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RESUMO

A malaria é ainda um grande problema de saude em muitas partes do mundo,
causando 219 milhdes de novas infecgdes e 660 mil mortes por ano, devido a presenca
difundida de parasitas resistentes as drogas e a falta de uma vacina de longa duragéo e
completamente eficaz. MAEBL é uma molécula com estrutura quimérica expressa em
eritrocitos infectados (Els) e possui uma porgéo amino terminal rica em cisteina, dominios
transmembrana, citoplasmatico e outros dois dominios (M1 e M2). Embora ambos os
dominios estejam envolvidos na ligagcdo do parasita aos eritrocitos, o dominio M2 é
essencial para a invasdo do merozoita e exibe maior capacidade adesiva. Recentemente,
foi mostrado que MAEBL também é expresso em esporozoitas das glandulas salivares e
em hepatécitos infectados. Estas caracteristicas de MAEBL abrem perspectivas para o
desenvolvimento de uma vacina experimental visando estagios eritrociticos e pré-
eritrociticos do parasita. Neste projeto o dominio M2 do antigeno MAEBL de Plasmodium
yoelii foi amplificado, clonado e expresso em vetores eucariético (plgSP) e procario6tico
(pET28a), para ser usado em imunizagdo com a proteina recombinante ou em regime
prime(DNA)-boost(proteina). Camundongos C57BL/6 foram imunizados com quatro
doses da proteina recombinante (PyM2-MAEBL) em adjuvante completo/incompleto de
Freund. Alternativamente, os animais foram injetados na primeira dose com DNA
plasmidial plgSP/M2-MAEBL seguido de trés doses com a proteina rPyM2-MAEBL.
Ambos os grupos geraram elevados niveis de anticorpos de longa duragdo em ELISA, os
anti-soros reconheceram a proteina recombinante em analises de western blot e o
antigeno nativo em ensaios de imunofluorescéncia (IFA). Finalmente, depois da ultima
dose os animais foram desafiados com 10° eritrcitos infectados de P. yoelii YM (cepa

letal). Foi observada reducdo da parasitemia em ambos os grupos de animais. Além
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disso, 90% dos animais injetados com rPyM2-MAEBL sobreviveram e o regime prime-
boost de imunizagdo conferiu total prote¢cdo ao desafio. Os soros de camundongos
imunizados apenas com rPyM2-MAEBL ou com o sistema prime-boost foram capazes de
inibir a invasao dos eritrocitos por P. yoelii. Além disso, os anti-soros PyM2-MAEBL foram
capazes de reconhecer P. vivax e P. falciparum em IFA e também inibiram a invasio dos
eritrocitos em isolados de campo de ambas as espécies. Coletivamente, esses resultados
destacam o potencial do antigeno M2-MAEBL como um promissor candidato vacinal e
abrem perspectivas para se continuar a avaliar os niveis de imunidade de vacina
experimental M2-MAEBL explorando diferentes adjuvantes e também novas estratégias

de imunizagdo como outros protocolos prime-boost.

Palavras chave: malaria, Plasmodium, Plasmodium yoelii, MAEBL, vacinas antimalaricas.
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ABSTRACT

Malaria is still a major health problem in many parts of the world, causing 219
million new infections and 660 thousand deaths each year due to the widespread
presence of drug-resistant strains of the parasite and the lack of a long lasting and full
effective vaccine. MAEBL is a structural chimeric molecule expressed in infected
erythrocytes (IEs) and has an amino terminal cysteine-rich, a transmembrane and a
cytoplasmatic domain and two other domains (M1 and M2). Although both domains are
involved in parasite attachment to erythrocytes, M2 domain is essential for merozoite
invasion and displays the highest adhesive capacity. Recently, it was shown that MAEBL
is also expressed in salivary glands sporozoites and in infected hepatocytes. Thus,
MAEBL unique features open perspectives for the development of an experimental
vaccine targeting erythrocytic and pre-erythrocytic stages of the parasite. Here we
amplified, cloned and expressed MAEBL M2 domain of Plasmodium yoelii, in eukaryotic
(plgSP) and prokaryotic (pet28a) vectors, to be used for immunization with the
recombinant protein and as a prime (DNA)—-boost (Protein) immunization regimen. Herein,
after cloning, expression and purification, we immunized C57BL/6 mice with four doses of
P. yoelii recombinant protein (PyM2-MAEBL) in complete/incomplete Freund adjuvant.
Alternatively, animals were primed with the plgSP/M2-MAEBL DNA plasmid and boosted
with three doses of rPyM2-MAEBL. Both groups of mice displayed high levels of long
lasting antibodies in ELISA and antisera recognized the recombinant protein in western
blotting analysis and the native antigen in immunofluorescence assays (IFA). Finally, after
the last dose mice were challenged with 10° infected erythrocytes of P. yoelii YM (lethal
strain) and a reduction on parasitemia levels was observed in both groups of animals.

Moreover, 90% of animals injected with rPyM2-MAEBL survived and the prime-boost
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regimen of immunization completely prevented mortality. Sera from mice immunized solely
with rPyM2-MAEBL or prime (DNA)-boost (Protein) were able to inhibit P. yoelii
erythrocyte invasion. Further, the anti-sera PyM2-MAEBL were able to recognize P. vivax
and P. falciparum on IFA and also inhibited erythrocyte invasion of field isolates from both
species. Collectively these findings highlight the potential of antigen M2-MAEBL as a
promising vaccine candidate and open perspectives to continue to evaluate levels of
immunity of M2-MAEBL experimental vaccine exploring different adjuvants and also

immunization strategies as other prime-boost protocols.

Key words: malaria, Plasmodium, Plasmodium yoelii, MAEBL, malaria vaccines.
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Malaria - aspectos gerais

A malaria resulta em elevadas taxas de mortalidade e morbidade, sendo
considerada a infecgdo parasitaria mais importante do mundo. A maléaria é causada pelo
protozoario pertencente ao filo Apicomplexa, ordem Coccidia, subordem
Haemosporidiidea, familia Plasmodiidae e género Plasmodium. S&o conhecidas
aproximadamente 150 espécies de Plasmodium causadoras de malaria. Dentre estas
espécies, apenas as seguintes sdo capazes de infectar o homem: Plasmodium
falciparum, Plasmodium vivax, Plasmodium ovale e Plasmodium malariae. Recentemente,
varios estudos tém relatado centenas de casos de malaria humana na Malasia e outros
paises do Sudeste Asiatico causados por uma quinta espécie, Plasmodium knowlesi, que
normalmente infecta macacos (Kantele&Jokiranta, 2011). Estas espécies diferem
morfologicamente, imunologicamente, na sua distribuicdo geografica, em seus padrdes de
recaida e nas suas respostas as drogas.

Os agentes transmissores da malaria sdo mosquitos da ordem Diptera, da familia
Culicidae e do género Anopheles. Cerca de 60 espécies de anofelinos podem ser vetores
da doencga (Tuteja, 2007). No Brasil o principal vetor € o A. darlingii (de Arruda et al.,

1986); e na Africa o vetor de maior importancia é o A. gambiae (Coetzee et al., 2000)..

Os sintomas clinicos da doencga frequentemente consistem em episédios ciclicos
de febre, calafrios, mal-estar, cefaleia, dores musculares, nauseas, sudorese, vémitos,
vertigem e anemia. Dentre as espécies, o P. falciparum € o mais virulento e responsavel
pela maioria das mortes e casos graves da doenga como: malaria cerebral (MC) e malaria
gestacional (MG), insuficiéncia renal aguda, edema pulmonar (WHO, 2000). Estas
complicacdes estdo associadas a capacidade deste parasita em se ligar ao endotélio
vascular e sequestrar em 6rgdos durante a fase sanguinea da infec¢do (Greenwood et al.,
2008). A maléria grave é responsavel pela grande maioria dos Obitos e internacoes,
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apresentando maior risco em criangas, mulheres gravidas, pacientes com sindrome da
imunodeficiéncia adquirida (AIDS) causada pelo virus da imunodeficiéncia humana (HIV)

e visitantes provenientes de areas n&do-endémicas (World Health Organization., 2012a).

Apesar de descrito como malaria "benigna", muitos trabalhos tém mostrado que P.
vivax apresenta uma capacidade de citoaderéncia ao endotélio e as infec¢des por esta
espécie também podem evoluir para complicagdes clinicas (Carvalho et al., 2010; Guerra
et al., 2010). Ainda, a capacidade de P. vivax e P. ovale permanecerem dormentes por
meses como hipnozoitas no figado faz a infeccdo por estes parasitas dificil de ser

erradicada (Greenwood et al., 2008).

A situagao da malaria no Brasil e no mundo

A distribuicdo geografica das espécies de parasitas da maléria é influenciada em
parte por competicdo interespecifica, além de fatores genéticos humanos. Os fatores
principais para esta distribuicdo sdo as taxas de sobrevivéncia dos mosquitos vetores e
do parasita no vetor, ambos sob a influéncia de condigdes ambientais; como a humidade,

temperatura e resisténcia as drogas.

Das quatro espécies mais comuns que infectam seres humanos, P vivax e P.
falciparum causam a grande maioria das infec¢des. P. vivax apresenta a mais ampla
distribuicdo nos trépicos, subtropicos e zonas temperadas. Devido a limitagbes de
temperatura na sua transmissdo pelos mosquitos vetores, P. falciparum é geralmente
confinado aos tropicos, P. malariae ¢é distribuido de forma esporadica. P. ovale limita-se
principalmente & regido Centro-oeste da Africa e algumas ilhas do Pacifico Sul

(Carter&Mendis, 2002; Lysenko&Beljaev, 1969).



B Faises ou dreas onde oCorre transmissdo de malaria
Paises ou areas com risco limilado de transmissao de malana
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FIGURA 1. Paises ou areas sob risco de transmissao de malaria no ano de 2010.
Modificado de World Malaria Report 2012 (World Health Organization., 2012b).

Segundo a Organizacdo Mundial de Saude (OMS), a malaria esta presente em 99
paises. Atualmente estima-se que metade da populagdo mundial, correspondendo a cerca
de 3,3 bilhdes de pessoas correm risco de contrair a doenga (figura 1)
(http://www.rbm.who.int/keyfacts.html/). Em 2010 154-289 milhdes de casos de malaria
foram diagnosticados e aproximadamente 660 mil mortes foram registradas (World Health
Organization., 2012b). As pessoas que vivem nos paises mais pobres sdo mais
vulneraveis a malaria. Em 2010, 90% de todas as mortes por malaria ocorreram na regido
da Africa sub-Saariana, principalmente entre criangas menores de cinco anos de idade.

Calcula-se que uma crianca morra de malaria a cada minuto



(http://www.who.int/mediacentre/factsheets/fs094/en/index.html). Estes elevados indices
de mortalidade e morbidade interferem de maneira significativa no desenvolvimento
socio—econdmico e perpetuam um ciclo de pobreza e subdesenvolvimento nos paises

atingidos.

Brasil e Coldmbia representam mais da metade (68%) do numero de casos de
maléria das Américas (World Health Organization., 2012b). No Brasil, no ano de 2011
foram relatados 266.348 casos de malaria (Sivep-Malaria/SVS/MS). 99,7% dos casos de
malaria foram notificados na Regido Amazénica, considerada area endémica no pais
(figura 2), composta pelos estados do Acre, Amazonas, Amapda, Maranh&o, Mato Grosso,
Para, Rondénia, Roraima e Tocantins, compreendendo 807 municipios (Boletim
Epidemiolégico da malaria 2013: SVS/MS). Cerca de 87% das infeccdes sdo causadas
pelo Plasmodium vivax e aproximadamente 13% por Plasmodium falciparum (World

Health Organization., 2010b).
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FIGURA 2. Distribuicdo de casos confirmados de malaria no Brasil (por 1.000 habitantes).
Modificado de World Malaria Report 2012 (World Health Organization., 2012b).

Durante décadas a malaria vem sendo alvo de intensas campanhas com o objetivo
de erradicar a transmiss&o do parasita por meio de inseticidas e quimioterapia. Entretanto,
devido a falta de uma vacina eficiente e ao aumento da resisténcia de parasitas as drogas
convencionalmente utilizadas (Le Bras&Durand, 2003; Wernsdorfer&Payne, 1991) e dos
mosquitos vetores aos inseticidas (Dabire et al., 2008; Gnankine et al., 2013); a malaria
tem reaparecido em diversas regiées do mundo. O problema esta se agravando devido a
deterioracdo das condigbes soOcio-econdmicas das regides rurais de paises afetados;
contribuindo para o reaparecimento de epidemias em areas onde a malaria ja havia sido

erradicada (Greenwood et al., 2008).

A politica de tratamento antimalarico recomendado pela OMS consiste em terapias

combinadas utilizando duas ou mais drogas que atuem na fase sanguinea com modelos
7



de acao independentes, sendo uma delas necessariamente um derivado de artemisinina

(artesunato, artemeter, di-hidroartemisinina) (World Health Organization., 2010a).

O desenvolvimento de resisténcia parasitaria representa o maior obstaculo para o
alcance do controle da malaria e foi observado em todas as classes de antimaléaricos
convencionalmente utilizados: amodiaquina, cloroquina, mefloquina, quinino, sulfadoxina-
pirimetamina, e recentemente em derivados de artemisinina (Kokwaro, 2009; World

Health Organization., 2010a).

Portanto, o controle efetivo e o tratamento da malaria apresentam enormes
desafios. Sendo assim, a busca de uma abordagem integrada que combine medidas
preventivas, como a longa duragao de mosquiteiros tratados com inseticida e pulverizagéo
residual de interiores e o desenvolvimento de novas drogas e vacinas eficientes se faz de

extrema importancia.

O ciclo de vida dos plasmaédios

O ciclo de vida do plasmédio (figura 3) é semelhante entre as espécies, sendo
extremamente complexo e envolvendo diversos estagios com expressdo de antigenos
especificos para sua sobrevivéncia no hospedeiro vertebrado e invertebrado. Estas
proteinas sao essenciais na invasdo de uma variedade de tipos de células e para evasio
do sistema imune. A infeccdo do hospedeiro vertebrado inicia-se quando a fémea
infectada do mosquito Anopheles injeta 5-20 esporozoitas infectantes no hospedeiro
humano durante o repasto sanguineo (Rosenberg et al., 1990). Uma vez na corrente
sanguinea, os esporozoitas migram através de varios hepatdcitos antes de entrar em um
(Mota et al., 2001), isto € o inicio do estagio hepatico ou pré-eritrocitico. Os receptores
responsaveis pela invasdo dos hepatécitos s&o principalmente os dominios de
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trombospondina da proteina circusporozoita (CS) e proteina adesiva relacionada a
trombospondina (TRAP). Estes, basicamente se ligam aos proteoglicanos heparan sulfato
presentes nos hepatdcitos (Miller et al., 2002). Nos hepatécitos os parasitas se
desenvolvem e passam por replicagcdo assexuada conhecida como esquizogonia exo-
eritrocitica. Ocorre a ruptura dos hepatocitos, onde cada esporozoita gera 20-30 mil
merozoitas que s&o liberados na circulacdo (Moorthy et al., 2004). Esta fase pré-
eritrocitica tem duracdo em média de 9 a 16 dias, variando de acordo com a espécie e
ndo apresenta sintomas. Em P. vivax, algumas das formas hepaticas permanecem
latentes (hipnozoitas) e podem retardar sua esquizogonia por meses ou anos, sendo a

causa de recrudescéncia (Greenwood et al., 2008).

Os merozoitas imediatamente entram nos eritrocitos através de um processo
complexo de invasdo e iniciam divisdo assexuada. Nesta fase, o parasita passa por
diferentes estagios de desenvolvimento acompanhado de um metabolismo altamente
ativo, incluindo glicolise de grandes quantidades de glicose importada, ingestdo do
citoplasma do hospedeiro e protedlise da hemoglobina em aminoacidos. O parasita n&o
consegue degradar o heme e este produto se torna téxico. Sendo assim, a maioria do
heme liberado é polimerizado em hemozoina (pigmento maléarico) que fica estocada em
vacuolos (Tuteja, 2007). O estagio final da fase eritrocitica € denominado esquizonte e
caracterizado por multiplos nulcleos. Cada esquizonte maduro contém cerca de 20
merozoitas que sdo liberados apds lise do eritrécito para infectar eritrocitos sadios. Este
repetitivo ciclo intra-eritrocitico de invasao-multiplicagao-liberacéo-invasao continua em
intervalos regulares, levando cerca de 48h em P. falciparum, P. ovale e P. vivax e 72h em
P. malariae (Greenwood et al., 2008). A liberagdo dos merozoitas ocorre de forma
sincrénica, aproximadamente no mesmo periodo do dia. Esta lise dos eritrécitos
infectados coincide com o aumento da temperatura corporal e libera produtos que
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estimulam a producgéo de citocinas responsaveis pelas demais manifestagdes clinicas da
doenca observadas nesta fase (Tuteja, 2007). Eventualmente, uma pequena porg¢édo de
merozoitas se diferencia dando origem a micro e macrogametas (masculino e feminino,
respectivamente) que podem ser ingeridos pelo mosquito anofelino. Desta forma, a
fertilizacdo ocorre no intestino médio do mosquito, completando o ciclo de vida com a

migracao dos esporozoitas para as glandulas salivares (Moorthy et al., 2004).
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FIGURA 3. Ciclo de vida do Plasmodium: inclui numerosas transi¢des e estagios, e qualquer um
pode ser alvo da resposta imune do hospedeiro. No momento da inoculagao através da picada do
mosquito Anopheles, esporozoitas devem fugir de anticorpos para (i) acessar vasos sanguineos e
transitar (ii) por meio de macréfagos no figado e hepatdcitos para iniciar a fase hepatica da
infecgdo. Parasitas intra-hepatociticos (iii) sdo suscetiveis a linfocitos T citotoxicos (CTLs).
Aproximadamente ap6s uma semana ocorre a ruptura dos hepatécitos infectados e libertacdo dos
merozoitas como agregados chamados merosomas que permitem fuga dos anticorpos (iv) e
invasdo dos eritrécitos. Parasitas intraeritrociticos (V) sdo suscetiveis a anticorpos opsonizantes e
macréfagos, e a respostas de citocinas. Anticorpos que bloqueiam a ligagdo (vi) de eritrocitos
infectados ao endotélio podem prevenir a doenga e controlar a parasitemia. Os anticorpos
humanos especificos para o (vii) estagio sexual do parasita sdo ingeridos pelos mosquitos durante
a refeicdo de sangue e podem bloquear a transmissdo para mosquitos, embora possam precisar
de complemento para matar o parasita. Resposta imune inata do mosquito pode matar o parasita
durante a fase de esporogonia (vii, viii) (Greenwood et al., 2008).
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O Processo de Invasao dos eritrocitos pelos merozoitas

A sobrevivéncia e transmissdo do parasita depende da habilidade das formas
infectantes em reconhecer e invadir as células apropriadas do hospedeiro. A invasao é
mediada por interagdes especificas entre ligantes do parasita e receptores da célula do
hospedeiro. Trés organelas presentes no complexo apical apresentam papel crucial no

processo de invasao: micronemas, roptrias e granulos densos (Preiser et al., 2000).

A sequéncia de eventos proposta para invasao do eritrécito pelo parasita tem inicio
quando merozoitos maduros s&o liberados na corrente sanguinea a partir da ruptura de
eritrocitos infectados. Estes merozoitas apresentam uma superficie densa revestida por
proteinas, como a proteina de superficie do merozoita (MSP1-19), que sdo responsaveis
por realizar o primeiro contato com o eritrécito (Preiser et al., 2000). A invasdo procede
com a reorientacdo do merozoita de forma a permitir a interacdo de seu aparelho apical
com a membrana do eritrécito. Em seguida, ocorre a formagdo de uma juncgéo, entre a
membrana do parasita e a heméacia (Miller et al., 1979). Esta etapa é critica e irreversivel.
O merozoita secreta material do micronema e das roptrias, que resultam na invaginagio
da membrana do eritrécito (Mitchell&Bannister, 1988). Apés a formacédo da juncéo, fatores
desconhecidos estimulam o motor de actina-miosina possibilitando a jungdo de se mover
a partir da extremidade anterior a posterior do merozoita, movendo o merozoita para
dentro do eritrécito (Miller et al., 2002). Como consequéncia, o parasita é incluso no
vacuolo parasitéforo. A etapa final da invasdo consiste na selagem do vacuolo e da

membrana do eritrocito (Miller et al., 2002).

E importante ressaltar que o merozoita é a Unica forma da fase eritrocitica
diretamente exposta ao sistema imunolégico do hospedeiro, sendo a invas&o do eritrocito

um passo essencial para o desenvolvimento do Plasmodium e manutenc¢do da infecg¢ao.
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Invasdo de eritrécitos, portanto, € um momento razoavel para avaliar diferentes

estratégias capazes de bloquear merozoitas.

Nas espécies de Plasmodium que acometem o homem, varios receptores de
eritrocitos ja foram identificados (Culleton&Kaneko, 2010). P. falciparum utiliza &cido
sialico e glicoforina-A e também percursos alternativos para invadir os eritrécitos,
enquanto que P. vivax e P. knowlesi usam o antigeno/receptor Duffy para quimiocinas
(DARC) como um receptor para a invasao (Barnwell et al., 1989; Camus&Hadley, 1985;
Chitnis&Miller, 1994; Haynes et al., 1988; Miller et al., 1976; Miller et al., 1975; Sim et al.,

1994; Wertheimer&Barnwell, 1989).

No entanto, demonstrou-se que P. knowlesi exibe vias alternativas para invadir os
eritrécitos que um receptor desconhecido diferente de DARC (Chitnis&Miller, 1994;
Haynes et al., 1988; Miller et al., 1975). P. vivax pode eventualmente infectar pessoas
DARC negativas (Cavasini et al., 2007a; Cavasini et al., 2007b; Menard et al., 2010;
Mendes et al., 2011; Ryan et al., 2006). Estes resultados desafiam a creng¢a anterior de
que a invasdo dos eritrécitos por P. vivax esta restrita ao receptor DARC, embora o
ligante e receptor envolvidos na invasdo dos eritrocitos DARC-negativos por P. vivax

ainda sejam desconhecidos.

Pouco se sabe sobre os caminhos de invasdo no modelo de malaria murino P.
yoelii, devido, em parte, a falta de um ensaio de invasdo ex-vivo confiavel. Até agora, a
elucidagdo do processo de invasdo de P. yoelii foi limitado a caros e demorados ensaios

in vivo (Swardson-Olver et al., 2002).

Acredita-se que as formas néo-virulentas de P. yoelii apresentam uma predilecao
por reticulécitos, ao passo que as formas virulentas predominantemente invadem os

eritrécitos maduros (Bungener, 1979; Fahey&Spitalny, 1984). No entanto, este fato foi

13



questionado e foi demonstrado por (Fahey&Spitalny, 1984) que tanto as cepas virulentas
de P. yoelii como as n&o-virulentas possuem uma predilecdo inicial para reticulécitos.
Contudo, devido ao seu crescimento rapido e a um numero limitado de reticulécitos para

invadir, ambas as cepas do parasita precisam parasitar eritrécitos maduros para proliferar.

Além disso, no inicio dos anos 2000, Swardson-Olver e colaboradores
constataram que DARC é um importante receptor de eritrocitos para a invasao de P. yoelii
durante ensaios de invaséo in vivo utilizando camundongos DARC-Knockout. Além disso,
eles também demonstraram que a entrada de P. yoelii nos reticulécitos pode também ser
mediada por um receptor diferente de DARC (Swardson-Olver et al., 2002). Além disso,
enquanto que o tratamento de normdcitos com quimotripsina, mas ndo com ftripsina,
praticamente aboliu a invasédo de P. yoelii, o tratamento de reticulécitos com ambas as

enzimas inibiu completamente a invaséo do parasita. (Swardson-Olver et al., 2002).

Como P. yoelii utiliza DARC para entrar nos eritrécitos, o desenvolvimento de um
ensaio ex-vivo para estudar o processo de invasdo em P. yoelii pode ser uma excelente
ferramenta para avaliar os passos envolvidos na ligacao e entrada de parasitas através de
receptores Duffy. Além disso, P. yoelii tem um caminho alternativo, presumivelmente
DARC independente, para invadir reticulocitos, o qual também acontece para P. vivax.
Sendo assim, seria plausivel acreditar que as rotas alternativas de invasdo podem ser

compartilhadas por estes dois parasitas.

Imunidade natural e induzida contra malaria

A resposta clinica contra malaria pode variar entre uma infeccdo assintomatica,
moderada ou ndo complicada e até grave, como no caso de malaria cerebral, associada
apenas ao P. falciparum. A evolugdo da doenca € dependente da idade (Aponte et al.,
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2007) e influenciada pelo nivel de transmissdo do parasita (Marsh&Snow, 1997). Os
principais fatores na resposta de um individuo a malaria sdo a resisténcia inata e a

imunidade adquirida ativamente.

A imunidade inata € uma propriedade inerente do hospedeiro, um estado refratario
ou uma resposta inibitéria imediata a introdugdo do parasita e independe de um contato
prévio com o parasita. Esta &€ determinada pela genética do hospedeiro, como a auséncia
de receptores especificos na superficie dos eritrocitos e polimorfismos genéticos, entre as
quais a talassemia, deficiéncia de glicose-6-fostato-desidrogenase (G6PD) e anemia

falciforme (Marsh&Kinyanjui, 2006; Williams, 2006).

Imunidade adquirida ativa € um aprimoramento do mecanismo de defesa do
hospedeiro, como resultado de um encontro anterior com o patégeno (ou partes dele). Ja
a imunidade adquirida passiva é conferida pela transferéncia de substancias protetoras

pré-natal ou pés-natal da méae para a crianga ou pelo administragao de tais substancias.

A imunidade adquirida contra os estagios sanguineos de Plasmodium envolve a
resposta imune humoral e a resposta imune mediada por células. Enquanto a imunidade
de longa duragao contra diversos patdgenos pode ser adquirida apés uma Unica infecgdo,
imunidade contra a malaria provavelmente nunca é completa mesmo em adultos vivendo

em areas de alta transmissé&o por toda vida.

Entretanto, nas areas onde a malaria é endémica individuos expostos
naturalmente a infecgdo malarica desenvolvem imunidade, que permanece enquanto se
mantiverem em regido de transmisséo estavel. A imunidade adquirida é de curta duragao
e cepa-especifica; gradualmente desenvolvida apés repetidas infecgdes. Esta imunidade
possibilita a habilidade de conter a parasitemia, oferecendo protegcdo contra o

agravamento dos sintomas e diminuindo a mortalidade. As criangas mais velhas e adultos
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sao resistentes a morbidade, gravidade e morte, embora permanecam suscetiveis a
infeccdo (Marsh&Kinyanjui, 2006). Ainda, é possivel adquirir uma imunidade significativa a
malaria grave como a malaria cerebral ap6s poucas infecgdes sintomaticas (Gupta et al.,
1999).

Estudos sobre transferéncia passiva de imunoglobulinas de individuos imunes
garantiram prote¢do a individuos ndo imunes. Este fato demonstra a importdncia de
anticorpos na imunidade contra malaria (McGregor, 1964) e indica que a imunidade
adquirida contra fase sanguinea € altamente dependente de anticorpos. Porém,
experimentos mostraram que o efeito é parcial, ja que nao inibe totalmente a parasitemia
e a protecdo observada foi de curta duragdo (Sabchareon et al., 1991). Em areas
endémicas, a transferéncia passiva de anticorpos IgG durante a gestagdo da mae imune
para o filho, também foi relatada como capaz de conferir protecdo clinica contra malaria

durante os seis primeiros meses de vida (Williams&McFarlane, 1969).

E aceito o conceito de que anticorpos inibem a invaséo do eritrécito pelos merozoitas
e previnem a adesdo de eritrocitos infectados ao endotélio vascular, entretanto alguns
estudos sugerem que os anticorpos hajam em cooperagdo com leucécitos (Bouharoun-

Tayoun et al., 1990).

Subclasses de IgG citofilicos parecem ser particularmente importantes,
provavelmente por favorecerem o clearance no bago através da opsonizagdo, facilitar
citotoxicidade mediada por células e ativagéo do sistema complemento (Marsh&Kinyanjui,

2006).

A imunidade contra infeccdo por Plasmodium desenvolvida lentamente é
provavelmente nunca estéril (Langhorne et al., 2008; Marsh&Kinyanjui, 2006). Os

mecanismos subjacentes a estas observagdes sdo apenas parcialmente compreendidos.
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Além disso, ndo é claro por que candidatos a vacinas experimentais contra a malaria
outra promissores (Belnoue et al., 2004) posteriormente, deixam de proteger, ou apenas
protegem parcialmente moradores de areas endémicas de malaria (Guilbride et al., 2010).
Embora seja provavel que a variagao antigénica e diversidade alélica desempenhem um
papel importante nestas observagbes (Bull et al., 1998; Smith et al., 1995;
Marsh&Howard, 1986), estudos recentes sugerem que a exposi¢do crbnica por P.
falciparum induz alteragdes qualitativas nas respostas de células B e T, que também
podem desempenhar um papel na evasao do sistema imune. Ainda, "exaustao" funcional
(disfungdo imune) entre populagdes de células T e B é uma caracteristica bem descrita de
infeccbes virais crbnicas, tais como a hepatite B e C e os virus HIV (Kim&Ahmed, 2010;
Moir&Fauci, 2009; Wherry, 2011). E concebivel que a exposigéo cronica a P. falciparum
em areas endémicas de malaria também estaria associada a exaustao de células T e B,

contribuindo para a aquisi¢do de imunidade prolongada a malaria.

A maioria dos antigenos selecionados como candidatos em vacinas contra malaria
sao alvos da imunidade natural. Embora a imunidade natural contra maléaria seja
relativamente ineficiente, custando alta mortalidade infantil e as vacinas em teste sejam
apenas parcialmente protetoras. Logo, entender os possiveis alvos e mecanismos da
imunidade protetora & importante para analise de novas vacinas. O objetivo no
desenvolvimento de uma vacina é induzir respostas de células-T e anticorpos a um ou
mais antigenos, porém em maior magnitude e durac&o, assim como transcender a
especificidade a cepas, em relagdo ao obtido pela imunidade natural (Moorthy et al.,

2004).

17



Desenvolvimento de vacinas antimalaricas

Apesar de uma constante atividade de pesquisa, ainda ndo existe uma vacina
capaz de impedir de maneira eficaz e duradoura a infec¢do pelo Plasmodium spp.. A
dificuldade de desenvolver uma vacina altamente efetiva contra malaria esta relacionada
com a complexidade do ciclo de vida do parasita, extensiva variagdo antigénica,
mecanismos do parasita para escapar das respostas do sistema imune do hospedeiro e
enorme biomassa de parasitas dentro do hospedeiro durante a infec¢cdo (Kappe et al.,
2010).
Analises experimentais sugerem que a indugado de uma imunidade protetora contra
malaria possa ser um objetivo tangivel e tem sido de intensa busca pela sociedade
cientifica a anos. As principais observa¢gdes que corroboram com estas analises s&do o
fato de individuos infectados continuamente pelo parasita desenvolverem gradualmente
uma imunidade natural, porém de curta duragdo e cepa-especifica (Baird et al., 1991).
Além disso, a transferéncia passiva do soro de pacientes “imunes” induz protecdo em
criangas infectadas (Sabchareon et al., 1991).
As principais caracteristicas desejaveis para uma vacina antimalarica devem incluir
um bom perfil de seguranga em conjunto com uma elevada eficacia contra a infeccéo e a
doenca. No entanto, ha outras condi¢ées que precisam ser tratadas em conjunto com
desenvolvimento de vacina contra a malaria:
(i) Ser eficaz na prevencgéo da doencga, na evolugdo em formas clinicas graves
e transmiss&o na comunidade;

(ii) ser completamente segura para criangas, jovens e populagdes de risco;

(iii) promover protecdo contra todas as espécies de Plasmodium que infectam
o0 homem,;

(iv) promover imunidade de longa duracgao;
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(v) ser administrada nos primeiros meses de vida;

(vi) ser de facil fabricagcdo, administracdo, armazenamento e manipulagéo;

(vii)  ser acessivel para os governos dos paises de baixa renda (Garcia-Basteiro

et al., 2012).

Diferentes classificagdes para candidatos a vacinas contra a malaria tém sido
utilizadas por diferentes autores. Estas classificagdes podem ser baseadas: na fase do
ciclo do parasita que visam atuar; na composi¢cdo da prépria vacina (organismo inteiro,
proteinas recombinantes ou DNA, e alguns deles em adjuvante ou vetores); na estratégia
de vacinacao (diferentes doses, regimes de prime e boost); na capacidade de interromper
a transmissado (independentemente ou ndo de seu efeito sobre a doenca clinica) e na
populagdo que pretendem atingir (populagdo em areas endémicas, viajantes). No entanto,
algumas das vacinas candidatas atuam em diferentes fases do parasita combinando
estratégias diferentes, tornando dificil criar categorias que ndo se sobreponham (Garcia-
Basteiro et al., 2012). As abordagens vacinais contra maldria mais utilizadas estado
agrupadas de acordo com pontos do ciclo do parasito, em: vacinas pré-eritrociticas,
vacinas contra estagios sanguineos e aquelas que buscam bloquear a transmissdo. E
provavel que uma vacina eficaz compreenda diferentes antigenos de diferentes estagios
do ciclo.

O desenvolvimento moderno de vacinas antimalaricas deriva de estudos que
demonstraram que a imunizagdo com esporozoitas irradiados foram capazes de induzir
protecdo parcial e total em camundongos (Nussenzweig et al., 1967), em primatas n&o-
humanos (Collins&Contacos, 1972) e em humanos (Rieckmann et al., 1979). Estas
evidéncias abriram perspectivas para o desenvolvimento de uma vacina contra malaria,
em particular, a utilizagcdo de esporozoitas atenuados por irradiacdo. Entretanto uma

vacina experimental baseada neste tipo formulagdo, embora confira altos niveis de
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protecdo, ndo € uma estratégia pratica de vacinagdo. Nesta estratégia de vacinagao a
obtengdo de grandes quantidades de material € um limitante pois cada voluntario recebe
um grande numero de picadas de mosquitos irradiados. (Hill, 2011). Ainda, ha outro fator
que deve ser levado em consideracdo que é a indugdo de uma imunidade restrita a fase
pré-eritrocitica do ciclo evolutivo do parasita, além de ser associada a uma instabilidade
genética e viruléncia residual.

A identificacdo da proteina do circunsporozoita (CS) como o principal componente
de revestimento do esporozoita levou a clonagem e sequenciamento deste gene gerando
grande expectativa no potencial vacinal deste antigeno. Entretanto, testes clinicos
revelaram uma imunogenicidade modesta dos candidatos vacinais e falharam em mostrar
eficacia significativa ao desafio com esporozoitas (Hill, 2011).

Na década de 1980, pesquisadores da América do Sul desenvolveram uma vacina
baseada em um peptideo de fase sanguinea (SPf66), que parecia ser eficaz em macacos
e humanos (Patarroyo et al., 1988). No entanto, estudos posteriores realizados em
diferentes paises endémicos n&o conseguiram fornecer resultados similares.

Baseado em evidéncias que mostraram que repetidas infecgdes em humanos
resultam em controle da parasitemia e a imunidade eficaz reduz a doenga clinica, foram
direcionados estudos para desenvolver e testar o potencial vacinal de diferentes
peptideos e proteinas da fase sanguinea do parasita. Foram avaliadas respostas ao
antigeno de membrana apical 1 (AMA1), proteina de superficie do merozoita (MSP):
MSP1, MSP2, MSP3, entre outros. Apesar dos consideraveis esfor¢os, nenhuma destas
vacinas até os dias atuais mostrou uma protecao clinica satisfatéria (Ellis et al., 2010). As
apostas para vacinas contra a fase sanguinea s&o ainda maiores quando a erradicagéo
da malaria é o objetivo, porque elas ndo devem apenas reduzir a doenca, mas também a

carga parasitaria a um grau que reduza a transmissao (Kappe et al., 2010).
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O desenvolvimento de vacinas antimaléaricas tem sido bastante intenso contra a
malaria causada por P. falciparum, onde mais de 70 formulagbes estdo em
desenvolvimento ou em fase de testes clinicos. No entanto, quando se trata de P. vivax
poucos esforcos e conhecimento tém se acumulado. Em parte, devido, a dificuldade de
execucgao de testes in vitro e falta de informacao sobre este parasito. Atualmente, varios
autores tém considerado a CSP de P. vivax como o maior alvo para o desenvolvimento de
vacinas recombinantes. Peptideos sintéticos construidos a partir desta proteina induzem
altos niveis de resposta imune humoral e produzem anticorpos que exibem a mesma
especificidade gerada em infecgbes naturais (Arevalo-Herrera&Herrera, 2001;
Beeson&Crabb, 2007; Herrera et al., 2007).

Devido a grande dificuldade enfrentada para desenvolver uma vacina eficaz
contra malaria, é preciso projetar e desenvolver uma grande variedade de novas
abordagens, ndo apenas com o intuito de controlar a infecgdo e a doenga, mas também
acessar novas tecnologias em vacinas. Entre os pioneiros avangos no desenvolvimento
de vacinas antimaléaricas estdo: novas formulagdes de adjuvantes capazes de induzir
niveis excepcionais de anticorpos, desenvolvimento de vacinas de subunidades, primeiro
teste clinico usando vacinagdo com DNA, descoberta e testes clinicos de imunizagao com

vetores prime-boost, entre outros (Hill, 2011).

Vacinas que atuam na fase pré-eritrocitica

A fase pré-eritrocitica do parasita, assintomatica, € iniciada com a picada do inseto
vetor e finalizada com a ruptura dos hepatécitos infectados. A maioria das vacinas
experimentais contra maléaria baseia-se em antigenos expressos nesta fase.

Estratégias vacinais baseadas nesta fase visam impedir a infecgdo do hospedeiro

e induzir uma resposta imune contra antigenos das fases iniciais da infecgdo, ou seja, os

21



antigenos expostos desde a entrada dos parasitas no sangue (esporozoitas) (Garcia-
Basteiro et al., 2012). Ainda, almejam gerar resposta imune que neutralize a habilidade
dos esporozoitas de invadir o figado ou se desenvolver nos hepatécitos (Ripley
Ballou&Cohen, 2013). Se uma vacina destinada a esta estratégia fosse 100% eficaz,
bloquearia completamente os parasitas de atingirem fases sanguineas, evitando-se, por
consequéncia, qualquer sintomatologia clinica e risco de transmissao subsequente
(Garcia-Basteiro et al., 2012). Esta vacina precisaria ser capaz de induzir altos titulos de
anticorpos de alta atividade. Esses anticorpos teriam a fungcdo de interceptar o
esporozoita antes que pudesse acessar 0s vasos sanguineos e opsonizar 0 esporozoita
para degradacdo pelos macrofagos. Ou ainda, bloquear ligantes essenciais do parasita
para receptores de invasdo dos hepatécitos. Esta vacina ideal induziria resposta de
anticorpos de longa duragao e células B de memoria que gerariam prote¢do por toda vida
em individuos imunizados na infancia com uma Unica dose da vacina (Riley&Stewart,
2013).

Antigenos expressos na fase pré-eritrocitica, tais como: a proteina do
circunsporozoita (CS), a proteina da superficie do esporozoita 2 (SSP-2), também
denominada proteina anénima relacionada a trombospondina (TRAP), e o antigeno do
estagio hepatico 3 (LSA-3) tém sido utilizados como base de vacinas experimentais com o
intuito de gerar uma imunidade protetora contra estagios pré-eritrociticos (Webster&Hill,
2003).

A principal vacina desta fase e a mais eficiente contra malaria até o momento é a
RTS,S. A RTS,S, é uma vacina baseada em proteina recombinante, que consiste na
por¢do C-terminal do gene da CSP de P. falciparum fusionada com a porgdo amino
terminal do ao antigeno de superficie da hepatite B (S). Quando expressa em sistema de

Saccharomyses cerevisae o produto fusionado (RTS) se liga ao antigeno de superficie da
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hepatite B (S) ndo fusionado para formar particulas imunogénicas denominadas RTS,S
(Bojang et al., 2001). Esta formulagéo apresentou resultados promissores apos testes
clinicos em individuos de area endémica. Acredita-se que a emulsificagdo da RTS,S em
um potente adjuvante (AS01, AS02 e QS21), seja possivelmente o fator central da
protecdo observada (Bojang et al., 2001). Apesar do relativo sucesso, e grandes
expectativas, ensaios clinicos de fase Ill na Africa com o a candidato de vacina
antimalarica RTS,S/AS01 apresentaram resultados decepcionantes (Butler, 2012). A
vacina ndo mostrou protecdo substancial no grupo chave do estudo, correspondendo a
criangas que receberam a primeira dose entre 6 e 12 semanas de idade (Agnand;ji et al.,
2012). Este grupo etario é o alvo chave, pois nos paises pobres qualquer vacina contra a
malaria precisa ser dada a criangas que utilizam a infraestrutura ja utilizada em
imunizagbes de rotina nesta idade. (Agnandji et al., 2011). O baixo efeito protetor
observado foi a metade dos 62% observada em estudos menores de fase Il na mesma
faixa etaria (Asante et al., 2011) Além disso, foi muito menos que os 55% registrados em
testes em um grupo de criangas que foram vacinadas entre 5 e 17 meses de idade
(Agnandji et al., 2011).

Recentemente, técnicas descritas a 40 anos para vacinagdo com picadas de
mosquitos irradiados (Nussenzweig et al., 1969; Clyde et. al, 1979; Rieckman et al., 1974)
foram aperfeicoadas e possibilitaram a fabricacdo asséptica e atenuacdo por radiagdo dos
esporozoitas (Hoffman et al., 2010; Epstein et al., 2011). Desta forma, levando a obtencdo
de esporozoitas metabolicamente ativos, purificados e crio-preservados para uma vacina
injetavel. Isto foi alcangado (Hoffman et al., 2010; Epstein et al., 2011) e o primeiro teste
clinico conduzido foi realizado em adultos que receberam até seis doses de imunizagdes
com 1,35x10° esporozoitas de P. falciparum subcutaneamente (SC) ou por via

intradérmica (ID) (Epstein et al., 2011). Entretanto, gerou respostas imunolégicas de baixo
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nivel e minima proteg¢éo. A hipotese de que a limitada eficacia observada seria devido a
ineficiéncia das vias de administracdo, levaram a testes em primatas n&o-humanos
(Epstein et al., 2011) e humanos (Seder et. al, 2013) imunizados via intravenosa (IV).
Estes testes clinicos (Seder et. al, 2013) apresentaram prote¢do em todos os individuos
imunizados com 1,35x10° esporozoitas de P. falciparum. A eficacia da vacina neste
ensaio foi consideravelmente mais elevada do que a induzida por vacinas de subunidade
(Kester et al.,, 2009; Chuang et al.,, 2013) e consistente com os dados gerados por
imunizagdo com picadas de mosquitos (Hoffman et al., 2002). No entanto, as respostas
imunes anticorpo e celular induzida pela vacina PfSPZ contra os antigenos especificos de
malaria testados foram substancialmente mais baixas do que as induzidas por vacinas de
subunidades experimentais. Continua a ser uma questdo em aberto se a protegéo resulta
da soma de multiplas respostas antigeno-especificas de baixo nivel ou de respostas
robustas para um pequeno numero de antigenos ainda n&o identificados expressos por
esporozoitos (Florens et al., 2002). Esta estratégia de vacinacdo esbarra na limitagdo da
obtengdo de grandes quantidades de material e também em criticas quanto a via de

administragc&do considerada arriscada.

