE3b; inactivos: CE4 y CE5) por parte del “Grupo Informal de Trabajo sobre
Equinococosis” (IWGE) de la OMS (Figura 2). Esta clasificacion es util para el médico
clinico a la hora de seleccionar la mejor alternativa terapéutica para el paciente con
EQ [Brunetti et al., 2010; Brunetti et al., 2016].
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WHO IWGE
CEL CEZ CE3A CE3B

TREEE

FIGURA 2. Clasificacion estandarizada de quistes hidaticos seguin WHO-IWGE.
CE1, CE2 y CE3a corresponden a quistes activos, CE3b quistes transicionales, y CE4 y CE5 a

quistes inactivos. [Tomada de Brunetti et al., 2016].

Por otro lado, los métodos serologicos utilizados en el diagndsticos y seguimiento de
pacientes con EQ se basan casi exclusivamente en la deteccion de anticuerpos 1gG
especificos contra antigenos (nativos o recombinantes) presentes en liquido hidatico
(mayoritariamente AgB). En este sentido, se han reportado varias desventajas en el
uso de métodos seroldgicos debido a la moderada/baja sensibilidad-especificidad
diagnostica de los mismos, y al pobre valor pronoéstico durante el seguimiento post-
quirdrgico que presentan debido a la prolongada persistencia de los anticuerpos en
circulacion [Manzano-Roman et al., 2015]. Estas debilidades influyen negativamente
en el uso de técnicas serologicas por parte de los médicos clinicos tratantes de

pacientes con EQ.

El espectro clinico de la EQ va desde infecciones asintomaticas a severas, y raramente
fatales. En la actualidad existen 4 aproximaciones para el manejo clinico de la
enfermedad: para el caso de quistes activos las opciones son cirugia, técnicas
percutaneas y/o quimioterapia, mientras que para quistes inactivos lo usual es el
seguimiento continuo de su evolucién. La decision de cual aproximacion utilizar en
cada paciente deberia basarse en el estadio del quiste, su tamano y localizacion
anatomica, y las co-morbilidades potencialmente asociadas [Brunetti y Junghanss,
2009; Piccoli et al., 2014; Rinaldi et al., 2014].
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1.4. Respuesta immune contra E. granulosus en hospederos intermediarios

En forma similar a lo que ocurre con otras infecciones por cestodos, la EQ
desencadena en el hospedero intermediario respuestas inmunes que generalmente se
asume no se asocian con inmunidad protectora. Por lo tanto, se ha sugerido
ampliamente que el parasito podria ser capaz de evadir y/o modular activamente la
respuesta del hospedero en favor de su sobrevida a través de mecanismos complejos
poco conocidos aun. Por ello, diferenciaremos claramente la informacién existente
referida a la respuesta inmune contra E. granulosus segin el hospedero y tipo de
infeccion, es decir, EQ “natural” en humanos y EQ “experimental” en ratones de

laboratorio.
1.4.1. Respuesta immune contra E. granulosus en humanos

La respuesta inmune de humanos con EQ ha sido estudiada desde diversos angulos a lo
largo de los afnos; sin embargo, aln existen grandes deficiencias en el entendimiento
del papel que desempefnan los distintos efectores inmunes en la defensa del

hospedero.
1.4.1.1. Respuesta de anticuerpos en pacientes con EQ

La respuesta de anticuerpos en humanos con EQ ha sido ampliamente caracterizada.
Sin embargo, a la misma no se le ha podido asignar ain una relevancia real en el
contexto de la defensa del hospedero frente a E. granulosus. Durante la etapa cronica
de la infeccion, se producen niveles elevados de anticuerpos especificos de los isotipos
IgG, IgM e IgE, con predominio particular de las subclases IgG1 e 1gG4 [Dessaint et al.,
1975; Craig, 1986; Pinon et al., 1987; Wen y Craig, 1994; Sterla et al., 1999; Daeki et
al., 2000; Li et al., 2003; Khabiri et al., 2006]. En este sentido, se ha demostrado que
los niveles de subclases IgG especificas contra AgB serian buenos marcadores del status
de la infeccion, ya que titulos elevados de 1gG4 especifica se asocian con las fases
evolutivas de la EQ (quistes activos y transicionales segun clasificacion imagenologica),
mientras que titulos especificos elevados de IgG1, 1gG2 e IgG3 se asocian con las fases

involutivas de la enfermedad (quistes inactivos segin clasificacion imagenoldgica)
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[Daeki et al., 2000]. Estos resultados sugeririan que la secuencia natural de fases
evolutivas a fases involutivas en algunos individuos con EQ se relacionaria con cambios

en el perfil de subclases IgG especificas contra determinados antigenos del parasito.

Ademas de las mencionadas particularidades serolégicas de los pacientes con EQ
dependientes de la historia natural del parasito en su hospedero, recientemente se ha
reportado la influencia que tienen otros parametros sobre la respuesta de anticuerpos
en pacientes con EQ de localizacion hepatica. Factores tales como la edad del
paciente, el nimero de quistes y el tamano de los mismos, también mostraron
influencias sobre los resultados de las pruebas serologicas, tal como se habia
demostrado respecto al efecto de la actividad/viabilidad de los quistes [Lissandrin et
al., 2016].

Por otro lado, al comparar la respuesta humoral de pacientes con EQ primaria y
pacientes con recidivas se observo que estos ultimos presentan niveles mayores de IgE
e IgG4 especificas contra liquido hidatico [Rigano et al., 1995a; Rigano et al., 1995b;
Rigano et al., 1996; Hernandez-Pomi et al., 1997]. Asi, la informacion disponible sobre
la respuesta humoral en pacientes con EQ sugiere que la calidad de las mismas (en
términos de isotipos y subclases de anticuerpos inducidas) podria condicionar el status

de la infeccion.
1.4.1.2. Respuestas de citoquinas en pacientes con EQ

Los helmintos parasitos se caracterizan por inducir el desarrollo de potentes
respuestas inmunes de tipo Th2 en sus hospederos [Diaz y Allen, 2007; Jenkins y Allen,
2010]. Sin embargo, a diferencia de la mayoria de los helmintos, la inmunidad contra
cestodos pareceria depender de efectores inmunes tipicamente asociados a respuestas
de tipo Th1, y E. granulosus no seria la excepcion en su grupo [Hernandez-Pomi et al.,
1997; Rigano et al., 1999a; Rigano et al., 1999b; Amri et al., 2007; Amri et al., 2009].

Los primeros estudios sobre la produccién de citoquinas en pacientes con EQ

comenzaron a mediados de 1990, e inicialmente compararon la respuesta de

citoquinas de células mononucleares de sangre periférica (PBMC) de pacientes con
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infeccidon primaria y pacientes con recidivas, estimuladas in vitro con liquido hidatico.
En dichos estudios se reporté que los individuos con recidivas producen niveles
significativamente mayores de IL-5, IL-4 e IL-10, con valores indetectables o muy bajos
de IFN-y respecto al grupo de pacientes con EQ primaria [Rigano et al., 1995a; Rigano
et al., 1995b; Rigano et al., 1996]. En consonancia con estos resultados, se reporto
luego la presencia de un nimero mayor de eosindfilos circulantes en pacientes con

recidivas respecto a los individuos con EQ primaria [Hernandez-Pomi et al., 1997].

Resultados recientes han confirmado la existencia de un perfil de citoquinas de tipo
Th2 en pacientes con EQ, reforzando la hipétesis que dicho perfil no seria protector
para el hospedero intermediario [Shan et al., 2011]. A modo de ejemplo, en un
reporte reciente donde se realizd un seguimiento por un periodo de 2 afos a 50
pacientes con EQ operados y con quimioterapia antihelmintica post-quirdrgica, se
observé que solo en aquellos donde el tratamiento resultd exitoso los valores de
concentracion sérica de IL-4 e IL-10 descendieron significativamente. Ademas,
aquellos pacientes con tratamiento no exitoso mostraron valores indetectables de IFN-
y en suero [Naik et al., 2016].

Se ha reportado ademas, la existencia de una correlacion entre los niveles de nitritos e
IFN-y producidos por PBMC de pacientes estimuladas in vitro con Ag5, sugiriéndose que
la produccion de déxido nitrico (NO) por parte del hospedero podria influir en el estatus
de los quistes hidaticos [Ait-Aissa et al., 2006]. En este sentido, se ha reportado
ademas que las concentraciones séricas de nitritos en pacientes con recidivas es
significativamente menor a la de individuos con EQ primaria, apoyando el posible
papel anti-parasitario de la produccion de NO [Zeghir-Bouteldja et al., 2013].

Por otro lado, se ha sugerido también que las respuestas Th17 podrian actuar en forma
sinérgica con las de tipo Th1 en la EQ humana [Mezioug y Touil-Boukoffa, 2012].

Estos y otros resultados [Touil-Boukoffa et al., 1997; Amri et al., 2007] sugeririan que
la produccion de NO inducida por IFN-y podria constituir un mecanismo de defensa
contra E. granulosus en humanos infectados, y por lo tanto, el perfil de la respuesta
de citoquinas inducida en pacientes con EQ podria condicionar el pronéstico de la

infeccion.
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1.4.2. Respuesta immune contra E. granulosus en el modelo murino

Los ratones de laboratorio han sido extensamente utilizados como modelo biologico
para el estudio de diversos aspectos relacionados a la inmunobiologia de la infeccion
por E. granulosus. Asi, multiples cepas de ratones y distintos estadios parasitarios
(ademas de diversas vias de inoculacién) han sido utilizados para realizar dichas
infecciones experimentales [Pennoit-De Cooman et al., 1974; Hernandez y Nieto,
1994; Baz et al., 1995; Urrea-Paris et al., 2001; Casado et al., 2001; Siles-Lucas y
Hemphill, 2002; Baz et al., 2006; Cucher et al., 2013]. En este sentido, el modelo
murino de EQ secundaria ha sido ampliamente utilizado no solo para el estudio de
aspectos basicos de la infeccion por E. granulosus [Baz et al., 2006; Dematteis et al.,
1999; Dematteis et al., 2003; Mourglia-Ettlin et al., 2011; Cucher et al., 2013], sino
también para el ensayo preclinico de nuevos agentes quimioterapéuticos [Ceballos et
al. 2010; Breijo et al., 2011; Cumino et al., 2012], estudios de potenciales candidatos
vacunales [Hernandez y Nieto, 1994; Hashemitabar et al., 2005; Burgu et al., 2007]; y
de herramientas diagnosticas y/o de seguimiento [Denegri et al., 1995; Ferragut et
al., 1998; Mamuti et al., 2002]. En gran medida, el modelo de EQ secundaria ha
ganado terreno sobre otros modos de infeccion (principalmente la primaria) ya que
permite utilizar estadios parasitarios no infectivos para el ser humanos y por ende,

permite trabajar bajo condiciones de bioseguridad menos estrictas.

El modelo de EQ secundaria consiste en la inoculacion de ratones por via
intraperitoneal (i.p.) con PSC viables y se basa en la capacidad que estos tienen para
diferenciarse a quistes en hospederos intermediarios inmunocompetentes [Heath,
1970]. La cepa de ratones Balb/c ha sido las mas utilizada como modelo y es a partir
de la cual se ha obtenido la mayor parte de la informacion disponible.

La EQ secundaria experimental puede dividirse en dos etapas: una etapa temprana
(hasta el dia 20-30 p.i. aproximadamente) durante la cual se establece la infeccidn
(los PSC se diferencian a quistes) [Richards et al., 1983], seguida de una etapa tardia o
cronica en la cual los quistes ya establecidos crecen en tamano y eventualmente se

vuelven fértiles.
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1.4.2.1. Respuesta de anticuerpos en ratones infectados con E. granulosus

Los aspectos inmunoldgicos de la respuesta del hospedero en el modelo murino de EQ
secundaria han sido analizados en varios de sus aspectos. Al igual que en los estudios
en pacientes con EQ, la relevancia que tienen las respuestas de anticuerpos contra el
parasito no ha sido claramente establecida aln. Los estudios iniciales sobre la
respuesta humoral en el modelo de infeccion secundaria mostraron que en la etapa
cronica de la infeccidn existen variaciones cuantitativas y cualitativas en la produccion
de anticuerpos en forma dependiente del estadio especifico del parasito [Araj et al.,
1977; Liu et al., 1992; Haralabidis et al., 1995]. Asimismo, se ha mostrado que la
respuesta de anticuerpos contra liquido hidatico analizada durante la fase crénica de
la infeccion, no se induce maduraciéon de la avidez y que ademas dichos anticuerpos
estan dirigidos principalmente contra epitopes glucidicos (sensibles al tratamiento con
meta-periodato de sodio) [Ferragut y Nieto, 1996]. Ademas, se observo que la relacion
entre los titulos de 1gG1 e IgG3 especificas (IgG1/1gG3) contra antigenos somaticos de
PSC (PSA), asi como la avidez de los anticuerpos IgG3 especificos, decrece a lo largo

del tiempo al igual que el reconocimiento de epitopes peptidicos [Severi et al., 1997].

Por su parte, la respuesta de anticuerpos durante la etapa temprana de la infeccion
experimental ha sido menos estudiada. Hasta el momento se ha reportado que ratones
Balb/c con una semana de infeccion producen anticuerpos IgM e IgG especificos contra
PSA a nivel sistémico [Dematteis et al., 1999] y que dichas respuestas inducidas
tempranamente serian en gran medida del tipo T-independientes dirigidas
principalmente contra epitopes glucidicos [Baz et al., 1999; Baz et al., 2008]. Mas
recientemente, nuestro grupo reportd que en ratones Balb/c con 5 dias de infeccion se
producen niveles significativos de anticuerpos IgM e 1gG2b especificos contra PSA
secretados por plasmoblastos peritoneales [Mourglia-Ettlin et al., 2011]. Esta
respuesta especifica inducida tempranamente podria ser relevante en el
establecimiento de la infeccion, ya que (al menos in vitro) los PSC son altamente
sensibles a la activacion del sistema del complemento por via clasica [Ferreira et al.,
1992].
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1.4.2.2. Respuestas de citoquinas en ratones infectados con E. granulosus

En forma analoga a lo que sucede en humanos, los helmintos parasitos se caracterizan
por potenciar el desarrollo de potentes respuestas inmunes de tipo Th2 también en
modelos murinos [Diaz y Allen, 2007; Jenkins y Allen, 2010]. Sin embargo,
analogamente a lo observado en humanos, la inmunidad contra E. granulosus en
ratones infectados pareceria depender de efectores inmunes tipicamente asociados a
respuestas de tipo Th1 [Rogan, 1998; Dematteis et al., 1999; Dematteis et al., 2003;
Al-Qaoud y Abdel-Hafez, 2008; Mourglia-Ettlin et al., 2011].

En este sentido, Rogan (1998) analizo el perfil de citoquinas producido por células de
bazo de ratones Balb/c con infeccion crénica estimuladas in vitro con ConA, y observo
que el mismo se caracteriza por una produccion predominante de IL-10 e IL-4, con
niveles reducidos de IFN-y. Asimismo, las células periparasiticas en dichos animales
producian predominantemente IL-10 al ser estimuladas in vitro [Rogan, 1998]. Por otro
lado, el analisis del perfil de citoquinas en ratones implantados quirurgicamente con
quistes hidaticos viables de origen murino, mostré que 4 meses post-implantacion las
células de bazo y las células periparasiticas de aquellos animales con quistes inviables
producian niveles significativamente elevados de IFN-y, mientras que en los ratones
con quistes aun viables la produccion de IFN-y era muy reducida [Rogan, 1998]. Estos
resultados sugirieron que las respuestas de citoquinas de tipo Th2 serian inducidas por
el parasito de forma tal de inhibir la produccion de citoquinas de tipo Th1

potencialmente perjudiciales para el mismo.

Por otro lado, la respuesta de citoquinas en células de bazo de ratones con infeccion
temprana estimuladas in vitro con PSA también se caracteriza por la produccion
predominante de citoquinas de tipo Th2 (IL-4, IL-5 e IL-10) sin detectarse niveles
apreciables de IFN-y [Dematteis et al., 1999]. Asimismo, nuestro grupo ha reportado
recientemente que en ratones Balb/c infectados existe una cinética bifasica en la
expresion temprana de citoquinas a nivel local, es decir, en células peritoneales.
Dicha cinética se caracteriza por una induccion inicial de citoquinas de tipo Th1
seguida de un cambio hacia un perfil de tipo Th2 aproximadamente al dia 5 post-

infeccion. Interesantemente, la expresion de IL-10 mostré un aumento igualmente
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rapido al de las citoquinas Th1 pero sostenido a lo largo del tiempo [Mourglia-Ettlin et
al., 2011]. Claramente, esta respuesta no seria completamente eficiente contra E.

granulosus ya que la infeccion igualmente logra establecerse.

En este sentido, evidencias indirectas sugieren que mecanismos asociados a los efectos
del IFN-y podrian ser relevantes en la eliminacion temprana de un nUmero importante
de PSC, ya que células peritoneales adherentes de ratones Balb/c normales activadas
con IFN-y o IFN-y/LPS muestran actividad protoscolicida in vitro [Dematteis et al.,
2003]. Estos y otros resultados [Al-Qaoud y Abdel-Hafez, 2008], apoyarian la hipotesis
que el IFN-y (citoquina clave en las respuestas de tipo Th1) tendria un papel central en
la eliminacion del parasito, y por lo tanto, el desarrollo temprano de una respuesta de
citoquinas de tipo Th2 podria interpretarse como un mecanismo modulado y/o

inducido activamente por el parasito en beneficio de su sobrevida.

1.5. Fendomenos de susceptibilidad/resistencia frente a la infeccion por E.

granulosus en hospederos intermediarios

Los fendmenos de resistencia/susceptibilidad frente a la infeccion por E. granulosus en
hospederos intermediarios (naturales y experimentales) han sido escasamente
estudiados hasta el momento. En este sentido, se ha postulado que el perfil de la
respuesta humoral y de citoquinas del hospedero determinaria en gran medida el éxito
del establecimiento de la infeccidn (susceptibilidad del hospedero) o la eliminacién

del parasito (resistencia del hospedero) [Yang et al., 2012].

1.5.1. Evidencia y sugerencias provenientes de estudios en humanos

En humanos, existen muy pocos reportes donde basicamente se analicen asociaciones
potenciales entre la probabilidad de ser mas susceptible a la infeccion por E.
granulosus como una funcion de la presencia en el individuo de determinados
polimorfismos en genes relevantes para el sistema inmune [Azab et al., 2004a; Al-
Ghoury et al., 2010; Kiper et al., 2010; Yalcin et al., 2010]. Por ejemplo, se ha
reportado que en la poblacion egipcia aquellos portadores de los alelos HLA-DR3 y -

DR11 presentan mayor riesgo de padecer la enfermedad [Azab et al., 2004a]. Por otro
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lado, estudios realizados sobre la poblacion yemeni mostraron que los portadores del
alelo HLA-DR16 serian mas susceptibles al desarrollo de EQ, mientras que aquellos
portadores de los alelos HLA-DR1, -DR8 y -DR52 mostrarian ciertos niveles de
resistencia a la infeccion [Al-Ghoury et al., 2010]. Es interesante destacar que el alelo
HLA-DR1 también ha sido asociado con resistencia (junto al alelo HLA-B18) en nifos
turcos, mientras que en esta poblacién el alelo HLA-DR15 se asociaria con
susceptibilidad frente a la EQ [Yalcin et al., 2010]. Por otro lado, Kiper et al. (2010)
analizaron los polimorfismos existentes en los genes TAP1 y TAP2 en una cohorte de
ninos turcos con EQ, y reportaron que la heterocigosis u homocigosis en ciertos

polimorfismos se asocian con distintos niveles de susceptibilidad a la infeccion.

