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Resumo

DA HORA, Vanusa Pousada. Efeito de adjuvantes na eficidcia de vacinas em
modelos de infec¢do e/ou co-infeccdo com esquistossomose e malaria. 2010. 154
f. Tese (Doutorado) - Programa de Pds-Graduagdo em Biotecnologia. Universidade
Federal de Pelotas, Pelotas.

Maléaria e esquistossomose sao as principais doencas parasitarias humanas nos paises
em desenvolvimento e a sua coexisténcia é frequentemente observada em regides
tropicais desses paises. A co-infeccdo por estes dois parasitas pode ter uma importante
influéncia na regulagéo dos fatores inflamatérios associados ao desenvolvimento destas
infeccbes e suas respectivas morbidades. Nao h& uma vacina segura e eficaz
disponivel para o controle dessas doencas. As proteinas Sm29 e Smi14 de Schistosoma
mansoni e a proteina AMA-1de Plasmodium spp. sdo promissores candidatos a vacinas
contra esquistossomose e maléaria, respectivamente. Para qualquer vacina de
subunidade, a selecdo do adjuvante é importante. Os derivados néo-toxicos da toxina
termolabil de Escherichia coli LTB e LTK63 tém sido relatados como potentes adjuvantes.
O objetivo deste estudo foi avaliar a eficacia vacinal dos antigenos Sm29, Sml4 e
AMA-1 formulados com LTB ou LTK63 recombinantes em modelos de infeccdo e co-
infeccdo com S. mansoni e P. chabaudi cepa AS (camundongos nao infectados, pré-
infectados com S. mansoni ou P. chabaudi e curados ou co-infectados com ambos e
curados). Em geral, rLTK63 induziu niveis mais altos de anticorpos antigeno especificos
(IgG1, IgG2a e IgG total) e citocinas (IFN-y, TNF-a e IL-13) para rSm29 e rAMA-1 do
gue a rLTB. Camundongos co-infectados, curados e imunizados com rLTK63+rSm29
apresentaram reducdo na carga parasitaria de 46.45 % em modelo de
esquistossomose- Camundongos néo infectados ou co-infectados, curados e
imunizados com rLTK63+rAMA-1 tiveram reducdo na parasitemia de P. chabaudi,
Tomados em conjunto, esses dados sugerem que a co-infecgdo mostrou uma tendéncia
positiva na eficacia da vacinas rSm29 e rAMA-1 quando formuladas com rLTK63. O
antigeno rSml4 foi fusionado ou co-administrado com LTB e posteriormente foi
avaliada a melhor via de administracdo e protecdo induzida. A rSm14 foi mais efetiva

guando fusionada a LTB e administrada por via subcutanea. Apesar da rLTB-Sm14 ter



induzido uma razéo equilibrada de IgG1/IgG2a e altos niveis de IgA e IgG totais, rLTB-

Sm14 nao protegeu camundongos contra infecgdo por S. mansoni,

Palavras-chave: Vacina, adjuvantes, Schistosoma mansoni, Plasmodium chabaudi.



Abstract

DA HORA, Vanusa Pousada. The effect of adjuvants on vaccine efficacy in
infection and co-infection models with schistosomiasis and malaria. 2010. 154 f.
Tese (Doutorado)- Programa de POs-Graduacdo em Biotecnologia. Universidade
Federal de Pelotas, Pelotas.

Malaria and schistosomiasis are the major human parasitic diseases in developing
countries and their coexistence is frequently observed in tropical regions of these
countries. Co-infection by these two parasites may have an important influence on the
regulation of inflammatory factors associated with the development of these infections
and their respective morbidity. There is no safe and effective vaccine available to control
these diseases. The Schistosoma mansoni proteins Sm29 and Sm14 and the Plasmodium
spp. antigen AMA-1 are promising vaccine candidates against schistosoma and malaria
infections, respectively. For a subunit vaccine, selection of the adjuvant is important. The
non-toxic derivatives of the heat-labile toxin of Escherichia coli LTB and LTK63 have been
reported as powerful adjuvants. The objective of this study was to evaluate the vaccine
efficacy of recombinant Sm29, Sm14 and AMA-1 antigens formulated with LTB or
LTK63, in infection and co-infection models with S. mansoni gnd P. chabaudi strain AS
(prior to immunizations, naive mice, pre-infected with S. mansoni and cured or P. chabaudi
AS or infected with both and cured). Overall, rLTK63 stimulated high levels of antigen
specific antibodies (IgG1, IgG2a and total I9gG) and cytokines (IFN-y, TNF-a and IL-13)
to rSm29 and rAMA-1 than rLTB. Co-infected-cured mice immunized with
rLTK63+rSm29 reduced the parasitic load by 46.45% in the schistosomiasis model.
Naive or co-infected-cured mice immunized with rLTK63+rAMA-1 had a reduction in the
P. chabaudi parasitemia. Taken together, these data suggest that co-infection showed a
positive trend in vaccine efficacy of rSm29 and rAMA-1 when formulated with rLTK63.
rSml4 antigen was fused or co-administered with LTB and the best administration rote
and protection induced was assessed. The rSm14 was more efective when fused to LTB
and administrated by subcutaneous route. Despite the fact that rLTB-Sm14 induced a
balanced ratio of IgG1/IgG2a and high levels of IgA and total IgG, rLTB-Sm14 did not

protect mice against S. mansoni infection.

Keywords: Vaccine, adjuvants, Schistosoma mansoni, Plasmodium chabaudi.
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1 INTRODUCAO GERAL

A maléria é a doenca parasitaria humana mais importante em termos de
letalidade e prevaléncia. A esquistossomose é a infeccdo helmintica humana mais
relevante em termos de morbidade (CHITSULO et al., 2000; GARCIA, 2010). Infec¢des
parasitarias concomitantes sdo eventos comuns em diferentes regibes endémicas do
mundo. Malaria e esquistossomose sdo as principais doencas parasitarias humanas
nos paises em desenvolvimento e a sua coexisténcia é frequentemente observada em
regides tropicais desses paises. Embora essa co-infeccéo seja frequente, a maior parte
dos estudos aborda as doengas de forma individualizada. A co-infecgéo por estes dois
parasitas pode ter uma importante influéncia na regulacdo dos fatores inflamatorios
associados ao desenvolvimento destas infeccbes e suas respectivas morbidades
(DIALLO et al.,, 2004; BROOKER et al., 2007). Apesar de estudos sobre as
consequéncias da co-infecgao terem sido realizados, o conhecimento de como este
fendbmemo afeta a resposta imune uma da outra ainda € limitado. Tal conhecimento é
fundamental para o desenvolvimento racional e otimizacdo de protocolos de vacina,
uma vez que a co-infeccdo pode influenciar a eficiéncia de vacinas para malaria ou
esquistossomose (DIALLO et al., 2004; BROOKER et al.,, 2007; HARTGERS et al.,
2009; MUOK et al., 2009; WILSON et al., 2009; 2010; WAKNINE-GRINBERG et al.,
2010).

1.1 Distribuicéo, Biologia, Ciclo de vida e Patologia

1.1.1 Esquistossomose

A esquistossomose, doenca endémica crénica causada pelo platelminto
trematddeo Schistosoma spp., € depois da malaria a doenca parasitaria humana mais
grave em termos de morbidade e mortalidade (KING; DICKMAN; TISCH, 2005). Estima-
se que mais de 200 milhGes de adultos e criancas estejam infectadas em todo mundo e
gue mais de 600 milhdes de individuos vivem em areas de risco em 74 paises de
regides tropicais (CHITSULO et al., 2000). No Brasil, a esquistossomose é considerada

como uma importante endemia parasitaria, tendo sido estimado em 10 milhdes o
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namero de portadores dessa helmintose (COURA; AMARAL, 2004). Dentre as cinco
espécies causadoras da esquistossomose humana, Schistosoma mansoni € 0 principal
agente etiolgico, estando associado & esquistossomose hepaética e intestinal na Africa,
na Peninsula Arabica e na América do Sul (GRYSEELS et al., 2006). A transmisséo da
esquistossomose decorre de praticas agricolas e manipulagdo dos recursos hidricos.
Mudancas ambientais ligadas ao desenvolvimento dos recursos hidricos, o crescimento
populacional, migracdo e doenca tém faciltado a recente propagacdo da
esquistossomose em areas onde ela ndo é endémica (GRYSEELS et al., 2006; LI et al.,
2007).

O ciclo de vida das trés principais espécies do Schistosoma esta representado na
Fig.1. Diferentemente de outros tremat0deos, Schistosoma pPOSSui sexo separados com
adultos possuindo corpo cilindrico, duas ventosas terminais, tegumento complexo, trato
digestivo cego e o6rgdos reprodutivos. O corpo do macho forma um sulco, ou canal
ginecoforo, no qual abriga a fémea de corpo longo e fino. O S .mansoni possui um ciclo
de vida complexo, tendo como hospedeiro intermediario um caramujo de agua doce do
género Biomphalaria € como definitivo o homem. Através das fezes do homem infectado
sdo eliminados os ovos do S. mansoni, 0S quais em contato com a agua eclodem
liberando o miracidio, embrido que nada em busca do caramujo. Apés o miracidio
penetrar no hospedeiro intermediario, transforma-se em esporocisto primario e, depois,
secundario. Trinta dias ap6s a infeccdo do molusco, larvas com cauda bifurcada
nadantes, chamadas de cercérias, séo liberadas na agua. Ao encontrar o homem, as
cercarias penetram ativamente na pele e mucosa, através de enzimas proteoliticas
presentes na ventosa ventral (CURWEN; WILSON, 2003). Apds a penetracdo, as
cercarias perdem a cauda bifurcada e se diferenciam em esquistossdmulos. Estes
migram pelo tecido subcutaneo e caem na corrente sanguinea e/ou linfatica sendo
conduzidos passivamente ao coracdo e pulmdes. Posteriormente, 0s esquistossémulos
migram para o0 sistema porta-hepatico, onde se alimentam e se desenvolvem,
transformando-se em machos e fémeas (forma madura) cerca de trinta dias apés a
infeccdo. Ao atingir a fase madura de seu ciclo biologico, os helmintos migram para as
veias mesentéricas inferiores, onde as fémeas fazem a postura dos ovos na submucosa

intestinal, cerca de 45 dias ap0s a infec¢do. A ovoposicéo perdura durante toda a vida
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do parasita, que pode ser de até 15 anos. Os ovos (com o miracidio formado)
atravessam a submucosa caindo na luz intestinal, onde sdo misturados as fezes e
liberados para o ambiente. Esses ovos, em contato com a agua, eclodem liberando o
miracidio, reiniciando assim o ciclo do parasita.

A principal morbidade crbnica da esquistossomose mansdnica ndo esta
associada com o verme adulto, mas com a resposta imune célula-T-dependente do
hospedeiro contra os ovos do parasita que sédo levados pelo fluxo sanguineo e se
prendem principalmente aos capilares sinusoides do figado. Neste ambiente, secretam
proteinas que induzem a formacdo do granuloma (GRYSEELS et al., 2006). Reacdes
inflamatérias granulomatosa e fibrosa contra 0s ovos caracterizam-se como a
imunopatologia mais importante (PEARCE, 2005; WILSON M. et al., 2007). A maioria
dos individuos infectados por S. mansoni desenvolve uma doenca cronica relativamente
toleravel, denominada esquistossomose intestinal. Entretanto, 5 a 10% dos individuos
sofrem de uma forma severa, denominada esquistossomose hepatoesplénica, onde o
paciente desenvolve fibrose hepatica, hipertensdo portal, ascite, hemorragia
gastrointestinal, podendo conduzir a morte (BICA; HAMER; STADECKER, 2000).

A= Infective Stage

A= Diagnastic Stage

o Cercariae released by snail
imto water and free-swimming

Sporocysts in snail o

{succassive generalions) #

o A
/-P i\ . Cercariae lose tails during
penetration and become
— schistosomulae
/ 4 Pene 5

0O —

@94 Y

e Miracidia penetrate

snail tissuwe 4]
Migrate to portal blood
in liver and mature
into adults §:

infoces Ak inurine c
9 & - el
Eggs hatch Bty
releasing miracidia oy /2t
| &

Paired adult worms migrate to;
mesenteric venules of bowelrectum
- (laying eggs that circulate to the
5. mansom 5. hasmatobium liver and shed in stools)
C venous plexus of bladder

Figura 1. Ciclo de vida do S. mansoni, S. japonicum, € do S. haematobium.
(http://www.dpd.cdc.gov/DPDx/HTML/Schistosomiasis.htm).



© 00 N oo O B~ W N e

W W NN NDNDRNDNDRNDRNNNDNRPR R P R P B b P e
P ©& © ® ~N o O &~ W N P O © 0 N O 00 h W N P O

15

1.1.2 Malaria

A malaria € uma doenca causada pelo protozoario do género Plasmodium , sendo
considerada a doenga parasitaria com maior relevancia em termos de mortalidade e
morbidade. Endémica em 106 paises, a maléria € responsavel por aproximadamente
780 mil mortes no mundo e por um numero estimado de 250 milhdes de novos casos
de infeccdo por ano. A maioria dos casos é de criancas africanas, onde a cada 30
segundos uma a cada cinco criangas morre devido aos efeitos da malaria (WHO, 2009).
Além dos danos diretos causados pela mortalidade e morbidade, a malaria causa uma
severa diminuicdo do desenvolvimento sdcio-econdmico das regides por ela afetadas
(GALLUP; SACHS, 2001; BREMAN; ALILIO; MILLS, 2004; GUERRA; SNOW; HAY,
2006; WHO, 2009). As principais espécies de plasmdédios que infectam seres humanos
s&o0: P. falciparum, P. vivax, P. malariae € P. ovale. O maior impacto sobre a saude humana em
termos de mortalidade é causado pelo P. falciparum, 0 qual tem uma distribuicdo pan-
tropical. No entanto, P. vivax também constitui uma importante carga sobre a saude
publica em muitas regides tropicais e em latitudes subtropicais ou temperadas (revisado
por DOOLAN; DOBANO; BAIRD, 2009). No Brasil, apesar do sucesso no controle da
malaria na década de 90 (BARAT, 2006), ela ainda € um grave problema de saude
publica, com cerca de 306 mil casos registrados em 2009 (OLIVEIRA-FERREIRA et al.,
2010). A ampla maioria dos casos (99,8%) é restrita a regido da Bacia Amazodnica, onde
fatores combinados favorecem a transmissédo da doenca e prejudicam a utilizacdo de
procedimentos de controle padrdo. No Brasil o P. vivax € responsavel por 83,7% dos
casos registrados, enquanto que o P. falciparum por 16,3% (OLIVEIRA-FERREIRA et al.,
2010).

O parasita Plasmodium possui um ciclo de vida complexo e com multiplas fases,
conforme ilustrado na Fig. 2. Esse ciclo ocorre em um hospedeiro vertebrado, o homem
e em um hospedeiro invertebrado, um mosquito fémea do género Anopheles. O homem é
infectado quando é picado pelo mosquito infectado, o qual inocula saliva contendo
esporozoitos do Plasmodium, 0S quais sdo introduzidos na corrente sanguinea do
homem. Estima-se que cerca de 100 esporozoitos sao trasmitidos por picada
(PONNUDURAI et al., 1991, VANDERBERG; FREVERT, 2004). Os esporozoitos
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migram para o figado invadindo os hepatocitos, sendo esta a fase hepatica do ciclo.
Neste local, os esporozoitos passam por um processo de replicagdo assexuada,
denominado de esquizogonia. Esse processo resulta em uma forma multinucleada, o
esquizonte, o qual origina os merozoitos. O hepatécito se rompe liberando até 30.000
merozoitos na circulacdo, cada um dos quais pode rapidamente invadir um eritrécito.
No interior da heméacia o merozoito realiza esquizogonia e evolui para trofozoito. O
nacleo do trofozoito comeca a se dividir varias vezes, de forma assexuada, resultando
no esquizonte, o qual origina mais merozoitos. Apds 48 h de reproducdo assexuada,
um eritrécito Unico pode conter até 36 merozoitos (COWMAN; CRABB, 2006). O
esquizonte rompe-se liberando merozoitos na corrente sanguinea, 0s quais podem
infectar outras hemacias, resultando em um ciclo de crescimento exponencial do
parasita. A repeticdo do ciclo assexuado nas hemacias é denominada ciclo eritrocitico.
Nesse caso as esquizogonias se repetem com uma periodicidade que é especifica de
cada espécie e se relaciona com o ritmo das crises febris. Os parasitas tém a tendéncia
de maturarem sincronicamente dentro do hospedeiro e assim que ocorre a ruptura dos
eritrocitos, simultaneamente, ocorre a liberagcdo dos merozoitos na corrente sanguinea.
Isto estd associado com o ataque periodico de febres altas que € caracteristica da
doenca (BANNISTER; DLUZEWSKI, 1999; COWMAN; CRABB, 2006). Os merozoitos
liberados das hemacias, além de repetir 0 processo assexuado, podem diferenciar-se
em gametocitos masculinos ou femininos, que circulam de forma independente no
sangue periférico. Gametocitos do P. falciparum aparecem na circulacdo periférica cerca
de 7 a 15 dias ap0s a invaséo inicial de eritrocitos. Ainda néao esta claro quais os fatores
gue estimulam a gametogénese. Os gametdcitos que circulam no sangue podem ser
ingeridos por um mosquito anofelino durante a hematofagia, onde ocorre a reproducao
sexuada. A fecundacdo ocorre no tubo digestivo e a fusdo dos gametdcitos leva a
formacdo do oocisto, que penetra a parede intestinal do mosquito. Através de
esquizogonia 0 oocisto produz muitos esporozoitos. Apdés a ruptura do oocisto, 0s
esporozoitos migram ativamente para as glandulas salivares do mosquito, permitindo a
infeccdo de outro hospedeiro humano e assim dando continuidade a transmissao
(DRAKELEY et al., 2006).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bannister%20LH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dluzewski%20AR%22%5BAuthor%5D
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A malaria é uma infeccao importante e dificil de tratar, caracterizada por ataques
periddicos de calafrios e febre, anemia, esplenomegalia e complicacbes
frequentemente fatais. As complicacbes mais graves associadas com malaria sao
causadas durante o desenvolvimento intra-eritrocitario do parasita, como resultado de
multiplas interacdes receptor-ligante de glébulos vermelhos infectados com hemacias
saudaveis e vasos capilares (citoaderéncia), que induz a agregacdo dessas células
(TILLEY et al., 2007).
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Figura 2. Ciclo de vida do P.vivax, P. ovale € do P. malariae.
(http://lwww.cdc.gov/malaria/about/biology/index.html).

1.2 Resposta Imune

A infeccdo por Schistosoma ou Plasmodium representa um desafio para o sistema
imune, uma vez que estes parasitos possuem diferentes estagios durante o ciclo de
vida, migrando e habitando diferentes locais dentro do hospedeiro. O tipo da resposta
imune determina o balancgo entre a imunidade protetora e a patologia, a diferenca entre
saude e morbidade. Uma das caracteristicas mais notaveis da malaria e da

esquistossomose € que o0s parasitos persistem no hospedeiro humano, apesar de


http://www.cdc.gov/malaria/about/biology/index.html
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suscitarem uma pronunciada resposta imune. Durante a infeccao por estes parasitas o
sistema imune é continuamente desafiado com o arranjo de moléculas associadas ao
metabolismo e a reproducdo desses patdgenos. Entretanto, pouco se sabe sobre o0s
mecanismos que tais parasitas utilizam para escapar das defesas do hospedeiro e
como o sistema imune tenta combater estas parasitoses (PEARCE; MACDONALD,
2002; EL-ANSARY, 2003; LANGHORNE et al., 2008; AUGUSTINE et al., 2009;
DOOLAN; DOBANO; BAIRD, 2009).

1.2.1 Imunidade Durante a Infec¢&o por Schistosoma

Uma propriedade do S. mansoni € sua capacidade de sobreviver
intravascularmente por muitos anos, mesmo sob a continua resposta imune
antiparasitaria efetuada pelo hospedeiro. Esta habilidade para evadir do sistema imune
parece ser devido as diversas adaptacdes do parasita logo apos a infeccéo ser iniciada.
Entre estas adaptacdes estdo processos que resultam na reducdo da antigenicidade da
superficie parasitaria e no desenvolvimento de um tegumento (superficie externa
composta por uma estrutura de membrana dupla) intrinsecamente resistente ao dano
da resposta imune (PEARCE; SHER, 1987). O tegumento tem uma importancia crucial
para modulacdo da resposta imune do hospedeiro e para sobrevivéncia do parasita. A
aquisicao pelo tegumento de produtos derivados do hospedeiro é fundamental para o
parasita mascarar-se e desviar a resposta do sistema imune (VAN HELLEMOND et al.,
2006). Apesar do mecanismo pelo qual o S. mansoni escapa da resposta imune nao estar
bem elucidado, parece que este parasita adota pelo menos trés estratégias evasivas: (i)
evitar o reconhecimento do antigeno (VAN DEN EIJNDEN et al.,1997; HOKKE;
DEELDER, 2001; LOUKAS et al, 2001; EL-ANSARY, 2003; HOKKE;
YAZDANBAKHSH, 2005); (ii) resistir aos mecanismos efetores (MKOJI et. al., 1988;
PLEASS et al., 2000; EL-ANSARY, 2003; ALGER; WILLIAMS, 2002; SAYED;
WILLIAMS, 2004); e (iii) desviar a resposta imunolégica (IMASE et al., 2003).