Vacinas que atuam na fase eritrocitica

Esta fase, responsavel pelos sintomas clinicos da doenga, é marcada pelo
desenvolvimento do parasita nos eritrécitos do hospedeiro, culminando na ruptura destas
células e na re-infeccdo de hemacias sadias. Em alguns casos pode haver sequestragio
de eritrocitos infectados (El) nos microcapilares de varios 6rgdos do hospedeiro
provocando anemia severa, malaria cerebral e gestacional. Estas complicagdes clinicas
sd0 responsaveis pela maioria das mortes por malaria. Uma vacina contra formas

eritrociticas teria o objetivo de prevenir a invasédo dos eritrocitos e bloquear os glébulos
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vermelhos infectados de aderirem a varios tecidos, o que é de fato o inicio de uma doenca
clinica da maléaria. Apesar de ndo ser eficaz para prevenir a infec¢gdo, minimizaria os
sintomas clinicos de um episddio de malaria e reduziria as chances de complicacdes e
morte do hospedeiro (Garcia-Basteiro et al., 2012).

Anticorpos neutralizantes podem inativar merozoitas antes da invasédo ou engatar
mecanismos citotoxicos efetores dependentes de anticorpos contra antigenos alvo
expressos na superficie dos esquizontes. Porém, estes antigenos s&do geralmente
submetidos a significantes variagbes antigénicas e/ou sdo extremamente complexos.
Portanto, a maioria das vacinas sdo baseadas em apenas uma por¢ao da proteina nativa
(Ripley Ballou&Cohen, 2013).

A maioria dos antigenos vacinais atuam contra os estagios sanguineos do
parasita, prevenindo a invasdo do parasita no eritrocito. Entre esses antigenos, o mais
estudado é a proteina de superficie do merozoita 1 (MSP1), o qual é o antigeno envolvido
na invasao de eritrécitos mais bem caracterizado. Entretanto, o desenvolvimento de uma
vacina baseada neste antigeno esbarrou na descoberta de outras vias para invasao e
pela demonstragdo de que anticorpos contra MSP1 podem bloquear a agdo de anticorpos
protetores (Holder et al., 1999).

Dentre as proteinas expressas na fase eritrocitica, o antigeno apical de membrana
(AMA1) tem sido considerado como candidato a vacina contra El. Este antigeno é
relativamente conservado entre diferentes espécies, e anticorpos humanos capazes de
reconhecer este antigeno inibem a invaséo de merozoitas em novos eritrécitos (Holder et
al., 1999).

Outra estratégia para busca de novos candidatos a uma vacina contra fase
eritrocitica é focar em proteinas do parasita que sdo necessarias para invasdao do

eritrocito. Para iniciar a invasdo, o merozoita primeiramente se liga ao eritrocito e se
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reorienta para uma ligacdo apical. Duas familias de proteinas de P. falciparum foram
identificadas como responsaveis na criagdo da juncdo entre a por¢do apical do parasita e
o eritrécito: a Duffy Binding Like (DBL) e a Reticulocytes homology ligands (Rh)
(Cowman&Crabb, 2006; Gaur et al., 2004). P. falciparum apresenta multiplos membros
desta familia. Como consequéncia, é provavel que uma vacina que bloqueie com sucesso
a invasao de eritrocitos precisaria ter como alvo varios ligantes do parasita (Crompton et
al., 2010).

Recentemente, a proteina da membrana do eritrocito de P. falciparum 1 (PfEMP-
1), que é expressa na superficie do El, tem sido utilizada como vacina experimental. Esta
vacina visa bloquear a citoaderéncia parasitaria em microcapilares, e consequentemente,
as formas severas da doenga como a maléaria cerebral e gestacional. Entretanto, este
antigeno é codificado a partir de genes variaveis (var) responsaveis pela variacdo
antigénica em P. falciparum (Craig&Scherf, 2000). Ainda, este mecanismo de variagéo
antigénica além de ser responsavel pelas repetidas infecgdes e recaida do hospedeiro,
também confere um carater altamente polimérfico para esta molécula; podendo
comprometer a eficacia de uma vacina baseada na PfEMP-1.

Poucos antigenos eritrociticos se encontram em testes clinicos como vacinas.
Entre eles estdo: AMA1, antigeno de ligagédo ao eritrécito-175 (EBA-175), MSP1, MSP3.
Infelizmente, os candidatos eritrociticos mais avancados, AMA1 e MSP1, néo
demonstraram eficacia em criangas africanas durante testes clinicos de fase Il (Sagara et

al., 2009).

O antigeno MAEBL
Kappe e colaborados isolaram e identificaram um antigeno de aproximadamente

200 kDa de Plasmodium yoelii e P. berghei como parte integrante da familia de proteinas
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de ligagdo do parasita ao eritrocito (EBP) (Kappe et al., 1997; Kappe et al., 1998). Este
antigeno, denominado MAEBL, possui dominios de duas familias proteicas presentes em
organelas situadas na regido apical de merozoitas e relacionadas com a infectividade do
parasita (Blackman&Bannister, 2001; Noe&Adams, 1998; Preiser et al., 2000).

O antigeno MAEBL apresenta uma estrutura molecular homologa a proteinas
Duffy Binding Like (DBL) na regido carboxi-terminal. Por outro lado, sua por¢do amino-
terminal, rica em cisteinas, apresenta similaridade com o dominio de 44 kDa do antigeno

apical de membrana 1 (AMA-1). A similaridade de cada regido deste antigeno a duas

proteinas distintas confere um carater estrutural quimérico a esta molécula. Também foi
mostrada a capacidade deste antigeno em se ligar a eritrocitos, caracterizando esta
familia proteica como um novo tronco de uma superfamilia de moléculas de adesdo do
parasita (Kappe et al., 1997; Kappe et al., 1998).

O gene maebl de P. yoelii e P. berghei € composto de uma Unica copia e possui
uma estrutura de varios éxons, cada éxon representando um dominio funcional (Kappe et
al., 1998). Foi mostrado que o éxon 1 codifica o peptideo sinal da molécula; o éxon 2 os
dominios M1 e M2, similares aos dominios ricos em cisteina de AMA1, uma regido
repetitiva e uma regido carboxil também rica em cisteinas com alta similaridade a
antigenos EBP-DBL; e o éxon 3 uma regiao transmembranica. Por ultimo, o quarto e

quinto éxon codifica uma cauda citoplasmatica (figura 4).
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Os dominios M1 e M2 do antigeno MAEBL de P. yoelii sdo responsaveis pela
ligacdo desta molécula a eritrocitos, esta propriedade adesiva é similar aquela observada
pelos antigenos DBL de P. vivax, P. knowlesi e P. falciparum (Adams et al., 2001). Os
motivos presentes no antigeno MAEBL de P. falciparum que apresentam esta capacidade

adesiva foram recentemente descobertos utilizando peptideos correspondentes a

I -

S M1 M 2 Regiao repetitiva C-Cis TM CC

FIGURA 4. Diagrama esquematico do gene MAEBL de P. yoelii e P. berghei. (S) Peptideo
sinal, (M1) dominio M1, (M2) dominio M2, Regi&o repetitiva, (C-Cis) Regido rica em cisteina,
(TM) Regiao trans-membranica, (CC) dominio citoplasmatico.

diferentes por¢des dos dominios M1 e M2 (Ocampo et al., 2004). Neste trabalho, foi
demonstrada a capacidade de alguns destes peptideos em inibir a invasdo de merozoitas
de P. falciparum, e a existéncia de dois motivos de adesdo no dominio M1 e cinco no
dominio M2. Estes resultados sugerem o dominio M2 como o principal responsavel pela
capacidade adesiva da molécula.

Também foi mostrado que o gene maebl de P. falciparum possui maior
similaridade com seu correspondente em P. yoelii e P. berghei, do que com 0s genes
pfAMA1 ou EBA-175 também de P. falciparum (Ghai et al., 2002). Além disto, este estudo
mostrou que; tal qual o antigeno MAEBL expresso em P. yoelii e P. berghei, o seu

correspondente expresso em P. falciparum também apresenta atividade adesiva mediada
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principalmente pela regido M2. Ainda neste trabalho, foi observado que o soro de
pacientes provenientes de regibes endémicas foi capaz de reconhecer uma proteina
recombinante (r-PfM2), baseada na por¢cdo M2 do MAEBL de P. falciparum e inibir a
adesédo da r-PfM2 a eritrécitos. Desta maneira, estas evidéncias tornam o modelo murino
de grande relevancia para a analise de vacinas experimentais baseadas no antigeno
MAEBL.

Apesar do antigeno MAEBL ter sido descrito primeiramente em merozoitas
sanguineos, a produc¢do desta molécula também foi observada em esporozoitas de P.
yoelii, P. berghei e P. falciparum coletados a partir de glandulas salivares de mosquitos
infectados (Ghai et al., 2002; Kappe et al., 2001; Kariu et al., 2002). Em experimentos de
deplegcédo génica foi mostrado que MAEBL ¢é essencial para a infeccdo dos esporozoitas
nas glandulas salivares do mosquito vetor. Este fato sugere que esta proteina esteja
implicada na migragéo do esporozoita na glandula salivar (Kariu et al., 2002).

Preiser e colaboradores mostraram que MAEBL ¢é expresso de maneira
diferenciada em esporozoitas da glandula salivar e esporozoitas presentes no intestino do
inseto (Preiser et al., 2004). Aléem disto, estes autores demonstram que anticorpos
capazes de reconhecer o antigeno MAEBL de P. yoelii, também inibem o
desenvolvimento do parasita em culturas primarias de hepat6citos infectados por
esporozoitas. Estes dados sugerem fortemente a participacdo desta proteina no
desenvolvimento do estagio hepatico no hospedeiro vertebrado e abrem perspectivas

para sua utilizagdo como alvo de uma resposta imune mais abrangente e eficaz.
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Adjuvantes

Em adicdo ao uso do antigeno certo, a eficacia de uma vacina recombinante
depende também do uso de um adjuvante adequado para mediar a indugdo de multiplas
camadas de respostas imunes protetoras.

Adjuvantes aceitaveis devem aumentar a poténcia, longevidade e qualidade da
resposta imune especifica a antigenos, porém causando toxicidade e efeitos imunes de
longa duragdo minimos (Gupta et al., 1993).

Os adjuvantes tradicionalmente séo classificados de acordo com a fonte de seus
componentes, propriedades fisioquimicas e mecanismos de agdo em:

(i) Imunoestimulantes, agindo diretamente no sistema imune para aumentar a

resposta aos antigenos: Exemplos: ligantes TLR, citotoxinas, saponinas e
exotoxinas bacterianas;

(i) Veiculos, apresentando antigenos para o sistema imune. Exemplos: sais
minerais, emulsdes lipossomas, virosomas (Coler et al., 2009).

Desta maneira, eles podem melhorar a imunogenicidade de antigenos fracos,
acelerar a velocidade e a duragdo da resposta imune; modular isotipo, afinidade e
especificidade de anticorpos, (contra antigenos e patégenos). Além disso, adjuvantes
podem estimular a imunidade mediada por células, incluindo a indugédo de determinadas
citocinas; promover a indugcédo de imunidade das mucosas; aumentar as respostas imunes
em individuos imunologicamente imaturos, ou senescentes; diminuir a quantidade de
antigeno vacinal utilizada. Ainda mais, podem ajudar a superar competicdo antigénica em
vacinas combinadas ou restricdo genética de respostas imunes (Perimann&Troye-
Blomberg, 2002).

Apesar dos adjuvantes aumentarem a imunogenicidade do antigeno vacinal,

diferentes adjuvantes ativam preferencialmente diferentes bragos do sistema imune, o que
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pode conduzir a uma resposta predominante Th-1 ou Th-2 sozinhas ou ambas. Como
resultado, a escolha de adjuvantes depende do tipo de resposta imune desejada para o
efeito maximo da vacina.

Na auséncia de uma resposta imune apropriada, o resultado da imunizacédo sera
sempre negativo, ou seja, a vacina sera insuficiente para neutralizar o agente patogénico
elou proteger contra as manifestagdes clinicas da doenga. Adjuvantes possuem uma
eficacia dependente de sua formulagdo; ambos desempenham um papel muito importante
no aumento e modulagdo das respostas imunes, e precisam ser considerados como um
elemento essencial para o desenvolvimento de vacinas (Coler et al., 2009; Reed et al.,
2009). Adjuvantes asseguram a chave para o sucesso de uma formulagéo vacinal, e o
mesmo adjuvante pode ndo funcionar para todos os antigenos. Formulagdes eficientes
de adjuvantes podem utilizar multiplos mecanismos para atingir os efeitos imunologicos
desejados, que podem incluir a geragcédo de depdsitos de antigeno, liberagdo concomitante
de antigeno e imunoestimulante, como aumentar a apresentagdo dos antigenos vacinais
por células dendriticas e macréfagos (Coler et al., 2009).

Adjuvantes de Freund s&o emulsdes de dgua em 6leo de mannide monoleato e
6leo mineral, com a adi¢do (adjuvante completo de Freund, ACF) ou sem (adjuvante
incompleto de Freund, AIF) de micobactérias inativadas. Desenvolvido ao longo dos anos
60, o ACF é hoje considerada o padrdo ouro para adjuvantes, em grande parte devido a
sua poténcia imunoestimulatéria (Perimann&Troye-Blomberg, 2002). E, no entanto,
demasiado téxico para utilizacdo em seres humanos. Foi levantada a hipétese de que os
adjuvantes de Freund exercem seus efeitos através de pelo menos trés mecanismos: (1)
o estabelecimento de um depdsito de antigeno vacinal no local da injegdo que permite
uma liberagédo gradual e estavel do antigeno; (2) proporcionar um veiculo para transportar

0 antigeno emulsionado através do sistema linfatico, ganglios linfaticos e do bacgo; o que
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cria varios locais para a geracdo de respostas imunes; (3) interagdes com células
apresentadora de antigenos (APCs) e outras células mononucleares; (4) gerar
inflamacdo. Como resultado, ACF e AIF estimulam a produgdo de altos titulos de
anticorpos contra o antigeno da vacina. Apesar de geralmente serem geradas amplas
subclasses de anticorpos, a resposta imune induzida por adjuvante de Freund é
predominantemente Th-1. Quase todas as vacinas com antigenos candidatos contra a
malaria passaram por testes murinos iniciais de imunizacdo com a ACF e AIF como
adjuvantes: Isto acontece, provavelmente, devido a sua poténcia imunoestimulatéria e a
suposicdo de que apenas os antigenos que demonstraram eficacia contra desafios com
parasitas podem qualificar-se como candidatos a vacinas (Perimann&Troye-Blomberg,
2002).

Adjuvantes e veiculos usados em vacinas antimalaricas e que foram aprovados
para testes clinicos em humanos ou s&o componentes em vacinas ja licenciadas incluem
sais de aluminio (alum), MF59™ (emulsdo de 6leo em agua) MPL® (glicolipideo),
particulas virais, virosomas de influenza e toxina colérica (Coler et al., 2009; Reed et al.,
2009).

A necessidade de uma concepc¢édo de vacinas com a capacidade de gerar
respostas imunes eficazes adaptadas ao agente patogénico e da populagdo alvo,
promoveu a pesquisa no sentido da combinacdo de antigenos, com mais do que um
adjuvante, a chamada abordagem de Sistema Adjuvante. Esta abordagem introduz a
no¢cdo de que a interacdo com a resposta imune inata e o subsequente efeito sobre a
resposta adaptativa pode ser ainda modulada com a combinacdo de mais de um
adjuvante. Ao usar varios adjuvantes em combinacgdo, a ativagdo das APCs podem ser
influenciadas em mais de um nivel, assim, uma melhor orientagdo do tipo de vias

adaptativas subsequentes e induzir uma resposta imune mais robusta. A abordagem do
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sistema adjuvante envolve a concepc¢éo cuidadosamente uma combinag&o de adjuvantes
para produzir um efeito sinérgico ou aditivo melhorando assim a resposta imune que pode
resolver dadas desafios. A investigagéo sobre a resposta imune mais apropriada para um
agente patogénico especifico, seja ela induzida por anticorpos ou estimuladora de células
T, pode ajudar a orientar a selegcdo de adjuvantes que vai induzir a uma resposta mais
eficaz (Leroux-Roels, 2010). Considerando-se todos os candidatos vacinais formulados
com novos adjuvantes, os mais avangados em desenvolvimento (em ensaios de Fase lll,
licenciados ou em busca de licenciamento) sdo aqueles que contém AS01, AS03 e AS04.
Como exemplo de aplicagbes de adjuvantes e Sistemas Adjuvantes em novos designs em
vacinas, a vacina RTS, S foi formulada com dois sistemas de adjuvante, primeiramente
com AS02, e mais recentemente, com ASO1.

Acredita-se que através da combinagdo certa entre o antigeno e o Sistema
Adjuvante, podem ser desenvolvidas vacinas eficazes anteriormente fora do alcance com

formulagdes classicas.

Sistema prime-boost de imunizagao

Um dos principais obstaculos no desenvolvimento de uma vacina contra a malaria
tem sido, tradicionalmente, a falta de imunogenicidade das formulagbes candidatas.
Estudos utilizando sistema heterélogo de imunizagdo sequencial, isto é, uma primeira
imunizacdo do material antigénico num determinado carreador seguido de imunizagdes
contendo o mesmo gene ou antigeno em outro sistema carreador, tém demonstrado ser
capazes de aumentar sinergicamente a resposta imune humoral e celular (Srivastava&Liu,
2003). Estratégias em sistemas prime-boost heterélogos tém sido consideradas uma
promessa significativa em modelos animais de vacinas de uma série de doencgas.

Recentemente, vacinas experimentais baseadas nesta técnica tém sido utilizadas com
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relativo sucesso contra protozoarios patogénicos e viroses como HIV e EBOLA (Amara et
al., 2001; Sullivan et al., 2000).

Estudos demostraram que a imunidade protetora em camundongos contra a cepa
altamente virulenta, P.yoelii, pode ser induzida por inoculagdo com uma vacina baseada
em vaccinia virus recombinante e influenza virus recombinante expressando o epitopo
citotéxico da proteina. Esta imunidade protetora foi maior quando os dois vetores vivos
distintos foram usados nas injecdes iniciais e de refor¢co. Ainda, foi mostrado que a
prote¢do induzida pela imunizacdo com estes virus recombinantes foi principalmente
mediada por células T CD8" (Li, et al. 1993).

No modelo de malaria murina, regimes de prime-boost heter6logo com a
imunizacdo de DNA plasmidial, seguido por imunizagdo com proteina recombinante ou
Vaccinia virus atenuado ou poxvirus tem resultado em respostas imunes de qualidade
superior quando comparado com reforgcos homoélogos com o DNA ou proteina
recombinante . Em geral, os dados indicam que o DNA plasmidial (com ou sem co-
expressao de citoquinas) representa a melhor modalidade para iniciagdo de uma resposta
imune. Contudo, reforgo heterélogo com poxvirus recombinantes gera resposta T CD8"
mais robusta (porém, as respostas de anticorpos pobres) e reforco heter6logo com a
proteina recombinante em adjuvante gera maior resposta mediada por anticorpos (mas,
por vezes, pobre respostas de células T CD8"). Respostas robustas TCD4" sdo geradas
por ambos os métodos de imunizacdo reforco. Em todos os casos, a ordem de
imunizacgdo é crucial (Schneider et al., 1999)

Adenovirus atualmente estdo sendo considerados como uma op¢ao promissora
entre os diferentes virus ja testados como vetores para a vacina experimental contra a
malaria. Apds repetidas demonstragdes de sua elevada imunogenicidade e capacidade de

induzir uma potente resposta imune de memodria de células T e, em menor medida,
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também de células B contra os produtos transgénicos sem causar patologia significativa
(Peiperl et al., 2010). Neste sentido, adenovirus como vetores vacinais tem sido utilizados
como ferramenta para induzir a imunidade contra a malaria e tem demonstrado valor
excepcional como componentes dos protocolos prime-boost para indugcdo de respostas
imunes. A administragdo desta vacina, juntamente com a plataforma de vacinas a base de
proteina pode também resultar em respostas polifuncionais mediada por células contra a
malaria. Ainda acarreta em melhoria dos niveis de anticorpos especificos de Plasmodium
e células T CD4+, de extremo interesse no combate as fases sanguineas do parasita.
Combinagbes de diferentes virus (o adenovirus e poxvirus sdo considerados mais
eficientes) e/ou proteina em adjuvantes em protocolos de imunizagdo diferenciados,
dependendo dos antigenos usados, poderiam acabar resolvendo os problemas de

imunogenicidade apresentados pelos candidatos de uma vacina contra a malaria.
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Objetivo Geral

Avaliar os niveis de imunidade e protecdo em camundongos injetados com uma

vacina experimental baseada no antigeno M2-MAEBL de P. yoelii.

Objetivos Especificos

1-

4-

Clonar a sequéncia do gene M2-MAEBL de P. yoelii em vetor de expresséo
bacteriano (pET28a) ou eucariético (plgSP) para:

1.1-  Producéo de proteina recombinante em bactéria (rPyM2-MAEBL);

1.2-  Geracao de plasmideos de expressdo em células de mamiferos (plgSP

/M2-MAEBL);

Imunizar camundongos isogénicos utilizando:

2.1- DNA plasmidial (PIgSP/M2-MAEBL);

2.2- Proteina recombinante (rPyM2-MAEBL) emulsificada em adjuvante
completo ou incompleto de Freund;

2.3- Sistema de prime-boost heterélogo: DNA plasmidial (PlgSP/M2-

MAEBL) seguido de proteina recombinante (rPyM2-MAEBL).

Avaliar a resposta imune induzida:

3.1- Titulo, classe e subclasses de anticorpos contra a proteina
recombinante;

3.2- Reconhecimento de anticorpos contra a proteina nativa;

3.3- Reconhecimento heterdlogo dos anticorpos gerados contra a proteina
nativa em P. vivax e P. falciparum.

Determinar os niveis de protegcéo induzidos nos animais imunizados.
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5- Avaliar o potencial do soro anti-M2-MAEBL em inibir a invasdo de formas

sanguineas de Plasmodium.

6- Determinar os mecanismos mediadores da protecéo:
6.1-  Participacéo de linfocitos T CD4" e T CD8;

6.2- Opsonizagéo e indugao do potencial fagocitico.
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MATERIAIS E METODOS
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Animais e parasitas

Nos experimentos realizados neste projeto de tese foram utilizados camundongos
fémeas das linhagens BALB/c e C57BL/6 de 6 a 7 semanas de idade fornecidos pelo
Centro Multidisciplinar para Investigag¢éo Biolégica (CEMIB) da Universidade Estadual de
Campinas (UNICAMP). Os animais foram mantidos em nosso biotério germ-free e os
procedimentos foram realizados de acordo com 0s principios éticos na experimentagao
animal, sob aprovagdo do Comité de Etica na Experimental Animal — CEEA/Unicamp
(protocolo 1437-1). Foram utilizadas as linhagens P. yoelii yoelii YM (letal) e P. yoelii yoelii
17X (n&o letal), gentilmente cedidas pelo Dr. Laurent Renia (Singapore Immunology
Network — SIgN, Singapura). Formas sanguineas dos parasitas foram obtidas apés
descongelamento de criotubos mantidos a -80°C seguidos da infeccdo de camundongos

via intraperitoneal (i.p).

Purificagdo de DNA genémico

Camundongos BALB/c infectados com P.yoeli YM foram sangrados no dia
correspondente ao pico da parasitemia (>70%). Cinquenta microlitros do pellet de sangue
do animal infectado foi ressuspendido em 550 uL de Tamp&o de Digestdo. Apods
incubacdo durante a noite a 37°C, foi adicionado um volume (vol/vol) de Fenol-Tris
(Sigma, pH:7,5 — 8,0). Em seguida, foi centrifugado a 15.000 rpm por 10 min a 4°C. O
sobrenadante foi transferido para outro tubo e a este foi adicionado um volume de solugéo
Fenol-cloroférmio (Sigma). A centrifugacéo foi repetida e a parte aquosa foi removida
novamente e foi adicionado 0,1 volumes de NaAc (3M) e 2 volumes de etanol 100%; o
material genético foi precipitado durante a noite a -20°C. O pellet de DNA foi lavado duas
vezes com etanol 70% e posteriormente ressuspendido em agua ultra pura para ser

utilizado em reagdo em cadeia da polimerase (PCR).
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Solugdes utilizadas:
. Tampédo de Digestao: NaCl 100mM, Tris-HCI 10mM, EDTA 25mM, SDS

0,5%.

Cultivo de bactérias

Meios para cultivo utilizados:
. Meio LB: Meio contendo bactotriptona 10 g/l; extrato de levedura 5 g/l, NaCl
5 g/l e pH ajustado para 7,3.
. Meio LB sélido: Como descrito acima contendo 1,5% de agar
bacteriolégico.
. Meio SOB: Meio contendo bactotriptona 20 g/L, extrato de levedura
microbiologico 5 g/l, NaCl 0,5 g/L, pH 7,0, seguido de suplementagdo com 5 mL de
uma solucdo de MgCl, 2M estéril.
. Meio SOC: Este meio possui a mesma composicdo do meio SOB,
acrescido de 20 ml de uma solugao de glicose 1 M para 1 litro de meio.
. Meio TB: Meio contendo 12 g bactotriptona, 24 g/L de extrato de levedura
microbiolégico e 4 mL glicerol num volume de 900 mL. Como suplemento
utilizou-se 100 ml de um solu¢do KH,PO, 0,17 M e K,HPO, 0,72 M estéril.

Todos os meios foram esterilizados por autoclavagéo.

Vetores de expressao
pGEM-T

O vetor pGEM-T (Promega) de 3.0 Kb com resisténcia a ampicilina tem sido
utilizado para a clonagem direta de produtos de PCR devido a extremidades 3’ portadoras
de timidina (T). Este vetor contém promotores T7, SP6 e uma regido com multiplos sitios

44



de restricdo na regido codante para enzima B-galactosidase, permitindo a diferenciagéo

baseada em cor dos clones positivos dos negativos; respectivamente brancos ou azuis.

plgSP

O vetor plgSP, gentilmente cedido pelo Prof. Dr. Mauricio Rodrigues (Universidade
Federal de Sdo Paulo — UNIFESP, Sdo Paulo) é baseado no vetor pcDNAS3 (Invitrogen).
Este ultimo tem sido utilizado com sucesso nas experiéncias de imunizagdo com DNA
recombinante (Boscardin et al., 2003; Vasconcelos et al., 2004). O vetor pcDNA3 contém
0s genes que codificam resisténcia a neomicina e ampicilina, um promotor CMV derivado
do citomegalovirus, um promotor T7, um “polylinker” e o promotor SP6 (disposto no
sentido contrario de transcricdo dos dois primeiros promotores). Apés o promotor SPG6,
este plasmidio possui uma sequéncia eucaridtica que codifica para a adicdo de uma
cauda poli-A aos mRNAs transcritos a partir do promotor CMV. Dessa maneira, a
sequéncia codificadora inserida no “polylinker” fica sob controle do promotor do CMV. O
vetor plgSP é baseado no pcDNA3, porém acrescido de uma sequéncia sinal e uma

regido contendo um epitopo de célula T universal (Boscardin et al., 2003).

pET28a

Para producédo de proteinas recombinantes em células procariéticas foi utilizado o
vetor pET28a (Novagen). Este vetor é capaz de expressar uma proteina de fuséo
contendo na sua porgdo N-terminal uma cauda com seis histidinas, para purificacdo em
resina de niquel, e uma regido marcadora T7. Este vetor também possui o gene que

codifica resisténcia a kanamicina.
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Amplificagao da sequéncia correspondente ao dominio M2 do antigeno MAEBL de
P. yoelii

Para amplificagdo do dominio M2 e subsequente clonagem nos vetores pIgSP e
pET28a, foram utilizados oligonucleotideos especificos baseados na sequéncia
compreendida entre os nucleotideos 5411-5583 do gene maebl de P. yoelii yoelii
(Genbank, Accession number AF031886). Desta maneira, utilizamos os oligonucleotideos:
(i) sense plgSPM2F 5-GGA GGT ACC CTT AAC AAA TAT ATG AAA TCT AAT GTT GAA
CTT-3 e (ii) anti-sense plgSPM2R 5-CTC GAA TTC CTA CGA TTC ATC GGT ATT TCT
TGT AG-3’, que contém respectivamente os sitios de restricdo Kpnl e EcoRIl (negrito), e
um codon de parada (sublinhado) a fim de facilitar a clonagem no vetor plgSP. Em
relacdo as clonagens no vetor pET28a, foi utilizado o mesmo oligo anti-sense descrito
acima e o oligo (iii) sense pET28aM2F 5-CGC GGA TCC CTT AAC AAA TAT ATG AAA
TCT AAT GTT GAA CTT -3, este ultimo contendo o sitio de restricdo BamH| (negrito).

As reacdes de PCR foram realizadas num volume total de 20 pl, e contendo numa
concentragao final 20 ng de DNA molde, 5 uyM dos oligonucleotideos (RW genes), 125uM
de cada dNTPs (Invitrogen), 2 mM MgCI2 e 0,5 unidade de Tag DNA Polymerase
(Invitrogen). A amplificagéo foi observada ap6s 94°C por 5 min de denaturacdo, e 30
ciclos realizados a 45°C por 2 min, 72°C por 2 min, e 94°C 1 min. A reacao foi finalizada

ap6s 5 min a 72°C.

Eletroforese de DNA

Moléculas de DNA inteiras ou enzimaticamente clivadas foram submetidas a
eletroforese horizontal em gel de agarose em concentragdes variaveis, de 0,8 a 1,5%,
dependendo do tamanho molecular da amostra, em tampao TAE 0,5X. Uma corrente para

gerar uma voltagem de 65-100V entre os eletrodos da cuba foi aplicada ao gel. O gel foi
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corado com SYBR-Safe 1x (Molecular Probes — Invitrogen), observado em trans-
iluminador de U.V. e fotografado. Como referéncia para o tamanho dos fragmentos, foi
utilizado DNA de fago A digerido pela enzima Hind Il (Invitrogen) ou o padr&do “1kb Plus
DNA Ladder” (Invitrogen). O tamanho dos fragmentos de interesse foi estimado em
funcéo da migragdo dos padrdes. Os fragmentos foram quantificados de acordo com a

intensidade da banda e relacionando-a com a concentragao dos padroes.

Solugdes utilizadas:

. TAE (1X concentrado): Tris-acetato 40 mM; EDTA 1 mM; pH 8,0.

Purificagdo de banda de gel de agarose

Para a purificacdo de bandas de gel de agarose 1% foi utilizado o “Geneclean Il
Kit’ (Q-Biogene). A banda contendo o fragmento de DNA desejado foi extraida utilizando-
se bisturi estéril, e colocada em tubo de microcentrifuga. Em seguida, foi adicionado 3
volumes de uma solugdo de iodeto de sédio saturada por 10 min a 55°C para dissolver a
agarose. Apods este periodo, foi acrescentado 5 pl de resina (“Glassmilk”), previamente
ressuspendida conforme especificagbes do fabricante, a solugdo contendo o fragmento de
DNA em tampéo fornecido. A mistura foi deixada por 30 min a temperatura ambiente
(T.A.) e centrifugada a 10.000 x g por 10 seg. O precipitado foi ressuspendido em Tampao
de Lavagem, diluido conforme as normas do fabricante, e centrifugado a 10.000 X g por
10 seg. Apds a remocgdo do sobrenadante, o procedimento de lavagem foi repetido mais
uma vez. Para a eluigdo do fragmento de DNA, apés as lavagens, a resina contendo o
DNA foi ressuspendida em agua ultra pura em um volume igual ao volume de resina, e
incubada a 55°C por 15 min. O sobrenadante contendo o fragmento de DNA foi coletado e

quantificado em gel de agarose.
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Bactérias competentes
Para os experimentos de clonagem e produgdo de plasmidios vetores foram
utilizadas as cepas (Life Technologies) de Escherichia coli DH5c. (pGEM-T; plgSP) e

Escherichia coli BL-21 DE3 (pET28a).

Preparo de bactérias competentes

Para o preparo das bactérias competentes, uma colénia de bactéria foi inoculada
em 4 mL de meio SOB, seguindo-se de incubacdo durante 16 h a 37°C sob agitacéo
constante. Em seguida, adicionou-se 1mL da cultura saturada em 40 mL de meio SOB
para crescimento a 37°C até a densidade Optica atingir entre 0,6 e 0,8 a 600 nm. As
células foram transferidas para tubos estéreis e deixadas no gelo por 15 min. Apds serem
centrifugadas a 4°C por 10 min e 3.000 X g, o meio de cultura foi descartado e as
bactérias foram ressuspendidas em 20 mL de uma solugdo de CacCl, 0,05 M, seguido de
incubacdo em gelo por 3h. Ap6s nova centrifugagéo, as bactérias foram ressuspendidas
em 4 mL CaCl, 0,05 M com glicerol 15% e divididas em aliquotas de 100 ul. Cada tubo foi

congelado imediatamente em nitrogénio liquido e depois transferido para freezer a -80°C.

Transformagoes de bactérias competentes

Para as transformagdes, foram adicionados 10-100pg do DNA plasmidial em
aliquotas de 100 pl de bactérias competentes, seguido de incubac&o no gelo por 30 min.
Apbs este periodo, a mistura foi incubada a 42°C durante exatamente 90 s e retornada ao
gelo por 2 min. Em seguida, foram adicionados 800 pl de meio LB e a mistura foi deixada
sob agitagdo constante a 37°C durante 2 h. O volume total da mistura foi semeado em
placas de meio LB sélido contendo antibiético seletivo, ampicilina 125 ug/mL (Sigma) ou

kanamicina 30 pg/mL (Sigma), de acordo com o plasmidio utilizado.
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Clonagem de fragmentos amplificados em vetor pGEM-T

Os produtos de PCR, foram clonados, utilizando o vetor pGEM-T do “kit Vector
System” (Promega). Uma aliquota da reag¢do de PCR, previamente quantificada entre
200-500 ng foi adicionada a uma solu¢do contendo Tamp&o de Ligagéo, fornecido pelo
fabricante, e 50 ng do vetor pGEM-T. Em seguida, foi adicionado 1ul de T4 DNA Ligase (3
U/ul) (Invitrogen) e o volume foi completado para 10 yl com agua ultra pura. A reagéo de
ligacdo foi deixada durante a noite a temperatura ambiente, e o produto foi utilizado para
posterior transformacgdo utilizando bactérias E. coli DH5a competentes. O produto da
ligacdo foi semeado em placas LB contendo ampicilina, X-Gal (Promega) e IPTG
(Invitrogen). Diversas colbnias brancas, que possivelmente continham os plasmidios que
receberam o inserto na correta orientagdo, foram inoculadas em meio LB para extracéo

do DNA plasmidial em pequena escala.

Ligagao do produto amplificado com o vetor de expressao

A ligacao foi realizada a uma relagao vetor / inserto de 1:3, ou 1:10, utilizando-se
100 ng do vetor e o equivalente equimolar de inserto a ser clonado. A reacao foi realizada
em um volume total de 10 pl, na presenga de 1 U de T4 DNA Ligase (Invitrogen), do vetor
e do inserto previamente preparados durante 16h a 14°C. O produto desta ligacdo foi

utilizado para transformacao de bactérias competentes.

Sub-clonagem de fragmentos amplificados em vetores de Expressao plgSP e
pET28a

Os novos plasmidios gerados, pGEM-T/M2-MAEBL, foram digeridos,
respectivamente com Kpnl e EcoRl ou BamHI| e EcoRl. As bandas liberadas apoés

tratamento enzimatico foram purificadas. Os fragmentos purificados foram inseridos nos
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vetores plgSP ou pET28a, previamente tratados com as enzimas Kpnl e EcoRI ou
BamHI e EcoRI, respectivamente. Com isto, permitiu-se a ligacdo do fragmento ao
vetor, originando os plasmidios de expressdo denominados plgSP/M2-MAEBL
(eucaridtico) e pET28a/M2-MAEBL (procariético). Os produtos das ligagdo foram
transformados em E. coli DH5a (PlgsP) e E. coli BL-21 DE3 (pET28a). Estas foram
semeadas em placas de meio LB sélido contendo antibi6tico seletivo, ampicilina 125
pg/mL (Sigma) ou kanamicina 30 pg/mL (Sigma), de acordo com o plasmidio utilizado.
Diversas colbnias foram crescidas em LB para extragdo do DNA plasmidial em
pequena escala. Em seguida foram realizadas analises de géis de agarose para
confirmagdo das colénias que continham os plasmidios que receberam o inserto na
correta orientacdo e selecdo destas para extracdo de DNA plasmidial em larga escala

(plgSP/M2-MAEBL) ou expresséo de proteina recombinante (pET28a/M2-MAEBL).

Extragcdo de DNA plasmidial — Lise alcalina

Em pequena escala

Uma coldnia de bactéria transformada com o plasmidio desejado foi crescida a
37°C durante 16 h em 2 mL de meio LB contendo o antibiético apropriado. As células
foram recolhidas por centrifugacdo em tubos de microcentrifuga a 12.000 X g durante 5
min. O sobrenadante foi descartado, as células foram ressuspendidas em 100 pl da
Solucdo | e deixadas em banho de gelo por 5 min. A seguir, foi acrescido 200 pl da
Solucao Il, e o conteudo foi misturado por suave inversédo dos tubos. Apés 2 min em gelo,
150 pl da Solugédo Il foram acrescentados e o conteudo foi novamente misturado por
inversdo seguindo de incubagdo no gelo por 15 min. A suspensao foi centrifugada a
12.000 x g por 4 min e 400 yl do sobrenadante foi transferido para outro tubo. A este

volume transferido, adicionou-se 1 volume de isopropanol gelado e o tubo foi mantido a -
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20° C durante 30 min. O DNA plasmidial foi precipitado por centrifugag¢édo a 12.000 x g por

10 min, e ressuspendido em 50 pl de agua ultra pura antes de ser conservado a -20° C.

Em larga escala

Uma colénia de bactéria transformada com o plasmidio desejado (plgSP/M2-
MAEBL) foi inoculada em 100 mL de meio SOC contendo o antibiético apropriado a 37°C
por 16h sob agitagcdo constante (pré-inéculo). Apos esse periodo, 0 50 mL do volume total
de células foi adicionado a 450 mL de meio TB contendo o antibiético (inéculo) apropriado
e incubado nas mesmas condigdes do pré-inéculo. As células foram recolhidas por
centrifugagdo em garrafas para ultra-centrifuga (100mL) a 5.000 rpm durante 15 min a
4°C, e o sobrenadante foi descartado. A cada garrafa foi adicionado 42 mL de Solugéo |
contendo 50 mg de lisozima e as bactérias foram ressuspendidas e vortexadas até total
solubilizagdo. A seguir, 39 mL da Solugdo Il foram adicionados em cada garrafa, e o
conteudo foi misturado por inversdo suave do tubo. 30 mL da Solugéo Il foram
acrescentados, e o contetdo foi mantido em gelo por 25 min, apés ter sido misturado por
inversdo. A suspensao foi centrifugada a 8.000 rpm por 20 min a 4°C e a solugdo foi
transferida para uma proveta, passando antes por uma filtracdo com gaze. A este
contelido foi adicionado o mesmo volume de isopropanol e foi transferido para tubos de
centrifuga de 50 mL e mantido no freezer durante 18h. Os tubos foram centrifugado a
12.500 rpm por 25 min a 4°C e sobrenadante foi descartado. O DNA foi ressuspendido em
1mL de agua ultra pura por tubo, ao final, o volume de todos os tubos foi agrupado e foi
adicionado o mesmo volume de LiCl 5M (Invitrogen) gelado seguido de homogeneizagio
e foi realizada centrifugacdo a 5.000 rpm por 15 min. O sobrenadante foi gentilmente
transferido para um novo tubo e o DNA foi precipitado com a adi¢do de isopropanol

(vol/vol) e o tubo foi mantido na geladeira durante a noite. No dia seguinte, foi realizada
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centrifugagdo a 12.500rpm por 20 min a 4°C. O pellet foi ressuspendido em 1mL de agua
ultra pura e mantido por 15 min a 56°C. O DNA foi tratado com 0,5 ul de Rnase-A a
10pg/mL (Invitrogen) a 37°C por 15 min. Em seguida, foi adicionado 1vol/vol de
polietilenoglicol - PEG 6000 (Sigma) 13% gelado e o tubo foi vortexado. Foi realizada
centrifugacdo a 14.000 rpm por 25 min a TA. O sobrenadante foi descartado e o pellet

(DNA) foi ressuspendido em agua ultra pura.

Solugdes utilizadas:
. Solucéo I: EDTA 10mM, Tris-HCI 25mM e glicose 50mM;
. Solugao Il: NaOH 0,2M e SDS 1%;
. Solugéo lIl: Acetato de Potassio 3M, Acido Acético Glacial 5M;
. PEG 6000 (13%): 30 mL NaCl 5M, 13g PEG 6000, 100mL de agua ultra

pura

Purificagdo de DNA plasmidial em gradiente de CsClI

O material (DNA plgSP/M2-MAEBL) extraido em larga escala foi purificado para
imunizacbes através de protocolo padrdo de gradiente de CsCl (Sambrook&Russell,
2001). Para cada mililitro de solugdo de DNA foi utilizado 1g de CsCl so6lido. Foram
acrescidos 0,8 mL de Brometo de Etidio (10mg/mL) para cada 10mL de solugdo
DNA/CsCl. Com o auxilio de uma seringa com agulha de grande calibre a mistura foi
transferida para tubos préprios (Quick seall Beckman) que foram selados e centrifugados
a 50.000 rpm por 16h a TA sem freio para desaceleragdo em centrifuga vertical Beckman
(rotor V65). Foi coletada com auxilio de uma agulha a banda de coloragéo intermediaria
localizada no centro do gradiente (DNA circular viavel) entre as bandas vermelho clara

(DNA linear ou nicado) e o pellet de coloragdo intensa (complexos de RNA em Brometo
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de etidio). Ao DNA coletado foram adicionados 12 volumes de Butanol1-hidratado e o
tubo foi vortexado e centrifugado a 1700rpm por 5 mim. Em seguida, o sobrenadante foi
removido e o pellet foi lavado 4 vezes em 1vol/vol de Butanol-1. O volume de DNA foi
ajustado na proporcdo de 1,5mL de DNA para 2,5 mL de agua ultra pura e a esta mistura
foram adicionados 2,5 volumes de etanol e mantido a 4°C durante a noite. O DNA
plasmidial foi precipitado por centrifugagcdo a 3.000 rpm por 30 min, o sobrenadante foi
descartado e o pellet foi submetido a 3 lavagens com etanol 70% e centrifugagéo a 3.000
rpm a 4°C por 5 min. O DNA puro foi entdo ressuspendido em 1mL de agua ultra pura,
quantificado em espectrofotdmetro em densidade éptica (D.O.) 260 nm e conservado a -

20° C.