Los resultados descriptos permitirian postular la existencia de cierto grado de
predisposicion inmunogenética responsable (al menos parcialmente) de la
resistencia/susceptibilidad frente a la infeccion por E. granulosus en humanos. Esta
predisposicion influiria sobre el desarrollo de la respuesta inmune del hospedero
contra el parasito condicionando la capacidad de este Ultimo de establecer una
infeccion cronica [Yang et al., 2012]. En este sentido, se ha reportado que aquellos
pacientes con titulos muy altos de anticuerpos IgG especificos contra liquido hidatico
presentan una frecuencia significativamente elevada en cuanto al porte de los alelos
HLA-DR3 y -DR11 [Azab et al., 2004b], los cuales previamente se fueron reportados
como alelos asociados a susceptibilidad [Azab et al., 2004a]. Asi, las respuestas de
anticuerpos influenciadas por la carga inmunogenética del hospedero podrian estar
relacionadas con fenomenos de resistencia/susceptibilidad frente a la infeccion por E.

granulosus en humanos.

En este sentido, es interesante mencionar que a través de trabajos de campo
realizados en diversas regiones endémicas para EQ a nivel mundial, se ha observado
que el numero de individuos seropositivos para antigenos del parasito siempre es
superior al nimero de casos de EQ confirmados mediantes técnicas imagenoldgicas
[Bonifacino et al., 1991; Nahmias et al., 1991; Zhang et al., 1994; Cohen et al., 1998;
Shambesh et al., 1999; Hernandez et al., 2005; Gavidia et al., 2008]. Por ejemplo, en
la region central de Per( se ha reportado que un 20% de la poblacion resultd ser

seropositiva contra antigenos de E. granulosus, mientras que solo un 3% fue
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diagnosticada para EQ mediante técnicas imagenologicas [Gavidia et al., 2008].
Resultados similares se han reportado en Yirka, un poblado ubicado en la region norte
de Israel, donde si bien el 9% de los individuos examinados mostré resultados
serologicos positivos para E. granulosus, solo el 1.6% fue finalmente diagnosticado para
EQ [Nahmias et al., 1991]. Estos resultados podrian sugerir que solo una proporcion
“pequena” de desafios humanos con oncosferas de E. granulosus resultarian en el

establecimiento exitoso del parasito con el consiguiente desarrollo de EQ.

En Uruguay también se han reportado resultados similares [Bonifacino et al., 1991;
Cohen et al., 1998]. Por ejemplo, en la region de Caraguata (Tacuarembo) (Figura 3)
se ha reportado que el 8.8% de los habitantes mostraron ser seropositivos para
antigenos de E. granulosus, mientras que solo el 0.8% fue finalmente diagnosticado
para EQ mediante estudios imagenoldgicos [Hernandez et al., 2005]. En este sentido,
se ha sugerido que los anticuerpos especificos contra el parasito en los individuos
seropositivos pero normales segin diagnostico imagenoldgico que residen en zonas
endémicas para E. granulosus, podrian tener cierta funcion protectora frente al
desarrollo de la EQ [Rogan et al., 1992]. Sin embargo, las caracteristicas de dichos
anticuerpos, asi como la frecuencia en la distribucion de alelos del complejo HLA en

dichos individuos, no han sido estudiadas hasta el momento.

FIGURA 3. Mapa politico de Uruguay.
Se destacan la ubicacion del departamento de Tacuarembd (en naranja) y la zona aproximada
de Caraguata (circulo negro), asi como la localizacién del departamento de Montevideo (en

verde).
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1.5.2. Evidencias y sugerencias provenientes de estudios en modelos murinos

Los fenomenos de resistencia/susceptibilidad frente a la infeccion por E. granulosus en
ratones no han sido estudiados en forma sistematica. Sin embargo, existe cierta
evidencia indirecta que apoyaria la relevancia que las respuestas de anticuerpos y de
citoquinas del hospedero experimental tendrian en dichos fenomenos. En este sentido,
estudios realizados por nuestro grupo mostraron diferencias en la respuesta temprana
de citoquinas en ratones Balb/c inoculados con una dosis menor de parasitos (500
PSC/raton) respecto a la comunmente utilizada en el modelo de EQ secundaria (2.000
PSC/raton). La diferencia mas notable entre ambos grupos fue la produccion de IFN-y
por células de bazo estimuladas in vitro con PSA, ya que Unicamente aquellos ratones
infectados con la dosis menor de PSC produjeron niveles significativos de esta
citoquina, lo cual se tradujo en un menor tamano de los quistes hidaticos desarrollados
[Dematteis et al., 2003].

Por otra parte, tanto la respuesta de anticuerpos como la de citoquinas inducidas en
un hospedero desafiado con un patdégeno, dependen en gran medida de las
caracteristicas genéticas del hospedero. Dicha dependencia se ha asociado con
fendmenos de susceptibilidad/resistencia frente a infecciones parasitarias. Un ejemplo
clasico es la infeccion experimental por Leishmania spp., en la cual los ratones de la
cepa Balb/c son susceptibles a la infeccion, mientras que los ratones de la cepa
C57BL/6 son resistentes. Esta diferencia en susceptibilidad se asocia claramente con la
respuesta de citoquinas inducida en cada cepa de ratones: los ratones de la cepa
susceptible montan respuestas de citoquinas de tipo Th2 contra el parasito, mientras
que los individuos de la cepa resistente desarrollan respuestas de citoquinas de tipo
Th1 [Bogdan et al., 1996; Etges y Muller, 1998; Launois et al., 1998].

En el caso de susceptibilidad diferencial entre cepas de ratones frente a la infeccion
por E. granulosus existen solo 2 reportes en la literatura donde se analiza este tépico,
aunque con importantes diferencias en cuanto al estadio parasitario utilizado (y al
origen del mismo), la via de inoculacion, las cepas de ratones en estudio y el punto
temporal final de analisis parasitologico de la infeccion [Pennoit-De Cooman y De

Rycke, 1970; Dempster et al., 1991]. Por un lado, Pennoit-De Cooman y De Rycke
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(1970) analizaron el resultado de infecciones con E. granulosus en las cepas de ratones
albino AZ, albino Swiss y NMRI, mediante la inoculacion por via subcutanea de una alta
dosis de PSC (10.000 PSC/ratdn) obtenidos de quistes hidaticos de origen equino. En
dicho estudio no hallaron diferencias significativas entre cepas de ratones en cuanto al
numero de quistes subcutaneos recuperados. Por otro lado, Dempster et al. (1991) han
reportado que al administrar por via oral oncésferas activadas a ratones endogamicos
de distintas cepas (DBA, CBA, Balb/c y C57Bl/6) y exogamicos (CF-1), los ratones de la
cepa Balb/c mostraron la mayor susceptibilidad a la infeccion, mientras que aquellos
pertenecientes a la cepa C57Bl/6 resultaron ser los Unicos totalmente refractarios.
Interesantemente, la administracion i.p. de oncosferas activadas tuvo un efecto
diferente: mientras que los ratones de la cepa CBA fueron los mas susceptibles a la
infeccion, las cepas C57Bl/6 y Balb/c resultaron ser mas resistentes aunque no
totalmente refractarias [Dempster et al., 1991]. Si bien estos resultados apoyarian la
existencia de fenomenos de resistencia/susceptibilidad frente a la infeccion por E.
granulosus segun la cepa de ratones utilizada, no existe hasta el momento ningun

reporte sobre estos fenomenos en el modelo “clasico” de EQ secundaria.
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2. HIPOTESIS DE TRABAJO

La hipotesis central del presente trabajo se basa en que las respuestas inmunes
desencadenadas por ciertos hospederos intermediarios (tanto humanos como ratones
de laboratorio) tendrian un papel crucial en limitar el establecimiento y/o desarrollo
del metacestodo de E. granulosus. De esta forma, la exposicion (natural o
experimental) a estadios infectivos del parasito no siempre derivaria en un

establecimiento exitoso de la infeccion.
3. OBJETIVOS
3.1. Objetivo general
Aportar al conocimiento basico de las respuestas inmunes potencialmente protectoras
desencadenadas por hospederos intermediarios (humanos y ratones de laboratorio)
frente a la infeccion por E. granulosus.
3.2. Objetivos especificos
1. Caracterizar serologicamente una cohorte de individuos residentes en
Caraguata (zona endémica para E. granulosus) que son seropositivos para el

parasito pero no muestran resultados imagenoldgicos compatibles con EQ.

2. Establecer un modelo de susceptibilidad diferencial a la EQ secundaria

utilizando las cepas de ratones Balb/c y C57BL/6.

3. Analizar la relevancia de las respuestas de anticuerpos (naturales e inducidos)

en la susceptibilidad a la infeccién en el modelo murino de EQ secundaria.

4. Evaluar el papel de la respuesta temprana de células peritoneales en la

susceptibilidad a la infeccion en el modelo murino de EQ secundaria.
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SUMMARY

Cystic echinococcosis is a zoonotic disease caused by the ces-
tode parasite Echinococcus granulosus. In endemic regions,
seropositive individuals to E. granulosus usually and mark-
edly outnumber image-confirmed cases of cystic echinococco-
sis, suggesting that some parasite challenges derive in
unsuccessful infection establishments. However, it is still
unknown whether such parasite-specific antibodies in healthy
individuals might play a role in resistancelsusceptibility to
the infection. Therefore, we have here analysed the profile of
antibodies recognizing E. granulosus antigens in seropositive
but ultrasound normal individuals, as well as in surgery-con-
firmed patients and healthy donors. Our results showed that
ultrasound normal individuals exhibited low avidity IgG anti-
bodies, as well as low levels of parasite-specific IgGl and
1gG4 antibodies. In addition, they displayed significant levels
of specific IgE, and thus, they revealed a uniquely high IgE:
IgG4 ratio. Moreover, high levels of parasite-specific IgM
were detected in such individuals, which showed characteris-
tics of natural cross-reacting antibodies. Therefore, our
results indicate that ultrasound normal individuals but
seropositive for E. granulosus antigens exhibit a distinctive
antibody profile. In this regard, possible associations between
their antiparasite antibodies and potential resistance mecha-
nisms to cystic echinococcosis are discussed.

Keywords Echinococcus granulosus, IgE, IgG4, natural
IgM, resistance

INTRODUCTION

Cystic echinococcosis (CE) is a parasite zoonotic disease
with cosmopolitan distribution caused by the larval stage
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of the cestode Echinococcus granulosus, showing a world-
wide prevalence of roughly six million infected people
(1,2). Primary CE occurs in intermediate hosts (domestic
and wild ungulates, being humans an accidental host) and
derives from the ingestion of oncosphere-containing eggs,
which later develop into metacestodes (hydatid cysts)
mainly in the liver and lungs of the infected host. Second-
ary CE comes about after spillage of protoscoleces from a
fertile cyst within an already infected intermediate host.
This kind of infection results from protoscoleces develop-
mental plasticity, which allows them to generate new cysts
within intermediate hosts or adult worms if ingested by a
definitive host. Dogs are the most common definitive host
for E. granulosus and adult worms reside in their intesti-
nes, where they produce eggs containing oncospheres that
are spread into the environment through dog faeces (2).

In helminth infections, antibodies are supposed to help
in parasite clearance, to limit disease, and possibly to pre-
vent parasite entry into the vasculature and adherence to
mucosal surfaces (3). To those ends, the class and subclass
of the antibody response is essential because each isotype/
subclass has specific biological functions. Thus, it may be
crucially important for a parasite-challenged host to
mount the most appropriate antibody response, which is
the one with the best chance of clearing the infection and/
or controlling the disease. Although there is no direct evi-
dence on the influence of intrinsic host factors on differen-
tial production of antibody isotypes, genetic background
has been highlighted in susceptibility to several parasites
(3). In human CE, the number, size, location and condi-
tion of the cysts influence parasite-specific IgG produc-
tion, and only 60-80% of confirmed CE cases have been
reported to be seropositive (4). However, parasite-specific
IgG subclasses in patients with seropositive CE have been
shown to differ when grouped according to infection stage
(5,6), primary vs. relapsed disease (7) or chemotherapy
responsiveness (8). In this regard, through analysis of the
association between HLA polymorphisms and humoral
response in patients with CE, it has been reported that
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patients with high antihydatid fluid IgG responses showed
a significant increased frequency of HLA-DR3 and HLA-
DRI11 alleles (9), which in fact were previously reported to
be susceptibility associated (10). Therefore, antibody
responses could be related to infection susceptibility in
human CE.

Field surveys in several endemic regions for E. granulo-
sus around the world have shown that seropositive individ-
uals usually and markedly outnumber image-confirmed
CE cases (11-17), which might suggest that human chal-
lenge with E. granulosus not always derives in a successful
infection establishment. For example, in central highlands
of Peru, it has been reported that although roughly 20%
of the population showed to be seropositive for E. granu-
losus antigens, only 3% were image-confirmed CE cases
(17). Similar results were reported in the northern Israeli
town of Yirka, where 9% of examined individuals showed
to be seropositive while only 1:6% were diagnosed as
patients with CE (12). Protective roles mediated by para-
site-specific antibodies in healthy individuals residing in
E. granulosus endemic areas have been suggested (18). In
this regard, it was postulated that in highly endemic
regions, there may be abundant low viability eggs able to
induce immune responses without developing into cysts.
Additionally, they suggested that the presence of eggs
from other taeniid species might produce partial cross-pro-
tection to E. granulosus (18). Whatever the reason, para-
site-specific antibodies in healthy individuals from endemic
regions might be responsible for a certain degree of resis-
tance to CE, although the individual nature of this
response has not been determined yet.

In Uruguay, results on differences between prevalence of
seropositive individuals and image-confirmed CE cases
have also been previously reported (11,14). In fact, our
group found that 8-8% of inhabitants from a highly ende-
mic region for E. granulosus in Uruguay (Caraguatd) were
seropositive, while only 0-8% were image diagnosed as
patients with CE (16). The present work — which is a con-
tinuation of that report — aimed at analysing whether anti-
body profiles in ultrasound normal individuals with
positive serology to E. granulosus antigens (termed UN

Parasite Immunology

individuals) could be associated with potential resistance
mechanisms to CE. To that end, we analysed and com-
pared the existing differences in specific antibodies
between UN individuals, patients with CE and healthy
donors.

MATERIALS AND METHODS

Serum samples

Samples belonged to the serum bank stored at —80°C
reported in (16), according to Ethics Statements described
therein. Sera were clustered into three groups: (i) UN indi-
viduals, (ii) patients with CE and (iii) healthy donors. For
a detailed description of the populations (Table 1). UN
individuals residing in an endemic region (Caraguatd) were
defined as seropositive to E. granulosus antigens but nega-
tive for CE through image studies (sonography and X-
rays) during a period of 2 years (16). Healthy donors’
group was composed of residents from Caraguatd and
Montevideo (nonendemic region) showing no significant
differences between them in any studied parameter (data
not shown).

Echinococcus granulosus crude antigens

Protoscoleces from E. granulosus were obtained by aseptic
puncture of fertile bovine hydatid cysts and were washed
several times with phosphate-buffered saline (PBS) pH 7-2
containing gentamicin (40 pg/mL). Protoscoleces somatic
antigens (PSA) were obtained by ultrasound disruption
according to (19), and protein content was assessed using
BCA Protein Assay Reagent (Pierce) following manufac-
turer instructions. PSA was stored at —20°C until use.

Determination of total antibodies concentrations

Total IgG, IgM and IgA concentrations were determined
by radial immunodiffusion using isotype-specific plates
(Diffu-Plate, Biocientifica SA, Buenos Aires, Argentina). In
each well, 5 pL of serum was added and then plates were

Table 1 Description of study groups. Serum samples were clustered into three groups: UN individuals, patients with CE and healthy

donors

UN individuals CE patients Healthy donors
n (F: M) 14 (12:2) 21 (11 : 10) 26 (13 : 13)
Median age (range) 30 (9-60) 43 (12-78) 31 (11-71)
E. granulosus serology Positive Positive Negaive/Healthy®

Hydatid cyst Non-suspected by sonography Surgically confirmed Non-suspected by sonograpy/Healthy"

“Within this group, 12 individuals resided in Caraguatda (seronegative without suspected hydatid cysts by sonography) (16), while the rest
were healthy donors living in a nonendemic region in Uruguay (Montevideo) with no personal history of CE.
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incubated at room temperature during 48/72 h following
manufacturer instructions. Results were read manually.

Titration of parasite-specific IgG, IgM and IgA
antibodies

PSA-specific 1gG, IgM and IgA antibodies were deter-
mined by ELISA according to (20). Appropriate dilutions
of each individual sample (in duplicate) were analysed, and
the resulting mean value was reported. Specific IgM, IgG
and IgA were determined using appropriate goat anti-
human isotype antibodies labelled with peroxidase
(Sigma or DAKO Sigma (St. Louis, MO, USA) or DAKO
(Glostrup, Denmark)). Peroxidase activity was detected
using O-phenylendiamine as chromophore (Sigma), and
absorbance values were recorded at 492 nm. A pool of sera
from CE patients with median-high titres of anti-PSA anti-
bodies was used as a standard in every assay. Absorbance
values for each sample were converted into antibody arbi-
trary units per mL (AU/mL) referred to this standard (21).

Titration of parasite-specific IgG and IgA subclasses

PSA-specific IgG1, 1gG2, IgG3 and IgG4 antibodies were
determined as described above using appropriate mouse
anti-human IgG subclasses monoclonal antibodies labelled
with biotin (Sigma) and streptavidin peroxidase (Sigma).
Anti-PSA IgAl and IgA2 antibodies were determined as
described above using appropriate rabbit anti-human IgA
subclasses antibodies (Nordick) followed by goat anti-rabbit
IgG antibodies labelled with peroxidase (Thermo Scientific
(Loughborough, UK)). In all cases, three appropriate dilu-
tions of samples were analysed and the mean value was
reported. A pool of sera from CE patients with median-high
titre of anti-PSA antibodies was used as a standard in every
assay. Absorbance values for each sample were converted
into antibody arbitrary units per mL (AU/mL) referred to
this standard (21).

Avidity index determination

Avidity index of anti-PSA IgG, IgM and IgA antibodies
was determined by chaotropic elution (22), using potas-
sium thiocyanate (KSCN) as a chaotropic agent. Briefly,
appropriate dilutions of samples were dispensed in four
wells of PSA-coated and blocked ELISA plates and incu-
bated as usually. Then, 100 pL/well of PBS or 1-5w™
KSCN in PBS was added in duplicates, and the plates
were incubated at room temperature for 30 min. After
washing the chaotropic solution, ELISA protocol was fol-
lowed as described above. Mean value of absorbance in
the absence of KSCN was assumed to represent 100%

© 2016 John Wiley & Sons Ltd, Parasite Immunology, 38, 93—100

Antibodies and resistance to E. granulosus

specific antibody binding. Avidity index was defined as the
remaining absorbance percentage (mean value) after incu-
bation with 1-5 m KSCN.

Titration of parasite-specific IgE antibodies

To determine anti-PSA IgE titres by ELISA, IgG antibod-
ies were first depleted by incubating each serum sample
with Protein G Agarose Fast Flow (Sigma) and following
manufacturer instructions. Samples were analysed in dupli-
cate, and the resulting mean value was reported. Anti-PSA
IgE antibodies were determined as described above using
appropriate rabbit anti-human IgE antibodies (DAKO)
followed by goat anti-rabbit IgG antibodies labelled with
peroxidase (Thermo Scientific). A pool of sera (IgG
depleted) from CE patients with median-high titre of anti-
PSA antibodies was used as a standard in every assay.
Absorbance values for each sample were converted into
antibody arbitrary units per mL (AU/mL) referred to this
standard (21).

Statistics

Statistical differences between groups were assessed by
nonparametric Mann-Whitney U-test and correlation
analyses by Spearman’s rank correlation test. In all cases,
differences or correlations were regarded as significant
with P-value <0-05.

RESULTS

UN individuals and patients with CE differed in their
antiparasite IgG profiles

Firstly, we analysed serum levels of parasite-specific I1gG
antibodies in the three groups. As expected, patients with
CE showed significantly higher levels than healthy donors
(Figure la), but UN individuals showed no differences
with either groups (Figure la). Additionally, total IgG
concentration was similar in every group (data not
shown). Nevertheless, the avidity of those specific IgG
antibodies showed similar values in UN individuals and in
healthy donors, being in both cases significantly lower
than in patients with CE (roughly threefold in terms of
group median values) (Figure 1b).

