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RESUMEN 

La equinococosis quística, o hidatidosis, es la zoonosis causada por el cestodo parásito 

Echinococcus granulosus sensu lato (s.l.). En hospederos intermediarios, se ha sugerido que 

la calidad de la respuesta de anticuerpos sería relevante en los fenómenos de resistencia 

y/o susceptibilidad a la infección. En este sentido, respuestas inmunes direccionadas hacia 

determinados antígenos parasitarios podrían ofrecer altos niveles de protección. Por ello, 

nos planteamos identificar antígenos protectores presentes en el tegumento de los 

protoscoleces de E. granulosus s.l. y diseñar péptidos derivados de los mismos como 

candidatos vacunales. Sin embargo, dada la escasa información disponible sobre aspectos 

básicos de la biología y bioquímica del parásito necesarios para cumplir con nuestro 

objetivo, realizamos en primer lugar, una caracterización del tegumento para luego utilizar 

dicha información como base del diseño vacunal. En este sentido, describimos al tegumento 

no solo como una barrera física frente a los componentes celulares y solubles del sistema 

inmune del hospedero, sino también como una estructura que participa activamente en la 

interacción con su sistema inmune; ya sea mediante procesos de detoxificación, de 

respuesta al estrés, de liberación de componentes inmunomoduladores y/o de excreción 

de vesículas extracelulares. Por otro lado, caracterizamos la respuesta inmune humoral 

desarrollada naturalmente por los ratones C57Bl/6, la cual es capaz de limitar el 

establecimiento de la infección. Así, mostramos que una respuesta de anticuerpos 

direccionada hacia un repertorio limitado de antígenos parasitarios, con una alta 

producción de anticuerpos IgG2a/c e IgG2b, es capaz de inducir la muerte parasitaria. A 

partir de estos resultados, identificamos siete de los antígenos parasitarios potencialmente 

protectores, y diseñamos in silico seis péptidos derivados de ellos como candidatos 

vacunales. Dos de estos péptidos mostraron la capacidad de inducir anticuerpos específicos 

con actividad anti-parasitaria in vitro, así como de generar niveles significativos de 

protección en el modelo murino de infección secundaria. 
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ABSTRACT 

Cystic echinococcosis, also known as hydatidosis, is a zoonotic infectious disease caused by 

the cestode parasite Echinococcus granulosus sensu lato (s.l.). In intermediate hosts, the 

quality of the antibody response has been suggested to be involved in the host 

resistance/susceptibility to the infection. In this sense, an immune response directed 

towards specific parasite antigens could offer high levels of protection. The main aim of the 

present thesis was to identify potentially protective antigens present on the tegument of 

protoscoleces from E. granulosus s.l., and to design peptides derived from such antigens as 

potential peptide-based vaccine candidates. However, due to the scarce information 

available regarding basic aspects of E. granulosus s.l. biology and biochemistry, we firstly 

performed an in-depth characterization of the tegument in protoscoleces, and then used 

the obtained information as a starting point for our vaccine development. In this sense, we 

described the tegument not only as a physical barrier against cellular and soluble 

components of the host immune system, but also as a structure actively involved in the 

interaction with the host. This interaction can be mediated through detoxification 

processes, stress-induced responses, release of immunomodulating components, and/or 

excretion of extracellular vesicles. With these results in mind, we then characterized an 

effective humoral response (naturally developed in infected C57Bl/6 mice) able to limit the 

infection establishment. In this sense, we showed that an antibody response directed 

towards a limited number of key tegumental antigens, and with a significant production of 

IgG2a/c and IgG2b antibodies, could induce the parasite death. Moreover, we identified 

seven potentially protective parasite antigens, and designed six peptides as vaccine 

candidates. Two of such peptides were able to induce specific antibodies with high anti-

parasite activity in vitro, as well as to generate significant levels of protection in the murine 

model of secondary infection. 
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CAPÍTULO 1 

INTRODUCCIÓN 

 

Las Enfermedades Tropicales Desatendidas (NTD, del inglés Neglected Tropical 

Diseases) son un grupo de diversas enfermedades que afectan en su mayoría a regiones en 

desarrollo como África, Asia y América del Sur (Hotez et al., 2011). Estas enfermedades 

pueden ser causadas por virus y bacterias, aunque en su mayoría son enfermedades 

parasitarias. Los helmintos parásitos son un grupo diverso y complejo de metazoarios que 

viven y se alimentan dentro de sus hospederos (Hotez et al., 2008). 

El término helminto no tiene un valor taxonómico, ya que, si bien los organismos que lo 

componen comparten características morfológicas, estas no están necesariamente 

relacionadas a nivel evolutivo. Sin embargo, todos los helmintos parásitos son capaces de 

generar infecciones crónicas en sus hospederos naturales específicos, llevando a una 

clasificación en filos basada en la morfología externa, ciclo de vida, hospederos y órganos 

que infectan (Gazzinelli-Guimaraes & Nutman, 2018). Muchas de estas helmintiasis 

(infecciones causadas por helmintos) afectan a animales de producción, generando grandes 

pérdidas en áreas productivas, siendo varias de ellas enfermedades zoonóticas donde el 

humano es un hospedero natural o accidental. Actualmente, se estima que las helmintiasis 

afectan a 1 de cada 4 individuos en el planeta (Hotez et al., 2008). 

 

1.1. Echinococcus granulosus y equinococosis quística. 
 

1.1.1. Echinococcus granulosus: El parásito. 
 

Echinococcus granulosus es un parásito cestodo de gran importancia para la salud 

humana y animal, ya que es el agente etiológico de una de las 20 NTDs listadas por la 
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Organización Mundial de la Salud. La infección causada por este parásito es una zoonosis 

cosmopolita denominada equinococosis quística (EQ) o hidatidosis (Cucher et al., 2015). 

El ciclo de vida de E. granulosus requiere de dos hospederos mamíferos diferentes 

(Figura 1). El hospedero definitivo siempre es un carnívoro (principalmente perros) que se 

infecta al ingerir vísceras contaminadas, desarrollando el gusano adulto en su intestino 

delgado. Este gusano se reproduce de forma sexuada produciendo huevos -conteniendo las 

oncósferas- que son expulsados junto a las heces. Las oncósferas, al ser ingeridas por un 

hospedero intermediario (ungulados domésticos y salvajes), pueden generar una infección 

crónica que se manifiesta en forma de quiste unilocular de crecimiento lento pero 

constante (Thompson & Lymbery, 1995). Este quiste hidático, o metacestodo, se localiza 

mayoritariamente en el hígado o pulmón, y consiste en una cavidad llena de líquido 

(denominado líquido hidático) delimitada por una capa germinativa (hacia el interior del 

quiste), una capa laminar (capa intermedia) y una membrana periquística (hacia el exterior 

del quiste) formada por la respuesta inflamatoria del hospedero (Díaz et al., 2011a, 2011b). 

En el interior del quiste pueden desarrollarse por reproducción asexuada miles de 

protoscoleces (PSC), convirtiéndolo así en un quiste fértil. Los PSC son el estadio infectivo 

para los hospederos definitivos al ser ingeridos, siendo capaces de desarrollarse en gusanos 

adultos. A su vez, si accidentalmente un quiste fértil se rompe o fisura dentro del hospedero 

intermediario, se produce una siembra de PSC, donde cada uno de estos es potencialmente 

capaz de originar un nuevo quiste en un proceso denominado infección secundaria o EQ 

secundaria (Heath, 1970). 
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Figura 1. Ciclo de vida de E. granulosus s.l. (1) Gusano adulto, (2) Huevo embrionado, (3) 

Oncósfera, (4) Quiste hidático, (5) Protoescólex, (6) Escólex adherido a la mucosa intestinal. 

(Tomado del sitio oficial del Centro para el Control y Prevención de Enfermedades del 

gobierno de los Estados Unidos: www.cdc.gov/ /parasites/echinococcosis/biology.html). 

 

En las últimas décadas, se ha profundizado en el estudio de E. granulosus 

observándose diferencias considerables entre diferentes aislados parasitarios, tanto en 

términos fenotípicos y fisiológicos como en cuanto a su variabilidad genética, las cuales han 

llevado a una división de E. granulosus en “cepas” (Cucher et al., 2015). De esta manera, se 

han caracterizado nueve genotipos principales (G1-G8, G10), agrupados en cuatro especies, 

que se correlacionan con el hospedero intermediario preferencial de cada una de ellas 
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(Nakao et al., 2010). Así, E. granulosus sensu stricto (s.s.) refiere a los genotipos G1-G3, E. 

equinus a G4, E. ortleppi a G5, y E. canadensis a G6-G8 y G10. A su vez, E. granulosus sensu 

lato (s.l.) refiere al conjunto de todas ellas.  

 

1.1.2. Equinococosis quística: La enfermedad en hospederos intermediarios. 
 

La equinococosis quística (EQ) es una enfermedad crónica y compleja, que afecta en 

gran medida a animales de producción generando enormes perjuicios económicos a nivel 

mundial (Budke et al., 2006). Los seres humanos pueden contraer EQ mediante la ingesta 

de oncósferas (por ejemplo, tras consumir vegetales contaminados), pero debido a que esta 

infección no permite que se complete el ciclo de vida del parásito, los humanos se 

consideran un hospedero intermediario accidental. 

El metacestodo se establece mayoritariamente en el hígado o pulmón, donde 

presenta un crecimiento lento de aproximadamente 1 cm por año, pudiendo alcanzar 20 

cm de diámetro en una infección hepática. En su desarrollo, los quistes pueden comprimir 

estructuras adyacentes, fisurarse, romperse o infectarse, provocando complicaciones 

clínicas. El espectro clínico de la EQ va desde infecciones asintomáticas a severas, y 

raramente fatales. Existen distintas aproximaciones para el manejo clínico de la EQ, desde 

la quimioterapia hasta las técnicas percutáneas o la cirugía (Brunetti & Junghanss, 2009; 

Piccoli et al., 2014; Rinaldi et al., 2014). 

Las medidas de prevención se han basado, mayoritariamente, en controlar el ciclo 

de vida del parásito, promoviendo la faena higiénica y educando a las comunidades rurales, 

principalmente en el descarte de vísceras infectadas, las cuales usualmente son utilizadas 

como alimento para cánidos, permitiéndole así al parásito completar su ciclo de vida 

(Pourseif et al., 2018). 
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Por otro lado, también existen drogas antihelmínticas utilizadas para interrumpir el 

ciclo de vida del parásito, aunque estas conllevan un costo extra y son aplicadas 

mayoritariamente a hospederos definitivos (Deokate et al., 2014). Actualmente, existe una 

única vacuna veterinaria que ha alcanzado el mercado para prevenir infecciones por E. 

granulosus s.s. en ganado ovino, denominada EG95 (Heath et al., 2003; Lightowlers et al., 

1999). 

 

1.1.3. Protoscoleces de E. granulosus: Particularidades. 
 

Los protoscoleces (PSC) de E. granulosus s.l. son el estadío infectivo para los 

hospederos definitivos. Una vez ingeridos, los PSC son activados en el estómago de los 

hospederos por medio de la acción del pH ácido y las sales biliares, desencadenando 

diversos cambios morfológicos en los PSC, donde la evaginación es el más evidente. Los PSC 

activados y evaginados pueden anclarse a las mucosas del intestino delgado de los 

hospederos definitivos, desarrollándose en gusanos adultos. La morfología general de los 

PSC está constituida por cuatro regiones diferentes, siendo estas (i) el rostelo (conteniendo 

el cono rostelar y los ganchos), (ii) la región de ventosas (donde se encuentran las ventosas), 

(iii) la región del cuello, y (iv) la región del cuerpo (Antoniou & Tselentis, 1993). El cuerpo y 

el cuello forman el denominado soma de los PSC, mientras que el rostelo y la región de 

ventosas forman el escólex. En PSC invaginados, solo el soma es visible, ya que el escólex se 

encuentra dentro del cuerpo del mismo (Figura 2).  
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Figura 2. Morfología de los protoscoleces de E. granulosus s.l. Morfología general de los 

protoscoleces de E. granulosus s.l. evaginados (arriba) e invaginados (abajo). En los 

evaginados se observa el rostelo, la región de ventosas, el cuello y el cuerpo; mientras que 

en protoscoleces invaginados solo se observa el cuerpo. 

 

1.1.4. El tegumento de los PSC de E. granulosus. 
 

Una característica interesante de los cestodos es la existencia de un sincitio, o 

sincicio, multinucleado y sin límites celulares que cubre la totalidad del parásito, 

denominado tegumento (Jha & Smyth, 1971; Morseth, 1967). En los PSC existen diferencias 

considerables entre el tegumento del soma y el del escólex. Por ejemplo, mientras que el 

tegumento del escólex suele ser fino y posee espinas tegumentales en la parte exterior 

(Figura 3A), el tegumento del soma es de mayor tamaño y está cubierto por una capa de 

mucinas denominadas glicocálix (Figura 3B) (Galindo et al., 2008). 
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Figura 3. Tegumento de protoscoleces de E. granulosus s.l. Microscopía electrónica de 

transmisión de protoscoleces de E. granulosus s.l., enfocado en el tegumento (a la izquierda 

de cada imagen) del (A) escólex y (B) soma. Tg: tegumento, N: núcleo; n: nucléolo, cc: 

corpúsculos calcáreos (imagen modificada de Galindo et al., 2008). 

 

Dentro de las funciones del tegumento destacan la absorción de nutrientes y la 

defensa respecto al medio externo parasitario. Por un lado, ya que los cestodos carecen de 

un canal alimentario, el tegumento es la ruta principal de absorción de sustancias y 

nutrientes. A su vez, el tegumento está involucrado en actividades de detoxificación y 

antioxidación, y participa en rutas de excreción/secreción de sustancias, incluyendo la 

liberación de componentes inmunomoduladores (Cheng, 1986). 

 

1.1.5. Modelo murino de EQ secundaria. 
 

Una característica interesante de los PSC de E. granulosus s.l. es su plasticidad para 

poder desarrollarse en nuevos quistes hidáticos en caso de ocurrir una siembra de PSC 

dentro del hospedero intermediario, por ejemplo, tras la fisura de un quiste fértil. Este 

fenómeno, denominado infección secundaria, puede ser replicado mediante la inoculación 

de PSC viables en la cavidad peritoneal de ratones inmunocompetentes, considerándose 

este un modelo experimental de EQ secundaria (Heath, 1970). 
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Este modelo ha sido ampliamente utilizado para el estudio de diversos aspectos 

relacionados a la inmunobiología de la infección por E. granulosus s.l., ya sea para aspectos 

básicos de la misma (Barrios et al., 2019; Baz et al., 2006; Cucher et al., 2013; Dematteis et 

al., 2003; Mourglia-Ettlin et al., 2011), para ensayos pre-clínicos de nuevos agentes 

quimioterapéuticos (Breijo et al., 2011; Ceballos et al., 2010; Cumino et al., 2012), para 

estudios de potenciales candidatos vacunales (Burgu et al., 2007; Hashemitabar et al., 2005; 

Hernández & Nieto, 1994), o para estudios de nuevas herramientas de diagnóstico y/o 

seguimiento (Denegri et al., 1995; Ferragut et al., 1998; Mamuti et al., 2002). 

Por otro lado, el modelo de EQ secundaria ofrece una ventaja enorme sobre el 

modelo de infección primaria, ya que permite utilizar estadíos parasitarios no-infectivos 

para el ser humano (como es el caso de las oncósferas), simplificando así las condiciones de 

bioseguridad en el trabajo. 

La EQ secundaria experimental puede dividirse en dos etapas, al menos cuando se 

trabaja con ratones de la cepa Balb/c: una etapa temprana o de pre-enquistamiento (hasta 

los días 20-30 p.i. aproximadamente), durante la cual se establece la infección al 

diferenciarse los PSC en quistes; seguida de una etapa tardía, crónica o de post-

enquistamiento, durante la cual los quistes establecidos crecen en tamaño y eventualmente 

pueden volverse fértiles (Richards et al., 1983). Así, se asume que las respuestas inmune 

efectivas para limitar la infección deberían ocurrir principalmente en la etapa de pre-

enquistamiento, durante la cual la respuesta de anticuerpos, las respuestas celulares y de 

citoquinas jugarían un papel relevante (Mourglia-Ettlin et al., 2016a, 2016b). 

 

1.1.6. Susceptibilidad diferencial en el modelo murino de EQ secundaria. 
 

La selección de cepas murinas en el trabajo con modelos experimentales debe ser 

cuidadosamente considerada, ya que distintas cepas de ratones pueden generar respuestas 

inmunes diferentes contra numerosas enfermedades, lo que conlleva a que existan 
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diferencias en susceptibilidad entre las mismas. Por ejemplo, entre las dos cepas de ratones 

más utilizadas (Balb/c y C57Bl/6), se han reportado diferencias para enfermedades 

autoinmunes (Matsuo et al., 2019; Qiao et al., 2010), cáncer (Díaz-Zaragoza et al., 2017; 

Maronpot, 2009; Ponnaiya et al., 2006), infecciones virales (Henderson et al., 2015; Kulcsar 

et al., 2015; Xiang et al., 2016), infecciones bacterianas (Cheers et al., 1978; Chiodini & 

Buergelt, 1993; Fornefett et al., 2018a; Liu et al., 2002), infecciones por protozoarios 

(Ferreira et al., 2018; Mols-Vorstermans et al., 2013), e infecciones por helmintos (Anthony 

et al., 2007; Pereira et al., 2016; Zhang et al., 2005). 

En este sentido, nuestro grupo reportó recientemente que las cepas Balb/c y 

C57Bl/6 presentan alta y baja susceptibilidad a la EQ secundaria experimental, 

respectivamente, si bien ambas cepas desarrollan la infección (Mourglia-Ettlin et al., 

2016a). Así, para un mismo lote de parásitos, los ratones C57Bl/6 no solo presentan un 

porcentaje de animales infectados menor que los ratones Balb/c, sino que también en los 

animales infectados se genera un número menor de quistes, siendo estos usualmente de 

menor tamaño (Figura 4). Esta diferencia de susceptibilidad está parcialmente asociada a 

tres factores complementarios: (i) las cepas Balb/c y C57Bl/6 polarizan sus respuestas 

inmunes adaptativas hacia perfiles predominantemente de tipo Th2 y Th1, respectivamente 

(Mourglia-Ettlin et al., 2016b); (ii) dichas cepas difieren en sus haplotipos de moléculas 

MHC-II, lo cual genera una presentación diferencial de antígenos haciendo que el espectro 

de especificidades de los anticuerpos inducidos sea diferente (Sofron et al., 2016); y (iii) los 

ratones C57Bl/6 presentan mayores niveles de anticuerpos activadores del sistema de 

complemento, ya sea en términos de IgG2b natural como IgM, IgG2b e IgG2c inducidos 

(Mourglia-Ettlin et al., 2016a). 
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lFigura 4. Diferencia de susceptibilidad frente a la equinocococosis quística secundaria en 

ratones Balb/c y C57Bl/6. Los ratones de la cepa Balb/c (blanco) presentan una mayor 

susceptibilidad a la EQ secundaria experimental que los ratones de la cepa C57Bl/6 (gris). 

Esta diferencia se observa tanto en (A) el número de quistes desarrollados en cada ratón, 

como en (B) la carga total parasitaria por ratón (expresada como la sumatoria de los 

volúmenes quísticos). (Imagen modificada de Mourglia-Ettlin et al., 2016a). 

 

1.2. Antígenos parasitarios protectores. 
 

1.2.1. EG95: Un caso de éxito. 
 

La vacuna EG95 contiene un antígeno recombinante de 17 kDa derivado de 

oncósferas de E. granulosus s.s. Esta vacuna ha mostrado ser capaz de inducir niveles de 

protección, en ovejas, entre 95-100% frente a la infección natural según diversos estudios 

(Heath et al., 2003; Lightowlers et al., 1999, 1996). De manera interesante, EG95 tiene como 

correlato de protección la capacidad de inducir anticuerpos protectores en hospederos 

intermediarios naturales (Chow et al., 2008; Heath et al., 2003; Heath & Koolaard, 2012), 

los cuales se ha demostrado que, al menos in vitro, son capaces de activar el sistema 

complemento en la superficie de las oncósferas, llevándolas así a la muerte. 
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Desafortunadamente, el gen eg95-1 (codificante para el antígeno EG95) es 

altamente polimórfico e inmunológicamente diferente entre genotipos parasitarios 

(Alvarez Rojas et al., 2013, 2012; Chow et al., 2008; Haag et al., 2009). En este sentido, no 

existen en la actualidad estudios que demuestren la eficacia de EG95 contra otros genotipos 

de E. granulosus distintos a G1-G3 (E. granulosus s.s.). Asimismo, no se han reportado 

estudios que demuestren la eficacia de EG95 en otros hospederos intermediarios distintos 

a los ovinos (por ejemplo: bovinos, porcinos, etc.). 

 

1.2.2. Otros antígenos protectores. 
 

Debido a las posibles limitantes de EG95 como antígeno vacunal universal frente a 

la infección por E. granulosus s.l., diversas proteínas parasitarias han sido estudiadas como 

posibles antígenos protectores, reportándose resultados prometedores en varios casos. De 

manera general, los antígenos protectores son aquellas estructuras moleculares específicas 

de un patógeno que pueden desencadenar respuestas inmunes eficientes para impedir o 

limitar la infección. 

Así, proteínas como EgA31, EgDf1, Antígeno 5, Eg14-3-3 y EgM han mostrado ser 

inmunogénicas y capaces de inducir altos niveles de anticuerpos específicos en hospederos 

definitivos y/o intermediarios inmunizados, a la vez que han demostrado generar altos 

niveles de protección en modelos murinos de infección (Pourseif et al., 2018). Sin embargo, 

hasta el momento ninguna de estas proteínas ha sido evaluada en ensayos clínicos 

veterinarios frente a infecciones naturales. 

 

1.2.3. Antígenos tegumentarios protectores. 
 

Además de los antígenos recombinantes estudiados como candidatos vacunales, 

existe una fracción de proteínas tegumentarias de PSC de E. granulosus s.l. -denominada 
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PSEx- que ha mostrados altos niveles de protección en el modelo murino de EQ secundaria 

(Hernández & Nieto, 1994). Además, la inmunización con PSEx ha mostrado ser capaz de 

inducir altos niveles de anticuerpos específicos tanto en hospederos intermediarios 

(Valizadeh et al., 2017), como en hospederos definitivos (Carol & Nieto, 1998); naturales en 

ambos casos. 

La fracción antigénica PSEx se obtiene mediante la incubación de PSC viables con un 

detergente iónico suave, capaz de solubilizar las proteínas de membrana (del tegumento) 

sin dañar la estructura general de los PSC (Hernández & Nieto, 1994). A pesar de los 

resultados prometedores obtenidos PSEx, es prácticamente nula la información disponible 

relacionada con su composición proteica, lo cual habría limitado la continuación de estudios 

que hicieran uso de la misma.  

 

1.2.4. Disponibilidad de datos proteómico para E. granulosus. 
 

Pese a la limitada información generalmente disponible sobre diversos aspectos de 

la biología y bioquímica de E. granulosus s.l., existen varios estudios proteómicos realizados 

sobre (casi) todos sus estadíos parasitarios. Estos se basan principalmente en dos estudios 

que proponen el proteoma completo de E. granulosus s.l. deducido a partir de su 

transcriptoma (Tsai et al., 2013; Zheng et al., 2013). 

Mediante el uso de dichos proteomas como referencia, se ha realizado la 

caracterización proteómica de líquido hidático, productos de excreción/secreción de PSC y 

de fracciones antigénicas obtenidas a partir de la capa germinativa y los PSC de E. 

granulosus s.l. (Hidalgo et al., 2016; Monteiro et al., 2010; Sedaghat et al., 2021; Y. Wang et 

al., 2015; Wu et al., 2019). Además, se ha analizado el cambio en la expresión de proteínas 

entre los estadíos de PSC y gusano adulto (Cui et al., 2013). 
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1.2.5. Modificaciones post-traduccionales en E. granulosus. 
 

Las modificaciones post-traduccionales (PTMs, del inglés: Post-translational 

modifications) son modificaciones covalentes, y generalmente derivadas de procesos 

enzimáticos, que se realizan en las proteínas luego de su traducción ribosómica. Muchas 

veces la presencia de estas PTMs permite obtener finalmente el producto proteico maduro 

y funcional. 

Las PTMs pueden ocurrir en las cadenas laterales de los aminoácidos o en los 

extremos C- y N-terminales de las proteínas, promoviendo así el correcto plegamiento de 

estas, y mejorando su estabilidad o participación en diversas funciones regulatorias y de 

señalización celular (Voet et al., 2016). Hasta el momento se han identificado cientos de 

PTMs distintas, siendo algunas producidas exclusivamente por algunos organismos (Walsh, 

2010). Esta diferencia en la producción de PTMs puede tener implicaciones importantes en 

el desarrollo de productos bioterapéuticos, donde la selección apropiada del sistema de 

producciones es fundamental. 

Hasta el momento, no existe un análisis sistemático de las PTMs presentes en 

proteínas de E. granulosus s.l., ni de ningún otro cestodo. Sin embargo, existen algunos 

trabajos que reportan la existencia de glicosilación (Alvarez Errico et al., 2001; Khoo et al., 

1997), acetilación (Virginio et al., 2012) y amidación (McVeigh et al., 2005) en proteínas de 

E. granulosus. A su vez, existen reportes sobre la presencia de geranil-geranilación (Spiliotis 

& Brehm, 2004) y S-farnesilación (Spiliotis et al., 2005) en proteínas de E. multilocularis, así 

como de manosilación en proteínas de Taenia solium (Plancarte et al., 1999). 

 

1.3. Vacunas. 
 

Una vacuna es una preparación biológica que confiere inmunidad activa frente a una 

enfermedad en particular. Existen vacunas profilácticas con el objetivo de proteger al 
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individuo de enfermedades, así como vacunas terapéuticas que buscan tratar una 

enfermedad ya existente -usualmente crónica- en un individuo dado. 

 

1.3.1. Importancia de las vacunas. 
 

Las vacunas son el avance medico más importante de la historia del ser humano, 

siendo secundando solo, quizás, por los antibióticos. Las vacunas permiten manipular la 

extraordinaria habilidad del sistema inmune para responder y recordar encuentros con 

patógenos y sus antígenos (Clem, 2011). Así, desde que se implementaron los primeros 

programas masivos de vacunación, se ha transformado la salud pública a nivel mundial, 

prácticamente desapareciendo las enfermedades infecciosas responsable de la muerte de 

la mayoría de los niños e infantes en países con altas tasas de vacunación (Pollard & Bijker, 

2021). La OMS estima que las vacunas evitan, anualmente, entre 2 y 3 millones de muertes, 

reduciéndose en los últimos 30 años a un tercio la tasa global de muerte en niños menores 

de 5 años. Además, las vacunas han permitido lograr la erradicación casi completa de 14 

enfermedades infecciosas según la CDC, destacando notablemente la viruela, la peste 

bovina y la polio (Pollard & Bijker, 2021). 

 

1.3.2. Composición general de una vacuna. 
 

Si bien existen numerosos tipos de vacunas, la formulación general, y el objetivo de 

cada uno de sus componentes, es esencialmente el mismo. Una vacuna en su forma más 

básica está compuesta por tres ingredientes principales: el diluyente, el adyuvante y el 

antígeno (D’Amico et al., 2021). El diluyente es el vehículo que permite la administración 

inyectable de la preparación, en él el resto de los componentes se disuelven o se mantienen 

en suspensión. El adyuvante es un componente usualmente químico (por ejemplo, sales de 

aluminio) que induce inflamación en el sitio de inyección, fenómeno necesario para el 
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desarrollo de una respuesta inmune adaptativa. Por último, el antígeno es el elemento 

derivado del patógeno contra el cual se induce la respuesta inmune. Independientemente 

de si la respuesta inducida es de tipo celular, humoral o mixta, la misma estará dirigida hacia 

el antígeno. Así, en caso de una infección natural, el sistema inmune está preparado para 

limitar y controlar la infección.  

 

1.3.3. Tipos de vacunas. 
 

Desde la primera vacuna creada por Edward Jenner en 1796 hasta el presente, estas 

han sufrido cambios radicales, principalmente en la naturaleza del antígeno utilizado, que 

permitieron optimizar su fabricación, almacenamiento y distribución (D’Amico et al., 2021). 

A su vez, cambios fundamentales en la formulación vacunal permitieron el desarrollo de 

vacunas contra nuevas enfermedades infecciosas y no infecciosas. 

Las vacunas clásicas, también llamadas de primera generación, son vacunas cuyo 

antígeno es un microorganismo entero -ya sea vivo, atenuado o inactivado- que generan 

usualmente respuestas fuertes con larga memoria inmunológica. 

Las vacunas de segunda generación, o vacunas de subunidades, poseen como 

antígeno un único componente del patógeno (por ejemplo, una proteína, un polisacárido o 

un toxoide). Estos componentes pueden ser obtenidos tras la purificación de un extracto 

patogénico natural, o ser antígenos recombinantes. Las vacunas de segunda generación 

suelen generar una respuesta inmune menos fuerte y duradera que las de primera 

generación, haciendo necesario el uso de dosis de refuerzo. No obstante, al ser respuestas 

menos agresivas, estas vacunas pueden ser administradas a la mayoría de la población, 

incluidas personas con un sistema inmune débil o problemas crónicos de salud. 

Las vacunas de tercera generación no contienen al antígeno per se, sino que utilizan 

material genético (ADN o ARNm) que codifica para la proteína antigénica. Tras la 



Caracterización del tegumento de Echinococcus granulosus  

y su interacción con el sistema inmune del hospedero 

__________________________________________________________________________________________ 

Sebastián Miles                                                                     16 

 

inmunización, las propias células del individuo inoculado generan dichas proteínas, y estas 

son reconocidas por su sistema inmune (Clem, 2011; D’Amico et al., 2021; Pollard & Bijker, 

2021). Las vacunas de tercera generación han ganado notoriedad en los últimos años, 

presentando grandes ventajas y desventajas. Por un lado, los costos y tiempos de 

producción suelen ser mucho menores para este tipo de vacunas, pero suelen presentar 

una pobre estabilidad, y generar respuestas inmunes débiles y de relativa corta duración, 

requiriéndose refuerzos periódicos (Wadhwa et al., 2020). 

 

1.3.4. Vacunas basadas en péptidos. 
 

Además de las tres generaciones de vacunas utilizadas actualmente para uso 

humano, existen otros tipos de vacunas aún en desarrollo. Un ejemplo de estas son las 

vacunas basadas en péptidos, donde el antígeno es un fragmento pequeño de una proteína 

del patógeno, que induce respuestas inmunes con reactividad cruzada contra el antígeno 

nativo (Malonis et al., 2020; Nelde et al., 2021). 

Siguiendo la lógica reduccionista que llevó a la creación de las vacunas de segunda 

generación, donde se buscó limitar la respuesta inmune solamente hacia los componentes 

del patógeno que confieren protección, en las vacunas basadas en péptidos se busca 

direccionar la respuesta inmune únicamente contra porciones de esos antígenos 

protectores. Así, con el uso de péptidos cortos (5-50 aminoácidos) usualmente producidos 

de forma sintética, se pueden generar respuestas de células B (anticuerpos) o células T 

(inmunidad celular) -o combinación de ellas-, generando una memoria inmunológica capaz 

de proteger frente a una infección natural. Estas vacunas se basan en el principio que los 

receptores inmunes BCR y TCR reconocen únicamente un fragmento de la proteína 

antigénica, ya sea por interacción directa, o mediante presentación por MHC. 

Aunque en la actualidad no existe aún ninguna vacuna basada en péptidos en el 

mercado, existe un gran interés en el desarrollo de este tipo de vacunas, tanto para 
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enfermedades infecciosas como no infeccionas (Malonis et al., 2020). En este sentido, son 

varias las vacunas peptídicas contra cáncer que se encuentran en fases clínicas de 

investigación (II y III), y varias vacunas basadas en péptidos contra enfermedades 

infeccionas están siendo evaluadas en fase clínica I (Di Natale et al., 2020). 

Por otro lado, estudios pre-clínicos de vacunas peptídicas contra infecciones por 

helmintos han mostrado resultados promisorios; incluidas infecciones por Trichinella 

spiralis (McGuire et al., 2002), T. solium (Huerta et al., 2001; Toledo et al., 1999), Fasciola 

gigantica (Jezek et al., 2008), y F. hepática (Rojas-Caraballo et al., 2014). En el caso de E. 

granulosus s.l., aunque varios péptidos han sido propuestos como candidatos vacunales de 

interés (Li et al., 2021; Pan et al., 2017; L. Wang et al., 2019), no existen reportes que 

demuestren su eficiencia in vivo hasta el momento. 

 

1.4. Diseño de vacunas. 
 

El diseño de vacunas es un proceso complejo y costoso que consiste no solo en la 

correcta selección del antígeno, sino también en el adyuvante, la ruta de administración y 

el esquema de vacunación. Sumado a los ensayos pre-clínicos y clínicos necesarios, el 

tiempo medio para que una vacuna alcance el mercado suele variar entre 8-15 años 

(Gouglas et al., 2018). 

 

1.4.1. Selección clásica de antígenos. 
 

El desarrollo de las primeras vacunas de segunda generación consistía en estudiar el 

posible uso de los antígenos más abundantes presentes en el patógeno como candidatos 

vacunales. Esto se debía a que, en la mayoría de los casos, para obtener cantidades de 

antígenos suficientes para los estudios de inmunogenicidad y protección, era necesario 

realizar cultivos de patógenos en el laboratorio, y purificación de sus antígenos, donde solo 
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unos pocos antígenos eran obtenidos (Mora et al., 2003). Además de representar una 

metodología costosa y que requiere de mucho tiempo, tiene la gran limitante adicional de 

no ser aplicable a organismos no-cultivables, limitando enormemente el espectro de 

patógenos que pueden ser analizados.  

 

1.4.2. Vacunología Reversa. 
 

Con la disponibilidad de los genomas completos de patógenos, y el avances en las 

herramientas bioinformáticas, el campo de la vacunología cambió drásticamente a 

principios del siglo XXI mediante la introducción de la vacunología reversa (Rappuoli, 2001, 

2000). Esta estrategia se basa en el análisis de los genomas completos mediante algoritmos 

informáticos, que permiten la selección de secuencias con potencial capacidad protectora, 

de manera fácil, rápida y barata. 

Los distintos algoritmos permiten, por ejemplo, filtrar las proteínas superficiales o 

secretadas (las cuales suelen ser las que principalmente interaccionan con el sistema 

inmune del hospedero) (Bendtsen et al., 2004; Käll et al., 2004; Krogh et al., 2001; Petersen 

et al., 2011), analizar la antigenicidad, alergenicidad y toxicidad de las mismas (Gupta et al., 

2013; Magnan et al., 2010; Saha & Raghava, 2006), evaluar el grado de similitud con las 

proteínas del hospedero (Altschul et al., 1990), y evaluar la presencia de epítopes B y T en 

las mismas (Larsen et al., 2006; Nielsen & Lund, 2009), entre muchas otras características. 

El campo de la vacunología reversa está en avance continuo, tanto mediante la 

introducción de nuevos algoritmos que permitan analizar propiedades inexploradas, así 

como mediante la mejora constante en la calidad y fiabilidad de las predicciones. 
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1.4.3. Diseño de vacunas basadas en péptidos. 
 

Mediante el uso de la vacunología reversa, es posible identificar péptidos como 

candidatos vacunales. El uso de algoritmos bioinformáticos permite seleccionar únicamente 

los epítopes B y/o T de proteínas con baja antigenicidad, generando respuestas efectivas 

que no ocurrirían en el caso del uso de dichas proteínas en forma recombinante. Estos 

epítopes pueden ser producidos de forma automatizada, no biológica, a gran escala y con 

excelentes niveles de pureza, reduciendo los costos que involucra la producción de 

antígenos recombinantes. 

La eficacia pre-clínica de las vacunas basadas en péptidos ha sido evaluada en 

combinación con el uso de diversos tipos de adyuvantes (sales de aluminio, emulsiones, 

liposomas, virosomas y saponinas), permitiendo una gran flexibilidad en la generación de la 

formulación vacunal (Azmi et al., 2014). 
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HIPÓTESIS 

 

La hipótesis central de la presente tesis se basa en que el tegumento de los PSC de E. 

granulosus s.l. juega un papel importante en el establecimiento y desarrollo de la EQ 

secundaria, y que el reconocimiento de ciertos antígenos tegumentarios por parte del 

sistema inmune del hospedero es capaz de generar protección en el modelo murino de 

infección secundaria experimental. 

OBJETIVOS 

 

Objetivo general. Caracterizar el tegumento de los PSC de E. granulosus s.l., en términos de 

su estructura, organización y composición; así como analizar su papel -y el de sus antígenos 

protectores- en el desarrollo de la infección secundaria. 

 

Objetivos específicos: 

 

1. Caracterizar la ultraestructura y organización de los distintos componentes celulares 

y subcelulares que conforman el tegumento de los PSC de E. granulosus s.l. 

 

2. Caracterizar a nivel proteómico y bioinformático los componentes proteicos 

presentes en el tegumento de los PSC de E. granulosus s.l. 

 

3. Evaluar el papel de los componentes tegumentarios de PSC de E. granulosus s.l. en 

el establecimiento de la EQ secundaria experimental. 

 

4. Diseñar péptidos antigénicos derivados de proteínas tegumentarias de PSC de E. 

granulosus s.l. y evaluar su potencial vacunal en el modelo murino de EQ secundaria.  



Caracterización del tegumento de Echinococcus granulosus  

y su interacción con el sistema inmune del hospedero 

__________________________________________________________________________________________ 

Sebastián Miles                                                                     21 

 

CAPÍTULO 2 

 

Objetivo específico #1: Caracterizar la ultraestructura y organización de los distintos 

componentes celulares y subcelulares que conforman el tegumento de los PSC de E. 

granulosus s.l. 

 

En el presente capítulo se presenta una descripción detallada de la organización celular 

y subcelular de los componentes presentes en el tegumento del soma de PSC de E. ortleppi, 

y en menor medida, de E. granulosus s.s. En este sentido, y mediante el uso de diversas 

técnicas de microscopía electrónica, se presenta un análisis y reconstrucción tridimensional 

del tegumento de los PSC, así como un estudio del tránsito de componentes a través del 

mismo. Por ello, el presente capítulo se divide en dos secciones: 

1) Organización celular del tegumento de los PSC. 

2) Rutas de excreción/secreción e internalización a través del tegumento de los PSC. 

 

La mayoría de estos resultados están contenidos en la publicación adjunta: 

Art. 1 

“Ultrastructural characterization of the tegument in protoscoleces of Echinococcus 

ortleppi” 

Miles S, Cyrklaff M, Magnone J, García-Luna J, Ancarola ME, Cucher M, Dematteis S, 

Frischknecht F, Mourglia-Ettlin G. 

International Journal for Parasitology (2021) 

doi:10.1016/j.ijpara.2021.05.004 
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CAPÍTULO 2 

SECCIÓN 1 

Organización celular del tegumento de los PSC. 

 

Los primeros estudios sobre el tegumento de E. granulosus s.l. se remontan a las 

décadas de 1960 y 1970 (Jha & Smyth, 1971; Morseth, 1967), todos realizados usando 

técnicas clásicas de microscopia electrónica. El estudio más nuevo y completo sobre el 

tegumento de los PSC fue publicado en 2008 por Galindo y colaboradores, donde utilizan 

microscopía electrónica de trasmisión (TEM) y de barrido (SEM) para realizar una 

descripción básica de las células que componen el tegumento y sus alrededores; resaltando 

las diferencias existentes entre el tegumento del soma y del escólex. 

Avances en las técnicas de microscopía electrónica permiten obtener información 

aún más detallada, mejorando la resolución y nitidez de las imágenes obtenidas. Asimismo, 

permiten generar reconstrucciones tridimensionales de los componentes observados. En 

este sentido, y mediante el uso de microscopios state-of-the-art, hemos analizado el 

tegumento de PSC de E. ortleppi (genotipo G5), y en menor medida de E. granulosus s.s. 

(genotipo G1), obteniendo por primera vez una visión tridimensional general de su 

ultraestructura y de la distribución de los distintos componentes celulares que lo 

componen. Además, describimos y caracterizamos por primera vez, una estructura con alto 

contenido de vesículas encontrada dentro del tegumento. 

Los estudios de microscopía fueron realizados con PSC viables de E. granulosus s.l. 

obtenidos de quistes pulmonares bovinos provenientes de infecciones naturales. El 

genotipo de cada lote de parásitos (correspondiente cada uno a un quiste hidático 

diferente) fue analizado mediante la secuenciación del fragmento génico codificante para 

la ciclo-oxigenasa 1 (cox1) mitocondrial (Cucher et al., 2011), correspondiendo en la 

mayoría de los casos a la especie E. ortleppi (genotipo G5), y en menor medida a la especie 
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E. granulosus s.s. (genotipo G1). Los parásitos de cada lote fueron fijados siguiendo el 

procedimiento estándar con paraformaldehído y glutaraldehído (2,0% y 2,5%, 

respectivamente), y almacenados a 4°C hasta su uso. 

La morfología general de los PSC, tanto del genotipo G5 como G1, fue analizada 

mediante SEM, observándose la morfología clásicamente reportada (Figura 5) (Antoniou & 

Tselentis, 1993). Por un lado, en PSC evaginados, se identificaron cuatro regiones: 1) el 

rostelo, 2) la región de ventosas, 3) el cuello, y 4) el cuerpo. Así, se identificaron el escólex 

(rostelo junto a la región de ventosas) y el soma (cuello junto a cuerpo) de los PSC. A su vez, 

en la región opuesta al escólex, se pudo observar el tallo de unión de los PSC a la capa 

germinativa. Por su parte, en PSC invaginados, únicamente se observó el cuerpo de los PSC. 

Estos resultados también mostraron que la morfología general de los PSC de E. ortleppi y E. 

granulosus s.s. es muy similar. Cabe destacar que este el primer estudio utilizando SEM para 

caracterizar PSC de E. ortleppi. 

Figura 5. Morfología general de protoscoleces de E. ortleppi. La morfología general de 

protoscoleces de E. ortleppi fue analizada mediante microscopía electrónica de barrido. En 
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la imagen se observa un protoscolex evaginado (arriba) e invaginado (abajo). R: rostelo; S: 

región de ventosas; N: cuello; B: cuerpo; T: tallo. Barra de escala = 10 µm. (Imagen 

modificada de Miles et al., 2021; Art. 1). 

 

Luego de confirmar la estructura general de los PSC, así como su integridad, se 

procedió a analizar la parte más externa de su soma (considerada esta como el tegumento). 

La misma está constituida por el citoplasma distal y los distintos tipos celulares encontrados 

inmediatamente por debajo del mismo (Galindo et al., 2008). Para este estudio, se utilizaron 

dos métodos distintos de preparación de las muestras para TEM: por un lado el método 

clásico de muestras embebidas en resina, y por el otro, la congelación a alta presión (HPF, 

del inglés high-pressure freezing) seguida de sustitución por congelación (en inglés: freeze 

substitution). Luego, se obtuvieron secciones ultra-finas (70 nm) de cada muestra y estas 

fueron analizadas por TEM. La distribución de los territorios celulares observada fue 

concordante con los datos previamente reportados (Galindo et al., 2008), sin  observarse 

diferencias importantes entre el tegumento del soma de PSC de E. ortleppi y de E. 

granulosus s.s. 

Por su parte, en la Figura 6 se muestra la distribución de componentes en el 

tegumento del soma de PSC de E. ortleppi, analizada mediante dos preparaciones de 

muestra distintas. En ambas se observa el parénquima, la zona fibrosa, el citoplasma distal 

y el glicocálix, así como las células musculares y tegumentales. A su vez, y aunque no se 

muestran en la Figura 6, se observaron también las células flamígeras y sus cilias 

correspondientes. A pesar de que las imágenes obtenidas por ambas preparaciones fueron 

prácticamente idénticas, el resto de los estudios se realizaron utilizando PSC preparados 

por HPF, ya que estos mostraron imágenes más nítidas. 
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Figura 6. Tegumento del soma de protoscoleces. El tegumento del soma de protoscoleces 

de E. ortleppi fue analizado mediante microscopía electrónica de transmisión en secciones 

ultra finas (70 nm) de protoscoleces. (A) protoscoleces embebidos en resina por 

metodología clásica. (B) protoscoleces embebidos en resina por congelación a alta presión 

seguidos por substitución en frio (HPF seguido de Freeze substitution). G: glicocálix; D: 

citoplasma distal; FZ: zona fibrosa; MC: células musculares; T: células tegumentales; P: 

parénquima; BE: elevaciones romas; V: vesículas. Barra de escala = 500 nm. (Imagen 

modificada de Miles et al., 2021; Art. 1). 

 

A continuación, se amplió el estudio de la distribución de los componentes 

tegumentarios mediante la reconstrucción 3D de su ultraestructura. Para ello, se 

obtuvieron secciones gruesas (500 nm) de los PSC preparados mediante HPF, las cuales 

fueron analizadas mediante tomografía electrónica (tomoEM). Este estudio se realizó 

utilizando un microscopio electrónico de transmisión capaz de girar la muestra de -60° a 

+60°, obteniéndose así imágenes cada 2° de rotación. A su vez, se obtuvieron 6 imágenes 

tomográficas seriadas de cada muestra, con las cuales se generó un tomograma mediante 

el uso del software etomo (Kremer et al., 1996), y la distribución tridimensional de sus 
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componentes se analizó utilizando el software IMOD (Kremer et al., 1996). Al unir los 

tomogamas de las 6 secciones seriadas obtenidas, se generó una reconstrucción 3D de una 

sección de 10 µm en las direcciones X e Y, y de 3 µm de grosor en el tegumento de los PSC 

de E. ortleppi, siendo ésta la primera reconstrucción 3D realizada para el tegumento de PSC 

de E. granulosus s.l. En la Figura 7 se muestran los resultados 3D, donde se señalan cada 

uno de los componentes mencionados anteriormente. Cabe destacar que los corpúsculos 

calcáreos y el núcleo y la membrana nuclear de estos, las únicas estructuras no mostradas 

en la Figura 6.  

Figura 7. Reconstrucción 3D del Tegumento. (A) Imagen tomográfica del tegumento de 

protoscoleces obtenidas por tomografía electrónica. (B) Reconstrucción tridimensional de 

estructuras tegumentales obtenidas de seis tomografías seriadas de 500 nm. Citoplasma 

distal (verde); células musculares (rojo); células tegumentarias (blanco); parénquima 

(celeste); células flamígeras (violeta); corpúsculo calcáreo (azul); núcleo y membrana 

nuclear del corpúsculo calcáreo (marrón); vesículas (amarillo). (Imagen modificada de Miles 

et al., 2021; Art. 1). 

 

De manera interesante, nuestros resultados permitieron identificar una estructura 

novedosa, situada entre el citoplasma distal y la zona fibrosa (Figura 8). Esta estructura 

electrón-lucida y acelular, fue observada a lo largo de todo el tegumento del soma de los 
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PSC (Figura 8C), conteniendo en su interior vesículas discretas de 75 a 250 nm de diámetro, 

así como otras estructuras limitadas por membranas. Debido a su ubicación y contenido 

vesicular, se la nombró como Cuerpo Tegumentario Vesiculado (TVB, del inglés: Tegumental 

Vesicular Body). 

La reconstrucción 3D del TVB mostró que es una estructura única, si bien se observa 

como estructuras independientes en secciones individuales (Figura 8D). Además, el TVB se 

observó tanto en los PSC de E. ortleppi como en lo de E. granulosus s.s. (Figura 

suplementaria 1 de Miles et al., 2021; Art. 1), y por ambos métodos de preparación de 

muestra, reduciendo así drásticamente la posibilidad de que esta sea un artefacto generado 

por la metodología de trabajo. 

Figura 8. Cuerpo Tegumentario Vesiculado. Caracterización ultraestructural de una 

estructura novedosa en protoscoleces de E. granulosus s.l. observada entre el citoplasma 

distal y la zona fibrosa. Esta estructura, denominada Cuerpo Tegumentario Vesiculado (TVB; 
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del inglés: Tegumental Vesicular Body) contienen vesículas discretas en su interior. (A) TVB 

(flechas) observado mediante TEM en protoscoleces embebidos de forma clásica. (B) TVB 

(flechas) observado mediante TEM en protoscoleces preparados por HPF. (C) TVB (flechas) 

cubriendo casi la totalidad del cuerpo del protoscolex. (D) Reconstrucción tridimensional de 

TBV, mostrando el contenido vesicular. I: Interior inmediato; D: Citoplasma Distal; G: 

Glicocálix; V: vesículas. Barra de escala: (A y B) = 500 nm; (C) = 10 µm. (Imagen tomada de 

Miles et al., 2021; Art. 1). 
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CAPÍTULO 2 

SECCIÓN 2 

Rutas de excreción/secreción e internalización a través del tegumento de los PSC. 

 

En el tegumento de los PSC de E. granulosus s.l. se han reportado 6 tipos de vesículas 

(V1-V6) (Bui et al., 1999). Las vesículas V1 (también conocidas como T3) son ovoides, 

electrón-lúcidas y de origen desconocido. Las vesículas V2 (también conocidas como T1) 

tienen forma de cometa, y son electrón-lúcidas pero con un centro electrón-denso. Las 

vesículas V3 poseen una morfología de disco plano, o mancuerna, con un centro electrón-

denso amorfo. Las vesículas V4 y V5 (también conocidas como T2) están presentes 

mayoritariamente en el tegumento del escólex, presentan una forma redonda delimitada 

por una doble membrana, y muestran un centro electrón-lúcido (V4) o electrón-denso (V5). 

Finalmente, las vesículas V6 son similares a las V1, pero solo se observan solo en muestras 

preparadas mediante HPF. 

En nuestro estudio, y mediante TEM, se identificaron consistentemente las vesículas 

V1, V2 y V3 dentro del citoplasma distal del soma de los PSC de E. ortleppi y E. granulosus 

s.s. (Figura 9). Asimismo, estas fueron observadas tanto en muestras embebidas en resina 

de forma clásica, así como en las muestras preparadas por HPF. 

Figura 9. Vesículas clásicas en el tegumento. Vesículas clásicas V1, V2 y V3 fueron 

identificadas mediante microscopía electrónica de transmisión en secciones ultra finas (70 
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nm) de protoscoleces de E. ortleppi embebidos en resina tanto por metodología clásica (A) 

como por congelación a alta presión (B). G: glicocálix; D: citoplasma distal; I: Interior 

inmediato. Barra de escala = 500 nm. (Imagen modificada de Miles et al., 2021; Art. 1). 

 

Por otro lado, dentro del área denominada “interior inmediato” (2,5 µm por debajo 

del citoplasma distal), se observaron vesículas no clásicas, es decir, que no fueron 

consistentes con la clasificación V1-V6; ya que fueron electrón-lúcidas, de mayor tamaño y 

con morfología semi-esférica (Figura 7). Estas vesículas no clásicas comparten su morfología 

y tamaño con las vesículas encontradas dentro del TVB. Además, y mediante un análisis 

exhaustivo de imágenes obtenidas mediante TEM, estas vesículas también se identificaron 

en todos los puntos de una posible ruta de secreción y/o internalización (Figura 10), que 

incluye al interior inmediato, la zona fibrosa, todo el citoplasma distal y el glicocálix. De 

manera interesante, cabe mencionar que las vesículas no clásicas observadas dentro del 

citoplasma distal están contenidas dentro de una estructura electrón-lúcida de mayor 

tamaño (Figura 10C-F). 

Figura 10. Vesículas no clásicas en el tegumento. Se considera vesículas no clásicas a 

aquellas no consistentes con V1-V6, con características electrón-lúcidas encontradas a lo 
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largo del tegumento del soma de protoscoleces. Estas vesículas no clásicas (señaladas con 

flechas) fueron identificadas en: (A) interior inmediato por debajo de la zona fibrosa, (B) 

dentro del TVB, (C) en la interface entre el TVB y el citoplasma distal, (D) en la cara más 

interna del citoplasma distal, (E) dentro del citoplasma distal, (F) en la cara más externa del 

citoplasma distal, (G) en la cara más interna del glicocálix, (H) en la cara más externa del 

glicocálix. I: interior inmediato; D: citoplasma distal; G: glicocálix; T: TVB. Barra de escala = 

200 nm. (Imagen tomada de Miles et al., 2021; Art. 1). 

 

La extensa localización de estas vesículas no clásicas, desde el glicocálix hasta el 

interior inmediato, sugiere que estarían involucradas en rutas de internalización (si el 

movimiento de las mismas es desde el glicocálix hacia el interior) y/o externalización (si el 

movimiento de las mismas es desde el interior hacia el glicocálix). En este sentido, el 

tegumento de los PSC se ha reportado como una región de alto tránsito molecular, 

mediante el cual el parásito es capaz que absorber nutrientes y componentes del 

hospedero, a la vez que participa de la excreción/secreción de componentes 

inmunomoduladores, y la liberación de exosomas (Nicolao et al., 2019; Pan et al., 2018; Wu 

et al., 2019; Zhou et al., 2019). Por ello, y para evaluar si las vesículas no clásicas descritas 

están involucradas en el tránsito de componentes a través del tegumento, se estudió 

mediante TEM con inmuno-marcación (inmunoTEM) la localización de tres antígenos 

parasitarios (GST1, FABP y AgB) y de una proteína del hospedero altamente presente en el 

líquido hidático (IgG bovinas). 

En primer lugar, se analizó la localización de la proteína GST1 (glutatión S-

transferasa 1). Esta enzima parasitaria está involucrada en la protección celular frente al 

estrés oxidativo, la modulación de procesos de señalización y la detoxificación de 

xenobióticos -incluyendo antihelmíntico-, entre otras funciones (Arbildi et al., 2017). 

Debido a que el tegumento es la interface entre el PSC y posibles componentes del sistema 

inmune del hospedero, la presencia de GSTs en el mismo podría ser útil para la sobrevida 

del parásito. En efecto, existen reportes que muestran la presencia de GST-1 en la superficie 
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de los PSC de E. granulosus s.l. (Arbildi et al., 2021), aunque su localización exacta no fue 

descrita. Por ello, analizamos la distribución de GST-1 en el tegumento mediante 

inmunoTEM sobre secciones ultrafinas (70 nm) de PSC de E. ortleppi. Para esto se incubaron 

las secciones con anticuerpos de ratón anti-GST-1, luego fueron incubadas con anticuerpos 

de conejo anti-ratón, y finalmente fueron incubadas con anticuerpos de cabra anti-conejo 

conjugados a nanopartículas (10 nm) de oro. Para el análisis de datos, las imágenes del 

tegumento del soma de los PSC fueron divididas en tres zonas, distinguiendo así entre 

glicocálix, citoplasma distal e interior inmediato. El área de cada zona fue calculada y el 

número de marcas en cada zona (círculos electrón-densos correspondientes a las 

nanopartículas de oro), se contó de forma manual; obteniéndose un valor de densidad de 

marcas en cada zona. En la Figura 11 se muestra una imagen representativa, donde cada 

marca representaría una molécula de GST-1 reconocida por un anticuerpo. Como se 

observa, la GST-1 se halló mayoritariamente presente en el glicocálix de los PSC. De manera 

interesante, cabe destacar que también se observó la co-localización de GST-1 en las 

vesículas contenidas en el TVB (Figura 11C), indicando que esta enzima formaría parte del 

cargamento vesicular. 

