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Resumo

A hidatidose cistica € uma zoonose helmintica endémica causada pela infeccdo com a
forma larval ou metacestddeo de Echinococcus granulosus. Neste trabalho, foi realizada
uma andlise protedmica do metacestodeo de E. granulosus durante a infeccdo do seu
hospedeiro intermediério bovino. A identificagdo de proteinas do parasito e do hospedeiro
presentes nos diferentes componentes da larva do parasito (protoescolices, camada
germinativa e liquido hidético) gerou informagdes valiosas sobre a relacdo parasito-
hospedeiro. Os resultados obtidos permitiram a caracterizacdo da resposta imune montada
pelo hospedeiro contra a infec¢do por E. granulosus, bem como de potenciais estratégias
moleculares adotadas pelo parasito para evadir essa resposta e promover a sua
sobrevivéncia dentro do corpo do hospedeiro. Além disso, novas proteinas-alvo foram
identificadas para o desenvolvimento ou melhora de ferramentas de diagnéstico,
tratamento e controle da hidatidose. Nesse trabaho, foi também estudada a estrutura do
antigeno B (AgB) de E. granulosus, uma proteina implicada em mudiltiplas interagdes
parasito-hospedeiro durante a infeccdo. Medidas de espalhamento de luz dindmico
utilizando subunidades recombinantes (AgB8/1, AgB8/2 e AgB8/3) demonstraram que 0
AgB forma diferentes estruturas moleculares sob condigdes fisioldgicas, incluindo
oligdbmeros e agregados de alta massa molecular. As subunidades recombinantes do AgB
mostraram diferentes tendéncias agregativas, sendo os agregados de alta massa molecular
formados por AgB8/3 os mais similares, em morfologia e tamanho, aqueles do AgB
produzido pelo parasito. Experimentos de dissociaggo induzida por pressdo revelaram que
a formagdo de pontes dissulfeto confere maior estabilidade aos homo-oligbmeros de
AgB8/2 e AgB8/3. A composi¢ao de subunidades do AgB foi avaliada por espectrometria
de massas (MS), identificando as subunidades AgB8/1, AgB8/3 e AgB8/4, o que indica
uma contribuicdo principal dessas subunidades nas propriedades estruturais, bioldgicas e
imunol 6gicas do AgB de E. granulosus. A andlise de MS indicou também uma associacéo

entre AgB e Agb, os principais antigenos secretados pel 0 metacestédeo de E. granulosus.



Abstract

Cystic hydatid disease (CHD) is an endemic helminthic zoonosis caused by infection with
the larval stage or metacestode of the tapeworm Echinococcus granulosus. Here, we
performed a proteomic analysis of the E. granulosus metacestode during infection of its
intermediate bovine host. Identification of parasite and host proteins present in different
components of parasite larvae (protoscoleces, germinal layer and hydatid cyst fluid)
provided valuable information on host-parasite interplay. Our results allowed the
characterization of host immune response mounted against E. granulosus infection, as well
as potential molecular strategies adopted by the parasite to avoid this response and promote
its survival inside the host body. Moreover, new protein targets were identified for the
development or improvement of CHD diagnosis, treatment, and control tools. In this work,
we also study the structure of E. granulosus antigen B (AgB), a protein implicated in
multiple host-parasite interactions during infection. Dynamic light scattering experiments
with recombinant subunits (AgB8/1, AgB8/2 and AgB8/3) demonstrated that AgB form
different molecular assemblies under physiological conditions, including oligomers and
high-molecular-weight aggregates. AgB recombinant subunits showed different
aggregative tendencies, being AgB8/3 high-molecular-weight aggregates most similar,
both in morphology and size, to those of parasite-produced AgB. Pressure-induced
dissociation experiments reveal ed that disulfide bonds formation confers greater stability to
AgB8/2 and AgB8/3 homo-oligomers. AgB subunit composition was evaluated by mass
spectrometry (MS), identifying AgB8/1, AgB8/3 and AgB8/4 subunits, which indicates a
major contribution for these subunits on E. granulosus AgB structural, biological, and
immunological properties. The MS analysis also indicated an association between AgB and

Ag5, the major antigens secreted by E. granulosus metacestode.



1. Introducéo

1.1. Espécies do géner o Echinococcus e a hidatidose

A hidatidose (ou equinococose) é ainfeccéo pelafase larval de cestodeos do género
Echinococcus (familia Taeniidae), sendo uma zoonose emergente/re-emergente em nivel
mundial (Budke et al., 2006; Moro & Schantz, 2009). Sdo reconhecidas seis espécies do
género Echinococcus, sendo quatro delas infectivas para seres humanos. Echinococcus
granulosus, a qual causa a hidatidose cistica; Echinococcus multilocularis, a qual causa a
hidatidose alveolar; Echinococcus vogeli e Echinococcus oligarthrus, as quais causam a
hidatidose policistica. Duas novas espécies foram recentemente identificadas,
Echinococcus shiquicus em pequenos mamiferos do platé tibetano (Xiao et al., 2005), e
Echinococcus felidis em |edes africanos (Huttner et al., 2008), mas seu potencial zoondtico
de transmissdo é ainda desconhecido. As espécies E. granulosus e E. multilocularis
apresentam especial importancia pela sua ampla distribuicdo geogréfica e seu impacto
meédico e econdmico, enquanto a hidatidose policistica € menos frequente e esté restrita as
Américas do Sul e Central (Jenkins et al., 2005; Moro & Schantz, 2009). E. granulosus é
considerada a espécie de maior relevancia epidemioldgica, devido a sua distribuicdo
cosmopolita e seu importante impacto na sadde publica humana e anima (Budke et al.,
2006). A hidatidose cistica é a forma mais comum da hidatidose em seres humanos,
representando cerca de mais de 90% dos 3 milhdes de casos estimados em todo o mundo

(Budke et al., 2006; Craig et al., 2007).

1.2. Echinococcus granulosus

Como outros membros da familia Taeniidae, E. granulosus necessita de dois

hospedeiros mamiferos para completar o seu ciclo vital (Fig. 1.1). E. granulosus utiliza
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cdes e outros canideos como hospedeiros definitivos, os quais abrigam a forma adulta
intestinal do parasito; e ungulados domésticos e selvagens como hospedeiros
intermedidrios, nos quais a forma larval (metacestédeo ou cisto hidético) patogénica do
verme se desenvolve usuamente nas visceras. Seres humanos sdo considerados

hospedeiros intermediarios aberrantes ou acidentais, pois ndo desempenham papel na
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Figura 1.1. Ciclo vital de E. granulosus. O verme adulto (1) vive no intestino delgado do hospedeiro
definitivo (canideos). Os ovos (2) sdo liberados no ambiente juntamente com as fezes do hospedeiro, sendo
infectivos para os hospedeiros intermediarios (ovinos, bovinos, suinos, cavalos, camelos, humanos, etc.).
Ao serem ingeridos pelo hospedeiro intermediério, os ovos liberam a oncosfera (3), que penetra na parede
intestinal e é transportada pel o sistema circulatério ou linfético até atingir um érgéo, principa mente figado
e pulmdes. Neste 6rgdo, a oncosfera diferencia-se num cisto hidatico (4), que aumenta gradualmente de
tamanho e produz protoescolices (5) assexualmente. O hospedeiro definitivo contamina-se através da
ingestdo de visceras do hospedeiro intermedidrio contendo cistos do parasito. Apds a ingestdo, o0s
protoescdlices evaginam (6), fixam-se na mucosa intestinal e transformam-se em vermes adultos (1),
fechando o ciclo vita do parasito. Modificado do Centro para o Controle e Prevencdo de Doengas

Infecci osas (http://www.dpd.cdc.gov).

11



perpetuacdo do ciclo de transmissdo do parasito (Thompson & McManus, 2001). O ciclo
selvagem de transmissdo se da através da relacdo presa/predador, enquanto o ciclo
domeéstico é perpetuado através de préticas rurais condenaveis, como a alimentagdo de cées
com visceras de ungulados domésticos (principalmente bovinos e ovinos) contaminadas
com cistos hidéticos (Moro & Schantz, 2009).

O verme adulto de E. granulosus € uma pequena ténia, com 2 a 7 mm de
comprimento (Fig. 1.2), que vive no intestino delgado do hospedeiro definitivo, aderido as
criptas de Lieberkiihn. Na sua por¢do anterior, o adulto apresenta um escolex com quatro
ventosas musculares localizadas lateralmente e um rostelo movel e extensivel na sua
porgéo apical, armado com duas fileiras de ganchos envolvidos na fixagdo do parasito ao
hospedeiro. O estrébilo € segmentado e consiste de trés unidades reprodutivas
(progldtides), raramente apresentam até 6 proglétides, que diferem no seu estagio de
maturacdo sexual. A primeira progl6tide é dita jovem ou imatura; a segunda é a progl6tide
sexualmente madura; e a Ultima, a proglétide grévida que contém os ovos do parasito.

A reproducdo do verme adulto pode se dar por autofecundagéo, uma vez que E.
granulosus é hermafrodita, ou por fecundagdo cruzada. A autofecundacédo € a forma de
reproducdo predominante, mas a fecundagdo cruzada também ocorre (Haag et al., 1998),
sendo possivel devido ao comportamento agregativo dos vermes adultos no intestino do
hospedeiro (Lymbery et al., 1989). Apés a fecundagdo, ocorre a producdo dos ovos,
podendo a proglétide gravida conter até 1500 ovos (Thompson, 1995). A proglétide
gravida se destaca do estrébilo por um fendmeno denominado apdlise, e se desintegra no

intestino grosso, liberando os ovos juntamente com as fezes do hospedeiro definitivo.
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Figura 1.2. Adulto de E. granulosus. O parasito adulto é constituido de um escolex globular, onde
encontram-se estruturas de adesdo e fixag8o, e um estrébilo composto por trés segmentos (progl étides). O
primeiro segmento do estrobilo € a progl 6tide imatura, o segundo a progl 6tide madura e o Ultimo segmento é
a proglétide  gravida, gue  contém os ovos do parasito. Modificado de

http://www.cmpt.ca/photo_abum_parasitology/parasitology_photos 4 ces.htm.

Quando liberados no ambiente, os ovos do parasito sdo presumivelmente maduros
e, portanto, possuem capacidade infectiva (Thompson, 1995). Morfol ogicamente, 0 ovo de
E. granulosus € semelhante a0 de outros membros da familia Taeniidae, apresentando
forma esférica a elipsdide, e medindo entre 30 e 60 um e 22 e 44 um, nos seus dois
didmetros. Os ovos contém um Unico embrido ou oncosfera, a qual se encontra circundada
por vérias camadas e membranas, sendo o embriéforo a principal camada protetora,
espessa e queratinizada, conferindo protecdo fisica para a oncosfera. Essa estrutura confere
grande resisténcia ao ovo de E. granulosus, 0 que permite que ele permaneca viavel no
ambiente mesmo em condi¢des extremas de temperatura e umidade, sendo infectivo por
ingestéo a vérias espécies de hospedeiros intermediarios herbivoros ou onivoros, inclusive

o homem (Thompson & McManus, 2001). Apds a liberagdo no ambiente, os ovos séo
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dispersos pelo vento, pela &gua e por insetos, e 0 homem € infectado acidentalmente pela
ingestdo de ovos do parasito através das maos, comida, &gua ou outros materiais
contaminados (Eckert & Deplazes, 2004).