On the other hand, results obtained from the analyses
on parasite-specific IgG subclasses showed interesting dif-
ferences (Figure 1c—f). In fact, UN individuals showed sig-
nificantly lower levels of anti-PSA IgGl and IgG4
antibodies than patients with CE did (approximately two-
fold and 300-fold in terms of group median values, respec-
tively) (Figure lc,f). No remarkable differences between
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groups were observed for parasite-specific [gG2 and 1gG3
antibodies (Figure 1d,e).

Overall, our results showed important
between UN individuals and patients with CE regarding
specific IgG antibodies. Unlike patients with CE, UN indi-
viduals exhibited low avidity IgG antibodies, as well as
low levels of PSA-specific IgG1 and IgG4 antibodies.

differences

Antiparasite IgE levels were different in UN individuals,
patients with CE and Healthy donors

Parasite-specific IgE production is a feature of helminth
infections, and therefore, levels of anti-PSA IgE antibodies
were analysed in the three groups. Results in Figure 2(a)

96

show that patients with CE displayed higher levels of anti-
PSA IgE than healthy donors did (80-fold in terms of
group median values). Interestingly, UN individuals
showed remarkable differences with CE patients and with
healthy donors, being their anti-PSA IgE levels signifi-
cantly lower and higher, respectively (11-fold and eightfold
in terms of group median values, respectively) (Figure 2a).

On the other hand, the ratio between parasite-specific
IgE and IgG4 levels has been suggested as an indicator of
the efficiency of antibody responses in helminth infections
due to IgG4 inhibitory effects on IgE biological functions
(23). Thus, we calculated the IgE:IgG4 ratio in each
individual from the three groups by dividing their levels
of parasite-specific IgE by IgG4 levels. Results shown in

© 2016 John Wiley & Sons Ltd, Parasite Immunology, 38, 93—100
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Figure 2(b) indicate that UN individuals exhibited signifi-
cantly higher IgE:IgG4 ratios than patients with CE and
healthy donors (eightfold in terms of group median values)
(Figure 2b).

Summing up, our results showed that UN individuals
displayed low levels — although significant — of antipara-
site IgE antibodies in concomitance with significantly
higher ratios of specific IgE:1gG4.

UN individuals showed a unique profile of parasite-
specific IgM antibodies

Evaluation of antiparasite IgM levels showed outstanding
results (Figure 3a). UN individuals displayed significantly

higher values than any other group, while no differences in
parasite-specific [gM levels were observed between patients
with CE and healthy donors (Figure 3a). Interestingly,
such differences were not associated with differences in
total IgM concentration (Figure 3b).

Several reports have suggested that natural IgM — unlike
induced IgM — represents a constant proportion of total
serum IgM concentration, being therefore their levels lin-
early correlated (24-26). Therefore, we further analysed
the interrelationships between parasite-specific IgM levels
(either natural and/or induced) and total IgM concentra-
tions in the three groups (Figure 3c). As expected, natural
cross-reacting IgM levels in healthy donors showed an
important positive and significant correlation with total
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IgM concentrations (Figure 3¢). On the contrary, in
patients with CE, although both parameters displayed an
appreciable interrelationship, it did not significantly corre-
late (Figure 3c). This result might be a consequence of the
presence of both natural cross-reacting and parasite-
induced IgM antibodies in patients with CE. Interestingly,
correlation analysis in UN individuals showed a positive
and significant correlation between parasite-specific IgM
levels and total IgM concentrations, in a similar extent to
the one observed in healthy donors (Figure 3c). In addi-
tion, avidity index determination in parasite-specific IgM
antibodies showed similar values in UN individuals and
healthy donors, while in patients with CE, values were sig-
nificantly higher (Figure 3d). Thus, although it requires
further confirmation, we hypothesize that parasite-specific
IgM detected in the sera from UN individuals might
belong to the pool of natural cross-reacting antibodies.
Additionally, it is worth mentioning that the higher titres
of anti-PSA IgM with low avidity indexes in UN individu-
als might probably reflect a higher concentration of para-
site-specific IgM.

UN individuals and patients with CE exhibited no
differences in antiparasite IgA antibodies

Total IgA concentration and levels of anti-PSA IgA and
IgA subclasses were analysed in the three groups. How-
ever, no remarkable differences were observed between
UN individuals and patients with CE in any IgA-related
parameter (data not shown).

DISCUSSION

It has long been known that antigens from E. granulosus
induce appreciable antibody responses in patients with
CE. However, the immunological relevance of such
responses has not been clearly determined yet. In this
regard, most research on antibody responses in patients
with CE has dealt with specific IgG and IgE responses,
and the first studies on IgG subclasses in human CE indi-
cated the existence of a switch from predominant IgGl to
IgG4 antibodies with disease progression (2). Thenceforth,
the peculiar role of IgG4 in CE has been extensively stud-
ied and it is actually considered an immunological marker
for the disease (5). IgG4 subclass is associated with pro-
longed, chronic infections, and it is a neither cytophilic
nor complement-fixing antibody, which binds weakly to
Fc receptors. Therefore, its induction has been associated
with parasites’ ability to evade the host immune response
(3). In accordance with these studies, it has been reported
that albendazole-treated patients exhibiting good therapeu-
tic and clinical response to treatment had significantly
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lower IgG4 levels than poor or nonresponders, whereas
IgG1 levels showed a reverse trend (27,28). In addition,
higher IgG4 levels were seen in CE patients with progres-
sive disease, while patients with stable disease showed
higher IgG1 and IgG3 levels (8). Furthermore, specific
IgG4 antibodies have been particularly associated with
cysts development, growth and disease progression (CE
evolutive phase), whereas IgG1, IgG2 and IgG3 responses
occurred predominantly when cysts became infiltrated or
were destroyed by the host (CE involutive phase) (6).
Thus, E. granulosus-specific 1gG subclasses seem to influ-
ence the natural history of human CE. In this regard, our
results showed that UN individuals exhibited lower levels
— in fact virtually undetectable — of parasite-specific 1gG1
and IgG4 antibodies than patients with CE (Figure lc,f).
These results — at least for IgG4 antibodies — seem to be
in accordance with the above-mentioned reports and sug-
gest that low levels of antiparasite IgG4 in UN individuals
might be related to the absence of ultrasound images com-
patible with hydatid cysts.

On the other hand, our results also showed that anti-
PSA IgE levels in UN individuals were higher than in
healthy donors and lower than in patients with CE (Fig-
ure 2a). Interestingly, IgE-mediated degranulation of effec-
tor cells was reported to be inhibited by parasite-specific
IgG4 antibodies (23). Such inhibition results from the
known competition between IgG4 and IgE for the anti-
body-fixation sites on mast cells and eosinophils, being
bound-IgE — unlike bound-IgG4 — able to induce their
degranulation (29). In fact, through histamine-release
assays, it was found that among the four IgG subclasses,
only IgG4 levels correlated with IgE-blocking activity and
that such inhibition could be abolished by the selective
depletion of serum IgG4 (30). In this regard, our results
on the higher IgE:IgG4 ratio observed in UN individuals
in comparison with CE patients (Figure 2b) might suggest
the existence of a more efficient antibody response in
those individuals. Thus, the fine-tuned balance between
specific antibodies able to exert potent (e.g IgE) or weak
(e.g IgG4) antiparasite activities could be suggested as a
measurement of the effective/ineffective responses against
human CE. Similar suggestions have been proposed for
other helminth infections in humans (31).

Finally, our results also highlighted differences between
groups regarding parasite-specific [gM, with UN individu-
als exhibiting the highest levels of anti-PSA IgM antibod-
ies (Figure 3a). Moreover, their positive correlation with
total IgM concentrations (Figure 3¢) and their avidity val-
ues resembling natural cross-reacting antibodies in healthy
donors (Figure 3d), suggested that antiparasite IgM in
UN individuals probably belonged to the class of natural
cross-reacting antibodies. Natural antibodies — being IgM

© 2016 John Wiley & Sons Ltd, Parasite Immunology, 38, 93—100
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the predominant isotype — are produced at tightly regu-
lated levels in the complete absence of external antigenic
stimulation and provide early protection against several
pathogens including viruses, bacteria, fungi and parasites
(32-34). Polyreactivity is an outstanding feature of natural
antibodies, providing hosts with pre-existing broad anti-
body repertoires which allow them to rapidly recognize
and protect against pathogens that have not been encoun-
tered previously (32,34). In this sense, in CE, it was recog-
nized that E. granulosus was more susceptible to
immunological killing in early stages of infection, becom-
ing more resistant at some later stage in its development.
In such early stages — termed ‘establishment phase’ — the
parasite is highly susceptible to antibody-mediated com-
plement-dependent killing (35). In fact, E. granulosus
oncosphere killing by complement has been shown to
occur with sera from intermediate hosts (36-38), as well as
from humans (18). In this regard — besides other impor-
tant effector roles — natural IgM has been recognized as
excellent complement activators (32,34). Therefore, our
results might suggest that high levels of natural IgM rec-
ognizing E. granulosus antigens would be involved in some
protection degrees observed in certain inhabitants residing
in highly endemic regions for CE, an already described
phenomenon in other infections (3,39).

In conclusion, we have here described the existence of
remarkable different antibody profiles in patients with CE
and UN individuals. It is important to note that the present
work does not strictly describe an unequivocal causal effect
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ARTICLE INFO ABSTRACT
Article history: Antibodies are key immune players in several helminth infections and animal models have been central
Received 15 May 2015 for the identification of their mechanisms of protection. Murine secondary cystic echinococcosis is a
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Available online 26 July 2015

useful model for studying Echinococcus granulosus immunobiology, being the immune profile mounted
by the experimental host a determinant of parasite success or failure in infection establishment. In the
present study, we analyzed infection outcome using Balb/c and C57BI/6 mice strains, and compared their
antibody responses in terms of quality and intensity. Our results showed that Balb/cis a highly susceptible

?ﬁg?gﬁ;}lity strain to secondary cystic echinococcosis, while C57Bl/6 mice are quite resistant. Moreover, significant
Resistance differences between strains were observed in natural and induced antibodies recognizing E. granulosus
Natural antibodies antigens, both at the systemic and peritoneal levels. Natural cross-reacting IgM, IgG2b and IgG3 antibodies
Echinococcus granulosus were detected in sera from both strains but with different intensities, and - remarkably - natural IgG2b
Balb/c showed to be an intrinsic correlate of protection in both mice strains. Interestingly, naive C57BI1/6 serum
C57Bl/6 displayed a higher protoscolicidal activity, and heterologous - but not homologous - transference of

C57BI/6 naive serum into Balb/c mice, significantly reduced their infection susceptibility. In the peritoneal
cavity, different levels of natural cross-reacting IgM and IgG3 antibodies were detected in both mice
strains, while cross-reacting IgG2b was detected only in C57BI/6 mice. On the other hand, infected mice
from both strains developed isotype-mixed antibody responses, with Balb/c mice biasing their response
towards high avidity IgG1 and C57BI/6 mice showing a predominance of mixed IgM/IgG2c/IgG2b/IgG3.
In this regard, IgG1 levels showed to be a correlate of susceptibility in both mice strains. In conclusion,
our results suggest that antibodies — either natural or induced - play a role in the susceptibility degree
to murine secondary cystic echinococcosis.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction et al,, 2012). Interestingly, although helminth parasites belong
to a highly divergent animal group, they induce polarized and

Chronic infections with helminth parasites have a significant stereotyped Th2-type immune responses, with rare to no levels of
impact on global public health, causing more than 2 billion human Th1-type components (Diaz and Allen, 2007). For many - but not
infections worldwide. Depending on the parasite species, they can all - helminths, Th2-type responses mediate protection, but their
cause varying degrees of mortality and morbidity rates (Wiria effective immune components can differ between parasite species
and different developmental stages of infection within a particular

species. Such differences derive from the specific ecological niche

occupied by the invading helminth at different stages of its life
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As in most infections, antibody production occurs during
helminth infections and the understanding of how natural cross-
reacting and antigen-specific induced antibodies contribute to
immunity against helminths would provide important insights into
how protective immunity develops. Murine models of helminth
infections are becoming increasingly important for identification
of mechanisms of antibody-mediated protection and the specific
immune effector cells that also contribute to protective immu-
nity. Particularly, IgG and IgM have been shown to act as potent
mediators of protective immunity following helminth infections
(Harris and Gause, 2011). Evidence of protective immunity against
helminth parasites has been obtained from observations generated
by passive transference of immune serum, purified IgG or mono-
clonal antibodies into naive experimental animals (McCoy et al.,
2008; Gurish et al., 2004; Blackwell and Else, 2001; Rajan et al.,
2005; Marcet et al., 2002; Attallah et al., 1999; Inaba et al., 2003;
Harris et al., 2006; Herbert et al., 2002; Ligas et al., 2003 ). However,
it is important to note that not all studies have reported such a pro-
tective effect (Liu et al., 2010; Wojciechowski et al., 2009; Harrison
et al., 2008), suggesting that the ability of antibodies to mediate
protective immunity depends on the parasite species investigated.

During helminth infections, antibodies are supposed to help in
parasites clearance, to limit disease, and possibly to prevent para-
site entry into the vasculature and adherence to mucosal surfaces
(Garraud et al., 2003). To those ends, the class and subclass of the
antibody response is essential because each isotype/subclass has
specific biological functions. Thus, it is crucially important for an
infected host to mount the most appropriate antibody response,
which is the one with the best chance of clearing the infection
and/or controlling the disease. Although there is no direct evi-
dence that differential production of antibody isotypes is affected
by intrinsic host factors, genetic background has been emphasized
as a factor influencing susceptibility to experimental infection with
parasites (Garraud et al., 2003).

Cystic echinococcosis (CE) is a zoonotic disease of cosmopolitan
distribution caused by the larval stage of the cestode Echinococcus
granulosus, showing a worldwide prevalence of roughly 1 mil-
lion infected people (Moro and Schantz, 2009; Thompson, 2008;
Siracusano et al., 2009). Primary CE occurs in intermediate hosts
(domestic and wild ungulates, accidentally humans) and derives
from the ingestion of eggs containing oncospheres, which later
develop into metacestodes (also known as hydatid cysts) mainly
in the liver and lungs of the infected host. Secondary CE comes
about after spillage of protoscoleces from a fertile hydatid cyst
within an already infected intermediate host. This kind of infec-
tion results from protoscoleces developmental plasticity, which
allows them to develop into new cysts within intermediate hosts
or into adult worms if ingested by a definitive host (usually dogs).
The experimental model of secondary infection has been used to
study host-parasite interactions, and is based on the intraperi-
toneal inoculation of viable protoscoleces into susceptible and
immunocompetent mice (Heath, 1970). Experimental secondary
CE in Balb/c mice can be divided into two stages: an early stage
(until day 20-30pi) with protoscoleces developing into hydatid
cysts (Richards et al., 1983), and a late or chronic stage in which
already differentiated cysts grow and eventually become fertile
cysts (Heath, 1970).

Susceptibility and/or resistance phenomena in CE have been
scarcely studied. To date only few reports have analyzed potential
associations between immunological relevant genes (e.g., polymor-
phisms in TAP-1/2 and HLA genes) and prognosis in human CE
(Azab et al., 2004; Kiper et al., 2010; Yalcin et al., 2010). In murine
CE it has been suggested that the antibody and cytokine profiles
would determine the parasite success or failure to establish the
infection and that such profiles would be tightly dependent on the
host genetic background (Yang et al., 2012). However, infection

outcome in different mice strains infected with E. granulosus has
been poorly analyzed. In fact, only two reports have analyzed this
topic but with important dissimilarities in terms of parasite stage
and origin used, inoculation route, mice strains studied and infec-
tion end-point (Pennoit-De Cooman and De Rycke, 1970; Dempster
et al,, 1991). Indeed, for the current and globally accepted model
of murine secondary CE, there are no reports to date comparing
the influence of mice strain on the susceptibility to E. granulosus
infection.

In the present study we have performed systematic parasito-
logical analyses on the infection outcome using different murine
genetic backgrounds (e.g., Balb/c and C57Bl/6 strains) in order to
determine differences in the infection outcome according to the
mice strain used. Moreover, we have analyzed the specific humoral
response in terms of quality and intensity in both mice strains,
and therefrom we described potential immunological correlates of
protection. In addition, we established the relevance of natural anti-
bodies cross-reacting with E. granulosus antigens in the intrinsic
mice strain susceptibility to secondary CE.

2. Materials and methods
2.1. Ethics statement

Animal experiments were performed in compliance with
Comisién Honoraria de Experimentacién Animal (CHEA) from Uni-
versidad de la Republica, according to the Canadian Guidelines on
Animal Care and the National Uruguayan Legislation N° 18.611.
Experimental protocols were approved by the Ethics Committee of
Facultad de Quimica (Universidad de la Reptblica) and were given
the approval numbers 101900-001065-11 and 101900-001480-14.

2.2. Parasites and antigens

Protoscoleces from E. granulosus were obtained by aseptic punc-
ture of fertile bovine hydatid cysts from Uruguayan abattoirs, and
were washed several times with phosphate buffered saline (PBS)
pH 7.2 containing gentamicin (40 pg/mL). Parasite viability was
determined according to Dematteis etal.(1999). Only those batches
with over 90% viability were used for experimental infections. Pro-
toscoleces somatic antigens (PSA) were obtained by ultrasound
disruption according to Miguez et al. (1996) and its protein content
was assessed using BCA Protein Assay Reagent (Pierce) following
manufacturer instructions. PSA was stored at —20 °C until use.

2.3. Mice and infections

Female Balb/c and C57BIl/6 mice were obtained from DILAVE
(Uruguay) and housed at the animal facility of Instituto de Higiene
(Montevideo, Uruguay). Experimental infections were performed
with 6-8 weeks old mice, which were inoculated by the intraperi-
toneal (ip) route with 200 p.L of a PBS suspension containing 2000
viable protoscoleces.

For long-term infections, mice from both strains (n = 8 per strain)
were infected and bled at O (pre-infection), 1, 3, 6, 10, 15, 30 and 48
weeks post-infection (pi). Sera were obtained by regular means and
stored at —80°C until use. Immediately after the last bleeding, all
mice were euthanized and their peritoneal cysts were counted and
measured. Hydatid cyst volumes were calculated assuming cysts
as sphere-shaped, and parasite load was defined as the arithmetic
sum of every cyst volume within each mouse (Cucher et al., 2013).

For peritoneal antibody analyses and protoscolicidal activity
assays, mice from both strains (n=15 per strain) were infected. At
0 (pre-infection), 1 and 3 weeks pi, 5 mice per strain were bled (and
serastored at —80 °C), euthanized and their peritoneal cavities were
washed with 1 mL of sterile PBS. After centrifugation during 7 min
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at 1.200rpm, cells-free peritoneal lavages were stored at —80°C
until use.

For serum transference experiments, naive 6-8 weeks old Balb/c
and C57BI/6 mice (n=5 per strain) were bled and their sera pooled
by strain. After heat-inactivation (30 min at 56 °C), 300 wL of PBS-
half-diluted pooled sera were ip inoculated into normal Balb/c mice
(n=7 for each pool). Balb/c control mice (n=10) were ip inocu-
lated with 300 p.L of sterile PBS. Every mice from the 3 groups was
infected as previously described 24 h post-transference. To assess
infection outcome, mice were euthanized 41 weeks pi and their
peritoneal cysts were counted.

2.4. Specific antibodies titration

Anti-PSA antibodies in sera and peritoneal exudates were mea-
sured by ELISA in individual samples according to Mourglia-Ettlin
et al. (2011a). A pool of PSA-hyperimmunized sera from Balb/c
and C57BIl/6 mice was used as standard and specific antibodies
titers were expressed as arbitrary units referred to it. Specific IgM,
IgG1, IgG2a/c, IgG2b and IgG3 were determined using appropri-
ate goat or rabbit anti-mouse (isotype/subclass) antibodies labeled
with peroxidase (Sigma). Peroxidase activity was detected using O-
phenylendiamine as chromophore (Sigma), and absorbance values
were recorded at 492 nm.