Os mecanismos moleculares envolvidos na resposta imune do hospedeiro
durante a esquistossomose tém sido caracterizados. Na infeccdo por S. mansoni, a

producéo e regulacdo de citocinas relacionadas com a resposta imune mediada por
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linfécitos T CD4" tipo 1 (Thl) e Th2 parece ser diferente, dependendo da fase da
esquistossomose humana. O  Schistosoma parece suscitar uma resposta
significantemente associada a producédo de IFN-y (resposta Thl) durante a infeccao
aguda e de IL-10 na cronica (resposta Th2) (MONTENEGRO et al., 1999). O balanco
entre a resposta Thl e Th2 € o que determina o estado de protecdo ou de doenca. A
imunoprotecao frente a infeccdo por S. mansoni ainda ndo estd bem elucidada. Infec¢des
experimentais, principalmente com camundongos, tém contribuido significantemente
para o entendimento da imunobiologia da infeccdo. Grande parte da protecdo contra
esquistossomose em modelo murino parece ter sido mediada por macréfagos ativados
e citocinas produzidas por células Thl (IFN-y e IL-2) e Th2 (IL-4 e IL-5) (JANKOVIC et
al., 1999; HEWITSON; HAMBLIN; MOUNTFORD, 2005). Estudos realizados com
habitantes de areas endémicas para esquistossomose demonstram que existe uma
resisténcia para a re-infeccdo apdés o0 uso de drogas anti-esquistossomose
concomitante a anos de exposicdo, bem como ocorre também uma resisténcia natural
ao parasita (BRITO et al.,, 2000; MOUNTFORD, 2005; GRYSEELS, et al., 2006;). A
imunidade protetora contra a re-infeccdo em individuos previamente tratados com
drogas anti-esquistossomose como Praziquantel (PZQ) tem sido associada com uma
resposta Th2. Esta resposta parece estar relacionada com a producédo de IgE e IgA
(CALDAS et al., 2000; WALTER, et al., 2006). Talvez o indicio mais importante de todos
para a compreensdo da imunidade protetora a esquistossomose € a imunidade
adquirida naturalmente exibida por algumas pessoas no Brasil, na auséncia de
tratamento com PZQ (CORREA-OLIVEIRA; CALDAS; GAZZINELLI, 2000; VIANA et al.,
1994; 1995). Estes individuos sao resistentes a infeccao, apesar de anos de exposicao
ao S. mansoni. Células mononucleadas de sangue periférico (PBMCs) desses pacientes
secretaram tanto citocinas do perfil Th1 (particularmente IFN-y) quanto Th2 (CALDAS et
al.,, 2000). Embora as respostas imunoldgicas das coortes resistentes tenham sido
caracterizadas, ainda se sabe pouco sobre os mecanismos de protecdo necessarios
para o planejamento eficaz de vacinas recombinantes para a esquistossomose
humana. Dados contrastantes e conflitantes tém sido apresentados a partir de modelo

murino e de estudos de campo em humanos.
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A resposta imune do hospedeiro contra os ovos do parasita aderidos no figado e
intestino estd associada a patologia durante a infeccdo por Schistosoma. Em
camundongos, a resposta imune Thl predominante nos estagios iniciais da infec¢édo é
substituida para um perfil Th2 ovos-induzida, sendo que o desequilibrio entre essas
duas acarreta o desenvolvimento de lesbes severas (PEARCE, 2005; TAYLOR et al.,
2006). Na verdade, acredita-se que os antigenos de ovos sao capazes de suprimir
diretamente a resposta Thl, um fenbmeno que pode ocorrer também em humanos
(PEARCE et al., 1991; PEARCE; MCDONALD, 2002). Sabe-se que 0s ovos podem
induzir uma resposta Th2 exacerbada em camundongos, a qual resulta em um aumento
sérico de IL-5, eosinofilia e uma resposta granulomatosa caracterizada por deposicédo
de colageno e por fibrose hepatica periportal severa (SWARTZ et al., 2006). Grande
parte da morbidade e mortalidade associadas a esta doenca € atribuida diretamente a
deposicao de tecido conectivo nos tecidos afetados (WILSON et al., 2007).

1.2.2 Imunidade Durante a Infec¢éo por Plasmodium

A imunidade para malaria € extremamente complexa. A habilidade do parasita
evadir ou até inibir a resposta imune inata ou adaptativa confunde o entendimento
sobre a imunidade para esta parasitose. Espécies de Plasmodium evadem da resposta
imune inata através da producao de proteinas que inibem a atividade do complemento,
do fator de transcricdo NFk-B e da expressdao de citocinas, além de evadirem do
inflamossoma do hospedeiro. Além disso, os plasmédios evadem da imunidade
adaptativa pelo polimorfismo antigénico entre espécies ou cepas e por alterarem as
caracteristicas antigénicas dos eritrocitos infectados. Algumas evidéncias sugerem que
eritrocitos infectados ou produtos do parasita podem alterar as funcdes das células
apresentadoras de antigenos. Tal alteracdo provocada pelo Plasmodium pode levar a
supresséao das respostas imunes e, portanto, dificultar o desenvolvimento da imunidade
(STEVENSON; URBAN, 2006). No entanto, estes processos nao tém sido
integralmente explorados e € provavel que mecanismos de evasao adicionais existam
(LANGHORNE et al., 2008; AUGUSTINE, 2009).

Apesar destes mecanismos de evasdo, varios tipos de imunidade adaptativa

contra o plasmodio foram identificados em humanos: (i) imunidade anti-doenca,
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conferindo protecdo contra doenca clinica, a qual afeta o risco e o grau de morbidade
associada a uma dada densidade de parasita; (i) imunidade antiparasitaria, fornecendo
protecdo contra a parasitemia, o que afeta a densidade de parasitas; e (iii) premunicao,
promovendo protecdo contra novas infec¢des por manter uma carga parasitaria baixa e
um estado assintoméatico da doenca. Em geral, considera-se a protecdo como a
evidéncia de um risco menor de doenca clinica, como indicado por auséncia de febre
(na presenca de parasitemia) e baixa carga parasitaria (DOOLAN; DOBANO; BAIRD,
2009).

Sabe-se que existe uma imunidade naturalmente adquirida ao Plasmodium, mas
pouco se conhece sobre 0 modo como ela desenvolve-se (DOOLAN; DOBANO; BAIRD,
2009). O desenvolvimento da imunidade contra malaria € marcado pela capacidade de
controle da doenca e da densidade parasitaria. A densidade parasitaria esta ligada a
doenca, e a diminuicdo dos parasitas certamente contribui para o risco diminuido da
enfermidade. ApoOs alguns episédios de malaria, a susceptibilidade a doenca grave é
menor, apesar de as pessoas infectadas continuarem a desenvolver uma forma “nao
complicada” da doenca, caracterizada por parasitemia, febre, calafrios e arrepios. Com
a exposicao repetida as pessoas passam a ter poucos sinais clinicos e sintomas menos
severos, tornando-se resistentes a malaria grave. No entanto, 0 Plasmodium nao €
totalmente eliminado do hospedeiro e a parasitemia persiste, embora com uma baixa
carga parasitaria. A imunidade resultante da exposicao natural ao plasmoédio leva anos
para se desenvolver e na auséncia de re-exposicdo continua ao parasita ela néo
consegue sustentar-se. Em areas holoendémicas na Africa, um individuo s6 ira adquirir
imunidade clinica apds expor-se ao parasita por um periodo de 10 a 15 anos e tendo
em meédia cinco infeccBes por ano. Neste contexto, a situacdo de imunidade contra
malaria sugere uma imunidade mediada diretamente pela presenca do parasita a nao
como o resultado de uma infeccao prévia (MARSH; SNOW, 1997; FRANKS et al., 2001;
AUGUSTINE, 2009; DOOLAN; DOBANO; BAIRD, 2009).

Esforcos tém sido realizados a fim de caracterizar a resposta imune do
hospedeiro ao Plasmodium, mas o conhecimento dos mecanismos imunolégicos
envolvidos durante a malaria é complexo e ainda incompleto (MARSH; KINYANJUI,
2006; LANGHORNE et al., 2008; AUGUSTINE et al., 2009). Estudos com humanos e
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camundongos indicam que os linfocitos T (LT) CD4" e CD8" e os linfdcitos B (LB) s&o
necessarios para o desenvolvimento de imunidade protetora (LANGHORNE et al.,
1998; 2008; MARSH; KINYANJUI, 2006; HAFALLA; COCKBURN; ZAVALA, 2006;.
STANISIC et al.,, 2009) assim como as ceélulas da imunidade inata (STEVENSON;
RILEY, 2004; AUGUSTINE et al., 2009). As respostas imunes que se desenvolvem
dependem da espécie do Plasmodium e do estagio da infeccdo. A imunidade celular
parece ser de fundamental importdncia contra os parasitas no estagio hepético da
infeccdo e a humoral, no eritrocitico. A imunidade mediada por células e a humoral
podem agir conjuntamente ou em sequéncia para eliminar e controlar a infeccao
(HOLLINGDALE; KRZYCH, 2002; STANISIC et al., 2009). A resposta do hospedeiro a
fase inicial da infeccdo é geralmente acompanhada pela producédo de citocinas pro-
inflamatorias, como interleucina (IL) 1-8B, IL-6 e IL-12, fator de necrose tumoral (TNF) -a
e interferon (IFN) -y (GOOD et al., 2005). Aléem disso, metabdlitos de nitrogénio e
oxigénio reativos produzidos por macrofagos e neutrofilos também ajudam a controlar
0s primeiros ciclos de parasitemia (STEVENSON et al., 1992; STEVENSON; RILEY,
2004). Em uma fase posterior da infeccdo, apés o pico de parasitemia, as células T
CD4" passam a expessar um perfil de citocinas T helper do tipo 2 (Th2). Essa mudanca
de perfil fornece sinais as células B para que elas produzam anticorpos (LANGHORNE
et al., 1998). Os anticorpos parecem desempenhar um papel central na aquisicdo de
imunidade a malaria clinica (WEISS et al., 2010). Em humanos, as subclasses de
imunoglobulinas que parecem estar envolvidos com a prote¢cdo sao IgGl e IgG3
(STANISIC et al., 2009).

E importante ressaltar que o desenvolvimento da patologia durante a infeccéo
por malaria esta associado com o desequilibrio das citocinas envolvidas na regulacéo
das respostas inflamatorias (DAY et al, 1999; GOOD et al., 2005). Embora respostas
pré-inflamatérias estejam associadas com a imunidade protetora a malaria durante o
inicio da infecgéo, a superproducéo de TNF-a e IFN-y predispde o individuo a patologia
grave da malaria. Em geral o parasita desencadeia uma forte resposta Thl durante o
estagio eritrocitico (DAY et al, 1999;. PERKINS; WEINBERG; KREMSNER, 2000;
MAITLAND; MARSH, 2004). Por outro lado, as respostas regulatorias, em geral

mediadas por linfécitos T reguladores (Treg), que parecem suprimir respostas imunes e
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assim permitir o crescimento do parasita, podem também contribuir para o controle da
resposta inflamatoria e prevenir o aparecimento da malaria severa (HANSEN;
SCHOFIELD, 2010). Nota-se que as citocinas anti-inflamatérias IL-10 e TGF-f3 parecem
ter também um efeito protetor contra a patologia, como sugerido por PERKINS e
colaboradores (2000).

1.3 Co-infecgé&o: Schistosoma e Plasmodium

Infec¢cbes concomitantes sdo comuns na natureza e frequentemente envolvem
parasitas. Durante uma infeccdo mista a carga parasitaria de um ou de ambos agentes
infecciosos pode ser aumentada ou diminuida e a resposta imune pode ser suprimida
ou imunomodulada para um ou ambos (COX, 2001). Malaria e esquistossomose
dividem areas de transmissdo em comum em varias regides tropicais, especialmente no
continente africano. Nessas regifes, a associacdo de Plasmodium COmM Schistosoma €
outros helmintos constitui um fator de confusdo na avaliacdo da eficacia das
intervencbes de controle desses parasitas, incluindo a triagem clinica de vacinas
(DRUILHE; TALL; SOKHNA, 2005). Como ja foi mencionado, ambos parasitas possuem
padrdes de producao de citocinas especificos conforme os estagios de cada infeccéo,
sendo que o balanco entre elas € fundamental, pois um desequilibrio neste perfil pode
determinar a patologia ou a protecdo (LYKE et al., 2006). Por exemplo, na fase aguda
da esquistossomose, a resposta imune dominante € do tipo Thl, o que pode fortalecer
0 combate da infec¢cdo por Plasmodium, mas por outro lado um aumento dela pode
causar a malaria severa. Entretanto, apds a deposicdo dos ovos, a resposta
imunoldgica nos individuos infectados com Schistosoma passa a ser Th2, o que pode
interferir no desenvolvimento de uma resposta Thl adequada, necessaria para controlar
a parasitemia e os ataques resultantes da malaria (HARTGERS; YAZDANBAKHSH,
2006). Trabalhos experimentais demonstram que a co-infeccdo entre esses dois
parasitos afeta profundamente um ao outro, seja no aspecto patolégico como no
imunoldgico (LYKE et al., 2006; MUOK et al.; 2009; WILSON et al., 2009; WAKNINE-
GRINBERG et al., 2010). Tais consequéncias da associacdo entre malaria e

esquistossomose tém sido estudas em seres humanos e murinos.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cox%20FE%22%5BAuthor%5D
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Estudos em humanos demonstram que ocorre aumento da hepato-
esplenomegalia durante a co-infeccédo por P. falciparum € S. mansoni, cOmo demostrado
em estudos realizados em criangas no Quénia (WILSON et al., 2007; 2009; 2010). Tal
patologia parece estar associada com uma diminuicdo da resposta de citocinas Th2
especifica contra ovos do S. mansoni, um aumento de TNF-a (WILSON et al. 2008) e
uma diminuicdo na porcentagem de células T ativadas e de células Treg de memoria
(MOUK et al.; 2009), sendo que esse perfil foi encontrado entre as criangas que eram
co-infectadas com P. falciparum € ndo naquelas com esquistossomose apenas (WILSON
et al. 2008; MOUK et al.; 2009). Por outro lado, o ambiente Th2 enriquecido pela
infeccéo crénica por S. haematobium favoreceu a protecao de criangcas em Mali contra o
desenvolvimento da forma grave da maléaria (LYKE et al., 2005; 2006). Recentemente
um estudo sugere que a co-infeccdo por S. haematobium favorece a producao de
anticorpos protetores anti-maléaria, o que parece estar associado com a regulacéo de IL-
10 e IFN- y (DIALLO et al., 2010). Além disso, outro estudo mostrou que ha um
aumento nos ataques de malaria entre criancas que apresentam infeccdo concomitante
pelo s. mansoni no Senegal (SOKHNA et al., 2004). No entanto, os resultados atuais séo
controversos, uma vez que sugerem uma série de cenarios, nos quais a co-infeccao
pode ndo apenas aumentar a susceptibilidade para infeccbes com Plasmodium, COmMo
também proteger contra maldria severa em certas circunstancias (HARTGERS;
YAZDANBAKHSH, 2006; BROOKER et al. 2007; HARTGERS et al., 2009).

Varias espécies de Plasmodium que infectam roedores, como P. chabaudi, P. berghei
e P. yoelii, ttm sido utilizadas para tentar compreender um pouco mais sobre a infec¢cao
de malaria que ocorre em humanos (HELMBY et al., 1996; SANGWEME; SHIFF;
KUMAR, 2009; WAKNINE-GRINBERG et al., 2010). Apesar desses modelos possuirem
algumas caracteristicas que diferem da doenca nos seres humanos, eles sdo muito
Uteis para o estudo da susceptibilidade a infeccdo e da regulacdo das respostas
imunes. Por exemplo, a resposta imune ao estagio intra-eritrocitario do Plasmodium foi
caracterizada através da espécie P. chabaudi, a qual € um excelente modelo murino de
malaria experimental (HARTGERS; YAZDANBAKHSH, 2006). Estudos sobre a
influéncia da co-infec¢do entre S. mansoni € Plasmodium na patologia e na resposta imune

a maléaria experimental tém sido realizados e o0s resultados sdo contrastantes. Por
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exemplo, a hepato-esplenomegalia foi mais acentuada em animais co-infectados com P.
yoeli € S. mansoni (SANGWEME; SHIFF; KUMAR, 2009). Além disso, a parasitemia, a
severidade e a fatalidade da maléria foram aumentadas pela co-infeccdo entre S.
mansoni € P. yoelii ou P. berghei (LEGESSE; ERKO; BALCHA, 2004; SANGWEME; SHIFF;
KUMAR, 2009). Entretanto, LARANJEIRAS e colaboradores (2008) demonstraram que
animais co-infectados com P. berghei € S. mansoni N80 apresentaram um aumento na
parasitemia do plasmdédio, apesar de manisfestarem a malaria mais cedo e de forma
mais severa do que os infectados apenas com P. berghei. Segundo estes mesmos
pesquisadores, camundongos que adquiriram imunidade protetora para P. berghei
através de repetidas infeccdes e por subsequente tratamento curativo tiveram uma
reducdo desta protecdo quando co-infectados por S. mansoni (LARANJEIRAS et al.,
2008). Por outro lado, a co-infecgéo por S. mansoni forneceu protecao contra malaria nos
camundongos com P. chabaudi (YOSHIDA et al., 2000). Além disso, um estudo mostrou
um efeito positivo da co-infecgcdo na patologia, uma vez que a presenca S. mansoni
reduziu a incidéncia da manifestacdo de malaria cerebral em camundongos co-
infectados com P. berghei (WAKNINE-GRINBERG et al., 2010). Tem sido sugerido que a
modulacdo da resposta imunoldgica se deve a regulacdo cruzada das respostas Thl e
Th2, as quais sdo conhecidas por serem induzidas por infeccdo por Plasmodium €
Schistosoma, respectivamente (HELMBY; KULLBERG; TROYE-BLOMBERG, 1998;
YOSHIDA et al., 2000). Isto é consistente com a observacao de que IgE especifica para
malaria, a qual ndo é induzida durante a infeccdo por P. chabaudi sozinho, é produzida
guando h& co-infec¢cdo com S. mansoni (HELMBY et al., 1996). Aléem disso, HELMBY e
colegas (1998) observaram que durante a infeccdo dupla por agueles mesmos
parasitas ocorre uma significativa reducéo na proliferacdo de células T, na producédo de
citocinas tipo Th2 e no nivel de anticorpos para o0 S. mansoni ap0s a infeccao por malaria.
Segundo estes mesmos autores, a parasitemia de P. chabaudi foi maior em
camundongos co-infectados com S. mansoni. Estes animais apresentram uma menor
producdo de TNF-a, sugerindo que este fator pode ter contribuido para o aumento da
parasitemia de malaria, uma vez que a producgéo de IFN-y, caracteristicamente induzida
pelo Plasmodium, ndo foi alterada pela co-infeccao (HELMBY; KULLBERG; TROYE-
BLOMBERG, 1998). Em contra partida, outro estudo aponta que a co-infec¢do por S.
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mansoni € P. chabaudi aumenta a producdo de IFN-y para antigenos de plasmaédio e isso
pareceu estar associado com a protecao contra malaria em camundongos (YOSHIDA et
al., 2000). Como descrito acima, existe uma gama de estudos sobre a co-infeccao e
eles mostram uma disparidade nos resultados, a qual pode, provavelmente, estar
relacionada com as diferencas das espécies ou cepas de Plasmodium Ou com 0 nimero
de cercéarias de Schistosoma utilizadas nos experimentos (LEGESSE; ERKO; BALCHA,
2004).

1.4 Desenvolvimento de Vacina

A prevencado da malaria e da esquistossomose é realizada principalmente por
tratamento quimioterapico. Embora a quimioterapia para ambas as parasitoses possa
influenciar na reducéo dos indices de morbidade e mortalidade, ela representa apenas
uma medida paliativa, uma vez que nado é eficaz em controlar os altos indices de
transmissdo e re-infeccdo em areas endémicas. Além disso, as estratégias de
intervencdo com drogas para estas parasitoses sdo limitadas e tornam-se menos
eficazes com o surgimento de resisténcia parasitaria as drogas (KASINATHAN;
MORGAN; GREENBERG, 2010; SMITH et al., 2010). Assim, o desenvolvimento de
vacinas efetivas contra estes parasitas seria um instrumento valioso de saude publica,
complementando o tratamento com drogas, o controle dos vetores e as modificacbes
sanitarias e ambientais. Nesse sentido, grandes esforcos estdo sendo realizados por
organismos internacionais e institutos de pesquisa visando produzir vacinas que
poderiam reduzir a mortalidade, a morbidade, a transmisséo e os indices de re-infeccéo
de tais enfermidades (TRAM et al.,, 2006; BARCLAY et al., 2008; CARDOSO et al.,
2008; JIANG et al., 2009). Entretanto, o desenvolvimento de uma vacina contra essas
doencas parasitarias representa um grande desafio e apesar da intensiva pesquisa,
uma vacina comercialmente viavel ainda nao esta disponivel. Tal desafio € dado ao fato
do Plasmodium € do Schistosoma possuirem diferentes estagios durante seus ciclos de
vida e por terem um articulado sistema de escape ao reconhecimento pelo sistema
imune (MCMANUS; LOUKAS, 2008; GOOD, 2009).
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Contudo, a viabilidade de vacinas contra maldria e esquistossomose é
estimulada pelo fato de existirem individuos que adquirem resisténcia a tais parasitoses
apos sucetivas infeccbes em regides endémicas (MCMANUS; LOUKAS, 2008;
DOOLAN; DOBANO; BAIRD, 2009). Neste contexto, moléculas candidatas a compor

uma vacina vém sendo avaliadas independentemente para cada parasitose.

1.4.1 Sm29

Quando se trata de uma vacina para esquistossomose, segundo a Organizacao
Mundial da Saude (OMS), a reducdo da morbidade é tdo desejada quanto a protecao
imune total. Dessa forma, uma vacina com protecédo parcial, de no minimo 40%, pode
ser aceita como valida, pois ainda é capaz de reduzir a patologia, limitar a transmissao
parasitaria e ser menos cara do que tratamentos repetidos com drogas (WHO, 2000).
Em modelo murino, a protecdo em esquistossomose € caracterizada pela reducédo da
carga parasitaria adulta nas veias mesentéricas. No entanto, uma vacina que seja
capaz de reduzir o numero de ovos liberados e a formacéo de granuloma, mesmo nao
reduzindo a carga parasitaria total, pode ser considerada ainda como uma candidata
vacinal (CHITSULO; LOVERDE; ENGELS, 2004).

Diversos estudos estdo sendo desenvolvidos visando a busca de diferentes
antigenos e estratégias vacinais contra a esquistossomose (MCMANUS; LOUKAS,
2008). Nesse sentido, muitos antigenos de S. mansoni tém sido identificados e testados
como vacina em modelos experimentais (CARDOSO et al., 2008; TRAN et al., 2006;
ZHANG et al.,, 2010). Dentre estes antigenos, aqueles associados a superficie do
tegumento do S. mansoni adulto tém um grande potencial no desenvolvimento de
vacinas, pelo fato de estarem expostos ao sistema imune do hospedeiro. Além disso,
eles tém a vantagem de ndo apresentarem reacdo cruzada com antigenos de ovos do
parasita, 0s quais estdo envolvidos na imunopatologia (SIMPSON, 1990). O tegumento
do Schistosoma € composto de diversas proteinas, sendo que as mais expostas estao
presentes na membrana apical, sendo denominadas ‘S. mansoni Apical Membrane
Proteins’ (SmAMPs) (BRASCHI; WILSON, 2006). Dentre elas se destaca a proteina
Sm29, a qual vem sendo caracterizada quanto a funcao bioldgica e testada quanto ao

seu potencial vacinal em modelo humano e murino (CARDOSO et al., 2006; 2008).
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Estudos mostram que a Sm29 esta entre 0s genes mais expressados em S. mansoni, €
gue provavelmente tem uma importante funcdo biolégica na superficie deste parasita
(GOBERT et al., 2006; VERJOVSKI-ALMEIDA et al., 2007). Mais estudos necessitam
ser realizados a fim de melhor caracterizar a fungéo desta proteina.

