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Ao Ricardo,

SO amor...sempre amor!
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AMAR

Que pode uma criatura sendo,
entre criaturas, amar?
amar e esquecer,
amar e malamar,
amar, desamar, amar?
sempre, e até de olhos vidrados, amar?

Que pode, pergunto, o ser amoroso,
sozinho, em rotacdo universal, senao
rodar também, e amar?
amar o que o mar traz a praia,

0 que ele sepulta, e o que, na brisa marinha,
é sal, ou precisdo de amor, ou simples &nsia?

Amar solenemente as palmas do deserto,
0 que é entrega ou adoragdo expectante,
e amar o indspito, o aspero,
um vaso sem flor, um chéo de ferro,

e o peito inerte, e a rua vista em sonho,
e uma ave de rapina.

Este o nosso destino: amor sem conta,
distribuido pelas coisas pérfidas ou nulas,
doacgdo ilimitada a uma completa ingratidao,
€ na concha vazia do amor a procura medrosa,
paciente, de mais e mais amor.

Amar a nossa falta mesma de amor, € na secura nossa
amar a agua implicita, e o beijo tacito, e a sede infinita.

Carlos Drummond de Andrade
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Resumo

RESUMO

A malaria € uma das doengas parasitarias de maior importancia global e das
principais causas de morbidade e mortalidade nas areas tropicais e subtropicais do
mundo. Apesar dos esforcos para o controle da infeccdo em diferentes areas
endémicas, a malaria continua em expansio, e as medidas tradicionais de controle da
transmissao sao pouco eficazes. Portanto, como ferramenta adicional de controle, uma
vacina efetiva contra essa doenca parasitaria se faz necessaria. O entendimento dos
mecanismos envolvidos na determinacdo da imunidade naturalmente adquirida é um
importante pré-requisito para o estabelecimento de vacinas realmente eficazes.
Entretanto, os mecanismos envolvidos na modulagdo da fungdo da resposta celular
durante a infecgdo ainda nao estéo totalmente esclarecidos.

Na tentativa de compreender os possiveis mecanismos imunes envolvidos na
infecgdo por P. vivax, descrevemos, na primeira parte do trabalho, a maturacéo de
células dendriticas derivadas de mondcitos de pacientes infectados por P. vivax. Foi
observado que os individuos infectados apresentaram uma modulagcdo da expressao
da maioria dos marcadores de superfice celular avaliados, verificada pela redugao
significativa da expressao de CD11c, CD1a, HLA-ABC, HLA-DR, CD80, CD86, CD40,
CD64 e CD14 (P < 0,05). Além disso, foi observado que as células dendriticas desses
pacientes, quando diferenciadas na presencga do antigeno AMA-1, desencadearam um
aumento da expressao das moléculas apresentadoras de antigeno CD1a e HLA-DR.
Na segunda parte do trabalho, avaliamos a participagdo de células T reguladoras
(Treg) no processo de infec¢do por P. vivax. Demonstramos que pacientes infectados
apresentaram um aumento significativo do numero de células Treg circulantes
produtoras de citocinas anti-inflamatoérias (IL-10 e TGF-B) e pro-inflamatoérias (IFN-y e
IL-17), correlacionando-se positivamente com a carga parasitaria. A expressdo das
moléculas GITR e CTLA-4 em células Treg foi significativamente maior em individuos
infectados, apresentando, também, uma associagdo positiva com a parasitemia. O
efeito supressivo de células Treg na resposta proliferativa de linfocitos T de individuos
infectados, estimuladas pelo antigeno Pv-AMA-1, um importante candidato vacinal,
também foi experimentalmente evidenciado. Na terceira etapa do trabalho,
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Resumo

demonstramos que a frequéncia de células Th17 estda aumentada durante a infecgéo
por P. vivax, e que o numero absoluto dessas células esta diretamente correlacionado
com o numero de células T CD4" produtoras de IFN-y, IL-10 e TGF-B. Finalmente,
avaliamos in silico a predigao de possiveis epitopos de células B na proteina Pv-AMA-
1. Nossos resultados demonstraram que o DIl da proteina se apresenta como a regiao
de maior potencial antigénico, baseado nos parametros entropia e sequéncia de
aminoacidos. O peptideo sintético gerado a partir dessas analises apresentou
reatividade soroldgica semelhante ao observado para o ectodominio e para o DIl da
proteina.

Nossos resultados sugerem que a infecgcdo por malaria vivax apresenta
diferentes mecanismos de modulagdo da resposta imune do hospedeiro que poderiam

influenciar significativamente o curso da infecgdo malarica.
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Introducdo e Revisdo de Literatura

1. INTRODUGAO E REVISAO DE LITERATURA

A malaria é causada por protozoarios pertencentes ao filo Apicomplexa, a familia
Plasmodiidae e ao género Plasmodium. Quatro espécies de Plasmodium s&o
reconhecidas como parasitos naturais do homem: Plasmodium falciparum, Plasmodium
vivax, Plasmodium malariae e Plasmodium ovale. Contudo, em estudos recentes
foram observadas infecgbes malaricas em humanos causadas por Plasmodium
knowlesi, uma espécie que circula especialmente entre macacos (Macaca fascicularis e
Macaca nemestrina) no continente asiatico, podendo ser detectada no homem (Cox-
Singh et al., 2008; van Hellemond et al., 2009). Esses relatos evidenciam que essa
espécie pode ser transmitida para o homem, mas mantém um carater zoondtico
diferente daquele verificado para as outras quatro espécies de plasmaédios humanos.

A infeccdo por essas diferentes espécies de Plasmodium tem suas
caracteristicas proprias, bem como apresenta diferencas nas suas areas de distribuicdo
(Braga et al., 2002a; Bledsoe, 2005). Dentre essas espécies, P. falciparum e P. vivax
sdo as mais prevalentes no mundo, sendo o P. falciparum a espécie de maior impacto
devido aos altos niveis de mortalidade, sua resisténcia a drogas antimalaricas e sua

dominancia sobre o continente africano.

1.1. Situagao atual da malaria

A malaria € a doenga parasitaria mais comum, causadora de mortalidade e
morbidade em paises localizados em regides tropicais e subtropicais, e continua sendo
o maior desafio em saude publica em todo o mundo (Doolan et al., 2003; Good et al.,
2005; WHO, 2008). Embora tenha sido descrita ha cerca de cento e vinte anos, a
doenca tem resistido a todas as formas de controle empregadas até hoje (Good et al.,
2005; WHO, 2008). A doenga é endémica em mais de cem paises, e a cada ano é
estimado que cerca de 200-600 milhdes de pessoas fiqguem doentes devido a infecgao
por malaria e que mais de um milhdo morram, sendo a maioria criangas residentes no

continente africano. Estima-se que 40% da populagdo do mundo permanegam sob o
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Introducdo e Revisdo de Literatura

risco de infecgdo por malaria (Good et al., 2005; WHO, 2008). Estimativas indicam que
a populagdo sob risco de malaria falciparum e vivax seja de 2,5 e 2,6 bilhdes de
pessoas, respectivamente (Guerra et al., 2006). Para a infeccdo por P. vivax, ao
contrario dos 70-80 milhdes de casos anuais previamente descritos (Mendis et al.,
2001), é estimado que esse numero alcance de 130 a 435 milhdes de casos a cada
ano (Hay et al., 2004). A elevada ocorréncia de malaria vivax importada, observada nos
ultimos anos, tem alertado as autoridades governamentais em muitos paises
desenvolvidos (WHO, 2008). Além disso, estudos recentes sugerem que o impacto
clinico causado por essa infecgao tem sido subestimado e que seu impacto econdmico
nunca foi adequadamente considerado (WHO, 2008).

Embora a grande maioria das mortes causadas por malaria ocorra na Africa, a
doenca encontra-se amplamente distribuida na América Latina, Sudeste Asiatico e
Oceania (Figura 1). Enquanto P. falciparum prevalece no continente africano, o P. vivax
é a espécie prevalente na Asia e América Latina (Palmer et al., 1998; Sharma, 1999;
San Sebastian et al., 2000).

2 watana por P. vivax

5 5 BN Maiaria estavel ou Instavel por P. falciparum v
{& e s CJ  Regioesivres de malaria

Figura 1: Distribuicdo geografica e endemicidade da malaria no mundo. Fonte: Adaptado de

Malaria Atlas Project

Na América Latina, a malaria representa um sério problema de saude publica,

afetando a vida e a saude de determinados grupos sociais, particularmente aqueles
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voltados para as atividades econémicas relacionadas a floresta, a mineragdo e ao
trabalho na construgao de estradas e usinas hidrelétricas (Marques, 1987).

No Brasil, a malaria é endémica na regido amazénica, e mais de 99% dos casos
notificados ocorrem na regidao Norte e parte da regido Centro-Oeste, nos estados do
Para, Amazonas, Rondbnia, Acre, Amapa, Maranh&o, Tocantins e Mato Grosso (Figura
2). Em 2007, foram notificados pelo menos 200 casos autoctones, sendo o P. vivax a
espécie prevalente no Brasil com 83,7% dos casos (SIVEP, 2005; Oliveira-Ferreira et
al., 2010), enquanto outros 16,3% foram devidos ao P. falciparum. Diferentemente de
P. falciparum, a infecgdo por P. vivax raramente leva a quadros letais, causando a
forma malarica denominada ter¢a benigna. Entretanto, a prostragdo constante causada
pela infecgdo € causa importante de morbidade e perdas socioeconémicas (Cui et al.,
2003). Além disso, estudos recentes utilizando a técnica de PCR para diagnostico da
infeccdo demonstraram que alguns pacientes infectados apenas com P. vivax
apresentavam quadros de malaria cerebral, sindrome aguda do estresse respiratorio,
além de faléncia renal (Beg et al., 2002; Kochar et al., 2005; Saleri et al., 2006; Kumar
et al., 2007; Bassat et al., 2011). Em outro estudo, foi demonstrado que a citoaderéncia
e o0 sequestro de eritrocitos, antes so descritos na infecgao por P. falciparum, podem ter
um papel importante na patofisiologia da malaria vivax (Carvalho et al., 2010). Importa
salientar que as manifestagdes clinicas também geram uma alta carga socioeconémica
para as grandes cidades e a area rural da regido intra-amazonica (Coura et al., 2006).

O padrédo de transmissdo da malaria no Brasil € diferente do observado nas
areas hiper-holoendémicas, caracterizando-se como hipo a mesoendémica, de
transmissao instavel e com flutuagdes sazonais anuais (Camargo et al., 1996; Braga et
al., 2002b; Coura et al., 2006). A malaria ndo se apresenta distribuida uniformemente
em toda regido amazonica, uma vez que se observam areas com diferentes niveis de
transmissdao da doenca. As areas de maior transmissdo sao frequentemente aquelas
de colonizagdo recente (Oliveira-Ferreira et al., 2010), principalmente garimpos,
(Sawyer, 1993), populagdes ribeirinhas e assentamentos (Alves et al., 2002), onde as
condi¢cbes precarias de moradia associadas aos habitos da populacdo favorecem a
transmissao. Por outro lado, com o0 avanco do desmatamento e o estabelecimento da

agricultura, e o desenvolvimento urbano, a transmissdo da malaria parece
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substancialmente reduzida, sendo o risco de novas infecgbes direcionados por fatores
do comportamento humano (de Castro et al., 2006; Oliveira-Ferreira et al., 2010).

Figura 2: Mapa de risco da malaria nos Estados da Amazoénia legal nos anos de 2000 e 2008.

(Oliveira-Ferreira et al., 2010)

Na regido extra-amazonica, onde a malaria n&do apresenta carater endémico,
varios surtos foram notificados, como demonstrado na Figura 3. Esse € um quadro
bastante preocupante, pois essas regides reunem condigbes favoraveis ao
estabelecimento e manutencdo da transmissdo, como populagdo susceptivel e
presenca do vetor, além de boas condi¢des ecoldgicas, geograficas e econémicas para
o estabelecimento do foco malarigeno (Ministério da Saude, 2005).
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600 -
500 A
400 A
300 -
200 H
100 H

Numero de casos
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Figura 3: Surtos de malaria ocorridos na Regido Nao-Amazoénica, 1999 a 2007
Fonte: (Oliveira-Ferreira et al., 2010)

A estratégia de controle estabelecida na Conferéncia Ministerial de Amsterda,
promovida pela Organizagdo Mundial de Saude, se baseia em um rapido diagndéstico
da infecgdo, bem como no tratamento apropriado realizado de forma ordenada (Loiola
et al., 2002; Coura et al., 2006; WHO, 2008).

Diante do quadro de gravidade registrado pelo alarmante numero de casos no
ano de 1999 (637.470), o Ministério da Saude (MS) langou, no ano de 2000, um
importante plano de intensificagdo das agdes de controle de malaria (PIACM) para a
Amazonia Legal. Neste plano, o MS comprometeu-se a reduzir em 50% o numero de
casos de malaria até o final do ano de 2001 em comparagao com o ano de 1999, e em
50% a mortalidade por malaria até o final do ano 2002, também em comparagao com
os dados registrados para o ano de 1999 (Loiola et al., 2002). Estima-se que o
resultado desse programa de controle tenha evitado 1,5 milhdo de casos novos da
doenca entre os anos de 2000 a 2002 (Ministério da Saude, 2005). Entretanto, nos
anos de 2003 e 2005 o numero de infecgbes na regido intra-amazdnica cresceu
novamente e quase chegou a situagéo registrada no ano 1999. Acredita-se que varios
fatores possam ter influenciado esse novo e assustador aumento de casos na regiao.
Dentre eles, pode-se destacar as mudancgas climaticas, ocupacado desordenada das
grandes cidades da regido, reforma agraria sem planejamento adequado levando a um
desflorestamento desordenado, além de assentamentos n&o oficiais.
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O programa de controle em operagdao atualmente no Brasil é o Programa
Nacional de Prevencdo e Controle da Malaria (PNCM). Este programa tem como
principal objetivo a redugdo da incidéncia e da taxa de mortalidade, além de eliminar a
transmissao dentro de areas urbanas das capitais brasileiras, e manter a auséncia de
transmissao em localidades onde a transmissao foi eliminada (Coura et al., 2006; Price
et al., 2007; Oliveira-Ferreira et al., 2010)

1.2. O ciclo dos plasmédios nos seus hospedeiros

O vciclo do parasito no hospedeiro invertebrado se inicia quando
macrogametécitos e microgametocitos s&o ingeridos pela fémea do mosquito
Anopheles sp. durante o repasto sanguineo no homem. Inicia-se entdo uma fase
sexuada no interior de seu estémago, resultando na fecundagao e formagao de um ovo
ou zigoto (oocineto). Posteriormente, o zigoto migra através da camada unica de
células do estbmago do mosquito, posicionando-se entre esta e sua membrana basal.
Assim, por esporogonia, resultam centenas de formas infectantes (esporozoitos) que
migram para as glandulas salivares do mosquito vetor, as quais poderdo, no momento
da picada, serem inoculadas no homem (Bledsoe, 2005).

A infeccdo no homem tem inicio nesse momento, quando os esporozoitos sao
inoculados juntamente com a saliva na circulagdo sanguinea e/ou no tecido subcutaneo
do hospedeiro (Mota et al., 2001; Amino et al., 2006). Apenas uma proporgdo dos
parasitos entra nos capilares sanguineos enquanto outros sao drenados para os vasos
linfaticos, atingindo os linfonodos (Amino et al., 2006). Os esporozoitos que atingem os
linfonodos podem se desenvolver como formas exo-eritrociticas, porém, sao
degradados por leucécitos. Apenas aqueles que atingem a circulagado sanguinea s&o
capazes de se desenvolverem apos infectarem os hepatocitos (Amino et al., 2006).
Antes de invadir as células hospedeiras, 0os esporozoitos migram por varias células do
hospedeiro (Mota et al., 2001; Frevert, 2004), danificando a membrana plasmatica
nesse processo (transmigracdo do esporozoito). Algumas células sdo capazes de
reparar o dano enquanto outras morrerdao por necrose em poucos minutos (Mota et al.,

2001). Essa passagem pelas células hospedeiras antes de atingirem os hepatdcitos
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parece ser fundamental para o ciclo de vida dos plasmddios, induzindo a secrecido de
uma substancia chamada fator de crescimento dos hepatécitos (HGF), a qual torna tais
células mais susceptiveis a infeccdo (Mota et al., 2001; Carrolo et al., 2003). O
reconhecimento e a invasdo dos hepatdcitos pelos esporozoitos parecem envolver a
participagédo de pelo menos duas proteinas: a proteina circum-esporozoito (CS) (Kappe
et al., 2003) e a proteina adesiva relacionada a trombospondina (TRAP) (Trottein et al.,
1995).

Apos invasdo dos hepatdcitos, os esporozoitos se multiplicam por reprodugao
assexuada dando origem a milhares de merozoitos (ciclo exo-eritrocitico). O
desenvolvimento nas células do figado requer aproximadamente uma semana, para o
P. falciparum e P. vivax, e cerca de duas semanas para o P. malariae (Krotoski, 1985).
Nas infecgbes por P. vivax e P. ovale, durante a fase exo-eritrocitica, podem surgir
formas latentes denominadas hipnozoitos que permanecem nas células do figado por
tempo variavel, causando recaidas da doencga (Krotoski, 1985).

Os merozoitos formados durante a fase exo-eritrocitica sdo liberados do figado
para a circulagdo sanguinea por meio de estruturas vesiculares denominadas
merossomos (Sturm et al., 2006). Esses merossomos se deslocam para os sinusoides
hepaticos garantindo a liberagdo de merozoitos vivos diretamente na circulagao
sanguinea.Os merozoitos intra-hepaticos consomem o calcio intracelular e previnem,
desta forma, a exposicdo de fosfatidilserina na camada externa da membrana
plasmatica de hepatocitos parasitados, protegendo-os assim da fagocitose por células
de Kupffer e outras células fagociticas presentes nos sinusodides hepaticos (Sturm et
al., 2006). Estima-se que cada hepatdcito parasitado libera até 40.000 merozoitos
(Nardin et al., 1993; Good et al., 2005), que infectarao eritrocitos e comegarao um novo
ciclo de reproducdo assexuada, levando a uma lise das células vermelhas a cada 48 a
72 horas (ciclo eritrocitico) de acordo com a espécie de plasmodio envolvida. Esse
sincronismo € o que causa o cenario de febres ciclicas em infecgbes estabelecidas.
ApoOs algumas geragbes de merozoitos sanguineos, uma pequena proporgao destes
parasitos se diferencia em estagios sexuados, os gametocitos, que originarao
esporozoitos no inseto vetor, apds novo repasto sanguineo. Ainda n&o se sabe ao

certo qual o estimulo ou mensagem responsavel pela produgdo de gametdcitos, mas
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existem duas hipoteses: a primeira sugere que os merozoitos ja estdo predeterminados
a evoluirem em formas assexuadas ou sexuadas antes de invadirem a hemacia; outra
hipétese, ao contrario, sugere que fatores ambientais ou estresse determinem a

diferenciagdo dos merozoitos em gametdécitos (Dyer et al., 2000).

1.3. Resposta imune contra Plasmodium

A resposta imune contra Plasmodium pode ser desenvolvida especificamente
contra cada um dos estagios do parasito (Good et al., 2005). Tem sido demonstrado
em modelos experimentais que a sobrevivéncia a malaria é ligada a habilidade de
controlar a reprodugédo dos estagios sanguineos do parasito nas primeiras semanas
apos a infecgdo (Stevenson et al, 2004). De fato, as formas sanguineas dos
plasmodios sdo as responsaveis pelas manifestagdes patoldgicas da doenga, uma vez
que os sintomas clinicos sdo decorrentes do desenvolvimento parasitario durante o
ciclo assexuado sanguineo. A imunidade frente a esses estagios sanguineos poderia
contribuir para a redugado ou a eliminacdo dos parasitos e, consequentemente, as
manifestagdes clinicas da doenca.

Diversas evidéncias sugerem que uma imunidade protetora naturalmente
adquirida contra a malaria seja obtida apds infecgbes sucessivas (Cohen et al., 1961;
McGregor, 1974; Baird et al., 1991). Criangas intensamente expostas a transmisséo
apresentam sucessivos episddios clinicos de malaria. Com o passar da idade, os
sintomas clinicos da doenca sdo menos pronunciados, embora os individuos possam
apresentar altas parasitemias sanguineas (Egan et al., 1996). Em adultos, observa-se
parasitemia baixa, refletindo um equilibrio da relacéo parasito-hospedeiro e também um
estado de premunicdo que pode ser bem observado em areas onde a malaria é holo-
hiperendémica (Druilhe et al., 1987). De uma maneira geral, a imunidade naturalmente
adquirida é parcialmente cepa-especifica e leva primeiramente a uma reducao da taxa
de mortalidade e da incidéncia de complicacdes e, mais tarde, a um decréscimo da

incidéncia da doenga. Por ultimo, essa imunidade naturalmente adquirida leva a uma
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queda da parasitemia a niveis baixos ou mesmo niveis indetectaveis por métodos
convencionais de detecgéo do parasito (Webster et al., 2003).

Em regides de transmissdo intensa e estavel, onde o P. falciparum é espécie
predominante, os recém-nascidos séo resistentes a infeccdo durante os primeiros trés
meses de vida. Essa resisténcia tem sido atribuida principalmente a transferéncia
passiva de anticorpos protetores IgG da mae imune para o feto durante a gestagao
(Sehgal et al., 1989; Chizzolini et al., 1991; Hogh et al., 1995). De fato, experimentos de
transferéncia passiva de anticorpos, realizados nas décadas de 60 e 70, demonstraram
claramente que anticorpos contra as formas sanguineas estdo envolvidos na imunidade
protetora (Cohen et al., 1971). Estes experimentos foram posteriormente repetidos,
confirmando que anticorpos IgG purificados de soros de adultos imunes, residentes em
areas hiperendémicas, sdo capazes de controlar a infecgdo por P. falciparum em
criangas, reduzindo a parasitemia e protegendo-as de doenga grave (Sabchareon et al.,
1991).

Na resposta contra os estagios sanguineos, a eliminagdo do parasito parece
ocorrer apos desenvolvimento de uma resposta especifica de anticorpos a antigenos
variantes de superficie (Good et al., 2005). Evidéncias obtidas na ultima década
mostraram que pelo menos dois mecanismos estdo envolvidos, quais sejam, a
participagdo de anticorpos opsonizantes que promovem a fagocitose de eritrocitos
infectados (Garraud et al., 1989; Garraud et al., 1994) e a presenga de anticorpos
citofilicos (subclasses 1gG1 e IgG3, em humanos) que promovem a inibicdo do
crescimento do parasito intra-eritrocitico em associagdo com mondcitos (Druilhe et al.,
1987; Lunel et al., 1989). Entretanto, apesar dos anticorpos contra as formas
sanguineas ser um importante fator na eliminagdo do parasito, a imunidade mediada
por células contribui nesse processo (Good et al., 2005).

Pombo e colaboradores (2002) descreveram a resposta celular obtida em
voluntarios ndo-imunes apos indculo de doses ultrabaixas de formas sanguineas do
parasito, observando resposta proliferativa de células T envolvendo células CD4" e
CD8" e, ainda, uma producéo de citocinas, primariamente de IFN-y, porém n&o de IL-4
e IL-10, consistindo em uma resposta imunoldgica do tipo Th1. De fato, IFN-y e células
CD4" sdo capazes de ativar macréfagos que fagocitariam eritrécitos infectados e
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merozoitos livres (Stevenson et al., 2004). Aléem disso, foi observada também uma alta
concentragédo da atividade da enzima oOxido nitrico sintase em células mononucleares
do sangue periférico em individuos subsequentemente desafiados com o parasito
(Pombo et al., 2002).

