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RESUMO
Echinococcus granuloswesEchinococcus ortlepmao agentes etioldgicos da hidatidose
cistica. A doenca é decorrente do desenvolvimentesthgio larval, o cisto hidatico, no
interior das visceras do hospedeiro, principalmBgselo e pulmdes. Os cistos hidaticos
tem uma estrutura unilocular e preenchida por dluigue contém os produtos de
excrecao/secrecdo do parasito. Os produtos decgdatsecrecdo tém um importante
papel na interacdo parasito-hospedeiro e constipmenciais alvos para diagnostico,
drogas antiparasitarias e vacinas. Diversos estt@&losressaltado a importancia de
vesiculas extracelulares (EVs) na comunicacdocdelidar de helmintos parasitas. O
Antigeno B (AgB) é um produto de excrecdo/secrecé envolvimento na
imunoevasdo e captura/transporte de lipidios é emdb emEchinococcusspp. O
objetivo deste estudo foi investigar a relacdopardnospedeiro no contexto desses dois
importantes produtos de excrecdo/secrecado Edhainococcusspp.: as vesiculas
extracelulares e o Antigeno B. Combinando ensagmithicdo de endocitose e co-
localizacd@o, n6s encontramos que a endocitose deegiarafts lipidicas € a principal
via envolvida na internalizacédo de AgB por céluhagitro. A via de endocitose mediada
por vesiculas de clatrina também pode contribuia painternalizacdo do AgB, porém
em taxas menores. EVs Hegranulosu® E. ortleppiforam isoladas de liquido hidatico
e sobrenadantes de cultura de protoescodlices pacentrifugacéo. A presenca de EVs
nas preparacfes foi confirmada por microscopiarGeleta de transmissdo e NTA
(nanoparticle tracking analysisque mostraram a maioria das EVs com um dianestro
torno de 100 nm. Uma linhagem de hepatécitos (RH)dpaz de internalizar as EVs de
Echinococcusspp., confirmando seu potencial para interacdo ocohospedeiro na
hidatidose cistica. A analise proteémica mostreaiauariabilidade no contetudo de EVs
entre cistos da mesma espécie € um traco comuti. ggranulosuse E. ortleppi Na
comparacao entre as duas espécies foi observada dnzrsidade de proteinas ém
granulosus.As proteinas identificadas podem ser essencias @agobrevivéncia de
Echinococcuspp., e algumas, como enolase, 14-3-3 e Antigel foyam sugeridas
tendo papel nas interacfes parasito-hospedeirgichdiimente, nds detectamos mMRNAs
nas preparacoes, indicando que essa classe del&ooags também integra as EVs de
Echinococcuspp. O entendimento dos mecanismos associadowidades do AgB e
dos agentes moleculares nas EVs levard a uma mebirapreensdo da relacdo

Echinococcushospedeiro.



ABSTRACT
Echinococcus granulosusnd Echinococcus ortleppare aetiological agents of cystic
hydatid disease (CHD). The disease is caused byethelopment of the larval stage, the
hydatid cyst, at visceral sites, mainly liver anohds. Hydatid cysts are fluid-filled,
unilocular structures that contains the parasiteredmry/secretory products. The
excretory/secretory products have an important molehe host-parasite interplay and
constitute potential targets for diagnosis, antapdic drugs and vaccines. Several
reports have highlighted the importance of exttat@ vesicles (EVS) in helminth
parasites intercellular communication. Antigen BjBA is an excretory/secretory product
known to be enrolled in both immunoevasion andilygptake/transport iBchinococcus
spp. The objective of this study was to investigaist-parasite interplay in the context
of these two importanEchinococcusspp. excretory/secretory products: extracellular
vesicles and Antigen B. By combining endocytostshition and colocalization assays,
we found that raft-mediated endocytosis is the magdhway involved in AgB uptake by
cellsin vitro. Clathrin-mediated endocytosis might also contalia AgB internalization,
but in a lesser extent walf. granulosugndE. ortleppiEVs were isolated from hydatid
fluid and protoscolex culture supernatant by ubtradgfugation. The presence of EVs in
the preparation was confirmed by transmission elactmicroscopy and nanoparticle
tracking analysis, that showed most of EVs areraldiD0 nm in diameter. A hepatocyte
cell line (RH) was able to internaliZchinococcuspp. EVs, confirming their potential
for host interaction in CHD. The proteomic analygiswed that variability in the protein
content of EVs is a common trait among cysts froendame species in bdgEhgranulosus
andE. ortleppi.In the comparative analysis of the two speciega observed a higher
diversity of proteins irE. granulosu€Vs. The identified proteins could be essential fo
Echinococcuspp. survival and some, such as enolase, 14-3-3uingen 5, had already
been suggested playing a role in host-parasiteaictiens. Additionally, we detected
MRNAS in the preparations, indicating that thisslaf biomolecules is also integrant of
Echinococcusspp. EVs. The understanding of the mechanisms iassdcto AgB
activities and the molecular players in the EVd Veiad to a better comprehension of

Echinococcusgiost relationship.



1 INTRODUCAO
1.1 A hidatidose cistica

A hidatidose cistica é a doenca decorrente da gatecom a forma larval
(metacestdédeo ou cisto hidatico) de espécies pernées ao complexBchinococcus
granulosus sensu lat&ste complexo compreende espécies cuja formd laat@génica
tem como caracteristica comum a estrutura semellzanoma bexiga, com uma parede
delimitando uma cavidade unilocular preenchida lpguido e contendo formas pré-
adultas (Fig. 1). Além disso, algumas linhagens cdmplexo eram consideradas
genadtipos dé. granulosusg agora foram elevadas a espécies. As espéciesndifem-
se principalmente pela especificidade em relacds &ospedeiros, taxa de
desenvolvimento e caracteristicas morfologicasstiigeo adulto (THOMPSON, 2017).

= B

L <5 4 1A
Figado atdelo com diversos cistos hidaticos. (B) Pulmao

Figura 1. Cistos hidaticos bovinos. (A

contendo um cisto hidatico aberto mostrando a eadnternax) e a parede do cisteX).

Atualmente o complexoE. granulosus s.l.é composto por 6 espécies:
Echinococcus granulosus sensu stricto, Echinocooctisppi, Echinococcus equinus,
Echinococcus canadensis, Echinococcus intermeeiuschinococcus felidismas
constantes revisdes sdo feitas em virtude de nestslos genéticos e moleculares
(LYMBERY, 2017; THOMPSON, 2017). @&. granulosus s.s(ou simplesmenté&.
granulosu3 é a espécie mais relevante do ponto de vistaeepodogico, pois esta
distribuida mundialmente, tem uma alta prevalénos rebanhos e é responsavel pela
grande maioria dos casos em humanos.

Desde 2010, a hidatidose cistica esta incluidaista dlas Doencas Tropicais

Negligenciadas da Organizacao Mundial da Saude
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(http://www.who.int/neglected diseases/diseases/dEm seres humanos, estima-se

cerca de 188.000 novos casos por ano, resultandoeesas aproximadas de 184.000
DALY (disability adjusted life yea)s(TORGERSONet al, 2015). Se levada em
consideracao a subnotificacdo, as perdas podenarclzed milhdo de DALY, com
prejuizos anuais da ordem de US$ 760 milhdes dades de gastos com tratamento e
perdas associadas ao tempo em que um individuovenfiea incapacitado (BATTELLI,
2009; TORGERSON; MACPHERSON, 2011). Na pecuéaria, pogjuizos anuais
determinados pela infeccéo de bovinos, ovinosresudom cistos hidaticos somam mais
de US$ 2 bilhdes em todo o mundo (BATTELLI, 2009JEKE; DEPLAZES;
TORGERSON, 2006).

Na América do Sul, a hidatidose cistica ocorre edtanprevaléncia em parte da
Argentina (Patagonia, pampas e costa), Boliviagsta), Brasil (sul), Chile (vale central
e sul), Peru e Uruguai (ALVAREZ ROJAS; ROMIG; LIGBWLERS, 2014; CUCHER
et al, 2016; DEPLAZES:t al, 2017) (Fig. 2).

No Brasil, os municipios galchos das regiées datdim com Uruguai e
Argentina sdo reconhecidos como aqueles nos qudiglaidose humana € mais
prevalente, especialmente entre individuos conoiiist de residéncia em areas rurais
(DE LA RUE, 2008; FARIASet al, 2004). As principais espécies que ocorrem nessa
regido sadc. granulosu® E. ortleppj associadas, principalmente, a criacdo extengva d
ovinos e bovinos, onde o0 uso de cdes para 0 manejdabito de alimenta-los com
visceras cruas perpetua o ciclo de vida do paré3iEd_A RUE, 2008). O contato direto
com caes infectados ou o consumo de vegetais @ucagaminados com suas fezes sao
importantes meios de transmissdo ao ser humanee€nhecimento a importancia da
doenca para a saude publica do Rio Grande do $ulyerno estabeleceu a notificagao
compulséria de casos de hidatidose humana e ateabde seu tratamento pelo SUS em
ambito estadual a partir de marco de 2010 (Por2®342010 de 17/03/2010).

11
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Figura 2. Distribuicdo da hidatidose cistica na Ao@do Sul e na América Central conforme levantame
de 2017. (A) Incidéncia em humanos. (B) Prevalénomhospedeiros intermediarios domésticos (ovinos,
bovinos e suinos). Adaptado de Deplazesl (2017).

12



O Rio Grande do Sul possui um rebanho ovino dexapemlamente 4 milhdes de
cabecas e um rebanho bovino de aproximadamentdii@eside cabecas. Esses valores
colocam o Rio Grande do Sul como 1° e 6° maior nl@baovino e bovino,
respectivamente, do Brasil (Atlas SocioecondmicoRBISPGG). E a relevancia da
hidatidose cistica para a pecuaria gaucha € evatbncgpor dados coletados de
abatedouros de inspec¢ao federal, que registraraapuevaléncia entre bovinos de 12 a
16% e entre ovinos de 3 a 19% (DE LA REfEal, 2011). Os abatedouros de inspecao
estadual registraram, em 2015, lesGes por hid&ielms26% dos bovinos abatidos (dados
da Secéo de Epidemiologia e Estatistica, DDA/SEAB$) prejuizos na pecuaria estao
associados a reducdo na quantidade e na qualigackerrk, leite e/ou 1, a reducéo da
fertilidade e da natalidade, & condenacdo de \dsdefectadas e aos custos de destruicdo
destas visceras (BENNER al,, 2010).

Nos estagios iniciais a infeccdo € geralmente tssatica, mas o cisto hidatico
pode induzir algum evento patoldgico e se tormapgiatico a medida que vai crescendo.
Em funcg&o do crescimento lento do cisto, o hospedeiolera na maior parte do tempo
e comumente as manifestacdes clinicas da hidatadssea tem relacdo com alteracdes
no corpo por causa da localizacado anatdmica ouattwlg volume dos cistos, com pressao
mecanica exercida em tecidos préximos, ou com rapda parede do cisto que gera
algum fendémeno alérgico e disseminacdo da infe@gBRNDAL; MANDAL, 2012;
SIRACUSANO et al, 2012a). Tanto o crescimento lento como a fadiasithtomas
durante a maior parte da infeccao dificultam o wkdesgico precoce da hidatidose cistica
(MORO; SCHANTZ, 2009).

O diagndstico da hidatidose cistica em humanosidaseprincipalmente em
técnicas de imagens, como ultrassonografia e tafiagrcomputadorizada, e
confirmacdo por testes imunodiagnosticos como ELISAmunoblot (ECKERT;
DEPLAZES, 2004). Os métodos de imagem, porém, gosdaixa sensibilidade para a
deteccdo de cistos pequenos e por isso sdo umantegem quando o diagndstico
precoce € fundamental para o sucesso do tratanl&IGMANUS et al, 2012). Em
estagios iniciais pode ser usado o diagnésticd@giom, pois mesmo em uma infeccéo
assintomatica o hospedeiro pode produzir uma résposnoral.

O tratamento da hidatidose cistica em humanos pedequimioterapico ou
cirurgico, podendo as intervengdes cirdrgicas emrch remogado completa do cisto ou
pela técnica chamada PAIR (do ingl@sncture, aspiration, injection, re-aspiratipn
(CROMPTON; PETERS, 2010; MCMANUS& al, 2003). Em casos onde néo é possivel
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a intervencao cirargica, 0s quimioterapicos perroamecomo a unica opc¢ao disponivel,
sendo os mais utilizados os benzimidazois (albeidazebendazol) e praziquantel,
capazes de eliminar o metacestdédeo e protoescdtioesm com efetividade limitada
(~60%). A eficacia dos benzimidazois é reduzidacestos grandes (>10 cm) devido a
alta quantidade de liquido hidatico. Além diss@alllendazol é teratogénico em ratos e
coelhos e pode gerar toxicidade em tratamentosigolprazo (BRUNETTI; KERN,;
VUITTON, 2010). EmEchinococcus multilocularjsima espécie relacionada causadora
da hidatidose alveolar, foi observado que o efdgt@lbendazol no metacestdédeo é mais
parasitostatico do que parasiticida (REUTER al, 2004), além da droga causar

problemas de tolerancia e hepatotoxicidade.

1.2 Biologia e ciclo de vida d&chinococcus granulosus e Echinococcus ortleppi

Organismos do génerachinococcussdo parasitas obrigatorios pertencentes a
classe Cestoda, familia Taeniidae, cujo ciclo d&é dependente de dois hospedeiros
mamiferos, incluindo o homem em algumas espéEiegranulosuse E. ortleppi séao
espécies endémicas no sul do Brasil e relevantgsodto de vista tanto econémico,
devido as infeccbes nos rebanhos, quanto de saitiegy em funcdo das infeccbes em
humanos.

Os ciclos de vida d&. granulosuse deE. ortleppi sdo muito semelhantes e
predominantemente domeésticos, envolvendo o cag@adaos criados para consumo. O
verme adulto vive no intestino delgado do hospedagfinitivo (canideo), onde libera
proglétides gravidas contendo ovos. Os ovos embdios, contento a oncosfera, séo
dispersados no ambiente juntamente com as fezarioh@l. Apds a ingestdo dos ovos
pelos hospedeiros intermediarios (ungulados our tnemano), as oncosferas ativadas
penetram a parede intestinal, chegando a circuksay@guinea ou linfatica. As oncosferas
séo carregadas pela circulacdo até as viscerasigadimente figado e pulmdes, onde se
estabelecem e se desenvolvem no cisto hidaticaéestbdeo). O cisto produz no seu
interior os protoescolices, que séo formas prétasldo parasito. Ao se alimentar de
visceras contendo cistos hidaticos, o hospedeifinitile ingere os protoescolices que
entdo se desenvolvem no verme adulto (THOMPSON?)20#ig 3).

14



HOSPEDEIRO DEFINITIVO

Protoescodlex evaginado se
fixa na parede do intestino e
se desenvolve

C]

Protoescolex
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Metacestddeo (cisto hidatico)
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Protoescolices produzidos por [0
multiplicagdo assexual. /

Figura 3. Ciclo biologico d&. granulosus E. ortleppi Adaptado de Thompsat al. (2017).

Por muito tempdc. ortleppifoi considerado um gendtipo (G5) dentro da espécie
E. granulosus,mas estudos de caracterizacdo molecular mostrapaen G5 era
geneticamente distinto de GH.(granulosuy fazendo com que fosse elevado a espécie
(NAKAO et al, 2013; THOMPSON, 2008). Algumas diferencas quelepo ser
destacadas sdo: a especificidad&dgranulosus ovelha e d&. ortleppiao boi como
hospedeiros intermediarios; diferencas morfolégiass formas adultas e o crescimento
e maturacdo mais rapido do adultoEleortleppi (THOMPSON; KUMARATILAKE;
ECKERT, 1984) Cabe ressaltar que a forma larval desses par&@sitapaz de infectar
outros mamiferost. granulosus por exemplo, é amplamente descrito infectando o
rebanho bovino, porém, quando comparado com o Hespe tipico, o cisto
frequentemente apresenta menor viabilidade eifexié, ou desencadeia um processo

inflamatério que néo se resolve (BALBINOT@t al, 2012; DiAZet al, 2011; ROMIG
et al, 2017).
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O cisto hidatico, ou metacestddeo, € a fase do nidis estudada em funcéo da
sua patogenicidade. A estrutura do cisto hidationsiste em uma parede externa,
formada por duas camadas: a camada germinativajmina, e a camada laminar, mais
externa. A camada germinativa é o tecido mais attvonetacestddeo, ela da origem a
camada laminar na face externa, e as capsulaggnasicom os protoescolices na face
interna. Além disso, as células da camada gernamatios protoescoélices secretam o0s
componentes do fluido que preenche o cisto, odmhidatico (DIAZet al, 2015a;
TAMAROZZI et al, 2016). Externamente a parede do cisto ocoroeraaicdo de uma
camada adventicia, que corresponde a um tecidusbipproduzido pelo hospedeiro em

resposta a presenca do parasito (Fig. 4).

Capsula proligera

Camada
Protoescolex N / germnaive
\ Liquido
hidatico
Parér:lqujma 5 i -—— Parede do cisto
do érgédo ' 3
Adventicia: o~ Camada laminar
camada de

colageno
produzida pelo
hospedeiro

Figura 4. Diagrama estrutural de um cisto hidatisoparede do cisto delimita uma cavidade interna
preenchida por liquido hidatico e que contém asudap proligeras e os protoescdlices, formas gt
ao hospedeiro definitivo. Em resposta a presencpadasito o hospedeiro intermediario produz uma

camada de colageno que circunda o cisto hidatidapfado de Silva-Alvarezt al (2015b).

O desenvolvimento do metacestdédeo no interior dg&as propicia um contato
muito préximo dos tecidos parasitarios e do hospedeor um lado, isso pode facilitar
a assimilacdo de nutrientes pelo parasito, masyioo, resulta em uma alta exposicéo
ao sistema de defesas do hospedeiro. Associas®ailonga persisténcia do cisto
hidatico no hospedeiro intermediario e tem-se unarface parasito-hospedeiro de
constantes interagdes e cujos mecanismos molesw@aoede grande interesse cientifico.
A elucidacdo de mecanismos de aquisicdo de congdstdospedeiro e de protecao

frente a resposta imune tem sido foco de muitosidest pois pode ajudar no
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desenvolvimento de novas formas de tratamento a@itititose cistica indicando alvos

para intervengao.

1.2.1 Produtos de excrecao/secrecdo nas interagdbmococcushospedeiro

O desfecho das interacdes parasito-hospedeiro tem forte influéncia na
sobrevivéncia ou eliminacdo do cisto hidatico. @leslecimento do metacestdédeo nos
orgaos internos desencadeia uma resposta do haspledscando eliminar o parasito,
ou ao menos inativa-lo. Bchinococcugpor sua vez produz alguns fatores para interferir
na resposta do hospedeiro e se proteger, e owtraspquestrar moléculas essenciais a
sua sobrevivéncia. Em funcéo disso, o liquido Ridatontém uma miscelanea de
compostos, secretados tanto pelo parasito comdpsfzedeiro, potencialmente atuando
em interacdes. Essa caracteristica faz do liquid&tibo a principal fonte de material
para estudo da interfaéehinococcusospedeiro.

Inicialmente os estudos estavam voltados paraactegizacdo imunologica do
liquido hidatico dde. granulosuse evidenciou-se proteinas como o Antigeno B (AgB)
o Antigeno 5 (Ag5) como seus principais componeatggénicos, capazes de induzir
alta resposta humoral na hidatidose cistica (@iado, ver DiAZet al, 2015a). Estudos
mais recentes utilizando abordagens proteémicashmmam os dados que o AgB e o
Ag5 sao as proteinas majoritarias no liquido hidathZIZ et al, 2011; MONTEIRCet
al., 2010).

Com a disponibilidade de metodologias protedmitas-se avancado bastante
na identificacdo das proteinas que compdem o kiqhidatico, principalmente de.
granulosus A analise do repertério total de proteinas pgreesometria de massas
permitiu identificar outras proteinas com papel mmmodulatorio e potencial vacinal,
como por exemplo, paramiosina, tetraspanina e fdioclg bem como proteinas
associadas a outros processos vitais, como feirid8P (do inglés)eat shock protejn
tioredoxina peroxidase e FABP (do ingl&gty acid binding protein(AZIZ et al, 2011;
MONTEIRO et al, 2010; SANTOSt al, 2016).

O conjunto de proteinas no liquido hidatico mostedastante diversificado, e em
analises de ontologia aparecem termos como ateidathlitica, processos metabdlicos,
resposta a estimulo, atividade transportadorae entiros (AZlZet al, 2011; SANTOS
et al, 2016). Azizet al (2011) analisaram liquido hidatico de cistos derentes
hospedeiros (bovinos, ovinos e humanos), e encantrdiferencas que podem estar

relacionadas com o contexto especifico em quernatiacestodeo se desenvolveu. Esses
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dados fornecem uma ideia do quao complexa devea seteracaoEchinococcus-
hospedeiro.