Quando ingerido pelo hospedeiro intermediario, 0 ovo sofre a agdo de enzimas
digestivas que desintegram o embrioforo, levando a liberagdo da oncosfera. A oncosfera
ativada penetra na mucosa intestinal com o auxilio de secrecBes glandulares e €
transportada passivamente via venosa ou linfatica, atingindo diferentes 6rgéos do
hospedeiro, principalmente pulmdes e figado, onde fica retida em vasos de pequeno
calibre. Umavez fixada, a oncosfera inicia um complexo processo de diferenciacéo, dando
origem ao metacestédeo ou cisto hidético. O tropismo da oncosfera para diferentes 6rgéos
em digtintos hospedeiros intermediarios é provavelmente influenciado por sinais do
hospedeiro (Brehm et al., 2006) e em humanos o metacestodeo de E. granulosus se
desenvolve principalmente no figado (>65%) e pulmdes (25%), sendo menos frequente no
baco, rins, coragdo, 0ssos, musculatura e sistema nervoso central (Jenkins et al., 2005;
Moro & Schantz, 2009). A maioria das infecgdes primarias em humanos consiste de um
Unico cisto, porém, 20-40% dos individuos apresentam cistos mdiltiplos ou o envolvimento
de multiplos érgéos (Kammerer & Schantz, 1993).

O cisto hidético possui uma estrutura unilocular, subesférica, com uma cavidade
interna preenchida por um fluido denominado liquido hidatico (Fig. 1.3) (Thompson,
1995). A parede do cisto consiste de duas camadas. uma camada interna de tecido vivo, a
camada germinativa, responsavel pela proliferagdo assexual do parasito e pela sintese de
uma camada externa acelular e de espessura variavel, a camada laminar. O cisto hidatico

totalmente desenvolvido é tipicamente circundado por uma camada adventicia produzida
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pelo hospedeiro, a qual é o produto da reagéo granulomatosa do hospedeiro em resposta a

presenca do parasito (Moro & Schantz, 2009).

formagido de capsulas
proligeras e protoescolices

capsulas proligeras
com protoescolices

W 3. camada laminar

i arede do cisto
i35 4, camada germinativa J P

Figura 1.3. Estrutura do metacestédeo de E. granulosus. Desenho esquematico (A) e corte histoldgico
(B) mostrando os diferentes componentes do estégio larval do parasito. Modificado de Thompson, 1995 (A)

e http://phil.cdc.gov/phil/quicksearch.asp (B).

A camada germinativa € o tecido vivo que recobre toda a superficie do
metacestodeo de E. granulosus e é formada por diferentes tipos celulares, incluindo células
tegumentares, musculares, armazenadoras de glicogénio e células indiferenciadas. A parte
mais externa da camada germinativa € o tegumento, o qual € similar em estrutura ao
tegumento do verme adulto, consistindo de um sincicio citoplasmético do qual se projetam
microtriquias que penetram na camada laminar. O tegumento desempenha papel
importante na sobrevivéncia do parasito através da captacdo de nutrientes, excrecdo e

imunomodulagédo (Thompson, 1995; Ortona et al., 2005; Camicia et al., 2008). As céulas
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indiferenciadas, chamadas ‘neoblastos' no caso de platelmintos de vidalivre ou ‘células
germinativas no caso dos organismos parasitas obrigatérios, sdo consideradas o Unico tipo
celular mitoticamente ativo em platelmintos (Reuter & Kreshchenko, 2004; Spiliotis et al.,
2008). Essas células-tronco totipotentes sdo responsaveis pelo crescimento do
metacestddeo de E. granulosus através da fusdo com o tegumento, e pela reproducéo
assexual do parasito a partir da formagdo das cépsulas proligeras, as quais se originam
como pequenas massas nucleadas que proliferam em diregdo a cavidade do cisto
(Mehlhorn et al., 1983; Thompson, 1995). As cépsulas proligeras aumentam, vacuolizam e
podem ficar presas por um pedinculo curto a camada germinativa ou soltar-se no interior
da cavidade cistica. No lumen das cpsulas proligeras, novos processos de proliferagdo
assexual e diferenciacéo d&o origem aos protoescolices.

Os protoescélices sdo formas pré-adultas nas quais as principais regides presentes
na porcdo anterior do verme adulto ja se apresentam diferenciadas. Um anico cisto de E.
granulosus pode produzir milhares de protoescdlices, porém, nem todos os metacestodeos
s80 capazes de produzir protoescolices, sendo entdo chamados cistos estéreis ou inférteis.
A infertilidade observada em alguns cistos hidéticos de E. granulosus parece estar
relacionada com possivels falhas nos mecanismos de reparacdo de danos ao DNA, o que
acaba levando a apoptose (Paredes et al., 2007; Cabrera et al., 2008). Quando estdo no
interior do cisto, os protoescélices permanecem num estado dormente, até que a
integridade do cisto sgja afetada (Thompson & Lymbery, 1990). A partir dai, os
protoescolices possuem capacidade dualistica, diferenciando-se em vermes adultos e
completando o ciclo vital do parasito quando ingeridos por um hospedeiro definitivo

adequado, ou se desdiferenciando em novos cistos hidaticos, chamados cistos secundarios,
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quando liberados no interior do hospedeiro intermediario por ruptura do cisto (Thompson,
1995).

A camada laminar € uma matriz extracelular especializada presente exclusivamente
nos parasitos do género Echinococcus. Ela € sintetizada e secretada pela camada
germinativa, tendo como principa componente uma trama de fibrilas ricas em
carboidratos, constituidas predominantemente de glicoproteinas do tipo mucina (Diaz et
al., 2009). Além disso, a camada laminar contém também abundantes depdsitos de mio-
inositol-hexaquisfosfato (InsPe) (Casaravilla et al., 2006). A camada laminar confere uma
importante protec8o ao parasito, pois aém de constituir uma barreira mecénica evitando o
contato direto com as células de defesa do hospedeiro, ela é também capaz de inibir a
ativacdo do sistema complemento (Irigoin et al., 2008; Ferreira et al., 2000) e regular
negativamente a producdo de oxido nitrico por macréfagos, in vitro e in vivo (Steers et al.,
2001). Embora sgja uma barreira para as células inflamatérias do hospedeiro, a camada
germinativa € altamente permeavel a macromoléculas e a regulacdo do transito de
moléculas entre parasito e hospedeiro parece ser fun¢éo da camada germinativa (Coltorti &
Varela-Diaz, 1974).

O liquido hidatico contém os produtos de excregdo/secrecdo (ES) da camada
germinativa e dos protoescdlices, juntamente com proteinas do hospedeiro que penetram
no metacestédeo (Thompson, 1995). O trénsito de moléculas entre parasito e hospedeiro se
da por mecanismos ndo totalmente conhecidos, mas pode envolver difusdo passiva, através
de fissuras nas camadas do cisto, endocitose ou outros mecanismos de transporte mais
especificos (Shapiro et al., 1992; Thompson, 1995). As proteinas secretadas/excretadas
pelo parasito sdo capazes de interagir com o sistema imune do hospedeiro, de forma a

estimular e/ou modular a resposta imune (Siracusano et al., 2008b). O liquido hidatico
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contém proteinas capazes de ativar 0 sistema complemento e induzir umaresposta celular e
humoral (Zhang et al., 2003; Zhang & McManus, 2006; Siracusano et al., 2008b), aém de
possuir efeitos imunomodul adores em diversos tipos celulares, como macrofagos (Janssen
et al., 1997), neutrdfilos (Virginio et al., 2007), células dendriticas (Kanan & Chain, 2006;
Rigano et al., 2007) elinfécitos T e B (Macintyre et al., 2001; Rigano et al., 2001, 2004).
O metacestddeo totalmente desenvolvido de E. granulosus é circundado pela
camada adventicia, a qual é o produto da reacdo granulomatosa do hospedeiro iniciada nos
primeiros estégios de diferenciagdo da oncosfera. Essa camada é caracterizada por uma
massiva infiltragcdo celular, que pode, posteriormente, se tornar fibrosada ou calcificada
(Thompson, 1995; Zhang et al., 2003; Peng et al., 2006). A intensidade inicial dessareagéo
varia entre diferentes hospedeiros, e se muito intensa, pode causar a degeneragdo e
eventual morte do parasito, enquanto em uma relacdo parasito-hospedeiro estavel a reacéo
inflamatoria inicia se resolve, deixando uma espessa capsula fibrosa (Thompson, 1995). O
granuloma que envolve o cisto possui tipicamente trés camadas: a mais interna € composta
por células epitelidides e células gigantes multinucleadas arranjadas radialmente em
relacdo ao cisto, em contato intimo com a camada laminar; externamente a essa camada
existe um chamado “infiltrado microcelular”, composto por linfécitos, um pequeno nimero
de eosindfilos, e possivelmente mondcitos, a camada mais externa do granuloma é
colagenosa com a presenca de fibroblastos, que quando da resolugéo da inflamacéo se
torna a cdpsula de tecido conjuntivo fibroso (Slais & Vanek, 1980; Marco et al., 2006;
Peng et al., 2006). O parénquima do 6rgédo em torno do granuloma € geralmente

minimamente af etado.
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1.3. A hidatidose cistica

A hidatidose cistica é uma zoonose causada pela infeccdo com 0 metacestédeo de
E. granulosus, afetando animais domésticos e seres humanos. A hidatidose cistica
apresenta consideravel impacto tanto para a agricultura como para a salde publica,
causando importantes consequéncias socio-econdmicas em areas endémicas (Carabin et
al., 2005; Budke et al., 2006; Battelli, 2009; Moro & Schantz, 2009). A doenca acarreta
perdas estimadas em 1 milhdo de DALY's (disability adjusted life years) devido a sua
morbidade e prejuizos anuais da ordem de US$ 760 milhGes em gastos no tratamento de
pacientes humanos. Ja as perdas associadas a reducdo na producéo pecudria somam mais

de US$ 2 bilhdes em todo o mundo.

1.3.1. Distribuicéo geogr éfica, prevaléncia e epidemiologia

A distribuicdo de E. granulosus é considerada cosmopolita (Fig. 1.4), com apenas
alguns poucos paises, como a Islandia, Irlanda e a Groenlandia, sendo considerados livres
de hidatidose cistica humana autéctone (Budke et al., 2006). A maior prevaléncia da
hidatidose cistica em seres humanos e animais € encontrada em paises de zonas
temperadas, incluindo o sul da América do Sul, o litoral mediterréneo, partes sul e central
da antiga Unido Soviética, Asia Central, China, Austrédlia e partes da Africa (Moro &
Schantz, 2009). Além disso, a infeccdo por E. granulosus tem status re-emergente em
certas areas onde era considerada controlada, como, por exemplo, na Bulgéria e no Pais de
Gales (Romig et al., 2006). Na América do Sul, a infecgdo causada por E. granulosus tem
carater endémico ou hiperendémico no Cone Sul (incluindo o sul do Brasil) e na regido
andina (Arambulo 111, 1997; Farias et al., 2004; Moro & Schantz, 2006, 2009; de la Rue,

2008; Moro et al., 2009; Zanini et al., 2009).
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Figura 1.4. Distribuicdo mundial de E. granulosus. (Budke et al., 2006)

O Rio Grande do Sul é considerado zona atamente endémica da hidatidose,
congtituindo um grave problema de salde publica, especialmente nos municipios que
fazem fronteira com Uruguai e Argentina (de la Rue, 2008). A ata incidéncia da doenca
nestas regides é resultado da pecudria, atividade econdmica expressiva nestes municipios,
com a criagdo de bovinos e ovinos. Nestas localidades, o ciclo doméstico do parasito se
perpetua principal mente pela alimentacdo dos cdes com visceras contaminadas, em abates
clandestinos ou domésticos. Em Santana do Livramento, por exemplo, um estudo de 2004
revelou que o abate domiciliar ocorre em 83,3% das propriedades rurais, sendo que a
prética de aimentar os cdes com visceras contaminadas é comum em 58,3% das
propriedades e 47,4% dos cées estavam infectados com o verme adulto de E. granulosus
(Farias et al., 2004).