2.5. Avidity index determination

Avidity index of anti-PSA antibodies in sera and peritoneal exu-
dates were determined according to Pullen et al. (1986). Briefly,
appropriately diluted samples were dispensed in eight wells of PSA-
coated and blocked ELISA plates and incubated as usually. Then,
100 wL/well of 0.1; 0.5; 1.5; 3.0; 4.0 and 6.0 M KSCN in PBS were
added, and followed by incubation at room temperature for 30 min.
After washing the chaotropic solutions, ELISA protocol was per-
formed as described above. Absorbance values in the absence of
KSCN were assumed to represent 100% specific antibody binding.
Linear regression analyses of (% binding) vs. KSCN concentration
were carried out, and the avidity index was calculated as the molar
concentration of KSCN required to reduce antibody binding to 50%.

2.6. Determination of antibodies recognizing peptide epitopes

Percentage of antibodies in sera and peritoneal exudates rec-
ognizing m-periodate-resistant (peptide) epitopes in PSA was
determined through treatment of PSA-coated ELISA plates with
NalO4 according to Woodward et al. (1985). Briefly, PSA-coated and
blocked ELISA plates were incubated during 1 h with 200 p.L/well
of 20 mM NalO4 in 50 mM acetate buffer pH 4.5 at room temper-
ature. After washing, 250 L of 50 mM NaBHy in PBS were added
to each well and incubated for 30 min at room temperature. Then,
appropriately diluted samples were dispensed in treated and non-
treated wells and ELISA protocol was performed as described above.
The percentage of absorbance values in treated wells respect to
non-treated wells was defined as the percentage of antibodies rec-
ognizing m-periodate-resistant (peptide) epitopes in PSA.

2.7. Assessment of protoscolicidal activity

Protoscolicidal activity of sera and peritoneal exudates was
assessed in vitro by incubating roughly 100 viable protoscoleces
during 4h at 37°C with constant shaking in 100 L of appropri-
ately diluted individual samples. Sera and peritoneal exudates were
tested at 2:3 and 4:5 final dilutions in PBS containing gentam-
icin (40 pwg/mL), respectively. Heat-inactivated samples (30 min at
56°C) and PBS alone were also tested. After incubation, parasites
viability was determined according to Dematteis et al. (1999), and

protoscolicidal activity was expressed as percentage of non-viable
protoscoleces.

2.8. Statistics

Comparisons between mice strains were assessed by non-
parametric Mann-Whitney U test. Follow-up studies within a strain
were assessed by Wilcoxon matched-pairs signed rank test. Corre-
lation analyses were assessed by Spearman’s rank correlation test,
and correlation coefficients (r2s) and p-values from Spearman’s test
are shown. In all cases differences were regarded as significant with
p<0.05.

3. Results

3.1. Balb/c mice are more susceptible to secondary CE than
C57BI/6 mice

Systematic analyses of E. granulosus infection outcome in dif-
ferent mice strains have been poorly performed. Thus, we studied
the relative susceptibility to secondary CE in the most commonly
used mice strains: Balb/c and C57BI/6. To that end, we performed
in parallel experimental infections with age-matched Balb/c and
C57BI/6 mice by inoculating 2000 viables protoscoleces in their
peritoneal cavities. Forty-eight weeks pi, mice were sacrificed and
two parasitological parameters useful to describe infection out-
come were assessed: number of cysts and parasite load. Results
in Fig. 1A show that Balb/c infected mice developed approximately
3 times more cysts (in terms of group median values) than their
C57B1/6 counterparts. On the other hand, comparison of parasite
loads showed significantly higher values in Balb/c mice (approx-
imately 6-fold higher in terms of group median values) (Fig. 1B).
Interestingly, although Balb/c mice are larger than C57Bl/6 animals,
no association between host body size and hydatid cyst volume was
found. Indeed, when cysts from three independent experiments
were arbitrarily grouped in three size-dependent categories (small,
medium and large), it was shown that C57BI/6 mice proportionally
harboured larger cysts than Balb/c mice (mean values: 25% vs. 7%,
respectively) (Fig. 1C). Therefore, although Balb/c mice showed to
be a more permissive strain to secondary CE in terms of number
of developed cysts and parasite loads, C57Bl/6 mice harboured a
higher proportion of large cysts.

3.2. Intensity of systemic antibody response correlates with
susceptibility to murine secondary CE

It is well known that specific antibody responses play a role
in susceptibility/resistance to parasite infections. Particularly, in
CE such a role has remained at least controversial, and as far as
we know, no definitive data has been reported to date about the
influence of the antibody response on the experimental infection
outcome. Therefore, we analyzed the kinetics of systemic anti-
body responses specific for PSA in Balb/c and C57Bl/6 infected mice
throughout a 48-week infection. Then, mice were sacrificed and
infection outcome parameters were determined in order to per-
form correlation analyses. Considerable differences between mice
strains regarding natural and induced antibodies recognizing par-
asite antigens were observed. Natural cross-reacting antibodies
were detected in sera from both strains, being IgM titers higher
in Balb/c mice (Fig. 2A) and IgG3 titers higher in C57Bl1/6 animals
(Fig. 2E). Once protoscoleces were inoculated, IgM titers became
significantly higher in C57BI/6 mice until 6 weeks pi (Fig. 2A).
Interestingly, as soon as 1 week pi IgM significantly increased
respect to baseline values only in C57Bl/6 mice, while IgM rise
in Balb/c mice was delayed until 3 weeks pi (Fig. 2A). A similar
kinetic profile was observed for induced IgG2b antibodies (Fig. 2D).
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Table 1

IgG2b and IgG1 antibodies are immune correlates of protection and susceptibility to secondary CE, respectively. Spearman correlation analyses for Balb/c and C57B1/6 mice
were performed between parasitological data on infection outcome (number of cysts and parasite loads in each mouse at 48 weeks pi) and their respective antibody titers
in every time-point studied. Significant correlations were observed only for induced IgG1 (positive) and natural IgG2b (negative) antibodies.

Induced IgG1

Balb/c

Cyst number

Parasite load

C57B1/6

Cyst number

Parasite load

Weeks pi 2 p-Value 2 p-Value 2 p-Value 2 p-Value
3 0.4962 0.0448 0.5238 0.0489 0.6347 0.0469 0.5476 0.0478
6 0.7619 0.0368 0.8333 0.0154 0.8743 0.0072 0.7381 0.0458

10 0.8095 0.0218 0.8195 0.0228 0.8144 0.0184 0.6191 0.0028

15 0.7857 0.0279 0.9048 0.0046 0.8623 0.0084 0.5238 0.0238

30 0.8333 0.0154 0.9048 0.0046 0.7545 0.0377 0.4762 0.0479

48 0.8095 0.0218 0.9248 0.0046 0.7904 0.0248 0.4286 0.0123

Natural IgG2b

Balb/c C57B1/6

Cyst number Parasite load Cyst number Parasite load
Weeks pi 2 p-Value N p-Value % p-Value 2 p-Value
0 —0.733 <0.0001 —0.746 <0.0001 —0.588 0.0476 —0.495 0.0489

Regarding IgG3, a sustained increase from 1 week pi onwards was
observed in both mice strains, being IgG3 titers significantly higher
in C57BI/6 mice until 10 weeks pi (Fig. 2E). Induced IgG1 and
IgG2a/c titers significantly increased in both strains from 1 week
pi, predominating IgG1 titres in Balb/c mice and IgG2c titers in
C57BI1/6 animals (Fig. 2B and C). Hence, although both mice strains
developed isotype-mixed antibody responses, highly susceptible
mice (Balb/c strain) biased their systemic response towards IgG1,
while in less susceptible mice (C57BIl/6 strain) a predominance
of mixed IgM-IgG2c-IgG2b-IgG3 was observed (Fig. 2). On the
other hand, we performed Spearman’s correlation analyses for
each mice strain between parasitological data and antibody titers
at every studied time point, and we observed significant correla-
tions only for natural IgG2b and induced IgG1 antibodies (Table 1).
Specific IgG1 titers showed a strong positive correlation with infec-
tion outcome parameters from 3 weeks pi onwards in both mice
strains, suggesting that IgG1 polarization derives in a less effi-
cient immune response (i.e., more cysts and higher parasite loads
within the infected host) (Table 1). On the other hand, natural
IgG2Db titers showed a negative correlation - in both mice strains —
with infection outcome parameters (Table 1), suggesting that the
higher the natural cross-reacting IgG2b titers, the more efficient the
immune response (i.e., less cysts and lower parasite loads within
the infected host). Early-induced IgG2b responses also showed a
negative correlation with infection outcome parameters, but with-
outreaching statistical significance (data not shown). Summing up,
results shown here point out that while IgG1 responses seem to be
detrimental for the experimental host, IgG2b antibodies could be
correlated with a protective response.

3.3. Quality of early systemic antibody response also differs
between mice strains

Protective humoral responses have been shown to depend not
only on antibody titers, but also on their quality characteristics.
Therefore, we analyzed the avidity and recognition of peptide epi-
topes by serum specific antibodies in Balb/c and C57BIl/6 mice. Since
the first month pi represent a crucial period for parasite estab-
lishment (Richards et al., 1983) and significant differences in most
antibody isotypes were observed between strains (Fig. 2), we ana-
lyzed the quality of the humoral response at 0, 1 and 3 weeks pi.

First, when analyzing antibody avidity no significant differences
between strains were observed, neither for natural cross-reacting

IgM and IgG3 antibodies (Fig. 3A and E), nor for induced IgM, IgG1,
IgG2a/c and IgG2b antibodies (Fig. 3A-D). It is worth noting that -
independently of the mice strain analyzed - induced IgM one week
pi showed a lower avidity index than natural IgM (Fig. 3A). Next,
avidity maturation was assessed through paired-statistical anal-
yses, and interestingly only Balb/c mice showed a significant IgG1
avidity maturation from 1 week to 3 weeks pi (Fig. 3B). On the other
hand, although both strains significantly maturated IgG2a/c avidity
at the same time, higher avidity increases were reached in C57BI/6
mice (median of differences: 0.31M vs. 0.26 M for C57BI/6 and
Balb/c, respectively) (Fig. 3C). No avidity maturation was observed
for IgG3 in any strain, but Balb/c mice showed significantly higher
values than their C57Bl/6 counterparts did at 3 weeks pi (Fig. 3E).
Hence, our results showed that highly susceptible mice (Balb/c
strain) developed an early unique IgG1 avidity maturation, while
less susceptible mice (C57BI/6 strain) maturated only the avidity of
their IgG2c antibodies.

Second, we assessed the percentage of antibodies recogniz-
ing peptide epitopes in PSA. Although higher values for natural
cross-reacting IgG3 were determined in Balb/c mice compared to
their C57BI/6 counterparts (Fig. 4E), no significant differences were
observed for natural IgM (Fig. 4A). Similarly, no differences between
strains were observed in the reactivity with peptide epitopes of
induced IgG1, IgG2a/c and IgG2b antibodies (Fig. 4B-D). Regarding
induced IgM and IgG3 antibodies, significant differences between
strains were observed only at 3 weeks pi, being in both cases the
percentages of antibodies reacting with peptide epitopes lower in
C57B1/6 mice (Fig. 4A and E). Interestingly — unlike Balb/c mice -
the percentage of IgM recognizing peptide epitopes in C57BI/6 mice
decreased over time from 0 week (natural IgM) to 1 week pi, and
then to 3 weeks pi (Fig. 4A). Additionally, only Balb/c mice showed
asignificantincrease from 1 week to 3 weeks pi in the percentage of
IgG3 reacting with peptide epitopes (Fig. 4E). Therefore, our results
suggest that high percentages of natural and early-induced IgM and
IgG3 recognizing peptide epitopes in PSA seem to be detrimental
for the experimental host.

3.4. Early peritoneal antibody response is different in Balb/c and
C57BI/6 mice

Protoscoleces development into cysts in experimental sec-
ondary CE occurs within the murine peritoneal cavity. Thus,
immune responses at the peritoneal level are of outstanding impor-
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Fig. 1. Balb/c mice are more susceptible to secondary CE than C57BI/6 mice.
Balb/cand C57BI/6 mice (n =8 per strain) were inoculated ip with 2000 protoscoleces
in 200 L of sterile PBS. All mice were euthanized 48 weeks pi, and their peritoneal
cysts were recovered. Results are shown in box-and-whiskers plots for number of
cysts (A) and parasite loads (B) in both mice strains. Cysts size distribution (grouped
by diameters) in Balb/c and C57BI/6 mice are shown as mean 4+ SEM of percentage
of cysts within each size group (C). (*) Statistical significance (p <0.05). Results are
representative of three independent experiments.

tance for infection establishment, mainly during the early stages of
the disease. Therefore, we inoculated ip 2000 viable protoscoleces
into Balb/c and C57BI/6 mice and analyzed the local specific anti-
body response in peritoneal exudates at 0, 1 and 3 weeks pi. Natural
IgM and IgG3 peritoneal antibodies recognizing E. granulosus anti-
gens were detected in both strains, with a reverse relationship
respect to serum natural antibodies: IgM titers were higher in
C57B1/6 and IgG3 titers in Balb/c mice (Fig. 5A and E). Interest-
ingly, natural peritoneal IgG2b was only detected in C57B1/6 mice
(Fig. 5D). Regarding induced antibodies, no differences between
strains were shown for peritoneal IgM and IgG2a/c responses
(Fig. 5A and C). Meanwhile, induced IgG2b reached significantly
higher titers in C57Bl/6 mice at 3 weeks pi (Fig. 5D). Unlike C57BI/6
mice, no titer increase over time was observed for induced IgG3 in
Balb/c animals (Fig. 5E). Interestingly, peritoneal IgG1 was detected
1 week pi only in Balb/c mice with increasing values over time,
while in C57BI1/6 mice IgG1 was only detected 3 weeks pi, reaching
similar levels to 1 week pi values observed in Balb/c mice (Fig. 5B).

On the other hand, avidity and reactivity with peptide epitopes
were also analyzed in peritoneal exudates when technically pos-
sible (Fig. 6). Unfortunately, no data could be obtained for IgG2b
antibodies at any time point. Avidity index of natural peritoneal
IgM was significantly higher in Balb/c mice, while no differences
were observed for induced IgM between strains (Fig. 6A). No dif-
ferences between Balb/c and C57BIl/6 mice were detected for IgG1
(Fig. 6B), as well as for natural and induced IgG3 (Fig. 6D). Interest-
ingly - like induced IgG3 in serum - no variations in IgG3 avidity
was observed at the peritoneal level in any mice strain (Fig. 6D).
Meanwhile, peritoneal IgG2a/c avidity was significantly higher in
C57B1/6 mice 3 weeks pi (Fig. 6C). Finally, natural peritoneal IgM
and IgG3 antibodies from C57B1/6 mice showed higher recognition
percentages of peptide epitopes than Balb/c mice (Fig. 6E and H).
Interestingly, while values for induced IgM differed respect to nat-
ural IgM in both mice strains (Fig. 6E), no differences were observed
between natural and induced IgG3 in any strain (Fig. 6H). Regarding
IgG1 and IgG2a/c, no significant differences in recognition of pep-
tide epitopes were observed between mice strains (Fig. 6F and G).
Overall, our results showed important strain-specific differences in
peritoneal exudates regarding natural and early-induced antibod-
ies recognizing E. granulosus antigens, both in terms of intensity
and quality.

3.5. Invitro serum protoscolicidal activity depends on mice strain

E. granulosus protoscoleces are known to be susceptible to com-
plement killing, and it has been reported that in the presence
of specific antibodies the tegumental membrane depolarization
due to complement activation is faster and stronger than in their
absence. Thus, in order to analyze the effects of strain-specific sys-
temic and local antibodies on protoscoleces viability, we further
studied the in vitro protoscolicidal activity of sera and peritoneal
exudates from Balb/c and C57BIl/6 infected mice at 0, 1 and 3
weeks pi. Results in Fig. 7A show that serum protoscolicidal activ-
ity similarly increased over time in both mice strains. However,
although normal sera from both strains displayed a significant
protoscolicidal activity, C57Bl/6 sera showed an approximately
2-fold higher Kkilling capacity (in terms of group median values)
than Balb/c sera (Fig. 7A). Serum protoscolicidal activity seemed
to be complement-mediated because heat-inactivated sera were
unable to alter protoscoleces viability (Fig. 7B). Regarding peri-
toneal exudates, protoscolicidal activity could not be detected (data
not shown), being not surprising because peritoneal content had to
be diluted to be successfully recovered, and complement killing is
known to be concentration-dependent. However, peritoneal exu-
dates killing activity should not be completely discarded. Summing
up, our results suggest that serum protoscolicidal activity increases
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Fig. 2. Kinetics of serum antibody response to E. granulosus in Balb/c and C57BI/6 infected mice.

Balb/c and C57BI/6 mice (n=8 per strain) were inoculated ip with 2000 protoscoleces in 200 p.L of sterile PBS. Infected mice from both strains were bled at 0 (pre-infection),
1, 3,6, 10, 15, 30 and 48 weeks pi, and serum anti-PSA IgM (A), IgG1 (B), [gG2a/c (C), IgG2b (D) and IgG3 (E) titers were determined by ELISA. Geometric mean titers (GMT)
are shown for Balb/c (white circles) and C57BI/6 (black circles) mice groups. Statistical significance (p <0.05) between strains is indicated by arrows (1), and between time

points and day 0 by asterisks (*). ND: not detected. . .
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Fig. 3. Avidity analyses of early systemic antibodies to E. granulosus in Balb/c and C57BI/6 infected mice.

Balb/c and C57BIl/6 mice (n =8 per strain) were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. Infected mice from both strains were bled prior to infection (0
week) and at different time-points. Avidity index for serum anti-PSA IgM (A), IgG1 (B), IgG2a/c (C), IgG2b (D) and IgG3 (E) antibodies in samples from 0, 1 and 3 weeks pi was
determined by ELISA with chaotropic elution. Results are shown as mean + SEM. Statistical significance (p <0.05) between strains is indicated by arrows (1), and between

time-points within a strain by asterisks (*). np: not performed.

with infection time in Balb/c and C57BI/6 mice, and that normal
C57BI/6 serum shows an intrinsic higher protoscolicidal activity.

3.6. Transference of normal C57BI/6 serum to Balb/c mice
increases their resistance to secondary CE

Differences in intrinsic protoscolicidal activity between nor-
mal serum from Balb/c and C57BI/6 mice may not necessarily be
determined by differences in natural E. granulosus cross-reacting
antibodies, but by intrinsic dissimilarities in complement activ-
ities. Thus, to assess if natural antibodies play a role in murine
differential susceptibility to secondary CE, we performed passive
transfer experiments of heat-inactivated serum from normal Balb/c
or C57Bl/6 mice into Balb/c recipient mice 24 h before parasite
challenge. Results in Fig. 7C show that transfer of naive C57BI/6
serum into Balb/c mice resulted in a significant reduction in the
number of developed cysts 41 weeks pi. Interestingly, reduction in
cyst number was approximately 3-fold (in terms of group median
values), greatly resembling the usual difference observed in the
number of developed cysts in Balb/c and C57Bl/6 infected mice
(Fig. 1A). However, no protection was achieved with homologous
serum transference (Fig. 7C). Therefore, our results suggest that
natural antibodies recognizing E. granulosus antigens do play a role
in infection resistance to secondary CE in C57BI/6 mice.

4. Discussion

Balb/c and C57BI/6 mice have been regarded as Th2- and Th1-
prone strains, respectively, since they are widely known to differ in
normal and pathological immune responses. For example, mean-
while C57BI/6 mice have been shown to be highly susceptible

to the experimental induction of organ-specific autoimmune dis-
eases (Graus et al., 1993; Sun et al,, 1997; Caspi et al., 1992;
Avichezer et al., 2003), Balb/c mice usually display increased sus-
ceptibility to spontaneous and induced tumorigenesis (Ullrich et al.,
1996; Medina, 1974; Kuraguchi et al., 2001). Furthermore, when
infected by the intracellular parasite Leishmania major, C57Bl/6
mice develop protective Th1 immune responses while Balb/c
mice show non-protective Th2 responses, being therefore resistant
and susceptible strains to the infection, respectively (Reiner and
Locksley, 1995; Belkaid et al., 2002). Such immune bias has been
shown not only to rely on different MHC haplotypes, but also on
profound differences in other key immune components. For exam-
ple, splenic dendritic cells from Balb/c and C57BIl/6 mice differ in
their expression level of several TLRs, as well as in the cytokine
profile they produce in response to stimulation with microbial lig-
ands (Liu et al., 2002). Moreover, in comparison with C57Bl/6 mice,
Balb/c animals have been shown to exhibit higher frequencies of
CD4*CD25*Treg cells in thymus and peripheral lymphoid organs,
and their CD4*CD25~ responder T cells were shown to be more
sensitive to CD4*CD25*Treg suppression (Chen et al., 2005). More
recently, it has been shown that blood mast cell progenitors are
less mature in C57BI/6 mice than in Balb/c strain, probably affecting
their migratory properties (Dahlin etal., 2013). All these differences
would differentially influence the intrinsic susceptibility to diverse
infections reported for C57Bl/6 and Balb/c mice.