Sequenciamento de DNA

Todos os plasmidios gerados tiveram suas sequéncias analisadas utilizando o kit
ET Terminator (Amershan Biosciences) e o sequenciador automatico MegaBace
(Amershan Biosciences), seguindo as condigbes utilizadas pela Rede Nacional de

Sequenciamento, da qual um de nossos cooperadores € membro.

Expressao e purificagado da proteina recombinante PyM2-MAEBL

Bactérias competentes E. coli BL-21 DE3 foram transformadas através de choque
térmico com o plasmideo pET28a/M2-MAEBL, como previamente descrito e as coldnias
transformadas foram selecionadas em placas de meio LB-agar contendo 30 ug/ml de
kanamicina. Em seguida, pré-in6culos contendo uma coldnia de diferentes bactérias
transformadas foram deixadas para crescer durante a noite em meio LB na presenca de
30 ug / mL de kanamicina, a 37°C, sob agitag&do constante. O in6culo foi feito pela adigédo
de 0,5 mL de cada pré-inéculo (ou 5%) em 10 ml de meio LB com 30 ug/ml de
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kanamicina, e cultivado a 37°C, com agitacdo até atingir uma D.O.go entre 0,6 a 0,8 nm.
Nesta faixa da curva de crescimento bacteriano foi feita a indugdo da expressdo da
proteina recombinante em diferentes concentra¢des de IPTG (Invitrogen) (0.01 a 1.0 mM),
durante um periodo que variou de 4 a 15h, a uma temperatura entre 30 a 37°C e sob
agitagcdo constante, em todos os casos. Apds a indugdo da proteina, a solugédo foi
centrifugada 8.000 x g durante 20 minutos a 4°C, o sobrenadante foi descartado e o pellet
congelado. No dia seguinte, o pellet foi ressuspendido em 1 mL de Tampao de Sonicagéo.
Entao, a solugdo foi sonicada para lise das células e centrifugada a 13.000 x g durante 15
minutos a 4°C, e o sobrenadante foi separado do pellet. O pellet foi solubilizado em 100
mL de Solugdo A durante 1h no gelo através de repetidas passagens da solugédo por
seringa com uma agulha de alto calibre. Este material foi aplicado a uma coluna com N2 ™
NTA-agarose de resina (Qiagen) previamente equilibrada com a mesma solugdo. Em
seguida, a coluna foi lavada com 150 mL de Solugéo B. A elui¢édo da proteina foi realizada
em 40 mL da Solugéo C . A proteina eluida foi dialisada contra Tampé&o fosfato salino
(PBS). Como controle negativo da expressao foi utilizada uma colénia transformada
tratada nas mesmas condigbes, porém na auséncia de IPTG. Os resultados da
expressao, porcao soluvel e insolivel, nestas diferentes condi¢cdes foram analisados em

SDS-PAGE seguido de coloragdo com Comassie Brilliant Blue G e por immunoblot.

Solugdes utilizadas:

. Tampao de Sonicag¢édo: NaH,PO, 50mM, MaCl 0,3M, PMSF 1mM, Lisozima
1mg/mL.
. Solucdo A (Tampao Denaturante de Lise/Ligag¢ao): Tris-HCI 100 mM, ureia

8 M, DTT 100 mM, pH 8.0 Tris-HCI 100 mM, ureia 8 M
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. Solucdo B (Tampao Denaturante de Lavagem): Tris-HCI 100 mM, ureia 8
M, DTT 100 mM, pH 6.5

. Solucdo C (Tampéo Denaturante de Elui¢cdo): Tris-HCI 100 mM, ureia 8 M,
DTT 100 mM, pH 5.5.

. Tampéo Fosfato Salino (PBS) [1X]: KH,PO, 6mM, Na,HPO, 30mM, pH

74.-

Gel de poliacrilamida — SDS-PAGE

As amostras de proteina foram submetidas a eletroforese em gel de poliacrilamida
13% em Tampao de Corrida. Antes da aplicacado, foi adicionado as amostras o Tamp&o
de Amostra. Uma corrente para gerar uma voltagem de 140V entre os eletrodos da cuba
foi aplicada ao gel durante 80 min. O gel foi corado com Solugéo Corante, durante 20 min
e em seguida descorado utilizando Solu¢gdo Descorante. Entédo, o mesmo foi observado e
fotografado. Como referéncia para o tamanho dos fragmentos, foram utilizados
marcadores de peso molecular conhecidos. O tamanho dos fragmentos de interesse foi
estimado em funcdo da migracdo dos padrdes. Os fragmentos foram quantificados de

acordo com a intensidade da banda e relacionando-a com a concentragao dos padrdes.

Solugdes utilizadas:
. Tampéao de Amostra (4x): 20% Glicerol, 4% SDS(10%), 60mM Tris-HCI pH
6,8; Azul de Bromofenol 0,03%, agua ultra pura.
. Tampéao de Corrida (10x): 0,2M Tris, 1,5M Glicina, 30mM SDS, agua ultra

pura.
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. Preparacéo de Gel de Poliacrilamida (13%)

Running Gel- 9 mL Stacking Gel — 5 mL
30% acrilamida 12% acrilamida
0,8% bis acrilamida 1,2 % bis acrilamida
Tris 0,75M, SDS 0,2%, pH 8,8 Tris 0,25M, SDS 0,2%, pH 6,8
Agua deionizada Agua deionizada
Persulfato de aménio (PA) 10% Persulfato de aménio (PA) 10%
15ul Temed (Invitrogen) 15ul Temed (Invitrogen)
. Preparacéo de Solugdo Corante e Descorante.
Solugdo Corante — 500 mL Solugdo Descorante - 500 mL
62,5 mL Comassie Brilliant Blue G 1% 225 mL Etanol
250 mL acido acético 50 mL Acido Acético
137,5 mL Agua deionizada 225 mL Agua deionizada

Immunoblotting

As amostras foram transferidas do gel de acrilamida para uma membrana de nitro-
celulose (Amershan) utilizando-se Tamp&o de Transferéncia durante 1 H a 100 V com
auxilio do equipamento Mini-Trans-Blot ™ (Bio-Rad). Em seguida, as membranas foram
coradas em solugdo Ponceau-S durante 1 min, e a descoloragéo foi realizada em agua
destilada. As membranas foram incubadas em Solucdo de Bloqueio durante 2 H a TA.
Apbs este periodo, foram adicionados anticorpos anti-Hisg (Sigma) ou o soro hiperimune

de animais infectados com P. yoelii, diluidos em solugéo bloqueadora, e deixados durante
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1 H a TA. Posteriormente, foram feitas trés lavagens sucessivas com PBS-Tween 0.05%.
Apbs a série de lavagens, as membranas foram incubadas com anticorpo anti-mouse IgG
conjugado a peroxidase (Sigma) e diluido 1:2000 em solu¢&o bloqueadora. Ap6s 1h de
incubacdo a TA, as membranas foram novamente lavadas com PBS-Tween 0.05%.
Finalmente, o immunoblot foi revelado apés incubagcdo com solugdo como anticorpo

secundario. O immunoblot foi revelado com solugdo reveladora e a imagem foi analisada.

Solugdes utilizadas:
. Tampé&o de Transferéncia: 0,03g Trizma, 14,04g glicina, etanol 200mL,
completar para 1L com agua ultra pura.
. Solugéo Bloqueadora: PBS — 5% Leite desnatado (Molico), 2% albumina
bovina (BSA), pH 7,2;
. PBS-Tween: PBS 1X, 0,05% Tween 20 (Sigma).
. Solugéo Reveladora: 50 mM Tris-HCI pH 7.5, 0.6 mg / mL de 3,3

Diaminobenzidine e 1 uL/ mL de H,0, (30%) (Sigma).

Obtencgéao de soro hiperimune contra formas sanguineas de P.yoelii
Para obtencdo do soro hiperimune, camundongos BALB/c de 6 a 7 semanas de
vida foram infectados 7 vezes com intervalos de 30 dias, utilizando a cepa nao letal P.

yoelii 17X na dose de 10° eritrocitos infectados (Els).

Estratégias de imunizagao

Os regimes de imunizagdo seguiram as estratégias detalhadas na figura 5.
Camundongos C57BL/6 foram injetados, sub-cutaneamente (s.c.), quatro vezes a cada
trés semanas com 5 pg/animal/dose do recombinante PyM2-MAEBL emulsificado em
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adjuvante completo de Freund (ACF) na primeira dose ou incompleto (AIF) nas doses
posteriores. No grupo prime-boost heterélogo (1 DNA + 3 proteina) os animais receberam
uma dose intramuscular (i.m.) de 100 ug de DNA plasmidial (plgSP/M2-MAEBL) seguida
de trés doses de 5 pg/animal do recombinante PyM2-MAEBL em ACF (primeira dose) ou
AIF (doses posteriores). Como controle, grupos de animais foram injetados apenas com
adjuvante de Freund, com DNA plasmidial (plgSP/M2-MAEBL) ou apenas com o vetor
plgSP. O soro dos animais foi coletado imediatamente antes de cada dose subsequente,

e 15 dias apo6s a ultima dose. Os animais foram desafiados 30 dias ap6s a ultima

imunizacéo.

12 Dose 2° dose 32 dose 42 dose Desafio
0 semanas 3 semanas 6 semanas 9 semans 12 semanas

¥ ¥ # ¥ #

GRUPOS ¢ ¢ ¢ ¢
Coleta soro Coleta soro Coleta soro Coleta soro
rPyM2-MAEBL rPyM2-MAEBL rPyM2-MAEBL rPyM2-MAEBL rPyM2-MAEBL 10% El de P. yoelii
+ - + -
ACF AlF AlF AIF

Prime-boost
heterélogo

plgSP/M2-MAEBL

rPyM2-MAEBL

+

ACF

rPyM2-MAEBL
+

AIF

rPyM2-MAEBL

+

AIF

10° El de P. yoelii

plgSP/M2-MAEBL

plgSP/M2-MAEBL

plgSP/M2-MAEBL

plgSP/M2-MAEBL

plgSP/M2-MAEBL

10° El de P. yoelii

plgSP

plgSP

plgSP

plgSP

plgSP

108 El de P. yoelii

ACF/AIF

ACF

AlF

AIF

AIF

10 El de P. yoelii

FIGURA 5. Estratégias de imunizagdao. Dependendo do imunégeno, plasmidio ou proteina

recombinante, animais foram imunizados via intramuscular ou subcutanea, respectivamente.
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Determinagao do titulo de anticorpos no soro dos animais imunizados por ELISA

A detecgdo de anticorpos séricos foi feita através de ELISA usando placas de
polivinil de 96 pogos (Costar) sensibilizadas com 50 pL por pogo do recombinante PyM2-
MAEBL diluido em tamp&o carbonato 0,05 M (pH 9.6) para uma concentracgéo final 2 ug /
mL. Apés incubacédo durante a noite a T.A. e, as placas foram lavadas 3 vezes com PBS -
Tween 0,05%, e incubadas por 2 h a 37°C com 200 uL / pogo de solugdo bloqueadora. Os
soros dos animais imunizados foram diluidos em Solugdo Bloqueadora a partir de 1:100 e
deixados durante 1 H a TA. Depois de cinco lavagens com PBS-Tween 0,05%, foi
adicionado 50 pL / pogco de anticorpo goat anti-mouse IgG conjugado a peroxidase (KPL)
diluido 1:4000 em Solugdo Bloqueadora. Apés nova incubacdo de 1 H a TA, as placas
foram lavadas 5 vezes em PBS-Tween 0,05%, e foi adicionado 100 pL / pogo do substrato
enzimatico ortofenilenodiamina - OPD (1.0 mg / mL) diluido em tamp&o fosfato-citrato

0,15M. Apés 15 min de incubacgdo a reacdo foi interrompida com 50 L de HZSO4 4N. A

D.O foi lida no comprimento de 492 nm. A deteccdo de subclasses de IgG foi realizada
como mencionado, exceto que foram utilizados anticorpos secundarios especificos para
IgG1, 19G2b e 1gG2c (Southern Technologies) de camundongos diluidos 1:2.000. Os

resultados foram expressos em log como a média + DVP (desvio padré&o).

Solugdes utilizadas:
* Solugéo bloqueadora: PBS 1X, 5%Leite desnatado (Molico), 2% albumina
(BSA).
» Substrato Enzimatico: 1 tablete de ortofenilenodiamina (OPD) (Sigma) em 20

mL de Tampé&o Fosfato-Citrato 0,15M.
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Concentragao de esquizontes de P. yoelii YM

2-3 mL de sangue de animais infectados com P. yoelii foram coletados em tubos
de citrato sangrados no pico da parasitemia (entre os dias 05 e 06 pds-infecgdo). O
sangue total foi centrifugado a 500 x g durante 5 minutos para separar o plasma. Apés
remogdo do plasma, os eritrocitos foram lavados em meio McCoy 5A (Sigma) e ajustados
para 50% de hematécrito. Em seguida, a solugdo de sangue foi submetida a MidiMACS
LS (Miltenyi Biotec), protocolo de concentragéo do parasita em estagios maduros como
anteriormente descrito (Trang et al., 2004). As células ndo retidas na coluna foram
coletadas e desprezadas. Ao final, a coluna foi removida do ima e colocada em um tubo
de 15mL. Os parasitas retidos foram eluidos em 3mL de meio McCoy 5A e removidos
com o auxilio de um émbolo fornecido no kit. Em seguida, foi realizada centrifugacdo a
500 x g e um esfregaco de sangue foi feito para certificar a concentracdo de parasitas e
eliminagdo de leucécitos. Os parasitas concentrados foram utilizados em variados

ensaios.

Confeccao de laminas para Imunofluorescéncia indireta

Para visualizar se anticorpos anti-PyM2-MAEBL seriam capazes de reconhecer o
antigeno nativo diretamente no parasita, foram realizados ensaios de imunofluorescéncia
(IFA) em esquizontes maduros de Plasmodium murino (P. yoelii) e humano (P. vivax e P.
falciparum). Com este objetivo, o concentrado de esquizontes de Plasmodium obtido
como detalhado para cada espécie testada, foi ressuspendido em hematdcrito 70% em
meio RPMI (Sigma) e 3ul desta suspenséo foi utilizada na confec¢cdo de cada lamina de
esfregaco. As laminas foram estocadas em temperatura ambiente na presenca de silica e

em recipiente vedado.
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Ensaio de imunofluorescéncia indireta (IFA)

Laminas preparadas contendo esquizontes maduros foram imersas em acetona
(Merck) gelada por 20 min a 4°C para fixagdo. Em seguida, apds secagem a temperatura
ambiente, pogos para as diferentes condigbes a serem testadas foram criados com auxilio
de caneta hidrofébica Dakopen (Dako). Foi realizado bloqueio através da incubagcdo com
3% BSA/PBS durante 30 min a 37°C. Posteriormente, foram adicionados pool do soro dos
animais imunizados diluidos 1:50 em 3% BSA/PBS e incubados por 1h a 37°C. As
[&minas foram lavadas 3 vezes em imersdo com PBS 1x durante 2 min sob agitacio para
remover o excesso de anticorpo primario. Foi realizada incubac&o durante 1h com Alexa-
Fluor 568 goat anti-mouse 1gG (Invitrogen) na diluicdo 1:1000 em 3% BSA/PBS. As
l&minas foram lavadas 3 vezes em imersdo com PBS 1x durante 2 min sob agitagc&o para
remover o excesso de anticorpo secundario. Em seguida foi adicionado DAPI (Invitrogen)
diluido 1:200 em &agua ultra pura e incubado por 10 min em temperatura ambiente. As
ldminas foram lavadas 1 vez em imers&o com PBS 1x durante 1 min. Foi adicionado as
l&minas 1 gota de Fluorosave (Calibiotechem) e estas foram cobertas com laminulas e
incubadas overnight a 4°C. Laminas foram visualizadas em microscépio de fluorescéncia

(Nikon TS100-F).

Determinagao dos niveis de prote¢ao induzidos nos animais imunizados

Os niveis de imunoprote¢éo contra formas sanguineas de P. yoelii foram avaliados
determinando a sobrevivéncia e a parasitemia. Para medir a parasitemia foram feitos
esfregacos corados com auxilio do Kit Panético Rapido (Laborclin) a partir de uma gota de
sangue da cauda dos animais infectados i.p. com 10° Els de cepa letal de P. yoelii. A
porcentagem de parasitemia foi determinada calculando-se o numero de Els em 1.000

células.
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Participagao de linfocitos T CD4" e CD8"

Grupos de 15 camundongos C57BL/6 foram submetidos aos regimes de
imunizacdo detalhados na figura 5. Trés semanas apés a quarta dose, 5 animais foram
injetados com 0,5mg/animal de anticorpos monoclonais (BioXcell) anti-CD4" ou anti-CD8"
para deplecdo destas populagdes de linfocitos. Os outros cinco animais imunizados foram
injetados com IgG controle (Sigma) na mesma concentragdo dos demais anticorpos. No
dia seguinte a deple¢do, os animais foram infectados i.p. com 10° Els de P. yoelii YM
(cepa letal) e foram avaliadas a sobrevivéncia e a parasitemia dos animais em esfregacgos

corados com Kit Panético Répido (Laborclin).

Ensaio de fagocitose

Camundongos BALB/c foram injetados i.p. com tioglicolato de sdédio 3% (Merck)
para estimulagdo da migracdo dos macrofagos para regido peritoneal. Depois de 24h, os
macréfagos foram obtidos através de lavagem peritoneal com 5mL de PBS gelado. As
células foram centrifugadas a 1.200 rpm por 10 min a 4°C. As células foram
ressuspendidas a uma concentragao final de 4 x 10° macréfagos/mL em RPMI (Sigma)
suplementado com 10% soro fetal bovino (SFB) (Nutricell). Foram adicionados 200pl (4 x
10° macréfagos) por pogo a laminas de 8 pogos (LabTek) e as laminas foram incubadas a
37°C com 5% CO, para os macrofagos pudessem aderir. Durante este tempo, animais
infectados com P. yoelii YM foram sangrados e enriquecidos em colunas MACS LS como
previamente descrito. Em seguida, o concentrado de formas maduras do parasita foi
incubado com 0,1% saponina (Merck) para permeabilizar a membrana dos Els. Estes El
foram lavados 3 vezes em meio RPMI. Apés lavagem, Els (4 x 10° por pogo) foram

incubados na presenca de soro dos animais imunizados na diluigdo 1:50 durante 1h. Apos
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opsonizagao, a solugéo de Els e soro foi adicionada aos macrofagos aderidos e incubada
por 1h a 37°C com 5% CO,. Entdo, as laminas foram lavadas 5 vezes em PBS para
remocao de macrofagos nédo aderentes e Els ndo ingeridos. As laminas foram coradas
com auxilio do Kit Panético Rapido (Laborclin). O nimero de Els ingeridos por 500

macréfagos totais foi contado por microscopia para cada amostra individual.

Ensaios de inibigao da invasao de formas sanguineas de P. vivax e P. falciparum.
Estes ensaios foram realizados em cooperagdo com o Dr. Bruce Russell e o Dr.

Laurent Renia (Singapore Immunology Network, Singapura). Isolados frescos de campo

de P. vivax e P. falciparum utilizados nestes ensaios foram provenientes de amostras de

sangue de pacientes infectados em Mae Sot, na regido noroeste da Tailandia.

Preparacdo das células alvo — Enriguecimento de reticulocitos:

20 mL de sangue de corddo umbilical foram coletados em tubo de heparina
imediatamente apdés o parto. O grupo sanguineo foi determinado usando um Kit ABO
padrdo (EBRAN). Apés remog¢ao do plasma, as células foram lavadas em meio McCoy 5A
(Sigma) e ajustadas a 50% hematécrito usando meio McCoy 5A. Leucdécitos e plaquetas
foram depletadas através de duas passagens em coluna de filtragdo CF11 (Whatman), de
acordo com (Sriprawat et al., 2009). Células vermelhas do corddo umbilical foram
novamente ajustadas para 50% hematocrito usando meio McCoy 5A (Sigma). Esta
solugdo de sangue foi dividida em duas por¢des e cuidadosamente sobreposta em tubos
contendo 6mL de Percoll (GE Healthcare) isotdénico 70% e centrifugado por 15 min a 1200
X g. A banda de reticulécitos concentrados localizada na interface do Percoll foi
cuidadosamente removida e lavada duas vezes em meio McCoy 5A (Sigma) (Russell et

al., 2011). O preparado lavado e concentrado de reticuldcitos foi mantido a 4°C em meio
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McCoy 5A (Sigma) em hematécrito menor que 20%. A porcentagem de reticulécitos foi
contada em esfregagos corados com Accustain Reticulocytes Stain (Sigma). As células

alvo foram usadas durante um més ap6s a preparacgao.

Solugdes utilizadas:

. Percoll Isotdnico — usado para preparar as concentragdes de uso: 9 partes

de Percoll (GE - Healthcare) e 1 parte de PBS 10X.

Concentracao de esquizontes — Gradiente de Percoll

Isolados frescos foram coletados apenas de pacientes que nao receberam
tratamento antimalarico prévio e que apresentaram parasitemia microscépica maior que 1
parasita por 1000 hemacias. 5mL de sangue de pacientes infectados com P vivax ou P.
falciparum foram coletados em tubos de heparina. Estes isolados chegaram ao laboratério
em até 5h apds a coleta. Apenas amostras contendo 75% dos parasitas em estagio de
trofozoita maduro (aproximadamente 20h apéds-invasdo in vivo) foram utilizadas.
Leucdcitos e plaquetas foram removidos utilizando coluna CF11 (Sriprawat et al., 2009) e
o filtrado foi lavado duas vezes em meio McCoy 5A (Sigma). O filtrado de heméacias
infectadas (aproximadamente 1,5 mL de pellet de hemacias infectadas por isolado) foi
cultivado ao estagio de esquizonte em 12mL de meio McCoy 5A (Sigma) suplementado
com 2,4g/litro de glicose, 40mg/mL de Gentamicina Sulfatada e 20% soro humano AB
(inativado) em 5% O, a 37.5°C por 22h.

A solucdo de sangue/meio foi centrifugada e ajustada a 50% hematécrito antes da
adi¢do de 3mL de 0,125% tripsina (Invitrogen) em PBS e incubagao por 15min a 37°C. Foi
realizada lavagem meio McCoy 5A (Sigma) e adicionado 1mL de soro AB ao pellet de

hemacias infectadas, que foi homogeneizado e incubado por 5min a temperatura
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ambiente. Meio McCoy 5A (Sigma) foi adicionado ao pellet de hemacias infectadas
tripsinizadas para atingir o volume de 5mL, o qual foi sobreposto em Percoll (GE
Healthcare) Isoténico 45% no caso de isolados de P. vivax (Carvalho et al., 2010) e 70%
para amostras de P.falciparum (Moll et al., 2008). Foi realizada centrifugag¢éo por 15 min a
1200 X g. A banda correspondendo ao concentrado de esquizontes localizada na
interface do Percoll foi cuidadosamente removida e lavada duas vezes em meio McCoy

5A (Sigma).

Ensaio de inibicdo da invasdo em P. vivax

De acordo com Russell, et. al. 2011, a preparacéo do concentrado de esquizontes
foi misturada com as células alvo (sangue de corddo umbilical) na proporgcdo 1:6. A
solugao foi diluida em 2% hematocrito usando meio McCoy 5A (Sigma) 20% soro humano
AB (inativado) e cultivado em microplacas num volume de 200 ul 5% O, a 37.5°C por 24h-
30h, dependendo da maturagdo do parasita. O potencial inibitério de anticorpos anti-
PyM2-MAEBL, foram testados adicionando poo/ da 4° dose do soro de animais
imunizados com a proteina rPyM2-MAEBL apenas ou em sistema prime-boost heterdlogo
na diluicdo 1:50 a mistura final do ensaio de invas&o. Como controle foi utilizado pool do
soro da 4° dose de animais do grupo ACF/AIF. Como controle positivo da inibicdo foi
usado soro policlonal anti-P. vivax Duffy Binding Protein (PvDBP) IgG (Fraser et al.,
1997). No final do ensaio foram confeccionadas ldminas de esfregago sanguineo de cada
poco coradas com Giemsa (Sigma). O nimero de anéis/trofozoitas em 1000 células foi

determinado por analise microscopica.
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Ensaio de inibicdo da invasdo em P. falciparum

A preparagdo do concentrado de esquizontes foi misturada com as células alvo
(hemacias/normaocitos ndo infectados) na propor¢do 1:12. A solugdo foi diluida em
2%hematdcrito usando meio McCoy 5A 10% soro humano AB (inativado) e cultivado em
microplacas num volume de 200 ul, 5% O, a 37.5°C por 12h. O potencial inibitério de
anticorpos anti-PyM2-MAEBL, foram testados adicionando pool/ da 4° dose do soro de
animais imunizados com a proteina rPyM2-MAEBL apenas ou em sistema prime-boost
heterélogo na diluicdo 1:50 a mistura final do ensaio de invasdo. Como controle foi
utilizado pool do soro da 4° dose de animais do grupo ACF/AIF. Como controle positivo
de inibicdo foi utilizado E64 (Sigma) 100uM para assegurar a n&o ruptura dos
esquizontes. No final do ensaio foram confeccionadas laminas de esfregago sanguineo de
cada poc¢o coradas com Giemsa (Sigma). O numero de anéis/trofozoitas em 1000 células

foi determinado por analise microscépica.

Padronizacao e ensaios ex-vivo de invasdo de formas sanguineas de P. yoelii YM

Preparacdo das células alvo — Enriguecimento de reticulécitos

A fim de obter eritrocitos enriquecidos em populagdo de reticulécitos para
utilizagdo em ensaios de invasdo, camundongos BALB/c foram sangrados durante sete
dias para induzir a anemia, e, assim, aumentar a producéo de reticuldcitos pela medula
6ssea. Cerca de 150 ul de sangue foram coletados diariamente pelo plexo orbital. Apés, o
sangue total rico em reticulécitos (35-50%) foi coletado em tubo de citrato e lavado 3
vezes em McCoy 5A (Sigma). Em seguida, o sangue foi ressuspenso em McCoy 5A, para
50% hematécrito e a suspensdo passada por duas colunas CF11 para a remocgdo de

leucécitos (Sriprawat et al.,, 2009). O obtido da coluna foi lavado trés vezes em meio
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McCoy 5A, e utilizado nos ensaios de invaséo de P. yoelii. A porcentagem de reticul6citos

foi contada em esfregacos corados com Accustain Reticulocytes Stain (Sigma).

Enriguecimento e amadurecimento de P. yoelii

Animais infectados com P.yoelii YM foram sangrados no pico da parasitemia (70-
90%) e o sangue foi lavado 3 vezes em meio McCoy 5A (Sigma). Em seguida, o sangue
coletado foi submetido ao protocolo de concentragdo de parasitas através das colunas
MidiMACS LS previamente descrito. Uma I|&mina de esfregago sanguineo foi
confeccionada apés o procedimento para certificar a concentragdo dos parasitas e
eliminagdo dos leucécitos. O pellet de trofozoitas maduros foi ressuspendido em 5mL de
meio McCoy 5A (Sigma) suplementado com 24g/litro de glicose, 40mg/mL de
Gentamicina Sulfatada e 20% soro humano AB (inativado e adsorvido em hemacias
murinas) e incubado a 5% CO, a 37°C por 3-6h para amadurecimento. Em intervalos
regulares foram confeccionadas laminas para acompanhar o amadurecimento dos

parasitas até a maioria se encontrar em estagio de esquizontes.

Ensaio de invasdo

Apbs o amadurecimento, esquizontes de P. y oelii YM, o concentrado de esquizontes foi
misturado com as células alvo (sangue rico em reticulécitos) na proporcdo de 1:20. A
solugdo foi diluida em 4% hematocrito usando meio McCoy 5A suplementado com
2,4¢g/litro de glicose, 40mg/mL de Gentamicina Sulfatada e 20% soro humano AB
(inativado e adsorvido em heméacias murinas) e cultivado microplacas num volume de 100
pl a 37°C durante 20-24h em “candle jar’ de acordo com protocolo previamente descrito
(Trager&Jensen, 2005). O potencial inibitério de anticorpos anti-PyM2-MAEBL, foram

testados adicionando pool/ da 4* dose do soro de animais imunizados com a proteina
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rPyM2-MAEBL apenas ou em sistema prime-boost heterélogo na diluicdo 1:50 a mistura
final do ensaio de invasdo. Como controle foi utilizado pool do soro da 4° dose de animais
do grupo ACF/AIF. Como controle positivo de inibicao foi utilizado E64 (Sigma) 100uM
para assegurar a ndo ruptura dos esquizontes. No final do ensaio foram confeccionadas
l&minas de esfregaco sanguineo de cada pogo coradas auxilio do Kit Panético Rapido
(Laborclin). O nimero de anéis/trofozoitas em 1000 células foi determinado por analise

microscoépica.

Analise estatistica

A analises desta tese foram efetuadas com auxilio do software Prism ™ versao 5.0.
Os indices de sobrevivéncia dos animais imunizados ap6s desafio letal foi determinado
por Log Rank-test. Comparagbes entre 2 grupos de dados nado-paramétricos foram
analisados por Mann-Whitney U test. Para analises ndo paramétricas entre mais de 2
grupos de dados foi utilizado Kruskal-Wallis Test — Dunn’s Post Test. Os resultados foram

considerados significativos quando P<0,05.

68



RESULTADOS E DISCUSSAO
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Amplificagdo da sequéncia de nucleotideos correspondente ao dominio M2

Foram realizadas amplificagdes por PCR com oligonucleotideos especificos, com
o intuito de construir plasmidios de expressdo em células eucariéticas ou procaridticas,
correspondendo a regido do dominio M2 para serem utilizados em imuniza¢des ativas de
DNA nu, ou para a producdo de proteina recombinante, respectivamente. Conforme
mostrado na figura 6, foram realizadas rea¢des de PCR na presenca de DNA genémico
de P. yoelii, e oligonucleotideos contendo sitios de restrigdo 5-Kpnl / EcoRI-3’ ou 5'-
BamHI| | EcoRI-3’; respectivamente para clonagem nos vetores plgSP ou pET28a. Os
produtos de 1200 pares de bases (pb) amplificados (figura 6, coluna 2 e 5) foram
utilizados posteriormente em clonagens no vetor pGEM-T e, subsequente subclonagem
nos vetores plgSP e pET28a. Este procedimento permitiu a inser¢do do produto na
mesma fase de leitura da sequéncia sinal presente no vetor pIlgSP ou na mesma fase de
leitura da cauda de histidina do vetor pET28a. Como controle de especificidade do
produto amplificado, foram realizadas rea¢des de PCR na auséncia do DNA molde ou na
presenca de DNA gendmico heterdlogo de P. falciparum. Como é mostrado na figura 6
(coluna 4), ndo fomos capazes de observar amplificagdo na auséncia de material nuclear;
entretanto na presenca de DNA extraido da cepa 3D7 de P. falciparum foi observada
ocasionalmente (coluna 3 e 6) uma fraca banda também de 1.2 Kb. A razdo para a
presenca ocasional de uma banda de mesmo tamanho observada apés amplificagdo a
partir de DNA gendmico de P. yoelii ou de P. falciparum reside na alta similaridade entre

os genes MAEBL destas duas espécies de parasita (Ghai et al., 2002).
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FIGURA 6 - Produto de amplificagdo por PCR observado em gel de agarose 1% corado por
SYBR-SAFE: Reagdes de PCR foram conduzidas na presengca de DNA gendmico de formas
sanguineas de P. yoelii, e oligonucleotideos contento sitios de restricdo Kpnl e EcoRI (Coluna 2)
ou BamHI| e EcoRIl (Coluna 5);respectivamente para clonagem no vetor plgSP ou pET28a.
Como controle negativo as reagdes foram realizadas na auséncia de DNA molde (Coluna 4) ou
na presenga de DNA gendémico de P. falciparum cepa 3D7 (Colunas 3 e 6). Coluna 1, marcador
de peso molecular 1Kb Plus DNA Ladder (Invitrogen) em pares de bases (pb).

Clonagem dos fragmentos amplificados em vetores de expressao

Os produtos de PCR foram clonados diretamente no vetor pGEM-T de acordo com
as normas do fabricante. As colénias geradas, apdés clonagem no vetor pGEM-T
resultaram em clones, dos quais um fragmento de 1200 pb foi removido apés digestao
enzimatica com Kpnl-EcoRl ou BamHI-EcoRIl. Ap6s esta digestdo enzimatica foi
observado um fragmento de 1200 pb (dados ndo mostrados), correspondendo ao produto
de PCR anteriormente amplificado (figura 7, coluna 2) demonstrando a funcionalidade

destes sitios de restricdo no fragmento amplificado. O produto da dupla digestdo do
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plasmidio pGEM-T/M2-MAEBL com as enzimas Kpnl-EcoRI foi excisado, e purificado do
gel de agarose com auxilio do “kit Geneclean I’ de acordo o protocolo descrito
anteriormente.

A fim de gerar o plasmidio de expressdo em células eucaridticas contendo a
sequéncia génica correspondente ao domino M2, utilizado em imuniza¢des ativas com
DNA nu, o vetor plgSP foi preparado por tratamento simultdneo com as enzimas Kpnl-
EcoRI, para determinacdo da funcionalidade dos sitios de restricdo do vetor plgSP que
receberdo o inserto de interesse (figura 7, colunas 3 e 4). Paralelamente, o plasmidio
pGEM-T/M2-MAEBL tratado simultaneamente com as enzimas de restricdo Kpnl-EcoRI e
purificado foi inserido no vetor plgSP previamente tratado com as mesmas enzimas. Os
clones gerados apods a ligacéo do inserto, correspondendo a sequéncia de nucleotideos
do dominio M2, foram digeridos simultaneamente com as enzimas Kpnl-EcoRl e um
fragmento de 1200 pb foi liberado (figura 7, coluna 8). Comprovando assim, a geragéo do
plasmidio denominado plgSP/M2-MAEBL para futuras imunizag¢des intramusculares de
DNA nu.

Paralelamente, e com o intuito de gerar um plasmidio de expressdo em células
procaridticas para produgdo de uma proteina recombinante para ser utilizada em
imunizacdes, a sequéncia génica correspondente ao dominio M2 foi inserida no vetor de
expressdo pET28a. Sendo assim, o fragmento de 1200 pb amplificado com
oligonucleotideos contendo sitios de restricdo para as enzimas BamHI-EcoRI, apés
clonagem no vetor pGEM-T, foi removido por meio de digestdo simultdnea com BamHlI-
EcoRI e inserido no vetor de expressdo pET28a. A fim de determinar no vetor alvo a
presenca dos sitos de restricdo adicionados no fragmento amplificado por PCR, o
plasmidio pET28a foi submetido a digestdes enzimaticas simples ou conjugadas com

BamHI e EcoRl (figura 8 , colunas 3 e 4). Em seguida, bactérias competentes foram
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transformadas com o produto da ligagdo do fragmento amplificado de 1200 pb e do vetor
pET28a previamente digerido com BamHI e EcoRI, e diferentes clones bacterianos foram
analisados para determinar a presenca do inserto correspondendo ao dominio M2.
Analises com enzimas de restricao BamHI| e EcoRl mostraram que o novo plasmidio
gerado possuia tamanho superior ao vetor (figura 8, colunas 4 e 6), que apés dupla
digestdo enzimatica um fragmento de 1200 pb foi liberado (figura 8, coluna 8, asterisco);
demonstrado a geracdo de um novo plasmidio denominado pET28a/M2-MAEBL
possuindo a sequéncia de nucleotideos correspondente ao dominio M2. O esquema de
geracdo dos plasmidios plgSP/M2-MAEBL e pET28a/M2-MAEBL estdo resumidos na

figura 9.
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4- plgSP+ EcoRI

5- plgSPM2 nao digerido

6- plgSPM2 + EcoRI

7- plgSPM2 + Kpnl

8- plgSPMZ2 + Kpnl + EcoRI
9- 1Kb DNA Ladder

FIGURA 7. Clonagem da sequéncia génica correspondente ao dominio M2 em vetor de
expressao eucariotica, plgSP. Apos amplificagdo o fragmento M2, contendo os sitios Kpnl e
EcoRI foi inserido no vetor pPGEM-T seguido da purificagdo do fragmento de 1.200 pb (Figura 6).
A banda purificada foi introduzida no vetor plgSP a e um clone contendo o fragmento de 1.200
pb foi selecionado (Coluna 5) apés comprovagédo por digestdo enziméatica (Colunas 6, 7 e 8;
asterisco). A confirmacgéo da presenca dos sitios de restri¢gdo iniciais também foi realizada por
meio de digestdo enzimatica (Colunas 3 e 4).
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1000 bp

1- . HIND Ill

2- pET28a nao digerido
3- pET28a + EcoRl

4- pET28a + BamH|

5- pET28aM2 + nao digerido

6- pET28aM2 + EcoRl

7- pET28aM2 + BamHl|

8- pET28aM2 + EcoRl + BamHI
9- 1Kb DNA Ladder

FIGURA 8: Clonagem da sequéncia génica correspondente ao dominio M2 em vetor de
expressao procarionte, pET28a. Ap6s amplificagdo o fragmento M2, contendo os sitios BamHI|
e EcoRI foi inserido no vetor pGEM-T seguido da purificagdo do fragmento de 1.200 pb (Figura
6). A banda purificada foi introduzida no vetor pET28a e um clone contendo o fragmento de
1.200 pb foi selecionado (Coluna 5). Apés comprovagao por digestdo enzimatica (Colunas 6, 7 e
8; asterisco). A confirmagéo da presenca dos sitios de restricdo iniciais também foi realizada por
meio de digestdo enzimatica (Colunas 3 e 4).
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FIGURA 9. Esquema de construgao do vetor de expressiao em células eucariodticas e
procariéticas contendo a sequéncia génica do dominio M2. (1) A sequéncia correspondente
ao dominio M2 foi amplificada com oligos contendo sitios de restricdo para as enzimas Kpnl e
EcoRI, ou BamHI e EcoRI, respectivamente para clonagem no vetor plgSP e pET28a. (2) Os
produtos de PCR foram clonados diretamente no vetor pGEM-T para verificagcdo da
funcionalidade dos sitios de restricdo adicionadas e para produgdo de maiores quantidades de
material genético. (3) Os novos plasmidios gerados, foram digeridos, com Kpnl e EcoRI ou
BamHI e EcoRIl; as bandas liberadas apds tratamento enzimatico foram purificadas. Os
fragmentos purificados foram inseridos nos vetores plgSP (4) ou pET28a (5), previamente
tratados com as enzimas Kpnl e EcoRIl ou BamHI e EcoRlI, respectivamente; permitindo uma
ligagdo do fragmento ao vetor e originando os novos plasmidios denominados plgSP/M2-

MAEBL e pET28a/M2-MAEBL.
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Expressao e purificagado da proteina recombinante PyM2-MAEBL

A expressado do recombinante M2-MAEBL s6 foi obtida apés inUmeras tentativas
(apenas as 5 ultimas s&o representadas) variando-se a concentragdo de IPTG, o tempo
de inducdo e a temperatura de incubagdo (Tabela 1). Na quinta tentativa, vinte colénias
de bactérias transformadas foram induzidas como descrito em Materiais e Métodos. No
entanto, observamos expressido por apenas duas destas colbnias. As duas colbnias de

bactérias que resultaram em expressdo do antigeno foram devidamente congeladas.

Tabela 1. Andlise comparativa das condi¢des de indugdo da expresséo da proteina recombinante
rM2-MAEBL.

Indugéo
Tentativa IPTG Temperatura Agitacao Expressio
(Horas)
Primeira 0,10 mM 30°C 4 Sim Nao
Segunda 0,10 mM 30°C 16 Sim N&o
Terceira 0,01 mM 37°C 4 Sim Nao
Quarta 1,00 mM 37°C 4 Sim Nao
Quinta 0,10 mM 37°C 4 Sim Sim

Para a expressao, a indugéo foi realizada utilizando-se 10, 75 e 100 mL de meio e
a verificacdo da expressdo de um recombinante de aproximadamente 45 kDa foi
observada no pellet e no sobrenadante de cultura. Conforme pode ser observado na
figura 10, a produg¢do do recombinante é dependente do volume do meio, é insoluvel, e
detectada apenas no lisado do pellet. Entretanto, devido a possibilidade de que a proteina
recombinante n&o tivesse sido solubilizada no tamp&o denaturante e estivesse em

suspensdo; o pellet foi centrifugado para a obtengcdo de um segundo pellet e
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sobrenadante. Este segundo pellet foi novamente ressuspendido em tampéao denaturante,
para a formacdo de uma suspensdo contendo o recombinante. O novo pellet e
sobrenadante foram analisados em SDS-PAGE e immunoblot. De acordo com a figura 11,
a re-solubilizagdo do pellet inicial resultou num produto soluvel de 45 kDa detectado no
novo pellet e, sobretudo, no novo sobrenadante, e de maneira dependente do volume de
meio utilizado. Sendo assim, o recombinante PyM2-MAEBL foi produzido num volume
final de 150 mL, em diferentes frascos totalizando 2 litros de meio de cultura de acordo
com o protocolo descrito. Além disto, devido a insolubilidade do produto formado, foram
realizadas etapas adicionais, inclusive a passagem da solu¢do em seringa, acarretando
num procedimento de 2-3 horas de duragdo. A purificagdo do recombinante, a partir do
pellet denaturado, foi realizada de acordo o protocolo previamente mencionado nesta tese
baseado no fato de que o grupo imidazélico da histidina se liga fortemente ao niquel e a
medida que baixa-se o pH, a ligacdo é menos forte. Em pH acido a histidina se desliga do
niquel. A proteina purificada foi dialisada contra Ureia 2M em PBS e concentrada usando

coluna Centriprep YM-10 (Millipore) (figura 12).
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FIGURA 10. Uma colbnia de E. coli BL-21 DE3 transformada com o plasmideo pET28a/M2-
MAEBL foi cultivada em 10, 75 ou 150mL de meio LB até D.Ogponm = 0,6-0,8 € a expressdo da
proteina recombinante foi induzida com 0,1fmM de IPTG. 10mL de cada cultura foram
centrifugados, ressuspendidos e sonicados. Apds a sonicagdo o material foi centrifugado e o
sobrenadante foi separado do pellet, que foi ressuspendido em ureia 8M. 5uL de sobrenadante
ou de pellet foram submetidos a SDS-PAGE em condi¢gdes denaturantes (2-mercaptoentanol)
e o gel foi corado com Comassie blue (A) ou transferidos para uma membrana de celulose
seguida de immunoblot realizado com anti-Hiss 1:1500 e anti-mouse IgG conjugado a

peroxidase (B).
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FIGURA 11. Uma colbnia de bactéria BL-21 DE3 transformada com o plasmideo pET28a/M2-
MAEBL foi cultivada em 10, 75 ou 150mL de meio LB até D.Ogponm = 0,6-0,8 € a expressdo da
proteina recombinante foi induzida com 0,1fmM de IPTG. 10mL de cada cultura foram
centrifugados, ressuspendidos e sonicados. Ap6s a sonicagdo o material foi centrifugado e o
sobrenadante foram separados do pellet , que foi ressuspendido em ureia 8M e centrifugado
novamente. O pellet foi separado do sobrenadante e ressuspendido em ureia 8M. O
sobrenadante e o pellet da centrifugagdo pos ureia foram submetidos a SDS-PAGE (A) e
transferidos para uma membrana de celulose. (B) O immunoblot foi realizados com anti-Hisg
1:1500 e anti-mouse IgG conjugado a peroxidase.