A Sm29 produzida como proteina recombinante (rSm29) foi fortemente
reconhecida por anticorpos IgG1 e IgG3 de individuos naturalmente resistentes e por
pacientes ndo susceptiveis a re-infeccdo que vivem em areas endémicas para
esquistossomose no Brasil (CARDOSO et al., 2006). Quando a rSm29 foi testada como
candidata vacinal em camundongos, ela conferiu reducédo da carga parasitaria, de ovos
no intestino e de granulomas no figado de 51%, 60% e 50%, respectivamente. A
imunidade protetora foi associada com altos titulos de anticorpos IgG1 e IgG2a anti-
Sm29 e uma elevada producéo de IFN-y, TNF-a e IL-12 (CARDOSO et al., 2008).
Apesar da Sm29 ser uma promissora candidata no combate a esquistossomose, ela foi
administrada apenas com adjuvante de Freund (CARDOSO et al., 2008), o qual ndo é
licenciado para o uso em humanos. Dessa forma, mais estudos precisam ser realizados

com objetivo de potencializar a eficacia desta vacina.

1.4.2 Sm14

Outro candidato vacinal contra esquistossomose € a proteina ligadora de acidos
graxos de 14 kDa de s. mansoni, Sm14, uma proteina citosélica expressa na lamela do
tegumento e do epitélio intestinal (BRITO et al., 2002). A Sm14 pertence a familia das
proteinas ligadoras de acidos graxos (FABPs- fatty acid binding proteins) (MOSER et
al., 1991), as quais estdo envolvidas diretamente na captura, transporte e
compartimentalizacdo de acidos graxos derivados do hospedeiro, principalmente acido
palmitico e linoléico (BROUWERS et al., 1997). O trematddeo S. mansoni carece de rotas
metabolicas necessarias a biosintese de acidos graxos e seus derivados, sendo dessa
forma, completamente dependente do hospedeiro para adquirir tais substancias
(MEYER et al., 1970). Segundo estudo realizado por Brito et al. (2002), a Sm14 esta
presente em todos os estagios do ciclo de vida do S. mansoni, estando localizada na
superficie externa, isto é, préximo a interface de contato parasita-hospedeiro. E

importante ressaltar que a Sml1l4 é uma das seis moléculas selecionadas pela OMS
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com potencial para compor uma vacina contra esquistossomose e esta entre as duas
candidatas prioritarias para triagem clinica em humanos (WHO, 2000).

A imunizacdo com a forma recombinante da Sml14 (rSml4) formulada com
hidroxido de aluminio (Al(OH)3) induziu protecdo contra a infecgdo por S. mansoni em
dois modelos animais outbred (camundongos suicos - 50-65% e coelhos da nova
zelandia - 90%) (Tendler et al., 1996). A protecdo conferida pela rSml14 parece estar
associada com resposta imune celular, mediada por IFN-y e TNF-o, enquanto outros,
apontam uma associacao entre a resposta imune celular e humoral, esta mediada
principalmente por IL-4, IgG1 e IgG3 (BRITO et al., 2000; AL-SHERBINY et al, 2003;
FONSECA et al., 2004). No caso da rSm14, como a protecdo parece estar associada
com resposta imune mediada por Thl e Th2, o uso de hidréxido de aluminio como
adjuvante ndo parece ser o mais indicado, uma vez que ele estimula de forma mais
adequada a resposta imune mediada por Th2 (BERGQUIST; LEONARDO; MITCHELL,
2005). Nesse sentido, se faz necessario usar um adjuvante adequado ao tipo especifico
de resposta imune protetora, estimulada pelo antigeno em estudo. Apesar da rSmi14
ser uma candidata promissora no combate a esquistossomose, mais estudos sao
necessarios a fim de potencializar a protecdo induzida por esta vacina (WILSON,
COULSEN, 2006).

1.4.3 AMA-1

Existem trés categorias principais para o desenvolvimento de vacina contra a
malaria: (i) vacinas pré-eritrociticas, as quais visam induzir uma resposta mediada por
células T contra antigenos expressos nos hepatdcitos infectados a fim de prevenir a
doenca clinica; (ii) vacinas eritrociticas, aquelas projetadas para induzir anticorpos
dirigidos contra antigenos da fase eritrocitaria para prevenir a doenca clinica ou reduzir
a gravidade da doenca; e (iii) vacinas de bloqueio de transmissdo, as quais séo
destinadas a antigenos expressos na fase do desenvolvimento sexual do parasita,
prevenindo assim a transmissdo (GOOD, 2009; COUTINHO-ABREU; RAMALHO-
ORTIGAO, 2010). Pode-se considerar que uma vacina é eficaz contra malaria quando
ela induz um risco menor de doenca clinica e/ou € capaz de reduzir a carga parasitaria
e/ou proteger contra novas infecgdes (DOOLAN; DOBANO; BAIRD, 2009).
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Vacinas potenciais contra o P. falciparum estdo sendo direcionadas para varios
estagios do ciclo de vida do Plasmodium, particularmente, para o estagio eritrocitario dos
merozoitos, pois antes de invadirem outro eritrocito eles estdo inteiramente acessiveis
ao ataque do sistema imunoldgico. Consequentemente existe muito interesse em
moléculas protéicas expressas na superficie do merozoito que possam ter potencial
como vacina, sendo que muitas ja foram identificadas e testadas (ANDERS et al., 1998;
BUENO et al., 2008; LYNCH et al., 2009; SPRING et al., 2009; STANISIC et al., 2009).
Entre essas moléculas, o antigeno-1 da membrana apical do merozoito, chamado de
AMA-1 (‘apical membrane antigen-7’) (PETERSON et al., 1989), uma proteina de 66
kDa, € um dos mais promissores e estudado candidato a vacina contra malaria.
Diferente de outros antigenos do merozoito, AMA-1 possui um dominio conservado que
apresenta pouco polimorfismo entre as espécies de Plasmodium (ANDERS et al., 1998;
HODDER; CREWTHER; ANDERS, 2001). Esta molécula tem um papel fundamental na
invasdo das células vermelhas do sangue pelo Plasmodium (TRIGLIA et al., 2000). A
imunizacdo com AMA-1 confere protecdo contra desafio parasitario em modelo animal
murino (ANDERS et al., 1998; XU et al., 2000) e primata (STOWERS et al., 2002). Além
disso, diferentes formulacdes de vacinas baseadas no alelo da AMA-1 do P. falciparum
(PfAMA-1) estdo sendo testadas em humanos e tém se mostrado seguras e
imunogénicas (THERA et al., 2008; SPRING et al, 2009; LYKE et al., 2009).

A protecdo conferida pela proteina AMA-1 esta estreitamente relacionada com a
producédo de anticorpos (SU et al., 2003; BURNS et al., 2004; POLLEY et al., 2004;
CORTES et al., 2005). Além deles, a produgéo de IFN-y e a expanséo de células TCD4"
parecem contribuir para a eliminacdo de P. chabaudi em camundongos. Dessa forma, a
imunidade celular parece agir conjuntamente com a resposta humoral para gerar a
imunoprotecdo, mas aquela ndo promove protecdo na auséncia de anticorpos (SU et
al., 2003; BURNS et al., 2004). Entretanto, outros estudos sugerem que a imunidade
mediada por células pode contribuir para a protecdo conferida por AMA-1 em
camundongos independentemente da participacdo de anticorpos (AMANTE et al., 1997,
XU et al., 2000). Em populacdes de areas endémicas, anticorpos IgG naturalmente
adquiridos contra PfAMA-1 foram associados com protecdo para malaria (POLLEY et
al., 2004; CORTES et al., 2005). STANISIC e colaboradores (2009) relataram que altos
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niveis de anticorpos do isotipo IgG3 anti-PfAMA-1 foram fortemente preditores da
reducdo do risco de maléria sintomatica causada por P. falciparum em individuos de
Papua Nova Guiné. No entanto, tal producdo de anticorpos nao foi significativamente
associada com protecéo nessa populacao (STANISIC et al., 2009).

1.4.3 Influéncia da Co-infec¢cao no Desenvolvimento de Vacinas

Embora existam estudos sobre como a co-infeccdo entre malaria e
esquistossomose pode influenciar a imunidade de ambas as parasitoses, ndo existem
trabalhos que examinam como o efeito dessa dupla infeccdo pode modificar a resposta
imune mediada por vacinas. Existem algumas pesquisas sobre como a co-infecgdo com
esquistosomose pode afetar o desempenho das respostas imunes para a vacina
tetanica e BCG (Bacilo de Calmette-Guerin) (SABIN et al., 1996; ELIAS et al., 2005).
Em pacientes infectados com S. mansoni a resposta de IFN-y para toxina tetanica (TT) foi
inversamente relacionada com a intensidade da infeccdo. Estes pacientes
desenvolveram uma resposta semelhante a Th2, enquanto que aqueles néo infectados
montaram uma resposta Thl (SABIN et al., 1996). Camundongos infectados por
esquistossomose e vacinados com BCG tiveram uma reducdo no efeito protetor da
vacina contra a infecgcdo por Mycobacterium tuberculosis. Essa imunomodulacdo pode ter
sido exercida através da atenuacdo das respostas imunes contra antigenos
micobacterianos, seja pela polarizacdo da resposta imune para o perfil Th2 ou pelo
decréscimo da producéo de IFN-y provocados pelo parasita (ELIAS et al., 2005). Em
contraste, outro estudo demonstrou que camundongos com infeccdo concomitante de S.
mansoni € M. tuberculosis N80 manifestaram alteracdo dos efeitos terapéuticos de uma
vacina de DNA experimental (DNAhsp65), sendo os efeitos persistentes mesmo na
presenca da resposta Th2 induzida pelo helminto. Além disso, estes animais
produziram TGF- e IL-10, os quais podem estar associados com a protecdo de longa
duracédo para tuberculose (FRANTZ et al., 2010).

Dessa forma, é possivel que a presenca de Plasmodium € S. mansoni possa
também influenciar no desempenho das vacinas contra uma ou outra infeccdo em
individuos duplamente infectados (HARTGERS; YAZDANBAKHSH, 2006). A co-

infeccédo pode induzir uma resposta imune eficaz ou deficiente em resposta a vacinacao
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e isso necessita ser avaliado. Ha a necessidade de testar novas formulacdes e
esquemas vacinais para os antigenos AMA-1 e Sm29, a fim de verificar sua eficacia no
modelo de co-infecgéo e de potencializar a protecao induzida por eles.

1.5 Derivados da Enterotoxina Termolabil de Escherichia coli como Potentes
Adjuvantes

As vacinas de proteinas recombinantes como AMA-1 e Sm29, apesar de serem
mais seguras do que as vacinas tradicionais, sG0 menos imunogénicas. Assim,
adjuvantes sdo componentes essenciais para que estas vacinas sejam mais eficientes
(REED et al., 2009; MBOW et al., 2010). No caso da AMA-1 e Sm29, como a protecao
parece estar associada com resposta imune mediada por Thl e Th2 se faz necessario
usar um adjuvante adequado ao tipo especifico de resposta imune protetora. Sabe-se
gue derivados da enterotoxina termolabil de Escherichia coli (LT), como LTB e LTK63,
possuem uma potente atividade imuno-adjuvante. Esses adjuvantes tém sido
estudados em diferentes modelos animais e tém demonstrado eficiente atividade
imunomodulatéria. Eles sdo capazes de aumentar as respostas imunes de moléculas
fusionadas ou co-administradas a eles (PIZZA et al., 2001; SIMMONS et al., 2001; CAO
et al., 2009; ROMERO et al., 2009).

Os dados gerados nesta tese estdo apresentados na forma de artigos cientificos.
O primeiro artigo é uma revisdo sobre os adjuvantes LTB e LTK63, na qual
descrevemos as caracteristicas estruturais e imunoldgicas de tais adjuvantes. Essa
revisao foi publicada no periddico Vaccine. Os adjuvantes, juntamente com o estudo
sobre a influéncia da co-infec¢cdo na vacinacdo, sdo objetos de estudo desta tese. O
segundo artigo contém um relato da influéncia desses adjuvantes sobre o potencial
vacinal de antigenos de esquistossomose e malaria em modelo murino de infeccdo e/ou
co-infeccdo entre Schistosoma e Plasmodium. Este trabalho esta formatado conforme as
normas do periddico Vaccine. Por ultimo, o terceiro artigo contém dados sobre a
avaliacdo em camundongos do potencial imunogénico e imunoprotetor da proteina
rSml4 de s. mansoni formulada com o adjuvante LTB. Esse trabalho esta formatado

segundo as normas do periédico Memarias do Instituto Oswaldo Cruz.
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2 HIPOTESE

Este trabalho foi desenvolvido a partir das seguintes hipéteses:

1- A co-infeccdo entre maléria e esquistossomose interfere na eficiéncia dos
antigenos vacinais rAMA-1 e rSm29 quando administrados em camundongos
duplamente infectados;

2- A associacao dos adjuvantes rLTB e rLTK63 com os antigenos rAMA-1 e
rSm29 induz protegao contra infecgdo com P. chabaudi €/0u S. mansoni em modelo murino;

3- O adjuvante rLTB melhora o desempenho do antigeno vacinal rSm14.

3 OBJETIVOS GERAIS

- Construir quimeras recombinantes compostas por LTB e Sm29 ou Sm14;

- Clonar, expressar e purificar as quimeras recombinantes e as proteinas rLTB,
rSm29 e rSmi4;

- Avaliar a protecdo induzida pelas quimeras e pelas proteinas recombinantes
associadas a adjuvantes, através de teste de desafio em camundongos néo infectados,
pré-infectados e co-infectados com S. mansoni €/0u P. chabaudi;

- Avalair a eficacia do antigeno rSml4 co-administrado ou fusionado ao
adjuvante rLTB através de desafio com S. mansoni em modelo murino;

- Avaliar a resposta imune celular e humoral geradas pelas vacinas.
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Abstract

The heat-labile enterotoxin of Escherichia coli (LT) consists of an enzymatically active A subunit
(LTA) and a pentameric B subunit (LTB). LT has been extensively studied as a potent modulator
of immune responses but wild-type LT is toxic and therefore unsuitable for clinical use.
Approaches pursued to avoid the toxicity associated with the use of the native toxin while
retaining its adjuvant properties have included isolation of subunit B (LTB) and construction of
non-toxic LT AB complex mutants, such as LTK63 mutant. Here we review the
immunomodulatory characteristics of LTB and LTK63 and their potential as mucosal and

parenteral vaccine adjuvants.
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1. Introduction

Vaccination is undoubtedly the intervention with the greatest impact on global health [1].
New generation vaccines, particularly subunit vaccines, based on recombinant or purified
proteins and synthetic peptides, are less reactogenic but poorly immunogenic in comparison with
whole-organism vaccines which contain many immunostimulatory components. Thus, subunit
vaccines are typically administered with adjuvants to amplify and direct vaccine-specific
immunity [2, 3].

Adjuvants are defined as pharmacological or immunological agents that can stimulate the
immune system and increase, modulate and/or prolong the intrinsic immunogenicity of co-
administered antigens, thereby enhancing vaccine efficacy. The word “adjuvant” comes from the
Latin word adjuvare, meaning to help or aid [4]. Adjuvants are a heterogeneous group of
compounds and can be divided in two groups according to their dominant mechanisms of action.
They can operate via activation and potentiation of innate immunity either directly or via pattern-
recognition receptors (PRRs) to generate robust and long-lasting adaptive immune response.
Alternatively, delivery systems may concentrate and display antigens in repetitive patterns, target
vaccine antigens to antigen-presenting cells (APC) and help localize antigens and immune
potentiators to ensure that the vaccine is delivered to the right place at the right time [5, 6]. These
activities are not mutually exclusive and some adjuvants exhibit both properties [7]. In addition,
immune polarization of the vaccine-induced response is an important consideration [8].

A range of compounds including emulsions, saponins, bacterial products, Toll-like
receptor (TLR) agonists, nucleic acids, virosomes, liposomes and a combination of some of them
have been shown to display potent adjuvant activity in animal models [2, 3, 5, 7]. However, only
a few vaccine adjuvants are licensed for use in humans. For more than 70 years, aluminum

mineral salts was the only vaccine adjuvant approved worldwide for clinical use and remained
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the only one licensed for human use by the U.S. Food and Drug Administration (FDA) until
2009. In the past decade, two oil-in water emulsions (MF59 and AS03), one recombinant toxin
(cholera toxin B subunit, CTB), a virosome (immunopotentiating reconstituted influenza
virosomes, IRIV) and one TLR- 4 agonist (monophosphoryl lipid A formulated in aluminum
hydroxide, AS04) were licensed by the European Medicines Agency (EMA) as vaccine adjuvants
for human use. Recently, the USA FDA approved the adjuvant AS04 for clinical use [2, 3, 9].
The need for new adjuvants has been led mainly by the shortcoming of the currently approved
ones in eliciting the desired immune response against different target pathogens.

A number of novel adjuvants are in development and evaluation and some have
demonstrated profound effects on vaccine potency in preclinical models. These include synthetic
TLR agonists, such as unmethylated viral or bacterial CpG DNA and oligonucleotides [10],
lipopeptides such as tripalmitoyl-S-glyceryl cysteine (Pam3Cys) [11], water-in-oil emulsions
such as Montanide ISA 720 [12], saponins such as QS21 [7], and bacterial enterotoxins such as
the heat-labile enterotoxin from Vibrio cholerae (cholera toxin, CT) and Escherichia coli (LT)
[13-15].

Of particular interest are products of the heat-labile enterotoxin of E. coli (LT) including
subunit B (LTB) and non-toxic LT AB complex mutants such as LTK63. These enterotoxins
have demonstrated potent immunomodulatory activity with a range of antigens in different
animal models, with enhanced immunogenicity as well as protective efficacy, and are considered
potent mucosal and parenteral adjuvants [13]. Herein, we review the immunomodulatory
characteristics of the LTB and LTK63 and provide examples of how these properties have been

exploited for vaccine development.

2. Heat-labile enterotoxin of E. coli (LT): Structure and activity
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Certain enterotoxigenic strains of E. coli bacteria produce two types of toxins: heat-stable
(ST) and heat-labile (LT). The heat-labile enterotoxin of E. coli (LT) is a bacterial adenosine
diphosphate (ADP)-ribosylating exotoxin. Two major LT families are known, LT-1 and LT-II,
however most available information about LT relates to the LT-I family. The LT protein is
composed of two subunits coded by an operon; subunit A (LTA) is a 28-kDa enzyme and subunit
B (LTB) is a 60-kDa protein, composed of five identical polypeptides (11.6 kDa) [16]. Each
polypeptide is produced separately, with a leader sequence which allows them to be transported
into the cell periplasm where it is cleaved and a toxin unit is assembled [17]. The non-toxic B
subunit is assembled as a highly stable pentameric structure arranged in a cylinder-like structure
with a central cavity [18]. The A subunit is composed of two domains: 1) A;, a globular structure
with ADP-ribosylating activity; and 2) A,, a long a-helix. The two domains are linked by a
trypsin-sensitive loop and by a disulphide bridge between A; and A,. The enzymatic activity is
dependent on the proteolytic cleavage of the loop and reduction of the disulphide bridge [19, 20].
The A subunit is linked to the B subunit by the trypsin-sensitive loop and the long a-helix, the C
terminus of which enters into the central cavity of the B subunit, thus anchoring the A subunit to
the B pentamer structure (ABs complex or holotoxin) [19] (Figure 1). The B pentamer structure
contains the cellular receptor binding function. The principal receptor for LTB is the ganglioside
GM1, a glycosphingolipid found ubiquitously on the cell surface of mammalian cells. Hydrogen
bond interactions within each of the five pockets formed by the B subunit pentamer allow LTB to
crosslink GM1 with extremely high affinity. The receptor binding activity of LTB is required for
the uptake and internalization of the ABs complex by host cells. The A subunit is the toxic
portion of LT and is internalized and subsequently stimulates the cellular adenylate cyclase-
cyclic AMP system, leading to dramatic and unregulated elevation of intracellular cAMP. In

intoxicated gut epithelial cells, CAMP elevation results in massive secretion of electrolytes and
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water into the gut lumen, clinically manifested as diarrhea. Therefore, the A subunit is

responsible for the toxicity of LT [16, 19, 21-24].

3. Immunomodulating properties of LT

LT has been extensively studied for immunomodulatory properties which enhance
immunogenicity and protective efficacy. Although the mechanisms by which the enterotoxin-
based adjuvant exerts immunomodulating effects are not well characterized, enhancement of
inflammatory cytokine and chemokine production and transient recruitment of immune effectors
cells to the site of immunization have been implicated [25]. LT is also known to influence
dendritic cell maturation [26], antigen presentation and T-cell activation and promote the
induction of antigen-specific cytotoxic T lymphocyte (CTL) responses in mouse model [27, 28].
The use of LT as an adjuvant has resulted in a balanced cytokine response, involving the
production of both Thl and Th2 cytokines [29] and several antibody classes in mice [30] and in
humans [31].

Both the ADP-ribosylation activity of LTA and GM1 binding of LTB have been proposed
to be involved in immune stimulation. Results by Domingos and co-workers [32] suggest that
both A and B subunits are required to induce TNF-a release by macrophages. Other studies have
proposed that there are multiple immune-modulating pathways triggered by LT, including
mechanisms independent of both ADP-ribosyl-transferase activity [22, 33] and GM1-binding
affinity [22].

Despite its immunomodulatory effect, wild-type LT is toxic and unsuitable for clinical use
in humans [21]. In order to avoid the toxicity associated with the use of the native toxin, while
retaining the adjuvant properties, different avenues of research have been pursued, including

isolation of subunit B [22, 34] and construction of non-toxic LT mutants [23, 35]. Several
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genetically detoxified derivatives of LT have been created by site-directed mutagenesis. Some of
them such as LTR192G (arginine-to-glycine substitution at position 192) have a mutation in the
protease-sensitive loop, making the loop insensitive to proteases and therefore rendering the toxin
not susceptible to the activation necessary for enzymatic activity and toxicity [36]. Others have a
mutation in the enzymatically active region of A subunit, such as LTR72 (alanine-to-arginine
substitution at position 72) which retains only 1% of the ADP-ribosyltransferase activity [37].
LTK®63 has a mutation in the active site of A subunit, (serine-to-lysine substitution at position 63)
and lacks total ADP-ribosylating activity. This molecule has been reported to retain the potent
adjuvant properties of LT [38, 39].