No Rio Grande do Sul, a prevaléncia da hidatidose cistica em bovinos vem se

mantendo estavel em torno dos 12% ha mais de uma década, enquanto a prevaléncia da
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doenca em ovinos tem aumentado nos Ultimos 5 anos, subindo de 7 para 18% (de la Rue,
2008). Em seres humanos, a média anual de casos diagnosticados no Rio Grande do Sul
variou entre 13 e 43, de 1995 a 2001, de acordo com o Programa Estadual de Controle da
Hidatidose. Entretanto, sabe-se que a hidatidose cistica humana apresenta prevaléncias
muito mais elevadas em certas &reas, sendo subestimadas pelas estatisticas oficiais

(Arambulo I11, 1997; Torgerson et al., 2000; Farias et al., 2004; Carabin et al., 2005).

1.3.2. Manifestagdes clinicas

As manifestacfes clinicas da hidatidose sdo variaveis, pois dependem do local,
tamanho e condi¢do do cisto hidatico (Pawlowski et al., 2001). Como 0 Cisto possui
crescimento lento e localizagdo varidvel, a doenca apresenta sintomas tardios e
inespecificos (McManus et al., 2003). Sendo assm, mesmo quando a infec¢do por E.
granulosus € adquirida na infancia, a maioria dos casos sd se tornam sintomaticos e sdo
diagnosticados nos pacientes ja adultos (Moro & Schantz, 2009). Desta forma, o cisto
hidético é frequentemente tolerado até que comprometa a funcéo do 6rgdo afetado e cause
compressdo em 0rgéos e tecidos vizinhos devido ao seu tamanho. Por outro lado, o
rompimento eventual do cisto, com a subita liberacdo do seu contelido, pode precipitar
reacOes alérgicas, as quais podem variar em severidade desde média até uma anafilaxia
fatal (McManus et al., 2003; Moro & Schantz, 2009). Além disso, as complicacOes
relacionadas a liberagdo do contelido cistico incluem ainda infecgdes bacterianas ou
fungicas e a disseminacdo de protoescolices, a qual pode resultar em mdltiplas infecgdes

secundarias (cistos secundarios) (Pawlowski et al., 2001; Moro & Schantz, 2009).
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1.3.3. Diagndéstico e tratamento

O diagndstico da hidatidose cistica é baseado na identificacdo do cisto através de
técnicas de imagem, principalmente ultra-sonografia, tomografia computadorizada,
radiologia e ressonancia magnética (Pawlowski et al., 2001; Teggi & DiVico, 2002).
Entretanto, estes métodos sdo inespecificos, uma vez que detectam apenas uma leséo
cistica, que pode corresponder ou ndo a um cisto hidético. Portanto, a confirmagdo do
diagnéstico é redlizada por testes imunodiagndsticos, mais sensiveis e especificos,
predominantemente ELISA e immunoblotting (Eckert & Deplazes, 2004; Moro & Schantz,
2009). Estes testes, baseados na deteccdo de anticorpos especificos contra antigenos do
parasito no soro de pacientes, sdo Uteis ndo apenas no diagnostico primario, mas também
no monitoramento de pacientes apos o tratamento cirdrgico ou farmacéutico (Pawlowski et
al., 2001). O atual status do diagndstico da hidatidose cistica em humanos e animais foi
recentemente revisado por Carmena et al. (2006), Zhang & McManus (2006) e Torgerson
& Deplazes (2009).

Até a década de 1980, a cirurgia era a Unica opc¢éo para o tratamendo da hidatidose
cistica. Desde entdo, a quimioterapia com benzimidazoles e, mais recentemente, o
tratamento com PAIR (Puncdo, Aspiracdo, Injecéo e Re-aspiracdo), tém complementado
ou até mesmo substituido a cirurgia como tratamento preferencial (Moro & Schantz, 2009).
A remocdo cirurgica de cistos hidaticos intactos, quando possivel, continua sendo a terapia
mais eficaz no tratamento de individuos com hidatidose cistica, levando imediatamente a
cura completa da doenca. Todavia, o procedimento € delicado, pois a remocéo do cisto
intacto € dificil, podendo ocorrer consequéncias adversas decorrentes da liberacdo do
contetido cistico. Também a cirurgia pode ser impraticével em certos casos, principamente

em pacientes com multiplos cistos em vérios 6rgéos, ou em regides ou 6rgaos inoperaveis,
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e em pacientes com alto risco cirdrgico (Eckert & Deplazes, 2004). Para esses casos é
indicada a PAIR, a qual tem demonstrado maior eficécia clinica e parasitol 6gica, menores
taxas de morbidade, mortalidade e recorréncia da doenga, e menor tempo de permanéncia
no hospital, quando comparada com o tratamento cirdrgico (Smego et al., 2003).

A quimioterapia tem sido amplamente utilizada no tratamento da hidatidose cistica
(Pawlowski et al., 2001), e aproximadamente um terco dos pacientes tratados com
benzimidazoles (albendazol ou mebendazol) apresentaram cura da doenca
(desaparecimento completo e permanente dos cistos), com proporgdes ainda mais altas (30-
50%) demonstrando significante reducdo no tamanho dos cistos e diminuig¢&o dos sintomas
(El-On, 2003; Moro & Schantz, 2009). A quimioterapia € também muito utilizada em
conjunto com a cirurgia e a PAIR, para evitar o surgimento de cistos secundarios apos a

intervencdo cirurgica (Pawlowski et al., 2001).

1.3.4. Prevencao e controle

Os programas de controle da hidatidose sdo baseados predominantemente em
medidas preventivas como educagao sanitéria, eliminacdo/proibicéo dos abates domésticos
e a conscientizacdo da populacdo para mudanca do habito associado a pratica rural de
alimentar os cées com visceras contaminadas, além do tratamento de cdes com anti-
helminticos (Eckert et al., 2000; Craig et al., 2007; Moro & Schantz, 2009). Também a
vacinagdo de um ou de ambos hospedeiros pode diminuir, ou até mesmo eliminar, a
infecgdo em humanos e animais domeésticos (Zhang & McManus, 2006). Nesse sentido, 0
desenvolvimento recente da vacina recombinante EG95 representa um avango promissor,
sendo capaz de conferir altos niveis de protecdo contra a infeccdo por E. granulosus

(Lightowlers et al., 1999; Heath et al., 2003; Gauci et al., 2005). Vacinas contra o estagio
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adulto do parasito foram também desenvolvidas recentemente, conferindo de 97-100% de
protecdo, afetando o crescimento do verme e a producéo de ovos (Zhang et al., 2006;
Petavy et al., 2008). Embora a vacinacdo de hospedeiros intermediarios e definitivos sga
uma realidade como opcdo de controle da hidatidose cistica, o0 alto custo ainda impede a
sua utilizagdo em larga-escala (Zhang & McManus, 2006). Estudos baseados em model os
matemédticos propdem que a estratégia mais eficaz e de menor custo para o controle da
hidatidose cistica € uma combinagdo da vacinacdo do hospedeiro intermediério e do
tratamento do hospedeiro definitivo com anti-helminticos (Torgerson, 2006).

Contudo, apesar do desenvolvimento de ferramentas preventivas eficazes e de
eventuais resultados positivos obtidos em programas locais de controle, ndo houve
mudanca acerca da distribuicéo global e do impacto na salde publica humana e animal
causado por E. granulosus (Jenkins et al., 2005; Craig et al., 2007; Moro & Schantz,
2009). A hidatidose cistica continua sendo uma doenca negligenciada, para a qual, na
grande maioria das areas, um controle efetivo ndo foi alcangcado ou mesmo pretendido,
apresentando status re-emergente em diversas areas (Jenkins et al., 2005; Budke et al.,

2006, 2009; Moro & Schantz, 2009).

1.4. Proteinas potencialmente envolvidas no estabelecimento da infecgéo cronica pelo
metacestédeo de E. granulosus

Parasitos helmintos sdo capazes de estabelecer infecgdes cronicas, vivendo longos
periodos de tempo dentro do corpo do hospedeiro. Para tanto, desenvolveram mecanismos
altamente sofisticados de interagdo com o hospedeiro, os quais estdo envolvidos na evasdo
da resposta imune, nutricdo, metabolismo e desenvolvimento destes parasitos (Maizels &

Yazdanbakhsh, 2003; Brindley et al., 2009). Sendo assim, 0 metacestddeo de E.
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granulosus expressa e secreta nas suas estruturas cisticas proteinas envolvidas nos mais
diversos aspectos da relagdo parasito-hospedeiro, como invasao dos tecidos, incorporagéo
de metabdlitos do hospedeiro e evasdo da resposta imune, de forma a promover o seu
estabelecimento e manutencdo dentro do corpo do hospedeiro (Rosenzvit et al., 2006;
Siracusano et al., 2008b). As proteinas envolvidas nessas estratégias de sobrevivéncia ndo
sdo totalmente conhecidas, pois os diferentes componentes do metacestddeo de E.
granulosus (camada germinativa, protoescélices e liquido hidatico) sdo ainda pouco
caracterizados. Mas, assm como ocorre em outros helmintos, acredita-se que estes
mecanismos de interacdo com o hospedeiro sam mediados por proteinas presentes no
tegumento e produtos de ES do parasito (Rosenzvit et al., 2006; Van Hellemond et al.,
2006; Siracusano et al., 2008b; Hewitson et al., 2009).

Nesse sentido, destacam-se o antigeno B (AgB) e o antigeno 5 (Ag5), principais
proteinas secretadas no liquido hidético de E. granulosus (Oriol et al., 1971; Lightowlers et
al., 1989). A sua expressdo e secregdo em grande quantidade pelo metacestodeo de E.
granulosus sugere um papel importante para essas proteinas na sobrevivéncia da forma
larval patogénica do parasito (Lorenzo et al., 2003; Mamuti et al., 2006a). Além disso,
estes antigenos sdo importantes biomarcadores para a hidatidose cistica humana (Carmena

et al., 2006; Siracusano et al., 2008a).