Figura 11. Análisis de GST-1 mediante inmunoTEM. La presencia de GST-1 en el tegumento 

del soma (A) y sobre las vesículas presentes dentro del TVB (C, indicadas mediante flechas) 

fue analizada mediante inmunoTEM en secciones ultrafinas (70 nm) de protoscoleces 

preparados mediante HPF.  La abundancia de GST-1 a través del tegumento fue analizada 

en términos de densidad (número de marcas por μm2), dividiendo al tegumento en 
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glicocálix, citoplasma distal e interior inmediato. La densidad de marcas para cada zona se 

observa en B. (Imagen modificada de Miles et al., 2021; Art. 1). 

 

La presencia de la proteína parasitaria FABP (del inglés: fatty acid binding protein) a 

lo largo del tegumento, se analizó de forma análoga al estudio de la GST-1. Las FABP son 

proteínas pequeñas de unión reversible a ácidos grasos y otros ligandos hidrofóbicos (Xu et 

al., 2019). En particular, E. granulosus s.l. presenta un alto requerimiento de lípidos 

provenientes del hospedero para el mantenimiento y crecimiento del quiste hidático 

(Pórfido et al., 2020). En este sentido, la FABP se observó mayoritariamente presente en el 

glicocálix; y al igual que la GST-1, también se observó su co-localización en las vesículas 

presentes dentro del TVB (Figura 12). 

Figura 12. Análisis de FABP mediante inmunoTEM. La presencia de FABP en el tegumento 

del soma (A) y sobre las vesículas presentes dentro del TVB (C, indicadas mediante flechas) 

fue analizada mediante inmunoTEM en secciones ultrafinas (70 nm) de protoscoleces 

preparados mediante HPF. La abundancia de FABP a través del tegumento fue analizada en 

términos de densidad (número de marcas por μm2), dividiendo al tegumento en glicocálix, 

citoplasma distal e interior inmediato. La densidad de marcas para cada zona puede ser 

observada en B. (Resultados no publicados). 

 

Por otro lado, la presencia del antígeno B (AgB, subunidad 8/1) fue analizada de la 

misma manera que la GST-1 y la FABP. El AgB es una lipoproteína oligomérica compuesta 
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por subunidades relacionadas (de AgB8/1 a AgB8/5) de 8 kDa cada una (Chemale et al., 

2001). Este antígeno es la proteína parasitaria más abundante en el líquido hidático, y está 

involucrada en diversas interacciones entre el parásito y el hospedero; fomentando el 

establecimiento de la infección así como la sobrevida del parásito en el hospedero 

intermediario (Monteiro et al., 2012; Riganò et al., 2007). Los resultados mostraron que la 

presencia del AgB en el tegumento de los PSC se observó mayoritariamente en el citoplasma 

distal; estando co-localizado dentro de las vesículas presentes en el TVB (Figura 13). 

Figura 13. Análisis de AgB mediante inmunoTEM. La presencia de AgB en el tegumento del 

soma (A) y sobre las vesículas presentes dentro del TVB (C, indicadas mediante flechas) fue 

analizada mediante inmunoTEM en secciones ultrafinas (70 nm) de protoscoleces 

preparados mediante HPF. La abundancia de AgB a través del tegumento fue analizada en 

términos de densidad (número de marcas por μm2), dividiendo al tegumento en glicocálix, 

citoplasma distal e interior inmediato. La densidad de marcas para cada zona puede ser 

observada en B. (Imagen modificada de Miles et al., 2021; Art. 1). 

 

Finalmente, se analizó la presencia de proteínas del hospedero en el tegumento de 

los PSC, la cual estaría directamente relacionada con posibles vías de internalización. Para 

ello, se examinó la presencia de IgG bovina mediante inmunoTEM, ya que las IgG son de las 

proteínas del hospedero más abundantes dentro del líquido hidático (Aziz et al., 2011). En 

este sentido, y de manera interesante, se observó que la distribución de las IgG bovinas no 

fue uniforme a través del tegumento, a diferencia de lo observado para las moléculas 

parasitarias (GST-1, FABP y AgB). En el caso de las IgG bovinas, su presencia se observó en 
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forma de cúmulos, tanto en el glicocálix como en el citoplasma distal e interior inmediato 

(Figura 14). Además, una alta presencia de cúmulos de IgG bovinas fue observada en las 

células tegumentarias así como en sus extensiones citoplasmáticas, sugiriendo que los PSC 

serían capaces de internalizar proteínas del hospedero desde el líquido hidático. Esta 

internalización podría ser un proceso activo que concentra y transporta las proteínas del 

hospedero, de manera independiente a las vesículas no clásicas, ya que ningún cumulo de 

IgG bovinas se observó en asociación con dichas vesículas.   

Figura 14. Inmunolocalización de antígenos del hospedero. La presencia de IgG bovinas en 

el tegumento del soma fue analizada mediante inmunoTEM en secciones ultrafinas (70 nm) 

de protoscoleces preparados mediante HPF. Cúmulos de marcas (flechas) fueron 

identificados a lo largo del glicocálix (G), citoplasma distal (D) e interior inmediato (I) de 

protoscoleces. Las figuras muestran diferentes imágenes de la misma sección mostrando 

estructuras interesantes. Una alta cantidad de marcas fue observada dentro de las células 

tegumentales (TC), y cúmulos de marcas fueron observados en sus correspondientes 

extensiones citoplasmáticas (CE). No se observaron marcas asociadas a vesículas presentes 

en TVB. Barra de escala = 500 nm. (Imagen tomada de Miles et al., 2021; Art. 1). 
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CAPÍTULO 2 

CONCLUSIONES 

 

La EQ es una enfermedad zoonótica cosmopolita que genera grandes pérdidas 

económicas y de salud a nivel mundial. A pesar de esto, aún es limitada la información sobre 

diversos aspectos de la biología y bioquímica del parásito que la causa. La gran complejidad 

de este parásito se evidencia en parte, en la alta plasticidad de desarrollo que presenta el 

estadío de PSC, ya que estos pueden desarrollarse tanto en gusanos adultos en el hospedero 

definitivo, como en metacestodes en el hospedero intermediario. En este sentido, en los 

PSC, la mayor barrera de interacción entre el parásito y el sistema inmune del hospedero 

es el tegumento, un sincicio celular que posee diversas actividades. 

En el presente capítulo de la tesis, se realizó una caracterización detallada del 

tegumento de los PSC de E. ortleppi mediante el uso de diversas técnicas avanzadas de 

microscopía electrónica. Así, se obtuvo una reconstrucción 3D de los componentes 

tegumentarios clásicos, y se identificó, por primera vez, una novedosa estructura parasitaria 

-denominada TVB- que presenta un alto contenido de vesículas discretas en su interior. A 

su vez, se observaron vesículas similares en el glicocálix, citoplasma distal e interior 

inmediato, conteniendo antígenos parasitarios (GST-1, FABP y AgB) como carga vesicular. 

Estos antígenos parasitarios fueron localizados uniformemente en las estructuras 

tegumentarias. De manera interesante, la presencia de antígenos del hospedero (IgG 

bovinas) se observó bajo la forma de cúmulos, sugiriendo una posible ruta de 

internalización activa en el tegumento de los PSC de E. granulosus s.l. 
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CAPÍTULO 3 

 

Objetivo específico #2: Caracterizar a nivel proteómico y bioinformático los componentes 

proteicos presentes en el tegumento de los PSC de E. granulosus s.l. 

 

En este capítulo se presenta una descripción detallada de los componentes proteicos 

del tegumento de los PSC de E. granulosus s.l., así como un estudio de las modificaciones 

post-traduccionales asociadas a los mismos. Para ello, se utilizó una fracción de antígenos 

tegumentarios denominada PSEx, la cual fue analizada mediante dos técnicas distintas y 

complementarias de espectrometría de masas (MALDI-TOF/TOF y nanoLC-MS/MS); y los 

componentes identificados fueron luego analizados a nivel bioinformático. Así, el presente 

capítulo se divide en dos secciones: 

3) Composición proteica del tegumento de PSC de E. granulosus s.l. 

4) Modificaciones post-traduccionales presentes en proteínas tegumentarias de PSC 

de E. granulosus s.l. 

 

La mayoría de estos resultados están contenidos en las siguientes publicaciones adjuntas: 

Art. 2 

“Combining proteomics and bioinformatics to explore novel tegumental antigens as 

vaccine candidates against Echinococcus granulosus infection” 

Miles S, Portela M, Cyrklaff M, Ancarola ME, Frischknecht F, Durán R, Dematteis S, 

Mourglia-Ettlin G. 

Journal of cellular biochemistry (2019) 

doi: 10.1002/jcb.28799 
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Art. 3 

“Unraveling post-translational modifications in Echinococcus granulosus sensu lato” 

Miles S, Magnone J, García-Luna J, Dematteis S, Mourglia-Ettlin G. 

Acta Tropica (2022) 

doi: 10.1016/j.actatropica.2022.106410 

 

A su vez, los resultados correspondientes al análisis proteómico de PSEx mediante 

espectrometría de masas nanoLC-MS/MS, sobre los cuales se basa parcialmente el estudio 

de modificaciones post-traduccionales, están contenidos en la siguiente publicación 

adjunta: 

Anexo 1 

“Interactome analysis of CD5 and CD6 ectodomains with tegumental antigens from the 

helminth parasite Echinococcus granulosus” 

Miles S, Velasco-de-Andrés M, Lozano F, Mourglia-Ettlin G. 

International Journal of Biological Macromolecules (2020) 

doi: 10.1016/j.ijbiomac.2020.08.219 
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CAPÍTULO 3 

SECCIÓN 3 

Composición proteica del tegumento de PSC de E. granulosus s.l. 

 

El tegumento de los PSC de E. granulosus s.l. es una zona compleja, compuesta por 

varias y diversas estructuras y células, que está involucrado en el tránsito de moléculas 

desde y hacia el interior del parásito. De esta forma, y a través del tegumento, el parásito 

no solo es capaz de internalizar los nutrientes necesarios para su sobrevida, sino que 

también es capaz de liberar, mediante excreción/secreción de componentes solubles y 

asociados a vesículas, diversos antígenos con potenciales actividades inmunomoduladoras 

(Nicolao et al., 2019; Pan et al., 2018; Wu et al., 2019; Zhou et al., 2019). 

Por otro lado, el tegumento de los PSC constituye la primera línea de defensa del 

parásito, siendo sus componentes los primeros en interactuar con el sistema inmune del 

hospedero. En este sentido, se ha reportado que ciertos antígenos aún no identificados, 

presentes en el tegumento de los PSC de E. granulosus s.l., son capaces de inducir 

protección en el modelo murino de EQ secundaria. Parte de esta evidencia fue obtenida 

mediante estudios donde, tras la inoculación con PSC íntegros pero no viables (obtenidos 

mediante irradiación con luz UV), se genera un 100% de protección frente a posteriores 

desafíos con PSC viables en modelo murino de infección (Molan & Saeed, 1988). Por el 

contrario, si se inoculan PSC físicamente dañados (es decir, exponiendo antígenos no 

tegumentarios), no se observaba protección frente a una infección secundaria experimental 

(Molan & Saeed, 1988). Por otro lado, y en línea con estos resultados, si se inmuniza ratones 

con un extracto de proteínas tegumentarias, se logra inducir hasta un 80% de protección en 

el modelo murino de EQ secundaria (Hernández & Nieto, 1994). 

Por ello, y para lograr una descripción más detallada del tegumento de los PSC de E. 

granulosus s.l., y poder analizar además su papel en el desarrollo de la infección, realizamos 



Caracterización del tegumento de Echinococcus granulosus  

y su interacción con el sistema inmune del hospedero 

__________________________________________________________________________________________ 

Sebastián Miles                                                                     40 

 

una caracterización de su composición proteica. Para esto, nos centramos en analizar el 

extracto de proteínas tegumentarias capaz de inducir protección en el modelo murino de 

EQ secundaria (Hernández & Nieto, 1994). Dicho extracto, denominado PSEx, se obtuvo tras 

la incubación de PSC viables con un detergente suave no iónico (MEGA-10), seguido de una 

diálisis exhaustiva de la fracción soluble -contra PBS- para eliminar los restos de detergente 

(Hernández & Nieto, 1994). Así, obtuvimos un gran lote de PSEx utilizado a lo largo de toda 

la tesis, cuya concentración proteica fue de 3,8 mg/mL, y con relaciones (masa/masa) 

proteínas/carbohidratos y proteínas/lípidos de 7,2 y 1,3, respectivamente. Estas 

determinaciones se realizaron siguiendo los protocolos generales reportados por Miguez et 

al. (1996). 

Por otro lado, y previo al análisis proteómico de PSEx, nos propusimos confirmar 

que la extracción con MEGA-10 solubilizó principalmente proteínas del citoplasma distal y 

del glicocálix de los PSC de E. granulosus s.l., y no otros componentes del interior 

parasitario. Para ello, y haciendo uso de las técnicas de microscopía electrónica descritas en 

el capítulo anterior, analizamos el tegumento de los PSC pre- y post-incubación con MEGA-

10. Así, observamos que el tratamiento indujo la completa desaparición del citoplasma 

distal junto al glicocálix, sin afectar significativamente las estructuras internaras de los PSC 

de E. granulosus s.l. (Figura 15). 
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Figura 15. Tegumento pre y post extracción de PSEx. El tegumento de protoscoleces fue 

analizado mediante TEM antes (A) y después (B) de realizar la extracción de PSEx con el 

detergente MEGA-10. La estructura del interior inmediato se mantiene intacta tras la 

extracción, mientras que el citoplasma distal y la glicocálix desaparece por completo. 

(Imagen modificada de Miles et al., 2019; Art. 2). 

 

Luego de confirmar que la fracción antigénica PSEx se compone principalmente de 

sustancias presentes en el tegumento (glicocálix y citoplasma distal) de los PSC de E. 

granulosus s.l., procedimos a analizar su proteoma mediante resolución bidimensional en 

geles de electroforesis (2DE) (Mourglia‐Ettlin et al., 2018), seguida de identificación 

mediante espectrometría de masas de cada uno de los spots observados. Para ello, las 

proteínas de PSEx se sometieron, en primer lugar, a un isoelectroenfoque en un gradiente 

lineal de pH de 3 a 10; previa eliminación de lípidos y lipoproteínas que potencialmente 

interfirieran en este proceso. Luego, los componentes de PSEx se resolvieron según su peso 

molecular en un gel desnaturalizante SDS-PAGE al 10%. 
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Los geles 2DE obtenidos fueron teñidos con Azul de Coomassie o nitrato de plata, y 

los spots individuales observados fueron recortados y analizados mediante espectrometría 

de masas MALDI-TOF/TOF. En total, se colectaron 96 spots de ambos geles (50 spots del gel 

teñido con Azul de Coomassie, y 46 spots del gel teñido con nitrato de plata), los cuales 

fueron desteñidos y sometidos a digestión tríptica compatible con espectrometría de 

masas. Finalmente, se logró identificar 58 proteínas diferentes presentes en 63 spots 

(Figura 16): 27 proteínas identificadas solamente en los geles teñidos con Azul de 

Coomassie, 20 proteínas identificadas solamente en los geles teñidos con nitrato de plata, 

y 11 proteínas identificadas en ambos geles. Es interesante destacar que, mediante esta 

estrategia, no se identificaron proteínas del hospedero (Bos taurus). 

Figura 16. Resolución bidimensional de PSEx. Las proteínas presentes en PSEx fueron 

separadas según su punto isoeléctrico en un rango lineal de 3-10 (de izquierda a derecha), 

y luego según su masa molecular en un gel de SDS-PAGE. Los geles 2D-PAGE fueron teñidos 

con Azul de Coomassie (A) o nitrato de plata (B), y los spots individuales observados fueron 

colectados para análisis por espectrometría de masas. Las flechas indican la localización de 

las proteínas identificadas. (Imagen modificada de Miles et al., 2019; Art. 2). 
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Una vez obtenido el proteoma de PSEx, se procedió a analizarlo mediante Ontología 

de Genes (GO, del inglés: Gene Ontology), la cual es una iniciativa bioinformática que busca 

unificar la representación de genes y sus productos mediante un vocabulario controlado, 

permitiendo así analizar genomas y proteomas en base a características de cada uno de sus 

componentes (Harris et al., 2008). En el caso de proteínas, GO permite asociar términos a 3 

categorías generales: Procesos Biológicos, Funciones Moleculares, y Componente Celular. 

Para realizar este análisis con el proteoma de PSEx, primero se obtuvieron los términos de 

GO asociados a cada una de las 58 proteínas encontrados en la base de datos de UniProt, y 

luego se realizó una predicción complementaria de términos de GO a cada proteína 

mediante el uso del programa FFPred3 (Cozzetto et al., 2016). Así, se obtuvieron 711 

términos asociado a 56 proteínas, existiendo dos proteínas del proteoma cuyo gran tamaño 

no permitió la realización de este análisis bioinformático, siendo 184 de estos términos 

únicos en el proteoma. Finalmente, se realizó una primera reducción en dos niveles de 

jerarquía, seguido por una agrupación en “superclusters” de términos vagamente 

relacionados (Supek et al., 2011) para ser mostrados como gráficos de torta (Figura 17). 

Figura 17. Estudio de Gene Ontology del proteoma de PSEx. El análisis de GO de las proteínas 

de PSEx se muestra dividido en Componentes Celulares, Procesos Biológicos y Funciones 

Moleculares. Para cada categoría, los términos únicos fueron reducidos en 2 niveles de 

jerarquía y los términos vagamente relacionados fueron agrupados en “superclusters” y 

mostrados como gráficos de torta. (Imagen modificada de Miles et al., 2019; Art. 2). 
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Los resultados obtenidos mostraron que PSEx es una fracción compleja compuesta 

por proteínas principalmente localizadas en el citoplasma distal. En este sentido, los análisis 

de GO son consistentes con esta afirmación, ya que se observó que la mayoría de las 

proteínas están asociadas a vesículas, siendo el citoplasma distal un sincicio celular 

altamente vesiculado como se mostró en el capítulo anterior. Además, el análisis de GO 

mostró que las proteínas presentes en PSEx están involucradas en diversas funciones 

metabólicas; así como en procesos basados en microtúbulos, como puede ser el tránsito de 

moléculas a través del citoplasma distal o el movimiento parasitario, ambas funciones 

asociadas al tegumento de los PSC de E. granulosus s.l. 
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CAPÍTULO 3 

SECCIÓN 4 

Modificaciones post-traduccionales presentes en proteínas tegumentarias de PSC de E. 

granulosus s.l. 

 

Conocer el proteoma de una fracción antigénica con capacidad protectora puede 

constituir el primer paso para desarrollar nuevas herramientas de diagnóstico y/o 

estrategias de vacunación frente a un agente infeccioso. Sin embargo, existen 

características particulares de cada proteína que tienen que ser tomadas en cuenta previo 

al uso de las mismas como candidatos para inmunodiagnóstico y/o inmunoterapias. Una de 

estas características es la presencia de modificaciones post-traduccionales (PTMs, del 

inglés: Post-Translational Modifications), las cuales son usualmente modificaciones 

covalentes, generadas comúnmente mediante procesos enzimáticos, que ocurren en las 

proteínas luego de la síntesis ribosómica. Las PTMs influyen en la señalización celular, 

permiten la activación/desactivación de enzimas, ayudan al correcto plegamiento y 

estabilidad de las proteínas, entre muchas otras funciones (Voet et al., 2016). Las PTMs se 

localizan tanto en las cadenas laterales de los aminoácidos, así como en los extremos C- y 

N- terminales de las proteínas. Estas modificaciones suelen generar cambios 

conformacionales e introducir posibles impedimentos estéricos para el desarrollo de 

algunos tipos de respuesta inmune, principalmente el reconocimiento mediante 

anticuerpos. En este sentido, las PTMs pueden afectar negativamente la reactividad cruzada 

de anticuerpos inducidos en respuesta a un antígeno recombinante (usualmente carente 

de PTMs) presente en una formulación vacunal, afectando así el reconocimiento de la 

proteína nativa en el contexto de una infección natural (Walsh, 2010). 

Hasta la fecha, se han caracterizado más de 400 PTMs distintas, presentes en 

organismos procariotas y eucariotas (Walsh, 2010). Sin embargo, el estudio de las PTMs en 

E. granulosus s.l., y en cestodos en general, ha sido muy limitado. Por ello, en esta sección 
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del capítulo se profundizó en la identificación de posibles PTMs presentes en proteínas del 

tegumento de los PSC de E. granulosus s.l. 

En primer lugar, partiendo de los espectros obtenidos por MALDI-TOF/TOF para 

cada uno de los 63 spots identificados en PSEx, y analizados en la sección anterior de este 

capítulo, y haciendo uso del programa FindMod (Wilkins et al., 1999), se identificaron 27 

posibles PTMs enzimáticas presentes en las 58 proteínas identificadas en PSEx (Tabla 1). 

Este programa reanaliza los espectros de masas usados para identificar una proteína, 

generando una sub-lista de valores m/z a los cuales se les restó la masa teórica de cada una 

de las PTMs analizadas. Así, si existe un nuevo valor de m/z que coincide con uno de los 

fragmentos peptídicos de la digestión teórica de la proteína, se sugiere que el valor de m/z 

original corresponde a dicho fragmento peptídico unido a dicha PTM. 

Por otro lado, y mediante una búsqueda manual en la base de datos de UniProt, se 

encontraron proteínas de E. granulosus s.l. anotadas que contenían 5 de las 27 posibles 

PTMs identificadas por FindMod (Tabla 1). Además, 8 PTMs adicionales fueron encontradas 

anotadas en proteínas de otros platelmintos (Tabla 1). En paralelo, y dado que solo se 

analizaron PTMs enzimáticas, se procedió a examinar si las enzimas que catalizan cada una 

de las 27 modificaciones identificadas por FindMod estaban presentes en el genoma de E. 

granulosus s.l. Así, primero se obtuvo una lista de la/s enzima(s) necesarias para realizar 

cada modificación, y luego se las buscó en la base de datos de proteínas E. granulosus s.l.; 

identificando las enzimas necesarias para realizar 22 PTMs, incluyendo aquellas 13 PTMs 

anotadas en proteínas de platelmintos (Tabla 1). 

La presencia de 19 de estas 22 PTMs fue además identificada en las proteínas de 

PSEx mediante el uso de espectrometría de masas de alta resolución (nanoLC-MS/MS). Para 

ello, se utilizaron espectros previamente obtenidos para PSEx por nuestro grupo de trabajo 

(Miles et al., 2020, Anexo 1). El espectrómetro de masas nanoLC-MS/MS analiza todos los 

fragmentos obtenidos de la digestión tríptica de una fracción proteica a la vez, en 

contraposición con MALDI-TOF/TOF donde se analizan spots individuales, lo cual aumenta 
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la sensibilidad de la técnica en gran medida. Para este análisis, se generó una base de datos 

personalizada compuesta únicamente por las 58 proteínas identificadas por MALDI-

TOF/TOF, y se identificaron las proteínas modificadas para cada una de las PTMs descritas 

anteriormente. Además, y ya que las PTMs se encuentran ancladas a la cadena lateral de 

un aminoácido (o extremos C- y N- terminales de las proteínas), y tanto los análisis de 

FindMod como la identificación por nanoLC-MS/MS permite identificar el punto de anclaje 

de las PTMs, se identificaron aquellas PTMs unidas al mismo aminoácido en cada péptido 

por ambas metodologías. Así, 9 PTMs en las proteínas de PSEx fueron identificadas con una 

muy alta confianza, correspondiendo a acetilación, metilación, fosforilación, deamidación, 

deamidación seguida por metilación, S-nitrosilación, di-hidroxilación y di-metilación. De 

manera interesante, cabe destacar que estas 5 últimas PTMs fueron identificadas por 

primera vez en este estudio, tanto en proteínas de E. granulosus s.l. así como en 

platelmintos en general. 

 

Tabla 1. Identificación de modificaciones post-traduccionales. 27 posibles PTMs fueron 

identificadas en las proteínas de PSEx mediante el software FindMod a partir de espectros 

de masas obtenidos por MALDI-TOF/TOF. La búsqueda de proteínas de E. granulosus s.l., u 

otros Platelmintos anotadas con alguna de estas PTMs en la base de datos de UniProt 

resultó en la identificación de 5 y 13 proteínas previamente reportadas respectivamente. 

La búsqueda de las enzimas claves necesarias para que se realicen las PTMs estudiadas en 

el genoma de E. granulosus s.l. fue exitosa para 22 PTMs. De estas, 19 fueron identificadas 

tras analizar el PSEx mediante nanoLC-MS/MS. Los tics () indican que al menos una 

proteína fue identificada presentando la PTM analizada, o que la enzima(s) clave(s) se 

encuentran presentes en el genoma de E. granulosus s.l. (Tabla modificada de Miles et al., 

2022; Art. 3). 
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CAPÍTULO 3 

CONCLUSIONES 

 

La escasa información disponible acerca de varios aspectos de la biología y 

bioquímica de E. granulosus s.l., contribuye a que existan pocos avances biotecnológicos 

aplicados al control de la infección. Por ello, en el presente capítulo de la tesis se realizó una 

caracterización proteómica completa de una fracción de proteínas tegumentarias obtenidas 

principalmente del citoplasma distal de PSC de E. granulosus s.l. 

En primer lugar, se corroboró mediante microscopía electrónica, que PSEx estuviese 

compuesto principalmente por proteínas tegumentarias. Luego, se analizó su contenido 

proteico, glucídico y lipídico, y se realizó su resolución proteica en geles bidimensionales. 

Posteriormente, se realizó una caracterización proteómica de los componentes 

identificados, a partir de los spots individuales observados en los geles 2DE. Así, se obtuvo 

un proteoma aproximado de PSEx compuesto por 58 proteínas. 

Luego, y partiendo de este estudio, se analizó la presencia de posibles PTMs en las 

proteínas de PSEx, identificándose 22 posibles PTMs; nueve de las cuales fueron 

identificadas con una muy alta confianza. Este estudio complementó la caracterización 

proteómica del tegumento de los PSC de E. granulosus s.l., y permitió expandir la escasa 

información disponible sobre la existencia de PTMs en proteínas de platelmintos. 
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CAPÍTULO 4 

 

Objetivo específico #3: Evaluar el papel de los componentes tegumentarios de PSC de E. 

granulosus s.l. en el establecimiento de la EQ secundaria experimental. 

 

En este capítulo se presenta una descripción de la respuesta inmune humoral 

generada por el hospedero en el modelo murino de EQ secundaria, contra componentes 

tegumentarios de PSC de E. granulosus s.l. En primer lugar, se analizó la respuesta de 

anticuerpos generadas en dos cepas de ratones con diferentes niveles de susceptibilidad 

natural a la infección experimental. Luego, se identificaron aquellos antígenos parasitarios 

diferencialmente reconocidos por los anticuerpos generados entra ambas cepas de ratones. 

Así, el presente capítulo se divide en 2 secciones: 

5) Respuesta inmune humoral contra componentes del tegumento de PSC de E. 

granulosus s.l. en el modelo murino de EQ secundaria.  

6) Reconocimiento diferencial de antígenos tegumentarios de PSC de E. granulosus s.l. 

por parte de anticuerpos de ratones Balb/c y C57Bl/6. 

 

La mayoría de estos resultados están contenidos en la siguiente publicación adjunta: 

Art. 4 

“Linking murine resistance to secondary cystic echinococcosis with antibody responses 

targeting Echinococcus granulosus tegumental antigens” 

Miles S, Magnone J, Cyrklaff M, Arbildi P, Frischknecht F, Dematteis S, Mourglia-Ettlin G. 

Immunobiology (2020) 

doi: 10.1016/j.imbio.2020.151916  
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CAPÍTULO 4 

SECCIÓN 5 

Respuesta inmune humoral contra componentes del tegumento de PSC de E. granulosus 

s.l. en el modelo murino de EQ secundaria. 

 

Los modelos animales son esenciales para el estudio de enfermedades infecciosas, 

siendo los modelos murinos los más utilizados debido al tamaño de los animales, su bajo 

costo, facilidad de manejo, y diversidad de cepas exo- y endogámicas; muchas de las cuales 

pueden, además, ser modificadas genéticamente con facilidad. Además, el sistema inmune 

de los ratones está bien caracterizado, y muestra grandes similitudes con el sistema inmune 

de los humanos; haciendo que los ratones sean susceptibles a muchos patógenos, sin ser 

necesariamente sus hospederos naturales (Colby et al., 2017). 

Sin embargo, las distintas cepas de ratones existentes suelen mostrar grandes 

diferencias en la respuesta inmune montada frente en el contexto de una enfermedad 

determinada, sea esta infecciosa o no. En este sentido, existen reportes sobre diferencias 

en la respuesta inmune entre ratones de las cepas Balb/c y C57Bl/6 -las dos más 

ampliamente utilizadas en modelos murinos de infección- frente a virus, bacterias, 

protozoarios y helmintos parásitos (Anthony et al., 2007; Cheers et al., 1978; Chiodini & 

Buergelt, 1993; Ferreira et al., 2018; Fornefett et al., 2018b; Henderson et al., 2015; Kulcsar 

et al., 2015; Liu et al., 2002; Mols-Vorstermans et al., 2013; Mourglia-Ettlin et al., 2016a; 

Pereira et al., 2016; Xiang et al., 2016; Zhang et al., 2005). En particular, también se han 

hallado estas diferencias frente a la infección experimental con E. granulosus s.l., las cuales 

se han asociado con diferencias en la susceptibilidad al desarrollo de la EQ secundaria 

(Mourglia-Ettlin et al., 2016a). En este sentido, se ha reportado que los ratones de la cepa 

C57Bl/6, presentan anticuerpos naturales -e inducidos- con mayor capacidad de limitar el 

establecimiento de la infección; a la vez que presentan un mayor número de macrófagos 
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peritoneales y células B, y una respuesta de citoquinas del tipo Th2 menos intensa, que 

genera en su conjunto una baja susceptibilidad a la infección secundaria experimental 

(Mourglia-Ettlin et al., 2016a, 2016b). 

En el presente capítulo analizamos en detalle la respuesta inmune humoral 

desarrollada por ratones Balb/c y C57Bl/6 frente a antígenos tegumentarios de PSC de E. 

granulosus s.l. en el modelo de EQ secundaria. Para esto, se obtuvo el suero de ratones 

Balb/c y C57Bl/6 infectados (21 días p.i.), y de sus controles sin infectar; para luego, 

mediante ELISA, evaluar el título de cada isotipo (IgM, IgA e IgE) -y subclase (IgG1, IgG2b, 

IgG2a/c e IgG3)- de anticuerpos contra PSEx. Además, se analizó el índice de avidez para 

cada isotipo/subclase de anticuerpos. Los resultados obtenidos mostraron que, los ratones 

Balb/c normales, presentan un título de anticuerpos naturales capaces de reconocer 

componentes de PSEx, mayor que los ratones C57Bl/6 normales (Figura 18). Además, y de 

manera interesante, los ratones Balb/c presentaron mayores títulos de anticuerpos IgE, 

tanto en ratones normales como infectados, con respecto a los ratones C57Bl/6. La 

inducción de anticuerpos IgE suele ser la respuesta clásica en las infecciones por helmintos 

parásitos, mediando el reconocimiento y degranulación de eosinófilos y mastocitos con el 

fin de eliminar al parásito (Fitzsimmons et al., 2014).  

 

Figura 18. Respuesta de anticuerpos contra antígenos tegumentarios. El título de 

anticuerpos específicos contra PSEx fue analizado mediante ELISA en suero de ratones 

Balb/c y C57Bl/6 normals (A) e infectados (B). Los títulos fueron expresados como la 

absorbancia detectada a la mayor dilución no saturante analizada. El índice de avidez (C) de 
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los anticuerpos anti-PSEx fue analizado mediante ELISA en suero de ratones infectados. 

Estadística: test U de Mann-Whitney-Wilcoxon. Los resultados se muestran como media ± 

SEM. Las diferencias fueron consideradas como significativas con p < 0.05, y mostradas con 

un asterisco. (Imagen modificada de Miles et al., 2020; Art. 4). 

 

Por su parte, los ratones de la cepa C57Bl/6 infectados, generaron altos títulos -y 

con alta avidez- de anticuerpos IgG2b e IgG2c específicos (Figura 18). Estos anticuerpos, 

podrían ser capaces de inducir la activación del sistema complemento sobre la superficie de 

los PSC, induciendo así la muerte de los mismos. Para confirmar esto, se analizó mediante 

ensayos in vitro, la activación del sistema complemento por vía clásica, y la consecuente 

muerte de los PSC, por parte de los anticuerpos presentes en el suero de ratones Balb/c y 

C57Bl/6. Para ello, en primer lugar, se purificaron las γ-globulinas del suero de ratones 

Balb/c y C57Bl/6 -infectados y controles- mediante precipitación con sulfato de amonio. 

Luego, se incubaron PSC viables de E. granulosus s.l. con las γ-globulinas purificadas 

suplementadas con suero fresco de ratones normales, Balb/c o C57Bl/6 según fuese el caso, 

como fuente de complemento. Tras 4 horas de incubación, se evaluó la viabilidad de los 

PSC, observándose que únicamente las γ-globulinas procedentes de ratones C57Bl/6 

infectados fueron capaces de aumentar significativamente la tasa de muerte de los 

parásitos, inducida por el suero fresco (Figura 19). 
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Figura 19. Activación del sistema de complemento dependiente de anticuerpos. La actividad 

protoscolicida de los anticuerpos dependiente de la activación del sistema del 

complemento fue analizada in vitro. Para esto se utilizaron γ-globulinas purificadas del 

suero de ratones Balb/c y C57Bl/6 normales e infectados, las cuales fueron 

complementadas -o no- con suero de ratones normales de la misma cepa. El gráfico muestra 

el fold-increase de la muerte de protoscoleces con respecto a la misma condición no 

complementada. Estadística: 2-way ANOVA. Los resultados se muestran como media ± 

SEM. Las diferencias fueron consideradas como significativas con p < 0.05, y mostradas con 

una flecha (comparaciones entre una misma cepa) o asterisco (comparaciones entre cepas). 

(Imagen modificada de Miles et al., 2020; Art. 4). 

 

A continuación, y para confirmar que los anticuerpos involucrados en la muerte de 

los PSC sean específicos para sus antígenos tegumentarios, se analizó el perfil de estructuras 

parasitarias reconocidas por los anticuerpos de cada cepa de ratones. Para ello, se 

realizaron estudios de inmunoTEM, donde se incubaron secciones ultrafinas (70 nm) de PSC 

frescos preparados mediante HPF, con el suero de ratones Balb/c y C57Bl/6 -infectados y 

sus controles- y se evaluó la densidad de marcas en forma análoga a los procedimientos 

descritos en el Capítulo 2 de esta tesis (Figura 20). 
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Figura 20. Reconocimiento de antígenos en el tegumento de protoscoleces. El 

reconocimiento de antígenos en el tegumento de protoscoleces por parte de los 

anticuerpos de ratones Balb/c y C57Bl/6 normales e infectados fue analizado mediante 

inmunoTEM y análisis de densidad de marcas. En (A) se muestran imágenes representativas 

de las condiciones analizadas mediante inmunoTEM, donde los bordes de cada estructura 

parasitaria analizada se marcan en rojo, dividiendo las secciones en glicocálix (Gx), 

citoplasma distal (Tg) e interior inmediato (In). Para cada estructura, el número de marcas 

fue obtenido de forma manual, y el área correspondiente fue calculada, obteniéndose un 

valor de densidad de marca (B), a partir de 6 réplicas para cada condición. Los resultados se 

muestran como media ± SEM. Las diferencias fueron consideradas como significativas con 

p < 0.05, y mostradas con una flecha (comparaciones entre una misma cepa) o asterisco 

(comparaciones entre cepas). (Imagen modificada de Miles et al., 2020; Art. 4). 
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Los resultados mostraron que, generalmente, se observaron valores mayores de 

densidad de marca con los sueros de ratones Balb/c respecto a los C57Bl/6; y en todas las 

regiones parasitarias estudiadas. Más interesante aún, mientras que los sueros de los 

ratones Balb/c infectados mostraron un aumento respecto a los sueros Balb/c normales en 

la densidad de marcas sobre el tegumento y las estructuras del interior inmediato de los 

PSC; lo opuesto se observó para ratones C57Bl/6. Esta disminución en los valores de 

densidad de marca por parte de los anticuerpos del suero de ratones C57Bl/6 infectados, 

sumado al aumento en su título de anticuerpos específicos para PSEx y al incremento de su 

capacidad protoscolicida in vitro, previamente discutidos; sugiere que los ratones C57Bl/6 

generarían una respuesta inmune humoral intensa contra un número limitado de antígenos 

tegumentarios. Así, este hecho podría estar involucrado en la menor susceptibilidad de los 

ratones de la cepa C57Bl/6 al desarrollo de la EQ secundaria. 

Además, es interesante destacar que, si se inmunizan ratones Balb/c y C57Bl/6 con 

PSEx (en ausencia de adyuvante), la respuesta humoral temprana desarrollada es muy 

similar a la generada en el contexto de la infección experimental. Estos resultados fueron 

obtenidos tras realizar, primero, una inmunización con PSEx en ratones Balb/c y C57Bl/6 a 

los días 0 (priming) y 10 (booster), y obtener el suero de los mismos al día 17 post-priming. 

Luego, repetimos las actividades realizadas anteriormente, pero utilizando los sueros 

obtenidos mediante inmunización con PSEx (Figura 21). Así, observamos que el 

reconocimiento de antígenos en el tegumento de los PSC (en términos de densidad de 

marcas) fue menor en los sueros provenientes de ratones C57Bl/6 inmunizados que en su 

contraparte Balb/c. A su vez, el reconocimiento de antígenos en el tegumento disminuyó 

en ratones C57Bl/6 inmunizados con PSEx (Figura 21A); de manera análoga a lo ocurrido en 

el contexto de la infección experimental. Más interesante aún, la actividad protoscolicida in 

vitro de los sueros de ratones C57Bl/6 aumentó tras la inmunización con PSEx (con respecto 

a ratones C57Bl/6 normales); a la vez que esta fue mayor que la de los sueros obtenidos de 

ratones Balb/c inmunizados con PSEx (Figura 21C). En términos de títulos e índice de avidez 

de los anticuerpos específicos contra PSEx generados tras inmunización, el perfil de los 
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mismos fue similar al de los generados en la infección experimental (Figura 21B). Así, se 

observó un mayor título de anticuerpos de la subclase IgG2a/c en ratones C57Bl/6, y un 

mayor título de anticuerpos IgE en ratones Balb/c; aunque este parecería ser menor en 

ratones inmunizados con respecto a ratones infectados. 

Figura 21. Respuesta inmune humoral en ratones Balb/c y C57Bl/6 inmunizados con PSEx. 

(A) El análisis por inmunoTEM fue análogo al mostrado en la Figura 20, incubando las 
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secciones ultra-finas de PSC con suero de ratones Balb/c y C57Bl/6; normales o inmunizados 

con PSEx. El reconocimiento de antígenos sobre el tegumento de PSC se muestra en 

términos de densidad de marcas para el glicocálix (Gx), citoplasma distal (Tg) e interior 

inmediato (In); obtenida a partir de 6 réplicas para cada condición. Estadística: test de 

Student. (B) El título de anticuerpos específicos en ratones Balb/c y C57Bl/6 inmunizados 

con PSEx, y la avidez de los mismos, fue analizado mediante ELISA. Estadística: Mann-

Whitney-Wilcoxon. (C) La actividad protoscolicida de los anticuerpos dependiente de la 

activación del sistema del complemento fue analizada in vitro utilizando suero homólogo 

normal suplementado con γ-globulinas purificadas del suero de ratones Balb/c y C57Bl/6; 

normales o inmunizados con PSEx. Estadística: 2-way ANOVA. En todos los casos, los 

resultados se muestran como media ± SEM. Las diferencias fueron consideradas como 

significativas con p < 0.05, y mostradas con una flecha (comparaciones entre una misma 

cepa) o asterisco (comparaciones entre cepas). (Imagen tomada de Miles et al., 2020; Art. 

4). 

 

La similitud entre la respuesta humoral desarrollada por ambas cepas de ratones, 

tanto en el contexto de la infección experimental, como luego de la inmunización con PSEx, 

sugiere que existe una predisposición genética por parte de ambas cepas para el desarrollo 

de sus respuestas de anticuerpos específicas para antígenos parasitarios. Es decir, no sería 

necesaria una actividad inmunomoduladora activa por parte del parásito que desvíe la 

respuesta inmune hacia una respuesta humoral ineficiente en el caso de ratones Balb/c; 

sino que los ratones C57Bl/6 estarían genéticamente predispuestos a desarrollar 

anticuerpos específicos contra antígenos de mayor relevancia para el parásito. Esto podría 

deberse, al menos en parte, por la presencia diferencial de alelos del MHC-II presentes en 

ambas cepas de ratones (Sofron et al., 2016).  
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CAPÍTULO 4 

SECCIÓN 6 

Reconocimiento diferencial de antígenos tegumentarios de PSC de E. granulosus s.l. por 

parte de anticuerpos de ratones Balb/c y C57Bl/6. 

 

Los resultados descritos en la sección anterior, mostraron que los ratones C57Bl/6 

generan anticuerpos específicos contra antígenos tegumentarios con un repertorio de 

reconocimiento limitado, pero con alta capacidad protoscolicida in vitro. Esto implica, 

necesariamente, que existe una diferencia en los antígenos reconocidos por parte de los 

anticuerpos de cada una de las cepas de ratones. Esta diferencia en reconocimiento podría 

explicar -al menos parcialmente- la diferencia reportada en los niveles de susceptibilidad de 

las cepas de ratones Balb/c y C57Bl/6 al desarrollo de la EQ secundaria; ya sea que los 

anticuerpos de los ratones más resistentes (C57Bl/6) podrían estar reconociendo antígenos 

con capacidad protectora. 

Por ello, en esta sección nos propusimos identificar aquellos antígenos reconocidos 

únicamente por anticuerpos de ratones con baja susceptibilidad (C57Bl/6) a la EQ 

secundaria. Este análisis fue realizado mediante una estrategia SERPA (del inglés: 

Serological Proteome Analysis), la cual se basa en la identificación proteica por 

espectrometría de masas (MALDI-TOF/TOF) de antígenos identificados, mediante Western 

blots, por parte de anticuerpos séricos. Para ello, y muy brevemente, se realizó una 

separación bidimensional de las proteínas presentes en PSEx (siguiendo los protocolos 

descritos en el Capítulo 3), las cuales fueron electro-transferidas a membranas de PDVF. 

Luego, las membranas fueron incubadas con el suero de los ratones correspondientes 

(ratones Balb/c y C57Bl/6, infectados y controles), bloqueadas con BSA y posteriormente 

incubadas con anticuerpos conjugados a peroxidasa, específicos contra anticuerpos de 

ratón. El suero de los ratones normales fue analizado en términos de IgM, IgA, IgG e IgE; 
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mientras que para los ratones infectados se analizaron adicionalmente todas las subclases 

de IgG. Finalmente, las membranas fueron reveladas mediante quimioluminiscencia, y los 

spots desarrollados únicamente en los Western blots correspondientes a ratones C57Bl/6; 

fueron mapeados en los geles 2DE, colectados y analizados mediante espectrometría de 

masas; siguiendo los protocolos y estrategias previamente descritos en el Capítulo 3. 

Este análisis SERPA nos permitió obtener dos resultados interesantes. Por un lado, 

se obtuvo información sobre la diversidad de epítopes B lineales reconocidos por los 

anticuerpos séricos de cada condición. En este sentido, cabe resaltar que el estudio de 

SERPA, al basarse en una separación desnaturalizante de proteínas en geles de SDS-PAGE, 

permite la identificación únicamente de antígenos que presenten epítopes lineales 

reconocidos por anticuerpos. A pesar de esta limitante, los resultados obtenidos son 

concordantes con los expuestos en la sección previa de este capítulo, ya que se observó un 

bajo número de antígenos reconocidos por anticuerpos naturales de ambas cepas, y un 

aumento en el reconocimiento específico por parte de los anticuerpos de ratones 

infectados (Figura 22). Este aumento fue observado principalmente para las subclases de 

IgG, donde se destaca una gran diferencia en el número de antígenos reconocidos por 

anticuerpos IgG2b e IgG2a/c entre ambas cepas de ratones. Así, nuevamente se observó 

que los ratones C57Bl/6 infectados generaron una respuesta de anticuerpos restringida 

hacia un menor número de antígenos/epítopes en relación a los ratones Balb/c (Figura 22). 
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Figura 22. Diversidad de reconocimiento de epítopes B lineales. El análisis por SERPA fue 

realizado a partir de la separación bidimensional de PSEx en geles 2DE seguido por la 

eletrotransferencia a membranas PDVF. Luego, estas fueron analizadas mediante Western 

blots detectando los perfiles de reconocimiento por cada clase y subclase de anticuerpos 

presentes en el suero de ratones Balb/c y C57Bl/6 normales e infectados. Para cada 

clase/subclase de anticuerpos, el número de spots desarrollados fue contado 

manualmente, y representado en diagramas esquemáticos. En los diagramas, cada línea 

concéntrica representa un valor de 10 spots. Las líneas huecas y sólidas representan los 

resultados de Balb/c y C57Bl/6, respectivamente. MW (masa molecular, en KDa), IP (punto 

isoeléctrico). (Imagen tomada de Miles et al., 2020; Art. 4). 

 

Por otro lado, el análisis por SERPA nos permitió identificar a nivel proteómico 

aquellos antígenos reconocidos únicamente por anticuerpos de ratones con baja 

susceptibilidad a la infección (C57Bl/6), los cuales podrían corresponder potencialmente a 
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antígenos protectores. Así, los ratones C57Bl/6 inducirían respuestas de anticuerpos más 

eficientes a la hora de limitar el establecimiento de la infección por E. granulosus s.l., 

respecto a los ratones Balb/c. La identificación por SERPA fue realizada tanto para 

anticuerpos naturales como inducidos; identificándose un total de 13 proteínas 

diferencialmente reconocidas (DRP) por los anticuerpos de ratones C57Bl/6 (Figura 23). 

Figura 23. Proteínas reconocidas diferencialmente mediante SERPA. El número de 

antígenos de PSEx reconocidos únicamente por anticuerpos presentes en el suero de 

ratones C57Bl/6. Los resultados se muestran como diagrama de Venn, resaltando los 

antígenos reconocidos solamente por anticuerpos naturales (n=3), solamente por 

anticuerpos inducidos (n=7), o por anticuerpos naturales e inducidos (n=3). 

 

Entre las DRP identificadas, aquellas reconocidas únicamente por anticuerpos 

inducidos (7 DRP) serían las de mayor interés para nuestro trabajo; ya que podrían servir a 

futuro para generar potenciales productos biotecnológicos que ayuden al combate de la 

EQ. Por ello, analizamos si existen características intrínsecas de dichas DRP, o características 

genéticas de las cepas de ratones utilizadas, que resulten en que estas 7 proteínas 

parasitarias sean diferencialmente reconocidas. Para esto, primero se analizaron tres 

características de las proteínas necesarias para la generación de anticuerpos específicos: 1) 

la capacidad del antígeno para producir una respuesta inmune (antigenicidad) fue predicha 
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en base a la secuencia aminoacídica mediante el software ANTIGENpro (Magnan et al., 

2010); 2) la abundancia de regiones antigénicas (del inglés: Abundance of Antigenic Regions, 

AAR) fue analizada mediante el software Secret-AAR (Cornejo-Granados et al., 2018); y 3) 

el valor de unicidad (del inglés: Uniqueness Score, US) fue calculado como el producto entre 

el valor de “Query coverage” y “Identity percentages” para la proteína con mayor homología 

identificada tras realizar un BlastP contra todas las proteínas no-helmínticas en la base de 

datos no-redundante de NCBI (excluyendo las taxonomías de Cestodos, Trematodos y 

Nematodos). Estos resultados se encuentran en la Tabla 2. 

 

Tabla 2. Caracterización inmunoinformática de las DRPs seleccionadas. Las DRPs 

reconocidas únicamente por los anticuerpos inducidos en ratones C57Bl/6 tras la infección 

experimental fueron caracterizadas mediante tres herramientas bioinformáticas. Las 

columnas “Antigenicidad” y “AAR” muestran los valores predichos obtenidos mediante el 

uso del software ANTIGENpro y Secret-AAR, respectivamente. La columna “Unicidad” 

refiere al valor del producto entre el valor de “Query coverage” y “Identity percentages” 

para la proteína no-helmíntica con mayor homología identificada. (Tabla modificada de 

Miles et al., 2020; Art. 4). 

 

 

Por otro lado, y en base a la información genética disponible sobre las cepas de 

ratones Balb/c y C57Bl/6 que indican que cada cepa posee un haplotipo de MHC-II distinto 

(H-2-IAd y H-2-IAb, respectivamente) (Sofron et al., 2016), se analizó la presencia de epítopes 

T teóricos presentes en cada una de las 7 DRP para los haplotipos de MHC-II 
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correspondientes a cada cepa; utilizando para ello el software NetMHCII (Nielsen & Lund, 

2009). Este software predice la fuerza de unión de cada posible péptido de 15 aminoácidos 

provenientes de una proteína dada, con la molécula de MHC-II; representando esta unión 

en términos de IC50 (nM). De esta manera, se obtuvo tanto el número total, como el valor 

de IC50, para cada uno de los posibles epítopes T (Figura 24A), así como los “cores” de los 

mismos (Figura 24B). Ambas métricas mostraron que las 7 DRP poseen una mayor 

capacidad de unión con el haplotipo de MHC-II presente en ratones C57Bl/6. 

Figura 24. Caracterización inmunoinformática de los potenciales epítopes T presentes en 

las DRPs. Para las 7 DRPs reconocidas únicamente por los anticuerpos inducidos en ratones 

C57Bl/6 tras la infección experimental, la afinidad de unión de cada posible péptido de 15aa 

de largo fue analizada contra los haplotipos de MHC-II presentes en ratones Balb/c y 

C57Bl/6.  En (A) se muestran todos los posibles epítopes T con una afinidad de unión (IC50) 

≤ 500 nM contra el haplotipo de MHC-II H-2-IAd (Balb/c, círculos huecos), o H-2-IAb (C57Bl/6, 

círculos sólidos). La línea punteada representa el threshold que define a los epítopes T de 

alta unión (IC50 ≤50 nM). En (B) se muestra el número de cores distintos presentes en cada 

DRP capaces de unirse a las moléculas de MHC-II analizadas. No B (no existe un péptido 

predicho con IC50 ≤ 500 nM). Los rangos representan los valores de la media±SEM. (Imagen 

modificada de Miles et al., 2020; Art. 4). 
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CAPITULO 4 

CONCLUSIONES 

 

El éxito del establecimiento de una infección depende, en gran medida, de la 

susceptibilidad intrínseca que posee el hospedero hacia el patógeno. En el modelo murino 

de EQ secundaria, el resultado de la infección varía según la cepa de ratones utilizada. Así, 

se ha reportado que los ratones de las cepas Balb/c y C57Bl/6 presentan una susceptibilidad 

diferencial a la infección, siendo los ratones C57Bl/6 menos permisivos al desarrollo de la 

EQ secundaria. 

Por ello, en el presente capítulo se comparó la respuesta humoral desarrollada en 

ambas cepas de ratones; observándose que solo los ratones C57Bl/6 mostraron un aumento 

significativo, durante la etapa temprana de la EQ secundaria, en la actividad anti-parasitaria 

in vitro de sus anticuerpos. Esto correlacionó con que los ratones C57Bl/6 generaron una 

respuesta humoral con un repertorio de reconocimiento limitado, direccionando la 

respuesta hacia un menor número de componentes parasitarios; aunque probablemente 

de mayor relevancia. A su vez, tanto el perfil de anticuerpos generados, como el 

reconocimiento antigénico y la actividad protoscolicida in vitro de los mismos, fueron 

reproducidas mediante la inmunización con PSEx en ausencia de adyuvante. Todo esto 

sugeriría que, la respuesta de anticuerpos contra antígenos de PSC de E. granulosus s.l. 

estaría influenciada en gran medida, por diferencias genéticas existentes entre los ratones 

de las cepas Balb/c y C57Bl/6. 

Por otro lado, se analizaron aquellos antígenos reconocidos únicamente por 

anticuerpos de ratones C57Bl/6. Así, mediante estudios SERPA, se identificaron 13 

antígenos diferencialmente reconocidos (DRP) entre ambas cepas de ratones; 7 de los 

cuales fueron reconocidos únicamente por anticuerpos inducidos en ratones C57Bl/6 

infectados. El estudio de los epítopes T teóricos en estas DRP, sugirió que los mismos son 
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capaces de unirse de forma más eficiente al haplotipo de MHC-II presente en ratones 

C57Bl/6. Esto sugeriría entonces, que la existencia de una predisposición genética para 

producir mejores respuestas de anticuerpos de tipo T-dependientes contra ciertos 

antígenos tegumentarios de PSC de E. granulosus s.l., influiría positivamente en la 

resistencia al desarrollo de la EQ secundaria en ratones de la cepa C57Bl/6. 
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CAPÍTULO 5 

 

Objetivo específico #4: Diseñar péptidos antigénicos derivados de proteínas tegumentarias 

de PSC de E. granulosus s.l. y evaluar su potencial vacunal en el modelo murino de EQ 

secundaria. 

 

En este capítulo se presenta el diseño in silico y la evaluación experimental de 

péptidos derivados de proteínas tegumentarias de PSC de E. granulosus s.l., como 

candidatos vacunales frente a la EQ secundaria experimental. Para ello, se realizó una etapa 

previa de trabajo, consistente en adquirir experiencia en el uso de herramientas bio-

inmuno-informáticas aplicadas al diseño de péptidos de interés inmuno-tecnológico. Luego, 

se propuso un workflow novedoso para el diseño de péptidos con potencial uso 

biotecnológico, mediante el uso combinado de herramientas bio-inmuno-informáticas. 

Seguidamente, se estudió la respuesta de anticuerpos desencadenada tras inmunización 

con dichos péptidos. Finalmente, se estudió el potencial anti-parasitario in vitro de los 

anticuerpos generados, así como se evaluó la protección in vivo inducida mediante 

inmunización con los péptidos diseñados. Así, el presente capítulo se divide en 4 secciones: 

7) Obtención de experiencia en el uso de herramientas bio-inmuno-informáticas para 

el diseño de péptidos de interés inmuno-tecnológico. 

8) Diseño y optimización bio-inmuno-informática de péptidos como candidatos 

vacunales frente a la EQ secundaria. 

9) Evaluación in vitro e in vivo del potencial vacunal contra la EQ secundaria de 

péptidos sintéticos de diseño bio-inmuno-informático. 
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La mayoría de estos resultados están contenidos en las siguientes publicaciones adjuntas: 

Art. 2 

“Combining proteomics and bioinformatics to explore novel tegumental antigens as 

vaccine candidates against Echinococcus granulosus infection” 

Miles S, Portela M, Cyrklaff M, Ancarola ME, Frischknecht F, Durán R, Dematteis S, 

Mourglia-Ettlin G. 