A ampliagéo do repertorio de moléculas conheciflataza elucidar mecanismos
moleculares atuando na interface parasito-hospedeia compreender melhor as
estratégias de sobrevivéncia #&ehinococcusspp. Além de conhecer os fatores
importantes presentes no liquido hidatico, é nécessnvestigar suas atividades
biolégicas no contexto da hidatidose cistica tesaancontrar mecanismos de interacéo

gque possam servir para o desenvolvimento de noetsdos terapéuticos.

1.2.1.1 Antigeno B
O Antigeno B (AgB) € uma das proteinas mais abueda® imunogénicas do

liquido hidatico (MUSIANI et al, 1978) e sua participagdo em mecanismos de
sobrevivéncia do parasito é evidenciada pelas &uages imunomodulatéria e de
transporte de lipidios. O AgB faz parte da famdelipoproteinas HLBPs (do inglés,
hydrophobic ligand binding proteiphespecifica de cestddeos. HLBPs sao conhecidas por
sua estrutura oligomérica de alta massa molecctanposta por subunidades de 7-11
kDa ricas enu-hélices (ALVITE; ESTEVES, 2012; LEé&t al, 2007). O AgB isolado do
liguido hidatico apresenta uma massa moleculaanda de 160-220 kDa correspondente
a particulas formadas por subunidades proteicammgnde aproximadamente 8 kDa,
organizadas de maneira a acomodar uma variedaligales oriundos do hospedeiro,
que, por sua vez, perfazem até 50% da massa tofartcula (LIGHTOWLER®t al,
1989; OBALet al, 2012; ORIOL; ORIOL, 1975). Os lipidios associsdoparticula de
AgB sdo de uma ampla variedade, tanto neutros quoteoes, e dentre as principais
classes lipidicas encontradas estéo triacilglieesdesterdis e fosfolipidios (OBAdt

al., 2012).

Organismos da classe Cestoda, como o gé@benmococcustém diversas rotas
de biossintese reduzidas, pois podem obter os fa®dlessas rotas diretamente do
hospedeiro. E 0 caso dos compostos lipidicos piesera particula do AgB, cujas
enzimas necessarias para sintese ndo sao codifipatta genoma dg. granulosus
enquanto enzimas de modificacdo séo codificadasl(EE al, 2013; ZHENGet al,
2013). Considerando a importancia desses comppatastividades metabdlicas basicas
e manutencdo de membranas celulares, é provavebsjogecanismos que atuam no

sequestro e transporte de lipidios sejam essempeiesa sobrevivéncia @deehinococcus

spp.
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As subunidades do AgB séao codificadas por uma familltigénica (CHEMALE
et al, 2001) e cinco subunidades distintas sdo conagcid contribuicdo de cada
subunidade na composic¢ao final e funcdo da paatidolAgB ainda ndo foi totalmente
elucidada. As subunidades do AgB isoladamente t@paadade de oligomerizacao,
embora com graus de compactacdo variaveis (MONTE&R@I, 2007; SILVA-
ALVAREZ et al, 2015b). Modelos estruturais das subunidades gi® mostram uma
distribuicdo de cargas na superficie das molécglees corroboram um processo de
oligomerizacdo eletrostaticamente direcionado (MEBNRO; ZAHA; FERREIRA,
2008; SILVA-ALVAREZ et al, 2015a). Os lipidios associados influenciam oatamo
dos oligbmeros formados, porém ndo sdo impres@ig]ipois a oligomerizacdo também
ocorre com as subunidades deslipidadas (SILVA-AL\E&Ret al, 2015b). Contudo, a
estrutura das particulas nativas de AgB deve gerrdmada pela juncdo de todos esses
fatores, interacOes eletrostaticas das subunidaésicas e associacao a lipidios, que
formam um centro hidrofébico recoberto por uma dige hidrofilica, permitindo assim
a formacédo de uma molécula de alta massa molezstiavel (OBALet al, 2012).

A expressao das diferentes subunidades do AgBgaszanodulada ao longo do
desenvolvimento do cisto hidatico e dos estagioscito de vida do parasito
(ESPINOLA; FERREIRA; ZAHA, 2014; TSAEt al, 2013; ZHANGet al, 2010).
Estudos protedmicos mostram que as subunidadesntesmoese em abundancias
diferentes no liquido hidatico e também que o pgtfantitativo das subunidades varia
entre cistos de diferentes hospedeiros (A&Z al, 2011; FOLLE et al, 2017;
MONTEIRO et al, 2012). Isso sugere papéis diferentes para asgldnles do AgB na
biologia de Echinococcusspp. Silva-Alvarezet al. (2015a), usando as subunidades
AgB8/2 e AgB8/3 recombinantes deslipidadas, maastnague as mesmas ligam lipidios
de forma seletiva, sendo capazes de ligar acidosogrde 16 e 18 carbonos, mas néo
colesterol. Entretanto, a presenca de colesteroAgiB nativo sugere que outra(s)
subunidade(s) teria(m) afinidade por essa molédtdae mesmo trabalho reportou a
transferéncia de um analogo de acido graxo parabmagras fosfolipidicas artificiais
pelas subunidades recombinantes AgB8/2 e AgB8&%achados indicam que o AgB
estaria envolvido na assimilacdo de compostosidipécho tecido hospedeiro e posterior
transporte e distribuicéo para os tecidos do parasi

Outro aspecto que chama atencdo em relacdo ao Ag#ué antigenicidade. Ja
no inicio da infeccdo com a fase larval sdo detiestanticorpos anti-AgB circulantes,

indicando que o AgB alcanca o lado externo do ¢igtético e interage com o tecido do
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hospedeiro (ZHANGet al, 2003). Estudos de interacdo AgB-sistema imuescrévem
diversas atividades imunomodulatérias para o AgBafdet al (2001) analisaram a
producdo de citocinas em resposta ao estimulo cghein células mononucleares do
sangue periférico obtidas de pacientes com hidsdiddstica ativa e inativa. Os autores
observaram um perfil de citocinas predominante @ihlpacientes com a doenca inativa,
enquanto que um perfil predominante Th2 foi obs#wveam pacientes com a doenca
ativa, por isso foi sugerido que o AgB polarizagoama resposta predominante Th2 n&o-
protetora. Similarmente, células dendriticas setds1(imaturas) estimuladas com AgB
polarizam linfocitos T para uma resposta Th2 (RIGA&t al, 2007). Siracusanet al.
(2008b) detectaram taxas de apoptose aumentadaddas de pacientes com hidatidose
cistica. Virginioet al. (2007) observaram que neutréfilos ativados teanpsoducéo de

H2O2reduzida apos exposicdo ao AgB.

1.2.1.2 Vesiculas extracelulares

As vesiculas extracelulares (EVs) sdo um mecanisbiquo de secrecao,
presente nos trés grandes reinos da vida, e quepa@el central na comunicacao
intercelular. A producédo de EVs € um processo nbduaafisiologia das células, no
entanto, ele pode ser modificado de inumeras fopoagstimulos externos, como por
exemplo uma infec¢cdo. Em resposta a algum estieslloélulas podem aumentar a
producao de EVs, alterar o contetdo de molécukg&Wda e produzir subtipos diferentes.
De Jonget al (2012) mostraram alteragcbes no proteoma e nedrdéoma de EVs
secretadas por células endoteliaivitro, apds exposi¢do a estressores como hipodxia e
alta concentracao de glicose. Erishmania donovarioi demonstrado que a incubacao
de promastigotas em condi¢cbes que simulam condi@easfeccdo (37 °C e pH 5,5)
induzem liberacdo de maior quantidade de EVs e éammmodificam sua composicéo
proteica (SILVERMANEet al, 2010). Jet al (2013) compararam o perfil protedGmico de
EVs de células de cancer coloretal metastaticocenmtastatico e encontraram um
enriguecimento de fatores de metastase e transdig&sinal nas EVs das células
metastaticas.

O termo vesicula extracelular se refere a estrsitam&dondadas delimitadas por
membrana e que carregam uma variedade de biommdéadstinadas a funcdes
extracelulares ou a outras células. As EVs podemclsssificadas em dois tipos
principais: i) exossomos, que se originam no ioteda célula, no sistema endossomal, e

em geral possuem um diametro de até 100 nm; edrpuesiculas, que se originam por
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“brotamento” da membrana plasmatica e possuem Q004im de diametro. Porém, para
cada tipo de EV, diversos subtipos podem ser @ilpa, que variam principalmente em
tamanho, densidade, biogénese e moléculas compgsnerintretanto, muitas
caracteristicas se sobrepdem entre os subtipcsntdono isolamento dos mesmos uma
tarefa complexa e por isso costuma-se trabalhar oomonjunto total de EVs,
especialmente em caracterizagdes iniciais.

EVs podem carregar qualquer tipo de biomoléculanccgroteinas, acidos
nucléicos, lipidios e metabdlitos. Isso provaveltaetontribui para a diversidade de
estratégias moleculares mediadas por EVs que thnilsscritas em organismos parasitas
de diferentes grupos taxondmicos. Nos estagiosisida infec¢do comeishmaniaesse
parasito secreta EVs direcionadas para as célulasodpedeiro, onde as proteinas
contidas nas EVs modificam vias de sinalizacadifacdo a infeccéo e sobrevivéncia do
parasito (SILVERMAN; REINER, 2012). Eriirypanosoma brucefoi descrito um
mecanismo de troca de fatores de viruléncia erdrpanasitos via EVs. Esses fatores
melhoram a resisténcia a resposta imune inata dpedeiro e causam anemia no
hospedeiro (SZEMPRUCHet al, 2016). Eritrocitos infectados cormlasmodium
falciparum secretam EVs contendo material genético e pragdaaasitarias que sao
transferidas para outros eritrécitos infectadosaBsEVs causaram um aumento na
transicdo para as formas sexuais (gametocito) dsip@, sugerindo que se trata de uma
forma de comunicacéo voltada para a inducao datgaittgénese (REGEV-RUDZKI
et al, 2013).

Em um estudo pioneiro em platelmintos, Marcitaal (2012) mostraram a
presenca de EVs em produtos de secrecdo/excrecdonadeespécies de trematddeos,
Fasciola hepatica Echinostoma caprone que essas EVs podem ser internalizadas por
células do hospedeiro. O conjunto de proteinadiftlas nas EVs desses helmintos
corresponde a aproximadamente 50% das proteinagampente identificadas no
secretoma total, indicando que as EVs compdem w@areela importante do secretoma.
Posteriormente, a secrecdo de EVs foi demonstradateneras espécies de helmintos
parasitas. O metacestodeoklemultilocularisproduz EVs que suprimem a producao de
oxido nitrico e de citocinas proé-inflamatdrias eracndfagosin vitro (ZHENG et al,
2017). EVs dé&chistosoma japonicucontém uma alta proporgéo de proteinas de ligagéo
a acidos nucléicos e do sistema ubiquitina-proteagsambos passiveis de intervencéo
farmacoldgica, e também antigenos de superficie, $ip candidatos a vacinas,

ressaltando o potencial dos componentes de EVs @wooterapéutico (ZHlet al,
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2016a). Também foi demonstrado 8njaponicungue ovos em cultura liberam EVs que
sao internalizadas por uma linhagem celular detbejpas (ZHU et al, 2016b). Isso
indica que os parasitos podem usar as EVs na coagfit com o hospedeiro nos
diferentes contextos encontrados ao longo do deleida.

RNAs regulatdrios, principalmente miRNAs, tém sidmplamente descritos
compondo o repertério de moléculas de EVs de h&bsie um grande potencial para
exercer atividade sobre alvos no hospedeiro tem siderido. Por exemplo, dentre os
RNAs que compdem as EVs do nematoHetigmosomoides polygyruestdo miRNAs
que possuem sitio alvo na por¢cdo 3'UTR do gusplde camundongo e uma analise
por microarranjo mostrou esse gene regulado negmaéate em células incubadas com
exossomos dd. polygyrug§BUCK et al, 2014). DUSP1 é uma fosfatase cuja deficiéncia
parece resultar em uma expressdo sustentada de, lguk previne uma resposta
inflamatoria (HAMMERet al, 2006).

Descrigbes de repertorios de miRNAs vesiculareanfofeitas para diversos
helmintos, com®icrocoelium dendriticum, S. japonicum, Brugia maj&esocestoides
corti, Taenia crassicepentre outrofANCAROLA et al, 2017; BERNALet al, 2014;
ZAMANIAN et al, 2015; ZHUet al, 2016a) O estudo desses repertérios ajuda a
elucidar mecanismos pelos quais 0os parasitos padgmar a expressdo génica do
hospedeiro, moldando o ambiente a seu favor, eéamabidentificar biomarcadores para
diagndstico das infecgdes, que poderiam ser castdel fluidos corporais, ja que as EVs
podem alcancar diferentes partes no organismo dpedeiro. Um estudo erS.
japonicummostrou a identificacdo de miRNAs circulantes e#p®s do parasito em
infecgcbes em coelhos (CHEN@& al, 2013). Esse trabalho utilizou como fonte dos
MIRNAS o plasma total dos coelhos, mas € possivekgsas identificagcdes possam ser
refinadas isolando-se as EVs do plasma, o que fieamdentificar moléculas menos
representadas.

A liberagdo de EVs pelo hospedeiro também é dasndtliteratura como um
mecanismo de defesa frente a um invasor. A infecp@o Cryptosporidium parvum
desencadeia a sinalizacdo via TLR4 que culminabesacdo de grande quantidade de
exossomos pelo epitélio biliar. Os exossomos lid@saontém peptideos com atividade
antimicrobiana e a exposi¢do de esporozoitoS.dervuma esses exossomos diminui
sua viabilidade e infectividade (Hét al, 2013).
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2 JUSTIFICATIVA E OBJETIVOS

A hidatidose cistica € uma doenca de distribui¢éloal, que determina prejuizos
significativos a saude publica e a economia de aayiaises (BENNERt al, 2010;
CARDONA; CARMENA, 2013; TORGERSON; MACPHERSON, 20Q1Apesar do
impacto socioeconémico causado pela hidatidosieresmentas disponiveis para o seu
controle ainda séo bastante limitadas. Diversoecgp basicos da biologia do género
Echinococcue de outros helmintos parasitos ainda sdo poudoecmdos e isso reflete
em limitacbes para as estratégias de tratamentbidididose cistica e de outras
helmintiases.

Atualmente o tratamento farmacolégico utilizado alimica € a terapia com
benzimidazois, sendo a primeira escolha o albehdsazinho ou combinado com
praziquantel. Contudo, problemas quanto a eficd@aguranca desses compostos tém
sido reportados. Em relacdo a vacinas, poucas fagdes foram testadas em animais e
as taxas de protecdo sdo variaveis (LARRé& L, 2015; POURSEIEt al, 2018). Ha,
portanto, caréncia de estratégias terapéuticas yraranelhor manejo da hidatidose
cistica.

Organismos como B. granulosug oE. ortleppi,capazes de causar uma infeccao
cronica, por vezes assintomatica e com uma respostee controlada, e que utilizam o
hospedeiro como fonte de recursos sem causar sui@, nempregam mecanismos
moleculares para sua sobrevivéncia que sao finemesgulados e versateis. A
disponibilizacdo de conhecimento sobre a biologe Etchinococcus spp. e,
especificamente, dos mecanismos moleculares pessen& interface parasito-
hospedeiro, tem impacto direto na identificacdo pmtenciais alvos vacinais,
farmacoldgicos e para diagnadstico.

Os produtos de excrecao/secrecdo Etdinococcusspp. sdo um material
interessante para estudo, pois podem entrar enatoonbm tecidos e fatores do
hospedeiro e, por conseguinte, acessiveis a deogasnas. O AgB é uma proteina com
evidéncias de interacdo com os tecidos do hospedairto pela resposta humoral que
elicita como por apresentar lipidios originarios liluspedeiro associados ao motivo
proteico. Entretanto, pouco se sabe sobre quedgpateracéo € necessario que ocorra
entre a proteina e as células do hospedeiro para §gB exerca seu papel bioldgico. A
determinacdo de formas de interacdo do AgB coméadas do hospedeiro € um

importante passo para o entendimento da funcéoadesseina no contexto dos
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mecanismos empregados pelo parasito para interaguular e captar nutrientes no
tecido hospedeiro.

EVs desempenham um papel essencial na infeccadifgoentes organismos
parasitas, atuando como veiculos para moléculsmraseproduzidas pelos parasitos para
facilitar seu estabelecimento e sobrevivéncia. @ensndo os multiplos processos em
que as EVs podem atuar, e ainda mais a possilelidadserem meios de comunicagao
entre espécies distintas, a caracterizacdo motedellBVs dee. granulosus E. ortleppi
€ essencial para a compreensdo do complexo canaterular na interface parasito-
hospedeiro. A comparacao entre espécies capazatedar os mesmos hospedeiros é
importante para ressaltar similaridades e difere@saociadas a infeccdo que ajudarédo
no planejamento de estudos epidemioldgicos e égtaatde intervencao.

2.1 Objetivo geral
O objetivo principal deste trabalho € investigacamsmos de interacdo parasito-
hospedeiro envolvendo o Antigeno B e a producdo/eficulas extracelulares em

infeccdes bovinas colchinococcuspp.

2.1.1 Objetivos especificos

* Elucidar mecanismos de interacdo do AgBHElegranulosuscom células de
mamiferos em cultura.

» Identificar vias de endocitose associadas a inieat@o do AgB deE.
granulosuspor células de mamifero em cultura.

» Isolar e caracterizar morfologicamente as EVs sadas polE. granulouse E.
ortleppiem liquido hidéatico e sobrenadante de cultivordéogscolices.

* Analisar a interacdo de EVs de granulouse E. ortleppi com células de
mamifero em cultura.

* Analisar o conteudo proteico de EVsHKegranulous E. ortleppi.

* Investigar a presenca de RNAs especificos em E& denulous E. ortleppi
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Abstract

Background

Cystic hydatid disease is a zoonosis caused by the larval stage (hydatid) of Echinococcus
granulosus (Cestoda, Taeniidae). The hydatid develops in the viscera of intermediate host
as a unilocular structure filled by the hydatid fluid, which contains parasitic excretory/secre-
tory products. The lipoprotein Antigen B (AgB) is the major component of E. granulosus
metacestode hydatid fluid. Functionally, AgB has been implicated in immunomodulation and
lipid transport. However, the mechanisms underlying AgB functions are not completely
known.

Methodology/Principal findings

In this study, we investigated AgB interactions with different mammalian cell types and the
pathways involved in its internalization. AgB uptake was observed in four different cell lines,
NIH-3T3, A549, J774 and RH. Inhibition of caveolae/raft-mediated endocytosis causes
about 50 and 69% decrease in AgB internalization by RH and A549 cells, respectively. Inter-
estingly, AgB colocalized with the raft endocytic marker, but also showed a partial colocali-
zation with the clathrin endocytic marker. Finally, AgB colocalized with an endolysosomal
tracker, providing evidence for a possible AgB destination after endocytosis.

Conclusions/Significance

The results indicate that caveolae/raft-mediated endocytosis is the main route to AgB inter-
nalization, and that a clathrin-mediated entry may also occur at a lower frequency. A possi-
ble fate for AgB after endocytosis seems to be the endolysosomal system. Cellular
internalization and further access to subcellular compartments could be a requirement for
AgB functions as a lipid carrier and/or immunomodulatory molecule, contributing to create a
more permissive microenvironment to metacestode development and survival.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006473 May 4, 2018

1/17


https://doi.org/10.1371/journal.pntd.0006473
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006473&domain=pdf&date_stamp=2018-05-16
https://doi.org/10.1371/journal.pntd.0006473
https://doi.org/10.1371/journal.pntd.0006473
http://creativecommons.org/licenses/by/4.0/
http://www.cnpq.br
http://www.fapergs.rs.gov.br
http://www.fapergs.rs.gov.br
http://www.capes.gov.br

@‘ PLOS NEGLECTED
Z) ’ TROPICAL DISEASES Antigen B uptake by mammalian cells

PARASITOLOGIA-1278/2011 (HBF). EDS is a
recipient of a CNPq fellowship. MC is a recipient of
a PNPD/CAPES postdoctoral fellowship. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Author summary

Antigen B (AgB) is an oligomeric lipoprotein highly abundant in Echinococcus granulosus
hydatid fluid. AgB has already been characterized as an immunomodulatory protein,
capable of inducing a permissive immune response to parasite development. Also, an
important role in lipid acquisition is attributed to AgB, because it has been found associ-
ated to different classes of host lipids. However, the mechanisms of interaction employed
by AgB to perform its functions remain undetermined. In this study, we demonstrate that
mammalian cells are able to internalize E. granulosus AgB in culture and found that spe-
cific mechanisms of endocytosis are involved. Our results extend the understanding of
AgB biological role indicating cellular internalization as a mechanism of interaction,
which in turn, may represent a target to intervention.