Ao contrario do demonstrado para infecgdes por outros patdégenos intracelulares,
incluindo virus (Lehner et al., 2007), bactérias (Medzhitov, 2007) e alguns protozoarios
(Hondowicz et al., 1999; Golgher et al., 2004; Lang et al., 2007), em que o papel da
resposta imune inata tem sido claramente investigado, relativamente poucos estudos
sdo direcionados para a resposta inata a malaria. As interagdes iniciais entre estagios
sanguineos do parasito e as células do sistema imune inato sdo consideradas
importantes para moldar a resposta imune adaptativa contra a infeccédo (Ing et al.,
2006). Além disso, a resposta imune inata & essencial ndo somente para limitar a fase
inicial de multiplicagdo do parasito como também a primeira onda de parasitemia,
controlando a infeccdo até que a imunidade adaptativa seja estabelecida (Stevenson et
al., 2004). A indugado dos mecanismos que caracterizam a imunidade inata independe
do contato prévio do hospedeiro com o patdégeno, indicando que sua ativagao é
mediada por moléculas conservadas entre as diferentes espécies ou cepas do
microorganismo (Stevenson et al., 2004). Essas moléculas conservadas, denominadas
de padrdées moleculares associados a patoégenos (PAMPs), interagem com receptores
semelhantes a Toll (TLRs) presentes nas células do sistema imune (Coban et al.,
2005). A ativagao dos TLRs induz a ativagdo de genes que leva a uma produgdo de
citocinas pro-inflamatorias, ativacdo de peptideos antimicrobicidas e também a um
aumento da expressdo de moléculas coestimulatéorias e do complexo de
histocompatibilidade (MHC) (Akira et al., 2004; Gazzinelli et al., 2004). Certos
componentes do Plasmodium s&o capazes de ativar TLRs resultando em uma
regulagdo positiva de citocinas pré-inflamatérias que em altas concentragbes podem
induzir a patogénese na infecgdo malarica. A ancora de GPI (glicofosfatidilinositol) que
€ expressa na membrana de merozoitos é reconhecida principalmente pelo TLR1,
TLR2 e, menos extensivamente, por TLR4 em células dendriticas, mondcitos e células
B. Esse reconhecimento induz uma cascata de sinalizagao intracelular desencadeando

uma producgao de TNF-q, IL-1B e IL-12 em macrofagos de camundongos e em PBMCs
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de humanos infectados por Plasmodium (Nebl et al., 2005). A hemozoina, um pigmento
insoluvel, produto da degradacdo da hemoglobina pelo parasito, provalvelmente
contaminada com o DNA desse microorganismo, ativa células dendriticas via interagéo
com TLR9 aumentando a producédo de citocinas inflamatérias (Coban et al., 2005;
Parroche et al., 2007).

Dentre os componentes envolvidos na imunidade inata se encontram as células
“Natural Killer” (NK), células NKT, células T yd, os macrofagos e as células dendriticas.
A localizagao das células NK na medula éssea, bago e sangue periférico permite que
essas células tenham maior probabilidade de contato com eritrocitos parasitados.

Na resposta imune inata, as células NK representam uma importante fonte inicial
de IFN-y e sdo responsaveis pela eliminacdo do parasito devido aos processos de
citotoxidade desencadeados em resposta ao parasito (Ojo-Amaize et al., 1984; Doolan
et al., 1999; Artavanis-Tsakonas et al., 2002). Tanto as células NKT quanto as células T
yd contribuem para imunidade antimalarica, desempenhando papel crucial no
desenvolvimento das respostas inata e adaptativa (Stevenson et al., 2004). Enquanto
as células NKT atuam contra o desenvolvimento de formas pré-eritrociticas em
hepatocitos (Schmieg et al., 2003), as células T yd sdo encontradas em maior numero
nas infec¢des agudas por P. falciparum e P. vivax, desencadeiam a produgao de IFN-y,
e possuem fungdes antiparasitarias (Elloso et al., 1994; Langhorne et al., 1994;
Hensmann et al., 2001). Durante a infec¢do por Plasmodium, além de atuarem como
células apresentadoras de antigenos, os macrofagos apresentam um importante papel
na imunidade inata devido a sua habilidade de fagocitar eritrocitos infectados na
auséncia de anticorpos especificos citofilicos e/ou opsonizantes, em uma interagao
envolvendo o receptor de superficie CD36 e a proteina PfEMP-1 (P. falciparum-
encoded erythrocyte membrane protein 1) (Serghides et al., 2003).

Existe um consenso de que a resposta imune efetiva para controlar a infegao
malarica seja decorrente da agao de anticorpos e resposta imune celular (Walther et
al., 2009). Um possivel mecanismo de resposta imune protetora contra a malaria é
iniciado quando células apresentadoras de antigenos, células dendriticas e/ou
macrofagos, internalizam o parasito ou parte dele, faz o seu processamento e

apresenta, via MHC de classe Il, um peptideo que sera reconhecido especificamente
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pelo TCR das células T CD4" e CD8". O ambiente pro-inflamatério gerado pela citocina
IL-12 desencadeia fatores de transcricdo do tipo STAT-4 e T-bet que resulta na
diferenciagao de células Th1 que, em ultima instancia, produzem IFN-y e TNF-a. Essas
duas citocinas agem sinergicamente ativando macréfagos que também produzirdo
reativos de oxigénio e nitrogénio levando a morte do parasito (Plebanski et al., 1999;
Bejon et al., 2007; Wykes et al., 2008).

A resposta gerada contra infecgdo malarica € similar a varios outros patdgenos,
no que se refere a resposta imune efetora pré-inflamatéria gerada para eliminar o
parasito, e essa resposta € também propicia a causar danos no tecido do hospedeiro
(Riley et al., 2006; Walther et al., 2009). O sistema imune do hospedeiro evoluiu de
forma que uma variedade de mecanismos, coletivamente chamado de regulagao, atue
ativamente para controlar essa resposta imune pré-inflamatéria exacerbada e evitar
danos ao hospedeiro. Alguns estudos tém demonstrado uma imunossupresséo
transiente durante a infecgcdo aguda de malaria, e isso afeta a resposta celular e
humoral frente a aloantigenos, patdgenos, toxinas de bactérias e mitdogenos. Além
disso, esta associada a uma maior incidéncia de infec¢gdes bacterianas e virais,
reduzindo também a resposta vacinal durante a malaria grave (Weidanz, 1982;
Millington et al., 2006; Sakaguchi et al., 2007; Scholzen et al., 2010). Nossa
compreensao a respeito do desenvolvimento da imunorregulagcdo e imunopatologia na
malaria permanece incompleta. As células dendriticas, células T reguladoras, além de
produgcdo de citocinas imunossupressoras podem ter papel fundamental nessa
regulacdo da resposta imune pro-inflamatoria exacerbada que ocorre em individuos
que desenvolvem malaria grave (Riley et al., 2006; Bejon et al., 2007; Wykes et al.,
2007a; Walther et al., 2009; Hansen et al., 2010).

1.4. Células dendriticas

Um dos componentes da resposta imune ainda pouco explorado na malaria
humana s&o as células dendriticas, responsaveis pela iniciacdo da resposta pro-

inflamatoria apos apresentagdo de antigenos para as células T do hospedeiro
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(Langhorne et al, 2004). Durante a ultima década, enfoque tem sido dado a
importancia das células dendriticas na iniciagdo da resposta imune adaptativa e
definicdo do tipo da resposta imunoldgica (Banchereau et al., 2000). As células
dendriticas sdo as unicas células apresentadoras de antigenos capazes de ativar
células T n&o-primadas (Banchereau et al., 1998). Além disso, tem se tornado evidente
que as células dendriticas desempenham um papel critico na amplificacdo da resposta
imune inata, particularmente estimulando a ativagdo de células NK (Ferlazzo et al.,
2002; Gerosa et al., 2005). Dessa forma, as células dendriticas também possuem um
papel central tanto na resposta imune inata quanto na resposta imune adaptativa
(Stevenson et al., 2004).

Os principais estudos associando a infeccdo malarica e o papel de células
dendriticas tém sido realizados em modelo murino (Seixas et al., 2001; Luyendyk et al.,
2002; Ocana-Morgner et al., 2003; Wykes et al., 2007b; Wykes et al., 2008). Alguns
estudos realizados em infec¢des por cepa nao letal de P. chabaudi demonstraram que
as células dendriticas foram capazes de secretar citocinas do tipo IL-6, IFN-y,TNF-q,
IL-12p40 (Pouniotis et al., 2005; Ing et al., 2006), e que também apresentavam total
capacidade funcional in vivo ap6s 6 dias de infecgdo. As células dendriticas também
apresentavam uma regulagdo positiva na expressdo de moléculas coestimulatorias
como CD40, CD54 (ICAM-1) e CD86, que € necessaria para que ocorra ativagao de
células T, e subsequente migragdo de células dendriticas da zona marginal do bago
para regides de células T (Seixas et al., 2001; Leisewitz et al., 2004; Perry et al., 2004).
Em outros estudos ja foi demonstrado existir uma redugcédo desta apresentagdo, que
decorre em diminuicdo da proliferagdo de células T (Millington et al., 2006; Wykes et
al., 2007c). Um resultado interessante apresentado por Ocana-Morger e colaboradores
(2003) demonstrou que as células dendriticas parecem ser responsaveis pela inibicao
da resposta de células T CD8"; a maturacdo de células dendriticas derivadas de
medula éssea € inibida e a sobrevivéncia de células dendriticas € aumentada apos sua
exposi¢cao aos parasitos sanguineos. Além disso, esses autores demonstraram que o
padrao de secregcao de citocinas por células dendriticas € profundamente modificado
apos contato com o parasito, e que somente as formas sanguineas sao responsaveis

pela inibicdo de células T CD8".
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Foi demonstrado recentemente, por Wykes e colaboradores (2007), que existe
uma dicotomia no fendtipo e fungdo das células dendriticas quando essas entram em
contato com cepas letais e nao letais de Plasmodium. Quando em contato com as
cepas nao letais, as células dendriticas apresentaram-se completamente funcionais e
capazes de secretar altos niveis de citocinas IL-12. Quando essas células foram
transferidas para camundongos virgens, e esses desafiados com cepa letal, os animais
foram capazes de sobreviver a infeccdo mediante produgédo de IL-12 (Wykes et al.,
2007c). Em contraste, camundongos infectados com cepas letais de P. yoelii, P. vinckei
e P. berghei, apresentaram células dendriticas com déficit funcional incapazes de
primar células T e secretar IL-12 (Wykes et al., 2007d).

Alguns estudos visam a compreenséo do papel das células dendriticas humanas
na resposta a antigenos de plasmaodios (Urban et al., 2003; Vichchathorn et al., 2006).
Um estudo consistente com os achados em modelo murino demonstra que eritrécitos
infectados por P. falciparum, quando cultivados in vitro com células dendriticas
derivadas de mondcitos do sangue periférico, inibem sua maturagdo e sua
subsequente habilidade em ativar células T apds o contato direto por citoaderéncia
(Urban et al., 1999). Essa citoaderéncia de eritrocitos infectados a células dendriticas
resultaram no aumento da secregdo de IL-10 e inibicdo de células T CD4" primarias e
secundarias (Urban et al., 2001b). Outro estudo demonstrou que células dendriticas
circulantes no sangue periférico de criangas quenianas que apresentaram malaria
falciparum grave ou moderada tiveram expressdo de HLA-DR diminuida em
comparagao a criangas sadias, apesar de nao ser observada alteragdo no numero total
dessas ceélulas (Urban et al., 2001a). Para P. vivax, foi demonstrado que células
dendriticas estimuladas por esporozoitos foram capazes de ativar linfécitos citotdxicos,
levando a uma eliminagcédo especifica de hepatdcitos infectados (Vichchathorn et al.,
2006). Em um outro estudo realizado na Tailandia, foi verificado que individuos
infectados com P. vivax apresentaram diminuicdo da populagao de células dendriticas
no sangue circulante, indicando imunossupressdo durante a infeccao
(Jangpatarapongsa et al., 2008).

O efeito da malaria na biologia das células dendriticas é ainda bastante
controverso, e isso ocorre devido a complexidade do parasito e também da biologia das
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células dendriticas. Algumas questdes relevantes para o entendimento da interagao do
parasito com essas células ainda precisam ser respondidas. Contudo, novas
perspectivas nos mecanismos de ativacdo e modulagédo ja foram demostrados em
modelos murinos, mas ainda s&o necessarios novos estudos na infeccdo humana para
determinar o papel dessas células na modulacdo ou supressao da resposta imune

antimalarica.

1.5. Células T reguladoras

As células T reguladoras (Treg) naturais foram inicialmente descritas como uma
populagdo Unica de CD4" que previnem expansdo de linfocitos autoimunes e
subsequente doenga autoimune (Sakaguchi et al., 1995). A presenga de células T
reguladoras em humanos foi inicialmente descrita como sendo células caracterizadas
pela modulacdo em resposta a estimulos policlonais, e elevada capacidade de suprimir
a producado de citocinas e a proliferacdo celular, através de mecanismo de contato
célula-célula (Baecher-Allan et al., 2001). Essas representam 3-5% do total de células
T CD4" do sangue periférico, e s&o classicamente definidas pela expresséo constitutiva
de CD25 (cadeia-a do receptor de IL-2) (Belkaid et al., 2005). Contudo, podem ser
também definidas pela expressao de CTLA-4 (cytotoxic T lymphocyte antigen 4), GITR
(glucocorticoid-induced TNF receptor-related protein), OX40, CD39 e CD73, além de
altos niveis de FR4 (folate receptor), CD62L, CD45RO, e auséncia de CD127;
entretanto, nenhum desses marcadores € especifico para células T reguladoras
naturais, uma vez que podem ser expresso por células T ativadas. A expressao do fator
de transcricdo FoxP3 é a assinatura definitiva dessas células em camundongos, e em
humanos a sua expressao € regulada de forma transiente em células T ativadas
(Shevach et al., 2006a; Belkaid, 2007; Deaglio et al., 2007; Belkaid et al., 2010).

As células Tregs s&o classificadas em células Tregs naturais (nTreg) ou Tregs
induzidas (iTreg). As células Treg de ocorréncia natural estdo relacionadas com a
manutengdo da autotolerancia e sdo de grande importancia para a manutengdo da

homeostase do sistema imune. O processo de geragao das células Treg naturais se
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inicia quando os timocitos CD4"CD25" sdo selecionados no timo a partir de interagdes
com peptideos proprios apresentados por moléculas de MHC-Il, onde a selegdo
positiva dessas células depende de interagdes de alta afinidade com auto antigenos
expressos em moléculas de MHC. Uma vez selecionadas positivamente por meio de
reconhecimento de alta afinidade de peptideos préprios, acredita-se que produzam
moléculas anti-apoptoticas que as protegem da selegcdo negativa (Sakaguchi et al.,
1995; Sakaguchi, 2004; Belkaid, 2007; Belkaid et al., 2010). Essas células sé&o
comprometidas com a inibicdo da ativacdo e expansao de linfocitos auto-reativos nos
tecidos periféricos e apresentam capacidade inibitoria com comprovado papel na
regulacdo negativa da resposta imune também diante de antigenos exogenos e auto-
antigenos (Fallarino et al., 2003; Sakaguchi, 2004; Shevach et al., 2006a; Belkaid,
2007; Sakaguchi et al., 2007). As células Treg induzidas s&o produzidas na periferia a
partir dos linfécitos T naive recém-selecionados mediante contato com citocinas
imunomodulatérias (IL-10, TGF-B), a partir de drogas imunossupressivas, ou por
células apresentadoras de antigenos (APCs) condicionadas por produtos microbianos
(O'Garra et al., 2004a; O'Garra et al., 2004b; Hansen et al., 2010).

Apesar de extensivos estudos em varios modelos experimentais, os mecanismos
pelos quais as células Treg interferem na resposta imune efetora n&o estdo totalmente
elucidados. Alguns mecanismos podem ser destacados, como: a inibicdo indireta pela
modulacgdo da fungdo das células dendriticas (Tang et al., 2006); a inibicdo direta de
células por contato célula-célula ou pela producao de citocinas anti-inflamatorias; pela
produgao ou secrecdo das citocinas TGF-B e IL-10, que contribuem para a atividade
supressora in vivo (von Boehmer, 2005). Além disso, foi demonstrado que a molécula
de CTLA-4, expressa pelas Tregs, induz a expressao de indoleamina 2,3 dioxigenase
(IDO), que por sua vez degrada o aminoacido essencial triptofano; a caréncia deste
aminoacido inibe a ativagao de células T e, ainda, promove sua apoptose (Fallarino et
al., 2003). Finalmente, alguns estudos demonstram que a adenosina e a molécula de
cAMP contribuem para a atividade supressora das Tregs (Bopp et al., 2007; Deaglio et
al., 2007).

Na infeccao pelo Plasmodium a resposta imune celular tem um papel dubio, uma

vez que produz citocinas pré-inflamatérias efetoras que levam a morte do parasito, mas
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também pode gerar uma excessiva producéo dessas citocinas, que em ultima instancia
poderdo gerar inflamag&o grave causando danos ao hospedeiro. Alguns estudos em
modelos murinos tém investigado se as células Treg teriam papel na modulagdo
desses mecanismos efetores responsaveis em controlar a parasitemia (Hansen et al.,
2010). Foi demonstrado em infecgbes experimentais, usando P. yoelii, que a deplegéo
de Tregs em camundongos BALB/c levou a uma diminuigdo da carga parasitaria e
também impediu a morte do hospedeiro (Hisaeda et al., 2004; Couper et al., 2008). Em
estudo subsequente com cepa letal e ndo-letal de P. yoelli, foi observado a ocorréncia
da ativagdo e expanséao de células Tregs (Couper et al., 2008). Outro estudo utilizando
P. berghei NK 65 em camundongos BALB/c demonstrou que a deplecdo com
anticorpos anti-CD25 resulta em um atraso no aumento da parasitemia (Long et al.,
2003). O papel das células Tregs na indugdo da malaria cerebral em camundongos
C57BL/6, CBA e BALB/c é ainda bastante controverso. Alguns estudos utilizando
deplecdo de células Tregs verificaram reducdo da parasitemia, aumento da ativagao de
células T, aumento da producdo de IFN-y e protecdo de malaria cerebral (Amante et
al., 2007; Vigario et al., 2007). Por outro lado, outros estudos ndo foram capazes de
determinar redugéo da parasitemia, apesar do aumento da ativagéo de células T (Nie et
al., 2007; Randall et al., 2008).

Em infecgbes humanas poucos estudos investigaram o papel das Tregs, e isso
pode ser consequéncia da complexidade de se trabalhar com amostras humanas. Uma
variedade de fatores, incluindo elaboracido do estudo de coorte, acesso e recrutamento
de individuos infectados, além da utlizagao de células frescas e/ou preservadas, podem
influenciar nos resultados e consequentemente no tipo de conclusdo acerca da
resposta imune antimalarica. Em um estudo realizado por Walther e colaboradores
(2005) foi observado um aumento da expressdo de RNA mensageiro codificante para
FoxP3 e também uma maior expressdo de células CD3*CD4*CD25"CD69  apds
infeccdo experimental por meio de picadas de mosquitos infectados com P. falciparum.
Além disso, individuos com maior numero de células Treg apresentaram maior
parasitemia quando comparados aos individuos que apresentaram baixa frequéncia de
células Treg circulantes. Em individuos naturalmente infectados no Quénia foi

observada uma correlagao positiva entre numero de células Treg no sangue periférico
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e aumento do risco de apresentar malaria clinica. A maioria das células CD4*CD25"
expressavam FoxP3, sugerindo que as células T reguladoras naturais podem atuar de
forma negativa na aquisigado da imunidade contra a malaria (Todryk et al., 2008).

Estudo realizado com etnias diferentes no oeste da Africa verificou que, apesar
da similaridade dos niveis de exposicao, individuos da etnia Fulani mostraram-se mais
resistentes a infec¢do por Plasmodium, uma vez que apresentavam baixos niveis de
parasitemia e também menor incidéncia de episoddios clinicos de malaria. De forma
interessante, ao avaliar a expressdo de genes envolvidos na resposta imune em
PBMCs de individuos dos dois grupos simpatricos Fulani e Mossi, observou-se um
aumento da expresséo de citocinas IFN-y, IL-18 e TBX21 (Th1) em individuos Mossi,
enquanto que na populacado de Fulani, resistente a malaria, foi verificada uma maior
expressao génica de citocinas IL-4 e IL-9, e maior expressao do fator de transcrigdo
intracelular (GATAS3). Além disso, houve uma correlacdo entre maior expressdo de
genes ligados a imunidade, menores niveis de células Treg circulantes e menor
expressdo de CTLA-4 e TGF-B no sangue periférico dos individuos de Fulani.
Realizada a deplecdo de células Treg em culturas de PBMCs dos individuos de Fulani,
nao se verificou alteragdo na taxa de proliferagao de linfocitos, sugerindo que o déficit
funcional da células Treg pode estar associado a uma menor susceptibilidade a malaria
por esse grupo de individuos de Fulani (Torcia et al., 2008). Em outro estudo realizado
em Gambia, criangas com malaria grave e malaria ndo complicada apresentaram
numero e fenotipos similiares de células Treg no sangue circulante , apesar de criangas
com malaria grave apresentarem uma maior quantidade de citocinas pro-inflamatorias.
Esses resultados sugerem que células Treg n&o sdo capazes de regular negativamente
a resposta Th1, que demonstrou ser exacerbada nesses individuos com malaria grave
(Walther et al., 2009).

No oeste da Papua Nova Guiné foi observado um aumento de células Treg no
sangue circulante de individuos infectados por P. falciparum e, em pacientes com
malaria grave, foi verificada uma correlagéo entre frequéncia dessas células e nivel de
parasitemia. Além disso, as células Treg de individuos com malaria grave
apresentavam maior expressdo de TNFRIl, em populacdes FoxP3", aparentando
exercer uma forte fungéo supressiva (Minigo et al., 2009). Em estudo recente realizado
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com células de individuos sadios, estimuladas com eritrocitos infectados de P.
falciparum, foi demonstrada a inducdo e a expansao de duas subpopulagdes distintas
de Tregs. Uma apresentou expresséo intermediaria de FoxP3, com a secregao de
citocinas efetoras (IL-17, IL-4, IFN-y); outra populacdo apresentou alta expresséo de
FoxP3", que levou a redugdo de citocinas pré-inflamatdrias em um sistema de co-
cultura, o que sugere que as Treg FoxP3" tém um papel fundamental na inibigdo da
resposta imune efetora (Scholzen et al., 2009). Em individuos infectados por P. vivax,
na Tailandia, foi observada uma expansao das células Treg no sangue periférico,
durante a fase aguda, e uma maior expansao dessas células em culturas de PBMCs
estimuladas por antigeno bruto do parasito (Jangpatarapongsa et al., 2008)

Evidéncias em modelos murino e em humanos sugerem que as células Treg se
expandem e se ativam durante a infeccdo malarica. Entretanto, n&o esta
completamente elucidado se essa expansao ocorre diretamente da proliferacéo, do tipo
de citocinas presentes no ambiente, ou ainda se resulta de recrutamento de orgéo
linféide secundario. Em relagdo ao entendimento da regulacdo da resposta imune
efetora em infecgdes por P. Vivax, pouco ainda é conhecido. Mais estudos ainda s&o
necessarios para determinar o papel das células Treg em populagdes expostas a essa
infecgao.

1.6. Células Th17

Diferentes tipos de células T auxiliares CD4" se desenvolvem a partir de células
T virgens quando submetidas a estimulos antigénicos, as quais podem ser
caracterizadas pela produgéo distinta de citocinas e mecanismos efetores (Bettelli et
al., 2007). Células CD4" Th17 se distinguem por produzirem citocinas IL-17 (IL17A e IL-
17F), que por sua vez induzem o recrutamento de neutréfilos para o local da
inflamacédo e a produgdo de quimiocinas e peptideos antimicrobicidas pelos tecidos
celulares (Acosta-Rodriguez et al., 2007; lwakura et al., 2008). O receptor RORyt foi
identificado no modelo murino como chave na orquestragao da diferenciacao de células
Th17, que séo induzidas por citocinas do tipo IL-6 e TGF- (Yang et al., 2007). Essas
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células tém se destacado por seu papel predominante na patogénese de doencas
inflamatorias crénicas e também nas doengas autoimunes (lwakura et al., 2008;
Miyazaki et al.,, 2010). Estudos recentes tém enfatizado o papel da IL-17 nos
mecanismos imunes desencadeados durante infecgbes por fungos, bactérias e
protozoarios. Essa citocina € capaz de estimular fibroblastos e células endoteliais a
produzir multiplos mediadores pré-inflamatoérios, incluindo IL-1, IL-6, TNF-a, oxido
nitrico sintase 2, metaloproteases e quimiocinas (lwakura et al., 2008; Bacellar et al.,
2009; Ishida et al., 2010; Miyazaki et al., 2010).