Administration of antigens mixed with or coupled to LTB or LTK63 by oral (chicken)
[34]; intranasal (mouse) [40], (human) [31]; subcutaneous (mouse) [30] [39]; intramuscular
(mouse) [41] [42]; transcutaneous (human) [43] or sublingual (mouse) [44] routes of
immunization has elicited robust humoral and cellular immune response. LTB and LTK63 have
also demonstrated protective potential against enteric (Helicobacter pylori [45]), respiratory
(Influenza virus [46]; tuberculosis [47]), genital (human papillomavirus [42]) or parasitic

(Toxoplasma gondii [48]; Plasmodium berghei [15]) pathogens, as well as cancer [28, 49].

4. Immunological and adjuvant activity of non-toxic derivatives of LT
4.1.  The B subunit of the heat-labile toxin of Escherichia coli (LTB)

The B subunit of LT is a potent signalling molecule capable of modulating immune responses
[27, 50, 51]. The immunostimulatory effect of LTB appears to be related with its capacity to: (i)
enhance antigen presentation via major histocompatibility complex class I (MHC-1) [52] and
MHC class Il [53, 54]; (ii) activate selective differentiation of lymphocytes [55]; (iii) influence

dendritic cells (DCs) maturation and activation [27]; (iv) induce B7-2 expression on antigen
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presenting cells (APCs) for subsequent co-stimulatory signaling to CD4+ T-cells [56] and; (V)
increase the expression of activation markers on B lymphocytes (MHC class 1l, B7, CD40, CD25
and ICAM-1) [57]. The adjuvanticity of LTB has been directly related to GM1-binding activity.
It is thought that the interaction between the B-subunit pentamers and the GM1 cell receptor
activates B and CD4+ T-cells; and enhances antigen presentation by activating DCs and other
APCs by facilitating antigen uptake through receptor-mediated endocytosis mechanism [22, 53].
Specifically, GM1-mediated presentation of LTB by B cells and CD11c+ DCs significantly
enhanced the proliferation and cytokine expression of LTB-specific CD4+ T cells. LTB
presentation by B cells induced the secretion of interleukin (IL)-2, IL-4 and IL-5, providing
helper signals for induction of antigen-specific immunoglobulin. Moreover, GM1-mediated
events can significantly enhance the presentation of LTB-conjugated antigens, as noted for OVA
coupled to LTB, which was presented via the MHC-II pathway [53]. Furthermore, LTB can
increase both T helper type 1 and 2 (Thl and Th2) associated cytokine response to LTB-coupled
antigens. For instance, IFN-y, IL-2, IL-4, and IL-10 were specifically and significantly induced
by a multi-epitope vaccine against H. pylori (HUepi) fused to LTB, HUepi-LTB, in mice
immunized orally [58]. Also, oral immunization of mice with the antigen MOMP
(Chlamydophila psittaci) fused to LTB elicited significant levels of IFN-y, TGF- and IL-2
cytokine responses and a strong enhancement of the lymphoproliferative response, as well as the
production of specific 1gG and IgA antibodies [59].

LTB antigen-conjugates have also been shown to be potent inducers of CD8+ T cell
responses in mice [28]. In one study of mice immunized intramuscularly with vectors encoding
carcinoembryonic antigen (CEA) fused to LTA and LTB, potent CEA-specific antibody and

CD8+ T-cell responses were induced by the CEA-LTB fusion, whereas the CEA-LTA
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preferentially elicited a CD4" T-cell response [49]. The potent antitumor effect of intramuscularly
administered CEA-LTB was reported to be mediated primarily through the induction of NK and
CD8" T cells [49]. In another study, strong cytotoxic T lymphocyte responses were induced in
mice immunized with LTB-MOMP [59]. In an earlier study, De Haan et al. [52] reported that
conjugation of a class | epitope to LTB resulted in the epitope being delivered into the MHC-I
presentation pathway in a GM1-binding-dependent fashion and appearance of MHC-I epitope
complexes at the cell surface. Data demonstrate that LTB—peptide conjugates are potent vaccine
vehicles for induction of protective CD8+ T cell responses [28].

The competence of LTB to modulate or improve vaccine-induced immune responses
appears to depend to some extent on the antigen-LTB combination (whether administered as a
mixture, a fusion construct or chemical coupling), the vaccination route [14, 27, 30, 34, 41, 60,
61] (Table 1) and dose [30, 61].

In some studies co-administration of LTB with the antigen of interest enhanced the
antigen-specific immune response in mice [30] and in humans [31] but in other studies, a link
between carrier and antigen appeared necessary to promote immunity to the target antigen [34,
60]. For example, Fingerut and co-workers [34] showed that the co-administration of LTB with
viral protein 2 (VP2) of infectious bursal disease virus did not augment the response to VP2 in
chickens, in contrast to results of a previous study [60] where the same researchers demonstrated
that LTB-VP2 fused protein enhanced anti-VP2 antibody level and protected birds
intramuscularly immunized from bursal disease virus (IBDV) infection. Interestingly, those
researchers reported that birds vaccinated intramuscularly with a LTB-VP2 fusion exhibited high
levels of protection, but birds vaccinated orally were not protected [60].

The route of administration appears to be critical factor influencing the immunoenhancing

activities of LTB. Although LTB has demonstrated potent mucosal adjuvanticity when
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administered intranasally or orally [34, 62, 63], it has also stimulated a strong systemic and
secretory response when parenterally delivered. Fischer et al. [61] found that mice immunized
intramuscularly with Suid herpesvirus type 1 (SuHV-1) inactivated suspension plus rLTB
produced higher average titers of anti-SuHV-1 neutralizing antibodies and protection than mice
immunized subcutaneously (56% and 32%, respectively) [61]. In another study, co-
administration of LTB with recombinant Knob protein (egg drop syndrome adenovirus) elicited
antigen-specific immune responses via either oral or transcutaneous vaccination routes, but not
via intramuscular route [34] . In contrast, De Haan [41] and co-workers demonstrated that either
intranasal or intramuscular vaccination of mice with LTB supplemented influenza A:PR8 subunit
antigen (derived from influenza strain A:Puerto Rico:8:34) conferred complete protection of the
lungs and the nasal cavity against intranasal viral infection. In that same study, analysis of the
IgG subtypes in serum of mice showed induction of IgG1, 1gG2a, 1gG2b as well as 1gG3,
indicative of a mixed Th1:Th2 response in all immunized animals [41]. Furthermore, Weltzin and
co-workers [30] found that mice immunized subcutaneously with LTB plus Helicobacter pylori
urease antigen were protect against intragastric challenge with H. pylori, while mice orally
immunized were not protected. In that work, urease specific IgG1 and IgG2a antibody subclass
responses were stimulated by all routes, but the subcutaneous route elicited high level of both
subclasses, preferentially enhancing 1gG2a antibody subtype (associated with a Thl immune
response). On the other hand, oral administration elicited lower levels of both IgG1 and 1gG2a.
Others have reported that parenterally delivered LTB preferentially stimulates Th2 immune
responses, whereas mucosally delivered LTB stimulates Thl. For instance, Conceicdo and co-
workers [14] reported that a recombinant chimera composed of the R1 repeat region of
Mycoplasma hyopneumoniae P97 adhesin and LTB (LTB-R1) elicited Th2 type immune

responses when administered via intramuscular route in mice, but Thl type immune responses
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when administered by intranasal route. Similarly, Ricci et al [64] reported in a streptococcal
model that following subcutaneous immunization, the LTB monomer induced predominantly
IgG1 antibody responses (associated with Th2 type immune responses), whereas Thl type IgG2a
antibody responses dominated following intragastric delivery.

The adjuvant activity of LTB has been reported to be impacted by the dose, the
concentration of LTB, the antigen-LTB combination, and the route of administration. Fischer et
al. studying the adjuvant effect of different concentrations of recombinant LTB (2.5, 10, 20, 30
and 40 pg/dose) in mice inoculated intramuscularly or subcutaneously with SuHV-1 inactivated
suspension found an inverse relationship between protection and route of immunization [61]. A
low dose of rLTB (10 pg/dose) was required for high protection (80%) and antibody responses
when mice were immunized intramuscularly, but a high dose (40 pg/dose) was required to confer
the same level of protection when mice were immunized subcutaneously [61]. Similarly, in the H.
pylori urease model, Weltzin and co-workers found that the most effective reduction in gastric H.
pylori colonization in mice was obtained following coadministration of high dose LTB (50 ug)
with H. pylori urease antigen subcutaneously [30]. These data show that the immunomodulatory
effect of LTB can vary depending on antigen-LTB combination, route of administration and dose,

suggesting that each of these factors should be considered for specific vaccine applications.

4.2. The LTK63, a synthetic non-toxic mutant of LT

LTK63 is a synthetic non-toxic AB complex mutant of LT derived from LT by site-
directed mutagenesis which introduces a serine-to-lysine substitution at position 63 of the active
site of the A subunit [35]. This mutation eliminates ADP-ribosylating activity and associated
toxicity, while retaining adjuvant activity [65]. Studies with LTK63 suggest that the

enzymatically inactive A subunit is able to interact with the vesicular transport system to be
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transported to the Golgi, undergo retrograde transport from the Golgi to the endoplasmic
reticulum, and subsequent translocation to the cytosol and binding of the ADP-ribosylation
factors [33]. One or a combination of these activities is likely responsible for the adjuvanticity of
the non-toxic AB complex, since the pro- and anti-inflammatory effects of LT appear to be
derived from an independent contribution of the A and B subunits [25]. De Haan et al [66]
suggested that adjuvants using non-toxic LTA in association with the LTB pentamer may be
more potent than adjuvants using the B subunit alone, because the complex can stimulate the
immune system stronger than using each molecule separated. Data implicating an important role
for the enzymatically inactive A subunit in the induction of an immune response as well as in
immunomodulating activities such as effects on antigen processing and presentation [23, 67]
support this view.

LTK®63 has been shown to act as a potent adjuvant when administered mucosally as well
as parenterally (Table 2). With regard to mucosal delivery, LTK63 has reportedly enhanced APC
activation and maturation, increased the proportion and total number of B cells as well as CD4"
and CD8" T cells, and stimulated and enhanced both Thl-type cytokine responses (including
IFN-y and TNF-a) as well as Th2 responses [23, 67, 68]. For example, when administered
intranasally to mice, LTK63 co-administered with a PbCSP 242-310 peptide from Plasmodium
berghei induced T and B cell immune response both locally and systemically (with production of
CD8" T cells and IFN-y) and protected mice against challenge with live infectious sporozoites
[15]. In another model, LTK63 administrated intrapulmonary by itself induced the mouse lung
activation of alveolar macrophages and the recruitment to the lung of T and B cells and innate

immune cells such as granulocytes, NK, and dendritic cells [69].
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Data also suggest LTKG63 is a promising parenteral adjuvant. For instance, LTK63 plus
KLH (keyhole limpet hemocyanin) antigen injected by subcutaneous route was able to stimulate
inflammatory cytokine production in vivo, enhancing local IL-6 and MIP-2 production, IFN-y,
TNF-a and IL-12 production and NF-kappaB activation in murine macrophage cells [25]. In
another study, Olafsdottir et al [70] studied the effect of LTK63 on phenotype and function of
murine neonatal lymphoid cells and found that subcutaneous co-administration of LTK63 with
pneumococcal polysaccharide conjugated to tetanus toxoid (Pncl-TT) induced significantly
higher B-cell expression of CD40, CD86 and elevated IFN-y response consistent with enhanced
B-cell-T-cell interactions. Intramuscular immunization of BALB/c mice with LTK63 fused to
human papillomavirus type 16 chimeric virus-like particles (cVLPs), HPV 16 L1/L2-LTK63
cVLPs, induced higher titres of specific long-lasting neutralizing serum antibodies. Moreover,
that chimera was able to induce significantly higher levels of CD4" Th responses, Thl-type (IFN-
v and IL-2) and Th2-type (IL-4) cytokines, and strong splenocyte proliferation [42]. Induction of
CTL responses has been also reported by Simmons and co-workers [71] who detected MHC-I-
restricted ovalbumin (OVA)-specific CD8" CTL responses following subcutaneous immunization
of C57BL/6 mice with co-administered LKT63 and OVA.

As noted for LTB, immunomodulatory effects of LTK63 appear to vary with vaccination
route. For example, subcutaneous and intranasal administration of LTK63 with a meningococcal
serogroup C polysaccharide conjugate, MenC-CRM (197) enhanced neonatal antibody responses,
affinity maturation, immunological memory and protective immunity in neonatal mice but
subcutaneous administration induced a dominant Th1 response whereas intranasal administration

induced a mixed Th1/Th2 response [39].
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A potential advantage of LTK63 relates to the effect of pre-existing antibodies on
adjuvanticity. Studies in murine and swine models following intranasal immunization with
LTK63 have demonstrated that pre-existing anti-LTK63 antibodies do not inhibit its performance
as an adjuvant [72]. In contrast, although LTB subunit has been successfully used for repeated
immunization in mice [34], Fischer et al. found the lower the anti-rLTB humoral response, the

higher its adjuvant activity [61].

5. Production of recombinant LTB and LTK63

Recombinant LTB and LTK63 have typically been expressed in E. coli [27, 35, 61, 69],
although other expression systems have been used. Specifically, functional LTB has been
expressed in Mycobacterium BCG [73], Lactobacillus casei [74], Saccharomyces cerevisiae [75],
and Pichia pastoris [76], as well as plants including Oryza sativa (rice) [77], Lactuca sativa
(lettuce) [78] and Peperomia pellucid [79]. LTK63 has been expressed in tobacco chloroplasts
[80] and attenuated Salmonella enterica serovar Typhimurium strains [81]. For both LTB and
LTK®63, plant-based systems have been reported to be efficient expression platforms suitable for
oral delivery of candidate vaccines [77-80].

Differences have been noted in expression efficiency in the different systems, however.
For example, the expression of LTB was reported to be higher in the homologous E. coli system
as compared with the heterologous P. pastoris system [76]. Nonetheless, a number of different
expression systems can be used to produce these potent immunomodulatory molecules, offering

several options for scaling up the production.

6. Conclusions
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The enterotoxins LTB and LTK63 have potent immunomodulatory activity in mammals
and are recognized as powerful mucosal adjuvants. However, both LTB and LTK63 have also
been used successfully as parenteral adjuvants, with immune potentiation and enhanced vaccine
efficacy demonstrated in a number of different models. In contrast with most commonly used
adjuvants, and all adjuvants currently licensed for use in humans, both LTB and LTK63 adjuvant
formulations have induced a balanced cytokine response involving both Thl and Th2 cytokines
and different antibody subclasses, as well as induction of antigen-specific splenocyte
proliferation and CTL responses. Protection against challenge in viral, bacterial and parasitic
animal models (including influenza, HPV, Helicobacter pylori, tuberculosis, and malaria) has
been demonstrated by mucosal and parenteral delivery of antigens co-administered or fused with
LTB or LTK63. The immunomodulatory effects of LTB and LTK63 appear to be dependent to
some extent on the antigen and on the vaccination route, and more studies are necessary in order
to understand the mechanisms by which these adjuvants exert immunomodulatory effects.
Nonetheless, a wealth of data suggests that LTB and LTK63 are potent adjuvants for both
systemic and mucosal immunity, and suggest that clinical studies of these adjuvants are

warranted.
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Table 1. Adjuvanticity of LTB in different animal models.
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Effect on
Model/ Disease Treatment® Route of Ab T cell Protection Reference
immunization  response  response Th1/Th2
Chicken/ IBDV LTB + VP2 i.m. nil nt nt nt [34]
Chicken/ IBDV LTB-VP2 i.m. yes nt nt 100 % [60]
Chicken/ IBDV LTB-VP2 oral yes nt nt 22 % [60]
Mice/ SUHV-1 LTB + i.m. Yes nt nt 56% [61]
SuHV-1 (high)
Mice/ SUHV-1 LTB + s.C. Yes (low) nt nt 32% [61]
SuHV-1
Chicken/ EDS LTB + oral and s.p. yes nt nt nt [34]
Knob
Chicken/ EDS LTB + i.m. nil nt nt nt [34]
Knob
Mice/ Influenza LTB + i.n.and i.m. yes nt both 100 % [41]
A:PR8
Mice/ H. pylori LTB + s.C. yes nt both (high yes [30]
urease Thl)
Mice/ H. pylori LTB + oral yes nt lower 0 [30]
urease
Mice/ LTB-R1 i.m. yes nil Th2 nt [14]
M.hyopneumoniae
Mice/ LTB-R1 i.n. yes IFN-y Thl nt [14]
M.hyopneumoniae
Mice/ CEA CEA-LTB i.m. yes NK and nt nt [49]
CD8+ T-cell

Footnote: Ab, antibody; A:PR8, influenza subunit antigen derived from influenza strain A:Puerto Rico:8:34

(A:PR8); CEA, carcinoembryonic antigen; EDS, adenovirus egg-drop syndrome; H. pylori, Helicobacter pylori;

IBDV, infectious bursal disease virus; i.d., intradermal; i.m., intramuscular; i.n., intransal; Knob, Knob part of the

fiber protein of egg drop syndrome adenovirus; M. hyopneumoniae, Mycoplasma hyopneumoniae; nt, not tested; R1,

repeat region of M. hyopneumoniae P97 adhesin; s.c., subcutaneous; s.p., skin patch; SuHV-1,Suid herpesvirus type

1; Urease, Helicobacter pylori urease antigen; VP2, viral protein 2 of infectious bursal disease virus.
8LTB-Antigen= fusion of LTB and antigen; LTB + Antigen= co-administration of LTB and antigen.



Table 2. Adjuvanticity of LTK63 administered via mucosal or parenteral routes.
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Effect on
Model/ Disease Treatment® Route of Ab T cell Protection  Reference
immunization response response  Th1/Th2

Mice/ P. berghei LTK63+PhC i.n. yes yes nt 100% [15]

SP 242-310
Mice/ - LTK63 i.pm. nt yes nt nt [69]
B. pertussis LTK63 + s.C. yes yes Both nt [25]

KLH (high
Thl)
Mice/S.pneumonia LTK63 + s.C. yes yes nt nt [70]
Pncl-TT
Mice/ HPV 16 L1/L2- i.m. Yes (neut) yes both nt [42]
LTK63
CVLPs
Mice/ MenC LTK63+Me s.C. yes nt Thl yes [39]
nC-

CRM(197)

Mice/ MenC LTK63+Me i.n. yes nt both yes [39]
nC-
CRM(197)

Footnote: Ab, antibody; B. pertussis, Bordetella pertussis; HPV 16, human papillomavirus type 16; i.m.,

intramuscular; i.pm., intrapulmonary; i.n., intransal; s.c., subcutaneous. KLH, Keyhole limpet hemocyanin (KLH);
L1/L2-LTK63 cVLPs, LTK63 fused to the HPV 16 chimeric virus-like particles (cVLPs); MenC, meningococcal
serogroup C; MenC-CRM(197), MenC polysaccharide conjugate; neut, neutralizing; nt, not tested; P. berghei,

Plasmodium berghei; PbCSP 242-310, T cell peptide epitope from P. berghei; Pncl-TT, pneumococcal

polysaccharide of serotype 1 conjugated to tetanus toxoid (TT); S. pneumonia, Streptococcus pneumoniae

8L TB-Antigen= fusion of LTB and antigen; LTB + Antigen= co-administration of LTB and antigen.
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Al domain
A2 domain

B subunit

Fig. 1. Schematic structure of heat-labile enterotoxin produced by E. coli. The globular structure of A subunit (A;
domain) is linked to the B subunit by a trypsin sensitive loop (*) and a long a-helix (A, domain), the C-terminal of

which enters the central cavity of the B pentamer.
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Abstract

There is considerable overlap in the geographical and socio-economic distribution of Schistosoma
and malaria infection. The proteins Sm29 and AMA-1 are promising vaccine candidates against
Schistosoma and malaria infections, respectively. The non-toxic derivatives of the heat-labile
toxin of Escherichia coli LTB and LTK63 have been reported as a powerful adjuvants. The
objective of this study was to evaluate the vaccine efficacy of recombinants Sm29 and AMA-1
formulated with LTB or LTK63 adjuvants in a mouse model of Schistosoma and Plasmodium
chabaudi AS infection and co-infection. Recombinant LTK63 elicited high levels of antigen
specific antibodies and cytokines to rSm29 and rAMA-1 than did rLTB. Naive mice immunized
with rLTK63+rAMA-1 had a reduction in the P. chabaudi parasitemia. Co-infected mice
immunized with rLTK63+rSm29 were protected against schistosomiasis; mice vaccinated with
rLTK63+rAMA-1 showed reduction in the P. chabaudi parasitemia peak. Taken together, our
data suggest that co-infection results in a positive trend in vaccine efficacy of rSm29 and rAMA-

1 when formulated with rLTK63 adjuvant.
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1. Introduction

Malaria, caused by the protozoan parasite Plasmodium, is the most important human
parasitic disease in terms of death and clinical cases. Schistosomiasis, caused by the trematode
worm Schistosoma, is the most important human helminth infection in terms of morbidity
(Chitsulo, 2000; Garcia, 2010). Their coexistence is common event in populations in most
endemic areas, mainly in tropical regions. In these regions, the association with both parasites is a
confounding factor in assessing the effectiveness of interventions to control those diseases
(Druilhe et al., 2005). Immunity to both parasites is extremely complex and still not well
understood. Schistosoma spp. elicites in the host a response significantly associated with
interferon (IFN)-y during the acute infection and interleukine (IL)-10 during the chronic phase (at
the time point of egg production) followed by a concomitant down regulation of T helper cells
type 1 (Thl) cytokines (Montenegro et al., 1999). The host response to the initial phase of
malaria infection is usually followed by the production of proinflammatory cytokines, tumor
necrosis factor (TNF)-a and IFN-y (Good, 2005). In a later stage of infection, after the peak of
parasitemia, CD4 + T cells expess a Th2 cytokine profile. Co-infection by Schistosoma and
Plasmodium have an important influence on the regulation of cytokine production and its balance
is critical to determine the pathology or protection (Lyke et al., 2006; Muok et al., 2009, Wilson
et al., 2009; Diallo et al., 2010). The consequences of the association between schistosomiasis
and malaria have been studied in humans and mice. However, the knowledge of how such
concurrent infections affect the immune response of each other is still limited (Diallo, 2004;
Brooker et al., 2007; Hartgers et al., 2009; Muok, 2009; Wilson et al., 2009; 2010; Waknin-
Grinberg et al., 2010). Furthermore, current findings are controversial, since they suggest a

number of scenarios in which the co-infection may not only increase the susceptibility to
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infection, but also protect against severe disease in certain circumstances (Helmby et al., 1998;
Brooker et al., 2007; Laranjeiras et al., 2008; Hartgers et al., 2009; Sangweme et al., 2009;
Waknin-Grinberg et al., 2010).