Introduction

Cystic hydatid disease (CHD), caused by the larval stage (hydatid or metacestode) of parasites
belonging to the Echinococcus granulosus sensu lato (s.1.) complex, is a zoonosis of worldwide
occurrence, with a considerable medical and economic impact [1]. CHD is endemic or hyper-
endemic in South America, especially in Argentina, Southern Brazil, Uruguay, Chile and
mountainous regions of Peru and Bolivia [2]. In 2010, the World Health Organization added
CHD to its list of Neglected Tropical Diseases (http://www.who.int/neglected_diseases/
diseases/en/). Echinococcus granulosus sensu stricto, or simply Echinococcus granulosus, is one
of the cryptic species of the E. granulosus s.1. complex and is the species most widely distributed
worldwide. Also, E. granulosus is responsible for most cases of human CHD infections [3].

The adult tapeworm lives in the small intestine of a definitive canid host, and the larval
stage develops in the viscera of a wide range of mammal species, including humans. E. granulo-
sus life cycle is predominantly domestic, where dogs are the definitive hosts and ungulates are
the intermediate hosts [4]. The metacestode is a fluid-filled, unilocular cyst that is classified as
tertile when protoescoleces are present in the lumen. Protoescoleces are the pre-adults, infec-
tive to the definitive host, which remain quiescent and immersed in the hydatid fluid (HF),
which is a complex mixture of molecules of both host and parasite origin. The excretory/secre-
tory products of the metacestode are of special relevance for the host-parasite relationship, as
they have a greater potential to interact with host proteins and cells.

Antigen B (AgB) is a lipoprotein, highly abundant and the major immunodominant protein
among the excretory/secretory metacestode products in E. granulosus HF. AgB belongs to the
group of hydrophobic ligand binding proteins (HLBPs), a cestode protein family whose mem-
bers are known by their high abundance and immunogenicity, and by their oligomeric struc-
ture, comprising 7-10 kDa a-helix rich subunits [5-7]. AgB oligomers have been observed
predominantly in the molecular mass range of 150-230 kDa, but aggregates with higher
molecular masses have also been detected [8,9]. The AgB oligomeric structure comprises 8
kDa subunits (AgB8/1 to AgB8/5) encoded by a multigene family [10], which are differentially
expressed among E. granulosus life-cycle stages, metacestode tissues and individuals [8,11,12].
The subunits AgB8/1 to AgB8/4 have been identified compounding the proteic moiety of E.
granulosus native AgB from bovine and human HF samples. AgB8/1 was the most represented
subunit in both bovine and human samples. AgB8/3 had distinct relative abundancy between
the different hosts, it was the less abundant in bovine samples and it was found in relative high
abundance in human samples [8]. A recent study with AgB particles obtained from fertile HF
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of swine origin, infected by Echinococcus canadensis, a closely related specie, also found AgB8/
1 as the most represented subunit. Additionally, the authors found AgB8/4, AgB8/3 and AgB8/
5, while AgB8/2 was not detected [13].

It has been demonstrated that delipidated AgB is able to bind hydrophobic compounds in
vitro [14]. The lipid moiety associated with AgB represent 40-50% of the total particle mass
and is constituted by different lipid classes, from hydrophobic lipids, like sterol esters and tria-
cylglycerides, to a variety of phospholipids [9,13]. Moreover, delipidated recombinant AgB8/2
and AgB8/3 subunits were capable of transferring fatty acids analogues to artificial phospho-
lipid membranes [15]. E. granulosus genome lacks sequences for several key enzymes for fatty
acid and cholesterol synthesis, thus the parasite is incapable of synthesizing these compounds
de novo [16,17]. Hydatid viability relies on the sequestration and utilization of host lipids, and
AgB might be involved in lipid uptake from host tissue and its transport to the parasite, by sta-
bilizing insoluble lipids into a lipoproteic particle [9].

Helminths are said to elicit a modified type 2 response, which consists in Th2 profile with an
anti-inflammatory component, probably involving T, stimulation [18]. AgB roles in the modula-
tion of both innate and adaptive immunity have been proposed. It has been described that neutro-
phils have both the recruitment inhibited and hydrogen peroxide production decreased by AgB
[19,20]. Immature dendritic cells stimulated with AgB matured and primed lymphocytes towards
the type 2 response [21]. Also, a Th2 polarization in the Th1/Th2 cytokine ratios was observed in
AgB-stimulated peripheral blood mononuclear cells from patients with active CHD [22].

Considering the two main roles attributed to AgB, immunomodulation and lipid transport,
it is reasonable to consider that a direct interaction with host cells and tissues should occur. In
fact, it was recently demonstrated that AgB binds to macrophages and the plasma membrane
of inflammatory monocytes, inducing a non-inflammatory phenotype in macrophages [23].
However, little is known about the molecular details of AgB-cell interaction and whether AgB
interacts with non-immune cells, or even enters into the cell.

In the present work, we investigated the ability of HE-purified AgB to enter into different
mammalian cell types in vitro, and the mechanisms involved in AgB internalization. Immuno-
purified AgB was incubated with four distinct cell lines representative of different cell types,
namely hepatocytes, fibroblasts, macrophages, and lung epithelial cells. We demonstrated the
entry of AgB into the cytoplasm of all studied cell lines. Moreover, we provided evidence that
the endocytic pathways are involved in AgB internalization by cells, with caveolae/raft-medi-
ated endocytosis being the prevailing one.

Methods
Biological material

Hydatids were obtained from bovine viscera of naturally infected animals slaughtered in the rou-
tine work of a local abattoir (Sao Leopoldo, Brazil). Animal slaughtering was conducted accord-
ing to Brazilian laws and under supervision of the Servico de Inspegdo Federal (Brazilian Sanitary
Authority) of the Brazilian Ministério da Agricultura, Pecudria e Abastecimento. Echinococcus spp
contaminated viscera, identified during mandatory meat inspection, were donated by the abattoir
for use in this work. HF was removed by punction and aspiration from individual fertile cysts
and kept at -80°C until use. Protoescoleces were collected for parasite genotyping and species
determination [24]. Only cysts belonging to E. granulosus (G1 strain) were used in this work.

Immunoblot

Aliquots of 100 pl of individual E. granulosus HF samples were resolved on SDS-PAGE 12%
and electrophoretically transferred onto a nitrocellulose membrane. A pool of rabbit
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polyclonal antibodies raised against each recombinant AgB subunit (AgB8/1 to 5) were used at
1:70.000 dilution as primary antibody. The pool of antibodies corresponds to the IgG fraction
of each subunit specific serum purified using HiTrap ProteinG HP columns (GE Healthcare),
according to the manufacturer’s protocol. A horseradish peroxidase-conjugated goat anti-rab-
bit IgG (GE Healthcare) diluted at 1:7.000 was used as the secondary antibody. Blots were
developed using the chemiluminescent reagent ECL Plus (Pierce, ThermoScientific) and
imaged in VersaDoc system (BioRad). HF samples with higher AgB content were used for the
protein purification step (S1A Fig).

E. granulosus AgB purification

AgB purification was carried out following the protocol described by Oriol et al. [25], with
some modifications. Briefly, parasite proteins from individual E. granulosus HF were precipi-
tated by sodium acetate (5 mM, pH 5.0) and the resultant material was resuspended in phos-
phate-buffered saline (PBS) containing 20 uM 3,5-di-tert-butyl-4-hydroxytoluene (BHT). The
HF parasite enriched fraction, obtained from individual cysts, was subjected to immunoaffi-
nity chromatography using primary IgG antibodies against the recombinant forms of AgB8/1,
AgB8/2 and AgB8/4 (see “Immunoblot” section). Antibodies were separately coupled to cyan-
ogen bromide-activated Sepharose 4B resin (GE Healthcare) and the previously prepared HF
material was passed through the columns. Bound AgB from each column was eluted with 100
mM tris-glycine pH 2.5, pooled together to reconstitute the original HF sample, then dialyzed
against PBS/BHT and concentrated on Amicon Ultra-15 centrifugal filter device, MWCO 3
kDa (Millipore). Resultant purified AgB from individual cysts was kept separated and analyzed
on SDS-PAGE 12% (S1B Fig). AgB concentration was determined using a Qubit quantitation
fluorometer and Quant-iT reagents (Life Technologies).

Blue Native PAGE (BN-PAGE)

BN-PAGE was carried out using the NativePAGE Novex Bis-Tris Gel System (Invitrogen)
according to the manufacturer’s specifications. Precast NativePAGE Novex 4-16% Bis—Tris gels
were run at 150 V for 1.5-2 h in 50 mM BisTris/Tricine pH 6.8 running buffer, where 0.02% Coo-
massie G-250 was added to the cathode buffer. Protein samples (10 pg) were mixed with the sam-
ple buffer provided. Gels were stained also according to the NativePAGE Novex Bis-Tris Gel
System instructions. Briefly, the gel was firstly placed in fix solution (40% methanol, 10% acetic
acid), then in destain solution (8% acetic acid) until desired background was obtained.

Cell cultures

A549 (human lung adenocarcinoma, European Collection of Authenticated Cell Cultures:
ECACC 86012804), J774.A1 (mouse macrophages, Banco de Células do Rio de Janeiro: BCR]
code 0121), NIH-3T3 (mouse fibroblasts, American Type Culture Collection: ATCC CRL-
1658) and RH (rat Reuber hepatoma, ATCC CRL-1600) cells were cultivated in DMEM con-
taining 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin in a 5% CO,
humidified environment at 37°C. J774.A1 culture media was also supplemented with MEM
non-essential amino acid solution, 2 mM glutamine, 10 mM HEPES and 1 mM sodium pyru-
vate. All cells lines were free from mycoplasma contamination.

AgB internalization assays

NIH-3T3, A549, J774.A1 and RH cells were grown on sterile glass coverslips in 35 mm Petri
dishes until 70-80% of confluency. Cell media was changed to serum-free medium and the
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cells were then incubated with 40 pg/ml of AgB for 4 h at 37°C, or 4°C. Controls were incu-

bated with equal volume of PBS/BHT. Unbound protein was then removed by three washes
with cold PBS and cells were fixed in 4% paraformaldehyde/PBS at room temperature for 15
min.

In all microscopy preparations, a pool of the same antibodies used for AgB purification
(anti-AgB8/1, anti-AgB8/2 and anti-AgB8/4) was used as primary antibody for detection of
AgB. Fixed cells were permeabilized with 0.2% Triton X-100/PBS and unspecific sites were
blocked with 5% BSA in PBS-T (PBS with 0.05% Tween-20). After, cells were incubated over-
night at 4°C with the primary antibodies (1:500) and then for 1 h with 1:200 diluted Alexa
Fluor 488-conjugated anti-rabbit secondary antibody (Molecular Probes) at room tempera-
ture. Nuclei were stained with 100 nM 4’,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes). Actin was stained with 50 nM Alexa Fluor 594-conjugated phalloidin (Molecular
Probes). Cells were imaged using a LSM 710 Zeiss confocal microscope.

The fluorophore CM-Dil (Molecular Probes) was used to directly label AgB particle,
because it has affinity to the lipidic compounds associated to the protein. Dil-labelled AgB was
used to analyze internalization without cells fixation. AgB was labelled with 5 uM CM-Dil
(Molecular Probes) for 1 h at room temperature. Dye excess was washing out with 5-fold the
original PBS volume on Amicon Ultra-0.5 centrifugal filter devices, NMWL 100 kDa (Milli-
pore). RH cells were incubated with 40 pg/ml of Dil-labelled AgB for 4 h at 37°C, washed three
times with cold PBS, and immediately analyzed using an Olympus FluoView 1000 confocal
microscope.

Endocytosis inhibition assays

RH and A549 cell monolayers were grown until 70-80% of confluency on sterile glass cover-
slips in six-well tissue culture plates. After changing the cell media to serum-free DMEM, cells
were pre-treated with endocytosis inhibitors for 30 min at 37°C. A pilot test, where cells were
incubated with different concentrations of the inhibitors, was conducted to determine the best
concentration to be used. The highest concentration where >80% of the cells remained
attached and with little morphological alterations was chosen.

Genistein (Santa Cruz Biotechnology) was used at 100 pg/ml concentration and chlorpor-
mazine (Santa Cruz Biotechnology) at 5 pug/ml. AgB was then added at 40 ug/ml and after
incubation at 37°C for 1.5 h, the unbound proteins were removed by acidic stripping (0.5 M
NaCl, 0.5% acetic acid, pH 3.0) and three washes with cold PBS. Cells were fixed and prepared
for microscopy as described above. Cells were imaged using an Olympus FluoView 1000 con-
focal microscope. Immunofluorescence intensity normalized by cell area was assessed with
Image] software [26]. Image analysis was done on two (A549) or three (RH) independent
experiments, where three microscopy fields were counted for each experiment (100-300 cells/
experiment).

Colocalization assays

RH cell monolayers were grown until 70-80% of confluency on sterile glass coverslips in
6-well tissue culture plates. Cell media was replaced to serum-free DMEM containing 40 ug/
ml AgB and the distribution of internalized protein was compared with that of different endo-
cytic markers following up to 1.5 h incubation at 37°C. Endogenous transferrin receptors were
labeled with 50 pg/ml Alexa Fluor 633-conjugated transferrin (Tfn) (Molecular Probes), added
in the last 45 min. Alexa Fluor 555-conjugated cholera toxin subunit B (Ctx-B) (Molecular
Probes) at 1 pg/ml concentration was added in the last 15 min of incubation. Adsorbed and
unbound proteins were removed by acidic stripping (0.5 M NaCl, 0.5% acetic acid, pH 3.0)
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and three washes with cold PBS. Cells were prepared for microscopy and imaged as described
for endocytosis assay.

To analyze colocalization of AgB with the endolysosomal system, RH cells were incubated
with 40 pg/ml Dil-labelled AgB (described in “AgB internalization assays” section) and 1.5 uM
Lysosensor Green DND-189 (Molecular Probes). After 1.5 h incubation at 37°C, cell monolay-
ers were washed three times with cold PBS and immediately analyzed by confocal microscopy.

Colocalization of AgB with Ctx-B, Tfn or Lysosensor was assessed using JaCoP plugin from
Image] software [27]. Image analysis was done for two independent experiments.

MTT reduction assays

A549 and RH cells were plated onto 96-well plates at a density of 10* cells/well. AgB were
added to the cell media at 2.5-40 pug/ml final concentrations. After 24 h incubation, 0.5 mg/ml
of MTT solution in PBS was added to each well and incubated for a further 4 h. To solubilize
formazan, 100 pl of cell lysis buffer (16% SDS, 40% N,N-dimethylformamide, 2% acetic acid,
pH 4.7) was added to each well and the samples were incubated overnight at 37°C in a humidi-
fied incubator. Absorbance values of formazan were determined at 595 nm with an automatic
microplate reader (Bio-Rad, model 550). Analysis was done for five independent experiments.

Statistics

A Kolmogorov-Smirnov was applied to verify the normality of the data. Statistical significance
was analyzed by unpaired Student’s t-test using the GraphPad Prism 6.0 software. Data are
expressed as mean + SEM and p values of less than 0.05 were considered statistically significant.

Results
AgB is internalized by mammalian cells in culture

The ability of AgB particles to interact with and to be internalized by mammalian cells was
investigated using AgB immunopurified from E. granulosus HF. The native AgB is able to
form particles with variable masses, thus the AgB preparation is probably heterogeneous in
size. To have some clue on the predominant particles present in our AgB samples, a BN-PAGE
analysis was carried out. The presence of a major band corresponding to ~160 kDa, as well as,
a band corresponding to higher molecular mass and a smear, which could be resultant of parti-
cles with variable molecular masses confirm that our AgB preparation fits the information on
literature regarding the molecular mass expected for native AgB (S1C Fig).

Immunopurified AgB was added to the culture medium of NIH-3T3, A549, RH or J774
cells and internalization was evaluated after 4 h of incubation at 37°C using an immunofluo-
rescence assay. Cells were prepared for confocal microscopy by labelling AgB with polyclonal
antibodies against AgB8/1, 2 and 4 subunits and a secondary anti-rabbit IgG conjugated to
Alexa Fluor 488. AgB signals were detected in the four cell lines tested, and no differences in
extension of AgB internalization was observed, thus suggesting that AgB is able to interact
with mammalian cells by a mechanism independent of cellular type. No signals were detected
in the cells without AgB (Fig 1).

To confirm the internal localization of AgB in the cells, the lipoprotein was labelled with
Dil and incubated with RH cells in the same way as before. However, the analysis on confocal
microscope was conducted right after incubation had been finished, without cell fixation.

The intermediate sections from confocal z-stacks showed higher AgB signal than top or bot-
tom sections, confirming that AgB was inside cells and not just adsorbed to cell membrane
(S2 Fig).
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Fig 1. E. granulosus AgB uptake by mammalian cells in culture. Inmunofluorescence assay was performed on NIH-
3T3, A549, J774 and RH cells exposed to 40 ug/ml AgB for 4 h, and mock treated cells (Control). AgB was labeled with
polyclonal antibodies against AgB8/1, 2 and 4 subunits and an Alexa Fluor 488-conjugated secondary antibody
(green). Nuclei and cytoskeleton were stained with DAPI (blue) and Alexa Fluor 594-conjugated phalloidin (red),
respectively. Images are median optical sections from z-stacks obtained by confocal microscopy. Inserts correspond to
two-fold digital magnification of boxed areas. Arrows indicate vesicular-like distribution of internalized AgB. Scale
bar, 10 pm.

https://doi.org/10.1371/journal.pntd.0006473.g001

Control

AgB was detected in the cell cytoplasm, but not in the nucleus. In addition, Fig 1 and S2 Fig
show vesicular-like distribution of AgB in the cytoplasm of the cell lines analyzed, indicating
an internalization through endocytosis. Supporting this idea, AgB internalization does not
occur when RH cells were incubated at low temperature (S3 Fig), a condition known to inter-
fere in endocytosis-dependent cellular internalization [28].

Endocytic pathways involved in AgB internalization

Having established that AgB could access the cytoplasmic compartment of mammalian cells,
we then investigated which endocytic pathway could be responsible for this AgB uptake by RH
and A549 cells. These two cell lines were chosen to perform the following experiments in an
attempt to simulate the natural situation, as liver and lungs are the primary organs infected by
E. granulosus.

Genistein, a tyrosine kinase inhibitor that prevents caveoale/raft-mediated endocytosis, was
used to treat RH cells; and after 30 min AgB were added to the culture media and left to incu-
bate for another 1.5 h at 37°C. We found that internalization of AgB was inhibited by ~50% in
RH cells treated with genistein (Fig 2A and 2B). The same inhibition assay was carried out
with A549 cells and we found very similar results, where AgB uptake was inhibited by ~69%
(Fig 2A and 2B). The results were statistically significant for both cell lines (Fig 2B).

In order to test whether other endocytic pathways could be involved in AgB uptake by RH
cells, the inhibition assay was performed using chlorpromazine, an inhibitor of clathrin-medi-
ated endocytosis. After chlorpromazine treatment, internalization of AgB was reduced by
~13%, however this was not statistically significant (p = 0.39) (Fig 2C and 2D). The higher
inhibition of AgB internalization in the genistein treatment indicates that caveolae/raft-medi-
ated endocytosis is the major pathway associated with AgB uptake.

The specificity of the inhibitors was confirmed using established endocytic markers as con-
trols. Internalization of transferrin (Tfn), which undergoes clathrin-mediated endocytosis, was
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Fig 2. Caveolae/raft-mediated endocytosis is the main route involved in E. granulosus AgB internalization by A549 and
RH cells. Indicated cells were incubated in medium alone (Ctrl), with 100 pg/ml genistein (GNT), or with 5 pg/ml
chlorpromazine (CPZ) for 30 min and then exposed to 40 pg/ml AgB for 1.5 h. AgB was detected using anti-AgB polyclonal
antibodies followed by anti-rabbit IgG Alexa Fluor 488 conjugated antibody (green). Cell nuclei were labelled with DAPI
(blue). A and B, Inhibition of caveolae/raft-mediated endocytosis by genistein reduces AgB internalization. C and D, inhibition
of clathrin-mediated endocytosis pathway by chlorpromazine does not cause a significant decrease in uptake of AgB. The
quantitative data presented in B and D are measurements from three experiments with RH cells and two with A549 cells.
Arbitrary units correspond to immunofluorescence intensity calculated as total immunofluorescence in the cell divided by the
area of the cell. Error bars indicate SEM. *p = 0.037, ***p = 0.0004 according to Student’s t-test.

https://doi.org/10.1371/journal.pntd.0006473.9002

affected only by chlorpromazine. In contrast, genistein only reduced internalization of cholera
toxin subunit B (Ctx-B), which undergoes caveolae/raft-mediated endocytosis (54 Fig).