81




KDa MW 1
a7

il
45

29

20

FIGURA 12. Analise de gel SDS-PAGE sob condi¢des denaturantes do recombinante expresso
e purificado, PyM2-MAEBL, apés didlise contra Ureia 2M em PBS e concentragdo utilizando
coluna Centriprep YM-10 (Millipore). (1) Banda unica de aproximadamente 45kDa comprovando
a obtencéo e pureza do recombinante PyM2-MAEBL.

Como mostrado nas figuras 10B e 11B o recombinante gerado, que contém uma
cauda de histidina (6 repetigbes), foi reconhecido em ensaios de immunoblot utilizando
anticorpo anti-Hisg diluido 1:1500. Todavia, visando determinar o grau de integridade e
similaridade estrutural em relagdo ao dominio M2 nativo, realizamos novos ensaios de

immunoblot na presenca de soro hiperimune de camundongos multi-infectados com a
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cepa néo letal P. yoelii CL. Conforme é mostrado na figura 13, o soro hiperimune diluido
1:100 foi capaz de reconhecer o recombinante PyM2-MAEBL reduzido, e sensivelmente o
nao reduzido. Em contraste, em diluicbes de 1:1000 e 1:5000 o mesmo soro hiperimune
nao foi capaz de se ligar ao rM2-MAEBL, porém reconhecendo o antigeno recombinante
MSP-149 (rMSP-149. gentilmente cedido pelo Prof. Mauricio Rodrigues, UNIFESP) da
mesma espécie de parasita. Coletivamente, estes resultados demonstram que o rM2-
MAEBL possui similaridade estrutural com seu homélogo nativo presente no parasita. No
entanto, a diferenca na magnitude de reconhecimento pode estar relacionada a duas
hipéteses ndo excludentes; (i) devido ao fato de que os antigenos MSP-1 e 2 totalizam 2/3
dos antigenos presentes na superficie do merozoita (Gilson et al., 2006), e
consequentemente o MAEBL estaria menos presente e induzindo uma menor resposta
imune mediada por anticorpos; (ii) a provavel similaridade estrutural do rM2-MAEBL com
seu homoélogo nativo seria menor do que o rMSP-145 € sua forma nativa, apesar de ambos

terem sido expressos e purificados de maneira semelhantes.
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FIGURA 13. Analises de immunoblot para comprovagdo da expressdo do rM2-MAEBL na
presencga de soro hiper-imune de P. yoelii. Ap6s a visualizagdo em SDS-PAGE as proteinas
rM2-MAEBL e rMSP-119, ambas de P. yoelii, foram transferidas para membrana de nitro-
celulose e foram realizadas analises de immunoblotting na presenca de soro hiper-imune
diluido 1:5000 (A), 1:1000 (B) e 1:100 (C) coletado de camundongos multi-infectados com P.
yoelii.

Resposta imune induzida pelo recombinante PyM2-MAEBL e sistema Prime (DNA)

Boost (proteina) heterélogo

A fim de validar os experimentos de imunizagbes avaliando a resposta imune
induzida pelo rPyM2-MAEBL, 5 grupos de camundongos (6-10) foram imunizados de
acordo com o protocolo descrito anteriormente e utilizando estratégias de imunizagao

detalhadas na figura 5. Os soros dos animais imunizados foram coletados ap6s cada dose
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e o titulo de anticorpos (log1o) contra o proprio rPyM2-MAEBL foi quantificado por ELISA.
Como pode ser observado na figura 14A, o rPyM2-MAEBL foi altamente imunogénico
gerando altos titulos de anticorpos tanto no grupo que recebeu apenas a proteina
recombinante quanto no grupo prime-boost heterélogo. No grupo rPyM2-MAEBL apoés a
primeira dose ja foram detectados elevados niveos de anticorpos (logy = 4,7 £ 0,51)
capazes de reconhecer o recombinante. Os titulos de anticorpos foram potencializado
apo6s a segunda dose (logis = 6,02 £ 0,17), quase alcangando niveis maximos apoés esta
dose. De fato, houve um pequeno aumento apés a terceira dose, entretanto a elevagéo do
titulo de anticorpos ndo se mostrou significativa, demonstrando que os titulos de
anticorpos atingiram um plateau. O sistema prime-boost heterdlogo de imunizagio
apresentou baixos niveis de anticorpos (logi, = 2,1 = 0,17) apdés a primeira dose
correspondente a imunizagdo com DNA (plgSP/M2-MAEBL). Contudo, apds as doses
subsequentes de proteina (rPyM2-MAEBL), foi observado o mesmo padr&o nos niveis de
anticorpos observados no grupo que recebeu apenas a proteina. Em contraste, ndo foram
detectados anticorpos anti-MAEBL no soro dos animais injetados com adjuvante, DNA
plasmidial plgSP/M2-MAEBL ou apenas o vetor plgSP. Estes dados demonstram a
especificidade dos anticorpos gerados e a alta imunogenicidade do recombinante gerado.

Células T CD4" Th1 e subconjuntos Th2 tém papéis cruciais na diferenciacdo de
células B, proliferacdo e regulagcéo de isotipos (Freeman et al, 1980). Ainda, a protecdo
contra fase sanguinea da malaria tem sido descrita como mediada por células B
secretoras de IgG1 e IgG2c com fungdes definidas na secrecdo de anticorpos especificos
para controlar a infecgdo parasitaria (Burns et al., 1997). Com o intuito de qualificar a
resposta imune humoral analisamos subclasses de IgG nos animais imunizados apos a 4°
dose. Conforme é mostrado na figura 14B, animais imunizados com o recombinante

rPyM2-MAEBL ou com o sistema prime-boost heterblogo (1 DNA- 3 proteina)
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desenvolveram altos titulos de anticorpos IgG1, IgG2b, e IgG2c especificos contra rPyM2-
MAEBL. Ainda, foi observada uma raz&o balanceada 1gG1/IgG2c; respectivamente 3.16
para o grupo rPyM2-MAEBL e 5.62 no grupo prime-boost heterélogo. Niveis
significativamente elevados de IgG2c e IgG1 em camundongos imunizados antes do
desafio no presente estudo apontam para um perfil misto de citocinas Th1/Th2. Isto indica
que estes antigenos tém o potencial para ativar ambas as subpopula¢des Th1/Th2 de
células T. O discreto aumento observado na concentragdo de IgG1 no grupo prime-boost
heter6logo, possivelmente esta relacionado com a imunizagdo com DNA como primeira

dose.
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FIGURA 14. (A) Imunizacdo com o rPyM2-MAEBL e sistema prime-boost heter6logo (1 DNA-3
Proteina) gera anticorpos especificos. (B) Subclasses de IgG e razdo IgG1/IlgG2c de soro da 4°
dose de camundongos imunizados. Os resultados estdo expressos como a média do log do
titulo de anticorpos * desvio padrao (DVP) de triplicatas do pool de soro utilizado.
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No entanto, apesar da detecgdo de elevados titulos de anticorpos capazes de
reconhecer o antigeno recombinante em ensaios de ELISA, a possibilidade destes
animais em controlar o desenvolvimento das formas sanguineas do parasita reside, em
parte, na habilidade destes anticorpos em reconhecer o antigeno na sua forma nativa.
Noe e Adams, 1998 demonstraram que MAEBL é expresso relativamente cedo durante a
esquizonia, ja se encontrando presente na superficie do merozoita mesmo antes do
rompimento do esquizonte (Noe&Adams, 1998). Desta maneira, € com o intuito de
verificar a presenca de anticorpos capazes de reconhecer o dominio M2 diretamente no
parasita, realizamos ensaios de imunofluorescéncia usando esquizontes maduros de P.
yoelii. Como observamos na figura 15, o soro dos camundongos imunizados (pool/ da
quarta dose) com o recombinante PyM2-MAEBL e sistema prime-boost heterélogo, em
uma diluicdo 1:50, apresentou anticorpos capazes de reconhecer esquizontes de
Plasmodium yoelii. Como controle negativo do ensaio foi usado soro de animais do grupo
adjuvante (ACF/AIF) na mesma diluicdo. Além disso, em uma diluigdo 1:100 também foi
observada reatividade com o soros dos grupos rPyM2-MAEBL e sistema prime-boost

heterodlogo.
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FIGURA 15. Anticorpos anti-rPyM2MAEBL reconhecem esquizontes de Plasmodium yoelii. Pool do soro da 42 dose
de animais imunizados com rPyM2MAEBL e no sistema prime-boost heter6logo foram utilizados na diluigdo de 1:50 em
ensaios de Imunofluorescéncia indireta contra esquizontes de P. yoelii. Um pool do soro da 42 dose de camundongos

injetados apenas com adjuvante foi usado como controle negativo.




Protecao induzida por imunizagao com vacina experimental com a proteina rPyM2-

MAEBL e em sistema de prime-boost heterélogo (DNA- proteina ).

P. yoelii YM € um modelo murino rigido para testar a eficiéncia de vacinas devido a
alta viruléncia desta linhagem. Camundongos C57BL/6 injetados com os diferentes
protocolos de imunizagédo foram desafiados via intraperitoneal (i.p.) com 10° formas
sanguineas da cepa letal P. yoelii YM. Como mostrado na figura 16, 75% dos animais
injetados com adjuvante, 88,88% dos animais injetados com DNA plasmidial plgSP/ M2-
MAEBL ou 100% dos que receberam apenas o vetor plgSP sucumbiram a infeccdo apos
6-8 dias, demonstrando a elevada viruléncia da cepa e do inéculo utilizado. Em contraste,
0s grupos imunizados com rPyM2-MAEBL unicamente foram protegidos em 90% diante
do desafio letal, enquanto o sistema prime-boost heterélogo (DNA -proteina) conferiu
protecdo total (100%). Estes niveis de protecdo observados foram estatisticamente
significativos quando comparados ao grupo controle ACF/AIF (p<0,05; Log Rank).

Ainda, durante o desafio letal a parasitemia dos animais foi monitorada
diariamente através esfregagcos sanguineos confeccionados com uma gota de sangue da
cauda dos animais infectados corados com Kit Panético Rapido (Laborclin). Conforme
podemos observar na figura 17, animais dos grupos controles (plgSP, plgSP/M2-MAEBL
e ACF/AIF) apresentaram altos niveis de parasitemia atingindo 80-100% seguidos de
morte destes animais, com excec¢do de dois animais do grupo ACF/AIF que sobreviveram
ao desafio provavelmente devido a resposta inespecifica do adjuvante de perfil Th1.
Contudo, animais dos grupos rPyM2-MAEBL e prime-boost heterélogo foram capazes de
controlar a infecgéo reduzindo o desenvolvimento do parasita nos dias 05-07 da infecéo.
Entre os dias 09 e 10 ja ndo encontramos parasitas no sangue periférico destes animais
que demonstraram total recuperacgéo (figura 17). No entanto, esta reducdo na parasitemia
nao parece estar associada com os niveis de anticorpos anti-M2-MAEBL detectados nos
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ensaios de ELISA, pois ndo encontramos correlagdo quando comparamos os titulos de

anticorpos com os niveis de parasitemia e sobrevivéncia dos animais (dados n&o

mostrados).
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FIGURA 16. indices de sobrevivéncia de animais imunizados apés desafio letal. Cinco
grupos de camundongos foram imunizados de acordo com protocolo previamente detalhado.
Trés semanas ap6s a quarta e ultima dose de imunizagdo, os animais foram infectados com 10°
El da cepa letal P. yoelii YM. O protocolo prime-boost heterdlogo protegeu 100% dos animais
infectados (P<0.05 vs. ACF/AIF), e a proteina recombinante PyM2-MAEBL apresentou protegéo
de 90%(P<0.05 vs. grupo ACF/AIF).
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FIGURA 17. Niveis de parasitemia (%) de camundongos dos diferentes grupos imunizados foram
avaliados ap6s infecgdo com P. yoelii YM trés semanas apés a 4° dose. Imunizagdo com MAEBL
unicamente ou em sistema prime-boost heterélogo foi capaz de reduzir significamente o
crescimento parasitario apés infecgdo com 10° IE of P. yoelii YM. As cruzes representam animais

que sucumbiram a infec¢cdo, se mais de um animal morreu no mesmo dia o ndmero total de
mortos se encontra entre parénteses.
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Os dados de imunizagdo aqui apresentados correspondem a um Unico
experimento, porém realizamos outros experimentos de imunizagdo anteriores. Como
pode ser observado na Tabela 2, iniciamos os testes imunizando animais com 3 doses da
proteina recombinante emulsificada em ACF e AIF; entretanto observamos aumento de
até 57% na protecdo apds o acréscimo de uma dose no protocolo de imunizagéo.
Consequentemente, adotamos a estratégia de quatro doses com o intuito de maximizar a
resposta imune e para que todos os animais apresentassem titulos de anticorpos
similares, acarretando em maiores niveis de protecdo. Na literatura, também ja foi
observado que o aumento de doses reforgo foram mais eficientes em gerar altos niveis de

anticorpos como em manter a resposta (Jeamwattanalert et al., 2007).

A escolha de inserir outro grupo vacinal compreendendo um sistema prime (1
DNA)-boost (3 proteina) de imunizagdo foi baseada em evidéncias de que injegdes
intramusculares de DNA nu (plasmidios) resultam em expressdo génica que leva a
inducdo de resposta imune protetora (Ulmer et al., 1994; Ulmer et al., 1993; Wolff et al.,
1990). Embora a injecdo de DNA em plasmidios induza resposta imune humoral e celular,
os niveis de imunogenicidade sdo de baixa magnitude e se mostraram insuficientes para
proteger contra malaria (McConkey et al., 2003). Numerosos estudos descreveram
estratégias para aumentar a imunogenicidade ou alterar o tipo de resposta induzida por
vacinas de DNA contra maléaria realizando protocolos de imunizagdo com uma dose de
DNA (prime) seguida de reforgo (boost) geralmente com proteina recombinante ou

adenovirus e poxvirus néo replicantes.

N&o observarmos porém, diferenca significativa entre a imunizagdo com a proteina
recombinante e o regime prime-boost heterdlogo de imunizagdo, logo que a proteina
sozinha atingiu niveis altos de anticorpos e protecdo. Contudo, considerando que a

expressao da proteina é trabalhosa e demorada e n&o resulta em grandes concentracdes
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de material, sdo necessarias varias extragcdes o que muitas vezes limita a conducgéo dos
experimentos. Nesse sentido o sistema prime-boost heterélogo se mostra vantajoso por

poupar a utilizagao da proteina recombinante na primeira dose.

E importante ressaltar que as proporgdes nos niveis de protecdo se mantiveram

similares entre os grupos em mais de dois experimentos comprovando a reprodutibilidade

dos resultados (Tabela 2, experimentos 2 e 3).

Tabela 2. Dados correspondentes a todos os experimentos de imunizagao realizados.

Experimento1 Doses Animais: vivos/total Protecao (%)
ACF/AIF 3 0/4 0%
rPyM2-MAEBL 3 2/6 33,33%

Experimento2 Doses Animais: vivos/total Protecao (%)
PigsP 4 0/7 0%
PlgsP/M2-MAEBL 4 0/6 0%
ACF/AIF 4 4/8 50%
rPyM2-MAEBL 4 4/6 66,67%
Prime-Boost heter6logo 4 6/7 85,72%
Experimento 3 Doses Animais: vivos/total Protecao (%)
Grupo PlgsP 4 0/10 0%
PlgsP/M2-MAEBL 4 2/10 20%
ACF/AIF 4 3/10 30%
rPyM2-MAEBL 4 9/10 90%
Prime-Boost heter6logo 4 10/10 100%
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Para determinar se a resposta imune induzida pela imunizagdo com rPyM2-
MAEBL ou no sistema Prime-Boost heter6logo poderia ser mantida em altos niveis e por
um longo tempo, soro dos animais imunizados apds a 4° dose e que sobreviveram ao
desafio letal foram coletados e avaliados por ELISA apés seis meses. Como
demonstrado na figura 18, observamos altos e robustos niveis de anticorpos de longa
duracdo em animais dos grupos rPyM2-MAEBL e prime-boost heterdlogo (logi= 5,6),
mostrando que os titulos de anticorpos persistiram sem drasticas variacbes durante os
ultimos 6 meses. Em contraste, soros dos grupos controles que sobreviveram ao desafio
apresentaram baixos niveis de anticorpos contra proteina recombinante PyM2-MAEBL
apos seis meses, mesmo tendo entrando em contato com o parasita durante a infecgéo.
Estes resultados corroboram com a ideia de que uma resposta imune de longa duracgéo
especifica ao antigeno pode refletir na geragdo e manutencdo de células de longa
duracdo no plasma que podem sobreviver por anos (Manz et al., 1997; Slifka&Ahmed,

1998).
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FIGURA 18. Imunizagdo com rPyM2-MAEBL ou sistema prime-boost heterélogo geram
anticorpos de longa duragao. Pool de soros de camundongos imunizados, seis meses apoés
sobreviver ao desafio letal com P. yoelii YM foram quantificados por ELISA, mostrando altos
titulos de anticorpos. Os resultados sdo expressos como a média logaritmica do titulo de
anticorpos de triplicatas + DVP.

Acredita-se que protegcdo contra formas sanguineas do parasita seja
predominantemente mediada por anticorpos e células T CD4" (Good et al., 1998; Miller et
al., 1998). Neste sentido, investigamos a participagéo de linfécitos T CD4" e T CD8" na
protecdo dos animais imunizados diante do desafio com P. yoelii . Com esta finalidade, 15
camundongos C57BL/6 foram imunizados com a proteina rPyM2-MAEBL respeitando o
mesmo protocolo demonstrado na figura 5. Trés semanas apdés a quarta dose, cinco
animais imunizados com rPyM2-MAEBL foram injetados com anticorpos monoclonais anti-

CD4" ou anti-CD8" para deplegdo destas populagdes e no dia seguinte foram infectados
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com 10° Els de P. yoelii. Como controle animais foram injetados com IgG controle na
mesma concentracdo dos outros anticorpos. A mortalidade dos animais foi observada e
demonstrada na figura 19. 100% dos animais depletados para CD4" morreram entre os
dias 5 e 6 pos infecgdo. Em contrapartida, os animais depletados para CD8" e os sem
deplecdo de nenhuma das populagbes mantiveram os mesmos niveis de protecéo ja
observados nos experimentos anteriores para este grupo vacinal (rPyM2-MAEBL) de 80%
e 90%, respectivamente. Estes resultados corroboram com outros estudos de fase
sanguinea da infeccdo em modelos murinos de maléaria que demonstraram que células
Th1 e Th2 CD4" sdo essenciais para o controle primario da parasitemia (Taylor-
Robinson&Phillips, 1994). Infelizmente os demais grupos ndo puderam ser avaliados
devido a limitagées no volume de anticorpos monoclonais. Entretanto, ja obtivemos os
hibridomas para producgao propria destes anticorpos e pretendemos repetir este ensaio na

presenca dos demais grupos vacinais.
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FIGURA 19. Linfécitos T CD4" sdo essenciais na protegdo contra desafio letal. indices de
sobrevivéncia de animais imunizados ap6s deplecéo de linfécitos T CD4" ou CD8" apds desafio
com P. yoeli YM. Camundongos foram imunizados com rPyM2-MAEBL de acordo com
protocolo previamente detalhado. Trés semanas apés a quarta e ultima dose de imunizagéo, os
animais foram injetados com anticorpos monoclonais anti-CD4" ou anti-CD8" para deplecéo
destas populagdes e no dia seguinte foram infectados com 10° El de P. yoelii. Como controle
animais foram injetados com IgG controle na mesma concentragao dos outros anticorpos.

Para determinar se a imunizagdo com o rPyM2-MAEBL ou sistema prime-boost
heterélogo teria a capacidade de gerar anticorpos opsonizantes, foram utilizados soros
dos animais imunizados coletados antes do desafio. Foi testada a habilidade do soro pré-
desafio em promover a opsonizacdo em eritrécitos infectados de P. yoelii YM por
macréfagos obtidos de camundongos BALB/c. Com esta finalidade, Els de P. yoelii YM
foram concentrados utilizando o protocolo MACS e incubados com saponina 0,1% para
permeabilizar a membrana dos Els e possibilitar que anticorpos anti-MAEBL tivessem
acesso aos merozoitas no esquizonte. Os parasitas opsonizados com soro dos grupos
rPyM2-MAEBL, prime-boost heterélogo e ACF/AIF foram adicionados a macréfagos e o
numero de macréfagos fagocitando Els foi acessado. Como pode ser observado na figura
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20A, ndo houve diferenga na porcentagem de Els ingeridos ap6s a opsonizagio entre os
grupos testados. Entretanto, nos grupos rPyM2-MAEBL, prime-boost heterdlogo o
processo fagocitico ocorreu mais rapidamente, pois apés 1h de incubagdo observamos
parasitas em estagio mais avangado de processamento (figura 20C e 20D) quando
comparado ao grupo ACF/AIF (figura 20B) em que encontramos merozoitas dentro dos
macrofagos (figura 20A). Acreditamos que a hemozoina liberada com o rompimento dos
esquizontes durante a permeabilizacdo com saponina foi responsavel pelos niveis de
fagocitose encontrados no grupo controle ACF/AIF. Pretendemos eliminar a hemozoina
submetendo o parasita permeabilizado a colunas MACS LS como descrito por Hill et al.,

2012.
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FIGURA 20. Fagocitose de El de P. yoelii YM por macréfagos. Esquizontes permeabilizados
com saponina e merozoitas livres foram incubados na presenca de pool de soros da quarta dose
dos grupos rPyM2-MAEBL, prime-boost heter6logo e ACF/AIF na diluicdo de 1:50 para
promover opsonizagdo. Parasitas opsonizados foram adicionados aos macréfagos e incubados
por 1h para possibilitar a fagocitose. As laminas foram coradas com auxilio do Kit Pandtico
Rapido (Laborclin). (A) O numero de Els ingeridos por 500 macrofagos totais foi contado por
microscopia para cada amostra individual. Os resultados estdo expressos como a média + DVP
de ftriplicatas. Fotos representativas de macréfagos ingerindo parasitas como resultado da
opsonizagado com soros dos grupos ACF/AIF (B) rPyM2-MAEBL (C) e prime-boost heterdlogo

(D).
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Reconhecimento heterdlogo de anticorpos anti-rPyM2-MAEBL em P. falciparum e P.
vivax.

O alinhamento das sequéncias proteicas de MAEBL em P. yoelii e P. falciparum
demonstraram 53% de similaridade. Os dominios M1 e M2 e MAEBL apresentam uma
significante similaridade de aminoacidos com seus correspondentes murinos. A
similaridade entre os dominios M2 de P. yoelii e P. berghei € de 85% e a meédia de
similaridade deles com P. falciparum & de 63% (Ghai et al., 2002). Ainda, quando
comparamos os alinhamentos entre o dominio M2 de P. yoelii e P. vivax encontramos
57% de similaridade. Estes dados indicam que o dominio M2 é relativamente conservado
entre as espécies, e nos conduziram a investigar o reconhecimento heterélogo por
anticorpos anti-PyM2-MAEBL em P. falciparum e P. vivax.

Com esta finalidade, verificamos a presenca de anticorpos nos soros dos animais
imunizados capazes de reconhecer o dominio M2 por meio de ensaios de
imunofluorescéncia em laminas de esfregacos contendo esquizontes maduros de P. vivax
e P. falciparum. Como observamos nas figuras 21 e 22, o pool dos soros da 4° dose dos
camundongos imunizados com o recombinante PyM2-MAEBL e sistema prime-boost
heterélogo na diluicao 1:50 reagiram com ambas as espécies de parasitas testadas.
Como controle negativo do ensaio foi usado pool da 4° dose do soro de animais do grupo

adjuvante (ACF/AIF) na mesma diluigdo.
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FIGURA 21. Anticorpos anti-rPyM2MAEBL reconhece esquizontes de Plasmodium falciparum. Pool do soro da 4°
dose de animais imunizados com rPyM2MAEBL e no sistema prime-boost heter6logo foram utilizados na diluicdo de
1:50 em ensaios de Imunufluorescéncia indireta contra esquizontes de P. falciparum. Um pool do soro da 42 dose de
camundongos injetados apenas com adjuvante foi usado como controle negativo.
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FIGURA 22. Anticorpos anti-rPyM2MAEBL reconhecem esquizontes de Plasmodium vivax. Pool do soro da 4°
dose de animais imunizados com rPyM2MAEBL e no sistema prime-boost heter6logo foram utilizados na diluigdo de
1:50 em ensaios de Imunufluorescéncia indireta contra esquizontes de P. vivax. Um pool do soro da 42 dose de
camundongos injetados apenas com adjuvante foi usado como controle negativo.




Algumas vacinas experimentais apesar de serem seguras e altamente
imunogénicas, sdo incapazes de induzir elevados niveis de protecdo. Contudo, anticorpos
neutralizantes podem inativar merozoitas antes da invasao e inibir o desenvolvimento do
parasita. Ja foi sugerido que AMA1 participa na ligagcdo do parasita com os eritrécitos em
P. falciparum e modelos murinos (Fraser et al.,, 2001). Esta ligacdo é crucial para a
invasdo dos eritrocitos. Levando em consideragdo a similaridade estrutural dos
subdominios | e Il de AMA1 com os dominios M1 e M2 de MAEBL, sugere que MAEBL
possua um envolvimento direto na interagéo parasita-eritrécito (Ghai et al., 2002).

Com bases nestas evidéncias, se fez importante avaliar o potencial do soro anti-
PyM2-MAEBL em inibir a invasdo de formas sanguineas de Plasmodium. Entretanto,
esbarramos com a falta de um ensaio de invasdo ex-vivo confiavel para Plasmodium
yoelii. Portanto, primeiramente realizamos testes em P. falciparum, pela facilidade de uma
cultura in vitro bem estabelecida em laboratério.

Em cooperagédo com o grupo de pesquisa do Dr. Laurent Renia (A-STAR - Agency
of Science Research and Technology - Cingapura), tivemos acesso a técnicas de dominio
exclusivo de nossos colaboradores (Russell et al., 2011) que possibilitaram a realizag&o
de ensaios de inibicdo da invasdo em isolados frescos de P. vivax e P. falciparum. Todo
trabalho de campo foi realizado na cidade de Mae Sot na Taildndia. Os ensaios de
invasdo foram conduzidos na presenca de pool de soros da quarta dose dos animais
imunizados na diluigao 1:50.

Para P. falciparum foram testados além da cepa de cultura 3D7, dois isolados de
campo (FVT 402 e MKK 183). Como podemos observar na figura 23A, na cepa de P.
falciparum de cultura (3D7), houve inibicdo da invasdo em 15,79% na presenga de soro

rPyM2-MAEBL e 11, 36% do soro prime-boost heteroélogo.
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Para o isolado FVT 402, houve uma inibigdo na invasdo de 50,54% e 38,5% na
presenca de soro do grupo rPyM2-MAEBL e prime-boost heterdlogo, respectivamente.
Contudo, no isolado MKK 183, ndo foi observada inibicdo na presenga de nenhum dos
soros. Como controle negativo dos ensaios foi utilizado pool da quarta dose do grupo
adjuvante, que ndo inibiu a invasdo em nenhum dos isolados testados. Foi utilizado um
inibidor de protease (E64) para evitar a ruptura dos esquizontes e prevenir a liberagdo dos
merozoitas e desta forma ser validado como controle positivo da inibicdo (100%).

Foram testados 4 isolados de P. vivax (figura 23B) . No isolado WPP2805, soros
dos grupos rPyM2-MAEBL foram capazes de inibir a invasdo em 50,2% e 35,4%,
respectivamente. Inibicdes de aproximadamente 96% foram observadas na presenca de
soro rPyM2-MAEBL e prime-boost heterélogo no isolado WPP3100; ja no isolado
WPP3099, as inibicdes foram de 20,95% e 94,6%. Entretanto, em um dos isolados
testados (PID101408) ndo foi observada inibigdo na presenga de nenhum dos soros.
Como controle positivo da inibicdo foi utilizado soro anti-Duffy. Como controle negativo
dos ensaios, novamente foi utilizado pool da quarta dose do grupo adjuvante, que ndo
inibiu a invasdo em nenhum dos isolados testados.

Esta alta capacidade dos soros anti-PyM2-MAEBL em inibir a invasdo de formas
sanguineas em isolados de P.vivax e de P.falciparum em menores taxas, comprova mais
uma vez que o dominio M2 é relativamente conservado entre as espécies. Entretanto,
como o antigeno MAEBL nao é o unico responsavel no processo de invasdo do merozoita
no eritrocito questionamos que esta inibicao observada possa ser resultado de reatividade
cruzada do antigeno MAEBL com outros antigenos também envolvidos na infectividade
do parasita no eritrocito. Desta forma, sugerimos que os anticorpos anti-MAEBL possam
reconhecer e inibir em algum grau a ligagdo destes outros ligantes homdlogos como

AMA1 e EBA-175.
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Os diferentes niveis de inibicdo variaram dependendo da cepa testada,
possivelmente tendo relacdo com a variabilidade na sequéncia proteica de M2-MAEBL
dos isolados e a proximidade com o mesmo dominio em P. yoelii. Entretanto, seriam
necessarias analises moleculares para comparar a sequéncia do antigeno M2-MAEBL em
cada isolado utilizado nos ensaios com o recombinante gerado, para chegar a uma
correlagdo da similaridade entre as sequéncias com o nivel de inibicdo da invaséo de

formas sanguineas pela presenca do soro anti-rM2MAEBL.
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FIGURA 23. Soro de camundongos imunizados com rPyM2-MAEBL ou sistema prime-boost
heter6logo inibem a invasdo de eritrocitos de P. falciparum (A) e P. vivax. (B). Esquizontes e
células alvo foram cultivados in vitro na presenga pool de soro da quarta dose de camundongos
imunizados diluidos 1:50. Como controle positivo de inibigdo nos ensaios de P. vivax foi utilizado
soro anti-Duffy na diluigdo 1:50. Em P. falciparum, E64 foi usado como controle positivo de
inibicdo. A parasitemia foi determinada por meio de esfregagos sanguineos contando-se pelo
menos 1000 eritrocitos. Os resultados estdo expressos como a porcentagem de inibicdo em
relagdo a cultura sem adi¢ao de soro.
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Padronizacao e ensaios de invasdo em P. yoelii YM

P. vivax e P. yoelii usam o antigeno/receptor Duffy para quimiocinas (DARC) como
um receptor para a invasdo e ambos invadem preferencialmente reticulécitos. Baseado
nestas particularidades semelhantes entre estas espécies e com o conhecimento
adquirido em técnicas de cultivo ex-vivo de P. vivax nos propusemos a estabelecer uma
metodologia de cultura ex-vivo de curta duracdo para P. yoelii. Desta maneira nos
possibilitaria testar o potencial inibitério do soro anti-PyM2-MAEBL em ensaios de invaséo
de formas sanguineas no préprio P. yoelii.

Foi demonstrado que cepas virulentas (letais) e ndo-virulentas (n&o-letais) de P.
yoelii preferem reticulocitos como células alvo para a invasdo (revisto por Culleton &
Kaneko, 2010). A fim de obter elevados niveis de reticulécitos para usar no ensaio de
invasdo P. yoelii YM, grupos de 4-6 camundongos naive foram sangrados diariamente
para induzir a anemia e, assim, aumentar a populagdo de reticuldcitos. A maior
porcentagem de reticulocitos (46 + 10%) foi obtida apdés 6 dias de sangramento (Figura
24C). Animais sangrados apés este periodo de pico ndo mostraram aumento da
porcentagem de reticulécitos (dados ndo mostrados). Assim, reticulocitos € normdcitos
para o ensaio de invasdo foram obtidos através da coleta de sangue de camundongos
ricos em reticulécitos (figura 24A) ou animais naive (figura 24B). A remocé&o de leucocitos
do sangue utilizado no ensaio de invasao foi conseguida apés dois ciclos de filtragcdo por
CF11 (Sriprawat et al., 2009), ja que a deplecdo de leucdcitos parece ser um passo
importante para minimizar a fagocitose dos merozoitas ou eritrocitos infectados durante o

ensaio (Russell et al., 2011).
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FIGURA 24. Obtengao de sangue rico em reticulécitos para ser utilizados como células
alvo em cultura ex-vivo de P. yoelii. Grupos de 4-6 camundongos naive foram sangrados
durante seis dias para induzir a anemia e, assim, aumentar a populacédo de reticuldcitos. As
porcentagens de reticul6citos no sangue dos animais foi acessada diariamente em esfregagos
corados com Accustain Reticulocyte Stain (Sigma) (C). No dia anterior ao inicio do
sangramento, animais naive apresentavam de 1-3% de reticulécitos (A), ap6s os seis dias de
sangramento foi observada porcentagem de reticulécitos de 46-50% (B).

Dado que as infecgdes por P. yoelii sdo assincronicas (figura 26A) (Gautret et al.,
1994), enriquecemos e amadurecemos eritrécitos infectados com parasitas para restringir
as formas do parasita para uma janela estreita da fase do desenvolvimento. Em primeiro
lugar, 5-6 camundongos infectados com P. yoelii YM foram sangrados e parasitas
maduros foram isolados por concentragdo magnética, como descrito anteriormente (Trang
et al., 2004). Como a concentragdo magnética retém eritrécitos contendo grandes
quantidades de hemozoina, ambos os trofozoitos maduros e esquizontes sido obtidos por

esta metodologia. Entdo, para obter grandes quantidades de esquizontes para este
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ensaio de invasao, trofozoitos e esquizontes maduros de P. yoelii foram cultivados
durante 3-6 horas até a maior parte (> 80%) atingir a fase esquizonte (Figura 26B).

Para os ensaios de invasdo, foram testadas diferentes condi¢des: tipo de células
alvo (normacitos ou sangue rico em reticulécitos), razdo esquizontes: células alvo (1:20,
1:10, 1:6), meios (RPMI e McCoy 5A) e suplementos (SFB, albumax (Invitrogen) e plasma
humano AB adsorvido em hemacias murinas).

Neste sentido, formas maduras de P. yoelii YM e reticul6citos ou normacitos foram
incubados em conjunto durante 20 horas em todas as condigdbes e combinagdes
detalhadas na figura 25. Os eritrocitos recém-infectados foram determinados por
microscopia. Apenas anel e trofozoitos jovens foram contados porque apenas essas
formas foram consideradas como resultado dos eventos da invasdo que ocorreram
durante a incubagdo. Quaisquer esquizontes maduros, parasitas degenerados ou formas
com evidéncia de divisdo nuclear ocasionalmente observados foram excluidos para o
calculo da eficiéncia invaséo.

A melhor condig&o para invasado de P. yoelii YM foi observada em meio McCoy 5A
suplementado com 20% plasma humano AB adsorvido em hemacias murinas, assim
como foi descrito para P. vivax por Russell et al., 2011.

Em ensaios preliminares ndo observamos invasfées bem sucedidas em
parasitemias menores (dados ndo mostrados) as demonstradas, inferindo como ja foi
relatado, que a eficiéncia da invasao ¢ influenciada pela razdo de esquizontes e células
alvo em P. vivax (Russell et al., 2011) e P. falciparum (Boyle et al., 2010). Entretanto, n&o
houve diferenca significativa na invaséo entre as razdes de esquizontes/células alvo 1:20,
1:10 e 1:6 (figura 26E). Contudo, analisando as laminas podemos afirmar que na raz&o
1:20 os parasitas resultantes da invasdo (formas jovens) se apresentaram intactos e com

aspecto saudavel (figura 26C e D), enquanto nas condi¢cdes 1:10 e 1:6 observamos além
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de parasitas com aspecto sofrido, muitos merozoitas livres e parasitas degenerados foram
vistos nestas condigdes.

Além disso, ndo foi observada nenhuma diferenca na eficiéncia da invasdo usando
células alvo diferentes na invaséo de P. yoelii YM nas razdes 1:6 e 1:10 (Figura 26E). Sé
na propor¢cdo 1:20, observamos um aumento na eficiéncia da invasdo de P. yoelii YM
usando reticul6citos como alvo.

Adotamos como condicdo ideal a utilizagdo de sangue rico em reticulocitos como
célula alvo para o ensaio e a razdo 1:20 de esquizontes e células alvo. A solugdo foi
diluida em 4% hematdcrito usando meio McCoy 5A suplementado com 2,4g/litro de
glicose, 40mg/mL de Gentamicina Sulfatada e 20% soro humano AB (inativado e
adsorvido em hemacias murinas) e cultivado em microplacas num volume de 100 pl a
37°C durante 20-24h em “candle jars” de acordo com protocolo previamente descrito
(Trager&Jensen, 2005). A metodologia padronizada para os ensaios de invasdo em P.
yoelii se encontra esquematizada na figura 27.

Estudos associados a biologia de P. vivax, sua patogénese e infectividade ainda
sdo incipientes devido, principalmente, dificuldade de cultivo continuo desse parasita.
Ainda que Russel et al.,, 2011 tenha estabelecido um ensaio de invasdo ex-vivo, a
metodologia apresenta limitagdes como a necessidade de processar as amostras de
sangue infectado no dia da coleta, a eficiéncia da invaséo para alguns isolados é baixa, o
numero de condigcbes testadas € pequeno e restringe os estudos a laboratoérios de centros
hospitalares localizados em areas endémicas de malaria e que apresentem uma
infraestrutura instalada adequada.

Muitos antigenos recombinantes de P. vivax vem sendo considerados como
moléculas vacinais, embora ainda seja desconhecida a capacidade dos respectivos anti-

soros em inibir o processo infeccioso deste parasita e, em consequéncia, induzir uma
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protecdo contra o desenvolvimento das formas sanguineas.

Desta maneira, devido a estas limitagdes para se cultivar P. vivax, a padronizagéo
de ensaios de invasdo em P. yoelii poderia ser utilizada como modelo para P.vivax.
Assim, seria possivel em laboratérios ndo situados em zonas endémicas avaliar a fungéo

de diferentes antigenos de P. vivax.
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FIGURA 25. Condigdes testadas para obtengdo de uma invasdo bem sucedida de formas

sanguineas de P. yoelii YM em eritrocitos.
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FIGURA 26. Padronizagao de cultura ex-vivo de P. yoelii YM. Animais infectados com
P.yoelii YM foram sangrados no dia 05-06 p6s infecgdo (pico). Dado que as infecgdes por P.
yoelii sdo assincrbnicas (A), parasitas foram enriquecidos através das colunas midiMACS LS.
Parasitas enriquecidos foram amadurecidos durante 3-6h em Meio McCoy 5A + 20% plasma AB
adsorvido em hemacias murinas. Desta maneira, as formas do parasita foram restringidas para
uma janela estreita de fase de desenvolvimento compreendendo apenas trofozoitas maduros e
esquizontes (B). As células foram lavadas em meio McCoy 5A e ajustadas a 4% hematocrito e
diferentes razdes esquizontes: células alvo foram testadas. As culturas foram incubadas por 20h
e a a parasitemia foi determinada por meio de esfregagos sanguineos contando-se pelo menos
1000 eritrocitos. Apenas anel e trofozoitos jovens foram contados porque apenas essas formas
foram consideradas como resultado dos eventos da invasdo que ocorreram durante a incubagao
(C, D). Os resultados estédo expressos como a média + DVP de trés culturas (E).
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FIGURA 27. Esquema ilustrativo da metodologia de ensaios de invasao em P. yoelii YM.
Sangue de animais anémicos doadores (rico em reticulécitos) foi coletado e submetido a duas
filtragcbes em coluna CF11 para eliminagao de leucécitos. Em paralelo, animais infectados com
P.yoelii YM foram sangrados no dia 05-06 pos-infecgdo e submetidos ao protocolo de
enriquecimento através das colunas midiMACS LS. Parasitas enriquecidos foram amadurecidos
durante 3-6h em Meio McCoy 5A + 20% plasma AB. Para o ensaio de invasdo, o concentrado
rico em esquizontes maduros de P. yoelii foi misturado ao sangue rico em reticulécitos (células
alvo) em razéo de 1:20, respectivamente. Apds 20h de cultivo, foram confecionadas laminas e a
parasitemia de formas jovens foi contada por microscopia.

Com o dominio deste ensaio, realizamos um experimento preliminar para acessar
o potencial inibitério de anticorpos anti-rPyM2-MAEBL. Pool da 4° dose do soro de
animais imunizados com a proteina rPyM2-MAEBL diluido 1:100 foi adicionado & mistura

final do ensaio de invasdo. Como controle foi utilizado pool do soro da 4° dose de animais
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do grupo ACF/AIF na mesma diluigdo. E64 100uM (Sigma) foi utilizado como controle
positivo de inibicdo para assegurar a ndo ruptura dos esquizontes De acordo com a figura
28, soro de animais imunizados com a proteina rPyM2-MAEBL diluido 1:100 foi capaz de
inibir em 39,55% a invasdo de formas sanguineas de P. yoelii YM. Esta inibicdo foi
significativa quando comparada ao grupo ACF/AIF.

No momento estamos realizando novos ensaios na presenga de soros de todos os
grupos vacinais na diluicao 1:50. Esperamos observar altos niveis de inibicdo nos grupos

rPyM2-MAEBL e prime-boost heterologo.

1001

—_—

801

*

g 601
(o)
S
2 40- [

204

A —
ACF/AIF rPyM2-MAEBL E64

FIGURA 28 - Soro de camundongos imunizados com rPyM2-MAEBL inibem a invasao de P.
yoelii YM. Os parasitas foram cultivados in vitro na presenga do soro (pool da quarta dose) de
camundongos imunizados com rPyM2-MAEBL diluidos 1:100. Ap6s 20h horas de incubagdo a
parasitemia foi determinada por meio de esfregacos sanguineos contando-se pelo menos 1000
eritrocitos. Os resultados estdo expressos como a média + DVP de trés culturas. (* P< 0.05).
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Consideragoées finais

Com base nos dados aqui apresentados pudemos comprovar o potencial do
antigeno M2-MAEBL como um promissor candidato vacinal. Apesar do antigeno MAEBL
nao ser o unico responsavel no processo de invasao do merozoita; conseguimos total
protecdo na imunizagdo com este antigeno, além de inibir o desenvolvimento do parasita
em ensaios in vitro.

Finalizando esta tese é importante salientar alguns pontos criticos no
desenvolvimento desta. O projeto, que foi muito inovador e audacioso, contou com
dificuldades na expressédo da proteina recombinante PyM2-MAEBL. Inimeras tentativas
foram realizadas até a obtencdo da proteina de forma satisfatoria. Ainda assim, o
rendimento obtido & baixo. Este fato acarreta em limitagdes no niumero de ensaios de
imunizagdo a serem realizados. Outra dificuldade encontrada foi a padronizagdo dos
ensaios de invasdo ex-vivo com P. yoelii. Embora ainda sejam necessarios alguns
experimentos adicionais acreditamos que conseguimos alcang¢ar o maior objetivo que foi
demonstrar o potencial vacinal do antigeno MAEBL.

Em paralelo, varios projetos foram conduzidos e seus resultados podem ser
conferidos nos artigos anexados no capitulo Artigos Publicados.