Em relacdo ao papel das Th17 em infecgdes por protozoarios, poucos estudos
foram realizados para determinar o papel patogénico ou protetor desencadeado pela
acao dessas células durante essas infeccbes parasitarias. Resultados controversos
indicam a importancia das células Th17 na prote¢cado contra a fase aguda da infec¢ao
por Trypanosoma cruzi, conforme demonstrado em camundongos geneticamente
deficientes para a citocina IL-17A (il-17a” knockout) (Miyazaki et al., 2010). No entanto,
na leishmaniose cutanea humana foi observado um aumento nos niveis de produgao
de IL-17 em linfécitos de pacientes infectados, e uma correlagdo entre numero de
células expressando IL-17 e a presenca de inflamagéo na leséo, sugerindo o papel
dessa citocina na patogénese da infeccdo (Bacellar et al., 2009). Dentre os
Apicomplexa, os estudos acerca do papel das células Th17 ainda se restrigem a
infecgdes experimentais. Para a infeccdo por Toxoplasma gondii foi demonstrado o
aumento da expressdo de IL-17, apds a infeccdo, e uma protecdo parcial apds a
neutralizagdo dessa citocina (Guiton et al., 2010). A producédo de IL-17 durante a
toxoplasmose seria realizada pelas células NK, apds estimulo da citocina IL-6 (Passos
et al, 2010). Em malaria, Ishida e colaboradores (2010) demonstraram que
camundongos geneticamente deficientes para IL-17 também desenvolveram malaria
cerebral induzida por P. berghei ANKA, sugerindo que essa citocina n&o esteja
envolvida no patogénese da malaria cerebral. Pouco ainda & conhecido sobre a acao

das células Th17 tanto na patogénese quanto na protegado da malaria.
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1.7. Antigeno 1 de Membrana Apical (AMA-1) como potencial candidato

vacinal

Desde a década de 60, casos de resisténcia as drogas, como cloroquina,
mefloquina e primaquina, utilizadas contra a malaria, vém sendo reportados (Alecrim et
al., 1982; Alecrim et al., 1999; Baird, 2007). Assim, novas alternativas de controle tém
sido estudadas. Dentre elas, uma vacina eficaz seria considerada uma medida de
maior custo-beneficio para controle dessa infecgdo (Good et al., 2005). Contudo,
apesar dos avangos tecnoldgicos obtidos neste campo de pesquisa, vacinas eficazes
contra malaria ainda ndo estao disponiveis (Kocken et al., 1999; Wykes et al., 2007a).
O desenvolvimento de vacinas contra a malaria, sobretudo na busca de imundgenos
efetivos e de baixo custo, representa um desafio cientifico significante no controle
dessa infecg&o. Entretanto, seu progresso ainda € limitado pela complexidade do ciclo
de vida do Plasmodium, que resulta em uma resposta imunoldgica especifica para
cada forma evolutiva, e pelo fato do parasito ter desenvolvido diversas estratégias de
escape a resposta imune do hospedeiro (Good et al., 2005).

Atualmente os esforgos para o desenvolvimento de vacinas contra a malaria tém
sido focados na infecgao por P. falciparum, uma vez que menos de 10% dos antigenos
vacinais testados em ensaios clinicos sao especificos para P. vivax. Considerando
principalmente a importdncia da malaria vivax, um maior investimento no
desenvolvimento de vacinas para esta infecgao se faz necessario (Moorthy et al., 2004;
Herrera et al., 2007).

Diversos antigenos de estagios assexuados sanguineos tém despertado
interesse como alvos potenciais de uma possivel vacina protetora. Dentre esses
antigenos, a proteina AMA-1 (apical membrane antigen) tem se destacado como um
dos principais objetos de diferentes estudos em malaria vivax (Herrera et al., 2007).

O antigeno 1 de membrana apical (AMA-1) é uma proteina de 83 kDa
sintetizada por estagios sanguineos maduros do parasito e também por esporozoitos
(Silvie et al., 2004), sendo localizado inicialmente nos micronemas (Kocken et al., 2002;
Feng et al., 2005). A estrutura primaria deduzida da sua sequéncia génica sugere que o
AMA-1 apresenta caracteristicas estruturais de uma proteina integral de membrana tipo
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1, com um curto dominio transmembrana e uma pequena cauda citoplasmatica na
regiao C-terminal (Peterson et al., 1989; Pizarro et al., 2005). Em todos os genes
caracterizados de AMA-1 de Plasmodium, 16 residuos invariantes de cisteina estédo
codificados na regido ectoplasmatica, e a analise do padrdo de pontes dissulfeto
sugere uma divisdo em trés dominios distintos, | Il e Ill, que sédo estabilizados,
respectivamente, com trés, duas e trés pontes dissulfeto (Hodder et al., 1996; Nair et
al., 2002).

Antes da invasao dos merozoitos nos eritrocitos a proteina AMA-1 é processada
em um produto de 66 kDa e entdo liberada na superficie do merozoito momentos antes
ou durante o processo de invasao (Nair et al., 2002; Pizarro et al., 2005). O grau de
conservagao constatado entre as sequéncias desta proteina implica que sua fungao
biolégica seja conservada entre as diferentes espécies de Plasmodium (Li et al., 2002)
e talvez entre outros apicomplexa (Chesne-Seck et al., 2005).

Acredita-se que umas das suas fungdes seja facilitar a reorientagdo do
merozoito apds adesao inicial, de modo que as roptrias e os complexos de micronemas
sejam expostos na superficie dos eritrocitos durante a invasdo do parasito (Chitnis et
al., 2000; Mitchell et al., 2004), ou ainda, iniciar o contato entre o parasito e o eritrocito,
acao dependente da ligagdo de proteinas Duffy (Mitchell et al., 2004). Treeck e
colaboradores (2009) demonstraram que essa proteina tem um papel essencial no
movimento de juncado e que a fosforilagdo do dominio citoplasmatico € um pré-requisito
para a invasao do parasito no eritrocito (Treeck et al., 2009). Além disso, a analise
cristalografica da AMA-1 de P. vivax revelou que os seus dominios | e Il séo
estruturalmente similares entre si e pertencem a superfamilia PAN de proteinas. Esses
dominios PAN fazem parte de proteinas micronemais de Apicomplexa, que
desempenham importante papel na invasédo do hospedeiro (Pizarro et al., 2005).

O potencial antigénico da proteina AMA-1 foi observado, inicialmente, apds a
imunizacdo de macacos Rhesus com a proteina nativa purificada de P. knowlesi
(PK66), a qual foi capaz de induzir protegdo parcial contra infecgdo (Deans et al.,
1988). Além disso, imunizagdes experimentais em roedores e primatas, utilizando-se a
proteina recombinante AMA-1, evidenciaram prote¢cdo contra malaria (Kocken et al.,
2002; Stowers et al., 2002). Ensaios clinicos de Fase 1, realizados em humanos,
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demonstraram que AMA-1 de P. falciparum, expressa tanto em Pichia pastoris quanto
em Escherichia coli, associada a adjuvantes do tipo Alhydrogel ou AS02A, é segura e
imunogénica, desencadeando potente resposta humoral, celular e de citocinas do tipo
IFN-y e IL-5 quando administrada em individuos adultos sadios nunca expostos a
infeccdo (Malkin et al., 2005; Dicko et al., 2007; Polhemus et al., 2007). Verificou-se
também nesses estudos o desencadeamento de atividade biolégica contra malaria em
ensaio de inibicdo de invasao in vitro (Malkin et al., 2005).

Na Africa, em estudo soroepidemioldgico observou-se que criangas maiores de
dois anos e adultos apresentavam anticorpos que reconhecem uma proteina
recombinante correspondente a AMA-1 de P. falciparum, a PF83 (Thomas et al., 1994).
No Quénia, estudo longitudinal realizado em populacéo residente em area endémica
para P. falciparum observou uma consideravel propor¢cédo de individuos portadores de
anticorpos naturalmente adquiridos e reatividade celular frente a AMA-1 (Udhayakumar
et al., 2001).

Dos poucos estudos soroepidemioldgicos descritos na literatura, a maioria tem
sido realizada em areas holo-hiperendémicas e utilizam como alvo a AMA-1 de P.
falciparum. No Brasil, a resposta contra AMA-1 de P. vivax (Pv-AMA-1) foi avaliada em
individuos expostos a transmissdo em regides do Estado do Para; a proteina foi
reconhecida por grande parte de individuos naturalmente expostos (85%),
apresentando predominio da resposta do tipo IgG1 (Rodrigues et al., 2005). Outro
estudo realizado no Brasil por nosso grupo (Morais et al., 2006) demonstrou que a
proteina AMA-1 de P. vivax é naturalmente imunogénica em individuos que
apresentam diferentes graus de exposicdo a infeccdo por malaria. Neste estudo,
observou-se que a prevaléncia e os niveis de IgG, IgG1 e IgG3 anti-Pv-AMA-1
aumentam com o tempo de exposic¢ao a infecgcado. Além disso, a frequéncia de resposta
positiva e os niveis de IgG foram maiores em areas onde a prevaléncia de malaria
apresentou maior intensidade (Morais et al., 2006). Com fulcro nessas evidéncias de
alto reconhecimento da proteina Pv-AMA-1 em individuos com diferentes graus de
exposi¢cao ao P. vivax, Mufalo e colaboradores realizaram estudo em que se verificou
que a regido do dominio Il (DIl) apresentou semelhanga no grau de reconhecimento de
anticorpos IgG em individuos infectados em comparagéo aos niveis detectados contra
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o ectodominio (AMA-1) (Mufalo et al.,, 2008). Esse mesmo grupo demonstrou a
imunogenicidade do DIl de Pv-AMA-1, em conjugacgédo com diferentes formulagbes de
adjuvantes, o que esta a indicar que o DIl deve continuar sendo avaliado como parte de
uma vacina de subunidade (Gentil et al., 2010).

O polimorfismo dessa proteina ocorre de forma nao-aleatéria na regido
codificadora dentro do ectodominio, especialmente no dominio | (dominio mais
polimorfico), sugerindo que essa regido seja o principal alvo da resposta imune
(Natarajan et al., 2001). Esse polimorfismo pode ser determinante para a morbidade da
doenga, uma vez que ja foi demonstrado forte associagdo entre a forma clinica e os
residuos Gluigy € Gluasz no gene AMA-1 de P. falciparum (Franke-Fayard et al., 2004),
e entre trombocitopenia e a presenga dos residuos Y193 € S210 (Grynberg et al., 2007).

Grosso modo, apesar de AMA-1 constituir em alvo potencial para uma vacina
protetora contra malaria, existem poucos relatos sobre a caracterizagao da resposta
imune de humanos contra esta proteina. A maioria dos estudos até entdo realizados
tém como foco a resposta imune humoral, o que nos leva a acreditar que estudos
direcionados para o entendimento da interagdo entre antigenos vacinais e a resposta
imune humoral e também celular do hospedeiro seriam necessarios para determinar o

papel dessas proteinas na geragdo de uma resposta imune protetora.
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2. JUSTIFICATIVA

No Brasil, a malaria € endémica na Amazénia brasileira, com a ocorréncia de
transmissao simultanea do P. falciparum, P. vivax e P. malariae, sendo P. vivax a
espécie prevalente, responsavel por cerca de 80% dos casos registrados (Oliveira-
Ferreira et al., 2010). A infecgdo debilitante por P. vivax tem causado um profundo
impacto na saude publica (Mendis et al., 2001; Mueller et al., 2009), na longevidade e
na prosperidade de grande parte da populagdo humana. Além disso, recentemente foi
demonstrado que a infecgdo por essa espécie pode ser fatal, levando a casos de
anemia grave, agregacao de plaquetas, citoaderéncia no pulmdo e também
trombocitopenia (Mendis et al., 2001; Cui et al., 2003; Barcus et al., 2007; Genton et al.,
2008; Tijitra et al., 2008; Carvalho et al., 2010). Ao contrario do que ocorre para o P.
falciparum, que pode ser facilmente cultivado in vitro, o cultivo de P. vivax ainda é
restrito a poucos laboratérios (Golenda et al., 1997), o que limita os estudos sobre os
mecanismos imunologicos que operam durante a infecgao por esta espécie.

Embora a infeccdo por Plasmodium resulte em uma resposta imunoldgica que
reduz a carga parasitaria (Good et al., 2005), a sobrevivéncia do parasito no
hospedeiro € decorrente do processo de evasao da resposta imune especifica contra
ele. Uma das caracteristicas marcantes nesse processo seria a diminuigdo da
reatividade celular especifica, evento ja demonstrado para populagdes residentes em
areas de transmissdo de malaria apos exposicdo continua no Brasil (Braga et al.,
2002b), o que sugere uma supressdo especifica da resposta imunoldgica
desencadeada pelo parasito. Entretanto, os mecanismos envolvidos na diminuicdo da
funcdo da resposta celular apds a infecgdo ainda nao estao totalmente esclarecidos.
Alguns dos maiores obstaculos para indugdo de uma resposta imune protetora incluem
o polimorfismo antigénico, o reconhecimento limitado de antigenos/candidatos a
vacina, a inibicao da funcdo de células dendriticas e a apoptose de células T e B
efetoras ou de memdria. De fato, ja foi demonstrado que eritrécitos infectados por
Plasmodium ocasionam alteragcdo da fungdo de células apresentadoras de antigeno
(Urban et al., 1999; Urban et al., 2001a). Além disso, em modelo murino, foi descrito
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que a infec¢do por Plasmodium pode causar apoptose de células T CD4+ Th1 (Good et
al., 2005) e a inibigado de células T CD8+ (Ocana-Morgner et al., 2003). Para P. vivax,
0s mecanismos imunolégicos envolvidos no processo de evasao e a associagao destes
com diferentes graus de morbidade ainda ndo estdo totalmente esclarecidos. Além
disso, estudos ainda sdo necessarios para determinar o papel de fragdes do parasito,
como proteinas recombinantes, no padrdo de resposta imune e morbidade de
pacientes infectados por P. vivax.

No presente trabalho avaliamos aspectos da resposta imune celular e humoral
de pacientes infectados por P. vivax frente ao antigeno recombinante Pv-AMA-1,
candidato a compor uma vacina antimalarica. Além disso, estabelecemos associag¢des

entre a resposta imune especifica e morbidade/parasitemia na malaria vivax.
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3. OBJETIVOS

3.1. Objetivo geral

Caracterizar diferentes parametros da resposta imune celular e humoral em

pacientes infectados por P. vivax.

3.2. Objetivos especificos

Avaliar o perfil fenotipico e funcional de células dendriticas derivadas de
monacitos diferenciadas na presenga do antigeno Pv-AMA-1 de P. vivax;
Avaliar a producéo de citocinas (IL-4, IL-10, TGF-B, TNF-a, IFN-y, e IL-
12p40) em sobrenadantes de culturas de PBMCs estimuladas por AMA-1
de P. vivax;

Determinar e caracterizar a presenca e a atividade de células T
reguladoras no sangue circulante de individuos naturalmente infectados
por P. vivax;

Determinar a presenca de linfocitos Th17 circulantes no sangue periférico
de pacientes infectados com P. vivax;

Avaliar in silico a predicdo de possiveis epitopos de células B na proteina
Pv-AMA-1;

Caracterizar o perfil de resposta humoral de individuos naturalmente
infectados por P. vivax (IgG e subclasses), frente a Pv-AMA-1
(Ectodominio), DIl de Pv-AMA1 e o peptideo predito in silico;

Detectar possiveis associagdes entre anemia, plaquetopenia e niveis de
parasitemia ao padrdo de resposta imunoldgica de pacientes infectados

por P. vivax.
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4. MATERIAL E METODOS

4.1. Individuos e area de estudo

Foram selecionados para este estudo 214 individuos, de ambos os sexos,
residentes na area endémica brasileira que apresentavam numero variavel de
episodios prévios de malaria por P. falciparum elou P. vivax. Todos os 190 individuos
apresentavam infecgéo patente por P. vivax diagnosticada no exame de gota espessa,
sendo que 117 destes individuos consistiam de pacientes atendidos no Hospital
Universitario Julio Muller em Cuiaba, capital do Estado do Mato Grosso (MT) e o
restante (73 individuos), pacientes que procuraram atendimento na Fundagdo de
Medicina Tropical do Amazonas, localizada em Manaus (FMT-AM), Estado do
Amazonas (AM).

As coletas de sangue realizadas no Hospital Universitario Julio Muller foram
obtidas em colaboracdo com o Prof. Dr. Cor Jésus Fernandes Fontes, para envio de
amostras de plasma para posterior utilizagdo em ensaios imunenzimaticos. Além das
amostras de plasmas, foram obtidos questionarios pré-codificados, previamente
elaborados, contendo informagbes sobre dados demograficos, historia migracional,
medidas de exposi¢gao a malaria (tempo de residéncia na area endémica, numero de
episodios prévios de malaria, etc.), bem como hemograma completo e descricdo dos
sintomas clinicos apresentados pelos pacientes.

Na cidade de Manaus a coleta realizou-se nos meses de maio de 2008 e margo
de 2009, com o intuito de obter amostras de plasma, DNA e células mononucleares do
sangue periférico de pacientes infectados com P. vivax. Setenta e trés individuos
adultos, do género masculino ou feminino, apresentando infec¢cédo patente por P. vivax
foram entdo selecionados a partir do resultado obtido em exames de gota espessa
realizados na rotina laboratorial da FMT-AM. Durante a coleta de sangue foi aplicado
um questionario padrdo para aquisicdo de informacdes sobre dados pessoais do
paciente, histérico prévio de malaria e sintomatologia. Além disso, para todos os

pacientes foi realizado hemograma completo e determinada a parasitemia sanguinea.
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ApOs a coleta de sangue, todos os pacientes foram tratados de acordo com a politica
nacional de tratamento da malaria no Brasil, conforme preconizado no Manual de
Terapéutica da Malaria. E importante salientar que os individuos avaliados neste
estudo n&o apresentavam outras enfermidades como dengue, hepatite e HIV, as quais
foram descartadas apds exames laboratoriais.

Como controles negativos, foram incluidos no estudo 20 individuos nunca
expostos a malaria, residentes em Belo Horizonte, area n&do-endémica para a doenga.
De todos os individuos avaliados foi obtido o consentimento para participagdo no
estudo conforme normatiza o Comité de Etica da Universidade Federal de Minas
Gerais (projeto aprovado pelo Comité de Etica em Pesquisa da Universidade Federal
de Minas Gerais em abril de 2007, Parecer ETIC60/07).

4.2. Antigeno

Antigeno 1 de Membrana Apical (Pv-AMA-1), que € uma proteina recombinante
de estagio sanguineo de P. vivax, foi utilizada no ensaio para avaliagcdo da resposta
imune celular e humoral. O dominio Il (DIlI) de Pv-AMA-1 foi utilizado para os ensaio de
resposta imune humoral. Estes antigenos recombinantes foram gentilmente cedidos

pela Dra. Irene Soares, do Departamento de Analises Clinicas e Toxicologicas, USP.

4.2.1. Antigeno 1 da Membrana Apical de P. vivax (Pv-AMA-1)

A proteina recombinante de 66 kDa, correspondente ao Antigeno 1, de
Membrana Apical de P. vivax (Pv-AMA-1) foi produzida em E. coli a partir do vetor de
expressédo pET-22b, abrangendo as regides codificadoras dos dominios |, Il e Il da
proteina, como representado na Figura 4.
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B) PS PD Dom!| Domll Domll DT CC

Figura 4. Antigeno de Membrana Apical 1. A) Estrutura terciaria do gene PvAMA-1: verde =
dominio I, azul = dominio Il e verde= dominio lll. Figura extraida de Pizarro et al, 2005). B)
Esquema do Antigeno de Membrana Apical 1: PS = Peptideo sinal, PD = Pr6-dominio, Dom | =
Dominio I, Dom Il = Dominio Il, Dom Ill = Dominio Ill, DT = Dominio transmembrano e CC = Cauda

citoplasmatica. Figura adaptada de Hodder et al, 1996.

4.3. ELISA para detecg¢ao de anticorpos IgG total anti-Pv-AMA-1, DIl e
peptideo

O padrdo de reconhecimento de anticorpos IgG especificos para o antigeno
recombinante da Pv-AMA-1 e o ectodominio DIl foi avaliado por ELISA conforme
protocolo descrito a seguir. Resumidamente, microplacas de 96 pogos (Costar,
Cambridge, MA) foram sensibilizadas com 50uL dos antigenos recombinantes em
concentragcdo de 25ng/pogco (Pv-AMA-1 e DIl), diluidos em tampao carbonato-
bicarbonato (pH 9,6; 0,1M) por 18 horas a 4°C. ApoOs a incubagao, as microplacas
foram lavadas quatro vezes com PBS contendo 0,05% de Tween 20 (PBS/T) e em
seguida bloqueadas com leite desnatado (Molico - Nestlé®) a 5% em PBS/T
(200pL/pogo) por 2 horas a 37°C. Posteriormente, repetiu-se o processo de lavagem
por quatro vezes consecutivas, e 50uL das amostras de soros diluidas a 1/100 em
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PBS/T foram adicionados aos pogos em duplicatas. Apos o tempo de incubacgao de 1
hora e 30 minutos a 37°C, as placas foram novamente submetidas a quatro lavagens
com PBS/T e o conjugado anti-lgG humano ligado a peroxidase (Sigma, EUA) diluido
1/2000 em PBS/T (50uL/pogo) foi adicionado, seguindo novamente incubagdo a 37°C
por 1 hora e 30 minutos. Transcorrido este tempo, as placas foram lavadas por quatro
vezes com PBS/T e a reagdo enzimatica revelada pela adigdo de OPD (o-
phenylenediamine dihydrochloride substrate — Sigma, EUA) diluido em tampéao fosfato-
citrato, pH 5,0 contendo peroxido de hidrogénio (H202) (50uL/pogo). As placas foram
incubadas a TA e protegidas da luz até a reagao ser interrompida pela adigdo de 50uL
de uma solucdo de 4N H,SO4.

Os valores de absorbéncias (DO) foram medidos a 492 nm utilizando leitor
automatico de microplacas (SpectraMax 340 PC, Molecular Devices). A absorbéancia
discriminante entre os resultados positivos e negativos (“cut off”) foi estabelecida pela
média das absorbancias das amostras de individuos sem historia clinica de malaria,
acrescida de trés desvios-padrao. Considerando que podem ocorrer variagdes diarias
nas leituras da DO dos soros testados, os valores do “cut off” foram calculados em
cada ensaio, que incluia cinco diferentes controles negativos em cada placa testada,
além de dois soros positivos para o controle interno do teste. A média da absorbéancia
de cada amostra testada foi dividida pelo valor do “cut off” da placa para determinar o
indice de reatividade da amostra (IR), sendo os soros com IR = 1 considerados

positivos.

4.3.1. ELISA para detecgao de subclasses de IgG total anti-Pv-AMA-1e DIl

Para detecgédo dos isotipos especificos de 1gG (IgG1, 1gG2, 1gG3 e IgG4), os
ensaios imunoenzimaticos foram realizados como descrito no item anterior, com
excegao dos anticorpos secundarios que se constituiam de anticorpos monoclonais de
camundongos especificos para as diferentes classes de IgG humano (Sigma, EUA). Os

monoclonais especificos para 1gG1, 1gG2, IgG3 e IgG4 foram diluidos 1/2000 em
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PBS/T, seguindo incubagao por 1 hora a 37°C. Apds este periodo, as placas foram
lavadas quatro vezes e incubadas a 37°C por 1 hora com o conjugado anti-lgG murino
ligado a peroxidase (Sigma, EUA) diluido 1/2000 em PBS/T (50uL/pogo). A revelagao,
leitura das DOs e calculo dos limites de positividade (“cut off’) foram realizados como

descrito no item acima.

4.4. Obtencao de células mononucleares do sangue periférico

Para separagdo dos PBMCs, aproximadamente 35 mL de sangue periférico de
cada individuo, coletados em tubos heparinizados, foram aplicados lentamente sobre
10 mL de solugao de Ficoll-Hypaque (Histopaque® 1.077, Sigma, EUA) em tubos de 50
mL de polipropileno (Falcon 2074, BD Biosciences, EUA), e foram centrifugados a 400
g por 40 minutos em temperatura ambiente. O anel contendo as células
mononucleares, formado na interface entre plasma e eritrocitos, foi coletado e lavado
por duas vezes a 400 g por 10 minutos com meio DMEM (Sigma, EUA). Ao final, as
células foram ressuspendidas para 1 mL e foi realizada a contagem das mesmas. Para
contagem celular foi utilizada a camara hemocitométrica de Neubauer, estando as
células diluidas (1:20) em Solucdo de Turcks. O volume final foi ajustado para 1x10’
células/mL. As células obtidas dos pacientes da cidade de Manaus foram congeladas
em nitrogénio liquido utilizando uma solugdo de congelamento contendo soro fetal
bovino (90%) e DMSO (10%) .

4.5. Diferenciacao de células dendriticas na presenga do antigeno
recombinante Pv-AMA-1

Para a diferenciagdo em células dendriticas, mondcitos foram isolados a partir
de suspensao de PBMC obtida conforme descrito acima.
Para o isolamento de mondcitos, foi utilizada a técnica de separagao celular por

colunas magnéticas (MACS, magnetic activated cell sorting). Em resumo, os mondcitos
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(células CD14") foram magneticamente marcados com microesferas anti-CD14. Em
seguida, a suspensao celular foi transferida para colunas LS e entdo foram colocadas
em campo magnético de um separador MACS (QuadroMACS®, Miltenyi Biotec, EUA).
Células n&o marcadas passaram pela coluna na presenca de campo magnético. Apos
remogdo da coluna do campo magnético, as células CD14" magneticamente retidas
(selecao positiva) foram eluidas (PBS pH 7,2 com 0,5% BSA e 2 mM EDTA), lavadas
(PBS), contadas em camara de Neubauer, e distribuidas em tubos de poliestireno
(1x10® mondcitos/tubo) contendo meio de cultura completo (DMEM suplementado com
10% de soro AB" humano, 40 mg/L de gentamicina e 300 mg de L-glutamina a 2 mM).