In a complementary approach to inhibition assays, the distribution of internalized AgB was
compared with that of established endocytic markers, Tfn and Ctx-B. RH cells were cultivated
in the presence of AgB for 1.5 h, with either Tfn or Ctx-B being added in the last 45 and 15
min of incubation, respectively. Results were analyzed by confocal microscopy and the level of
colocalization between the two fluorophores and, consequently, the two proteins, was deter-
mined according to Pearson’s correlation coefficient. The results indicated that AgB was colo-
calized with Ctx-B (Pearson’s coefficient = 0.64 + 0.02) (Fig 3), which is in accordance with
our previous results that caveolae/raft-mediated endocytosis is involved in AgB uptake. Inter-
estingly, AgB seemed partially colocalized with Tfn (Pearson’s coefficient = 0.49 + 0.04), sug-
gesting that in some degree AgB could be internalized by clathrin-mediated endocytosis.

Altogether, the above findings provide evidence that AgB entry into mammalian cells
occurs mainly via caveolae/raft-mediated endocytosis, although it could also occur by clathrin-
mediated endocytosis in a lesser extent.

AgB is delivered to the endolysosomal system after internalization

Lysosensor dyes are acidotropic probes that accumulate in acidic organelles in live cells and
are used to track the endolysosomal system. To have some clue on AgB fate after endocytosis
we sought to check whether AgB signal colocalized with late endosomes/lysosomes by using
the Lysosensor DND-189 probe. Incubation of RH cells with Dil-labelled AgB and Lysosensor
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Fig 3. Internalized E. granulosus AgB colocalizes with protein endocytic markers in RH cells. Alexa Fluor
633-conjugated Tfn was used as a marker of clathrin-mediated endocytosis and Alexa Fluor 555-conjugated Ctx-B was
used as a marker of caveolae/raft-mediated endocytosis. Confocal microscopy images of RH cells incubated with 40 ug/
ml AgB and 1 pg/ml Ctx-B (A) or 50 pg/ml Tfn (B) are presented. AgB was detected using polyclonal antibodies
against AgB8/1, 2 and 4 subunits and a secondary anti-rabbit IgG Alexa Fluor 488 conjugated antibody (green).
Arrows indicate colocalization points. Cell nuclei were labeled with DAPI (blue). The endocytic markers are shown in
red.

https://doi.org/10.1371/journal.pntd.0006473.9003

was carried out at 37°C for 1.5 h and colocalization was assessed in live cells using confocal
microscopy. A considerable proportion of internalized AgB was found colocalizing with late
endosomes/lysosomes (Pearson’s coefficient = 0.77 + 0.008) (Fig 4). This result indicates that
AgB trafficks in acidified compartments of endolysosomal system after uptake by cells.

AgB does not induce cellular toxicity

To further investigate the possible effects of AgB internalization by mammalian cells, A549
and RH cells were incubated with different concentrations of AgB (2.5-40 pg/ml) for 24 h.
Alterations of cell physiological state were then evaluated by MTT reduction assays. Both cell
lines did not present any significant decrease in their ability to metabolize MTT in presence of
AgB (Fig 5). AgB do not have a cytotoxic effect on cells, so this interaction is probably part of
the mechanisms underlying AgB function in host-parasite interplay.

L sosensor AgB

Merge

Fig 4. E. granulsous AgB reaches the endolysosomal system after endocytosis by RH cells. Dil-labelled AgB (red) at
40 pg/ml and Lysosensor DND-189 (green) at 1.5 uM were added to the cell culture media and left incubate for 1.5 h.
Median sections from z-stacks of confocal images are shown. Arrows indicate colocalization points.

https://doi.org/10.1371/journal.pntd.0006473.g004
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Fig 5. MTT reduction assay. A549 (black bars) and RH (gray bars) cells were treated for 24 h with the indicated
concentrations of E. granulosus AgB. Cell viability is expressed as percentage of MTT reduction measured for
untreated cells and assumed as 100% (horizontal dashed line). Error bars correspond to the SEM values of five
independent experiments.

https://doi.org/10.1371/journal.pntd.0006473.g005

Discussion

A long-term growth is characteristic of the chronic infection caused by E. granulosus metaces-
todes, and to allow that, different molecular mechanisms are employed by the parasite to
ensure its survival and development in the host microenvironment. In an attempt to evade the
host’s immune response and absorb nutrients from the host, the parasite secretes several mole-
cules. AgB is the major antigen in HF and has been implicated in immunomodulation pro-
cesses, as well as in lipid uptake and transport [9,29].

AgB has been studied for a long time and it is known to generate a strong humoral response
and to modulate host immune response, which is in agreement with the idea that AgB is
secreted towards the outside of the hydatid cyst [29,30]. Moreover, there are many studies
reporting AgB effects on immune cells that support a direct AgB-cell interaction in host tissue
[21,23]. However, whether this interaction occurs with other cell types and what underlying
mechanisms are involved in this process, are still unclear. We hypothesized that AgB may
interact with host tissue cells surrounding the hydatid cyst to interfere with host cell homeosta-
sis, facilitating nutrient acquisition and immune evasion. In this study, we demonstrated that
E. granulosus AgB is taken up by mammalian cells in vitro by endocytosis. Since AgB internali-
zation seems to be independent of the cell type, it most likely occurs by a ubiquitous mecha-
nism. Thus, we further evaluate the involvement of specific endocytic pathways on AgB
internalization.

Clathrin-mediated endocytosis is the best-understood internalization pathway and refers to
intake of receptors and their bound ligands through vesicles which are coated by the protein
clathrin [31]. Among the molecules known to be internalized by this pathway is the Tfn
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receptor, hence Tfn was used as a marker for clathrin-mediated endocytosis [32]. Besides the
clathrin-mediated pathway, lipid rafts domains, and its subdomain caveolae, are important
contributors to endocytosis processes. Caveolae/raft domains are heterogeneous membrane
domains enriched in sphingolipids and cholesterol, and are involved in the endocytosis of vari-
ous receptors and ligands with a multitude of mechanisms and regulation factors [33]. Ctx-B is
a molecule that binds to glycosphingolipid GM1 on caveolae and non-caveolar rafts to be sub-
sequently internalized, so we used it as a marker for caveolae/raft-mediated endocytosis [34].
Chlorpromazine and genistein were used in this study to inhibit clathrin- and caveolae/raft-
mediated endocytosis pathways, respectively.

Treatment with genistein was able to significantly decrease AgB uptake by RH and A549
cells. Accordingly, we found that AgB colocalizes with Ctx-B in RH cells. We observed a partial
colocalization of AgB with Tfn and the inhibition assay with chlorpromazine showed only a
slight, not significant, decrease in AgB internalization. It is possible that clathrin-mediated
endocytosis accounts for just a small part of AgB uptake, making difficult the detection of a dif-
ference after inhibition by chlorpromazine. Taken together, our results are consistent with the
idea that the endocytosis process is required for AgB entry into mammalian cells. Indeed,
caveoale/raft-mediated endocytosis is most likely the main pathway involved in AgB uptake by
cells. However, a minor role for clathrin-mediated endocytosis in AgB internalization cannot
be excluded.

It was proposed that AgB binds to macrophages and monocytes plasma membranes
through a lipoprotein receptor; however no specific receptor could be determined [23]. As a
lipoprotein, AgB may resemble the structure of some host lipoproteins, then tricking cell
receptors to be internalized [9]. Our findings are in agreement with this idea because some
lipoprotein receptors, such as lectin-like oxidized LDL receptor-1 (LOX-1), LDL receptor-
related protein 6 (LRP6), and scavenger receptors CD36 and CD204 use caveolae/raft-medi-
ated pathways for endocytosis [35-38]. Considering our results, it is also possible that more
than one receptor might be involved in AgB binding, so that a higher efficiency of internaliza-
tion is obtained. Alternatively, the receptor might undergo endocytosis by both pathways
upon AgB binding. This regulatory mechanism involving different endocytic routes has been
observed with LRP6, in which the receptor is internalized by caveolae to promote Wnt/B-cate-
nin signaling transduction, whereas the clathrin route leads to LRP6 degradation [39].

In some molecules, structural and physicochemical features have central roles in interaction
with membrane rafts. An amphipatic helix present in the tyrosine kinase interacting protein
(Tip) from Herpesvirus saimiri has been shown target Tip to lipid rafts with cholesterol being
important to the interaction [40]. Studies on nanoparticles (NP) uptake and dynamics have
implicate surface characteristics on raft association and resultant NP mechanism of endocyto-
sis. Lipidic NPs show higher affinity for caveolae as higher their lipophilicity [41], and NP
probes designed with cationic surface are preferentially internalized by clathrin coated pits,
while zwitterionic-lipophilic nanoprobes are preferentially internalized by lipid rafts [42]. AgB
subunits are helix rich lipophilic proteins and predicted as amphiphilic molecules by in silico
models [9,14,43]. These properties might promote AgB association with caveolaes/rafts lipidic
components, which in turn could act as receptors and trigger the endocytosis process upon
AgB binding.

AgB uptake did not induce toxicity to cells according to our MTT assay, therefore internali-
zation is more likely part of the mechanisms underlying AgB roles during E. granulosus meta-
cestode infection. E. granulosus genome lacks genes coding for several key enzymes involved
in fatty acid and cholesterol synthesis [16,17]. On the other hand, E. granulosus AgB and other
lipid binding proteins, like FABPs, are produced and secreted by the parasite to acquire lipidic
compounds from host and supply parasite’s needs [44]. However, the mechanisms implicated
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in lipid capture by AgB are unknown. Since lipids are essential for metacestode survival and
development, the understanding of molecular mechanisms employed by the parasites to
acquire these host macromolecules will provide potential targets for therapeutic discovery
efforts.

AgB interaction with cells from the host tissue surrounding the hydatid could be a suitable
scenario to get lipids from biological membranes or inner cell storages. A similar scenario has
been described for the Taenia solium metacestode, where HLBPs were able to translocate lipid
analogs to parasite’s tissues, and also colocalize with lipid droplets in the granuloma surround-
ing the metacestode [6]. The mechanism of internalization of a lipoprotein to get lipids has
been described in mammals too, where apolipoprotein A-I (apoA-I) binds macrophage (foam
cells) and is internalized. The lipidated apoA-I particle is probably resecreted resulting in an
efflux of cholesterol from the foam cell [45].

The oligomeric nature of AgB and its subunit composition could also have some relation
with uptake by cells. Recombinant AgB subunits (AgB8/2 and AgB8/3), tested separately, were
able to bind fatty acids analogs, but not cholesterol analogs. Cholesterol is found associated to
the native particles, so AgB subunits could have selective capacity to bind lipids [15]. Similarly,
AgB subunits could participate differently in the internalization process, for example, by vary-
ing in affinity for the ligand on the cell membrane. AgB particle is composed by a dozen sub-
units, but the actual proportion of each one into the final particle is unknown. It is possible
that some subunits have major roles in lipid binding, while others are crucial to AgB-cell inter-
action. Future works testing the subunits individually are necessary to establish whether there
is preference in cell association and internalization regarding each AgB subunit.

An endocytosed protein has many possible destinations inside a cell, including route to the
trans-Golgi network, to the late endosomes and lysosomes for degradation or to recycling
endosomes that bring part of cargo back to the plasma membrane [46]. A possible destination
for AgB identified in this work was the acidic organelles in endolysosomal system, i.e., the late
endosomes, the lysosomes and the product of their fusion, the endolysosomes. These compo-
nents form the degradative branch of endocytic pathway, so as consequence of internalization,
AgB could be degraded. However, there are intersects between the endolysosomal system and
both the secretory pathway and retrograde transport to other organelles [34]. Multivesicular
bodies (MVBs), for example, are derived from late endosomes and generate exosomes, that in
turn, are released to extracellular milieu upon fusion of MVBs with the plasma membrane
[47]. The MVBs could be a route of escape from degradation and redirection to secretion as
exosome cargo [48]. However, we cannot exclude the possibility that the consequences of AgB
presence in the endolysosomal system may be different according to the target cell. A more
deep investigation is necessary to clarify if AgB goes to lysosome for degradation, or if it could
escape and follow to secretory pathways with further exocytosis and return to parasitic tissues.
Additionally, AgB-cell interaction may be a mechanism used by the parasite to create a more
permissive microenvironment for metacestode development and survival. AgB presence in
cytoplasm could interfere with cell metabolism, generating molecules and/or signals beneficial
to the parasite.

Previous work showed AgB binding to macrophages induces a non-inflammatory pheno-
type, probably resultant of signaling through cell receptors [23]. In this work, we found that
macrophages could also internalize AgB particles, expanding the possibilities on how AgB
could modulate the immune response and influence the signalization towards non-inflamma-
tory or alternative pathways. After endocytosis, AgB may access different cell compartments
and interfere in cell processes related to immune activity as phagocytosis, antigen presentation,
cytokine secretion, vesicles trafficking, etc. Similar mechanisms of immunoevasion were
found in others helminth parasites. In Fasciola hepatica a cathelicidin-like protein was
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described to bind lipid rafts, and after internalization, to divert macrophages function by sup-
pressing lysosomal activity and, consequently, interfering with antigen presentation [49].
Sm16 of Schistosoma mansoni, an oligomeric protein with membrane binding capacity, is
quickly uptaken by macrophages, but after that is retained in early endosomes, delaying traffic
to lysosomes and processing [50,51]. Retention in endosomes might mediate sequestration of
essential TLR signaling machinery blocking stimulation of specific TLRs [51].

Like AgB, cestode HLBPs are involved in parasite lipid homeostasis and immunological
process [6,52]. Thus, further investigations on the cellular and molecular effect of HLBPs on
host cells are important steps to improve the understanding of the parasites biology and dis-
ease progression. It will be important to analyze AgB interaction with host-derived cells to
confirm biological significance of caveolae/raft-mediated AgB endocytosis. Likewise, elucidat-
ing how the molecules sequestered by HLBPs become available to parasites cells will help to
identify potential targets for the treatment and control of cestodiasis.

Supporting information

S1 Fig. E. granulosus AgB purification. (A) Immunoblot to confirm AgB presence in HF sam-
ples. An aliquot of 100 pl from each collected hydatid fluid was resolved on 12% SDS-PAGE
and electrophoretically transferred onto a nitrocellulose membrane (lanes 1 to 8). A pool of
anti-AgB subunit purified IgGs was used as the primary antibodies. (B) 12% SDS-PAGE analy-
sis illustrating four independent AgB purifications, named 1 to 4. HF refers to hydatid fluid
after precipitation by sodium acetate (5 mM, pH 5.0), resuspended in PBS containing 20 uM
BHT. AgB refers to the samples eluted after immunoaffinity chromatography and concen-
trated to 1 ml final on Amicon Ultra-15 device. Aliquots of 10 pul were applied in the gel for
both HF and AgB samples. The typical ladder-like pattern of native AgB is observed. Arrow
indicates monomeric AgB. Arrowheads indicate AgB multimers. (C) BN-PAGE of immuno-
purified AgB. Samples (10 pg) from two independent purifications (1 and 2) were resolved on
4-20% BisTris/Tricine polyacrylamide gels and stained with Coomassie blue. The migration of
molecular mass markers is indicated on the left of the gel. Protein markers were bovine thyro-
globulin (669 kDa), bovine gamma-globulin (158 kDa) and bovine albumin (66 kDa).

(TIFF)

S2 Fig. E. granulosus AgB uptake by RH cells. Cells were incubated with 40 pg/ml of Dil-
labelled AgB for 4 h at 37°C. Images were acquired on a confocal microscope without cell fixa-
tion. Three different sections and orthogonal views (XZ and XY) for the intermediate section
(middle panel) are shown. White lines indicate position of orthogonal views in XY plane. Scale
bar, 10 um.

(TIFF)

S3 Fig. Endocytosis-mediated mechanisms are involved in AgB internalization. RH cells
were exposed to AgB at 4°C for 4h, then fixed with paraformaldehyde. AgB was labelled with
antibodies against subunits AgB8/1, 2 and 4 and an Alexa Fluor 488-conjugated secondary
antibody (green). Nuclei and cytoskeleton were stained with DAPI (blue) and Alexa Fluor
594-conjugated phalloidin (red), respectively. Scale bar, 10 um.

(TIFF)

S4 Fig. Effects of genistein and chlorpromazine treatment on Ctx-B and Tfn internaliza-
tion. RH cells were treated with 100 pg/ml genistein or 5 pg/ml chlorpromazine 30 min prior
to addition of Alexa Fluor 555-conjugated Ctx-B or Alexa Fluor 633-conjugated Tfn. Cells
were fixed in 4% paraformaldehyde and nuclei were stained with DAPI (blue). Ctx-B and Tfn
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are shown in red. Scale bar 10 pm.
(TIF)
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Fig S1.E. granulosus AgB purification. (A) Immunoblot to confirm AgB presence in
HF samples. An aliquot of 100 pul from each collddigdatid fluid was resolved on 12%
SDS-PAGE and electrophoretically transferred ontit@cellulose membrane (lanes 1
to 8). A pool of anti-AgB subunit purified IgGs wased as the primary antibodies. (B)
12% SDS-PAGE analysis illustrating four independsgiB purifications, named 1 to 4.
HF refers to hydatid fluid after precipitation bpdsum acetate (5 mM, pH 5.0),
resuspended in PBS containing 20 uM BHT. AgB retershe samples eluted after
immunoaffinity chromatography and concentrated tmllfinal on Amicon Ultra-15
device. Aliquots of 10 ul were applied in the get both HF and AgB samples. The
typical ladder-like pattern of native AgB is obsedv Arrow indicates monomeric AgB.
Arrowheads indicate AgB multimers. (C) BN-PAGE ofmunopurified AgB. Samples
(10 pg) from two independent purifications (1 ang v2ere resolved on 4-20%
BisTris/Tricine polyacrylamide gels and stainedhn@oomassie blue. The migration of
molecular mass markers is indicated on the lethefgel. Protein markers were bovine
thyroglobulin (669 kDa), bovine gamma-globulin (1EBa) and bovine albumin (66
kDa).
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Top section Intermediate section Bottom section

Fig S2.Cells were incubated with 4£g/ml of Dil-labelled AgB for 4 h at 37°C. Images

were acquired on a confocal microscope withoutfoadkion. Three different sections
and orthogonal views (XZ and XY) for the intermediaection (middle panel) are

shown. White lines indicate position of orthogowiaws in XY plane. Scale bar, 10

Control A|B

Fig S3. Endocytosis-mediated mechanisms are invotyé&n AgB internalization. RH

jum.

cells were exposed to AgB at 4°C for 4h, then fixath paraformaldehyde. AgB was
labelled with antibodies against subunits AgB8/lari 4 and an Alexa Fluor 488-
conjugated secondary antibody (green). Nuclei atak&eleton were stained with DAPI
(blue) and Alexa Fluor 594-conjugated phalloidied), respectively. Scale bar, 10 um.
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Fig S4. Effects of genistein and chlorpromazine tegment on Ctx-B and Tfn
internalization. RH cells were treated with 100 pg/ml genistein orpg/mi
chlorpromazine 30 min prior to addition of Alexaiét 555-conjugated Ctx-B or Alexa
Fluor 633-conjugated Tfn. Cells were fixed in 4% gfarmaldehyde and nuclei were
stained with DAPI (blue). Ctx-B and Tfn are showrreéd. Scale bar 1,0m.
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ABSTRACT

Cystic hydatid disease (CHD), or hydatidosis, gaeasitic disease caused by the larval
stage (hydatid) oEchinococcus granulosuasnd Echinococcus ortleppiA long-term
growth is characteristic of the chronic infectiomused by Echinococcusspp.
metacestodes, suggesting that diverse moleculahanexns are employed by the
parasite to ensure its survival and developmethigmost microenvironment. The hydatid
cyst is filled by the hydatid fluid, which contaisscretory products from the parasite as
well as from the host. Secretory products havenaportant role in the host-parasite
interplay, because they participate in processels as immunoevasion, nutrient uptake
and cell communication. Recent reports have hipkdig the importance of secreted
extracellular vesicles (EVs) in these processekelminth parasites. In this study, a
comparative analysis OE. granulosusand E. ortleppi EVs is provided. The EVs
population isolated from hydatid fluid by ultracefitgation, besides showing variable
sizes, were enriched in exosome-like vesicles (dtamaround 100 nmchinococcus
spp. EVs were internalized by a hepatocyte cedl (IRH)in vitro, confirming the EV
potential of host interaction in CHD. The proteoraialysis ofEchinococcuspp. EVs
revealed proteins mainly related to metabolic psees, binding and catalytic activity,
which could be essential for parasite infectionditidnally, we detected by RT-PCR
MRNAs of Antigen B, cyclophillin and glyceraldehy8eghosphate dehydrogenase,
indicating that this class of biomolecules are afdegrant ofEchinococcuspp. EVs.
The presence of EVs in the secretory products. @franulosuandE. ortleppipoint to

an important role for these structures in hostgtgacommunication. The study of the
EVs cargo molecules will help to shed some lighthia intricate molecular mechanisms

acting at host-parasite interface.