Journal of cellular biochemistry (2019) 

doi: 10.1002/jcb.28799 

 

Art. 5 

“Identification of universal diagnostic peptide candidates for neglected tropical diseases 

caused by cestodes through the integration of multi-genome-wide analyses and 

immunoinformatic predictions” 

Miles S, Navatta M, Dematteis S, Mourglia-Ettlin G. 

Infection, Genetics and Evolution (2017) 

doi: 10.1016/j.meegid.2017.07.020 

 

Art. 6 

“In silico design and experimental evaluation of peptide-based vaccines against 

secondary cystic echinococcosis” 

Miles S, Dematteis S, Mourglia-Ettlin G. 

Biologicals (2022, submitted) 

 

  



Caracterización del tegumento de Echinococcus granulosus  

y su interacción con el sistema inmune del hospedero 

__________________________________________________________________________________________ 

Sebastián Miles                                                                     69 

 

CAPÍTULO 5 

SECCIÓN 7  

Obtención de experiencia en el uso de herramientas bio-inmuno-informáticas para el 

diseño de péptidos de interés inmuno-tecnológico. 

 

Hasta aquí, hemos analizado diversos aspectos de la biología y bioquímica del 

parásito E. granulosus s.l., centrándonos en el tegumento de los PSC y en su interacción con 

el sistema inmune del hospedero. En su conjunto, los resultados obtenidos mostraron que 

una respuesta inmune adecuada contra ciertos componentes tegumentarios, es 

potencialmente capaz de limitar el establecimiento de la infección en el modelo murino de 

EQ secundaria. A su vez, se identificaron satisfactoriamente no solo las proteínas 

parasitarias que componen el tegumento de los PSC, sino también aquellas proteínas 

antigénicas reconocidas únicamente por anticuerpos generados en ratones infectados que 

presentan una baja susceptibilidad intrínseca al desarrollo de la EQ secundaria (cepa 

C57Bl/6). En base a estos resultados, nos propusimos diseñar in silico, y evaluar 

experimentalmente, vacunas peptídicas derivadas de las proteínas identificadas como 

reconocidas diferencialmente. 

Sin embargo, el diseño de péptidos como candidatos vacunales involucra una gran 

componente de estudios bio-inmuno-informáticos; y por ello, previo al diseño de vacunas 

peptídicas per se, nos propusimos generar experiencia en el uso de las herramientas 

informática de utilidad. En este sentido, primero decidimos diseñar péptidos 

potencialmente útiles para el diagnóstico “universal” de las tres enfermedades tropicales 

desatendidas causadas por especies de parásitos cestodos: E. granulosus s.l., E. 

multilocularis y Taenia solium (Tsai et al., 2013).  

En primer lugar, a partir del proteoma deducido del genoma de cada cestodo, se 

predijeron las proteínas secretadas por cada parásito (secretoma). Esto fue logrado 
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siguiendo el flujo de trabajo propuesto por S. Wang et al., (2015) y X. Wang et al., (2015) 

con algunas modificaciones (Figura 24); seleccionando primero las proteínas que no poseían 

regiones transmembrana (mediante los softwares TMHMM y Phobius) (Käll et al., 2004; 

Krogh et al., 2001), pero que presentaban péptidos señal de secreción clásica o no clásica 

(mediante los softwares SignalP y SecretomeP, respectivamente) (Bendtsen et al., 2004; 

Petersen et al., 2011). Seguidamente, se descartaron aquellas proteínas con localización 

mitocondrial (mediante el software TargetP) (Emanuelsson et al., 2000) o en el retículo 

endoplasmático (mediante los softwares PS-Scan y PredGPI) (de Castro et al., 2006; 

Pierleoni et al., 2008). Las proteínas seleccionadas fueron consideradas como el secretoma 

predicho para cada cestodo; constituyendo un 13,7%, 10,0% y 7,2% del total de proteínas 

para E. granulosus s.l., E. multilocularis y T. solium; respectivamente. 
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Figura 25. Predicción in silico de secretomas. Flujo de trabajo bioinformático utilizado para 

predecir los secretoma partiendo del proteoma completo reportado para cada cestodo. 

(Imagen modificada de Miles et al., 2017; Art. 5). 

 

A partir de los secretomas predichos, se procedió a identificar las proteínas con alta 

similitud presentes en los tres secretomas. Esto se realizó mediante análisis de BlastP, 

seleccionando únicamente aquellas proteínas que presentaban una identidad mayor al 90% 
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entre ellas; resultando en un total de 25 proteínas secretadas comunes a los tres cestodos 

(Figura 26). 

Figura 26. Proteínas secretadas comunes a los cestodos. A partir del secretoma obtenido 

para cada cestodo, se identificaron aquellas proteínas con una identidad mayor al 90% 

entre secretomas BlastP. El diagrama de Venn muestra el número de proteínas compartidas 

por cada secretoma, siendo 25 proteínas compartidas entre los 3 cestodos. (Imagen 

modificada de Miles et al., 2017; Art. 5). 

 

A continuación, se conformaron 25 sets de proteínas, compuestos cada uno por las 

proteínas comunes correspondientes a cada uno de los tres cestodos. Para analizar el 

posible uso de al menos uno de estos sets en el desarrollo de un potencial test de 

diagnóstico universal para NTD causadas por cestodos, se analizaron 4 características clave 

de manera secuencial para predecir si son capaces de inducir respuestas de anticuerpos en 

el contexto de una posible infección natural: (i) se descartaron las proteínas parasitarias con 

alta similitud a proteínas de Homo sapiens, de manera de maximizar las probabilidades de 

generar respuestas inmunes contra las proteínas parasitarias tras una infección natural 
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(Figura 27A); (ii) se seleccionaron aquellas proteínas con alta antigenicidad (predicha 

mediante el software ANTIGENpro) (Magnan et al., 2010) (Figura 27B); (iii) se seleccionaron 

las proteínas que presentaban posibles péptidos (epítopes T) con alta fuerza de unión en -

al menos- 20 moléculas distintas de MHC-II humanas (Nielsen & Lund, 2009) (Figura 27C); y 

(iv) se analizó la presencia de epítopes B lineales cuyas secuencias aminoacídicas estuviese 

presente en las tres proteínas del set (Larsen et al., 2006) (Figura 28). 

Figura 27. Análisis inmunoinformáticos de las proteínas secretadas. Se identificaron 

posibles candidatos para test de diagnóstico a partir de las proteínas secretadas comunes 

entre los cestodos. En (A) se comparó la secuencia aminoacídica de las proteínas secretadas 

contra el proteoma completo de Homo sapiens mediante BlastP, mostrando el score de 

identidad (%) más alto para cada proteína de los 25 sets. En (B) se calculó la probabilidad 
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de que las proteínas que mostraron una identidad menor al 40% contra proteínas de H. 

sapiens sean antigénicas. En (C) se analizó la presencia de posibles epítopes T contra 26 

alelos de MHC-II distintos dentro de las proteínas antigénicas. Aquellos sets que las 3 

proteínas mostraban baja homología con proteínas de H. sapiens, alta probabilidad de ser 

antigénicas, y al menos un péptido de 15aa con alta fuerza de unión (IC50 < 50nM) para 20 

o más moléculas de MHC-II diferentes fueron seleccionadas (Imagen tomada de Miles et al., 

2017; Art. 5). 

 

Para que se desarrollen fuertes respuestas de anticuerpos T-dependientes 

específicas contra una proteína, esta no solo debe ser antigénica y “diferente” a las del 

hospedero, sino que también deberían poseer tanto epítopes T como epítopes B. El estudio 

de los epítopes T presentes en una proteína es complejo, ya que estos no solo deben ser 

reconocidos por los TCR de los linfocitos T, sino que este reconocimiento debe darse en el 

contexto de una interacción entre el epítope (en forma de péptido) y una molécula de MHC-

II. A su vez, las moléculas de MHC-ll son altamente polimórficas en la población humana, 

pudiendo hacer que dos individuos generen respuestas de anticuerpos distintas tras una 

infección natural con el mismo patógeno. Este fenómeno, puede influir negativamente 

sobre la performance de cualquier test de inmuno-diagnóstico basado en la detección de 

anticuerpos específicos. Por ello, en este estudio, realizamos un abordaje minimalista de la 

presencia de epítopes T en los 6 sets seleccionados. Además, creemos importante 

mencionar que este análisis no tomó en cuenta la abundancia de cada MHC-II en la 

población humana, ni la posibilidad del uso de péptidos de distinto tamaño; ya que el mismo 

es un ejercicio teórico, por lo tanto, una validación experimental sería finalmente necesaria 

para el diseño final de un posible test de inmuno-diagnóstico.  

Por otro lado, en un test de inmuno-diagnóstico clásico, se analiza la presencia de 

anticuerpos, específicos contra un antígeno determinado, presentes en el suero del 

individuo. Estos anticuerpos, se unen a regiones concretas del antígeno llamados epítopes 

B, los cuales pueden ser lineales (una secuencia de aminoácidos continuos) o 

conformacionales (aminoácidos distantes en la secuencia aminoacídica, pero próximos 
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espacialmente debido al plegamiento proteico). Poder identificar exactamente las regiones 

reconocidas por los anticuerpos, y generar test de inmuno-diagnóstico utilizando los 

péptidos correspondientes a los epítopes B lineales, permitiría reducir enormemente los 

costos de producción. 

Sin embargo, es importante destacar que los epítopes B lineales deben estar 

accesibles para que ocurra el reconocimiento mediante anticuerpos. En este sentido, las 

posibles PTMs presentes en los antígenos, podrían generar impedimentos estéricos, 

limitando así su reconocimiento. Dado que las proteínas de los sets 9 y 10 son proteínas 

secretadas, y no se encontraron dentro de las proteínas identificadas en PSEx, no pudimos 

hacer uso de la información obtenida para proteínas tegumentarias (Capítulo 3). Para 

subsanar este impedimento, realizamos una predicción bioinformática de 14 PTMs distintas 

sobre las proteínas de los sets 9 y 10, co-localizándolas en la secuencia de aminoácidos 

correspondientes a los epítopes B lineales predichos. Finalmente, 3 epítopes B lineales 

fueron identificados como “limpios”, al carecer de posibles PTMs en su secuencia (Figura 

28). 
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Figura 28. Identificación de epítopes B limpios. Los epítopes B lineales presentes en las 

proteínas de los sets que presentaban epítopes T contra al menos 20 MHC-II distintos (sets 

#9 y #10) fueron predichos mediante el software Bepipred 1.0. Los sitios de PTMs fueron 

analizados usando los servidores de GPS y CBS, donde las líneas punteadas muestran la 

localización de cada una de las 11 PTMs predichas. Los epítopes B predichos en cada 

proteína se muestran en gris, mientras que los epítopes B limpios y compartidos entre las 3 

proteínas del set se muestran en negro. (Imagen tomada de Miles et al., 2017; Art. 5). 

 

Por último, y dado que los epítopes B lineales deben localizarse en la superficie de 

la proteína para que sean accesible al reconocimiento por anticuerpos, analizamos la 

exposición de los 3 epítopes B lineales limpios. Para ello, primero se realizó una predicción 

de la estructura tridimensional de cada una de las proteínas correspondientes a los sets 9 y 

10, mediante el uso del software RaptorX (Källberg et al., 2012). Luego, se mapearon 
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manualmente los epítopes en estudio sobre las estructuras 3D, realizándose una evaluación 

de la exposición superficial de los mismos. Finalmente, se obtuvo un péptido de cada set 

proteico como candidato para un potencial test de inmuno-diagnóstico “universal” para las 

NTD causada por cestodos (Figura 29). 

Figura 29. Mapeo de los epítopes B limpios en los modelos 3D de las proteínas. Para cada 

proteína en los sets #9 y #10, se realizó una predicción de la estructura 3D mediante el 

software RaptorX. Los epítopes B limpios fueron localizados en los modelos utilizando el 

software DeepView. Las estructuras secundarias se muestran en magenta (α-helices) y 

verde (hojas-β), mientras que la estructura 3D se representa en gris. Los epítopes B limpios 

se representan en amarillo. (Imagen tomada de Miles et al., 2017; Art. 5). 

 

El presente flujo de trabajo diseñado para la selección de epítopes B lineales con 

posible aplicación biotecnológica, es de especial interés cuando se parte de genomas 

completos. Sin embargo, la selección de péptidos con éxito biotecnológico puede ser 

mejorada si se dispone de información experimental adicional. En particular, si se parte de 

proteínas identificadas mediante espectrometría de masas, la selección de epítopes B 
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lineales “limpios” puede ser analizada mediante co-localización de epítopes B lineales 

predichos sobre los fragmentos m/z utilizados para la identificación proteica, siguiendo lo 

expuesto en el Capítulo 3. 

Por ello, se aplicó una variación a este flujo de trabajo con las proteínas de PSEx 

identificadas en el Capítulo 3, obteniéndose péptidos con potencial uso como candidatos 

vacunales frente a la EQ secundaria experimental (Figura 30). En primer lugar, se predijeron 

los epítopes B lineales presentes en las proteínas de PSEx identificadas, y se seleccionaron 

aquellos epítopes B lineales que co-localizaban con los fragmentos m/z utilizados en 

espectrometría de masas para identificar la proteína parental. Esto permite seleccionar 

epítopes B limpios, ya que estos fragmentos m/z usados en espectrometría de masas, están 

necesariamente libres de PTMs. 

A continuación, se descartaron aquellos péptidos presentes en proteínas de 

organismos no-helmintos, y se realizó un estudio de similitud de estructura secundaria (SSS, 

del inglés: Secondary Structure Similarity). Al comprar las estructuras secundarias obtenidas 

mediante predicción in silico con el software SOPMA (Geourjon & Deléage, 1995), la SSS 

permite comparar la estructura secundaria adoptada por un péptido sintético en solución 

vs. el mismo péptido dentro de su proteína parental. Así, se seleccionaron aquellos péptidos 

que compartían al menos un 80% de los aminoácidos en la misma conformación (hélices-α, 

hojas-β o coils). Finalmente, se analizó la toxicidad (Gupta et al., 2013) y alergenicidad (Saha 

& Raghava, 2006) de los péptidos, seleccionándose 16 péptidos -no tóxicos ni alergénicos- 

provenientes de 15 proteínas distintas presentes PSEx, como posibles candidatos vacunales 

de tipo peptídicos. 
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Figura 30. Predicción in silico de candidatos vacunales peptídicos. Flujo de trabajo 

bioinformático diseñado y utilizado para la predicción de péptidos con potencial uso 

inmunoterapéutico. A partir del proteoma de PSEx identificado mediante MALDI-TOF/TOF, 

se seleccionaron epítopes B lineales limpios, únicos, con estructura secundaria similar entre 

el péptido en solución y el péptido dentro de la proteína nativa. Luego se descartaron los 

péptidos tóxicos o alergénicos, y se seleccionaron 16 péptidos derivados de 15 proteínas 

para posibles aplicaciones biotecnológicas. (Imagen modificada de Miles et al., 2019; Art. 

4). 

 

Así, mediante la aplicación de más de 25 softwares diferentes, se realizaron estudios 

de proteomas completos, secuencias aminoacídicas discretas, y estructuras 

tridimensionales; obteniéndose experiencia en el uso de herramientas bio-inmuno-

informáticas, y de manejo de bases de datos. Esta experiencia permitió luego, realizar la 

selección de péptidos con capacidad protectora descrita a continuación en este capítulo.   
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CAPÍTULO 5 

SECCIÓN 8 

Diseño y optimización bio-inmuno-informática de péptidos como candidatos vacunales 

frente a la EQ secundaria. 

 

A partir de la experiencia adquirida en el uso de herramientas bio-inmuno-

informáticas, desarrollamos un flujo de trabajo optimizado para el diseño y selección de 

péptidos como candidatos vacunales frente a la EQ secundaria experimental. Mediante la 

introducción de dos pasos clave, el flujo de trabajo propuesto permitió la selección de 

epítopes B lineales con alta probabilidad de éxito para uso biotecnológico. Estos pasos 

consistieron en seleccionar péptidos con evidencia proteómica de estar libres de PTMs, y 

evaluar in silico la potencial reactividad cruzada de los anticuerpos inducidos por los mismos 

frente al péptido en solución vs. en su proteína parental nativa. 

Así, consideramos que el flujo de trabajo planteado podría ser aplicable a candidatos 

vacunales nativos, para los cuales se disponga de información espectral obtenida a través 

de espectrometría de masas. En este caso, se partió de las 7 proteínas identificadas en el 

capítulo anterior; es decir, aquellas únicamente reconocidas a través de epítopes B lineales, 

por parte de los anticuerpos de ratones C57Bl/6 infectados. De esta manera, primero, se 

predijeron todos los posibles epítopes B lineales (>7 aminoácidos de largo), presentes en 

las proteínas. 

Luego, la presencia de PTMs en dichos epítopes dentro de la proteína parental 

nativa fue analizada mediante dos estrategias sucesivas y complementarias, seleccionado 

únicamente los epítopes B lineales limpios: (i) selección de epítopes que co-localizan con 

los fragmentos peptídicos utilizados para la identificación proteica mediante MALDI-

TOF/TOF, y (ii) análisis de co-localización para los epítopes no selecciones respecto a las 22 

PTMs identificadas en las proteínas de PSEx (Capítulo 3). Así, solo aquellos epítopes B 
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lineales carentes de PTMs, ya sea por evidencia proteómica o PTMómica, fueron 

seleccionados. 

A continuación, se descararon aquellos epítopes B lineales limpios cuya secuencia 

aminoacídica se halló presente en proteínas de mamíferos; de manera de maximizar la 

antigenicidad de los mismos y reducir los posibles inconvenientes relacionados con 

fenómenos de auto-reactividad. Así, 21 epítopes fueron seleccionados, derivados 

únicamente de 5 de las 7 proteínas iniciales (Tabla 3). 

Por otro lado, y ya que los epítopes B lineales deben ser accesibles para el 

reconocimiento por anticuerpos dentro de su(s) proteína(s) nativa(s), se seleccionaron 

únicamente aquellos epítopes superficiales, mediante la predicción tridimensional de los 

antígenos y el mapeo manual de los epítopes sobre las estructuras 3D; siguiendo las 

estrategias descritas en la sección anterior. Además, se realizó un análisis similar al SSS 

discutido anteriormente, pero comparando, en lugar de su estructura secundaria, la 

estructura terciaria de los péptidos en solución vs. en su proteína parental nativa. Este 

nuevo análisis, denominado TSS (del ingés: Tertiary Structure Similarity), consistió en 

obtener la estructura 3D del péptido dentro de la proteína nativa a partir de la estructura 

proteica obtenida previamente. Luego, se predijo de novo la estructura del péptido en 

solución, mediante el software PEPFold3 (Lamiable et al., 2016). Una vez obtenidas ambas 

estructuras, la posición tridimensional de cada aminoácido fue comparada entre el péptido 

nativo y el péptido en solución mediante el software TM-align (Zhang & Skolnick, 2005); 

seleccionado así cuatro péptidos con estructuras altamente similares. A su vez, a partir de 

aquellos péptidos largos (≥13 aminoácidos) con estructura tridimensional similar solamente 

en una fracción del péptido (cobertura no menor a 7 aminoácidos), se generaron péptidos 

modificados seleccionando únicamente los aminoácidos con estructura compartida. Luego, 

la estructura 3D de los péptidos modificados fue obtenida y la TSS fue analizada, 

seleccionándose así dos péptidos adicionales (Tabla 3). 
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Tabla 3. Diseño de los candidatos vacunales peptídicos. A partir de las 7 DRPs identificadas 

en el capítulo 4, se diseñaron candidatos vacunales peptídicos siguiendo un flujo de trabajo 

bioinformático propuesto por nuestro grupo. Las columnas “código de la proteína”, 

“nombre de la proteína” y “código de acceso” refieren a la proteína parental analizada, 

mientras que el resto de las columnas reflejan el número de péptidos seleccionados luego 

de cada paso. “Epítopes B lineales” corresponde al número de epítopes identificados por el 

software Bepipred. Los epítopes limpios por “MS/MS” y “PTMómica” corresponden a los 

péptidos que no presentan ninguna PTMs en su secuencia aminoacídica. “Epítopes únicos” 

corresponden a los péptidos cuya secuencia de aminoácidos no se encuentra presente en 

ninguna proteína de mamífero. “Epítopes superficiales” corresponde a los epítopes 

expuestos en la superficie de la proteína parental. Los epítopes con alto TSS, tanto “original” 

como “modificado” corresponden a los epítopes que muestran una alta similitud en la 

estructura terciara entre el péptido en solución y el péptido dentro de la proteína nativa. 

“Péptidos seleccionados” corresponden al número final de epítopes seleccionados de cada 

proteína, usando en análisis posteriores. (Tabla modificada de Miles et al., submitted; Art. 

6). 

 

 

Como resultado del flujo de trabajo descrito, finalmente se seleccionaron 6 péptidos 

como candidatos vacunales peptídicos, derivados de 3 de las 7 proteínas parasitarias 

iniciales. Para simplificar la escritura, se nombraron dichos péptidos como P1A y P1B 

(derivados de la proteína P1), P2A y P2B (derivados de la proteína P2), y P3A y P3B 

(derivados de la proteína P3) (Figura 31). 

MS/MS PTMomics Original Modified

P1 Severin/Gelsolin U6IX85 11 3 3 6 6 1 1 2

P2 Malate dehydrogenase mitochondrial A0A068X1L3 5 2 0 2 2 2 0 2

P3 Malate dehydrogenase cyotplasmatic A0A068WYB8 7 0 5 4 4 1 1 2

P4 Actin W6UMH9 8 4 2 2 2 0 0 -

P5 Vesicular amine transporter A0A068X307 11 5 3 7 7 0 0 -

P6 Nucleoside diphosphate kinase A0A068WL30 3 1 0 0 - - - -

P7 Peptidyl-prolyl cis-trans isomerase P14088 3 1 1 0 - - - -

Selected 

peptides

Superficial 

Epitopes

Unique 

Epitope

Linear B-cell 
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Accession 

Number
Protein Name

Protein 
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Clean epitopes High TSS epitopes
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Figura 31. Candidatos vacunales peptídicos. Los péptidos sugeridos como candidatos 

vacunales fueron seleccionados siguiendo el flujo de trabajo propuesto. En cada figura se 

muestra la estructura tridimensional predicha de cada proteína parental (P1, P2 y P3), 

resaltándose los péptidos seleccionados de cada proteína en amarillo. El nombre de la 

proteína, el código de acceso, y la secuencia aminoacídica de los péptidos seleccionados se 

muestran en las tablas correspondientes. (Imagen tomada de Miles et al., submitted; Art. 

6). 
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CAPÍTULO 5 

SECCIÓN 9 

Evaluación in vitro e in vivo del potencial vacunal contra la EQ secundaria de péptidos 

sintéticos de diseño bio-inmuno-informático. 

 

La generación de anticuerpos específicos contra los 6 péptidos seleccionados en la 

sección anterior, fue evaluada mediante inmunización de ratones CD1 con cada uno de 

ellos. Para esto, se solicitó la síntesis comercial de los péptidos seleccionados (síntesis 

automatizada, no biológica y con alto nivel de pureza), en formato “libre” y “acoplado a la 

proteína KLH”. Cabe destacar que, dado que los péptidos exhiben únicamente propiedades 

del tipo epítope B, se requiere de su conjugación covalente a una proteína carrier (o 

transportadora), para conferirles epítopes T y así poder desarrollar respuestas humorales 

con características T-dependientes. 

Así, seis grupos de ratones CD1 fueron inmunizados con cada uno de los conjugados 

péptido-KLH, usando QuillA® como adyuvante y siguiendo un esquema de inmunización del 

tipo priming-booster-booster (días 0, 15 y 30). En paralelo, se inmunizaron dos grupos 

adicionales de ratones CD1, uno solo con QuillA® (control de adyuvante) y otro con KLH 

comercial formulada en QuillA® (control de especificidad). En el día 45 post-priming, los 

ratones de todos los grupos fueron sangrados, y la respuesta de anticuerpos específicos 

desarrollada fue analizada mediante ELISA utilizando el formato “libre” de cada péptido 

como agente sensibilizante. 

En primer lugar, el éxito de la inmunización fue confirmado mediante el análisis del 

título de anticuerpos IgG específicos para KLH, ya que todos los grupos inmunizados (salvo 

el control de adyuvante) recibieron KLH con sus formulaciones vacunales (Figura 32). 
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Figura 32. Respuesta de anticuerpos anti-KLH. El título de anticuerpos IgG específicos contra 

KLH en el suero de los ratones inmunizados con péptidos conjugados a KLH, y sus 

respectivos controles, fue analizado mediante ELISA. Los títulos de IgG específicos son 

reportados como el valor de absorbancia detectado normalizado por el factor de dilución. 

Los resultados se muestran como box-and-whiskers, comparando las diferencias con el 

grupo inmunizado con KLH comercial mediante la aplicación del test no-paramétrico 

Kruskal-Wallis, considerándose diferencias significativas para valores de p<0,05. (Imagen 

modificada de Miles et al., submitted; Art. 6). 

 

Luego de confirmar el correcto proceso de inmunización, se procedió a analizar la 

respuesta específica contra los péptidos seleccionados. Para ello, se sensibilizaron placas de 

ELISA, directamente con cada uno de los péptidos sintéticos (en formato “libre”), y luego se 

determinó el título de anticuerpos IgG específicos para cada péptido. Los resultados 

obtenidos mostraron que se indujeron altos niveles de anticuerpos IgG específicos para los 

péptidos P2A y P2B, a la vez que niveles relativamente bajos de anticuerpos IgG específicos 

para los péptidos P3A y P3B; en ambos casos en comparación con los anticuerpos IgG 

inducidos en el grupo inmunizado con KLH/QuillA® (control de especificidad). Cabe destacar 
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que no se observaron niveles significativos de anticuerpos IgG específicos para los péptidos 

P1A y P1B (Figura 33). 

Figura 33. Respuesta de anticuerpos anti-péptidos. El título de anticuerpos IgG específicos 

contra cada uno de los péptidos sintéticos en el suero de los ratones inmunizados con 

péptidos conjugados a KLH, y sus respectivos controles, fue analizado mediante ELISA. Los 

títulos de IgG específicos son reportados como el valor de absorbancia detectado 

normalizado por el factor de dilución. Los resultados se muestran como box-and-whiskers, 

comparando las diferencias con el grupo inmunizado con KLH comercial mediante la 

aplicación del test no paramétrico Mann Whitney-Wilcoxon, considerándose diferencias 

significativas para valores de p <0.05. (Imagen modificada de Miles et al., submitted; Art. 6). 

 

En paralelo, se analizó la reactividad cruzada con las proteínas parentales nativas, 

por parte de los anticuerpos inducidos tras inmunización. En este sentido, y dado que las 3 

proteínas de las cuales derivan los 6 péptidos en estudio, fueron identificadas en PSEx con 

altos valores de abundancia relativa (2,58%, 1,79% y 0,51%, para P1, P2 y P3; 

respectivamente), analizamos la reactividad cruzada de los anticuerpos inducidos mediante 

ELISA sobre placas sensibilizadas con PSEx. De manera interesante, los anticuerpos 
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inducidos tras inmunización con los péptidos derivados de las proteínas P2 y P3, 

reconocieron claramente estructuras presentes en PSEx; probablemente sus proteínas 

parentales nativas (Figura 34). 

Por otro lado, cabe destacar que los ratones inmunizados con P1A-KLH, fueron los 

únicos que no mostraron niveles significativos de anticuerpos IgG específicos para el 

péptido en formato “libre” (Figura 33), así como tampoco mostraron anticuerpos IgG con 

evidente reactividad cruzada contra componentes presentes en PSEx (Figura 34). Estos 

resultados sugieren entonces, que los anticuerpos IgG inducidos en el grupo de ratones 

inmunizados con P1A-KLH/QuillA® no poseerían capacidad protectora. Por ello, y dado que 

la formulación P1A-KLH/QuillA® es altamente similar a las demás formulaciones, en 

términos de carrier y adyuvante, decidimos utilizar a este grupo experimental como un 

control de referencia interno en el resto de estudio. 

 

Figura 34. Respuesta de anticuerpos anti-PSEx. El título de anticuerpos IgG específicos 

contra PSEx en el suero de los ratones inmunizados con péptidos conjugados a KLH, y sus 

respectivos controles, fue analizado mediante ELISA. Los títulos de IgG específicos son 

reportados como el valor de absorbancia detectado normalizado por el factor de dilución. 

Los resultados se muestran como box-and-whiskers, comparando las diferencias con el 
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grupo inmunizado con KLH comercial mediante la aplicación del test no paramétrico 

Kruskal-Wallis, considerándose diferencias significativas para valores de p <0.05. (Imagen 

modificada de Miles et al., submitted; Art. 6). 

 

A continuación, se realizó un estudio exploratorio in vitro de la actividad anti-

parasitaria de los anticuerpos inducidos tras la inmunización con los péptidos seleccionados 

acoplados a KLH. Para ello, se utilizaron tres ensayos distintos y complementarios.; cada 

uno buscando evidenciar un posible mecanismo de acción de los anticuerpos inducidos. Así, 

en primer lugar, se analizó si la interacción directa de los anticuerpos con PSC de E. 

granulosus s.l. es capaz de inducir la muerte parasitaria (Figura 35A). Luego, se evaluó si la 

interacción de los anticuerpos influye en los procesos metabólicos de los PSC; por ejemplo, 

en la absorción de nutrientes (Figura 35B). En tercer y último lugar, se evaluó la capacidad 

de los anticuerpos inducidos para activar el complemento por vía clásica, sobre la superficie 

de los PSC de E. granulosus s.l., desencadenando así la muerte de los mismos (Figura 35C). 

En los tres ensayos realizados, los resultados del incremento en el porcentaje de PSC no 

viables, se reportó normalizados respecto del resultado obtenido para los anticuerpos 

específicos contra P1A (control interno). 
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Figura 35. Evaluación in vitro de la actividad antiparasitaria de los anticuerpos específicos 

contra péptidos. El incremento en la muerte parasitaria inducida por los anticuerpos 

específicos contra los péptidos fue analizada in vitro y normalizada a los resultados 

obtenidos con los anticuerpos α-P1A. (A) Muerte parasitaria inducida por la interacción 

directa entre los anticuerpos y los protoscoleces cultivados en PBS durante 48hs. (B) Muerte 

parasitaria inducida por la interferencia metabólica de los anticuerpos con protoscoleces 

cultivados en RPMI durante 120hs. (C) Muerte parasitaria inducida por la activación clásica 

del sistema del complemento mediada por anticuerpos en la superficie de protoscoleces 

cultivados en PBS con suero normal de ratón durante 48hs. Los resultados se muestran 

como la mediaSEM, y la estadística fue realizada usando el test de Student. Las diferencias 
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respecto a los resultados obtenidos con los anticuerpos específicos conta P1A fueron 

consideradas significativas con un p <0.05. (Imagen tomada de Miles et al., submitted; Art. 

6). 

 

En este sentido, los resultados mostraron que, en los tres ensayos realizado, los 

anticuerpos inducidos mediante inmunización con P1B-KLH/QuillA® fueron similares a los 

obtenidos con el control interno (P1A-KLH/QuillA®) (Figura 35). Por otro lado, los 

anticuerpos específicos inducidos tras inmunización con P2A-KLH/QuillA®, mostraron un 

incremento en la muerte parasitaria mediante la activación clásica del sistema 

complemento (Figura 35C), mientras que los anticuerpos específicos obtenidos tras 

inmunización con P2B-KLH/QuillA® fueron capaces de interferir con rutas metabólicas 

parasitarias relevantes (Figura 35B). De manera interesante, los anticuerpos generados 

mediante inmunización con los 2 péptidos derivados de la proteína P3 (acoplados a KLH y 

formulados junto a QuillA®), mostraron los mejores perfiles de actividad anti-parasitaria in 

vitro. En este sentido, los anticuerpos específicos para P3A mostraron la mayor actividad 

anti-parasitaria intrínseca observada, así como un incremento en la muerte de PSC 

mediante activación del sistema complemento (Figura 35C); mientras que los anticuerpos 

específicos para P3B, indujeron la muerte parasitaria in vitro en los 3 ensayos realizados 

(Figura 35). 

Finalmente, los resultados obtenidos de las actividades anti-parasitarias in vitro, 

mostraron que los anticuerpos generados tras la inmunización de ratones CD1 con -algunos- 

conjugados péptidos-KLH formulados junto a QuillA®, fueron capaces de inducir la muerte 

parasitaria. En base a estos resultados prometedores, nos propusimos analizar la capacidad 

protectora de los péptidos tras la inmunización activa con los mismos, seguida de un desafío 

experimental con PSC de E. granulosus s.l. viables. Para esto, ensayamos tres formulaciones 

vacunales diferentes -además del grupo control- compuestas cada una de ellas, por pares 

de péptidos conjugados a KLH, formulados junto a QuillA® como adyuvante. Los dos 

péptidos conjugados a KLH que indujeron anticuerpos sin actividad anti-parasitaria in vitro, 
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fueron formulados como “Vacuna 1” (P1A-KLH + P2A-KLH). Por otro lado, el par de péptidos 

que mostró inducción de anticuerpos con actividad anti-parasitaria in vitro solamente en 

uno de los tres ensayos realizados, fueron formulados como “Vacuna 2” (P2A-KLH + P2B-

KLH). Finalmente, los péptidos que indujeron anticuerpos capaces de realizar al menos dos 

actividades anti-parasitarias cada uno, fueron combinados como “Vacuna 3” (P3A-KLH + 

P3B-KLH). 

La evaluación de la protección inducida por cada una de las formulaciones vacunales 

fue analizada en el modelo murino de EQ secundaria. En primer lugar, se realizó una 

inmunización sub-cutánea de ratones CD1, siguiendo el esquema de priming-booster-

booster ya mencionado (días 0, 15 y 30). Luego, al día 45 post-priming, los ratones de todos 

los grupos, se desafiaron mediante inoculación intraperitoneal de 2,000 PSC viables de E. 

granulosus s.l.; y 6 meses post-infección, a todos los ratones se les realizó eutanasia y el 

resultado de la infección se evaluó en términos de porcentaje de ratones infectados (Figura 

36A) y de número de quistes desarrollados (Figura 36B). 

Figura 36. Eficacia de las vacunas peptídicas en el modelo de infección secundaria. La 

protección generada por las formulaciones “Vacuna 1”, “Vacuna 2” y “Vacuna 3” fue 

evaluada in vivo en el modelo murino de EQ secundaria. Grupos de ratones CD1 fueron 

inmunizados por la vía s.c. con cada una de las formulaciones siguiendo un esquema de 

priming-booster-booster (días 0, 15 y 30). Luego, cada ratón fue inoculado en la cavidad 
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peritoneal con 2000 protoscoleces viables al día 45 post-priming. Seis meses post-infección 

todos los ratones fueron sacrificados y los quistes hidáticos desarrollados en cada ratón 

fueron contados. Los resultados se muestran en términos del porcentaje de ratones 

infectados (A), y el número (mediaSEM) de quistes hidáticos peritoneales por ratón (B). En 

(A), el test exacto de Fisher fue usado para evaluar la significancia de la protección, tanto 

con respecto al grupo no vacunado como al “Vacuna 1”, mientras que en (B) la estadística 

fue evaluada usando el test no paramétrico de Mann Whitney-Wilcoxon. Los asteriscos y 

numerales corresponden a diferencias significativas contra el grupo no vacunado y “Vacuna 

1”, respectivamente. En todos los casos, las diferencias significativas corresponden a 

p<0.05. (Imagen tomada de Miles et al., submitted; Art. 6). 

 

Como se mencionó previamente, y basándonos en los resultados obtenidos in vitro, 

la “Vacuna 1” fue utilizada como un grupo de control interno. De esta forma, el grupo 

“Vacuna 1” incluyó todos los posibles efectos inducidos inespecíficamente por la respuesta 

inmune generada contra KLH. En línea con lo esperado, el grupo inmunizado con la “Vacuna 

1” no mostró diferencias significativas respecto al grupo no vacunado; tanto en términos 

de porcentaje de ratones infectados, como en relación al número de quistes desarrollados 

por ratón (Figura 36). Por su parte, la “Vacuna 2”, si bien mostró una reducción del 33% en 

el número de ratones infectados (Figura 36), estos resultados no fueron estadísticamente 

significativos al compararlos con el grupo no vacunado o con el grupo inmunizado con la 

“Vacuna 1”. Por último, la “Vacuna 3” mostró una protección significativa del 50% de los 

individuos frente a la infección secundaria por E. granulosus s.l.; tanto al comparar los 

resultados con el grupo no vacunado como con el grupo inmunizado con la “Vacuna 1” 

(Figura 36A). Además, los ratones inmunizados con la “Vacuna 3”, desarrollaron en la 

cavidad peritoneal, un número de quistes significativamente menor al observado en los 

grupos control (no vacuna y “Vacuna 1”) (Figura 36B). 
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CAPÍTULO 5 

CONCLUSIONES 

 

Las vacunas son uno de los avances en la medicina más importantes en la historia 

de la humanidad. Sin embargo, el diseño y la producción de vacunas convencionales, suele 

requerir mucho tiempo y esfuerzo, a la vez que una gran inversión económica. Además, las 

vacunas convencionales suelen incluir cargas antigénicas innecesarias, que pueden 

desencadenar respuestas inmunes no-eficientes, o incluso perjudiciales. Por ello, las 

vacunas basadas en péptidos, son una alternativa interesante a las vacunas convencionales, 

ya que pueden ser diseñadas in silico casi en su totalidad, su producción es segura y barata, 

y son capaces de inducir respuestas inmunes exclusivamente hacia epítopes protectores. 

Sin embargo, es necesario un diseño adecuado de los péptidos a usarse en las formulaciones 

vacunales, ya que no solo se debe desarrollar una respuesta inmune contra el péptido 

sintético, sino que ésta tiene que ser capaz de reconocer a las proteínas nativas en el 

contexto de una infección natural. 

En el presente capítulo se propuso un flujo de trabajo optimizado para el diseño de 

péptidos vacunales a partir de candidatos identificados por técnicas proteómicas. De esta 

manera, introdujimos dos pasos críticos para el diseño de péptidos con alta probabilidad de 

generar anticuerpos eficientes tras inmunización. En primer lugar, nos aseguramos de 

seleccionar únicamente epítopes B lineales libres de modificaciones post-traduccionales; y 

luego, seleccionamos únicamente aquellos epítopes (péptidos) cuya estructura en solución 

fuese altamente similar a la estructura dentro de la proteína nativa. Así, maximizamos la 

posibilidad de generar anticuerpos con reactividad cruzada entre ambos. Aplicando este 

flujo de trabajo a siete proteínas previamente sugeridas como potenciales candidatos 

vacunales, obtuvimos 6 péptidos candidatos, dos de los cuales mostraron ser capaces de 

inducir anticuerpos con actividad anti-parasitaria in vitro, así como protección significativa 

en el modelo murino de EQ secundaria. 
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CAPÍTULO 6 

DISCUSIÓN 

 

La equinococosis quística (EQ) es una enfermedad zoonótica cosmopolita causada 

por la infección con el parásito cestodo E. granulosus s.l., que genera grandes impactos 

negativos en las economías regionales, debido a sus efectos sobre la salud humana y animal 

(Budke et al., 2006). La OMS clasifica a la EQ como una de las 20 enfermedades tropicales 

desatendidas, existiendo escasa información disponible sobre la biología de este parásito. 

En este sentido, el objetivo original de la presente tesis, fue la identificación de 

antígenos protectores contra E. granulosus s.l. -y la generación de candidatos vacunales 

peptídicos derivados de los mismos- partiendo de una fracción antigénica de PSC con 

capacidad de inducir protección en el modelo murino de EQ secundaria (Hernández & Nieto, 

1994). Sin embargo, la escasa información sobre diversos aspectos de la biología y 

bioquímica básica del parásito, limitaban el desarrollo inicial de nuestro estudio. 

Por ello, fue necesario obtener información detallada de la biología básica de los PSC 

de E. granulosus s.l.; en particular, en relación a su tegumento. Así, en primer lugar, 

realizamos una caracterización exhaustiva del tegumento, tanto en términos de su 

ultraestructura, como en relación a su composición proteica y presencia de PTM. Luego, 

estudiamos la interacción entre el sistema inmune del hospedero y componentes 

tegumentarios, diseccionando y comparando la repuesta humoral desarrollada por ratones 

infectados pertenecientes a cepas con alta y baja susceptibilidad a la EQ secundaria 

experimental. Finalmente, identificamos potenciales antígenos protectores, y a partir de 

ellos, diseñamos péptidos como potenciales candidatos vacunales. Dos de estos péptidos 

fueron capaces de inducir anticuerpos con actividad anti-parasitaria in vitro, así como 

niveles significativos de protección en el modelo murino de EQ secundaria. 
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Hasta la fecha, los estudios estructurales enfocados en el tegumento de PSC de E. 

granulosus s.l. (Galindo et al., 2008; Jha & Smyth, 1971; Morseth, 1967), fueron realizados 

utilizando técnicas clásicas de microcopia electrónica, principalmente TEM y SEM. Por ello, 

en el Capítulo 2 de la presente tesis, se estudió el tegumento y las estructuras internas 

adyacentes, mediante la aplicación combinada de técnicas de microscopía electrónica de 

última generación. Esta combinación, que incluyó preparación de muestras mediante HPF, 

análisis por inmuno-marcación y tomografía electrónica seriada seguida por reconstrucción 

3D; no solo permite obtener información novedosa sobre la estructura de los patógenos, 

sino que también permite analizar la relación existente entre las estructuras y sus funciones 

(Cyrklaff et al., 2017). 

Por ello, nos planteamos como primero objetivo estudiar la ultraestructura y 

organización de los distintos componentes y células que conforman el tegumento de los 

PSC; y analizar las posibles rutas de excreción/secreción y/o internalización presentes en el 

tegumento. Así, en primer lugar, analizamos mediante SEM (Figura 5) y TEM (Figura 6), la 

estructura clásica de los PSC (Antoniou & Tselentis, 1993) y el tegumento de su soma 

(Galindo et al., 2008), siendo ambos consistentes con los reportes previos disponibles. 

Además, reportamos que la organización celular de PSC de E. ortleppi es similar a la de E. 

granulosus s.s.; sugiriendo así que dicha organización sería común a todo el complejo E. 

granulosus s.l. 

La ultraestructura del tegumento del soma fue luego analizada mediante tomografía 

electrónica generando una reconstrucción 3D del citoplasma distal y de estructuras 

parasitarias internas adyacentes (Figura 7). De esta reconstrucción 3D destacamos la 

intrincada disposición adoptada por las fibras musculares en alternancia con fibras 

longitudinales y circulares (Coutelen et al., 1952), que cubren por completo el cuerpo del 

parásito. Por otro lado, los análisis mediante TEM y tomoEM permitieron la identificación y 

caracterización, de una estructura acelular nunca antes descrita. Esta estructura, que 

denominamos TVB, es electrón-lúcida y se ubica entre el citoplasma distal y la zona fibrosa 
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(Figura 8), conteniendo en su interior vesículas discretas. Si bien existen reportes previos 

donde se observaron, mediante TEM, estructuras similares a TVB en PSC de E. granulosus 

s.l. (Hu et al., 2011; B. Wang et al., 2015), las mismas fueron completamente ignoradas al 

tratárselas como vacuolas. La existencia del TVB fue observado en todos los lotes de 

parásitos frescos analizados -tanto PSC de E. ortleppi (Figura 8) como de E. granulosus s.s. 

(Figura suplementaria 1 del manuscrito Adjunto 1); a la vez que también se lo observó de 

manera independiente del método utilizado en la preparación de la muestra (Figura 8A y 

B). De manera interesante, destacamos que el TVB fue observado cubriendo gran parte del 

soma del parásito, como estructuras discretas (Figura 8C), las cuales se conectan en 

distintos planos Z formando una única macro-estructura; tal y como se observó mediante 

tomoEM (Figura 8D). A su vez, identificamos estructuras semiesféricas dentro del TVB, con 

características de vesículas en el rango de tamaño desde 75 a 250 nm de diámetro. 

El tegumento de los PSC de E. granulosus s.l. cumple funciones en el metabolismo 

parasitario, así como en la defensa contra -y la comunicación con- el hospedero. En este 

sentido, los PSC son capaces de excretar/secretar diversos componente parasitarios, tanto 

de manera soluble (Díaz et al., 2011a, 2011b), como mediante vesículas extracelulares (EV) 

(Nicolao et al., 2019; W. Wang et al., 2019; Wu et al., 2021; Zhang et al., 2020). En las 

enfermedades parasitarias, la liberación de EVs cumple funciones de inter-comunicación 

parasitaria, y de comunicación parásito-hospedero, siendo las EVs capaces de intervenir en 

los sistemas regulatorios del hospedero (Marcilla et al., 2014). 

Por ello, analizamos la existencia de posibles rutas de exo- y/o endocitosis a través 

del tegumento. Así, en primer lugar estudiamos la presencia de estructuras vesiculares (con 

tamaño y morfología similar a EVs) en el tegumento de PSC de E. ortleppi; identificando -

mediante TEM- cuerpos vesiculares compatibles con EVs en todos los pasos de un posible 

proceso de exo- o endocitosis (Figura 10). Al analizar las imágenes desde una perspectiva 

exocítica, las vesículas podrían ser formadas por células especializadas en el interior del 

parásito (Figura 10A), desplazándose luego hacia el exterior mediante su cargado en el TVB 
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(Figura 10B) y pasando finalmente al citoplasma distal (Figura 10C); o entrando 

directamente al citoplasma distal (Figura 10D). Una vez allí dentro, las vesículas podrían ser 

transportadas hacia el exterior parasitario (Figura 10E y F), pasando por el glicocálix (Figura 

10G), para finalmente ser excretadas (Figura 10H). El proceso inverso podría resultar en la 

endocitosis de EVs presentes en el líquido hidático. En este sentido, una característica 

interesante observada en las vesículas presentes en el citoplasma distal, fue el hecho que 

las mismas estaban contenidas en una estructura de mayor tamaño -probablemente 

involucrada en los procesos de transporte vesicular- limitada por membranas (Figura 10D-

F). 

En paralelo, y para poder discriminar entre posibles rutas exo- y endocíticas de las 

vesículas, analizamos la localización de componentes parasitarios (GST-1, FABP y AgB) y 

componentes del hospedero (IgG bovinas), en el tegumento del soma de los PSC de E. 

granulosus s.l. Además, evaluamos la presencia de dichos componentes en el cargamento 

de las vesículas. En este sentido, la enzima GST-1 parasitaria fue identificada 

mayoritariamente en el glicocálix de los PSC (Figura 11). Esta enzima está involucrada en la 

protección parasitaria frente a fenómenos de oxidación inducidos por el hospedero, así 

como en la detoxificación pasiva de xenobióticos del tipo drogas antihelmínticas (Arbildi et 

al., 2017). La alta presencia de GST-1 en el glicocálix podría estar relacionada con su 

actividad de protección parasitaria, ya que el glicocálix es la estructura parasitaria más 

externa, y por lo tanto, en mayor contacto con los sistemas de defensa del hospedero. 

De manera análoga a lo observado para GST-1, la alta presencia de FABPs en el 

glicocálix del tegumento (Figura 12), podría estar involucrada en los fenómenos parasitarios 

de absorción lipídica; ya que E. granulosus s.l. requiere de una gran cantidad de lípidos del 

hospedero para su crecimiento y para el mantenimiento de la integridad y funcionalidad del 

quiste hidático (Pórfido et al., 2020); y probablemente también para la sobrevida de los PSC. 

Por otro lado, las FABPs de F. hepática han mostrado ser capaces de suprimir la respuesta 

inmune del hospedero, inhibiendo la activación de TLR4 (Martin et al., 2015), y de fomentar 
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la activación alternativa de los macrófagos, resultando en una regulación a la baja en la 

producción de citoquinas pro-inflamatorias y de óxido nítrico (Figueroa-Santiago & Espino, 

2014). Así, y en caso que las FABPs de E. granulosus s.l. exhibiesen funciones similares a las 

reportadas para F. hepatica, la alta presencia de FABPs en el glicocálix del tegumento podría 

influir también en los fenómenos de inmunomodulación y protección parasitaria. Por otro 

lado, el AgB fue identificado mayoritariamente en el citoplasma distal del tegumento de los 

PSC (Figura 13) ; y de manera análoga a las FABPs parasitarias, se lo ha involucrado en 

interacciones patógeno-hospedero que promueven el establecimiento y sobrevida del 

parásito en  hospederos intermediarios (Monteiro et al., 2012; Riganò et al., 2007). 

Además, y siguiendo una metodología similar aplicada para el análisis del 

cargamento proteico en EVs de helmintos (Marcilla et al., 2012), nuestros resultados 

mostraron que los tres antígenos parasitarios analizados se encuentran también asociados 

a las vesículas presentes dentro del TBV (Figura 11, 12 y 13); lo cual sugeriría que esta 

estructura subcelular estaría involucrada en procesos de exocitosis tegumentaria en los PSC 

de E. granulosus s.l. 

Por otro lado, y aunque aún existen dudas sobre cómo los componentes del 

hospedero atraviesan la capa germinativa y laminar del quiste hidático, es conocida la alta 

presencia de proteínas del hospedero en el líquido hidático de quistes íntegros; dentro de 

las cuales destacan los anticuerpos IgG del hospedero. En este sentido, se ha propuesto que 

los PSC de E. granulosus s.l. serían capaces de internalizar proteínas del hospedero como 

fuente de nutrientes (Aziz et al., 2011), limitando así los efectos de la respuesta inmune del 

hospedero dentro de los quistes. Nuestros resultados obtenidos mediante immunoTEM, 

mostraron que las IgG del hospedero (B. taurus) se encuentran presentes en el tegumento 

del soma de los PSC, mayoritariamente formando agrupaciones o cúmulos (Figura 14); 

evidenciando así la existencia de procesos endocíticos a través del tegumento. Estos 

cúmulos fueron observados, en gran medida, dentro de las células tegumentarias (Figura 

14A) y en sus extensiones citoplasmáticas (Figura 14B), sugiriendo que los PSC serían 
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capaces de internalizar las IgG del hospedero mediante procesos activos que concentrarían 

y transportarían proteínas hacia el interior parasitario. Esta internalización, parecería 

ocurrir de manera independiente a las vesículas, ya que ningún cúmulo de marcas fue 

observado asociado a vesículas. 

Tomados en su conjunto, los resultados reportados en el Capítulo 2 de la presente 

tesis, mostraron que el tegumento de los PSC de E. granulosus s.l. es una estructura 

parasitaria compleja, involucrada en motilidad parasitaria, absorción de nutrientes, 

secreción de antígenos parasitarios -y de EVs-, y en fenómenos de inmunomodulación y 

protección frente a la respuesta inmune del hospedero. Así, diferentes estructuras y 

territorios celulares fueron caracterizados por primera vez mediante reconstrucción 3D del 

tegumento, e inmuno-localización de componentes específicos presentes en el mismo. 

Además, se obtuvo evidencia relacionada al tránsito vesicular a través del tegumento de los 

PSC de E. granulosus s.l., y se describió -por primera vez- una nueva estructura subcelular 

que contiene vesículas cargadas de componentes parasitarios con potenciales funciones 

inmunomoduladoras. 

A continuación, y dada la gran complejidad estructural y de funciones en las que 

interviene el tegumento de los PSC de E. granulosus s.l., en el Capítulo 3 de la presente tesis 

realizamos una caracterización bioquímica de sus componentes proteicos. Si bien existen 

numerosos estudios previos sobre la composición de diversas fracciones antigénicas 

provenientes de distintos estadíos parasitarios de E. granulosus s.l. (Ahn et al., 2017; Cui et 

al., 2013; Hidalgo et al., 2016; Lorenzatto et al., 2015; Mourglia-Ettlin et al., 2018; Santos et 

al., 2016; Siles-Lucas et al., 2017; Virginio et al., 2012; Zeghir-Bouteldja et al., 2017), en 

ninguno de ellos se analizaron las proteínas tegumentarias específicamente. Por ello, 

centramos nuestro análisis en la caracterización proteómica -y bioinformática- de los 

componentes parasitarios presentes en el tegumento de los PSC. Además, estudiamos en 

detalle, las posibles modificaciones post-traduccionales presentes en los mismos. 
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Para realizar dicho análisis, trabajamos con una fracción de proteínas tegumentarias 

de PSC de E. granulosus s.l., denominada PSEx (Hernández & Nieto, 1994), obtenida 

mediante incubación de PSC viables con un detergente suave. De esta manera, el 

tratamiento utilizado solubiliza las proteínas presentes en el citoplasma distal y en el 

glicocálix, sin generar grandes cambios morfológicos en las estructuras internas del parásito 

(Figura 15). La identificación de proteínas tegumentarias fue realizada mediante 

espectrometría de masas (MALDI-TOF/TOF), a partir de los spots individuales obtenidos tras 

resolución bidimensional de PSEx en geles de SDS-PAGE. De esta manera, se identificaron 

58 proteínas parasitarias distintas, listadas en la Tabla 1 del artículo Adjunto 2. Resulta 

interesante mencionar que, 22 de las proteínas identificadas fueron reportadas a nivel 

proteómico en este estudio por primera vez. 

Una vez obtenido el proteoma de PSEx, analizamos sus componentes mediante una 

estrategia de Gene Ontology (GO). En este sentido, es importante destacar que, debido a 

que el proteoma fue obtenido mediante separación en geles 2DE seguido por MALDI-

TOF/TOF, y a que esta metodología no permite obtener información sobre la abundancia 

relativa de cada proteína dentro del proteoma; no se pudo realizar un análisis clásico de 

enriquecimiento de GO. Sin embargo, nuestro estudio de GO permitió analizar los términos 

únicos presentes en el proteoma de PSEx, describiendo así las características generales de 

la fracción antigénica. Así, nuestros resultados mostraron que las proteínas presentes en 

PSEx están mayoritariamente involucradas en procesos asociados a microtúbulos -

potencialmente relacionados con estructuras vesiculares- exhibiendo diversas funciones 

metabólicas (Figura 17). Estos resultados estarían en línea con los resultados obtenidos en 

el Capítulo 2 de la presente tesis, así como con las funciones previamente reportadas para 

el tegumento (Morseth, 1967). El citoplasma distal de los PSC está compuesto, en gran 

medida, por estructuras vesiculares; las cuales estarían relacionadas con el tránsito de 

moléculas/vesículas a través del tegumento, muy probablemente involucrando procesos de 

rearreglo dinámica de microtúbulos. Además, nuestro análisis de GO también sugirió que el 

tegumento de los PSC estaría involucrado en mecanismos parasitarios de defensa y de 
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respuestas al estrés oxidativo inducido por el hospedero. Así, estos resultados estarían en 

línea con los descritos en el Capítulo 2 de la presente tesis; por ejemplo, la alta presencia 

de GST-1 parasitaria en el glicocálix de los PSC. 