1.4.1. O antigeno B

O papel do AgB na biologia de E. granulosus ndo esta totalmente elucidado, mas
ele estd envolvido em diferentes mecanismos de interacdo com o hospedeiro, relacionados
com o estabelecimento e manutencdo da infeccdo crénica (Mamuti et al., 2006a;

Siracusano et al., 2008a, 2008b). O AgB é capaz de evadir a resposta imune inata e
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adaptativa do hospedeiro através de efeitos moduladores sobre diversos tipos celulares.
Experimentos in vitro demonstraram que o AgB inibe proteases do hospedeiro e a
guimiotaxia de neutrofilos (Shepherd et al., 1991), sendo também capaz de diminuir a
producéo de H,O, por essas células (Virginio et al., 2007). Adicionalmente, 0 AgB inibe o
recrutamento de células polimorfonucleares e estimula a secrecéo de citocinas Th2 pelas
PBMC (Rigan0 et al., 2001). Em células dendriticas, 0 AgB exerce efeitos em duas
estratégias digtintas: interferindo na diferenciacéo destas células a partir de mondcitos
precursores e modulando a secrecéo de citocinas pelas células dendriticas ja diferenciadas,
estimulando-as a polarizar linfécitos em uma resposta do tipo Th2 (Rigano et al., 2007).
Uma resposta celular Th2 é menos eficiente na eliminacdo do parasito, e portanto o
microambiente Th2 criado pelo AgB é extremamente favoravel para o desenvolvimento da
infeccdo cronica pelo metacestddeo de E. granulosus (Siracusano et al., 2008b).

O AgB é homdlogo a um grupo recentemente identificado de proteinas ricas em
alfa-hélice que se ligam a compostos hidrof dbicos (HLBPs, de hydrophobic ligand binding
proteins), uma familia de proteinas exclusiva de cestodeos (Saghir et al., 2000, 2001;
Chemale et al., 2005). Essas proteinas desempenham papéis importantes para o
desenvolvimento e sobrevivéncia destes parasitos através da captacdo de acidos graxos do
hospedeiro, uma vez que cestddeos sdo incapazes de sintetizar estes compostos de novo
(Barrett, 1981). As HLBPs tém também fungdo homeostatica, mantendo a concentracéo de
acidos graxos livres abaixo de niveis toxicos (Glatz & van der Vusse, 1996). A HLBP de
Taenia solium, que assm como o0 AgB é uma proteina extracelular, estaria envolvida na
captacdo e transporte de lipideos da reacdo granulomatosa do hospedeiro que circunda o
parasito para dentro do cisto (Lee et al., 2007). Chemale et al. (2005) demonstraram que 0

AgB possui diferentes propriedades de ligagdo a compostos hidrofébicos quando
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comparado com HLBPs de outros cestédeos, ndo apresentando capacidade de trocar &cidos
graxos, indicando que o AgB ndo esta relacionado com o metabolismo e transporte de
moléculas hidrofébicas. O AgB poderia, portanto, estar envolvido em diferentes papéis
para a sobrevivéncia do parasito, como homeostase ou detoxificagdo, sequestrando
compostos toxicos (compostos xenobidticos, como anti-helminticos, por exemplo)
presentes no liquido hidético.

O AgB é atamente imunogénico em infeccbes humanas, sendo amplamente
proposto para 0 imunodiagnostico da hidatidose humana, devido a sua alta sensibilidade e
especificidade (Virginio et al., 2003; Lorenzo et al., 2005a). Apesar de resultados
varidveis, o AgB é atualmente considerado o antigeno mais especifico de E. granulosus
para utilizagdo em ensaios imunodiagnosticos (Carmenaet al., 2006; Mamuti et al., 2006a;
Siracusano et al., 2008a). Portanto, nos Ultimos anos, muitas pesquisas tém sido realizadas
para caracterizar proteinas recombinantes e peptideos sintéticos derivados do AgB que
possam ser utilizadas no imunodiagndstico da hidatidose cistica (Gonzdlez-Sapienza et al.,
2000; Virginio et al., 2003; Lorenzo et al., 2005a; Carmena et al., 2006).

Estruturalmente, o0 AgB é uma proteina oligomérica de 120-160 kDa, formada por
subunidades de 8 kDa (Oriol et al., 1971; Lightowlers et al., 1989; Monteiro et al., 2007).
Essas subunidades possuem comportamento atamente agregativo, formado populagdes
com diferentes estados de agregacéo, incluindo agregados de alta massa molecular (Oriol
et al.,, 1971). As subunidades do AgB sdo codificadas por uma familia multigénica,
incluindo pelo menos 5 genes (EgAgB8/1-EgAgB8/5), os quais sao altamente polimaorficos
(Shepherd et al., 1991; Frosch et al., 1994; Fernandez et al., 1996; Chemale et al., 2001,
Arend et al., 2004; Haag et al., 2004; Kamenetzky et al., 2005; Mamuti et al., 2007). As

sequéncias gendmicas dos genes que codificam subunidades do AgB possuem a mesma
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estrutura caracteristica, apresentando dois éxons separados por um pequeno intron
(Ferreira et al., 2004). O éxon 1 codifica uma regido hidrofobica N-terminal, seguida de
potenciais sitios de clivagem para proteases, indicando um potencia peptideo sinal
responsavel pela secrecdo do peptideo maduro codificado pelo éxon 2. Haag et al. (2004)
propuseram que os genes que codificam subunidades do AgB podem representar uma
familia de genes de contingéncia, com expresséo diferencial dentro e/ou entre individuos.
Estudos recentes demonstraram que 0s genes que codificam o AgB de E. granulosus
apresentam expressdo diferencial entre os tecidos do metacestédeo, sendo EgAgB8/1 e
EQAgB8/3 0s genes mais expressos em camada germinativa e protoescolices,
respectivamente, enquanto o gene EgAgB8/2 € o menos expresso em ambos (Arend et al.,
submetido para publicacdo). Em E. multilocularis, os ortdlogos dos genes que codificam o
AgB (EmAgB8/1-EmAgB8/5) sdo regulados ao longo do desenvolvimento, tendo expressio
diferencial em vesiculas, protoescdlices e vermes adultos imaturos (Mamuti et al., 2006b).
Umavez que o grau de identidade em nivel de aminoécidos (considerando os polipeptideos
maduros putativos) entre as cinco subfamilias que codificam o AgB é de 25 a 69%,
qgualquer variagdo na composicdo de subunidades do AgB deve ter efeito nas relagcOes
adaptativas entre parasito e hospedeiro, bem como nos resultados dos métodos
imunodiagndsti cos baseados no AgB (Monteiro et al., 2008).

Em SDS-PAGE, o AgB purificado de liquido hidético se dissocia em multimeros
regularmente espacados em 8 kDa (8, 16, 24 e 32 kDa), os quais correspondem a
mondmeros, dimeros, trimeros e tetrameros de subunidades de 8 kDa (Lightowlers et al.,
1989). O sequienciamento de peptideos tripticos derivados das bandas do AgB resolvidas
em SDS-PAGE mostrou que diferentes subunidades fazem parte dos multimeros de 8, 16 e

24 kDa (Gonzélez et al., 1996). Estes resultados demonstraram que o AgB é formado por
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diferentes subunidades de 8 kDa, as quais estdo envolvidas na formagdo da estrutura
oligomérica da proteina e dos multimeros observados em condigdes desnaturantes. Porém,
ndo foi possivel determinar se estes multimeros possuem natureza homo ou hetero-
oligomérica, nem a forca envolvida na associacdo covalente entre as subunidades de 8
kDa. Recentemente, nosso grupo demonstrou que subunidades recombinantes do AgB
(AgB8/1, AgB8/2 e AgB8/3) se auto-associam em homo-oligdbmeros com propriedades
semelhantes as do AgB purificado de liquido hidético, validando-os como bons modelos
para o estudo estrutural do AgB (Monteiro et al., 2007). Além disso, devido a sua
composicao de subunidades conhecida e homogénea, os homo-oligdbmeros recombinantes
podem superar alguns problemas associados a caracterizagdo do AgB produzido pelo
parasito, o qual possui composi¢do de subunidades e contelido de modificagbes pos-
traducionais desconhecidos, bem como auxiliar no estudo de propriedades estruturais e

funcionais de diferentes subunidades do AgB (Monteiro et al., 2008).

1.4.2. O antigeno 5

Embora avangos recentes tenham sido feitos na caracterizacdo molecular do Ag5,
sua relevancia bioldgica para 0 metacestodeo de E. granulosus € ainda desconhecida. O
Ag5 é uma glicoproteina de 67 kDa, composta por duas subunidades de 38 e 22 kDa
(Lorenzo et al., 2003). O Ag5 é codificado como uma Unica cadeia polipeptidica que é
posteriormente processada nas subunidades de 22 e 38 kDa, as quais encontram-se ligadas
por uma unica ponte dissulfeto. O sequenciamento N-terminal da subunidade de 38 kDa do
Ag5 revelou a presenca de residuos alternativos em algumas posi¢fes, sugerindo que a
proteina esta presente em diferentes isoformas (Zhang & McManus, 1996). A subunidade

de 38 kDa apresenta ata similaridade com serino proteases da familia da tripsina, mas o
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residuo de serina catalitico estd substituido por uma treonina e nenhuma atividade foi
demonstrada até o momento (Lorenzo et al., 2003). A subunidade menor do Ag5 contém
um motivo de ligacdo a glicosaminoglicanos atamente conservado, o qua pode
proporcionar a interacdo do Ag5 com a superficie celular e a matriz extracelular,
confinando o antigeno no tecido do hospedeiro que circunda o cisto. O Ag5 contém
também grupos fosforilcolina (Lightowlers et al., 1989; Lorenzo et al., 2005b), e estudos
de glicoproteinas contendo fosforilcolina de outros parasitos tém demonstrado gque esses
epitopos podem apresentar diversas atividades imunomoduladoras (Harnett & Harnett,
2001; Grabitzki & Lochnit, 2009).

O Ag5 é atamente imunogénico em infecgdes humanas, sendo considerado desde
0s primeiros estudos como um dos mais relevantes antigenos de E. granulosus (Lorenzo et
al., 2005a). Embora alguns estudos revelem problemas de sensibilidade e especificidade
associados ao Agb (Di Felice et al., 1986; Lightowlers et al., 1989; Barbieri et al., 1998),
esta proteina é ainda amplamente utilizada na rotina de diagnéstico soroldgico da
hidatidose, particularmente como uma técnica confirmatéria, através da identificacdo de
uma linha de precipitacéo (arco 5) em ensaios de imunoeletroforese (Carmenaet al., 2006).
Lorenzo et al. (2005b), demonstraram que a antigenicidade do Ag5 é determinada por
modificacbes pos-traducionais presentes na proteina, sendo os epitopos sacaridicos
imunodominantes. Além disso, os epitopos fosforilcolina presentes no Ag5 possuem um
papel consideravel na reatividade cruzada com soros de individuos com outras parasitoses.
Esse conjunto de dados demonstra que o Ag5 é menos Util que o AgB para fins

diagndsticos (Carmena et al., 2006).
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1.4.3. Outras proteinas expr essas e secr etadas pelo metacestdédeo de E. granulosus

A caracterizagdo molecular do metacestddeo de E. granulosus € ainda limitada,
sendo 0 seu estudo historicamente focado na caracterizagdo de proteinas individuais,
principamente antigenos (Brehm et al., 2006; Siracusano et al., 2008b). O estudo dos
produtos de ES do parasito, por exemplo, é limitado a caracterizagbes imunoldgicas e
enzimaticas (Carmena et al., 2004, 2005). Recentemente, esforgos significativos nas areas
de genbmica e transcriptdémica tém sido realizados na tentativa de caracterizar o repertorio
de genes expressos pelo metacestddeo de E. granulosus, ampliando o conhecimento sobre
a biologia da fase larval patogénica do parasito, bem como da suas interagdes com as
espécies hospedeiras. O projeto de sequenciamento do genoma de E. granulosus esta em
andamento, enquanto o de sequenciamento do genoma da espécie relacionada E.
multilocularis esta em fase de montagem (Sanger Institute:

http://www.sanger.ac.uk/Projects/Echinococcus/). Além disso, cerca de 20.000 ESTs

foram geradas a partir do segquenciamento de bibliotecas de cDNA de diferentes
componentes dos metacestédeos de E. granulosus e E. multilocularis (Ferndndez et al.,

2002; Sanger Ingtitute: http://www.sanger.ac.uk/Projects/Echinococcus/;  LophDB:

http://xyala.cap.ed.ac.uk/NeglectedGenomes/L opho/L ophDB.php). Rosenzvit et al. (2006),
construiram bibliotecas de cDNA utilizando a técnica de signal sequence trap (SST),
identificando especificamente proteinas de membrana e secretadas por E. granulosus.