Great efforts are being made aiming to produce vaccines to those parasites (Tram et al.,
2006; Barclay et al., 2008; Cardoso et al., 2008; Jiang et al., 2009), though, no vaccine is
commercially available yet (McManus, 2008; Good, 2009). The protein Sm29, a S. mansoni
Apical Membrane Proteins, has been tested for its potential as vaccine to Schistosoma (Cardoso
et al., 2006; 2008). The recombinant Sm29 was strongly recognized by antibodies of naturally
resistant individuals living in endemic areas (Cardoso et al., 2006). Immunization of mice with
rSm29 elicited reduction in the parasite load, its protection was related with Thl immune
response (Cardoso et al., 2008). One of the leading Plasmodium blood-stage vaccine candidate
antigens is apical membrane antigen 1 (AMA-1) which is a merozoite surface protein and have
been extensively studied using several species of Plasmodium (Bueno et al., 2008; Spring et al.,
2009; Stanisic et al., 2009). Immunization with AMA-1 confers protection against parasite
challenge in animal model (Anders, 1998; Xu et al., 2000; Stowers et al., 2002). The protection
of mice afforded by the P. chabaudi AMA-1 protein is closely related to Thl and Th2 response
(Su et al., 2003; Burns et al., 2004). For any subunit vaccine, the selection of the most effective
adjuvant is important for optimal vaccine efficacy. The heat-labile enterotoxin of Escherichia coli
(LT) consists of an enzymatically active A subunit (LTA) and a pentameric B subunit (LTB). LT
has been extensively studied as a potent modulator of immune responses but wild-type LT is
toxic (De Haan et al., 1998). The non-toxic LTB and the LT mutant LTK63 (which has a serine
to lysine substitution at aminoacid 63 of the A subunit) has been reported as powerful mucosal

and parenteral adjuvants. They are able to increase the immune responses of molecules fused or
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co-administered to them inducing Thl and/or Th2 immune response (Fingerut et al., 2006;
Conceicéo et al., 2006; Brynjolfsson, 2008; Romero, 2009).

Although the consequences of the association between schistosomiasis and malaria have
been reported, there are no studies about co-infection and its influence in the performance of
immune responses mediated by vaccines. Co-infection may induce a change in immune response
to vaccination and its need to be evaluated. Furthermore, in spite of Sm29 and AMA-1 are
promising candidates against schistosomiasis and malaria, further studies need to be performed to
enhance the effectiveness of those vaccines. In this way, the objective of this study was to
evaluate the vaccine efficacy of recombinant Sm29 and AMA-1 formulated with LTB and
LTK63 adjuvants in infection and co-infection models with S. mansoni and P. chabaudi

chabaudi.

2. Materials and Methods

2.1. Mice and Parasites

Female C57BL/6J mice 6 to 8 week-old were purchased from Animal Resources Centre
(Perth, Australia). The animals were maintained in the animal facility at Queensland Institute of
Medical Research and supplied with food and water ad libitum.

The Puerto Rican strain of S. mansoni and Biomphalaria glabrata snails were provided by
the National Institutes of Allergy and Infectious Diseases Schistosomiasis Resource Centre at the
Biomedical Research Institute (Rockville, Maryland, USA). To obtain cercariae, B. glabrata
snails infected with miracidia were exposed to incandescent light for 1 h and then washed twice
in RPMI 1640, 1% antibiotic/antimycotic and 10 mM Hepes (Invitrogen) before experimentation.
Cercariae were used to infect mice. The rodent malaria parasite P chabaudi chabaudi strain AS

was maintained by intra peritoneal (i.p.) passaging of 10° parasited red blood cells (pRBCs) into
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naive recipient mice. Prior to any infection the percentage of parasitemia was checked every 2
days by blood smears, which were obtained from tail tips and stained with Giemsa. If it was
greater than 5%, then the mouse was ready to be harvested for the pRBCs the following day. For
each infection, mice were intravenous (i.v.) injected with fresh parasited RBCs from a passaged
mouse. All animal studies were approved by the Queensland Institute of Medical Research

Animal Ethics Committee.

2.2. Recombinant Proteins

Recombinants ectodomain of P. chabaudi adamai DS AMAl (rAMA1) (which is
homologus to P. c. chabaudi AS) and rLTK63 were produced and purified as described by
Crewther et al (1996) and Douce et al (1995), respectively. Refolded, E. coli-expressed, rAMA-
1B and rLTK63 were kindly provided by Melisa Kuwahata and by Novartis Vaccines (Siena,
Italy), respectively. Recombinant Sm29 (rSm29) was produced and purified as previously
described (Cardoso et al., 2006).

The sm29 gene was cloned into pAE/Itb vector allowing the fusion of of the C-terminal
region of Itb with the N-terminal of sm29 gene. For this purpose, the sm29 forward and reverse
primers were constructed allowing a Kpnl and Hindlll restriction site (underlined) insertion,
respectively, for the correct reading frame fusion of the of the 3° end of Itb with the 5’ end of
sm29 gene. The sm29 gene was amplified from pETsm29 by PCR using the Mastercycler EP
gradient S thermocycler (Eppendorf), with the following program: 92 °C for 2 min followed by
35 cycles of 92 °C for 30 s, 52 °C for 30 s and 68 °C for 1 min, with a final extension of 68 °C for
7 min. The reactions were performed in final volume of 25 ul consisting of 0.4 mM dNTP
(Invitrogen, USA), 0.2 uM of each forward and reverse primer (Sigma-Aldrich, AU), 2.5 pl of

Expand High Fidelity (Roche) 10x buffer with 1.5 mM MgCl,, 0.37 ul (1.3 unit) of Expand High
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Fidelity enzyme mix (Roche), 19.13 ul of Milli-Q water and 20 ng of template DNA. The sm29
forward primer 5’-CCCGGTACCGTGCGTTGCTACGTCTG-3’, and the reverse primer 5’-
CCCAAGCTTATTTTGTCATTCCGTTACATAG-3’, were used in this study. The Itb gene was
previously cloned (kindly supplied by Concei¢do, UFPel, Brazil) into plasmid pAE (Ramos et al.,
2004), an expression vector coding for six N-terminally located histidine residues (6xHis). After
PCR amplification, the sm29 product was purified from agarose gel using a QlAquick gel
extraction kit (Qiagen, Valencia, CA, USA) following manufacturer’s instructions. Purified PCR
product and the plasmid pAE/LTB were digested with Kpnl and Hindll11 restriction endonuclease
(New England Biolabs, NEB), purified and ligated using T4 DNA ligase (NEB), creating the
plasmid pAE/Itb-sm29. Plasmid DNA was characterized by PCR (using the Sm29 primes),
restriction enzyme digestion (BamHI and Hindlll, Xmal and Bglll) and DNA sequencing using
the T7 forward and reverse universal primer with the Big Dye Terminator Mix (ABI Prism)
(conducted by QIMR core facility).

Expression and purification of recombinant LTB-Sm29 and LTB in Escherichia coli is
briefly described below. The E. coli strain BL21 (DE3) (Novagen) containing the recombinant
plasmid pAE/LTB-Sm29 and pAE/LTB was grown at 37 °C to an ODgg of 0.6. The expression
of rLTB-Sm29 and rLTB was induced by 0.3 mM isopropyl-p-D-thiogalactopiranoside (IPTG).
The cultures were then incubated for additional 4 h and cells were harvested by centrifugation
and resuspended in lysis buffer (100 mM NaH,PQO,4, 10 mM Tris HCI and 20 mM imidazole, pH
8.0). Cells were lysed by 3 times sonication at 30% of amplitude and after centrifugation at
10.000 x g, at 4 °C for 20 min, the supernatant was colleted. Recombinant LTB-Sm29 and LTB
were recovered as inclusion bodies and resuspended in 100 mM NaH,PO,4, 10 mM Tris HCI, 20
mM imidazole and 8 M urea, pH 8.0. Proteins were purified by metal affinity chromatography

using Ni-NTA Protein Purification System (QIAGEN), according the manufacture's protocol.
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After purification, the denaturing buffer was exchanged by PBS buffer (pH 7.4) using a PD-10

desalting column (GE Healthcare) and 10% glycerol was added to recombinant proteins.

2.3. Recombinant Proteins Characterization

The purity of the recombinant proteins was assessed by SDS-PAGE according to the
method of Laemmli (1970). Proteins were loaded into 12% polyacrylamide gel and ran with
NuPage MOPS SDS running buffer, using an Xcell Surelock mini-cell apparatus (Invitrogen)
following manufacturer’s guidelines. The sample buffer used in SDS-PAGE contained pg-
mercaptoethanol as reducing agent. The concentration of recombinant proteins was measured by
the Bradford method, using a Protein Assay (Bio-Rad); and by SDS-PAGE using a curve of
bovine serum albumin (BSA) as molecular mass standard. The purity of rLTB-Sm29, rLTB and
rSm29 was accessed by Western blot. After SDS-PAGE, the gel was transferred to a
nitrocellulose membrane using the XCell Blot module (Invitrogen). Membranes were blocked
overnight with 2% of BSA in phosphate buffer saline (PBS) at room temperature. Subsequently,
the membrane was washed three times with PBS-T (PBS with 0.05% Tween 20) and incubated
with anti-6xHis antibodies (Sigma) diluted to 1:5000 in PBS-T and incubated for 1 h at room
temperature. After three washes using PBS-T the membrane was incubated in 1:1 Immun-star
HRP enhancer and peroxide buffer (Bio-Rad) then exposed to Fuji film (Tokyo, Japan) for
immune-detection. BenchmarkerTM Prestained Protein Ladder (Invitrogen) was used as

molecular mass standard.

2.4. GM1-ELISA
The adjuvanticity of LTB is related to bind to the cell surface receptor, the GM1

ganglioside (De Haan et al., 1998). Binding of the rLTB-Sm29 and rLTB to GM1 ganglioside
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was determined by enzyme-linked immunosorbent assay (ELISA) (Liljeqvist et al., 1997).
Briefly, MaxiSorp 96 well flat bottom plate (NUNC, Denmark) was coated overnight at 4 °C
with 50 pL of bovine GM1 (Sigma) at 400 ng/well diluted in carbonate—bicarbonate buffer, pH
9.6, flollowed by blocking in 2% BSA in PBS-T solution for 1 h at 37 °C. rLTB-Sm29, rLTB,
rSm29 and CT diluted in PBS were added in triplicate at 400 ng/well (50 uL), incubated at 37 °C
for 1 h. Subsequently, the plate was incubated at 37 °C for 1 h with 50 pL of 1:800 mouse 1gG
anti-Sm29 or 1:3000 rabbit 1gG anti-cholera toxin (Sigma) in PBS-T. After three PBS-T washes,
the plate was incubated for 1 h at at 37 °C with 50 pL of 1:1000 goat IgG anti-mouse peroxidase
conjugate or 1:2500 goat IgG anti-rabbit peroxidase conjugate. The reactions were developed
using 50 pl/well of TMB substrate reagent set (BD Biosciences) and stopped by the addition of
50 ul/well of TMB stop reagent (Sigma). Absorbance was read at 450 nm using a VERSAmax™
microplate reader (MDS Analytical Technologies) 20 min later. Wells with rSm29, CT and PBS
were used as control. The same experiment was performed in plates without GML1 in order to

check the specific GM1-bind affinity of the rLTB-Sm29 and rLTB proteins.

2.5. Experimental infections

In this study, prior to immunizations mice were either (1) uninfected (naive), (2) pre-
infected with S. mansoni or P. c. chabaudi AS alone or (3) co-infected with S. mansoni and P. c.
chabaudi AS. For pre-infection with S. mansoni, mice were anaesthetised with injectable
anaesthetic ketamine/xylazine and received 30 S. mansoni cercariae by abdominal skin
penetration (Harn et al., 1984). In order to clear the adult parasites, at day 42 post infection, those
mice were treated with Praziquantel, as a single dose of 300 mg/kg per mouse by gavage. Pre-
infection of mice with P. c. chabaudi AS was done by an i.v. infection with 10° P. c. chabaudi AS

pRBCs. Two days after, those mice were treated to clear the parasites with Malarone (200 mg
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atovaquone + 80 mg proguanil hydrochloride) as a daily oral dose (via gavage) during 3 days.
They were monitored for check the parasitemia clearance every day by blood smears for 3 days.
Co-infection was performed infecting mice first with 30 S. mansoni cercariae by abdominal skin
penetration and 23 days post cercariae infection they were i.v. co-infected with 10° P. c. chabaudi
AS pRBCs. Two days later co-infection, mice were drug cured to eliminate the malaria parasites
with Malarone (same scheme used during pre-infection) and the parasitemia monitored by blood
smears every day for 3 days. These mice were drug cured to clear the S. mansoni adult worms at
day 19 after co-infection (42 days post S. mansoni infection) with Praziquantel (same used for
cure pre-infection). They were then immunized 49 days post cercariae infection and/or 25 post P.

¢. chabaudi AS infection.

2.6. Immunization

To evaluate the protective efficacy and immunogenicity conferred by vaccines, mice were
segregated according to their characteristics, either for schistosomiasis or malaria, in three study
groups defined as: 1) naive; 2) pre-infected; and 3) co-infected. The immunization scheme is
presented in Tab. 1. For all studies, mice were immunized in the nape of the neck with 3 doses of
recombinant vaccine candidates (formulated with adjuvants) or controls with an interval of 15
days between each dose. For schistosomiasis, mice were immunized with 14 pg of rSm29; and
for malaria , with 5 pg of rAMA-1 AS; both recombinants proteins were co-administered or fused
with either adjuvants (1) 10 pug of rLTB or (2) 8 pg of rLTK63. Control groups were immunized
with PBS, rLTB or rLTK63. For control groups, the amount of recombinant proteins was the
same used in the immunization protocol. For immunological assessment, mice were sacrificed 14

days after the last immunization.
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Mice from naive and pre-infected study, for schistosomiasis, were divided into six groups
of 10 mice/group and immunized with either: (1) rLTB-Sm29; (2) rLTB+rSm29; (3)
rLTK63+rSm29; (4) rLTB; (5) rLTK63; and (6) PBS. For malaria, mice were allocated to five
groups of 10 mice/group and immunized with either: (1) rLTB+rAMA-1; (2) rLTK63+rAMA-1,;
(3) rLTB; (4) rLTK63; and (5) PBS.

Mice from co-infected study were separeted into three groups of 10 mice/group for
schistosomiasis or 8 mice/group for malaria. For schistosomiasis mice were immunized with: (1)
rLTB+rSm29 and (2) rLTK63+rSm29. For malaria, mice were immunized with: (1)

rLTB+rAMA-1 and (2) rLTK63+rAMA-1. Control group was immunized with PBS.

2.7. Parasite challenge

For the schistosomiasis study, seven mice from each group were challenged with 100 S.
mansoni cercariae by abdominal skin penetration two weeks after the last immunization and then
evaluated for protection 6 weeks post challenge. Mice were sacrificed, perfused with PBS from
the mesenteric veins and the worm burden was counted. Protection was calculated using the
equation [(C-V)/C].100, where C is the average number of worms in control animals and V is the
average number of worms in vaccinated animals.

For the malaria study, five mice were i.v. infected with 10° P. c. chabaudi AS pRBCs two
weeks after the last immunization. Two days post-challenge mice were monitored for parasitemia
for 14 days by blood smears, which were obtained from thin tail tips and stained with Giemsa.
Parasitemias were examined by microscopic examination of stained blood films and percentages

of parasitised erythrocytes were calculated.

2.8. Immunological assessment



76

2.8.1. Measurement of specific antibodies by ELISA

Mice were bled via tail-tip (10 pl of whole blood, diluted in 90 ul of PBS) prior to
immunization and after each immunization until sacrifice. The profile of specific rSm29 or
rAMA-1 antibodies was determined by indirect ELISA. Maxisorp 96-well microtiter plates
(Nunc, Denmark) were coated overnight at 4 °C with 50 pl of 5 pg/ml of rSm29 (schistosomiasis
study) or 1 pg/ml of rAMA-1 (malaria study) diluted in carbonate—bicarbonate buffer, pH 9.6.
After three PBS-T washes, plates were blocked with 100 pl of 2% BSA in PBS-T for 2 h at 37 °C
and then washed again. Sera pool were diluted in PBS-T and 50 pl of them added in triplicate at
dilutions of 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600 and 1:3200 or 1:50 to evaluate the titer of
total 1gG or to determine its subtypes profile, respectively. Following incubation at 37 °C for 1 h,
plates were washed three times with PBS-T and incubated at 37 °C for 1 h with 50 pl of
peroxidase conjugated anti-mouse either IgG (1:10000), 1gG1 (1:5000) or I1gG2a (1:2000)
(Sigma). The isotyping was performed following manufacturer’s instructions. The reactions were
developed using 50 pl/well of TMB substrate reagent set (BD Biosciences) and stopped by the
addition of 50 ul/well of TMB stop reagent (Sigma), after five PBS-T washes. Absorbance was
read at 450 nm using a VERSAmax™ microplate reader (MDS Analytical Technologies) 20 min

later.

2.8.2. Splenocyte cultures and Cytometric bead array (CBA)

Splenocyte cultures were prepared using three or five individual mice/group from
schistosomiasis or malaria study, respectively. Mice were sacrificed two weeks after the last
immunization and splenocytes were harvested and macerated in wash medium (Dulbecco’s
phosphate buffered saline (Sigma) plus 2% of heatinactivated fetal calf serum (FCS). Splenic

RBCs were lysed in a red cell removal buffer (9 g NH4CI /L) at 37° and splenocytes were rinsed
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with wash medium and resuspended in grow medium (Dulbecco’s modified eagles medium
(DMEM) supplemented with 50 pM 2-mercaptoethanol, 216 mg/L L-glutamine, 100 U/ml
penicillin G sodium, 100 pg/ml streptomycin sulfate and 10% heatinactivated FCS). Spleen cells
were then adjusted to 0.5x10° cells/ 200 pL well and polymyxin B (Sigma) (30 pg/ml) was added
to the cultures, in order to abrogate the cytokine response to lipopolysaccharide as previously
described (Cardoso et al., 2007). Splenocytes were maintained in culture with grow medium
alone or stimulated with either rSm29 (10 pg/ml), rLTB (10 pg/ml), rLTK63 (8 pg/ml) or
concanavalin A (ConA) (5 pg/ml) at 37 °C and 5% CO; in flat-bottomed 96-well microtiter
plates.

Culture supernatants were collected after 36 h, 48 h, 72 h and 96 h of stimulation and
analyzed for the presence of IFN-y, TNFa, and interleukin 13 using the BD™ CBA mouse/rat
soluble protein flex set (BD Biosciences) according to the manufacturer’s instructions. Analysis
was performed on a FACSArray cytometer equipped with CellQuest Pro and CBA software (BD
Biosciences). Postacquisition data analyses were performed using FlowJo Sotfware V7.0 (Tree

Star, Inc.).

2.9. Statistical analysis

Data were evaluated by unpaired Student’s t -test using the computer software package
Prism 4.0 (GraphPad, Inc.). A p-value <0.05 was considered statistically significant. Values of p

are indicated in the figures by the following symbols: *, 0.01-0.05; **, 0.001-0.01; ***, < 0.001.

3. Results

3.1. Production of recombinant proteins
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The sm29 was successfully inserted downstream of Itb gene creating the Itbsm29 chimera.
Sequencing of the chimeric gene showed 100% identity with Itb and sm29 genes. E. coli BL21
(DE3) transformed with the expression plasmids pAE/ltb-sm29 and pAE/Itb expressed
recombinant proteins LTB-Sm29 and LTB (data not shown). They were obtained as inclusion
bodies, purified under denaturing conditions and refolded in renaturing buffer. The expression of
refolded rLTB-Sm29, rLTB and rSm29 is shown in Fig. 1. This figure shows the recombinant
LTB-Sm29, LTB and Sm29 proteins with apparent molecular mass of 30, 13 and 17 kDa,
respectively. During the refolding process, some protein was lost in a precipitated form, but

yielded enough soluble recombinant protein to be used in the experiments.

3.2. GM1 binding assay

Purified rLTB-Sm29 and rLTB produced in E. coli were also tested for its biological
activity by studies on its ability to bind to GM1 ganglioside in ELISA experiments. The GM1-
binding capacity was detected with anti-rSm29 and anti-CT antibodies (Fig. 2). The results
indicated that both recombinant proteins have GM1 ganglioside-binding capacity and showed
that the fusion of the Sm29 to the 3 terminus of the LTB did not impair its ability to bind to
GM1 receptor. Mean absorbance of the rLTB-Sm29 detected with anti-rSm29 showed statistical
signicance (p, 0.001-0.010) when compared to controls (rLTB, CT and PBS). Interestingly, the
mean absorbance between rLTB-Sm29 and PBS was lower when this recombinant protein was
detected by anti-CT, but the mean absorbance was still significant (p, 0.001-0.010). Following
dection with anti-CT antibody, the mean absorbance of rLTB revealed significant (p<0.0001)
ganglioside-binding capacity when compared to rLTB-Sm29, rSm29 and PBS. Recombinant

proteins and negative controls were not detected in microplates without GML1.
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3.3. Antibody response to rSm29 and rAMA-1 following immunization

Pre-challenge sera collected 15 days after the last immunization were pooled and assayed
in triplicate. To evaluate the titer of specific 1gG to rSm29 or rAMA-1, pooled sera were assayed
at dilutions of 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600 and 1:3200. The specific anti-rSm29 or
anti-rAMA-1 1gGland 1gG2a antibodies levels were also evaluated in sera pool diluted 1:50.

Fig. 3 shows total 1gG, IgG1 and 1gG2a responses to rSm29 induced by vaccination from
mice of the schistosomiasis study. The titer for total 1gG is presented in Fig. 3A, Mice immunized
with rLTK63+rSm29, in all studies, had high titer of rSm29—specific IgG antibodies. For pre-
infected mice, this vaccine, toghether with rLTBSm29, induced the highest anti-rSm29 IgG titers
(>3200). Fig. 3B shows the levels of IgG1 antibodies to rSm29. Overall, the levels of 1gG1ldid
not change among the studies even for mice immunized with rSm29 co-administered with LTB
or rLTK63 or fusioned with LTB. On the other hand, levels of 1gG2a (Fig. 3C) induced by
vaccines varieted among studies. Pre-infected mice immunized with rLTB-Sm29 or
rLTK63+rSm29 produced the highest amount of 1gG2a. Analysis of the 1gG1l/IgG2a ratio
showed that mice immunized with rLTK63+rSm29 produced a balanced 1gG1/lgG2a ratio for
naive (1.78), pre-infefected (1.2) and co-infected (2.24) studies. Immunization of pre-infected
mice with rLTB-Sm29 also induced a balanced ratio (2.28).