Os resultados apresentados nesta tese abrem perspectivas para novos projetos.
Como por exemplo continuar avaliando os niveis de imunidade em camundongos
injetados com uma vacina experimental baseada neste dominio; porem testando
adjuvantes aprovados para uso no homem e também novos regimes de imunizagao

utilizando estratégias com adenovirus recombinantes.
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CONCLUSOES
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Foi possivel expressar a proteina rPyM2-MAEBL em sistema bacteriano.

Apesar de insoluvel, com a adigdo de ureia conseguimos extrair um recombinante
imunogénico e reconhecido pelo soro hiperimune de camundongos multi-
infectados com P. yoelii.

Imunizagdo com rPyM2-MAEBL apenas, ou em sistema prime-boost heterélogo
induziu altos niveis de anticorpos capazes de reconhecer o antigeno recombinante
(ELISA) e nativo em IFA com esquizontes de P. yoelii.

A resposta imune gerada protegeu animais imunizados infectados com formas
letais de P. yoelii em 90% no grupo rPyM2-MAEBL e 100% no grupo prime-boost
heterdlogo.

Linfécitos T CD4+ foram essenciais na protecdo de animais imunizados com
rPyM2-MAEBL contra desafio letal.

Foi padronizada uma metodologia para ensaios ex-vivo de inibicdo da invasao de
P. yoelii em eritrocitos.

Os soros de camundongos imunizados apenas com rPyM2-MAEBL ou do sistema
prime-boost heterbélogo foram capazes de inibir a invasdo dos eritrécitos por P.
yoelii.

Os anti-soros PyM2-MAEBL foram capazes de reconhecer P. vivax e P. falciparum
em IFA e também inibiram a invasdo dos eritrocitos em isolados de campo de
ambas as espécies.

Os resultados obtidos destacam o potencial do antigeno M2-MAEBL como um
promissor candidato vacinal e abrem perspectivas para se continuar a avaliar os
niveis de imunidade de vacina experimental M2-MAEBL explorando diferentes
adjuvantes e também novas estratégias de imunizagdo como outros protocolos

prime-boost heterologo.
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1. Introduction

ABSTRACT

In a recent study, we demonstrated the immunogenic properties of a new malaria vaccine polypeptide
based on a 19 kDa C-terminal fragment of the merozoite surface protein-1 (MSP149) from Plasmodium
vivax and an innate immunity agonist, the Salmonella enterica serovar Typhimurium flagellin (FIiC).
Herein, we tested whether the same strategy, based on the MSP1,9 component of the deadly malaria
parasite Plasmodium falciparum, could also generate a fusion polypeptide with enhanced immunogenic-
ity. The HisgFliC-MSP149 fusion protein was expressed from a recombinant Escherichia coli and showed
preserved in vitro TLR5-binding activity. In contrast to animals injected with HissMSP149, mice subcuta-
neously immunised with the recombinant HisgFliC-MSP1,9 developed strong MSP149-specific systemic
antibody responses with a prevailing IgG1 subclass. Incorporation of other adjuvants, such as CpG ODN
1826, complete and incomplete Freund’s adjuvants or Quil-A, improved the IgG responses after the sec-
ond, but not the third, immunising dose. It also resulted in a more balanced IgG subclass response, as
evaluated by the IgG1/IgG2c ratio, and higher cell-mediated immune response, as determined by the
detection of antigen-specific interferon-vy secretion by immune spleen cells. MSP1,9-specific antibodies
recognised not only the recombinant protein, but also the native protein expressed on the surface of P.
falciparum parasites. Finally, sera from rabbits immunised with the fusion protein alone inhibited the in
vitro growth of three different P. falciparum strains. In summary, these results extend our previous obser-
vations and further demonstrate that fusion of the innate immunity agonist FliC to Plasmodium antigens
is a promising alternative to improve their immunogenicity.

© 2010 Elsevier Ltd. All rights reserved.

and often contributing to malaria-related mortality [2]. Therefore,
prophylactic alternatives, such as effective vaccines, are urgently

Plasmodium falciparum is estimated to cause around 250 mil-
lion malaria cases every year, leading to 1 million deaths, mostly
of children under 5 years of age [1]. Drug resistance to this para-
site has emerged, reducing the efficacy of conventional treatment

* Corresponding author at: CINTERGEN, UNIFESP, Escola Paulista de Medicina,
Rua Mirassol, 207, Sdo Paulo 04044-010, SP, Brazil. Tel.: +55 11 5571 1095;
fax: +55 11 5571 1095.
E-mail addresses: mrodrigues@unifesp.br, mrodrigues@ecb.epm.br
(M.M. Rodrigues).

0264-410X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.02.004

needed.

Immunity to malaria is a multi-factorial process that involves
various components of the adaptive immune system. Antibody and
T-cell mediated mechanisms cooperate to establish resistance to
pre- and erythrocytic forms of the parasite. A number of target
antigens have been described and are being pursued for the devel-
opment of a recombinant subunit malaria vaccine, as extensively
reviewed [3-6]. Recent phase II clinical trials were performed in
African children using a recombinant malaria vaccine that is based
on a pre-erythrocytic antigen, the circumsporozoite (CS) protein, in
the presence of the adjuvant ASO1E or AS02D. Children immunised
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with the vaccine formulations RTS,S/ASO1E or RTS,S/AS02D dis-
played a significant reduction in the incidence of naturally acquired
infection, indicating that a certain degree of protective immunity
was indeed achieved. In spite of the success, immunity was not
ideal because a significant part of the RTS,S/ASO1E or RTS,S/AS02D
vaccinated children still contracted the infection during the trials
[7.8].

Considering the fact that the RTS,S/ASO1E and RTS,S/AS02D vac-
cines did not provide an optimal degree of protective immunity
against malaria, a search for new vaccines with improved efficacy
is required. One possible approach to achieve this goal is the iden-
tification of additional target antigens. Merozoite surface protein
1 (MSP-1) is expressed by the pre- and erythrocytic stages of P.
falciparum and represents a promising malaria vaccine candidate
[9]. The protein is synthesised in a precursor form with a high
molecular weight during schizogony and, during the invasion pro-
cess, a proteolytic cleavage releases most of the molecule from the
merozoite membrane, leaving a membrane-anchored 19 kDa frag-
ment (MSP119) on the parasite surface [10]. Genetic modification
studies with malaria parasites demonstrated that the essential role
of MSP14g in parasite survival during in vivo replication is simi-
lar among even distantly related Plasmodium species [11]. More
recently, studies using clonal conditional mutagenesis showed that
silencing MSP-1 in sporozoites impaired subsequent merozoite for-
mation in the liver, implicating this molecule in the life cycle of the
parasite in the liver as well as in the blood [12].

Over the past 20 years, many studies have been performed that
support the use of MSP119 as a component of subunit-based malaria
vaccine formulations. Monoclonal antibodies against MSP119 and
polyclonal antibodies against MSP1,4; inhibit the in vitro growth
of P. falciparum [10,13]. In addition, non-human primates injected
with recombinant proteins containing the C-terminal region of
the P. falciparum MSP-1 expressed in baculovirus [14-16], Saccha-
romyces cerevisiae [17], Escherichia coli [16,18,19] and mammalian
cells [20] are protected against homologous challenge with the
parasite. Nonetheless, the lack of an effective malaria vaccine
formulation, either based on MSP-1 or other antigens, is often
explained by the lack of adequate adjuvants that could be used
in humans to promote high and long-lasting antibody responses to
the target recombinant proteins.

Recent advances in the field of innate immunity have disclosed
the cellular and molecular mechanisms behind the adjuvant effects
of pathogen-associated molecular patterns (PAMPs). The recogni-
tion of PAMPs in mammalian cells is mediated by innate immune
receptors such as TLR5 (specific for bacterial flagellins) and TLR9
(specific for unmethylated CpG DNA), which are expressed by
antigen-presenting cells (APC). Following the binding of the spe-
cific agonists, the intracellular domain of the TLR receptor activates
molecular signalling cascades and promotes the recruitment of
adaptor proteins, such as the myeloid differentiation factor 88
(MyD88), and the activation of transcription factors, such as NF-
kB and mitogen-activated kinases. These signalling events result
in the activation of inflammatory responses and APC maturation,
which mediate the activation of T and B cell-dependent adaptive
immune responses [21,22].

Flagellins, the structural subunit of flagellar filaments, con-
tribute both to the virulence of bacterial pathogens and to the
activation of inflammatory responses in mammalian hosts [21,22].
Bacterial flagellins have been shown to bind extracellular TLR5
as well as intracellular receptors, leading to strong inflamma-
tory responses [23-30]. Flagellins, such as those expressed by
Salmonella species, have shown strong adjuvant effects when
delivered via parenteral or mucosal routes and either admixed
or genetically linked to target antigens in mice [31-42] and in
non-human primates [43-45]. In a recent work, we generated a
recombinant protein consisting of the flagellin FliC of Salmonella
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enterica Typhimurium fused to the MSP19 of Plasmodium vivax.
Mice immunised with the fusion protein in the absence of adju-
vant elicited high and long-lasting antibody titres that recognised
the parasite in the blood of infected patients [46]. We also showed
that the fusion process did not change the antigenic properties of
the malaria antigen or the capacity of flagellin to signals through
the innate immunity receptor TLR5.

Here we investigated the immunogenicity of a fusion polypep-
tide containing the P. falciparum MSP179 and an innate immunity
agonist, the Salmonella Typhimurium FliC flagellin. The immuno-
genicity of the recombinant fusion protein was assessed by
immunisation of mice and rabbits with the recombinant pro-
tein alone or in the presence of different adjuvants, such as the
TLR9 agonist CpG ODN 1826, Quil-A or complete and incomplete
Freund’s adjuvants. Additionally, we investigated whether the anti-
MSP1,9 antibodies recognised the malaria parasites and impaired
in vitro parasite growth. The reported results demonstrate that
the incorporation of TLR agonists into MSP119-based formulations
represents an alternative for the development of new, simple and
inexpensive malaria vaccine candidates.

2. Methods
2.1. Generation of recombinant MSP19-derived proteins

The S. Typhimurium FliC and MSP1;9 gene sequences
were obtained by PCR amplification using Platinum Taq High
Fidelity DNA polymerase (Invitrogen). Template DNA for the
amplifications were obtained from S. Typhimurium and P. fal-
ciparum 3D7 blood stages. Specific oligonucleotides for the
amplification of the FliC gene, containing EcoRI and HindlIIl
restriction sites (GGGGAATTCATGGCACAAGTCATTAATACA
and GGCAAGCTTGACGCAGTAAAGAGAGGAC), and the MSP1qg
nucleotide sequence, containing HindIIl and Xhol restriction sites
(GGCAAGCTTGCGGAAAATTCCAAGATATG and GGGCTCGAGTT-
TAACTGCAGAAAATACCATC), were purchased from Integrated
DNA Technologies, Inc. Amplified fragments were cloned in frame
in the pET28a vector (Novagen). The recombinant protein was
expressed and purified as described previously [47]. Briefly,
recombinant E. coli BL21 DE3 (Novagen) was cultivated at 37°C
in flasks containing Luria broth (LB) and kanamycin (30 pg/ml).
Protein expression was induced at an ODggg of 0.6 with 0.1 mM
IPTG (Invitrogen) for 4 h. After centrifugation, bacteria were lysed
on ice with the aid of an ultrasonic processor (Sonics and Materials
INC Vibra Cell VCX 750) in a phosphate buffer with 1.0 mg/ml
of lysozyme (Sigma) and 1mM PMSF (Sigma). Bacterial lysate
was centrifuged, and the supernatant was applied to a column
with Ni2*-NTA-agarose resin (Qiagen). After several washes,
bound proteins were eluted with 0.5M imidazole (Sigma). The
eluted protein was dialysed against 20mM Tris-HCl (pH 8.0),
and the recombinant proteins were purified by ion-exchange
chromatography using a Resource Q column (GE Healthcare)
coupled to an FPLC system (GE Healthcare). Fractions containing
the recombinant proteins with a high degree of purity were pooled
and extensively dialysed against phosphate-buffered saline (PBS).
Protein concentration was determined with the Bradford assay
and by SDS-PAGE analyses.

2.2. FliC purification

Native S. Typhimurium FliC was purified from the attenuated S.
Typhimurium SL3201 strain, which expresses FliC, but not FIjB [48].
Briefly, bacteria were grown in LB supplemented with kanamycin
(30 wg/ml) overnight at 37 °C under aeration (80 rpm). Cells were
washed once with PBS and submitted to mechanical shearing for
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four, 2 min cycles in a bench vortex mixer. The cell suspensions
were centrifuged to remove the cellular debris, and following ace-
tone precipitation, the flagellar filaments were collected from the
supernatant and suspended in PBS. The purity of the preparations
was monitored by SDS-PAGE. The recombinant FliC (rFliC) was
obtained after cloning the corresponding gene into the pET28a
expression vector as previously reported [46]. The recombinant
vector was introduced into the E. coli BL21 DE3 strain, and the
encoded peptide was subsequently purified by affinity chromatog-
raphy based on standard procedures [46].

2.3. Immunisation regimens

Six- to eight-week-old female C57BL/6 (H-2P) mice were pur-
chased from the Federal University of Sdo Paulo, Brazil. C57BL/6
TLR4 knock-out mice were kindly provided by Dr. Shizuo Akira at
Osaka University, Japan. Experiments were performed in accor-
dance with the guidelines of the Ethics Committee for Animal
Handling of the Federal University of Sdo Paulo. Mice were immu-
nised three times, 3 weeks apart, subcutaneously in the two hind
footpads, using a final volume of 50 .l in each footpad (first dose)
and a final volume of 100 .l at the base of the tail (second and third
doses). For each dose, 5 ug of HissMSP119 or 25 pg of the fusion
protein was used. CpG ODN 1826 (TCCATGACGTTCCTGACGTT) was
synthesised with a nuclease-resistant phosphorothioate backbone
(Coley Pharmaceutical Group); a dose of 10 wg per mouse was
admixed with the antigen just before injection. A dose of 2.5 ug
of Quil-A (Superfos Biosector a/s) per mouse was alternatively
admixed with the antigen just before injection. Complete (CFA)
and incomplete (IFA) Freund’s adjuvants (Sigma) were emulsi-
fied extensively with the proteins (1:1, v/v) prior to injection. For
CFA/IFA immunisation regimens, CFA was used for the first dose,
and IFA was used for the subsequent doses. Rabbits were immu-
nised four times s.c. in the back skin with 200 j.g of HisgFliC-MSP119
or 50 pg of FliC.

2.4. Immunological assays

Serum anti-MSP1,9 antibodies were detected by ELISA essen-
tially as described previously [47]. The recombinant HisgMSP14g
(200 ng/well) antigen was employed as the solid phase bound anti-
gen. A peroxidase conjugated goat anti-mouse IgG (Sigma) or goat
anti-rabbit IgG (Sigma) was applied at a final dilution of 1:2000,
while the mice or rabbit sera were tested at serial dilutions start-
ing from 1:200. Specific anti-MSP1;g4 titres were determined as the
highest dilution yielding an ODg49, higher than 0.1. Detection of
IgG subclass responses was performed as described above, except
that the secondary antibody was specific for mouse IgG1, IgG2b
and IgG2c (Southern Technologies). The results are presented as
mean + SD.

The amount of IFN-v secreted into cell culture supernatants was
determined with 106 spleen cells collected from different immu-
nisation groups and cultivated in flat-bottom 96-well plates in a
final volume of 200 pl. The HisgMSP1;9 protein was added to the
culture at a final concentration of 1 or 10 wg/ml. After 120h, the
supernatants were collected for cytokine determination. Cytokine
concentration was estimated by capture ELISA using antibodies and
recombinant cytokines purchased from Pharmingen (San Diego,
CA) as previously described [49]. The cytokine concentration in
each sample was determined with standard curves created with
known concentrations of recombinant mouse IFN-y. The detection
limit of the assay was 0.2 ng/ml.

Determination of TLR5 bioactivity with native or recombinant
flagellins, as well as with HisgMSP14g or HisgFliC-MSP1,9, was per-
formed with a HEK293 cell line expressing mouse TLR5 (Invivogen).
This cell line does not display TLR-expression and is irresponsive
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to stimulation with TLR agonists unless the receptors are trans-
fected. The cells were maintained in DMEM media supplemented
with10% FBS and 10 p.g/ml of blasticidin. Non-transfected or TLR5-
transfected HEK293 cells (5 x 104 cells/well) were grown overnight
in 96-well plates and stimulated with the recombinant proteins for
5 h. The culture supernatants were collected, and the concentration
of secreted human HulL-8 was measured using a Human IL-8 ELISA
Kit (BD Biosciences) following the protocol recommended by the
manufacturer.

2.5. Cultivation of P. falciparum-infected erythrocytes

P. falciparum 3D7, FCR3 [50] and S20 [51] strains were cultured
in candle jars as described elsewhere [52]. Briefly, P. falciparum-
infected erythrocytes were cultivated in fresh type O* human
erythrocytes (Blood Center - UNICAMP) suspended at a 4% final
hematocrit in complete medium (RPMI 1640; Sigma) supple-
mented with 10% of homologous human plasma and adjusted to
pH 7.2. In some experiments, parasites were synchronised (+6 h)
by repeated 5% sorbitol treatment as described elsewhere [53].

2.6. P. falciparum slide preparation and indirect
immunofluorescence assay (11A)

Assays were performed with 10-well IIA slides containing late
stage forms of P. falciparum enriched in a Voluven® (Fresenius)
gradient as described elsewhere [53]. The infected erythrocytes
were diluted 1:1 in fetal bovine serum (FBS), spread on IIA
slides (20 ul/well), fixed in acetone for 10min and air dried.
Pooled sera from different immunisation groups were diluted
1:100 in PBS, applied to the slides and kept for 30min in a
humid chamber at 37 °C. The slides were extensively washed with
PBS and incubated with 20 pg/ml of Alexa Fluor 488-conjugated
goat anti-mouse IgG (Molecular Probes) and 100 pg/ml of 4',6-
diamidino-2-phenylindole (DAPI) (Molecular Probes) for 30 min in
a humid chamber at 37 °C. After several washes with PBS, the slides
were sealed with coverslips and viewed under an immunofluores-
cence microscope. For liquid phase IIA, the infected erythrocytes
were fixed in 2% paraformaldehyde and then diluted in FBS. Pooled
sera from rabbits were added in a final dilution of 1:20 and kept for
60 min at 37 °C. After two washes with FBS, the cells were incubated
with 100 pg/ml of Alexa Fluor 568-conjugated goat anti-rabbit IgG
(Molecular Probes) and 200 pg/ml of DAPI (Molecular Probes) for
30min at 37 °C. The cells were washed twice with FBS and viewed
under an immunofluorescence microscope on slides sealed with
coverslips.

2.7. Growth inhibition assay (GIA)

The merozoite invasion inhibition assay using the sera from
the rabbits was essentially performed as previously described [54].
Briefly, trophozoite synchronised P. falciparum 3D7, S20 and FCR3
cultures with a parasitemia of 4.0% and a hematocrit of 4.0% were
cultured in micro-plates (50 wl) in the presence of increasing con-
centrations of rabbit sera at 37 °C for 24-30h. As positive control,
we used a pool of 4 human sera collected from malaria immune
adults from Ghana kindly provided by Dr. Marcelo U. Ferreira (Uni-
versity of Sdo Paulo). In order to quantify the parasitemia, blood
smears from each well were stained with Giemsa and then analysed
by counting the number of rings in at least 500 erythrocytes.

2.8. Statistical analyses

One-way ANOVA, Student’s t-test, Tukey’'s HSD test and
Kruskal-Wallis one-way analysis of variance were used to compare
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the differences between the mean values of the tested immunisa-
tion groups.

3. Results

3.1. Production, purification and TLR5 bioactivity of
flagellin-related peptides

In the present study, we generated two recombinant proteins:
the P. falciparum MSP119 peptide linked to a hexa-histidine tag
(HisgMSP119) and a fusion protein consisting of the MSP1,9 pep-
tide linked to the C-terminal end of FliC (HisgFliC-MSP149). The
schematic representation of each of the recombinant polypeptides
and purified proteins separated by SDS-PAGE are presented in
Fig. 1A and B, respectively. The native FliC protein purified from
the monophasic S. Typhimurium SL3201 strain was used as control
in the immunologic assays.

To determine whether the fusion polypeptide retained the abil-
ity to bind to TLR5, HEK293 cells transfected with the mouse TLR5
receptor gene were cultured in the presence of increasing concen-
trations of the recombinant protein and recombinant or native FliC
(positive controls). Exposure to both the native and recombinant
S. Typhimurium FliC and to the hybrid HisgFliC-MSP1,g protein
induced the production of HulL-8 by TLR5-transfected HEK293 cells
(Fig. 1C). On a molar basis, all proteins showed similar HulL-8
induction. In contrast, TLR5-transfected HEK293 cells exposed to
HisgMSP14g protein did not secrete significant levels of HulL-8. We
also used as control non-transfected HEK293 cells. After exposure
to the recombinant proteins these cells did not produce HulL-8
(Fig. 1C). These results clearly demonstrate that the MSP1,9 C-
terminal fusion did not impair the TLR5-specific bioactivity of the
FliC in the E. coli recombinant protein.

3.2. Induction of MSP1;9-specific antibody responses in mice
immunised with MSP19-derived peptides genetically fused to FliC

The serum IgG responses to P. falciparum MSP1,9 were deter-
mined in C57BL/6 mice immunised subcutaneously with the
purified HisgMSP114 protein (5 pg/dose) emulsified in complete or
incomplete Freund’s adjuvant (CFA/IFA). Mice parenterally immu-
nised with the recombinant protein in the presence of CFA/IFA
developed significantly higher MSP11g9-specific IgG titres than mice
immunised with the HissMSP1:9 protein alone (p<0.01). Max-
imal IgG antibody titres were achieved after the second dose
(Fig. 2A). Mice immunised with the recombinant fusion protein
HisgFliC-MSP119 alone developed significantly higher MSP1;9-
specific IgG titres than mice immunised with the HisgMSP14g
protein alone (p<0.01). Mice immunised twice with the recom-
binant HisgFliC-MSP1,9 protein or with HisgMSP1;9 emulsified
in CFA/IFA showed a statistically significant difference in their
MSP119-specific antibody titres in favour of the latter group
(p<0.01). Nevertheless, after a third immunising dose, no differ-
ence was observed between the specific IgG titres from these
two mouse groups (p >0.05), indicating that, after three doses, the
fusion to FliC conferred the same immunogenicity to the hybrid
MSP119 protein as the non-fused antigen emulsified in CFA/IFA,
as measured by the serum antigen-specific IgG levels (Fig. 2A). The
adjuvant effect of HisgFliC-MSP119 cannot be attributed to contam-
inating LPS since immunisation of C57BL/6 TLR4 knock-out mice
(non-responsive to LPS) with HisgFliC-MSP11g elicited MSP14g-
specific IgG responses similar to those found in wild type mice (data
not shown).

Addition of other adjuvants to HisgFliC-MSP14g, specifically CpG
ODN 1826, CFA, IFA and Quil-A, increased the antigen-specific anti-
body responses when compared to mice immunised only with

A M s, wspP,,

| | Flic

I .

His ¢ FIiC-MSP1 4o

[ Histidine tag — 6 a.a.
[ Fiic - 490 a.a.
B vsP1 ;- 91aa.

(B) KDa 1 2 3 4
—
160 -
76 -
50 -
35 -
30 -
15 -
10 -
(C) 30
O fFiic
o HishFIicMSPIW
= 25 & HisMSP1,
-E_ ® Flic
2 m Flic
= 9 A HisFlicMsP1,,
E v His,MsP1,,
B 15
o
]
Q
w 10
5

0

T T T T T T
10* 10° 102 10" 10° 10" 107
Stimulus (uM)

Fig. 1. Generation and characterisation of recombinant P. falciparum MSP1;9-
derived peptides. (A) Schematic representation of the recombinant proteins
used in the present study. (B) SDS-PAGE analysis of the recombinant proteins.
Lanes: 1, molecular weight markers; 2, purified HissMSP119 protein; 3, purified
S. Typhimurium FliC flagellin; 4, purified recombinant HisgFliC-MSP1;9 protein.
Each lane was loaded with approximately 1 wg of protein, separated on a 15%
polyacrylamide gel and stained with Coomassie Blue. (C) HulL-8 secretion by
TLR5-transfected HEK 293 cells. Non-transfected HEK293 cells (white symbols)
and TLR5-transfected HEK293 cells (black symbols) were stimulated for 5h with
different concentrations of native FliC, recombinant FliC (rFliC), HissMSP1;9 or
HisgFliC-MSP19 antigens as indicated. The amount of secreted HulL-8 in culture
supernatant was determined by capture ELISA. Data are representative of two exper-
iments with similar results.

the HisgFliC-MSP119 antigen (p<0.05), as observed by compari-
son of the specific IgG titres following the two immunising doses.
However, after three doses, the presence of adjuvants did not
significantly change the magnitude of the MSP1,g-specific IgG
responses (Fig. 2A). These results clearly show that immunisation
with the MSP1;9-peptide fused to FliC was capable of inducing
high IgG antibody titres even in the absence of other admixed
adjuvants.
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Fig. 2. Induction of total IgG responses to MSP1,9 and Ig subclass determination in
serum samples of mice immunised with the malarial recombinant proteins. Female
C57BL/6 mice were immunised three times, either with 5 ug of the recombinant
protein HissMSP149 alone or emulsified in CFA/IFA (1:1, v/v), or with 25 pg of the
recombinant fusion protein HisgFliC-MSP1;9 alone or admixed with the following
adjuvant formulations: (i) 10 g of CpG ODN 1826 emulsified in IFA (1:1, v/v), (ii)
2.5 g Quil-A and (iii) CFA/IFA (1:1, v/v). (A) MSP149-specific total IgG titres after
the second and third doses. All mice immunised with HissMSP1;9 in CFA/IFA or
with HisgFliC-MSP149 had higher IgG titres than the control groups (p<0.01). (B)
IgG subclass responses and IgG1/IgG2c ratios in mice submitted to the different
immunisation regimens. Data are representative of two experiments using six mice
per group.

In order to determine the quality of the humoral immune
responses, we measured the IgG subclasses of the MSP19-specific
antibody responses elicited in mice parenterally immunised with
the recombinant proteins. Mice immunised with HisgMSP14g
emulsified in CFA/IFA developed high MSP1g-specific IgG1, IgG2b
and IgG2c titres, with an IgG1/IgG2c ratio equal to 10 (Fig. 2B).
The recombinant fusion protein HisgFliC-MSP149 alone induced a
less balanced subclass response, with low IgG2c and high IgG1 and
IgG2b MSP14g-specific titres and an IgG1/IgG2c ratio equal to 79
(Fig. 2B). The addition of other adjuvants to the HisgFliC-MSP19
immunisation regimen was not capable of changing the MSP149-
specific IgG1 or IgG2b responses, but addition of IFA plus CpG
ODN 1826, or Quil-A increased the MSP14g-specific IgG2csubclass
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Fig. 3. IFN-vy secretion by in vitro-cultured spleen cells harvested from vaccinated
mice. Splenocytes collected from different mouse groups immunised as described in
Fig. 2 were cultured in medium alone or in the presence of the HissMSP19 protein
(1 or 10 wg/ml) for 120 h. The IFN-y concentration in the culture supernatants was
monitored by ELISA. Results are expressed as individual values for each animal and
bars represent the median. Data are representative of two experiments using four
or five mice per group. Asterisks denote that values obtained from mice immunised
with the recombinant fusion protein HisgFliC-MSP1,9 in the presence of adjuvants
CpG ODN 1826 emulsified in IFA or Quil-A were significantly higher than the values
obtained from mice immunised only with HisgFliC-MSP149 (p <0.01 for both antigen
concentrations, Kruskal-Wallis).

response, leading to a more balanced IgG1/IgG2c ratio (6.3 and 1.0,
respectively) (Fig. 2B).

3.3. Incorporation of CpG ODN 1826 and IFA, or Quil-A to the
fusion protein induced more IFN-y secretion by immune spleen
cells in response to HisgMSP11g in vitro

To further characterise the cellular-mediated immune
responses (CMI) induced by vaccination with the recombi-
nant proteins, we determined the secreted IFN-y produced by
spleen cells of mice immunised with the different vaccine for-
mulations. As shown in Fig. 3, spleen cells from mice immunised
with HisgMSP11g9 secreted IFN-y in response to the antigen only
when administered with the CFA/IFA emulsion. On the other hand,
spleen cells from mice immunised with HisgFliC-MSP119, even
when administered in the absence of other adjuvants, secreted
modest, but significant, amounts of IFN-y following incubation
with the recombinant protein. Nevertheless, addition of IFA/CpG
ODN 1826 or Quil-A to the formulations containing HisgFliC-
MSP1,9 improved the cellular immunogenicity of the antigen, as
measured by the amount of IFN-y secreted by spleen cells upon in
vitro stimulation (Fig. 3). Together, these results indicate that the
addition of the TLR9 agonist CpG ODN 1826 or Quil-A balanced the
immune response pattern and improved the activation of specific
cell-dependent immune responses, as evaluated by the IFN-y
secretion from spleen cells.

3.4. Antibodies generated in mice immunised with
HisgFliC-MSP1 19 recognised in vitro-cultured P. falciparum 3D7
parasites

Sera from mice immunised with HisgFliC-MSP1,9 were used in
immunofluorescence assays with P. falciparum 3D7 parasites cul-
tured under in vitro conditions. The MSP11g9-specific antibodies
bound to epitopes exposed on the surface of the parasites, clearly
show that the antibody immune responses raised after immunisa-
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Fig. 4. MSP149-specific antibodies generated in vaccinated mice recognise the
native protein expressed by P. falciparum 3D7 parasites. Glass slides containing
infected cells were incubated with pooled sera, diluted 1:100 in PBS, from mice
immunised as indicated. IIA were carried out with bound IgG stained with Alexa
Fluor 488. Parasite nuclei were stained with DAPI. Data are representative of two
experiments with similar results.
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Fig. 5. Rabbits immunised with HisgFliC-MSP149 induced specific anti-MSP149 anti-
bodies that recognise P. falciparum parasites. Two rabbits were immunised with
four, 200 g doses of HisgFliC-MSP149, and one rabbit received four, 50 g doses of
FliC. (A) MSP149-specific total IgG titres after each dose. The rabbits immunised with
HisgFliC-MSP149 had higher IgG titres than the rabbit immunised with FliC (p <0.01).
(B) After four immunising doses, serum samples were tested in liquid phase IIA with
P. falciparum 3D7 parasites. Surface bound IgG was stained with Alexa Fluor 568,
while parasite nuclei were detected with DAPL

tion with the recombinant proteins are specific against the epitopes
that are naturally expressed by the parasite (Fig. 4).

3.5. Immunisation of rabbits with HisgFliC-MSP1 9 induced
antibodies that inhibited invasion of parasites of distinct strains in
vitro

Two rabbits were immunised with HisgFliC-MSP149, and a third
rabbit was immunised with FliC as a control. The two rabbits
injected subcutaneously with HisgFliC-MSP14g raised higher spe-
cific anti-MSP149 IgG titres as compared to the animal injected with
FliC (p <0.01), which had undetectable anti-MSP11g4 titres (Fig. 5A).
The anti-MSP1;9 IgG titres in the immunised rabbits achieved
maximal values following the third dose (Fig. 5A). Additionally,
pooled sera from the two rabbits immunised with HisgFliC-MSP119
labelled surface-exposed epitopes of the P. falciparum 3D7 strain,
in contrast to the serum harvested from the rabbit immunised with
FliC (Fig. 5B).

After four immunising doses, the sera of the three rabbits were
used to perform growth inhibition assays (GIAs) with the para-
sites of three P. falciparum strains. The P. falciparum 3D7, S20 and
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FCR3 strains were grown in vitro, and serum samples of the immu-
nised rabbits were added to the cultures at three different dilutions.
Serum samples of the two rabbits immunised with HisgFliC-MSP14g
efficiently inhibited invasion of erythrocytes by the parasites of the
different P. falciparum strains (inhibition values ranged from 66%
to 89% of normal invasion), whereas serum samples of the rabbit
immunised with FliC did not efficiently inhibit parasite invasion
(inhibition values ranged from 11 to 21%) (Fig. 6). Analyses of the
MSP149 nucleotide sequences of these three P. falciparum strains
showed identity of at least 97.7% (data not shown). These results
clearly show that antibodies raised in rabbits following immunisa-
tion with HisgFliC-MSP14g, in the absence of admixed adjuvants,
can specifically inhibit erythrocyte invasion by different P. falci-
parum strains, an essential step of the parasitic life cycle.
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Fig. 6. Sera from rabbits immunised with HisgFliC-MSP149 inhibited erythrocyte
invasion by P. falciparum 3D7, S20 and FCR3 strains. The parasites were cultured in
vitro in the presence of sera from rabbits at different dilutions (1:2, 1:5 or 1:10). After
24-30h of incubation, parasitemia was determined in blood smears by counting the
number of rings in at least 500 erythrocytes. Results are shown as mean + SD of three
cultures from each strain and serum sample dilution. Erythrocyte invasion inhibition
values were determined in relation to the control, a parasite sample prepared with
no added sera. Percentages of erythrocyte invasion mediated by the different tested
sera are shown only for the 1:2 serum dilutions. In the lower panel, pooled human
serum from malaria immune individuals (HI) was used to inhibit the erythrocyte
invasion by P. falciparum 3D7 strain. Data are representative of two experiments.
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4. Discussion

In the present study, we tested whether the proteic innate
immunity activator (Salmonella FliC) acts both as an adjuvant for
specific humoral and cellular immune responses and an antigen
molecular carrier to be used as a simple and inexpensive strategy
to improve the immunogenicity of P. falciparum MSP14g, one of the
best studied malaria vaccine candidates. Parenteral immunisation
with the fusion protein HisgFliC-MSP14g elicited strong adaptive
immune responses in vaccinated mice. The immunogenicity of the
malaria vaccine formulation could be further modulated with the
use of additional TLR agonists, such as CpG ODN 1826, as well as
with commercially available adjuvants, such as Quil-A. In our previ-
ous study, we described the adjuvant potential of FliC independent
of the molecular carrier effect. The magnitude of the antibody
immune response was similar using FliC admixed or genetically
fused to P. vivax HisgMSP14g9. Nevertheless, upon stimulation with
P. vivax HisgMSP149, IFN-y secretion by immune spleen cells from
mice immunised with FliC genetically fused to HissMSP19 was sig-
nificantly higher than the secretion from cells of mice immunised
with HisgMSP1:9 admixed to FliC [46]. Therefore, we concluded
that if there is a carrier effect, it is not related to the antibody pro-
duction but rather to the expansion of IFN-y producing cells. We
did not consider important to repeat these same experiments with
P. falciparum MSP119 because we see no reason why it would be
significantly different.

The present study reproduces and extends recent reports on
the use of Salmonella flagellin as an adjuvant and antigen carrier,
allowing additional plasticity to the design and production of vac-
cine antigens endowed with enhanced immunogenicity [31-42].
Indeed, recent studies in non-human primates extend the knowl-
edge obtained for murine hosts, strongly arguing in favour of future
clinical trials [43-45].

The protective nature of antibodies targeting the C-terminal
domain of the P. falciparum MSP-1 protein has been thoroughly
documented in a number of in vitro and in vivo studies. In vitro,
antibodies directed against P. falciparum MSP1,9, which were
obtained from immune individuals, were highly inhibitory for para-
site growth [55]. In vivo, studies on non-human primates confirmed
that protective immunity elicited by vaccination with recombinant
proteins correlates with the antibody titres to this specific region of
the MSP-1 protein [16,18,19]. In spite of these promising results in
some non-human primate models, the observed protective immu-
nity is strain-specific and requires the use of specific adjuvants,
some of them endowed with high toxicity and, thus, can not be
used in humans [16].

Based on the promising results in the experimental models of
malaria infection, a recent phase IIb vaccine trial was performed
in Africa [56]. In this clinical trial, children were vaccinated with
a formulation containing a recombinant His-tagged fusion protein
encompassing the MSP-1 42 kDa C-terminal fragment of the P. fal-
ciparum 3D7 strain (FMP1) formulated with the adjuvant AS02 [56].
This vaccine formulation was shown to be safe and immunogenic,
as demonstrated by detection of specific antibody titres by ELISA.
Unfortunately, the trial failed, and no significant reduction in the
incidence of malaria infection could be observed in children receiv-
ing the FMP1/AS02 formulation [56]. The precise reason why the
vaccination failed should be investigated. It might be attributed
to the polymorphism of the MSP-1 protein. This fact may be rele-
vant for the interpretation of the results, considering that protective
immunity to the C-terminal region of P. falciparum MSP-1 can be
strain-specific and antibodies targeting this antigen may not show
parasite inhibitory activity [16,57]. Furthermore, some of the MSP-
1-specific antibodies are endowed with the ability to block the
parasite activity of inhibitory antibodies [58]. Although negative,
these results do not completely refute that the C-terminal region
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of P. falciparum MSP-1 could still be part of a subunit malaria vac-
cine in a new recombinant form or formulation. Currently, the
immunogenic properties of distinct recombinant proteins are being
compared in experimental animals to select possible candidates
for human trials [59]. In that scenario, our approach may help in
the search for an ideal malarial vaccine formulation containing
blood stage antigens with increased immunogenicity and improved
potency, which will generate antibodies that proficiently inhibit the
late steps of parasite development.

Although it was described that flagellin is a natural agonist
of at least three innate immune receptors, TLR5 [24,30], Ipaf
(ICE protease-activating factor) [23,25] and Naip5/Bircle (Neu-
ronal Apoptosis Inhibitory Protein) [26-29], it is very likely that
the mechanism that mediates the adjuvant properties of flagellin
involves the activation of TLR5 in antigen-presenting cells. A recent
work showed that a conserved region in both human and mouse
TLR5 is responsible for the recognition of flagellin, and another
recent study showed that the direct stimulation of TLR5* CD11c*
dendritic cells (myeloid DCs) via TLR5 is necessary for flagellin adju-
vant activity [60], which would act mainly by upregulating CD80,
CD83, CD86 and MHC class I in these cells. Nevertheless, one lab-
oratory suggests that murine DCs do not express TLR5 [61] and
another showed that, in the absence of the TLR5, flagellin is capa-
ble of inducing a humoral immune response despite a lack in DC
maturation [62]. Additionally, flagellin has been shown to activate
APC through inhibition of IL-10 secretion, an immunosuppressive
cytokine [63], resulting in a higher adaptive immune response.
Therefore, the exact mechanism(s) by which flagellin acts as an
adjuvant in these models remains to be elucidated. It is possible
that another unknown receptor might be playing a relevant role in
this scenario. Despite these unanswered questions, it seems that
human myeloid DCs express higher levels of TLR5 than murine DCs
[61], which would be an advantage for the development of a vaccine
for humans using the strategy of antigen fusion to flagellin.
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The Apical Membrane Antigen 1 (AMA-1) is considered a promising candidate for development of a
malaria vaccine against asexual stages of Plasmodium. We recently identified domain II (DII) of Plasmod-
ium vivax AMA-1 (PvAMA-1) as a highly immunogenic region recognised by IgG antibodies present in
many individuals during patent infection with P. vivax. The present study was designed to evaluate the
immunogenic properties of a bacterial recombinant protein containing PvAMA-1 DII. To accomplish this,
the recombinant protein was administered to mice in the presence of each of the following six adjuvants:
Complete/Incomplete Freund’s Adjuvant (CFA/IFA), aluminium hydroxide (Alum), Quil A, QS21 saponin,
CpG-ODN 1826 and TiterMax. We found that recombinant DIl was highly immunogenic in BALB/c mice
when administered in the presence of any of the tested adjuvants. Importantly, we show that DII-specific
antibodies recognised the native AMA-1 protein expressed on the surface of P. vivax merozoites isolated
from the blood of infected patients. These results demonstrate that a recombinant protein containing
PvAMA-1 DII is immunogenic when administered in different adjuvant formulations, and indicate that
this region of the AMA-1 protein should continue to be evaluated as part of a subunit vaccine against
vivax malaria.

Keywords:

Malaria

Plasmodium vivax
Recombinant vaccine

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction P. vivax infection demands the development of new strategies to

prevent infection, such as vaccines, new drugs and insecticides [5].

In contrast to reports from the last decade that characterised
Plasmodium vivax malaria as a benign infection, P. vivax is now
recognised as a cause of severe disease and death [1-3]. Recent
data indicate that 130-435 million infections occur annually, and
an estimated 2.6 billion people live in areas at risk of infection
[4]. P. vivax is responsible for more than 70% of malaria cases in
South and Central America, and is considered the most prevalent
Plasmodium species in the Americas [1]. In Brazil, 270,000 P. vivax
infections were reported in 2008, accounting for 85% of all malarial
infections that year (SIVEP/Malaria, Ministry of Health, Brazil). The
relatively low efficacy of the measures currently used to control
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Faculdade de Ciéncias Farmacéuticas, Universidade de Sdo Paulo, Av. Prof. Lineu
Prestes, 580, Cidade Universitaria, 05508-900 Sdo Paulo, SP, Brazil.
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0264-410X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.07.017

Research aiming to characterise target antigens of P. vivax for
vaccine development has been limited by both the difficulty of
obtaining large amounts of parasites (at the present time there
is no efficient culture system for P. vivax), and the low levels
of parasitemia in infected individuals. In the last 20 years, how-
ever, rapid advances have been made in the isolation, cloning and
sequencing of genes encoding immunologically important anti-
gens of this species of Plasmodium. These advances have allowed
the generation of recombinant proteins corresponding to different
antigenic regions, which are being used in immuno-epidemiologic
and pre-clinical immunisation studies that aim to improve our
understanding of the human immune response, and to develop an
efficient vaccine against P. vivax [6-10].

Among the antigens already characterised in blood stage para-
sites, one of the main candidates for the development of a vaccine
against Plasmodium is the Apical Membrane Antigen 1 (AMA-1).
Plasmodium AMA-1 is a highly conserved type I integral membrane
protein [11] with orthologues in at least two species of the Phy-
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Fig. 1. SDS-PAGE analysis and RP-HPLC profile of purified recombinant protein containing PvAMA-1 domain II. The recombinant protein containing PvAMA-1 domain II
(DII) was expressed in Escherichia coli using the pET28a vector, which contains an oligonucleotide sequence encoding a histidine tag. The DII protein was purified from
the supernatant of the bacterial lysate using Ni?*-NTA-Agarose resin (Qiagen). Eluted fractions were subjected to 12% SDS-PAGE under reducing (R) and non-reducing (NR)
conditions, and stained with Coomassie Blue (A). Purified PvAMA-1 DIl was analysed by RP-HPLC using a C4 column. The gradient used for elution was developed using Buffer
A (0.1% TFA in water) and Buffer B (0.1% TFA in 90% acetonitrile); temperature, 24 °C at 1 ml/min for 40 min (B).

lum Apicomplexa, Babesia bovis [12] and Toxoplasma gondii [13]. In
Plasmodium blood stage parasites, AMA-1 is initially present in the
micronemes, and is later present on the surface of mature mero-
zoites [14]. This protein contains a pro-sequence, a cysteine-rich
ectodomain, a transmembrane domain and a cytoplasmic region.
The disulphide bonds formed by the cysteine residues promote the
separation of the ectodomain into three domains designated I, 11and
[II[11]. The three-dimensional structure of P. vivax AMA-1 (PvAMA-
1) was elucidated by Pizarro et al. [15] using a recombinant protein,
produced in P. pastoris, that contains the entire protein ectodomain
[16]. The resolution of this structure confirmed a conformation
similar to that initially suggested by the protein primary struc-
ture, consisting of three domains with 16 cysteine residues forming
eight disulphide bonds. Two domains (I and II) formed “PAN” mod-
ules, which are frequently associated with protein-protein and
protein—carbohydrate interactions [15].