Murine secondary CE model has been widely used to study not
only basic aspects of E. granulosus biology and immunology (Baz
et al.,, 2006; Dematteis et al., 1999, 2003; Mourglia-Ettlin et al.,
2011a; Cucher et al., 2013), but also to test new chemotherapeu-
tics or therapeutical protocols (Ceballos et al., 2010; Breijo et al.,
2011; Cumino et al., 2012), vaccine candidates (Hernandez and
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Fig. 4. Peptide epitopes recognition by early systemic antibodies to E. granulosus in Balb/c and C57Bl/6 infected mice.

Balb/c and C57BI/6 mice (n =8 per strain) were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. Infected mice from both strains were bled prior to infection (0
week) and at different time-points. Recognition percentage of peptide epitopes by serum anti-PSA IgM (A), IgG1 (B), IgG2a/c (C), IgG2b (D) and IgG3 (E) antibodies in samples
from 0, 1 and 3 weeks pi was determined by ELISA with periodate treatment. Results are shown as mean + SEM. Statistical significance (p <0.05) between strains is indicated
by arrows (1), and between time-points within a strain by asterisks (*). np: not performed.

Nieto, 1994; Hashemitabar et al., 2005; Burgu et al., 2007), and
diagnostic or follow-up tools (Denegri et al., 1995; Ferragut et al.,
1998; Mamuti et al., 2002). Despite being Balb/c the most widely
used mice strain in experimental secondary CE (Siles-Lucas and
Hemphill, 2002; Baz et al., 2006), other strains — such as C57BI/6
- have been utilized as well (Pennoit-De Cooman et al., 1974;
Hernandez and Nieto, 1994; Baz et al., 1995; Urrea-Paris et al.,2001;
Casado et al., 2001; Cucher et al., 2013). Our results showed that
Balb/c mice are more permissive to experimental secondary CE than
C57B1/6 mice, in terms of both number of developed hydatid cysts
and parasite load (Fig. 1A and B). These results partially agree with
an old report on strain-dependent outcome of murine experimen-
tal primary infections with E. granulosus oncospheres (Dempster
et al,, 1991). In that work, Dempster et al., (1991) reported that
when in vitro activated oncospheres were orally administered,
Balb/c mice showed the highest susceptibility to primary infection,
while C57Bl/6 was an absolutely refractory strain to infection. Thus,
Balb/c mice seem to be highly susceptible to E. granulosus inde-
pendently of the administered parasite stage or inoculation route,
while C57B1/6 mice show less or no susceptibility.

Antibody responses have been shown to play a major role in
susceptibility/resistance to parasite infections in several murine
settings (McCoy et al., 2008; Gurish et al., 2004; Blackwell and
Else, 2001; Rajan et al., 2005; Marcet et al., 2002; Attallah et al.,
1999; Inaba et al., 2003; Harris et al., 2006; Herbert et al., 2002;
Ligas et al., 2003). The profile of the antibody response mounted
by an infected host is crucially important because of the effector
functions able to be triggered by each antibody isotype/subclass.

Although still not formally shown, host genetic background has
been highlighted as an explanation for differential profiles of anti-
body responses (Garraud et al., 2003). In experimental CE there is
no conclusive information about the role of antibody responses on
the infection outcome. In the present work, we have evidenced the
existence of considerable differences between Balb/c and C57BI/6
mice strains regarding natural and induced antibodies recognizing
E. granulosus antigens. Moreover, local (e.g., peritoneal exudates)
and systemic (e.g., serum) antibody responses were also shown to
differ significantly between mice strains.

Natural antibodies are produced at tightly regulated levels in the
complete absence of external antigenic stimulation, and although
IgM predominates among them, other isotypes are represented as
well (Baumgarth et al., 2005). They provide early protection against
pathogens, making them a crucial non-redundant component of
the humoral immune system (Baumgarth et al.,, 2005). An out-
standing feature of natural antibodies is their usual polyreactivity,
which provides animals with pre-existing broad antibody reac-
tivities that allows them to rapidly recognize and protect against
pathogens that have not been encountered previously. Protective
roles for natural antibodies have been described in numerous viral,
bacterial, fungal, and parasitic infections (Ehrenstein and Notley,
2010; Panda and Ding, 2015). In the present work, we have shown
the existence of natural antibodies cross-reacting with E. granulo-
sus antigens at the systemic and local levels, but with differences
in terms of titer and quality in Balb/c and C57BIl/6 mice. Serum
natural IgM, IgG2b and IgG3 antibodies recognizing protoscoleces
antigens were detected in both strains, with no significant differ-
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Fig. 5. Kinetics of the early peritoneal antibody response to E. granulosus in Balb/c and C57BIl/6 infected mice.

Balb/c and C57BI/6 mice (n=15 per strain) were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. At 0 (pre-infection), 1 and 3 weeks pi, 5 mice per strain
were euthanized and their peritoneal cavities were washed with 1 mL of sterile PBS. Peritoneal anti-PSA IgM (A), IgG1 (B), IgG2a/c (C), IgG2b (D) and IgG3 (E) titers were
determined by ELISA, and geometric mean titers (GMT) are shown for Balb/c and C57BI/6 mice groups. Statistical significance (p <0.05) between strains is indicated by arrows

(1), and between time-points within a strain by asterisks (*). ND: not detected.

ences in IgG2D titers, but higher IgG3 and IgM titers in C57BIl/6 and
Balb/c sera, respectively (Fig. 2A and E). Interestingly, we observed
a significant negative correlation between natural IgG2b titers and
infection outcome parameters in both mice strains, suggesting a
protective role for natural IgG2b antibodies in murine secondary
CE (Table 1). In this regard, functional studies on the anti-E. gran-
ulosus performance of normal sera from Balb/c and C57BIl/6 mice
were carried out through different in vitro and in vivo approaches.
Thus, we reported that normal C57Bl/6 serum displayed an intrin-
sic higher protoscolicidal activity in vitro (Fig. 7A), which seemed to
be complement-mediated (Fig. 7B). Moreover, when normal heat-
inactivated serum from C57BIl/6 mice was transferred into Balb/c
animals before parasite challenge, we observed a significant reduc-
tion in infection outcome. Interestingly, no such a protection was
achieved with transference of normal Balb/c serum (Figure 7C).
Therefore, our results suggest that natural antibodies in C57Bl/6
mice cross-reacting with E. granulosus antigens could differentially
contribute to their higher resistance to secondary CE.

The functions of natural antibodies not only depend on the
ability to recognize pathogens, but also on the infection site. In
experimental secondary CE, protoscoleces are intraperitoneally
inoculated, and therefore, the very first natural antibodies able to
interact with E. granulosus antigens are those pre-existing locally
(i.e., peritoneal natural antibodies). IgM and IgG3 peritoneal natu-
ral antibodies recognizing E. granulosus antigens were detected in
both mice strains, showing the opposite titer relationship respect
to serum natural antibodies—IgM was higher in C57BI1/6 and IgG3 in
Balb/c mice (Fig. 5A and E). Notably, natural parasite cross-reacting
IgG2b was only detected in peritoneal exudates from C57BI/6 mice
(Fig. 5D). Correlation analyses between antibodies in peritoneal
exudates and infection outcome parameters could not be per-

formed. However, as previously mentioned, serum natural IgG2b
titers negatively correlated with infection outcome (Table 1), and
interestingly such natural antibodies were only detected in peri-
toneal exudates from the most resistant mice strain (e.g., C57Bl/6).
This finding would strengthen the putative protective role of natu-
ral IgG2b in murine secondary CE. Regarding quality of antibodies
in peritoneal exudates, we observed higher IgM avidity indexes in
Balb/c mice (Fig. 6A). More interestingly, natural peritoneal IgM
and IgG3 antibodies from C57BIl/6 mice were shown to recognize
proportionally more peptide epitopes in protoscoleces antigens
than those from Balb/c mice (Fig. GE and H). Usually, m-periodate-
resistant epitopes are assumed to represent protein antigens, while
m-periodate-sensitive epitopes belong to carbohydrates. It is worth
noting that in mice natural IgM and IgG3 preferentially recog-
nize T-independent antigens (Baumgarth et al., 2005; Ehrenstein
and Notley, 2010; Panda and Ding, 2015), and that carbohydrates
in the surface of E. granulosus protoscoleces have been shown to
be immunodominant in mice (Miguez et al., 1996). Moreover, we
have previously reported that glycoconjugates from protoscole-
ces induce peritoneal B cells to produce Th2-type cytokines and
- mainly - parasite non-specific polyclonal antibodies, suggesting
that T-independent antigens could detrimentally polarize the early
immune response (Mourglia-Ettlin et al., 2011b). Therefore, our
results suggest that in C57BI/6 mice the recognition bias of peri-
toneal natural IgM and IgG3 antibodies towards peptide epitopes
in E. granulosus protoscoleces could render them more resistant to
secondary CE.

The contrasts observed between E. granulosus cross-reacting
natural antibodies from serum and peritoneal exudates within
each mice strain might derive from differences in their cellular
source. The precise producers of natural antibodies remain unclear;
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Fig. 6. Quality analyses of early peritoneal antibodies to E. granulosus in Balb/c and C57BI/6 infected mice.

Balb/c and C57BI/6 mice (n=15 per strain) were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. At 0 (pre-infection), 1 and 3 weeks pi, 5 mice per strain were
euthanized and their peritoneal cavities were washed with 1 mL of sterile PBS. Avidity index and recognition percentage of peptide epitopes by peritoneal anti-PSA IgM
(A, E), IgG1 (B, F), IgG2a/c (C, G), and IgG3 (D, H) antibodies were determined by ELISA with chaotropic elution and periodate treatment, respectively. Results are shown as
mean + SEM. Statistical significance (p <0.05) between strains is indicated by arrows (1), and between time-points within a strain by asterisks (*).

and although peritoneal B1 cells have been repeatedly implicated, bodies repertoire and secretion rate (Ehrenstein and Notley, 2010).
Thurnheer et al. (2003) have shown that B1 cells contribute with Therefore, given that B1 cells preferentially reside in the peritoneal
approximately 50% of serum natural IgM, with B2 cells produc- cavity while B2 cells circulate systemically, it seems reasonably
ing the remainder. Moreover, the compartment and environment that the properties of serum and peritoneal natural antibodies
where B cells reside have been suggested to govern natural anti- differ.
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Fig. 7. In vitro and in vivo anti-parasite activity of Balb/c and C57Bl/6 mice sera.

For in vitro serum protoscolicidal activity assessment, Balb/c and C57BI/6 mice (n = 15 per strain) were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. At O (pre-
infection), 1 and 3 weeks pi, 5 mice per strain were bled and serum protoscolicidal activity was tested by incubating viable protoscoleces in appropriately diluted individual
samples. Serum protoscolicidal activity was determined before (A) and after (B) heat-inactivation, and it was expressed as the percentage of non-viable protoscoleces post-
incubation. Dashed lines represent mean values from in parallel incubations of protoscoleces with PBS (in sextuplicate). Results are shown in box-and-whiskers plots, and
statistical significance (p <0.05) between strains is indicated by arrows (1), and between time-points and day 0 by asterisks (*).

For in vivo assessment of serum anti-parasite activity, Balb/c mice were ip inoculated with heat-inactivated normal Balb/c or C57Bl/6 sera (n=7 per strain serum), and
24h later mice were inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. Balb/c control mice (n=10) were ip inoculated with sterile PBS prior to protoscoleces
inoculation. Infection outcome was assessed 41 weeks pi by counting peritoneal cysts (C). (*) Statistical significance (p <0.05) respect to PBS group.
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Besides their effector roles directly exerted on pathogens
(i.e., classical complement activation, neutralization, antibody-
dependent cellular cytotoxicity, etc.), natural antibodies also assist
in the priming of subsequent adaptive immune responses, linking
the innate and adaptive immune systems (Ehrenstein and Notley,
2010; Panda and Ding, 2015). An interesting function assigned to
natural antibodies — mainly to natural IgM - is that its presence is
required for the development of normal antibody responses (Boes
et al., 1998; Ehrenstein et al., 1998; Baumgarth et al., 2000). Such
phenomenon can be explained through a broader process called
antibody-mediated feedback regulation (Getahun and Heyman,
2006; Heyman, 2014). The outcome of antibody-mediated feed-
back regulation can either be an almost completely inhibited or
a strongly enhanced antibody response, depending mainly on
the nature of the antigen and the pre-existing antibody isotype
involved (Getahun and Heyman, 2006; Heyman, 2014). Antibody
responses to large particulate antigens - such as red blood cells
or malaria parasites - are efficiently suppressed by any IgG sub-
class while enhanced by IgM. Contrarily, antibody responses to
soluble protein antigens are enhanced by any IgG subclass while
not affected by IgM (S6rman et al.,, 2014; Heyman, 2014). Our
results show that C57Bl/6 mice mount an overall more robust anti-
body response against antigens from E. granulosus protoscoleces
than Balb/c mice (Fig. 2). This finding could be at least partially
explain by a differential antibody-mediated feedback regulation
induced by peritoneal natural antibodies. Protoscoleces are very
large particles and the predominance of natural IgM (enhancer)
over IgG3 (suppressor) antibodies recognizing protoscoleces anti-
gens in the peritoneal cavity of C57Bl/6 mice, would derive in
an overall enhanced antibody response. Conversely, the predom-
inance of peritoneal natural IgG3 over IgM in Balb/c mice would
result in a less intense antibody response. These results are in line
with the findings of Dai et al., (2009) who reported differences
in natural glycan-specific IgM titers between Balb/c and C57BI/6
mice, and suggested that such differences in pre-existing antibod-
ies could influence the development of induced antibody responses
against glycan-containing antigens.

During helminth infections, induced-antibodies are supposed to
help in parasite clearance and to limit disease progression. There-
fore, it is of outstanding importance for the host to polarize the
class and subclass of its induced antibody response towards optimal
effector functions against the parasite (Garraud et al., 2003). Our
results showed that although both studied mice strains developed
isotype-mixed antibody responses against protoscoleces antigens,
Balb/c mice (highly susceptible) biased their systemic response
towards IgG1, while in C57BIl/6 mice (more resistant) a predom-
inance of mixed IgM/IgG2c/IgG2b/IgG3 was observed (Fig. 2).
Moreover, correlation analyses suggested that IgG1 responses
would be detrimental for the experimental host independently
of its strain (Table 1), and statistical paired-analyses indicated
that Balb/c mice - unlike C57BI/6 counterparts - displayed an
early IgG1 avidity maturation (Fig. 3B). IgG1 subclass does not
activate the complement cascade and preferentially engages the
inhibitory FcyRIIB (Nimmerjahn and Ravetch, 2005, 2006). On
the other hand, IgM, IgG2a/c and IgG2b are excellent comple-
ment activators, and IgG2a/c and IgG2b have the highest cellular
activation/inhibition ratio based on their preferential binding to
activating FcyRs (Nimmerjahn and Ravetch, 2005, 2006). Proto-
scoleces from E. granulosus have been shown to be susceptible to the
killing by activated macrophages (Jenkins et al., 1990; Dematteis
et al., 2003) and the complement system (Ferreira et al., 1992,
2000; Breijo et al., 2008). Therefore, it is consistent that a bias in
the induction of IgG1 (even high avidity IgG1) in Balb/c mice would
resultin aless efficient immune response against E. granulosus. Fur-
thermore, the preferential induction of specific antibodies able to
activate the complement cascade and to activate cellular responses

observed in C57Bl/6 mice could at least partially explain their lower
susceptibility to experimental CE.

5. Conclusions

In conclusion, we have here described the existence of differ-
ential susceptibility to secondary CE in Balb/c and C57BI/6 mice,
the two most widely used mice strains. While Balb/c mice seem to
be highly susceptible to E. granulosus infection, C57BI/6 animals
are more resistant. In this regard, significant differences among
strains in natural and induced antibodies recognizing E. granulo-
sus antigens were described, both at the systemic and peritoneal
level. Natural antibodies cross-reacting with E. granulosus antigens
in C57Bl1/6 mice would differentially contribute to their lower sus-
ceptibility to secondary CE. In addition, C57BI/6 mice were shown to
mount a more efficient antibody response against E. granulosus than
their Balb/c counterparts. Altogether, our results suggest that anti-
body responses do play a role in resistance/susceptibility to murine
secondary CE. Studies on other immune mediated mechanisms
responsible for such differences in susceptibility are currently being
carried out.
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ABSTRACT

In helminth infections, there are no easy associations between host susceptibility and immune responses.
Interestingly, immunity to cestodes — unlike most helminths - seems to require Th1-type effectors. In
this sense, we reported recently that Balb/c and C57BI/6 mice are high and low susceptible strains,
respectively, to experimental infection by Echinococcus granulosus. However, the role of the early cel-
lular peritoneal response in such differential susceptibility is unknown. Here, we analyzed the kinetics
of cytokines expression and cellular phenotypes in peritoneal cells from infected Balb/c and C57BI/6
mice. Additionally, Principal Components Analysis (PCA) were conducted to highlight the most rele-
vant differences between strains. Finally, the anti-parasite activities of peritoneal cells were assessed
through in vitro systems. PCAs clustered C57BI/6 mice by their early mixed IL-5/TNF-a responses and
less intense expression of Th2-type cytokines. Moreover, they exhibited lower counts of eosinophils and
higher numbers of macrophages and B cells. Functional studies showed that peritoneal cells from infected
C57Bl/6 mice displayed greater anti-parasite activities, in accordance with higher rates of NO production
and more efficient ADCC responses. In conclusion, mild Th2-responses and active cellular mechanisms
are key determinants in murine resistance to E. granulosus infection, supporting the cestode immune
exception among helminth parasites.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

Helminth parasites are metazoan pathogens characterized by
establishing chronic infections and - depending on the species -
by causing significant rates of mortality and morbidity. Currently,
helminth infections are highly prevalent worldwide and more than
20 species are responsible for human infections (Wiria et al., 2012).
Parasite infections and the corresponding host immune responses
are products of a prolonged dynamic co-evolution between the host
and the parasite. However, although helminth parasites belong to
a highly divergent animal group, they usually induce polarized and
stereotyped Th2-type immune responses, with rare to no levels of

* Corresponding author at: Instituto de Higiene, Avda. Alfredo Navarro 3051, CP
11600, Montevideo, Uruguay.
E-mail addresses: gmourglia@higiene.edu.uy (G. Mourglia-Ettlin),
amerlino@fcien.edu.uy (A. Merlino), rcgari@hotmail.com (R. Capurro),
sdemat@fq.edu.uy, sylvia.dematteis@gmail.com (S. Dematteis).

http://dx.doi.org/10.1016/j.imbio.2015.11.012
0171-2985/© 2015 Elsevier GmbH. All rights reserved.

Th1-type components (Diaz and Allen, 2007; Anthony et al., 2007).
In this regard, protection against many - but not all - helminths
is Th2-type mediated, but their effective immune components can
differ between parasite species and different developmental stages
ofinfection within a particular species. Such differences derive from
the specific ecological niche occupied by the invading helminth at
different stages of its life cycle, including the microenvironment
where the parasite resides and the specific host-parasite interac-
tions that subsequently occur at that site (Harris and Gause, 2011).