A disponibilizagdo de um maior nimero de sequéncias génicas de espécies do
género Echinococcus possibilita a utilizagdo de técnicas protedmicas para o estudo dos
parasitos deste género. Porém, a identificacdo das proteinas expressas nas formas larvais

patogénicas desses parasitos esti ainda restrita a andlises protedmicas preliminares de
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protoescdlices de E. granulosus e E. multilocularis (Chemale et al., 2003; Wang et al.,

2009).

1.4.4. Estudos protedmicos de par asitos

A andlise protedmica, pela sua ata resolugéo e sensibilidade, tem grande potencial
para a identificacdo de proteinas parasitarias, principalmente de fluidos bioldgicos,
tipicamente limitados em quantidade e concentragdo de proteinas. Por isso, abordagens
protedmicas vém sendo utilizadas com sucesso naidentificac8o de proteinas sométicas e de
ES de diferentes parasitos (Knudsen et al., 2005; Braschi & Wilson, 2006; Guillou et al.,
2007; Pérez-Sanchez et al., 2008; Bennuru et al., 2009). Essas andlises tém revelado a
diversidade de proteinas expressas e secretadas por diferentes espécies, formas de vida ou
sexo de parasitos helmintos, auxiliando na elucidagdo dos mecanismos moleculares
utilizados por cada um deles na interagdo com as espécies hospedeiras e na manutencéo da
infecgéo.

Diferentes técnicas protedmicas tém sido utilizadas na investigacdo de diversos
aspectos da biologia, bioguimica e fisiologia de espécies parasitas, como a invasdo dos
tecidos do hospedeiro, nutricdo e imunomodulagdo (Knudsen et al., 2005; Braschi &
Wilson, 2006; Liu et al., 2009; Mulvenna et al., 2009; Santivafiez et al., 2010). Além
disso, andlises protedmicas de amostras obtidas durante a infeccdo podem fornecer
informacfes importantes sobre a interacdo parasito-hospedeiro, destacando os mecanismos
de defesa empregados pelo hospedeiro contra o parasito e as estratégias utilizadas pelo
parasito para promover a sua sobrevivéncia dentro do corpo do hospedeiro (Liu et al.,
2007; Morphew et al., 2007; Hansell et al., 2008). Também estudos imunoprotedmicos,

utilizando técnicas protedmicas associadas a anadlises imunoldgicas, tém auxiliado na
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identificagdo de proteinas antigénicas, com potencial imunodiagndstico e/ou vacinal contra
diferentes parasitos (Sotillo et al., 2008; Ju et al., 2009).

Técnicas como el etroforese bidimensional (2-DE) e LC-MSM S podem também ser
utilizadas na analise e comparacao de diferentes formas de vida parasitarias, identificando
diferencas na expressdo e modificacdo pos-traducional de proteinas durante o
desenvolvimento de diferentes parasitos (Lasonder et al., 2008; Rosenzweig et al., 2008;
Lal et al., 2009). Da mesma forma, diferencas na expressdo de proteinas em respostas a
estimulos, como estresse ou tratamento com drogas, podem ser identificados utilizando-se
abordagens protedmicas (Prieto et al., 2008; Cooper & Carucci, 2004).

Desta forma, a protedbmica tem se mostrado uma abordagem importante na
identificagdo de proteinas envolvidas em diferentes interagdes fisicas e bioguimicas entre
parasito e hospedeiro, destacando proteinas essenciais para a sobrevivéncia e manutencéo
de diferentes parasitos. Sendo assim, essas analises podem auxiliar na descoberta de
proteinas com potencial para o desenvolvimento de novas drogas, vacinas e abordagens
diagnosticas para utilizagdo no controle, tratamento e prevencdo de diferentes parasitoses

(Barrett et al., 2000; Biron et al., 2005; De Marco & Verjovski-Almeida, 2009).
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2. Justificativas e obj etivos

E. granulosus, assim como outros helmintos, € capaz de manter a infeccdo por
longos periodos apesar das defesas apresentadas pelo seu hospedeiro. Os mecanismos de
interagcdo parasito-hospedeiro responsaveis pelo estabel ecimento e manutencéo da infecgéo
crénica pelo metacestédeo de E. granulosus ndo sdo totalmente compreendidos,
principamente do ponto de vista molecular, mas eles sGo em grande parte mediados por
moléculas expostas e secretadas pelo cisto hidatico na sua interface com o hospedeiro.
Sendo assim, a identificacdo de proteinas expressas e secretadas por parasito e hospedeiro
durante a infeccdo pelo metacestddeo de E. granulosus pode levar a um melhor
entendimento da resposta montada pelo hospedeiro contra o parasito, bem como dos
mecanismos moleculares utilizados pelo parasito para evadir essa resposta e promover 0
estabelecimento e desenvolvimento de sua fase larval patogénica Além disso, a
caracterizagdo de proteinas expressas durante a infecgdo leva a um aumento no nimero de
proteinas candidatas para abordagens imunodiagndsticas e terapéuticas para a hidatidose
cistica.

Da mesma forma, o estudo de proteinas envolvidas em diferentes interagdes com o
hospedeiro, como 0 AgB, pode auxiliar sobremaneira no melhor entendimento da biologia
de E. granulosus. O estudo da estrutura e composi¢do de subunidades do AgB possui tanto
implicacBes funcionais, com relacdo aos papés desempenhados por essa proteina nas
relacOes adaptativas entre parasito e hospedeiro, quanto préticas, do ponto de vista da sua
utilizacdo em estratégias de diagndstico e tratamento. O melhor entendimento da estrutura
e mecanismo de oligomerizacdo do AgB podem auxiliar no futuro desenvolvimento de

drogas capazes de inibir e/ou interferir com as interacfes entre subunidades, levando a
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perturbacdo da estabilidade do oligbmero e interferindo com as fungdes biolégicas de E.
granulosus mediadas pelo AgB.
Sendo assim, este trabalho tem como objetivos:

1. ldentificar as proteinas do parasito e do hospedeiro presentes nos diferentes
componentes do metacestédeo de E. granulosus durante a infeccgo do hospedeiro
intermediério bovino;

2. Estabelecer um mapa protedmico de referéncia de protoescélices de E. granulosus
baseado em 2-DE;

3. Identificar proteinas antigénicas em extratos do parasito;

4. Estudar a estrutura de oligdmeros e agregados de alta massa molecular do AgB de
E. granulosus utilizando subunidades recombinantes como model o;

5. Estabelecer a composicéo de subunidades do AgB secretado no liquido hidético do

metacestodeo de E. granulosus,
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Cystic hydatid disease (CHD) is caused by infection with the Echinococcus granulosus meta-
cestode and affects both humans and livestock. In this work, we performed a proteomic
analysis of the E. granulosus metacestode during infection of its intermediate bovine host.
Parasite proteins were identified in different metacestode components (94 from protoscolex,
25 from germinal layer and 20 from hydatid cyst fluid), along with host proteins (58) that
permeate into the hydatid cyst, providing new insights into host-parasite interplay. E. gran-
ulosus and platyhelminth EST data allowed successful identification of proteins potentially
involved in downregulation of host defenses, highlighting possible evasion mechanisms
adopted by the parasite to establish infection. Several intracellular proteins were found in
hydatid cyst fluid, revealing a set of newly identified proteins that were previously thought to
be inaccessible for inducing or modulating the host immune response. Host proteins iden-
tified in association with the hydatid cyst suggest that the parasite may bind/adsorb host
molecules with nutritional andfor immune evasion purposes, masking surface antigens or
inhibiting important effector molecules of host immunity, such as complement components
and calgranulin. Overall, our results provide valuable information on parasite survival stra-
tegies in the adverse host environment and on the molecular mechanisms underpinning E]
CHD immunopathology. .

Keywords:
Animal proteomics / Cestode / Host-parasite interaction / Immune evasion / Mass
spectrometry

1 Introduction
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Cystic hydatid disease (CHD), caused by infection with the
larval stage, or metacestode, of the tapeworm Echinococcus
gramulosus, is a worldwide zoonosis of medical and economic
impact, with an emerging/re-emerging status in several

Abbreviations: AgB, antigen B; AgS, anfigen'§; CHD, cystic countries [1, 2]. The E. granulosus metacestode (Fig. 1)

hydatid disease; DBl Diazepam-binding inhibitor; EgAFFP,

E. granulosus actin filament-fragmenting protein; EgcMDH,
E. granulosus cytosolic malate dehydrogenase; EgTeg,
E. granulosus tegumental protein; EgTPx, E. granulosus thior-
edoxin peroxidase; ES, excretory/secretory; GL, germinal layer;
HCF, hydatid cyst fluid; LDL, low-density lipoprotein; MMP-9,
matrix metalloproteinase-9; MMP-12, matrix metalloproteinase-
12; MVP, major vault protein; PSC, protoscolex, protoscoleces;
TRx, thioredoxin
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develops into a large Auid-filled hydatid cyst in the internal
organs (mostly liver and lungs) of livestock or human
intermediate hosts. The innermost layer of the cyst wall
(germinal layer, GL) is responsible for both pre-adult
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Figure 1. Diagrammatic representation of the E. granulosus
metacestode. The parasite bladder-like larva is bounded by the
hydatid cyst wall (A), which comprises two layers: an innermost
germinal layer (B) of parasite live tissue and an outer thick
acellular laminated layer (C), which is synthesized by the germ-
inal layer and protects the cyst from direct attack of host cells,
The germinal layer is also responsible for the formation of brood
capsules (D), which proliferate towards the cyst cavity and give
rise to protoscoleces (E), also found free in the hydatid cyst fluid.
The hydatid fluid fills the cyst and contains the ES products from
the germinal layer and protoscoleces, along with host proteins.
The fully developed hydatid cyst is typically surrounded by a
host-produced adventitial layer (F), which is the product of a host
granulomatous reaction, The two cyst wall layers are, in different
extents, permeable to macromolecules, allowing the host-para-
site molecular cross-talk (arrows).

(protoscolex, PSC) formation and synthesis of an outer
acellular carbohydrate-rich laminated layer. The hydatid
cyst is surrounded externally by the adventitial layer, a
fibrous capsule of host origin, resultant from the initial
inflammatory reaction. PSC mature into adult worms
when ingested by a definitive canid host, but they are also
able to dedifferentiate into new, fully developed cysts when
released into the intermediate host body cavity upon cyst
rupture [3].