The precise biological role of AMA-1 is unknown; however, sev-
eral lines of evidence suggest its involvement in the invasion of
erythrocytes by Plasmodium, during which it forms a complex with
other proteins to create a moving junction between the parasite
and the host cell membranes [17-19]. Moreover, the expression
of AMA-1 has also been detected in micronemes of P. falciparum
sporozoites, and specific antibodies against PFAMA-1 inhibit the
invasion of hepatocytes by P. falciparum [20]. These findings have
important implications for the prospective use of this antigen in a
subunit vaccine. It is worth noting that attempts to “knock-down”
the ama-1 gene in P. falciparum blood stage parasites or Toxoplasma
gondii have failed, suggesting that the presence of the AMA-1 pro-
tein is critical for the survival of these parasites [21,22].

Kocken et al. [23] described a monoclonal antibody (MAb 4G2)
to AMA-1 capable of inhibiting the invasion of P. falciparum in vitro.
This monoclonal antibody recognises a conformational epitope
within the base of a loop, in domain II of the PPFAMA-1 ectodomain
[15,24]. Recently, Collins et al. [25] data suggests that MAb 4G2
inhibits invasion by blocking the formation of a functional complex
between PfAMA-1 and other components of the moving junction.
These observations were an important step in the identification of
functional regions of AMA-1 and may lead to the development of
subunit vaccines of low molecular weight that are able to efficiently
induce protective immune responses.

Several groups are currently conducting pre-clinical vaccine
trials using AMA-1 to immunise mice against P. chabaudi and P.
yoelii, and to immunise monkeys against P. knowlesi, P. fragile,
P. vivax, P. cynomolgi and P. falciparum. Although other vaccine
strategies, such as synthetic peptides, plasmid DNA, viral vectors
and virosomes, are also being explored, most efforts have focused
on recombinant AMA-1 vaccines, which require an adjuvant to
improve their immunogenicity. Many adjuvant formulations have

been tested, including Freund’s Adjuvant, saponin, Montanide ISA-
720, AS02 and aluminium salts. In several distinct model systems,
immunisation with AMA-1 has conferred significant protection
against challenges with blood stage parasites of different Plasmod-
ium species. Based on these promising results, Phase I and Il clinical
trials of PFAMA-1 vaccines are currently in progress (reviewed by
Remarque et al. [9]).

In contrast to PFAMA-1, few studies have addressed the poten-
tial use of PvAMA-1 as a malaria vaccine. We conducted the
first study of the human naturally acquired immune response to
PvAMA-1 [26]. Recombinant AMA-1 proteins produced in bac-
teria or yeast were recognised by antibodies, predominantly of
the IgG1 subclass, from several individuals with patent infection.
Other studies characterising the naturally acquired human immune
response to PvAMA-1 were carried out in different areas of Brazil in
which malaria is endemic [27,28] and Sri Lanka [29]. These studies
confirmed that AMA-1 is highly immunogenic during human infec-
tions. It is noteworthy that studies carried out in endemic areas of
Kenya demonstrated that the presence of antibodies that recog-
nise the ectodomain of AMA-1 of P. falciparum is associated with a
reduced risk of clinical malaria [30].

Based on these studies, we generated five recombinant proteins
corresponding to individual domains (DI, DII and DIII) or com-
binations of domains of PvAMA-1 (DI-II and DII-III) to identify
particularly antigenic regions of this protein that could be used in
future pre-clinical immunisation studies in mice and non-human
primates [31]. When we evaluated the production of IgG antibod-
ies against each of the five recombinant proteins, we observed that
the three proteins that contained domain II of the ectodomain of
PvAMA-1 were highly immunogenic in humans; each of these pro-
teins was recognised by IgG from more than 50% of the individuals
with patent P. vivax infection [31]. Our data demonstrate that DII
is particularly immunogenic during natural infection, since it was
recognised even when associated with domains I and III.

The determination that DII was particularly immunogenic can
be important to the design of a recombinant subunit vaccine. In
contrast to the bacterial recombinant protein containing the entire
ectodomain of PvAMA-1, the recombinant DII is highly soluble
when expressed in bacteria, a fact that may facilitate its large-scale
production. Also, smaller antigenic polypeptide can facilitate the
generation hybrid proteins containing multiple relevant domains
of malarial antigens and/or carrier proteins.

Based on that, the present study was designed to evaluate the
immunogenic properties of a bacterial recombinant PvAMA-1 DII
when administered to mice in the presence of different adjuvant
formulations. Our goal was to determine the immunogenicity of
this recombinant protein and select formulations that can be used
in future non-human primate immunisations.
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Fig. 2. Reactivity of the monoclonal antibodies with recombinant DII. Recombinant DII (1 wg) was subjected to 12% SDS-PAGE performed under reducing (R) and non-reducing
(NR) conditions. Immunoblotting was performed using the indicated monoclonal antibodies. Bands were visualised using the ECL Western blotting analysis system.

2. Methods

2.1. The expression and purification of recombinant proteins
corresponding to P. vivax AMA-1

E. coliBL21 (DE3) cells (Novagen) were transformed with recom-
binant plasmids containing the nucleotide sequence encoding
domain II (DII, amino acid residues 249-385) of P. vivax AMA-
1. The proteins were expressed by inoculating 200 ml of Luria
broth (Invitrogen) containing 30 p.g/ml of kanamycin with 8 ml of
a culture grown overnight. The cultures were grown with contin-
uous shaking at 37°C to an optical density of 0.6-0.8 at 600 nm
and then induced for 3 h under constant agitation at 37°C in the
presence of 0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG,
Invitrogen). The bacteria were pelleted by centrifugation and son-
icated as previously described [31]. Sonicates were centrifuged
to remove bacterial debris, and the recombinant His-tagged pro-
teins were purified by affinity chromatography in Ni-NTA-agarose
(Ni Sepharose High Performance, Amersham Biosciences) as pre-
viously described [31]. The purified proteins were analysed by
12% SDS-PAGE followed by immunoblotting using a mouse mon-
oclonal anti-histidine antibody (anti-His, GE Healthcare). Protein
concentrations were determined by Bradford assay (BioRad). The
recombinant protein containing the entire ectodomain (E) was
obtained from the pellets of bacterial lysates. Its subsequent denat-
uration, purification and refolding were performed as described
previously [26,31].

Purified PvAMA-1 DII was analysed by reverse phase high-
performance liquid chromatography (RP-HPLC) using a Vydac C4
column (4.6 mm x 250 mm; 300 wm particle size) in a Shimadzu LC
Solution (Shimadzu Corp., Kyoto, Japan) HPLC system. The HPLC
procedure was performed using an acetonitrile gradient from 0
to 100% in 0.1% trifluoroacetic acid (TFA)/90% acetonitrile at room
temperature (~24 °C) at 1 ml/min for 40 min. The elution was moni-
tored with a UV-visible absorbance detector (Shimadzu SPD M20A)
at 214 nm.

2.2. The production of mouse monoclonal antibodies to
recombinant PvAMA-1 DII

BALB/c mice were immunised twice with 20 ug of recombi-
nant PvAMA-1 DII emulsified in Complete/Incomplete Freund’s
Adjuvant (CFA/IFA, Sigma). Spleens of immunised mice were
removed, and splenocytes were fused with myeloma cells (SP2/0)
using polyethylene glycol 4000 (Merck, Darmstadt, Germany).
Hybridomas were grown for 2 weeks, and samples of the media
from these cultures were screened for DII-reactive antibodies
by ELISA and immunoblotting. The positive hybridomas were
cloned and recloned by limiting dilution. The monoclonal antibod-
ies (MADbs) used in this study were K,14, K539, K,43, K,68 and
K;72.

2.3. Immunoblotting

Recombinant PvAMA-1 DII was subjected to SDS-PAGE under
reducing and non-reducing conditions, and the proteins were
electrophoretically transferred onto nitrocellulose membranes
(Hybond ECL, Amersham). Molecular mass standards (Fermentas
Life Sciences) were visualised with Ponceau S staining solution, and
the membranes were blocked overnight at 4°C in PBS containing
5% dry non-fat milk and 2.5% BSA (PBS-milk-BSA). Membranes were
then incubated for 1 h with anti-DII monoclonal antibodies at the
final concentration of 0.1 wg/ml. After washing membranes exten-
sively with PBS containing 0.05% Tween 20 (PBS-Tween), bound
antibodies were detected by incubating the membranes with a
1:1000 dilution of peroxidase-coupled goat anti-mouse IgG (KPL)
followed by enhanced chemiluminescence reagent (ECL, Amer-
sham Biosciences).

2.4. Adjuvant preparation and immunisation schedule

Six to eight-week-old female BALB/c mice were purchased
from University of Sdo Paulo, Brazil. Groups of six animals were
immunised subcutaneously (s.c.) in both their hind footpads with
10 wg of recombinant PvAMA-1 DII emulsified in CFA in a vol-
ume of 50 pl. After 15, 30 and 45 days, each animal received
a booster injection of 10 g of the same protein emulsified in
IFA injected s.c. at the base of the tail. The same protocol was
used for immunisation with the DII antigen emulsified in 25 g
of Imject® Alum (Pierce, Rockford, 11), Quil A (Superfos Biosector),
QS21 saponin [32] or 10 g of CpG-ODN 1826 (TCCATGACGTTCCT-
GACGTT) synthesised with a nuclease-resistant phosphorothioate
backbone (Prodimol Biotecnologia). For immunisation with Titer-
Max Gold® (Sigma), each mouse was immunised once s.c. in all
four footpads with 10 g of the protein emulsified in this adju-
vant in a volume of 25l as suggested by the manufacturer.
The subsequent doses of 10 g of soluble antigen were injected
s.c. at the base of the tail. Alternatively, the DII protein was
emulsified in alum in combination with QS21 or CpG-ODN 1826.
These adjuvants were administered at the same doses used for
immunisations with single adjuvants. Controls received only PBS
emulsified in adjuvant. Serum samples were collected for anal-
ysis 14 days after each dose was administered, and stored at
—20°C.

C57BL/6 (H-2P) mice and C57BL/6 TLR4 knockout mice (TLR4 KO,
non-responsive to LPS) were purchased from Federal University of
Sdo Paulo, Brazil. The immunisations schedule was the same used in
BALB/c mice, except that animals were immunised with DII protein
only or with the protein emulsified in Quil A.

All experiments were performed in accordance with the guide-
lines approved by the Ethics Committee for Animal Handling of
the Faculty of Pharmaceutical Sciences of the University of Sdo
Paulo.
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Fig. 3. Antibody responses of mice immunised with recombinant DII protein in
different adjuvant formulations. BALB/c mice were immunised with 10 wg of DII
proteinin the presence of different adjuvant formulations [CFA/IFA, Alum, Quil A, QS-
21, CpG-ODN 1826 or TiterMax] separately (A) or in combination [Alum +QS-21 or
Alum +CpG-ODN 1826] (B). ELISA plates were coated with the recombinant PvAMA-
1 ectodomain, and the specific anti-PvAMA-1 antibody titres were defined as the
highest dilution yielding an OD4g, higher than 0.1. Serial dilutions of mouse sera
(n=6) collected 2 weeks after each dose were tested. The results are expressed as
the means of IgG titres (log1o) = SEM and were compared statistically using one-way
ANOVA followed by the Tukey test for multiple comparisons. In panel A, significant
differences between each dose of DII in CFA/IFA and other groups that received the
protein are denoted on the graph: *P<0.05; **P<0.01; ***P<0.001. In panel B, signif-
icant difference between DII in Alum and combination of adjuvants are denoted on
the graph ***P<0.001. Data are representatives of three independent experiments.

2.5. ELISA for detection of mouse antibodies

Serum antibodies to PvAMA-1 were detected by ELISA as
described previously [31]. Recombinant PvAMA-1 proteins were
used as solid phase bound antigens. High-binding 96-well plates
(Costar) were coated with 200 ng PvAMA-1 protein in a volume of
50 wl per well. After overnight incubation at room temperature, the
plates were washed with PBS-Tween 20 (0.05%, v/v) and blocked
with PBS-milk-BSA (PBS, pH 7.4, containing 5% non-fat dry milk,
2.5% BSA) for 2 h at 37°C. The monoclonal and polyclonal sera of
mice were tested at serial dilutions in a final volume of 50 .1 of the
sample added to each well in duplicate, following incubation for 1 h
at room temperature. After washing the plates with PBS-Tween,
50wl of a 1:3000 dilution of the peroxidase-conjugated secondary
antibody (goat anti-mouse IgG, KPL) was added to each well.
The enzymatic reactions were developed by adding 1 mg/ml o-

phenylenediamine (Sigma) diluted in phosphate-citrate buffer, pH
5.0, containing 0.03% (v/v) hydrogen peroxide and stopped by
adding 50 .l of 4N H,SO4. Absorbances were read at 492nm
(ODg4gy ) with an ELISA reader (Awareness Technology, mod. Stat Fax
3200, EUA). Detection of specific IgG subclasses was performed as
described above except that the secondary antibody was specific to
mouse IgG1, IgG2a, IgG2b or IgG3 (purchased from Southern Tech-
nologies) when diluted to 1:8000. The specific anti-PvAMA-1 titres
were defined as the highest dilution yielding an OD4g, greater than
0.1. The results are expressed as means of IgG titres (log;g) & SEM.

2.6. Immunofluorescence assays (IFA)

Assays were carried out in 10-well IFA slides containing late
stage forms of P. vivax enriched using a Percoll® (Amersham) gra-
dient as described elsewhere [33]. Blood samples (5-10ml) from P.
vivax-positive patients living in Manaus, AM, Brazil were collected
into heparin-coated tubes. All patients provided informed consent,
and the procedure was approved by the Oswaldo Cruz Foundation
(FIOCRUZ) Research Committee. In brief, after plasma separation,
red blood cell pellets were washed three times and resuspended in
RPMI 1640 medium (Sigma) at 10% hematocrit. The cell suspensions
were aliquotted into 15 ml tubes (5 ml each) containing 5 ml of 45%
Percoll. After centrifugation, floating mature infected erythrocytes,
which were enriched up to 40-70%, were collected, washed and
resuspended in 10% foetal calf serum. The free merozoites were
obtained by mechanical lysis of infected erythrocytes and spread on
IFA slides (50 wl/well). Pooled sera from each immunisation group
or monoclonal anti-DII antibody (K,43) were diluted 1:50 in PBS
and applied to the slides, which were incubated 30 min in a humid
chamber at 37 °C. The slides were extensively washed with PBS and
then incubated with 10 wg/ml FITC-conjugated sheep anti-mouse
IgG (Sigma) and 100 wg/ml DAPI (4,6-diamidino-2-phenylindole,
dihydrochloride)(Molecular Probes) for 30 min in a humid chamber
at 37 °C. After several washes with PBS, the slides were sealed with
coverslips and viewed under an immunofluorescence microscope.

2.7. Statistical analysis

Antibody titres were log-transformed before statistical analy-
sis. One-way analysis of variance (ANOVA) was used to compare
the mean values of the different groups. Multiple comparison were
assessed by Tukey Test, with a P value of <0.05 considered signifi-
cant.

3. Results

3.1. Recombinant antigen and reactivity of monoclonal
anti-PvAMA-1 domain Il antibodies

The recombinant protein encoding 137 amino acids (DII) of
P. vivax AMA-1 was generated as previously described [31]. This
protein migrates slowly on SDS-PAGE gels under reduced con-
ditions. This difference between reducing (R) and non-reducing
(NR) conditions indicates that disulphide linkages are present
in the protein (Fig. 1A). The homogeneity of the recombinant
protein was confirmed by reverse phase chromatography on
a C-4 column and, as shown in Fig. 1B a single peak was
observed (=90% pure). For a detailed analysis of the humoral
immune response, DII-specific mouse B cell hybridomas were gen-
erated. All five hybridoma clones expressed DII-specific I1gG2b
(data not shown). Immunoblotting showed that all monoclonal
antibodies reacted with recombinant DII under reducing or
non-reducing conditions, indicating that the epitopes do not
depend on disulphide bonds (Fig. 2). In the specific case of MAb
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Fig.4. Comparison of serum antibody responses of C57BL/6 wild type (WT) and TLR4
KO mice after immunisation in the presence or absence of adjuvant. Groups of five
mice were immunised as described in Fig. 3 and titres of antibody to PvAMA-1 were
determined after each dose. The results are expressed as the means of antibody titres
(log10) 4+ SEM and were compared statistically using one-way ANOVA followed by
the Tukey test for multiple comparisons. Non-significant difference between groups
of immunised mice (C57BL/6 WT vs TKR4 KO) in the presence or absence of Quil
A are denoted on the graph: n.s. significant differences between groups of mice
immunised in the absence or presence of Quil A after each dose are not denoted on
the graph (***P<0.001, in all cases).

K,68 and K,72, they preferentially recognised the non-reduced
forms.

3.2. Evaluation of the mouse antibody response elicited by
immunisation with the recombinant PvAMA-1 domain Il in the
presence of different adjuvants

The immunogenicity of the recombinant DII protein was eval-
uated after immunisation of BALB/c mice with the protein in the
presence of six different commercial adjuvants. The adjuvants used
were CFA/IFA, Alum, Quil A, QS21, CpG-ODN 1826 and TiterMax.
Immunisations were also performed using Alum combined with
either QS21 or CpG-ODN 1826. Serum antibody titres were evalu-
ated after each immunising dose. Antibody titres were determined
by ELISA using plates coated with the recombinant protein con-
taining the entire ectodomain of PvAMA-1. We also tested serum
antibody titres using plates coated with DII. Overall, the titres of
antibodies specific for DIl were similar to those of the antibodies
specific for the entire ectodomain (data not shown).

As shown in Fig. 3, the recombinant DII protein was highly
immunogenic in BALB/c mice when administered in the presence of
any of the adjuvants tested. After the second dose, mice immunised
with DII formulated in CFA/IFA had significantly higher antibody
titres than mice that were immunised with DIl formulated in other
adjuvants (Fig. 3A, P<0.001 in all cases, except Quil A, where
P<0.01); however, mice immunised with DII formulated in Titer-
Max also had high antibody titres comparable to ACF/AIF (P> 0.05).
No statistically significant differences in mean antibody titres were
detected among mice immunised with DII in Alum, QS21 or CpG-
ODN 1826 (P>0.05, in all cases). Control mice immunised with
adjuvant only did not express specific antibodies to PvAMA-1 dur-
ing the entire experiment. After the third dose, animals immunised
with the antigen in Alum, Quil A, QS21 or CpG-ODN 1826 pre-
sented significant increases in their antibody responses, but only
mice immunised with DII in Quil A had antibody titres similar to
those of mice immunised with DII in CFA/IFA (P>0.05). A fourth
dose did not improve these titres (Fig. 3A), indicating that antibody
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Fig. 5. Titres of IgG subclasses antibodies specific for PvAMA-1 (E) in the sera of
BALB/c mice immunised with DII. BALB/c mice were immunised with DII protein as
described in Fig. 3, i.e. in the presence of different adjuvant formulations [CFA/IFA,
Alum, Quil A, QS-21, CpG-ODN 1826 or TiterMax] separately (A) or in combina-
tion [Alum +QS-21 or Alum + CpG-ODN 1826] (B). Serial dilutions of sera (n=4 per
group) collected 2 weeks after the fourth dose were tested. The PvAMA-1-specific
IgG1, 1gG2a, IgG2b, and IgG3, levels are indicated. The results are expressed as the
means of antibody titres (logip)+ SEM and were compared statistically using one-
way ANOVA followed by the Tukey test for multiple comparisons. The significant
differences between IgG subclasses of the same adjuvant group are denoted on the
graph: *P<0.05; **P<0.01; ***P<0.001. Non-significant differences are not shown
(P>0.05).

titres reached a plateau after three doses. We subsequently evalu-
ated whether the addition of QS21 or CpG-ODN 1826 could improve
the efficacy of immunisation with DIl in Alum. We found that after
three doses, the titres of anti-DII antibodies did not differ signifi-
cantly among mice immunised with DII in Alum, DII in Alum and
QS21 or DIl in Alum and CpG-ODN 1826 (P> 0.05, Fig. 3B). However,
after a fourth dose with DIl in Alum and CpG-ODN 1826, increased
antibody titres were observed (P< 0.001), suggesting that CpG-ODN
1826 could be used as co-adjuvants to improve antibody responses
to recombinant DIL

To investigate whether contaminating LPS could account for the
immunogenicity of the DII protein, C57BL/6 wild type and TLR4
KO mice were immunised with the protein DII in the presence or
absence of the adjuvant Quil A. The antibody titres to PvAMA-1
in these mice were similar (Fig. 4, P>0.05). Moreover, when the
protein was administered in the presence of the adjuvant Quil A,
antibody responses of TLR4 KO mice were also comparable to those
of wild type C57BL/6 mice. In the absence of adjuvant, antibody
titres elicited in both C57BL/6 TLR4 KO and wild type mice was
reasonable, showing a discrete adjuvant effect of the DII protein,
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Fig. 6. PvAMA1 domain II-specific antibodies generated in vaccinated mice recognise the native protein expressed by P. vivax parasites. IFA slides were incubated with 1:50
dilutions of pooled sera from mice immunised four times as indicated. The bound IgG was labelled with FITC, and the parasite nuclei were stained with DAPI. Data are

representative of two experiments.

which was improved in the presence of Quil A (Fig. 4, P<0.001, in
all cases). We concluded that DII protein has an intrinsic weak adju-
vant property that is independent of TLR4 and that contaminating
LPS in the purified DII protein did not play any role in our system.

Immunisation with DII in CFA/IFA, Quil A, QS21, CpG-ODN 1826
or TiterMax induced high levels of IgG1, IgG2a and IgG2b and lower
levels of IgG3 (Fig. 5A). In contrast, immunisation with DII in Alum
led to Th2 immune responses and high IgG1 titres. Mice immu-
nised with DIl in Alum and either QS21 or CpG-ODN 1826 had high
titres of IgG1, IgG2a and IgG2b, indicating a more balanced Th1/Th2
response (Fig. 5B).

We also tested the ability of the anti-DII sera to recognise the
native form of the protein PvAMA-1 by immunofluorescence assays
(IFA) using free merozoites obtained as described in Section 2.
Pooled sera from mice immunised four times with DII in CFA/IFA,
Alum or CpG-ODN 1826 were tested. All of these sera reacted with
the parasites (Fig. 6). Moreover, the MAb K,43 recognised the native
protein exposed on the surface of P. vivax parasites isolated from
infected donors (Fig. 6), and did not cross-react with AMA-1 from
the P. falciparum 3D7 strain (data not shown). Unfortunately, pooled
sera from mice immunised with DII in the presence of Quil A, QS21
or TiterMax were not tested due to the limitation in the number of
P. vivax slides.

4. Discussion

Based on the possibility that individual domains of PvAMA-1
could be used as part of a subunit vaccine against malaria, we
consider the immunogenic properties of PvAMA-1 domain II an
important factor. We recently demonstrated that recombinant pro-
teins containing PvAMA-1 domain Il either alone or in combination
with other domains were recognised by IgG antibodies from indi-
viduals naturally exposed to P. vivax [31]. In this study, we extended
these observations by showing that a bacterial recombinant DII
protein can also elicit high titres of specific antibodies when admin-
istered to mice in the presence of a variety of adjuvants. The use
of this recombinant protein can be considered a step forward in
the development of a subunit vaccine because it will dramatically
reduce the size of the antigenic polypeptide required by narrowing
the target region of PvAMA-1. The reduction in the size of the anti-
genic protein provides a number of advantages for the development
of a subunit vaccine. First, in contrast to the bacterial recombinant
protein containing the entire ectodomain of PvAMA-1, the recombi-
nant DIl is highly soluble when expressed in bacteria. This solubility
may facilitate large-scale expression and purification. Second, by
reducing the size of the polypeptide we may be able to generate
a hybrid protein containing multiple relevant domains of malar-
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ial antigens and/or carrier proteins. We are currently expressing
this region as a fusion polypeptide with flagellin FliC of Salmonella,
which has been shown to dramatically increase the immunogenic-
ity of the malarial antigen MSP-1,9 kDa [33,34].

The DII protein that we expressed retains its conformation as
evidenced by the different migration patterns observed in SDS-
PAGE under reducing and non-reducing conditions. Importantly,
recombinant DII is recognised by human antibodies from individ-
uals exposed to the native polypeptide during infection [31], and
immunisation with recombinant DII elicits polyclonal and mono-
clonal antibodies that can bind to the parasite.

The relevance of antibodies against PvAMA-1 and in particular,
against DII, in host protection remains unknown and has not been
previously addressed. Evidence in favour of a protective role for
anti-PvAMA-1 and anti-DII antibodies is provided by experiments
performed with other Plasmodium species. Several lines of evidence
indicate an important role for antibodies against AMA-1 in immu-
nity to multiple species of Plasmodium. Polyclonal or monoclonal
antibodies specific to AMA-1 passively transfer immunity against
P. chabaudi and P. yoelii infection in mice [35-37]. Additional evi-
dence demonstrating the importance of anti-AMA-1 antibodies in
immunity against blood stage parasites was obtained by means of
experimental immunisations with recombinant proteins. Immuni-
sation of rabbits with recombinant proteins derived from AMA-1
induced antibodies capable of inhibiting the invasion of merozoites
or the growth of P. falciparum in vitro [38-43].

Results of the experimental trials in which Aotus monkeys were
immunised with PFAMA-1 were recently published. Overall, these
findings confirmed that high titres of cross-strain inhibitory anti-
bodies against AMA-1 elicited in the presence of strong adjuvants
(ASO2A and Montanide ISA-720) are critical for protective immu-
nity [44].

In comparison to P. falciparum AMA-1, few experimental pre-
clinical immunisations have been performed with recombinant
proteins based on P. vivax AMA-1. Immunisations of Macaca mulatta
monkeys were performed with a recombinant protein produced
in Pichia pastoris. Strong immunogenicity was observed when
PvAMA-1 was injected in the presence of the adjuvant SBAS2 [16],
and a DNA vaccine containing the PvAMA-1 gene was shown to
be immunogenic in mice [45]. The limited data from pre-clinical
immunisation studies has precluded more expensive pre-clinical
vaccination trials in non-human primates and humans.

The ability of PvAMA-1 to initiate a cell-mediated immune
response in immunised mice was not addressed in this study
because the incubation of the recombinant protein with mouse
splenocytes in culture caused a number of events that we are cur-
rently trying to detail.

An important consideration in designing an effective AMA-
1-based vaccine is the understanding of the sequence diversity
of PvAMA-1 [46]. Several studies have evaluated the polymor-
phism of the entire gene encoding PvAMA-1 in natural isolates
of P. vivax from areas to which this parasite is endemic [46-50].
Studies of P. falciparum AMA-1 isolates demonstrated that the
polymorphisms in domains I and IIl were maintained by posi-
tive selection. In initial studies of P. vivax AMA-1 polymorphism,
a diversifying selection was observed in domain II, as an excess of
non-synonymous polymorphisms was observed among the 23 Sri
Lankan isolates [46]. In contrast, a more detailed study using 231
sequences from Thailand did not confirm a significant difference
between synonymous and non-synonymous nucleotide diversity
in domain II [50]. The high degree of amino acid sequence con-
servation that has been noted in the domain II loop in both P.
falciparum and P. vivax AMA-1 [46,50,51] suggests that this region
may be responsible for the conserved function of the protein,
strengthening the rationale for its use as a component of malaria
vaccines.

Due to the limited understanding of the immunogenicity and
protective efficacy of recombinant proteins based on P. vivax
AMA-1, we intend to continue pre-clinical immunisation studies
in non-human primates using the E. coli recombinant PvAMA-1
described here. Among the tested formulations, the adjuvants Quil
A, TLR9 agonist CPG-ODN and TiterMax were more immunogenic,
therefore more promising for pre-clinical trials in non-human pri-
mates. This protein will be compared to recombinant PvAMA-1
ectodomain produced in the yeast Pichia pastoris using individual
immunisation protocols and prime/boost strategies with plasmid
DNA and recombinant protein (Vicentin et al., unpublished data).
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Background. Plasmodium falciparum and Plasmodium vivax are responsible for most of the global burden of
malaria. Although the accentuated pathogenicity of P. falciparum occurs because of sequestration of the mature
erythrocytic forms in the microvasculature, this phenomenon has not yet been noted in P. vivax. The increasing
number of severe manifestations of P. vivax infections, similar to those observed for severe falciparum malaria,
suggests that key pathogenic mechanisms (eg, cytoadherence) might be shared by the 2 parasites.

Methods. Mature P. vivax—infected erythrocytes (Pv-iEs) were isolated from blood samples collected from 34
infected patients. Pv-iEs enriched on Percoll gradients were used in cytoadhesion assays with human lung endothelial
cells, Saimiri brain endothelial cells, and placental cryosections.

Results. Pv-iEs were able to cytoadhere under static and flow conditions to cells expressing endothelial receptors
known to mediate the cytoadhesion of P. falciparum. Although Pv-iE cytoadhesion levels were 10-fold lower than
those observed for P. falciparum—infected erythrocytes, the strength of the interaction was similar. Cytoadhesion
of Pv-iEs was in part mediated by VIR proteins, encoded by P. vivax variant genes (vir), given that specific antisera
inhibited the Pv-iE—endothelial cell interaction.

Conclusions. These observations prompt a modification of the current paradigms of the pathogenesis of malaria
and clear the way to investigate the pathophysiology of P. vivax infections.

It has long been recognized that the directly attributable 24 h) from the peripheral circulation to that of the
morbidity and mortality differ for the 2 most prevalent internal organs—a phenomenon known as sequestra-
malarial parasite species, Plasmodium falciparum and tion [1]—that is considered to be the key pathogenic
Plasmodium vivax. The higher multiplicative potential event. P. falciparum is characterized by almost total se-
of P. falciparum—infected erythrocytes (Pf-iEs) no doubt questration, such that few if any mature Pf-iE forms

contributes to their increased virulence. However, it is

the withdrawal of mature Pf-iEs (parasites older than
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are observed in peripheral blood samples during infection.
Given that mature P. vivax-infected erythrocytes (Pv-iEs) are
frequently observed in peripheral blood samples, it was con-
cluded that sequestration did not occur with this parasite. As
a consequence, the paradigm was formulated that sequestration
of Pf-iEs in specific organs is the principal initial cause of
pathology and that, when sequestration occurs in the brain or
placenta, the likelihood of cerebral malaria and pregnancy-as-
sociated malaria increases. Indeed, most forms of severe malaria
and nearly all mortality have been almost exclusively recorded
for falciparum cases.

P. vivax, the most prevalent malarial species outside sub-
Saharan Africa, imposes a substantial global public health bur-
den [2], with recent estimates of 130—-435 million infected per-
sons per year among the 2.6 billion people at risk. Of equal
importance was the observation that many types of severe ma-
laria—long considered to be specific to P. falciparum—also
commonly occur in P. vivax—infected persons. For instance,
infection with P. vivax during pregnancy was found to be as-
sociated with a substantial reduction in birth weight [3]. Fur-
thermore, in some areas of endemicity progression of vivax
malaria to clinically severe forms, including cerebral malaria
and acute respiratory distress syndrome, was found to occur
as frequently as for falciparum infections, with similar levels of
fatality [4-7]. This raises the possibility that pathological pro-
cesses linked to cytoadhesion might also operate in P. vivax.

In P. falciparum infection, cytoadhesion of Pf-iEs to endo-
thelial cells is mediated by interactions between members of
the P. falciparum erythrocyte membrane protein 1 (PfEMP-1)
family, polymorphic proteins encoded by the var multigene
family [8, 9], and defined host receptors on endothelial cells.
Of the 10 or so receptors identified to date [10, 11], 3 have
been extensively investigated: CD36, intercellular adhesion mol-
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ecule 1 (ICAM-1), and chondroitin sulfate A (CSA). The last
has been specifically associated with the binding of Pf-iEs to
the placenta [12].

We wished to establish whether P. vivax parasites are able to
cytoadhere under static or flow conditions to endothelial cells
and placental cryosections and whether the receptors for Pf-
iEs were also implicated. Furthermore, we assessed the involve-
ment of VIR proteins as a potential Pv-iE ligand.

METHODS

Ethical approval. Informed consent was sought and granted
from all patients attending the Tropical Medicine Foundation
of Amazonas (FMT-AM), Amazonas, in northern Brazil. The
procedures were approved by the Ethics Committee Board of
the FMT-AM (process 2758/2008-FMT-AM; approval no. 1943).

Parasite isolation and enrichment. Once microscopic di-
agnosis of uncomplicated vivax or falciparum malaria was made
and before the treatment was initiated, 5-10 mL of blood were
collected into citrate-coated Vacutainer tubes (BD). Parasitemia
levels rarely exceeded 5000 parasites/uL of blood. The blood
was immediately processed to obtain enriched Pv-iEs. On av-
erage, a total of ~1 X 10° Pv-iEs could be obtained, allowing
only a limited number of cytoadhesion assays to be conducted.
Patients who had received antimalarial treatment 3—4 weeks
before the test were excluded. Immediately after collection, the
red blood cells containing trophozoites and schizonts were sep-
arated from the younger forms on a 45% Percoll (Amersham)
gradient, as described elsewhere [13] with minor modifications.
Briefly, after plasma separation by centrifugation, blood pellets
were washed 3 times and then resuspended in RPMI 1640
medium (Sigma) to a final hematocrit of 10%. Five milliliters
of this suspension was overlaid on a 5-mL 45% Percoll solution

Figure 1. Percoll gradient enrichment of Plasmodium vivax maturing forms. A, Giemsa staining of the mature trophozoites and young schizonts
obtained after Percoll gradient enrichment, yielding cell suspensions with 85%—-97% P vivax-infected erythrocytes. B, Parasite species and maturity
confirmed by immunofluorescence assay using anti—PvMSP-1,, conformational monoclonal antibodies (3F8 and K23) diluted at 1:50. Normal mouse
serum samples were used as negative controls. DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; FITC, fluorescein isothiocyanate.
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Figure 2. Adhesion of Plasmodium vivax-infected erythrocytes (Pv-iEs) to lung and brain endothelial cells or placental cryosections. Shown are
representative photomicrographs of (/eft) and cytoadhesion assays for (right) Pv-iEs binding to human lung endothelial cells (HLECs) (A), Saimiri brain
endothelial cells (SBECs) (B), and placental cryosections (C) stained with Giemsa stain and visualized using a Nikon microscope at X100 magnification.
Arrows indicate Pv-iEs bound to host cells. Representative results for Pv-iEs obtained from different patients and used for cytoadhesion assays
conducted on untreated cells, on Pv-iEs pretreated with trypsin, or in the presence of soluble chondroitin sulfate A (CSA) or anti-CD36 antibody are
shown. In all cases, parasites (5 X 10%) were left for 1 h at 37°C in 8-well culture slides (0.69 cm?/well) and then extensively washed, and adhered
Pv-iEs were counted. Data are the mean number of bound Pv-iEs per square millimeter, normalized to an input of 1 X 10° Pv-iEs/mm? error bars
indicate standard deviations. *.05> P> .01 and **0.01 > P> .001 (Kruskal-Wallis test).

(2.25 mL of Percoll, 0.5 mL of RPMI 1640 [X10], and 2.25
mL of distilled water) in a 15-mL tube. After centrifugation,
floating mature iEs were collected and resuspended in RPMI
1640. Ex vivo, Pf-iEs were enriched in Percoll gradient at 60%,
as described elsewhere [14]. Giemsa-stained thick smears (be-
fore enrichment) and thin smears (after enrichment) were ex-
amined to determine the Plasmodium species and the per-
centage of mature stages, respectively. A sensitive nested poly-
merase chain reaction (PCR) assay was applied to the samples
to confirm the diagnosis [15].

P. vivax slide preparation and immunofluorescence assays.
Immunofluorescence assays (IFAs) were performed in 8-well
slides containing mature stages of P. vivax. Immediately after
enrichment on Percoll, Pv-iEs were washed and resuspended
in 10% fetal calf serum (FCS) (Nutricell) and then deposited
on IFA slides (50 uL/well), fixed in acetone for 10 min, air-
dried, and stored at —20°C until use. Ten micrograms per
milliliter of each monoclonal antibody (3F8 or K23) against P.
vivax merozoite surface protein 1 (PvMSP1) [16] was diluted
in phosphate-buffered saline (PBS) and applied to slides for 30
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Table 1. Cytoadhesion Assays for Plasmodium vivax-Infected Erythrocytes (Pv-iEs) and Plasmodium falciparum-Infected Erythrocytes (Pf-iEs) Collected from 24 Patients

HLECs SBECs
% of inhibition® % of inhibition® Placental cryosections

Parasite, patient ~ Adhesion® Trypsinized sCSA Anti-CD36 CaseABC  Adhesion®  Trypsinized sCSA Anti-CD36 Adhesion® sCSA, % of inhibition®
Pv-iEs

008 58.2 + 9.8 19 =10

015 324 = 11.04 52 = 11*

016 524 + 8.5 70 = 7%

019 36.1 £ 10.6 59 = 10 ** 25 + 21

021 30.6 + 3.7 74 £ 7** 63 = 10** 20 = 12

022 283 + 45 29 + 21** B2 + 8** 2 + 27

023 578 + 55 85 + 6** 81 + 7** 38 + 20

024 339 + 3.7 76 * 7** 65 + 8** 20 = 11

030 16.6 + 34 46 + 10%*** 128 + 2.8 42 + 18*

031 26.1 = 4.5 47 + 15%**

034 56.7 + 7.4 18 + 10% 495 + 7.9 28 + 9*

035 375 + 94 41 £ 13** 239 + 8.0 31 £ 30

036 223 = 54 23 = 19

063 204 + 44 30 = 12*

065 335 + 88 51 +£ 13***

066 99 + 3.2 15 + 40

076 19.7 £ 4.0 34 + 18%** 7 =25

083 386 = 7.3 49 + 15%* + 21

086 30.1 + 6.5 40 =+ 16** 13 £ 22

087 413 + 5.2 16 = 23 3+ 15
Pf-iIEs

002 130.1 + 23.7

003 636.7 + 119.2

005 7735 = 1795 87 + 7*

008 4544 + 454

NOTE. Data from R falciparum isolates confirmed that the host cells and placental cryosections used were able to sustain parasite cytoadhesion. Asterisks indicate statistical significance with respect
to adhesion values, as follows: *.06>P>.01; **.01>P>.001; and P<.001. HLECs, human lung endothelial cells; SBECs, Saimiri brain endothelial cells; SD, standard deviation.
@ Mean no. (+SD) of bound infected erythrocytes per square millimeter, normalized to an input of 1 X 10° infected erythrocytes/mm?>.
Percentage of inhibition (= SD) of adhesion was calculated after enumeration of adherent infected erythrocytes either following trypsinization of infected erythrocytes or prior to the assay, or when
the assay was conducted in the presence of soluble CSA (sCSA), anti-CD36 monoclonal antibody, or in endothelial cells pretreated with chondroitinase ABC (CaseABC).
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Figure 3. Resistance of Plasmodium vivax-infected erythrocyte (Pv-iE)
cytoadhesion to flow conditions. Enriched Pv-iEs (5 X 10°) were allowed
to adhere to human lung endothelial cells (HLECs) during a 1-h incubation
at 37°C in single-well microslides (8.6 cm?) mounted in a flow chamber
system, and cytoadhesion medium (RPMI 1640 [pH 6.8]) was flowed
through at a wall shear stress of 0.09, 0.36, and 1.44 Pa for 10, 5, and
2.5 min, respectively; medium was not flowed through the control cham-
ber. The Pv-iEs that still bound at the end of the flow period were counted
in 20 randomly selected fields, and the percentage of binding compared
with that in the control chamber were calculated. Data are mean binding
percentages for 2 patient isolates (104 and 106) on HLECs previously
treated with lipopolysaccharide (LPS) (1.0 ug/mL) or left untreated; error
bars indicate standard deviations. *P < .05 for the comparison of adhesion
to nonstimulated vs LPS-stimulated HLECs (Mann-Whitney U test).

min at 37°C. After washing with PBS, slides were incubated
with 10 pg/mL fluorescein isothiocyanate—conjugated sheep
anti-mouse immunoglobulin G (Sigma) and 100 pg/mL 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Molecular
Probes) for 30 min at 37°C and then washed several times.
Positive monoclonal antibody recognition was detected with
the aid of an immunofluorescence microscope (Nikon). For
IFAs conducted using VIR antisera, Pv-iEs were left in suspen-
sion (liquid phase). Briefly, parasites were fixed in 2% para-
formaldehyde and washed and diluted in FCS, and then mouse
VIR-A4 and VIR-E5 antisera were added at a final dilution of
1:20 and incubated for 60 min. After 2 washes with FCS, cells
were incubated with 100 pg/mL Alexa Fluor 488—conjugated
goat anti-mouse IgG (Molecular Probes) and 500 ug/mL DAPI
for 30 min at 37°C and then washed twice with FCS. In both
assays, positive recognition by monoclonal antibody, VIR-A4,
VIR-E5, or MSP-1,, antisera was detected with the aid of an
immunofluorescence microscope.

Polyclonal VIR antisera were generated by injecting mice
with VIR-A4 or VIR-E5 glutathione S-transferase (GST) fusion
proteins belonging to the A or E vir subfamilies, respectively
[17, 18] and raised after 2 immunizations (21-day interval)
with each recombinant protein (5 pg/animal/dose) emulsified

in complete or incomplete Freund adjuvant. No Pv-iE—positive
labeling was visualized by means of GST antisera.

Selection of monophenotypic cultured P. falciparum para-
sites and cells. The P. falciparum lines FCR3 [19] and S20
[20] were cultured in candle jars. Briefly, Pf-iEs were cultivated
in fresh type O" human erythrocytes (Blood Center, Univer-
sidade Estadual de Campinas) suspended at a final hematocrit
of 4% in complete medium (RPMI 1640 [pH 7.2]) (Sigma)
and supplemented with 10% homologous human plasma.

The following cell lines were used in this study: Saimiri brain
endothelial cells (SBECs) and human lung endothelial cells
(HLEGs) [21, 22], adapted from cultured primary explants, and
CHO-ICAM, CHO-CD36 and CHO-K1 cells [23]. Selection of
FCR3 parasites to CSA (FCR3“*) was performed by panning
(5 rounds) of mature-stage iEs on endothelial cells [21, 24] in
the presence of soluble CSA (100 pg/mL; Sigma).

Mature S20 trophozoites were selected on CHO-ICAM cells
(5 rounds) and then by a further 2 rounds on plastic plates
coated with recombinant ICAM-1 [25]. The selected S20'“*M
parasite line bound strongly to CHO-ICAM cells but poorly to
nontransfected CHO-K1 cells (data not shown).