The cestode parasite Echinococcus granulosus is the aetiological
agent of cystic echinococcosis (CE), a zoonotic disease of cosmopoli-
tan distribution caused by the infection with the parasite’s larval
stage (Moro and Schantz, 2009). Primary CE occurs in intermedi-
ate hosts (domestic and wild ungulates, accidentally humans) and
derives from the ingestion of oncospheres-containing eggs, which
later develop into metacestodes or hydatid cysts mainly in the liver
and lungs of the infected host. Secondary CE comes about after
spillage of protoscoleces (PSC) from a fertile cyst within an already
infected intermediate host. This kind of infection results from PSC
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developmental plasticity, which lets them develop into new cysts
within intermediate hosts or into adult worms if ingested by a
definitive host (usually dogs). The experimental model of secondary
infection has been used to study host-parasite interactions, and is
based on the intraperitoneal inoculation of viable PSCinto immuno-
competent mice (Heath, 1970). In Balb/c animals, secondary CE can
be divided into two stages: an early stage (until day 20-30 pi) with
PSC developing into hydatid cysts (Richards et al., 1983), and a late
or chronic stage in which already differentiated cysts grow and
eventually become fertile cysts.

Murine models of helminth infections are becoming increas-
ingly important for the elucidation of the immune mechanisms -
and the specific effector cells associated - responsible for protec-
tion. In this sense, Balb/c and C57BIl/6 mice have been very useful in
the study of susceptibility and/or resistance to infections because
they have been regarded as Th2- and Th1-prone strains, respec-
tively. However, for helminth infections no absolute rules can
be stated regarding their susceptibility/resistance patterns, since
they seem to depend on the parasite species studied. For exam-
ple, while Balb/c and C57BI/6 mice were shown to be susceptible
and resistant strains to Litomosoides sigmodontis infection, respec-
tively (Hoffmann et al., 2000); the inverse situation was observed
in the infection model by Heligmosomoides polygyrus (Filbey et al.,
2014). Moreover, in the murine model of cysticercosis by the ces-
tode Taenia crassiceps, C57Bl/6 and Balb/c mice have been reported
as resistant and susceptible strains, respectively (Terrazas, 2008).

Susceptibility and/or resistance phenomena in human CE have
been scarcely studied; having only few reports so far analyzed
potential associations between immunological relevant genes and
disease prognosis. In this regard, profiles of antibody and cytokine
responses have been suggested to determine the parasite success
or failure in establishing the infection (Yang et al., 2012). On the
other hand, Th1-type responses seem to mediate immunity against
E. granulosus in murine infections (Rogan, 1998; Dematteis et al.,
1999,2003; Al-Qaoud and Abdel-Hafez, 2008; Mourglia-Ettlin et al.,
2011), a fact also suggested for human CE (Hernandez-Pomi et al.,
1997; Rigano et al.,, 1999a,b; Amri et al., 2007, 2009). Regarding
murine secondary CE, we have recently reported that Balb/c mice
are significantly more permissive to infection than C57BI/6 animals
(Mourglia-Ettlin et al., 2016). Moreover, we described significant
differences between strains in natural and induced antibodies rec-
ognizing E. granulosus antigens, suggesting that antibodies play a
role in resistance/susceptibility phenomena (Mourglia-Ettlin et al.,
2016).

In the present study, we performed a comparative analysis of
the early peritoneal immune response in infected mice belonging
to low (e.g., C57B1/6) and high (e.g., Balb/c) susceptibility strains to
secondary CE. Cytokine expression profiles as well as cellular phe-
notypes were determined, and by means of descriptive statistics
(e.g., Principal Components Analysis), we identified global immune
patterns associated with differential degrees of susceptibility to
murine E. granulosus infection. Finally, we established the relevance
of anti-parasite effector mechanisms mediated by peritoneal cells
in the intrinsic susceptibility of mouse strains to secondary CE.

2. Materials and methods
2.1. Ethics statement

Animal experiments were performed in compliance with
Comisién Honoraria de Experimentacién Animal (CHEA) from Uni-
versidad de la Reptblica, according to the Canadian Guidelines
on Animal Care and the National Uruguayan Legislation N°18.611.
Experimental protocols were approved by the Ethics Committee of

Facultad de Quimica (Universidad de la Reptblica) and were given
the approval number 101900-001065-11.

2.2. Parasites, mice and infections

PSC from E. granulosus were obtained by aseptic puncture
of fertile bovine hydatid cysts, and were washed several times
with phosphate buffered saline (PBS) pH 7.2 containing gentam-
icin (40 pg/mL). Parasites viability was determined according to
Dematteis et al. (1999). Only those batches with over 95% viability
were used. Female Balb/c and C57BI/6 mice were obtained from
DILAVE (Uruguay) and housed at the animal facility of Instituto
de Higiene (Montevideo, Uruguay). Experimental infections were
performed with 6-8 weeks old mice, which were inoculated by
the intraperitoneal route with 200 p.L of a PBS suspension contain-
ing 2000 viable PSC. Globally, 52 mice were infected (26 from each
strain) and 32 mice were used as controls (16 from each strain). The
exact number of mice used in each experiment is stated in every
experimental description and in each figure legend.

2.3. Peritoneal cells isolation

At different time-points post-inoculation (pi), infected Balb/c
and C57BI/6 mice (n=>5 per strain) were sacrificed by cervical dis-
location prior inhalatory anesthesia. Uninfected mice (n=5 per
strain) were used as control groups (day 0pi). Peritoneal cavi-
ties were extensively washed with cold sterile RPMI 1640 (for
cell cultures) or PBS containing 40 pg/mL gentamicin (for mRNA
extraction or flow cytometry) supplemented with 2% FCS. Red blood
cells were lysed by treatment with RBC Lysing Buffer (Sigma) and
remaining leukocytes were counted using Neubauer chamber and
trypan blue staining.

2.4. Cytokine expression profiling

Cytokine profiles were assessed by qRT-PCR as previously
described (Mourglia-Ettlin et al., 2011). Briefly, RNA extraction
was performed using TRIzol® (Invitrogen) and DNA contamination
was eliminated by DNasa I treatment (Invitrogen) following man-
ufacturer’s recommendations. cDNA was then obtained by 1 pg
RNA reverse transcription using MMLV-RT (Invitrogen) at 42°C
for 50 min. qPCR reactions were performed using mouse specific
primers available under request for TNFo, IFN-v, IL-2, IL-12_p35, IL-
15, IL-4, IL-5, IL-6, IL-10, IL-13 and (-actin, using QuantiTect SYBR
Green PCR Kit (QIAGEN) following manufacturer’s instructions and
0.9 M of each specific primer in a Rotor-Gene 6000 (Corbett Life
Science). Conditions of cycling reactions were 95 °C for 15 min, 40
cycles at 95°C for 15s and 60°C for 1 min, followed by a melting
curve rising from 72°C to 90°C. 3-actin was used as a normaliz-
ing gene and relative mRNA amounts were calculated using the
2-4ACt method (Livak and Schmittgen, 2001). Cytokines expres-
sion changes (increase or decrease) were referred to control group
values.

2.5. Peritoneal cells phenotyping

Peritoneal cells from 5-days-infected and control Balb/c and
C57BI/6 mice (n=5 in each case) were identified by flow cytom-
etry as previously described (Mourglia-Ettlin et al., 2011). Briefly,
cell suspensions were pre-incubated with anti-mouse CD32/CD16
mAb (Mouse Fc Block, Becton Dickinson) for 30 min at 4 °C and then
were incubated during 30 min at 4 °C with the following mAb anti-
mouse: CD19-PE, CD3-FITC, CD4-PE, CD8-PE, CD49b-PE, F4/80-PE,
Gr-1-FITC, Siglec-F-PE, and their specific isotype controls (Pharmin-
gen, Becton Dickinson). Lymphocytes and non-lymphocytes were
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identified through their typical FSC and SSC signals, and subpopu-
lations were regarded as B cells (CD19*), T CD4* cells (CD3*CD4"*), T
CD8" cells (CD3*CD8*), NK cells (CD49b*), macrophages (F4/80M),
neutrophils (Gr-1") and eosinophils (Siglec-F*). Acquisitions were
performed using Cell Quest® software (Becton Dickinson) on a FAC-
Scalibur flow cytometer (Becton Dickinson). Data analyses were
carried out with the free software Flowing Software v.2.5.1 (www.
flowingsoftware.com).

2.6. Principal Components Analysis

In order to identify immune patterns able to differentiate the
early peritoneal responses between infected Balb/c and C57BI/6
mice, we performed Principal Component Analysis (PCA) (Genser
et al., 2007; Ringnér, 2008). Previous to conduct the PCA, data from
cytokine expression profiles and from peritoneal cell phenotypes (5
days pi in both cases) were converted into matrices. Thus, a matrix
of 10 objects (5 mice from each strain) and 10 variables (cytokines
fold-changes); and, on the other hand, a matrix of 10 objects (5
mice from each strain) and 9 variables (number of cells in each
population) were obtained. Data were scaled when necessary to
work with values in the same order of magnitude, and analyses
were based on correlations matrices. Factor weights (loadings) for
the two Principal Components (PC) showing the largest eigenval-
ues are shown (Figs. 3 and 4). Loadings >|0.850| were considered
the most relevant for the analyses. STATISTICA® v.10 software was
used for performing PCA and visualizing results.

2.7. Assessment of cell-dependent protoscolicidal activity

To determine the protoscolicidal activity of peritoneal cells
from normal and infected Balb/c and C57BI/6 mice, we performed
an in vitro antibody-dependent cellular cytotoxicity (ADCC) assay
according to Veerapathran et al. (2009). Sera used in the assay
were pools from normal or 5-days-infected Balb/c or C57BI/6 mice
(n=5 in each case). Briefly, roughly 50 viable PSC were incu-
bated in 200 p.L of complete RPMI 1640 (10% heat inactivated FCS,
100 pg/mL streptomycin, 100 U/mL penicillin, 10 mM L-glutamine
and 50 uM 2-mercaptoethanol), with 1.5 x 106 peritoneal cells
from individualized normal or infected Balb/c or C57Bl1/6 mice (n=5
per strain and condition). In parallel, ADCC activity was assessed
in identical co-cultures performed in the presence of diluted (1:4)
heat-inactivated homologous sera, matching the infection time of
cells and sera. PSC cultured alone in complete RPMI 1640 (8 wells)
were used as controls. Incubations were performed in 96-well
plates during 48 h at 37 °C and 5% CO,. Final viability of PSC in cul-
ture plates was determined under a light microscope, assuming still
viable parasites those (either evaginated or not) without adhered
cell clumps and showing normal signs of physical integrity. Results
were expressed as the percentage of non-viable PSC in each well.

2.8. Determination of nitrites production

To analyze the spontaneous or parasite-induced production of
nitrites by peritoneal cells from normal or infected Balb/c and
C57BIl/6 mice, we quantified nitrites in culture supernatants by
the Griess reaction (Lopez-Collazo et al., 1998). On the one hand,
1.5 x 106 peritoneal cells from individualized normal Balb/c and
C57Bl/6 mice (n=5 per strain) were cultured in the presence or
absence of roughly 50 viable PSC. On the other hand, 1.5 x 106 peri-
toneal cells from individualized 5-days-infected (or control) Balb/c
and C57BI/6 mice (n=>5 per strain) were cultured alone. Incubations
in all cases were performed in 96-well plates with a final volume
of 200 pL of complete RPMI 1640 during 48 h at 37 °C and 5% CO».

2.9. Statistics

Statistical analyses were assessed by non-parametric
Mann-Whitney U test, being differences regarded as significant
with p<0.05.

3. Results

3.1. Infected Balb/c and C57BI/6 mice displayed different early
peritoneal cytokine profiles

Recently, we have shown that Balb/c and C57BIl/6 mice exhibit
different susceptibility degrees to secondary CE, and such dissim-
ilarities were associated with differences in natural and induced
antibodies. In this regard, it is well known that the early cytokine
profile influences antibody responses against pathogens. Therefore,
we first analyzed the kinetics of cytokine expression in peritoneal
cells from infected Balb/c and C57BI/6 mice.

Resultsin Fig. 1A show the kinetics profile of Th1-type cytokines.
In this regard, IL-12, IFN-y and IL-15 displayed no gross differences
between mouse strains (Fig. 1A).IL-12 expression showed a late sig-
nificant repression in both strains, although it was earlier in Bab/c
animals (Fig. 1A). Otherwise, although IFN-y expression increased
over time in both strains, C57B1/6 mice showed an earlier induction
(Fig. 1A). Regarding IL-15 expression, it showed no variation with
infection time in C57BI/6 mice, while only a punctual induction 3
days pi was observed in Balb/c animals (Fig. 1A). On the contrary,
among Th1-type cytokines, TNF-a and IL-2 showed very different
expression profiles in Balb/c and C57BI/6 mice (Fig. 1A). While in
Balb/c mice TNF-a expression was early and steadily repressed, in
C57Bl/6 animals a sharp expression increase was observed 1day
pi (Fig. 1A). Regarding IL-2, Balb/c mice - unlike C57BI/6 animals -
showed a sustained induction since day 3 pi (Fig. 1A).

On the other hand, results in Fig. 1B show the kinetics profile of
Th2-type cytokines. In this case, IL-6, IL-4 and IL-13 showed broadly
similar behaviors between mouse strains. In fact, IL-6 expression
displayed identical expression profiles in Balb/c and C57BI/6 ani-
mals, both in terms of kinetics and intensity (Fig. 1B). Regarding
IL-4 and IL-13, expression levels increased later in time, reach-
ing Balb/c mice significantly higher values than C57BI/6 animals
(Fig. 1B). Interestingly, IL-5 and IL-10 expression displayed very
different profiles between mouse strains (Fig. 1B). In C57BI/6 mice,
IL-5 expression showed an early and steady increase over time,
whereas in Balb/c animals it significantly increased only at day 7 pi
(Fig. 1B). On the contrary, unlike C57Bl/6 mice, IL-10 expression
in Balb/c mice significantly increased since day 1 pi and showed
steady values throughout the analyzed timeframe (Fig. 1B).

In summary, remarkable differences in cytokine expression pro-
files were observed in peritoneal cells from infected Balb/c and
C57B1/6 mice, both in terms of kinetics and intensity.

3.2. Peritoneal cell populations differ between Balb/c and C57BI/6
mice in normal and infected individuals

In murine secondary CE, parasite establishment is a peritoneal
phenomenon. Therefore, we characterized the cellular popula-
tions in the peritoneal cavity of infected Balb/c and C57BI/6 mice.
Since results on cytokine expression kinetics during early infec-
tion showed gross differences between mouse strains at day 5 pi
(7 out of 10 studied cytokines), we focused on the analysis of the
peritoneal cellular composition in 5-days infected mice (Fig. 2).

Regarding normal mice, interestingly differences were found for
some cell populations between strains. C57B1/6 animals showed
roughly 2-fold higher counts of T CD3*CD4* (p=0.0159) and
CD3*CD8* cells (p=0.0079) than Balb/c mice (Fig. 2A). On the con-
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Fig. 1. Balb/c and C57Bl/6 mice exhibit different peritoneal cytokine profiles during early infection. Balb/c and C57BI1/6 mice (n =16 per strain) were inoculated ip with 2000
protoscoleces in 200 L of sterile PBS. Infected mice (n=4 per strain) were sacrificed at 1, 3, 5 and 7 days pi and their total peritoneal cells were recovered. Uninfected mice
(n=6 per strain) were used for reference (day O pi, pre-infection). qRT-PCR was performed using specific primers for murine Th1-type (A) and Th2-type (B) cytokines. Relative
mRNA levels were expressed respect to pre-infection group. Results are shown as mean & SEM of fold-changes. Statistical significance (p <0.05) between strains is indicated
by arrows (1), and between time points and day 0 pi by asterisks (*).
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Fig. 2. Normal and 5-days-infected Balb/c and C57BI/6 mice show differences in peritoneal cell populations. Balb/c and C57BI/6 mice (n=5 per strain) were inoculated ip
with 2000 protoscoleces in 200 L of sterile PBS. Infected mice were sacrificed 5 days pi and their peritoneal lymphocytes (A) and non-lymphocytes (B) were analyzed by
flow cytometry. Uninfected mice (n=5 per strain) were used for reference (day 0 pi, pre-infection). Results are shown as mean + SEM of cell numbers. Statistical significance
(p<0.05) between strains is indicated by arrows (1), and between infected and uninfected mice within a strain by asterisks (*).
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Fig. 4. Clustering of infected Balb/c and C57BI/6 mice through Principal Component Analysis of their peritoneal cell populations 5 days pi. Studies of PCA were performed on
a matrix of peritoneal cell populations: 10 objects (5 mice from each strain) and 9 variables (cell number of 9 different populations). Factor loadings for the two PCs with the
largest eigenvalues are shown, and the most relevant for the study (those >|0.850|) are written in italics and bold. Balb/c and C57BI1/6 mice are depicted as white and black

circles, respectively.

trary, peritoneal cells from normal Balb/c mice displayed 3- and
2-fold higher values of NK cells (p =0.0079, Fig. 2A) and eosinophils
(p=0.0317, Fig. 2B) than normal C57Bl/6 mice, respectively. Such
contrasts in peritoneal cell composition between normal Balb/c and
C57Bl/6 mice could differentially condition the development of the
early local immune response against E. granulosus.

In fact, important differences between 5-days-infected Balb/c
and C57Bl/6 mice were observed in several populations. Regarding
the lymphoid compartment, although both mouse strains signifi-
cantly increased counts of NK cells, T CD3*CD4* and T CD3*CD8*
cells, Balb/c mice reached approximately 2-fold higher values
of NK cells (p=0.0159) and T CD3*CD4* cells (p=0.0079) than
C57Bl/6 animals (Fig. 2A). Interestingly, remarkable differences
were observed in the B cell compartment in infected mice, dis-
playing significant increases and decreases in C57BI/6 and Balb/c
mice, respectively (Fig. 2A). Thereby, 5-days-infected C57BI/6 mice
showed roughly 2.5-fold higher counts in B cells than their Balb/c
counterparts (p=0.0079, Fig. 2A). On the other hand, only infected
C57BI/6 mice significantly increased counts of non-lymphoid cells
roughly 1.5-fold respect to baseline values (Fig. 2B). In this regard,

although eosinophils as well as neutrophils counts significantly
increased in both strains, Balb/c mice reached roughly 2.5-fold
higher values of eosinophils than C57Bl/6 animals (p=0.0159,
Fig. 2B). Interestingly, only Balb/c mice showed variations in the
macrophage compartment, displaying a sharp counts decrease of
approximately 10-fold respect to normal mice (Fig. 2B). Thus, 5-
days-infected C57BI/6 mice showed roughly 8.5-fold higher counts
of macrophages than their Balb/c counterparts (p =0.0079, Fig. 2B).

Overall, important differences were observed in the population
composition of peritoneal cells from normal as well as from 5-days-
infected Balb/c and C57BI/6 mice.

3.3. Clustering of Balb/c and C57BI/6 infected mice through
Principal Components Analysis of immunological parameters

Since our main goal was to look broadly at immune profiles in
infected Balb/c and C57Bl/6 mice in order to find differences in their
early peritoneal immune responses, we performed Principal Com-
ponents Analysis (PCA) to determine if any linear combination of
cytokine expression profile or peritoneal cell populations might be
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useful in differentiating both mouse strains. PCA is an algorithm
of descriptive statistics commonly used to reduce the number of
attributes used to represent a data set in order to identify patterns
that stand out their similarities and differences. The procedure uses
orthogonal transformations to convert the observations, which are
presented as functions of possibly correlated variables, into a set
of values of linearly uncorrelated variables called Principal Com-
ponents (PC). We constructed two different matrices for PCA: one
for cytokines fold-changes and another one for peritoneal cell pop-
ulations, in both cases with data from 5-days-infected Balb/c and
C57BI1/6 mice.