La caracterización bioquímica del tegumento, se profundizó mediante la 

identificación de posibles PTMs presentes en las proteínas de contenidas en PSEx. El estudio 

de las PTMs en organismos eucariotas, no solo permite obtener información básica sobre 

la bioquímica del organismo, sino que además es importante para el desarrollo de posibles 

productos biotecnológicos de interés. Sin embargo, el estudio de las PTMs en proteínas de 

E. granulosus s.l., al igual que en la mayoría de los helmintos parásitos, ha sido escaso; 

restringiéndose a un pequeño número de trabajos publicados (Alvarez Errico et al., 2001; 

McVeigh et al., 2005; Plancarte et al., 1999; Spiliotis et al., 2005; Spiliotis & Brehm, 2004; 

Virginio et al., 2012). Esto se debe, en parte, a lo engorroso del proceso de identificación de 

las PTMs presentes en una proteína en particular; lo cual se vuelve extremadamente 

complejo al trabajar con una mezcla proteica. Sin embargo, y mediante una combinación 

de técnicas de espectrometría de masas y de análisis genómico, en la presente tesis 

logramos obtener evidencia empírica de calidad, relacionada con la presencia de posibles 

PTMs presentes en proteínas tegumentarias de PSC de E. granulosus s.l. 

Para ello, en primer lugar, re-analizamos los espectros obtenidos mediante MALDI-

TOF/TOF con el software FindMod, obteniendo así una lista inicial de 27 PTMs -de 

modificación enzimática- cuyas masas eran compatibles con ciertos fragmentos m/z 

obtenidos. De manera interesante, cabe mencionar que solamente 13 de las 27 PTMs 

identificadas por FindMod, se encontraron anotadas en proteínas de platelmintos en la 

base de datos de UniProt; estando solo 7 de ellas anotadas en proteínas de E. granulosus 

s.l. (Tabla 1). 

Sin embargo, al ser modificaciones introducidas mediante procesos enzimáticas, 

procedimos a realizar la búsqueda en el genoma de E. granulosus s.l. de las enzimas clave 

involucradas en su generación. De esta manera, identificamos las enzimas claves necesarias 
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para la realización de 22 PTMs; incluidas las 13 PTMs anotadas en proteínas de platelmintos 

(Tabla 1). Tres de las 9 PTMs para las cuales existen las enzimas claves en el genoma de E. 

granulosus s.l., pero que no se encontraron anotadas en ninguna proteína de platelminto, 

correspondieron a múltiplos de modificaciones simples (por ejemplo: di-hidroxilación, di-

metilación y tri-metilación). A su vez, 19 de las 22 PTMs fueron identificadas mediante 

espectrometría de masas de alta resolución, en proteínas presentes en PSEx. Cabe destacar 

que, 9 de ellas se encontraron asociadas al mismo fragmento m/z por ambas técnicas 

proteómicas, aumentando así la probabilidad de que estas PTMs estén presentes en la 

proteína correspondiente. Entre ellas, 5 PTMs (deamidación, deamidación seguida por 

metilación, S-nitrosilación, di-hidroxilación y di-metilación) fueron identificadas aquí por 

primera vez; tanto sobre proteínas de E. granulosus s.l. así como en proteínas de otros 

platelmintos. 

De esta manera, la caracterización bioquímica de las proteínas presentes en el 

tegumento de los PSC de E. granulosus s.l. reportada en el Capítulo 3 de esta tesis, mostró 

que PSEx es una fracción proteica compleja, compuesta por -al menos- 58 proteínas 

parasitarias distintas. Asimismo, estas proteínas estarían -mayoritariamente- involucradas 

en procesos de motilidad parasitaria, de defensa contra componentes inmunes del 

hospedero, y de transporte de antígenos parasitarios. Además, existiría una alta variedad 

de PTMs asociadas a dichas proteínas. En particular, logramos sugerir la existencia de 22 

PTMs diferentes; 9 de ellas identificadas con una muy alta confianza. De esta manera, 

nuestros resultados permitieron complementar los estudios proteómicos realizados hasta 

la fecha para E. granulosus s.l., incrementando también la escasa información disponible en 

relación a las posibles PTMs presentes en proteínas de organismos platelmintos. 

Luego de estudiar la ultraestructura y la composición proteica del tegumento de los 

PSC de E. granulosus s.l., analizamos el papel del tegumento en el proceso de 

establecimiento de la EQ secundaria experimental. Para ello, en el Capítulo 4 de la presente 

tesis, se analizó la respuesta inmune humoral desarrollada, en dos cepas distintas de 
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ratones, contra componentes tegumentarios. Asimismo, se evaluó si las diferencias en las 

respuestas de anticuerpos desarrolladas, podrían influir sobre el éxito o fracaso del 

establecimiento de la infección en el modelo murino de EQ secundaria. Estos estudios se 

basaron en reportes recientes de nuestro grupo de trabajo, donde se reportó la 

susceptibilidad diferencial de las cepas Balb/c y C57Bl/6 frente al desarrollo de la EQ 

secundaria (Mourglia-Ettlin et al., 2016a, 2016b). En particular, focalizamos nuestro 

estudio, en el papel de los anticuerpos específicamente inducidos contra antígenos 

tegumentarios de PSC de E. granulosus s.l. 

La calidad de una respuesta de anticuerpos, y la protección que esta genera, no solo 

dependen del isotipo, título y avidez de los anticuerpos, sino también de los antígenos 

particulares que estos reconocen. Así, de manera de analizar la calidad de la respuesta de 

anticuerpos desarrollada por los ratones Balb/c y C57Bl/6 infectados, estudiamos cada uno 

de estos factores de forma independiente; realizando comparaciones tanto entre cepas, 

como dentro de una misma cepa pre- y post-inoculación de PSC. Por un lado, se analizó el 

título de los anticuerpos específicos contra antígenos parasitarios (anti-PSEx), observándose 

que los ratones C57Bl/6 infectados generaron títulos de anticuerpos de las subclases IgG2c 

e IgG2b, mayores que los ratones Balb/c. Además, la avidez de dichos anticuerpos también 

fue mayor en los ratones C57Bl/6 (Figura 18). 

Por otro lado, se observó -mediante immunoTEM- que el citoplasma distal de los 

PSC es la zona de mayor reconocimiento por parte de los anticuerpos inducidos en ambas 

cepas de ratones (Figura 20). Sin embargo, resultó de gran interés el hecho que, mientras 

en ratones Balb/c aumenta el repertorio de antígenos reconocidos sobre el citoplasma 

distal parasitario por parte de los anticuerpos inducidos tras inoculación de PSC, el 

fenómeno contrario se observó en ratones de la cepa C57Bl/6 (Figura 20). Cabe aclarar que, 

esta observación asume que los antígenos parasitarios estrían homogéneamente 

distribuidos en todo el citoplasma distal, haciendo que la densidad de marcas fuese 

proporcional (aunque no necesariamente de forma lineal) al número de antígenos 
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reconocidos por los anticuerpos. Por otro lado, y en línea con lo previamente descrito, la 

inmunización de ratones Balb/c y C57Bl/6 con PSEx -en ausencia de adyuvante- generó 

respuestas de anticuerpos muy similares a las inducidas en el contexto de la infección 

experimental. De esta manera, nuestros resultados sugerirían que los ratones C57Bl/6, 

tanto infectados como inmunizados con PSEx, reducirían el repertorio de antígenos 

reconocidos por parte de sus anticuerpos IgG; direccionando así la respuesta humoral hacia 

un menor número de componentes parasitarios, pero probablemente de mayor relevancia. 

Esta hipótesis, además estaría sustentada por el hecho que los anticuerpos generados en 

ratones C57Bl/6 poseen una mayor actividad anti-parasitaria in vitro que aquellos inducidos 

en ratones Balb/c (Figura 19). 

En base a estos resultados, identificamos a continuación cuáles eran los antígenos 

parasitarios reconocidos diferencialmente por los anticuerpos inducidos en ratones 

infectados pertenecientes a las cepas Balb/c y C57Bl/6. Para ello, mediante una estrategia 

de SERPA, observamos que los anticuerpos de ratones Balb/c infectados reconocen un 

mayor número de antígenos que los de su contraparte C57Bl/6 (Figura 22); principalmente 

a través de los isotipos IgG2a e IgG2b (Figura 18). Creemos importante destacar que la 

estrategia SERPA solamente permite cuantificar el número de epítopes B lineales (debido a 

las condiciones desnaturalizantes del estudio), y que las respuestas inmunes desarrolladas 

hacia epítopes B lineales usualmente corresponden al 10% de todos los anticuerpos 

inducidos (Sanchez-Trincado et al., 2017). Sin embargo, estos resultados estarían en línea 

con aquellos previamente discutidos, obtenidos mediante inmunoTEM (Figura 20); donde 

podrían estar incluidos posible epítopes B conformacionales. 

La estrategia de análisis de SERPA, también nos permitió identificar -a nivel 

proteómico- cuáles son aquellos antígenos parasitarios reconocidos únicamente por 

anticuerpos inducidos en ratones C57Bl/6 infectados (DRPs); los cuales podrían constituir 

potenciales antígenos protectores. Así, identificamos exitosamente 13 DRPs (Figura 23), 7 

de los cuales fueron previamente sugeridos y/o analizados como blancos moleculares para 
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el control de infecciones causadas por parásitos cestodos (Chabalgoity et al., 1997, 2000; 

Colebrook et al., 2002; Li et al., 2004; Mourglia‐Ettlin et al., 2018; Müller-Schollenberger et 

al., 2001; Salinas et al., 1998; Shi et al., 2009; Vessal & Bagher Tabei, 1996; Wang et al., 

2016; Xiao et al., 1994). Creemos importante destacar que, una de las DRPs identificadas 

correspondió a la FABP de E. granulosus s.l., proteína cuya localización en el tegumento fue 

analizada previamente a través de inmunoTEM en el Capítulo 2 de la presenta tesis (Figura 

12). Esta proteína, ha sido sugerida como un interesante candidato vacunal frente a la 

infección por E. granulosus s.l. (Chabalgoity et al., 1997, 2000). Por otro lado, la vacunación 

con el antígeno P-29 -otra de las DRPs identificados- ha mostrado ser capaz de inducir altos 

niveles de protección, tanto en el modelo murino de EQ secundaria (Shi et al., 2009), como 

en ovejas inmunizadas y desafiadas en forma primaria (Wang et al., 2016). Asimismo, la 

tioredoxina peroxidasa -otra DRP identificada- es una enzima clave en E. granulosus s.l., 

involucrada en los mecanismos de detoxificación parasitaria contra especies reactivas del 

oxígeno; cuyo bloqueo ha sido sugerido como un interesante blanco para la prevención y/o 

el tratamiento de la EQ (Li et al., 2004; Salinas et al., 1998). Además, estas últimas dos 

proteínas, al igual que la peptidil-prolil cis-trans isomerasa, fueron recientemente 

identificadas por nuestro grupo, como ligandos de los receptores scavanger CD5 y CD6; e 

interesantemente, la infusión de los ectodominios recombinantes de CD5 o CD6 mostró ser 

capaz de inducir niveles significativos de protección en el modelo murino de EQ secundaria 

(Mourglia-Ettlin et al., 2018). 

La información discutida sobre la identidad de algunas DRPs identificadas, sugiere el 

bloqueo de las mismas sería beneficioso para el hospedero intermediaron, por lo que a 

priori podrían ser consideradas como potenciales antígenos protectores. Por ello, 

realizamos una caracterización bioinformática de las 7 DRPs identificadas, para indagar si la 

diferencia en reconocimiento se debe a factores genéticos que diferencien ambas cepas de 

ratones. Este análisis mostró que, las 7 DRPs son proteínas mayoritariamente antigénicas, 

cuya secuencia aminoacídica difiere notoriamente del resto de las proteínas murinas (Figura 

23); permitiendo el desarrollo de respuestas humorales contra las mismas. Sin embargo, el 
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análisis más relevante consistió en la identificación de epítopes T dentro de cada una de las 

DRPs; ya que para que ocurra una respuesta de anticuerpos T-dependiente óptima, sería 

necesaria su presentación antigénica a células T colaboradoras, mediante la presentación 

en moléculas del MHC-II. En este sentido, los ratones Balb/c y C57Bl/6 poseen distintas 

moléculas de MHC-II (H-2-IAd y H-2-IAb, respectivamente) (Sofron et al., 2016), las cuales 

presentarían diferencias en los perfiles de péptidos que son capaces de unir, así como en la 

afinidad de dicha unión. Así, para las 7 DRPs, se observó que la molécula de MHC-II presente 

en la cepa C57Bl/6, es capaz de unir un mayor número de posibles epítopes T, y con mayor 

fuerza de unión global, que la molécula de MHC-II presente en los ratones Balb/c (Figura24). 

Esto sugeriría la existencia de una predisposición genética en los ratones C57Bl/6 para 

producir mejores respuestas de anticuerpos contra las 7 DRPs identificadas (tanto tras la 

infección experimental como tras la inmunización con PSEx); contribuyendo así a la mayor 

resistencia observada para dicha cepa en el desarrollo de la EQ secundaria experimental. 

Tomados en su conjunto, los resultados reportados en el Capítulo 4 de la presente 

tesis, mostraron que la respuesta de anticuerpos contra antígenos tegumentarios de PSC 

de E. granulosus s.l., desarrollada en ratones Balb/c y C57Bl/6 infectados, presenta grandes 

variaciones según la cepa murina. En este sentido, los ratones Balb/c infectados se 

caracterizaron por desarrollar una respuesta humoral anti-helmíntica clásica -con una alta 

inducción de IgE específica- contra un extenso repertorio de antígenos reconocidos por sus 

anticuerpos IgG. Por el contrario, los ratones C57Bl/6 infectados generaron una respuesta 

humoral contra un repertorio de antígenos más limitado (Figura 20), aunque 

probablemente de mayor relevancia para la fisiología parasitaria. Además, la respuesta de 

anticuerpos en estos ratones resultó estar enriquecida en subclases de IgG (Figura 18) con 

buena capacidad para activar el sistema complemento por vía clásica (IgG2b e IgG2c), 

mostrando una respuesta in vitro potencialmente más efectiva (Figura 19). En paralelo, los 

anticuerpos generados en ratones C57Bl/6 infectados, reconocen en forma única -es decir, 

a diferencia de los generados en ratones Balb/c infectados- al menos 13 antígenos 

parasitarios presentes en el tegumento de los PSC; 7 de los cuales fueron previamente 
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sugeridos como blancos terapéuticos contra parásitos de la especie Echinococcus. Mediante 

el análisis bioinformático de estos 7 DRPs, pudimos reportar que los mismos serían mejor 

presentados por la molécula de MHC-II presente exclusivamente en la cepa de ratones 

C57Bl/6; sugiriendo así que estos ratones estarían genéticamente predispuestos a 

desarrollar anticuerpos T-dependientes contra los mencionados antígenos tegumentarios. 

Los resultados obtenidos hasta aquí, sugieren que las 7 DRPs identificadas podrían 

ser consideradas como potenciales antígenos parasitarios protectores; por lo que serían de 

interés inmunoterapéutico. Por ello, en el Capítulo 5 de la presente tesis, diseñamos 

péptidos derivados de dichas DRPs y los evaluamos como posibles candidatos vacunales en 

el modelo murino de EQ secundaria. El diseño realizado consistió en un uso alternativo de 

la vacunología reversa, aplicando de forma secuencial diversos algoritmos bio-inmuno-

informáticos en un flujo de trabajo optimizado por nuestro grupo. Así, y luego de obtener 

experiencia en el uso de las herramientas bio-inmuno-informáticas necesarias, diseñamos 

6 péptidos como potenciales antígenos vacunales. La utilidad de dichos péptidos fue luego 

evaluada en términos del análisis in vitro de la actividad anti-parasitaria de los anticuerpos 

específicos inducidos, así como mediante estudios de protección in vivo haciendo uso del 

modelo murino de EQ secundaria. 

La mayoría de las herramientas informáticas utilizadas en este capítulo se basan en 

el análisis de la secuencia aminoacídica de proteínas, ya sea por reconocimiento de 

patrones específicos o identificación de característica fisicoquímicas de los aminoácidos. De 

esta manera, se puede utilizar estas herramientas para analizar tanto proteínas individuales 

como genomas enteros. Por ello, en primer lugar, se adquirió experiencia en su uso, 

realizando la identificación de candidatos peptídicos con potencial valor inmunodiagnóstico 

para las tres enfermedades tropicales desatendidas causadas por parásitos cestodos (Art. 

5). En segundo lugar, se realizó el diseño de péptidos con potencial capacidad protectora 

contra E. granulosus s.l., partiendo de las 58 proteínas identificadas en la fracción PSEx (Art. 

4). De esta forma, obtuvimos experiencia en el uso de más de 25 herramientas bio-inmuno-



Caracterización del tegumento de Echinococcus granulosus  

y su interacción con el sistema inmune del hospedero 

__________________________________________________________________________________________ 

Sebastián Miles                                                                     108 

 

informáticas, así como en el manejo de base de datos genómicas y proteómicas; analizando 

propiedades fisicoquímicas, secuencias aminoacídicas y estructuras tridimensionales. 

Esta experiencia, nos permitió generar y optimizar un flujo de trabajo para el diseño 

de péptidos con potencial aplicación biotecnológica, introduciendo dos pasos claves en el 

análisis bio-inmuno-informático que aumentaron notoriamente la probabilidad de éxito. En 

primer lugar, la selección de epítopes B lineales “limpios” (carentes de PTMs), basada en 

evidencia obtenida por espectrometría de masas; ya sea mediante análisis de co-

localización en los fragmentos m/z obtenidos por MALDI-TOF/TOF, o por carecer de las 

PTMs sugeridas a partir de los espectros. En segundo lugar, la selección de epítopes B 

lineales cuya estructura terciaria en solución fuese altamente similar a su estructura 

terciaria dentro de la proteína parental nativa; favoreciendo así la reactividad cruzada de 

los anticuerpos generados contra el péptido sintético sobre la proteína nativa. 

De esta forma, y siguiendo el flujo de trabajo expuesto en la Tabla 3, diseñamos 6 

péptidos antigénicos derivados de las 7 DRPs reconocidas únicamente por anticuerpos 

inducidos en ratones C57Bl/6 infectados (Figura 31). Luego, la validación del uso de estos 

péptidos como candidatos vacunales frente a la infección secundaria por E. granulosus s.l., 

fue realizada mediante estrategias in vitro, seguidas de estudios de protección in vivo. 

Para los ensayos in vitro, primero se generaron anticuerpos específicos contra los 

péptidos diseñados, mediante la inmunización de ratones CD1 con cada péptido conjugado 

a KLH, y usando QuillA® como adyuvante. El éxito de la inmunización fue confirmado al 

titular los sueros obtenidos contra KLH mediante ELISA (Figura 32), y la respuesta humoral 

específica para los péptidos fue analizada mediante titulación de los anticuerpos IgG 

específicos contra cada péptido (Figura 33). Así, se observaron títulos de IgG bajos, pero 

significativos, específicos para los péptidos P2A, P2B, P3A y P3B. A su vez, la reactividad 

cruzada de los anticuerpos inducidos contra las proteínas de PSEx (presumiblemente contra 

cada una de las proteínas parentales correspondientes) fue analizada mediante ELISA, 

observándose una reactividad significativa para la mayoría de los péptidos (Figura 34). En 
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particular, la titulación de los sueros obtenidos tras inmunización con P1A-KLH, mostró que 

los anticuerpos generados no fueron capaces de reconocer el péptido sintético, a la vez que 

no mostraron reactividad cruzada con los componentes presentes en PSEx; sugiriendo 

entonces que el péptido P1A no sería capaz de inducir anticuerpos con capacidad 

protectora. Por ello, y dado que la preparación P1A-KLH fue muy similar al resto de las 

preparaciones (en términos del adyuvante y del carrier utilizados), esta fue utilizada como 

un control interno para el resto de los estudios; tanto in vitro como in vivo. 

La actividad anti-parasitaria in vitro de los anticuerpos inducidos tras inmunización 

con los péptidos acoplados a KLH, se analizó por medio de tres estrategias 

complementarias, analizando en cada una, un posible mecanismo de acción. Los 

anticuerpos generados contra los péptidos P3A y P3B mostraron los mejores resultados, 

siendo capaces de inducir la muerte de los parásitos mediante interacción directa (Figura 

35A), por activación clásica del sistema complemento (Figura 35C). Además, los anticuerpos 

específicos contra P3B, fueron capaces de interferir con procesos metabólicos de los PSC, 

aumentando la tasa de muerte de los mismos (Figura 35B). 

La protección in vivo generada mediante inmunización activa con los péptidos, fue 

evaluada analizando tres formulaciones vacunales; agrupando los péptidos de a pares 

según los resultados obtenidos in vitro. Así, las formulaciones “Vacuna 1”, “Vacuna 2” y 

“Vacuna 3”, correspondieron a baja, media y alta actividad anti-parasitaria in vitro por parte 

de los anticuerpos específicamente inducidos; respectivamente. Cabe destacar que, 

nuevamente, la “Vacuna 1” actuó como un control negativo donde no se observó inducción 

de protección respecto al grupo de ratones no vacunado (Figura 36). A su vez, este resultado 

sugirió que la respuesta inmune desarrollada contra KLH no influiría significativamente en 

el resultado de la infección. Por otro lado, la “Vacuna 3” generó una protección del 50% en 

los ratones inmunizados (Figura 36A), así como una reducción significativa en el número de 

quistes hidáticos presentes en cavidad peritoneal (Figura 36B). 
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Resulta interesante destacar que, el par de péptidos utilizados en cada una de las 

formulaciones vacunales analizadas, correspondió a una única proteína parental. En el caso 

de las formulaciones que mostraron cierto nivel de protección (“Vacuna 2” y “Vacuna 3”), 

cada una derivó de una malato deshidrogenasa parasitaria; las cuales a pesar de ser una 

citoplasmática (P3) y la otra mitocondrial (P2), exhiben solo un 25% de identidad entre ellas. 

En este sentido, existen reportes pre-clínicos del uso de malato deshidrogenasas como 

candidatos vacunales contra diversos patógenos, incluyendo bacterias (Arayan et al., 2019), 

hongos (Shibasaki et al., 2014) y parásitos unicelulares (Liu et al., 2016). A su vez, esta 

proteína también ha sido propuesta como un blanco molecular para drogas antihelmínticas 

(Kayamba et al., 2021; Probert et al., 1981; Sanchez-Moreno et al., 1987). Nuestros 

resultados de actividad anti-parasitaria in vitro, y protección in vivo, por parte de 

anticuerpos específicos contra péptidos derivados de malato deshidrogenasas, permiten 

consolidar a esta proteína como un candidato vacunal frente a la infección por E. granulosus 

s.l.; así como sugerir el uso de -al menos- P3A y P3B como candidatos para vacunas basadas 

en péptidos. Cabe señalar también, que otros mecanismos distingos a la inducción de 

anticuerpos, podrían estar involucrados en la protección observada tras inmunización con 

la “Vacuna 3”. 

Tomados en su conjunto, los resultados reportados en el Capítulo 5 de esta tesis, 

permitieron el diseño de vacunas peptídicas promisorias contra E. granulosus s.l. a partir de 

candidatos vacunales identificados por técnicas proteómicas. Esto se logró mediante la 

optimización de un flujo de trabajo bio-inmuno-informático, que incluyó la introducción de 

dos pasos clave. Estos permitieron aumentar la probabilidad de generar respuestas 

humorales eficientes tras la vacunación, desarrollándose anticuerpos específicos contra el 

péptido y su proteína parental en 4 de los 6 de los péptidos diseñados (66%). A su vez, los 

anticuerpos inducidos mostraron diversas actividades anti-parasitarias in vitro; y, 

finalmente, 2 de los 6 péptidos (33%), fueron capaces de generar respuestas inmunes 

eficientes para limitar el establecimiento de la infección secundaria experimental en el 

modelo murino. Si bien creemos que sería necesario optimizar la formulación “Vacuna 3” 
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para alcanzar mejores niveles de protección, proponemos el presente flujo de trabajo como 

una herramienta útil para ser aplicada a otros patógenos; reduciendo en gran medida los 

costos y tiempos de I+D para productos de interés biotecnológico. 

En suma, y a modo de comentario global, podemos decir que los resultados 

derivados de la presente tesis -y comunicados en los seis artículos adjuntos más uno anexo- 

sugieren que el tegumento de los PSC de E. granulosus s.l. jugaría un papel de relevancia en 

el establecimiento de la infección secundaria. En este sentido, el tegumento actuaría no 

solo como una barrera física frente a la respuesta inmune del hospedero, sino que también 

la contrarrestaría activamente; ya sea mediante procesos de detoxificación de xenobióticos 

y/o por medio de la liberación de componentes -y EVs- inmunomoduladores; entre otros. 

Así, el tegumento de los PSC debe ser entendido como una región anatómica de alta 

complejidad, tanto estructural y funcional, como en términos de su composición. Sin 

embargo, también debemos tener presente que, el desarrollo de una respuesta inmune 

humoral de calidad contra componentes tegumentarios, podría ser capaz de limitar el 

establecimiento de la infección en etapas tempranas. De esta manera, la inducción de 

anticuerpos específicos contra ciertos antígenos tegumentarios -ya sea de forma natural o 

mediante inmunización con péptidos derivados de dichos antígenos- sería capaz de inducir 

la muerte parasitaria. En base a estos resultados, confiamos en que será posible diseñar 

formulaciones vacunales basadas en péptidos, que induzcan niveles óptimos de protección 

frente a la infección por E. granulosus s.l. en diversos hospederos. 
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a b s t r a c t

Cystic echinococcosis is a globally distributed zoonosis caused by cestodes of the Echinococcus granulosus
sensu lato (s.l.) complex, with Echinococcus ortleppimainly involved in cattle infection. Protoscoleces show
high developmental plasticity, being able to differentiate into either adult worms or metacestodes within
definitive or intermediate hosts, respectively. Their outermost cellular layer is called the tegument, which
is important in determining the infection outcome through its immunomodulating activities. Herein, we
report an in-depth characterization of the tegument of E. ortleppi protoscoleces performed through a
combination of scanning and transmission electron microscopy techniques. Using electron tomography,
a three-dimensional reconstruction of the tegumental cellular territories was obtained, revealing a novel
structure termed the ‘tegumental vesicular body’ (TVB). Vesicle-like structures, possibly involved in
endocytic/exocytic routes, were found within the TVB as well as in the parasite glycocalyx, distal cyto-
plasm and close inner structures. Furthermore, parasite antigens (GST-1 and AgB) were unevenly loca-
lised within tegumental structures, with both being detected in vesicles found within the TBV. Finally,
the presence of host (bovine) IgG was also assessed, suggesting a possible endocytic route in protoscole-
ces. Our data forms the basis for a better understanding of E. ortleppi and E. granulosus s.l. structural
biology.

� 2021 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Helminth infections constitute a significant proportion of
neglected tropical diseases around the world. Among them, cystic
echinococcosis – a zoonosis caused by cestodes from the Echinococ-
cus granulosus sensu lato (s.l.) complex – has immense impacts on
regional economies due to effects on livestock as well as human
health (Budke et al., 2006). This parasite requires two mammalian
hosts to complete its domestic life cycle, with canids (mainly dogs)
being the definitive hosts harbouring the adult worm, and farm
ungulates being the intermediate hosts for the metacestodes (also
known as hydatids). Humans are accidental hosts for the metaces-

tode, which develops as an ever-growing fluid-filled cyst located
mainly in the host liver and lungs, bypassing and suppressing the
immune response. Cysts can become fertile, producing protoscole-
ces by asexual reproduction, which are infective for the definitive
hosts if ingested, or able to develop into new cysts if seeded within
the intermediate host, i.e. after accidental cyst rupture (Heath,
1970).

The classification of E. granulosus has long been controversial.
Considerable phenotypic, physiological and genetic variability
between parasite isolates, which correlates with their intermediate
hosts, has led to division of E. granulosus into ‘‘strains”, which were
further analysed by molecular techniques using the mtDNA
sequences of genes for cytochrome c oxidase subunit 1 (cox1)
and NADH dehydrogenase subunit 1 (nad1). In this way, E. granu-
losus s.l. was divided into nine main genotypes (G1-G8, G10)
(Nakao et al., 2010) grouped into four species, Echinococcus ortleppi
(G5) being a genotype that infects cattle as the main intermediate
host but rarely affects humans.

https://doi.org/10.1016/j.ijpara.2021.05.004
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The morphology of the protoscolex constitutes four different
regions, namely (i) the rostellar region (containing the rostellar
cone and hooks), (ii) the sucker region (where the suckers are
found), (iii) the neck region, and (iv) the body region (Fig. 1A).
The body and neck regions constitute the protoscolex soma, while
the rostellar and sucker regions form the scolex. In invaginated
protoscoleces, only the soma is visible (Fig. 1A). The outermost
zone of the scolex and soma is known as the tegument, exhibiting
differences between them (Galindo et al., 2008). A characteristic
feature of cestodes is the absence of an alimentary canal, meaning
that substances enter the tapeworm through the tegument, a
dynamic tissue structure forming a multinucleated syncytiumwith
no cell boundaries but connected to cellular bodies beneath the
fibrous zone (Morseth, 1967). Since the tegument is the first para-
site structure to interact with the host, a detailed understanding is
important for the development of both anti-parasite drugs and
vaccines. In this regard, the ultrastructure of the tegument in pro-
toscoleces was studied in the second half of the 20th century
(Morseth, 1967; Jha and Smyth, 1971), with little follow-up,
focused mainly on their scolex (Galindo et al., 2008).

As in many other helminthiases, E. granulosus s.l. can inhabit
immunocompetent hosts for prolonged periods, relying on intri-
cate immunomodulating mechanisms orchestrated by the parasite.
Such mechanisms involve the excretion/secretion of diverse com-
pounds such as proteins, lipids, microRNAs and extracellular vesi-
cles (EVs) among others (Wu et al., 2019). In particular, EVs found
in hydatid fluid from fertile cysts or produced in vitro by proto-
scoleces were reported to induce tolerogenic profiles in immune
cells and to modulate the overall host immune response (Pan
et al., 2018; Nicolao et al., 2019; Zhou et al., 2019). In this regard,
different ‘-omic’ studies of EVs have shown a wide range of mole-
cules which deserve further analysis (Siles-Lucas et al., 2017;
Nicolao et al., 2019; Zhou et al., 2019; Zhang et al., 2020; Wu
et al., 2021).

Here, we performed an ultrastructural characterization of the
soma tegument in protoscoleces from E. ortleppi and explored its
putative roles in parasite immunomodulation, nutrient absorption,
and secretion of parasite antigens. To that end, protoscoleces were
analysed by means of different electron microscopy techniques,
and a three-dimensional (3D) reconstruction of the tegument

Fig. 1. Ultrastructural analysis of the soma tegument in Echinococcus ortleppi protoscoleces. Protoscoleces from fertile bovine hydatid cysts were obtained, washed and fixed
with formaldehyde and glutaraldehyde. (A) The general protoscolex morphology was analysed by scanning electron microscopy, observing an evaginated (upper) and
invaginated (bottom) protoscolex. (B, C) The soma tegument analysed by transmission electron microscopy in classical epoxy embedded (B) or in high-pressure freezing
preserved protoscoleces (C). (D) Tomographic sections as obtained by cryo-electron tomography of high-pressure freezing preserved protoscoleces. (E) Three-dimensional
reconstruction of soma tegumental structures as obtained from tomograms of six adjacent serial 500 nm-thick sections. R, rostellar region; S, sucker region; N, neck region; B,
body region; G, glycocalyx; D, distal cytoplasm; FZ, fibrous zone; MC, muscle cell; P, parenchyma; T, tegumental cell; BE, blunt elevations; V1, V1-type vesicle; V2, V2-type
vesicle; V3, V3-type vesicle; V, non-classical vesicle; F, flame cell; C, calcareous corpuscle; NC, nuclei and nuclear membrane of calcareous corpuscle. Scale bars: (A) = 10 mm;
(B and C) = 500 nm.
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was performed by electron tomography. Additionally, the presence
of known parasite immunomodulating antigens, as well as host
IgG, was studied through immuno-labelling strategies throughout
the tegument and within vesicular structures. Finally, a tegumental
vesicular body (TVB) was identified and characterised in 3D for the
first known time.

2. Materials and methods

2.1. Parasites

Bovine hydatid cysts were obtained from Uruguayan abattoirs
and maintained at 4 �C until processing (less than 36 h). Proto-
scoleces were rapidly collected by aseptic puncture and exten-
sively washed with PBS, pH 7.2, containing antibiotics (60 mg/ml
of penicillin, 100 mg/ml of streptomycin and 250 ng/ml of ampho-
tericin B). Chemicals were always obtained from Sigma-Aldrich
(USA) unless otherwise specified. Parasite viability was determined
according to Dematteis et al. (1999) and protoscoleces with viabil-
ity � 90% were immediately fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in PBS and stored at 4 �C until use. Aliquots of
protoscoleces (without fixation) were used to determine the para-
site genotype by sequencing a fragment of the gene coding for
mitochondrial cox1 as previously described (Cucher et al., 2011).
Three parasite batches were obtained at different dates, belonging
in all cases to E. ortleppi (G5 genotype).

2.2. Scanning electron microscopy (SEM)

Fixed protoscoleces were prepared for SEM following standard
procedures described elsewhere (Kehrer et al., 2016) with minor
modifications. Briefly, protoscoleces were allowed to adhere to
0.1% poly-L-lysine-coated class cover slips for 1 h and then were
incubated for 1 h at room temperature (RT) in a solution containing
1% OsO4 in 0.1 M cacodylate buffer. Protoscoleces were then
washed, dehydrated in an ethanol series (from 15% to 100%), crit-
ical point dried in CO2 and mounted on specimen stubs sputtered
with a thin layer of gold. Analyses were performed using a Zeiss
LEO 1530 scanning electron microscope (Carl Zeiss NTS Ltd.,
Germany).

2.3. Transmission electron microscopy (TEM)

All three batches of fixed protoscoleces were divided and
embedded in resin for TEM by both classical TEM sample prepara-
tion and high-pressure freezing (HPF) as previously described in
Miles et al. (2019, 2020)), respectively. Briefly, for classical sample
preparation fixed protoscoleces were first transferred to cacodylate
buffer (50 mM cacodylate, 50 mM KCl, 2.6 mM CaCl2, 2.6 mM
MgCl2 and 2% sucrose) and then were incubated with 1% OsO4 in
100 mM cacodylate buffer for 1 h at RT. After that, protoscoleces
were washed and incubated overnight at 4 �C in 1% uranyl-
acetate in water. Samples were then dehydrated in a graded ace-
tone series (from 30% to 100%) at RT before being embedded in
epoxy resin and polymerized for at least 48 h at 60 �C. For HPF
sample preparation, fixed protoscoleces were subjected to HPF
and dehydrated with acetone by freeze substitution for 24 h at
slowly increasing temperatures (from �190 �C to 25 �C). Then,
samples were embedded in spur resin and polymerized for at least
48 h at 60 �C. TEM analyses were performed with ultrathin sections
(70 nm) obtained by sectioning using a Leica EM UC6 ultra-
microtome (Leica Microsystems, Germany) with a diamond knife.
Sections were collected on electron microscopy grids and exam-
ined with a Zeiss 10C transmission electron microscope (80 kV;

Carl Zeiss NTS Ltd.). No counterstaining using lead citrate or
uranyl-acetate was performed.

2.4. Electron tomography

For electron tomography, 500 nm-thick serial sections of HPF
preserved protoscoleces were prepared. Slot electron microscopy
grids were first coated with a 2.6 nm-thick carbon layer. After that,
sections were collected on them and coated again with a 1.4 nm-
thick carbon layer. Grids were then placed in a high-tilt holder
and digital images were recorded as a single-axis tilt series over
a +60� to �60� tilt range (with increments of 2�) on FEI Tecnai
microscopes (FEI Company, USA): F20 on Heidelberg University
campus (Germany) and F30 at EMBL, Heidelberg (Germany).
Tomograms were reconstructed using etomo and IMOD software
(Kremer et al., 1996) (http://bio3d.colorado.edu/imod).

2.5. Immuno-labelling

For immunoTEM analyses, 70 nm-thick sections of HPF pre-
served protoscoleces were obtained, blocked with PBS containing
BSA 1.5% (w/v) and FSG 0.1% (w/v) for 30 min at RT, and treated
with a solution of glycine 10% (w/v) in PBS for 1 h at RT. Then, grids
were incubated with antibodies diluted in blocking buffer (1/10)
for 2 h at RT. In-house mouse antibodies against parasite antigens
were used, while Bos taurus IgG was detected using commercial
reagents developed in rabbit (code from Sigma: B-7265). Antibod-
ies raised against parasite GST-1 (Arbildi et al., 2017), and antigen
B (AgB, 8/1 subunit) (González-Sapienza and Cachau, 2003) were
kindly gifted by Dr. Verónica Fernández (Universidad de la
República, Uruguay) and Dr. Andrés González-Techera (Universi-
dad de la República, Uruguay), respectively. After five washes with
blocking buffer, GST-1 and AgB samples were incubated with
rabbit-anti-mouse antibodies for 1 h at RT followed by five washes
with blocking buffer. Finally, all grids were incubated with goat-
anti-rabbit antibodies labelled with 10 nm gold nanoparticles for
30 min at RT. Then, five washes with blocking buffer followed by
five washes in PBS were performed. After that, grids were fixed
in a solution of PBS containing glutaraldehyde 1% (v/v) for five
min at RT, and finally washed 10 times with ultrapure H2O. Anal-
yses were performed using a Zeiss 10C transmission electron
microscope (Carl Zeiss NTS Ltd.). No counterstaining using lead
citrate or uranyl-acetate was performed.

3. Results

3.1. Ultrastructure of the tegument in protoscoleces

General protoscolex morphology was assessed by SEM, in both
invaginated and evaginated protoscoleces (Fig. 1A). Evaginated
protoscoleces consist of four regions: rostellar, sucker, neck and
body regions (Fig. 1A, upper parasite). Rostellar and sucker regions
form the parasite scolex containing the rostellar cone, hooks and
suckers covered by microtriches, while the neck and body regions
make up the parasite soma. In invaginated protoscoleces only the
soma is observed, which is covered by a smooth layer of glycocalyx
(Fig. 1A, lower parasite), known to shift to a corrugated surface still
covered by glycocalyx after evagination (Fig. 1A, upper parasite).

The soma tegument was further analysed by TEM using two
sample preparations corresponding to classical epoxy embedding
(Fig. 1B) and HPF (Fig. 1C). Regardless of the sample preparation,
previously reported cellular territories (Galindo et al., 2008) were
observed: parenchyma, fibrous zone, distal cytoplasm and glycoca-
lyx, as well as muscle and tegumental cells (Fig. 1B and C). Flame
cells and their corresponding bundles of cilia were also detected
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(data not shown). Blunt elevations were observed in the outer zone
of the distal cytoplasm. Six distinct types of vesicles (V1-V6) have
been reported to be present in the tegument of the soma and/or
scolex (Bui et al., 1999). V1 vesicles (previously known as T3) are
ovoid electron-lucent vesicles of unknown origin while V2 (previ-
ously known as T1) are electron-lucent comet-shaped vesicles with
an electron-dense core. V3 vesicles are flattened discs or dumb-bell
shaped with amorphous compact election-dense content. V4 and
V5 (previously known as T2) vesicles are mostly present on the
scolex tegument, exhibiting a round, double membrane with an
electron-lucent and electron-dense core, respectively. Finally, V6
vesicles are similar to V1, but only observed in freeze substitution
samples (Rogan and Richards, 1989; Bui et al., 1999). Only V1, V2
and V3 vesicles were observed within the soma tegument of E.
ortleppi protoscoleces (Fig. 1B and C). Although no artifacts were
detected by either sample preparation, further studies were per-
formed with images obtained by HPF preparation due to its better
performance in image sharpness.

3.2. 3D studies of tegumental structures

Tegumental structures were further characterised by means of
electron tomography. To that end, tomographic tilt series were
acquired from serial 500 nm-thick sections of HPF preserved proto-
scoleces (Fig. 1D, Supplementary Movie S1). 3D reconstructions
were computed of six consecutive sections that were subsequently
stitched into a 3D volume of 10 mm in X and Y directions and with a
thickness of 3 mm (Fig. 1E). The reconstructions revealed calcareous
corpuscles, nuclei of calcareous corpuscles, parenchyma, muscle
cells, tegumental cells and distal cytoplasm (Fig. 1E). Since the

fibrous zone is not a hard-limited zone and the glycocalyx is a
low-density structure poorly detectable by electron tomography,
their structural details could not be sufficiently revealed in recon-
structions. Non-classical vesicles (i.e. not V1-V6 vesicles) were also
observed within the distal cytoplasm as well as beneath the fibrous
zone, in between cellular structures (Fig. 1E).

Additionally, a novel acellular electron-lucent structure located
between the distal cytoplasm and the fibrous zone was observed
(Fig. 2). We named this structure a ‘tegumental vesicular body’
(TVB) as it contained discrete vesicles ranging mostly from 75 to
250 nm in diameter (Fig. 2A, Supplementary Movie S2), although
larger membrane-limited structures were also observed. The TVB
was extensively found throughout the protoscolex body (Fig. 2B),
even though different Z sections in the same protoscolex showed
variations. 3D reconstructions showed the TVB as a single macro-
scopic structure (Fig. 2A), containing vesicles similar in size, mor-
phology and electron-lucent properties to those non-classical
vesicles previously observed within distal cytoplasm and beneath
the fibrous zone (Fig. 1). The TVB was observed in every parasite
batch by either classical epoxy-embedding (Fig. 2C) or HPF preser-
vation (Fig. 2D). In addition, similar vesicles were also found by
single section TEM analysis across the protoscolex tegument, sug-
gesting the presence of exocytic/endocytic routes (Fig. 3).

3.3. Immuno-localization of host and parasite components

We next tested our hypothesis of exocytic/endocytic routes for
vesicles across the protoscolex tegument by performing immuno-
TEM analyses using antibodies against putatively absorbed (host)
or secreted (parasite) components. Recent proteomic studies have

Fig. 2. Tegumental vesicular body in Echinococcus ortleppi protoscoleces. A novel protoscolex structure termed tegumental vesicular body (TVB) features a vesicle-containing
body located between the distal cytoplasm and the fibrous zone. (A) TVB (arrows) observed by transmission electron microscopy in protoscoleces treated for classical epoxy
embedding. (B) TVB (arrows) observed by transmission electron microscopy in high-pressure freezing preserved protoscoleces. (C) TVB extension (arrows) almost entirely
covering the protoscolex body. (D) Three-dimensional reconstruction of a TVB, showing a content of vesicles with semi-spherical morphology. I, immediate interior; D, distal
cytoplasm; G, glycocalyx; TVB, tegumental vesicular body; V, non-classical vesicles. Scale bars: (A and B) = 500 nm; (C) = 10 lm.
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shown the presence of E. granulosus s.l. GST-1 and AgB in excretion/
secretion products, as well as associated with EVs (Virginio et al.,
2012; Siles-Lucas et al., 2017; Nicolao et al., 2019; Zhou et al.,
2019). Immuno-localization studies showed that both parasite
antigens were present in the protoscolex tegument, exhibiting an
even distribution but distinct representation among different tegu-
mental structures (Fig. 4). To analyse this, in the images obtained
from the parasite outermost soma, we allocated distinct areas cor-
responding to: (i) the glycocalyx, (ii) the distal cytoplasm, and (iii)
all other parasite structures found beneath the fibrous zone, which
were named as ‘immediate interior’. An antigen abundance analy-
sis was performed for each parasite component by calculating the
mean density of electron-dense gold nanoparticles per mm2 in 10
different images. Results in Fig. 4A show a high antigen abundance
for GST-1 in the glycocalyx (22 ± 6 marks/mm2), with lower values
in the distal cytoplasm (3 ± 1 marks/mm2) and immediate interior
(2 ± 1 marks/mm2). In contrast, AgB exhibited highest antigen
abundance values in the distal cytoplasm (26 ± 7 marks/mm2), fol-
lowed by lower values in the glycocalyx (4 ± 2 marks/mm2) and
immediate interior (6 ± 3 marks/mm2) (Fig. 4B). Additionally, both
parasite antigens were observed associated with vesicles within
the TVB (Fig. 4C and D).

Then, we used immunoTEM analyses of IgG from B. taurus as an
example for an absorbed host molecule, observing an interesting
pattern within the tegument of the soma (Fig. 5). Bovine IgG was
present in every analysed protoscolex zone (glycocalyx, distal cyto-
plasm and immediate interior), mostly found as compact clusters
of marks not associated to vesicles. Due to its non-homogeneous
staining, its antigen abundance measure was not meaningful and
therefore it was not determined. Additionally, no host IgG was
observed in vesicles within the TVB (Fig. 5C). Interestingly, a high
concentration of host IgG marks was found inside tegumental cells
(Fig. 5A) and their cytoplasmic extensions (Fig. 5B) which connect
to the distal cytoplasm, suggesting a possible endocytic route for
host IgG.

4. Discussion

Since early studies in the 1960s and 1970s (Morseth, 1967; Jha
and Smyth, 1971), all analyses regarding E. granulosus s.l. tegument
have used classical electron microscopy techniques, although more
complex methodologies have been applied to other helminths
(Jabbar et al., 2010; Valverde-Islas et al., 2011; Manning and
Richmond, 2015). In the present work, tegumental and inner struc-
tures in protoscoleces from E. ortleppi were studied, applying a
combination of state-of-the-art microscopy techniques including
SEM, TEM, immuno-labelling and electron tomography followed
by 3D reconstruction. Such a combination has recently shed new
light on the structure of pathogens, particularly on the structure–
function relationship (Cyrklaff et al., 2017). Accordingly, a 3D
reconstruction of the tegument cellular territories was obtained,
and a novel structure, the TVB, was characterised. In addition,
vesicle-like structures containing parasite antigens were found
within both the TVB and the soma tegument. Finally, host IgG
was detected forming concentrated cumulus throughout the soma
tegument, suggesting its involvement in an active endocytic route.

The general morphology of protoscoleces observed by SEM
(Fig. 1A) was in accordance with a previous report (Antoniou and
Tselentis, 1993), showing differences in the soma region of evagi-
nated (Fig. 1A, upper parasite) and invaginated (Fig. 1A, bottom
parasite) parasites. The ultrastructure of the soma tegument was
analysed by TEM imaging of 70 nm-thick sections, using two differ-
ent embedding procedures: classical epoxy-embedding (Fig. 1B)
and freeze substitution after HPF (Fig. 1C). In both cases, observed
parasite structures were in accordance with a previous report
(Galindo et al., 2008). Moreover, vesicle populations within the dis-
tal cytoplasm of the soma were also detected (Fig. 1B and C), cor-
responding only to V1, V2 and V3 vesicles (Rogan and Richards,
1989; Bui et al., 1999).

Following classical SEM and TEM analyses, 3D tomographic
reconstructions of tegumental structures were obtained from the

Fig. 3. Vesicles within the protoscolex tegument in Echinococcus ortleppi. Non-classical (not V1-V6) electron-lucent vesicles were found within the protoscolex tegument and
in immediate interior structures. Identified vesicles are indicated by arrows: (A) beneath the fibrous zone, (B) within the tegumental vesicular body (TVB), (C) at the TVB-
distal cytoplasm interface, (D) in the inner side of the distal cytoplasm, (E) in the middle of the distal cytoplasm, (F) in the outer side of the distal cytoplasm, (G) in the inner
side of the glycocalyx, (H) in the outer side of the glycocalyx. Vesicles found within the distal cytoplasm (D, E and F) are contained within a larger electron-lucent vesicle-like
structure. I, immediate interior; D, distal cytoplasm; G, glycocalyx; T, TVB. Scale bars = 200 nm.
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serial 500 nm-thick sections of HPF preserved protoscoleces. That
endowed us with a 3 mm-thick reconstructed volume of the tegu-
ment and close structures (Fig. 1E). Parasite structures were
observed according to previous reports (Smith and Richards,
1993; Galindo et al., 2008), with muscle cells – responsible for par-
asite motility – forming an intricate mesh composed of longitudi-
nal and circular muscle fibers (Coutelen et al., 1952) covering the
entire protoscolex body. Among such structures, and within the
distal cytoplasm, non-classical vesicles (i.e., non V1-V6) were pre-
sent. These vesicles were semi-spherical and electron-lucent, and
ranged from 75 to 250 nm in size (Fig. 1E).

A novel acellular electron-lucent structure containing vesicles
(the TVB) was also observed between the distal cytoplasm and
the fibrous zone (Fig. 2). This structure has already been observed
in previous E. granulosus s.l. reports, but it has been completely dis-
regarded or downplayed as vacuoles in parasite cultures (Hu et al.,
2011; Wang et al., 2015), and detected with morphological

changes in drug-treated protoscoleces (Lv et al., 2013; Xing et al.,
2016). In the present work, the TVB was found in every batch of
fresh E. ortleppi protoscoleces regardless of sample preparation
treatment (Fig. 2C and D) and it was shown to partially cover the
entire parasite soma (Fig. 2B). Moreover, the TVB was also found
in fresh protoscoleces from E. granulosus sensu stricto (G1 geno-
type) (Supplementary Fig. S1). The 3D reconstruction of the TVB
showed that independent structures observed in TEM images
belonged to a single, large structure connected in different Z planes
(Fig. 2A). In addition, vesicle-like structures found within the TVB
were similar to those non-classical vesicles mentioned above, usu-
ally exhibiting a semi-spherical morphology with electron-lucent
properties and ranging from 75 to 250 nm in size, although larger
membrane-limited structures were also found.

The metacestode consists of a fluid-filled cyst composed of an
inner germinative layer surrounded by an acellular laminated layer
and an outer adventitial layer generated as a consequence of the

Fig. 4. Immunolocalization of Echinococcus ortleppi antigens. Parasitic antigens localised within the tegument by immuno-labelling with specific antibodies coupled to gold
nanoparticles and analysed by transmission electron microscopy. Antigen abundance analyses were performed in 10 images for each antigen by calculating the marks density
(marks per mm2) in the glycocalyx, distal cytoplasm and immediate interior. (A, B) Representative image for GST-1 (A) and antigen B (AgB). (B) Immuno-labelling and its
antigen abundance. Antigen abundance values are shown as mean ± S.D., and differences were regarded as significant (indicated by asterisks) when P < 0.05 (Student’s t-test).
Immunolocalization of parasite antigens (indicated by arrows) associated with vesicles (arrows) within the tegumental vesicular body was performed for GST-1 (C) and AgB
(D). I, immediate interior; D, distal cytoplasm; G, glycocalyx; TVB, tegumental vesicular body. Scale bars = 200 nm.
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host inflammatory response. The germinative layer reproduces
asexually into the cyst lumen, resulting in the formation of brood
capsules containing protoscoleces. Both the germinative layer
and protoscoleces excrete/secrete several parasite antigens found
in the hydatid fluid (Díaz et al., 2011a, 2011b). Moreover, recent
reports have shown the presence of EVs in hydatid fluid from fer-
tile cysts (Siles-Lucas et al., 2017; Zhou et al., 2019; Zhang et al.,
2020), as well as the ability – at least in vitro – of protoscoleces
to produce EVs (Nicolao et al., 2019; Zhou et al., 2019; Zhang
et al., 2020;Wu et al., 2021). The release of EVs in parasitic diseases
acts both in parasite-parasite inter-communication as well as in
parasite-host interaction, where EVs can intervene in host immune
system regulation (Marcilla et al., 2014). However, the contribution
of the germinative layer and protoscoleces to EVs found in fertile
hydatid fluid is unclear. Since similarities in size and morphologi-
cal characteristics were observed between reported E. granulosus s.
l. EVs and the non-classical vesicles found within the tegument and
TVB, we further analysed their potential exocytic/endocytic routes.
TEM images and tomographic reconstructions suggested that these
vesicles might be present in every step of exocytosis or endocytosis
processes (Fig. 3). From an exocytic perspective, the observed vesi-
cles could be formed by specialised cells or structures within inner
parasite structures (Fig. 3A), and then loaded into the TVB (Fig. 3B)
in order to enter the distal cytoplasm (Fig. 3C). Additionally, vesi-
cles could directly enter the distal cytoplasm from inner parasite
structures (Fig. 3D). Once loaded in the distal cytoplasm, vesicles
could be transported outwards (Fig. 3E and F), reaching the glyco-
calyx (Fig. 3G) and finally being released into the hydatid fluid as
EVs (Fig. 3H). The inverse process could result from endocytosis
of EVs present in the hydatid fluid if putatively produced by the
germinative layer or other protoscoleces (parasite-parasite interac-
tion). From this perspective, protoscoleces would capture EVs
through the glycocalyx, internalising and processing them within
inner parasite structures. Interestingly, vesicles in the distal cyto-
plasm are contained within larger electron-lucent membrane-
limited structures most likely involved in transportation processes
(Fig. 3D–F).

Nutrient absorption and excretion/secretion of products are two
of the most important functions of the tegument in cestodes. In E.
granulosus s.l., excretion/secretion products and EVs produced by
protoscoleces have already been shown to modulate the host
immune response (Pan et al., 2018; Nicolao et al., 2019; Zhou
et al., 2019), while nutrient absorption is key for parasite survival.

Parasite antigens previously reported to be associated with E. gran-
ulosus s.l. EVs (Nicolao et al., 2019; Zhou et al., 2019), and host
components present in the hydatid fluid (Aziz et al., 2011) were
used to obtain further information regarding exocytic/endocytic
routes of tegumental vesicles. Regarding parasite components,
antigen abundance analysis for GST-1 showed it mostly within
the glycocalyx (Fig. 4A). Echinococcus granulosus s.l. GST-1 is a
well-studied enzyme involved in parasite protection against
host-derived lipid peroxidation and passive detoxification of
anthelmintic drugs (Arbildi et al., 2017). Thus, GST-1 abundance
in the glycocalyx of protoscoleces might be in line with its parasite
protection activities. Interestingly, immunoTEM analysis for AgB
showed it as mostly present in the distal cytoplasm with a lower
abundance in the glycocalyx and inner structures of protoscoleces
(Fig. 4C). AgB is an oligomeric lipoprotein composed of 8 kDa
related subunits (AgB8/1 to AgB8/5) encoded in a multigene family
(Chemale et al., 2001). As the most abundant parasite protein in
hydatid fluid, AgB has been involved in several host-parasite inter-
actions promoting parasite establishment and survival within the
intermediate host (Riganò et al., 2007; Monteiro et al., 2012). How-
ever, the contribution of protoscoleces and the germinative layer to
its production is still unknown. Being only marginally present on
the glycocalyx, protoscolex AgB – at least subunit 8/1 – might
not contribute to a major degree to the parasite immunomodulat-
ing activities. However, since differences in protein expression pro-
files have been reported between distinct developmental stages in
E. granulosus s.l. (Cui et al., 2013) – as well as in other relevant hel-
minths (Sulima et al., 2018) – our hypothesis might only apply to
the protoscolex stage.