Parasite helminths, as E. granulosus, must be able to
maintain infection for long time periods despite the defense
mechanisms displayed by their hosts. They have therefore
developed a wide range of highly elaborate survival strate-
gies, such as immunomodulation, antioxidant defenses, and
resistance to host proteolytic enzymes [4, 5]. Most of the
mechanisms underpinning downregulation of host respon-
ses are not fully understood, especially at the molecular
level, but they are likely mediated by proteins found in the
parasites’ tegument and excretory-secretory (ES) products
[6, 7). In E. gramosus, the outermost part of the GL is a
syncytial tegument, which surrounds the entire metacestode
and plays an important role in parasite survival by nutrient

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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uptake, excretion and immune evasion [3, 4, 8]. The hydatid
cyst fluid (HCF) contains the E. granulosus metacestode ES
products, which, despite being able to induce strong host
cellular and humoral responses, mediate evasion mechan-
isms through cytotoxic and modulatory effects on host
immune cells 3, 4].

Advances in the sensitivity and resolution of proteomic
technology enable the exploitation of parasite material,
mainly biological fluids, whose analysis is typically limited
by the amount of material and the low representativity of
protein content. Proteomic approaches have been success-
fully used for the identification of helminth somatic and ES
proteins [9-11]. [n vive proteomic analyses performed with
parasite material sampled during infection allow real-time
analyses and have provided valuable insights into host-
parasite interplay and the immunopathology of parasitic
diseases [12, 13]. Furthermore, the identification of a wide
range of proteins expressed during infection conditions
are expected to improve the repertoire of candidate proteins
for use in immunodiagnosis, therapy, and vaccination
approaches.

Though cestode species are etiological agents of major
parasitic diseases in both humans and livestock [14],
proteomic analyses of such species have been restricted to
preliminary proteomic surveys of E. granulosus and Echino-
coccus multilocularis PSC [15, 16]. With the recent availability
of extensive E. granulosus EST data [17], we have extended
the proteomic analysis to all primary metacestode compo-
nents, aiming to identify parasite and host proteins
expressed during infection of the bovine intermediate host.
The repertoire of identified proteins provides insight into
parasite survival mechanisms as well as into the nature of
host immune responses mounted against E. granulosus
infection.

2 Materials and methods
2.1 Parasite material

E. granulosus hydatid cysts were obtained from the livers
and lungs of cattle (2-3 years old animals) slaughtered
at abattoirs in Rio Grande do Sul, Brazil. HCF was asepti-
cally aspirated from individual fertile cysts, clarified by
centrifugation at 10000 xg for 15min at 4 C, and
concentrated and dialyzed against PBS using an Amicon
Ultra-15 5000 MWCO centrifugal filter device (Millipore,
USA). PSC were collected by aspiration, washed extensively
in PBS, and then washed with 40 mM Tris to remove salts.
Cyst walls (GL and the underlying laminated layer) were
carefully separated from surrounding host tissue with
forceps and washed with PBS until all PSC were removed.
GLs were then separated from the laminated layer using a
tissue scraper and washed as described for PSC. Parasite
tissues were homogenized separately in a glass Dounce
tissue grinder, and homogenates were centrifuged at

www proteomics-journal.com
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20000 x g for 30min at 4°C to separate soluble and inso-
luble protein fractions. Soluble proteins were quantified
using a Qubit™ quantitation Auorometer and Quant-it™
reagents (Invitrogen, USA). Individual HCF and GL
samples were analyzed by SDS-PAGE to select those with
the lowest content of host abundant serum proteins
(albumin and immunoglobulins) for downstream applica-
tions. PSC samples analyzed were pools from liver and lung
cysts, while all GL samples were from liver cysts, which
were individually processed and analyzed. HCF samples
were either individually analyzed (lung cysts) by LC-MS/MS
or pooled for parasite protein immunopurification (see
section 2.2).

2.2 Purification of metacestode excretory/secretory
proteins from the hydatid cyst fluid

Parasite ES proteins present in the HCF were immuno-
purified using anti-PSC rabbit polyclonal antibodies immo-
bilized on a cyanogen bromide-activated Sepharose 4B
matrix (GE Healthcare, UK). Control immunopurifications
were performed using a column with rabbit non-related
antibodies. HCF from liver and lung cysts were collected as
described in section 2.1 and pooled in order to obtain a
minimum of 250 ml of sample (~50ml of HCF from each
individual cyst) with relatively low contamination with host
abundant serum proteins, as monitored by SDS-PAGE.
Each HCF pool was passed through the column three times.
After extensive washing with PBS, bound proteins were
eluted with 100mM glycine, pH 2.7, dialyzed against PBS,
and concentrated ten-fold with Amicon Ultra-4 5000 MWCO
(Millipore).

2.3 2-DE, immunoblot and image software analysis

PSC protein samples (2 mg) were precipitated overnight at
—20°C with two volumes of ice cold 20% (w/v) trichloro-
acetic acid/acetone. Protein precipitates were recovered by
centrifugation (10min at 14000 rpm) and washed five times
with ice cold acetone. The pellet was air-dried and solubilized
into sample buffer containing 7M urea, 2M thio-urea, 4%
(w/v) CHAPS, 1% (w/v) DTT, and 0.2% (v/v) ampholytes (pH
3-10) (Bio-Rad, USA). The linear 17-cm IPG strips (pH 3-10
and 4-7, Bio-Rad) were passively rehydrated with the samples
for 16h, and 1EF was run for a total of 60000 Vh using a
Protean IEF cell (Bio-Rad). Following IEF, the strips were
reduced in equilibration buffer (6 M urea, 302 glycerol, 2%
SDS, and 0.375M Tris, pH 8.8) containing 1% DTT over
15min and alkylated in equilibration buffer containing 4%
iodoacetamide for an additional 15min. In the second
dimension, the strips were run onto 20 x 20-cm 12%
SDS-PAGE gels using a Protean 11 xi 2D Cell (Bio-Rad). Gels
were stained with Coomassie blue and scanned with an
ImageScanner (GE Healthcare). Two analytical replicates

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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were produced for each of two independent biological
samples,

For immunoblot analysis, proteins were electro-
transferred  from 2-DE gels to PVDF membranes
(Hybond™.-P, GE Healthcare) at 20V for 16-18h.
Membranes were blocked for 1 h with 5% nonfat dry milk in
PBS-T (PBS containing 0.1% v/v Tween-20) and then
incubated with a pool of six sera from CHD patients
(confirmed by surgery) at a 1:1000 dilution for 1h and
30 min. After three washes with PBS-T, blots were incubated
with HRI-labelled anti-human 1gG (Sigma-Aldrich, USA) at
a 1:10 000 dilution for 1 h. The 2-DE blots were revealed with
ECL detection reagent (GE Healthcare) and imaged using
the VersaDoc imaging system (Bio-Rad). A pool of six sera
from healthy individuals was used as negative control.

The 2-DE gel and blot images were analyzed using
PDQuest 8.0 software (Bio-Rad) for spot detection and
matching. Antigenic spots of 2-DE blots were identified
based on matches with a 2-DE proteomic map.

2.4 Mass spectrometry analyses
2.4.1 MALDI-Q-TOF MS/MS

Protein spots were manually excised, digested with trypsin
(Trypsin Gold, Mass Spectrometry Grade, Promega, USA),
and eluted from the gel as previously described [18].
Peptides were resuspended in 10pl of Milli-Q water, and
1.5 pl of the resuspension was mixed with an equal volume
of CHCA matrix (5mg/ml in 50% ACN/0.1% TFA aqueous
solution), spotted onto a 96-well target plate, and allowed to
air-dry at room temperature. MALDI-Q-TOF MS/MS
analyses were performed on a Waters Micromass Q-TOF
Premier mass spectrometer equipped with a standard
MALDI source (Waters, UK). MS spectra were recorded
from 800 to 3000 m/z range, and the automatic scan rate
was 1s, with an interscan delay of 0.1s. In data dependent
acquisition (DDA} mode, MS/MS spectra for the five most
intense ions were automatically acquired when the peak
intensity rose above a threshold of 30counts. The CID
collision energy was automatically set according to the m/z
ratio of the precursor ion. Sequence information from the
MS/MS data was processed using Mascot Distiller 2.2.1 to
form a peak list (mgf file).

2.42 LC-ESI-Q-TOF MS/MS

Protein samples were diluted in denaturing buffer (25 mM
NH4HCO;/8 M urea, pH 8.9), reduced by adding DTT
(0.02pgfng protein), and carboxyamidomethylated with
iodoacetamide (0.1ug/pg protein). Samples were then
diluted to 1 M urea with 25mM NH,HCO; (pH 8.9), and
trypsin (Trypsin Gold, Mass Spectrometry Grade, Promega)
was added at a ratio of 0.01 pg/pg protein. After digestion for
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4h at 37°C, an additional aliquot of enzyme was added, and
samples were further incubated for 16-20h at 37°C. The
resulting peptides were desalted using OASIS" HLB
Cartridge (Waters, USA) and analyzed by on-line liquid
chromatography/mass spectrometry (LC-MS/MS) using a
Waters nanoACQUITY UPLC system coupled to a Waters
Micromass Q-TOF Micro or Q-TOF Ultima API mass
spectrometer (Waters MS Technologies, UK). The peptides
were eluted from the reverse-phase column toward the mass
spectrometer at a flow rate of 200nl/min with a 10-50%
water/ACN 0.1% formic acid linear gradient over 90 min.
The MS survey scan was set to 1s (0.1 s interscan delay) and
recorded from 200 to 2000 m/z. MS/MS scans were acquired
from 50 to 2000 m/z, and scan and interscan rates were set
as for MS. The samples were run in DDA mode where each
full MS scan was followed by three consecutive MS/MS
scans. For each survey scan, the three most intense multiple
charged ions over a threshold of 8 counts were selected for
MS/MS analysis. The collision energies for peptide frag-
mentation were set using the charge state recognition
files for +2, +3, and +4 peptide ions provided by MassLynx
(Waters), MS/MS raw data were processed using Protein-
Lynx Global Server 2.0 software (Waters), and peak lists
were exported in the micromass (.pkl) format. For each
protein sample, at least two independent LC-MS/MS runs
were performed.

2.5 Database searching and bioinformatics

All MS/MS data were searched against databases using
MASCOT software 2.0 (http://www.matrixscience.com,
Matrix Science) with the following parameters: maximum of
one missed cleavage, fixed carbamidomethyl alkylation of
cysteines, variable oxidation of methionine, and 0.1 mass
unit tolerance on parent and fragment ions. The signifi-
cance threshold was set at p<0.05, and only peptides with
individual ion scores above this significance threshold were
considered for protein identification. The MS/MS spectra of
protein identifications based on a single peptide and on
borderline scores were manually inspected for acceptance.
In addition, a decoy database search was used to estimate
false discovery rates for PSC analyses (larger data sets),
resulting in average probabilities of 3,01% and 2,03% in
searches against E. granulosus and platyhelminth decoy
sequences, respectively.