A diferenciagcao de mondcitos foi realizada pela presenca das citocinas humanas
IL-4 e GM-CSF, segundo protocolo descrito por Urban et al. (1999). Resumidamente, 1
pug/mL de IL-4 e de GM-CSF (Peprotech, EUA) foram acrescentados nos dias 1, 3 e 5,
em culturas com presenga ou auséncia dos antigenos Pv-AMA-1 e Pv-MSP-149 (1
pg/tubo) adicionados nos mesmos dias de cultura, gerando células dendriticas imaturas
(iDCs). No sétimo dia de cultura, as células foram maturadas na presenga de 10 pg/mL
de LPS (Sigma, EUA) por 48 horas, resultando em células dendriticas maduras
(mDCs). As culturas em diferenciagdo e maturagdo foram mantidas em estufa
umidificada a 37 °C e 5% CO..

4.6. Culturas de células mononucleares do sangue periférico (PBMC)

Células mononucleares do sangue periférico (5 x 10°) foram distribuidas em
placas de cultura de 48 wells (Corning, USA), estimuladas com Pv-AMA-1 na
concentragdo de 1 ug/pogo, e incubadas a 37 °C e 5% de CO; por 1, 2, 4 e 6 dias.
Culturas adicionais estimuladas com mitégeno PMA (Phorbol 12-myristate 13-acetate,
Sigma) foram realizadas como controles positivos. Para a determinagdo de produgéo
de citocinas e quimiocinas, sobrenadantes foram coletados, aliquotados e estocados a
- 80°C até a realizagdo dos ensaios.
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4.7. Perfil fenotipico de células dendriticas diferenciadas na presenga ou
auséncia dos antigenos recombinantes Pv-AMA-1 e avaliagao da apresentacao de
peptideos derivados de Pv-AMA-1

Apos diferenciacdo e maturagdo, o perfil fenotipico das células dendriticas foi
determinado por citometria de fluxo, avaliando a expressdo de moléculas de superficie,
incluindo moléculas de apresentagcdo de antigenos (CD1a, HLA-A,B,C e HLA-DR),
moléculas co-estimulatérias (CD40, CD80 e CD86), moléculas receptoras de
imunoglobulinas (CD16 e CD64) e integrina de membrana (CD11c), esta ultima para
determinar o processo de diferenciacdo. Os anticorpos utilizados foram especificos
para os marcadores celulares humanos CD1a PE-Cy5 (conjugado com ficoeritrina e
Cy5, fusionados), HLA-A,B,C PE (conjugado com ficoeritrina), HLA-DR PE-Cy5, CD40
PE, CD80 FITC (conjugado com isotiocianato de fluoresceina), CD86 PE, CD16 PE,
CD64 FITC e CD11c PE (BD Pharmingen, EUA).

A marcacado celular foi realizada pela incubagdo de células dendriticas
diferenciadas e maturadas com os respectivos anticorpos, em temperatura ambiente
por 20 minutos; lavados com PBS e centrifugados por 10 minutos a 400 g. As células
marcadas foram ressuspendidas em 50 pL de PBS e analisadas em citdmetro de fluxo
(FACScan, Becton Dickinson, EUA).

Para a avaliacdo da apresentacdo de peptideos derivados de Pv-AMA-1 apés
diferenciagdo das células dendriticas na presenca do antigeno recombinante, 1x10°
células dendriticas diferenciadas foram incubadas com anticorpo policlonal anti-Pv-
AMA-1 na diluicdo 1:100 por 2 horas a temperatura ambiente. As células foram lavadas
em PBS e marcadas com anticorpo monoclonal anti-lgG de camundongo conjugado
com FITC (BD Pharmingen, USA) por 30 minutos a temperatura ambiente. Os dados
sobre as células marcadas foram adquiridos em um citbmetro de fluxo FACScan
(Becton Dickinson, USA), selecionando-se as populagdes de linfocitos. Cinquenta mil
eventos foram adquiridos e analisados pelo software CellQuest (BD Biosciences, EUA).
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4.8. Determinagcao da producado de citocinas e quimiocinas por ELISA de
captura

As citocinas (IL-4, IL-10, TGF-B, TNF-a, IFN-y, e IL-12p40) foram detectadas e
quantificadas nos sobrenadantes de cultura utilizando-se kits comerciais (R&D
Systems, EUA). Os ensaios foram realizados de acordo com as instrugées do
fabricante. Para deteccdo do ensaio foram utilizados anticorpos de deteccéo
biotinilados combinados com estreptavidina-HRP (Amersham Biosciences, EUA) e o
cromogeno OPD (Sigma). A reagédo colorimétrica foi analisada em um leitor de
microplacas de ELISA (492 nm). O calculo das concentragdes finais de citocinas e
quimiocinas a partir dos valores médios de densidade O&ptica foi obtido pela
interpolacdo de uma curva padrdo utilizando-se o software SOFTmax © Pro 4.8.
Resultados foram obtidos em pg/mL.

4.9. Determinagao do perfil de células reguladoras e avaliagdao funcional
apos estimulo de PBMCs com antigeno recombinante de P. vivax

PBMCs de individuos infectados e nao infectados por P. vivax foram incubadas
com 10 uyg/mL de Brefeldin A (Sigma, USA) por 4 horas a 37°C e 5% CO,. Apos
incubacgdo, as células foram marcadas com anticorpos especificos para CD4 (clone
SK3), e CD25 (clone M-A251), por 30 minutos a temperatura ambiente, protegidas da
luz. As células foram entédo fixadas em formaldeido (4% em PBS) e permeabilizadas
em PBS contendo 0,5% de saponina (Sigma, USA) por 20 minutos. Finalmente, as
células foram incubadas com anticorpos monoclonais reativos a FoxP3 (clone 236A),
CTLA-4 (clone BNI3), GITR (clone eBioAITR), IL-10 (clone JES3-9D7), TGF-f (clone
TB21), IFN-y (clone 4S.B3) e IL-17 (clone 64CAP17). Os dados sobre as células
marcadas foram adquiridos em um citobmetro de fluxo FACScan (Becton Dickinson,
USA), selecionando-se as populagdes de linfocitos. Cinquenta mil eventos foram
adquiridos e analisados pelo software CellQuest (BD Biosciences, EUA). Controles
isotipicos marcados com FITC, PE, PE-Cy5 e APC foram usados em todos os

experimentos.
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Para a avaliagdo funcional, linfocitos CD4*CD25" foram isolados com auxilio da
técnica de MACS (magnetic cell sorting). Em resumo, a populagdo de interesse foi
magneticamente marcada com microesferas anti-CD4 e anti-CD25. Em seguida, a
suspensao celular foi submetida a um campo magnético de um separador MACS
(QuadroMACS®, Miltenyi Biotec, EUA). Células ndo marcadas passaram pela coluna,
na presenga de campo magneético, e foram utilizadas como culturas depletadas. Apés
remogao da coluna do campo magnético, as células magneticamente retidas (98% de
pureza) foram eluidas em tampao (PBS pH 7,2 com 0,5% BSA e 2 mM EDTA), lavadas
(PBS) e contadas em cdmara de Neubauer. Células CD4"CD25", nas concentragbes
1:2,1:5 e 1:10, foram co-incubadas com 5x10° PBMCs autdlogos previamente
marcadas com 0,4 uM de CFDA-SE, em ambiente 37°C e 5% CO, por 5 dias. Para
avaliacdo da proliferacdo celular foi utilizada a razdo da proliferagdo observada nas
culturas de PBMCs estimuladas com antigeno AMA-1 na presenga de CD4°'CD25"
sobre os valores determinados em culturas de PBMC estimuladas com AMA-1 somente
(sem células CD4°CD25%). As analises foram realizadas em citbmetro de fluxo
(FACScan, Becton Dickinson, EUA).

4.10. Determinagao do perfil de células Th17 em PBMCs

Células Th17 foram caracterizadas pela expressao da citocina IL-17 em
linfécitos CD3"CD4" de individuos infectados e nédo infectados por P. vivax. A marcagéo
intracelular foi realizada conforme previamente descrito para fenotipagem de células T
reguladoras. Os dados sobre as células marcadas foram adquiridos em um citémetro
de fluxo FACScan (Becton Dickinson, USA), selecionando-se as populagbes de
linfocitos. Cinquenta mil eventos foram adquiridos e analisados pelo software CellQuest
(BD Biosciences, EUA).
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4.11. Predicao de epitopos de células B na proteina Pv-AMA-1

A predicdo de epitopos de células B foi realizada utilizando-se o programa
BepiPred (http://www.cbs.dtu.dk/services/BepiPred/). Este software requer a entrada de
sequéncias unicas no formato FASTA e prediz epitopos potenciais de células B. Os
escores de predicdo sdo calculados baseados nos perfis HMM de antigenos
conhecidos, além de métodos de propensao de escalas baseados na hidrofilicidade e
predicdo de estrutura secundaria. Como sugerido pelos autores do software, valores
acima de 0,35 sdo considerados com o potenciais epitopos de células B.

A predicdo de regides intrinsicamente desestruturadas/desordenadas
(intrinsically unstructured/disordered regions — IURs) foi realizada utilizando-se o
programa [Upred (http://iupred.enzim.hu/). Este software também requer a entrada de
sequéncias unicas no formato FASTA e prediz potenciais regides IURs que ocorrem na
sequéncia analisada. IURs n&o possuem interacbes inter-residuais suficientes
(interacdes hidrofébicas em sua maioria) para estabilizar a energia necessaria para
evitar a perda de entropia durante o dobramento. Portanto, os escores de predigao sao
calculados utilizando-se uma analise de vizinhanga com a variagdo entre 2-100
aminoacidos e, para cada analise de polipeptideos, foi calculado o potencial de
formagdo de interagdes estabilizantes. O resultado final € determinado pelo escore
individual para cada aminoacido, que varia de 0 (completamente ordenado) a 1
(completamente desordenado). IURs foram entdo preditas como regides com pelo
menos 9 aminoacidos contiguos com escore de predigao iupred individual para cada
aminoacido acima de 0,35.

4.12. Sintese de peptideos em fase solida

Os peptideos selecionados foram sintetizados utilizando-se um protocolo de
sintese de peptideos em fase sdlida que utiliza aminoacidos especiais para sintese in
vitro. Estes aminoacidos possuem o grupamento amina protegido pelo grupamento
Fmoc (fluorenil metil oxicarbonila) e foram acoplados a fase solida, que também esta
protegida (resina). O protocolo foi realizado de acordo com Gausepohl (1992), com
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algumas modificagbes: A resina (Rink Amide) foi colocada dentro de um tubo de
sintese e o seu grupamento Fmoc foi liberado, cobrindo-a com 2mL de piperidina 20%
em DMF (Dimetilformamida). A resina foi lavada por 12 minutos com esta solugéo, e
todas as lavagens foram feitas com auxilio de uma bomba a vacuo. O tubo de reacéo
foi lavado trés vezes com 2mL de DMF por lavagem. O acoplamento dos aminoacidos
Fmoc foi iniciado com a ligagdo do grupamento carboxila do primeiro aminoacido ao
grupamento amina da resina, formando uma ligagao peptidica.

O primeiro aminoacido foi colocado no tubo de sintese com HOBt
(hidroxibenzotriazol) e DIPC (diisopropilcabodiimida), que permitem a ativagcdo da
funcdo COOH dos aminoacidos Fmoc. Foi adicionado volume de DMF suficiente para
cobrir toda a resina, sendo o tubo incubado a temperatura ambiente, sob agitagao, por
30 minutos. Apds incubagao, todo o liquido do tubo de sintese foi retirado com auxilio
de bomba a vacuo, e a resina lavada com DMF por 3 vezes. A ligacdo dos aminoacidos
conseguintes foi realizada conforme os passos anteriormente descritos. Apos o término
do ultimo ciclo, o ultimo aminoacido foi desprotegido exatamente como os anteriores, e
a resina lavada 4 vezes por 5 minutos com dicloroetano. O peptideo foi desligado da
resina pelo uso de uma solugdo de clivagem contendo 2,5% de p-mercaptoetanol,
diluida em agua em um volume final de 5mL de TFA (acido trifluoroacético). A solugéo
com cada peptideo foi colhida com o auxilio de uma bomba a vacuo, e estes
precipitados com éter gelado overnight a 4°C. Cada solucéo foi centrifugada a 3000rpm
por 30 minutos, o sobrenadante desprezado e o peptideo ressuspendido em agua
destilada. Apdos a obtencdo dos peptideos, estes foram liofilizados, purificados em
HPLC e analisados em espectrometro de massa para confirmagdo da massa
molecular. Apdés a producdo e confirmagdo das massas moleculares, o peptideo
especifico foi testado em ensaios de ELISA frente aos soros dos individuos infectados

com P. vivax e frente aos soros dos individuos controle.
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4.13. Analise estatistica

O teste Kolmogorov-Smirnov foi inicialmente utilizado para determinar a
normalidade dos dados. Para variaveis com distribuicdo gaussiana, o teste de analise
de variancia (ANOVA) foi utilizado para comparar médias de grupos independentes,
seguido pelo teste t de comparacdo multipla de Dunnet, utilizado para comparar
culturas estimuladas com antigenos em relagdo a cultura controle. As diferengas
obtidas foram consideradas estatisticamente significativas quando o valor de P foi igual
ou menor que 0,05; todos os valores de P refletem uma analise bimodal. Para as
analises univariadas foi utilizado o teste estatistico Prism for Windows 5.0 (GraphPad,

Inc).
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The Apical Membrane Antigen-1 (AMA-1) is a well-characterized and functionally important merozoite
protein and is currently considered a major candidate antigen for a malaria vaccine. Previously, we
showed that AMA-1 has an influence on cellular immune responses of malaria-naive subjects, result-
ing in an alternative activation of monocyte-derived dendritic cells and induction of a pro-inflammatory
response by stimulated PBMCs. Although there is evidence, from human and animal malaria model sys-
tems that cell-mediated immunity may contribute to both protection and pathogenesis, the knowledge

f;eivgqooriim vivax on cellular immune responses in vivax malaria and the factors that may regulate this immunity are
AMA-1 poorly understood. In the current work, we describe the maturation of monocyte-derived dendritic cells

of P. vivax naturally infected individuals and the effect of P. vivax vaccine candidate Pv-AMA-1 on the
immune responses of the same donors. We show that malaria-infected subjects present modulation of
DC maturation, demonstrated by a significant decrease in expression of antigen-presenting molecules
(CD1a, HLA-ABC and HLA-DR), accessory molecules (CD40, CD80 and CD86) and FcyRI (CD64) receptor
(P <0.05). Furthermore, Pv-AMA-1 elicits an upregulation of CD1a and HLA-DR molecules on the sur-
face of monocyte-derived dendritic cells (P=0.0356 and P=0.0196, respectively), and it is presented by
AMA-1-stimulated DCs. A significant pro-inflammatory response elicited by Pv-AMA-1-pulsed PBMCs
is also demonstrated, as determined by significant production of TNF-q, IL-12p40 and IFN-y (P <0.05).
Our results suggest that Pv-AMA-1 may partially revert DC down-modulation observed in infected sub-
jects, and exert an important role in the initiation of pro-inflammatory immunity that might contribute
substantially to protection.

Dendritic cells
Pro-inflammatory response
Recombinant protein
Modulation

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Malaria is present in nearly 90 countries with approximately
2.5 billion people exposed to infection by Plasmodium falciparum
and Plasmodium vivax [1]. P. vivax is the major cause of malaria
outside Africa, mainly afflicting Asia and the Americas [2]. While
deaths are rare compared to the incidence of P. falciparum mortality,
there is an increasing number of publications reporting severe dis-
ease, including respiratory distress and coma as a result of P. vivax
infection [3,4]. This disease affects poor people living in developing
economies, leading their children to life-long learning impairment,
while also incapacitates adults, having tremendous direct economic

* Corresponding author. Tel.: +55 31 34992841 fax: +55 31 34992970.
E-mail address: embraga@icb.ufmg.br (E.M. Braga).

0264-410X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2009.07.031

consequences through loss of productivity an depletion of meager
financial reserves [5]. The most cost-effective measure to control
infectious diseases like malaria is a vaccine but effective malaria
vaccines are still not available [6].

Several asexual blood-stage antigens have been identified as
potential vaccine candidates, and studies in malaria endemic
areas have shown their immune recognition by exposed indi-
viduals [1,7-9]. The Apical Membrane Antigen-1 (AMA-1) is a
well-characterized and functionally important merozoite protein
and is currently considered a major candidate antigen for a malaria
vaccine [10]. AMA-1 is synthesized in the late asexual schizont stage
of the Plasmodium parasite and accumulates in the micronemes of
developing merozoites. Just prior to red blood cell (RBC) invasion,
the mature form of the protein is transported to the merozoite sur-
face membrane as an 83 kDa protein in P. falciparum or as a 66 kDa
in the other malaria species [11].


http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:embraga@icb.ufmg.br
dx.doi.org/10.1016/j.vaccine.2009.07.031

5582 L.L Bueno et al. / Vaccine 27 (2009) 5581-5588

Malaria vaccine development has focused on identification of
target antigens of protective immunity rather than on the nature of
anti-malarial immune effector mechanisms. Many studies indicate
that protection against blood-stage malaria is dependent on both
humoral and cell-mediated mechanisms [12-14]. Several mech-
anisms of protective humoral response have been described and
include blockade of invasion of RBCs by merozoites [15], antibody-
dependent cellular killing mediated by cytophilic antibodies [16]
and binding of antibodies to parasite-induced molecules on the
RBCs surface, leading to clearance of infected cells [17]. Protec-
tive cellular immune responses against malaria can be initiated
by antigen-presenting cells (e.g. dendritic cells) that ultimately
activate specific CD4* and CD8* T cells, promoting development
of protective Th1-dependent immune responses to blood-stage
malaria infection [18] mediated by IFN-y and TNF-a [19]. These
cytokines act synergistically to optimize nitric oxide production
[20], which may be involved in parasite killing [21]. Several studies
have described that contact of parasitized RBCs or crude parasite
extracts with dendritic cells (DCs) induces their unique ability to
prime naive lymphocytes and stimulate the production of pro-
inflammatory cytokines[18,22,23].In contrast, other authors report
that the same parasitized erythrocytes as well as parasites products
may selectively impair DC maturation, resulting in an alternative
activation status of these dendritic cells [24-28]. While the effect
of malaria on DC function has not been completely understood yet,
it is essential to elucidate it due to its impact on vaccination in
endemic areas [29].

In the current work, we describe the maturation of monocyte-
derived dendritic cells of P. vivax naturally infected subjects
resident in Brazilian endemic areas and the effect of P. vivax
vaccine candidate Pv-AMA-1 on the immune responses of the
same donors. Here we show, that while malaria-infected subjects
present a down-modulation of DC maturation, Pv-AMA-1 elicits
an upregulation of antigen-presenting molecules on the surface
of monocyte-derived dendritic cells, and it is presented by AMA-
1-stimulated DCs. Finally, we further demonstrate a significant
pro-inflammatory response elicited by Pv-AMA-1-pulsed periph-
eral blood mononuclear cells (PBMCs). Our results suggest that
Pv-AMA-1 may partially revert DC modulation observed in malaria-
infected subjects and exert an important role in the initiation of
pro-inflammatory immune responses that might contribute sub-
stantially to the parasitaemia control.

2. Materials and methods
2.1. Study population and blood samples

This study concerned 30 patients with P. vivax malaria who
were living in Cuiaba, the capital of Mato Grosso state, north-
western Brazil, where active malaria transmission does not occur.
All patients reported previous visits to regions of six Brazilian states
where malaria is endemic, i.e., Acre, Amazonas, Mato Grosso, Para,
Rondénia and Roraima. The patients were unrelated, as there were
no family clusters, and they were attended and diagnosed at the
Hospital Julio Muller of the Universidade Federal de Mato Grosso.
Twenty healthy adult blood donors were recruited for the study
over the course of several months from Belo Horizonte, Minas
Gerais State, Brazil, a non-endemic area for malaria. The study was
approved by the Ethical Committee on Research of Universidade
Federal de Minas Gerais (Protocol #ETIC 060/07) and Universidade
Federal do Mato Grosso (Protocol #325/CEP-HUJM/07). Blood was
obtained after receiving the inform consent.

Venous blood was collected in EDTA and heparin-containing
tubes (4 and 32 mlL, respectively) and was used to prepare thick
smears for microscopy, to extract parasite DNA and PBMC isolation.
Parasitological evaluation was performed by examination of 200

Table 1
Description of the study population by age and hematological parameters
(mean +SD).

Individuals

Malaria-infected? (n=30) Malaria-naive (n=20)

Age mean (years) 37.6 + 12.63 36.43 + 11.96
Hemoglobin (g/dL) 12.81 + 1.59° 16.03 + 1.15
Hematocrit (%) 378 + 4.2 474 + 31

Platelets (cells/mm3) 138,301 + 51,964° 187,500 + 23,166

2 P. vivax infection detected by parasitological smears and PCR.
" Statistically different from control group (P<0.05)

fields at 1000 x magnification under oil-immersion. All slides were
examined by three well-trained microscopists from the Brazilian
Ministry of Health. The P. vivax mono-infection was confirmed by
PCR as previously described [30]. Hemoglobin, hematocrit (HCT)
and platelet levels were measured using a blood cell counter (ABX
Pentra 90; Horiba Diagnostics, Kyoto, Japan) (Table 1).

2.2. Recombinant Pv-AMA-1

The recombinant protein representing amino acids 43-487 of
Pv-AMA-1 [31,32] was expressed in Escherichia coli BL21(DE3)
at 37°C for 3h by adding 0.1mM isopropyl-1-thio-f3-p-
galactopyranoside (IPTG, Invitrogen), as previously described
[28]. Briefly, bacterial cell lysates containing Pv-AMA-1 were cen-
trifuged at 10,000 x g for 30 min at 4°C and the pellet containing
the inclusion bodies was solubilized under continuous agitation in
20 mM Tris-HCl, pH 8.0, 500 mM Nacl, 10% (v/v) glycerol contain-
ing 8 M urea, at 37 °C for 2 h. After centrifugation at 10,000 x g for
30 min, the supernatant was subjected to electrophoresis on 12%
SDS-PAGE. Gels were stained with a solution of 250 mM KCl, and
the band corresponding to the recombinant protein was isolated.
The Pv-AMA-1 protein was eluted by incubation of the gel slice in
ddH,0 at room temperature under constant agitation for 18 h. The
eluted protein was concentrated using a Speed-Vac SC 110 (Savant
Instruments Inc., Holbrook, NY, USA). The proteins were dialyzed
against PBS at 4°C for 48 h and quantitated by SDS-PAGE using
bovine serum albumin as standard.

The Pv-AMA-1 antigen was tested to determine the presence of
Gram-negative bacterial endotoxin using a chromogenic Limulus
Amebocyte Lysate test (QCL-1000, Cambrex, USA) according to the
manufacturer’s instruction, and was found to be a non-significant
source of endotoxins (levels lower than detection limit of 5 EU/mL).

2.3. Polyclonal antibody against Pv-AMA-1

The polyclonal mice serum was obtained by immunization of
BALB/c mice with E. coli-derived recombinant Pv-AMA-1 in Fre-
und’s adjuvant. Animals were immunized with 50 pg of Pv-AMA-1
diluted in saline solution and emulsified 1:1 in Freund’s complete
adjuvant (Sigma Aldrich Co., USA) for the first immunization and
Freund’s incomplete adjuvant for following immunizations. Immu-
nizations were done three times with a 3 weeks interval between
immunizations. Fifteen days after last immunization, sera were col-
lected. Control mice were immunized with the same volume of
adjuvant in 1x PBS.

2.4. Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were obtained as
previously described [28]. Briefly, cells were isolated from hep-
arinized blood on a density gradient centrifugation (Histopaque®,
Sigma-Aldrich Co., USA) and were resuspended at final con-
centration of 1x 107 cell/mL in RPMI 1640 medium (Invit-
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rogen Co., USA) supplemented with 2mM of L-glutamine
(Sigma), 5% heat-inactivated human AB serum (Sigma) and 6%
Antibiotic-Antimycotic solution (Invitrogen).

2.5. Monocyte purification, generation and maturation of human
dendritic cells in vitro

Monocytes were sorted from isolated PBMCs using anti-CD14-
labelled magnetic beads (CD14 MicroBeads, Miltenyi Biotech Inc.,
USA) according to the manufacturer’s instructions and were cul-
tured in complete RPMI 1640 medium. Recombinant IL-4 and
GM-CSF (both from PeproTech, USA) were added to the culture
at 50ng/mL on days 1, 3 and 5 of culture to induce fully differ-
entiation of monocytes into dendritic cells. For DC maturation,
cells were stimulated with 10 p.g/mL of Salmonella lipopolysaccha-
ride (LPS, Sigma) for 48 h. Matured DC were harvested at day 7
of culture, washed twice with PBS and used for flow cytometric
analysis.