Static cytoadhesion assays. We assessed the ability of Pv-
iEs or Pf-iEs obtained from infected patients to adhere to pla-
centa cryosections, HLECs, and SBECs by performing static
cytoadhesion assays as described elsewhere [19, 21, 26] with
minor modifications. Briefly, HLECs or SBECs were grown to
confluence on 8-well culture slides (0.69 cm?*/well; BD), and
5 X 10* Percoll-enriched iEs were then added to each well in a
total volume of 200 uL of cytoadhesion medium (RPMI 1640
[pH 6.8]), either alone or in the presence of 100 uL of soluble
CSA (100 pg/mL) or anti-CD36 (5 pug/mL). Culture slides were
incubated for 1 h at 37°C and then extensively washed in cy-
toadhesion medium. To confirm that the ligands on the surface
of Pv-iEs were proteins, Pv-iEs were treated with trypsin (1
mg/mL) for 45 min at 37°C before incubation over endothelial
cells. For confirmation of CSA as a receptor, HLECs were pre-
viously incubated with chondroitinase ABC (CaseABC) (0.5 U/
mlL; Sigma) for 2 h at 37°C. Involvement of VIR antigens in
the cytoadhesion of Pv-iEs to HLECs was evaluated in an assay
where inhibition of parasite binding was tested with antisera
(diluted at 1:5 or 1:10) to VIR-A4 or VIR-E5 GST-fused pro-
teins. Serum samples from mice immunized solely with GST
in complete or incomplete Freund adjuvant were used as spec-
ificity controls. For these assays, inhibition was determined as
a percentage of the negative control and was expressed as the
mean value for 3 wells = standard deviation.

Assays of adhesion to placental trophoblasts were performed
as described elsewhere [19, 26, 27] with minor modifications.
Placental biopsy samples from 3 human immunodeficiency vi-
rus—negative Brazilian women with malaria were collected im-
mediately after delivery, snap-frozen in liquid nitrogen/n-hex-
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Table 2. Cytoadhesion Assays for Plasmodium vivax-Infected Erythrocytes (Pv-iEs) Obtained from 7 Patients or Cultured
Plasmodium falciparum-Infected Erythrocytes (Pf-iEs) to Human Lung Endothelial Cells (HLECs) under Flow Conditions

Shear stress

Parasite, patient ~ Adhesion® at 0.09 Pa 0.36 Pa 144 Pa
(LPS treatment) 0.00 Pa Adhesion® Binding,® % Adhesion® Binding,® % Adhesion® Binding,® %
Pv-iEs
090 (no) 67.4 =+ 144 342 + 86 50.8 304 + 9.6 45.2 ND
090 (yes) 55.6 = 9.6 48.0 + 17.8 86.3 427 + 15.4 76.9 ND
091 (yes) 53.0 + 6.1 39.0 = 7.7 73.6 385 + 10.1 72.6 ND
092 (no) 176 + 9.6 134 + 8.2 76.1 10.8 + 2.9 61.1 ND
093 (no) 47.9 + 120 299 + 8.2 62.4 ND ND
094 (no) 60.4 = 13.8  51.3 = 9.1 84.9 ND ND
104 (no) 304 + 9.1 26.3 = 53 86.5 16.1 + 5.3 52.9 9.2 + 7.7 30.3
104 (yes) 325 + 13.8  25.0 + 5.3 76.9 24.6 + 5.3 75.7 16.4 + 6.7 50.5
106 (no) 28.6 = 8.6 20.5 + 14.9 71.7 19.8 + 6.1 69.2 6.8 + 5.8 23.8
106 (yes) 29.1 + 8.2 27.9 = 10.6 96.2 23.6 + 7.2 81.1 16.4 + 6.7 56.4
Pf-Es
$20°A" (no) 398 + 158  19.2 = 13.0 47.9 12.0 + 5.8 30.0 9.6 + 8.2 24.3
FCR3%* (no) ~ 370.9 = 50.9 333.1 + 25.0 89.8 2945 + 36.9 79.4 190.8 + 34.7 51.4

NOTE. P vivax or cultured P falciparum, selected on intercellular adhesion molecule 1 (S20'“*V) or chondroitin sulfate A (FCR3“%#), were allowed
to adhere to HLECs either previously incubated with 1.0 pg/mL lipopolysaccharide (LPS) or not incubated with LPS, and then cytoadhesion medium
was flowed through at a wall shear stress of 0.09, 0.36, or 1.44 Pa for 10, 5, and 2.5 min, respectively. ND, not determined; SD, standard deviation.

@ No. of remaining adherent parasites after application of a flow condition. Data are the mean no. (+SD) of infected erythrocytes per square

millimeter, normalized to an input of 1 X 10° infected erythrocytes/mm?.

b Percentage of parasites that remained cytoadherent after being subjected to wall shear stress.

ane (Merck), and then stored frozen in Tissue-Teck (Thermo)
before use. Serial placenta cryosections (5—-7 um) were cut with
a cryostome and mounted on individual glass slides. Cryosec-
tions were washed and air-dried, and an area of ~1 cm’ was
delimited with a Dako Pen device. Assays of the adhesion of
Pv-iEs to placental cryosections were performed as for endo-
thelial cells. Three to 4 placenta cryosections were used for each
adhesion assay. After a 1-h incubation at 37°C and following
Giemsa staining, the number of infected erythrocytes that ad-
hered to the endothelial cell monolayer or to placenta cry-
osections was counted under the microscope.

Involvement of CD36 or ICAM-1 host receptors was verified
by allowing Pv-iEs to adhere under static conditions to CHO-
CD36 cells, CHO-ICAM cells, or CHO-745 cells, a cell line that
does not express either of these receptors [23]. In these ex-
periments, we performed adhesion assays without using human
serum in the medium because it has been shown that human
immunoglobulins present in normal serum can mediate bind-
ing of Pf-iEs to CHO-745 cells [28].

Flow-based cytoadhesion assays. To assess the resistance
of Pv-iEs to shear stress, we performed flow-based cytoadhesion
assays according to a modified version of a method that has
been described elsewhere [19, 26, 27]. Briefly, HLECs were
cultured to confluence in single-well culture microslides (8.6
cm?, corresponding to 12.5 times the area of each well in a 8-
well culture slide), to which 1.5 mL of 5 X 10° Pv-iEs enriched

on 45% Percoll gradient was added. After a 1-h incubation at
37 °C, microslides were mounted in a flow chamber system
(Immunetics), and cytoadhesion medium (RPMI 1640 [pH
6.8]) was flowed through at a wall shear stress of 0.09, 0.36,
or 1.44 Pa for 10, 5, and 2.5 min, respectively. After this, the

40
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~
£
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Figure 4. Adhesion of Plasmodium vivax-infected erythrocytes (Pv-iEs)
to specific receptors. Pv-iEs (5 X 10* cells/well) were allowed to adhere
to CHO-intercellular adhesion molecule (ICAM), CHO-CD36, or control
CHO-745 cells. Data are the mean number of bound Pv-iEs per square
millimeter, normalized to an input of 1 X 10° Pv-iEs/mm? error bars in-
dicate standard deviations. *P<.001 for the comparison of adhesion to
CHO-ICAM cells vs CHO-CD36 or CHO-745 cells (Kruskal-Wallis test).
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Figure 5. Recognition and blocking of Plasmodium vivax-infected
erythrocyte (Pv-iE) cytoadhesion to human lung endothelial cells (HLECs)
by specific VIR antisera. A, Immunofluorescence of a Pv-iE labeled with
antisera against VIR-A4 (1:20) or VIR-E5 (1:20). Shown are results for
phase contrast, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) stain-
ing, and mouse anti-VIR-E5 (top) or anti-VIR-A4 (bottom) with Alexa Fluor
488-conjugated goat anti-mouse immunoglobulin G. B, Results of in-
cubation of Pv-iEs (5 10" cells/well) for 1 h at 37°C alone or in the
presence of VIR-A4 or VIR-E5 antisera diluted at 1:5 (isolate 095) or 1:
10 (isolate 096). In both assays, serum samples from mice immunized
solely with glutathione S-transferase (GST) in Freund adjuvant were used
as a negative control. For these assays, inhibition was determined as
the percentage of negative control counts, expressed as mean values for
triplicate wells; error bars indicate standard deviations. *P< .05 for the
comparison of inhibition with GST antisera (Kruskal-Wallis test).

remaining bound Pv-iEs were counted in 20 randomly selected
fields through a digital camera attached to a microscope (Mo-
ticam 2500; Motic). Results were expressed as the mean number
of infected erythrocytes per square millimeter + standard de-
viation. In some experiments, microslides were stained with
Giemsa after a determined shear stress condition, to visualize
bound Pv-iEs. Alternatively, HLECs were incubated with li-
popolysaccharide (LPS) (1.0 pug/mL; Sigma) for 4 h at 37°C
and then washed before parasite cytoadhesion. Cultured P. fal-
ciparum panned isolates (FCR3“* and S20'“*M) were used as
controls. To ascertain whether P. vivax adhesion to HLECs oc-
curred under flow conditions, 1 X 10° enriched Pv-iEs diluted
in cytoadhesion medium were flowed at a wall shear stress of
0.09 or 0.36 Pa for 1 h and then filmed. For both the static
and flow-based assay, parasite adhesion was normalized to
1 X 10’ infected erythrocytes/mm’, taking into account the area

and the number of infected erythrocytes used in each assay
(5 X 10" infected erythrocytes in 0.69 cm’ or 5 X 10° infected
erythrocytes in 8.6 cm?).

Flow cytometry. Levels of ICAM-1 expression on HLECs
were assessed by flow cytometry. Briefly, 1 X 10° cells either
treated with LPS (1.0 ug/mL) or left untreated were harvested,
incubated with anti-human CD54 (ICAM-1) (phycoerythrin;
BD Bioscience) for 30 min at 4°C, washed, and fixed in 2%
formaldehyde. Analysis was performed using a FACScanto flow
cytometer (BD), and the mean fluorescence intensity and the
percentage of positive cells were analyzed with the aid of FCS
Express software (version 3.00.0320; De Novo Software). For
each sample, a minimum of 100,000 events were acquired.

Statistical analysis. The statistical significance of adhesion
to different cells types at various conditions was determined
using the Mann-Whitney U test or the Kruskal-Wallis test.
Calculations were performed using BioEstat software (version
3.0; CNPq, Brazil) and Prism software (version 3.02; GraphPad
Software). Differences were considered significant at P<.05.

RESULTS

Our investigation of Pf-iE cytoadherence was substantially fa-
cilitated by the availability of in vitro—cultured P. falciparum,
an avenue not open for P. vivax. We conducted our experiments
with Pv-iEs using samples obtained directly from patients pre-
senting with uncomplicated P. vivax malaria in Manaus, Brazil.
The limitations imposed by reliance on clinical samples with
parasites of diverse genotypes and of varying suitability for
cytoadherence assays were compensated for by the collection
of a relatively large number of samples (n = 34). As controls
for the cytoadhesion assays, P. falciparum—infected blood was
also obtained from 4 patients attending the same hospital. In
all cases, a sensitive PCR assay was used to exclude the presence
of mixed-species infections. As an inital step, cytoadherence
was assessed using HLECs, SBECs, and human placental cry-
osections. These cell lines and placental cryosections have been
characterized and validated for assays of P. falciparum cytoad-
hesion [19, 21, 22, 26, 27]. In P. falciparum infection, mature
forms of the parasite cytoadhere more strongly than do freshly
invaded forms. We hypothesized that this could be also the
case for P. vivax infection. Given the different densities of ma-
ture-stage and early-stage parasites, we subjected P. vivax par-
asites collected from the patients directly and without prior
short-term culturing to a Percoll gradient, enabling the recovery
of almost-pure trophozoite- and schizont-stage Pv-iEs (Figure
1). Of note, after enrichment the percentage of MSP-1,,—ex-
pressing forms observed in IFA varied from 85% to 97%.
Pv-iEs were first tested for their ability to cytoadhere to
HLEGs, SBECs, and placental cryosections under static con-
ditions. For some patients, aliquots of the same Pv-iE suspen-
sion were tested after digestion with trypsin or in the presence
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of soluble CSA, anti-CD36 monoclonal antibody in the cy-
toadhesion medium, or HLECs pretreated with CaseABC (Fig-
ure 2 and Table 1). All the Pv-iEs tested displayed some level
of cytoadherence to HLECs and/or SBECs or to placental cry-
osections. Pv-iE binding to areas not containing endothelial
cells was not observed. Pretreatment of Pv-iEs with trypsin
generally decreased adhesion to HLECs or SBECs by 19%-85%
(mean, 54%), depending on the parasite isolate. Significant
inhibition of cytoadherence was also observed in the presence
of soluble CSA (range, 16%-81%; mean, 42%). By contrast,
when assays were conducted in the presence of anti-CD36, the
extent of inhibition of cytoadherence was not statistically sig-
nificant (Table 1), although only a few isolates could be tested.
Moreover, unlike the higher inhibition observed with soluble
CSA, HLECs pretreated with CaseABC did not significantly
abolish adhesion of the same Pv-iEs (Table 1). Cytoadhesion
assays were also conducted in parallel with similarly enriched
mature Pf-iEs derived from 4 patients. The levels of cytoad-
herence observed were ~10-fold higher than those recorded for
Pv-iEs (Table 1).

Having demonstrated that Pv-iEs could cytoadhere to en-
dothelial cells under static conditions, it was important to eval-
uate whether the observed cytoadherence was biologically rel-
evant and whether it could be maintained under the flow
conditions that parasites are subjected to in the bloodstream.
Shear stress in postcapillary venules is close to 0.08 Pa [29].
Thus, we enriched Pv-iEs from 7 individuals and conducted
flow-based cytoadhesion assays on HLECs at shear stress con-
ditions varying from 0.09 to 1.44 Pa. The parasites that re-
mained attached after being subjected to increasing flow rates
for defined periods were enumerated by microscopic exami-
nation after Giemsa staining (Figure 3 and Table 2). Given that
HLECs express CSA and ICAM-1 on their surface, we per-
formed parallel assays using P. falciparum FCR3 and the S20
iBs preselected on CSA (FCR3°**) and ICAM-1 (S20'*M). As
for Pf-iEs (FCR3“*"), even at a relatively high shear stress (1.44
Pa) a substantial proportion (30%) of the cytoadherent Pv-iEs
could not be detached (Table 2). Furthermore, stimulation of
the HLECs with LPS significantly strengthened the cytoadher-
ence, because 56% of the cytoadherent Pv-iEs could not be
detached at 1.44 Pa (Figure 3). Of note, LPS treatment aug-
mented ICAM-1 expression levels by 3-fold (data not shown).
The strength of Pv-iE adhesion was similar to that observed
for P. falciparum FCR3“** to unstimulated HLECs (Table 2).
The behavior of the cytoadherent Pv-iEs to HLECs under flow
conditions was recorded in real time and can be seen in Videos
1 and 2, which are available in the online version of the Journal
and which show that cytoadherent Pv-iEs display the rolling
characteristics of cytoadherent P. falciparum parasites [30].
Video 1 shows the rolling and binding of a Pv-iE to an HLEC;
parasites were diluted in medium and flowed at a wall shear

stress of 0.09 Pa. Video 2 shows 2 Pv-iEs bound to HLECs
under a flow condition of 0.36 Pa.

We then tested whether CD36 or ICAM-1, both present on
the HLEC surface [21, 22], were implicated in the observed
Pv-iE cytoadherence. For this, CHO lines transfected with
CD36 or ICAM-1 were used. None of the Pv-iEs from the 3
samples tested showed binding to CD36 (Figure 4), because
the levels of cytoadherent Pv-iEs were not significantly different
from background (binding of Pv-iEs to untransfected CHO-
745 cells). By contrast, a 2.1-2.7-fold increase in cytoadhesion
to ICAM-1 over background was observed for Pv-iEs from 2
of the 3 samples tested (Figure 4). Low cytoadhesion of Pv-iEs
isolated from patient 098 may indicate variations in the binding
phenotypes of different isolates.

Finally, we investigated potential parasite ligands involved in
Pv-iE cytoadhesion. A multigene family orthologous to the P.
falciparum var genes does not occur in the genome of P. vivax
[31]. However, a superfamily of surface-expressed variant an-
tigens genes (vir) is present in P. vivax; it has ~350 members,
which can be subdivided into 10 subfamilies and unclustered
members [17, 31, 32]. Hence, we tested 2 specific polyclonal
antisera, VIR-A4 and VIR-E5, from the A and E subfamilies,
respectively [18]. Pv-iEs were specifically recognized by both
antisera in [FAs (Figure 5A) but not by the control GST antisera.
Significant inhibition of Pv-iE cytoadherence on HLECs was
observed when either VIR antisera was included in the assay
medium but not in the presence of the GST antisera (Figure
5B).

DISCUSSION

Our observations provide the first evidence, to our knowledge,
that mature Pv-iEs are capable of cytoadhering to endothelial
cells and placental cryosections. Two receptors used by P. fal-
ciparum for binding to endothelial cells, ICAM-1 and CSA,
were also implicated in the cytoadhesion of P. vivax parasites,
at least to some extent. However, CaseABC treatment suggested
that cytoadhesion to CSA, a highly negative charged molecule,
might be due to charge interaction. Indeed, it has been shown
that binding to CSA is highly dependent on ionic strength [33].
The fraction of Pv-iEs that cytoadhered was up to 10-fold lower
than that for Pf-iEs. Importantly, cytoadhesion of Pv-iEs, once
established, is as strong as that of CSA-selected Pf-iEs, as dem-
onstrated by the flow assays (Table 2). Because the parasites
we assayed were directly obtained from patients, our data sug-
gest that only a minor fraction of P. vivax would have the
capacity to cytoadhere in vivo. Partial retention of P. vivax from
the peripheral circulation would explain why the mature forms
of this parasite are generally found in peripheral blood. This
is consistent with the observation of partial and differential
accumulation of Pv-iEs in organs of P. vivax—infected squirrel
monkeys [34], as well as with observations of partial depletion
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of mature P. vivax in the peripheral blood of humans [35, 36].
Our observation of Pv-iE cytoadhesion to placental tissue from
sections of the placenta obtained after delivery (data not shown)
suggests that the phenomenon can occur in vivo. However, the
histopathological studies of postmortem tissues that would be
required to indicate whether this phenomenon extends to other
organs in infected individuals are limited.

For all isolates for which trypsin treatment was tested, the
only partially abrogated Pv-iE cytoadhesion suggests that tryp-
sin-resistant ligands commonly occur on the Pv-iE surface. It
would be important to establish whether other receptors are
implicated in Pv-iE cytoadhesion and explore the precise roles
played by ICAM-1 and CSA. Finally, detailed investigations of
the role played by VIR proteins as cytoadhesive ligands, for
which we present indirect evidence, are complicated because
(1) multiple members of the VIR protein family are expressed
on the infected red blood cell surface [17], unlike the clonally
expressed var genes of P. falciparum [37], and (2) the high
number of vir genes present in the genome (346 vir genes for
the Sal line of P. vivax [31], as opposed to 59 var genes for the
3D7 line of P. falciparum) [38]. Nevertheless, our data call for
further investigation of the role played by VIR proteins in Pv-
iE cytoadhesion.

Although infections with P. vivax are less life-threatening
than those with P. falciparum, morbidity in P. vivax infection
is associated with anemia and a pronounced cytokine-mediated
inflammatory response [4]. Differential accumulation of a pro-
portion of parasites to some organs, such as the lungs or pla-
centa, might be targeted by the inflammatory response to this
organ, leading to a more severe clinical presentation [4, 39,
40].

In conclusion, our observations add a new aspect to the
pathophysiology of a major (yet mostly neglected) human path-
ogen, which could lead to novel therapeutic approaches to
alleviate the increasingly recognized health burden globally im-
posed by this distinctly not-so-benign parasite.
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Abstract

Gestational malaria is a multi-factorial syndrome leading to poor outcomes for both the mother and foetus.
Although an unusual increasing in the number of hospitalizations caused by Plasmodium vivax has been reported
in Brazil, mortality is rarely observed. This is a report of a gestational malaria case that occurred in the city of
Manaus (Amazonas State, Brazil) and resulted in foetal loss. The patient presented placental mixed-infection by
Plasmodium vivax and Plasmodium falciparum after diagnosis by nested-PCR, however microscopic analysis failed to
detect P. falciparum in the peripheral blood. Furthermore, as the patient did not receive proper treatment for P.
falciparum and hospitalization occurred soon after drug treatment, it seems that P. falciparum pathology was
modulated by the concurrent presence of P. vivax. Collectively, this case confirms the tropism towards the placenta
by both of these species of parasites, reinforces the notion that co-existence of distinct malaria parasites interferes
on diseases’ outcomes, and opens discussions regarding diagnostic methods, malaria treatment during pregnancy

and prenatal care for women living in unstable transmission areas of malaria, such as the Brazilian Amazon.

Background

In severe cases of Plasmodium falciparum infection,
clinical complications are associated with the sequestra-
tion of P. falciparum-infected erythrocytes (Pf-iE) within
microvasculature and placental syncytiotrophoblasts
[1-5]. Vivax malaria has long been considered a benign
infection; however, the malaria pigment of this species
has been detected in the placenta of Plasmodium vivax-
infected women [6]. Further, pregnant women infected
with P. vivax experience maternal anaemia, and some of
their babies present a low birth weight [6,7], which are
clinical features frequently associated with Pf-iE placen-
tal adhesion [1,2]. Despite the adverse pregnancy
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outcomes associated with P. vivax infection [6], informa-
tion concerning epidemiology and clinical consequences
of vivax malaria during pregnancy is lacking.

In Brazil, where malaria incidence is almost exclusively
restricted to the Amazon (99.8% of the cases), P. vivax
was responsible for the majority (83.7%) of registered
cases in 2008. Plasmodium falciparum infections
accounted for 16.3% of cases, and Plasmodium malariae
infection was rarely observed [8]. Additionally, chloro-
quine-resistant strains of P. vivax have emerged in the
Brazilian Amazon [9].

Case presentation

A 19-year-old pregnant woman, estimated to be 35
weeks of gestation (WQ@), living on the boundary of the
city of Manaus - Amazon State (3.09S, 59.58W), sur-
rounded by the Amazon rainforest, was diagnosed for

© 2011 Carvalho et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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P. vivax infection at the nearest Health Center and
showed approximately 90,000 parasites/mm?®. In Brazil,
the microscopic examination of Giemsa-stained thick
blood smear is the official method for malaria diagnosis.
This was her fourth pregnancy, and she had no medical
history of previous abortion, stillbirth or pre-term deliv-
ery. The patient had three previous malaria episodes,
the last occurring two years ago. Additionally, she
reported a plasmodial infection during her third preg-
nancy. At the time, the patient was treated and no
further complications were observed.

She was given a three-day regimen (25 mg/kg) of oral
chloroquine, with four pills (150 mg each) administered
in the first day, followed by three pills on the two subse-
quent days. However, after the second dose, the patient
presented with vomiting, which led to cessation of the
drug treatment. The patient was subsequently trans-
ferred to a tertiary-care maternity hospital in Manaus,
where she was hospitalized until delivery. At the mater-
nity hospital, the patient presented symptoms of fever,
headache, jaundice, anorexia, chills and hypertension.
Urine sediment analysis revealed that bilirubin and bili-
ary pigments were three-fold above the standard levels.
Furthermore, blood analysis revealed slight anaemia (Ht
29.3%, Hb 10.1 g/dL) and leukocyte count were normal
(4,200 cells/mm?), with 67% lymphocytes. Serological
tests for syphilis, toxoplasmosis, measles and HIV were
negative.

Two days after patient admission, another thick blood
smear was performed and no patent parasitaemia was
observed. Ultrasound analysis showed that foetal heart
rate tracings were stable and normal. While foetal cen-
tralization was not observed, the ultrasound did reveal
oligohydramnios (amniotic fluid index < 5.0 cm), abnor-
mal foetal symmetry and abnormal placental texture.
Although pregnancy was estimated to be 35 WG, with a
foetal weight of 2,500 g, according to the patient’s last
menstruation date, foetal growth was approximately 38-
39 WG. Thus, the estimate of 35 WG after ultrasound
analysis might represent impairment of intra-uterine
growth. Two days later in a routine follow-up, an abnor-
mal foetal heart rate was observed. Another ultrasound
analysis was performed, and no foetal heartbeat was
detected, and oligohydramnios was observed. Next,
labour was induced by administration of oxytocin, and
foetal loss of a male weighing 2,670 g was confirmed.
No foetal autopsy was performed due to the lack of
authorization by relatives. Macroscopic examination of
the placenta revealed an abnormal dark colour; follow-
ing patient consent, a sample of the placental tissue was
collected for further microscopic and molecular analysis.
Molecular analysis of the placenta revealed a mixed
infection with P. falciparum and P. vivax. Taken
together, these findings suggest placental dysfunction
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most likely associated with plasmodial infection, as
other common infectious diseases that cause the same
phenomenon were ruled out.

Because of the absence of parasite forms in the thick
blood smear performed at the maternity, the patient did
not receive any anti-malarial treatment during her stay
and immediately after being released from the hospital.
In the second month after foetus loss, nested-PCR ana-
lysis was conducted on the asymptomatic mother’s per-
ipheral blood and a P. falciparum-specific PCR product
was detected, despite the maintenance of negative thick
blood smears. At the time, the patient was treated with
artemether/lumefantrine for three days. Figure 1 sum-
marizes, in a chronological manner, the major events
reported in this case.

Methods

Molecular analysis

A small fraction (1 x 1 x 1 cm) of maternal placenta
was collected, frozen in liquid nitrogen and crushed in 2
mL of digestion buffer (100 mM NaCl, 10 mM Tris-
HCI, 25 mM EDTA and 0.5% SDS) before incubation
overnight at 37°C in the presence of proteinase K (0.1
mg/mL, Sigma). The DNA used for PCR amplification
was purified by two phenol/chloroform extractions, fol-
lowed by ethanol precipitation; DNA samples were
resuspended in water. Two samples of the patient’s per-
ipheral blood were collected, the first one at few hours
after the foetus loss and other approximated two
months later. Genomic DNA (gDNA) was purified using
the Charge Switch gDNA Blood Kit (Invitrogen) accord-
ing to the manufacturer’s protocol. To determine and
discriminate the presence of Plasmodium spp. gDNA in
the blood sample, sensitive nested-PCR was performed
using species-specific oligonucleotides based on human
malaria parasite genes for the 18S small subunit riboso-
mal RNA (ssrRNA) as described previously [10]. Impor-
tant, this set of oligonucleotides amplifies small amounts
of genetic material only from viable parasites [10]. As a
negative control, gDNA purified from a healthy placenta
or from the peripheral blood of a non-infected indivi-
dual was used. The products of these reactions were
analyzed on a 2% agarose gel stained with ethidium bro-
mide. To ensure nested-PCR specificity, amplification
products were directly cloned into the pGEM-T cloning
vector kit (Promega) and then analysed with the aid of
the MegaBace 500 automatic sequencer (GE - Health
care).

Nested-PCR results conducted with patient’s placental
tissue were also confirmed by semi-nested multiplex
malaria PCR (SnM-PCR) (Additional file 1) assays as
described [11]. Because of the poor conditions of the
placental tissue collected histological analyses were not
conducted.
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Figure 1 Schematic representation of the major events reported in this case. Diagnosis, treatment and symptoms are reported as they
occurred in a chronological manner. Following the P. vivax positive blood smear diagnosis, the patient remained hospitalized until delivery,
when placental tissue and mother’s peripheral blood samples were collected and molecular analyses were performed. Two months after foetal
loss, a new blood sample was collected, allowing P. falciparum molecular diagnosis by nested-PCR.

Consent

Written and informed consent was sought and granted
from the patient who attended the tertiary-care mater-
nity hospital.

Results

The patient was diagnosed for P. vivax infection by thick
blood smear performed in a Health Center during her
pregnancy. To confirm this diagnosis and to investigate
placental vivax infection, we conducted nested-PCR analy-
sis of the placental tissue using species-specific oligonu-
cleotides. As expected, specific amplification of P. vivax
18S ssrRNA gene was detected (Figure 2). However, a
positive reaction was also observed after incubation with
P. falciparum-specific oligonucleotides (Figure 2); thus
revealing a mixed-species placental infection. Despite the
positive nested-PCR result, P. falciparum-infected erythro-
cytes were not detected in peripheral blood by the thick

blood smear before delivery. Nested-PCR analysis of
peripheral blood was also performed immediately after
foetal loss, and neither P. vivax- nor P. falciparum-specific
fragments were observed (Figure 2).

Discussion

Recent efforts by Brazilian authorities have led to a sig-
nificant reduction in malaria cases (456,000 in 2007 to
314,000 in 2009) and in the Amazonian Annual Parasi-
tological Index (API; 31.9 in 1999 to 12.8 in 2008) over
the last few years [8]. Nevertheless, disease incidence in
women and children less than 10 years of age increased
from 2003 to 2008; disease in women increased from
34.9 to 38.6%, while the incidence in children under 10
increased from 22 to 25.2% [8]. Indeed, in Manaus, an
unusual augmentation in the number of hospitalizations
of P. vivax-infected individuals has been reported over
the past years [12]. Brazilian malaria treatment policy
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Figure 2 The presence of P. falciparum- and P. vivax-infected erythrocytes in the placenta collected after foetal loss. Agarose gel
electrophoresis of nested-PCR amplified products in the presence of species-specific human malaria parasite oligonucleotides (VIV or FAL,
specific for P. vivax or P. falciparum, respectively) based on the parasite small subunit ribosomal RNA (ssrRNA) gene. Both P. vivax and P.
falciparum gDNA were found in the placenta; no plasmodial gDNA was detected in peripheral blood after delivery. Abbreviations are as follows:
MW, molecular weight; bp, base pair; B, patient peripheral blood sample; niB, non-infected human peripheral blood; P, patient placenta sample;
niP, non-infected human placenta; C-, negative control, absence of nuclear material; Pv+ and Pf+, positive controls representing amplification

B niB P niP C- Pv+ Pf+

J

restricts the use of antimalarials to confirmed parasitolo-
gical cases. A combination of chloroquine and prima-
quine is used in uncomplicated P. vivax infections, while
artemether-lumefantrine is the choice to treat uncompli-
cated P. falciparum infections. In severe falciparum
malaria, intravenous administration of artemisinin deri-
vatives is recommended [13].

The relationship between P. vivax infection and preg-
nancy outcomes such as stillbirth and miscarriage
remains unclear in the literature. However, studies con-
ducted in Southeastern Asia indicate a correlation
between P. vivax infection and adverse pregnancy out-
comes, eventually leading to maternal anemia and low
birth weight, and with the presence of malaria pigment
in the placenta [6,7]. Furthermore, it has been shown an
increase in the frequency of P. falciparum infections in
pregnant women in a cohort of 1,699 childbearing
women in the Brazilian Amazon [14].

This is a case report of gestational malaria with foetal
loss, in which DNA of both P. vivax and P. falciparum
were amplified from infected placental tissue. In con-
trast, only P. vivax-infected erythrocytes (Pv-iE) were
found in patient peripheral blood following diagnosis by
Giemsa-stained thick blood smear. Although the
patient’s chloroquine treatment was incomplete, the uti-
lized diagnostic method failed to detect P. vivax in the
peripheral blood after treatment; thus showing some
efficacy of the drug treatment against this species of
parasite. Moreover, as the nested-PCR analysis con-
ducted by us detects only viable parasites, we assume
that both of these species of parasites were accumulated
or sequestered in the placenta and played a role in
pathology.

During the months that followed foetus loss, even
without a clear symptom, the patient was further tested
for malaria infection by thick blood smear in the health

center, and parasites were not detected in the peripheral
blood. However, a molecular diagnosis by nested-PCR
performed in the patient’s peripheral blood collected
two months after delivery detected only P. falciparum
(Additional file 2). Although immunological analyses
were not carried out, microscopically undetectable levels
of peripheral parasitaemia might suggest that this
woman presents an important acquired immunity
against P. falciparum.

It is not known by which means P. vivax can lead to
severe complications in pregnancy; even though a recent
report has shown the ability of Pv-iE to cytoadhere to
placental cryosections [15]. However, several reports
have shown that mixed-malaria species infection attenu-
ates the severity of P. falciparum pathology in Asia and
in Brazil [16-18]. Moreover, it has been recently shown
that in malaria mixed-species infections patients develop
higher levels of fever and antisera against P. vivax and
P. falciparum in comparison to patients with a single
infection [19], and competition between co-infecting
parasites for limited resources within a host consists in
a form of selective pressure directed from one species to
another [20]. Given that the patient was hospitalized
soon after chloroquine administration, it is most likely
that by disrupting the equilibrium between these two
parasites an exacerbation of the clinical signs by the
most virulent species contributed to foetal death. None-
theless, the possibility that P. falciparum erythrocytic
infection has occurred in the period between chloro-
quine treatment and delivery cannot be ruled out.

Conclusions

Collectively, this case reinforces the notion that by inter-
fering in the homeostasis of two distinct species of Plas-
modium parasites in mixed-infections symptoms
provoked by the more virulent species can exacerbate.
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Moreover, it demonstrates the necessity during preg-
nancy to consider asymptomatic plasmodial infections
as a potential complication, and urges careful patient
follow-up even when peripheral parasitaemia seems
absent following drug treatment. Highly sensitive techni-
ques are available and must be used as diagnostic tools,
especially in high-risk groups such as pregnant women.

Additional material

Additional file 1: Presence confirmation of P. falciparum- and P.
vivax-infected erythrocytes in the placental tissue collected after
foetal loss. Agarose gel electrophoresis of semi-nested multiplex PCR
(SNM-PCR) amplified products in the presence of species-specific human
malaria parasite oligonucleotides specific for P. ovale, P. malariae, P. vivax
or P. falciparum ssrRNA gene. Both P. vivax and P. falciparum gDNA were
found in the placenta. Abbreviations are as follows: MW, molecular
weight; bp, base pair; S, patient placental sample; C-, negative control,
absence of nuclear material; Po+, Pm+, Pv+ and Pf+, positive controls
representing amplification product of P. ovale (436 bp), P. malariae (269
bp), P. vivax (499 bp) and P. falciparum (395 bp) ssrRNA gene.

Additional file 2: Molecular diagnosis of Plasmodium falciparum
infection performed two months after delivery. Agarose gel
electrophoresis representing nested-PCR performed in the presence of
patient’s peripheral blood collected two months after delivery and
species-specific human malaria parasite oligonucleotides (VIV or FAL,
specific for P. vivax or P. falciparum ssrRNA gene, respectively). Only P.
falciparum gDNA was detected in peripheral blood. Abbreviations are as
follows: MW, molecular weight; bp, base pair; B, patient peripheral blood
sample; niB, non-infected peripheral blood sample; C-, negative control,
absence of nuclear material; Pv+ and Pf+, positive controls representing
amplification product of P. vivax (120 bp) and P. falciparum (200 bp)
ssTRNA gene.
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On cytoadhesion of Plasmodium vivax: raison d’étre?
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1t is generally accepted that Plasmodium vivax, the most widely distributed human malaria parasite, causes mild
disease and that this species does not sequester in the deep capillaries of internal organs. Recent evidence, however,
has demonstrated that there is severe disease, sometimes resulting in death, exclusively associated with P. vivax and
that P. vivax-infected reticulocytes are able to cytoadhere in vitro to different endothelial cells and placental cryo-
sections. Here, we review the scarce and preliminary data on cytoadherence in P. vivax, reinforcing the importance
of this phenomenon in this species and highlighting the avenues that it opens for our understanding of the pathology

of this neglected human malaria parasite.

Key words: Plasmodium vivax - malaria - cytoadherence - severe disease

Plasmodium vivax: the last malaria parasite? - The
renewed momentum for global malaria eradication has
generated the need for further study of P. vivax (Alonso
et al. 2011). In fact, the burden of P. vivax seems to be in-
creasing from 70-80 million to 130-435 million clinical
cases per year and threatens 2.6 billion people (Mendis
et al. 2001, Hay et al. 2004, Guerra et al. 2010). Frequent
relapses of infection with this species and the emergence
of chloroquine resistance are two major factors likely re-
sponsible for this increasing burden of P. vivax malaria
(Kochar et al. 2005, Baird 2007, Price et al. 2007). No-
tably, in South and Southeast Asia, P. vivax infections
represent more than 50% of malaria cases, whereas in
Central and South America infections by P. vivax can
reach up to 70-90%. Thus, P. vivax is most prevalent ma-
laria outside Sub-Saharan Africa.

Notably, the life cycle and biology of P. vivax differ
from those of Plasmodium falciparum (Table). The fol-
lowing differences are worth highlighting: (i) P. vivax
sporozoites can enter hepatocytes and remain dormant
as hypnozoites, which are responsible for clinical relaps-
es (Krotoski 1985), (ii) P. vivax preferentially, if not ex-
clusively, invades reticulocytes (Kitchen 1938), and this
is arguably the reason why parasitemias are low in natu-
ral vivax infection, (iii) gametocytes appear in the blood
before clinical symptoms are manifest, which compli-
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cates and compromises clinical treatment and control of
the disease (Boyd & Kitchen 1937), and (iv) mosquito
vectors from areas where P. vivax is more prevalent are
outdoor-biting and anthropophilic, which makes control
measures, such as impregnated bed nets, of limited val-
ue. Experts therefore agree that due to this unique biol-
ogy, the present tools used to control P. falciparum will
not suffice for P. vivax, which reinforces the importance
of understanding the biology, epidemiology and pathol-
ogy of P. vivax (Mueller et al. 2009).

Pathology of P. vivax - Pathogenesis in falciparum
malaria is multi-factorial and involves numerous host
and parasite factors. However, central to this pathogen-
esis are the phenomena of antigenic variation, rosetting
and cytoadherence (Miller et al. 2002). Antigenic varia-
tion refers to the capacity of parasites to clonally express
variant proteins at the surface of infected red blood cells
(IRBCs) and this function to evade the host immune re-
sponse and allow for the establishment of chronic infec-
tion (Brown & Brown 1965). Rosetting is the formation
of rosettes resulting from the adhesion of erythrocytes
infected with mature forms of the parasite to uninfected
erythrocytes and this process has been shown to increase
the microvascular obstruction of blood flow (David et al.
1988). Cytoadherence refers to the capacity of IRBC to
adhere to host cells. This process has been described for
the endothelium and for the placenta and it causes the
disappearance of mature trophozoites and schizonts from
the peripheral blood (Bignami & Bastianelli 1889, Miller
et al. 1994). Remarkably, the original search for genes re-
sponsible for these phenomena identified a single subtelo-
meric multigene variant family named the var gene fam-
ily (Baruch et al. 1995, Smith et al. 1995, Su et al. 1995).
P. falciparum var genes encode proteins collectively
known as PfEMPI that contain ligand domains for dif-
ferent endothelial receptors, such as CD36, intercellular
adhesion molecule-1 (ICAM-1) and chondroitin sulphate
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TABLE

Main biological differences between Plasmodium vivax and Plasmodium falciparum

P. vivax

P. falciparum

Seventy-300 million yearly clinical cases
(Mendis et al. 2001, Hay et al. 2004).

Usually non-lethal and non-severe; yet this situation has radically

changed recently (Kochar et al. 2009).

Sporozoites can remain within hepatocytes in dormant stages known

as hypnozoites (Krotoski 1985).
Hypnozoites cause clinical relapses.

Invades preferentially, if not exclusively, reticulocytes (Kitchen 1938).

Requires mainly (Chitnis & Sharma 2008), but not exclusively
(Mercereau-Puijalon & Menard 2010), the Duffy Blood Group

as the receptor for entrance into reticulocytes.

Surface membrane of infected reticulocytes suffers invaginations

called caveola vesicles.

Continuous in vitro culture not available.

Gametocytes appear in peripheral blood before clinical symptoms

(Boyd & Kitchen 1937).
Mosquito vectors are mostly outdoor bitting.
Chloroquine resistance first reported in 1989.

Complete genome sequence first reported in 2008
(Carlton et al. 2008).

Three hundred-500 million yearly clinical cases
(Guerra et al. 2007).

Lethal and severe, responsible for close to one million
deaths each year mostly in children under five years old.

Sporozoites within hepatocytes undergo immediate
schizogony with no dormant stages.

There are no clinical relapses.
Invades all red blood cells.

Has multiple entrance pathways and receptors
(Cowman & Crabb 2006).

Surface membrane of infected red blood cells suffers
protrusions called knobs.

Continuous in vitro culture available since 1976
(Trager & Jensen 1976).

Gametocytes appear in peripheral blood after clinical
symptoms.

Mosquito vectors are mostly indoor bitting.
Chloroquine resistance first reported in late 1950s.

Complete genome sequence first reported in 2002
(Gardner et al. 2002).

A (CSA). Furthermore, var gene expression is associated
with various clinical syndromes of severe falciparum dis-
ease (Pasternak & Dzikowski 2009). In addition to var
genes, the full genome sequence of P. falciparum has
revealed additional subtelomeric multigene families that
are likely involved in the pathology of malaria (Gardner
et al. 2002). These data therefore indicate that expression
of P. falciparum multigene families, which are clustered
in subtelomeric regions, is associated with the pathology
of falciparum malaria and the phenomena of antigenic
variation, rosetting and cytoadherence.

Studies from P. vivax patients in Sri Lanka have shown
that P. vivax undergoes antigenic variation and that the
mature forms have the capacity for rosetting (Udagama
et al. 1987, Udomsanpetch et al. 1995). Thus, using im-
mune sera from primary-infected or multiply infected P.
vivax patients, immunofluorescence assays from differ-
ent isolates have revealed that only patients with multiple
infections were able to recognise several different iso-
lates (Udagama et al. 1987). Moreover, rosetting experi-
ments using blood and wild isolates revealed that close
to 70% of the isolates showed rosetting (Udomsanpetch
et al. 1995). However, approaches similar to those used
for studies of cytoadhesion in P. falciparum (Hasler et al.
1993) failed to observe the cytoadhesion of P. vivax-in-
fected reticulocytes to human umbilical vein endothelial
cells, C32 melanoma cells, platelets or to purified CD36.
Notably, sequence analysis of a P. vivax isolate revealed
the presence of a subtelomeric multigene variant super-

family termed vir (P. vivax variant genes), which is likely
involved in antigenic variation in this species (del Portillo
et al. 2001). Further analyses have indicated that vir genes
could have additional functions and it was hypothesised
that they mediate adhesion to facilitate the establishment
of chronic infection (del Portillo et al. 2004). The complete
genome sequence of the Sal I strain revealed the pres-
ence of additional subtelomeric gene families (Carlton et
al. 2008), which further indicated that P. vivax, like P.
falciparum, has clustered multigene families at its chro-
mosome ends. However, the relationship between these
gene families and pathology has been mostly overlooked,
as vivax malaria had been predominantly accepted to be
clinically benign and not to cytoadhere.