Keywords:Echinococcuspp., hydatid cyst, secretory products, extracailuésicles.
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INTRODUCTION

EchinococcugranulosusandEchinococcusrtleppiare aetiological agents of the
cystic hydatid disease (CHD), a neglected tropdiakase that imposes an economic
burden in developing countries associated to tiessel® in husbandry and medical
treatment of infected people (1. granulosusis globally distributed and the most
frequent species causing human CHD (2). South Araésian endemic or hyperendemic
region for E. granulosusand E. ortleppi especially in southern Brazil, Uruguay and
Argentina (3). The pastoral activities in thoseisag have great economic importance
and the high prevalence of these species in tlestlick represents a threat in terms of
both veterinary and public health (4).

E. granulosusaindE. ortleppiare cestode parasites with a life cycle depenaient
two hosts. The adult stage is a tapeworm that livése intestine of canids, the definitive
hosts, producing eggs that are released in thes.fdnéection of intermediate hosts,
mainly livestock species and humans, occurs afiggstion of embryonated eggs. Eggs
contain the oncosphere, which actively penetrégestestinal wall, and travels via blood
and lymphatic vessels to the target sites, mostigs and liver. CHD results from the
larval stage (metacestode or hydatid) developnmntthe viscera of the intermediate
host. The metacestode develops as a uniloculadétdike structure that contains
protoscoleces, the pre-adult forms infective todbgnitive host. The hydatid fluid (HF),
which is rich in products secreted by both the giggaand the host, fills the metacestode
internal cavity.

The identification of key factors produced and semt byEchinococcusspp.
during CHD is essential to the development of niesvdpeutics, by the identification of
potential intervention targets. CharacterizatiorEofgranulosusHF proteins has been
achieved by proteomic approaches in different ssi(b—7), and all indicate that HF is a
complex mixture resultant of an active host-paeasidss-talk. Recently, a work from our
group found a surprising proportion of proteins%@5without signal peptide, or other
known pattern of secretion, among the parasititgmme present in HF from fertile cysts
(containing protoscoleces). In addition, it wasdeviced that extracellular vesicles (EVS)
are part ok. granulosusdF, what would explain the presence of such ldaedgiproteins
among the excretory/secretory products (6).

EVs are membrane-delimited rounded structures ¢haty biomolecules and
could deliver them to cells other than that of tragin. It is accepted that EVs are

heterogeneous in size and composition, but two rgesp are commonly described,
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exosomes and microvesicles. Exosomes originate fintraluminal vesicles of
multivesicular bodies and have a diameter range3f-100 nm, while microvesicles are
up to 1um and originate following direct outward buddingoefl membrane (8).

It has been demonstrated that inter-cellular comaation by EVs is a ubiquitous
mechanism, and the production of EVs has emergeoh amportant secretory pathway
in parasitic biology (9). Increasing evidences shibat EVs secretion is part of host-
parasites interplay, where EVs are able to shptlasitic factors into host cells and to
alter host physiological processes (10-13). EVseted by the liver fluk&®pisthorchis
viverrini induce cholangiocytes to adopt a tumorigenic phgieo (13).Echinococcus
multilocularis, another important species frdathinococcugyenera, secretes EVs that
exert regulatory effects upon macrophamesitro (12). Recently, a characterization of
protein content of EVs isolated fraf granulosus$iF collected from sheep hydatid cysts
was published (14). The authors report a high abooe of peptidases, oxidoreductases
and lipid binding proteins in their exosomal pregtem, and suggest exosomes could be
considered as one of the main transporters ofaneé factors ift. granulosusgeVs are
important vehicles to nucleic acids too, especiatigulatory RNAs. miRNAs are the
nucleic acids most commonly found enclosed in ENd there is evidence that host
transcripts could be targeted by them (10, 15).

E. granulosusindE. ortleppiare phylogenetically related species and have some
sympatric distribution in South America. The molcucharacterization of related
species is essential to highlight the main genesems or others factors associated to
their survival strategies. The knowledge of thersttaand/or exclusive molecular
mecanisms employed by related organisms might toetfesign more effective control
strategies. In the present study, we collected reovertile hydatid cysts frontk.
granulosusand E. ortleppiand comparatively analyze the EVs present in theahidd
secreted by protoscoleces cultivaiadvitro. EVs morphological characteristics were
determined, protein profiles and some RNA cargoewdentified, and evidences for

Echinococcuspp. EVs interaction with host cells are shown.

METHODS
Biological material

Viscera containing hydatid cysts were obtained fraturally infected cattle at a
local abattoir (Sado Leopoldo, Rio Grande do SugzB). Animals were slaughtered in

the abattoir routine work, in conformity to Braaiti sanitary authority laws. After meat
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inspection, condemned infected viscera were taehd laboratory to dissecation. HF
was obtained by punction and aspiration of hydatidt, and then inspected for the
presence (fertile condition) or absence (infertlendition) of protoscoleces. Only
material obtained from fertile cysts containingtpsxoleces with viability over 80% was
used in this work.

A sample containing ~20 of protoscoleces from each selected hydatid wgst

used for species determination as previously desdr{16).

Protoscolecesn vitro cultivation

Protoscoleces collected frofn granulosusandE. ortleppifertile cysts, showing
>80% viability, were washed in sterile PBS contagnantibiotics (100 U/ml penicillin
and 100ug/ml streptomycin). To induce an activated statefgscoleces were treated
with 2 mg/mL pepsin for 20-30 min at pH 2 to mintiee contact with the digestive
enzymes of the definitive host. After pepsin treatitnthe evaginated protoscoleces were
kept in RPMI-1640 (Sigma-Aldrich) supplemented wit% exosome-depleted fetal
bovine serum (Gibco) for 3 days, with daily changkthe medium. The removed culture
supernatant from every day was saved, and at thefeultivation, pooled and subjected

to EVs isolation procedure.

Extracellular vesicles isolation

E. granulosusindE. ortleppiEVs were isolated by ultracentrifugation esselytial
as previously described (17). Firstly, HF and psotdex culture supernatant were
clarified by sequential steps of low speed cergation: 500x g for 10 min and 2,00Q
g for 20 min at 4 °C. Then, denaturated proteins padicles were removed by
centrifugation at 10,000 gfor 45 min at 4 °C. The supernatant was colleatadifiltered
through 0.22um membrane filter (Millipore). The filtrate was tatentrifuged at 120,000
x g for 130 min at 4 °C in Type 50.2 Ti rotor in a Ratann Coulter Optima-90K
ultracentrifuge. The sedimented material was cotafyle@essuspended in 3 ml of PBS
and ultracentrifuged again at 120,00Q for 70 min. From this point, the isolated EVs

were used as described specifically to each exgatim

Immunoblot
Immunoblot was carried out with 2 of proteins from HF EVs, total HF and

protoscolex total extract, all originated from mdual hydatids. EVs extract was
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prepared by ressuspending the ultracentrifugatiglfetpin 50-100ul PBS. Total HF
samples correspond to material prior ultracentafion. To prepare total extract,
protoscoleces in 50 mM Tris-HCI pH 8.0, 150mM Na®id 1% Triton X-100 were
sonicated five times for 30s with 1 min intervalbe resultant lysate was centrifuged at
14,000 rpm, 4 °C for 30 min. For all samples, thetgin content was estimated using
Micro BCA protein assay kit (Thermo Scientific).

Samples were resolved by 12% SDS-PAGE and traesfeanto PVDF
membranes (Hybond, GE Healthcare). The membranes lecked for 16 h with 5%
skimmed milk in PBS-T (PBS containing 0.1% Tween-&abbit polyclonal anti-rEg14-
3-3.1/3 (diluted 1:20,000 v/v) or anti-rEgEnolasdiluted 1:5,000 v/v), described
elsewhere (18, 19), were used as primary antibotlesseradish peroxidase (HRP)-
labeled anti-rabbit IgG (ECL, GE Healthcare) wasduas secondary antibody (1:7,000
v/v dilution). Antigen—antibody complexes were adéel with the ECL Plus Western
Blotting Substrate (Pierce) and imaged using thes&@oc imaging system (Bio-Rad).

Transmission electron microscopy (TEM)

Immediately after ultracentrifugation, EVs isolatébm individual HF or
protoscolex culture supernatant were ressuspenaésD iyl PBS and fixed in 2%
paraformaldehyde for 15 min at room temperaturemivar/carbon grids (300 mesh)
were deposited onto drops of fixed EVs for 20 nénids were washed by passages on
Milli-Q water drops, post-fixed in 2.5% glutaraldete, washed again and negatively
stained in 2% uranyl acetate. Images were recosdeglectron microscope JEOL JEM
1200 EXIL.

Immunogold

After paraformaldehyde fixing step, EVs from. granulosus HF were
permeabilized in 0.01% triton X-100 and blockedw&®6 bovine serum albumin (BSA).
Proteins were immunolabelled by incubating the gfdth anti-rEgEnolase (1:30 v/v
dilution) or anti-rEg14-3-3.1/3 (1:80 v/v dilutiordt room temperature for 3 h. After
washing with PBS, the grids were incubated witm@bgold-conjugated Protein G (1:20
v/v dilution) (Electron Microscopy Sciences) atmotemperature for 1.5 h. Samples were
post-fixed in 2% glutaraldehyde, contrasted andyaed as described above.
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Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was carriedt auth the ZetaView
equipment (Particle Metrix) to ascertain size dhstion of individualE. granulsousand
E. ortleppiHF EV preparations. In NTA, the Brownian motionpafrticles in solution is
related back to particle sizes and numbers, allgwigtter resolution of vesicle size and
concentration. Two EV preparations in 1 ml PBS soiu from each species was
analyzed. For each sample, videos with at leagptdEtions were taken and analyzed
using the ZetaView software with default settingfie minimum size was 5 nm,
temperature was 21 °C and conductivity was 408@m. Results represent the mean of

a representative video acquired for a given sample.

Extracellular vesicles interaction with mammalian ells
Cell culture

RH (rat Reubehepatoma) cells were cultivated in DMEM containit@so fetal
bovine serum, 100 U/ml penicillin and 106/ml streptomycin in a 5% COhumidified
environment at 37 °C. For the interaction assay,dehls were grown on sterile glass

coverslips in 35 mm Petri dishes containing 1.%frthedia.

Extracellular vesicles labelling
Echinococcusspp. isolated EVs were ressupended in {D@BS and protein

content was estimated using Micro BCA protein asstgThermo Scientific). Samples
of EVs, equivalent to 30-7g of protein, were labelled with M CM-Dil dye

(Invitrogen) for 1 h at room temperature. Dil i§@ophilic fluorescent dye, thus used to
label the vesicles membrane. EVs were washed inWwiBScentrifugation at 120,000g

for 90 min at 4 °C to remove unbound Dil.

Interaction assay
Dil-labeled EVs were added to the culture mediurRBfcells and incubated for

4 h. Cells were then washed in cold PBS and imntelgiamaged, or fixed in 4%
paraformaldehyde, stained with 100 nM 4’,6-diamiditphenylindole (DAPI) (Thermo
Scientific) for 20 minutes and then imaged. Thegesawere acquired using a confocal

microscope (Olympus FV1000).
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Mass spectrometry (MS)
EV samples selection

MS analysis of proteins from EVs isolated from H&syperformed in two sets of
samples, so-called EV isolates (EV/I) and EV pd@¥/P). EV/I set consisted of six
biological replicates for each species, i.e., e@@hpreparation was obtained from an
individual hydatid and separately analyzed by M$.least 40ug protein estimated
content was prepared for MS analysis. For the E3éf three EV preparations (11§
each) from individual hydatids were mixed to makmoal. Three pools for each species
were generated and separately subjected to MSsasaly

EVs isolated from protoscolex culture supernataatewalso subjected to MS
analysis. However, the protein contentSnortleppisamples was too low, precluding
further analysis. Then, a unique sample of protesc&Vs fromE. granulosusthat
yielded 10Qug protein content, was analyzed with technical iapes.

For all samples, the protein content estimation wasied out with the Micro
BCA protein assay kit (Thermo Scientific).

Trypsin digestion and MSanalysis
EV samples in PBS were mixed with equal volume.a¥®RapiGest SF (Waters)

and sonicated at 30 W setting, in 3 cycles of BQlse and 1 min interval. Proteins were
reduced and alkylated in 5 mM DTT (dithiotreitolnca 10 mM iodoacetamide,
respectively. Tryptic digestion was carried outronght at 37 °C using 1:30 proportion
of Trypsin Gold, Mass Spectrometry Grade (Promegaljluoroacetic acid (TFA) was
added to the samples and RapiGest SF was remogediar to the procedure specified
in the manufacturer's manual. The peptide mixtunese desalted in OASIS HLB
Cartridges (Waters) and lyophilized using a vacuyophilizer.

Tryptic digested samples were analyzed by LCEMSing a nanoACQUITY
UPLC and a Xevo G2-XS Q-Tof mass spectrometer (Whteith a low-flow probe at
the source. Lyophilized samples were resuspend@d. ¥ formic acid and separated on
an Acquity UPLC BEH C18, 1 {dm, 2.1x 50 mm analytical column (Waters). To ensure
that all samples in a defined set (EV/I or EV/PYyavimjected with the same amount into
the columns, stoichiometric measurements basedartisg runs of the integrated total
ion account (TIC) were performed prior to analyBigptides were eluted from the column
at a flow rate of 8 pl/min, using a 90 min lineaadjent from 7 to 85% water/ACN 0.1%

formic acid. All data were collected in data-indegent M$ mode of acquisition. The
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MS survey scan was set to 0.5 s and recorded ffbto 2000 m/z. MS/MS scans were

acquired from 50 to 2000 m/z, and scan time waoskts.

Database searching and quantification
For proper spectra processing and database segudnditions, the Protein Lynx

Global Server v.3.0.3 (PLGS) (Waters) was usedtike@nd fragment ion tolerances
were determined automatically (approximately 10 @3dppm, respectively) by the
program and the maximum allowed missed cleavagesrypsin were up to one.
Carbamidomethylation of cysteines was specifiea@ éiged modification, whereas the
oxidation of methionine was specified as a variabtalification. Protein searches were
performed against the deduced amino acid sequdraasthe E. granulosusggenome
assembly (PRJEB121) version WBPS9, available at nvBase ParaSite

(http://parasite.wormbase.qrgpr the Bos taurus protein sequences obtained from

UniProt/Swiss-Prot. The databases used were ral/enseé appended to their original
database to assess the false discovery rate (Fixitigddentification. FDR was set to
4% at the protein level of the identification algom. Results were filtered to a minimum
of 2 peptides per protein.

For relative protein quantitation of EV/P samptég, PLGS v.3.0.3 software was
used with the IdentityE algorithm using the Top3tmoeelology. The intensity of each
peptide was normalized against the intensity valupeptides of the protein Antigen 5
(EgrG_000184900), which was the protein identifredll EV/P samplesH. granulosus
and E. ortlepp) with a coefficient of variation of zero. The qusative results were
additionally filtered to include only proteins deted in at least 2 out of 3 replicates from
each species. Protein relative abundances wererpgeesby the PLGS as a probability
(P) of up- and down-regulation in calculated raiaosong the two species. A protein was
considered up-regulated when P >0.95 and down-aiggilvhen P <0.05.

Extracellular vesicles RNA analysis
MRNA extraction and cDNA synthesis

Ultracentrifugated EVs fronk. granulosusand E. ortleppi HF were directly
ressuspended in 1 ml TRIzol (Invitrogen). Aliquats1 mL of the HF pre and pos
ultracentrifugation were lyophilized and ressusgehth 1 ml TRIzol. The samples in

TRIzol were frozen in liquid nitrogen and kept &2C until the RNA extraction.
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Total RNA was extracted following the manufactusemstructions. Isolated
RNA was treated with RNase-free DNase | (Sigma-&lgrto remove genomic DNA,
and then used to first-strand cDNA synthesis udyILV Reverse Transcriptase
(Invitrogen) and oligo (dT} as anchor primer. Each RNA sample was dividedvim t
parts, one half was used to effectively synthesizdA and other half was used for RT(-

) reaction, where no reverse transcriptase wasdadde

RT-PCR analysis
Transcripts of genes coding for Antigen B subu(gB1 to 5) glyceraldehyde-

3-phosphate dehydrogenas@APDH) and cyclophillin CYP-1) were amplified with a
set of primers previously described (20). Synthe$izDNA (1uL) was used as template
for PCR in the following reaction mixture: Ou of each primer, 1.5 mM Mggl 200
uM dNTPs, PCR Buffer (20 mM Tris-HCI pH 8.4, 50 mMCK, 1 U Platinum Tagq DNA
polymerase (Invitrogen), and MilliQ water in a fimaaction volume of 2iL. The RT(-

) reaction was included to confirm the absencesabgnic DNA. The RT-PCR conditions
were as follows: initial denaturation at 94 °C ®min, followed by 35 cycles with
denaturation at 94 °C for 1 min, annealing at 6G6C45 s and extension at 72 °C for 1
min, and at the end, a final extension step atG 2ot 10 min. The amplified products

were analyzed by electrophoresis in 2% agarose gels

RESULTS
Extracellular vesicles isolation and morphologicatharacterization

E. granulosusand E. ortleppi HF and protoscolex culture supernatant were
subjected to a differential centrifugation prototmlisolate EVs. The isolated material
was prepared to analysis by TEM and images showprissence of spherical structures
characteristic of EVs (Fig 1). Most of observedisles showed diameters around 100
nm, in accordance with the expected size for exeslike vesicles. However, in some

images, vesicles around 50 nm or larger than 15@menmoticeable (Fig 1 and S1).
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Figure 1. TEM analysis dEchinococcuspp. extracellular vesicles. EVs isolated frBrrgranulosugA)
and E. ortleppi (B) hydatid fluid (HF) and protoscolex culture supatant (PSC), were adsorbed onto
formvar/carbon grids and contrasted with uranytaiee The scale bar indicates 100 nm.
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A NTA was performed to estimate the size distribtwithin EV preparations
from E. granulosusand E. ortleppi HF. In agreement with TEM analysis, different
diameter sizes were detected, including small bke80 nm, and diameters higher than
200 nm. The major subpopulations of vesicles wetenated by NTA with a mean
diameter of 100 nm foE. granulosusand 118 nm folE. ortleppi indicative of an
enrichment of exosome-like EVs in our preparati@specially irE. granulosugFig 2).
The most represented diameter of 118 nnk.irortleppi might indicate a significant
production of microvesicles in this species, howebecause is a minimal difference,
future investigations using fractionation by depgtadient are necessary to clear this
issue. Altogether, TEM and NTA results indicate thehinococcuspp. isolated material
probably contain different types of EVs, includiexpsomes and microvesicles.
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Figure 2. Nanopatrticle tracking analysis of exthatar vesicles from (AE. granulosugand (B)E. ortleppi
HF.
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Enolase and 14-3-3 proteins are extracellular vedeccargoes irkE. granulosusand E.
ortleppi

Previous studies revealed the presence of prol@ikéng signal peptide among
E. granulosussecreted proteins, and our group has studied sbthem in detail, such
as enolase and 14-3-3 proteins (18, 19). The pceseinenolase and 14-3-3 proteins in
EV samples fromE. granulosushas been demonstrated (6). Here, we performed
immunoblot assays with EVs from both spedtegranulosu@andE. ortleppiin parallel
In that way, we demonstrate enolase and 14-3-Zimofre also present i ortleppi
EVs (Fig 3A).

In order to demonstrate unequivocally that enokas 14-3-3 are secreted into
EVs, the immunogold technique was applie&€irgranulosusamples. EVs were fixed
and permeabilized, then incubated with primary aties specific tde. granulosus
enolase or 14-3-3.1/3 and protein G gold-conjugai&M images obtained show the

gold particles associated to vesicles (Fig 3B).

A
HF EV () HF  EV (+)
Enolase o -_— L — “ w—
14-3-3 | - e
E. granulosus E. ortleppi
B 14-3-3 Enolase

Figure 3. Enolase and 14-3-3 proteins are cargd=diinococcusspp. extracellular vesicles. (A)
Immunoblot using anti-rEgEnolase and anti-rEg14-B3to probe extracellular vesicles (EV) and hidlat
fluid (HF) extracts obtained from a cyst of theicaded species. Positive controls (+) are protascol
extracts. (B) TEM images showing immunolabelledaoellular vesicles frork. granulosusLabelling
was done by using anti-rEgEnolase and anti-rEgB4t8 as primary antibodies and protein G gold-
conjugated (15 nm) as secondary. The scale baatedi 100 nm.

Enolase immunogold labelling was observed in EVditbérent types, exosome-
and microvesicle-like, whereas 14-3-3.1/3 immunddabelling was detected only in

exosome-like EVs. These results agree with the tdaaEVs might be the secretory
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pathway to enolase and 14-3-3, but also suggestathaiving processes may exist to

include the proteins in different types of EVs.