2.6. Flow cytometry analysis of dendritic cells

Matured dendritic cells were stained using monoclonal anti-
bodies to determine the expression of cell presentation molecules
(HLA-DR, HLA-ABC and CD1a), costimulatory molecules (CD86,
CD80 and CD40), immunoglobulin receptors (CD64/FcyRI and
CD16/FcyRIIl) and other monocyte markers (CD11c and CD14). The
relative expression of CD11c was used to discriminate matura-
tion of monocyte-derived dendritic cells. The following monoclonal
antibodies were used: fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human CD80, CD64 and CD16, phycoerithrin (PE)-
conjugated mouse anti-human HLA-ABC, CD86, CD40, CD11c and
CD14, PE-Cy5-conjugated mouse anti-human CD1a and HLA-DR (all
from BD Pharmingen, USA).

Dendritic cells were harvested, washed in PBS and then stained
using the antibodies described above at room temperature for
20 min. Stained cells were analyzed using a FACScan® cytometer
(Beckton Dickinson, USA) and CellQuest® software (Becton Dick-
inson). Mean fluorescence intensity was evaluated by analysis of
histograms generated by 30,000 viable cells, and determined by
CellQuest® software (Becton Dickinson).

2.7. Detection of Pv-AMA-1 peptides on monocyte-derived
dendritic cells surface after differentiation and maturation

Monocyte-derived dendritic cells from infected subjects were
obtained by differentiation and maturation in the presence of
1 pg/well of Pv-AMA-1 as previously described [28]. 1 x 10° Pv-
AMA-1-pulsed dendritic cells were incubated with polyclonal
anti-Pv-AMA-1 antibody at 1:100 dilution in PBS for 2 h at room
temperature. Cells were thoroughly washed three times in PBS
and then stained using a FITC-conjugated monoclonal antibody
anti-mouse IgG (BD Pharmingen, USA) at room temperature for
30 min. Stained cells were washed and analyzed using a FACScan®
cytometer (Beckton Dickinson, USA) and CellQuest® software (Bec-
ton Dickinson). Frequency of Pv-AMA-1* dendritic cells and mean
fluorescence intensity were evaluated from 30,000 viable cells.
Monocyte-derived dendritic cells from same donors, differentiated
in the absence of Pv-AMA-1, were used as control.

2.8. PBMC cultures

Cells (5 x 10° PBMCs) were aliquoted into 48-well flat bottom
tissue culture plates (Corning, USA) and incubated with Pv-AMA-1
at antigen concentration of 1 ug/well, as previously described [28].
Cells were incubated at 37°C in an atmosphere of 5% CO, for 1,
2, 4 and 6 days. Additional culture with 1 wg/mL of PMA mitogen

(Phorbol 12-myristate 13-acetate, Sigma)was performed as positive
control. For determination of cytokine production, supernatants
were collected after appropriate incubation period from each well
and stored at —80 °C until required for the assay.

2.9. Determination of chemokine/cytokine production by
sandwich ELISA

The cytokine IL-12p40, IFN-vy, TNF-«, IL-10, IL-4 and TGF-f3
were detected and quantified in cell supernatants by commer-
cially available sandwich ELISA kits (R&D Systems, USA). Assays
were performed according to the manufacturer’s instructions.
Biotin-labelled detection antibodies were used, revealed with
streptavidin-HRP (Amersham Biosciences, USA) and OPD sub-
strate system (Sigma). The colorimetric reaction was read in an
automated ELISA microplate reader at 492 nm. Calculations of
chemokine/cytokine concentrations from mean optical density val-
ues were interpolated from the standard curve using 4-parameter
curve fitting software (SOFTmax® Pro 5.2). Results were achieved
in pg/mL and the detection limits were as follows: 23.4 pg/mL
for IL-10; 15.6 pg/mL for IL-4 and TGF-3; 7.8 pg/mL for IL-12p40,
IFN-y and TNF-a 3.9 pg/mL. Samples with values above the top
of the standard curve were retested at 1/10 or 1/100 dilutions
in RPMI 1640, and the chemokine/cytokine levels were recalcu-
lated.
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Fig. 1. Reduction of dendritic cells differentiation determined by flow cytometric
analysis of monocyte-derived dendritic cells. (A) Cell surface expression of CD11c
on monocytes (dotted line), LPS-matured DCs from malaria-naive (thick line) and
P. vivax-infected donors (thin line); control cells (stained with isotype antibod-
ies only, gray shadow) were used to determine negative population. Percentage
of CD11c* cells is indicated above respective cell population. Representative data
from one individual is shown. (B) Cell surface expression of CD11¢ on LPS-matured
DCs from malaria-naive and P. vivax-infected donors. Mean intensity of fluores-
cence (MFI)+standard error of cell surface expression of CD11c (n=20 and 30,
respectively). Mean intensity of fluorescence is indicated on Y-axis (mean + SEM).
Statistical difference is indicated above the graph bar.
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2.10. Statistical analysis

The one-sample Kolmogorov-Smirnoff test was used to deter-
mine whether variable was normally distributed. Student’s t-test
was used to determine the differences (P<0.05) between malaria-
infected and control groups, when variables were normally
distributed. All statistics were performed using Prism 5.0 for Win-
dows (GraphPad Software, Inc.).

3. Results

3.1. Alterations on surface cell molecules expression of
monocyte-derived dendritic cells from naturally P. vivax-infected
individuals

Prior to the assessment of the effect of Pv-AMA-1 on in vitro
differentiation of dendritic cells, and given the numerous pub-
lished reports indicating modulation of monocyte and DC function
by malarial products [25,26,28,33], alterations on cell surface
molecule expression of monocyte-derived dendritic cells was first
determined in the natural infection of P. vivax. Flow cytometric anal-
yses showed an overall down-regulation of almost all cell surface
markers evaluated. Our results revealed that although expres-
sion of CD11c* cells was similar on monocytes, and DCs from
both infected and malaria-naive individuals (Fig. 1A), a signifi-
cant decrease of surface expression of integrin CD11c was observed
in DCs from naturally infected individuals presented when com-
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pared to healthy non-exposed (malaria-naive) controls (P<0.0001)
(Fig. 1B). Furthermore, expression of antigen-presenting molecules
(CD1a, HLA-ABC and HLA-DR), accessory molecules (CD80, CD86
and CD40), and immunoglobulin receptor CD64/FcyRI were signif-
icantly down-modulated in infected individuals when compared
to control donors (P<0.05 for all, Fig. 2A, B and C, respectively). No
significant difference on expression of CD16/FcyRIIl was observed.

3.2. Pv-AMA-1 partially restores the modulation of
monocyte-derived dendritic cells of naturally P. vivax-infected
individuals

Monocytes from infected donors were differentiated into DCs
in the presence or absence of Pv-AMA-1 and cell surface molecule
expression was assessed by flow cytometry. FACS analyses showed
that Pv-AMA-1 elicits a significant increased expression of antigen-
presenting molecules CD1a and HLA-DR (P=0.0356 and P=0.0196,
respectively) (Fig. 3A and B, respectively), reaching levels close to
those presented by malaria-naive individuals.

3.3. Pv-AMA-1 peptides are presented by monocyte-derived
dendritic cells from naturally P. vivax-infected individuals after
exposure to the recombinant antigen

Once we determined that Pv-AMA-1 influences dendritic cell
differentiation in infected individuals, potentially increasing its
ability to antigen presentation, we further demonstrated whether
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Fig. 2. Flow cytometric analysis of monocyte-derived dendritic cell surface markers. Cell surface expression on LPS-matured DCs from malaria-naive and P. vivax-infected
donors (n=20 and 30, respectively). (A) Cell surface expression of antigen-presenting molecules (CD1a, HLA-ABC and HLA-DR). (B) Cell surface expression of accessory
molecules (CD80, CD86 and CD40). (C) Cell surface expression of immunoglobulin receptor (CD64/FcyRI and CD16/FcyRIII). Mean intensity of fluorescence is indicated on
Y-axis (mean £ SEM). Statistical differences are indicated on the graphs with significant P values.
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Fig. 3. Pv-AMA-1 partially restores the antigen-presenting molecules expression
on monocyte-derived dendritic cells from P. vivax-infected individuals (n=30). (A)
Cell surface expression of CD1a in LPS-matured DCs (mDCs) and LPS-matured
DCs cultivated with Pv-AMA-1 (mDCs+AMA-1). (B) Cell surface expression of
HLA-DR in LPS-matured DCs (mDCs) and LPS-matured DCs cultivated with Pv-
AMA-1 (mDCs+AMA-1). Mean intensity of fluorescence is indicated on X-axis
(Mean + SEM). Statistical differences are indicated on the graphs with significant
P values.

Pv-AMA-1 peptides were effectively presented by dendritic cells
after antigen processing. Monocytes from infected donors were
again differentiated into DCs in the presence or absence of Pv-AMA-
1, and the detection of the recombinant antigen was performed by
flow cytometry. The frequency of monocyte-derived dendritic cells
differentiated with Pv-AMA-1 that presented antigen-related pep-
tides on the surface was only 8.13 +5.9% (n=10) (Fig. 4A), when
compared to control cells. On the other hand, cells differentiated
in the presence of Pv-AMA-1 presented a significantly aug-
mented expression of Pv-AMA-1 peptides on surface (P=0.0022,
Fig. 4B).

3.4. Cytokine production after Pv-AMA-1 stimulation

Given the previous report that Pv-AMA-1 acts on innate immune
response inducing cytokine production [28] and, due to its influ-
ence in the adaptive immune response, we assessed the effect of
Pv-AMA-1 on cytokine production in naturally infected individ-
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Fig.4. Pv-AMA-1 peptides are recognized on surface of monocyte-derived dendritic
cells from P. vivax-infected individuals after differentiation in the presence of the
recombinant antigen. (A) Cell surface expression of Pv-AMA-1 subproducts on LPS-
matured DCs (gray shadow) and LPS-matured DCs cultivated with Pv-AMA-1 (black
line). The value indicated on the graph represents the frequency of Pv-AMA-1* den-
dritic cells (mean + SD) comparing to baseline (LPS-matured DCs only) (n = 10). Mean
intensity of fluorescence is indicated on X-axis. (B) Mean fluorescence intensity of
Pv-AMA-1 expression on LPS-matured DCs (mDCs) and LPS-matured DCs cultivated
with Pv-AMA-1 (mDCs + AMA-1) (n = 10). Statistical differences are indicated on the
graph with significant P value.

uals. Supernatants from antigen stimulated PBMC cultures were
evaluated by sandwich ELISA. Production of cytokines from DC
supernatants was not assessed due the possible interference of
exogenous IL-4, which was used in the differentiation process.
Stimulation of PBMCs with recombinant Pv-AMA-did not induce
any IL-4 and TGF-[3 production (data not shown). TNF-a production
was increased in cultures with Pv-AMA-1 in all experimental times
in comparison to non-stimulated cultures. Statistically significant
differences on TNF-a production were observed after 24 and 48 h of
culture (P=0.0115 and P=0.0051, respectively, Fig. 5A). Moreover,
Pv-AMA-1-stimulated cells secreted a significantly higher level of
IL-12p40, mainly at days 2 and 4, when compared to controls
(P=0.0368 and P=0.0417, respectively, Fig. 5B). Finally, significant
production of IFN-y was only verified in antigen-pulsed cells at day
6, when compared to cytokine level observed in unstimulated cul-
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Fig. 5. Kinetics of cytokine production from PBMCs of P. vivax-infected donors with (closed circle) or without (open circle) exposure to Pv-AMA-1, for up to 6 days. Detection
of (A) TNF-a, (B) IL-12p40 and (C) IFN-y. Results are expressed in mean of cytokine production (pg/mL)+SEM (n=30). Statistical differences between stimulated and

unstimulated cultures (P < 0.05) are indicated with an asterisk (*).
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tures (P=0.0415, Fig. 5C). Interestingly, no production of IL-10 was
detected after stimulation (data not shown).

4. Discussion

During the last two decades, with the cloning of the malaria
antigens, the development of subunit malaria vaccine candidates
has been pursued [34,35]. Several clinical trials have been car-
ried out, however no vaccine yet has provided a strong and lasting
immune response [36]. Although malaria vaccine development has
been limited due to immunological hurdles described for subunit
vaccines [6], numerous candidates have been described and are
currently being tested in pre-clinical and clinical trials [1,36,37].
Among them, the Apical Membrane Antigen-1 (AMA-1), a microne-
mal protein that appears to be essential during invasion of host cells,
is a leading blood-stage vaccine candidate.

Current understanding of AMA-1 immunity suggests that direct
action of antibodies is the primary protective mechanism, although
a role for other immune effectors cannot be ruled out [10]. Indeed,
in a previous report, we showed that AMA-1 exerts an influence
on cellular immune responses of malaria-naive subjects, result-
ing in an alternative activation of monocyte-derived dendritic cells
and induction of pro-inflammatory responses by stimulated PBMCs
[28]. Although there is consistent evidence from human and animal
malaria model systems that cell-mediated immunity may con-
tribute to both protection and pathogenesis [13,38], the knowledge
on cellular immune responses in vivax malaria and the factors that
may regulate this immunity are poorly understood.

Dendritic cells have an essential role in linking innate and adap-
tive immune responses by providing antigenic stimulation for T and
B cells [39]. Controversial studies have provided data to suggest
that, in human and rodent malaria, DC function can be modulated
by parasitized erythrocytes, including inhibition of DC differentia-
tion, thereby preventing T cell activation [ 18,22-24,26,29,33,39,40].
In current study, we used an in vitro model of monocyte-derived
DCs, originally demonstrated by Sallusto and Lanzavecchia [41],
which has prompted numerous studies on human DCs that were
previously hampered by the difficulties in working with ex vivo-
isolated human DCs. This technique has proven to be an extremely
powerful tool for the study of human DC differentiation and
maturation processes [42]. We showed that naturally infected indi-
viduals present an impairment of DC differentiation and overall
down-modulation of antigen-presenting molecules (CD1a, HLA-
ABC and HLA-DR), accessory molecules (CD80, CD86 and CD40)
and FcyRI immunoglobulin receptor (CD64), which resembles the
effect of parasitized erythrocytes [24-26,43] and hemozoin [27,44]
on DC modulation. Different than described for P. falciparum infec-
tion where in vitro cultivation of the parasite is established, any
conclusion on the precise factor that could render the suppression
of DC differentiation on P. vivax infection is difficult to ascertain.
However, the role of parasitized erythrocytes could not be ruled
out and deserve further elucidation. Moreover, overstimulation of
DCs via Toll-like receptors as a result of an exponential increase
in parasite load [45] may also occur in P. vivax infection. Nonethe-
less, inhibition of DC maturation or alteration of its function may
account for the suppression observed in malaria infection [39],
described as low cellular in vitro reactivity among subjects with
long-term exposure to malaria transmission [46]. Although this
inhibition of monocyte-derived DCs maturation may not necessar-
ily reproduce the real effect of malarial infection on DCs, it might
partially explain the decreasing numbers of DC (both plasmacytoid
and myeloid cells) reported among individuals with acute P. vivax
[47] and severe P. falciparum [48] infections. From a vaccine per-
spective, the implications of having naturally exposed individuals
resident in endemic areas of malaria that may present modulation

of professional antigen-presenting cells such as DCs are critical. If
DCs are compromised during malaria, then vaccination of infected
individuals may not be successful [33]. Therefore, it is essential to
understand the effect of the parasite on DC function in the initiation
of immune responses, as this impacts on vaccination in endemic
areas [29].

While impairment of monocyte-derived dendritic cell differen-
tiation is observed in P. vivax infected donors, DCs differentiated
with Pv-AMA-1 display an upregulation of CD1a and HLA-DR (both
antigen-presenting markers), reaching levels close to those dis-
played by healthy control individuals. These data corroborate the
previous observation that differentiation of DCs with Pv-AMA-1
results in functionally activated rather than functionally impaired
DCs[28].The augmented expression of CD1a and HLA-DR on surface
of DCs after in vitro activation with Pv-AMA-1 would be associated
with antigen processing and presentation. In fact, we demonstrated
that Pv-AMA-1 peptides, a result of antigen processing by DCs, were
also recognized on cell surface by polyclonal antibodies. Although
its overall recognition on cell surface was significantly increased
(Fig. 4B), only a minor population of DCs expressed Pv-AMA-1 sub-
products, which is likely associated to reduced exposure of epitopes
when peptides are held in the MHC groove. Therefore, the activa-
tion of DCs by Pv-AMA-1, may potentially increases its ability to
present the antigen, suggesting that vaccination of malaria-exposed
individuals might partially overcome the suppression induced by
natural infection. Of note, differentiation of DCs with Pv-MSP-1g,
another blood-stage vaccine candidate expressed in the same con-
ditions described for Pv-AMA-1, did not alter the expression of any
surface markers studied (data not shown), suggesting a particular
mechanism of induction of immunogenicity by the later antigen.

Interestingly, Pv-AMA-1 also elicits a pro-inflammatory cytokine
profile that was observed after stimulation of PBMCs from
malaria-infected subjects, including significant production of TNF-
o, IL-12p40 and IFN-v. Other cytokines such as IL-4, TGF-8 and IL-10
were not detected after antigenic stimulation. IFN-y, TNF-a and
IL-12 have been classically implicated as essential mediators of pro-
tective immunity to blood-stage malaria [20,49,50]. Several studies
suggest that protective immunity in experimental malaria is medi-
ated by a cascade of events involving IL-12-induced production of
IFN-y and TNF-a [51]. In humans, IFN-vy production correlates with
resistance to malaria reinfection [52] and protection from clinical
attacks of the parasite [53]; TNF-« is associated with resolution
of fever and parasite clearance [54]. Noteworthy, IFN-y produc-
tion induced by Pv-AMA-1 may reflect the immunological memory
generated in the adaptive immunity of naturally infected individ-
uals. Indeed, previous studies report that AMA-1 is recognized by
PBMCs from donors with lifelong exposure to malaria, suggesting
the presence of a robust but short lived T cell memory response
[55,56]. On the other hand, since Pv-AMA-1 has direct effect on
innate immunity eliciting production of both TNF-a and IFN-vy
in malaria-naive individuals [28], it is possible that the detected
levels of those cytokines may be a consequence of both innate
and adaptive immune responses. Finally, the production of pro-
inflammatory cytokines might be a consequence of DC activation
during malaria after contact with parasitic products as previously
described by several authors [18,22,23,57]. Although controversial,
it cannot be ruled out that even in the presence of down-modulated
surface molecule expression, matured DCs may be still responsive
to the malarial antigens. Nonetheless, further work is still neces-
sary to investigate whether the observed down-modulation of DCs
by malarial products would render a total suppression of these cells.

In conclusion, our findings show that, while malaria-infected
subjects present modulation of DC maturation, Pv-AMA-1 elicits
an upregulation of antigen-presenting molecules on the surface
of monocyte-derived dendritic cells, and it is presented by AMA-
1-stimulated DCs. Moreover, Pv-AMA-1 induces an immunological
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profile of cytokines associated with clinical protection, which might
be important in parasite control. These findings demonstrated
that although cellular immune responses of malaria-infected indi-
viduals are down-modulated, immunization with Pv-AMA-1 may
overcome this limitation and result in induced immunity that may
be sufficient to impact parasite replication in vaccinated individu-
als. However, further evidence is still required from clinical trials in
order to determine the adaptive immune response conferred by Pv-
AMA-1 vaccination in humans and the association with protection.
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Abstract

Circulation CD4"CD25"FoxP3™ regulatory T cells (Tregs) have been associated with the delicate balancing between control
of overwhelming acute malaria infection and prevention of immune pathology due to disproportionate inflammatory
responses to erythrocytic stage of the parasite. While the role of Tregs has been well-documented in murine models and P.
falciparum infection, the phenotype and function of Tregs in P. vivax infection is still poorly characterized. In the current
study, we demonstrated that patients with acute P. vivax infection presented a significant augmentation of circulating Tregs
producing anti-inflammatory (IL-10 and TGF-f) as well as pro-inflammatory (IFN-y, IL-17) cytokines, which was further
positively correlated with parasite burden. Surface expression of GITR molecule and intracellular expression of CTLA-4 were
significantly upregulated in Tregs from infected donors, presenting also a positive association between either absolute
numbers of CD4"CD25"FoxP3*GITR* or CD4*CD25"FoxP3*CTLA-4" and parasite load. Finally, we demonstrate a suppressive
effect of Treg cells in specific T cell proliferative responses of P. vivax infected subjects after antigen stimulation with Pv-
AMA-1. Our findings indicate that malaria vivax infection lead to an increased number of activated Treg cells that are highly
associated with parasite load, which probably exert an important contribution to the modulation of immune responses
during P. vivax infection.
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Introduction

Malaria is a major worldwide scourge, infecting and killing
several millions of individuals each year [1]. Of the species that
infect humans, Plasmodium vivax and Plasmodwum falciparum are the
two most important human malaria parasites. While deaths by P.
vivax are rare compared to the P. falciparum, there is an increasing
number of publications reporting severe disease, including
respiratory distress and coma as a result of P. vivax infection
[2,3]. Although the worldwide burden of P. vivax malaria has not
been reliably estimated, the annual infections may range from 132
million to 391 million people [4] and 2.6 billion people living in
areas of risk [5]. This disease affects poor people living in least
developed and developing countries. Infection by this parasite may
result in life-long learning impairment, incapacitating adults for
work, with major direct economic consequences due to loss of
productivity and depletion of the already meager financial
resources [6]. Despite the importance of this disease, representing

@ PLoS ONE | www.plosone.org

the most prevalent recurrent malaria [7], the immunological
mechanisms associated to the control of parasite levels and disease
severity are not fully understood.

Protective cellular immune responses against malaria can be
initiated by antigen-presenting cells (e.g. dendritic cells) that
ultimately activate specific CD4" and CD8" T cells. The resulting
protective Thl-dependent immune responses to blood-stage
malaria infection [8] is largely mediated by IFN-y and TNIF-o
[9]. These cytokines act synergistically to optimize nitric oxide
production [10], which have been associated with parasite killing
[11]. Paradoxically, the morbidity of acute malaria is associated
with severe immune-mediated pathology due to disproportionate
inflammatory responses to the erythrocytic stage of the parasite
[12]. The delicate balancing between control of infection and
prevention of immunopathology [13] is attributed to
CD4"CD25'FoxP3" regulatory T cells (Tregs), which play an
important role in maintaining immune homeostasis and control-
ling excessive immune responses [14]. These cells have been
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shown to suppress cellular immune responses through direct
contact with immune effector cells and by the production of
regulatory cytokines, including TGF-f and IL-10 [15].

Evidences of the role of Treg cells as suppressors of T cell
responses in malaria were initially demonstrated in murine models,
where these cells have been associated with increased [16,17] or
delayed [18,19] parasite growth. Higher Treg cell numbers are
associated with increased parasite load [20-22] and development
of human infection caused by P. falciparum [23]. A functional deficit
of Treg cells, characterized by reduced expression of CTLA-4
(cytotoxic T lymphocyte antigen 4) and FoxP3 (forkhead box P3
transcription factor), was observed in studies involving the Fulani
ethnic group that present low susceptibility to clinical malaria by P.
Jalciparum [24].

While the role of Tregs in malaria infection has been well-
documented in murine models and P. jfalciparum infection, the
association of Treg cells and P. vwax infection is still poorly
understood. A recent study by Jangpatarapongsa and colleagues
[25] demonstrated an increase on the number of IL-10-producing
Treg cells in P. viwax-infected individuals. However, further
phenotypic and functional characterization of Tregs cells in vivax
malaria is still needed.

In the current study, we describe the augmentation of
circulating Treg cells in peripheral blood of P. viwax-infected
individuals and its possible association with parasite burden. We
also show the expression of molecules (CTLA-4 and glucocorti-
coid-induced tumor necrosis factor receptor - GITR) as well as
pro- and anti-inflammatory cytokines associated with suppression
by Tregs. Furthermore, the association between Treg subpopula-
tions and parasitemia was evaluated. We also demonstrated these
cells have a suppressive effect on m witro T cell proliferative
responses of individuals infected with P. vivax. Our results point to
an increased numbers of activated Treg cells that are significantly
associated with parasite load and may exert their function by
modulating the immune responses during P. vwwax infection.

Materials and Methods

Study Population and Blood Samples

Samples from 30 patients older than 18 years old with non-
complicated P. vivax malaria were used in the study. All patients
were resident in Manaus, the capital of the Amazonas State
(Western Brazilian Amazon). The patients were unrelated
outpatients being diagnosed at the Fundag¢io de Medicina
Tropical do Amazonas. Fifteen healthy adult blood donors were
recruited for the study over the course of several months from Belo
Horizonte, Minas Gerais State, Brazil, a non-endemic area for
malaria. The study was approved by the Ethics Committee on
Research with Humans of Universidade Federal de Minas Gerais
(Protocol# ETIC 060/07). Blood was obtained after receiving the
signed inform consent.