Regarding host components, although the absorbing mecha-
nisms of proteins across the hydatid cyst laminar and germinative
layers are not clear, it has been proposed that E. granulosus s.l.
would benefit from either nutrient uptake or immunomodulation
by antigen disguise or inhibition of host immunity (Aziz et al.,
2011). Among the host proteins found in hydatid fluid, IgG is highly
abundant and its presence within the protoscolex tegument pro-
vides evidence for an endocytic process. ImmunoTEM results
showed that host (B. taurus) IgG was present in the soma tegu-
ment, mostly as clusters of marks (Fig. 5) as opposed to the even
distribution observed for parasite antigens (Fig. 4). Interestingly,
a higher presence of IgG cumulus was observed in tegumental cells
(Fig. 5A) and their cytoplasmic extensions (Fig. 5B), strongly sug-
gesting that protoscoleces are able to internalise host IgG present

Fig. 5. Immunolocalization of host antigens. Immunolocalization of host IgG, which are abundant in the hydatid cyst fluid, as analysed by transmission electron microscopy
in the protoscolex tegument using bovine IgG-specific antibodies coupled with gold nanoparticles. Clusters of marks (arrows) were found within the glycocalyx (G), distal
cytoplasm (D) and immediate interior (I) of protoscoleces. The figure shows different images obtained from the same labelled section exhibiting interesting features. A high
number of marks was found within tegumental cells (TC), and clusters of marks were found in their corresponding cytoplasmic extensions (CE). No marks were observed
associated with vesicles (V) found within the tegumental vesicular body. Scale bars = 500 nm.
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in the hydatid fluid. Uptake might proceed through an endocytic
process that concentrates and transports host IgG in a vesicle-
independent way since no cumulus were found associated with
vesicles. Further evidence is needed to support this hypothesis.

Finally, and since parasite excretion/secretion products as well
as host proteins were observed in the tegument of protoscoleces,
we further analysed whether such components were present in
the vesicles found within the TVB. Similar approaches have been
previously applied to analyse protein cargo in EVs from other hel-
minth parasites (Marcilla et al., 2012). ImmunoTEM results over
vesicles within the TVB showed specific and abundant marks for
both parasite antigens (Fig. 4C and D), but not for host IgG
(Fig. 5C), suggesting that the TVB and its corresponding vesicles
might be involved in exocytic processes. However, neither parasitic
nor host antigens were observed associated with vesicles (those
different from V1, V2 or V3) found within the distal cytoplasm
and the glycocalyx.

In conclusion, the soma tegument of protoscoleces from E. ortle-
ppi is a complex parasite structure involved in motility, nutrient
absorption, secretion of parasite antigens and EVs, immunomodu-
lation and parasite protection. Different structures and cellular ter-
ritories with varied functions were characterised here for the first
time by 3D reconstructions and immuno-localization of specific
components. Importantly, evidence for EVs trafficking through
the soma tegument of protoscoleces was obtained, and a novel sin-
gle macro structure containing vesicles with immunomodulating
parasite cargo was described. Further research will be required to
assess the function of this structure. Additionally, evidence for an
endocytic tegumental route for host components was also
obtained.
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Abstract

Echinococcus granulosus is the parasite responsible for cystic echinococcosis

(CE), an important worldwide‐distributed zoonosis. New effective vaccines

against CE could potentially have great economic and health benefits. Here, we

describe an innovative vaccine design scheme starting from an antigenic

fraction enriched in tegumental antigens from the protoscolex stage (termed

PSEx) already known to induce protection against CE. We first used mass

spectrometry to characterize the protein composition of PSEx followed by Gene

Ontology analysis to study the potential Biological Processes, Molecular

Functions, and Cellular Localizations of the identified proteins. Following,

antigenicity predictions and determination of conservancy degree against other

organisms were determined. Thus, nine novel proteins were identified as

potential vaccine candidates. Furthermore, linear B cell epitopes free of

posttranslational modifications were predicted in the whole PSEx proteome

through colocalization of in silico predicted epitopes within peptide fragments

identified by matrix‐assisted laser desorption/ionization‐TOF/TOF. Resulting
peptides were termed “clean linear B cell epitopes,” and through BLASTp

scanning against all nonhelminth proteins, those with 100% identity against any

other protein were discarded. Then, the secondary structure was predicted for

peptides and their corresponding proteins. Peptides with highly similar

secondary structure respect to their parental protein were selected, and those

potentially toxic and/or allergenic were discarded. Finally, the selected clean

linear B cell epitopes were mapped within their corresponding 3D‐modeled

protein to analyze their possible antibody accessibilities, resulting in 14 putative

peptide vaccine candidates. We propose nine novel proteins and 14 peptides to

be further tested as vaccine candidates against CE.

KEYWORD S

Echinococcus granulosus, immunoinformatics, linear B cell epitopes, MALDI‐TOF/TOF, tegument,

vaccine

J Cell Biochem. 2019;1-17. wileyonlinelibrary.com/journal/jcb © 2019 Wiley Periodicals, Inc. | 1

http://orcid.org/0000-0002-2418-2908


1 | INTRODUCTION

Cystic echinococcosis (CE) is an important zoonotic
disease, currently listed as a Neglected Tropical Disease
by the World Health Organisation (WHO). Echinococcus
granulosus—the parasite responsible for CE—is a cestode
that requires two mammalian hosts for completing its life
cycle: canids (mainly dogs) act as definitive hosts,
whereas farm or wild ungulates are usually the inter-
mediate hosts. Humans are considered accidental inter-
mediate hosts, and the WHO estimates that more than 1
million people worldwide are infected at any one time.1

Intermediate hosts become infected by ingesting infective
eggs containing oncospheres, which migrate to various
visceral organs, such as liver and lungs, and develop into
the metacestode stage (hydatid cyst). When hydatid cysts
are fertile, they asexually produce protoscoleces (PSC)
turning into the infective stage for definitive hosts.2

Interestingly, if a fertile cyst accidentally ruptures within
an intermediate host, spilled PSC have the developmental
plasticity to develop into new cysts in a process called
secondary infection.3

Efforts to mitigate CE worldwide have focused on
controlling the parasite life cycle by using antithelmintic
drugs, by promoting hygienic slaughter and by improving
health education in rural communities. Reported costs
for controlling CE is over U$S 3 billion annually, and
despite those efforts, the number of human cases is
substantially increasing worldwide every year.4 In the last
decades, efforts in designing effective vaccines against
E. granulosus infection have increased, focusing on both
intermediate and definitive hosts, but showing different
and inconsistent success. Up to date, only one vaccine
against CE (named EG95) has reached the market.
EG95 contains a recombinant 17 kDa protein derived
from E. granulosus oncospheres, and induces over 95%
protection in sheep.5,6 However, the EG95 vaccine antigen
—originally developed for the G1 parasite genotype—has
been shown to be polymorphic and immunologically
different in other parasite genotypes and/or isolates,
raising the question whether the current EG95 vaccine
would be effective against every E. granulosus genotype.7,8

Currently, there are two main approaches for designing
vaccines. Originally, most vaccines were created by
immunization with the whole pathogen, and—when
possible—using some purified antigens responsible for
the overall protection. More recently, after the concept of
reverse vaccinology was proposed, new vaccine candidates
are selected from the whole pathogen genome/proteome
by in silico tools.9 Both approaches have pros and cons,
and currently approved vaccines have been designed
following both strategies. Additionally, strategies for
peptide‐based (or epitope‐based) vaccines can complement

both abovementioned approaches through finding the
smallest part of an antigen retaining protective activity.
The primary advantage of this approach is that peptides
can be produced in nonbiological synthetic ways, reducing
production costs enormously. Peptide mapping (or epitope
mapping) can be performed in vitro or in silico, being the
second option less accurate although virtually costless.10

In this regard, peptide‐based vaccines for helminth‐
derived infections have also been reported.11-15 In the
case of CE, two studies using different approaches to
obtain peptide‐based vaccines derived from the EG95
antigen have been reported. In the case of Woollard et al,16

they studied four different EG95‐derived peptides, which
all successfully induce anti‐EG95 antibodies in immunized
sheep, although no oncospheres‐killing activity was
observed in vitro. In the other study, Read et al17 worked
with an EG95‐derived mimotope (a linear peptide that
mimics a conformational B cell epitope) named E‐100,
which showed high efficiency in inducing antibodies able
to kill oncospheres in vitro.

In the present work, we identified novel protein
candidates to be further tested as vaccine antigens, and
we also proposed a new strategy for designing peptide‐
based candidates through the integration of proteomics,
systems vaccinology, and bioinformatics. To that end,
we first performed a proteomic characterization of a
PSC‐derived fraction composed of tegumental antigens,
and then applied a systematic bioinformatic and immu-
noinformatic pipeline. After that, novel proteins were
proposed as vaccine candidates against E. granulosus.
Additionally, through an innovative bio‐informatic work-
flow, we identified peptides for being further tested in
peptide‐based vaccines, which represent linear B cell
epitopes most likely to be accessible to antibodies and free
of posttranslational modifications within the native
protein. Their sequences were studied in depth and
peptides were selected for their specificity, for not being
neither toxic nor allergenic, and for retaining a secondary
structure similar to the native peptide within their parental
protein, thus improving the likelihood of inducing
protective cross‐reacting responses after immunization.

2 | MATERIALS AND METHODS

2.1 | Parasites and antigens

E. granulosus PSC were collected by opening fertile
hydatid cysts from natural bovine infections with a
scalpel and they were washed several times with
phosphate‐buffered saline (PBS) pH 7.2 containing anti-
biotics (penicillin 60 µg/mL, streptomycin 100 µg/mL, and
amphotericin‐B 250 ng/mL). Tegumental proteins were
extracted from highly viable PSC (viability≥ 80%) using
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an extracting solution consisting of the detergent
MEGA‐10 (1% w/v), EDTA (5 mM) and phenylmethyl-
sulfonyl fluoride (2 mM) in PBS according to Hernández
and Nieto.18 Briefly, 125.000 viable PSC/mL of extract-
ing solution were incubated for 2 hours at room
temperature with soft constant shaking. Then, PSC
were allowed to settle down and the supernatant was
removed and extensively dialyzed at room temperature
against PBS through a dialysis tube cellulose membrane
(MW cut‐off: 12 000 Da). Obtained antigens (termed
PSEx) were characterized in terms of lipid, protein,
and carbohydrate content according to,19 and stored
at −20°C until used. Treated PSC were washed three
times with PBS, and their integrity was assessed by
observation under a light microscope staining with
eosin to improve contrast.

2.2 | Transmission electron microscopy

Aliquots of PSC pre‐ and post‐extraction were fixed with
2.5% glutaraldehyde and 2% paraformaldehyde in PBS
and stored at 4°C until use. After changing fixing buffer
to cacodylate buffer (50 mM cacodylate, 50 mM KCl,
2.6 mM CaCl2, 2.6 mM MgCl2, and 2% sucrose), PSC
samples were incubated with 1% osmium tetroxide in
100mM cacodylate buffer for 60 minutes at room
temperature, washed two times with 100mM cacodylate
buffer and two times with EM‐grade water and incubated
overnight at 4°C in 1% uranyl acetate in water. Samples
were rinsed two times with water, dehydrated in a graded
acetone series (from 30% to 100%) at room temperature
before being embedded in epoxy resin, and polymerized
for at least 48 hours at 60°C. Ultrathin sections of 70 nm
were obtained by sectioning PSC with a Leica EM UC6
ultramicrotome (Leica Microsystems, Wetzlar, Germany)
and a diamond knife. Sections were collected on EM
grids, counterstained using lead citrate and uranyl
acetate, and examined with a Zeiss 10C transmission
electron microscope (80 kV; Carl Zeiss, Goettinger,
Germany).

2.3 | 2D sample preparation and
electrophoresis

PSEx antigens were resolved by 2D electrophoresis as
described elsewhere.20 Briefly, 300 μg of proteins were
incubated overnight at −20°C in 300 μL of ice‐cold
acetone containing 20% of trichloracetic acid and 0.07%
dithiothreitol (DTT). After centrifugation for 15 minutes
at 10 000g and 4°C, the supernatant was discarded and
300 μl of ice‐cold acetone containing 20% dimethyl‐
sulfoxide and 0.07% DTT was added and incubated for
60 minutes at −20°C. Then, the sample was centrifuged

for 15 minutes at 10.000 g and 4°C, the supernatant was
discarded and 300 μl of ice‐cold acetone containing 0.07%
DTT was added. This step was repeated twice. Finally,
the pellet was lyophilized, resuspended in IPG buffer and
frozen at −80°C for 24 hours to improve solubilization.
For the first dimension, 7 cm linear pH gradient (pH
3‐10) Immobiline DryStrips (GE Healthcare, Darmstadt,
Germany) were rehydrated with the sample and run on
an IPGphore isoelectric focusing system (9.5 hours run
and a total of 35.500 Vh), and stored at −80°C until use.
Strips were then equilibrated in equilibration buffer
(50 mM, Tris‐Cl pH 8.8; urea, 6 M; glycerol, 30%; sodium
dodecyl sulfate (SDS), 2%; and traces of bromphenol blue)
containing DTT (10mg/mL) for 15 minutes, further
equilibrated in equilibration buffer containing iodoace-
tamide (25mg/mL) for 15 minutes, and sealed to 10%
acrylamide gels using 0.5% agarose in standard Tris‐
glycine electrophoresis buffer. Second dimension SDS‐
PAGE was run at 50 V for the first 15 minutes and then
raised to 150 V until ending. Finally, replicates of 2D gels
were stained with either Coomassie blue dye or mass‐
spectrometry compatible silver nitrate staining.

2.4 | Mass spectrometry

Spots obtained from both Coomassie blue and silver
nitrate‐stained 2D gels were analyzed by matrix‐assisted
laser desorption/ionization (MALDI)‐TOF/TOF mass
spectrometry. First, spots were excised, faded and tryptic
digestions were performed using sequencing‐grade
modified trypsin (Promega, Madison, WI). After gel
extraction into 60% acetonitrile containing 0.1% TFA,
the excess of acetonitrile was removed by speed vacuum.
Peptide samples were then combined with an equal
volume of matrix and spotted onto a MALDI sample
plate and allowed to dry at room temperature. Mass
spectra were acquired on a MALDI‐TOF/TOF mass
spectrometer (4800 MALDI TOF/TOF Mass Analyzer,
Abi Sciex, Warrington, UK) operating in the positive ion
reflector mode. Protein identifications were performed
using an in‐house Mascot v.2.3 search engine by
searching a custom database that includes the full
proteome of E. granulosus and Echinococcus multi-
locularis, composed of 20 787 sequences (10 310 548
residues) obtained from the Sanger Helminth Database
(http://www.sanger.ac.uk/resources/downloads/
helminths/). Additionally, every mass spectrum was also
analyzed using NCBI database to discard possible host
related proteins. The search criteria used were cystein
carbamidomethylation and methionine oxidation as
variable modification, and mass deviation < 200 ppm
with peptide fragment tolerance of 0.45 Da. Scores > 56
were considered significant (P < 0.05).
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2.5 | Gene ontology analysis

A global comprehension of PSEx was obtained by
analyzing the relationship between all protein‐related
Gene Ontology (GO). In the first place, GO terms were
collected from UniProtKB database for each protein.
Since protein annotation was incomplete in terms
of GO codes, further terms were assigned to each
protein using the software FFPred3, which predicts the
functions based on the amino acid sequence and the
relationship between biophysical attributes (secondary
structure, transmembrane helices, intrinsically disor-
dered regions, and signal peptides among other motifs)
and protein functions.21 Only terms with high storage
virtual machine (SVM) reliability and P > 0.8 for
Biological Process and Molecular Function, and
P> 0.7 for Cellular Component were included. If no
terms reached the abovementioned thresholds, the
highest probability term was included. Due to software
limitations, only proteins less than 1500 amino acids in
length were analyzed. Finally, the proteome GO
analysis was performed by REVIGO22 and visualized
as pie charts showing the top represented “super-
clusters” of loosely related terms. For this, all the
GO terms were submitted to REVIGO and set to
use SimRel as the semantic similarity measure and
allowing similarities of 0.9.

2.6 | In silico proteome characterization

An extensive in silico characterization of MALDI‐TOF/
TOF identified proteins was performed. First, each
protein cellular sublocalization was predicted by
DeepLoc software.23 Then, individual and global
antigenicity was assessed by predictions with
ANTIGENpro software,24 and abundance of antigenic
regions (AAR) was predicted using the web server
Secret‐AAR.25 Proteins with ANTIGENpro scores ≥ 0.5
were considered as highly antigenic.26 Finally, we
obtained a “uniqueness score” (US) of each protein
by BlastP, where we defined the US as the product
between query coverage and identity percentages of
the highest max score match against all the
proteins on the nonredundant NCBI database (exclud-
ing Cestoda, Trematoda, and Nematoda taxonomy).
US values of 0.5 to 0.8 identified “highly divergent”
proteins, while US values ≤ 0.5 corresponded to
“unique” proteins.

2.7 | Clean linear B cell epitopes

Linear B cell epitopes were predicted in each protein
using the algorithm Bepipred (version 2.0).27 Continuous

antigenic segments more than or equal to six amino
acids in length were considered as linear B cell
epitopes. Epitopes were further colocalized on the
matching peptides used to identify the corresponding
protein by MALDI‐TOF/TOF, assuming those regions
are free of posttranslational modifications (PTMs).
Linear B cell epitopes that completely overlapped with
those regions or included the N‐terminal Lys/Arg of the
trypsin‐cut peptides, were termed “clean linear B cell
epitopes.”

2.8 | Peptide quality control

Sequences identified as clean linear B cell epitopes were
evaluated in terms of safety before proposing them as
peptide‐based vaccine candidates. A pipeline was
designed to avoid unwanted‐cross reactivity, toxicity,
and/or allergenicity. In addition, a study of secondary
structure similarity (SSS) was performed to compare the
possible secondary structure of synthetic peptides with
the corresponding sequence on the native protein. For
this, we first discarded every peptide exhibiting a 100%
similarity (BlastP) with any protein on the nonredun-
dant NCBI database (excluding Cestoda, Trematoda,
and Nematoda taxonomy). Then, secondary structures
of clean linear B cell epitopes and their corresponding
proteins were predicted using SOPMA software,28 and
the percentage of amino acids in the same conformation
(SSS) was calculated. Only peptides with SSS ≥ 80%
were selected. Finally, peptides predicted to be toxic
and/or—if longer than 11 amino acids—allergenic were
excluded from further analyses. Such predictions were
performed using Toxinpred29 and AlgPred30 softwares,
respectively.

2.9 | 3D modeling and epitope mapping

Clean linear B cells epitopes that successfully passed
the above‐mention pipeline were mapped within
the 3D structure of their corresponding protein to
analyze the antibody accessibility according to.26

Briefly, we first performed a 3D structure modeling
by low‐homology protein threading using RaptorX
software31 to every protein that exhibited at least one
peptide that successfully passed the previous pipeline.
Only 3D models with uGDT (unnormalize Global
Distance Test) higher than 50 were taken into
account, and for proteins with more than one
predicted 3D model, the structure with the highest
uGDT was chosen. Then, clean linear B cell epitopes
were mapped within each selected structure using
SWISS‐PdbViewer,32 and their antibody accessibility
was evaluated.
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3 | RESULTS

3.1 | Structural morphology of PSC

Tegument morphology in PSC pre‐extraction (Figure 1A)
and post‐extraction (Figure 1B) was analyzed in 70 nm
thick sections by transmission electron microscopy
(TEM). A comparative study between them showed
that after protein extraction, the general parasite
structure remained mostly intact, while a complete
disruption of tegumental distal cytoplasm was observed
(Figure 1B). In fact, while distal cytoplasm and
tegumental spines almost completely disappeared, the
fibrous zone, muscle cells and inner structures were
still observed with little or no changes. This suggests
that the PSEx fraction was composed mostly of proteins

present in classical tegumental structures, with few
internal parasite proteins as contaminants.

3.2 | PSEx proteome

Biochemical composition of PSEx showed protein‐to‐
carbohydrates and protein‐to‐lipids mass ratios of 7.2 and
1.3, respectively; suggesting that PSEx is an antigenic
fraction enriched in proteins and lipids. Therefore, an
extensive proteomic analysis of PSEx was performed by
2D gel electrophoresis followed by mass spectrometry
(MALDI‐TOF/TOF). To that end, after removal of lipids
and highly hydrophobic proteins from PSEx, 2D SDS‐
PAGE (linear pH 3%‐10% and 10% acrylamide) were run
and stained with either Coomassie blue (Figure 1C) or
silver nitrate (Figure 1D). After that, 96 spots were

FIGURE 1 Tegumental ultrastructure and 2D‐electrophoresis. Micrographs (top row) depict TEM images of pre‐PSEx‐extracted (A) and
post‐PSEx‐extracted (B) PSC at ×6000. The Ex, FZ, MC, and In of the parasite are shown in (A) and (B), as well as the DC in (A). 2D‐PAGE
(bottom row) show 2DE of PSEx stained with Coomassie blue (C) or silver nitrate (D). Gels show proteins typically less than 120 kDa with IP
values in the linear range 3 to 10 (from left to right). Arrows in gels indicate localization of proteins identified by mass spectrometry, and
numbering correspond to the description in Table 1. DC, distal cytoplasm; Ex, exterior; FZ, fibrous zone; In, interior; MC, muscle cell;
PAGE, polyacrylamide gel; PSE, protoscolex; TEM, transmission electron microscopy
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excised from gels (50 spots from Coomassie blue stained
gels and 46 spots from silver stained gels), and then they
were faded and trypsin‐digested for mass spectrometry
analysis. Finally, 58 different proteins were successfully
identified within 63 spots (Table 1). Among these, 27
proteins were identified only in Coomassie blue‐stained
gels, 20 proteins only in silver‐stained gels, and 11
proteins were found in spots excised from both gels. In
some spots, more than one protein—exhibiting similar
molecular weights and isoelectric points—were identi-
fied. Since, in that case, it is virtually impossible to
differentiate such proteins in a 2D gel, all of them were
included in the final proteome. At the end, 22 new
proteins were described for the first time in this study,
while the remaining 36 have been already reported in
previous E. granulosus proteomic analyses (Table 1).
Interestingly, no host‐derived proteins (ie Bos taurus)
were identified.

3.3 | PSEx Gene Ontology

For each identified protein, GO terms were first obtained
from their corresponding annotation in UniProtKB
database. Then, the prediction of complementary terms
was performed for each protein using FFPred3 software.
Due to software limitations, only proteins less than 1500
amino acids long were analyzed. From annotated
proteins in UniProtKB database, 197 GO terms were
obtained, which did not cover the three categories
(Biological Process, Molecular Function, and Cellular
Component) for most proteins. After GO prediction using
FFPred3 software, 544 additional terms were obtained.
Finally, by combining both GO terms sources—and
removing duplicates between annotated and predicted
terms—711 terms corresponding to 56 proteins were
obtained. Among them, 184 unique GO terms were
found, which were reduced into a two‐level hierarchy of
GO terms resulting in 67, 79, and 33 unique Biological
Processes, Molecular Functions, and Cellular Compo-
nents, respectively. Pie charts show top represented
loosely related terms joined into “superclusters.”22 From
this analysis, PSEx components could globally be
described as mostly vesicle‐related proteins involved in
microtubule‐based processes with diverse metabolic
functions (Figure 2).

3.4 | In silico PSEx characterization

To obtain a protein‐by‐protein characterization of PSEx,
an extensive in silico study of its identified proteome was
performed (Table 2). Prediction of cellular localization
showed a predominance (73%) of cytoplasmic proteins
(42 in 57), followed by 11% characterized as mitochondrialT
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proteins (6 in 57), and the remaining 16% classified as
belonging to other cellular or extracellular compartments
(9 in 57). Additionally, the overall antigenicity of PSEx
proteome was determined. In this sense, ANTIGENpro
obtained a mean antigenicity score of 0.67, while a mean
AAR value of 41.0 was calculated through Secret‐AAR.
Proteins with ANTIGENpro scores > 0.50 are usually
considered highly antigenic,26 and according to this
threshold, 74% of proteins within PSEx proteome (43 in
58) belonged to that category (Table 2). Finally, a US was
calculated for each protein, resulting in 40% of “highly
divergent” proteins (23 in 58), and 34% of “unique”
proteins (20 in 58) within PSEx proteome (Table 2).
Interestingly, similar values were obtained when consider-
ing only first time‐identified proteins: 0.68 and 40.0 mean
values for antigenicity score and AAR, respectively.

Furthermore, 27% of such proteins (5 in 22) were
categorized as “highly divergent”, while 36% (8 in 22)
were “unique” (Table 2).

3.5 | Identification of clean linear B cell
epitopes

Proteins within PSEx proteome were scanned for
linear sequences potentially recognizable by antibodies
(eg, linear B cell epitopes). Due to software limitations,
only proteins less than 2500 amino acids in length (56 out
of 58) were analyzed. Results showed 578 lineal B cell
epitopes within the PSEx proteome (Figure 3), with a
mean value of 10 epitopes per protein. Every protein
showed at least two linear B cell epitopes, and two
proteins (#37 and #46) exhibited 33 epitopes, the largest
number observed. Then, in the interest of identifying
clean linear B cell epitopes, for example those PTMs‐free,
we evaluated the colocalization of every obtained epitope
over the sequence fragments used to identify proteins by
mass spectrometry. Since the mass of those fragments is
practically equal to the overall sum of their constituent
amino acids, we can assume that such regions are free of
PTMs. After colocalization, 146 clean linear B cell
epitopes were predicted in 46 proteins within PSEx
proteome (Figure 3). Those epitopes ranged from six to 46
amino acids in length, with a mean value of 12 amino
acids per epitope. Then, aiming to avoid unwanted cross‐
reactivity, the 146 sequences were scanned against all
nonhelminth proteins by BlastP, and those peptides
matching with 100% identity to any protein were
discarded (Figure 3). Interestingly, only peptides ranging
from 9 to 46 amino acids in length were identified among
the 50 epitopes selected, which belonged to 29 different
proteins (Figure 3). After that, and in pursuance of
maximizing the likelihood of selecting peptides able to
induce cross‐reacting antibodies against their parental
native proteins, SSS values were calculated for those 50
selected epitopes. Results showed that 17 peptides—
belonging to 15 different proteins—exhibited SSS
scores≥ 80% (Figure 3), being 16 and 1 of them mostly
random coil and α‐helix in secondary structure,
respectively. Finally, those sequences were further
analyzed for safety considerations, removing peptides
predicted to be toxic and/or allergenic. Only one peptide
was discarded in this step, leaving 16 peptide candidates
from 15 different proteins present in PSEx (Figure 3).
Summing up, from the initially 578 peptides identified
(derived from an input of 56 proteins), only 16 of them
(roughly 3%) belonging to 15 different proteins success-
fully passed through our rationally designed pipeline.
Interestingly, four of these proteins were identified
for the first time in this study (#3, #8, #45, and #53),

FIGURE 2 Gene Ontology study of PSEx proteome. GO
analysis of PSEx proteins is shown for Cellular Component,
Biological Process, and Molecular functions. For each category, the
unique terms were reduced into a two‐level hierarchy of GO terms,
and visualized as pie‐charts showing top represented loosely
related terms joined into “superclusters.” GO, Gene Ontology;
PSEx, protoscolex
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TABLE 2 Immunobioinformatic characterization of PSEx

Number Protein name Accession number Localization Antigenicity AAR US

1 14‐3‐3 Protein Q56J98 Cytoplasm 0.76 41.3 0.62

2 3‐Oxoacyl acyl carrier protein reductase A0A068WAT3 Peroxisome 0.10 65.4 0.40

3 Actin W6UMH9 Cytoplasm 0.43 32.8 0.93

4 Actin cytoplasmic A3 U6JLF5 Cytoplasm 0.39 47.0 0.91

5 Actin, cytoplasmic 2 W6UFA4 Cytoplasm 0.35 34.4 0.97

6 Actin‐2 Q03341 Cytoplasm 0.35 47.1 0.90

7 Aldo keto reductase family 1 member B4 A0A068WU90 Cytoplasm 0.63 62.7 0.40

8 Ankyrin A0A068WVL6 Cytoplasm 0.76 37.5 0.28

9 Annexin A0A068WJF9 Cytoplasm 0.50 46.3 0.43

10 Annexin A0A068WRH5 Cytoplasm 0.85 31.1 0.46

11 Annexin A0A068WUR8 Cytoplasm 0.72 24.9 0.42

12 Annexin U6JIM9 Cytoplasm 0.30 47.4 0.34

13 Basement membrane specific heparan sulfate A0A068X0X0 NP NP 27.9 0.05

14 Calreticulin A5YTY7 ER 0.90 49.5 0.51

15 Cathepsin d lysosomal aspartyl protease A0A068WAA1 Vesicle 0.26 42.4 0.50

16 Citrate synthase U6J0K5 Mitochondrion 0.43 35.8 0.65

17 Endophilin B1 A0A068WMU2 Mitochondrion 0.94 42.2 0.24

18 Enolase D0VLV3 Cytoplasm 0.53 31.0 0.88

19 Expressed protein A0A068WLY9 Extracellular 0.74 21.4 0.12

20 Fatty acid binding protein FABP2 A0A068WLT8 Cytoplasm 0.52 42.8 0.61

21 Fatty acid binding protein FABP2 U6JF28 Cytoplasm 0.67 33.5 0.74

22 Filamin A0A068WYB5 Cytoplasm NP 25.8 0.52

23 Fructose‐bisphosphate aldolase U6IXV3 Cytoplasm 0.75 33.1 0.73

24 Gelsolin U6IX85 Cytoplasm 0.82 33.2 0.32

25 Glucose‐6‐phosphate isomerase A0A068WLH0 Cytoplasm 0.80 49.8 0.67

26 Glyceraldehyde‐3‐phosphate dehydrogenase A0A068WKQ2 Cytoplasm 0.80 29.4 0.71

27 Heat shock 70 kDa protein A0A068X4W2 Cytoplasm 0.96 36.1 0.67

28 Heat shock 70 kDa protein 4 A0A068WHV0 Cytoplasm 0.92 35.0 0.82

29 Heat shock 70 kDa protein 4 U6JIC8 Cytoplasm 0.90 34.3 0.84

30 Heat shock protein 60 A0A068WSG0 Mitochondrion 0.66 33.5 0.79

31 Heat shock protein 71 kDa protein A0A068X560 Cytoplasm 0.93 35.1 0.82

32 Heat shock protein HSP 90α W6UM50 Cytoplasm 0.73 38.9 0.74

33 Major egg antigen p40 U6JBW8 Mitochondrion 0.74 31.5 0.28

34 Major vault protein A0A068WUZ9 Cytoplasm 0.42 39.5 0.56

35 Malate dehydrogenase A0A068WYB8 Mitochondrion 0.43 37.7 0.63

36 Malate dehydrogenase A0A068X1L3 Cytoplasm 0.45 41.6 0.63

37 Mechanosensory protein 2 A0A068WM93 Cell membrane 0.58 69.3 0.40

38 Nucleoside diphosphate kinase A0A068WL30 Cytoplasm 0.24 150 0.43

39 Paramyosin A0A068WA67 Cytoplasm 0.87 34.6 0.73

40 Peptidyl‐prolyl cis‐trans isomerase P14088 Cytoplasm 0.92 32.6 0.77

41 Peptidylprolyl isomerase A0A068X276 Cytoplasm 0.89 22.0 0.58

42 Phosphatase 2a inhibitor i2pp2a A0A068WLN2 Nucleus 0.85 50.2 0.38

43 Phosphoenolpyruvate carboxykinase A0A068X1L0 Cytoplasm 0.60 35.3 0.61

44 Protein disulfide‐isomerase A0A068WIL3 Cytoplasm 0.80 37.7 0.27

45 SPRY domain containing protein A0A068WNG3 Cytoplasm 0.94 35.0 0.11

(Continues)
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7 corresponded to “unique” proteins (#8, #11, #17, #33,
#44, #45, and #58), and four were “highly divergent”
proteins (#1, #14, #16, and #23). Moreover, two of them
(#8 and #45) were “unique” as well as highly antigenic,

and were identified for the first time in this study
(Tables 1 and 2).

3.6 | 3D modeling and epitope mapping

3D models of those 15 proteins exhibiting at least one
clean linear B cell epitope that overcame our previous
analysis, were obtained using RaptorX software. In this
regard, among the 15 obtained models not a clear
predominant tertiary structure was observed (Figure 4).
Then, to analyze epitope surface accessibility, selected
petides etides were mapped in their 3D‐modeled parental
protein as described elsewhere.26 Only models with
uGDT≥ 50 were selected, resulting in 14 good models
(Figure 4). Regarding “SPRY domain containing protein”
(#45 in our set), its 3D model did not reach the uGDT
threshold and it was discarded from accessibility analysis
(Figure 4P). Then, by means of SWISS‐PdbViewer, we
assessed the surface accessibility to antibodies, obtaining
14 accessible epitopes. One of them, corresponding to
“Heat shock 70 kDa protein 4” (#29 in our set), although
mapped on a good 3D model (uGDT= 470), it located on
a highly disordered portion of the predicted model, and
therefore it was discarded (Figure 4O). Finally, we
rationally identified 14 accessible clean linear B cell
epitopes—belonging to 13 different proteins present in
PSEx—which deserve further testing as vaccine candi-
dates against E. granulosus infection (Table 3). Interest-
ingly, among the parental proteins of such epitopes, 3 of
them belonged to the set of 22 proteins identified for the

TABLE 2 (Continued)

Number Protein name Accession number Localization Antigenicity AAR US

46 Structural maintenance of chromosomes protein A0A068WEW7 Nucleus 0.66 42.1 0.41

47 Superoxide dismutase [Cu‐Zn] W6V988 Cytoplasm 0.86 35.6 0.58

48 Thioredoxin peroxidase Q8T6C4 Cytoplasm 0.67 64.7 0.65

49 Triosephosphate isomerase U6JN02 Cytoplasm 0.62 35.9 0.81

50 Tubulin β chain A0A068WEL5 Cytoplasm 0.83 37.0 0.97

51 Tubulin β chain A0A068WLA0 Plastid 0.84 43.0 0.86

52 Tubulin β chain A0A068WQC9 Cytoplasm 0.73 42.5 0.78

53 Tubulin β chain U6JJN6 Cytoplasm 0.84 37.2 0.97

54 Tubulin β chain U6JM68 Cytoplasm 0.78 37.1 0.96

55 Tubulin β/β2 chain A0A068WML9 Cytoplasm 0.76 37.2 0.96

56 Uncharacterized protein U6JRE4 Mitochondrion 0.46 37.1 NH

57 UTP‐glucose‐1‐phosphate uridylyltransferase W6UT22 Cytoplasm 0.69 59.3 0.58

58 Vesicular amine transporter A0A068X307 Cell membrane 0.72 24.7 0.17

Abbreviations: AAR, abundance of antigenic region; ER, endoplasmic reticulum; NH, no hit protein obtained by BLASTp; NP, not performed due to software
limitations; US, uniqueness score.
The full PSEx proteome was characterized through several immunobioinformatic tools. “Localization” column shows the predicted subcellular localization of
each protein. “Antigenicity” and “AAR” columns show the predicted values for antigenicity and abundance of antigenic regions, respectively. “US” column
shows the uniqueness score calculated for each protein. NH, no hit protein obtained by BLASTp (indicating query coverage and identity percentage smaller
than 25%), thus a US value of 0.00 was assigned. Details of software settings are described in Section 2.

FIGURE 3 In silico prediction of peptide‐based vaccine
candidates. Bioinformatic workflow designed and used for
predicting antigenic peptides derived from experimentally
identified proteins within PSEx. Details on software settings are
described in Section 2
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first time in this study (#3, #8, and #53). Additionally, 4
(#1, #14, #16, and #23) and 6 (#8, #11, #17, #33, #44, and
#58) proteins were classified as “highly divergent” or
“unique”, respectively (Table 2).

4 | DISCUSSION

Due to the increasingly high economic and health costs
of CE, new effective vaccines are needed for primary
and/or secondary infections. The only currently mar-
keted vaccine was designed for primary infection of sheep
against parasite G1 genotype, but its performance against
different E. granulosus sensu lato genotypes has to be
analyzed.7,8,42 Several studies have shown promising
results for new vaccines against CE, although a robust
alternative has not been proposed so far.4 In this sense,
an antigenic fraction composed of tegumental antigens
from E. granulosus PSC (termed PSEx) has been
previously shown to induce specific antibodies in dogs43

as well as in sheep44; and to induce protection against
secondary infection in CD1 immunized mice.18 Although
PSEx is assumed to contain only tegumental antigens, no
extensive characterization has been performed so far.
Additionally, since tegumental components would be the
first ones to interact with the host immune system,
identifying putative protective antigens within this
fraction is a logical approach for designing new vaccines
against E. granulosus. In the present study, we aimed at
identifying—and designing—novel vaccine candidates
against E. granulosus based on PSEx characterization
through a multidisciplinary approach that combined
TEM, proteomics, and bio‐immuno‐informatics.

First, we characterized some biochemical properties of
PSEx. In this sense, we initially measured its protein,
carbohydrate and lipid content, showing that PSEx is an
antigenic fraction mainly enriched in proteins and lipids.
Then, to test whether PSEx is primarily composed of
tegumental antigens, we performed TEM studies on pre‐
PSEx‐extracted and post‐PSEx‐extracted PSC. In this

FIGURE 4 Mapping of clean linear B cell epitopes in 3D‐modeled protein structures. For every protein that exhibited at least one
selected peptide, a 3D‐modeled structure was predicted by means of RaptorX software, and the clean linear B cell epitopes were visualized in
the 3D models using DeepView. For visualization purposes, 3D overall structure are represented in gray, while mapped epitopes are depicted
in yellow. The corresponding proteins are: A,B, calreticulin (#14); C, ankyrin (#8); D, endophilin B1 (#17); E, heat shock protein 60 (#30);
F, actin (#3); G, annexin (#11) H, citrate synthase (#16); I, tubulin β chain (#53); J, 14‐3‐3 protein (#1); K, fructose‐bisphosphate aldolase
(#23); L, major egg antigen p40 (#33); M, vesicular amine transporter (#58); N, protein disulfide‐isomerase (#44); O, heat shock 70 kDa
protein 4 (#29); P, SPRY domain containing protein (#45)
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regard, we observed that PSEx extraction completely
disrupted the external tegumental layer of PSC, without
any remarkable morphological changes in inner parasite
structures. In fact, while distal cytoplasm and tegumental
spikes disappeared almost completely after PSEx extrac-
tion, the fibrous zone, muscle cells, and inner PSC
structures showed little, if any, modifications (Figure 1A
and 1B). Therefore, we concluded that PSEx mostly
contains antigens derived from PSC distal cytoplasm and
tegumental spikes, which might include cytoplasmic,
vesicular, and/or mitochondrial proteins.

Second, 2D electrophoresis was applied to PSEx to the
extent of performing proteomic analyses by mass spectro-
metry. A complete list of the 58 identified proteins in
PSEx is shown in Table 1. It is worth mentioning that
some proteins were found in multiple spots—either in
both gels or multiple times within the same gel—and,
therefore, their MASCOT scores correspond to the lowest
one and the sequence coverage correspond to a recon-
struction made with the peptides obtained from every
matching spot (maximum combined sequence coverage).

Several proteomic analyses of different E. granulosus
stages or antigenic fractions have been reported up to
date, including PSC excretion/secretion products,33 so-
matic antigens of PSC20,34,37,40 somatic antigens of adult
worms,34 hydatid fluid from fertile, and infertile
cysts,35,38,39 as well as extracellular vesicles obtained
from fertile hydatid fluid.36 Among the 58 proteins we
reported for PSEx, 36 of them were previously identified
in at least one of the abovementioned studies, while 22
proteins were described for the first time in the present
work (Table 1). Furthermore, several of the here‐
identified proteins have been proposed as vaccine
candidates against E. granulosus.4,45,46 Among them,
Eg.P29—also known as endophilin B1 (#17 in our set)
—revealed significant protective activity against second-
ary infection in mice,47 as well as against primary
infection in sheep,48 inducing in both cases roughly
95% protection levels. According to our classification, this
protein is “unique” (US: 0.24) and highly antigenic
(ANTIGENpro score: 0.94), showing an AAR value (42.2)
similar to the one obtained for the whole PSEx proteome.

Third, we performed an extensive immunobioinfor-
matic characterization of PSEx proteome, including
global as well as a protein‐by‐protein analyses. Regarding
PSEx global analysis, we performed a GO terms study. It
is worth mentioning that since PSEx proteome was
identified via 2DE followed by MALDI‐TOF/TOF, it is
impossible to know which protein(s) is more abundant.
Thus, unlike GO enrichment analysis—where the
frequency a term is found is taken into consideration—
our GO analysis only included unique terms describing
the whole fraction characteristics. Therefore, our results

show that proteins within PSEx are mostly involved in
microtubules‐associated processes related to vesicles
structures, and exhibit diverse metabolic functions
(Figure 2). These results are in accordance with the
already known functions of PSC tegument.49 As seen in
Figure 1A, PSC tegument (particularly its distal cyto-
plasm) is heavily composed of vesicular structures, which
can be arranged in tegumental spikes (probably through
microtubule rearrangement). Additionally, PSC tegument
is extremely important in several aspects of parasite
metabolism, like nutrient absorption and waste dispo-
sal.49 Our GO analysis also suggested that PSC tegument
might act as a defensive barrier against the host attack, as
it is involved in stress response processes (eg, removal of
superoxide radicals). Also, our results showed a pre-
dominance of cytoplasmic and, to a lesser extent,
mitochondrial proteins within PSEx (Table 1), and
although such results might seem contradictory with
GO results, it is important to bear in mind that PSC
tegument is a cellular syncytium whose outer layer is the
distal cytoplasm, where mitochondria are usually
found.49

Although the information provided by our GO and
subcellular analyses is valuable, it does not allow to
identify novel putative protective antigens. Therefore, we
further studied other characteristics of PSEx proteome,
such as protein‐by‐protein intrinsic antigenicity and
conservancy values. Regarding antigenicity, most pro-
teins within PSEx (74%) were predicted to be highly
antigenic and displaying relatively low AAR values
(mean of PSEx proteome = 41.0). AAR value is an inverse
measure of antigenicity, mostly used to measure the
antigenicity of a set of proteins. Interestingly, the mean
AAR value of PSEx proteome is slightly higher than the
value predicted for a set of secreted proteins from
parasitic cestodes (mean AAR= 24.5) proposed as highly
antigenic candidates useful for serodiagnosis.26 Then,
when analyzing proteins' “uniqueness score”—a measure
of protein divergence obtained by BLASTp against
nonhelminth organisms—we observed that over 40% of
PSEx proteins can be assessed as “highly divergent” (US
values in the 0.5‐0.8 range) and 34% as “unique” proteins
(US < 0.5). On the basis of these results, and bearing in
mind that PSEx is able to induce protection after
immunization,18we propose nine new proteins to be
further tested as vaccine candidates against E. granulosus
infection. Those proteins were selected from the set of 22
proteins identified for the first time in the present study
since they are: (i) either “highly divergent” or “unique”,
and (ii) highly antigenic. According to our protein
set, candidate proteins are: (#7) aldo keto reductase
family 1 member B4, (#8) ankyrin, (#21) fatty acid
binding protein FABP2, (#27) heat shock 70 kDa protein,

14 | MILES ET AL.



(#37) mechanosensory protein 2, (#41) peptidylprolyl
isomerase, (#42) phosphatase 2a inhibitor i2pp2a, (#45)
SPRY domain containing protein, and (#52) tubulin β
chain. Unfortunately, since no additional information is
available on possible polymorphisms in such proteins,
their potential as universal vaccine candidates needs to
be further studied.

Additionally, we also predicted and selected
PSEx‐derived peptides to be further tested as epitope‐
based vaccines. To that end, we designed and applied a
novel working pipeline following a step‐by‐step reduc-
tion to select linear B cell epitopes free of PTMs on
the native protein, which are not present in any other
non‐helminth organism, exhibiting similar secondary
structure to the native peptide within the parental
protein and displaying neither toxicity nor allergenicity
potential (Figure 3). Additionally, surface antibody
accessibility to the peptides within the native protein
was also assessed (Figure 4). Here, it is worth mention-
ing that when deciding to use peptides as vaccines
antigens in a carrier‐conjugated format, some considera-
tions must be taken into account. In this sense, although
peptide synthesis can be performed in a nonbiological
way, greatly reducing manufacturing costs, only a half of
them, when conjugated to a carrier protein, have shown
the ability to induce cross‐reactive antibodies against the
native protein.41 In this sense, our workflow aimed at
maximizing this cross‐reactivity potential by performing
SSS analyses in early developmental stages. In addition,
predicting their surface accessibility to antibodies would
probably increase their success.26 Another key‐step in
our pipeline is selecting peptides only found in helminth
species. This step, in combination with the “uniqueness”
analysis would be useful for two main reasons. On the
one hand, if peptide sequences are present in host
proteins, no antibody induction would probably occur
because of tolerance processes or, if produced, self‐
reacting antibodies could display autoimmunity‐indu-
cing potential. On the other hand, if peptide sequences
are present in other pathogens, then induced antibodies
could interfere in diagnostic tests deriving in false‐
positive results in clinical settings. An additional
consideration that must be taken into account when
designing peptide‐based vaccines is the need for protein
carriers, which possess T cell epitopes useful for
T‐dependent antibody production. Although this
seems to be a drawback for peptide‐based vaccines, it
may actually be an opportunity for success since
“unique” epitopes could be used even when the whole
protein shows low US. For example, by attaching
unique epitopes like those described for actin (#3, US:
0.93) or tubulin β chain (#50, US: 0.97) to a carrier
protein, specific antibodies against the peptide could be

obtained, with cross‐reactive binding to the native
protein, bypassing possible host tolerance mechanisms.
However, this hypothesis has still to be experimentally
confirmed.

Finally, it is important to highlight that as far as our
knowledge extends, the present study is the first one to
perform linear B cell epitope predictions within mass
spectrometry identified protein fragments to identify
clean linear B cell epitopes, that is, free of PTMs. Such
a strategy, in combination with additional bioinformatic
tools, constitutes a novel rational approach for identifica-
tion of potential peptide‐based vaccine candidates. In this
regard, we finally suggested 14 novel peptides derived
from 13 different proteins—ranging from 9 to 46 amino
acids in length—to be further tested as vaccine candi-
dates against E. granulosus infection (Table 3). Interest-
ingly, one of those peptides (#3 in Table 3) belonged to
one of the proteins also proposed as new vaccine
candidates (#8 in Table 1). We are currently designing
the effectiveness testing of the suggested vaccine candi-
dates. To that end, in vivo immunogenicity will be firstly
assessed in mice, and those effectively immunogenic will
be further studied for their ability to induce antibodies
with in vitro parasite‐killing activity. Finally, promising
candidates will be tested in the murine model of
secondary CE,50 and protective antigens might be later
assayed in experimental infections using relevant live-
stock species.
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A B S T R A C T   

Echinococcus granulosus sensu lato (s.l.) is the helminth parasite responsible for cystic echinococcosis, a neglected 
tropical disease currently affecting millions of people worldwide. Incomplete knowledge on the parasite 
biochemistry contributes, at least partially, to the limited development of useful biotechnological advances for 
the infection control. In this sense, little information is available regarding post-translational modifications 
(PTMs) occurring in E. granulosus s.l. proteins, which ultimately may affect the performance of biotechnological 
products to be developed. Therefore, we report here a proteomic analysis of the parasite PTMs identified through 
FindMod software applied to a set of tegumental proteins previously characterized by mass spectrometry 
(MALDI-TOF/TOF) analysis of protein spots from a 2D electrophoresis gel. Manual searches for already anno-
tated proteins exhibiting such PTMs were also performed within proteome databases of E. granulosus s.l. and 
other platyhelminthes. In addition, key enzymes involved in PTMs modifications were searched for within 
E. granulosus s.l. proteome. Finally, the presence of selected PTMs was further confirmed by a high-resolution 
proteomic approach (nanoLC-MS/MS). A set of 22 different PTMs most likely to be present in the parasite 
was suggested, 9 of them with high confidence as they were identified in the same m/z fragment by both pro-
teomic techniques (acetylation, deamidation, deamidation followed by methylation, mono- and di- 
hydroxylation, mono- and di-methylation, S-nitrosylation and phosphorylation). Interestingly, 5 PTMs were 
herein identified for the first time in E. granulosus s.l. proteins. Our results expand the scarcely studied topic of 
PTMs in platyhelminthes.   

1. Introduction 

Echinococcus granulosus sensu lato (s.l.) is a helminth parasite 
affecting both the human and livestock health, resulting in major im-
pacts in public sanitary systems as well as in regional economies. Human 
incidence of this cosmopolitan infection, known as cystic echinococ-
cosis, is estimated to be as high as one million people worldwide, 
accompanied by annual livestock production losses reaching USD 2 
billion (Budke et al., 2006). Different control programs against 
E. granulosus s.l. infection have been applied, focusing on health edu-
cation, anthelmintic drugs administration, and control/elimination of 
home slaughters. However, a deeper knowledge on E. granulosus s.l. 
biology is required for an optimal control of the infection (Craig et al., 
2007). The complex life cycle of this parasite makes the study even more 
difficult, since it requires two different mammalian hosts with several 

parasite stages adapted to each one: while the adult worms infect the 
intestines of definitive hosts (canids), the metacestodes -or hydatid 
cysts- are found within intermediate hosts (domestic and wild ungulates, 
accidentally humans). Fertile hydatid cysts are filled with infective 
protoscoleces which can developed either into adult worms if ingested 
by definitive hosts, or into new hydatid cysts within intermediate hosts 
in case of cyst rupture (Thompson and Lymbery, 1995). 

Development of novel or improved diagnostic tools and vaccination 
strategies against E. granulosus s.l. infection is not an easy task, and 
several important features of parasite proteins must be considered. For 
example, the natural presence of post-translational modifications 
(PTMs) is of outstanding importance for designing recombinant anti-
gens. Since PTMs normally affect the biochemical properties of proteins 
through influencing their structure and/or function, the selection of 
expression systems with different abilities to generate PTMs is a highly 
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relevant bottleneck. Hundreds of PTMs have been characterized up-to- 
date in different organisms, which are mostly introduced into target 
proteins through specific enzymatic steps and/or pathways (Walsh, 
2010). However, systematic analyses on PTMs within E. granulosus s.l. 
proteins are lacking, and only few works reporting glycosylation 
(Alvarez Errico et al., 2001; Khoo et al., 1997), acetylation (Virginio 
et al., 2012) and amidation (McVeigh et al., 2005) are available. 

Herein we report novel proteomic evidence regarding PTMs present 
in tegumental proteins from E. granulosus s.l. protoscoleces. Addition-
ally, deep literature revisions and database searches on PTMs-related 
key enzymes were also performed. Finally, we propose a list of 
different PTMs most likely to be present in tegumental proteins from 
E. granulosus s.l. protoscoleces. 

2. Materials and methods 

2.1. MALDI-TOF/TOF identification of PTMs 

Putative PTMs present in E. granulosus s.l. tegumental proteins were 
analyzed by means of the free online software FindMod (Wilkins et al., 
1999) using data from 63 MALDI-TOF/TOF spectra corresponding to 58 
proteins previously obtained by our group after 2D-PAGE spots analysis 
(Miles et al., 2019). The same criteria as in MASCOT searches were 
applied: cysteine carbamidomethylation and methionine oxidation were 
set as variable modifications, mass deviation < 200 ppm, and allowance 
up to one trypsin miss-cut. Accordingly, a list of putative PTMs exhib-
iting suitable masses likely to be present in at least one non-matching 
m/z value was obtained. FindMod analyses considered a set of addi-
tional rules for each PTM, accessible through the software website 
(https://web.expasy.org/findmod/findmod_masses.html), such as the 
presence of specific amino acid(s) within the resulting peptide. 

2.2. Database searches for PTMs and related enzymes 

An exhaustive literature revision regarding PTMs present in 
E. granulosus s.l. proteins was performed, focusing on PTMs identifiable 
through FindMod software. UniProtKB database (last access on August 
2020) was also manually searched for annotated proteins showing PTMs 
within E. granulosus s.l. and/or other platyhelminthes proteomes. A list 
of key enzymes usually involved in each analyzed PTM was obtained, 
and their presence was searched for within the E. granulosus s.l. prote-
ome. Key enzymes as well as their generic terms are listed in Supple-
mentary 1. 

2.3. Confirmation of PTMs by nanoLC-MS/MS 

A tegumental proteome obtained by nanoLC-MS/MS was further 
used for confirmation of the PTMs identified through FindMod software 
applied to MALDI-TOF/TOF spectra, as well as supported by previous 
annotations and/or identification of their corresponding key enzymes. 
Mass spectra previously acquired in an Orbitrap analyzer (CEQUIBIEM, 
CONICET, Buenos Aires, Argentina) (Miles et al., 2020) were analyzed 
by means of the software PatternLab for Proteomics 4 (Carvalho et al., 
2016). The presence of empirically identified PTMs was analyzed over a 
custom database composed of the 58 proteins previously identified by 
MALDI-TOF/TOF (Miles et al., 2019). For each PTM, a search was per-
formed including cysteine carbamidomethylation and methionine 
oxidation, as well as the corresponding PTMs, as variable modifications. 
In addition, up to one trypsin miss-cut was allowed. 

3. Results 

3.1. Identification of PTMs through MALDI-TOF/TOF 

Mass spectra previously used to identify E. granulosus s.l. tegumental 
proteins were analyzed through FindMod software (Wilkins et al., 

1999). Firstly, we obtained a list of PTMs derived from the subtraction of 
their masses in original non-matching m/z values resulting in new 
matching peptides within each protein. Then, non-enzymatic PTMs and 
cofactors were excluded from the list, as well as PTMs limited to 
phylogenetic kingdoms or taxonomies not including Platyhelminthes (e. 
g. bacteria, archaea, plants or chordata). Additionally, since no elon-
gation factor was identified among the 58 proteins, PTMs associated 
with such proteins were not considered in further analyses. Results in 
Table 1 show the resulting 27 PTMs identified through FindMod 
software. 

3.2. Analyses of potential PTMs in protein databases 

Annotated proteins showing any of the FindMod-identified PTMs 
were searched for within UniProtKB database under E. granulosus s.l. 
species or Platyhelminthes phylum. Accordingly, 13 FindMod-identified 
PTMs were successfully identified: 5 of them within E. granulosus s.l. 
annotated proteins and 8 additional PTMs in other platyhelminthes 
(Table 1). In parallel, a list of key enzymes required to perform each of 
the identified PTMs (Supplementary 1) were searched for within 
E. granulosus s.l. protein database. In this regard, 22 key enzymes were 
directly identified within E. granulosus s.l. proteome, corresponding to 
all of the 13 PTMs found annotated within E. granulosus s.l. and/or 
platyhelminthes proteomes, as well as 9 additional FindMod-identified 
PTMs (Table 1). 

3.3. Confirmation of PTMs through nanoLC-MS/MS 

FindMod-identified PTMs that were additionally supported by either 
database annotations and/or identification of their corresponding key 
enzymes (22 PTMs in total), were further studied using mass spectra 
previously acquired by nanoLC-MS/MS (Orbitrap). Most PTMs (19 in 
total) found within the MALDI-TOF/TOF proteome were also observed 
by Orbitrap. Only ADP-ribosylation, amidation and glutathionylation 
were not identified in the nanoLC-MS/MS proteome (Fig. 1). 