Searches were performed in local E. granulosus and
platyhelminthes EST databases, in a local Bos taurus data-
base and in the public NCBInr database. The local E. granu-
losus database was constructed using ESTs grouped in the
LophDB  public database (http://www nematodes.org/
NeglectedGenomes/Lopho/LophDB.php), which contains
2799 clusters (2733 EST clusters and 66 ¢cDNA clusters)
corresponding to E. granulosus genes expressed in PSC and/
or GL [17]. Sequence traces were initially analyzed by
PHRED [19], with regions possessing quality scores lower
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than 20 being masked, along with vector sequences, by the
use of Lucy2 software [20]. Cluster assembly was performed
using the PHRAP package [21], and manual inspection of
clusters was carried out using the CONSED program [22].
Sequence consensuses were generated for all clusters larger
than 30 nucleotides, and a search for ORFs was performed
using the getorf software from the EMBOSS package [23].
The resulting ORFs were subjected to a six-frame translation
and grouped in a single fasta file for data analysis. Corre-
spondence with LophDB clusters was examined by running
a local BLAST against this database. The local platy-
helminthes database was constructed based on the platy-
helminth EST sequences available from GenBank dbEST
{http:/ fwww.nchinlm.nih.gov/dbEST/) followed by six-
frame translation. All annotation was done using the BLAST
algorithm. For protein identification purposes, each
E. granulosus cluster or platyhelminth EST retrieved from
MASCOT searches was considered to be one protein
identification. The B. taurus local database was constructed
with public protein entries deposited in GenBank (http://
www.nebinlm.nih.gov/sitesfentrez’db=protein) for this
species,

Eukaryotic Orthologous Group (KOG) annotations [24]
were assigned based on sequence similarity searches against
the KOG annotated proteins (http://www.ncbi.nlm.nih.gov/
COG /grace/kognitor html). Signal sequence and non-clas-
sical secretion predictions were obtained using SignalP 3.0
[25] and SecretomeP 2.0 [26]. The Compute pI/MW tool
from the ExPASy Proteomics Server (http://ca.expasy.
org/) was used to estimate the pI and M, of 2-DE protein
spots.

3 Results

3.1 Proteomic analysis of E. granulosus
metacestode components

3.1.1 Protoscoleces

Two complementary proteomic approaches, 2-DE/MALDI-
TOF MS/MS and LC-MS/MS, were used to analyze proteins
expressed in E. granulosus PSC. PSC total proteins were
electrofocused on pH 3-10 or 4-7 IPG strips, and approxi-
mately 400 and 350 spots were resolved on Coomassie-
stained 2-DE gels, respectively (Fig. 2A and B). The 2-DE
profiles were reproducible (~90% matching between repli-
cates), and the prominent matched spots, in a total of 340
for pH 3-10 gels and 280 for pH 4-7 gels, were submitted in
replicate to MALDI-TOF MS/MS analysis. Protein identifi-
cation was obtained for 215 of the 620 analyzed spots, 104
from pH 3-10 and 111 fram pH 4-7, corresponding to a total
of 57 different proteins (Supporting Information Table 1).
Several proteins were present in multiple spots, probably
corresponding to protein isoforms or post-translational
modifications, More than one E. granulosus cluster was
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A
kDa
216 -
132 -
T2 -
45 -
2.
18 - Figure 2. Representative 2-DE
gels and  immunoblots
76 - of E. granulosus protoscolex
proteins. Proteins (2 mg)
C were separated on a linear pH
kDa range of 3-10 (A and C) or 4-7
o (B and D) using IEF in the first
dimension and 12% SDS-
72 . PAGE in the second dimen-
sion. Proteins were Coomas-
sie Blue-stained (A and B) or
s electrotransferred to PVDF
membranes and probed with
S0 a pool of sera from CHD
patients (C and D). Molecular
weight markers are shown on
18 . the left. Detailed protein
identifications are available in
78 - Supporting Information
Table 1.

assigned to some individual protein spots, such as those of
enolase, phosphoenolpyruvate carboxykinase, and [i-tubulin,
and although these sequences have been grouped into
different clusters, they likely correspond to different
segments of single proteins.

In order to identify PSC antigenic proteins, we performed
2-DE immunoblots using a pool of sera from CHD patients
confirmed by surgery. Complex profiles were observed,
comprising at least 180 different antigenic spots (Fig. 2C and
D). Regions of high reactivity with no detectable spots on
corresponding Coomassie-stained 2-DE gels were observed
(see Fig. 2A and B), suggesting that some antigenic proteins
are expressed at very low levels. In contrast, some high density
spots (spot 43, for example) displayed no immunological
reaction at all, reflecting the specificity of immune recognition
of antigenic spots. Moreover, no significant reactivity was
observed in 2-DE immunoblots with sera from uninfected
individuals (data not shown). We were able to identify 48
antigenic spots, corresponding to fourteen proteins: calreti-
culin, enolase, P-29, 14-3-3g, EgTPx, GST, tropomyosin,
HSP20, HSP70, grp78, putative MVP protein, fructose-
bisphosphate aldolase, EgcMDH, and citrate synthase.

The analysis of the PSC soluble proteins by LC-MS/MS
allowed the identification of 65 parasite proteins (Support-
ing Information Table 2A). Overall, the 2-DE/MALDI-TOF
MS/MS  and LC-MS/MS complementary proteomic

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

approaches allowed the identification of 94 non-redundamt
PSC proteins, and 28 of these proteins were identified by
both techniques. According to KOG functional classification
(Fig. 3A and Supporting Information Table 2A), most of the
identified PSC proteins are related to the Z (cytoskele-
ton-24%) and O (post-translational meodification, protein
turnover, and chaperones-14%) categories, but we also
identified several proteins related to metabolism (C, G, E,
and P), signal transduction (T) and translation (J). Eight
proteins were not classified by KOG, including a Kunitz-type
proteinase inhibitor, a putative MVP protein, and two
hypothetical proteins. Several identified proteins were
previously characterized as antigenic or involved in
mechanisms of host immune evasion, such as P-29, EpCl1,
and EgTeg. These proteins were arbitrarily grouped into a
category of antigens or immunomodulatory proteins.

3.1.2 Hydatid cyst fluid

HCF usually presents large amounts of host serum proteins,
which impairs the identification of less represented
proteins, such as those of parasite origin. LC-MS/MS of
different crude HCF samples resulted in the identification
of only five parasite proteins (Table 1), and affinity chro-
matography and centrifugal ultrafiltration techniques failed

www proteomics-journal.com
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to eliminate host serum protein contamination (data not (by an E. multilocularis EST) and in our E. granulosus clus-
shown). As an alternative approach, we immunopurified tering (Supporting Information Fig. 1). The sequences were
HCF parasite proteins using immobilized anti-PSC absent from the LophDB.
antibodies, and the LC-MS/MS analysis of immunopurified The intracellular proteins found in the HCF include
samples of two independent HCF pools allowed the cytoskeletal proteins, chaperones, antioxidant enzymes,
identification of an additional 15 E. granulosus ES proteins, histones, and proteins involved in metabolism, in addition
which are listed in Table 1. to proteins with antigenic and immunomodulatory proper-
From the parasite ES products, we identified the major ties (Fig. 3B). Actin and histones are highly conserved
proteins reported to be secreted by the E. granulosus meta- proteins, and it was not possible to determine whether the
cestode, AgB and Ag5, along with several intracellular identified peptides were from parasite or host proteins.
proteins. The peptides obtained of AgB are related to the However, the presence of other parasite intracellular
AgB8/1 subunit (Supporting Information Table 2B}, which proteins in the HCF suggest that these proteins may be part
was recently identified as the most abundant AgB subunit in of parasite ES products.
HCF (our unpublished data). A novel variant of Ag5 was Only sequences related to AgB and Ag5 were predicted
identified for the frst time in HCF, with the peptide by SignalP to have an amino-terminal secretion signal
VDSPFDVALLR corresponding to an Ag5 isoform coded by peptide and, therefore, are likely secreted through the
sequences represented in both the platyhelminthes database classical pathway (Supporting Information Table 2B). In
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Figure 3. Analysis of E. granulosus metacestode proteins, Distribution of KOG functional categories of proteins identified in different
components of hydatid cyst, (A) PSC, (B} HCF, and (C} GL. Percentages and the number (in parentheses) of proteins identified in each
functional category are indicated in the sectors of circle. The number of proteins in the graphic exceed the total of identified proteins
because some of them were grouped in more than one functional category. (2] Cytoskeleton; (O) Posttranslational modification, protein
turnaver, chaperones; (C) Energy production and conversion; (G) Carbohydrate transport and metabalism, (R) General function prediction
only; (T) Signal transduction mechanisms, (J) Translation, ribosomal structure and biog is; (U) Intracellular trafficking, secretion, and
vesicular transport; (P) Inorganic ion transport and metabolism; (E) Amino acid transport and metabolism; {I) Lipid transport and
metabolism; (M) Cell wall/membrane/envelope biogenesis; (F) Nucleotide transport and metabolism; (V) Defense mechanisms; (D) Cell
cycle control, cell division, chromosome partitioning; (L) Replication, recombination and repair; (B) Chromatin structure and dynamics;
(no KOG) protein not related to any KOG category; (%) antigens or immunomodulatory proteins (proteins arbitrarily classified based on
their prior immuneological characterization according to published literature). (D) Venn diagram showing the distribution of proteins
identified in the components of parasite metacestode. (E) Comparison of transcriptomic and proteomic data from the PSC and GL.
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contrast, nine (45%) ES proteins may be secreted through
non-classical secretory pathways, as predicted by Secreto-
meP. Four proteins presented truncated sequences at their
N-terminus and predictions of their secretion could not be
performed.

3.1.3 Germinal layer

Similar to HCF samples, GL samples contain significant
contamination of host serum proteins. Moreover, the large
amount of immunoglobulins co-purified with GL proteins
(data not shown) precluded the use of an immunopurifica-
tion approach to analyze this metacestode component.
Nevertheless, the analysis of crude GL samples by LC-MS/
MS resulted in the identification of 25 parasite proteins
(Table 1 and Supporting Information Table 2C). Functional
categories related to metabolism and energy production and
conversion (C, E, G, and P-56%) were the most represented
among the identified GL proteins (Fig. 3C). This result fits
well with the proliferative character of this layer in PSC
generation and cyst growth, which would be expected to be
highly metabolically active. Antigenic and/or immuno-
modulatory proteins, such as AgB8/1, paramyosin, EgTeg,
and EgTPx, were also identified in this parasite tissue.

The distribution of identified proteins among the three
hydatid cyst components is shown in Fig. 3D. Of the 94
proteins identified from PSC samples, only 17 and 11 proteins,
respectively, were also identified in the GL and HCF. This is
probably due to major qualitative and quantitative differences
in protein composition between samples. Seven proteins
(paramyosin, EgTeg, EgTPx, actin, fructose-bisphosphate
aldolase, and dtrate synthase clusters EGCO00287 and
EGC04146) were found in all metacestode components.