Venous blood was collected immediately before the beginning
of the antimalarial treatment in EDTA and heparin-containing
tubes (4 and 32 mL, respectively) and was used to prepare thick
smears for microscopy, to extract parasite DNA and for PBMC
isolation. Parasitological evaluation was performed by examina-
tion of 200 fields at 1.000 X magnification under oil-immersion. All
slides were examined by at least two well-trained microscopists
from the Brazilian Ministry of Health. The P. vivax mono-infection
was confirmed by PCR as previously described [26]. Hemoglobin,
hematocrit (HCT) and platelet levels were measured using an
automated blood cell counter (ABX Pentra 90; Horiba Diagnos-
tics, Kyoto, Japan) (Table 1). Correlation between platelet counts
and the level of parasitemia and hemoglobin level and parasitemia
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Table 1. Description of the study population by age and
hematological parameters (Mean = SD).

Individuals

Malaria-infected” Malaria-naive

Characteristics (n=30) (n=15)

Age mean, years 37.6%12.63 36.43+£11.96
Hemoglobin (g/dL) 12.8+1.6* 16.1+1.1
Platelets (cells/mm?) 96,600+45,300* 184,400+20,300
Parasitemia (parasites/pLL) 4920+3474 0

*P. vivax infection detected by parasitological smears and PCR.
*Statistically different from control group (P<<0.0001).
doi:10.1371/journal.pone.0009623.t001

was determined for both infected and control donors (Figure STA
and S1B, respectively).

Isolation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were obtained as
previously described [27]. Briefly, cells were isolated from
heparinized blood on a density gradient centrifugation (Histopa-
que®, Sigma Aldrich Co., USA) and were resuspended at a final
concentration of 1x107 cell/mL in RPMI 1640 medium (Invitro-
gen Co., USA) supplemented with 2 mM of L-glutamine (Sigma),
5% heat-inactivated human AB serum (Sigma) and 6% Antibiotic-
Antimycotic solution (Invitrogen).

Cell Phenotyping by Flow Cytometry and Intracellular
Staining

PBMCs were stained using monoclonal antibodies to determine
the expression of T regulatory cell markers (CD4, CD25 and
FoxP3), and co-expression of GITR (glucocorticoid-induced
tumor necrosis factor receptor), CD152/CTLA-4 (Cytotoxic T-
Lymphocyte Antigen 4), IFN-y, IL-17, IL-10 and TGF-p.

Cells were incubated with 2 pul. of undiluted monoclonal
antibodies (all from BD Pharmingen, USA) conjugated either
with fluorescein isothiocyanate (FITC), phycoerythrin (PE) or
allophycocyanin (APC) in the dark for 30 min at room
temperature. Intracellular staining for FoxP3, CTLA-4 and
cytokines was performed using the eBioscience fixation/permea-
bilization buffer kit following manufacturer’s instructions. After
incubation, PBMCs were washed twice with 2 mL of phosphate-
buffered saline containing 0.01% sodium azide followed by
fixation in 200 uL of fixative solution (10 g/L paraformaldehyde,
1% cacodylic acid, 6.65 g/L. sodium chloride, 0.01% sodium
azide). Phenotypic analyses were performed using a Becton
Dickinson FACScalibur flow cytometer and the analysis was
performed using the CellQuest software (BD Biosciences, USA)
(Figure S2).

Recombinant Pv-AMA-1

The recombinant protein representing amino acids 43 to 487
of Pv-AMA-1 [28,29] was expressed in FEscherichia coli
BL21(DE3) at 37°C for 3 h by adding 0.1 mM isopropyl-1-
thio-B-D-galactopyranoside (IPTG, Invitrogen), as previously
described [27]. Pv-AMA-1 antigen was tested to determine the
presence of Gram-negative bacterial endotoxin using a chro-
mogenic Limulus Amebocyte Lysate test (QCL-1000, Cambrex,
USA) according to the manufacturer’s instruction, and was
found to be a non significant source of endotoxins (levels lower
than detection limit of 5 EU/mL).
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Analysis of the Effect of CD4*CD25" T Cells on In Vitro
Cellular Proliferation to Pv-AMA-1

For the analysis of suppression activity, CFDA-SE labeled
PBMC s from P. vivax infected individuals that presented positive
proliferative responses for P. vivax AMA-1 antigen were co-
incubated with autologous CD4"CD25" isolated cells. CFDA-
SE labeling of freshly isolated PBMCs (10° cells/mL in PBS/1%
BSA) was performed by incubation of 0.4 uM CFDA-SE
(Molecular Probes, USA) for 10 minutes at room temperature.
CD4"CD25" lymphocytes (T regulatory cells) were purified
from PBMCs by magnetic bead separation using a Quad-
roMACS cell separator (Miltenyi Biotec, USA). CD4" T cells
(>97% purity) were purified by using a T cell isolation kit
(Miltenyi Biotec, USA), and CD4*CD25" T cells were enriched
by a single-step positive selection using anti-CD25 microbeads
(Miltenyi Biotec). All microbead isolations followed the manu-
facturer’s instructions. The purified CD4"CD25" T regulatory
cells were incubated at different concentrations (1:2, 1:5 and
1:10 ratios) with autologous CFDA-SE-labeled PBMCs pulsed
with P. vivax AMA-1 (1 ug/well), for 96 hours at 37°C and 5%
COgy atmosphere.

The cell proliferative response of PBMOCs co-incubated
with CD4*CD25" T regulatory cells was assessed using a
Becton Dickinson FACScan flow cytometer. Data on 5x10*
lymphocytes were acquired and the analysis was performed
using the CellQuest software (BD Biosciences, USA). The
results are expressed as CFDA-SE proliferation ratio, calcu-
lated by the proliferative response observed in co-cultures of
Pv-AMA-1-stimulated PBMCs with CD4"CD25" T cells over
Pv-AMA-1-stimulated PBMCs only. Additional controls using
antigen only or mitogen (PHA, Sigma, USA) were also
included. CFDA-SE labeling of freshly isolated PBMCs (10°
cells/mL in PBS/1% BSA) was performed by incubation of
0.4 uM CFDA-SE (Molecular Probes, USA) for 10 minutes at
room temperature. Cells were washed and set up as described
above.

Statistical Analysis

The one-sample Kolmogorov-Smirnoff test was used to
determine whether variability followed a normal distribution
pattern. P values were determined by two-tailed Mann-Whitney U
test. Correlation analysis was performed using Spearman rank
correlation. A P value<0.05 was considered significant. All
statistics were carried out using Prism 5.0 for Windows (GraphPad
Software, Inc.) software.

Results

Regulatory T Cell Frequency Is Elevated in P. vivax
Infected Donors

Regulatory T cells were identified by flow cytometry as
CD3"CD4" T cells expressing both CD25 and FoxP3 markers
(Figure 1A) and are reported as absolute numbers of cells per
mm?®, Our data clearly show that number of Treg cells was
significantly increased in P. wivax-infected subjects (medi-
an=256.2 cells/mm® when compared to malaria-naive donors
(median=116.5 cells/mm? (P=0.0119, Figure 1B). Further
analysis show that frequency of Treg cells (demonstrated by
proportion of positive cells) were also elevated in P. vivax-infected
subjects (P =10.0009, Figure S3A). Although the difference of both
absolute number and proportion of CD4"CD25"FoxP3" cells
between infected and control donors, the level of expression of
FoxP3 was similar in both groups (P=0.0833, data not shown).
Since the increased absolute number of CD4"CD25 FoxP3" cells

@ PLoS ONE | www.plosone.org

Treg in Vivax Malaria

10!

A

Treg

FOXP3" e
10°

1500+
P=0.0119 B
o
%
LE nE 10004 P
v E
N G
(] % °
L2 8 5001 .
a . ¢ o
_'_‘.....‘_
© —o-.-!l.b.ﬁ-.— '3o°:
0 ... ..
Malaria-naive P. vivax-infected
donors donors

Figure 1. Flow cytometric analysis of regulatory T cells. (A)
CD25 and FoxP3 expression in gated CD4*CD3* lympho-
cytes. Dot plot show a representative data of 35 donors examined.
(B) Absolute numbers of circulating CD4*CD25"FoxP3* regulatory T
cells in malaria-naive and P. vivax-infected donors (n=15 and 20,
respectively). Absolute numbers (cellsyfmm?) are indicated on Y-axis
and lines represent median. Statistical differences were detected
using Mann-Whitney U test and are indicated on the graph with
significant P values.

doi:10.1371/journal.pone.0009623.g001

would reflect a possible augmentation of total CD4 " lymphocytes,
the number of total CD4" cells was also analyzed. No difference
in the absolute number of this lymphocyte population was
observed between malaria infected and naive individuals (data
not shown).

Peripheral Blood CD4*CD25*FoxP3" Subpopulations Are
Also Augmented in P. vivax Infected Donors

Once observed the elevated number of Treg cells in the
peripheral blood of infected donors, we further characterized this
cell population by evaluating the expression of molecules and
cytokines associated with cell modulation. Surface expression of
the GITR molecule and intracellular expression of CTLA-4 and
cytokines were evaluated by flow cytometry. P. wvivax-infected
individuals presented a significant increase of circulating GITR*

(P=0.0119, Figure 2A) and CTLA-4" Treg cells (P=0.0026,
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Figure 2. Flow cytometric analysis of surface markers (CTLA-4 and GITR) and cytokines (IFN-y, IL-17, TGF-$, and IL-10) in
CD4"CD25%FoxP3™* regulatory T cells in malaria-naive and P. vivax-infected donors (n =15 and 20, respectively). Results were expressed
as absolute numbers of cells expressing (A) GITR, (B) CTLA-4, (C) IFN-v, (D) IL-17, (E) TGF-B, and (F) IL-10. Absolute numbers (cells/mm?) are indicated
on Y-axis and lines represent median. Statistical differences were detected using Mann-Whitney U test and are indicated on the graphs with

significant P values.
doi:10.1371/journal.pone.0009623.g002

Figure 2B), when compared to malaria-naive donors. Flow
cytometric analysis also showed a significant increase on
CD4"CD25'FoxP3* T cells producing IFN-y (P<0.0001), IL-17
(P=0.0020), TGF-p (P<0.0001) and IL-10 (P<0.0001)
(Figures 2C to 2F) in malaria-infected individuals. Similar results

@ PLoS ONE | www.plosone.org

were observed when proportion of cells expressing CTLA-4",
TGF-B, IL-10, IFN-y, and IL-17 were analyzed (Figures S3C to
S3G, P<0.05 for all). No differences in the proportion of GITR*
between infected and control individuals was observed

(P =0.3866, Figure S3B).
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differences were detected using Mann-Whitney U test and are indicated on the graphs with significant P values.

doi:10.1371/journal.pone.0009623.g003

Expression of CTLA-4, GITR, TGF-B, IL-10, IFN-y and IL-17
Is Upregulated in CD4"CD25"FoxP3™ Cells from P. vivax

Infected Donors

The expression of analyzed surface and intracellular markers
was determined by median intensity of fluorescence in order to
obtain the absolute expression level per cell basis. Following the
increase in the absolute numbers of Treg subpopulations, P.
vivax infected donors presented a significant higher expression
level of all markers tested (CTLA-4, GITR, TGF-B, IL-10, IFN-
v and IL-17) on CD4"CD25*FoxP3" cells when compared to
those observed on malaria-naive subjects (P<<0.0001 for all,
Figure 3).

Absolute Number of Treg Cells Correlates with Parasite

Burden in P. vivax-Infected Individuals

The significantly higher absolute number of circulating
CD4"CD25'FoxP3" cells observed in parasitized donors
(Figure 1) suggested that this cell population may have an
important role during malaria infection. To further evaluate
whether there is a direct correlation between these two variables,
the absolute numbers of CD4*CD25'FoxP3* Treg cells were
correlated with the levels of parasitemia (Figure 4). The data
clearly shows that the number of peripheral Treg cells increases
with the level of parasitemia (Rs=0.48, P=0.0364) in P. vivax
infected individuals. Similar significant correlations were also
observed between parasitemia and absolute numbers of Treg
expressing GITR (Rs=0.66, P=0.0017), CTLA-4 (Rs=0.47,
P=0.0349), IFN-y (Rs=0.52, P=0.0187), TGF-B (Rs=0.66,
P=0.0016), IL-10 (Rs=0.59, P=0.0067) and IL-17 (Rs=0.68,
P=0.0011) (Figure 5). These data may imply a direct association
between increased parasite number, CTLA-4 and GITR expres-
sion and possibly cytokine production.
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CD4*CD25" Treg Cells Regulate Antigen-Specific PBMC
Proliferation in P. vivax-Infected Individuals

In order to determine the possible effect of Treg cells on the
immune response during malaria infection, a functional assay was
designed to evaluate whether CD4"CD25"FoxP3"* Treg cells can
modulate the i vitro immune response to parasite antigen. When
isolated CD4"CD25" T cells were added to the in vitro cultures
(independent of cell ratio) of Pv-AMA-1-stimulated PBMCs
obtained from two individuals (previously selected due to posi-
tive i wvitro proliferative responses after antigen stimulation) a
significant reduction on the cell proliferative response elicited by
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Figure 4. CD4'CD25'FoxP3* regulatory T cells are directly
correlated with parasite burden. The relationship between
absolute numbers of CD4*CD25"FoxP3" regulatory T cells and degree
of parasitaemia among 20 patients with Plasmodium vivax malaria was
examined using Spearman rank correlation.
doi:10.1371/journal.pone.0009623.9004
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IL-17 and degree of parasitaemia among 20 patients with Plasmodium vivax malaria. Statistical significance was determined by Spearman
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doi:10.1371/journal.pone.0009623.g005

the recombinant Pv-AMA-1 antigen was observed (Figure 6).
These results suggest that these cells do have the capacity to
modulate the i vitro response at least to this P. viax-specific
antigenic preparation. No significant differences were observed in
cultures stimulated with PHA for all tested individuals (data not
shown).

Discussion

CD4'CD25*FoxP3* T cells, also known as T regs, play an
important role maintaining immune homeostasis and controlling
excessive immune responses [14]. These cells suppress cellular
immune responses through direct contact with immune effector
cells and by production of regulatory cytokines, including TGF-8
and IL-10 [15]. Over the past four decades, since its first
description in the early 1970’s [30,31], several studies have focused
to describe the role of Tregs in infectious diseases (reviewed in
[15,32]), including tuberculosis [33], hepatitis C [34], leishman-
iasis [35,36], helminthiasis [37-40] and malaria [16-20,22,41—
44]. Although consistent evidence based on experimental models
and human P. falciparum infection suggest that Tregs may
contribute to the onset of infection, the role of these cells during
malaria and the possible mechanisms of regulation are not yet fully
elucidated. Furthermore, the association of Treg cells and P. vivax
infection is still poorly understood.

In the current study, we initially showed that P. vivax-naturally
infected individuals present a significant augmentation of
circulating Treg cells in peripheral blood, as previously
demonstrated in  murine and P. falciparum infections
[20,41,42]. Of note, while absolute number and proportion of
CD4"CD25"FoxP3" cells is higher in malaria infected individ-
uals, no differences were observed for number/proportion of
CD4" lymphocytes. The expansion of Tregs in the above
settings has been significantly associated with increased or
delayed parasite growth [16-19] as well as with increased
parasite load [20-22] and development of clinical malaria [23].
Indeed, herein we also observe a positive correlation between
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absolute numbers of Treg cells and parasite burden in P. vivax
malaria. Although the number of peripheral Treg cells increases
according to the level of parasitemia, the relationship between
number of parasites and host’s regulatory T cell activity is still
not clear. However, it is possible that increased Treg activity
may trigger modulation of host immune response and
consequently predisposes to parasite survival and/or failure in
the control of parasite multiplication. On the other hand,
increased Treg responses might also account for limitation of
exacerbated infection-induced pathology, which would be lately
beneficial to the host.

A variety of potential mediators of Treg activity that could
contribute to the suppression of the host’s immune response have
been identified, including GITR [45,46], CTLA-4 [47], FoxP3
[48,49], and the anti-inflammatory cytokines IL-10 and TGF-B
[60-52]. Our results show a significant increase of circulating
CD4"CD25'FoxP3"GITR" and CD4'CD25 FoxP3"CTLA-4"
lymphocytes in P. wviwax-infected donors, which was further
correlated with level of parasitemia observed in the same
individuals. Interestingly, a higher expression of these markers
on per cell basis was also seen in P. vivax-infected donors. Both
GITR and CTLA-4 molecules are constitutively expressed on cell
surface of natural Tregs [32] and are regulated by FoxP3
expression [53,54]. Initial studies related to the effects of GITR-
signaling on Treg cells indicated that interaction of this receptor
with agonist antibody or GITR ligand (GITRL) lead to an
apparent abrogation of suppressive activity of Tregs [45,46,53].
However, although not essential for the T cell suppressor activity
[54], the engagement of GITR promotes proliferation of Tregs
[54,56] and potential enhancement of their suppressive function
[55]. Nonetheless, the augmentation of circulating number of
CD4"CD25'FoxP3" co-expressing GITR in P. vivax infected
subjects might partially reflect the expansion of Tregs observed in
those individuals. In this context, we suggest that proliferation of
Treg cells in these individuals is elicited by GITR expression,
which is possibly upregulated by FoxP3 expression. Although the
effect of GITR signaling in Treg cells of P. vivax infected donors
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was not established, evidences from murine malaria suggest that
infection alter GITR signaling in Tregs, and this eventually
contributes to the escape of parasites from host T cell immunity
[57].

The inhibitory receptor C'TLA-4 presents partial homology to
CD28 molecule and interacts to the same ligands, CD80 and
CD86, with a much higher affinity [58]. The suppressive effect of
CTLA-4 is associated with the reduced IL-2 production and IL-2
receptor expression, and by arresting T cells at the G1 phase of the
cell cycle [59,60]. Moreover, CTLA-4 expressing Treg cells induce
the expression of the enzyme indoleamine 2,3-dioxygenase (IDO)
by antigen-presenting cells which degrades tryptophan, and the
lack of this essential amino acid inhibits T cell activation and
promotes T cell apoptosis [61]. An indirect evidence of the role of
this receptor in experimental malaria has been demonstrated by
the i wviwo blockade of CTLA-4 using specific monoclonal
antibody, leading to an exacerbation of P. bergher-mediated
immunopathology [19,62]. Although the potential functional role
of CTLA-4 in regulatory T cell activity remains controversial [63],
the increased number of CTLA-4" Treg cells in P. vivax-infected
donors suggests that regulation may occur through direct contact
between antigen-presenting cells and Tregs after engagement of
the CTLA-4 pathway. Moreover, since the number of CTLA-4*
Tregs is positively associated with parasitemia, it may suggest the
involvement of this receptor on the outcome of human malaria. A
reduced expression of CTLA-4 was observed in the Fulani ethnic
group, contributing to their lower susceptibility to malaria
infection and suggesting that alterations in the maturation process
of Treg in Fulani individuals may also account for the generation
of a lower number of Treg [24].

In this study, patients with acute P. vivax infection presented
a significant augmentation of CD4"CD25"FoxP3" cells pro-
ducing the anti-inflammatory cytokines IL-10 and TGF-B,
which also correlated positively with parasite burden. Both
cytokines exert a critical role on the regulation of type-1
response in experimental malaria [21] and contribute to Treg
cell suppressive activity i vwo [64]. This regulatory activity
may limit the malaria-induced inflammation, therefore pre-
venting the severity of clinical malaria. However, although IL-
10 and TGF-p are naturally produced by Tregs [32] and are
required to induce FoxP3 expression [65], it i3 not clear
whether or how parasite replication might influence the
production of these cytokines. Conversely, we also observed
an increased number of circulating CD4*CD25*FoxP3* T cells
that produce IFN-y and IL-17 in peripheral blood of P. vivax-
infected donors, which also correlated with the levels of
parasitemia. Recently, Scholzen and colleagues [65] demon-
strated the intracellular production of IFN-y, IL-4 and IL-17,
by CD4"CD25" Tregs with intermediate (also described as
effector T cells) rather than high expression of FoxP3
molecule, suggesting the presence of different subsets of T
regulatory cells during malaria. In our study, however, we did
not observe any correlation between Foxp3 expression levels
and production of all intracellular cytokines assessed (data not
shown). Nevertheless, the role of these pro-inflammatory
cytokines in malaria-elicited Tregs still remains to be
addressed.

Based in our results, we show that malaria-infected individ-
uals present an increased amount of activated Treg cells in the
peripheral blood, observed by increased numbers of Treg
subpopulations expressing cell surface molecules and mediators
associated with suppression of immune responses. Moreover, we
show that the same malaria-infected donors had an increased
expression of all markers tested. These results might partially
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explain the reduction of antigen-specific proliferative responses
previously demonstrated in individuals infected with malaria
[66], and higher plasmatic IL-10 levels in acute P. vivax infection
[25]. Indeed, evidence from functional assays show that
augmentation of CD4*CD25" T cells abrogates antigen-specific
proliferation of PBMCis from infected individuals, suggesting the
role of Tregs during malaria infection. Of note, the ability of
Treg cells to abrogate P. falciparum-induced cell proliferation in
the Fulani population is directly associated to a reduced
expression of genes related to suppressive activity. Depletion
of Treg cells in Fulani individuals did not significantly increase
the proliferation of PBMCis in response to P. falciparum antigens,
whereas it restored an optimal response to the same antigens in
the sympatric highly susceptible Mossi population [24]. Finally,
we show that an increased number of circulating Tregs in acute
infected individuals is associated with parasite load. In fact,
regulatory T cells might limit infection-mediated pathology but
also compromise clearance of malaria-infected red blood cells
[21]. Whether the function of Tregs is beneficial to the host or
to parasite remains to be elucidated. Further studies are still
required to support the association of regulatory T cells and
immunosupression in a diverse P. wvwax infection clinical
presentation.

Supporting Information

Figure S1 Correlation between hemoglobin levels (A) and
platelet counts (B) and the degree of parasitaemia among patients
with Plasmodium vivax malaria. Statistical significance was deter-
mined by Spearman rank correlation.

Found at: doi:10.1371/journal.pone.0009623.s001 (0.10 MB TTF)

Figure 82 FACS analysis. Representative FACS histogram plots
for 1 out 35 donors expressing (A) GITR, (B) CTLA-4, (C) IFN-y,
(D) IL-17, (E) TGF-B, and (F) IL-10 in CD4"CD25"FoxP3*
regulatory T cells in malaria-naive and P. vwax-infected donors.
CD4"CD25'FoxP3" cells were initially gated according to
Figure 1A. Histogram plots were used to determine the percentage
of positive cells and median intensity of fluorescence (MFI) for
each stain (M1 indicates positive population).

Found at: doi:10.1371/journal.pone.0009623.s002 (0.13 MB TIF)

Figure 83 Flow cytometric analysis of regulatory T cells
indicating proportion of total and subpopulations of Treg cells.
Results are expressed as percentage of positive cells for (A)
CD4'CD25'FoxP3*, (B) CD4"'CD25'FoxP3*GITR", (C)
CD4"CD25'FoxP3*CTLA-4", (D) CD4"CD25 FoxP3 TGF-B*,
(E) CD4*CD25*FoxP3*IL-10*, (F) CD4*CD25FoxP3*IFN-y*,
and (G) CD4"CD25"FoxP3*IL-17" in malaria-naive and P. vivax-
infected donors (n=15 and 20, respectively). Proportions of
positive cells (%) are indicated on Y-axis and lines represent
median. Statistical differences were detected using Mann-Whitney
U test and are indicated on the graphs with significant P values.

Found at: doi:10.1371/journal.pone.0009623.s003 (0.21 MB TTF)
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ABSTRACT

Recent evidences have demonstrated the importance of Th17 cells in host defense
against infectious diseases. However, little is known about their role in parasitic
infections. Here, we showed that uncomplicated acute vivax malaria induce a significant
expansion of Th17 cells associated to a pro-inflammatory cytokine profile. Furthermore,
we demonstrated a correlation between numbers of Th17 cells and circulating CD4" T-
cells producing IFN-y, IL-10 and TGF-f. Finally, correlations between number of Th17
cells and morbidity or parasitemia were not detected. Further studies are underway to
investigate whether Th17 cells are critically involved in the immunity against

Plasmodium vivax infection.

Keywords: Plasmodium vivax ,Th17, TNF-a, TGF-f, IL-10



1. INTRODUCTION

Interleukin 17 (IL-17)-producing T helper cells (Th17 cells) are a well-established
independent subset of T helper cells initially associated to the pathogenesis of chronic
inflammatory and autoimmune diseases [1]. Th17 differentiation is regulated by the
transcription factors signal transducer and activator of transcription 2 (STATS3), retinoic
acid receptor-related orphan receptor-yt (RORyt) and aryl hydrocarbon receptor, and is
driven by transforming growth factor-f§ (TGF-f), IL-1 and IL-6 [2]. These cells largely
contribute to inflammation by recruitment of neutrophils and induction of secretion of
several pro-inflammatory mediators, including IL-1, IL-6, tumor necrosis factor o (TNF-
o), chemokines and metalloproteinases [1, 3]. Recent studies suggest that Th17 cells are
also involved in host defense against bacterial, fungal and protozoal infection [4-6].