3.4. High confidence PTMs 

PTMs identified in the same protein by both MALDI-TOF/TOF and 
nanoLC-MS/MS were further searched for within m/z peptide fragments. 
In this way, 9 PTMs (acetylation, deamidation, deamidation followed by 
methylation, mono- and di-hydroxylation, mono- and di-methylation, S- 
nitrosylation and phosphorylation) were identified in the same m/z 
values granting them a high presence confidence. 

4. Discussion 

Post-translational modifications (PTMs) in proteins from eukaryotic 
organisms are of outstanding relevance not only for studying basic as-
pects of their biology, but also for the development of potential 
biotechnological applications. In most helminth parasites, including 
E. granulosus s.l., such information is an almost unexplored topic. 
Available reports have shown only a small number of PTMs to be present 
in E. granulosus s.l. proteins, like amidation (McVeigh et al., 2005), 
N-terminal acetylation (Virginio et al., 2012) and N- and O-glycosylation 
(Alvarez Errico et al., 2001; Liu et al., 2002), mostly within the proto-
scolex stage. In addition, geranyl-geranylation (Spiliotis and Brehm, 
2004) and S-farnesylation (Spiliotis et al., 2005) have been reported in 
the closely related cestode parasite E. multilocularis, while man-
nosylation was reported within Taenia solium proteins (Plancarte et al., 
1999). 

Identification of PTMs within a protein is a hard task, which turns 
really complex when trying to do it for a complex mixture of proteins. 
The present study aimed at obtaining empiric evidence regarding po-
tential PTMs present in tegumental proteins of E. granulosus s.l. by means 
of mass spectrometry analysis. Spectra previously obtained for protein 
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identification by MALDI-TOF/TOF (Miles et al., 2019) were firstly 
analyzed through FindMod software (Wilkins et al., 1999), resulting in a 
list of 27 putative mass-adequate PTMs (Table 1). Then, in deep searches 
within UniProtKB database were performed looking for annotated pro-
teins with any of the 27 suggested PTMs. Interestingly, and since data-
base entries are independent of published reports, some E. granulosus s.l. 
proteins were found to be annotated with PTMs not previously found in 
our literature revision. In fact, although 5 different PTMs were found 
within E. granulosus s.l. annotated proteins (Table 1), only 2 of them 
(acetylation and glycosylation) belonged to published reports (Alvarez 
Errico et al., 2001; Khoo et al., 1997; Virginio et al., 2012). UniProtKB 
database regarding E. granulosus s.l. is largely incomplete, and thus we 
further complemented the analysis by expanding the searches for 
PTMs-containing proteins in other members of the Platyhelminthes 
phylum. This strategy allowed us to identify 8 additional PTMs within 
annotated proteins: 3 of them (methylation, geranyl-geranylation and 
cysteine persulfide) in the closely related cestode E. multilocularis, and 5 
in other more distant Platyhelminthes. Thus, 13 out of the 27 
FindMod-identified PTMs received additional supporting data within 
annotated proteins in UniProtKB database (Table 1). 

Since only PTMs introduced through specific enzymatic steps and/or 
pathways were analyzed, key enzymes involved in the list of 27 
FindMod-identified PTMs were looked for within the E. granulosus s.l. 
proteome. Searches retrieved 22 key enzymes, including those required 
for the 13 PTMs previously identified in annotated proteins from 
E. granulosus s.l. and/or other platyhelminthes (Table 1). The key en-
zymes required for the 9 additional FindMod-identified PTMs were also 
found, even though no annotated protein carrying such PTMs was pre-
sent within the phylum Platyhelminthes in the UniProtKB database. 
However, it is worth mentioning that 3 of them (di-hydroxylation, di- 
methylation and tri-methylation) can be considered as multiples of 
single modifications, which were successfully found within annotated 
proteins (Table 1). Taking into account both the proteomic evidence 
obtained through FindMod software as well as the supporting evidence 
found in the UniProtKB database, we proposed 22 PTMs to be most likely 

Table 1 
FindMod-identified PTMs. For each identified PTM, proteins annotated exhibiting them were searched for in the UniProtKB database of E. granulosus s.l. species and 
Platyhelminthes phylum. “Abbreviation” corresponds to the code used to identify each PTM by the software. Check mark (P) indicates that at least one protein was 
found exhibiting any identified PTMs, or a related key enzyme for that PTM in UniProtKB database.  

Abbreviation Post-translational Modification Monoisotopic mass (Da) Found in Key enzyme in E. granulosus s.l. 

E. granulosus s.l. Other Platyhelminthes 

ACET Acetylation 42.0106 ✓ ✓ ✓ 
ADP ADP-ribosylation 541.0610 – – ✓ 
AMID Amidation − 0.9847 – ✓ ✓ 
BROM Bromination 77.9105 – – – 
CSEA Cysteine sulfenic acid (-SOH) 15.9949 ✓ ✓ ✓ 
CSIA Cysteine sulfinic acid (-SO2H) 31.9898 – – – 
CYSP Cysteine persulfide 31.9721 – ✓ ✓ 
DEAM Deamidation 0.9840 – – ✓ 
DEAME Deamidation followed by a methylation 14.9997 – – ✓ 
DIHYDR Dihydroxylation 31.9898 – – ✓ 
DIMETH Dimethylation 28.0314 – – ✓ 
FARN S-farnesyl cysteine 204.1878 – ✓ ✓ 
FORM Formylation 27.9949 – – – 
GERA Geranyl-geranylation 272.2504 – ✓ ✓ 
GGLU Gamma-carboxyglutamic acid 43.9898 – – – 
GLCN O-GlcNac 203.0794 ✓ ✓ ✓ 
GLUT Glutathionylation 305.0681 – – ✓ 
HYDR Hydroxylation 15.9949 – ✓ ✓ 
METH Methylation 14.0157 – ✓ ✓ 
MYRI Myristoylation 210.1984 – ✓ ✓ 
NTRY S-Nitrosylation 28.9902 – – ✓ 
OCTA n-Octanoate 126.1044 – – ✓ 
PALM Palmitoylation 238.2297 – ✓ ✓ 
PHOS Phosphorylation 79.9663 ✓ ✓ ✓ 
SULF Sulfation 79.9568 ✓ ✓ ✓ 
TRIMETH Trimethylation 42.0470 – – ✓ 
TRIMETK N6,N6,N6-Trimethyl-5-hydroxylysine 59.0497 – – –  

Fig. 1. Relative presence of PTMs according to the proteomic techinque. The 
number of proteins each PTM was identified in either by MALDI-TOF/TOF 
(black) or nanoLC-MS/MS (gray) is shown. The number of m/z fragments 
showing the same PTMs identified by both proteomic techniques is shown 
in brackets. 
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present within E. granulosus s.l. tegumental proteins, even though 
additional PTMs might also occur. Furthermore, 19 of those PTMs were 
also identified within tegumental proteins by proteomic analysis with a 
higher-resolution mass spectrometry technique, as well as 9 PTMs were 
observed in the same protein-derived m/z fragment by both techniques, 
greatly increasing their likelihood to be present in that protein. 

Both utilized proteomic techniques have intrinsic limitations, but the 
in-tandem combination of MALDI-TOF/TOF followed by nanoLC-MS/ 
MS for PTMs identification complements each other. FindMod and 
PatternLab software use the monoisotopic mass of the PTM, and a set of 
rules (i.e. the presence of an amino acid the PTM can be bound to), to 
identify potential PTMs within a single m/z value. Unfortunately, some 
PTMs share such criteria. For example, molecular masses for phos-
phorylation (79.9663 Da) and sulfation (79.9568 Da) are not only 
similar, but also both can be bound to the same amino acid (tyrosine). 
This turns their discrimination into a hard task for the softwares, as both 
PTMs are predicted within the output of a single m/z value. For MALDI- 
TOF/TOF spectra, this limitation is even worse due to its lower resolu-
tion. However, the number of matching m/z values used to identify 
proteins through MALDI-TOF/TOF is higher than in nanoLC-MS/MS 
since only one 2D-PAGE spot is analyzed at a time, corresponding 
most likely to only one protein (Miles et al., 2019). On the other hand, in 
nanoLC-MS/MS the whole proteome is analyzed all together, and thus a 
lower number of matching m/z values are required to identify a single 
protein (Miles et al., 2020). Therefore, identification of PTMs firstly by 
MALDI-TOF/TOF usually results in a high number of m/z fragments 
potentially containing PTMs -and a greater number of possible PTMs- 
that can be validated in a second step by a higher resolution technique 
(nanoLC-MS/MS). Nevertheless, this is an exploratory analysis that 
might require further studies to corroborate the existence of the sug-
gested PTMs. 

Nine PTMs -mostly simple modifications- were identified in teg-
umental proteins with an extremely high confidence, as they were 
identified in the same m/z fragment by both techniques. Protein dea-
midation has been recently linked to apoptosis and other regulatory 
functions (Yang and Zubarev, 2010), which involves the removal of the 
amine functional group in the side chain of asparagine or glutamine. 
This modification can occur either spontaneously or in an enzyme driven 
way, affecting the reliability of its identification in proteomic studies, as 
in our cases (Miles et al., 2020, 2019). Protein (mono- and di-) hy-
droxylation and (mono- and di-) methylations are known to be common 
eukaryotic modifications involved in protein regulation and protein/-
protein interaction (Biggar and Li, 2015; Zurlo et al., 2016), similar to 
phosphorylations, which were found to a lesser extend. Protein deami-
dation followed by methylation is a combination of those two previously 
mentioned modifications. Non-histone protein acetylation was also 
indentified which has been recently asociated with gene transcription 
and signal transduction functions (Xia et al., 2020), while the covalent 
attachment of a nitric oxide group to cysteine thiol (S-nitrosylation), has 
been assigned regulatory and signaling roles (Hess et al., 2005). In 
accordance to previous reports (Virginio et al., 2012), proteins exhib-
iting acetylation in the same m/z peptide were also observed by both 
techniques. Interestingly, 5 of these high confidence PTMs (deamida-
tion, deamidation followed by methylation, S-nitrosylation, 
di-hydroxylation and di-methylation) have not been previously reported 
neither in E. granulosus s.l. nor in other platyhelminthes. Ten additional 
PTMs were identified by both techniques, 9 of which were previously 
reported in E. granulosus s.l. or other platyhelminthes, with key enzymes 
observed in E. granulosus s.l. proteome for all 10 of them. 

Although the results reported here are sustained by bioinformatic as 
well as empiric evidence, relevant considerations must be taken into 
account. Firstly, taxonomic classification of E. granulosus is still a 
controversial issue which led to the division of E. granulosus into nine 
main genotypes (G1-G8, G10) (Nakao et al., 2010), being E. granulosus s. 
l. the name that includes them all. Secondly, UniProtKB data regarding 
E. granulosus s.l. is mostly composed of annotations from two G1-strain 

genome analyses (Tsai et al., 2013; Zheng et al., 2013), which exhibit 
important differences among them. Thirdly, E. granulosus s.l. exhibits a 
complex life cycle with several parasite stages, and here analyses were 
performed only over tegumental proteins from protoscoleces. Although 
these proteins could also be expressed in other stages, additional PTMs 
could be present throughout the parasite life cycle. 

5. Conclusions 

The present study provides proteomic evidence for potential PTMs 
present in tegumental proteins of E. granulosus s.l. protoscoleces. Sup-
porting data on their occurrence was searched for within annotated 
proteins in UniProtKB database, as well as through identification of key 
enzymes involved in their generation within the E. granulosus s.l. pro-
teome. We suggest 22 different PTMs most likely to be found within 
tegumental proteins, 9 of them identified with an extremely high con-
fidence: acetylation, hydroxylation, methylation, phosphorylation, 
deamidation, deamidation followed by methylation, S-nitrosylation, di- 
hydroxylation and di-methylation. In addition, the last 5 PTMs were 
here identified for the first time in E. granulosus s.l. and in other platy-
helminthes. Our results expand the scarcely studied topic of PTMs 
within members of the phylum Platyhelminthes, whether parasites or 
free-living. 

Supplementary material 

Supplementary 1. List of key enzymes required to perform each of 
the identified PTMs. Enzymes found within E. granulosus s.l. database are 
shown in bold letters. “Abbreviation” corresponds to the code used to 
identify each PTM by the software. Asterisks (*) indicate that not a single 
enzyme is known to perform the corresponding PTM or that an involved 
enzyme has not been described yet. 
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A B S T R A C T

Successful establishment of a parasite infection depends partially on the host intrinsic susceptibility to the pa-
thogen. In cystic echinococcosis (CE), a zoonotic disease caused by the cestode parasite Echinococcus granulosus,
the infection outcome in the murine model of secondary CE varies according to the mouse strain used. In this
regard, intrinsic differences in susceptibility to the infection were previously reported for Balb/c and C57Bl/6
mice, being C57Bl/6 animals less permissive to secondary CE. Induction of parasite-specific antibodies has been
suggested to play relevant roles in such susceptibility/resistance phenomena. Here, we report an in deep
comparison of antibody responses induced in both mouse strains. Firstly, only C57Bl/6 mice were shown to
induce specific-antibodies with efficient anti-parasite activities during early secondary CE. Then, through
ImmunoTEM and Serological Proteome Analysis (SERPA), an evaluation of specific antibody responses targeting
parasite tegumental antigens was performed. Both strategies showed that infected C57Bl/6 mice -unlike Balb/c
animals- narrowed their IgG recognition repertoire against tegumental antigens, targeting fewer but potentially
more relevant parasite components. In this sense, tegumental antigens recognition between Balb/c and C57Bl/6
mice, either by natural and/or induced antibodies, was analyzed through SERPA and MALDI-TOF/TOF studies. A
total of 13 differentially recognized proteins (DRPs) uniquely targeted by antibodies from C57Bl/6 mice were
successfully identified, wherein a subset of 7 DRPs were only recognized by infection-induced antibodies, sug-
gesting their potential as natural protective antigens. In this regard, immunoinformatic analyses showed that
such DRPs exhibited higher numbers of possible T cell epitopes towards the H-2-IAb haplotype, which is present
in C57Bl/6 mice but absent in Balb/c animals. In summary, our results showed that the genetic predisposition to
generate better T-dependent antibody responses against particular tegumental antigens might be a key factor
influencing host susceptibility in the murine model of secondary CE.

1. Introduction

Animal models are essential for infectious disease research, and
murine models are the most used due to their advantages in small size,
ease of handling, relative low cost and availability of outbred stocks and
inbred strains which can be genetically modified with relative ease. In
addition, the immune system of mice is well characterized and similar
to the human immune system. Also, mice are experimentally suscep-
tible to many infections by human pathogens (Colby et al., 2017).
However, differences in susceptibility to numerous diseases among
mouse strains have been extensively reported. For example, between
the most used mouse strains Balb/c and C57Bl/6, several differences
have been reported in autoimmunity (Matsuo et al., 2019; Qiao et al.,

2010) and cancer models (Díaz-Zaragoza et al., 2017; Maronpot, 2009;
Ponnaiya et al., 2006), as well as in the outcome of viral (Henderson
et al., 2015; Kulcsar et al., 2015; Xiang et al., 2016), bacterial (Cheers
et al., 1978; Chiodini and Buergelt, 1993; Fornefett et al., 2018; Liu
et al., 2002), protozoan (Ferreira et al., 2018; Mols-Vorstermans et al.,
2013), and helminth infections (Anthony et al., 2007; Mourglia-ettlin
et al., 2016a; Pereira et al., 2016; Zhang et al., 2005). Among the
known differences in immune responses between Balb/c and C57Bl/6
strains, cellular, cytokine and humoral responses are well characterized
for some diseases. In this sense, the recruitment of immune-cells after
infection differs greatly between strains depending on the pathogen
species and the site of infection (Canivet et al., 2019; Jiang et al., 2010;
Zeng et al., 2016), and differences in cytokine responses have also been
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observed (Jovicic et al., 2015; Schulte et al., 2008; Watanabe et al.,
2004). In addition, differences in antibody production have also been
reported between Balb/c and C57Bl/6 mice, not only in intensities and
isotype profiles, but also in their specificities and production kinetics
(Fornefett et al., 2018; Mourglia-ettlin et al., 2016a; Vlkova et al.,
2012). Furthermore, MHC-II haplotypes in each mouse strain are dif-
ferent (Sofron et al., 2016) influencing antigen presentation and ulti-
mately the effector responses derived by that process.

Helminthiases are among the most common infections worldwide,
affecting the poorest and most deprived communities, mostly dis-
tributed in tropical and sub-tropical areas. According to the WHO re-
port on Neglected Tropical Diseases (WHO, 2017), more than 1.5 bil-
lion people -roughly 24 % of the world population- are infected with at
least one helminth species. Although canonical responses to parasitic
worms have always been associated with a Th2-mediated immunity
-characterized by high IL-4, IL-5 and IL-13 production by CD4+ T cells
and induction of IgE antibodies (Anthony et al., 2007)- such responses
are not necessarily the best to limit infection establishment by any
helminth parasite. For example, in the case of the hookworm model
Heligmosomoides polygyrus, a highly polarized Th2-type response med-
iates stress resulting in worm expulsion, and for Schistosoma mansoni
Th2 responses down-regulate otherwise pathological Th1 responses
(Anthony et al., 2007). However, in Fasciola hepatica infection, early
Th1 responses are involved in host protection (Zhang et al., 2005).

Among the Neglected Tropical Diseases listed by the WHO, cystic
echinococcosis (CE) is a zoonotic disease caused by the parasite
Echinococcus granulosus, a cestode with a complex life cycle. Definitive
hosts are mainly dogs which harbor the adult parasite in their intestines
and through feces release eggs containing oncospheres. Once ingested
by potential intermediate hosts (e.g. farm mammals and wild un-
gulates), oncospheres develop into fluid-filled cysts known as hydatid
cysts -mainly located in liver and lungs- able to produce protoscoleces
(PSC). Humans act as accidental intermediate hosts carrying chronic
infections for many years with varied symptoms depending on cyst
location and the pressure it exerts on surrounding tissues and organs.
Due to biosafety and easy-to-use issues, most studies on E. granulosus
are based on the murine model of secondary infection, which induce CE
in a non-natural intermediate host through intraperitoneal inoculation
of PSC (Heath, 1970). This model has been widely used to study the
biology of E. granulosus infection (Barrios et al., 2019; Baz et al., 2006;
Cucher et al., 2013; Dematteis et al., 2003, 1999; Mourglia-Ettlin et al.,
2011), as well as to test new chemotherapeutics or therapeutical pro-
tocols (Breijo et al., 2011; Ceballos et al., 2010; Cumino et al., 2012),
vaccine candidates (Burgu et al., 2007; Hashemitabar et al., 2005;
Hernández and Nieto, 1994), and diagnostic or follow-up tools (Denegri
et al., 1995; Ferragut et al., 1998; Mamuti et al., 2002). However,
several mouse strains have been indistinctly used for the study of ex-
perimental secondary CE. In this regard, we previously reported in-
trinsic differences in susceptibility to the infection between Balb/c and
C57Bl/6 mice, with Balb/c animals being more permissive than C57Bl/
6. Furthermore, we reported relevant differences in the role of natural
antibodies in the differential susceptibility to secondary CE (Mourglia-
ettlin et al., 2016a). Our present work constitutes an in-deep analysis of
the antibody specificity profile in each mouse strain followed by the
identification of natural potentially protective antigens against CE.

2. Materials and methods

2.1. Ethics statement

Animal experiments were performed in compliance with Comisión
Honoraria de Experimentación Animal (CHEA) from Universidad de la
República, according to the Canadian Guidelines on Animal Care and
the National Uruguayan Legislation Nº 18.611. Experimental protocols
were approved by the Ethics Committee of Facultad de Química
(Universidad de la República) and were given the approval number

101900-000884-17.

2.2. Parasites and antigens

E. granulosus PSC obtained by aseptic puncture of fertile bovine
hydatid cysts from Uruguayan abattoirs were extensively washed with
phosphate buffered saline (PBS) pH 7.2 containing gentamicin (40 μg/
mL), and parasites viability was determined according to Dematteis
et al. (1999). Only those batches with a viability ≥90 % were used for
experimental infections. Protoscoleces somatic antigens (PSA) were
obtained by ultrasonic disruption of PSC according to Miguez et al.
(1996), and Protoscoleces tegumental antigens (PSEx) were extracted
from viable PSC (viability ≥80 %) using a solution of MEGA-10 (1% w/
v), EDTA (5mM) and PMSF (2mM) in PBS according to Hernández and
Nieto (1994). Both antigenic fractions (PSA and PSEx) were char-
acterized in terms of their lipid, protein and carbohydrate contents
according to Miguez et al. (1996), and stored at −20 °C until used.

2.3. Mice, infections and immunizations

Female Balb/c and C57Bl/6 mice were obtained from DILAVE-
MGAP (Uruguay) and housed at the animal facility of Instituto de Higiene
(Montevideo, Uruguay). Experimental infections and immunization
protocols were performed with 6–8 weeks old mice. For infections, mice
(n= 5–8) from both strains were inoculated by the intraperitoneal ip
route with 200 μL of a PBS suspension containing 2000 viable PSC. At
day 21 post-infection (pi), all mice were bled and euthanized. Sera were
obtained by regular means and store at −80 °C until use. For im-
munizations, mice (n= 5–8) from both strains were inoculated ip with
200 μL of PBS containing 100 μg of PSEx proteins twice: day 0 and 10.
No adjuvants were used. At day 17 post-priming, all mice were bled and
euthanized. Sera were obtained by regular means and store at −80 °C
until use. Either for “infection” or “immunization” protocols, groups of
mice (n=5–8) from both strains were ip inoculated with 200 μL of
sterile PBS, and used as control mice (“naïve”). For in vitro assays of PSC
killing, naïve mice (n=3–5) from both strains were bled and eu-
thanized, and sera were stored at −80 °C (for a maximum of 3 days)
until their use as a source of fresh naïve sera.

2.4. Antibody titrations and avidity studies

Titers of natural and induced antibodies in individualized serum
samples, or pools when indicated, were measured by ELISA. Briefly, 96-
wells microtiter plates were coated with 100 μL/well of PBS containing
1 μg of either PSA or PSEx and incubated ON at 4 °C. After blocking
with PBS-BSA (1% w/v) during 1 h at RT, samples were dispensed at
non-saturating dilutions, incubated ON at 4 °C, and specific IgM, IgA,
IgG, IgE, IgG1, IgG2a/c, IgG2b and/or IgG3 were determined using
appropriate goat anti-mouse antibodies labeled with peroxidase. TMB
(3,3′,5,5′-tetramethylbenzidine) was used as the chromogenic sub-
strate, and absorbance values were recorded at 450 nm after adding
H2SO4. Then, when possible, the avidity index of PSEx-specific anti-
bodies was determined according to Pullen et al. (1986) with some
modifications. Briefly, samples were dispensed in duplicates at non-
saturating dilutions on PSEx-coated and BSA-blocked ELISA plates, and
incubated as described above. Then, 100 μL/well of PBS or a 3.0M
solution of KSCN in PBS were added to one of the duplicates, followed
by an incubation during 30min at RT. After washing both solutions, the
ELISA protocol was performed as previously described. Avidity indexes
were calculated as the percentage of absorbance in the KSCN-treated
well vs. the PBS control.

2.5. PSC killing activity

Firstly, γ-globulins from pooled sera obtained either from naïve,
infected or PSEx-immunized Balb/c or C57Bl/6 mice (n= 5–8) were
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purified by precipitation with NH4SO4 at 50 % (Hebert, 1974). Then,
their PSC killing activities were assessed in vitro according to (Mourglia-
ettlin et al., 2016a) with some modifications. Briefly, viable PSC were
incubated during 4 h at 37 °C with constant shaking in a 100 μL total
volume containing fresh serum from naïve Balb/c or C57Bl/6 mice
supplemented -or not- with purified strain-matched γ-globulins.
Roughly 50 viable PSC suspended in gentamicin-containing PBS (40 μg/
mL) were dispensed in every well of a 96-wells microtiter plate, and
fresh serum was immediately added (final dilution 1:3). Then, purified
γ-globulins were added (final dilution 1:10 respect to the starting
concentration in the original serum), or an equal volume of PBS. After
incubation, viability of PSC was determined according to Dematteis
et al. (1999), and PSC killing activity was expressed as the fold increase
of non-viable PSC percentage respect to control PSC incubated in fresh
naïve serum plus PBS.

2.6. Transmission Electron microscopy and immuno-labelling

Freshly obtained PSC were washed and fixed with a solution of
glutaraldehyde 2.5 % (v/v) and paraformaldehyde 2% (v/v) in PBS,
and stored at 4 °C until use. PSC samples were high pressure frozen and
dehydrated with acetone by freeze substitution for 24 h at slowly in-
creasing temperatures (from −190 °C to 25 °C). Then, samples were
embedded in spur resin and polymerized for at least 48 h at 60 °C.
Ultrathin sections of 70 nm were obtained by sectioning PSC with a
Leica EM UC6 ultra-microtome using a diamond knife. Sections were
collected on electron microscopy grids, blocked with PBS containing
BSA 1.5 % (w/v) and FSG 0.1 % (w/v) for 30min at RT, and treated
with a solution of glycine 10 % (w/v) in PBS for 1 h at RT. Then, grids
were incubated with appropriate pools of sera diluted in blocking buffer
(1:10) for 2 h at RT. After 5 washes with blocking buffer, grids were
incubated with goat-anti-mouse antibodies labeled with gold nano-
particles (mix of 5, 10 and 15 nm) for 1 h at RT. Then, 5 washes with
blocking buffer followed by 5 washes in PBS were performed, and the
grids were fixed in a solution of PBS containing glutaraldehyde 1% (v/
v) for 5min. Finally, the grids were washed 10 times in ultrapure H2O
and examined with a Zeiss 10C transmission electron microscope. No
counterstained using led citrate and uranyl acetate was performed.

2.7. Two-dimension SDS-PAGE

PSEx was resolved through 2D SDS-PAGE according to Mourglia-
Ettlin et al. (2018b). Briefly, 300 μg of PSEx was precipitated ON at
−20 °C in 300 μL ice-cold acetone containing trichloracetic acid 20 %
(v/v) and dithiothreitol (DTT) 0.07 % (w/v). After centrifugation, the
supernatant was discarded and 300 μL of ice-cold acetone containing
dimethyl-sulfoxide 20 % (v/v) and DTT 0.07 % (w/v) was added and
incubated for 1 h at −20 °C. Then, samples were centrifuged, the su-
pernatants discarded, and 300 μL ice-cold acetone containing DTT 0.07
% (w/v) was added. This step was repeated twice. Finally, the pellet
was lyophilized, rehydrated in immobilized pH gradient (IPG) buffer
and frozen at −80 °C for 24 h. For the first dimension, 7 cm linear pH
gradient (pH 3–10) Immobilie DryStrips were re-hydrated with the
sample in IPG buffer and run on an IPGphore isoelectric focusing
system (9.5 h run and a total of 35.5 KV/h) and stored at −80 °C until
use. Strips were then soaked for 15min in equilibration buffer
(Tris−HCl 50mM pH 8.8, urea 6M, glycerol 30 % (v/v), SDS 2% (w/
v), and traces of bromphenol blue) containing DTT 10mg/mL, further
soaked for 15min in equilibration buffer containing iodoacetamide
25mg/mL, and finally sealed to acrylamide gel 10 % (w/v) using
agarose 0.5 % (w/v) in standard Tris-glycine electrophoresis buffer.
Second dimension was run at 50 V for the first 15min and then raised to
150 V until ending. Finally, replicates of 2D SDS-PAGE gels were sub-
jected either to mass-spec compatible silver nitrate staining or to
electro-transference to PVDF membranes for Western blotting.

2.8. Serological proteome analysis

A strategy of Serological Proteome Analysis (SERPA) was followed
to identify PSEx antigens uniquely recognized by antibodies from
C57Bl/6 mice (henceforth Differentially Recognized Proteins, DRP).
SERPA was performed on Western blots over 2D SDS-PAGE followed by
mass spectrometry protein identification. To that end, electro-trans-
ferred PVDF membranes from 2D SDS-PAGE were blocked with PBS
containing BSA 1% (w/v) for 2 h at RT. Then, membranes were in-
cubated with appropriately diluted pooled sera (1:100 and 1:500 for
sera from naïve and infected mice, respectively) ON at 4 °C. Membranes
were then incubated for 1 h at 37 °C in a PBS solution containing BSA
0.1 % (w/v) and Tween-20 0.05 % (v/v) with specific goat-anti-mouse
antibodies labeled with peroxidase (sera from naïve mice were analyzed
only for IgM, IgA, IgG and IgE; meanwhile sera from infected mice was
additionally studied for every IgG subclass). Finally, membranes were
extensively washed with PBS containing Tween-20 0.05 % (v/v), and
blots were developed by chemo-luminescence SuperSignal West Pico
Substrate (ThermoScientific) in a G-Box equipment (Syngene). Then,
DRPs were identified by mass spectrometry. To that end, DRPs -either
from naïve or infected samples- were manually back-mapped on gels,
spots were collected, and mass spectrometry identification through
MALDI-TOF/TOF was applied at the Proteomic Facility of Pasteur
Institut of Montevideo (Uruguay). Briefly, spots were excised, faded and
tryptic digestions were performed using sequencing-grade modified
trypsin. After gel extraction into acetonitrile 60 % (v/v) containing tri-
fluoro-acetic acid 0.1 % (v/v), acetonitrile was removed by speed va-
cuum. Peptide samples were then combined with an equal volume of
matrix, spotted onto a MALDI sample plate, and allowed to dry at RT.
Mass spectra were acquired on a 4800MALDI-TOF/TOF Mass Analyzer
operating in the positive ion reflector mode. Protein identifications
were performed using an in-house Mascot v.2.3 search engine by
searching a custom database that includes the full proteome of E.
granulosus sensu lato and E. multilocularis, composed of 20,787 se-
quences (10,310,548 residues) obtained from the Sanger Helminth
Database. Applied searching criteria were cysteine carbamidomethyla-
tion and methionine oxidation as variable modification, and mass de-
viation<200 ppm with a peptide fragment tolerance of 0.45 Da.
Scores> 56 were considered significant (P < 0.05).

2.9. Bioinformatics

Each DRP from the “Only induced” set was analyzed through several
bio- and immuno-informatic algorithms according to Miles et al.
(2019). To that end, antigenicity was assessed by predictions with
ANTIGENpro software (Magnan et al., 2010), considering proteins with
scores ≥0.5 as antigenic (Miles et al., 2017). Also, the Abundance of
Antigenic Regions (AAR) was predicted using the webserver Secret-AAR
(Cornejo-Granados et al., 2018). Then, we obtained a “Uniqueness
Score” (US) of each protein by BlastP, which is defined as the product
between “Query coverage” and “Identity percentages” of the highest
Max score match against all non-helminth proteins on the non-re-
dundant NCBI database (excluding Cestoda, Trematoda and Nematoda
taxonomy). US values of 0.5-0.8 correspond to “highly divergent pro-
teins”, while US values ≤0.5 identified “unique proteins” (Miles et al.,
2019). Finally, each DRP was searched for the presence of T-cell epi-
topes potentially presented by specific haplotypes of MHC-II molecules
only present in Balb/c (H-2-IAd) or C57Bl/6 (H-2-IAb) mice. For each
DRP, the binding affinity of every possible 15-mer peptide was pre-
dicted against both haplotypes using the algorithm NetMHCII (version
2.2) (Nielsen and Lund, 2009). Every 15-mer was categorized according
to its binding affinity into 3 categories: “Strong Binding” (SB, IC50 ≤
50 nM), “Weak Binding” (WB, IC50 ≤ 500 nM), and “No Binding” (NB,
IC50> 500 nM).
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2.10. Statistics

Comparisons when only one parameter was analyzed at a time were
assessed either by non-parametric Mann-Whitney-Wilcoxon U test or
Student t-test; meanwhile when more than one parameter was analyzed
at a time a 2-way ANOVA test was applied. In all cases, differences were
regarded as significant with p < 0.05.

3. Results

3.1. Infected C57Bl/6 mice - unlike Balb/c - induce antibodies with efficient
anti-parasite activities

Differences in the outcome of secondary CE in Balb/c and C57Bl/6
mice have already been observed by our group (Mourglia-Ettlin et al.,
2016a). Additionally, we reported differences in the anti-parasite ac-
tivity of their natural cross-reacting antibodies (Mourglia-Ettlin et al.,
2016a), as well as in their cytokine production profiles and local re-
cruitment of immune-related cells (Mourglia-Ettlin et al., 2016b). Fur-
ther studies were performed in the present work, mainly exploring the
protective roles of the early-induced antibodies in infected Balb/c and
C57Bl/6 mice. Firstly, we analyzed the anti-parasite activity of serum γ-
globulins purified from both mouse strains, either from naïve or in-
fected animals. Results in Fig. 1.A. show the assessment of their in vitro
PSC killing activities expressed as the fold-change of non-viable PSC
percentage incubated with fresh sera from naïve mice supplemented
with purified γ-globulins. No differences in PSC killing enhancement
was observed between purified γ-globulins from naïve or infected Balb/
c mice. However, γ-globulins from infected C57Bl/6 animals sig-
nificantly increased the PSC killing activity compared to their homo-
logous naïve controls by about 2.5 fold (Fig. 1.A.). Then, we char-
acterized the global anti-parasite IgG response in both mouse strains by
their titration using PSA-coated ELISA plates. Interestingly, significant
differences between mouse strains were already observed in naïve mice,
yet no differences in PSA-specific IgG titers were observed in the serum
of infected animals (Fig. 1.B.). Therefore, subtler differences in anti-
body responses developed by infected C57Bl/6 mice, unlike by Balb/c,
might explain the PSC killing enhancement uniquely observed by γ-
globulins from infected C57Bl/6 animals.

3.2. Antibody responses targeting parasite tegumental antigens differ in
Balb/c and C57Bl/6 mice

In order to understand the subtle differences in antibody responses
developed by infected Balb/c and C57Bl/6 mice, we further analyzed

whether parasite structures are differentially recognized by antibodies
from each mouse strain. To that end, a strategy of transmission electron
microscopy and gold-nanoparticles specific immuno-labelling
(immunoTEM) was followed. Ultrathin sections of fixed PSC were in-
cubated with pooled sera from either naïve or infected Balb/c and
C57Bl/6 mice, and stained with gold nanoparticle-linked goat-anti-
mouse-IgG antibodies. Several ImmunoTEM images from different PSC
structures were obtained, gold marks were counted, and mark densities
(marks/μm2) were calculated. Marks mostly occurred near the PSC
surface, and therefore, analyses were divided into three parasite zones:
(i) Gx (Glycocalyx, the outermost layer mainly composed of carbohy-
drates), (ii) Tg (Tegument, the external cellular syncytial layer), and
(iii) In (Inner structures, any other PSC structures than glycocalyx and
tegument). For each serum and mouse strain condition, six
immunoTEM images were counted, and representative images com-
paring them are shown in Fig. 2A. This showed, firstly, that mark
densities were highest in Tg, followed by In and weakest in Gx (Fig. 2.A.
and B.). Secondly, Balb/c sera exhibited generally higher mark densities
than C57Bl/6 sera, either from naïve or infected mice. Thirdly, mark
densities in Tg or In increased for Balb/c sera when comparing infected
vs. naïve animals, while the opposite situation was observed for C57Bl/
6 samples (Fig. 2.B.).

After showing that antibody responses targeting Tg antigens might
associate with differential susceptibility to secondary CE in Balb/c and
C57Bl/6 mice, we further obtained an antigenic fraction of PSC -termed
PSEx- mainly composed of such antigens (Miles et al., 2019), and
analyzed the Tg-specific antibody profiles in naïve and infected Balb/c
and C57Bl/6 mice. To that end, ELISA plates were coated with PSEx and
specific antibodies (classes and subclasses) were characterized in terms
of titers and avidities using individualized serum samples, observing
several relevant differences between mouse strains (Fig. 2.C.). Firstly,
PSEx-specific natural antibodies showed usually higher titers in Balb/c
mice than in C57Bl/6 counterparts, which is in accordance with anti-
PSA IgG titers (Fig. 1.B.) and immunoTEM results (Fig. 2.B.). Secondly,
infected Balb/c mice showed a mixed anti-PSEx antibody response
-with significant IgE titers-, yet infected C57Bl/6 animals exhibited a
prominent IgG2b/IgG2c-bias, both in terms of titer and avidity indexes
(Fig. 2.C.).

Taken together, our immunoTEM and ELISA results (Fig. 2) showed
that C57Bl/6 mice, the less susceptible mouse strain to secondary CE,
narrowed their IgG recognition repertoire of parasite antigens after
infection, suggesting a possible targeting against fewer but more re-
levant PSC components present in the parasite tegument.

Fig. 1. C57Bl/6 mice generate more efficient
anti-parasite antibodies than Balb/c litter-
mates. (A) Fold-increase in PSC killing activity
of control serum supplemented with γ-globu-
lins from homologous naïve or infected mice.
Stats: 2-way ANOVA. (B) PSA-specific IgG ti-
ters were determined through ELISA. Titers
were calculated as the absorbance values times
the inverse of the highest non-saturating dilu-
tion detected. Stats: Mann-Whitney-Wilcoxon
U test. In any case, results are shown as
mean ± SEM. Differences were regarded as
significant with p < 0.05, and are depicted as
arrows (comparisons within mouse strains) or
asterisks (comparisons between conditions).
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3.3. Immunization with PSC tegumental antigens resembles early-induced
antibody responses in murine secondary CE

PSEx has been described as an antigenic fraction able to induce
specific antibodies in mice (Hernández and Nieto, 1994), dogs (Carol
and Nieto, 1998) and sheep (Valizadeh et al., 2017). However, char-
acterization of the antibodies induced through PSEx-immunization is
scarce. Therefore, we further analyzed PSEx-specific antibodies in im-
munized Balb/c and C57Bl/6 mice following a similar set of experi-
ments to those described above.

Firstly, we performed immunoTEM studies with pooled sera from
PSEx-immunized Balb/c and C57Bl/6 mice, resulting in similar ob-
servations to those obtained for infected animals (Fig. 2): (i) Tg was the
main PSC structure recognized by IgG antibodies regardless the con-
dition analyzed, (ii) Balb/c sera showed higher mark densities than
C57Bl/6 counterparts, and (iii) mark densities for Balb/c samples in-
creased post-immunization, while the opposite was observed for C57Bl/
6 animals (Fig. 3.A.). Therefore, C57Bl/6 mice -unlike Balb/c- would
seem to narrow their IgG recognition repertoire of parasite antigens
either after infection (Fig. 2.B.) or following PSEx-immunization
(Fig. 3.A.).

We next characterized the PSEx-specific antibody response post-
immunization in both mouse strains. To that end, ELISA plates were
coated with PSEx and specific antibodies (classes and subclasses) were
characterized in terms of titers and avidities using individualized serum
samples. Again, similarities were observed with results obtained from
infected animals (Fig. 2.C.). Thus, both strains showed a mixed PSEx-
specific antibody response after immunization, yet Balb/c mice ex-
hibited significant higher IgE titers, while C57Bl/6 animals displayed

an IgG2c-biased response, even though revealing lower global avidity
indexes (Fig. 3.B.).

Finally, we also assessed the in vitro PSC killing activity of γ-glo-
bulins induced after PSEx-immunization and results were expressed as
the fold-increase in the percentage of non-viable PSC post-incubation
with fresh homologous sera from naïve mice supplemented with pur-
ified γ-globulins. In this sense, and in accordance with results obtained
with sera from infected mice (Fig. 1.A.), no significant differences in
PSC killing were observed between purified γ-globulins from naïve or
immunized Balb/c mice (Fig. 3.C.). However, γ-globulins from PSEx-
immunized C57Bl/6 mice significantly increased PSC killing activity
with respect to their homologous naïve controls by a roughly 3 fold-
increase (Fig. 3.C.). It is worth mentioning that immunizations with
PSEx were performed without any adjuvant, suggesting that compo-
nents within PSEx are intrinsically immunogenic, and could be further
used for modelling antibody responses induced during early murine
secondary CE.

3.4. Identification of potentially protective antigens against secondary CE
through SERPA

Effective and efficient humoral responses against pathogens not
only depend on the quality and intensity of the induced antibodies, but
also -and of outstanding importance- on the antigens targeted by such
antibodies. Those antigens are usually termed protective antigens, and
their identification is not an easy task. In this regard, we further applied
a SERPA strategy (Fulton et al., 2013) in order to identify potentially
protective antigens within PSEx by their unique early-induced anti-
bodies recognition in infected C57Bl/6 mice, but not in infected Balb/c.

Fig. 2. Antibody responses against tegumental antigens. (A) Representative images of immunoTEM analyzed conditions are shown (scale bars in white boxes
represent 500nm). Within representative images, borders for each parasite structure are highlighted in red, and mark densities (MD) are shown. Ultrathin sections of
PSC were incubated with pooled sera from naïve or infected Balb/c and C57Bl/6 mice. Murine IgG were revealed with goat-anti-mouse-IgG antibodies labeled with
gold nanoparticles. (B) IgG recognition was expressed as mark densities (marks/μm) for glycocalyx (Gx), tegument (Tg) and inner structures (In) of PSC, and were
calculated for six replicates in each condition. Stats: Student’s t-test. (C) PSEx-specific antibody titers were characterized through ELISA in serum samples from naïve
(top) and infected (middle) Balb/c and C57Bl/6 mice. Titers were expressed as the absorbance values detected at the highest non-saturating dilution analyzed.
Avidity indexes (bottom) of PSEx-specific antibodies were determined through ELISA with chaotropic elution only for serum samples from infected mice. Stats: Mann-
Whitney-Wilcoxon U test. In any case, results are shown as mean±SEM. Differences were regarded as significant with p<0.05, and are depicted as arrows
(comparisons within mouse strains) or asterisks (comparisons between conditions). Gx (glycocalyx), Tg (tegument), In (inner structures), NP (not performed) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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To that end, our SERPA study was performed on 2D SDS-PAGE resolved
PSEx followed by electro-transference to Western blot membranes,
which were developed to detect antigen recognition profiles by every
antibody class/subclass. SERPAs were performed with pooled sera from
either naïve or infected Balb/c and C57Bl/6 mice, spots were counted
and their patterns were compared (Fig. 4). Firstly, for sera from naïve
animals, only classes of antibodies (IgM, IgA, IgG and IgE) were ana-
lyzed. C57Bl/6 sera showed a higher number of IgM-recognized spots
with lower counts in IgG- or IgA-recognized spots. Secondly, for sera
from infected animals, every class and subclass of antibodies were
tested. In this case, Balb/c sera showed a higher number of IgA-, IgG1-,
IgG2a- and IgG2b-recognized spots with lower counts in IgM-re-
cognized spots. Neither IgE- nor IgG3-recognized spots were detected
(Fig. 4).

Then, spots only observed in Western blots incubated with sera from
C57Bl/6 mice, but not observed in those incubated with sera from Balb/
c (DRPs), were manually back-mapped into silver-stained 2D SDS-PAGE
resolved PSEx gels, and were submitted to MALDI-TOF/TOF analyses.
Finally, our SERPA identified 3 DRPs only recognized by natural anti-
bodies, 3 DRPs recognized either by natural and/or infection-induced
antibodies, and 7 DRPs only recognized by infection-induced antibodies
(Table 1). Since the most resistant mouse strain -C57Bl/6- is the only
one able to generate specific antibodies targeting the last mentioned set
of DRPs, they could be suggested as being potentially protective anti-
gens.

3.5. Strain-specific genetics may account for C57Bl/6 ability to induce
antibodies against DRPs

The ability of generating antibodies against specific antigens, e.g.
protective antigens, during an infection depends on several factors.
From the antigen side, its availability, intrinsic antigenicity/im-
munogenicity and B- and T-cell epitope content are among the most
important. From the host side, one of the main factors influencing an-
tibody responses rely on its ability to process and present T-cell epitopes
to specific B-cells in order to favor the development of T-dependent
antibody response. In this sense, Balb/c and C57Bl/6 mice -due to their
endogamic characteristics- do differ in the process of T-cell epitopes
presentation, since both mouse strains harbor different MHC-II mole-
cules: Balb/c and C57Bl/6 have been shown to exclusively carry the H-
2-IAd and H-2-IAb haplotypes, respectively (Sofron et al., 2016).
Therefore, we further analyzed the list of 7 DRPs -suggested to be po-
tentially protective antigens- through several bio- and immuno-infor-
matic approaches according to Miles et al. (2019).

We first studied several intrinsic characteristics of the selected set of
7 DRPs, like intrinsic antigenicity, AAR values and US scores (Table 2).
Results showed an unclear classification of the proteins since they ex-
hibit (i) highly variable degrees of antigenicity (scores ranging from
0.24 to 0.92), (ii) disperse AAR values (from 24.7–150.0), and (iii)
varied divergence levels (US scores ranging from 0.09 to 0.92).

On the other hand, when analyzing the possible interactions

Fig. 3. PSEx-immunization resembles early-in-
duced antibody responses in secondary CE. (A)
ImmunoTEM analyses were analogous to those
shown in Fig. 2, but ultrathin sections of PSC
were incubated with pooled sera from naïve or
PSEx-immunized Balb/c and C57Bl/6 mice.
Murine IgG were revealed with goat-anti-
mouse-IgG antibodies labeled with gold nano-
particles. IgG recognition was expressed as
mark densities (marks/μm2) for glycocalyx
(Gx), tegument (Tg) and inner structures (In) of
PSC, and were calculated for six replicates in
each condition. Stats: Student’s t-test. (B) PSEx-
specific antibody titers (top left) were char-
acterized through ELISA in serum samples from
naïve and PSEx-immunized Balb/c and C57Bl/
6 mice. Titers were expressed as the absor-
bance values detected at the highest non-sa-
turating dilution analyzed. Avidity indexes
(middle left) of PSEx-specific antibodies were
determined through ELISA with chaotropic
elution only for serum samples from PSEx-im-
munized mice. Stats: Mann-Whitney-Wilcoxon
U test. (C) Fold-increase in PSC killing activity
of control serum supplemented with γ-globu-
lins from homologous naïve or PSEx-im-
munized mice. Stats: 2-way ANOVA. In any
case, results are shown as mean±SEM. Dif-
ferences were regarded as significant with
p< 0.05, and are depicted as arrows (com-
parisons within mouse strains) or asterisks
(comparisons between conditions). Gx (glyco-
calyx), Tg (tegument), In (inner structures), NP
(not performed), ND (not detected).
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between the host and the selected set of proteins, relevant information
was obtained. Results in Fig. 5 show -for the set of 7 DRPs- the number
of every possible T-cell epitopes and its predicted affinity for the MHC-
II haplotypes H-2-IAd (Balb/c mice) and H-2-IAb (C57Bl/6 mice). For
the 7 DRPs, C57Bl/6 mice showed always greater numbers of possible
T-cell epitopes than Balb/c mice, and the mean affinities were higher
(lower IC50) for the C57Bl/6 haplotype as well. Moreover, strong

binding T-cell epitopes (IC50 ≤ 50 nM) were only observed for the
C57Bl/6MHC-II haplotype (in 4 out of the 7 DRPs). Finally, the number
of different T-cell epitope cores was also greater for the C57Bl/6MHC-II
haplotype, except for one DRP exhibiting the same number of different
cores for both MHC-II haplotypes (Table 2).

Taken together, our results suggest that C57Bl/6 mice are more
efficient than Balb/c in presenting T-cell epitopes from selected parasite

Fig. 4. Diversity of lineal B cell epitope recognition. SERPA studies were performed on 2D SDS-PAGE resolved PSEx followed by electro-transference to Western blot
membranes, which were developed to detect antigen recognition profiles by every class/subclass of antibody. SERPAs were performed with pooled sera from either
naïve or infected Balb/c and C57Bl/6 mice, and their spots were counted. Representative blots for naïve and infected Balb/c and C57Bl/6 samples are shown. Number
of different spots detected, related to each antibody class/subclass, is depicted in schematic diagrams. Each concentric line represents a value of 10 spots. The hollow
and solid black lines represent Balb/c and C57Bl/6 results, respectively. MW (molecular weight in KDa), IP (isoelectric point).

Table 1
Differentially Recognized Proteins identified through SERPA. PSEx antigens uniquely recognized by pooled sera from naïve and/or infected C57Bl/6 mice were
identified through SERPA followed by MALDI-TOF/TOF. “Antibody type” refers to the origin of the sera which allowed the identification, while “Recognized by”
refers to the antibody class/subclass that recognized the corresponding antigen in the SERPA. “Accession number” refers to the UniProtKB IDs. “MASCOT score”
correspond to the score obtained in protein identification (scores> 56 were considered significant, p < 0.05). “Coverage” is the percentage of the protein identified.
Abbreviations: aa (amino acid), MW (theoretical molecular weight), IP (theoretical isoelectric point).

Antibody type Recognized by Protein Name Accession number Lenght (aa) MW (kDa) IP MASCOT Score Coverage %

Only natural IgG Hydatid disease diagnostic antigen P-29 W6V2P2 238 27.1 5.63 143 32
IgG 1,5-anhydro-D-fructose reductase W6UTJ3 343 39.0 7.23 159 29
IgG Glyceraldehyde 3 phosphate dehydrogenase W6V1T8 336 36.1 8.44 106 22

Natural and Induced IgG/IgG1 thioredoxin peroxidase Q8T6C4 193 21.4 5.79 385 56
IgG/IgG2c Fatty acid binding protein FABP2 A0A068WLT8 213 23.9 8.41 167 41
IgM/IgG/IgG2c Fructose-bisphosphate aldolase U6IXV3 363 39.6 8.31 424 66

Only induced IgM Malate dehydrogenase mitochondrial A0A068×1L3 332 35.5 8.80 148 33
IgG1 Nucleoside diphosphate kinase A 2 A0A068WL30 149 16.7 10.20 104 21
IgG1/IgG2b Actin U6JMK8 376 41.7 5.30 178 23
IgM Severin/Gelosin U6IX85 364 42.0 7.60 283 21
IgG2c Malate dehydrogenase cytoplasmatic A0A068WYB8 338 36.5 7.60 438 42
IgG2c Vesicular amine transporter A0A068×307 443 49.0 5.00 126 32
IgG1 Peptidyl-prolyl cis-trans isomerase U6JRP2 162 17.3 6.40 231 75
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antigens, e.g. potentially protective antigens, in order to favor T-de-
pendent antibody responses, and therefore, inducing antibodies with
more effective anti-parasite activities.

4. Discussion

Differences in hosts’ genetic background are known to influence the
outcome of various diseases. This is especially true for endogamic mice,
such as Balb/c and C57Bl/6 strains, which have been reported to ex-
hibit important differences in susceptibility to numerous diseases, in-
cluding every major pathogen families (Anthony et al., 2007; Cheers
et al., 1978; Chiodini and Buergelt, 1993; Ferreira et al., 2018;
Fornefett et al., 2018; Henderson et al., 2015; Kulcsar et al., 2015; Liu
et al., 2002; Mols-Vorstermans et al., 2013; Mourglia-Ettlin et al.,
2016a; Pereira et al., 2016; Xiang et al., 2016; Zhang et al., 2005).
Among the known key differences between Balb/c and C57Bl/6 mouse
strains, immune-related factors are of outstanding importance, in-
cluding variations in cellular, cytokine and antibody responses as well
as -and interconnected with- distinct patterns of specific molecule al-
lotypes/haplotypes (Canivet et al., 2019; Fornefett et al., 2018; Jiang
et al., 2010; Jovicic et al., 2015; Mourglia-Ettlin et al., 2016a; Schulte
et al., 2008; Sofron et al., 2016; Vlkova et al., 2012; Watanabe et al.,
2004; Zeng et al., 2016).

The present study represents a follow up to previous reports from
our group showing differences in local immune-cell recruitment, cyto-
kine production and antibody responses associated with Balb/c and
C57Bl/6 mice differential susceptibility to secondary CE (Mourglia-

Ettlin et al., 2016a, 2016b). Here, we further analyzed the role of E.
granulosus-induced antibodies in the murine model of secondary CE,
and its relationship with the host susceptibility to the infection. Firstly,
differences in PSC killing activity of induced antibodies generated by
both mouse strains were assessed, observing that only γ-globulins from
infected C57Bl/6 mice enhanced the natural serum anti-PSC activity
(Fig. 1.A). Then, we concluded that subtler differences in the antibody
response developed by infected C57Bl/6 mice, other than intensity
(Fig. 1.B), might explain the observed PSC killing enhancement.

In this sense, quality characteristics of antibodies in an immune
response are influenced by their specificity profile, avidity and isotypes
generated. In order to uncover the quality characteristics in our model
of differential susceptibility to secondary CE, we studied each of these
factors independently. Firstly, the recognition profile of naïve vs. in-
fection-induced antibodies was studied for both mouse strains against
different PSC structures by immunoTEM. Results showed that the te-
gument was the main PSC structure recognized by murine IgG anti-
bodies, and that while mark densities increased for Balb/c sera fol-
lowing infection, the opposite situation was observed for C57Bl/6
samples (Fig. 2.B.). In this regard, assuming that parasite antigens are
equally represented alongside the tegument, mark densities would be
proportional -not necessarily in a linear way- with the diversity/profile
of antigen recognition by infection-induced antibodies. Therefore,
higher mark densities would correlate with a more diverse antibody
recognition spectrum, while lower mark densities would correlate with
the inverse situation. Taking this into account, our results suggest that
only C57Bl/6 mice -the less susceptible strain to secondary CE- narrow

Table 2
Immunoinformatic characterization of selected DRPs. DRPs only recognized by infection-induced antibodies were characterized through several immuno-bio-in-
formatic tools. “Antigenicity” and “AAR” (Abundance of Antigenic Regions) columns show predicted values obtained through the use of ANTIGENpro software and
Secret-AAR webserver, respectively. US column refers to calculated “Uniqueness score”. “Different MHC-II binding cores” columns show the number of every possible
and different T cell epitope cores able to bind to MHC-II haplotypes H-2-IAd and H-2-IAb.

DRP Protein Name Antigenicity AAR US Different MHC-II binding cores

Balb/c (H-2-IAd) C57Bl/6 (H-2-IAb)

1 Malate dehydrogenase mitochondrial 0.45 41.6 0.57 4 12
2 Nucleoside diphosphate kinase A 2 0.24 150 0.39 2 8
3 Actin 0.43 32.8 0.92 3 12
4 Severin/Gelosin 0.82 33.2 0.24 1 7
5 Malate dehydrogenase cytoplasmatic 0.43 37.7 0.57 3 11
6 Vesicular amine transporter 0.72 24.7 0.09 0 9
7 Peptidyl-prolyl cis-trans isomerase 0.92 32.6 0.70 1 1

Fig. 5. Immunoinformatic characterization of potential T cell epitopes. For the set of 7 DRPs uniquely recognized by pooled sera from infected C57Bl/6 mice, every
theoretically possible T cell epitope with binding affinity (IC50) ≤ 500 nM is shown as a dot. Predictions were performed using NetMHCII software against the MHC-II
haplotypes H-2-IAd (Balb/c mice, hollow dots) and H-2-IAb (C57Bl/6 mice, solid dots). Dotted line represents the threshold defining Strong Binding peptides (IC50 ≤
50 nM). No B (no predicted binding peptide with IC50 ≤ 500 nM). Vertical lines represent mean ± SEM values.
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their IgG recognition repertoire of parasite antigens during infection,
suggesting a possible targeting against fewer but more relevant PSC
components present in the parasite tegument. Similar results have been
reported for both mouse strains in other parasite infection model (Bryan
et al., 2010). This results might explain the better PSC killing activity
observed for the γ-globulins from infected C57Bl/6 mice.