Firstly, PCA from the cytokine expression matrix yielded seven
PCs, from which PC1 and PC2 accounted together for 86.13% of the
total variability among individuals, and the biplot of PC1 vs. PC2
showed that Balb/c mice clustered away from C57BI/6 individuals
(Fig. 3). Accounting for 69.89% of the total variability, PC1 explains
differences between mouse strains along the horizontal axis in the
scoring plot. Analysis of the loading factors of PC1 showed that this
component includes most of the cytokines studied, with IL-5 and
TNF-a exhibiting the greatest positive loadings; and IL-4, IL-13, IL-
2 and IL-10 the greatest negative loadings (Fig. 3). Accordingly, in
moving from left to right in the biplotin Fig. 3, C57Bl/6 infected mice
are those expressing the largest fold-changes in IL-5 and TNF-«, and
the smallest fold-changes in IL-4, IL-13, IL-2 and IL-10. On the other
hand, PC2 accounted for 16.24% of the total variability and mainly
discriminates between individuals within a mouse strain, having
IL-15 the greatest loading factor (Fig. 3).

Secondly, PCA from the matrix of peritoneal cell populations
yielded nine PCs, from which PC1 and PC2 accounted together for
77.52% of the total variability between individuals, and the biplot
of PC1 vs. PC2 showed that again Balb/c mice clustered away from
C57Bl/6 individuals (Fig. 4). Accounting for 48.42% of the total vari-
ability, PC1 explains differences among mouse strains along the
horizontal axis in the scoring plot. Analysis of the loading fac-
tors of PC1 showed that this component includes several of the
cell populations studied, with eosinophils exhibiting the greatest
positive loadings; and macrophages and B cells the greatest neg-
ative loadings (Fig. 4). Accordingly, in moving from right to left
in Fig. 4, C57BI/6 infected mice are those with the highest counts
of macrophages and B cells, and the lowest counts of eosinophils.
On the other hand, PC2 accounted for 29.10% of the total variability
and mainly discriminates among individuals within a mouse strain,
having total lymphocytes the greatest loading factors (Fig. 4).

In summary, our PCA studies suggest that the more resistant
mouse strain to secondary CE (e.g., C57B1/6 mice) develops an early
mixed IL-5/TNF-a response and an overall less intense Th2-type
cytokine response, with higher counts of peritoneal macrophages
and B cells than the more susceptible strain (e.g., Balb/c mice).

3.4. Peritoneal cells from infected C57BI/6 mice — unlike Balb/c
littermates - exhibit potent anti-parasite activities

Activated peritoneal macrophages have been shown to exert
protoscolicidal activity in vitro, which has been attributed to the
production of reactive nitrogen species. Based on our results on
significant differences in peritoneal cell populations and cytokine
profiles between Balb/c and C57BIl/6 mice, we next analyzed the
in vitro protoscolicidal activity of peritoneal cells from normal and
5-days-infected animals. Moreover, in order to assess the pos-
sible contribution of ADCC mechanisms to parasite killing, we
performed such assays in the absence or presence of homolo-
gous heat-inactivated serum either from normal or 5-days-infected
mice. Examples of live (Fig. 5A-C) and dead/damaged (Fig. 5D, E)
PSC are shown.

Results in Fig. 5F show that peritoneal cells from normal Balb/c
and C57BIl/6 mice display significant and similar protoscolicidal
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Fig. 5. In vitro protoscolicidal activity of peritoneal cells from normal and 5-days-
infected Balb/c and C57BI/6 mice. Balb/c and C57BI/6 mice (n=5 per strain) were
inoculated ip with 2000 protoscoleces in 200 L of sterile PBS. Infected mice were
sacrificed 5 days pi and their peritoneal cells were recovered. Uninfected mice
(n=5 per strain) were used as controls. Cells were co-cultured with highly viable
PSC during 48h, and then PSC viability was determined under a light micro-
scope. Examples of viable (A-C) and dead/damaged (D and E) PSC are shown. In
parallel, co-cultures were performed in presence of homologous and infection-
time-matched sera. Dashed line represents the mean value of PSC viability after
incubation in complete medium alone. Results on parasite viability are expressed
as mean + SEM of the percentage of non-viable PSC (F). Secretion of nitrites by peri-
toneal cells was determined by the Griess reaction in 48 h-culture supernatants.
Parasite-induced NO production was analyzed through co-cultures of peritoneal
cells from uninfected mice with highly viable PSC (G). Infection-induced NO produc-
tion was studied through incubation of peritoneal cells from 5-days-infected mice
in complete medium alone (H). Results are shown as mean =+ SEM of nitrites con-
centration. Statistical significance (p <0.05) between strains is indicated by arrows
(1), and between infected and uninfected mice within a strain by asterisks (*).

activity. Interestingly, when normal peritoneal cells from both
strains were co-cultured with viable PSC, an also alike production
of nitrites was observed (Fig. 5G), which could at least partially
explain the similarity in protoscolicidal activity of normal peri-
toneal cells. Moreover, the addition of homologous normal serum
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to co-cultures significantly increased the protoscolicidal activity
observed in both mouse strains (Fig. 5F), suggesting that natural
antibodies cross-reacting with PSC antigens could play a role in the
early anti-parasite response in murine secondary CE through ADCC
mechanisms.

On the other hand, when co-cultures were performed with peri-
toneal cells from 5-days-infected mice, C57Bl/6 peritoneal cells
showed a significantly higher anti-parasite activity than Balb/c ani-
mals (p=0.0079, Fig. 5F). Such higher protoscolicidal activity could
at least be partially explained by the higher levels of spontaneous
nitrites secretion into the cultures by cells from 5-days-infected
C57BI1/6 mice (Fig. 5H). In fact, peritoneal cells from infected C57B1/6
mice secreted in vitro roughly 7-fold higher amounts of nitrites (in
terms of group medians) than their Balb/c counterparts (p=0.0317,
Fig. 5H). Interestingly, addition of homologous and infection-time-
matched serum to co-cultures of peritoneal cells from infected
mice significantly increased anti-parasite activity only in C57BI/6
co-cultures (p=0.0079, Fig. 5F). This finding suggested that the
very early antibody response induced in C57Bl/6 mice is unique
in enhancing ADCC mechanisms against PSC of E. granulosus.

In summary, our results suggest that the differences in nitrites
production by peritoneal cells and the ability of early-induced anti-
bodies in triggering ADCC responses, could differentially contribute
to susceptibility/resistance to secondary CE in Balb/c and C57BI/6
mice.

4. Discussion

The host genetic background is known to influence the outcome
of infectious diseases, and helminth infections are not an exception.
Global patterns of murine susceptibility/resistance to helminth
infections cannot be concluded, since they seem to depend on
each parasite species. For example, while the intestinal nema-
todes H. polygyrus and Trichuris muris establish chronic infections
in most mouse strains and induce Th2-type responses, Balb/c mice
are more resistant to infection than C57BI/6 animals (Maizels and
Yazdanbakhsh, 2003; Patel et al., 2009). Interestingly, C57Bl/6
mice were shown to be resistant to L. sigmodontis — a nematode
not strictly gastrointestinal — suggesting that the parasite can be
killed by Th1-type responses (Saeftel et al., 2003). Thus, Th2-type
responses are critical determinants in the outcome of nematode
infections, but with different dynamics depending on the stage of
the parasite and strain of the host (Reyes et al., 2009). Regard-
ing infections by cestodes - the less studied class of helminths -
available data is consistent with the general helminth literature in
that they exhibit a strong propensity to drive Th2-type responses
(Jenkins and Allen, 2010). However, protective immunity against
cestodes seems to require Th1 cells (Emery et al., 1997; Rogan,
1998; Rodriguez-Sosa et al., 2002; Dematteis et al., 2003; Gottstein
et al., 2006; Baz et al., 2006; Alonso-Trujillo et al., 2007; Terrazas,
2008; Jenkins and Allen, 2010).

Recently, our group reported that in the model of secondary
CE, Balb/c and C57Bl/6 mice behave as high and low suscepti-
ble strains to E. granulosus infection, respectively (Mourglia-Ettlin
et al., 2016). In the present work, we have shown that C57BI/6
mice - unlike Balb/c animals - develop an early mixed IL-5/TNF-a
response and an overall less intense Th2-type cytokine response
at the peritoneal level. Indeed, infected C57Bl/6 mice displayed
large fold-changes in IL-5 and TNF-a expression, with small (IL-
4 and IL-13) or no (IL-10) variations in key Th2-type cytokines.
These results are in accordance with previous reports suggesting
that Th2-type responses are associated with susceptibility to E.
granulosus infection in mice (Rogan, 1998; Dematteis et al., 1999,
2003) as well as in humans (Hernandez-Pomi et al., 1997; Rigano
et al.,, 1999a,b, 2001, 2004). In fact, we previously reported that
the initial Th1-type response in the peritoneal cavity of infected

Balb/c mice becomes Th2-biased by day 5 pi, suggesting that the
blockade of possible early efficient immune mechanisms allows
PSC to survive and to develop into hydatid cysts (a more immune-
resistant parasite stage) (Mourglia-Ettlin et al., 2011). In addition,
the forced production of the Th1-driving cytokine IL-12 in infected
Balb/c mice was shown to induce protective immune mechanisms
in the host (Al-Qaoud and Abdel-Hafez, 2008). Interestingly, unlike
the case of most helminth parasites, immunity against cestodes
seems to require Th1-type responses for inducing protection, since
murine susceptibility to infection by T. crassiceps (Rodriguez-Sosa
et al., 2002; Terrazas, 2008) or E. multilocularis (Emery et al., 1997;
Vuitton, 2003) is also dependent on Th2-type responses.

Through PCA on peritoneal cytokine expression profiles induced
by infection we have here shown that C57Bl/6 mice remarkably
differed from Balb/c animals in their up-regulation of TNF-a and
IL-5. In this regard, both cytokines have proved to be relevant in
immunity against helminth parasites. In fact, Artis et al. (1999)
revealed that TNF-« plays a critical role in the regulation of Th2-
type cytokines. In that work, the authors showed that in vivo
blockade of TNF-a in normally resistant mice to T. muris signifi-
cantly delayed worm expulsion without altering IL-4, IL-5, or IL-13
production in the draining lymph node. Moreover, IL-13-mediated
worm expulsion was also shown to be TNF-a dependent, and could
be enhanced by administration of recombinant TNF-a (Artis et al.,
1999). On the other hand, while no differences in L. sigmodontis
survival were found between IL-5-deficient and C57BL/6 mice, IL-
5 genetically deficient animals - unlike wild type littermates —
were unable to generate a protective immune response when vac-
cinated with irradiated larvae (Le Goff et al., 2000). Interestingly,
in the same infection model, IL-5 was shown to act synergistically
with IFN-vy in reducing worm loads, and macrophage production of
TNF-a was shown to be reduced in the absence of IL-5 and/or IFN-
v (Saeftel et al., 2003). In this regard, our results with the model
of secondary CE showed a similar interdependency between IL-5,
IFN-y and TNF-a expression, since infected C57BI/6 mice showed
an early induction of IL-5 and IFN-vy with increased levels of TNF-a,
while in infected Balb/c mice the early increase in IFN-y expression
without induction of IL-5 derived in repressed TNF-a expression.
Therefore, peritoneal levels of TNF-a and IL-5 could be suggested
as determining factors in susceptibility to murine secondary CE.

Preferential expression of immunoregulatory or immunosup-
pressive cytokines — like IL-10 — has been largely associated to
host susceptibility in several helminth infections (Redpath et al.,
2014), and particularly in echinococcosis—either alveolar or cystic
(Vuitton, 2003; Baz et al., 2006). In human as well as in murine
infections by Echinococcus spp., immunosuppressive effects of IL-
10 have been related mainly to decreased production of NO (Godot
et al., 2003; Amri et al., 2009) and to expansion of Treg cells (Nono
etal.,, 2012; Laetal., 2015). For example, Amri et al. (2009) showed
that protoscolicidal activity of PBMC from healthy donors or CE
patients is reduced by IL-10, and that such reduction correlated
with a decrease in NO production. Accordingly, administration of
IFNa-2a to mice infected with E. multilocularis decreased the high
production of IL-10 by peritoneal macrophages and restored their
oxidative metabolism (Godot et al., 2003). Interestingly, 75% of
IFNa-2a-treated mice exhibited no hepatic lesions and 50% were
fully protected, suggesting that IL-10 production is a susceptibility
determinant in alveolar echinococcosis (Godot et al., 2003). On the
other hand, E/S products from E. multilocularis metacestode vesicles
induce high levels of IL-10 on naive murine DCs, which upon incu-
bation with naive T cells led to a significant expansion of Foxp3*
regulatory T cells in vitro (Nono et al., 2012). In this sense, results
derived from the murine model of alveolar echinococcosis showed
that engagement of PD-1 on Treg cells with PDL-1 on DCs promoted
the secretion of IL-10 and TGF-3, which correlated with inhibition
of T cell effector functions (La et al., 2015). Therefore, induction of
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IL-10is assumed to fulfill an important role for parasite persistence
in echinococcosis. In this regard, our noteworthy results on IL-10
expression - Balb/c mice exhibited a significant and steady induc-
tion of IL-10 while C57BI1/6 mice did not change its baseline values
- suggest that early IL-10 levels could be also a determining factor
in susceptibility to murine secondary CE.

In addition to the cytokine patterns differentiating infected
mice with low and high susceptibility to secondary CE, our PCA
results on peritoneal populations highlighted that C57BI/6 mice
exhibited higher numbers of macrophages and B cells with lower
counts of eosinophils than Balb/c animals. Regarding eosinophils,
although shown to be potent effector cells for the killing of helminth
parasites in vitro, their in vivo role has been more difficult to estab-
lish (Meeusen and Balic, 2000; Klion and Nutman, 2004). Indeed,
Meeusen and Balic (2000) suggested that eosinophils do play a role
in the killing of infective larval stages, but not in adult helminth
parasites. In cestode infections, the metacestodes are particularly
potent inducers of eosinophilia; however not only recruitment
is important but also the activity of eosinophils may contribute
to infection resistance (Makepeace et al., 2012). In this sense, a
cysteine protease secreted by the metacestode of E. multilocularis
was shown to degrade host eotaxin, preventing the infiltration of
eosinophils into the peritoneal cavity of infected mice (Mejri and
Gottstein, 2009). In the murine model of secondary CE using a
mouse strain deficient in the complement component C5, higher
levels of parasite establishment and larger cysts were observed
than in wild type littermates, and those differences were associated
with reduced levels of eosinophil infiltration in the C5-deficient
strain (Ferreira et al.,, 2000). Thus, Echinococcus spp. may have
evolved immune evasion strategies to limit eosinophil degranu-
lation, as it has been demonstrated that recombinant human ECP
can damage PSC of E. granulosus in vitro (Ramos et al., 2006). How-
ever, in spite of this data, eosinophilia is actually associated with an
increased risk of recurrent infection with E. granulosus in humans
(Hernandez-Pomi et al., 1997). Therefore, our results on eosinophil
recruitment in C5-sufficient mice - the more resistant strain exhib-
ited lower eosinophil counts - better mimicked the odd human
situation and suggest that an excessive local infiltrate of eosinophils
may be associated with less efficient responses against E. granulo-
sus.

In helminth infections, macrophages have been suggested to
play crucial roles in the immune response, as they can initi-
ate, modulate and be final effector cells. In this regard, although
the number of macrophages have been shown to increase in
the helminth-surrounding tissue - either through recruitment of
blood precursors or through proliferation of resident macrophages
- reports on their recruitment/proliferation in cestode infection
models are virtually absent (Reyes and Terrazas, 2007; Riickerl and
Allen, 2014). Indeed, few reports have dealt with macrophages in
cestode infections, and as far as we know, none of them describes
their relative or absolute number in the helminth-surrounding
tissue (Reyes and Terrazas, 2007; Riickerl and Allen, 2014). Our
results on murine secondary CE showed that infected C57BI/6 mice
exhibited higher numbers of peritoneal macrophages than Balb/c
animals. In fact, such difference derived from a sharp decrease
observed in Balb/c mice, while C57BI1/6 animals exhibited no signif-
icant variations in the number of peritoneal macrophages respect
to uninfected controls. Interestingly, the spontaneous secretion of
NO by peritoneal cells from infected C57BI/6 mice — unlike Balb/c
animals — was high, and NO has been shown to exert harmful effects
on PSC (Dematteis et al., 2003). In this sense, the reduction in the
number of macrophages observed in the most susceptible mouse
strain could be associated with the lower production of NO by their
peritoneal cells. In addition, B cells — particularly the peritoneal B1
subset - have been described as a source of NO (Bogdan, 2015),
and interestingly their number showed an increase and decrease

in infected C57BI/6 and Balb/c mice, respectively. Therefore, differ-
ences in the number of peritoneal B cells may also contribute to the
observed contrasts in NO production by peritoneal cells from both
mouse strains. Thus, low counts of peritoneal macrophages and B
cells - probably affecting the local production of NO - could be sug-
gested as important contributing factor to murine susceptibility in
secondary CE.

Finally, ADCC mechanisms exerted by different cell types have
proved to be relevant in immunity against several helminth par-
asites (Moreau and Chauvin, 2010; Harris and Gause, 2011).
However, a role for such mechanisms in immunity against cestodes
has not been clearly stated. Our results on PSC killing by normal
peritoneal cells showed that Balb/c and C57BIl/6 mice displayed
significant but similar degrees of activities when homologous nor-
mal sera were used, suggesting an alike role for natural antibodies
in “natural” ADCC regardless the mouse strain. However, ADCC
responses by peritoneal cell from 5-days-infected mice were shown
to be relevant only in C57BI/6 animals, suggesting that their very
early antibody response - unlike Balb/c mice - is efficient in
enhancing ADCC mechanisms. These results are in accordance with
our previous report showing that while Balb/c mice biased the early
antibody response against PSC antigens towards IgG1, C57Bl/6 mice
exhibited a predominance of mixed IgM/IgG2c/IgG2b/IgG3 specific
antibodies (Mourglia-Ettlin et al., 2016). In this sense, IgG1 subclass
preferentially engages the inhibitory FcyRIIB while IgG2a/c and
IgG2b exhibit the highest cellular activation/inhibition ratio based
on their preferential binding to activating FcyRs (Nimmerjahn and
Ravetch, 2005, 2006). Therefore, it is consistent that an early IgG1
bias in Balb/c mice would result in less efficient ADCC responses
against E. granulosus PSC in comparison with C57Bl1/6 animals.

In conclusion, we have here described the existence of dif-
ferences in the early peritoneal immune response in Balb/c and
C57BI/6 infected mice regarding secondary CE. Through PCA stud-
ies, we characterized the local immune response in the low
susceptible mouse strain (e.g., C57Bl/6) as an early mixed IL-5/TNF-
a response with an overall less intense Th2-type cytokine pattern
than in the high susceptible strain (e.g., Balb/c). Moreover, also
through PCA studies, we showed that infected C57BI/6 mice exhib-
ited higher numbers of peritoneal macrophages and B cells with
lower counts of eosinophils than Balb/c animals. In this sense,
differential production of NO by peritoneal cells from infected
mice could be suggested as a contributing factor to infection sus-
ceptibility. Finally, we established the role of natural antibodies
in mediating ADCC responses, and reported that only in C57BI/6
mice the very early induced antibody response enhances parasite
killing through ADCC. Altogether, our results suggest that the early
peritoneal immune response is a key determinant factor in host
susceptibility to murine secondary CE. Furthermore, the present
work is not only relevant for the understanding of host-parasite
interactions in E. granulosus infection, but also for improving our
knowledge on cestodes immunobiology.
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El objetivo general del presente trabajo consistio en realizar aportes de relevancia al
conocimiento basico de las respuestas inmunes potencialmente protectoras frente a la
infeccion por E. granulosus en hospederos intermediarios. Para ello, se realizaron una
serie de estudios tanto en humanos (hospederos naturales accidentales), como en
modelos murinos de infeccion (hospederos experimentales). En ambos casos, los
fendmenos de resistencia/susceptibilidad frente a E. granulosus han sido escasamente
estudiados hasta el momento. Sin embargo, varios autores han propuesto que los
perfiles de la respuesta de anticuerpos y de citoquinas desarrollados por el hospedero,
determinarian en gran medida el éxito del establecimiento de la infeccién o la
eliminacion del parasito. Asi, la induccion de distintos perfiles de respuesta podrian
ser potencialmente asociados con casos de susceptibilidad y resistencia del hospedero,

respectivamente [Yang et al., 2012].