E. granulosus and E. ortleppi extracellular vesicles are internalized by hepatodes
EVs are involved in inter-cellular communicatiordaare able to reach tissues at
long distances. Therefore, parasitic EVs couldychromolecules and deliver them to
host cells. Hence, we evaluate interactiofeofjyranulosusandE. ortleppi EVs with a
hepatocyte cell line (RH). EVs were isolated frofa &hd labelled with WM CM-Dil.
RH cells were incubated with Dil-labelled EVs at €7 for 4 h, then washed and fixed.
Further imaging by confocal microscopy showed Ekésence in cell cytoplasm in close
proximity to the nucleus, indicative of internalime by endocytic mechanisms (Fig 4).

E. granulosus E. ortleppi

Figure 4 Echinococcuspp. EVs are internalized by RH cafisvitro. EVs isolated from hydatid fluid were
labelled with the cell tracker CM-Dil. Then, Dildalled EVs were incubated with RH cells for 4 hli€e
were further fixed with paraformaldehyde and thelaiuwere stained with DAPI. Images correspond to

medianz sections obtained by confocal microscopy at 600gmifiation

To verify whether EVs were in fact internalized Rif cells or just associated to
the membranes, the interaction assay was repeadetth@ cells were imaged without the
fixing step to preserve cell structure. In additidrecause we cannot exclude the
possibility that host EVs are also present in Hig EVs isolated fronft. granulosus
protoscolex culture supernatant were used toonalyaing different planes of confocal
series, bottom, median and top, we observed a higitensity in median sections,
confirming that both HF and protoscolex EVs wergide the cells (Fig S2). Thus, we
confirm that the parasite’s EVs are internalizedR#y cells. These results suggest that
Echinococcuspp. EVs might interact with host cells in CHD.
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Protein profiles of EVs isolated fromE. granulosus and E. ortleppi HF

In this study, we applied LC-M3o identify the repertoire of EVs protein
granulosusandE. ortleppinatural bovine infection, and provide a comparasinalysis
of these EV protein repertoires.

Firstly, we described the EV proteins fér granulosusaand E. ortleppithrough
the analysis of samples obtained from six individuatacestodes for each species, the
EV/lI samples. Overall, we were able to identifyatfl 40 non-redundant proteinsin
granulosusand E. ortleppiEVs, respectively. Nevertheless, for both speciesfaund
very variable intraspecific protein profiles by goaning the individual EV/I samples, i.e.,
the biological replicates. In fact, a high propamtiof proteins, 69% iE. granulosus
dataset and 62.5% & ortleppidataset, were identified only in one EV/I samflal{les
1 and 2). We believe the observed variability ambimajogical replicates is naturally
occurring in the isolated EVs and it is not a latidn in the MS design.

Considering only proteins identified in at leagilt® of 6 samples in each species,
Antigen 5, cathepsin D lysosomal aspartyl protetesetin heavy chain, polyubiquitin,
poly(u) specific endoribonuclease and tetraspamreviound in botle. granulosusand
E. ortleppi An expressed protein was exclusively identifiadei granulosuswhile
basement membrane specific heparan sulfate andelylaed alpha linked acidic

dipeptidase proteins were exclusively identifiedEirortleppi(Tables 1 and 2).
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Table 1. Parasite proteins identifiedEngranulosugxtracellular vesicles.

Protein details EV/T Samples
EGR1 EGR2 EGR3 EGR4 EGR5 EGR6

Gene ID Description 1=10 n=10 n=13 n=9 n=9 n=19

EgrGG_000184900 Antigen 5

EgrG 000970500 Cathepsin D lysosomal aspartyl protease
EgrG_000315600 Expressed protein
EgrG_000382200 Ferritin heavy chain
EgrG_000516500 Polyubiquitin

EgrG 001132700 Poly(u) specific endoribonuclease
EgrG_000355700 Tetraspanin

EgrG 000355800 Tetraspanin TSP1
EgrG_000190400 Actin-3

EgrG 000472800 Histone H2B (inferred by orthology to a S. mansoni protein) -
EgrG 000142500 Major vault protein (inferred by orthology to a human protein)
EgrG 000453900 Syndecan binding protein syntenin

EgrG_000704400 Lysesomal alpha mannosidase

EgrG_000789900 Beta mannosidase

EgrG 000880000 Laminin subunit beta

EgrG 001132400 Laminin

EgrG_000143500 Lysosomal alpha glucosidasc

EgrG_000343000 Neurogenic locus notch protein

EgrG 000672500 U6 snRNA associated Sm protein LSm4
EgrG_000946800 Dynein light chain

EgrG 001061900 Expressed conserved protein

EgrG_ 001110500 Expressed protein

EgrG 001029500 N/A

EgrG_000530400 Amiloride sensitive amine oxidase

EgrG 000701800 Basement membrane specific heparan sulfate
EgrG_000144300 Collagen alpha 1V chain

EgrG 000144350 Collagen alpha 1(I'V) chain

EerG 002018100 NVA

EgrG 000887700 Ribosomal protein L40

EgrG_000381200 Tapeworm specific antigen B (AgB8/1)
EgrG_000381400 Tapeworm specific antigen B (AgB8/4)

EgrG 000057700 Prominin protein

EgrG 000834300 Tetraspanin family protein 16 invertebrate

EgrG 000721900 Expressed protein

EgrG_001032250 Aminotransferase class III; Ornithine aminotransferase
EgrG 000244000 Annexin

EgrG_000724500 Expressed protein

EgrG 000927700 Histone H2A

EgrG_000355000 Tetraspanin

EgrG_000791700 Thioredoxin peroxidase

EgrG_000413200 Tubulin alpha 1C chain

EgrG 000955100 Tubulin beta 2C chain

Gene ID for the Wormbase ParaSite, protein desenpind the number (n) of non-redundant proteins
identified in each biological replicate (EGR1 to &g listed. Filled cells means identification het
corresponding biological replicate. N/A: Non-anreth
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Table 2. Parasite proteins identifiedEnortleppiextracellular vesicles.

Protein details EV/T Samples
EOR1 EOR2 EOR3 EOR4 EORS EOR6
n=6 n=12 n=6 n=15n=27 n=6

Gene ID Description

EgrG_000184900 Antigen 5

EgrG 000970500 Cathepsin D lysosomal aspartyl protease

EgrG_000516500 Polyubiquitin

EgrG 000355700 Tetraspanin

EgrG 000701800 Basement membrane specific heparan sulfate

EgrG_ 001132700 Poly(u) specific endoribonuclease

EgrG_000908900 N acetylated alpha linked acidic dipeptidase

EgrG 000382200 Ferritin heavy chain

EgrG 000144300 Collagen alpha 1V chain

EgrG_000704400 Lysosomal alpha mannosidasc

EgrG_000355800 Tetraspanin TSP1

EgrG 001169400 Iron:zinc purple acid phosphatase protein

EgrG_000315600 Expressed protcin

EgrG_000381200 Tapeworm specific antigen B (AgB8&/1)

EgrG 001061900 Expressed conserved protein

EgrG_000406900 Actin-1

EgrG_000244000 Annexin

EgrG 000756700 Expressed conserved protein

EgrG 001018600 Expressed conserved protein

EgrG 000485800 H17g protein tegumental antigen

EgrG 001085400 Heat shock 70 kDa protein 4

EgrG_000624400 Phospholipid scramblase 3

EgrG 000194000 Glycogenin 1

EgrG_000142500 Major vault protein (inferred by orthology to a human protein)

EgrG 000085400 Mastin

EgrG 000144400 Abnormal EMBroygenesis family member emb 9

EgrG_000061200 Actin

EgrG 000524700 BRO1 domain containing protein BROX

EgrG_000144350 Collagen alpha 1(IV) chain

EgrG 000596300 Expressed conserved protein

EgrG_000198700 Four and a half LIM domains protein 3

EgrG 000684200 Lipid transport protein N terminal

EgrG 000217900 Lysyl oxidase

EgrG_001003150 N/A

EgrG 000920600 Pcptidyl-p@lyl c_is-trans isomerase (inferred by orthology to a
S. mansoni protein)

EgrG_001011700 Protein FAM188A

EgrG 000381400 Tapeworm specific antigen B (AgBg/4)

EgrG_000666500 Thioredoxin fold

EgrG 002019000 Universal stress protein

EgrG 000849600 Protcinasc inhibitor 125 cystatin

Gene ID for the Wormbase ParaSite, protein desenind the number (n) of non-redundant proteins
identified in each biological replicate (EOR1 to &g listed. Filled cells means identification het
corresponding biological replicate. N/A: Non-anrieth
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Gene ontology (GO) terms were assigned to the ipsotalentified in E.
granulosusand E. ortleppi EV/I sample sets, based on sequence similaritygusin
Blast2GO. The assigned ontologies at level 2 werg similar between the two species.
In the molecular function category, the terms bagdand catalytic activity gathered the
largest number of sequences. In the biological ggea@ategory, the terms with most
sequences associated were metabolic process, -sigglaism process and cellular
process. Protein categorization according to allabmponent showed a larger number
of sequences in cell and membrane categories, lpisolaflecting the intracellular
biogenesis of EVs (Fig 5).

Looking into level 3 of the above mentioned GO gatess we can notice, in both
E. granulosusand E. ortleppi,some subcategories potentially involved in uptakd a
metabolism of nutrients and protection from hosimume defenses: ion binding,
hydrolase activity and organic substance metalpobcess (Tables S1 and S2). Proteins
in ion binding subcategory included: ferritin heashain, lysosomal alpha mannosidase
and annexin, all present in the two species, asvloride sensitive amine oxidase and
aminotransferase class Il granulosusand iron:zinc purple acid phosphatase protein,
heat shock 70 kDa protein 4 and lysyl oxidade.iartleppi Proteins in hydrolase activity
subcategory included: lysosomal alpha mannosideshepsin D lysosomal aspartyl
protease and poly(u) specific endoribonucleasesentein the two species, also, beta
mannosidase and lysosomal alpha glucosidaBe gmanulosusand mastin and iron:zinc
purple acid phosphatase proteinEnortleppi.Proteins in organic substance metabolic
process subcategory included: Antigen 5, lysosormjjha mannosidase and
polyubiquitin, present in the two species, alsojl@amde sensitive amine oxidase, beta
mannosidase and aminotransferase classHI granulosusand peptidyl-prolyl cis-trans

isomerase and proteinase inhibitor 125 cystatiB.iortleppi.
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Figure 5. Gene Ontology analysis of parasite pnstddentified inE. granulosusand E. ortleppi
extracellular vesicles. EVs were isolated fromisdividual hydatid cysts for each species and tlo¢gins
were identified by mass spectrometry. Blast2GO wead used to retrieve the ontologies based on seque
similarity to the NCBI databank. The GO categoeekevel 2 for each major category: biological s
molecular function and cellular component, aredatikd in the graphs.
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HF contains host-derived molecules, so we reastradovine EVs could also
be present in our samples. Then MS results of E&ftiple sets were searched against a
B. taurusprotein database, allowing the identification of [@®teins inE. granulosus
EV/I set and 7 proteins i. ortleppiEV/I set (Tables S3 and S4). The variation among
the isolated samples (biological replicates) wasnemore pronounced than for the
Echinococcusproteins. In fact, one unique sample Bf granulosusallowed the
identification of 31 proteins, and from those, jAgiroteins were shared with some other
sample. In the other fivE. granulosusamples, the number of proteins identified was
much lower, ranging from 0 to 7 (Table S3). Regagdhe seven host proteins identified
in E. ortleppisamples, only one protein was found in more thansample (Table S4).

In order to compare the EV protein repertoireEofranulosusandE. ortleppi
and to define confidently the differentially abuntigroteins, we used a new set of
samples in a different approach. Pools of isol&¥d were prepared, the EV/P samples,
and only proteins identified in at least two outtlafee EV/P samples for each species
were included in the comparative analysis. A grouigl different parasite proteins was
identified, where 11 proteins were shared betwéentwvo species, 28 proteins were
exclusive ofE. granulosusand only 2 proteins were exclusivetfortleppi(Fig 6 and
Table S5). The bovine proteins identified in the/E\sample sets are described in
Suplementary Table S6, but they were not analyeeduse no protein met the inclusion

criteria.

Figure 6. Venn diagram of parasite proteins idediin pools of extracellular vesicles isolatednfr&.
granulosusandE. ortleppihydatid fluid.

Amongst theechinococcuspp. shared proteins, 8 were found with highetikaeda

abundance ifE. granulosusbasement membrane specific heparan sulfate, psth®
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lysosomal aspartyl protease, lysosomal alpha maaeses ferritin heavy chain, iron:zinc
purple acid phosphatase protein, poly(u) spectidogibonuclease, tetraspanin and an
expressed protein. The remaining 3 proteins, Antigecollagen alpha 1(1V) chain and

collagen alpha 1V chain, were similarly abundarttath species (Table 3).

Table 3. Analysis of relative abundanceEofortleppi(EO) andE. granulosugEG) shared proteins.

Gene ID Description Score Elg:t?cf; Variance ll{;)t%f) EOPaE G
EgrG_000184900 Antigen 5° 57227.38 - - - -
EgrG 000701800 Basement membrane specific heparan sulfate 14168.82  0.844 1.07 -0.25 0.00
EgrG 000970500  Cathepsin D lysosomal aspartyl protease  12469.94  0.684 1.15 -0.55 0.00
EgrG 000144350 Collagen alpha 1(IV) chain 3584.11 1.116 1.17 0.14 0.89
EgrG 000144300 Collagen alpha 1V chain 5164.52  0.905 1.14 -0.14 0.11
EgrG 000315600 Expressed protein 11655.54 0.278 1.60 -1.85 0.00
EgrG 000382200 Ferritin heavy chain 20280.66 0.038 1.16 -4.73 0.00
EgrG 001169400  Tron:zinc purple acid phosphatase protein ~ 2491.62  0.741 1.39 -0.43 0.04
EgrG 000704400 Lysosomal alpha mannosidase 3388.69  0.361 1.23 -1.47 0.00
EgrG 001132700 Poly(u) specific endoribonuclease 2517.64  0.527 1.40 -0.92 0.00
EgrG_000355700 Tetraspanin 11237.37 0.244 1.17 -2.03 0.00

Gene ID for the Wormbase ParaSite, protein dessnpPLGS score, ratide( ortleppiE. granulosusand

its respective variance and Lognd the probability (P) of up or down regulatare listed.

A P < 0.05 identifies proteins less abundantEinortleppithan inE. granulosuswhereas a B 0.95
identifies proteins more abundant.

bProtein present in all samples@fgranulosusindE. ortleppi with zero variance. It was used to normalize
the data.

Protein profile of EVs isolated from culture superratant of E. granulosus
protoscoleces

Protoscoleces obtained from oBegranulosusand onekE. ortleppihydatid cyst
were treated with pepsin and kept at 37 °C fory&deith daily changes of the medium.
The removed culture supernatant from every day p@sed and subjected to EVs
isolation procedure. Unfortunately, the yield of £WMomE. ortleppiculture supernatant
was too low, impairing the use of that sample Far proteomic analysis. Therefore, the
LC-MSE analysis was conducted only for tEe granulosussample, where 90 non-
redundant proteins were identified (Table S7). @atale comparisons of EV protein
repertoire from protoscoleces with that of the HFe.( EV/I plus EV/P unique
identifications) show only a partial overlap. O&th32 total unique proteins, 15 (11.3%)
were shared betwedn granulosugprotoscolex and HF EVs (Fig S3). This observation

suggests that EV protein composition is modulatedgE. granulosusife cycle.
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The gene ontology analysis (level 2) by Blast2GOwstd a protein categorization
very similar to that of HF EVs (Fig 7). In moleculfanction category, the majority of
proteins were associated to the terms binding atalytic activity. Regarding to the
proteins assigned under biological process categoogt of sequences were associated
to single-organism process, cellular process agdlilation terms. As expected, the
assignments to cellular component category showaayrsequences associated to cell
and membrane terms. Altogether, these findingsesstggat the EVs protein composition
is modified alongE. granulosuslife cycle, but the main molecular and biological
functions played by them are quite similar.

Analyzing GO subcategories (level 3), it can beigeat that the terms
establishment of localization, regulation of celluprocess and cellular response to
stimulus gather a large number of sequences (T@B)e The assignments to those
subcategories included proteins potentially invdlireEVs biogenesis, such as: Ras and
Rab proteins, syntaxin binding protein 1, vacuglartein sorting associated protein 4A,
vesicle associated membrane protein and ATP binchsgette subfamily B. In addition,
proteins that might be related to protoscolex distatment and development were also
associated to those subcategories, such as: pHigseoD, fatty acid-binding protein
homolog 1, phospholipid transporting ATPase IIBJus® carrier family 5, anion
exchange protein 3 and neutral amino acid tranepéut
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Figure 7. Gene Ontology analysis of proteins iditiin extracellular vesicles fror&. granulosus
protoscoleces. EVs were isolated from a protoscoldture supernatant and the proteins were ideadtifi
by mass spectrometry in technical duplicates. Bfag tool was used to retrieve the ontologies based
sequence similarity to the NCBI databank. The G@guaries at level 2 for each major category: bimaly
process, molecular function and cellular componam,indicated in the graph.

E. granulosus and E. ortleppi extracellular vesicles contain mRNA

An important feature of EVs is the ability to traost different classes of
biomolecules. Therefore, we next ask whether RNAresent irE. granulosusandE.
ortleppi EVs. The EVs isolated by ultracentrifugation weresuspendend in TRIzol and
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proceeded to total RNA isolation. Quantification Qubit fluorometer or Nanodrop,
however, were not able to detect RNA in our firaingles. Although the presence of
regulatory RNAs and mRNAs in EVs are well estaldlil5, 21), most studies report
absence or minor amounts of ribosomal RNA (8). Then rationalized that recovered
RNA could be in too low quantity to be detectedtihgse quantification techniques, and
decided to search specific mMRNAs by RT-PCR. Finstrel cDNA was synthetized from
total isolated RNA and PCR was carried out usingh@rs for genes with expression
patterns known ite. granulosusnetacestodeAgB gene familyGAPDHandCYP-1 E.
granulosusandE. ortleppisamples showed equivalency regarding positive ifiocgilon,
that was obtained for all genes excagB5(Fig 8). AgB5has already been described as
less expressed . granulosusnetacestode stage (20, 22).
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Figure 8.E. granulosusand E. ortleppiextracellular vesicles contain mRNA. Total RNA wadracted
from HF extracellular vesicles and transcripté&\gB1-5, CYP-AndGAPDHgenes were identified by RT-
PCR. PCR was performed with synthesized cDNA amdréspective RT- reaction. (A) Amplification
products ofAgB1 (lanes 1 and §)AgB2(lanes 2 and 7)AgB3(lanes 3 and 8)AgB4(lanes 4 and %nd
AgB5(lanes 5 and 10). (B) Amplification products@YP-1(lanes 1 and 3) andAPDH (lanes 2 and 4).
M: molecular weight; size in base pairs is indidatie the right.

RNA isolation, cDNA synthesis and RT-PCR were gsdormed with complete
HF (pre-ultracentrifugation material) and supernatafter ultracentrifugationAgB1,
AgB3andAgB4gene transcripts were detected in complete HFotf bpecies, whereas

AgB2transcripts were detected only in complete HEE ofranulosugFig S4A and B)
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CYP-1landGAPDH did not produce visible amplification in compléi€& samples (Fig
S4C and D).

Even without a visible amplification fgkgB2in E. ortleppiHF, andCYP-1and
GAPDH in both E. granulosusand E. ortleppi HF, it was possible to detect the
amplification in the corresponding EV sample, ssgigg an enrichment of mMRNAS in
EV preparations. So, the amplificationAgB2, CYP-landGAPDHin EV samples can
be achieved because of the increase in the relptoymortion of these mRNAs resultant
of EVs isolation. Additionally, no amplification wabbserved for any gene tested in the
samples from supernatant after ultracentrifugation both species (Fig S4). The
depletion of tested mRNAs from HF after the ultracéugation procedure to isolate
vesicles supports the idea that these mMRNAs acziassd to EVSs.

DISCUSSION

Extracellular vesicles have been found involvea iplethora of activities, from
physiological to pathological processes. In pai@dielminths, the presence of EVs
generates many possibilities in terms of host ghggy modulation and it opens up an
important field of study at host-parasite interfa€¥s could transport factors involved in
immunomodulation, cell communication, nutrient Wata etc., contributing to the
establishment of chronic infections that are charatic in Echinococcusgenera.
Additionally, EVs are interesting to therapeutitenvention, because their components
have potential to spread throughout the host osgaiaind could be targeted to new drugs
and vaccines.

Previous works, in separate, have detected EVsHnfrbim cattle and sheep
hydatids (6, 14), but, regarding the EVs detectethe cyst from cattle, no extensive
characterization was done. In this work, the EVsewsolated from hydatids of natural
bovine infections with two CHD aetiological agerEsgranulosusindE. ortleppi Then,
EVs were subjected to a comparative analysis asuprdo morphological and
compositional features.