Tegumental antigens are accessible to immune components since
they are present on the surface of the parasite. Therefore, immunization
with tegumental antigens could potentially be useful to model the early
antibody response during secondary CE; and fortunately there is cur-
rently a tegumental antigenic fraction -termed PSEx- which has been
previously described (Hernández and Nieto, 1994; Miles et al., 2019).
Additionally, we recently reported an approximation to PSEx proteome,
through 2D SDS-PAGE followed by MALDI-TOF/TOF, which showed
that it is composed of at least 58 different parasite proteins (Miles et al.,
2019). Specific antibody production against PSEx antigens have been
observed in PSEx-immunized dogs (Carol and Nieto, 1998) and sheep
(Valizadeh et al., 2017), as well as protection against secondary CE in
CD1 immunized mice (Hernández and Nieto, 1994). In order to assess
the usefulness of PSEx as a model for antibody responses early-induced
during secondary CE, comparative studies on antibody production fol-
lowing adjuvant-free PSEx-immunization of Balb/c and C57Bl/6 mice
were performed. An analogous set of experiments to those performed
for infected mice (Fig. 1 and Fig. 2), were applied to immunized mice
(Fig. 3), showing similar results for both settings: (i) immunoTEM
studies showed that C57Bl/6 mice -unlike Balb/c- narrowed their IgG
recognition repertoire of tegumental parasite antigens either after in-
fection (Fig. 2.B.) or following PSEx-immunization (Fig. 3 A.); (ii) ELISA
analyses showed similarities in the PSEx-specific antibody response
either during early infection (Fig. 2.C.) or following PSEx-immunization
in both mouse strains (Fig. 3.B.); and (iii) only γ-globulins from infected
(Fig. 1.A.) or PSEx-immunized (Fig. 3.C.) C57Bl/6 mice significantly
increased the PSC killing activity of homologous naïve serum. There-
fore, the similarities observed between infected and PSEx-immunized
mice, independently of the strain analyzed, suggest that PSEx could be
further used for modelling antibody responses induced during early
murine secondary CE. Additional key advantages for its use include
their partially-known composition (previously characterized at the
proteomic level by Miles et al. (2019)), its intrinsic antigenicity/im-
munogenicity (no adjuvant need for immunizations), and its relative
production easiness.

Once we observed that infection-induced antibodies do play a role
in host resistance/susceptibility to secondary CE, we further char-
acterized their profile of tegumental recognition using PSEx as a model
source of parasite antigens. In this regard, recognition diversity was
performed following a SERPA strategy, showing differences between
mouse strains with pooled sera either obtained from naïve or infected
mice. Again, as observed through immunoTEM studies (Fig. 2.B.),
SERPA analyses revealed that infected Balb/c mice generated a broader
antibody repertoire targeting components present in PSEx than C57Bl/6
counterparts (Fig. 4). It is worth mentioning that, since our SERPA
strategy was based on 2D SDS-PAGE resolved PSEx under denatur-
alizing conditions, it allowed us to quantify only “lineal B cell epitopes”
recognized by antibodies because “conformational B cell epitopes” were
lost. In this regard, although antibodies targeting “linear B cell epi-
topes” during an immune response are estimated to be only the 10 % of
all induced antibodies (Sanchez-Trincado et al., 2017), our SERPA re-
sults were in accordance with immunoTEM studies and PSC killing
activity assays: infected C57Bl/6 mice -the more resistant strain to
secondary CE- developed more efficient antibodies towards a smaller
number of tegumental antigens/epitopes than Balb/c counterparts.

In addition, SERPA studies allowed us to identified tegumental an-
tigens/epitopes differentially recognized between antibodies from
naïve/infected C57Bl/6 but not Balb/c mice. Such antigens were then
termed DRPs, and since PSEx was reported to induce protection in the
murine model of secondary CE (Hernández and Nieto, 1994), these

DRPs could be suggested as potentially protective antigens. Therefore,
we further focused on the molecular identification of DRPs through
MALDI-TOF/TOF, resulting in a total of 13 different DRPs successfully
identified: 3 DRPs only recognized by natural antibodies, 3 DRPs re-
cognized either by natural and/or infection-induced antibodies, and 7
DRPs only recognized by infection-induced antibodies (Table 1). In-
terestingly, among the 13 DRPs identified, several of them have been
previously reported as potential protective molecules against E. granu-
losus and/or other helminth parasites, either as vaccine candidates or as
pharmacological targets. In order to simplify the description of the 13
DRPs, we categorized them into three different groups: (i) DRPs pre-
viously suggested and/or tested as targets against helminth parasites
belonging to the genus Echinococcus, (ii) DRPs previously suggested
and/or tested as targets against helminth parasites except Echinococcus
spp., and (iii) DRPs not previously tested against helminth parasites.

Out of the 13 DRPs, 7 have been previously suggested and/or tested
as targets against Echinococcus spp. parasites. Among them, hydatid
disease diagnostic antigen P-29 has been successfully tested as a vaccine
candidate, revealing significant protective activity against secondary
CE in mice (Shi et al., 2009), as well as against primary infection in
sheep (Wang et al., 2016). Thioredoxin peroxidase has been reported as
a key enzyme for reactive oxygen species detoxification in E. granulosus
and suggested that its blockade could be an interesting target for pre-
vention/treatment of CE (Salinas et al., 1998; Li et al., 2004). Peptidyl-
prolyl cis-trans isomerases belong to the cyclophilins family with iso-
merase activity catalyzing the cis-to-trans conversion of peptide sub-
strates which has also been suggested as an interesting target for E.
granulosus. Cyclophilins display the ability to bind cyclosporine A
(CsA), an immunosuppressive drug with well-known anti-parasite ef-
fects (Bell et al., 1996), and E. granulosus was shown to be adversely
affected by CsA, since its administration in the murine model of sec-
ondary CE reduced both the number and weight of developed hydatid
cysts (Hurd et al., 1993), being peptidyl-prolyl cis-trans isomerase as-
sociated with such sensitivity to CsA (Colebrook et al., 2002). Ad-
ditionally, our group have recently identified these three proteins as
potential E. granulosus ligands for either the CD5 or CD6 scavenger-like
receptors, and reported that infusing mice with recombinant CD5 or
CD6 induces significant and mild protection against secondary CE, re-
spectively (Mourglia-Ettlin et al., 2018a). Thus, blocking either hydatid
disease diagnostic antigen P-29, thioredoxin peroxidase and/or pep-
tidyl-prolyl cis-trans isomerase may contribute to a better parasite
control. Regarding fatty acid-binding protein, it has also been suggested
as an interesting vaccine candidate against E. granulosus (Chabalgoity
et al., 1997; Paulino et al., 1998; Chabalgoity et al., 2000). Parasitic
platyhelminthes have a limited capacity to synthesize lipids de novo,
being therefore highly dependent on their uptake from the host, and
fatty acid-binding proteins are believed to be involved in such pro-
cesses. Within the group of DRPs being described, malate dehy-
drogenases are enzymes occurring in eukaryotic cells in two isoforms,
one mitochondrial, which participates in the tricarboxylic acid cycle,
and one cytosolic, which is usually involved in shuttle systems for the
transfer of reducing equivalents from the cytosol into the mitochon-
drion. In E. granulosus and other parasitic helminths with an extremely
active glycolytic pathway these enzyme are very important (McManus
and Smyth, 1982). In this regard, E. granulosus malate dehydrogenases
have been largely known to be competitively inhibited by different
anthelmintic drugs like benzimidazoles (Xiao et al., 1993; Vessal and
Tabei, 1996), and thus, blocking E. granulosus malate dehydrogenases
seems a beneficial strategy from the host point of view. Finally, im-
munization of mice with E. multilocularis glyceraldehyde-3-phosphate
dehydrogenase resulted in significant protection, reducing the number
of developed metacestodes (Muller-Schollenberger et al., 2001). Taken
together, these results reinforce our hypothesis that DRPs listed in
Table 1 could be considered natural protective antigens. In this sense,
we previously reported that natural antibodies from C57Bl/6 mice
-unlike Balb/c- were able to induce protection after heterologous

S. Miles, et al. Immunobiology 225 (2020) 151916

9



transference into Balb/c animals (Mourglia-ettlin et al., 2016a); and
therefore the DRPs recognized by natural antibodies, at least, would
deserve further studies to determine their potential as protective anti-
gens.

Additionally, 4 out of the 13 DRPs were previously suggested and/
or tested as targets against other helminth parasites than Echinococcus
spp. Among them, nucleoside diphosphate kinases are key enzymes in
the purine-salvage pathway, a biosynthetic process on which helminth
parasites are largely dependent for supplying purine precursors for its
energy and DNA synthesis needs. Nucleoside diphosphate kinases are
one of the most active enzymes in that pathway, being therefore in-
teresting targets for rational drug discovery and design. In this sense,
although no information is available for E. granulosus, there are some
reports suggesting its potential as a pharmacological target in other
helminth infections, like Brugia malayi (Ghosh et al., 1995), Schistosoma
mansoni (Marques et al., 2012), and Trichuris suis (Leroux et al., 2018).
The remaining DRPs within this category (e.g. actin, gelsolin and
fructose-bisphosphate aldolase) are directly or indirectly involved in
cytoskeleton dynamics. In this sense, helminth parasites exhibit high
plasticity of their cytoskeletons, probably as an acquired strategy to
allow them to enter, settle and develop into their hosts. Therefore,
cytoskeleton components have been proposed as interesting targets for
therapeutic drugs. In S. mansoni it has been reported that interference of
actin dynamics using cytochalasins indirectly affects other functions
than movement, like glucose uptake from the host (Skelly et al., 1994)
or tegumental shedding needed for optimal immune evasion (Kemp
et al., 1980). Additionally, it is well-known that the assembly and dis-
assembly of actin filaments are regulated by a variety of actin-binding
proteins; including gelsolin superfamily whose members control actin
organization by severing filaments, capping filament ends, and nucle-
ating actin assembly (Nag et al., 2013). Also in S. mansoni, gelsolin was
shown to be involved in the process of tegumental disruption induced
by praziquantel (Linder and Thors, 1992). Regarding E. granulosus, al-
though gelsolin and related proteins have scarcely been studied (Cortez-
Herrera et al., 2001; Grimm et al., 2006), potential relevant roles could
be easily assigned due to the highly organized F-actin cytoskeleton
recently described in the parasite (La-Rocca et al., 2019). Finally, the
glycolytic enzyme fructose-bisphosphate aldolase has been described as
a complex multifunctional protein that may perform non-glycolytic
moonlighting functions. Although E. granulosus fructose-bisphosphate
aldolase functions have been poorly studied, it has been shown to bind
F-actin filaments suggesting it has alternative multifunctional proper-
ties (Lorenzatto et al., 2012). Therefore, blocking parasite fructose-bi-
sphosphate aldolase might also influence actin dynamics, as above
suggested for gelsolin and actin itself. In this sense, parasite fructose-
bisphosphate aldolase has been tested as a promising vaccine candidate
against the infection by Onchocerca volvulus (McCarthy et al., 2002), S.
mansoni (Saber et al., 2013), and Trichinella spiralis (Yang et al., 2019).

Only 2 of the 13 DRPs have not been tested against any helminth
parasite to our knowledge. One of them is a vesicular amine transporter
probably involved in the parasite neurobiology. In this regard, neuro-
transmitters biology in helminth parasites have been quite recently
suggested as interesting targets for the development of new drugs
(McVeigh et al., 2012). Among different components, neurotransmitters
transporters play fundamental roles in controlling signaling and
homeostasis, remarking vesicular transporters which sequester the
neurotransmitter into synaptic vesicles for subsequent release. Al-
though neurotransmitter transporters have been widely studied in
mammals, they have been barely characterized among parasite hel-
minths (Ribeiro and Patocka, 2013). Regarding the genus Echinococcus,
recent studies have been published on its neurotransmitters biology,
and some vesicular amine transporters were described (Camicia et al.,
2013; Koziol et al., 2016; Preza et al., 2018). However, the vesicular
amine transporter we identified here as a DRP is still uncharacterized.
Finally, 1,5-anhydro-D-fructose reductase is the least studied of the 13
DRPs. The enzyme is involved in the anhydro-fructose pathway, an

alternative glycogen catabolic pathway described in the last decade
occurring in certain bacteria, fungi, algae and mammals. It is a pathway
consisting in more than 10 enzymatic steps showing an array of sec-
ondary metabolites from glycogen via the central intermediate 1,5-an-
hydro-D-fructose (Yu and Fiskesund, 2006; Yu, 2008). Unfortunately,
there are no reports regarding its occurrence in parasites to our
knowledge; and besides its metabolic roles, 1,5-anhydro-D-fructose has
shown to exert interesting immunosuppressive functions (Meng et al.,
2009a,2009b). Therefore, the anhydro-fructose pathway might be
worthy to be studied in helminth parasites, since 1,5-anhydro-D-fruc-
tose reductase druggability would probably deserve further attention.

Taken together, the above described data reinforce our hypothesis
that DRPs listed in Table 1 could be considered natural protective an-
tigens. In this regard, it is worth noting to mention that murine sec-
ondary CE can be divided into two stages: an early one-month pre-en-
cystment stage with PSC developing into hydatid cysts, followed by a
chronic post-encystment stage with already differentiated cysts growing
and eventually becoming fertile cysts, e.g. producing PSC (Richards
et al., 1983; Rogan et al., 2015; Tamarozzi et al., 2016). It is generally
accepted that during the pre-encystment stage E. granulosus is more
susceptible to host immune attack; thus, antibodies induced during that
stage would be relevant in the overall anti-parasite response. In the
present work, assays were performed with infection-induced antibodies
obtained 3 weeks after PSC inoculation, and therefore the set of 7 DRPs
identified only with those antibodies (Table 1) deserved a more detailed
analysis. Among them malate dehydrogenases and peptidyl-prolyl cis-
trans isomerase have been already suggested as interesting targets
against CE. On the other hand, nucleoside diphosphate kinases, actin
and gelsolin were reported as relevant molecules against other helminth
parasite; while vesicular amine transporter has not been tested against
any helminth parasite yet. The set of such 7 DRPs greatly varied in
terms of intrinsic antigenicity and sequence divergence, according to
our bioinformatic characterization (Table 2). However, when im-
munoinformatic studies were performed interesting results were ob-
tained. In order to generate optimal T-dependent antibody responses,
antigens should be correctly presented by antigen presenting cells to T
cells, and such a process greatly depend on the ability of MHC-II mo-
lecules to bind T cell epitopes derived from the antigen. In this regard,
Balb/c and C57Bl/6 mice are known to carry different MHC-II haplo-
types (Sofron et al., 2016), leading to potential differences in T cell
epitope binding profiles and affinities. Through analyzing the binding
affinity of every theoretically possible T cell epitope derived from the
set of 7 DRPs previously mentioned against Balb/c (H-2-IAd) and
C57Bl/6 (H-2-IAb) MHC-II haplotypes, we found that every DRP in the
set showed higher numbers of possible T cell epitopes, higher numbers
of different MHC-II-binding-cores, and higher global affinities (lower
IC50 values) towards the MCH-II haplotype exclusively present in
C57Bl/6 mice. Moreover, 4 out of the 7 DRPs showed at least one T cell
epitope for that haplotype categorized as “Strong Binding”
(IC50< 50 nM), while none was predicted towards the MHC-II haplo-
type present in Balb/c mice (Table 2) suggesting that the 7 DRPs in the
set are more likely to be successfully presented by antigen presenting
cells from C57Bl/6 mice to T cells. Therefore, if any of those 7 DRPs
were effectively a natural protective antigen, C57Bl/6 mice would be
more likely to generate specific antibodies targeting those tegumental
antigens, which could explain -at least partially- the more efficient anti-
PSC response developed by C57Bl/6 mice. Further studies on the pos-
sible use of DRPs as vaccine candidates against E. granulosus will be
carried out soon.

5. Conclusion

Summing up, we showed here that differential susceptibility to
secondary CE observed for Balb/c and C57Bl/6 mice is influenced by
the early-induced antibody response. Moreover, we suggested that
subtle differences in antibody responses against parasite tegumental
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antigens might be linked to a genetic predisposition of C57Bl/6 mice to
successfully induce T-dependent antibody responses targeting natural
protective antigens. In this regard, antibodies produced by infected
C57Bl/6 mice were more efficient in inducing PSC death, probably
through the targeting of a selected number of relevant antigens, as well
as through polarizing their isotype profiles towards potent anti-parasite
IgG subclasses. Also, the present work showed the usefulness of PSEx
antigens to model early-induced antibody responses during murine
secondary CE. Finally, several novel parasite proteins were suggested
for their further testing as novel vaccine candidates against E. granu-
losus infection. Indeed, one of them -vesicular amine transporter- was
recently suggested by us as an interesting vaccine candidate following a
very different research approach (Miles et al., 2019).
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Neglected tropical diseases caused by helminth infections currently affect millions of people worldwide. Among
them, there are three tapewormspecies of outstanding importance: Echinococcus granulosus, E.multilocularis, and
Taenia solium, which are responsible for cystic echinococcosis, alveolar echinococcosis, and cysticercosis, respec-
tively. Despite several attempts, there is still a need for an effective and low-cost serological diagnostic test that
can be used in endemic countries. In the present work, we described an innovative bioinformatic workflow for a
rational prediction of putative peptide candidates for one-step serological diagnosis of any of these infections.
First, we predicted the theoretical secretome shared by the three tapeworms starting from their full reported
proteomes. Then, through immunoinformatics, we identified proteins within the shared secretome displaying
high antigenicity scores and bearing T cell epitopes able to bind most human MHC-II alleles. Secondly, in such
proteins, we identified linear B cell epitopes without post-translational modifications, and mapped them on 3D
modelled structures to visualize their antibody accessibilities. As a result, we finally suggested two antigenic pep-
tides shared between the secretomes of the three parasite species, which could be further tested for their immu-
nodiagnostic potential.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

On the list of neglected tropical diseases determined by the WHO,
three of them are infections caused by tapeworms: cysticercosis (Taenia
solium), cystic echinococcosis (Echinococcus granulosus), and alveolar
echinococcosis (E. multilocularis) (WHO, 2016). The three parasite spe-
cies undergo complex life cycles, involving two different mammalian
hosts (e.g. definitive and intermediate hosts). In T. solium infection,
humans are the only known definitive host for the adult tapeworm,
whereas both pigs and humans may act as intermediate hosts. Adult T.
solium inhabits the small intestine of humans releasing fertile eggs
into the environment through host feces. Eggs can later develop into
cysticerci if ingested by pigs. Human feeding with poorly cooked meat
from infected pork closes the parasite life cycle. However, humans can
also act as intermediate hosts for T. solium after ingesting eggs,

developing human cysticercosis (Del Brutto, 2012). It is worthmention-
ing that when the infection establishes in the central nervous system
(neurocysticercosis), it is considered the most important neurological
parasitic disease, being responsible for almost one third of the acquired
epilepsy cases in T. solium endemic areas (Coral-Almeida et al., 2015).
On the other hand, for cystic echinococcosis, dogs and other canids act
as definitive hosts for the intestinal tapeworms, releasing eggs through
host feces. Domestic and wild ungulates become intermediate host
when the tissue-invading metacestode stage develops, mainly in their
livers and lungs. Metacestodes are fluid-filled, spherical, unilocular
cysts, which can produce protoscoleces by asexual reproduction
(Moro and Schantz, 2009). Humans may act as accidental intermediate
hosts after the ingestion of eggs. Finally, alveolar echinococcosis is trans-
mitted fromdefinitive hosts (mainly foxes bearing adult E.multilocularis
worms in their intestines) to natural intermediate hosts (e.g. rodents)
through eggs expelled alongwith definitive host feces. The clinicalman-
ifestation of alveolar echinococcosis in humans (accidental intermedi-
ate hosts) resembles an alveolar-like pattern of microvesicles that
proliferates indefinitely and primarily in the liver. Alveolar echinococco-
sis can cause liver failure and spread into nearby tissues or even into the
brain (Moro and Schantz, 2009).

Medical diagnosis for any of the three infections relies on imaging
techniques and/or immunodiagnostic tests (Giri and Parija, 2012;
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Mihmanli et al., 2016). Among imaging techniques ultrasonography,
computed tomography and magnetic resonance are the most useful
tools, but their accuracy/sensitivity levels are highly dependent on
cyst localization and/or infection stages. Moreover, suchmid-high tech-
nology facilities and infrastructures are not always available in endemic
areas (Giri and Parija, 2012). On the other hand, immunodiagnostic
tests such as enzyme-linked immunosorbent assays (ELISA) are the pre-
ferred option in developing countries because of their simplicity and
low costs. In this sense, different ELISA using crude cyst fluid have
been developed for each infection, exhibiting quite good sensitivities
but not optimal specificities. Other immunodiagnostic techniques
have also been tested, but they are rarely used in clinical settings (Giri
and Parija, 2012).

A major shortcoming in the development of new serodiagnostic
tests is the identification/choice of proper antigens. Although different
antigenic components from E. granulosus, E. multilocularis and T. solium
have been evaluated, no better diagnostic performances were achieved.
The main disadvantage in using crude antigens is the cross-reactivity
seen with sera from patients infected with other parasites (Giri and
Parija, 2012). To overcome this low-specificity issue, many purified an-
tigens have been evaluated, such as Ag5 for both cystic and alveolar
echinococcosis (Giri and Parija, 2012) and AgB for each of the three par-
asites (Giri and Parija, 2012; Rodriguez et al., 2012). Unfortunately, lim-
itations in parasite material availability turned that strategy into a great
drawback. To avoid this problem, recombinant antigens have also been
evaluated in the past decades, with reports of varying performance de-
grees (Giri and Parija, 2012). However, some recombinant antigens
showed less immunoreactivity than their native counterparts did,
most probably due to altered post-translational modifications and/or
because of misfolded structures. In addition, high quality and quantity
production of recombinant proteins is not easy and rather expensive
(Gómara and Haro, 2007).

More recently, the use of synthetic peptides as antigens for immuno-
diagnostic tests has risen in popularity as away to overcomemost of the
problems alreadymentioned. These peptidesmimic linear or conforma-
tional B cell epitopes from antigenic proteins, lowering the overall cost
of the test, and therefore making them more suitable for low-income
countries. The use of synthetic peptides for immunodiagnosis have
been widely evaluated, leading to the development of several high sen-
sitivity and specificity tests in recent years against infections caused by
viruses (Gauna et al., 2015; Ma et al., 2016; X. Wang et al., 2015),
bacteria (Aguiar et al., 2016; Yin et al., 2016) and parasites
(Guimarães-Peixoto et al., 2016; Wang et al., 2016). In the present
post-genomic era, the availability of complete genome sequences and
advanced analysis algorithms have contributed to the possibility of
predicting antigens in silico, which could be useful for designing new
immunodiagnostic tests (Carvalho et al., 2011; Seib et al., 2012). Bioin-
formatic tools reduce time and costs through in silico prediction of
known biological and physical interactions, and although such predic-
tions are not perfect yet, continuous improvements of algorithms are
made on a daily basis, due to their machine learning properties
(Backert and Kohlbacher, 2015). In this sense, although prediction accu-
racy varies greatly depending on the complexity of available data, it can
be improved by combiningmultiple tools to achieve a common goal. For
example, although the prediction of secreted proteins in animals by
using a single software show low-medium confidence for any available
tool (63–82% of accuracy), the prediction can be significantly improved
by a combined-software approach (up to 92.1% in sensitivity and 98.9%
in specificity) (LumandMin, 2011;Meinken andMin, 2012;Min, 2010).
Therefore, it is extremely important to design and develop new and cre-
ative rational bioinformatics workflows for immunoinformatic studies.

In this work, we performed for the first time an unbiased multi-ge-
nome-wide screening of the three tapeworm species that cause
neglected tropical diseases (E. granulosus, E. multilocularis and T. solium)
in order to identify common potential diagnostic peptides derived from
their shared predicted secretomes. Similar secretome predictions have

already been performed for E. multilocularis (S. Wang et al., 2015; X.
Wang et al., 2015) and T. solium (Gomez et al., 2015); however, this is
the first study to predict not only the potential secretome of E.
granulosus from its full proteome, but also to apply a systematic bio-
and immuno-informatic pipeline for the three cestodes. Secreted pro-
teins are assumed to easily interact with the host immune system, lead-
ing to the production of specific antibodies against some, if not all of
them. Thus, we first predicted the secretomes for each parasite using a
complete bioinformatic approach, and then a common secretome
shared by the three species was selected based on homology analyses.
After that, proteins showing no significant homologous within the
human proteomewere further studied for their antigenicity and poten-
tial for being presented by most human MHC class II alleles. Finally, in
selected proteins, we identified and mapped some shared antigenic
amino acid sequences potentially able to be recognized by antibodies.
As a result, putative diagnostic peptides for neglected tropical diseases
caused by cestodes were suggested.

2. Materials and methods

2.1. Prediction of secretomes

Full proteomes from E. granulosus, E. multilocularis and T. solium re-
ported by Tsai et al. (2013) were downloaded on January 2016, from
the helminth genome database of Sanger Institute (http://www.
sanger.ac.uk/resources/downloads/helminths/). The workflow de-
scribed in the present work for prediction of secretomes uses a strategy
for integration of several tools similar to the one described by S.Wang et
al. (2015) and X. Wang et al. (2015) but with some modifications (Fig.
1A). Only proteins between 40 and 4000 amino acids long were ana-
lyzed due to software limitations. Briefly, proteins containing no pre-
dicted transmembrane (TM) regions were selected using the
algorithm TMHMM (version 2.0) (Krogh et al., 2001). TM prediction
was additionally performed on 1-TM containing proteins by Phobius al-
gorithm to discriminate between TM and signal peptides (Käll et al.,
2004). Then, remaining proteins were screened for the presence of sig-
nal peptides corresponding either to classical or non-classical secretion
mechanisms. SignalP (version 4.1) was used for classical secreted pro-
teins (choosing eukaryote organism categories and other default op-
tions) (Petersen et al., 2011), while SecretomeP (version 2.0) was
used for the prediction of non-classical secreted proteins (using NN-
scores ≥ 0.9 and other default options for mammalian organisms)
(Bendtsen et al., 2004). Predicted secreted proteins – classical and
non-classical – were scanned for subcellular localization to eliminate
mitochondrial proteins from the analysis using TargetP algorithm (ver-
sion 1.1), with a specificity ≥ 0.90 and non-plant options (Emanuelsson
et al., 2000). Then, signals for ER and GPI-anchored proteins were
scanned on the remaining predicted proteins using PS-Scan (Prosite
pattern: PS00014) (de Castro et al., 2006) and PredGPI (default options)
(Pierleoni et al., 2008), respectively. Proteins that successfully got
through our workflow were assumed to belong to each parasite
secretome.

2.2. Homology analyses

In order to identify secreted proteins highly conserved between the
studied cestodes, amino acid identity search was performed between
them by BLAST using the software ViroBLAST (BLASTp program and de-
fault options) (Deng et al., 2007). Sequences with identities ≥ 90% were
considered as orthologous proteins and were denominated tapeworms
shared secretome (Fig. 1B and Table 1). Then, in order to identify which
proteins from the tapeworms shared secretome show low levels of ho-
mologywith human proteins, we performed homology searches against
the fullHomo sapiens proteome by BLASTp algorithmusing the software
e!Ensambl (http://www.ensembl.org/Multi/Tools/Blast?db=core).
Proteins in the three parasite species showing ≤40% of identity with
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human proteins were considered as non-orthologous proteins and fur-
ther analyses were performed with them (Fig. 2A).

2.3. Antigenicity and T cell epitopes predictions

Non-human orthologous proteins from the tapeworms shared
secretome were scanned for their antigenicity using the sequence-
based, alignment-free and pathogen-independent predictor
ANTIGENpro (http://scratch.proteomics.ics.uci.edu/). Proteins with an-
tigenicity scores ≥ 0.5 were selected as probably antigenic (Magnan et
al., 2010), and only proteins over this threshold in the three parasite
species were chosen (Fig. 2B). Abundance of Antigenic Regions (AAR)
is a value used to normalize the number of antigenic regions by the se-
quence length, and this value was calculated as the ratio between the
protein sequence length and the number of predicted antigenic regions
by Bepipred software according to Gomez et al. (2015). Then, MHC-II
epitopes were predicted using the algorithm NetMHCII (version 2.2)
(Nielsen and Lund, 2009). For every antigenic protein, the binding affin-
ity of every possible 15-mer peptides was predicted against 26 human
MHC-II molecules belonging to HLA-DR, HLA-DP and HLA-DQ alleles.
Proteins bearing at least one strong binding peptide (IC50 b 50 nM) in
N20 alleles were considered as promiscuous MHC-II binding proteins
(Fig. 2C).

2.4. Prediction of post-translational modifications

Further analyses were performed on the sets of promiscuous MHC-II
binding proteins to predict possible sites for post-translational modifica-
tions (PTMs). Predictions were performed using the servers GPS (http://
ibs.biocuckoo.org/) and CBS (http://www.cbs.dtu.dk/services/). Analyzed
PTMs included: (i) protein glycation (NetGlycate) (Johansen et al., 2006);
(ii) tyrosine nitration (GPS-YNO2) (Liu et al., 2011); (iii) S-nitrosylation
(GPS-SNO) (Xue et al., 2010); (iv) N-terminal acetylation (NetAcet)
(Kiemer et al., 2005); (v) tyrosine sulfation (GPS-TSP) (Z. Pan et al.,
2014); (vi) N-linked glycosylation (NetNGlyc) (Gupta et al., 2004); (vii)
O-GalNAc glycosylation (NetOGlyc) (Steentoft et al., 2013); (viii) S-
farnesylation (GPS-Lipid); (ix) N-myristoylation (GPS-Lipid); (x) other
lipid modifications (GPS-Lipid) (Xie et al., 2016); (xi) palmitoylation
(CSS-Palm) (Ren et al., 2008); (xii) sumoylation (GPS-SUMO) (Zhao et
al., 2014); (xiii) protein methylation (GPS-MSP) (Chen et al., 2006), and
(xiv) C-mannosylation (NetCGly) (Julenius, 2007). Predicted PTMs and
their location within protein sequences are depicted in Fig. 3.

2.5. Prediction of linear B cell epitopes

Linear B cell epitopes in each set of promiscuousMHC-II bindingpro-
teinswere predicted using the algorithmBepipred (version 1.0) (Larsen

Fig. 1. In silico prediction of secretomes. (A) Bioinformaticsworkflowused for theprediction of secretomes starting from full reportedproteomes. Details on software settings are described
in Materials and methods (Section 2). (B) Venn diagrams showing the number of proteins shared by the predicted secretomes of the three cestodes.
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et al., 2006). Continuous antigenic segments ≥ 7 amino acids in length
were considered as linear B cell epitopes, and those showing 100% iden-
tity between the three parasite species were selected. Predicted PTMs
were mapped on protein sequences and those linear B cell epitopes
without sites for PTMs were denominated clean linear B cell epitopes.
Similarity analyses were performed between predicted clean linear B
cell epitopes and all known linear B cell epitopes present in the Immune
Epitope Database (http://www.IEDB.org). Additionally, clean linear B
cell epitopeswere scanned over thewhole human proteome by BLASTp
using the NIH server (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=
Proteins).

2.6. 3D modelling and mapping of clean linear B cell epitopes

3D structures for promiscuous MHC-II binding proteins were
modelled by homology using RaptorX software, which performs well
at aligning hard targets with b30% sequence identity respect to solved
structures in Protein Data Bank. For each protein, the predicted struc-
ture with the highest uGDT (unnormalized Global Distance Test) was
selected. uGDT measures the absolute model quality, being uGDT ≥ 50
a good indicator for proteins N100 amino acids long (Källberg et al.,
2012). The following 3D models were used as templates. E. granulosus
protein N°9 used 2qyu:A (27.3% identity) and protein N°10 used
4rlv:A, 1n11:A, 5et0:A, 4nik:A and 3b7b:A (identities range: 27.1–
36.1%). E. multilocularis protein N°9 used 5is5:A and 4ph4:B (24.3%
and 37.5% identity, respectively) and protein N°10 used 4rlv:A,
1n11:A, 5et1:A, 4nik:A and 3b7b:A (identities range: 27.6–36.1%). T.
solium protein N°9 used 1ea0:A (36.1% identity) and protein N°10
used 4rlv:A, 1n11:A, 4g8k:A, 4o1o:A and 1wdy:A (identities range:
26.5–32.1%). Then, in order to visualize antibody accessibility, clean lin-
ear B cell epitopes were mapped onto each selected structure using
DeepView software (Swiss-PdbViewer) (Guex and Peitsch, 1997).
Clean linear B cell epitopes mapped on selected 3Dmodels are depicted
in Fig. 4.

3. Results

3.1. Prediction of secretomes

Tapewormproteomes obtained from thehelminth genomedatabase
of Sanger Institute were composed of 10,247, 11,552 and 12,353 hypo-
thetical proteins for E. granulosus, E. multilocularis and T. solium, respec-
tively. Our bioinformatic workflow for secretome prediction is shown in
Fig. 1A. After eliminating hypothetical proteins out of the 40–4000
amino acids range (due to software limitations), and predicting no TM
domains by TMHMM and Phobius, 8346, 8699 and 10,325 sequences
were identified as TM-free for E. granulosus, E. multilocularis and T.
solium, respectively. Further analyses on TM-free proteins were per-
formed in order to predict secreted proteins, both by classical peptide
signaling (SignalP) and non-classical protein secretion (SecretomeP).
Combining results from both predictors, we found a total of 1552,
1301 and 950 secreted proteins - either classical or non-classical - for
E. granulosus, E. multilocularis and T. solium, respectively. Proteins iden-
tified as mitochondrial by TargetP software were discarded, and re-
maining proteins were analyzed for extra subcellular localization (ER
signal peptides and GPI anchor sequences), by PS-Scan and PredGPI
softwares. Finally, 1396 (E. granulosus), 1146 (E. multilocularis) and
886 (T. solium) sequences were identified as the probable secretome
for each tapeworm representing a 13.6%, 9.9% and 7.1% of their respec-
tive full proteomes (Fig. 1A).

3.2. Identification of the common shared proteome

Homology analyses of secreted proteins between the three tape-
worm species showed different levels of conservation, from highly di-
verse and unique to almost identical proteins based on their amino
acidic sequences. Shared secretome results obtained by BLASTp (identi-
ty ≥ 90%) are shown in Fig. 1B. We found 593 proteins exclusively
shared by E. granulosus and E. multilocularis, while 17 and 19 proteins
were solely shared by T. solium and E. granulosus or E. multilocularis,

Table 1
Cestodes common shared secretome. List of the 25 sets of proteins from E. granulosus, E. multilocularis and T. solium showing ≥90% identity between them. Protein names and accession
numbers for each parasite are shown.

Set no Protein name Accession number

E. granulosus E. multilocularis T. solium

1 Calcium binding protein EgrG_000504600 EmuJ_000504600 TsM_000553800
2 Expressed conserved protein EgrG_000632300 EmuJ_000632300 TsM_000705700
3 Expressed conserved protein EgrG_000806200 EmuJ_000806200 TsM_000862900
4 Intraflagellar transport protein 20 EgrG_000553100 EmuJ_000553100 TsM_001182700
5 cAMP dependent protein kinase regulatory subunit type I II alpha beta EgrG_000395400 EmuJ_000395400 TsM_000218300
6 Eukaryotic translation initiation factor 4E EgrG_000809800 EmuJ_000809800 TsM_000763200
7 Hypothetical protein EgrG_000932700 EmuJ_000932700 TsM_000219200
8 Complement C1q tumor necrosis factor EgrG_001189200 EmuJ_001189200 TsM_000038900
9 TonB box EgrG_000554900 EmuJ_000554900 TsM_000051800
10 Ankyrin repeat domain containing protein 10 EgrG_000245900 EmuJ_000245900 TsM_000225900
11 Programmed cell death protein EgrG_000925800 EmuJ_000925800 TsM_000414300
12 Expressed protein EgrG_001072800 EmuJ_001072800 TsM_001271600
13 Protein Wnt-04//Wingless type MMTV integration site family EgrG_000804000 EmuJ_000804000 TsM_000297700
14 Mitochondrial import inner membrane translocase EgrG_001050000 EmuJ_001050000 TsM_000927900
15 Small subunit ribosomal protein S30e EgrG_000855200 EmuJ_000855200 TsM_000629600
16 PRKR interacting protein 1 EgrG_001012600 EmuJ_001012600 TsM_001062400
17 Ubiquitin conjugating enzyme EgrG_000616800 EmuJ_000616800 TsM_000558000
18 PolyU binding splicing factor PUF60 EgrG_001087600 EmuJ_001087600 TsM_001209200
19 DNA directed RNA polymerases I II and III EgrG_000230200 EmuJ_000230200 TsM_000656900
20 Sorting nexin EgrG_000922200 EmuJ_000922200 TsM_000174000
21 dUTP pyrophosphatase EgrG_000119100 EmuJ_000119100 TsM_000610800
22 Transcription factor IIb EgrG_000056800 EmuJ_000056800 TsM_000752000
23 N alpha acetyltransferase 11 EgrG_000792500 EmuJ_000792500 TsM_000644500
24 Ubiquitin conjugating enzyme rad6 EgrG_000834100 EmuJ_000834100 TsM_000046400
25 Calmodulin family member cmd 1 EgrG_000491400 EmuJ_000491400 TsM_001257700
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respectively (Fig. 1B). Finally, only 25 proteins showed high levels of ho-
mology between the three tapeworms, representing a 1.8% (E.
granulosus), 2.2% (E. multilocularis) and 2.8% (T. solium) of their respec-
tive secretomes (Fig. 1B). A detailed list of such 25 proteins is shown in
Table 1, which were grouped into sets for further analyses.

3.3. Analyses of human homologies and antigenicity probabilities

Sequence homology analyses were performed for the 25 sets of pro-
teins against thewholeHomo sapiens proteome, and top score identities
after BLASTp are shown in Fig. 2A. Proteins exhibiting a % ID ≤ 40 were
considered non-orthologous to humans and were selected for addition-
al studies. From the 25 shared proteins, 10 (40%)were classified as non-
orthologous, and their probabilities of being antigenic were predicted
by ANTIGENpro software. Antigenicity scores are shown in Fig. 2B. Pro-
teins with scores ≥ 0.5 for the three tapeworm species were considered
as highly antigenic. Six proteins out of 25 shared by the three parasite
species were non-homologous to humans as well as highly antigenic
(Fig. 2B). Additionally, we calculated the Abundance of Antigenic Re-
gions (AAR) in the 10 sets of proteins that displayed low human homol-
ogy, and we observed average AAR values of 24.5, 23.7 and 24.2 for E.
granulosus, E. multilocularis and T. solium, respectively. Interestingly, av-
erage AAR values reported for T. solium and E. multilocularis secretomes
were roughly 4-fold higher than our values (Gomez et al., 2015), sug-
gesting that our selected set represents a subgroup of secreted proteins
with more antigenic density.

3.4. Identification of promiscuous MHC-II binding proteins

For the six sets of proteins shared by the predicted secretomes of E.
granulosus, E. multilocularis and T. solium showing low homologies to
humans and high antigenicity probabilities, the binding affinity of
every possible 15-mer peptides to different human MHC-II molecules
was predicted by NetMHCII software. Analyses were performed over
26MHC-IImolecules belonging to HLA-DR, HLA-DP andHLA-DQ alleles.
Proteins displaying at least one strong binding peptide (IC50 b 50 nM) in
N20 alleles were considered promiscuous MHC-II binding proteins. Re-
sults depicted in Fig. 2C show that only protein sets termed N°9 and
N°10 could be considered promiscuous MHC-II binding proteins. Re-
garding proteins in set N°9, they showed strong binding to 21 (E.
granulosus), 22 (E. multilocularis), and 21 (T. solium) MHC-II alleles. On
the other hand, proteins in set N°10 showed strong binding to 22 (E.
granulosus), 22 (E. multilocularis), and 21 (T. solium) MHC-II alleles.

3.5. Prediction of PTMs and analyses of linear B cell epitopes

Both sets of promiscuousMHC-II binding proteinswere analyzed for
their potential sites of PTMs and for the identification of putative linear
B cell epitopes. Firstly, PTMs prediction softwares showed - with some
differences among tapeworms - the existence of putative sites for pro-
tein glycation, palmitoylation, tyrosine nitration, S-nitrosylation, tyro-
sine sulfation, N-glycosylation, O-GalNAc glycosylation and N-

Fig. 2. Immunoinformatic identification of diagnostic candidates. Protein setswithin the common shared secretomewere searched for candidateswith diagnostic potential. (A)Homology
analysis between proteins in the cestodes common shared secretome and Homo sapiens full proteome were performed by BLASTp, and the highest identity score (%) is shown for each
protein within the 25 sets. (B) Antigenicity probability scores for proteins showing identities ≤ 40% against Homo sapiens were obtained by ANTIGENpro software. (C) Within antigenic
proteins, those exhibiting at least one 15-mer strong binding peptide (IC50 b 50 nM) in N20 MHC-II alleles were considered promiscuous MHC-II binding proteins. Epitopes and affinity
predictions were performed with NetMHCII software.
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myristoylation (Fig. 3). Additionally, sites for N-terminal acetylation, S-
farnesylation and sumoylationwere also predicted but only for proteins
in set N°9 (Fig. 3). Secondly, both sets of promiscuous MHC-II binding
proteins were also scanned for sequences able to be recognized by anti-
bodies (e.g. linear B cell epitopes). Results showed that proteins in set
N°9 exhibit 2 (T. solium) and 3 (E. granulosus and E. multilocularis) puta-
tive linear B cell epitopes, while those in set N°10 displayed 5 putative
linear B cell epitopes independently of the parasite species (Fig. 3). Fi-
nally, in order to identify clean linear B cell epitopes (e.g. those without
possible sites for PTMs), mapping studies for co-localization of predict-
ed PTMs and putative linear B cell epitopes were performed for every
protein present in both sets. Results in Fig. 3 show that in set N°9
there is only one clean linear B cell epitope shared by the three proteins
(ASNPNCPAK),while in set N°10 two sequenceswere identified as clean
linear B cell epitopes shared by the three proteins (NFQDSSGDT and
ALDGDLS). Homology studies for these linear B cell epitopes against
every known linear B cell epitope in the Immune Epitope Database
showed no exact matches, nor N90% similar epitopes (data not
shown). This is important from a diagnostic point of view because the
probability of false positive results due to cross-reaction with other an-
tigens should be as low as possible. However, the exact sequence
ALDGDLS (set N°10) is present in a large number of proteins from bac-
teria, fungi and plants, as revealed by comparisons against all known
proteins present on the non-redundant protein sequences database
(data not shown). Interestingly, none of the three sequences showed
an exact match (100% identity and coverage) against the full human
proteome (data not shown). This would increase the probability of gen-
erating specific antibodies against the clean linear B cell epitopes,

because B cells should be able to overcome immune tolerance
mechanisms.

3.6. Mapping of clean linear B cell epitopes in 3D-modelled protein
structures

Linear B cell epitopes need to locate on protein surfaces to be easily
recognized by antibodies within the native structure. Therefore, it is of
outstanding relevance to map putative linear B cell epitopes in 3D pro-
tein structures. Due to low levels of homology between our protein sets
and all 3D-elucidated protein structures available (by either crystallog-
raphy or NMR); an exact mapping of epitopes is not feasible. However,
partial models could give valuable information. In this sense, by means
of RaptorX software, we achieved quite acceptable models for proteins
in set N°9 (45, 46 and 36 uGDT for E. granulosus, E. multilocularis and
T. solium, respectively), although showing some differences between
them (Fig. 4). Regarding proteins in set N°10, our results revealed
much higher confidence models (159, 163 and 173 uGDT for E.
granulosus, E. multilocularis and T. solium, respectively), and 3D struc-
tures for the three proteinswithin the setwere very similar (Fig. 4). Fur-
ther mapping analysis on 3D structure models showed that predicted
clean linear B cell epitopes in each set exhibited mostly mid-high sur-
face accessibility (Fig. 4).

4. Discussion

Infections caused by tapeworms affectmillions of peopleworldwide.
Among them, the WHO classifies cystic echinococcosis, alveolar

Fig. 3. Identification of clean linear B cell epitopes. PromiscuousMHC-II binding proteins (sets N°9 and N°10) were analyzed for their PTMs sites (using GPS and CBS servers) and linear B
cell epitopes (predicted by means of Bepipred 1.0 software). PTMs sites for any of the eleven possible modifications studied are shown as dashed lines. Predicted linear B cell epitopes in
each protein are shown as grey boxes, while those in black boxes represent clean linear B cell epitopes shared by the three protein within each set.
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echinococcosis and cysticercosis as zoonotic neglected tropical diseases.
Despite numerous attempts, high-sensitivity and high-specificity sero-
logical diagnostic tests against these infections are still needed, since
no tested antigens have shown outstanding diagnostic performance
thus far (List et al., 2010; Manzano-Román et al., 2015; Rodriguez et
al., 2012; Zhang et al., 2012). In this study, we propose a rational
in silico analysis, via application of different bioinformatic and
immunoinformatic approaches to identify new diagnostic candidates.
To the best of our knowledge, the present study is the first multi-ge-
nome-wide analysis and in silico prediction of universal diagnostic pep-
tides that could aid in determining human infections by any relevant
tapeworm species causing neglected tropical diseases (e.g. E. granulosus,
E. multilocularis and T. solium). Endemic areas for any of the three ces-
todes are largely overlapped and localized mostly in low/middle-in-
come countries. Thus, it is very important to have a simple and cheap
serodiagnostic tool that allows for identification of any of these diseases
in one-step. Once a sample turns into a positive result, further species-
specific analyses should be perform to identify the cestode responsible
for the disease in order to choose themost appropriate treatment. Hav-
ing a single serodiagnostic tool would provide relevant results in prima-
ry screening studies or in epidemiological surveys at geographical
places with limited resources for serological analyses. To that end, we
predicted in silico a subset of secreted proteins shared by the three tape-
worms. Since secretedproteins are in constant contactwith the host im-
mune system, identifying immunodiagnostic candidates from
secretomes is a logical approach (S. Wang et al., 2015; X. Wang et al.,
2015). Similar secretome predictions have already been performed for
E. multilocularis (S.Wang et al., 2015; X.Wang et al., 2015) and T. solium
(Gomez et al., 2015), as well as the prediction of secreted proteins from
transcriptome profiles of E. granulosus protoscoleces (W. Pan et al.,
2014; Z. Pan et al., 2014). However, this is the first study to predict se-
creted proteins from the full proteome of E. granulosus. Our results
showed that secretomes correspond to 13.6, 9.9 and 7.1% of all hypo-
thetical proteins in the full proteomes of E. granulosus, E. multilocularis

and T. solium, respectively. In contrast with the reported results similar-
ly obtained for E. multilocularis (6.4%) (S. Wang et al., 2015; X. Wang et
al., 2015) and T. solium (6.5%) (Gomez et al., 2015), our results showed a
higher number of secreted proteins for both cestodes. This may be due
to the constant update of the genomes, since the number of hypotheti-
cal proteins in the full proteomes we downloaded from the Sanger hel-
minth genome database is quite different to those used in the above-
mentioned works. For example, while Gomez et al. (2015) used a full
proteome for T. solium of 12,902 hypothetical proteins, and S. Wang et
al. (2015) and X. Wang et al. (2015) reported a full proteome for E.
multilocularis of 10,552 hypothetical proteins; our work started with
proteomes made of 12,353 and 11,552 hypothetical proteins, respec-
tively. Additionally, differences in the bioinformatic pipelines used
might also affect the results; e.g. no PS-Scan nor PredGPI softwares
were applied in Gomez et al. (2015). Therefore, in order to obtain E.
granulosus, E. multilocularis and T. solium predicted secretomes we ap-
plied the same conditions in a systematic way to the three available
full proteomes.

Our prediction of a common shared secretome between E.
granulosus, E. multilocularis and T. solium showed 25 sets of proteins
exhibiting N90% of identities between them (Fig. 1B and Table 1).
These proteins seemed to be conserved among cestodes, since at least
21 sets displayed N65% ID with other cestode proteins (BLASTp against
non-redundant protein sequences database, data not shown). More-
over, 10 sets showed low levels of homology with human proteins
(Fig. 2A), which is very important from a serodiagnostic point of view
since immune tolerance mechanisms must be overcome in order to de-
velop an antibody response in the infected host. Additionally, for any
protein within such 10 sets, the second best cestode hit belonged to
Hymenolepis microstoma (median sequence identity: 69%, range: 49–
86%). Interestingly, like E. granulosus, E. multilocularis and T. solium; H.
microstoma is also amember of the Cyclophyllidea order of cestodes, al-
though it has been very rarely reported to infect humans (Macnish et al.,
2003; Tsai et al., 2013). Once human non-homologous proteins were

Fig. 4.Mapping of clean linear B cell epitopes in 3D-modelled protein structures. For every proteinwithin sets N°9 and N°10, a 3D-modelled structure was predicted bymeans of RaptorX
software, and clean linear B cell epitopes were visualized in 3D models using DeepView. For visualization purposes, secondary structures are shown in pink (α-helixes) and green (β-
sheets), while 3D overall structures are represented in grey. Mapped epitopes are depicted in yellow. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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identified, they were analyzed with a probability of antigenicity soft-
ware, and 6 out of 10 studied sets were classified as highly antigenic
for the three proteins within each set (Fig. 2). Although being antigenic
is necessary for antibody production, successful antibody responses also
require T cell-B cell collaboration through peptides loaded inMHC class
II molecules. In order to select protein candidates with the best chance
for an efficient T cell-B cell collaboration in the vast majority of the pop-
ulation, we identified sets of promiscuous MHC-II binding proteins.
Such proteins were defined as containing at least one 15-mer peptide
able to be bound with strong affinity by most (N20 out of 26 studied)
human MHC-II molecules. Only two sets of proteins belonged to such
a category: sets N°9 and N°10. However, it is worth mentioning that al-
though selected promiscuous MHC-II binding proteins are able to be
presents by at least 77% of MHC-II analyzed molecules, this does not di-
rectly reflect the percentage of the population able to present them. The
issue of population coverage in relation to MHC polymorphism is fur-
ther complicated by the fact that differentMHCmolecules are expressed
at dramatically different frequencies in different ethnicities (Sidney et
al., 2010).

Proteins within set N°9 are characterized by presenting an N-termi-
nal TonB box domain. This domain is a conserved pentapeptide se-
quence found in TonB-dependent colicins and receptors in bacteria,
and is involved in the uptake of specific substrates into the periplasmic
space (Tuckman and Osburne, 1992). Little information is available
about the role of TonB box domain in Eukarya, though it is found in
fungi, plants, and animals. TonB box region in proteins belonging to
set N°9 is found in their N-terminal region, with no other identifiable
domains (data not shown). Thus, most sequences in such proteins
have an uncharacterized structure and function. No other proteins bear-
ing a TonB box domain where present in the three predicted
secretomes, although 3, 4 and 5 TonB box-containing proteins were
found in the full proteomes of T. solium, E. granulosus and E.
multilocularis, respectively (data not shown). On the other hand, pro-
teins within set N°10 contain one of the most common protein motifs
in nature: the Ankyrin repeat domain. Proteins bearing such motif are
usually implicated in specific protein-protein interactions involved in
many cellular processes. Additionally, they can interactwith a highly di-
verse and unrelated number of molecules (Parra et al., 2015). Proteins
within set N°10 present two N-terminal motifs of Ankyrin repeats
(data not shown). In the analyzed proteomes, there were 68 (E.
granulosus), 71 (E.multilocularis) and 70 (T. solium) proteinswith Anky-
rin repeats,while in the predicted secretomes 2, 3 and 5 of such proteins
were found for E. granulosus, E. multilocularis and T. solium, respectively
(data not shown).

Further analyses of sets N°9 and N°10 were performed in order to
identify common antigenic regions. First, potential sites for several
PTMswere predicted, followed by identification of linear B cell epitopes
within each protein. Little information is available on PTMs in tape-
worms. Thus, to overcome this issue we analyzed a high number of
PTMs present in mammals, independently of whether tapeworms ex-
hibit similar modifications or not. This strategy was used since we did
not want to characterize possible PTMs per se, but to search for regions
that most likely do not contain any potential sites for PTMs. Co-localiza-
tion of PTMs-free sites and linear B cell epitopes allowed us to identify
clean linear B cell epitopes, which were further compared between
the three proteins within each set. Our results showed that proteins in
set N°9 share one clean linear B cell epitope (ASNPNCPAK), whereas
proteins within set N°10 share two (NFQDSSGDT and ALDGDLS). Fur-
ther analyses were performed on these sequences in order to suggest
their potential use as diagnostic peptides. Any of these sequences
were found in the human proteome (100% identity and coverage), rein-
forcing their possibility of being targeted by specific antibodies in the
human host through overcoming B cell tolerance mechanisms. In addi-
tion, these sequences showed no similaritywith any known linear B cell
epitope reported in the Immune Epitope Data Base, reducing potential
interferences by other pathogens which could produce false-positive

results. Moreover, when the three sequences were compared against
all known proteins present on the non-redundant protein sequences
database by BLASTp, no exact match (100% identity and coverage)
was found for the sequences ASNPNCPAK (set N°9) and NFQDSSGDT
(set N°10). However, large numbers of proteins from bacteria, fungi
and plants exhibited the ALDGDLS sequence, reducing its confidence
as a specific peptide for potential use in serodiagnosis.

Finally, 3D structure modelling and mapping of clean linear B cell
epitopes was performed to evaluate the accessibility of antibodies to
them. Due to the low level of homology between proteins in set N°9
and N°10with any available 3D protein structures (by either crystallog-
raphy or NMR); an exactmapping of epitopeswas not possible. Howev-
er, to overcome this problem, we built partial 3D protein models by
using RaptorX software. For proteins within set N°9 - which possess
mostly uncharacterized structureswith anN-terminal TonBbox domain
- we achieved acceptable models. Relevant structural differences were
observed between the three proteins in this set. Clean linear B cell epi-
topesmapping in any of the three proteins showedmid-high surface ac-
cessibilities, although the 3D location of the epitopes was highly
variable between the three proteins (Fig. 4). Certainly, higher confi-
dence models for proteins in set N°9 are needed for more reliable anal-
yses. On the other hand, the 3Dmodels for proteins in set N°10 showed
high confidence levels and were very similar for the three proteins.
Moreover, the 3D location of the clean linear B cell epitopes showed to
be quite similar in the three cases (Fig. 4). Clean linear B cell epitopes
showed relatively good accessibilities (except for the ALDGDLS se-
quence in the model for E. granulosus). Taking all these results together,
we suggest the peptide sequences ASNPNCPAK (from proteins in set
N°9) and NFQDSSGDT (from proteins in set N°10) as potentially useful
in designing new serodiagnostic tools able to detect antibodies raised
by humans against E. granulosus, E. multilocularis and/or T. solium.