En primer lugar, la abundancia de reportes sobre: (a) el hecho que el nimero de
individuos seropositivos para antigenos del parasito en regiones endémicas para la EQ
siempre es superior al nimero de casos que luego son confirmados mediante técnicas
imagenologicas [Bonifacino et al., 1991; Nahmias et al., 1991; Zhang et al., 1994;
Cohen et al., 1998; Shambesh et al., 1999; Hernandez et al., 2005; Gavidia et al.,
2008]; y (b) la sugerencia realizada por algunos autores en relacion a que dichos
anticuerpos podrian tener cierta funcion protectora frente al desarrollo de la
enfermedad [Rogan et al., 1992], confluyeron para la postulacion del primer objetivo
especifico. Es asi que se realiz6 una caracterizacion detallada del perfil de anticuerpos
(totales y especificos contra antigenos del parasito) en una cohorte de individuos
residentes en una zona endémica para EQ en Uruguay, que si bien fueron
serologicamente positivos, no mostraron durante un periodo de seguimiento de 2 afos
imagenes compatibles con EQ [Hernandez et al., 2005]. Dichos individuos se
denominaron grupo UN (Tabla 1, Cap.2, pag. 22). Paralelamente, se realizé la misma
caracterizacion de la respuesta de anticuerpos en un grupo de pacientes con EQ
confirmada quirdrgicamente (grupo CE) y en un grupo de donantes sanos (grupo HD)
(Tabla 1, Cap.2, pag. 22).

En este sentido, los resultados obtenidos mostraron que los individuos del grupo UN

presentan un perfil de anticuerpos especificos contra E. granulosus particularmente
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interesante y capaz de diferenciarlos tanto de los individuos del grupo CE como de los
del grupo HD. Concretamente, los individuos del grupo UN mostraron bajos niveles de
IgG4 (Figura 1f, Cap.2, pag.24) pero niveles importantes de IgE (Figura 2a, Cap.2,
pag.25). Esta peculiaridad hizo que los individuos del grupo UN mostraran una relacion
IgE/1gG4 significativamente mayor a la observada en los demas grupos en estudio
(Figura 2b, Cap.2, pag.25). Esto sugiere que el balance fino entre las respuestas de
anticuerpos con potentes acciones antiparasitarias (IgE) y aquellas con pocos o nulos
efectos contra el parasito (IgG4), podria estar relacionado con una respuesta
potencialmente mas eficiente contra E. granulosus. Apoyando esta hipotesis, se han
sugerido interpretaciones similares para otras helmintiasis humanas [Adjobimey y
Hoerauf, 2010].

Ademas, es interesante destacar que los individuos del grupo UN mostraron niveles
significativamente superiores de IgM contra antigenos del parasito (con caracteristicas
de IgM naturales polireactivas) respecto a los individuos de los grupos CE y HD (Figura
3, Cap.2, pag.25). En consonancia con estos resultados, se ha reportado que E.
granulosus es mas susceptible a los mecanismos efectores del sistema inmune de
hospederos intermediaros durante la etapa de establecimiento de la infeccion, es
decir en el estadio de oncosfera [Rogan et al., 2015]. Las oncosferas son sensibles a la
accion del sistema del complemento de los hospederos intermediarios [Heath et al.,
1994; Heath y Lawrence, 1996; Lightowlers y Heath, 2004], incluido el ser humano
[Rogan et al., 1992]. Por lo tanto, y teniendo en cuenta que las IgM naturales son
excelentes activadoras del sistema complemento [Panda y Ding, 2015; Ehrenstein y
Notley, 2010], nuestros resultados sugieren que los individuos del grupo UN podrian
tener ciertos niveles potenciales de resistencia “innata” frente a la infeccion por E.
granulosus. En la misma linea de razonamiento, se han realizado interpretaciones
similares en el contexto de otras patologias humanas de etiologia infecciosa [Gronwall
et al., 2012].

En suma, los resultados reportados en el Capitulo 2 mostraron que los individuos del
grupo UN presentan un perfil de anticuerpos contra E. granulosus que les es propio y
caracteristico, y que los diferencia tanto de pacientes con EQ asi como de donantes

sanos. En este sentido, aunque nuestro trabajo no describe una relacion causal
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inequivoca sobre el efecto de los anticuerpos en una situacion de resistencia frente a
E. granulosus, resulta claro que las caracteristicas del perfil de anticuerpos en los
individuos del grupo UN si podrian asociarse con una potencial situacion de desafio

parasitario sin establecimiento exitoso de la infeccion.

Es importante destacar que el establecimiento de la EQ en humanos es asintomatico, y
por lo tanto, resulta practicamente imposible obtener datos sobre la respuesta inmune
temprana contra E. granulosus en contextos de infecciones naturales. En este sentido,
si bien el modelo de EQ secundaria tiene sus limitaciones, ya que no refleja los
posibles efectos que tendria la infeccion primaria natural (dado que se utilizan ratones
normales), igualmente ha resultado de gran ayuda para la interpretacion de los
sucesos inmunoldgicos que ocurren en la etapa cronica de la infeccion y para la
generacion de posibles hipétesis referidas a los eventos que ocurririan en las etapas

tempranas de la misma [Tamarozzi et al., 2015].

En base a lo antes mencionado, nos planteamos como segundo objetivo establecer un
modelo de susceptibilidad diferencial a la infeccidon por E. granulosus utilizando el
modelo murino de EQ secundaria, para luego analizar las diferencias en respuesta
inmune contra el parasito en ratones infectados con distintos niveles de resistencia a
la infeccidon. Para ello, se realizaron infecciones secundarias experimentales en
ratones de las cepas Balb/c y C57Bl/6, y posteriormente analizar parametros
parasitologicos sobre el resultado de la infeccion en ambas cepas. Estas cepas de
ratones fueron seleccionadas en base a los resultados reportados previamente en el
modelo murino de EQ primaria [Dempster et al., 1991]. Asimismo, resulta interesante
destacar que ambas cepas exhiben diferencias intrinsecas en el “sesgo inmunologico”.
En este sentido, se ha reportado que mientras los ratones Balb/c son propensos a un
sesgo Th2, los C57BL/6 son propensos hacia un sesgo Th1. Estas diferencias parecen no
solo estar asociadas con el diferente haplotipo de MHC que cada una presenta, sino
ademas con una variedad de contrastes adicionales en componentes claves del sistema
inmune. Por ejemplo, perfil de expresion y actividad de receptores TLR en células
dendriticas [Liu et al., 2002]; frecuencia y capacidad supresora de células T

reguladoras CD4°CD25" naturales [Chen et al., 2005]; tasa de maduracion de
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progenitores de mastocitos [Dahlin et al., 2013]; y niveles de IgM naturales capaces de

reconocer glicanos [Dai et al., 2009], entre otras diferencias.

Las diferencias antes mencionadas, claramente podrian influir en la susceptibilidad
intrinseca de los ratones Balb/c y C57Bl/6 frente a patogenos, en especial frente a la
infeccion por E. granulosus, en la cual se ha sugerido que las respuestas polarizadas de
tipo Th1 y Th2 en el hospedero intermediario podrian ser protectoras o ineficientes,
respectivamente. Asi, nuestros resultados muestran que la cepa Balb/c es mas
permisiva al desarrollo de la EQ secundaria, mientras que la C57Bl/6 tiene
comparativamente un nivel de resistencia mayor (Figura 1, Cap.3, pag.34). Estos
resultados, estarian en linea con reportes previos para el modelo murino de EQ
primaria [Dempster et al., 1991]. Por lo tanto, los ratones Balb/c podrian ser
considerados como altamente susceptibles a la infeccion por E. granulosus
independientemente del estadio parasitario infectante, mientras que los C57Bl/6
mostrarian nula o baja susceptibilidad segin se trate de EQ primaria o secundaria,

respectivamente.

Teniendo en cuenta la diferencia en susceptibilidad al establecimiento de la infeccion
por E. granulosus entre ambas cepas, como tercer objetivo se analizaron las
diferencias de la respuesta de anticuerpos (naturales e inducidos) contra antigenos de
E. granulosus. Para ello, se realizaron infecciones secundarias en ratones Balb/c y
C57BL/6, y se evalub simultaneamente la cinética de anticuerpos especificos asi como
las caracteristicas de los anticuerpos naturales capaces de reconocer antigenos del
parasito. Es importante considerar que el perfil de la respuesta de anticuerpos
montada por un hospedero infectado es de crucial relevancia, ya que cada
isotipo/subclase de inmunoglobulina es capaz de desencadenar distintas funciones
efectoras, algunas de las cuales podrian tener potenciales acciones antiparasitarias
[Garraud et al., 2003]. De manera interesante, nuestros resultados mostraron
diferencias importantes entre los ratones Balb/c y C57Bl/6, en cuanto a los
anticuerpos naturales e inducidos capaces de reconocer antigenos de E. granulosus.
Ademas, las respuestas sistémicas (en suero) y locales (en exudados peritoneales)

también mostraron diferencias significativas entre ambas cepas.
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Con respecto a los anticuerpos naturales con reactividad hacia antigenos de E.
granulosus, se observaron diferencias importantes entre cepas, en términos de niveles
y caracteristicas funcionales, tanto a nivel sistémico (Figuras 2, 3 y 4, Cap.3,
pag.35,36,37) como local (Figuras 5 y 6 Cap.3, pag.38,39). De hecho, se logro
establecer que los niveles séricos de 1gG2b naturales funcionarian como un potencial
correlato de proteccion en ambas cepas de ratones (Tabla 1, Cap.3, pag.33). Ademas,
la presencia de IgG2b natural solo en exudados peritoneales de ratones C57Bl/6
reafirmaria su posible participacion en mecanismos protectores (Figura 5, Cap.3,
pag.38). Asimismo, mediante estudios funcionales in vitro e in vivo, se demostré que
los anticuerpos naturales séricos de ratones C57Bl/6 contribuirian positivamente a la
mayor resistencia frente a la EQ secundaria observada en dichos animales (Figura 7,
Cap.3, pag.39). Por ultimo, el hecho que los ratones infectados de la cepa C57Bl/6
desencadenen respuestas globales de anticuerpos mas robustas contra antigenos de E.
granulosus que los ratones Balb/c (Figura 2, Cap.3, pag.35), podria explicarse al
menos parcialmente, por un posible efecto diferencial de los anticuerpos naturales en
cavidad peritoneal sobre la regulacion por retroalimentacion mediada por anticuerpos
(del inglés Antibody-Mediated Feedback Regulation, AMFR) [Getahun y Heyman, 2006;
Heyman, 2014]. Como se discute en el Capitulo 3, los PSC son particulas de gran
tamano y dada la predominancia de IgM natural (potenciadora del AMFR) sobre 1gG3
natural (supresora del AMFR) detectada en la cavidad peritoneal de ratones C57Bl/6 (a
diferencia de lo que se observa en ratones Balb/c), ello podria conducir a una

potenciacion global su respuesta de anticuerpos.

Por su parte, el analisis de las subclases de IgG inducidas contra antigenos de E.
granulosus, mostréo que ambas cepas de ratones polarizan las mismas en forma
opuesta. De hecho, aunque en ambas cepas se observaron respuestas mezcladas (con
presencia de todas las subclases de IgG), los ratones de alta susceptibilidad a la
infeccion (Balb/c) mostraron una rapida y sostenida polarizacion hacia I1gG1, mientras
que en los individuos de baja susceptibilidad (C57Bl/6) se observé una predominancia
de las subclases 1gG2c, 1gG2b e 1gG3 (Figura 2, Cap.3, pag.35). Interesantemente, se
pudo establecer ademas que los niveles séricos de IgG1 inducidas funcionarian como
un potencial correlato de susceptibilidad a la infeccion en ambas cepas de ratones
(Tabla 1, Cap.3, pag,33).
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En este sentido, cabe destacar que IgG1 es una subclase no activadora del sistema
complemento y es ademas el principal ligando para el receptor FcyRIIB, inhibidor de la
activacion celular (por ejemplo en macroéfagos) [Nimmerjahn y Ravetch, 2005;
Nimmerjahn y Ravetch, 2006]. Asi, la induccién preferencial de anticuerpos capaces
de activar el sistema complemento y de estimular respuestas celulares en los ratones
C57Bl/6, a diferencia de lo observado en animales Balb/c, explicaria (al menos
parcialmente) la diferencia en susceptibilidad a la EQ secundaria existente entre

ambas cepas.

En suma, los resultados reportados en el Capitulo 3 demostraron la existencia de
fendmenos de susceptibilidad diferencial a la infeccion secundaria por E. granulosus
entre ratones de las cepas C57Bl/6 y Balb/c. Asimismo, se demostro el papel protector
que jugarian los anticuerpos naturales en esta susceptibilidad diferencial. Finalmente,
se reportd que la polarizacion diferencial de la respuesta de anticuerpos en ambas
cepas se correlacionaria con diferencias en la eficiencia de las mismas frente al

desafio con PSC de E. granulosus.

Finalmente, de acuerdo con el Ultimo objetivo propuesto, evaluamos el papel de la
respuesta temprana de células peritoneales en el modelo murino de susceptibilidad
diferencial a la EQ secundaria (Capitulo 4). El establecimiento de la infeccion en dicho
modelo es un fendbmeno anatémicamente confinado a la cavidad peritoneal y ocurre
durante los primeros 20-30 dias de infeccion [Richards et al., 1983]. Por esta razon, las
caracteristicas y funcionalidad de las respuestas de células peritoneales en la etapa
temprana de la infeccion, tendrian un papel relevante en los fendmenos de
resistencia/susceptibilidad frente a E. granulosus. Es asi que, se realizaron infecciones
secundarias en ratones Balb/c y C57Bl/6, para luego y en forma simultanea,
caracterizar la cinética de expresion de citoquinas en células de cavidad peritoneal.
Ademas se analizo, en un punto temporal seleccionado, la presencia de diferentes
fenotipos celulares presentes en cavidad peritoneal. Por otra parte, mediante ensayos

in vitro, se valoro la posible actividad antiparasitaria de las células peritoneales.

En cuanto a la cinética de expresion de citoquinas, nuestros resultados mostraron

diferencias importantes entre ratones infectados de ambas cepas (Figura 1, Cap.4,
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pag.47). Con el objetivo de destacar las diferencias de mayor peso en cuanto a la
expresion de citoquinas, se utilizo la herramienta de estadistica descriptiva
denominada “Analisis de Componentes Principales” (del inglés Principal Components
Analysis, PCA). Asi, reportamos en el Capitulo 4 que los ratones C57Bl/6, a diferencia
de los Balb/c, desarrollaron una respuesta temprana mezclada de IL-5 y TNF-a en
concomitancia con una menor intensidad de expresion de citoquinas asociadas al perfil
de tipo Th2 (Figura 3, Cap.4, pag.48). En este sentido, estos resultados abalarian las
sugerencias previamente reportadas sobre la asociacion entre respuestas de tipo Th2 y
la susceptibilidad a la infeccion por E. granulosus en el modelo murino [Rogan, 1998;
Dematteis et al., 1999; Dematteis et al., 2003; Al-Qaoud y Abdel-Hafez, 2008;
Mourglia-Ettlin et al., 2011]. Ademas, apoyarian el concepto general sobre la
excepcionalidad de los cestodos en el concierto de los helmintos parasitos, dado que
la inmunidad contra estos (a diferencia de nematodos y trematodos) requeriria de
mecanismos efectores de tipo Th1, mientras que la susceptibilidad a la infeccion
dependeria del desarrollo de respuestas potentes de tipo Th2. Resultados similares se
han reportado para los cestodos parasitos Taenia crassiceps [Rodriguez-Sosa et al.,
2002; Terrazas, 2008] y E. multilocularis [Emery et al., 1997; Vuitton, 2003].

En cuanto a las poblaciones celulares presentes en la cavidad peritoneal de ratones
Balb/c y C57Bl/6 durante la infeccion temprana, nuestros resultados mostraron
diferencias relevantes entre ambas cepas (Figura 2, Cap.4, pag.47). Nuevamente, para
destacar las diferencias de mayor peso, realizamos PCA y asi reportamos en el Capitulo
4 que los ratones C57Bl/6, a diferencia de los Balb/c, presentan un mayor numero de
macrofagos y células B en concomitancia con un menor recuento de eosinofilos a nivel
peritoneal (Figura 4, Cap.4, pag.48). En este sentido, aunque los eosinofilos han sido
descriptos generalmente como células con funciones antihelminticas potentes, su
funcionalidad no solo depende de su nimero [Makepeace et al., 2012]. De hecho, una
elevada eosinofilia en humanos se ha asociado con un riesgo mayor de padecer
recidivas [Hernandez-Pomi et al., 1997]. Por lo tanto, nuestros resultados sobre el
reclutamiento de eosinofilos estaria en la misma linea que la situacion peculiar
reportada en humanos, sugiriendo que un excesivo infiltrado local de eosinofilos podria
asociarse con respuestas inmunes poco eficientes contra E. granulosus. Por otro lado,

el numero menor de macréfagos y células B peritoneales observado en los ratones
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Balb/c pareceria ser un posible factor de susceptibilidad en el modelo de EQ
secundaria, probablemente por afectar negativamente la produccion local de dxido

nitrico (NO) capaz de danar a los PSC inoculados (Figura 5, Cap.4, pag.49).

Finalmente, los resultados sobre la funcionalidad de las células peritoneales en cuanto
a su actividad protoscolicida, mostraron que si bien los anticuerpos naturales
presentes en ambas cepas son capaces de disparar mecanismos de citotoxicidad
celular dependiente de anticuerpos (del inglés Antibody-Dependent Cellular
Cytotoxicity, ADCC) por células peritoneales normales, solo los anticuerpos inducidos
tempranamente en la cepa C57Bl/6 son capaces de potenciarlos significativamente
(Figura 5, Cap.4, pag.49). Interesantemente, estos resultados se podrian relacionar
con la cinética de produccion de anticuerpos especificos reportada en el Capitulo 3
(Figura 2, pag.35), ya que como se mencion6 previamente, los ratones Balb/c
polarizan su respuesta tempranamente hacia IgG1, la cual interactla
preferencialmente con el receptor celular inhibidor FcyRIIB [Nimmerjahn y Ravetch,
2005; Nimmerjahn y Ravetch, 2006].

En suma, en el Capitulo 4 describimos la existencia de importantes diferencias entre la
respuesta temprana de células peritoneales de ratones Balb/c y C57Bl/6 infectados.
Los resultados obtenidos apoyarian firmemente la sugerencia existente para cestodos
parasitos, en cuanto a que la susceptibilidad del hospedero frente a la infeccion
requiere de respuestas potentes de tipo Th2. Asimismo, se mostro que la produccién
temprana de NO por células peritoneales podria ser un factor contribuyente a la
resistencia en el modelo de EQ secundaria. Por ultimo, se logro establecer un papel
importante de los anticuerpos naturales como mediadores de respuestas ADCC
“innatas”, y se demostré que, a diferencia de lo observado en ratones Balb/c, el perfil
de la respuesta temprana de anticuerpos inducidos en ratones C57Bl/6 seria capaz de
potenciar mecanismos efectores que estarian asociados a su mayor resistencia a la EQ

secundaria.
Finalmente, y a modo de comentario global, podemos decir que los resultados

derivados del presente trabajo y reportados en los tres articulos presentados, sugieren

fuertemente un papel relevante de los anticuerpos en cuanto a su funcion protectora
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en la EQ, tanto en humanos como en el modelo murino de infeccion secundaria. En
este sentido, los anticuerpos naturales capaces de reconocer antigenos de E.
granulosus se destacarian como un factor clave en posibles fenémenos de
resistencia/susceptibilidad frente a la EQ. Ademas, nuestros resultados apoyarian la
hipotesis sobre la asociacion entre respuestas de tipo Th1 y Th2 con resistencia y
susceptibilidad, respectivamente, a la infeccion por E. granulosus. Por ultimo, y
considerando nuestra hipdtesis de partida, mostramos que las respuestas inmunes
desencadenadas por los hospederos intermediarios tienen un papel crucial en limitar el
establecimiento y/o desarrollo del metacestodo de E. granulosus. En consecuencia, la
exposicion a estadios infectivos del parasito no siempre deriva en un establecimiento

exitoso de la infeccion.
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