The morphological evaluation, by TEM and NTA, shavtieat EVs population of
both E. granulosusand E. ortleppi are constituted by a multitude of sizes, but is
predominantly composed by vesicles around 100 ndiameter. Thus in concordance
with other flatworms EVs described in the literat(i 3, 15, 23).

Further, we demonstrate that proteins potentiaflyoived in host-parasite

interactions are secreted in EVs. Previous worksoby group have addressed the
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significance of enolase and 14-3-3 protein&irgranulosusbiology (18, 19). Enolase
and 14-3-3 have been found among the parasitefsteeg products, but the mechanism
of secretion was unknown. By usiBghinococcuspecific antibodies in immunoblot and
immunogold assays, we show that enolase and 14/3-3re secreted by EVs B
granulosusandE. ortleppi In fact, as in the study of Teichmann and co-waKe015),
our immunoblot did not detect 14-3-3.1/3 proteincomplete HF fronk. granulosus.
However, 14-3-3.1/3 were detected in the EV sanglehably as a result of the increase
in the relative proportion of these proteins af#&f isolation, corroborating that 14-3-
3.1/3 are EVs protein cargo.

Interestingly, immunolocalization studies found kise and the four isoforms of
14-3-3 associated to tegument of protoscoleces,l#s3-3.4 and enolase were detected
in laminated layer of the cyst wall (18, 19). Theminated layer is an acellular,
carbohydrate-rich sheath delimiting metacestodecgitre and in close contact with host
tissue. Likewise, when protoscoleces are ingesgatidodefinitive host, the tegument is
in direct contact with the host organism. Secrebbenolase and 14-3-3 in EVs could
aid in their functions by protecting them from dadgition by host proteases. Furthermore,
these findings indicate EVs may be secreted towautisde parasite’s tissues to deliver
molecules acting in interactive processes withhibe&t.

Interaction and modulation of host responses bagithe EVs is reported for
different parasited=chinostoma caprortVs are incorporated into intestinal cells in a
time-dependent and metabolically dependent mamnest likely by endocytosis (23).
EVs secreted by the carcinogenic liver flu®pistorchis viverriniare promptly uptaken
by cholangiocytes and induce cell proliferation)(18n important virulence factor of
Leishmania majgrGP63, is detected in the cytoplasm of host d&dr anteraction with
EVs (24). Here, we demonstrate that EVs secretdtidoynetacestode into hydatid fluid,
and by protoscoleces in culture, are internalized hepatocyte cell line. Internalization
was observed at cell cytoplasm with concentratigdhefluorescent puncta in perinuclear
region, suggesting that EVs may enter cells throegdocytic pathway (25). The
perinuclear area usually contains the recyclingosathes that connect endocytic and
exocytic pathways by receiving internalized molesufrom early endosomes, and
returning them to the plasma membrane, or driviment to another appropriate cell
compartment (26). Following endocytosis by hosliscéheEchinococcuspp. EV cargo
might be delivered to any cell organelle or suludatlcompartment to exert its biological

role.
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We identify in EVs fromE. granulosusand/orE. ortleppi proteins or protein
families that have been also described as compoofeBVs in other studies with
platyhelminths (15, 23, 27), including a study wiN's from E. granulosushydatids
infecting sheeps (14). This supports the denomanatif these proteins as EV cargo.
Among these proteins are membrane proteins (promimtraspanin, ATP binding
cassette subfamily B and basement membrane spedigparan sulfate),
structural/cytoskeleton proteins (actin and tubulextracellular matrix constituents or
ligands (laminin, collagen alpha 1 IV and V), hydses (alkaline phosphatase,
phospholipase D, beta mannosidase, lysosomal ahaimmosidase and lysosomal alpha
glucosidase) and regulatory/signaling proteins 343}-anoctamin, major vault protein
and abnormal EMBryogenesis family member emb 9).

Few proteins related to EV biogenesis and traffigkivere identified in the HF
datasets, just annexins, syntenin and BROX. Itagthvmentioning that some proteins
related to EV biogenesis were actually found in BN'&P sample, thus outside the criteria
for protein inclusion on that dataset. On the otiand, in EVs from protoscoleces this
group of proteins appears quite diversified, ancluided also several Rab and Ras
proteins, IST1, vesicle associated membrane protyntaxin binding protein 1,
endophilin A3, charged multivesicular body proteiasd vacuolar protein sorting
associated proteins.

Antigen 5 was by far the protein most uniformlyntiéed in the analysis of HF
datasets, it was found in every EV/I and EV/P sanpldicating an important role for
this protein in EV function and metacestode biologyntigen 5 is one of the main
components of hydatid cyst fluid, being widely usedconfirmation of CHD by
serodiagnostic methods (28, 29). It is a glycopnotemposed by 2 disulphide-bridged
subunits, of 38 kDa and 22—-24 kDa, encoded byglesgene. The amino acid sequence
of the 38 kDa subunit shows similarity to that efise proteases of the trypsin family
(30). The smaller subunit binds calcium and possessglycosaminoglycan-binding
motif that appears to be responsible for the oleskbinding of Antigen 5 to heparin.
This domain may provide interaction with cell sedaand the extracellular matrix (31).
Antigen 5 is localized mostly extracellularly andhas been rarely found within cells, but
when it occurred, it is associated with small viesiand internal membranes (32). The
presence of Antigen 5 in the cell vesicular sysagmees with our findings that this protein
iIs an EV cargo because the exosome formation psocescurs in the

vesicular/endomembrane system.
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Interestingly, peptidases (N acetylated alpha lin&eidic dipeptidase, cathepsin
D and L) were identified in HF datasets but nopiatoscolex dataset. In fact, cathepsin
D lysosomal aspartyl protease was one of the mr®teonsistently identified in HF
datasets from botliE. granulosusand E. ortleppi. Proteases are important virulence
factors expressed by several parasites and ardynaamnployed to facilitate invasion
process and degrade host factors in order to oliatinents or to counteract immune
response. The cathepsin D-like peptidase has bien discussed as an antiparasitic
intervention strategy (33). Cathepsin D aspartgtgase plays an integral role in blood
degradation inSchistosoma mansomiroviding amino acids to the parasite (34). In
addition, Schistosoma japonicumecombinant cathepsin D was able to cleave human
proteins 1gG, complement C3 and alburmrvitro (35). Vaccination with recombinant
S. japonicuntathepsin D induces partial protection in mice égucing worm burden
(36). Additionally, it has been demonstrated thathepsin D increases the activity of
secreted plasminogen activators in breast canteéchvin turn would contribute to trigger
a proteolytic cascade facilitating cancer cell siga and metastasis (37). The interaction
of parasites with fibrinolytic system has a prombsae in infection. It is reported that
proteins secreted by pathogenic organisms aretaldeectly activate plasminogen or
bind to it facilitating conversion to plasmin byetendogenous plasminogen activator
system of the host. Proteolytically active plasnian degrade components of
extracellular matrices and help the parasites h@fpate and migrate through tissues (38).

A possible explanation for the difference obserirethe HF and protoscoleces
dataset regarding the presence of proteases cedultelinal location of the metacestode
and the adult worm in host’s body. The larval stageld employ proteases to facilitate
the migration through tissues until it reaches Ither and lungs. Once the parasite is
established, the proteases might act in the renmgdelf the surrounding tissues to
facilitate growing, and making amino acids avaiald the metacestode nutritional
requirements. Meanwhile, protoscoleces are oralfyested and passively reach the
intestine, where it can fixate and develop intoddalt worm. At the intestine, plenty of
nutrients are available as result of the host'eslige enzymes activity. In this way, the
proteases would be more required by the larvakestag—41).

N acetylated alpha linked acidic dipeptidase (NAAdase: EC 3.4.17.21; also
known as glutamate carboxypeptidase Il and folgtdiase) was exclusively identified
in E. ortleppiEV/I samples in our studNAALADase is better characterized in human

nervous tissues, where it modulates glutamatergiaratransmission through its
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carboxypeptidase activity against neuropeptide NARNGacetylaspartylglutamate) (42,
43). However, NAALADase is also found in non-neurasues, where presents folate
hydrolase activity against polyglutamates (44). Bladogical role for NAALADase in
E. ortleppi excretory/secretory products is unknown. Whether tolate hydrolase
activity could be used bl. ortleppito obtain folate derivatives, which are necessary
purine and thymidine synthesis, or whether the @aypeptidase activity would be
employed to provide glutamate to the parasite naetiser investigation.

The analysis of the EV/I datasets showed a higlaliity in the protein profile
in both E. granulosusand E. ortleppi Even though many proteomic studies use the
identification in at least two samples as critéoi@alidate an identification, we choose to
show the proteins identified in only one EV/I sampbo. Those proteins appeared in
great proportion although we used six individuahpkes, thus it may be an inherent
feature ofEchinococcuspp EVs. The nature of the material used to isdlaeEVs in
this work (i.e. hydatid cysts obtained from natun&éctions) could be related to the high
variability in the protein content observed amongldgical replicates. Each hydatid
corresponds to an individual organism, dealing \thih host response and developing in
a specific context, so the EVs secreted may retleist context. Moreover, it is not
possible to know the age of the metacestode iretimésctions, and the EV composition
might change along parasite growing. The variabi¢gmn profile we found indicates the
EV content in these species is highly dynamic acduld be modulated along the course
of the infection.

The study of individual samples could reveal sutig&ils of the organisms, and
these individual attributes are important to thenptete understanding of the parasite’s
biology and the infection dynamic. However, the lgsia of pools of samples it is
necessary to define the commonly found moleculdschwconstitute the core of the
model. By using pools of new EV samples, we attexhpd establish the most common
proteins inE. granulosusand E. ortleppi EVs (the EV/P datasetsk. granulosusHF
derived EVs seemed to be more diverse in theirepraepertoire thai. ortleppiEVs.
Even the proteins shared between the two speciasdendency to be more abundant
in E.granulosusThis suggest that even though being species gloskited genetically,
E. granulosusand E. ortleppimight employ different molecular players to dealthe
host-parasite interface. It is said that ortleppi is better adapted to bovines as
intermediate host, and maybe the lower diversitig\hprotein content is a trait resultant

from this more specialized relationship (45). Néveless, EVs also contain nucleic

74



acids, especially miRNAs, which has been foundifiei@nt parasitic EVs and probably
have key roles in host-parasite relationship (8),44). A previous work has detected
MIRNASs in EVs of the cestod@saenia crassicepsndMesocestoides cortl5) however,
the RNA content oEchinococcusp EVs was not characterized yét.ortleppicould
use miRNAs as the main regulatory molecule, s&\ts would be richer in miRNAs in
detriment of the proteins, what would explain oomparative results where proteins in
E. ortleppiEVs were less abundant, as well as, less divedsifian irE. granulosu&Vs.

It would be interesting to investigate whether RNA diversity in EVs from these
parasites present an inverted pattern from thathgerve for the proteins.

The presence of mMRNAs in EVs frof. granulosusand E. ortleppi was
investigated in this work by RT-PCR with gene-spegrimers Transcripts for thé&gB
gene familyGAPDHandCYP-1were detected in both. ortleppiandE. granulosudiF
EVs. However, it was not possible establish if éhesolecules are selected to be
incorporated into EVs or if represent a “snapslodtthe transcriptional moment of the
metacestode. In addition, another crucial questitses: what is the function of this EV
MRNAs? Considering EVs are potentially internalibgchost cells, mMRNAs residing in
EVs could regulate or serve as templates for propeoduction (21). Translation of
exogenous exosomal mMRNA by recipient cells haveadly been demonstrated in a
mouse-human model of exosome interaction (48).é&fbeg, an interesting hypothesis is
that the host cell machinery could translate theagige mMRNAs, and then the coded
proteins would be promptly located at host’s tissuleere they could exert their role. A
new, comprehensive work will be necessary to ehteidhoth questions, if the mRNAs
are selected to be incorporated in EVs and if tteyd be translated by host cells.

Parasitic platyhelminthes employ a great divemsitstrategies to infect their hosts
and survive inside a body that is constantly tryimgliminate them. Recently EVs have
been added to the repertoire of mechanisms by wiacasitic platyhelminthes surpass
host-protective responses. EVs carry several midsqotentially able to interact with
host cells and adjust the microenvironment to kemieé parasitesEchinococcusspp
causes a chronic infection that can persist inrtermediate host for many years. The
noticeable variability in the EVs protein contertetted in this study could reflect the
Echinococcuspp ability of adjustment to the changes facedutjinout the persistence
of the infection. The use of more sensitive techagjto refine the findings described in
this work will aggregate information and help ta@tate theEchinococcuspp EVs

main factors and their biological roles. The idicdition of molecular players associated
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to EVs may lead to the discovery of valuable tagetherapeutic intervention that would

help to reduce the health and economic problenceded with CHD.
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Supplementary figures

.;.?.ﬂ i 1o Sl Bl P
Figure S1. TEM analysis showing
vesicles. EVs fronk. granulosuddF (A), E. ortleppiHF (B) andE. ortleppiprotoscolex
culture supernatan€] were adsorbed onto formvar/carbon grids, corgchgtith uranyl

Ty L

variable sizesEchinococcusspp. extracellular

acetate and imaged in an electronic microscope JEL 1200.

Bottom Intermediate To‘

Figure S2E. granulosu€Vs uptake by RH cells. Cells were incubated \Bithlabelled

Protoscoleces

Hydatid Fluid

EVs for 4 h at 37°C. Images were acquired on aamalimicroscope without cell fixation,

at 400x magnification. Three different sectionsafseries are shown.
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Protoscoleces
(90)

Hydatid fluid

Figure S3. Venn diagram of prote identified irtragellular vesicles isolated fro
granulosusHF and protoscolex culture supernatant. The 5Tepr® in hydatid fluid
correspond to the grouping of identifications fr&wi/l and EV/P samples.
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Figure S4. Analysis of mRNA presence in the makepi@ (HF) and pos (SND)
ultracentrifugation procedure to separate the BVandB, RT-PCR forAgB1(lanes 1
and 6),AgB2(lanes 2 and 7AgB3(lanes 3 and 8AgB4(lanes 4 and 9) andlgB5(lanes
5 and 10) gene€ andD, RT-PCR forCYP-1(lanes 1 and 3) an@APDH((lanes 2 and
4). A andC correspond to reactions usiig ortleppisamplesB andD correspond to

reactions usinge. granulosussamples.M: molecular weight; size in base pairs is

indicated to the left.
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3 DISCUSSAO GERAL E CONCLUSOES

O estagio larval dé&chinococcusspp. apresenta uma marcante capacidade de
persisténcia no hospedeiro, portanto, diferentesamsmos moleculares de interacéo
parasito-hospedeiro devem estar constantementedatuBmbora o cisto hidatico seja
protegido externamente pela camada laminar, exéstsagem de fatores do parasito para
o hospedeiro e vice-versa. Além disso, o desenvento do metacestdédeo no interior
de 6rgdos do hospedeiro intermediério cria um ramtziente de interacdo parasito-
hospedeiro, o qual deve ser precisamente regufadestudo da biologia basica de
Echinococcuspp. é necessario para revelar os elementos qiegzan ativamente dos
mecanismos moleculares na interface parasito-hespeg, por conseguinte, tem papel
central na sobrevivéncia do metacestodeo e parsiat@a infeccdo. Muitos desses
elementos compdem o fluido que preenche o cistiguido hidatico, e constituem o
conjunto de produtos de excrecao/secrecdo do fmarasi

Neste trabalho, buscou-se contribuir para a elgéolade mecanismos
moleculares atuantes na interface parasito-hospedgrando conhecimento acerca da
biologia deE. granulosu E. ortleppi no contexto da infeccdo com suas formas larvais.
Dois importantes produtos de excrecao/secrecaenesno liquido hidatico foram os
alvos do estudo: vesiculas extracelulares (EVsAetigeno B (AgB).

A presenca de EVs no liquido hidatico #e granulosusfoi demonstrada
recentemente (SANTO& al, 2016; SILES-LUCAS:t al, 2017), expondo um novo e
complexo campo a ser explorado. Como mecanismordarmicacao intercelular, as EVs
estdo envolvidas em inUmeros processos fisioldgieasmbém patoldgicos, tendo a
capacidade de transferir informacao tanto paralagldiferentes daquelas de origem
quanto para ceélulas de outro organismo. Essastedsticas sdo muito interessantes do
ponto de vista da interacdo parasito-hospedeirchidatidose cistica, pois fatores
produzidos pelo parasito poderiam ser direcionpaoa células do hospedeiro por meio
de EVs, onde também estariam protegidos de dedtadagliém disso, variados
mecanismos de interacdo parasito-hospedeiro poelefacditados pela secrecéo de EVs
em virtude da possibilidade de transporte de ditesepopulacdes de biomoléculas. De
fato, é o que tem sido demonstrado em diversoaltrab recentes, onde EVs produzidas
por helmintos parasitas interagem e sao interrddizgor células dos hospedeiros,
transferindo fatores de viruléncia, modulando @weta imune e regulando a expressao
génica do hospedeiro (BUCKet al, 2014; CHAIYADET et al, 2015;
EICHENBERGER; SOTILLO; LOUKAS, 2018; ZH#it al, 2016a).
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EmE. caproni,a injecdo de EVs do parasito em camundongos Baithiz uma
resposta balanceada Th2/T regulatoria, que rechtaogia associada a infeccdo em
desafios subsequentes e favorece a sobrevivéncpamsito (TRELISet al, 2016).
Tanto EVs liberadas pela filafBrugia malayicomo EVs dé&. japonicuninteragem com
uma linhagem de macroéfagas, vitro, e estimulam a via de ativacédo classica (proé-
inflamatoria) (WANGet al, 2015; ZAMANIAN et al, 2015). A administracdo de EVs
do nematoidéleligmosomoides polygyresn camundongos suprimiu a resposta inata do
tipo 2 e a eosinofilia induzida por um alergeno (BUet al, 2014). Além disso, os
autores mostraram que mMiRNAs contidos nas EVdHdeolygyrusreprimem uma
fosfatase (DUSP1), que é um regulador chave paspasta inflamatoéria contra ligantes
de receptores tipo Toll. A internalizacdo de EVs @pistorchis viverrini por
colangidécitos induz mudancas na expresséo de pastessociadas a endocitose, reparo
tecidual e cancer (CHAIYADEEt al, 2015).

A importancia de identificar os componentes de E¢$chinococcusspp. €
evidente, e no caso d& granulosuse E. ortleppi que no Brasil possuem distribuicéo
geografica sobreposta, pode gerar conheciment@n@as para a caracterizacdo da
patogenia causada por essas espécies. A analiEésdéeE. granulosus E. ortleppi
pode ajudar a identificar tanto marcadores moleeslaspecificos de cada espécie como
alvos terapéuticos comuns a ambas e a conhecenmselis estratégias de sobrevivéncia
no organismo hospedeiro. Em uma publicacdo préviaodso grupo, foram detectadas
EVs em liquido hidatico de cistos bovinoskElegranulosusporém a caracterizacéo de
seu conteudo nao foi realizada (SANTE&SL, 2016). Durante o desenvolvimento deste
trabalho foi publicado por outro grupo de pesqgaisaracterizagao protedOmica de EVs
de cistos ovinos dE. granulosugSILES-LUCASet al, 2017). Aqui, foi feita a analise
em paralelo de EVs das principais espécies causadiar hidatidose cistica no sul do
Brasil, E. granulosus E. ortleppi, utilizando-se material oriundo de infec¢cées nasura
em bovinos. De modo geral, os resultados destallraltoncordam com os resultados
de Siles-Lucagt al (2017), no entanto é preciso destacar que esteojproduziu um
namero maior de identificacdes, que pode ser tal@oorrente do procedimento
experimental ou equipamento utilizados, como pato o material biologico ser de
origem ovina. O desenvolvimento do cisto hidaticm eliferentes hospedeiros
possivelmente influencia o repertério de proteith@ad€Vs, podendo gerar um conjunto

maior quando em ovinos.
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A analise das proteinas que compdem as EVs dddidpalatico dde. granulosus
e E. ortleppi mostrou uma grande variabilidade entre diferentesséras bioldgicas
(amostras EV/I). Isso sugere que as EVs tém umtdpedinamico de proteinas, que
pode se ajustar ao longo da infec¢cdo conformeaessaelades do parasito. Mesmo assim,
algumas proteinas foram constantemente identificatdre as diferentes amostras
analisadas, entre elas: Antigeno 5 (Ag5h), catepBinisossomal, endoribonuclease
poli(U) especifica e tetraspanina. Essas protasi@iapotenciais marcadores de EV&de
granulosuse E. ortleppi,e sua recorrente identificacdo indica uma funefacionada a
processos constitutivos de sobrevivéncia do paragie por sua vez, as tornam também
alvos interessantes para drogas e vacinas.