Malaria poses as a relevant public health problem worldwide, infecting and killing
several millions of individuals each year [7]. Knowledge of the mechanisms leading to
protective immunity against malaria is still scarce and, over the past decades, it has been
restricted to studies focused in experimental malaria and Plasmodium falciparum
infection. Although protective immune responses to blood-stage malaria infection are
mediated by IFN-y and TNF-a [8], acting synergistically to optimize nitric oxide
production [9] and further parasite killing [10], the morbidity of acute malaria is also
associated with severe immune-mediated pathology due to disproportionate inflammatory
responses to the erythrocytic stage of the parasite [11]. Indeed, several studies have
shown an association between severe disease and the enhanced amounts of pro-

inflammatory cytokine responses, including TNF-a, IL-1f, IL-6, IL-10 and IFN-y [12].



Plasmodium vivax, the most widespread species, is the major cause of malaria
outside Africa, mainly afflicting Asia and the Americas [13]. Infection by this parasite
may result in life-long learning impairment, incapacitating adults for work, with major
direct economic consequences due to loss of productivity and depletion of the already
meager financial resources [14]. Despite the importance of this disease [15], the
immunological mechanisms associated to the control of parasite levels and disease
severity are not fully established.

Herein, we showed, for the first time, that absolute numbers of circulating IL.-17-
producing CD4" cells (Th17) are significantly elevated during natural malaria vivax
infection, which is further correlated with other cytokines associated with host immune

regulation.



2. MATERIALS AND METHODS

2.1 Study population and blood samples

This study concerned 20 blood samples from outclinic patients with uncomplicated P.
vivax malaria that were collected at endemic areas of Manaus (Amazonas state). The
patients were unrelated, as there were no family clusters, and they were attended and
diagnosed at the Fundacdo de Medicina Tropical of Manaus. Fifteen healthy adult blood
donors were recruited for the study over the course of several months from Belo
Horizonte, Minas Gerais State, Brazil, a non-endemic area for malaria. The study was
approved by the Ethical Committee on Research of Universidade Federal de Minas
Gerais (Protocol# ETIC 060/07). Blood was obtained after receiving the inform consent.
Venous blood was collected in EDTA and heparin-containing tubes (4 and 32 mL,
respectively) and was used to prepare thick smears for microscopy, to extract parasite
DNA and PBMC isolation. Parasitological evaluation was performed by examination of
200 fields at 1.000x magnification under oil-immersion. All slides were examined by
three well-trained microscopists from the Brazilian Ministry of Health. The P. vivax
mono-infection was confirmed by PCR as previously described [16]. Infected individuals
presented parasitemia levels of 4,920 + 3,474 parasites/uL. The mean average of age in
naturally infected and control groups were 37.6 + 12.6 and 364 + 11.9, respectively.
Hemoglobin, hematocrit (HCT) and platelet levels were measured using a blood cell

counter (ABX Pentra 90; Horiba Diagnostics, Kyoto, Japan).



2.2 Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were obtained as previously described [17].
Briefly, cells were isolated from heparinized blood on a density gradient centrifugation
(Histopaque®, Sigma Aldrich Co., USA) and were resuspended at final concentration of 1
x 107 cell/mL in RPMI 1640 medium (Invitrogen Co., USA) supplemented with 2 mM of
L-glutamine (Sigma), 5% heat-inactivated human AB serum (Sigma) and 6% Antibiotic-

Antimycotic solution (Invitrogen).

2.3 Cell phenotyping by flow cytometry and intracellular staining

PBMCs were stained using monoclonal antibodies to determine the expression of Th17
cells (CD3*, CD4* and IL-17"), and co-expression of IFN-y, IL-10 and TGF-f. The
following monoclonal antibodies conjugated either with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), or peridinin chlorophyll protein complex (PerCP) were used
in the phenotypic analysis: FITC anti-human CD3 (clone UCHT1), PerCP anti-human
CD4 (clone BNI3), PE anti-human IL-10 (clone JES3-9D7), PE anti-human TGF-f3
(clone TB21), PE anti-human IL-17 (clone 64CAP17) (all from BD Pharmingen, USA).
Cells were incubated with 2 uL. of undiluted monoclonal antibodies in the dark for 30
min at room temperature. Intracellular staining for cytokines was performed using the
eBioscience fixation/permeabilization buffer kit following manufacturer’s instructions.
After incubation, PBMCs were washed twice with 2 mL of phosphate-buffered saline
containing 0.01% sodium azide followed by fixation in 200 L of fixative solution (10
g/L. paraformaldehyde, 1% cacodylic acid, 6.65 g/l sodium chloride). Phenotypic

analyses were performed using a Becton Dickinson FACScan flow cytometer. Data on 5



x 10* lymphocytes (gated by forward and side scatter properties) were collected and the

analysis was performed using the CellQuest software (BD Biosciences, USA).

2 4 Statistical analysis

The one-sample Kolmogorov-Smirnoff test was used to determine whether variable was
normally distributed. The maximum residual test (Grubb’s test) was used to detect
possible outliers. P values were determined by two-tailed Mann-Whitney U test.
Correlation analysis was performed using Spearman rank correlation. A P value < 0.05
was considered significant. All statistics were carried out using Prism 5.0 for Windows

(GraphPad Software, Inc.).



3. RESULTS

3.1 Frequency of CD4*IL-17* (Thl7) cells is significantly elevated in P. vivax infected
donors

Th17 cells were identified by flow cytometry as CD3"'CD4" T cells with intracellular
expression of IL-17 and are reported as absolute numbers of cells per mm®. Th17 cell
frequency was significantly increased in P. vivax-infected subjects (median = 159.5
cellsy'mm®) when compared to malaria-naive donors (median = 25.9 cells/mm’) (P <

0.0001, Figure 1).

3.2 Pro-inflammatory pattern of intracellular cytokine expression during natural P. vivax
infection

Once we demonstrated an elevated number of CD4'IL-17" lymphocytes in the
peripheral blood of infected donors, we further assessed the expression of pro-
inflammatory and anti-inflammatory cytokines in samples from the same naturally
infected individuals. P. vivax-infected individuals also presented a significant increase of
circulating IFN-y* (median = 181.1 cells/mm’) when compared to malaria-naive donors
(median = 133.2 cells/mm’) (P = 0.0219, Figure 2A). Conversely, the frequency of CD4*
T cells producing IL-10 was decreased P. vivax-infected subjects (median = 141.0
cells/mm’) when compared to non-infected healthy controls (median = 526.9 cells/mm”)
(P < 0.0001, Figure 2B). No differences were observed in the expression of TGF-f3 by
CD4" T cells between infected and control donors (medians of 277 4 cells/mm® and 205.2

cells/mm’, respectively) (Figure 2C).



3.3 Absolute number of Thl7 cells correlates with IFN-y, IL-10 and TGF-p production

but not with parasitemia and hematological parameters in malaria-infected individuals

In infected patients, absolute Th17 cell numbers were directly correlated with IFN-y (Rs

= 0.887, P < 0.0001), IL-10 (Rs = 0.897, P < 0.0001) and TGF- (Rs = 0.893, P <
0.0001) production (Figure 3). No significant correlations were observed between
absolute number of peripheral Th17 cells and parasitemia, hemoglobin or platelet levels

(data not shown).



4. DISCUSSION

Among the pleiotropic effects of the IL-17A and IL-17F produced by Th17 cells,
the induction of pro-inflammatory cytokines and chemokine expression, as a
consequence of the recruitment and activation of several leukocyte lineages, may
represent an important immune pathway involved in host defense in both protective or
detrimental manner, depending on the pathogen and infection conditions [5]. Indeed, few
controversial studies in protozoan infections have demonstrated that Th1l7 cells may
mediate protection against Trypanosoma cruzi [6] and Toxoplasma gondii [S] in murine
models or promote pathogenesis in human cutaneous leishmaniasis [18] but also in 7.
gondii infection [19], suggesting that the role of Th17 cells in parasitic diseases remains
to be elucidated. Furthermore, the association of this T helper subset and Plasmodium
infection is still poorly understood.

In the current study, we initially showed that P. vivax-naturally infected
individuals present a significant augmentation of circulating Th17 (CD4'IL-17") cells in
peripheral blood. However, no correlations between absolute number of peripheral Th17
cells and hematological parameters (levels of hemoglobin and number of platelets) or
parasitemia were observed. Although our results do not allow clear conclusions
concerning the effect of Th17 cells in pathogenesis or protection, Ishida and collaborators
[20] demonstrated that il-17” knockout mice infected with P. berghei ANKA developed
experimental cerebral malaria and presented parasitemia at similar levels to wild-type
mice. Interestingly, the production of IL-17 by CD4" cells in malaria was previously been

demonstrated in T regulatory cells [21, 22], which may reflect a T regulatory cell

reprogramming to the Th17 phenotype in the presence of the cytokines TGF-f3 and IL-6

10



[1]. In vitro, there is a close relationship between Th17 and Treg developmental cell
program [23] and the balance between these cells may drive the susceptibility or
resistance against the parasite in malaria infection.

Protective cellular immune response against malaria can be initiated by antigen-
presenting cells that ultimately activate specific CD4", leading to control of blood-stage
malaria infection mediated by IFN-y and TNF-a [8]. In the current study, we showed that
natural P. vivax infection elicited a pro-inflammatory cytokine profile, characterized by
significant increased expression of IFN-y and reduction of IL-10 by circulating CD4* T
cells. Furthermore, our results demonstrate a direct correlation between absolute numbers
of Th17 cells and circulating CD4" T cells producing IFN-y, IL-10 and TGF-f. Since the
concomitant production of cytokines was not assessed in these individuals, it is not
possible to assure that Th17 cells are producing IFN-y, IL-10 and TGF-f or it might
solely reflect a coincidental expansion of these CD4" cell subpopulations. Interestingly,
recent evidences have shown that Th17 are also a source of IFN-y and IL-10 [24, 25], but
further studies are still necessary to determine the precise function of Th17 cells
coexpressing IFN-y or IL-10. Nonetheless, the consequence of increased production of
IL-17 and IFN-y in P. vivax-infected individuals would render in a pro-inflammatory
environment, including induction of inducible nitric oxide synthase (iNOS), antimicrobial
peptides and other cytokines, leading to a favorable immune response against the
parasite.

In conclusion, our findings show that malaria-infected subjects present a
significant increase of IL-17-producing CD4" T cells in peripheral blood, which are

associated with the production of IFN-y, IL-10 and TGF-f§ eventhough a pro-
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inflammatory pattern was observed during vivax malaria infection. Further studies are
currently underway to investigate whether Th17 cells are critically involved in the

immunity against Plasmodium vivax infection.
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FIGURES

Figure 1
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Figure 2
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Figure 3
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FIGURE LEGENDS

Figure

1 — Flow cytometric analysis of IL-17-producing T CD4" cells. Absolute numbers
of circulating CD3*CD4"IL-17" T cells (Th17 cells) in malaria-naive and P. vivax-
infected donors (n = 15 and 20, respectively). Absolute numbers (cells/mm’) are
indicated on Y-axis and lines represent median. Statistical differences were
detected using Mann-Whitney U test and are indicated on the graph with

significant P values.

Figure 2 — Flow cytometric analysis of cytokine production (IFN-y, IL-10 and TGF-f}) in

Figure

gated CD3"CD4" lymphocytes from malaria-naive and P. vivax-infected donors (n
= 15 and 20, respectively). Results were expressed as absolute numbers of CD4"
cells expressing (A) IFN-y, (B) IL-10 and (C) TGF-f. Absolute numbers
(cellsymm?) are indicated on Y-axis and lines represent median. Statistical
differences were detected using Mann-Whitney U test and are indicated on the

graphs with significant P values.

3 — Correlation of absolute numbers of circulating IL-17-producing T helper
(Th17) cells and absolute number of CD3*CD4" T cells co-expressing (A) IFN-y,

(B) IL-10, and (C) TGF-y among 20 patients with Plasmodium vivax malaria.

Statistical significance was determined by Spearman rank correlation.
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ABSTRACT

Apical membrane antigen 1 (AMA-1) is considered a major candidate antigen for
a malaria vaccine. Previous immunoepidemiological studies of naturally acquired
immunity to Plasmodium vivax AMA-1 (PvAMA-1) have shown the higher prevalence
of specific antibodies to domain II (DII). In the present study, we confirmed that specific
antibody responses from naturally infected individuals were highly reactive to both full-
length AMA-1 and DII. Also we demonstrated a strong association between AMA-1 and
DII IgG and IgG subclass responses. We analyzed the primary sequence of PvAMA-1 for
B cell linear epitopes co-occuring with intrinsically unstructured/disordered regions
(IURs). The B cell epitope comprising the amino acid sequence 290-307 of PvAMA-1
(SASDQPTQYEEEMTDYQK), with the highest prediction scores, was identified in
domain II and further selected for chemical synthesis and immunological testing. The
antigenicity of the synthetic peptide was identified by serological analysis using sera
from P. vivax infected individuals who were knowingly reactive to PvAMA-1
ectodomain only, to domain II only, or reactive to both antigens. While the synthetic
peptide was recognized by all serum samples specific to domain II, serum with reactivity
only to the full-length protein presented 58.3% of positivity. Moreover, IgG reactivity
against PVAMA-1 and domain II after depletion of specific synthetic peptide antibodies
was reduced in 18% (P = 0.1882) and 33% (P = 0.0254), respectively. These results
suggest that this linear epitope is highly antigenic during natural human infections and an
important antigenic region of the domain II of PvAMA-1, suggesting its possible future

use in pre-clinical studies.
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INTRODUCTION

Malaria is one of the most debilitating parasitic diseases of humans, with an
estimated 225 million clinical cases and 781,000 deaths per year [1]. Of the species that
infect humans, Plasmodium vivax and Plasmodium falciparum are the two most
important human malaria parasites. Although deaths by P. vivax are rare compared to the
P. falciparum, vivax malaria has an enormous socioeconomic impact [2] and is now
recognized as a cause of severe and fatal malaria [3]. There are an increasing number of
publications reporting severe disease, including respiratory distress, severe anemia and
coma as a result of P. vivax infection [4,5]. Considering the emergence of chloroquine
resistance [5,6] and evidence of P. vivax strains with lower sensitivity to primaquine [7],
the development of a safe and affordable vaccine would be an important addition to
control strategies for infectious diseases like malaria. Unfortunately, despite decades of
research effective malaria vaccines are still not available [8].

Several asexual blood-stage antigens have been identified as potential vaccine
candidates and are strongly supported by evidences from studies of experimental models
[9,10] and immune recognition demonstrated in exposed individuals in malaria endemic
areas [11,12,13,14,15,16]. Among several vaccine candidates, the Apical Membrane
Antigen-1 (AMA-1) is a well-characterized and functionally important merozoite protein
and is currently considered a major candidate antigen for a malaria vaccine [17]. AMA-1
is a type I transmembrane protein and is expressed in the late asexual schizont stage of
the Plasmodium parasite and accumulates in the micronemes of developing merozoites.
Just prior to red blood cell (RBC) invasion, the mature form of the protein is transported

to the merozoite surface membrane as an 83 kDa protein in P. falciparum or as a 66 kDa
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in the other malaria species where it is concentrated at the apical pole [18]. Once on the
surface, this form is redistributed and undergoes two C-terminal cleavages, giving rise to
48-kD and 44-kD soluble forms [19,20,21,22]. AMA-1 is well conserved in all
Plasmodium species examined and also present in other apicomplexan parasites
[23,24,25,26]. While its precise role is still unknown, the crucial role of AMA-1 in the
invasion process was clearly established [26,27,28,29]. Several studies have
demonstrated the association of AMA-1 with erythrocyte binding [30,31] and
reorientation of merozoites on the surface of red blood cells [29].

The AMA-1 ectodomain contains three distinct domains (I, II, and III) defined by
eight intra-molecular disulfide bonds [32]. Several reports have previously shown that
DII present a high degree of amino acid sequence conservation [33,34,35] and is
particularly the most immunogenic region of both P. falciparum [36] and P. vivax AMA-
1 (PvAMA-1) [37] ectodomains. The determination of short and specific antigenic and/or
immunogenic regions within vaccine candidates would represent an advantage over
recombinant subunit vaccine development once it may facilitate a large-scale production
and generation of chimeric peptides containing multiple relevant malarial epitopes.

In the present study, we describe the identification of a highly antigenic linear B
cell epitope within PvAMA-1 vaccine candidate and its further recognition from naturally
P. vivax-infected individuals. We confirmed that DII presented similar antigenicity than
the ectodomain, even when all IgG isotypes were evaluated. Our results add further
support to the development of PvAMA-1-based subunit vaccine against malaria vivax

infection.
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MATERIALS AND METHODS

Study population and blood samples

A total of 214 blood samples from outclinic patients with uncomplicated P. vivax malaria
were collected at endemic areas of Manaus (Amazonas state) and Cuiabd (Mato Grosso
state). All patients were unrelated, as there were no family clusters, and they were
attended and diagnosed at the Fundagdo de Medicina Tropical Dr. Heitor Vieira Dourado,
Manaus or Hospital Juilio Muller (Universidade Federal do Mato Grosso). Twenty healthy
adult blood donors were recruited for the study over the course of several months from
Belo Horizonte, Minas Gerais State, Brazil, a non-endemic area for malaria. The study
was approved by the Ethical Committee on Research of Universidade Federal de Minas
Gerais (Protocol# ETIC 060/07). Blood was obtained after receiving the inform consent.
Venous blood was collected and was used to prepare thick smears for microscopy, to
extract parasite DNA and serum separation. Parasitological evaluation was performed by
examination of 200 fields at 1.000x magnification under oil-immersion. All slides were
examined by three well-trained microscopists from the Brazilian Ministry of Health. The
P. vivax mono-infection was confirmed by PCR as previously described [38]. Infected
individuals presented parasitemia levels of 3,726 + 9,624 parasites/uL. The mean average
of age in naturally infected and control groups were 38.6 = 14.0 and 364 + 11.9,

respectively.

Recombinant Pv-AMA-1 and Domain II of Pv-AMA-1 (DII)
The recombinant proteins representing amino acids 43 to 487 of Pv-AMA-1 (ectodomain)

[39,40] and the domain II (amino acids 249 to 385) of Pv-AMA-1 were expressed in



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

Escherichia coli, as previously described [37,39]. Briefly, the recombinant plasmid pHIS-
AMA-1 or pET-28a-AMA-1-DII were transformed into E. coli BL-21 (DE3) expression
host cells (Novagen, USA). Protein expression was obtained by inoculating 8 ml of a
culture grown overnight in 200 ml of Luria broth (Invitrogen, USA) containing 100pug/ml
ampicillin (pHIS-AMA-1) or 30pug/ml kanamycin (pET-28a-AMA-1-DII) (Sigma, USA).
The culture was grown with continuous shaking at 37°C to an optical density of 0.6-0.8 at
600 nm and then induced for 3 hours under constant agitation at 37°C in the presence of
0.1 mM isopropyl-pB-D-1-thiogalactopyranoside (IPTG, Invitrogen). The recombinant
proteins were obtained from pellet (ectodomain) or supernatant (domain II) of the
bacterial lysates as follows.

The pellet containing PvAMA-1 ectodomain was processed for protein purification
essentially as described previously [37]. Briefly, the insoluble fraction, containing mostly
inclusion bodies, was washed four times with 10 mM sodium phosphate buffer, pH 8.0,
1% 3-[(3-cholamidopropyl)-dimethyllammonio]-1-propanesulfonate (CHAPSO, Sigma).
The washed inclusion bodies were then solubilized under continuous agitation in 10 mM
sodium phosphate buffer, pH 8.0, 0.5 M NaCl, 10% (vol/vol) glycerol containing 8 M
urea, at room temperature for 2 h. After centrifugation at 23,000 g at 4°C for 30 min, the
supernatant was loaded onto a 1 ml column of pre-equilibrated Ni*-NTA-Agarose resin
(Qiagen). The column was extensively washed with solubilization buffer containing 5
mM imidazole (Sigma) and then washed stepwise with decreasing concentrations of urea
(6 to 1 M) in refolding buffer (20 mM sodium phosphate buffer, pH 8.0, 0.5 M NaCl,
10% glycerol, 5 mM imidazole, 0.5 mM oxidized glutathione, 5 mM reduced glutathione

and 0.1% Triton X-100). Impurities were washed with five bed volumes of refolding
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buffer containing 80 mM imidazole and PvAMA-1 was eluted with refolding buffer
containing 0.1 to 0.4 M imidazole gradient. Fractions were analyzed by SDS-PAGE and
stained with Coomassie blue. The fractions, containing highly purified recombinant
protein, were extensively dialyzed against 50 mM sodium phosphate buffer, pH 8.0, 150
mM NaCl, 50% glycerol, 0.1 mM DTT. Protein concentration was determined by the
Bradford method (Bio-Rad) using bovine serum albumin (BSA, Sigma) as the standard.
The domain II of PvAMA-1 was purified as previously described [37]. Briefly,
the supernatant containing soluble proteins was applied to a column with Ni**-NTA-
Agarose resin previously equilibrated (sodium phosphate buffer 20 mM, pH 8.0, 0.5 M
NaCl). Bound proteins were eluted with a linear 0.1 to 0.4 M imidazole gradient in wash
buffer (sodium phosphate buffer 20 mM, pH 8.0, 0.5 M NaCl, 1 mM PMSF and 20%
glycerin, pH 7.0). Fractions containing the recombinant proteins with a high degree of
purity were pooled and dialyzed against 20 mM Tris-HCI, pH 8.0. After centrifugation at
18,000g for 30 min at 4°C and filtration through a 0.22 um membrane, the recombinant
protein was purified by ion-exchange chromatography using an AKTA FPLC (GE
Healthcare, Amersham, UK). The proteins were eluted with a linear 0-1 M NaCl gradient
in Tris-HCI buffer. 1 ml fractions were collected and analyzed by SDS PAGE. Fractions
containing the recombinant proteins with a high degree of purity were pooled and
extensively dialyzed against PBS. The protein concentration was determined as described
above.
Both ectodomain and domain II of Pv-AMA-1 antigen were tested to determine the
presence of Gram-negative bacterial endotoxin using a chromogenic Limulus Amebocyte

Lysate test (QCL-1000, Cambrex, USA) according to the manufacturer’s instruction, and
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was found to be a non-significant source of endotoxins (levels lower than detection limit

of 5 EU/mL).

Sequence data

To predict possible antigenic properties in AMA-1 using bioinformatic tools, the entire
PvAMA-1 sequence (Salvador strain, Acession Number AAC16731) was downloaded
from NCBI website (www.ncbi.nlm.nih.gov/protein). The signal peptide and the C-
terminal portion (corresponding to the transmembrane helix and intracellular portion)

were manually removed in order to obtain the ectodomain sequence.

Prediction of B cell epitopes

Prediction of B cell epitopes was carried out using the program BepiPred [41]. This
software takes as input a single sequence in FASTA format and each amino acid receives
a prediction score based on known Hidden Markov Models profiles of known antigens as
well as in propensity scale methods based on hydrophilicity and secondary structure
prediction. The lowest cutoff of 0.35 (as suggested in the BepiPred website) was used in
at least nine consecutive amino acids in order to consider a given region as a valid linear
B cell epitope. The epitope score represents the average of the scores of individual amino

acids above the cutoff.

Prediction of intrinsically unstructured/disordered proteins and domains
Prediction of intrinsically unstructured/disordered regions (IURs) was carried out using

program IUPred [42]. This software takes as input a single sequence in FASTA format
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and predicts the potential IURs. IURs do not possess sufficient interresidue interactions to
provide the stabilizing energy to overcome the entropy loss during folding, therefore
adopting loop structures. The final output is an individual score for each aminoacid that
ranges from O (completely ordered) to 1 (completely unordered). ITURs were then
predicted as a region spanning at least 9 contiguous aminoacids with individual IUPred
prediction score for each aminoacid above 0.35. Bio::Graphics and in-house perl scripts

were used to integrate the output of BepiPred and IUPred prediction results.

Synthesis, chromatography and mass spectrometry of soluble peptide

The peptide sequence SASDQPTQYEEEMTDYQK, corresponding to residues 290-307
of PvAMA-1 and having the best prediction scores for B cell epitopes and IURs was
manually synthesized by Fmoc chemistry [43]. The peptide was C-terminally amidated.
The peptide was deprotected and released from the resin by TFA treatment in the presence
of the appropriate scavengers. The peptide was lyophilized and its purity and mass
assessed by HPLC and mass spectrometry, respectively.