Total IgG, IgG1 and IgG2a responses to rAMA-1 produced by vaccination of mice of the
malaria study are presented in Fig. 4. The titer of total 1gG is presented in Fig. 4A, which shows
that rLTB+rAMA-1 elicited the highest titer of total IgG anti-rAMA-1 in naive mice and
rLTK63+rAMA-1 induced a high titer in co-infected ones. The level of specific 1gG1 anti-
rAMA-1 is showed in Fig. 4B. Naive mice immunized with rAMA-1 co-administered with rLTB
or rLTK63 produced the highest levels of 1IgG1 antibodies to rAMA-1. The level of IlgGlwas the

same in pre and co-infected mice immunized with rLTK63+rAMA-1. All vaccines elicited very
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low levels or failed to induce 1gG2a to rAMA-1 in all studies (data not shown). The IgG1/1gG2a

ratio was high for all vaccines, indicating a Th2 type immune response induced by vaccination.

3.4. Cytokine profile produced by spleen cells of immunized mice

Cytokine production by spleen cells of immunized mice was measured two weeks after
the third immunization by CBA. Culture supernatants collected 36 h after stimulation were used
for measuring the cytokines. Fig. 5 shows the cytokine profile of splenocytes of mice from
schistosomiasis study upon in vitro stimulation with rSm29 (10 pg/mL). Spleen cells of three
individual mice/group were analyzed. Cytokine production by vaccinated naive mice is presented
in Fig. 5A. Naive mice immunized with rLTK63+rSm29 showed a significative IFN-y production
compared with mice vaccinated with rLTB-Sm29 and PBS (p, 0.01-0.05). Mice immunized with
rLTB+rSm29 showed a low but significant production of cytokines comparing with mice
inoculated with PBS (IFN-y and IL-13, p, 0.01-0.05; TNF-a, p <0.001). Interestingly, pre-
infected mice immunized with rSm29 mixed or fusioned with rLTB or co-administered with
rLTK63 generated low and irrelevant levels of IFN-y and TNF-a and did not produce IL-13 (data
not shown). Fig. 5B shows the concentration of cytokine produced by co-infected mice followed
by vaccination. S. mansoni-P. chabaudi-infected mice vaccinated with rLTK63+rSm29 had
signicant production of IFN-y and TNF-a comparing with those immunized with rLTB+rSm29
(p, 0.01-0.05). In general, the adjuvant rLTK63 induced in mice (either naive, pre-infected or co-
infected) higher levels of specific IFN-y, IL-13 and TNF-a to rSm29 than induced by rLTB.
Vaccine rLTK63+rSm29 elicited mainly a Thl pattern of cytokine. Regarding the influence of

infection and co-infecion in the efficacy of vaccines, we observed a ranged in the concentration
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of cytokines elicited by vaccines among studies. Even though differences among studies in the
production of cytokines elicited by rLTK63+rSmz29 exist, they were not statistically significant
(data not shown). However, our data suggest that the co-infection had a negative influence in
cytokine production elicited by rLTK63+rSm29. On the other hand, the amount of cytokines
induced by rLTB+rSm29 was low and basically did not change according to the infection
condition of mice prior to immunization.

Fig. 6 presents the cytokine production by individual spleen cells (stimulated with 10
pg/mL of rAMA-1) from mice of the malaria study, immunized with rAMA-1 co-administered
with rLTB or rLTK63. Spleen cells of three individual mice/group were analyzed for naive and
double-infected mice and five for pre-infected ones. Only naive mice immunized with
rLTK63+rAMA-1 generated IFN-y, despite its mean concentration was 570 times greater than for
those inoculated with PBS, it did not show statistically significant difference. Production of 1L-13
and TNF-a by those animals was low and not relevant for both vaccines (data not shown). Fig.
6A shows the cytokines production by splenocytes from pre-infected mice after immunization.
Vaccination with rLTK63+rAMA-1 elicited in those mice a high and significative level of IFN-y,
IL-13 and TNF-o compared with the ones immunized with rLTB+rAMA-1 and PBS. Fig. 6B
presents the mean concentration of cytokines for co-infected mice. Animals vaccinated with
rLTK63+rAMA-1 generated significant levels of IFN-y (p, 0.01-0.05) and IL-13 (p, 0.001-0.01)
when contrasted with PBS inoculated group; mice immunized with rLTB+rAMA-1 also had
significative IFN-y production comparing with PBS group (p, 0.01-0.05). Overall, the antigen
rAMA-1 administered with the adjuvant rLTK63 elicited higher levels of antigen-specific IFN-y
and IL-13 than when co-administered with rLTB. The cytokines induced by rLTK63+rAMA-1

suggests a Th1/Th2-like response elicited by this vaccine. Considering the infection condition of
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mice prior to vaccination (uninfected, pre or co-infected), in general, we found that both vaccines
induced high levels of specific cytokines to rAMA-1 in co-infected mice. Therefore, the
concomitant schistosomiais-malaria infection had a positive influence in the cytokine production
to rAMA-1. Interestingly, rLTB+rAMA-1 elicited a significant cytokine production only in S.
mansoni-P. chabaudi infected mice. Those animals presented a predominant Th2 immune

response.

3.5. Determination of vaccine efficacy

In order to assess the vaccine potential of rSm29 and rAMA-1 against schistosomiasis and
malaria, respectively, we investigated the protection induced by these recombinant antigens
administered with either rLTK63 or rLTB adjuvants in infection and co-infection murine model
of S. mansoni and P. chabaudi. Naive, pre-infected or co-infected C57BL/6J mice were
immunized with three doses of rSm29 mixed with either rLTK63 or rLTB or fused to LTB. After
the last immunization they were challenged with 100 S. mansoni cercariae. Forty-five days post
parasite challenge mice were sacrificed and worm burden recovery was determined for each
animal. Interestingly, only co-infected mice vaccinated with rLTK63+rSm29 had a significative
reduction of 46.45% in adult worm burden (p, 0.01-0.05) compared with the PBS control group
(Fig. 7).

To determine the parasitemia of mice from malaria study, uninfected, pre-infected or co-
infected mice were challenged with 10° P. chabaudi AS pRBCs two weeks after the last
immunization. Mice were then monitored for parasitemia for 14 days by blood smears. Fig. 8
shows the malaria parasitemia curve. Interstingly, malaria parasitemia was higher in naive mice
than in pre or co-infected ones. We observed a decreased peak of parasitemia in pre and co-

infected groups. Mice with concomitant S. mansoni-P. chabaudi infection had a diferent Kinects
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of parasitemia, manifesting malaria faster (peak of parasitemia on day 7) than the others (naive,
on day 10; pre-infected on day 9). On the other hand, they did not present increased malaria
parasitaemia (compared with naive or pre-infected mice) or delayed reduction/clearance in
parasitaemia. In fact those mice presented the shortest parasitemia cycle. A trend for protection
was observed in both, co-infected as well as naive mice vaccinated with rLTK63, as indicated by
both peak parasitemia and ‘area under the curve’ (AUC). Regarding naive mice, the
rLTK63+rAMA-1 group had consistently lower parasitemia at all timepoints throughout the
infection, so the AUC was lower/smaller than for the other groups. Co-infected mice vaccinated
with rLTK63+rAMA-1 showed the lowest parasitemia of the study and had 31% reduction in the
peak of parasitemia compared with PBS. Mice immunized with rLTB+rAMA-1 had also a small

reduction in the pararasitemia peak.

4. Discussion

Concomitant infections are common in nature and often involve parasites. Schistosomiais
and malaria divide common transmission areas in a range of tropical areas. The knowledge about
effects of concurrent infections on the immune response of each infection is scarce. Such
comprehension is essential for the rational design and optimization of vaccine protocols, since
co-infection may influence the efficiency of vaccines for schistosomiasis or malaria (Diallo et al.
2004; Brooker et al., 2007; Hartgers et al., 2009; Muok et al., 2009; Wilson et al., 2009; 2010;
Waknin-Grinberg et al., 2010). In this report, we evaluated the ability of rSm29 and rAMA-1
formulated with rLTB or rLTK63 adjuvants to stimulate murine humoral and cellular immune
responses as well as to induce protective immunity with regard to infection and co-infection

models with S. mansoni and P. c. chabaudi AS.
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Protective immunity of naive mice vaccinated with rSm29 plus Freund’s adjuvant (FA)
have been correlated with production of high titers of specific anti-rSm29 1gG1 and 1gG2a and
elevated production of IFN-y, TNF-o and 1L-12, a typical Thl response (Cardoso et al., 2008). In
our study, naive mice immunized with rLTK63+rSm29 produced a high and balanced ratio of
IgG1/1gG2a and the highest amount of IFN-y comparing with pre and co-infected mice.
Moreover, naive mice generated a low production of TNF-a in response to rLTK63+rSm29.
Despite having showed a Thl type of immune response, mice were not protected against S.
mansoni infection. Even though IFN-y seems to be important in the induction of resistance to S.
mansoni in the murine model (Hewitson et al., 2005; Cardoso, 2008), a Thl-polarizing immunity
can be correlated with severe exacerbation of immunopathology in mouse schistosome infection
(Rutitzky et al., 2001). Besides IFN-y, a high production of TNF-a is strongly associated with
shistosomiasis protection in naive mice (Fonseca et al., 2004). In this regard, we hypothesized
that an exacerbated production of IFN-y and a low amount of TNF-a elicited by rLTK63+rSm29
might be related with the lack of protection of naive mice. Pre-infected mice immunized with
rLTK63+rSm29 and rLTB-Sm29 produced in serum a balanced 1gG1/lgG2a ratio comparing
with naive or co-infected mice. According to humoral responses achieved by pre-infected mice
vaccinated with rLTK63+rSm29 or rLTB-Sm29, we were expecting that those mice could
generate some IFN-y, once such cytokine induces the production of 1gG2a (Finkelman et al.,
1990). In contrast, they generated low and irrelevant levels of IFN-y and TNF-a and did not
produce IL-13. Moreover, those mice did not show any protection after S. mansoni challenge.

Although there are some studies about the co-infection of malaria and schistosomiasis and
its influence in the immunity to Schistosoma parasites, there are no studies that examine the

effect of dual infection in the immune response mediated by Schistosoma vaccines. Our data
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demonstrate that the concurrent Plasmodium infection is downregulating the production of 1gG2a
and increasing the amount of cytokines engendered by rLTK63+rSm29. Reduction of antibodies
and Th2 cytokines responses to SEA, induced by concomitant infection of S. mansoni and P.
chabaudi, were previously found in mouse model (Helmby et al., 1998). The initial phase of
malaria infection usually stimulates the production of proinflammatory cytokines, such as TNF-a
and IFN-y (Good, 2005). Thereby it can explain the increase in TNF-a and IFN-y production by
co-infected mice. Usually after egg position, infection with helminths induces the immune system
towards Th2 response, characterized by high levels of IL-4, IL-5 and IL-13 (Maizels et al., 2003).
Herein, we observed that the Thl response typical of P. chabaudi infection appears to have some
influence in the IL-13 production, once its level was not high in co-infected mice. Furthermore,
co-infected mice followed by challenge infection with S. mansoni cercariae resulted in reduction
of 46.45 % for mean adult worm burdens after immunization with rSm29 plus rLTK63. In this
regarding, rLTK63+rSm29 provided protection to double-infected mice, according of the 40%
benchmark set by the World Health Organization for progression of schistosome vaccine antigens
into clinical trials (Chitsulo, 2004). Hence, our results postulate that presence of S. mansoni-P.
chabaudi-infection modulates the immune response elicited by rLTK63+rSm29 vaccine toward
reduction of schistosome worm burden. The immunoprotection against infection by S.mansoni is
not well understood. Some studies showed that protection of mice seems to be mediated by both
Thl and Th2 cells (Jankovic et al., 1999; Wynn et al., 2000; McManus et al., 2008) while others
correlates protection to Thl response only (Fonseca et al., 2004; Hewitson et al., 2005; Cardoso,
2008). Our findings suggest a tendency of a Thl-biased cytokines and a mixed Th1/Th2 pattern
of immune response according the antibody isotypes subset induced by rLTK63+rSm29

vaccination in S. mansoni-P. chabaudi-infected mice.
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In spite of immunity the complexity of the immunity to Plasmodium, resistance against
the parasite have been identified and protection is defined as evidence of a lower risk of clinical
disease, as indicated by the absence of fever (in the presence of parasitemia), and low parasite
density (Doolan et al., 2009). Herein, we considered as protected those animals with lower
densities of parasitemia. In resistant mice, the protection conferred by the P. chabaudi AMA-1
(PcAMA-1) protein seems to be related to production of antibodies IgG1 and 1gG2a and IFN-y
(Xu et al., 2000; Su et al., 2003). In this report, naive mice upon immunization with
rLTK63+rAMA-1 produced high levels of rAMA-1-specific IgG1 and IFN-y and did not induce
IgG2a, IL-13 and TNF-a. Notably, P. chabaudi parasitemia was higher in naive mice than in pre
or co-infected ones. All time points of parasitemia analysis for naive mice vaccinated with
rAMA-1 plus rLTK63 showed a decreased in the parasite density. Probably it is associated with
the IFN-y and the IgG1 production engendered by that vaccine. A study indicated that IFN-y was
associated with protection against malaria (Yoshida et al., 2000). Concerning mice pre-infected
with P. chabaudi, these animals vaccinated with rLTK63+rAMA-1 produced low amount of total
rAMA-1-specific IgG and 1gG2a, high level of IgG1 and significant amount of IFN-y, 1L-13 and
TNF-o when compared with rLTB+rAMA-1 or PBS. We observed that the parasitemia curve of
pre-infected mice was lower than in naive ones. Perhaps it is due a partial natural acquired
immunity after the cycle of infection-cure to induce a pre-infection condition. Although the
profile of cytokines and antibodies elicited by rLTK63+rAMA-1 is known to elicite protection by
rAMA-1 antigens, those mice were not protected. Although IFN-y, 1IgG1 and 1gG2a are closely
associated with protection of malaria, a study showed that mice immunized with rAMA-1 were
resistent to infection by P. chabaudi in the absence of these molecules, suggesting that they might

not be strict essential for PCAMA-1 vaccine-induced protection (Burns et al., 2004).
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Co-infected mice produced greater amounts of IL-13 than did naive or pre-infected
animals vaccinated with rLTK63+rAMA-1. Moreover, co-infection reduced TNF-o concentration
and did not change the IFN-y level induced by rLTK63+rAMA-1 comparing with P. chabaudi
infection only. Previously, Helmby et al (1998) found similar results to TNF-a and IFN-y
production by S. mansoni-P. chabaudi infected mice. Our results illustrate that the concomitant S.
mansoni infection upregulates the production of IL-13 to rAMA-1 stimulated by rLTK63. As
described before, infection with Schistosoma tipically induces a predominant Th2 response
(Maizels et al., 2003) then an increasing in the IL-13 concentration could be expected in double
infected mice. In addition, IL-13 is known to antagonize Thl responses (Wen et al., 2002)
through inhibition of 1L-12 production (Muchamuel, et al., 1997) wich is recognized to induce a
successful Thl-type immune responses (Magram et al., 1996). Thus, we postulate that IL-13
suppress the TNF-a production induced by rLTK63+rAMA-1 in double infected mice, but was
insufficient for preventing IFN-y production. In this study, we found that mice with concomitant
S. mansoni-P. chabaudi infection manifested malaria rapidly than the others, but they did not had
an increase in parasite density or delayed reduction/clearance in parasitaemia. It is reasonable to
speculate that the initial immunological mechanism involved in the parasite control, mediated by
a Th1l response, was altered by the Th2 immunity induced by schistosomiasis infection after egg
laying. Then, it could collaborate to the rapid parasitemia observed in mice from co-infection
study. On the other hand, Helmby and co-workers (1998) have found that mice with patent S.
mansoni infection developed higher malaria parasitemias following infection with blood-stage P.
chabaudi AS probably due to a defect in TNF-a production (Helmby et al., 1998). It is important
to highlight that they used a higher concentration of P. chabaudi during infection than in the

present study. In contrast, our study shows that co-infected mice had a drop in the parasite
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density despite have a TNF-a reduction. Double infected animals vaccinated with PCAMA-1 plus
rLTK63 had a significant reduction in the parasitemia peak comparing with PBS group. The
partial protection achieved by these mice seems to be related to the elevation of anti-inflamatory
cytokine IL-13 and decrease of pro-inflamatory TNF-a. We can conclude that the co-infection
with S. mansoni had a positive influence to the vaccine performance of rLTK63+rAMA-1, which
engendered a balanced Th1/Th2 imune response in co-infected mice. Similar supporting data are
evident from studies of P. berghei which suggest that the decreasing of TNF-a and increasing of
IL-10 were correlated to extend P. berghei—infected mice survival (Omer et al., 2000).

The adjuvant activity of non-toxic derivates of LT, LTB and LTK63, can vary depending
the route of administration and dose (Brynjolfsson et al., 2008; Fischer et al., 2010). In most of
studies those molecules are used as mucosal adjuvants (Fingerut et al., 2006; Romero et al., 2009)
however its activity as parenteral adjuvant have been reported (Weltzin et al., 2000; Xu et al.,
2008). Overall, our data show that the adjuvant rLTK63 elicited high production of antigen
specific antibodies and cytokines to rSm29 and rAMA-1 than that ones induced by rLTB, either
in naive, pre-infected or co-infected mice. Similarly, other studies have shown the ability of
rLTK63 in enhance antibody and cytokine responses to co-administered antigens injected
subcutaneously (Ryan et al., 2000; Olafsdottir et al., 2007; Brynjolfsson et al., 2008). Our results
stress the immunomodulatory effects of rLTK63 as parenteral adjuvant. Taken together, our
results show that rLTB was not able to stimulate the immune system in most of situations
analyzed in this study. The rLTB and rLTB-Sm29 showed capacity to bind to GM1 receptor and
were able to induce antibodies and cytokine production. Then, we believe the overall
unsuccessful of rLTB in inhance the immune response of antigens was not due a fail during the
construction of chimera or expression of proteins. The competence of LTB to modulate or

improve vaccine-induced immune responses appears to depend to some extent on the vaccination
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route, as showed by Fischer and co-workers (2010). In this way, we can suggest that the route of
administration of rLTB vaccines might be influencing its performance in our study, so an
alternative route need to be assessed. The fusion was able to induce 1gG1/1gG2a antibodies to
rSm29 unlike co-administration of rLTB plus rSm29 or rAMA-1 induced only IgG1. Our finds
highlight the perception of to some constructions a link between LTB and antigen seems to be
necessary to promote immunity to the target antigen (Fingerut et al., 2005; 2006). It is important
to emphasize that rLTB mixed to rAMA-1 elicited significant amount of cytokines in co-infected
mice and induced a small reduction in the parasitemia peak in these animals. In conclusion, the
present study demonstrated that the profile of antigen specific antibodies, cytokines and
protection elicited by rSm29 or rAMA-1 vaccines was strongly influenced by the different
adjuvants and for the infection situation of mice prior immunization.

In sumary, the adjuvant rLTK63 induced in mice the highest level of antibodies and
cytokines and elicited protection. Interestingly, co-infection showed a positive trend in vaccine

efficacy in both, schsitosomiasis and malaria study.
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Tab. 1. Immunization regimen employed to examine the protective efficacy and
immunogenicity conferred by rSm29 and rAMA-1 formulated with either rLTB or rLTK63

adjuvants in infection/co-infection model.

Mice condition prior vaccination

Study/Vaccines Naive pre-infected with S.mansoni-P. chabaudi -
co-infected
Schistosomiasis S. mansoni
rLTB-Sm29 X X -
rLTB+rSm29 X X X
rLTK63+rSm29 X X X
rLTB X X -
rLTK63 X X -
PBS X X
Malaria P. chabaudi
rLTB+rAMA-1 X X X
rLTK63+rAMA-1 X X X
rLTB X X
rLTK63 X X
PBS X X X
1 2 3
kDa

30 —p

17—

13—

Fig. 1. Western blot analysis of the refolded proteins using anti6xHis antibody. rLTB, rSm29 and LTB-
Sm29 were applied onto 12% SDS-PAGE and transferred to a nitrocellulose membrane by western blot. Lane 1:

rLTB; lane 2: rSm29; lane 3: rLTB-Sm29. Arrow indicates the apparent molecular mass.
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Fig. 2. Binding of the refolded rLTB-Sm29 and rLTB by GM1 ganglioside determined by ELISA. Plate was
coated with GM1 and the GM1-bind recombinant proteins were detected by anti-rSm29 and anti-CT antibodies.
Wells with rSm29, PBS and CT were the controls. Data are presented as mean absorbance + standard error mean
(S.E.M.). Statistically significant differences calculated by Student’s t-test are indicated by asterisks (see material
and methods). Note that statistic significance was found when rLTB-Sm29, identified with anti-rSm29, was

compared with controls (rLTB, CT and PBS) and with PBS for its detection with anti-CT. Statistic significance was

found for rLTB, detected with anti-CT antibody, when evaluated against rLTB-Sm29, rSm29 and PBS.
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Fig. 3. End point titer for total IgG (A) and the levels of IgG1 (B) and 1gG2a (C) antibodies to rSm29 from

mice of schistosomiasis arm. To evaluate the level of specific antibodies to rSm29 pool sera from ten vaccinated

animals were tested in triplicate by indirect ELISA for each study. Studies: Naive, mice uninfected and immunized,

Pre-inf, mice infected with 30 S. mansoni cercariaes, cured and immunized; Co-inf, mice infected with 30 S. mansoni

cercariaes and 10%® P.c. chabaudi AS pRBCs, cured to clear S. mansoni and Plasmodium parasites and then

immunized. Mice were immunized with three doses of either: rLTB, rLTB-Sm29, rLTB+rSm29, rLTKG63,

rLTK63+rSm29 or PBS. Note that LTB-Sm29 vaccine is absent in co-infection study. (A) 1gG titer was determined

using pool sera at 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600 and 1:3200 dilutions. Data are reported as antibody

endpoint titers, which was defined as the highest dilution of test group sera that yielded an average OD three standard

deviations greater than obtained in the pre-imune group (day 0). Specific anti-rSm29 (B) IgG1l and (C) IgG2a

antibodies were performed with pool sera diluted 1:50. Data are presented as mean absorbance.
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Fig. 4. End point titer for total 1gG (A) and the level of IgG1 (B) antibodies to rAMA-1 from mice of
malaria arm. To evaluate the level of specific antibodies to rAMA-1, pool sera from ten (naive and pre-infected

mice) or eight (co-infected mice) vaccinated animals were tested in triplicate by indirect ELISA. Studies: Naive,
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mice uninfected and immunized; Pre-inf, mice infected with 10° P. chabaudi AS pRBCs, cured and immunized; Co-
inf, mice infected with 30 S. mansoni cercariaes and 10° P.c. chabaudi AS pRBCs, cured to clear S. mansoni and
Plasmodium parasites and then immunized. Mice were immunized with three doses of either: rLTB, rLTB+rAMA-1,
rLTK63, rLTK63+rAMA-1 or PBS. (A) IgG titer was determined using pool sera at 1:50, 1:100, 1:200, 1:400, 1:800,
1:1600 and 1:3200 dilutions. Data are reported as antibody endpoint titers, which was defined as the highest dilution
of test group sera that yielded an average OD three standard deviations greater than obtained in the pre-imune group
(day 0). Specific anti-rAMA-1 (B) 1gG1 antibodies were performed with pool sera diluted 1:50. Data are presented

as mean absorbance.