In the last 10 years, the severe complications observed
in P. falciparum infection, which include renal failure,
jaundice, acute respiratory distress syndrome, cerebral
malaria, seizures, anemia, hyperparasitemia, thrombo-
cytopenia, pulmonary edema, splenic rupture and death,
have also been reported worldwide for P. vivax (Kochar
etal. 2005, 2009, Baird 2007, Price et al. 2007, Alexandre
et al. 2010). However, diagnosis was made in most cases
using Giemsa staining, which cast reasonable doubts as
to the potential for undetectable infection with P. falci-
parum. The use of nested polymerase chain reactions
(PCRs) to exclude the possibility of mixed infection,
however, has confirmed sole infection with P. vivax in
some of these reports. In addition, the clinical exclusion
of other syndromes, such as those caused by respiratory
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pathogens, human immunodeficiency virus, histoplasma,
coccidians and paracoccidians, as well as the adoption of
World Health Organization criteria used for severe falci-
parum disease, are now being adopted for the reports of
new cases of severe vivax disease. In Brazil, for instance,
a recent study from the city of Manaus, Amazonas,
showed an increased number of hospital admissions for
P. vivax-infected patients (Santos-Ciminera et al. 2007)
with increased clinical severity, which were mostly re-
lated to jaundice and severe anaemia after P. falciparum
or other possible causes of disease were excluded (Ale-
xandre et al. 2010). Similar to what has been observed in
Brazil, an increasing number of cases with complications
have been reported worldwide (Anstey et al. 2009). These
data illustrate and confirm that there is indeed an aug-
mentation of the number of severe cases exclusively as-
sociated with P. vivax infection across different endemic
regions of the world. Nevertheless, whether this severity
is directly associated with changes in parasite biology,
increasing resistance to antimalarial drugs or with the
presence of comorbidities is still a matter of debate.

Although it has long been axiomatic that P. vivax is
less virulent than P. falciparum due to its lack of cytoad-
herence, the existence of subtelomeric variant families
in the genome of P. vivax and the recent confirmed re-
ports of severe vivax disease have led us to question the
validity of this view. Moreover, in spite of studies that
have documented the presence of all stages of P. vivax
in the peripheral blood of infected patients, previous
studies revealed that the presence of mature forms were
disproportionably lower than young stages, indicating
a segmentation of these mature forms somewhere else
than in peripheral blood (Field et al. 1963).

Cytoadherence of P. vivax-infected reticulocytes - In
an attempt to elucidate whether cytoadhesion is a P. fal-
ciparum-restricted phenomenon, a recent collaborative
study by our groups (Carvalho et al. 2010) demonstrated
that P. vivax-IRBC (Pv-IRBCs) obtained from Brazilian
patients with non-severe disease were able to cytoadhere
under static or flow conditions to brain, lung (Fig. 1), pla-
cental and endothelial receptors, which have previously
been implicated in the binding of P. falciparum (Beeson
& Brown 2002). Under static conditions, the number per
mm? of adherent Pv-IRBC was 10-15-fold lower than
that of P. falciparum-IRBC (Pf-IRBC). However, the
percentage of parasites able to bind endothelial recep-
tors under flow conditions did not differ significantly.
These results differ from those previously reported in
Sri Lanka (Udomsanpetch et al. 1995). One explanation
for this discrepancy is that our cytoadhesion assays used
percoll-enriched mature forms of the parasite at pH 6.8,
whereas this other studies has used forms obtained di-
rectly from the blood at pH 7.4.

To identify potential endothelial receptors involved
in P. vivax adherence, CHO cells expressing different
endothelial receptors were used for adhesion assays. We
found greater adhesion to ICAM-I-transfected cells in
comparison to CD36-transfected or untransfected cells.
However, we cannot rule out the role of additional host
receptors in Pv-IRBC. Moreover, adhesion of parasites to
endothelial cells was significantly inhibited by the addi-

tion of soluble CSA, although treatment of the same cells
with chondroitinase-ABC (CaseABC) did not affect adhe-
sion (Carvalho et al. 2010). These results indicated that
the CSA backbone was not directly involved in parasite
adhesion. As CSA is highly negatively charged due to the
presence of sulphate groups, the inhibition of cytoadhe-
sion may be sustained by a charge interaction. Indeed, it
has been shown that the binding of several P. falciparum
VAR2CSA domains to CSA at various salt concentrations
is not different from their binding to non-placental do-
mains, which demonstrates that binding to CSA is highly
dependent on ionic strength (Resende et al. 2009).

We hypothesised that Vir proteins, due to their vari-
ant nature, sub-cellular localisation and genome organi-
sation, could mediate P. vivax cytoadherance. By using
two different antibodies raised against two different Vir
proteins, the specific inhibition of the IRBC-endothelial
cell interaction was demonstrated (Carvalho et al. 2010).
To perform functional binding assays in the absence of
a continuous in vitro culture system for P. vivax, 3D7 P.
falciparum transgenic lines expressing different Vir pro-
teins, motifs, protein domains and secondary structures
have been generated (M Bernabeu & C Fernandez-Be-
cerra, unpublished observations). Notably, one of these
transgenic lines that expressed Vir proteins on the surface
of the IRBC mediated cytoadherence to ICAM-1, VCAM
and E-selectin. Moreover, two polyclonal, mono-specific
anti-Vir antibodies significantly inhibited this adhesion.
Together, these data further support our findings and indi-
cate that P. vivax-infected reticulocytes can cytoadhere to
a variety of endothelial receptors and that this adherence
is at least partially mediated specifically by Vir proteins.

Cytoadherence and severe vivax disease - The recent
findings that infection with P. vivax can lead to severe
complications in endemic areas worldwide (Kochar et al.
2005, Lomar et al. 2005, Tjitra et al. 2008) have led the
scientific community to search for the mechanisms of
pathogenesis related to this infection, which have been
neglected thus far. One of the major arguments against
the severity of P. vivax infection was based on the lack
of cytoadherence and the formation of knobs by this
parasite. However, robust evidence points to the exis-
tence of severe falciparum disease without the presence
of the aforementioned mechanisms, which therefore
suggests that these are not the sine qua non for sever-
ity (Maegraith 1948). As reviewed above, cytoadhesion
was demonstrated for P. vivax using an in vitro approach
(Carvalho et al. 2010) and unpublished data on adhesion
to the placenta (FTM Costa & MVG Lacerda, unpub-
lished observations) (Fig. 2), lungs and spleen (MVG
Lacerda & H del Portillo, unpublished observations)
have recently been obtained. When IRBCs are found in-
side of blood vessels in human tissues, there is no way
to confirm that cytoadhesion has taken place, and this
possibility should also be taken into account for previous
studies of P. falciparum-infected tissues.

There is not much information available on autopsies
related to vivax infection, which could lend support to
cytoadherence during severe vivax disease. As reviewed
elsewhere (Anstey et al. 2009), however, early XX cen-
tury autopsies for which P. vivax diagnosis was based on
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Fig. 1: adhesion of Plasmodium vivax-infected erythrocytes matur-
ing forms to endothelial cells. A: Giemsa staining of P. vivax mature
forms obtained after Percoll enrichment. Representative photomicro-
graphs of P. vivax-infected red blood cells adhesion to human lung; B:
Saimiri brain; C: endothelial cells.

thick blood smears reported the presence of intracapil-
lary masses of swollen, infected erythrocytes and pig-
ment (Billings & Post 1915). In addition, these autopsies
reported the frequent presence of mature malaria para-
sites within a red blood cell taking up the entire lumen
and being in immediate contact with endothelial cells in
some vessels in the brain, as well as an unusually large
number of infected red cells and young plasmodia and a
large amount of pigment in intestinal submucosal vessels
(Bruetsch 1932). In these cases, however, comorbidities
and mixed infection with P. falciparum were not prop-
erly discarded. More recently, one autopsy from India,
which had confirmed P. vivax monoinfection by PCR,
found congestion of alveolar capillaries by monocytic
infiltrates and diffuse damage to alveolar membranes
consistent with acute respiratory distress syndrome.
Parasites were observed in lung tissue as well as in other
organs without lesions (Valecha et al. 2009). Despite
the fact that this is evidence from a single case, this re-
sembles the findings of cytoadhesion in P. falciparum
pulmonary disease (Corbett et al. 1989). From measure-
ments of gas transfer and lung volume in non-severe
vivax patients, the progressive alveolar-capillary dys-
function following treatment was found to be consistent
with the greater inflammatory response induced by this
parasite (Anstey et al. 2007). As a major complication of
severe vivax disease, the pathogenesis of respiratory dis-
tress requires further investigation into the cytoadhesion
that takes place, as suggested by studies of in vitro adhe-
sion and endothelial activation of lung microvasculature.
In fact, the host inflammatory response, the endothelial
Weibel-Palade body release, and the plasma concentra-
tions of angiopoietin-2, ICAM-1, E-selectin, interleukin
(IL)-6 and IL-10 are greater in patients with vivax com-
pared to P. falciparum malaria (Yeo et al. 2010). As the
addition of lipopolysaccharide was found to increase the
adhesion of IRBCs to human lung endothelial cells in
vitro (Carvalho et al. 2010), it is possible that secondary
bacterial infections may release endotoxins that could
contribute to the enhanced endothelial activation and cy-
toadhesion. Thus, coinfections and pathogenesis during
vivax infection require further investigation.

The role of platelets in cytoadhesion is well-docu-
mented for severe falciparum malaria. Here, platelets
participate in strengthening the adhesion of IRBCs to

Fig. 2: presence of Plasmodium vivax-infected red blood cells at-
tached to the synciotrophoblast of a placenta from a patient diag-
nosed with P. vivax in the 36th week of pregnancy (optical micros-
copy, 1,000X, Thomas’ stain).

CD36 (known as glycoprotein IV in platelets), which most
likely explains their accumulation in brain microves-
sels (Grau et al. 2003, Wassmer et al. 2004). Platelets can
also participate in tumor necrosis factor (TNF)-induced
microvascular pathology (Lou et al. 1997, Wassmer et al.
2006) and platelet-derived microparticles seem to play
an important role in endothelial activation (Combes et al.
20006). Despite strong evidence that vivax disease triggers
greater thrombocytopenia than does falciparum disease
(Kochar et al. 2010), there are no data available on the
ability of these particles to enhance vivax cytoadhesion.

As reviewed elsewhere (Clark & Alleva 2009), se-
questration in the bone marrow has been shown to cause
the dyserythropoiesis observed in P. falciparum malaria
(Wickramasinghe et al. 1987). Dyserythropoiesis was
demonstrated in the bone marrow during P. vivax infec-
tion, where cytoadhesion was not thought to play a role
(Wickramasinghe et al. 1989). As a result, the idea of cy-
toadhesion as the cause of severe anaemia was abandoned
and the presence of increased TNF levels was shown to in-
duce dyserythropoiesis in both species (Clark & Chaudhri
1988). The presence of P. vivax parasites in the bone mar-
row prompts the need for clarification on its implications
for disease pathogenesis (Lacerda et al. 2008).

Perspectives and concluding remarks - Demonstra-
tion of the cytoadherence of P. vivax opens new inves-
tigational lines of research. First, proteomic analysis of
adhesion proteins and Vir proteins on the surface of in-
fected reticulocytes should further the identification of
new parasite ligands. In addition, microscopic analyses
from autopsies where coinfections have been ruled out
will reinforce the presence of parasite cytoadherence.
The role of cytoadherence to the spleen, lungs and pla-
centa in the establishment of chronic infection will fur-
ther reveal the molecular basis of pathology in P. vivax
malaria and the demonstration of cytoadhesion in other
tissues, such as the kidneys and bone marrow will con-
firm existing observations of severe disease and the as-
sociation between cytoadhesion and severe disease syn-

180



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 706(Suppl. 1), 2011 83

dromes. Furthermore, technological breakthroughs in
noninvasive imaging will demonstrate whether P. vivax-
infected reticulocytes adhere to different organs in vivo
and whether this adhesion is associated with severe vivax
malaria. Ultimately, understanding the factors that deter-
mine P. vivax-associated morbidity and severe disease
will contribute to the control, elimination and eradication
of malaria worldwide (Bassat & Alonso 2011).
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Abstract

A recent clinical trial in African children demonstrated the potential utility of merozoite surface protein (MSP)-3 as a vaccine
against Plasmodium falciparum malaria. The present study evaluated the use of Plasmodium vivax MSP-3 (PvMSP-3) as a
target antigen in vaccine formulations against malaria caused by P. vivax. Recombinant proteins representing MSP-3a and
MSP-3f3 of P. vivax were expressed as soluble histidine-tagged bacterial fusions. Antigenicity during natural infection was
evaluated by detecting specific antibodies using sera from individuals living in endemic areas of Brazil. A large proportion of
infected individuals presented IgG antibodies to PvMSP-3a. (68.2%) and at least 1 recombinant protein representing PvMSP-
3B (79.1%). In spite of the large responder frequency, reactivity to both antigens was significantly lower than was observed
for the immunodominant epitope present on the 19-kDa C-terminal region of PvVMSP-1. Immunogenicity of the
recombinant proteins was studied in mice in the absence or presence of different adjuvant formulations. PvMSP-3f, but not
PvMSP-30, induced a TLR4-independent humoral immune response in the absence of any adjuvant formulation. The
immunogenicity of the recombinant antigens were also tested in formulations containing different adjuvants (Alum,
Salmonella enterica flagellin, CpG, Quil A, TiterMax® and incomplete Freunds adjuvant) and combinations of two adjuvants
(Alum plus flagellin, and CpG plus flagellin). Recombinant PvMSP-3a and PvMSP-3 elicited higher antibody titers capable of
recognizing P. vivax-infected erythrocytes harvested from malaria patients. Our results confirm that P. vivax MSP-3 antigens
are immunogenic during natural infection, and the corresponding recombinant proteins may be useful in elucidating their
vaccine potential.
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In contrast to P. falciparum malaria, vaccine development against
P. vivax malaria lags far behind. Few phase I clinical trials have
been performed and phase II trials have yet to be initiated [4-6].
This is a significant hurdle for malaria eradication, as a vaccine
against P. viwax is an essential step toward this objective [7].

To reduce the gap in the development of a vaccine against P.
vivax malaria, we and others have worked for the past 15 years,
characterizing naturally acquired immune responses to pre-

Introduction

Recent studies have made important advances toward the
development of a vaccine against human malaria caused by
Plasmodium falciparum. Clinical trials performed in African endemic
areas demonstrated 3 distinct antigens have a significant, albeit
partial, effect in retarding clinical malaria acquisition in vaccinated
children. These antigens are the circumsporozoite protein (CSP),
apical membrane antigen-1 (AMA-1), and merozoite surface

X e erythrocytic and blood-stage recombinant antigens in individuals
protein (MSP)-3 [1-3]. These results confirm the feasibility of an

from endemic areas of South America [8-20]. A number of pre-

effective malaria vaccine.
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clinical studies in mice and non-human primates were performed
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using these recombinant antigens. These pre-clinical studies used
recombinant or synthetic antigens based on the CSP, MSP-1,
AMA-1, and Duffy-binding protein [21-27].

PIMSP-3.1 provided protective immunity in African children
vaccinated against P. falciparum infection [3], providing important
evidence that a comparable antigen from P. vivax may also be a
viable candidate for the development of a vaccine against vivax
malaria. In P. vivax, MSP-3 (PvMSP-3) comprises a family of
proteins characterized by a putative signal peptide, a central
alanine-rich domain, and the lack of a C-terminal transmembrane
domain or GPI anchor motif [28-30]. PvMSP-3a and PvMSP-3f3
were initially predicted to form o-helical secondary and coiled-coil
tertiary structures with heptad repeats [28,29]. We recently
demonstrated that recombinant proteins based on predicted
coiled-coil domains of PvMSP-3a form oligomeric and elongated
molecules [31], suggesting this protein may mediate interactions
with host proteins or other merozoite surface proteins.

Based on the promising results of vaccination with P. falciparum
MSP-3.1 (the one member of the PEIMSP3 family that has a central
domain of predicted coiled-coil structure [32]), this study was
designed to evaluate the antigenicity of four prokaryotic recom-
binant proteins representing PvMSP-300 or PvMSP-38 of P. vivax
in humans and mice.

Materials and Methods

Ethics Statement

Blood samples were obtained for research use with the written
informed consent of all study participants enrolled in a protocol
approved by the Ethics Committee of the Faculty of Pharmaceu-
tical Sciences of University of Sao Paulo, Brazil (CEP No. 22/
2001), the Ethics Committee of the Faculty of Tropical Medicine,
Mabhidol University, Thailand (MUTM 2010-006-01), and the
University of Oxford, Centre for Clinical Vaccinology and
Tropical Medicine, United Kingdom (OXTREC 027-025). This
study was performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of
the Brazilian National Council of Animal Experimentation
(http://www.cobea.org.br/). The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Faculty of
Pharmaceutical Sciences of University of Sao Paulo, Brazil (CEEA
No. 112/2006).

Subjects

Serum samples were collected from 220 individuals with patent
P. vivax malaria in five different localities of the Amazon Region
and described in detail elsewhere [9,11]. These samples were
tested for the presence of IgG antibodies against the C-terminal
region of MSP-1 (PvMSP1 ), apical membrane antigen-1 (AMA-
1), and the Dufly binding protein (PvRII) [11,13,16]. A second
group was composed of 26 healthy adult volunteers selected from
blood donors in the city of Sdo Paulo, State of Siao Paulo,
southeastern Brazil (control group).

Recombinant Proteins

The recombinant proteins presented in Table 1 were expressed
in Escherichia coli as described elsewhere [21,31]. Briefly, E. coli
BL21-DE3 (Novagen) containing the recombinant plasmids
pHISa-MSP-30, pHISa-MSP-383 (FP-1), pHISb-MSP-38 (FP-2),
pET14b-MSP-38 (FP-3), and pET14b-MSP1,¢ were cultivated in
1 L of LB-ampicillin (100 ug/mL) at 37°C shaken culture to
ODgpp 0.6-0.8. Recombinant protein expression was induced by
3 h incubation with 0.1 mM isopropyl-B-d thiogalactopyranoside
(IPTG, Life Technologies). The bacterial supernatant was
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obtained by centrifugation at 24,000 g for 60 min at 4°C and
recombinant proteins were purified by affinity chromatography on
Ni**-NTA Agarose (Qiagen) following by AKTA Prime using
anionic-columns (GE Healthcare). Fractions were analyzed by
SDS-PAGE and stained with Coomassie blue. Fractions contain-
ing recombinant proteins with a high degree of purity were pooled
and extensively dialyzed against PBS. The protein concentration
was determined spectrophotometrically at 280 nm. All batches of
recombinant proteins were tested by circular dichroism spectros-
copy, as described previously [31].

Adjuvants and Mouse Immunization

Initially, 4 groups of C57BL/6 (H-2%) and C57BL/6 TLR4
knockout (TLR4 KO, non-responsive to LPS) mice were
immunized subcutaneously (s.c.) with 10 pg of each recombinant
PvMSP-3 in the absence of adjuvants. Animals of 6-8 week-old
were purchased from Federal University of Sdo Paulo, Brazil. A
volume of 50 pL was injected into each footpad. After 15 and 30
days, each animal received a booster injection of 10 pg of the same
protein injected s.c. at the base of the tail.

PvMSP-30 and PvMSP-3f (FP-3) were selected for immuniza-
tion of BALB/c (H-2) mice. The animals were purchased from
University of Sdo Paulo, Brazil. The immunization schedule was
the same as for C57BL/6 mice, except that the animals were
immunized in the presence of 6 adjuvants. In order, the antigens
included 25 pg of Imject® Alum (Pierce), 2.5 pg of FIiC flagellin of
Salmonella  enterica 'T'yphimurium, 10 pug of CpG-ODN 1826
(TCCATGACGTTCCTGACGTT) (Prodimol Biotecnologia),
25 ug of Quil A (Superfos Biosector), or an equal volume of
TiterMax Gold (Sigma) or Incomplete Freund’s Adjuvant (IFA).
PyMSP-3B (FP-3) was also co-administered in CPG ODN 1826
plus Alum or FliC. These adjuvants were administered at the doses
used for immunization with single adjuvants. Controls received
only PBS emulsified in adjuvant. Serum samples were collected for
analysis 14 days after each dose and stored at -20°C.

Immunological Assays

ELISA detection of human IgG antibodies. Human IgG
antibodies against PvMSP-30, PvMSP-38 (FP-1, FP-2, and FP-3),
and PvMSP1,g9 of P. vivax were detected by ELISA [11]. ELISA
plates were coated with 200 ng/well of each recombinant protein.
Fifty microliters of each solution were added to each well of a 96-
well plate (High binding, Costar). After overnight incubation at
room temperature (r.t.), the plates were washed with PBS-Tween
(0.05%, v/v) and blocked with PBS-milk (PBS, pH 7.4, containing
5% nonfat dry milk) for 2 h at 37°C. Serum samples were diluted
1:100 in the same solution and 50 pL of each sample was added to
duplicate wells. After incubation for 2 h at r.t. and washes with
PBS-Tween, 50 pL of a solution containing peroxidase-conjugated
goat anti-human IgG (Fe-specific) diluted 1:5.000 (Sigma) was
added to each well. The enzymatic reaction was developed by the
addition of 1 mg/mL o-p-phenylenediamine (Sigma) diluted in
phosphate-citrate buffer, pH 5.0, containing 0.03% (v/v) hydro-
gen peroxide, and stopped by the addition of 50 pL of 4 N HySOy.
Plates were read at 492 nm (ODy4gy) with an ELISA reader
(Awareness Technology, mod. Stat Fax 2100, EUA). Cutoff points
were set at 3 standard deviations above the mean ODygo of sera
from 26 individuals, unexposed to malaria, from the city of Sao
Paulo. The results are expressed as index of reactivity (IR).

ELISA detection of mouse antibodies. Antibodies to
PvMSP-3 in mouse sera were detected by ELISA on days 14,
29, and 44 as described previously [33]. ELISA plates (High
binding, Costar) were coated with 200 ng/well of the homologous
recombinant protein. Each solution (50 uL) was added to each
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Table 1. Recombinant proteins used in the immunological studies.

Protein Fragment Name Sequence Expression vector Apparent molecular weights
PYMSP-30. FP-1 359-798 pHISa 87 kDa

PVMSP-3B FP-1 35-375 pHISa 60 kDa

PvVMSP-3f3 FP-2 385-654 PpHISb 57 kDa

PVMSP-3B FP-3 35-654 PET14b 104 kDa

PVMSP-1 MSP1,o 1616-1704 pET14b 18 kDa

FP = Fusion Protein with His-tag.
doi:10.1371/journal.pone.0056061.t001

well of a 96-well plate. After overnight incubation at r.t., the plates
were washed with PBS-Tween and blocked with PBS-milk-BSA
(PBS, pH 7.4, containing 5% nonfat dry milk, 2.5% BSA) for 2 h
at 37°C. Mouse sera were tested in serial dilutions starting at
1:100; a final volume of 50 pL of sample was added to duplicate
wells, following incubation for 1 h at r.t. After washes with PBS-
Tween, 50 uL of a solution containing secondary antibody
conjugated to peroxidase (goat anti-mouse IgG, KPL) diluted
1:3.000 was added. The enzymatic reaction was developed as
described for ELISA detection of human IgG antibodies.
Detection of IgG subclass responses was performed as described
above, except the secondary antibody was specific to mouse IgG1,
IgG2a, IgG2b or IgG3 (Southern Technologies) diluted 1:8.000.
The specific anti-PvMSP-3 titers were determined as the highest
dilution yielding an ODy4gy greater than 0.1. The results are
expressed as means of IgG titers (Log;o) = SEM.

P. vivax slide preparation and immunofluorescence
assays. The thin smears used for the IFA were prepared from
ex viwo matured and 45% percoll concentrated schizonts [34] that
were diluted 1:4 with uninfected RBCs to provide enough volume
to make a number of duplicate slides. Clinical isolates of P. vivax-
infected blood from malaria patients were collected at Shoklo
Malaria Research Unit (Thailand) with written informed consent.
Pooled sera from mice immunized 3 times with the recombinant
PvMSP-30 and PvMSP-3 (FP-3) proteins emulsified in Freund’s
Adjuvant (1:100) were applied to the smear and incubated for 1 h
before incubation with secondary anti-mouse IgG antibody
conjugated to Alexa Fluor 568 (Invitrogen) or DAPI (4',6-
diamidino-2-phenylindole, dihydrochloride, Invitrogen). The pres-
ence of native PvMSP-3 was visualized using a Nikon TS100
epifluorescence microscope.

Statistical Analysis

Differences between the proportions of responder individuals
were analyzed by the Chi-square test. Comparison of antibody
level (IR) in independent samples was performed by One-way
analysis of variance (ANOVA) and correlations were determined
by the nonparametric Spearman correlation coefficient. One-way
ANOVA was used to compare normally distributed log-trans-
formed means for the different animal groups. Multiple compar-
isons were assessed by Tukey’s Test, with a P-value of <0.05
considered significant.

Results

Antigenicity of Recombinant PvMSP-3a or PvMSP-33
Proteins
Initially, we compared the IgG antibody response of individuals

during patent infection to the recombinant PveMSP-3a and
PvMSP-38 (FP-1, FP-2, and FP-3) Proteins. Details of each
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recombinant protein can be found in our previously published
studies on the biochemistry of these proteins [31]. The frequency
of responders to MSP-3a and at least one recombinant protein
representing PvMSP-3B was 68.2% and 79.1%, respectively,
indicating both proteins are immunogenic during infection with P.
vivax. The frequency of individuals presenting IgG antibodies to
each recombinant PvMSP-38 was 26.3% (FP-1), 64.5% (FP-2),
and 65.9% (FP-3). The prevalence of antibodies against P-1 was
significantly lower than the prevalence of antibodies against FP-2
and FP-3 of PvMSP-3B (Chi-square test, p<<0.001). Reactivity to
FP-2 and FP-3 of PvMSP-3f did not statistically differ (p>0.05).
We also compared the reactivity of each PvMSP-3 recombinant
protein with an immunodominant epitope of P. vwvax, contained
within the PvMSP1,9 protein [9,11]. The responder frequency
and reactivity index in malaria-infected individuals with
PvMSP1 9 were significantly higher when compared to the other
recombinant proteins ($<<0.001, Figure 1A and B, respectively).

After repeated exposure, differences in reactivity between
PvMSP1,9 and the recombinant PvMSP-3 proteins were main-
tained ($<<0.0001 to PvMSP-30. and PvMSP-33 FP-1, p<<0.01 to
PyMSP-3B FP-2, and p<<0.001 to PvMSP-3B FP-3, Figure 1C).
The proportions of responders to FP-2 and FP-3 increased
significantly after repeated P. vivax infection reaching more than
80% in multiply infected individuals, indicating most individuals
may become responders based on their degree of exposure. Such a
pattern was not observed in response to FP-1 (Figure 1C).

We also evaluated the correlation between antibody reactivities
to paired recombinant proteins during patent infection. In all
cases, significant correlations were observed. For example, there
was a relatively high correlation between PvMSP-3a and PvMSP-
3B FP-2 (r=0.56, p<<0.0001; Figure 2B), or PvMSP-3 FP-2 and
PvMSP-3B FP-3 (r=0.59, p<<0.0001; Figure 2F), and a moderate
correlation between PyMSP-3a0 and PvMSP-3p FP-3 (r=0.41,
$<0.0001; Figure 2C) or PvMSP-3f FP-1 and PvMSP-33 FP-2
(r=0.33, p<<0.0001; Figure 2D), or PvMSP-38 FP-1 and FP-3
(r=0.42, p<<0.0001; Figure 2E). Overall, the correlations between
the antibody reactivities to PvMSP1 9 and the other recombinant
proteins (Figures 2G, 2H, 21, and 2J) were weak.

Immunogenicity of Recombinant PvMSP-3a. and PvMSP-
3 Proteins in Mice

The immunogenicity of recombinant proteins representing
PvMSP-300 and PvMSP-33 was evaluated after immunization of
C57BL/6 wild type (WT) mice. Animals immunized with PvMSP-
3a failed to respond even after three immunizing doses (Figure 3A).
In contrast, we detected specific antibodies in mice immunized 2
or 3 times with any of the PvMSP-3f proteins (Figures 3B, 3C,
3D). The antibody titers to PvMSP-3 FP-2 were higher than the
titers to PvMSP-3f FP-1 or FP3 (p<<0.01). In addition, the titers to
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Figure 1. Human antibody response to recombinant PvMSP-3¢,
PvMSP-3f, and PvMSP1,, proteins during patent P. vivax
infection. A) The bars express the percent response for each of the
analyzed proteins. Sera from 220 individuals were analyzed for the
presence of specific IgG antibodies by ELISA and tested at a 1:100
dilution in duplicate. The cutoff proteins obtained from the PvMSP-30,
PvMSP-38 (FP-1), PvMSP-3f (FP-2), PvMSP-3f3 (FP-3), and PvMSP1,, were
0.179, 0.715, 0.195, 0.396, and 0.185, respectively. B) Comparison of
individual IR IgG antibodies to MSPs in sera of individuals infected by P.
vivax. The line indicates the limit of positivity (IR=1). IR: Index of
reactivity (mean absorbance of test serum/cutoff). C) Comparative
analysis of the IgG antibody response against MSP proteins and the
frequency of previous episodes of vivax malaria. We analyzed 213 serum
samples from individuals who reported the number of previous
episodes of malaria for the presence of specific IgG antibodies by
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ELISA. All sera were tested in duplicate at 1:100 dilution. *: the
percentage of responders with statistically significant correlation to the
frequency of previous malaria episodes.
doi:10.1371/journal.pone.0056061.g001

PvMSP-3B FP-1 were higher than the tters to FP-3 (p<<0.01,
Figures 3B, 3C, and 3D).

Because bacterial recombinant proteins are often contaminated
with LPS, we also compared the WT response to that of LPS-
unresponsive TLR4 KO mice.

Similar titers were detected in WT and TLR4 KO mice
following immunization with PvMSP-38 FP-1 and FP-3
(Figures 3B and 3D). In the case of PvMSP-38 FP-2, the titers
of WT mice were significantly higher than in the TLR4 KO mice
(»<<0.05), suggesting a possible effect of LPS contamination in the
protein preparation (Figure 3C). Nevertheless, specific antibodies
are still observed after PvMSP-33 FP-2 immunization.

Adjuvant and Antibody Responses after Immunization
with PvMSP-3a and PvMSP-3 (FP-3)

High antibody titers are desirable for vaccine efficacy. Toward
that goal, we attempted to identify adjuvants that could
significantly improve specific antibody responses. Our main goal
was to obtain, if possible, titers similar to those elicited by
immunization in the presence of Freund’s adjuvant. To test
different adjuvant formulations, we selected 2 recombinant
proteins, PvMSP-30 and full-length PvMSP-3B (FP-3). We used
adjuvant formulations containing Alum, Quil A, TiterMax, IFA,
and the TLR-5 or -9 agonists (FliC or CPG ODN 1826,
respectively). Both recombinant proteins were highly immuno-
genic in BALB/c mice when administered in the presence of
adjuvant (Figures 4 and 5). At the end of the immunization
schedule, mice immunized with PvMSP-3a in Quil A, TiterMax,
or IFA had significantly higher antibody titers than mice
immunized with other adjuvant formulations (Figure 4C,
$<<0.001 in all cases). No statistically significant differences in
antibody titers were detected in mice immunized with PvMSP-3a
in Quil A, TiterMax, or IFA (p>0.05). However, mice immunized
with PvMSP-3a formulated in CPG-ODN 1826 also had high
antibody titers in comparison to FliCG ($<<0.05) or Alum (p<<0.001).
The mean antibody titers obtained with FiC and Alum did not
significantly differ (»p>0.05). Control mice immunized with
adjuvants only did not present specific antibodies to PvMSP-3a
throughout the experiment. The only exception was FliC-
immunized mice, which had a low antibody immune response to
PyMSP-3p (Figure 5). In this experiment, we observed that after
the third dose, animals immunized with PvMSP-38 in CPG ODN
1826, Quil A, or TiterMax presented antibody titers similar to
those of mice immunized with antigen in IFA (P>0.05)
(Figure 5C). However, when administered with Alum or FliC
antibody, titers to PYMSP-3B were significantly lower (p<<0.001).
FliC proved to be the most efficient adjuvant, generating antibody
titers significantly higher than Alum (p<<0.05). Interestingly, when
CPG ODN 1826 was administered with Alum or FliC, it improved
their activity, producing antibody titers as high as the IFA-
immunized group (Figure 5C).

The Th bias of the immune response was analyzed by
determination of IgG subclasses in immunized by BALB/c¢ mice.
As shown in Figure 6, high levels of IgG1 were observed in mice
immunized with Alum, in comparison to other groups, indicating
Th2 polarization (IgG1/IgG2a ratio: 112). However, co-admin-
istration of Alum with CPG ODN 1826 greatly reduced the IgG1/
IgG2a ratio in comparison to the adjuvant alone (Alum plus CPG
ODN 1826:112 vs. 0.36, p<<0.05). Although co-administration of
Alum plus FliC also modulated the Thl/Th2 response in
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Figure 2. Reactivity against recombinant PvMSP-3 and PvMSP1,, proteins in 220 sera from individuals with patent P. vivax malaria
infection. Each panel represents the reactivity index of serum samples against the indicated recombinant proteins. The serum samples were tested
at a 1:100 dilution, as described in Figure 1B. Symbols represent the IR IgG antibodies against recombinant MSP proteins in the sera of P. vivax-
infected individuals. The values of the Spearman correlation coefficient (r) and p values are shown in each panel.
doi:10.1371/journal.pone.0056061.g002

comparison to FliC alone, this difference was not statistically
significant (IgG1/IgG2a ratio: 22 vs. 1.63, p>0.05). A more
balanced Th1/Th2 response was observed in mice immunized
with PvMSP-38 in FliC, CPG-ODN 1826, Quil A, TiterMax, and
IFA (IgG1/IgG2a ratio between 0.35 and 28).

In addition to IgG1 and IgG2a, in many cases, we have also
detected the presence of IgG2b and IgG3. The results are
summarized on Figure S1.

Recognition of Native Protein in P. Vivax Parasites
Pooled sera from mice immunized three times with PvMSP-3a
and PvMSP-3p in Freund’s Adjuvant were tested for their ability
to recognize native protein expressed by P. vivax merozoites. Both
sera reacted with native protein exposed on the surface of P. vivax
parasites isolated from an infected individual, but not with control
sera. The IFA patterns obtained with these sera are shown in
Figure 7, where the schizonts appeared as a “bunch of grapes”
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Figure 3. IgG antibody response in C57BL/6 wild-type (WT) and TLR4 KO mice after immunization with MSP-3 in the absence of
adjuvant. Groups of 5 mice were immunized 3 times (s.c.) with 10 ug of PvMSP-3a, PvMSP-3f (FP-1), PvMSP-3f (FP-2), or PvMSP-3f (FP-3) and
antibody titers to homologous PvMSP-3 were determined after each dose. Results are expressed as the means of antibody titers (log;o) = SEM and
were compared by one-way ANOVA followed by Tukey's test for multiple comparisons. After the third dose, non-significant differences between
groups of immunized mice (C57BL/6 WT vs. TKR4 KO) are denoted on the graph as “n.s.” Significant difference between 2 groups of mice immunized
with 3 doses of PvMSP-3f (FP-2) are denoted on the graph (*p<<0.05).

doi:10.1371/journal.pone.0056061.g003
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Figure 5. IgG anti-PvMSP-3 and IgG subclass profiles in mice
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BALB/c were immunized 3 times (s.c.) with 10 ug of protein in the
presence of the following adjuvant formulations: Alum, FliC, CpG ODN
1826, Quil A, TiterMax, or IFA. The adjuvants Alum, FliC, and CpG ODN
1826 were also tested in combination (Alum plus CpG ODN 1826 and
FIliC+CpG ODN 1826). Anti-PvMSP-3 in the sera of immunized mice was
analyzed by ELISA 2 weeks after the first (A), second (B), and third (C)
doses. Results are expressed as mean IgG antibody titers (logq¢) = SEM
and were compared by one-way ANOVA followed by Tukey's test for
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multiple comparisons. Significant differences are noted on the graph:
*p<<0.05; **p<<0.01; ***p<<0.001. Non-significant (n.s.) differences are
indicated (p>0.05). Data representative of 2 independent experiments.
doi:10.1371/journal.pone.0056061.g005

when stained [28]. It is important to note that some schizonts
stain, but others do not. This fact could be explained by the
presence in infected of patients of multiple clones of P. wwax
parasites expressing multiple alleles of PvMSP-30 and PvMSP-3.

Discussion

We evaluated the immunogenic properties of four recombinant
proteins representing MSP-3a and MSP-3f of P. wvivax; one
representing the C-terminal region of PvMSP-3a and three
representing  different regions of PvMSP-3f. Initially, these
recombinant proteins were compared for their ability to bind
IgG antibodies in the serum of individuals exposed to P. vivax
malaria. We demonstrated that the frequencies of individuals with
IgG antibodies to PvMSP-3a0 and at least one of the three
recombinant proteins representing PYMSP-3f3 were relatively high
(68.2% and 79.1%, respectively). For PvMSP-3a, these findings
confirm two recent studies performed in distinct endemic areas of
the Brazilian Amazon, where 78% [19] and 58.4% [20] of
individuals presented IgG antibodies to this protein.

Previous studies evaluated the polymorphism in the C-terminal
region of PvMSP-30. and found the region is highly conserved
among natural isolates [35]. This fact may account for the
recognition by IgG antibodies from a relatively high percentage of
individuals. In contrast to the C-terminal region of PvMSP-3a, a
variable degree of polymorphism has been reported for the gene
encoding PvMSP-38 [36]. Despite the reported sequence diversity
of PvMSP-3p, we found a significant percentage of individuals

Immunological Properties of P. vivax MSP-3

recognized PvMSP-3B recombinant proteins FP-2 and FP-3
(>60.0%). Nevertheless, we detected a lower frequency (26.3%)
of responders to PvMSP-3B recombinant protein FP-1, suggesting
most of the antibody responses were directed to the second moiety
of the protein. The PvMSP-300 and PvMSP-3B polymorphic
frequency in the studied areas is unknown. A recent study used
PCR-RFLP to characterize the diversity of MSP-3at in 60 P. vivax
isolates from four geographic regions of the Brazilian Amazon.
The results revealed a high diversity where three different
fragment sizes were found [37].

The cause for differential recognition by human antibodies of
the N- and C-terminal regions of PvMSP-38 (FP-2 and FP-3) does
not seem to be related to the absence of proper folding. In a
previous study involving circular dichroism experiments, we
demonstrated FP-1 was better structured than FP-2, which was
highly recognized by IgG antibodies [31].

The comparison of human antibody reactivities to different
antigens revealed major correlations. Significant correlations were
observed between FP-2 and FP-3 of PvMSP-3p, possibly because
they share a number of common B and T cell epitopes. However,
the lack of correlation in most cases reflects differential genetic
control by human HLA molecules. This hypothesis is being tested.

To investigate the immunogenic properties of PvMSP-3a and
PvMSP-3p as vaccine candidates, we tested their immunogenicity
in the presence or absence of different adjuvant systems in pre-
clinical vaccinations of mice. In the absence of adjuvant, some of
PvMSP-3 recombinant proteins elicited a specific TLR4-inde-
pendent antibody response. This observation may explain how
these molecules are immunogenic during natural human infection.
In contrast, PvMSP-300 did not induce antibody immune
responses, indicating the presence of other molecules in the
parasite providing the adjuvant signal.
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Figure 6. Serum IgG isotype responses in mice after immunization with PvMSP-3f in the presence of adjuvant. BALB/c mice were
immunized with recombinant PvMSP-3 in the presence of adjuvant as described in Figure 5. PvMSP-3B-specific IgG1 and IgG2a antibody titers in the
sera of immunized mice were analyzed by ELISA 2 weeks after the third dose. Results are the means of IgG1/lgG2a + SEM for 6 mice per group. All
groups were compared by one-way ANOVA and Tukey's test for multiple comparisons.

doi:10.1371/journal.pone.0056061.g006
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Figure 7. Immunofluorescence of P. vivax parasites and anti-MSP-3 antibodies. Immunofluorescence patterns in the sera of mice
immunized with recombinant PvMSP-3a and PvMSP-3f (FP-3) on acetone-fixed P. vivax-infected erythrocytes (Pv-iE). The smears were incubated with
pooled antisera (1:100) from mice immunized with: (A) PBS emulsified in adjuvant, (B) PvMSP-3q, or (C) PvMSP-3f in Freund's Adjuvant. Antibody
binding was detected with secondary Alexa 568-labeled antibody (red) and nuclei were visualized by DAPI staining (blue). BF, bright field.

doi:10.1371/journal.pone.0056061.g007

Previous studies have demonstrated that a major challenge in
the development of subunit vaccines for malaria is the identifica-
tion of a safe and potent adjuvant capable of inducing immune
responses high antibody titers [38]. Antibody titers were very high
in animals vaccinated with the C-terminus of PvMSP-3a or
different regions of PvMSP-38 emulsified in IFA; thus, these
recombinant proteins can be highly immunogenic. Our results
indicate PvMSP-3a or a protein representing the majority of the
PvMSP-3B sequence (FP-3) were immunogenic when adminis-
tered in adjuvants other than IFA. The immunogenicity of
PvMSP-30 was greater when administered in Quil A, a saponin
derived from the bark of a Chilean tree, Quillaja saponaria, than in
Alum, FIiC, or CpG ODN 1826 and was similar to IFA. In
addition, the antigen in TiterMax generated antibody titers similar
to that obtained in IFA. PvMSP-3p yielded high antibody titers in
all tested adjuvants, although Alum and FliC failed to perform at
the level of IFA; however, TLR-9 agonist CPG ODN 1826
improved their adjuvant activity. It is of interest to note that
adjuvants such as Alum, FliC, TiterMax, and IFA tend to induce
Th2 with high IgG1/1gG2a ratios, whereas GPG ODN 1826 and
Quil A show a clear modulation of the IgG subclass response
pattern to a more balanced Th1l/Th2 response.

The cellular response to CpG DNA is mediated by TLROY,
followed by induction of pro-inflammatory cytokines (e.g. IL-12,
TNF-a, and IFN-y), and producing a strong Thl response [39].
We observed a response pattern favoring Thl in all formulations
containing CPG ODN (CPG ODN 1826 alone, Alum+CPG
ODN 1826, and FliC+CPG ODN 1826). Clinical trials evaluating
the adjuvant activity of CpG ODN with vaccines designed to
prevent malaria have been reported [40—43]. Co-administration of

PLOS ONE | www.plosone.org

CpG with AMA-1 [40] or MSP14y of P. falciparum [43] increased
the geometric media of antibodies by 5.5 or 8-fold, respectively,
when compared to each protein alone.

The relevance of antibodies against PvMSP-30 or B in host
protection remains untested. Evidence in favor of a protective role
for anti-P. vivax MSP-3 was obtained by clinical trials performed
with P. faletparum MSP3.1 [3]. The functional role(s) for the
parasite and in the context of host immune responses remain to be
determined for other members of the MSP3 family in each of these
species [32]. Such investigations as a whole should help guide
decisions for the development of malaria vaccines based on these
or alternative proteins, which could prove to be valuable in areas
of the world afflicted with both P. falciparum and P. vivax.

Supporting Information

Figure S1 Serum IgG isotype responses in mice after
immunization with PvMSP-3 in the presence of adju-
vant. BALB/c mice were immunized with the recombinant
proteins PvMSP-3a (A) or PYMSP-3 FP-3 (B) in the presence of
adjuvant as described in Figures 4 and 5. IgG1, 1gG2a, IgG2b and
IgG3 antibody titers in the sera of immunized mice were analyzed
by ELISA 2 weeks after the third dose. Results are expressed as
mean IgG antibody titers (log;o) = SEM for 6 mice per group.
(TIF)
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