3.2 Comparison between proteomic and EST
expression data

When we compared the available E. granulosus EST data and
proteins identified from PSC and GL in this study, we found a
high degree of concordance. More than half (52 out of 94) of
the PSC identified proteins are also represented by corre-
sponding ¢DNA sequences from this developmental stage
(Fig. 3E). This correlation is even greater for the GL, with 16 of
the identified proteins (64%) overlapping transcripts assigned
for this parasite tissue. Our proteomic analysis apparently does
not present preferential sampling, as we were able to identify
high abundant clusters as well as clusters represented by only
a single EST. A total of 14% of the metacestode identified
proteins were matched with sequences from other helminth
species (Supporting Information Table 2), primarily to Taenia
soliwm. This reveals the importance of extending the search to
databases of related organisms to increase the chances of
protein identification in proteomic surveys of organisms
without sequenced genomes.
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3.3 Host proteins present in E. granulosus
metacestode components

To gain a deeper view on the host-parasite interplay, we
identified host proteins adsorbed or co-purified with parasite
components (Table 1 and Supporting Information Table 2).
Some host molecules, such as immunoglobulins (1gG1,
IgG2, and IgM), Fc receptor, complement Cls, calgranulin
A, and hemoglobin, co-purified with HCF proteins in our
immunopurification approach. In control immunopurifica-
tion experiments using non-related antibodies, only peptides
corresponding to hemoglobin were found (data not shown),
confirming the specificity of the other observed interactions
between parasite ES proteins and host proteins. This indi-
cates that parasite ES products are able to directly interact
with host proteins during infection, including components
of the host immune response. Albumin, TRx, DBI, thymo-
sins, galectin-1, osteopontin, and cystatin-B were among the
host proteins found to be present in crude HCF samples.
"I"llirly-ﬁvc host proteins, including serum  proteins,
complement components, antioxidant enzymes, and
proteinases, were found adsorbed to the parasite GL, an
important host-interacting parasite surface. Unlike the high
host protein content identified from the GL and HCF
samples, vimentin was the only identified host protein
adsorbed to the PSC stage.

4 Discussion

4.1 Proteomic analysis of E. granulosus
metacestode

In this work, we performed a proteomic analysis of the
pathogenic larval stage of E. granulosus during infection of a
bovine intermediate host. This analysis provided, for the
first time, a general view of both parasite and host proteins
expressed during a cestode parasite infection. The hydatid
cyst is likely the largest parasite structure that lodges within
mammal tissues, and its location and immunogenicity
result in a large potential for eliciting inflammation.
Nevertheless, the metacestode is able to survive for decades
in the intermediate host, secreting and exposing molecules
that downregulate host responses. We separately analyzed
three different metacestode components (the GL, HCF, and
PSC), which provided information on proteins present in
the parasite’s tegumental interface with the host (GL), in the
ES products (HCF), and in the pre-adult forms (PSC) in
actual infection conditions. We have also identified host
proteins, generating further information on host-parasite
cross-talk.

The lack of a sequenced genome and the presence of
highly abundant host serum proteins present drawbacks for
the E. granulosus metacestode proteomic analysis. However,
these negative factors were at least in part compensated for
the availability of a comprehensive E. granulosus EST data-
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base and by the use of an immunopurification approach to
enrich samples with proteins from parasite origin, respec-
tively. The genome project of the related species E. multi-
locularis is in progress, but the available contigs are not yet
annotated. Therefore, we used the reverse strategy of
searching not only in the E. multilocularis EST database but
also in the EST data available from other platyhelminthes.
These strategies allowed us to extend the previously
restricted overall repertoire of known proteins expressed and
released by the E. granulosus metacestode.

4.1.1 Protoscolex proteins

The conditions for the 2-DE analysis of the PSC protein
extracts had been previously standardized by our group [15].
In the present work, we improved the resolution and protein
identification process in order to establish a comprehensive
proteomic map that may be usetul in future analyses of this
parasite life form. The established 2-DE map will be a useful
reference for future studies on differential protein expres-
sion and/or post-translational modifications during PSC
in vitro differentiation (into the adult worm) or dediffer-
entiation (into the hydatid cyst), or in response to external
factors, such as anthelmintic treatment or stress.

Using LC-MS/MS analyses, proteins expressed by the
PSC within the metacestode during infection were identi-
fied. These included immunomodulatory proteins, detox-
ifying enzymes, chaperones, and protease inhibitors, among
others. Upon cyst rupture and PSC release within the host
body cavity, these proteins may establish direct contacts with
the host and interfere with responses against the parasite,
favoring PSC survival and development into secondary cysts,

The search for antigenic proteins by 2-DE immunoblots
resulted in the identification of fourteen PSC proteins
recognized by CHD patient sera. Five of these proteins (P-29
[27], EgTPx [28], EgeMDH [29], HSP70 [30], and grp78 [31])
were previously identified as antigens in E granulosus
human infections. Some of the detected antigenic proteins,
were also identified in E. mudtilocularis PSC 2-DE immu-
noblots, including calreticulin, tropomyosin, grp78, HSP70,
HSP20, 14-3-3, and P29 [16]. The other five detected anti-
gens, enolase, GST, putative MVP protein, fructose-bispho-
sphate aldolase, and citrate synthase, are described here for
the first time. Enolase has been described on the surface and
in the ES products of other parasites as presenting antigenic
and host-interacting properties [9, 32], making it an inter-
esting target for future studies.

4.1.2 E. granulosus proteins expressed in the
host-interacting metacestode components
(germinal layer and hydatid cyst fluid)

The GL is the outermost cellular tissue of the E. granulosus
metacestode, which contains the parasite’s tegument and
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covers the entire surface of the hydatid cyst. Therefore, the
GL is an important interface between the parasite and its
host, specially considering the laminated layer permeability
to macromolecules. The HCF contains the ES products from
the PSC and GL and is another important host-interacting
component, as it is able to interact with and modulate the
host immune system |3, 4]. Therefore, we analyzed these
metacestode components searching for potential host-
interacting proteins that could be involved in parasite
survival mechanisms.

We found proteins that may contribute to immuno-
regulatory events at the host-parasite interface during
infection, some of them with potential for vaccine develop-
ment, such as paramyosin and tetraspanin [33-35].
Helminth paramyosins are multifunctional modulators of
the host immune response, binding complement compo-
nents, immunoglobulins and secreted components of the
cellular immune response [33]. Tetraspanins are known to
interact with a variety of cell surface molecules, including
the major histocompatibility complex (MHC) and Fc
receptor, and may regulate their function or signaling [36],
thus constituting a potential immunomeodulatory role by
acting as receptor for host ligands [35]. AgB and EgTeg are
responsible for eliciting and sustaining a Th2-polarized
microenvironment, contributing to the establishment of an
E. granulosus chronic infection [4]. Ag5 contains a highly
conserved glycosaminoglycan-binding motif that targets this
antigen to the host-parasite interface [37], but the Ag5
biological significance remains to be elucidated.

Other mechanisms of survival during parasite infection
could involve EgTPx and the LDL-receptor. In PSC, a greater
number of proteins involved in redox homeostasis was
found, but in GL and HCF only EgTPx was identified, and
therefore, this protein may play a major role in protecting
the E. granulosus metacestode from oxidative damage. EgTPx
is also an antigenic protein that has been proposed to
improve CHD immunodiagnosis [28]. Most of the
helminths lack the ability to synthesize sterols or fatty
acids de novo and instead acquire them from their hosts
by expressing binding proteins in a mechanism with
nutritional and immune evasion purposes [7]. AgB was
previously reported as a HCF lipid-binding protein [38], and,
along with it, we now identified a putative E. granulosus LDL-
receptor.

The intracellular and membrane proteins identified in the
E. granulosus HCF have been previously described in the ES
products of other helminth species [10, 11, 39] and their
presence in these fuids could be explained by parasite
damage or death and tegument turnover. More likely, these
proteins may represent products of parasite tegument shed-
ding, since the identified proteins have been described as
tegumental proteins [9, 40]. The continuous shedding of the
parasite tegument is thought to release components to evade
the host immune system [7]. Regardless of their exact
source, these proteins are in fact released by the parasite
during infection and, therefore, deserve future investigations
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regarding their potential use for diagnosis and vaccination
strategies. These cytosolic proteins were previously regarded
as "hidden" antigens, but their detection in HCF indicates
that they are accessible to potentially induce or modulate the
host immune response. Indeed, some of the identified HCF
proteins were characterized, in this and previous works [4], as
antigenic and /or immunomodulatory.

4.1.3 Host proteins in association with parasite
components

A number of host proteins were identified in the GL and
HCF samples, suggesting that E. granulosus, like other
helminths [7, 13], may adsorb and/or specifically bind host
proteins for nutrient requirements, for general antigen
disguise, or to actively interfere with host responses against
the parasite. Parasites can interfere with host responses by
directly binding and inhibiting effector molecules of host
immunity [33, 41], such as complement components,
immunoglobulins and calgranulins. Alternatively, host
proteins coated on the cyst surface, such as endopin and
GST, might be used by the parasite to counteract or
attenuate enzymes and toxic compounds released by the
host immune cells. Paramyosin and tetraspanin have been
identified and proposed to act as helminth receptors for
some host proteins, as described above (see section 4.1.2).
While several host proteins were identified in the GL
and HCF, only one was found in the PSC samples. This is
suggestive of a molecular mechanism in which the GL and
HCF proteins would "wap" host proteins, protecting the
PSC from at least some of the anti-parasite host responses.
In this way, pre-adults would remain viable for longer
periods of time, increasing the probability of life cycle
completion upon PSC ingestion by a suitable definitive host.

4.2 CHD immunopathology

The immunopathology of CHD is typically characterized by
a granulomatous inflammation, a protective response
against chronic infections with persistent pathogens [42]. In
addition to acute-phase proteins (complement components,
alpha-2-macroglobulin, alpha-1 acid glycoprotein, alpha-2-
HS-glycoprotein, and inter-alpha-trypsin inhibitor heavy
chain 4), we have found in HCF and GL samples, host
proteins potentially involved in a granulomatous response
against E. granulosus infection, such as DBI, TRx, osteo-
pontin, and proteases. DBI-derived peptides and TRx are
able to recruit and modulate diverse immune cell types and
stimulate the production of proinflammatory cytokines
[43, 44], essential activities for granuloma formation [42]
Osteopontin is a key cytokine of granulomatous inflamma-
tion and is involved in granulomatous responses of diverse
etiology. It is a powerful proinflammatory molecule,
supporting adhesion, inducing migration and modulating
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the function of a large set of immune cells [45]. Osteopontin
exists both as a eytokine in body fuids and as an immobi-
lized molecule in mineralized tissues, such as previously
described in the granulomatous reaction surrounding the
E. granulosus hydatid cyst [46], where it may be acting in the
inhibition of tissue calcification [45]. The host proteases
MMP-9, MMP-12 and cathepsin K, may be involved in
matrix remodeling for proper granuloma formation and
maintenance, and some of them were previously described
to be secreted by the host granuloma in response to hydatid
cyst [47, 48]. The high enzymatic activity of MMP-9 in
hydatid cysts was also found to be correlated with cyst
infertility [47].

4.3 Conclusions

Our proteomic analysis identified, for the first time, proteins
that are actually expressed and released by the E. granulosus
pathogenic larval stage during intermediate host infection.
Host proteins involved in the response against the parasite
were also identified, providing new insights into some of the
intriguing host-parasite interactions. Some parasite survival
strategies were highlighted, with at least some of the involved
proteins identified, helping to understand how chronic infec-
tion is established and the molecular mechanisms under-
pinning CHD immunopathology. We have identified new
protein targets and have validated other previously proposed
targets for the development or improvement of CHD diag-
nosis, treatment, and control strategies.
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