107

25007 =3 L TB-Sm29
. rLTB+Sm29
2000+ B rLTK63+Sm29
== PBS
_, 1500-
E
2
1000+
*%
500+
o n
A) IL-13 TNF o
1000
750~
=3 rLTB+Sm29
.
% 500+ =3 PBS
o
250~
O-
B) IFN- y IL-13 TNF o

Fig.5. Cytokine profile of splenocytes of mice from schistosomiasis arm following vaccination. Spleen cells
of three individual mice/group were assayed by CBA for IFN-y, IL-13 and TNF-a production in response to 36 h of
stimulation with rSm29 (10 pg/mL). Fig. 5A provides the cytokine responses from naive mice immunized with
rLTB-Sm29, rLTB+rSm29, rLTK63+rSm29 or PBS. Fig. 5B shows the cytokine production by co-infected mice
vaccinated with rLTB+rSm29, rLTK63+rSm29 or PBS. Note that rLTB-Sm29 vaccine is absent in co-infection
study. The results are presented as cytokine produced by stimulated cells subtracted of cytokine produced by

unstimulated cells. Bars represent mean of cytokine production + standard error mean (S.E.M.). Groups were
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compared using unpaired t-test and significant differences between them are denoted by asterisk (see Material and

Methods).
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Fig. 6. Cytokine profile of splenocytes of mice from malaria study following vaccination. Spleen cells of
three individual mice/group (naive and pre-infected study) or five (pre-infected study) were analyzed by CBA for
IFN-y, IL-13 and TNF-a production in response to 36 h of stimulation with rAMA-1 (10 pg/mL). Fig. 6A and 6B
show the cytokine production by pre-infected and co-infected mice, respectively, vaccinated with the same vaccines

mentioned above. The results are presented as cytokine produced by stimulated cells subtracted of cytokine produced
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by unstimulated cells. Bars represent mean of cytokine production + standard error mean (S.E.M.). Groups were
compared using unpaired t-test and significant differences between them are denoted by asterisk (see Material and

Methods).
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Fig. 7. Protection level of mice with concomitant S. mansoni-P. chabaudi infection induced by
immunization with rSm29 mixed with either rLTK63 or rLTB. Two weeks after the third immunization 7 mice/group
were challenged with 100 S. mansoni cercariae. Bars represent adult worm mean + standard error mean (S.E.M.).

Statistically significant difference between rLTK63+rSm29 and PBS using unpaired t-test is denoted by an asterisk

(p, 0.01-0.05).
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FIG. 8. Efficacy of immunization with rAMA-1 administered with either rLTK63 or rLTB in naive (A, solid
lines), pre-infected (B, traced lines) or co-infected (C, dotted lines) mice. Five mice per group were challenged with
10° P. c. chabaudi AS pRBCs at two weeks after the last immunization with either rLTK63+rAMA-1 (0),
rLTB+rAMA-1 (A) or PBS (0J). Two days post-challenge, mice were monitored for parasitemia for 14 days by blood

smears. Value represents the mean parasitemia values + standard error mean (S.E.M.).
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Abstract

Schistosomiasis is an endemic disease that affects 200 million people worldwide. Vaccines
represent the most attractive alternative to reverse this scenario. The World Health Organization
selected the S. mansoni fatty acid-binding protein 14 kDa (Sm14) as one out of two anti-
schistosome vaccine priority candidates for human clinical trials. The B subunit of the heat-labile
enterotoxin of Escherichia coli (LTB) have been reported as a powerful immunoadjuvant. In this
study we assessed in mice the influence of subcutaneous (s.c.) and intramuscular (i.m.)
administration rote on the humoral immune response of mice vaccinated with rSm14 fused or co-
administered to LTB and evaluated protection against schistosomiasis. The Itb and sm14 gene
were fused by PCR. The recombinant chimera LTB-Sm14, rLTB and rSm14 were expressed in E.
coli and purified by nickel affinity chromatography. Sm14 was more efective when fused to LTB
and administrated by subcutaneous rota. Despite of rLTB-Sm14 having induced a balanced ratio
of 1gG1/IgG2a and high levels of IgA and total 1gG, it did not protect mice against S. mansoni

infection.

Resumo

A esquistossomose € uma doenca endémica que afeta 200 milhdes de pessoas mundialmente.
Vacinas representam a alternativa mais atraente para inverter este cenario. A Organizagdo
Mundial da Saude selecionou a proteina ligadora de acidos graxos de 14 kDa de S. mansoni
(Sm14) como uma de duas candidatas a vacina anti-esquistossomose prioritarias para triagem
clinica em humanos. A subunidade B da enterotoxina termolabil de Escherichia coli (LTB) tem
sido reportada como um potente imunoadjuvante. Neste estudo nés avaliamos em camundongos a
influéncia das rotas de administracdo subcutanea (s.c.) e intramuscular (i.m.) sobre a resposta

imune humoral de camundongos vacinados com rSml4 fusionada ou co-administrado a LTB e
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sobre a protecdo induzida contra esquistossomose. Os genes Itb e sm14 foram fusionados por
PCR. A quimera recombinante LTB-Sm14, rLTB e rSml14 foram expressas em E. coli e
purificadas por cromatografia de afinidade ao niquel. Sm14 foi mais efetiva quando fusionada a
LTB e administrada por via subcutdnea. Apesar da rLTB-Sml4 ter induzido uma razéo
equilibrada de 1gG1/IgG2a e altos niveis de IgA e IgG totais ela ndo protegeu camundongos

contra infecgdo por S. mansoni.

Palavras-chave: Schistosoma mansoni, Sm14, LTB, Vacina

Suporte financeiro: CAPES; CNPq
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INTRODUCAO

A esquistossomose, doenca endémica cronica causada pelo trematddeo Schistosoma sp.,
afeta mais de 200 milhdes de pessoas em 74 paises no mundo (Chitsulo et al. 2000). Atualmente,
0 controle da esquistossomose € feito através de tratamento quimioterapico. Embora o uso de
drogas influencie na reducdo dos indices de morbidade e mortalidade, ele ndo previne a re-
infeccdo e tratamentos repetidos sdo necessarios em areas endémicas (Fenwick & Webster 2006).
Além disso, existem relatos de resisténcia do parasito aos quimioterapicos (Kasinathan et al.
2010). Dessa forma, o desenvolvimento de uma vacina eficiente e comercialmente vidvel surgiria
como uma alternativa ao controle dessa parasitose (Bergquiste et al. 2005).

Quando se trata de uma vacina para esquistossomose, a protecdo parcial de no minimo
40% pode ser aceita como valida, uma vez que isso poderia consideravlemente reduzir a
patologia e limitar a transmiss@o (Chitsulo et al. 2004). Diversos estudos vém sendo realizados
com diferentes antigenos vacinais e protocolos de vacina¢do (McManus & Loukas 2008). Entre
eles, a proteina ligadora de &cidos graxos de 14 kDa de S. mansoni, Sml14, uma proteina
citosolica expressa na lamela do tegumento e do epitélio intestinal (Brito et al. 2002), induziu
cerca de 50-60% de protecdo contra a infeccdo em modelo murino quando formulada com
hidroxido de aluminio (Tendler et al. 1996). A OMS selecionou a Sm14 recombinante (r) como
uma de duas candidatas a vacina anti-esquistossomose prioritarias para triagem clinica em
humanos (Tendler & Simpson 2008). A protecdo conferida pela rSm14 parece estar associada
com resposta imune celular, mediada por interferon (IFN)-y e fator de necrose tumoral (TNF)-a,
enquanto outros, apontam uma associacao entre a resposta imune celular e humoral, esta mediada
principalmente por interleucina (IL)-4, imunoglobulina (1g) G1 e 1gG3 (Al-Sherbiny et al. 2003,

Fonseca et al. 2004, 2006). Apesar da proteina rSm14 ser uma candidata promissora no combate
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a esquistossomose, mais estudos sdo necessarios a fim de potencializar a protecdo induzida por
ela (Wilson & Coulsen 2006).

Sabe-se que além da busca por novos antigenos vacinais é desejavel também testar novas
formulacGes e estratégias de vacinacdo para as moléculas ja caracterizadas (Wilson & Coulson
2006). Sendo assim, a escolha adequada de adjuvantes e das rotas de administracdo podem
potencializar a eficacia dos antigenos (McManus & Loukas 2008). Produtos microbianos tém
sido utilizados como adjuvantes, entre eles a enterotoxina termolabil de Escherichia coli (LT)
(Simmons et al. 2001). A LT é composta por uma subunidade A (toxica) e por cinco moléculas
da subunidade B (atoxica), a qual forma um homopentdmero que se liga ao receptor celular
gangliosideo GM1 (Spangler 1992). A fungdo adjuvante da LTB estd diretamente relacionada
com sua capacidade de se ligar ao GM1 (De Haan et al. 1998). Estudos tém apontado a LTB
como um adjuvante capaz de induzir resposta imune celular e humoral contra antigenos co-
administrados ou fusionados a ela (Weltizin et al. 2000, Conceicao et al. 2006, Facciabene et al.
2007, Qiao et al. 2009). Sabe-se que a LTB tem sua atividade adjuvante fortemente influenciada
pela rota de imunizacdo e pela natureza do antigeno (Fingerut et al. 2006, Fischer et al. 2010),
sugerindo que cada um desses fatores devem ser considerados para aplicacfes de vacinas.

O objetivo deste trabalho foi desenvolver e avaliar uma vacina de subunidade contendo a

rSml4 fusionada ou co-administrada ao adjuvante rLTB em camundongos.

MATERIAIS E METODOS

Construcéo e clonagem da quimera

O gene sml14 (GenBank: AF492389) foi obtido do plasmideo pAE/sml14 (M20C62),
fornecido pelo Laboratério de Esquistossomose Experimental (FIOCRUZ-RJ) e o Itb (GenBank:

M17873) foi amplificado a partir do DNA de E. coli enterotoxigénica de suinos, fornecido pelo


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=145832
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laboratorio de Biologia Molecular do Nucleo de Biotecnologia (UFPel). Ambos os genes foram

amplificados por PCR. Os seguintes primers foram utilizados no estudo: Sml4 forward: 5’

GAATCTAGACCTCGAGGATATCCA; Sml4 reverse: 5’
GGGGTACCTTAGGATAGTCGTTT; LTB forward: 5’
CGGGATCCATGGCTCCCCAGACTATT; LTB reverse: 5’

AGGTCTAGATTCATACTGATTGCCG. Os primers Sml14 e LTB foram desenhados contendo
sitios para enzimas de restricdo, a fim de direcionar a clonagem no vetor. A amplificacdo dos
genes foi realizada em um volume final de 50 pL, contendo = 20 ng de DNA molde, primers
forward e reverse [0,4 uM], MgCl, [1,5 mM], dNTPs [200 uM], tampédo PCR [1x] e 1 unidade da
enzima Taq DNA polimerase recombinante (Invitrogen). A reacgdo foi realizada em termociclador
Eppendorf (modelo Mastercycle Gradient) sob as seguintes etapas: 95 °C por 3 min seguida de
30 ciclos de 95 °C por 1 min, 60 °C por 1 min e 72 °C por 1min, com uma extensdo final de 72
°C por 7 min. A construgdo da quimera foi realizada pela estratégia de fusdo genética entre os
genes sm14 e Ith, através de PCR-primer linker, sendo que para esse fim, o primer reverse para
amplificar o gene Itb foi desenhado contendo 12 nucleotideos sobrepostos aos primers forward
do gene sm14. Neste PCR os produtos da amplificacdo de cada gene se hibridizam, através da
sobreposicdo de 12 pb, servindo de primer para que a enzima realize a extensao. As reacdes de
PCR foram realizadas em um volume final de 50 uL, contendo = 50 ng de cada DNA amplificado
(sm14 e Itb), MgCl, [1,5 mM], dNTPs [200uM], tampdo PCR [1x] e 1 unidade de Tag DNA
polimerase. As amostras foram submetidas as seguintes etapas: 95° C por 3 min seguida de 15
ciclos de 95° C por 30 s, 50° C por 30 s e 72° C por 90 s com uma extensao final de 72° C por 10
min. Posteriormente, foi realizada outra reacdo de PCR, a fim de amplificar a quimera,

utilizando-se o primer forward do gene Itb e o primer reverse do gene sm14. As reacdes de PCR
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foram realizadas em um volume final de 50 pL, contendo = 50ng de DNA da quimera (Itb/sm14),
primers forward e reverse [0,4 uM], MgSO, [1,5 mM], dNTP [200 uM], 5 uL de Enhancer
Solution, tampdo PCR [1x] e 2,5 unidades da enzima Platinum® Pfx DNA Polymerase
(Invitrogen). As condigdes de amplificacdo foram as mesmas utilizadas para amplifiar os genes.
Apobs cada reacdo de PCR, os genes foram purificados com GFX™ PCR DNA and gel Band
Purification kit (Amersham Bioscience), seguindo orienta¢cdes do fabricante.

O gene quimérico foi clonado ao vetor pCR® 2.1-TOPO do kit TOPO TA Cloning®
(Invitrogen) seguindo as especificagcdes do fabricante. A identidade do inserto foi determinada
por seqiienciamento de DNA através do DYEnamic ET Dye Terminator Cycle Sequencing Kit
for MegaBACE DNA Analysis Systems—MegaBACE 500 (GE Healthcare, Brasil).
Posteriormente, os clones recombinantes de TOPO-Ith/sm14 foram submetidos a reacdo com as
endonucleases BamHI e Kpnl (New England BioLabs, USA) e o gene Itb/sm14 foi liberado e
depois clonado no plasmideo de expressdao em E. coli pQE-6xHis (Qiagen), seguindo as intrucdes
do fabricante. A clonagem do gene foi realizada conforme descrito por Sambrook (2001). O
produto da ligacdo entre inserto e o vetor pQE foi utilizado para transformar por eletroporacao
células de E. coli TOP10F (Invitrogen). Os clones recombinantes foram selecionados em meio
LB contendo 100 pg/mL de ampicilina e caracterizados por PCR e por reacdo com enzimas de
restricdo. Os plasmideos pAE-6xHis/sm14 (M20C62) e pAE-6xHis/Itb foram previamente
construidos e caracterizados e gentilmente fornecidos por Mirian Tendler e Fabricio R.
Conceicao, respectivamente.

Expressao e purificacdo das proteinas recombinantes

A proteina recombinante Sm14 foi obtida em E. coli BL21(DE3) Codon Plus conforme

descricdo prévia (Abreu et al. 2004). As proteinas rLTB-Sm14 e rLTB foram produzidas em E.
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coli TOP10F e E.coli BL21 (DE3) Star, respectivamente. A expressdo e purificagdo das proteinas
recombinantes LTB-Sm14 e LTB sdo descritas abaixo. Células competentes contendo os
plasmideos foram cultivadas a 37° C a uma densidade 6ptica (DO) 600 nm de 0,6. A expressdo
protéica foi induzida pela adicdo de 1 mM de isopropil B-D-tiogalactosideo (IPTG) na cultura.
Apos incubagdo a 37° C por 4 h as culturas foram centrifugadas a 7.000 x g por 20 mina4° Ce
resuspendidas em tampdo de solubilizacdo (8 M de uréia; 20 mM de NaH,PQO, ; 0,5 M de NaCl;
pH 7,2) e submetido a agitador orbital a 60 rpm por 18 h a temperatura ambiente. As células
foram ent&o lisadas por trés sucessivos ciclos de sonicacdo (30 s, 20 kHz) e centrifugadas a
10.000 x g por 60 min a 4° C e o sobrenadante coletado e filtrado em filtro 0,8 pum (Millipore). O
sobrenadante foi entdo lavado (8 M de uréia; 200 mM de NaH,POg4; 0,5 M de NaCl; 5 mM de
imidazole; pH 7,2) e submetido & cromatografia liquida de afinidade em coluna de Ni**-
Sepharose (Amersham Bioscience) usando o sistema AKTAPrime (GE Healthcare). As proteinas
foram eluidas em 8 M de uréia; 200 mM de NaH,POyg; 0,5 M de NaCl; 200 mM de imidazole; pH
7,2. Na sequéncia, as proteinas foram dialisadas lentamente contra tampao PBS pH 7,2 por 48 h a
4° C. Ao final da dialise, as proteinas foram concentradas em aproximadamente a metade do
volume inicial em 20% de polietilenoglicol (PEG- MW 1,300 to 1,600), sendo acrescido 10% de
glicerol ao volume final da proteina. A pureza das proteinas foi avaliada por SDS-PAGE de

acordo com o0 método de Laemmli (1970) e a concentracdo foi medida pelo método de Bradford.

Antigenicidade das proteinas recombinantes
A antigenicidade das proteinas recombinantes foi caracterizada por Western blot
(Sambrook 2001). Brevemente, as proteinas rLTB-Sml4 e rLTB na concentracdo de 1

pg/cavidade, foram submetidas a um SDS-PAGE 15% e eletrotransferidas para uma membrana
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de nitrocelulose Hybond™ ECL™ (Amersham Biosciences). Apds bloqueio com 5% de leite em
pé desnatado, a membrana contendo rLTB/Sm14 foi incubada com anticorpos policlonais de
coelho anti-rSm14 (produzido no Instituto Butantan) e anti-toxina colérica (CT) (Sigma), nas
concentragcdes de 1:1000 e 1:1500, respectivamente; e a fracdo da membrana com rLTB foi
incubada com anti-CT (1:1500). Em seguida, as membranas foram incubadas com soro anti-
imunoglobulina de coelho conjugado com peroxidase (Sigma) na diluicdo 1:1500 em PBS-T. As
bandas foram reveladas com cromdgeno H,0O; /4-cloro-1-naftol (Amersham Bioscience) (10 mL
de Tris-HCI 50 mM pH 7,6; 0,1 mL de cloronaftol; 10 uL de perdxido de hidrogénio). Utilizou-
se a enterotoxina de Vibrio cholerae (CT) como controle devido a sua alta identidade (80%) com

LT (Simmons et al. 2001).

Avaliagado da ligacédo ao gangliosideo GM1

A ligacéo entre a rLTB e rLTB-Sm14 ao gangliosideo GM1 bovino (Calbiochem) foi
determinada por ELISA indireto conforme descrito previamente (Conceicdo et al. 2006). Os
reagentes utilizados foram: 8 pug de rLTB-Sm14, rSm14 e CT, soro anti-rSm14 (1:1000), soro
anti- CT (1:1500), conjugado anti-coelho (1:1000) e anti-camundongo (1:1500). As reacdes
foram reveladas com o-phenylenediamine dihydrochloride (OPD) (Sigma) acrescido de peréxido
de hidrogénio, apos cinco lavagens com PBS-T. Pocos sem GM1 foram utilizados como controle
da ligacdo especifica entre as proteinas e o gangliosideo. As reacBes foram repetidas em

triplicata.

Avaliacdo da via de administracdo
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Camundongos BALB/c fémeas com 4-6 semanas de idade foram utilizados para avaliar
a resposta imune conferida pela rSm14 fusionada ou co-administrada a rLTB administrada por
diferentes rotas. Estes animais foram obtidos e mantidos no Biotério Central da UFPel. Grupos de
5 animais foram inoculados via intramuscular (i.m.) ou subcuténea (s.c.) com trés doses de 20 pg
da quimera recombinante (rLTB-Sm14) e 10 ug de cada proteina (rLTB e rSm14). Houve um
intervalo de 7 dias entre a primeira e a segunda dose e 21 dias entre a segunda e a terceira dose.
Grupos vacinados com rSm14 associada com hidréxido de aluminio [AI(OH)3] e outro vacinado
apenas com rLTB ou PBS foram utilizados como controle positivo e negativo, respectivamente.
O soro dos animais imunizados foi coletado, via plexo retro-orbital, nos dias zero (pre-imune),

15, 30, 60 e 120 apos a primeira imunizagéo.