5. Conclusion

In summary, we reported here a novel bio- and immuno-informatic
workflow for predicting antigenic candidates with potential diagnostic
value against the three neglected tropical diseases caused by tape-
worms. In this sense, our results not only suggested two new proteins
common to the shared secretome of E. granulosus, E. multilocularis and
T. solium as immunodiagnostic candidates, but also proposed two po-
tentially antigenic peptides derived from them that could lower re-
search and development costs. In this sense, their putative diagnostic
potential needs to be further tested and our overall results validated
in an experimental setting. Therefore, experimental validation will be
assessed soon.
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Echinococcus granulosus sensu lato (s.l.) is a cestode parasite affecting both human and livestock health. Recom-
binant ectodomains of human scavenger receptors CD5 (rshCD5) and CD6 (rshCD6) were previously reported
to bind its tegumental antigens and to exert prophylactic effects in a murine model of infection. Although the
properties of mammalian scavenger receptors include the binding to diverse pathogen-derived structures,
their interaction with helminth parasites has been scarcely explored. Therefore, we report here a search for
CD5 and CD6 interactorswithin E. granulosus s.l. antigens.Mass spectrometry analysis of pull-downs from soluble
tegumental componentswith biotinylated rshCD5 and rshCD6 resulted in 17 and 11 overrepresented interactors,
respectively, 8 of which were shared. The interactors included previously reported protective molecules against
E. granulosus s.l. and/or other helminths. Similar studies performedwith 11-mer peptidesmapping to each of the
three extracellular scavenger domains of CD5 and CD6 allowed an estimated molecular topology of the interac-
tions. In conclusion, the fact that most helminth interactors identified for rshCD5 and rshCD6 were already re-
ported as vaccine candidates or pharmacological targets against different helminthiases, supports the view
that their beneficial effects in experimental infection results from binding to multiple relevant tegumental
antigens.

1. Introduction

Cystic echinococcosis (CE) is a cosmopolitan zoonosis caused by the
larval stage of Echinococcus granulosus sensu lato (s.l.), a cestode parasite
affecting both human and livestock health. Human incidence of CE is es-
timated to be as high as onemillion people worldwide, accompanied by
annual livestock production losses reaching USD 2 billion [1]. Primary
CE occurs in intermediate hosts (ungulates, accidentally humans) after
ingestion of oncosphere-containing eggs, which develop into
metacestodes (hydatid cysts) mainly in the host liver and lungs. Sec-
ondary CE occurs after spillage of protoscoleces (PSC) from a fertile
cyst within an infected intermediate host, since PSC developmental
plasticity allows them to become new cysts within intermediate hosts
or adult worms if ingested by definitive hosts (usually dogs) [2].

Host-pathogen interaction is a highly dynamic process involving
recognition of pathogen-associated molecular patterns (PAMPs)
through pattern recognition receptors (PRRs) mainly expressed by in-
nate immune cells [3]. Generally, PAMPs recognition by PRRs activates
immediate host inflammatory responses with direct anti-pathogen ac-
tivities. This is well exemplified by Scavenger Receptors (SRs), a struc-
turally diverse group of PRRs with a wide range of biological functions
(e.g. endocytosis, phagocytosis, adhesion and signaling) triggered
upon binding to multiple non-self or altered-self ligands [4]. Some SRs
(namely class A and class I) present single or multiple repeats of the an-
cient and highly conserved scavenger receptor cysteine-rich (SRCR) do-
main characteristic of a superfamily (SRCR-SF) comprising more than
30 different cell-surface or secreted proteins [5]. Although a high degree
of structural conservation among SRCR-SF members is observed, not a
single common unifying function has been reported. However, a
steadily growing number of SRCR-SF members have been shown to in-
teract with diverse microbial structures [4].

The lymphocyte cell surface receptors CD5 and CD6 are class I SRs
exhibiting PRRs activities. Indeed, CD5 binds to β-glucans from sapro-
phytic and pathogenic fungal species [6], and has been reported as a
key receptor for human hepatitis C virus entry into T lymphocytes [7].
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As for CD6, it binds to Gram-negative and Gram-positive bacteria
through recognition of lipopolysaccharide (LPS) and lipotheichoic acid
(LTA), respectively [8,9], and gp120 from HIV-1 [10]. Interestingly, the
infusion of recombinant soluble forms of human CD5 (rshCD5) and
CD6 (rshCD6) ectodomains show prophylactic and/or therapeutic ac-
tions in different murine models of bacterial [8,9,11] or fungal [6,12]
infections.

Despite differences in PAMPs recognition, CD5 and CD6 receptors
are highly homologous in terms of structure and functionality, since
they are encoded by contiguous genes thought to derive from duplica-
tion of a common ancestor. The CD5 and CD6 ectodomains are exclu-
sively composed of 3 consecutive SRCR domains showing extensive
sequence identity, while their diverging cytoplasmic tails display sev-
eral structural motifs compatible with signaling transduction functions
[5]. Interestingly, CD5 and CD6 are physically associated with the
clonotypic antigen-specific receptor of T (TCR) and B1a (BCR) cells, par-
ticipating in thefine tuning of their activation and differentiation signals
through still not fully understood mechanisms [13].

Besides CD5 and/or CD6 abilities to sense PAMPs frombacteria, fungi
and viruses, their PRR activities were recently expanded to helminth
parasites, a previously unexplored group of pathogens. Using the ces-
tode E. granulosus s.l. as a helminth parasite model, CD5 and CD6 recep-
tors were shown to interact mostly with tegumental protein antigens
expressed in the PSC parasite stage. Furthermore, it was reported that
rshCD5 and rshCD6 differentially modulated cytokine release upon
peritoneal cells exposure to parasite tegumental components. Impor-
tantly, prophylactic infusion of rshCD5 or rshCD6 significantly amelio-
rated the outcome in a murine model of E. granulosus s.l. infection [14].

The present report aims at searching for rshCD5 and rshCD6 ligands
within E. granulosus s.l. tegument since their blockademight be relevant
for improving medical interventions in infected individuals. Addition-
ally, a molecular topology of rshCD5 and rshCD6 interactors within
their SRCR domains was performed through peptide mapping.

2. Materials and methods

2.1. Parasite antigens

PSC were obtained by aseptic puncture of pulmonary and fertile hy-
datid cysts from several bovine hosts collected at Uruguayan abattoirs.
Viability of parasites was determined according to previous reports
[15] after PSC from single hydatid cysts were extensively washed with
phosphate buffered saline (PBS) pH 7.2 containing gentamicin
(40 μg/mL). Only PSC exhibiting a viability ≥80% were used. Parasites
obtained from different hydatid cysts were pooled, and PSC tegumental
antigens (antigenic fraction termed PSEx) were extracted using a solu-
tion of MEGA-10 (1% w/v), EDTA (5 mM) and PMSF (2 mM) in PBS as
originally reported [16]. PSEx obtained from several PSC batches were
finally pooled and stored at−20 °C until use.

2.2. Recombinant receptors and synthetic peptides

Production of purified recombinant soluble proteins encompassing
the whole ectodomains of human CD5 (rshCD5; from R25 to D345) and
CD6 (rshCD6; from D25 to R397) receptors was performed based on pre-
viously reported methods [6,8] but using SURE CHO-M Cell line clones
from the Selexis SURE-technology Platform (Geneva, Switzerland) and
subjecting serum-free supernatants to size exclusion chromatography
protocols developed at PX'Therapeutics (Grenoble, France). Proteins
were biotinylated with EZ-Link PEO-maleimide-activated biotin
(Pierce) following the manufacturer's instructions, and stored in PBS
(10% glycerol, pH 7.4) at −80 °C until use. CD5 and CD6 intradomain
peptide sequences homologous to the consensus 11-mer DMBT-1/
SAG.pbs1 peptide sequence [17] were previously designed [18]. The se-
quence of such CD5- and CD6-derived peptides mapping at SRCR do-
mains 1 to 3 were: CD5.P1 (GQLEVYLKDGW), CD5.P2

(GVVEFYSGSLG), CD5.P3 (GTVEVRQGAQW), CD6.P1 (GTVEVRLEASW),
CD6.P2 (GRVEMLEHGEW), and CD6.P3 (GQVEVHFRGVW). Biotinylated
peptides (≥80% purity) were synthesized by ProteoGenix (Schiltigheim,
France) and stored at 5 mg/mL in water-diluted acetonitrile (1:3) at
−80 °C until use.

2.3. Pull-down assays

Pull down experiments were performed following previously re-
ported protocols [19], including a pre-cleaning step in order to mini-
mize potentially unspecific bindings. Briefly, 8 mg of PSEx proteins
(1 mg/mL in sterile PBS) were pre-cleaned using 200 μL of streptavidin
agarose resin slurry (High Capacity Streptavidin AgaroseResin, Pierce®)
during 90min at RTwith constant shaking followed by centrifugation at
2500g for 3 min at 4 °C. Pre-cleaned PSEx was transferred into 8 sterile
microtubes (1 mL per tube) containing 100 μL of streptavidin agarose
resin slurry pre-incubated with biotinylated receptors (rshCD5 or
rshCD6) or synthetic peptides (CD5.P1, CD5.P2, CD5.P3, CD6.P1, CD6.
P2 or CD6.P3). Such slurrieswere obtained from incubationswith either
biotinylated receptors (300 μg) or synthetic peptides (2mg) following a
similar protocol to PSEx pre-cleaning. Microtubes were then incubated
during 18 h at 4 °C with constant shaking, and after centrifugation
bound proteins were washed thrice with 1 mL of sterile PBS. Pellets
were lyophilized and resuspended in SDS loading buffer (100 mM
Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate (w/v), 0.2% (w/v)
bromophenol blue, 20% glycerol, 0.1 M dithiothreitol). SDS-PAGE gels
(10%) were then shortly run, whole pieces upstream the running front
line were cut without staining, and kept at−80 °C until protein diges-
tion for mass spectrometry studies.

2.4. Mass spectrometry analyses

Protein digestion and mass spectrometry analyses were performed
at the CEQUIBIEM Proteomics Core Facility (CONICET- National Re-
search Council, Buenos Aires - Argentina) according to previously pub-
lished protocols [20]. Briefly, protein samples were reduced and
carbamidomethylated with 10 mM dithiothreitol or 20 mM
iodoacetamide, respectively. Then, the protein solutionwasprecipitated
with trichloracetic acid at−20 °C, and after centrifugation pellets were
washed twice with ice-cold acetone and finally dried at RT. Proteins
were resuspended in 50mMammoniumbicarbonate pH 8 and digested
with trypsin. Resulting peptideswere desaltedwith ZipTip C18 columns
and then were analyzed by nanoLC-MS/MS in a Thermo Scientific Q
Exactive Mass Spectrometer coupled to a nanoHPLC EASY-nLC 1000
(Thermo Scientific). MS equipment has a high collision dissociation
cell (HCD) for fragmentation and an Orbitrap analyzer (Thermo Scien-
tific, Q-Exactive). A voltage of 3.5 kV was used for Electro Spray Ioniza-
tion (Thermo Scientific, EASY-SPRAY). XCalibur 3.0.63 software
(Thermo Scientific) was used for data acquisition and equipment con-
figuration that allows peptide identification at the same time of their
chromatographic separation. Full-scan mass spectra were acquired in
the Orbitrap analyzer. The scanned mass range was 400–1800 m/z, at
a resolution of 70,000 at 400 m/z and the 12 most intense ions in each
cycle were sequentially isolated, fragmented by HCD, and measured in
the Orbitrap analyzer. Peptides with a charge of +1 or with unassigned
charge state were excluded from fragmentation for MS2.

2.5. Analysis of MS data

Q Exactive raw data was processed using Proteome Discoverer soft-
ware version 2.1.1.21 (Thermo Scientific) and searched against a data-
base composed of E. granulosus s.l. and Bos taurus proteins -in addition
to streptavidin from Streptomyces avidinii and CD5 and CD6 from
Homo sapiens- sequences digested with trypsin with a maximum of
one missed cleavage per peptide. Proteome Discoverer™ searches
were performedwith a precursormass tolerance of 10 ppmand product
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ion tolerance of 0.05 Da. Static modifications were set to carbamido-
methylation of Cys, and dynamic modifications were set to oxidation
of Met and N-terminal acetylation. Protein hits were filtered for high
confidence peptide matches with a maximum protein and peptide
false discovery rate of 1% calculated using a reverse database strategy.
The exponentially modified protein abundance index (emPAI) was cal-
culated automatically by Proteome Discoverer™.

2.6. Subcellular localization predictions

For each identified protein within PSEx and rshCD5/rshCD6 pull
downs, subcellular localizationswere predicted using DeepLoc software
[21]. Proteins predicted to be either located in Golgi apparatus, Lyso-
some/Vacuole and/or Peroxisome were grouped into “Other” category.

2.7. ELISA binding assay

PSEx-binding ability of synthetic peptides (CD5.P1, CD5.P2, CD5.P3,
CD6.P1, CD6.P2 or CD6.P3) was assessed following own published pro-
tocols [14] with minor modifications. Briefly, 96-well microtiter plates
(Nunc, Roskilde, Denmark) were coated overnight at 4 °C with 100 μL/
well of PSEx in PBS (20 μg/mL), and further blocked for 2 h at room tem-
perature with 200 μL/well of PBS containing 1% (w/v) BSA. Increasing
concentrations (0–40mM) of biotinylated peptides (100 μL/well, tripli-
cates) were then added to the wells and incubated overnight at 4 °C.
Bound peptides were detected through incubation with HRP-labelled
streptavidin (100 μL/well; 1:5000 dilution - Sigma) for 1 h at room tem-
perature. Between incubation steps, unbound peptides were washed
out thrice with PBS containing 0.05% (v/v) Tween-20. Enzymatic activ-
ity was developed during 20 min at room temperature by adding
100 μL/well of 3,3′,5,5′-tetramethylbenzidine reagent (Sigma) contain-
ing H2O2 substrate. After stopping the reaction with H2SO4 1.0 M
(50 μL/well), absorbance values were read at 450 nm.

3. Results

3.1. Proteomic characterization of rshCD5 and rshCD6 interactomes

In an attempt to identify the parasite ligands interacting with the
CD5 and CD6 lymphocyte receptors, we performed proteomic studies
using PSEx as a model of soluble PSC tegumental antigens [22,23]. The
analysis of the whole proteome of PSEx through nanoLC-MS/MS using
an Orbitrap analyzer allowed us to successfully identify a total of 1252
proteins (Suppl. 1). The emPAI values for eachproteinwere determined,
thus enabling calculation of their relative abundance (RA) values
(meaning percentage of each protein emPAI value relative to the overall
sum of every proteins' emPAI values within PSEx) [24]. Moreover, given
the bovine origin of PSC used for obtaining PSEx, a characterization in
terms of E. granulosus s.l. vs. B. taurus proteins was also performed,
thus showing that the PSEx proteome was composed of 1218
E. granulosus s.l. proteins (97.3%) and 34 B. taurus proteins (2.7%). Inter-
estingly, the RA value of the most represented B. taurus protein was
0.19% (actin, alpha cardiac muscle 1 OS; ID: Q3ZC07), ranking as the
97th most abundant protein within PSEx proteome (Suppl. 1).

The potential parasite interactors for rshCD5 and rshCD6were iden-
tified by means of pull down assays. This strategy has the limitation of
identifying not only direct parasite interactors, but also proteins bonded
to them. The analysis of pull down pellets by nanoLC-MS/MS provided
the whole rshCD5 (Suppl. 2) and rshCD6 (Suppl. 3) interactomes. Both
interactomes exhibited a lower number of proteins than PSEx (645
and 859 for rshCD5 and rshCD6, respectively), even though some pro-
teins were solely found in interactomes (Suppl. 2 & 3). This fact might
be either attributed to proteins having a RA value below the detection
limit of the technique within PSEx but being enriched within
interactomes, or to a dilution phenomenon within PSEx due to its high
amount of proteins affecting the number of peptides used to assign, or

not, a significant identification score. Interestingly, a higher proportion
of host-derived proteins was found in both interactomes regarding
whole PSEx proteome (11.8% and 13.0% for rshCD5 and rshCD6
interactomes, respectively). In this regard, tubulin alpha-1D chain (ID:
Q2HJ86) and serum albumin (ID: A0A140T897) were the B. taurus pro-
teins with the highest RA values in the rshCD5 (RA: 0.72%, ranking:
24th) and rshCD6 (RA: 0.54%, ranking: 38th) interactomes, respectively.
In addition, streptavidin (ID: P22629) derived from the agarose resin
used in pull down assays was highly represented in both interactomes
as expected: in rshCD5 interactome its RA value was 1.94% (ranking:
4th), while in rshCD6 interactome its RA value was 1.23% (ranking:
10th). Also, hCD5 (ID: P06127 - RA value: 0.47%, ranking: 45th) and
hCD6 (ID: P30203 - RA value: 0.58%, ranking: 33th) receptors were
identified in their corresponding interactomes as expected (Suppl. 2 &
3). Further analyses were performed using only E. granulosus s.l. pro-
teins, sinceB. taurus, streptavidin and hCD5/hCD6 proteinswere consid-
ered contaminants lacking biological relevance in terms of interactors.

Parasite proteins with RA values ≥1% either within PSEx or both
interactomes are shown in Table 1,while total parasite overlapping pro-
teins are depicted in Fig. 1A. Predicted sub-cellular localization for
E. granulosus s.l. proteins within PSEx showed mostly cytoplasmic pro-
teins with a relevant contribution of mitochondrial, nuclear and cell
membrane located proteins. A slightly higher proportion of cytoplasmic
proteins was found within both interactomes compared with PSEx
(Fig. 1B).

3.2. Identification of rshCD5 and rshCD6 specific interactors

The identification of specific interactors can be hindered by the fact
that highly represented proteins within PSEx might also be highly rep-
resented in the interactomes simply due to amass-action effect. Indeed,
results in Table 1 show that 6 of the 15 top represented proteins within
PSEx also corresponded to highly abundant proteins in rshCD5 and
rshCD6 interactomes. Moreover, parasite proteins enriched within
interactomes respect to PSEx might not necessarily correspond to top
represented proteins within them. To overcome this issue we per-
formed 95% prediction band analyses between PSEx and interactomes
by selecting parasite proteins, and their respective RA values, present
both within PSEx proteome and within each receptor interactome.
Then, an XY graph was obtained and a linear regression plus a 95% pre-
diction band were calculated. Such predictions represent a 95% proba-
bility a protein is similarly represented within PSEx and the
corresponding interactome. Thus, selecting proteins outside the predic-
tion bands allowed us to identify proteins effectively overrepresented
within each interactome in comparison to PSEx, which are most likely
direct rshCD5 and/or rshCD6 interactors. Results in Fig. 2 show the
95% prediction band analyses for both interactomes, exhibiting a total
of 20 different parasite proteins outside bands (Table 2).

It is worth mentioning that 95% prediction band analyses were use-
ful only for proteins identified within PSEx as well as within
interactomes, since RA values from both samples were needed for the
XY graph. Therefore, in order to analyze whether proteins solely
found within interactomes were significantly overrepresented, or if
their representation is just found among the 95% prediction band, we
obtained the maximum RA values inside each prediction band for the
rshCD5 and rshCD6 interactomes when RA value in PSEx corresponds
to 0% (Fig. 2, dotted line). Then, proteins solely found within
interactomes were compared with such threshold values, and those
proteins with higher RA values were identified as overrepresented pro-
teins. Accordingly, no E. granulosus s.l. proteins solely present within
interactomes were assigned as overrepresented, although streptavidin
(ID: P22629), hCD5 (ID: P06127) and hCD6 (ID: P30203) were identi-
fied as overrepresented proteins as expected, thus validating our
approach.

Among the 20 overrepresented parasite proteins within rshCD5 and
rshCD6 interactomes, 8 of them were identified as overrepresented in
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both cases, while 9 and 3 E. granulosus s.l. proteins were exclusively
overrepresented in rshCD5 and rshCD6 interactomes, respectively
(Table 2). However, since overrepresentation was assigned according
to RA values within PSEx there is a lack of information regarding their
abundance between interactomes. To overcome this issuewe compared
the RA values of the 8 shared overrepresented proteins through their
normalization against an internal abundant protein present in both
interactomes, following an already reported strategy [20]. We normal-
ized the RA value of each shared protein against E. granulosus s.l. phos-
phoenolpyruvate carboxykinase (PEPCK; ID:W6UHV2) since it showed
high and consistent RA values in both interactomes (Table 1). PEPCK
Normalized Relative Abundance (PEPCK-NRA) was obtained for the 8
shared proteins according to each interactome, and then a ratio be-
tween PEPCK-NRA values in rshCD6 vs. rshCD5 interactomeswas calcu-
lated. Proteins with a ratio ≥2 or ≤0.5 were considered either
preferential rshCD6 or rshCD5 interactors, respectively. Results in
Fig. 3 show that among the 8 shared overrepresented proteins, gelsolin
(ID: U6IX85) showed to be a preferential rshCD6 interactor. Similar
preferences -although to a lesser extent- were observed for glucose-6-
phosphate isomerase (ID: W6V798), estradiol 17 beta-dehydrogenase
(ID: W6U2I8), 14-3-3 protein beta:alpha (ID: U6JGI4), and dynein
light chain (ID: W6UHB1). No preferential rshCD5 interactor among
the 8 shared overrepresented proteins was identified (Fig. 3).

3.3. Topological analysis of rshCD5 and rshCD6 interactors

PAMPs binding properties of some SRCR-SF members have been ac-
curately mapped through peptide-binding strategies [17,25,26]. Thus,
biotinylated 11-mer peptides mapping within each of the three extra-
cellular SRCR domains of CD5 and CD6 [18] were used to assess their
specific PSEx-binding ability and the molecular topology of interactors
within the SRCR domains. To that end, the PSEx-binding activity of pep-
tides was firstly analyzed by solid phase assays in which PSEx-coated
plates were incubatedwith increasing amounts of biotinylated peptides
and then developed with HRP-streptavidin. Results showed that two
CD5-derived peptides (CD5.P2 and CD5.P3) retained a concentration-
dependent PSEx-binding ability (Fig. 4A), as well as two CD6-derived
peptides (CD6.P1 and CD6.P2) (Fig. 4B). However, little or no PSEx-
binding was observed for neither CD5.P1 (Fig. 4A) nor CD6.P3
(Fig. 4B) peptides. Since differences observed in our binding assays
might be affected by several parameters, (e.g., peptide-ligand interac-
tion affinity, number of total ligands per peptide, abundance of peptide
ligand(s) within PSEx, dissimilar solid phase coating properties of li-
gands, among others) we performed analogous interactome studies to
those performed with biotinylated rshCD5 and rshCD6. Pull down pel-
lets derived from each biotinylated peptide were analyzed by nanoLC-
MS/MS resulting in CD5.P1 (Suppl. 4), CD5.P2 (Suppl. 5), CD5.P3

Table 1
Top represented parasite proteins within PSEx proteome and rshCD5 and rshCD6 interactomes. E. granulosus s.l. proteins successfully identified showing RA values ≥1%. Proteins shared
among proteomes are shown in bold letters.

Sample ID Protein name Length # Peptides % Coverage emPAI %emPAI

PSEx W6V2P2 Hydatid disease diagnostic antigen P-29 238 24 69 111.88 4.09
W6UHV2 Phosphoenolpyruvate carboxykinase 628 52 79 80.11 2.93
W6USI4 Eukaryotic translation initiation factor 5A 156 9 63 55.23 2.02
W6V1T8 Glyceraldehyde-3-phosphate dehydrogenase 336 20 84 45.42 1.66
W6UM50 Heat shock protein HSP 90-alpha 738 48 60 39.24 1.44
U6JIC8 Heat shock 70 kDa protein 4 651 40 86 38.81 1.42
U6IXV3 Fructose-bisphosphate aldolase 363 26 88 38.81 1.42
U6JIM9 Annexin 331 20 71 37.99 1.39
W6UDZ9 Paramyosin 892 70 66 37.66 1.38
U6JIW0 Profilin 126 6 76 36.28 1.33
U6IX85 Gelsolin (Severin) 364 24 72 32.25 1.18
Q56J98 14-3-3 protein 247 18 61 30.62 1.12
W6UHB1 Dynein light chain 1, cytoplasmic 102 8 79 30.62 1.12
U6J1C5 Dynein light chain 89 4 52 30.62 1.12
W6UFA4 Actin, cytoplasmic 2 377 20 69 29.08 1.06

rshCD5 pull-down W6UHV2 Phosphoenolpyruvate carboxykinase 628 38 73 24.65 3.04
W6V1T8 Glyceraldehyde-3-phosphate dehydrogenase 336 16 69 18.31 2.26
W6UEU0 Major vault protein 253 13 62 16.78 2.07
W6U2I8 Estradiol 17 beta-dehydrogenase 315 22 77 15.16 1.87
U6IX85 Gelsolin (Severin) 364 18 62 13.93 1.72
W6UHB1 Dynein light chain 1, cytoplasmic 102 6 62 13.68 1.69
U6IXV3 Fructose-bisphosphate aldolase 363 20 73 11.02 1.36
W6UTJ3 1,5-anhydro-D-fructose reductase 343 15 56 10.10 1.25
W6UFA4 Actin, cytoplasmic 2 377 15 52 10.05 1.24
U6J063 Calpain A 822 35 50 9.47 1.17
W6UM50 Heat shock protein HSP 90-alpha 738 28 41 9.00 1.11
U6JGI4 14-3-3 protein beta:alpha 248 16 55 9.00 1.11
W6UMH9 Actin 393 14 49 9.00 1.11
W6V798 Glucose-6-phosphate isomerase 422 15 41 9.00 1.11
Q56J98 14-3-3 protein 247 12 42 9.00 1.11

rshCD6 pull-down U6IX85 Gelsolin (Severin) 364 27 74 73.06 5.71
U6IXV3 Fructose-bisphosphate aldolase 363 26 79 29.20 2.28
W6U2I8 Estradiol 17 beta-dehydrogenase 315 27 82 27.73 2.17
W6UHV2 Phosphoenolpyruvate carboxykinase 628 40 71 23.34 1.82
W6UHB1 Dynein light chain 1, cytoplasmic 102 7 75 20.54 1.61
W6UEU0 Major vault protein 253 14 67 16.78 1.31
W6V1T8 Glyceraldehyde-3-phosphate dehydrogenase 336 18 80 16.30 1.27
W6UM50 Heat shock protein HSP 90-alpha 738 38 48 16.08 1.26
U6JGI4 14-3-3 protein beta:alpha 248 18 58 15.88 1.24
W6V798 Glucose-6-phosphate isomerase 422 20 50 15.16 1.18

ID: Identification code. Length: number of aminoacids composing eachprotein.#Peptides: number ofmatchedMS/MSpeptides. % Coverage: percentage of the identifiedprotein covered by
the peptides used to identify the protein. emPAI: exponentially modified protein abundance index. %emPAI: percentage of each protein emPAI value relative to the overall sum of every
proteins' emPAI values within the proteome.
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(Suppl. 6), CD6.P1 (Suppl. 7), CD6.P2 (Suppl. 8) and CD6.P3 (Suppl.
9) whole interactomes.

A highly diverse number of proteins were identified among the 6
peptide interactomes, ranging from 40 to 896 proteins (Suppl. 4–9).
As expected, most identified proteinswere from E. granulosus s.l. origin:
CD5.P1 (96.6%), CD5.P2 (89.7%), CD5.P3 (95.2%), CD6.P1 (96.1%), CD6.
P2 (86.9%), and CD6.P3 (96.2%). Among host contaminants, B. taurus
proteins were also identified in every peptide interactome. The proteins
with the highest RAwere: actin alpha skeletal muscle (ID: P68138 - RA:

0.45% - ranking: 51st) for CD5.P1, keratin 10 (ID: A6QNZ7 - RA: 2.54% -
ranking: 9th) for CD5.P2, keratin type II cytoskeletal 5 (ID: Q5XQN5 -
RA: 0.33% - ranking: 66th) for CD5.P3, keratin 10 (ID: A6QNZ7 - RA:
0.19% - ranking: 109th) for CD6.P1, keratin type I cytoskeletal 14 (ID:
F1MC11 - RA: 1.28% - ranking: 14th) for CD6.P2, and tubulin alpha-4A
chain OS (ID: P81948 - RA: 0.33% - ranking: 57th) for CD6.P3.
Streptavidin (ID: P22629) derived from the agarose resin used in pull
down assayswas significantly represented amongpeptide interactomes
as expected: CD5.P1 (RA: 2.27% - ranking: 3rd), CD5.P2 (RA: 31.22% -
ranking: 1st), CD5.P3 (RA: 2.29% - ranking: 4th), CD6.P1 (RA: 0.44% -
ranking: 47th), CD6.P2 (RA: 6.30% - ranking: 1st), and CD6.P3 (RA:
0.52% - ranking: 40th).

As with rshCD5 and rshCD6 interactomes, peptide interactomes
were further analyzed using only E. granulosus s.l. proteins, since
B. taurus proteins and streptavidin were considered contaminants lack-
ing biological relevance in terms of interactors. Among successfully
identified E. granulosus s.l. proteins, many of themwere shared between
peptides and their parental receptor interactomes (Fig. 5). Therefore,
similar analyses to those applied for identifying overrepresented pro-
teins in rshCD5 and rshCD6 interactomes were performed, which
allowed us to identify a total of 45 different parasite proteins overrepre-
sented in at least one peptide interactome (Table 3). Among CD5-
derived peptides, CD5.P2 showed the lowest number of parasite
interactors (1), while CD5.P1 and CD5.P3 exhibited similar amounts of
interactors (10 and 11, respectively). Meanwhile, CD6-derived peptides
displayed overall more parasite interactors, since CD6.P1, CD6.P2 and
CD6.P3 interactomes showed 29, 11 and 20 interactors, respectively
(Table 3). Interestingly, one third of parasite proteins overrepresented
in peptide interactomes (15 out of 45) were also found to be enriched
in either rshCD5 and/or rshCD6 interactomes (Tables 2 and 3). Results
in Table 3 show that among the 17 interactors recognized for rshCD5,
8 of them were also identified in the interactomes of CD5-derived pep-
tides. Furthermore, 10 out of the 11 interactors recognized for rshCD6
were successfully identified in the interactomes of CD6-derived pep-
tides (Table 3).

Finally, in order to suggest a topological estimate of SRCR domains
involved in each ligand binding, rshCD5 and rshCD6 interactors were
combined with peptide interactors (Table 4). In this way, CD5.P3 was
shown to be potentially involved in binding most mapped rshCD5
interactors (6 out of 8 total ligands) in comparison to CD5.P1 (3
interactors) and CD5.P2 (1 interactor). Additionally, 2 out of the 8
total rshCD5 interactors identified in peptide interactomes were
mapped in more than one different SRCR domain: gelsolin (ID:

Fig. 1. PSEx proteome and rshCD5 and rshCD6 interactomes. Numbers of E. granulosus s.l.
proteins successfully identified within PSEx proteome and rshCD5 as well as rshCD6
interactomes are depicted in Venn diagrams (A), while their subcellular localizations
predicted using DeepLoc software are displayed in pie charts showing percentages of
parasite proteins within each category (B). Proteins predicted to be either located in
Golgi apparatus, Lysosome/Vacuole and/or Peroxisome were grouped into category
termed “Other”.

Fig. 2. Specific parasite interactors within rshCD5 and rshCD6 interactomes. XY graphs were obtained by selecting parasite proteins -and their respective RA values- present both within
PSEx proteome and within each receptor interactome. Linear regressions plus 95% prediction bands were calculated. Proteins outside the prediction bands were identified as effectively
overrepresented interactors within each interactome in comparison to PSEx proteome. Dotted lines indicate the maximumRA thresholdwithin each band corresponding to a RA value of
0% within PSEx proteome.
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U6IX85) in CD5.P1 and CD5.P3, and major vault protein (ID: W6UEU0)
in CD5.P2 and CD5.P3 (Table 4). On the contrary, not a clear preference
was observed for mapped rshCD6 interactors, since CD6.P1, CD6.P2 and
CD6.P3 mapped 5, 6, and 7 interactors, respectively. Moreover, 6 out of
the 10 total rshCD6 interactors identified in peptide interactomes were
mapped in more than one different SRCR domain, and 2 interactors
mapped on the three CD6 SRCR domains: gelsolin (ID: U6IX85) as
well as estradiol 17 beta-dehydrogenase (ID: W6U2I8) (Table 4). Fi-
nally, among the 8 shared interactors between rshCD5 and rshCD6 all
but one (dynein light chain - ID: W6UHB1) were also identified as po-
tential interactors for at least 1 peptide derived from both receptors
(Table 4).

4. Discussion

Mammalian SRs are categorized into 10 different classes (SR-A to
SR-L; excluding SR-C only present in Drosophila melanogaster), being
class E (SR-E) the most important group in recognition of helminth-
derived antigens, including Dectin-2 [27], Mannose Receptor/CD206
[28], CLEC4F/CLECSF13 [29], and DC-SIGN/CD209a [30]. However, the
only molecular interaction reported between SRs and helminth-
derived components is that of SR-AI (a class Amember containing a sin-
gle C-terminal SRCR domain [4]), calreticulin from Heligmosomoides
polygyrus [31]. Regarding SR-I class members, no helminth interactions
have been reported aside from those of CD5 and CD6 [14]. Notwith-
standing, CD163 and WC1 expression by macrophages or certain lym-
phocyte subsets, respectively, has been reported of relevance in
protozoan infections by Theileria parva [32], Leishmania braziliensis
[33], Trypanosoma vivax [34] and Neospora caninum [35].

The human SR-I lymphocyte receptors CD5 and CD6 are known to
exhibit PRR abilities to sense PAMPs from diverse pathogen groups, as
well as prophylactic and/or therapeutic actions when infused in soluble
form in different murine models of bacterial [8,9,11] fungal [6,12], and
parasitic [14] infections. Regarding the latter, rshCD5 or rshCD6 were
shown to interact with tegumental antigens from the cestode
E. granulosus s.l. parasite and to differentially modulate the cytokine re-
sponse of peritoneal cells exposed to them, as well as to ameliorate the
infection outcome in amurinemodel of secondary cystic echinococcosis
(CE) by reducing the proportion of infected mice, the number of devel-
oped hydatid cysts per mouse and their parasite loads. In the same
study, few potential parasite ligands for both receptors were also sug-
gested [14]. Therefore, the present work represents a step forward in
the search for rshCD5 and rshCD6 ligands within E. granulosus s.l. tegu-
ment, and a molecular topology of the potential interactors within re-
ceptors' SRCR domains.

Human secondary CE is an important medical problem associated
with the surgical removal of primary cysts, with high post-surgery re-
ported rates [36]. In this regard, the intraperitoneal inoculation of viable
PSC into mice constitutes themurinemodel of secondary CE, which has
been widely used for several purposes, like studying basics of
E. granulosus s.l. immunobiology or testing chemotherapeutics, vaccine
candidates and diagnostic or follow-up tools [37]. Mouse secondary CE
can be divided into two stages: an early pre-encystment stage (until
day 20–30 post-inoculation) with PSC developing into hydatid cysts,
and a late or post-encystment stage in which differentiated cysts grow

Table 2
Specific parasite interactorswithin rshCD5 and/or rshCD6 interactomes. E. granulosus s.l. proteins overrepresentedwithin rshCD5and/or rshCD6 interactomeswere identified through95%
prediction band analyses.

Overrepresented in # ID Protein name Length # Peptides % Coverage

rshCD5 only 1 U6JDG7 Tegumental protein 180 8 56
2 O16058 Glutathione S-transferase 219 11 53
3 W6V1T8 Glyceraldehyde-3-phosphate dehydrogenase 336 15 59
4 W6UTJ3 1,5-anhydro-D-fructose reductase 343 15 56
5 W6UFA4 Actin, cytoplasmic 2 377 15 52
6 W6UMH9 Actin 393 14 49
7 W6UBQ8 Lysosomal aspartic protease 425 9 20
8 W6UB03 Alpha-1,4 glucan phosphorylase 611 22 45
9 W6UHV2 Phosphoenolpyruvate carboxykinase 628 38 73

rshCD5 & rshCD6 10 W6UHB1 Dynein light chain 102 6/7 62/75
11 U6JGI4 14-3-3 protein beta:alpha 248 15/18 52/58
12 W6UEU0 Major vault protein 253 13/13 62/62
13 W6U2I8 Estradiol 17 beta-dehydrogenase 315 21/26 77/82
14 W6UNT9 Transaldolase 326 14/16 39/42
15 U6IX85 Gelsolin (Severin) 364 19/27 63/74
16 W6V798 Glucose-6-phosphate isomerase 422 16/20 41/50
17 U6J063 Calpain-A 822 35/35 50/55

rshCD6 only 18 U6JEE0 14-3-3 protein epsilon 255 14 54
19 W6UT22 glucose-1-phosphate uridylyltransferase 533 29 60
20 U6IXV3 Fructose-bisphosphate aldolase 363 26 79

ID: Identification code. Length: number of aminoacids composing eachprotein.#Peptides: number ofmatchedMS/MSpeptides. % Coverage: percentage of the identifiedprotein covered by
the peptides used to identify the protein.

Fig. 3.Binding preference for shared rshCD5 and rshCD6parasite interactors. RA values for
the shared parasite interactors within rshCD5 and rshCD6 interactomes were compared
through their normalization against E. granulosus s.l. phosphoenolpyruvate
carboxykinase (PEPCK; ID: W6UHV2). PEPCK Normalized Relative Abundance (PEPCK-
NRA) was obtained for the 8 shared proteins according to each interactome, and then a
ratio between PEPCK-NRA values in rshCD6 vs. rshCD5 interactomes was calculated.
Proteins with a ratio ≥2 or ≤0.5 were considered either preferential interactors of rshCD6
or rshCD5, respectively.
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and eventually become fertile cysts [38]. Such a sequential developmen-
tal process is associatedwith a strong local control of inflammation dur-
ing the initial phase of PSC differentiation into hydatid cysts, and after
parasite encystment immune effectors are mostly inefficient [39].
Thus, the immune response during the pre-encystment stage is of out-
standing importance for an efficient parasite clearence; and rshCD5 as
well as rshCD6 infusion has been shown to be prophylactically active
at that time point [14]. Therefore, identification of rshCD5 and rshCD6
E. granulosus s.l. ligands is highly relevant, to better understand the
pathophysiology of the pre-encystment phase and to identify effective
targets against the parasite.

PSC from E. granulosus s.l. possess an outer acellular tegumental
layer involved in parasite nutrition,morphologicalmaintenance andde-
fense. Components of such tegumental layer might initially interact
with the host immune system during secondary CE influencing the in-
fection outcome. In this regard, our group previously reported that
Balb/c and C57Bl/6 mice not only show differences in susceptibility to
secondary CE [15], but also induce early antibody responses targeting
different PSC tegumental antigens [23] suggesting their relevance dur-
ing the pre-encystment immune response. Additionally, an antigenic
fraction enriched in tegumental PSC components -termed PSEx- was
shown to induce host protection when used as an immunizing agent

[16], and several components within PSEx were recently suggested as
potential vaccine candidates [22,23]. Therefore, in order to search for
potential rshCD5 and rshCD6 tegumental interactors, we firstly per-
formed a PSEx proteome characterization, successfully identifying
1218 E. granulosus s.l. proteins (Suppl. 1). This proteomic analysis
allowed us to obtain not only a more complete PSEx proteome than
the one previously reported [20], but also novel information regarding
the relative abundance of each protein within it (Table 1 and Suppl.
1). Thanks to pull down assays the rshCD5 or rshCD6 interactomes
were identified, resulting in 571 and 749 parasite proteins, respectively
(Fig. 1A).

Results show that rshCD5 interactome and PSEx proteome shared
550 E. granulosus s.l. proteins, while rshCD6 interactome shared 702
proteins (Fig. 1A). Therefore, the identification of specific interactors
needed a deeper analysis to overcome potential mass-action effects
due to the pull down strategy performed. Most likely interactors were
supposed to show higher RA values within interactomes than in the
original PSEx proteome, and through 95% prediction band analyses a
total of 20 parasite proteins were found overrepresented within
interactomes: 17 and 11 proteins in rshCD5 and rshCD6 interactomes,
respectively (Fig. 2 and Table 2). Interestingly, none of the previously
suggested potential interactors for rshCD5 (thioredoxin peroxidase

Fig. 4. PSEx-binding ability of CD5- and CD6-derived peptides. Biotinylated 11-mer peptides mapping the 3 extracellular SRCR domains of CD5 (A) and CD6 (B) were assessed for their
PSEx-binding ability using an ELISA strategy. PSEx-coated plates were incubated with increasing amounts (0–40 mM) of biotinylated peptides and their binding was assessed using a
HRP-streptavidin probe.

Fig. 5. Interactomes for rshCD5 and rshCD6 and their 11-mer derived peptides. Numbers of E. granulosus s.l. proteins successfully identified within interactomes either from rshCD5 and
rshCD6 and their respective 11-mer derived peptides mapping the 3 extracellular SRCR domains are depicted in Venn diagrams.
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- ID: U6IUN6) or rshCD6 (peptidyl-prolyl cis-trans isomerase - ID:
U6JRP2, and endophilin B1 - ID: W6V2P2) [14] were found among
them. Although differences inmethodological and technical approaches
used might explain such inconsistencies, previously suggested
interactors were indeed found within the corresponding interactomes:
thioredoxin peroxidase showed a RA value of 0.69% (ranking 28th) in
rshCD5 interactome (Suppl. 2), while peptidyl-prolyl cis-trans isomer-
ase and endophilin B1 exhibited RA values of 0.45% (ranking 45th)
and 0.46% (ranking 44th), respectively, within rshCD6 interactome
(Suppl. 3).

In accordance to own previously reported suggestion on partial li-
gands overlapping between both receptors [14], here we found that 8
out of the 20 identified interactors were shared (Table 2). It is important
to highlight on this regard that although rshCD5 and rshCD6 exhibited
prophylactic effects in the murine model of secondary CE, the former
showed a relatively higher degree of protection [14]. Since shared li-
gandsmight be responsible for a common basal level of induced protec-
tion, specific interactors may account for enhanced protection ability.
Therefore, besides the specific interactors identified for each receptor
(Table 2), we further characterized shared interactors regarding their
potential preference against any receptor through normalization of
their RA values against an internal abundant protein [20]. Although
none of the 8 shared overrepresented proteins showed to be a special
rshCD5 interactor, gelsolin (ID: U6IX85) -among other less evident
ligands- exhibited a clear preference towards rshCD6 (Fig. 3).

More than half of the 20 different interactors identified for rshCD5
and/or rshCD6 have been previously reported as potential protective
molecules against E. granulosus s.l. and/or other helminth parasites, ei-
ther as vaccine candidates and/or pharmacological targets. In order to
simplify their description, we categorized them into interactors previ-
ously suggested/tested as targets against Echinococcus spp. parasites,
and interactors already tested against other helminth parasites except
Echinococcus spp. Accordingly, 6 out of the 20 identified interactors
belonged to the first category. Among them, themost characterized ex-
amples are the 14-3-3 proteins, which belong to an eukaryotic family of
highly conserved proteins involved in several basic cellular events
(e.g., cellular proliferation, differentiation, and survival). The 14-3-3
proteins have successfully been used as vaccine candidates in different
pre-clinical settings against either E. granulosus s.l. or E. multilocularis
[40]. Additional vaccine candidates already tested among rshCD5 and/
or rshCD6 interactors include glyceraldehyde-3-phosphate

Table 3
Specific parasite interactors within CD5- and/or CD6-derived peptide interactomes.
E. granulosus s.l. proteins overrepresented within CD5- and/or CD6-derived peptide
interactomes were identified through 95% prediction band analyses.

# ID Protein name Overrepresented in

CD5-derived CD6-derived

P1 P2 P3 P1 P2 P3

1 U6IX85 Gelsolin (Severin) + − + + + +
2 U6IUN6 Thioredoxin peroxidase + − − + + +
3 Q56J98 14-3-3 protein + − + + − +
4 W6U2I8 Estradiol 17 beta-dehydrogenase − − + + + +
5 W6UEU0 Major vault protein − + + − + −
6 W6UNT9 Transaldolase − − + + + −
7 W6UTJ3 1,5-anhydro-D-fructose reductase − − − + + +
8 W6UT22 glucose-1-phosphate

uridylyltransferase
+ − + − − +

9 U6J063 Calpain-A + − − − + +
10 W6UHB1 Dynein light chain − − − − + +
11 W6UM65 Thioredoxin domain-containing

protein
+ − − − − +

12 W6UT00 Translationally-controlled tumor
protein

− − − + − +

13 U6JDG7 Tegumental protein − − − + − +
14 W6UHX6 Adenylate kinase − − − + + −
15 O16058 Glutathione S-transferase − − − + − +
16 U6JGI4 14-3-3 protein beta:alpha + − − + − +
17 U6JEE0 14-3-3 protein epsilon + − − + − −
18 W6UW09 Heterogeneous nuclear

ribonucleoprotein A2
− − − + − +

19 W6UN54 UDP-glucose 4-epimerase − − + + − −
20 U6JI56 Sarcoplasmic calcium-binding

protein
− − − + − +

21 W6V798 Glucose-6-phosphate isomerase − − + − − +
22 W6UDZ9 Paramyosin + − − − − +
23 W6U3G1 Dynein light chain − − + − − −
24 W6UGV8 Fatty acid-binding protein + − − − − −
25 U6JIW0 Profilin − − + − − −
26 U6JRP2 Peptidyl-prolyl cis-trans isomerase − − − − + −
27 U6JB79 Sulfhydryl oxidase − − − + − −
28 U6JCG1 Glutathione S-transferase − − − + − −
29 W6UCY9 Lactamase_B domain-containing

protein
− − − + − −

30 U6JN02 Triosephosphate isomerase − − − + − −
31 U6JH31 Proteasome subunit alpha type − − − + − −
32 U6JM50 Proteasome subunit alpha type − − − + − −
33 W6U1C9 Thioredoxin-dependent peroxide

reductase
− − − − + −

34 W6ULQ6 Annexin − − − + − −
35 U6JIM9 Annexin − − − + − −
36 W6V1T8 Glyceraldehyde-3-phosphate

dehydrogenase
− − − − − +

37 U6IUI1 cAMP dependent protein kinase
regulatory

− − − + − −

38 W6V6R7 Serine protease inhibitor − − − + − −
39 W6UFA4 Actin, cytoplasmic 2 − − − + − −
40 W6USW1 Annexin − − − − − +
41 U6JGN1 Elongation factor 1-gamma − − − + − −
42 U6J0K5 Citrate synthase − − − + − −
43 W6UMA5 Asparaginyl-tRNA synthetase,

cytoplasmic
− − − + − −

44 W6UHV2 Phosphoenolpyruvate
carboxykinase

− − + − − −

45 W6UEU2 Spectrin alpha chain − − − − − +

ID: Identification code.

Table 4
Molecular topology of rshCD5 and srhCD6 parasite interactors within their peptide-de-
rived interactomes. E. granulosus s.l. proteins overrepresented within CD5- and/or CD6-
derived peptide interactomes were related with the overall parasite interactors identified
within rshCD5 and/or rshCD6 interactomes. Proteins shared among interactomes are
shown in bold letters.

Interactome ID Name Peptide

P1 P2 P3

rshCD5 U6IX85 Gelsolin + – +
W6UEU0 Major vault protein – + +
U6JGI4 14-3-3 protein beta:alpha + – –
U6J063 Calpain-A + – –
W6U2I8 Estradiol 17 beta-dehydrogenase – – +
W6UNT9 Transaldolase – – +
W6V798 Glucose-6-phosphate isomerase – – +
W6UHV2 Phosphoenolpyruvate carboxykinase – – +
W6UHB1 Dynein light chain – – –
U6JDG7 Tegumental protein – – –
O16058 Glutathione S-transferase – – –
W6V1T8 Glyceraldehyde-3-phosphate

dehydrogensae
– – –

W6UTJ3 1,5-anhydro-D-fructose reductase – – –
W6UFA4 Actin, cytoplasmic 2 – – –
W6UMH9 Actin – – –
W6UBQ8 Lysosomal aspartic protease – – –
W6UB03 Alpha-1,4 glucan phosphorylase – – –

rshCD6 W6U2I8 Estradiol 17 beta-dehydrogenase + + +
U6IX85 Gelsolin + + +
W6UHB1 Dynein light chain – + +
U6J063 Calpain-A – + +
W6UNT9 Transaldolase + + –
U6JGI4 14-3-3 protein beta:alpha + – +
U6JEE0 14-3-3 protein epsilon + – –
W6UEU0 Major vault protein – + –
W6UT22 UTP–glucose-1-phosphate

uridylyltransferase
– – +

W6V798 Glucose-6-phosphate isomerase – – +
U6IXV3 Fructose-bisphosphate aldolase – – –

ID: Identification code.
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dehydrogenase, which successfully induced protection against
E. multilocularis in immunized mice [41], and glutathione-S-
transferase, which probed to be very effective in mouse immunization
protocols against E. granulosus s.l. infection [42]. Besides vaccine candi-
dates, other identified interactors showed relevant functions in Echino-
coccus spp. immunobiology. Tegumental proteins (TegPs) usually coat
the surface of many worms, and are mainly involved in ion uptake
and immune evasion mechanisms. Though Echinococcus spp. have
many TegPs, they have been poorly studied reporting immunomodula-
tory and/or immunosuppressive roles in E. granulosus s.l. [43] as well as
in E. multilocularis [44] infections. The last member of interactors within
this category is phosphoenolpyruvate carboxykinase, a key enzyme in
glucose metabolism shown to be a possible chemotherapeutic target
against E. granulosus s.l. [45].

Regarding the second category, 5 out of the 20 identified interactors
have already been suggested/tested as targets against other helminth
parasites except Echinococcus spp. Among them, lysosomal aspartic pro-
tease from Necator americanus is a promising vaccine immunogen,
which induces antibodies neutralizing hemoglobin proteolysis in the
gut of the worm [46]. The remaining interactors within this category
-actin, gelsolin and fructose-bisphosphate aldolase- are either directly
or indirectly involved in cytoskeleton dynamics. Helminth parasites ex-
hibit high cytoskeletal plasticity, likely as an acquired strategy to allow
them to enter, settle and develop into their hosts. Therefore, cytoskele-
ton components have been proposed as interesting therapeutic targets.
The interference of actin dynamics in Schistosomamansoniby cytochala-
sinswas shown to indirectly affect other functions thanmovement, like
glucose uptake from the host [47] or tegumental shedding needed for
optimal immune evasion [48]. Actin filaments assembly/disassembly
is regulated by a variety of actin-binding proteins, amongwhich gelsolin
superfamily members are highly relevant. Also in S. mansoni, gelsolin
was shown to be involved in tegumental disruption induced by
praziquantel [49]. Though functional studies regarding gelsolin and re-
lated proteins in E. granulosus are lacking, potential relevant roles
could be assigned based on the highly organized F-actin cytoskeleton
recently described in the parasite [50]. Finally, the glycolytic enzyme
fructose-bisphosphate aldolase has been described as a complex multi-
functional protein that may perform non-glycolytic moonlighting func-
tions. E. granulosus fructose-bisphosphate aldolase has been shown to
bind F-actin filaments suggesting it has alternative multifunctional
properties [51]. Therefore, blocking parasite fructose-bisphosphate al-
dolase might also influence actin dynamics, as above suggested for
gelsolin and actin itself. Moreover, parasite fructose-bisphosphate al-
dolase has been tested as a promising vaccine candidate against
Onchocerca volvulus [52], S. mansoni [53], and Trichinella spiralis [54].
Taken together, the reported data support the hypothesis that blockade
of relevant tegumental antigens by rshCD5 or rshCD6 infusion might be
beneficial during the pre-encystment stage of E. granulosus s.l. infection.

Binding properties for PAMPs in somemembers of the SRCR-SF have
been accurately mapped through peptide-binding strategies within
SRCR domains. The prototypical member of the SRCR-SF displaying
PAMPs binding properties is deleted in malignant brain tumors-1
(DMBT-1), also known as salivary agglutinin (SAG) or gp340 [55].
DMBT-1/SAG/gp340 is a soluble glycoprotein containing 14 SRCR
-among other- domains, whose bacterial-binding properties have
been accurately mapped within them to an 11-mer consensus peptide
sequence (termed pbs1, GRVEVLYRGSW) containing a 9-mer motif
(VEVLxxxxW) identified in 13 out of its 14 SRCR domains [17]. Similar
functional peptide mappings performed for other SRCR-SF members
exhibiting bacterial-binding properties include MARCO [25] and
CD163 [26]. Regarding CD5 and CD6, functional studies involving simi-
lar 11-mer peptides were performed only for CD6-derived peptides,
which showed high binding affinities for PAMPs either from Gram-
negative (LPS) or Gram-positive (LTA) bacteria [18]. Therefore, here
we used such biotinylated-peptides (3 from CD5 and 3 from CD6
ectodomains) to evaluate their PSEx-binding ability. Additionally,

since different SRCR domains within receptors' ectodomains might in-
teract with specific E. granulosus s.l. molecules, a potential molecular to-
pology of the interactions was also assessed. NanoLC-MS/MS analyses
from pull down experiments provided the corresponding peptide
interactomes (Suppl. 4 to 9, and Fig. 5), allowing the identification of
45 different parasite proteins overrepresented in at least one peptide in-
teractome (Table 3). A topological estimate of SRCR domains involved in
each ligand binding was suggested by combining rshCD5 and rshCD6
interactors with peptide interactors. CD5.P3 was shown to be involved
in binding most mapped rshCD5 interactors, while not a clear prefer-
encewas observed formapped rshCD6 interactors (Table 4). It is impor-
tant to highlight that although the three CD6-derived peptides showed
high bacterial PAMPs binding affinities, only the peptide mapped at its
SRCR domain 3 exhibited broad bacterial-agglutination properties and
improved survival of mice undergoing polymicrobial sepsis in a dose-
and time-dependent manner [18], suggesting that functional studies
do not necessarily reflect ligand binding abilities. Therefore, CD5- and
CD6-derived peptides -independently of their identified interactors- de-
serve further functional studies to assess their prophylactic and/or ther-
apeutic potential in the context of E. granulosus s.l. infection.

5. Conclusion

The present work successfully identified several helminth-derived
interactors for the ectodomains of the human lymphocyte scavenger re-
ceptors CD5 and CD6, and a potential molecular topology of parasite
interactors within receptors' SRCR domains was also suggested. Most
identified interactors were previously reported as potential protective
molecules against Echinococcus spp. and/or other helminth parasites, ei-
ther as vaccine candidates or pharmacological targets. This fact supports
the view that multiple binding to relevant tegumental parasite compo-
nents by either rshCD5 or rshCD6 is beneficial for the experimental host
during the pre-encystment stage of mouse secondary CE. Additionally,
since several identified interactors were previously reported as protec-
tive molecules against other helminthiases than CE (i.e. lysosomal
aspartic protease, gelsolin and fructose-bisphosphate aldolase), our
present results might support their further exploration as novel vaccine
candidates and/or pharmacological targets against CE. Finally, further
work will be required to ascertain the prophylactic/therapeutic poten-
tial of rshCD5 and rshCD6, and their sequence-derived peptides, in
other helminthiases, as well as to explore whether additional SRCR-SF
members might also exhibit similar activities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.08.219.
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