O Ag5, juntamente com o AgB, € uma proteina imunagéencontrada em
grande quantidade no liquido hidatico (MUSIAdal, 1978). Sabe-se que 0 Ag5 possui
homologia com serino proteases da familia da trgpscontudo néo foi detectada
atividade catalitica nem ligacéo a inibidores degases, de modo que a fungéo bioldgica
do Ag5 permanece desconhecida (LORENZ@L, 2003). Portanto, futuros estudos para
a elucidacdo da funcdo do Ag5 sdo necessarios teibtorio para a definicdo de
possiveis estratégias utilizando essa proteina ewonale drogas ou antigeno vacinal.

A presenca da aspértico protease catepsina D résette pois essa classe de
proteinas ja foi proposta como alvo terapéuticovatnde de resultados obtidos com
outros parasitos, incluindo protozoarios, nematéagaatelmintos (SOJK#t al, 2016).

A catepsina D dé. japonicumfoi utilizada na imunizacdo de camundongos, 0 que
reduziu a carga parasitaria dos animais em até J8ERITY; MCMANUS;
BRINDLEY, 2001). PardNecator americanusima formulagdo vacinal contendo uma
aspartico protease recombinante esta sendo testalamanos (HOTEZt al, 2016).

Tetraspaninas sdo proteinas transmembrana encamtradm frequéncia
associadas a EVs devido ao seu papel na biogénedego das mesmas (ANDREU,;
YANEZ-MO, 2014; YANEZ-MOet al, 2015). As tetraspaninas atuam no recrutamento
das moléculas cargo dos exossomos por meio dedoitiioios, denominados TEM (do
inglés, tetraspanin-enriched microdomgjn presentes nas membranas celulares
(ANDREU; YANEZ-MO, 2014). Também ja foi demonstradoe as tetraspaninas
presentes na membrana de EVs sdo importantes pasaagao destas com células alvo
(CHAIYADET et al, 2015; NAZARENKOet al, 2010). Utilizando um antissoro contra
uma tetraspanina recombinante @e viverrini, Chaiyadetet al (2015) conseguiram

bloquear a internalizacdo de EVs deste parasitocptangiocitos. Sendo assim, o
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blogueio de tetraspaninas € uma estratégia pldysve inibir a interacdo de EVs com
células alvo, e consequentemente, interferir niccedas EVs. Tetraspaninas também tém
sido avaliadas quanto ao potencial vacinal. Emmultilocularisfoi demonstrado que
duas (TSP1 e TSP3) das sete tetraspaninas en@stradse organismo tem potencial
para uso como vacina (DAN& al, 2009, 2012). Erschistosoma mansori vacinacao
de camundongos com TSP1 e TSP2 causou significeshiedo da carga parasitaria e da
guantidade de ovos depositados no figado (TRAAL, 2006).

A relevancia biologica da endoribonuclease poli@gpecifica em platelmintos
ainda é desconhecida. Mas em relacéo as endorieasas de forma geral, sabe-se que
sdo fundamentais para processamento de extremi®adks mRNAs, maturacdo de
rRNAs e nas vias de interferéncia por RNA (ARRAIAN®Dal, 2013). Também h&
indicios de atividades relacionadas ao remodelameet estruturas celulares e a
regulacdo da resposta imune (AKIRA, 2013; R&R&l, 2014; SCHWARZ; BLOWER,
2014).

A participacdo de EVs em mecanismos de sobrevigéheiparasitos é bastante
clara, e enEchinococcusp. isso é corroborado pelo fato de proteinas que sendo
determinadas como componentes de EVs ja teremasidgoiormente relacionadas com
interacOes parasito-hospedeiro. O estudo dos coenpesde EVs ef. granulosu® E.
ortleppi € necessario para conhecer de maneira complat@ecanismos atuantes na
interface com o hospedeiro, ajudando no desenvehinracional de abordagens para
controle e tratamento da hidatidose cistica.

O conteudo proteico de EVs de& granulosuse E. ortleppi foi analisado
comparativamente em uma abordagem complementamFotilizadospools de EVs
(amostras EV/P) obtidas de liquido hidatico combgeiivo de identificar as proteinas
predominantes em cada espécie, bem como comparabuadancia daquelas
compartilhadas. Os resultados mostraram uma maiersitiade de proteinas em EVs de
E. granulosuscom um numero superior de proteinas exclusivasnAlisso, a maioria
das proteinas compartilhadas entre as duas espiécas encontradas em maior
abundancia enk. granulosuslIsso poderia ser o reflexo das diferentes egiegéde
interacdo com o hospedeiro, bem como de defeste feensistema imune do mesmo,
empregadas pelas duas espécies. EVs transportarendés classes de moléculas, e
talvez as EVs dé&. ortleppitenham um conteddo mais elevado de outras mokcula
(RNA, por exemplo) em detrimento das proteinasfutmao disso, os niveis de proteinas

presentes nas EVs #e ortleppiseriam menores do que nas EVEdgranulosusNesse
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caso, uma identificacdo mais abrangente do conplenfwoteinas nas EVs Heortleppi
requer a utilizacdo de equipamentos mais sensiyagspermitem identificar proteinas
em baixas quantidades.

Nesse trabalho também foi feita a identificacapmteinas constituintes de EVs
secretadas por protoescolices em cultura. Em fudgdmouco rendimento ao final do
isolamento de EVs, so foi possivel a utilizacdoma amostra deé. granulosugpara esta
andlise. O conjunto de proteinas identificadas evis He protoescolices mostrou
diferencas em relacdo aquele das EVs de liquidatibaJ dentre as principais estdo a
auséncia de proteinas de matriz extracelular eeses, e a presenca de inUmeras
GTPases e demais proteinas envolvidas na biogéresego vesicular. E provavel que
as EVs produzidas sejam modificadas como resultal@adaptacdo aos diferentes
hospedeiros e modos de vida ao longo do ciclagjasie do contetdo de EVs quando da
passagem para um novo estagio e hospedeiro ajudldizhinococcusa continuar
modulando a interface parasito-hospedeiro no novtegto de interacbes. Contudo, é
preciso ressaltar que as EVs de protoescoélicemfofatidas de cultivom vitro, onde a
pressdo do hospedeiro para eliminar o parasitcaesente. Sendo assim, € possivel que
a composicao proteica de EVs de protoescolicessadak nesse trabalho também tenha
sido modificada em virtude das condic¢des de cultivo

Embora o estudo de EVs tenha se intensificado anekgo em diferentes tipos
de organismos, ainda é em relacdo as EVs de masae se tem maior conhecimento,
em especial, envolvendo células imunes e tumdvkidancas na composicao de EVs em
resposta a mudancgas nas condicfes do meio/ambéemtgido amplamente reportadas.
Células dendriticas e endoteliais tem seu conteigd&Vs modificado em resposta a
sinais inflamatorios como LPS, T IFNy (SEGURAet al,, 2005). Células endoteliais
modificam a composicéo de EVs apos sofrerem hip@&aJONGet al, 2012). Apos a
ativagdo, células dendriticas secretam exossommsajueiam MHC de classe Il e sdo
transferidos para o linfocito T interagente (BUSGM®@t al, 2009).

Outro fator que pode influenciar a composicado dds & sua biogénese, tanto o
processo em si quanto a célula de origem. A formded&xossomos, por exemplo, ocorre
nos corpos multivesiculares e existem evidénciaspppulacdes heterogéneas de corpos
multivesiculares coexistem em uma unica célula @epam produzir subpopulacdes
diferentes de exossomos (COLOMBO; RAPOSO; THERYL42(KOWAL; TKACH:;
THERY, 2014). O metacestodeo é um organismo coroptExponto de vista da sua

estrutura, ele possui tanto tecidos larvais (canmg@faninativa) quanto pré-adultos
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(protoescolices) e ambos podem dar origem as EWsnéradas no liquido hidatico.
Entretanto é razoavel supor que a camada germanati® maior contribuinte para a
producdo das EVs do liquido hidatico, pois é adicnais ativo no metacestddeo e que
poderia secreta-las também para fora do cisto.eNesso, as EVs isoladas de liquido
hidatico e de sobrenadante de cultivo de protoessderiam produtos de tipos celulares
distintos, da camada germinativa e do protoescééspectivamente, o que, por sua vez,
geraria variagao na composicao.

Em virtude de sua reduzida capacidade de biossinfegasitos tém como
mecanismo essencial de sobrevivéncia a obtencéaotia o hospedeiro de diversos
nutrientes e substratos necesséarios para a madatdegprocessos fisiolégicos basicos
(BARRETT, 2009; TSAlet al, 2013; ZHENGet al, 2013). Lipidios estdo entre as
moléculas que oEchinococcusspp. assimila do hospedeiro, consequentemente,
mecanismos especializados de captura, estabilizagansporte de lipidios dos tecidos
do hospedeiro para o parasito sdo bem desenvolMilsre os fatores com fungao
relacionada a assimilacdo de lipidios esta o AgBptoteina do grupo das HLBPs cujo
papel bioldgico sugerido é de sequestro de lipidm$iospedeiro e distribuicdo para o
parasito. A demonstracéo feita por Silva-Alvageal. (2015b) da capacidade de algumas
subunidades do AgB de transferir compostos lipglipara membranas artificiais
representam um avancgo para a compreensao dasadésido AgB, indicando que ele
teria capacidade de transferir os compostos seqdestdos tecidos hospedeiros para as
membranas do parasito. No entanto, isso aindasareer demonstrado vivo. Também
permanece indefinido o mecanismo pelo qual as miagdipidicas da particula de AgB
sao a ele integradas.

A particula de AgB obtida do liquido hidatico aenets até 50% de sua massa
composta por lipidios de variadas classes origisaiio hospedeiro, 0 que requer uma
estrutura muito bem organizada para acomodar tedsas moléculas. Por isso, foi
proposto que as particulas de AgB apresentam sidaitie estrutural com lipoproteinas
séricas de mamiferos, especialmente o HDL (ORAAL, 2012; SILVA-ALVAREZ et
al., 2015a). Sendo assim, é possivel que, apesaalbaver relacdo evolutiva entre o
AgB e as lipoproteinas de mamiferos, exista simddae funcional, oriunda da
necessidade dechinococcuspp. obter compostos lipidicos de forma eficiente.

Ilgualmente importante para a sobrevivéncia do far@®vitar a eliminacao pelo
sistema de defesas do hospedeiro (SIRACUSAN&, 2008a), e sabe-se que o AgB de

E. granulosusdesempenha um papel importante na modulacéo gastasimune do
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hospedeiro (GOTTSTEINt al, 2017; SIRACUSANQCet al, 2008b, 2012b). Diversos
estudos investigaram os efeitos do AgB sobre difeeetipos celulares que compdem o
sistema imune, como macrofagos, células dendrigidia$ocitos (RIGANQet al,, 2007;
SILVA-ALVAREZ et al,, 2016; SIRACUSANCet al, 2008b). A partir desses estudos,
uma atividade imunomoduladora propensa a gerar mivieate anti-inflamatorio foi
sugerida para o AgB (SILVA-ALVAREZ2t al, 2016; SIRACUSANGet al, 2012b).

A importancia do AgB na biologia dechinococcuspp. € reconhecida, e existem
fortes indicios das funcbes que ele desempenheet&nito a continuidade dos estudos
com AgB é necessaria, pois pode contribuir paralltet seus mecanismos de acao, o
gue por sua vez poderia promover o desenvolvimdmnfarmacos especificos contra essa
proteina. Uma possivel interacdo do AgB com céhdmsimunes, as quais também estao
presentes no tecido circundando o metacestodemrtanm, também poderiam ser alvo
do AgB, nunca foi avaliada. Neste trabalho foi destiado que além de interagir com
uma linhagem celular de macrofagos (J774), o Agibtanm interage com tipos celulares
de natureza ndo imune: fibroblastos (NIH/3T3), hégtos (RH) e células epiteliais
pulmonares (A549).

Ao investigar mais detalhadamente a interacdo colnl@agens A549 e RH, que
estariam mais proximas da situagao bioldgica, ficbatrado que o AgB é internalizado
por endocitose, sendo a endocitose raéts lipidicas a principal via utilizada. A
internalizacdo do AgB por células de mamiferoslévesmte no contexto da hidatidose
cistica, pois pode representar um passo esseasabfuncdo como molécula carreadora
de lipidios. Uma HLBP dd&aenia solium(TsM 150 kDa) é capaz de ligar compostos
lipidicos do meio externo e transporta-los atral&@membrana do metacestdédeo (lEE
al., 2007). Os autores também mostraram a co-localizda TsM 150 kDa com gotas
lipidicas do granuloma do hospedeiro, em teciddeosuinfectados coni. solium
indicando uma possivel fonte para os compostosidagtpor essa proteimavivo (LEE
et al, 2007). O AgB poderia carrear lipidios por um aresmo semelhante, de modo
gue a endocitose permitiria ao AgB acessar asva&sépidicas intracelulares, nas gotas
lipidicas por exemplo. Contudo, ndo se pode exaltiipotese que o AgB interage com
células ndo imunes do hospedeiro para induzir adgmudanca fisiolégica em favor do
parasito, atuando como uma molécula sinalizadorsendelhanca do que ocorre em
células imunes, onde o0 AgB é capaz de induzir wwspasta predominante do tipo Th2
associada a infeccéo cronica (SIRACUSABIG., 2012b).
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Outra questao intrigante e ainda sem respostalagéiceao AgB € de como se da
o trafego entre os tecidos do parasito e do hospede porcdo externa da parede do
cisto € composta pela camada laminar, uma camatidac¢ rica em carboidratos, e que
da sustentacdo e protecdo a camada mais integemanativa (DIAZet al, 2015b).
Embora seja um tecido relativamente rigido, a canfedinar ndo € impermeavel, sendo
possivel qgue o AgB seja produzido pela camada getiwa e secretado para fora do
cisto, para posteriormente retornar com os lipidesociados. Interessantemente, neste
trabalho foram encontrados mRNAs das subunidadégyBono conteudo de EVs de
granulosusE. ortleppi Esse resultado sugere outra possibilidade paéfemo do AgB,
onde o mMRNA seria secretado para fora do cistormpeio de EVs, estas seriam
internalizadas por células do hospedeiro que tisdoz o mMRNA. O AgB seria
produzido ja no tecido onde deveria executar sngdfo. Visto que todas as subunidades
do AgB possuem peptideo sinal para secrecdo, o pgieria ser secretado pela via
classica, podendo interagir com as proteinas sédoahospedeiro e/ou ser endocitado
por outras células. O contato com o tecido hospedeirante esses processos permitiria
0 sequestro dos compostos lipidicos e a particellAgB carregada poderia entdo ser
absorvida pelo metacestddeo. A traducdo de mRNAS/degoor células receptoras ja foi
demonstrada em mamiferos (SK@tal, 2008; VALADI et al, 2007). Estudos futuros
investigando se os mMRNAs secretados em EMSathnococcuspp. séo traduzidos por
células receptoras sao essenciais para a verificdedsa hipotese. Adicionalmente,
foram identificadas as subunidades 1 e 4 do AgEE¥mdeE. ortleppi(amostras EV/I),
bem como a subunidade 4 em EVE&dgranulosugamostras EV/P). Como uma proteina
importante para a biologia dahinococcuspp., 0 AgB poderia ser incorporado nas EVs
do parasito, essa forma de secrecdo pode ser emporpara o AgB atingir maior
distancia no organismo do hospedeiro. Por outro,ladAgB poderia estar em EVs de
Bos taurusonde as EVs seriam o0 meio do AgB retornar pacesto hidatico apds ser
produzido no tecido hospedeiro.

A presenca de proteinas de origem do hospedeifmumodo hidatico € um fato
conhecido e também diz respeito ao balanco daag#er parasito-hospedeiro e seu
desfecho (AZIZet al, 2011; COLTORTI; VARELA-DIAZ, 1972; MONTEIRGt al,
2010; SANTOSet al, 2016). Analisando EVs isoladas de cistos hidatmvinos, Siles-
Lucaset al (2017) encontraram também proteinas do hospedeigerindo que, assim
como as proteinas livres, as EVs do hospedeiroraodeer acesso ao interior do cisto

hidatico. Nossa analise de EVs obtidas de liquigtatito bovino (amostras EV/I)
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também encontrou proteinas do hospedeiro. Nao pmsletescartar totalmente a
possibilidade de que as proteinas bovinas estejatidas nas EVs do parasito. Supondo
gue o parasito utilize essas proteinas para salguma necessidade, elas poderiam ter
sido sequestradas pelas células da camada genmiaatcretadas para o interior do cisto
através de EVs, podendo entdo ser utilizadas petdsescolices quiescentes. Porém, a
producdo de EVs por mamiferos em resposta a ureaciéd é amplamente descrita
(HASSANI; OLIVIER, 2013; HUet al, 2013; MONTANEREet al, 2014). Dentre as
proteinas bovinas identificadas encontram-se algurnaumente associadas as EVSs,
inclusive com envolvimento em sua biogénese, con®P,Hanexina, GTPase e
tetraspanina. Baseado nisso, é possivel digaurusproduza EVs como uma forma de
resposta a infeccdo comEehinococcuse que essas EVs possam acessar o interior do
metacestodeo.

De forma geral identificou-se um ndamero menor detginas bovinas nas
amostras d&. ortleppiem relacdo &. granulosusApesar de sua capacidade de infectar
uma ampla gama de mamiferos, as espécies do g&wnmococcuspossuem
hospedeiros intermediarios para os quais estdo adajstadas. &. ortleppié melhor
adaptado aB8. taurus,enquanto qug. granulosu® melhor adaptadoQ@uvis arieso que
pode significar que o metacestodeoEdertleppié menos susceptivel a penetracdo de
EVs doB. taurusdo queE. granulosus Entretanto, é necessario salientar que,Eem
granulosus;~61% das identificacdes foram exclusivas de une@alamostra biologica,
ao passo que outra amostra ndo teve nenhuma aroteima identificada. Entdo também
€ possivel que outro fator como idade ou estagidedenvolvimento do metacestdédeo
esteja associado a maior ou menor presenca de &NMsspedeiro no liquido hidatico de
E. granulosus

Santoset al. (2016) mostraram que a representatividade deipaxt bovinas no
repertério de proteinas totais do liquido hidatiE. granulosusestd associada a
condicao de fertilidade do metacestodeo. Cist@stiit (sem protoescolices) apresentam
maior numero de proteinas do hospedeiro e menoemiche proteinas do parasito,
enquanto que em cistos férteis (com protoescolioesjre o0 inverso. As amostras
utilizadas neste trabalho eram de cistos fértera pootoescélices apresentando alta
viabilidade, e a presenca de maior quantidade dedévhospedeiro no liquido hidatico
de um determinado cisto pode significar que, ness® especifico o balanco das

interacdes esteja tendendo em favor do hospedeiro.
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Cestodeos parasitas dependem de complexos mecamsmomunicacéo célula-
célula e de interacdo com seus hospedeiros paralaregadequadamente o
desenvolvimento, a homeostase e as funcoes figakigAs EVs e o AgB séo produtos
de secrecdo dEchinococcuspp. com potencial de participar ativamente nafete
parasito-hospedeiro visando alcancar tal regulagsi&Vs deE. granulosug E. ortleppi
carregam proteinas e RNAs e sao internalizadaheuoatdcitosn vitro. Logo, esses
parasitos podem empregar EVs para interferir emreatites processos nas células do
hospedeiro, podendo inclusive atingir células dists do local de estabelecimento do
metacestodeo. O sequestro e transporte de lipaiogual o AgB esta associado é
essencial para o parasito suprir necessidades atietbe manter a integridade das
membranas celulares. A endocitose do AgB por diteselinhagens celularés vitro,
sugere um possivel mecanismo de contato com dasélo hospedeiro, onde a proteina
poderia obter compostos lipidicos.

Estratégias terapéuticas inovadoras contra a tasipodem ser desenvolvidas
tendo como alvo esses produtos de secrecdo, dspmuie considerand@) a
essencialidade da obtencao de lipidm®s potenciais antigenos vacinais nas EVs e seu
alcance dentro do organismo do hospedeim), & diversas atividades biologicas dos

componentes de EVs que poderiam ser bloqueadas.
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4 PERSPECTIVAS

As principais perspectivas que surgem com estallralsdo: i) a identificagdo do
receptor na célula de mamifero associado a endeaito AgB; ii) a andlise de possiveis
efeitos do AgB na sinalizacdo e metabolismo dal@gii) a analise do destino do AgB
apos a endocitose, se degradado, re-secretadeesiodado a algum subcompartimento
celular, iv) a identificagdo do repertorio de RN&®s EVs, v) a verificacdo da traducéo
dos mMRNAs de EVs por células do hospedeiro. Aléssaliestudos funcionais das
principais proteinas encontradas em EVs sdo essemara o entendimento do papel

bioldgico dessas estruturas.
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