Imunizacgdes e ensaio de protecao

Camundongos suicos fémeas, ndo singénicos (outbred) de 4 a 6 semanas de idade, foram
utilizados para o teste de desafio, uma vez que fazem parte do protocolo padrdo de imunizagédo
para rSm14+AI(OH); descrito por Tendler et al. (1996). Esses animais foram obtidos do Biotério
Central da Fundacdo Oswaldo Cruz e mantidos no Biotério do Laboratdrio de Esquistossomose
Experimental (IOC-FIOCRUZ). Os animais foram separados em cinco grupos de 10 animais e
foram imunizados com as vacinas selecionadas na etapa anterior quanto a formulacdo e a via. No
60° dia apds a Ultima imunizacdo os camundongos foram infectados com cerca de 100
cercarias/camundongo via subcutanea no dorso do animal. A perfuséo foi realizada 45 dias apds a
infeccdo, sendo os helmintos adultos de S. mansoni recuperados do sistema venoso hepatico e
mesentérico dos animais. A protecdo foi calculada pela formula {(C-V)/C}x100, onde C
corresponde 0 numero de parasitas coletados no grupo controle e V, os coletados no grupo

vacinal. Dois ensaios independentes foram realizados para determinar a protecéo.
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Avaliacdo da resposta imune humoral

A deteccdo de anticorpos especificos presentes no soro dos animais vacinados foi
monitorado por ‘Enzyme-Linked Immunosorbent Assay’ (ELISA). O soro dos animais
imunizados foi coletado via plexo retro-orbital, nos dias zero (pré-imune), 35 e 60 apos a
primeira imunizacdo. A avaliacdo da resposta imune dos camundongos foi realizada através de
ELISA indireto. Foi utilizado o pool dos soros dos camundongos suicos para detectar os niveis
de 1gG total e o soro individual para titular IgG1 e 1gG2a. Soros individuais dos BALB/c foram
usados para analisar 1gG total, IgG1 e 1gG2a, exceto IgA foi avaliada por pool. Para quantificar
IgG total e IgA, microplacas de poliestireno de 96 cavidades foram sensibilizadas com 200
ng/cavidade de rSm14 ou rLTB (para deteccdo de IgG total dos camundongos suicos) a 4 °C,
overnight, diluida em PBS pH 9,8. Foram adicionados 0s soros dos animais dos dias zero, 35 e 60
e os controles, na diluicdo 1:100 para a deteccdo de IgG nos camundongos suicos, para IgA
utilizou-se soro do dia 35 diluido 1:10. Apos incubacdo por 1 h a 37° C foi adicionado o soro
anti-imunoglobulina (Ig) de camundongo conjugado com peroxidase (DAKO) IgG ou IgA na
diluicdo 1:2000 ou or 1:1000, respectivamente. Seguido de incubacdo por 1 h a 37 °C foi e
adicionado o substrato ELISA-OPD Peroxidase (Sigma) por 15 min a temperatura ambiente e a
leitura da densidade dptica a 450 nm realizada em espectrofotdmetro de microplaca (Dynatech
Labs. Inc.). As reacdes dos soros dos camundongos BALB/c foram paradas com 1 N de &cido
sulfurico e a leitura foi realizada a 492 nm. As amostras de soro de cada pool foram avaliadas em

triplicata e as amostras inviduais em duplicata.
A quantificacdo dos isotipos IgG1 e IgG2a anti-rSm14 foi realizada de acordo com as
recomendacdes do fabricante dos anticorpos secundarios (Invitrogen). A revelacao foi feita com

OPD e a leitura dos resultados foi realizada com filtro de comprimento de onda de 492 nm. Os
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titulos foram definidos individualmente utilizando dilui¢Bes seriadas de soro. O titulo foi definido

como a maior diluigdo do soro com absorbancia maior ou igual a 0.2 (DOsg2 NM).

Anélise Estatistica
Foi utilizado o teste t de Student ndo pareado, utilizando o pacote do software Prisma 4.0
(GraphPad, Inc.), para comparar médias entre dois grupos. Um valor de p < 0,05 foi considerado

estatisticamente significativo.

RESULTADOS

Construcdo da quimera Itb-sm14

A construcdo da quimera Itb-sm14 foi realizada pela estratégia de fusdo genética entre os
genes sm14 e Itb, pela sobreposicdo de 12 pb, através da PCR-primer linker. O gene sm14 foi
inserido com sucesso na regido C terminal do gene ltb. Apds amplificacdo por PCR observou-se
um produto de 710 pb. O seqlienciamento da quimera mostrou 100% de identidade com os genes

Ithb e sm14.

Expressao e purificacdo da rLTB-Sm14, rLTB e rSm14

E. coli TOP10F trasnformada com o plasmideo de expressao pQE/LTB-Sm14 expressou
eficientemente uma proteina de aproximadamente 28 kDa. As células competentes E. coli
BL21(DE3) Codon Plus e E.coli BL21 (DE3) Star transformada com pAE/Sm14 e pAE/LTB
produziram de forma eficiente proteinas de 14 kDa e 13 kDa, respectivamente. Todas as
proteinas foram expressas na forma de corpos de inclusdo. Durante a dialise perdeu-se um pouco

de proteinas, mas a quantidade recuperada foi suficiente para o experimento.
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Caracterizacao das proteinas

Na Fig. 1 pode-se observar o Western blot realizado para verificar a antigenicidade da
proteina rLTB-Sm14 contra os anticorpos policlonais anti-rSm14 (Fig. 1A), anti-rLTB (Fig. 1B)
e anti-CT (Fig. 1C). Dessa forma, verificou-se que a rLTB-Sm14 foi reconhecida por anticorpos
que reconhecem as proteinas individuais, mostrando que a fusdo ndo prejudicou a antigenicidade
da rSm14 ou da rLTB. A ligacdo entre a rLTB-Sm14 e o gangliosideo GM1 foi determinada por
ELISA indireto. Conforme se pode observar na Fig. 2, a proteina rLTB-Sml14 ligou-se
especificamente ao gangliosideo GM1, demonstrando que a ligagdo a Sml4 ndo alterou a
capacidade da LTB de reconhecer e ligar-se ao GM1. Parte da placa de ELISA estava sem GML1,
a fim de ter um controle sobre a ligacdo especifica da LTB a este gangliosideo; ndo houve ligagédo

na placa sem GML1 (dados ndo mostrados).

Influéncia das vias de imunizacgdo e da fusdo na resposta imune humoral

Com o intuito de selecionar a formulacéo ideal da vacina rSm14 com o adjuvante rLTB,
estudou-se a influéncia da fusdo e da co-administracdo bem como das vias de administracdo i.m.
e s.c. na estimulacdo da resposta imune humoral em camundongos BALB/c. As fig. 3, 4 e 5
apresentam a producdo de IgG total, IgA e 1gG1/IgG2a, respectivamente, estimulada pelas
vacinas. Em relacdo a formulagédo das vacinas, a fusdo rLTB-Sm14 mostrou-se mais eficiente em
induzir a producdo de Igs do que a co-administracdo. Quando analisada a influéncia da rota de
administracdo na modulacdo da resposta imune, apenas a vacina rLTB-Sml4 apresentou
diferenca na producdo de 1gG2a entre as vias de imunizacdo, sendo que a rota s.c. produziu
significantemente (p< 0.001) um titulo maior deste anticorpo contra rSml4 do que a via i.m.
Entre as vacinas, a rLTB-Sm14 admistrada via s.c. apresentou o melhor desempenho produzindo

a razdo mais equilibrada de 1gG1/1gG2a (1.25), sendo essa razdo significantemente (p< 0.01)
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menor do que a induzida pelo controle positivo rSm14+(AIOH); (4.26). Esse dado permite inferir
que a quimera por via s.c. ativou respostas imunes mediadas tanto por linfocitos T CD4" auxiliar
(Th) do tipo 1 quanto Th2. Além disso, rLTB-Sm14 estimulou a producédo de niveis elevados de

IgA e 1gG total em camundongos BALB/c.

Avaliagdo da protecéo contra infeccédo experimental

Camundongos suicos outbred foram imunizados com 1) rLTB-Sm14, 20 pg; 2) rLTB-
Sm14+Al(OH)3, 20 pg ; 3); rSm14+Al(OH)s, 10 ug; e 4) rLTB, 10 ug e desafiados
subcutaneamente com 100 cercarias de S. mansoni. Os parasitas adultos foram recuperados do
sistema venoso hepatico e mesentérico por perfusdo 45 dias apds o desafio. Na Tab. 1 encontra-se
0 resultado da perfusdo e indices de protecdo. A imunizagdo com rLTB-Sml14 ndo conferiu
protecdo dos camundongos desafiados com cercarias de S. mansoni, quando comparado com o

grupo controle da vacina, rSm14+AI(OH)s.

Analise da resposta imune humoral ap6s vacinacédo

O pool dos soros de camundongos suicos imunizados com rLTB-Sml4, rLTB-
Sm14+AIl(OH)s3, rSm14+Al(OH); e rLTB foi utilizado para detectar anticorpos IgG total contra
rSmi4 (Fig. 6A) ou rLTB (Fig. 6B) e IgG1/1gG2a anti-rSm14 (Fig. 7). Como se pode observar na
Fig. 6A, o pool do soro dos camundongos imunizados com rLTB-Sm14+AI(OH); no dia 35
apresentou o maior nivel de anticorpos especificos anti-rSm14 (DOyso 0.30); no entanto, no dia 60
0 pool do soro dos animais imunizados com rSml14+Al(OH); passou a apresentar a maior
absorbancia média (DOg4sp 0.42). Em relacdo aos anticorpos anti-rLTB (Fig. 6B), o soro do grupo
rLTB-Sm14+AIl(OH); apresentou um nivel crescente de anticorpos anti-rLTB do dia 0 ao 60. A

vacina rLTB-Sm14+AI(OH); produziu a razdo 1gG1l/lgG2a (2.0) mais equilibrada entre as
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vacinas testadas, sugerindo uma resposta mista de células Thl e Th2. A raz&o entre 1gG1/1gG2a
induzida pela rSm14 com Al(OH); foi de 4.0, ndo sendo estatisticamente diferente da induzida
pela rLTB-Sm14+AIl(OH)s. A quimera sozinha ndo estimulou produgéo elevada de nenhum dos
anticorpos analisados, apresentando uma producdo significativa apenas de 1gG1, comparada com

0 controle negativo (Fig. 7).

DISCUSSAO

Alguns trabalhos tém sido desenvolvidos no sentido de buscar novas estratégias para
aumentar a resposta imune conferida pela rSml14 quando administrada com hidroxido de
aluminio (Abreu et al. 2004, Pacheco et al. 2008). A protecdo contra S. mansoni ndo esta bem
elucidada. Alguns estudos mostram que a protecdo de camundongos parece ser mediada por
células Thl e Th2 (Jankovic et al. 1999, Wynn et al. 2000), enquanto outros a relacionam
apenas com resposta Thl (Fonseca et al. 2004, Cardoso et al. 2008). O adjuvante LTB tem
mostrado ser eficaz em estimular tanto células Thl quanto Th2 para antigenos fusionados ou co-
administrados (Conceicéo et al. 2006, Zhou et al. 2009, Qiao et al. 2009, Fischer et al. 2010). A
atividade deste adjuvante parece ser fortemente influenciada pela via de administracdo e pela
natureza do antigeno (Fingerut et al. 2006, Fischer et al. 2010). Dessa forma, neste trabalho
buscou-se definir a via e a formulacéo ideal para administar o antigeno rSm14 com o adjuvante
rLTB para posterior avaliacdo da protecao.

A construcdo da quimera rLTB-Sm14, através da ligacdo entre a regido C-terminal do
gene Itb e a N-terminal do sm14, foi obtida eficientemente. Proteinas ligadas na regido C-
terminal da LTB tem mostrado ndo afetar a formacdo do pentamero, portanto, ndo alteram sua
ligacdo ao gangliosideo GM1 (Fingerut et al. 2005, Conceicao et al, 2006), como também foi

observado aqui. A fusdo da por¢do N-terminal da Sm14 com outra proteina (fragmento C da
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toxina tetanica) ndo afetou as caracteristicas imunogénicas da rSml14 (Abreu et al. 2004), o que
foi igualmente constatado neste estudo. Sabe-se que a regido que contém os epitopos protetores
da Sm14 é a C-terminal (Tendler et al. 1996), o qual permaneceu livre na quimera rLTB-Sm14.

Em relacdo a combinacgdo do antigeno e capacidade adjuvante da rLTB, observou-se que
a fusdo foi mais eficaz em estimular anticorpos 1gG total, 1gG1, IgG2a e IgA anti-rSm14 do que
a co-administracdo. Isso corrobora com outro estudo onde a rLTB fusionada ao antigeno VP2
(proteina viral 2 do virus da doenca infecciosa da bursa) inoculada por via i.m. induziu um
aumento da producdo de anticorpos especificos (Fingerut et al. 2005). No entanto, quando a
proteina rVP2 foi co-administrada com rLTB, ndo houve acréscimo da resposta imune (Fingerut
et al. 2006).

Sabe-se que a via de administracdo influencia a atividade adjuvante da rLTB. Fischer et
al. (2010) demonstraram que o herpesvirus suino tipo 1 (SuHV-1) inativado, administrado i.m.
com rLTB em camundongos, induziu elevado titulo de anticorpos anti-SuHV-1, ao passo que a
mesma combinacdo inoculada via s.c. produziu baixos titulos de anticorpos. No presente
trabalho, em geral as vias de administracdo ndo influenciaram a resposta imune humoral de
camundongos BALB/c. Apenas a molécula rLTB-Sm14 apresentou um melhor dempenho em
gerar anticorpos quando administrada via s.c. do que por via i.m em BALB/c. Quando
administrada subcutaneamente a rLTB-Sm14 induziu uma producéo equilibrada de 1gG1/1gG2a,
sugerindo uma resposta Thl e Th2 combinada. Esta razdo foi significantemente maior do que a
induzida pela rSm14 com hidréxido de aluminio. Respostas imunes do tipo Thl e Th2 mediadas
por rSm14 sdo reconhecidas como mediadoras da protecdo contra infeccdo por S. mansoni em
camundongos (Fonseca et al. 2006). Além disso, IgA anti-rSml14 foi produzida de forma

eficiente por camundongos BALB/c imunizados com rLTB-Sm14 via s.c. A presenca de IgA €
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associada com resisténcia para re-infeccdo em individuos recém expostos a este parasita
(Vereecken et al. 2007).

Apesar da quimera rLTB-Sm14 (s.c.) ter estimulado em BALB/c uma resposta imune
Thl e Th2 superior do que a gerada por aqueles animais imunizados com rSm14+AI(OH)s, ela
ndo foi eficaz em proteger camundongos suicos contra infeccdo por cercarias de S. mansoni.
Sabe-se que espécies diferentes de camundongos podem montar respostas distintas entre si,
entretanto usualmente espécies isogénicas, como BALB/c, sdo utilizadas para estudar a resposta
imune induzida por vacinas (De Haan et al. 2001, Abreu et al. 2004). Varaldo et al (2004) ao
estudar a eficacia de uma vacina recombinante de BCG expressando a Sm14 também utilizaram
BALB/c para estudar a resposta imune induzida pela vacina e camundongos suicos para avaliar
a protecdo. A falha da quimera em suscitar protecao pode estar relacionada com o baixo nivel de
anticorpos anti-rSml4 gerados em camundongos suicos por ela, uma vez que a resposta
humoral é importante na aquisicdo da protecdo. O insucesso da rLTB como adjuvante parece
ndo estar associada com a fusdo, pois como mencionado anteriormente, as caracteristicas da
rLTB foram preservadas. A quimera formulada com hidroxido de aluminio apresentou um
desempenho melhor do que sozinha, estimulando em camundongos sui¢cos a producdo de
1gG1/1gG2a semelhante a induzida pela rSm14 com Al(OH)s. Apesar do perfil Th1/Th2 gerado
pela quimera adsorvida com hidréxido de aluminio ser semelhante ao da rSm14+AIl(OH);, a
quimera ndo foi capaz de promover protecdo aos animais desafiados. Pouco se sabe o quanto a
presenca de anticorpos anti-LTB pode ser prejudicial para a atividade adjuvante da LTB. Dados
relatam que quanto menor a resposta imune contra LTB maior é sua capacidade adjuvante
(Pitcovski et al. 2006, Fischer et al. 2010). No caso da quimera sozinha a resposta humoral

contra rLTB foi baixa e ndo parece ter influenciado no insucesso da quimera. Altos niveis de
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anticorpos contra rLTB foram observados no grupo imunizado com rLTB-Sm14+AI(OH); e
talvez isso tenha prejudicado o desempenho da rLTB.

Outros trabalhos realizados a fim de buscar alternativas que melhorem a resposta imune
conferida pela rSml14 formulada com hidroxido de aluminio também ndo obtiveram éxito
quanto a melhora da protecao frente ao desafio por S. mansoni. Entre essas alternativas estao (i)
0 uso de bactérias vivas atenuadas, como Salmonella enterica sorovarTyphimurium aroA
(Pacheco et al. 2008) e BCG (Varaldo et al. 2004) expressando a proteina rSm14; (ii) a injecao
de vacina de DNA com o gene da Sm14 co-admistrada com um plasmideo expressando 1L-12
(adjuvante) (Fonseca et al. 2006); e (iii) a fusdo do fragmento C (atoxico) da toxina teténica
(TTFC) com a rSm14 sendo a fusdo administrada com o Al(OH)3; (Abreu et al., 2004).

Neste estudo demonstrou-se que a rSml4 fusionada ao adjuvante rLTB é capaz de
induzir em camundongos uma resposta imune humoral mais eficaz do que a estimulada pela
rSml4 em combinacdo com hidroxido de aluminio. No entanto a quimera ndo protegeu

camundongos do desafio contra S. mansoni.
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Figura 1. Antigenicidade da proteina rLTB-Sm14 avaliada por Western blot. A quimera

foi detectada com os anticorpos (A) anti-rSm14, (B) anti-rLTB e (C) anti-CT.
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Figura 2. Avaliacédo da ligacdo da proteina rLTB-Sm14 ao gangliosideo GM1, através de
ELISA indireto. Como controle positivo utilizou-se a proteina CT e como negativos rSml4 e
PBS. As barras representam a absorbancia média (DOsso nm) + desvio paddo (D.P.). Letras

diferentes indicam significancia estatistica (p < 0.001).
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Figura 3. Avaliacdo da producdo de anticorpos IgG anti-rSm14 em BALB/c. Placas
foram sensibilizadas com rSml14 e o soro de cinco animais/grupo coletado 35 dias apds a
primeira imunizacdo foi diluido individualmente (1:100) e testado em duplicata por ELISA
indireto. Os resultados sdo expressos como a média das absorbancias (DO49, NnM) (barras) + D.P.
Imunizacdo de camundongos com LTB (i.m. ou s.c.) ndo induziu producédo de IgG anti-rSm14
(dados ndo mostrados). Letras diferentes expressam significancia estatistica. Todos os grupos
foram significantemente diferentes quando comparado com o seu respectivo controle de AI(OH);
(p< 0.001). O grupo rLTB+rSml4 s.c. apresentou a menor producdo de IgG total quando
comparado com 0s outros grupos. Esta diferenca é indicada por asteriscos, onde valores de p

significam: *, 0.01-0.05; **, 0.001-0.01.



137

0,9
0,8
0,7
0,6

0,5

0,4
0,3
0,2
0,1
6 ||

Sm14+AIOH-Sm14+AIOH- LTB/Sm14- LTB/Sm14- LTB/Sm14+ LTB/Sm14+ Sm14+LTB- Sml14+LTB- AIOH-i.m
im s.C im s.C AIOH-i.m AIOH-s.c im s.C

Abs (mean) DO 492nm

Figura 4. Avaliacdo da producdo de anticorpos IgA anti-rSm14 em BALB/c mensurados
por ELISA indireto. Soro de 5 animais/grupo coletados 35 dias ap0s a primeira imunizacao foram
misturados, diluidos (1:10) e testados em triplicata quanto a sua ligacdo a rSm14. Posteriormente
soro anti-lgA de camundongo conjugado com peroxidase foi adiconado. As barras indicam a
média das absorbancias (DO4g, nm). Camundongos imunizados com rLTB (i.m ou s.c) e AIOH;
(s.c) ndo produziram IgA anti-rSm14 (dados ndo mostrados), sendo o controle representado pelo

AI(OH); (i.m.).
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Figura 5. Titulagdo da producédo de 1gG1 e IgG2a anti-rSm14 por camundongos BALB/c
imunizados via i.m. ou s.c. Os isotipos IgG1 e IgG2a foram mensurados em duplicata por ELISA
indireto utilizando-se soro de 5 animais/grupo coletado 35 dias apds a primeira imunizacdo nas
diluicBes de 1:250, 1:500, 1:1000, 1:2000, 1:4000 e 1:8000. As barras apresentam a média dos
titulos + D.P. Camundongos imunizados com rLTB (i.m ou s.c) e Al(OH)3 (s.c) ndo produziram
IgG1 ou 1gG2a anti-rSm14 (dados ndo mostrados), sendo o controle representado no gréafico pelo
IgG1 produzido por animais do grupo Al(OH); (i.m.). Letras diferentes indicam significancia
estatistica (p, 0.01-0.05). Os grupos foram comparados individualmente quanto a producéo de
cada isotipo, ndo sendo os diferentes isotipos comparados entre si. Todos os grupos foram
significantemente diferentes dos grupos AI(OH); e rLTB+rSm14 i.m./s.c. (p<0.001). A vacina
rLTB-Sm14 via s.c. produziu um titulo de IgG2a anti-rSm14 significantemente (***, p<0.001)

maior do que o induzido pela via i.m.
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Tabela 1: Prote¢do de camundongos suicos outbred contra infeccdo experimental por

cercarias de S.mansoni.

Vacina® Carga parasitaria recuperada Protecéo (%)
(Média+D.P.)°
rLTB-Smi4 23,5+11,4 0,0°
rLTB-Sm14+AI(OH); 15,0+6,2 36,38°
rSm14+AI(OH); 12,5+6,5 50,45°
rLTB 25,5+10,5 0°

®Foram utilizados 10 animais/grupo em cada experimento independente.
® Média de dois experimentos independentes.
°Protecdo comparada com o grupo LTB.
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Figura 6. Avaliacdo da producdo de IgG total anti-rSml4 (A) e anti-rLTB (B) por

camundongos sui¢os. O pool dos soros de 10 animais coletados dia 0, 35 e 60 apds a primeira

imunizacdo foram diluidos 1:100 e analisados em triplicata por ELISA indireto. A medida da

resposta imune estd expressa na média das trés absorbancias.
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Figura 7. Titulacdo da producdo de IgG1 e IgG2a anti-rSm14 por camundongos sui¢cos

imunizados via s.c. Os isotipos IgG1l e 1gG2a foram mensurados em duplicata por ELISA

indireto utilizando-se soro de 6 animais/grupo coletado 35 dias ap0s a primeira imunizacéo nas

diluicBes de 1:300, 1:600, 1:1200, 1:2400, 1:4800 e 1:9600. As barras representam a média dos

titulos + D.P. Letras diferentes indicam significAncia estatistica. Os grupos foram comparados

individualmente quanto a producdo de cada isotipo, ndo sendo os diferentes isotipos

comparados entre si. Os valores de p sdo indicados por asteriscos, 0s quais significam: *, 0.01-

0.05; ***, < 0.001.
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7 CONCLUSOES

- A construcdo das quimeras rLTB-Sm14 e rLTB-Sm29 foi efetuada com
sucesso, visto que as quimeras mantiveram caracteristicas individuais das proteinas

fusionadas e que foram tanto antigénicas quanto imunogénicas;

- A molécula rLTK63 apresentou um feito adjuvante maior do que a rLTB na

inducdo da resposta imune contra os antigenos rSm29 e rAMA-1.

- A co-infeccdo modulou a resposta imune mediada pelos antigenos vacinais
rSm29 e rAMA-1 co-administrados com o adjuvante rLTK63 favorecendo a inducdo de

resposta imune protetora contra esquistossomose e malaria, respectivamente.

- A via de administracdo subcutanea influenciou a amplitude e a modulacdo da

resposta imune induzida pelo antigeno rLTB-Sm14.

- A vacina rLTB-Sm14 néo protegeu camundongos conta o desafio com cercarias

de S. mansoni.
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