The peptide was purified by high performance liquid chromatography (HPLC) in a C18

reverse phase column (Vydac) (flow rate 1.0 mL/min). The column was previously

equilibrated with 0.1% aqueous trifluoroacetic acid (TFA), and the compound was eluted

by a linear gradient 0.1% TFA in acetonitrile. Two peaks were obtained (data not shown).

The major peak was then submitted to MALDI-TOF-TOF analyses. MS and tandem MS

analysis were performed using a MALDI-TOF-TOF AutoFlex IIT™ (Bruker Daltonics)

instrument in positive/reflector mode controlled by the FlexControl™ software.

Instrument calibration was achieved by using Peptide Calibration Standard II (Bruker
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Daltonics) as reference and a-cyano-4-hydroxycinnamic acid was used as matrix. The
major peak was spotted to MTP AnchorChip™ 400/384 (Bruker Daltonics) targets using

standard protocols for dried droplet method.

Antibody measurement

The enzyme-linked immunobsorbent assay (ELISA) for total IgG antibodies was
performed as previously described [39]. The concentrations of antigens used were 1.0
ug/mL (PvAMA-1 and DII) and 2.0 ug/mL (synthetic peptide). All samples were diluted
1:100 and evaluated for total IgG using peroxidase-conjugated anti-human IgG antibodies
(Sigma, St. Louis, MO). The ELISA to detect IgG subclasses was performed as
previously described [44]. The serum dilution used was 1:100 and mouse monoclonal
antibodies to human IgG subclasses used (clone HP-6012 for 1gG1, clone HP-6014 for
IgG2, clone HP-6010 for IgG3, and clone HP-6025 for IgG4, all from Sigma, USA) were
diluted according to the manufacturer’s specifications. Monoclonal antibody binding was
detected with peroxidase-conjugated anti-mouse immunoglobulin (Sigma). The threshold
of positivity (cut-off value) was obtained by testing 20 different negative control sera
from individuals not exposed to malaria from Belo Horizonte. The mean optical density
value at 492 nm + 3 SD for duplicate determinations in negative sera was used as the cut-
off value for different subclasses. The thresholds of positivity were 0.32 for IgG, 0.15 for
IgG1, 0.13 for IgG2, 0.1 for IgG3, and 0.06 for IgG4. The reactivity index (RI) was
obtained to compare the levels of different subclasses (IgG or IgG isotype) in the same
subject or among distinct groups. The RI value was calculated by dividing the mean OD

value for each test sample assayed by the cut-off value for each subclass tested using sera
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from healthy individuals (control group). Samples with an RI > 1 were considered

positive.

Depletion ELISA

Depletion ELISA was performed as previously described [45]. Briefly, flat-bottom plates
(BD Falcon, USA) were coated overnight with 10 ug/mL of the peptide
SASDQPTQYEEEMTDYQK, then washed, and blocked as described. Sera were added
to the plates in 1:100 dilution and incubated overnight. On the following day, sera were
transferred to plates coated overnight with PvAMA-1 and DII (1 ug/mL) after appropriate

washing and blocking, and ELISA were performed as described.

Statistical analysis

The one-sample Kolmogorov-Smirnoff test was used to determine whether variable was
normally distributed. All statistics were carried out using Prism 5.0 for Windows
(GraphPad Software, Inc.). Association between antibody response to PvAMA-1
ectodomain and DII was determined by Fisher’s exact test and Spearman rank test. P
values were also determined by two-tailed Mann-Whitney U test. A two-sided P value <

0.05 was considered significant.
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RESULTS

Antibodies from naturally P. vivax infected individuals present similar pattern of
recognition between PvAMA-1 ectodomain and PvAMA-1 domain II

In order to confirm previously published data showing that PvAMA-1 domain II is the
immunodominant region of this protein, the detection of specific antibodies against both
PvAMA-1 ectodomain and DII was evaluated. Natural P. vivax infection elicits a
considerable IgG production against both antigens (Figure 1A). Although the levels of
specific IgG1, [gG2, IgG3 and IgG4 to the AMA-1 ectodomain and domain DII varied in
naturally P. vivax infected individuals, the predominance of IgG1 and IgG3 antibodies to
PvAMA-1 and DII was observed (Figure 1A).

The overall prevalence of donors who presented IgG antibodies to each antigen was
62.4% (Figure 1B), although IgG positive responders to each antigen were not
necessarily the same (data not shown). Nevertheless, the frequency of 1gG responders to
ectodomain was significantly associated with the frequency observed of IgG responders
to DII (P < 0.0418, Fisher’s exact test). Analysis of specific IgG subclass production
demonstrated that the association between individuals who responded to DII and those
responders to full length ectodomain was still significant (IgG1, P < 0.0001; 1gG2, P =
0.0002; IgG3, P < 0.0001 and IgG4, P = 0.0007; Fisher’s exact test), confirming that DII
is a highly antigenic region within the PvVAMA-1 protein. The strong association of
specific IgG1 and IgG3 responses to ectodomain and DII was further demonstrated by a
direct correlation between reactivity index for PvAMA-1 and reactivity index for Domain

IT (P <0.0001, r=0.7971 for IgG1 and < 0.0001, r = 0.6499 for 1gG3; Figure 2). Similar

12



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

significant correlation was detected for IgG2 and IgG4 antibodies, although a minor

relationship between response to AMA-1 and DII was observed (data not shown).

Predictions of B-cell linear epitopes and intrinsically unstructured/disordered
regions in AMA-1 ectodomain and chemical synthesis of a selected peptide
In order to explain the clear concordance between IgG response to ectodomain and DII,
we scanned the primary sequence of AMA-1 ectodomain for possible B-cell linear
epitopes co-occurring with intrinsically unstructured/disordered regions (IURs) (Figure
3). We observed several predicted epitopes distributed within all three domains of
ectodomain, with no apparent occurrence bias in any domain. Indeed, the three best
predicted epitopes (5", 7" and 10™) are each distributed in a distinct domain (domains I, II
and III, respectively). The putative IURs identified are also distributed in all three
domains, with a slight preference for occurrence in domain I. Of special interest,
however, was the overlap observed between the putative epitope possessing the highest
prediction score (7" epitope, score of 1.234) and the putative second best IUR (4" TUR,
score of 0.481), predicted in domain II. The other two best predicted epitopes (5" and
10™) occur in regions where no IUR were found (5") or in regions where IUR have a low
prediction score (10™). Considering the higher prediction scores for both evaluated
features, the peptide SASDQPTQYEEEMTDYQK was selected for further synthesis and
immunological testing.

Analytical chromatography of the predicted peptide demonstrated the purity of

80-90% for the synthetic compound (data not shown). Mass spectra analyses also
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indicated an estimated mass of 2150.017 Da that correspond to the mass of peptide

(Supplementary Figure S1).

Synthetic malarial peptide SASDQPTQYEEEMTDYQK is highly recognized by
specific antibodies to PvAMA-1 DII

The antigenicity of the synthetic peptide SASDQPTQYEEEMTDYQK was initially
evaluated by the determination of the specific IgG responses using sera from P. vivax
infected individuals who were knowingly reactive to PvAMA-1 ectodomain only, to
domain II only, or reactive to both antigens. The data clearly show that the peptide was
recognized by all serum samples that specifically recognized the domain II (Figure 4),
thus confirming the previous prediction of B cell epitopes. When serum from infected
individuals with no reactivity to the DII (reactive only to PvAMA-1) was assayed against
the synthetic peptide, 58.3% of positivity was observed (Figure 4), suggesting the
antibody production to this region in natural infection is present but not sufficient to
detect the domain II. Of note, the highest reactivity indices for the synthetic peptide were
observed in individuals that previously responded to both AMA-1 and domain II (Figure
5). No association between IgG levels against the synthetic peptide and exposure
(determined by number of malaria episodes) was detected (Figure 5).

In order to determine the immunodominance of the synthetic peptide
SASDQPTQYEEEMTDYQK within PvAMA-1 and DII antibody responses, an ELISA
depletion assay was performed. In this assay, the IgG reactivity against PvAMA-1 and
DII after depletion of peptide specific antibodies was reduced in 18% (P = 0.1882) and

33% (P = 0.0254), respectively (Figure 6).
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DISCUSSION

During the last decades the development of subunit malaria vaccines candidates
has been thoroughly pursued [46]. Although malaria vaccine development has been
hastened by description of numerous candidates, no vaccine yet has provided a strong and
lasting immune response [47]. Nonetheless, significant progress has been achieved as
several malarial vaccine are currently undergoing pre-clinical and clinical trials
[11,46,48]. While more than 70 P. falciparum vaccine candidates are currently under
development and 23 of theses are undergoing clinical testing, only few P. vivax vaccine
formulations are being assessed in pre-clinical studies and so far just two candidates (the
CSP and the Pvs25) has been tested in Phase 1 clinical trials (reviewed in [49]). One of
the most promising components for a malaria blood-stage vaccine is the apical membrane
antigen 1 (AMA-1) due to efficacy observed after blood-stage challenge in animal
models [11]. The assessment of protective outcome demonstrated that vaccination with
native [50] or recombinant AMA-1 [10,51] in mice and monkeys conferred protection
from parasite challenge and induce antibodies that inhibit parasite growth in vitro
[17,40,52]. These data have sparked interest toward the further clinical testing in human;
few reports on Phase Ia trials in malaria-naive subjects are already available for P.
falciparum AMA-1 [53,54,55] and results from ongoing and planned studies are expected
in the near future for vivax malaria [17]. While the success of this vaccine will be
determined in field trials under natural conditions of parasite exposure, the continuous
improvement of malaria vaccine design is still required. For instance, thus far, no

recombinant malarial protein-in-adjuvant formulations have proved sufficiently
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efficacious to encourage further testing [56,57]. Moreover, the production of high-quality
and correctly folded recombinant proteins is difficult for Plasmodium [58].

In the present study, our focus has been to characterize naturally antigenic B-cell
determinants of the AMA-1 vaccine antigen, in order to attempt the selection of future
potential malarial subunit vaccines by using bioinformatics tools and synthetic peptide
technology. We initially confirmed that serum from naturally infected individuals used to
further characterization of B cell epitopes were highly reactive to the recombinant AMA-
1 of P. vivax, where more than 60% of specific IgG recognition were detected among
individuals with patent vivax malaria. In fact, immunoepidemiological studies have
shown that specific antibody responses to AMA-1 are highly prevalent in naturally
exposed individuals to malaria, even with distinct degrees of parasite exposure
[14,16,39]. However, it is important to mention that due to the considerable homology of
AMA-1 sequence among Plasmodium species [59], cross-reactive responses are expected
to occur since P. falciparum is still responsible for 16.3% of registered malaria cases in
Brazil [60]. We also demonstrated a similar proportion of IgG response between AMA-1
and domain II (DII) during natural infection, which corroborates a previous report
showing that DII is a particularly antigenic and immunogenic region within AMA-1 [37].
Furthermore, the analysis of IgG subclass indicated a predominant IgG1 and IgG3
antibody production against both AMA-1 and domain II. Of note, IgG1l and IgG3
antibodies have been implicated in antibody-mediated protective immunity against
malaria [61]. While the pattern of IgG subclass against the recombinant AMA-1 has been
clearly characterized in natural infection [14,17], we first demonstrated the prevalence of

IgG isotypes specific to domain II in patent infected individuals. Noteworthy, equivalent
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IgG subclass recognition between DII and the full ectodomain was also observed during
natural infection. Interestingly, our analysis demonstrated that IgG and IgG subclass
elicited against AMA-1 are significantly associated with antibody production against DII.

Current understanding of AMA1 immunity suggests that direct action of antibody
is the primary protective mechanism [17]. Selection of parasitic epitopes that elicit
protective antibodies after immunization would render a strategic approach in the design
of effective vaccines. The recent availability of genomic [62,63], proteomic [64] and
transcriptomic [64,65] data sets for Plasmodium species and the development of
algorithms for B cell epitope prediction [41,66] have facilitated the identification of
promising vaccine antigens [67] and immunodominant regions within selected
candidates. In the current study, we analyzed the primary sequence of PvAMA-1 for
possible B cell linear epitopes co-occuring with intrinsically unstructured/disordered
regions (IURs). Determinants containing both B cell linear epitopes and IURs are more
likely to represent a real antigenic/immunogenic region within a protein. Indeed, the co-
occurrence of IURs and linear epitopes increase the odds that the epitope is present in
regions with no secondary structure (extended regions) that, therefore, are more likely to
be exposed in the surface of the protein [68]. Our results showed that prediction of B cell
epitopes have identified antigenic regions distributed all over the three distinct domains,
which might represent promising polypeptidic vaccine candidates. Considering the high
degree of amino acid sequence conservation in the domain II loop in both P. falciparum
and P. vivax AMA-1 [33,34,35], the strong association between AMA-1 and domain II
antibody responses, and the epitope with highest prediction scores for both analyzed

features found in domain II, we have selected the peptide SASDQPTQYEEEMTDYQK
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for further chemical synthesis and immunological testing. Moreover, the analysis of this
specific immunodominant region did not present homology with any genome sequence of
mice and humans (data not shown), strengthening the rationale for its possible future use
in pre-clinical and clinical trials.

Analysis of antigenicity of the selected peptide using serum from naturally P.
vivax infected individuals who were previously reactive to PvAMA-1 only, to DII only or
to both recombinant proteins, demonstrated that SASDQPTQYEEEMTDYQK peptide
was recognized by all serum samples that also specifically recognized the domain II.
Moreover, serum from infected individuals with no reactivity to the domain II presented a
considerable positivity (58.3%) against the synthetic peptide, suggesting that during
natural infection there is a specific antibody production against this antigenic epitope,
which is probably not detectable when serum is assayed only against the DII.
Interestingly, although the number of malaria episodes has been associated with
frequency of antibody response to PVAMA-1 in naturally infected individuals [39], our
results did not show a clear association between IgG antibody recognition to the synthetic
peptide and previous exposure to malaria. Finally, results from antibody depletion assay
indicated that specific antibodies to the synthetic peptide would account for up to 18%
and 33% of PvAMA-1 and domain II antibodies responses, respectively. Overall, these
results suggest that this linear epitope is highly antigenic during natural human infections
and it is an important antigenic region of the domain II of PvAMA-1. Although
antibodies are widely agreed to play a role in protection against blood-stage malaria [56],
the real contribution of the antibody response against this polypeptide remains to be

addressed. Of note, a previous study establishing the epitope recognition by the invasion-
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inhibitory monoclonal antibody 4G?2 specific for P. falciparum AMA-1 has demonstrated
not only the importance of conformational epitopes but also of a singular disordered
region with no electron density between residues 348 and 389 (equivalent to residues 293
to 334 in PvAMA-1) in the parasite invasion [69].

In summary, in the current study we have identified a highly antigenic B cell
epitope within the PvAMA-1 vaccine candidate and its serological reactivity during
natural infection. Selection of particular antigenic and immunogenic epitopes within
AMA-1 antigen would represent an interesting perspective to overcome the hurdles
observed in vaccine development, mainly the production of high-quality and correctly
folded proteins in heterologous expression, as smaller antigenic polypeptide can facilitate
a large-scale production and generation of chimeric peptide containing multiple relevant
epitopes of malarial antigens. Pre-clinical studies are currently underway to determine
whether the immunization with this peptide would elicit a strong and lasting

immunogenicity in mice as already demonstrated for the recombinant domain II [70].
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FIGURE LEGENDS

Figure 1 — Levels and proportion of specific IgG and IgG subclass antibodies to PvAMA-
1 ectodomain and PvAMA-1 Domain II (DII). (A) Y axis represent the mean
reactivity index in naturally P. vivax infected individuals. Dotted line shows the
threshold of positivity (reactivity index = 1). (B) Y axis represent the mean
prevalence of positivity observed in naturally P. vivax infected individuals. Serum

samples (n = 214) were tested at dilution 1:100.

Figure 2 — Specific antibodies to PvAMA-1 are directly correlated with antibody
responses to Domain II. Correlation of PvAMA-1 reactivity index and Domain II
reactivity index for (A) IgG1 and (B) IgG3 among 214 patients with Plasmodium

vivax malaria was determined by Spearman rank correlation.

31



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

Figure

3 — Schematic diagram of the structure of PvAMA-1 and the prediction scores for
linear B cell epitopes and intrinsically unstructured/disordered regions (IURs).
The region corresponding to the residues 290-307 of Pv-AMA-1 was selected for
synthesis of soluble peptide based on the best prediction scores determined for
both features. Each green bar represents a predicted B cell epitope and each red
bar represents a predicted unordered region. The prediction scores represent the
average of scores for all amino acids within the region with prediction values
above the cutoffs chosen for significance. Bar color intensity are proportional to

the prediction scores found.

Figure 4 — Specific IgG levels to synthetic peptide SASDQPTQYEEEMTDYQK. Serum

Figure

samples were selected from naturally P. vivax infected individuals who presented
previous reactivity to PvAMA-1 ectodomain only, to PvAMA-1 Domain II (DII)
only or to both antigens. Antibody responses are expressed as reactivity index
detected by enzyme-linked immunosorbent assay. The horizontal dotted line
shows the threshold of positivity at a reactivity index of 1. Percentage values

represent the overall frequency of positive responders for each group.

5 — IgG antibody recognition of synthetic peptide in naturally P. vivax infected
individuals with known reactivity to PvAMA-1 ectodomain only, to PvAMA-1
Domain II (DII) only or to both antigens. Ages (years) and number of malaria
episodes are indicated for each individual. Different levels of IgG antibody

production (reactivity index) are represented with different shading patterns.
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691  Figure 6 — Immunodepletion results showing specific IgG antibody recognition to

692 synthetic peptide in naturally P. vivax infected individuals with known reactivity
693 to PvAMA-1 and Domain II (DII). The sera were depleted with synthetic peptide
694 SASDQPTQYEEEMTDYQK and further evaluated against PvAMA-1 and DII.
695 The mean antibody OD values (n = 11) are shown on Y-axis and error bars
696 indicate the SD. Statistical differences were detected using Mann-Whitney U test
697 and are indicated on the graphs with significant P values.

698

699

700  Supplementary Figure S1 - MALDI-TOF-TOF analysis of synthetic peptide
701  SASDQPTQYEEEMTDYQK.

702
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6. DISCUSSAO E CONSIDERAGOES FINAIS

A malaria é a doencga parasitaria de maior importancia global, afetando de 200 a
600 milhdes de pessoas anualmente (Snow et al., 2005). Ao longo de décadas, um
grande esfor¢o tem sido feito na tentativa de controlar a infecgédo e, apesar disso, essa
doenga continua matando cerca de um milhdo de criangas a cada ano (WHO, 2008).
Das cinco espécies de Plasmodium (Cox-Singh et al., 2008) que podem acometer o
homem, o P. falciparum é responsavel pela maioria das mortes causadas pela
infecgdo malarica, e por essa razdo essa espeécie foi foco principal de pesquisas ao
longo dos ultimos anos, concentrando a maior quantidade de recursos investidos. Por
outro lado, a malaria vivax tem sido negligenciada (Baird, 2007) por apresentar indices
menores de mortalidade. Entretanto, € importante ressaltar que o numero de pessoas
vivendo sob o risco de contrair o P. falciparum ou o P. vivax é aproximado,
representando 2,5 e 2,6 bilhdes de pessoas, respectivamente (Guerra et al., 2006).
Além disso, o verdadeiro numero de infecgdes anuais pelo P. vivax, ao contrario do
sempre citado de 70 a 80 milhdes, seria da ordem de 130 a 390 milhdes (Hay et al.,
2004). E mesmo considerando a menor das estimativas, o numero de infecgdes por P.
vivax seria igual ao da dengue e cinco vezes maior que o descrito para a febre tiféide
(Baird, 2007).

A infeccdo por P. vivax foi considerada benigna por muitos anos, uma vez que
raramente estava associada a malaria grave (Galinski et al., 2008). Recentemente,
esse panorama vem se modificando, e diversos estudos tém descrito diferentes
aspectos associados a gravidade durante a monoinfecgdo por essa espécie (Tjitra et
al., 2008; Price et al., 2009; Putaporntip et al., 2009), como anemia grave, agregagao
de plaquetas, citoaderéncia no pulmé&o e trombocitopenia (Mendis et al., 2001; Cui et
al., 2003; Barcus et al., 2007; Genton et al., 2008; Tjitra et al., 2008; Carvalho et al.,
2010). Importa ressaltar que, como observado para o P. falciparum, a resisténcia do P.
vivax aos quimioterapicos convencionais tem emergido nos ultimos anos, sendo a
resisténcia a cloroquina ja reportada na Indonésia, Miamar, india, Australia, Guiana e
América do Sul (Baird, 2004).
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Varios fatores tém contribuido para a escassez de pesquisas em malaria vivax
como, por exemplo, uma subestimada prevaléncia mundial, uma percepcao errada de
que o P. vivax nao levaria as mesmas complicacdes relatadas em infecgdes por P.
falciparum, além da dificuldade de se manter culturas do parasito in vitro, restrita a
poucos laboratérios (Golenda et al., 1997; Galinski et al., 2008). Considerando também
que o P. vivax € a espécie prevalente no Brasil (80% das infec¢des notificadas), esses
fatores reforcaram a necessidade de focar nossos estudos nesta espécie.

Uma resposta imune protetora contra a malaria é iniciada pelas células
apresentadoras de antigenos (células dendriticas), que por fim ativardo células T CD4"
e CD8". A protegédo contra a infecgdo resultante da resposta imune do tipo Th1 é
largamente mediada pela citocinas pré-inflamatérias IFN-y e TNF-a (Artavanis-
Tsakonas et al., 2002). Essas citocinas agem sinergicamente, otimizando a produgao
de reativos de oxigénio e nitrogénio, que estdo associados com a morte do parasito
(Jacobs et al., 1996b). Em paradoxo, a gravidade da infec¢cado por Plasmodium esta
associada a uma resposta inflamatoria iniciada contra a fase sanguinea do parasito
(Schofield et al., 2005). Um balango delicado entre a resposta imunologica pré e anti-
inflamatéria € necessario para que ocorra a destruicdo do parasito sem que se
desencadeie no hospedeiro a malaria grave, sugerindo que o tempo e a intensidade da
resposta sejam cruciais na determinagao do resultado da infecgdo (Good et al., 2005;
Riley et al., 2006; Langhorne et al., 2008).

Os mecanismos imunorregulatorios podem prevenir danos mais intensos aos
orgaos, desde que a parasitemia seja controlada pela resposta inflamatoria efetora.
Essa regulagdo também poderia causar a supresséo de células T tanto para antigenos
de malaria quanto para antigenos n&o relacionados, o que € frenquentemente
observado em populagbes expostas ao Plasmodium (Greenwood et al., 1972;
Goonewardene et al., 1990; Braga et al., 2002b). O entendimento do processo de
desenvolvimento da imunorregulagdo e imunopatologia na malaria permanece
incompleto, principalmente nas infecgdes por P. vivax. As células dendriticas, células T
reguladoras, e a propria produgdo de citocinas imunossupressoras podem ter papel

fundamental nessa regulagdo da resposta imune pro-inflamatoria exacerbada que
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ocorre em individuos que desenvolvem malaria grave (Riley et al., 2006; Bejon et al.,
2007; Wykes et al., 2007a; Walther et al., 2009; Hansen et al., 2010).

As células dendriticas iniciam a resposta imune promovendo o estimulo de
células T e B. Além disso, apresentam papel essencial na ligagcdo da resposta imune
inata e adaptativa. Estudos controversos realizados em modelos murinos e humanos
demostraram que a fungao das células dendriticas pode ser modulada por eritrécitos
parasitados, incluindo inibicdo da diferenciacdo de células dendriticas, e também
impedindo a ativacdo de células T (Jacobs et al., 1996a; Urban et al., 2001a; Ocana-
Morgner et al., 2003; Pouniotis et al., 2005; Ing et al., 2006; Wykes et al., 2007b;
Bousheri et al., 2008; Wykes et al., 2008). Na primeira parte do nosso trabalho (Bueno
et al., 2009), demonstramos que individuos naturalmente infectados por P. vivax
apresentaram uma modulagdo negativa de moléculas apresentadoras de antigenos
(CD1a, HLA-DR e HLA-ABC), moléculas acessorias (CD80, CD86 e CD40), e também
do receptor de imunoglobulina FcyRI (CD64). Essa modulagdo pode estar diretamente
relacionada com a presencga do eritrécito infectado (Urban et al., 1999; Urban et al.,
2001a; Ocana-Morgner et al., 2003), ou ainda com produtos derivados do parasito,
como a hemozoina e os acidos nucléicos (Braga et al., 2002b; Skorokhod et al., 2004;
Parroche et al., 2007).

Ao contrario do descrito para P. falciparum, em que o cultivo in vitro do parasito
ja se apresenta bem estabelecido, nenhuma conclusao especifica sobre os fatores ou
moléculas de P. vivax responsaveis por desencadear esse estado de modulagdo das
células dendriticas pode ser definido. Novos estudos sdo necessarios para determinar
o0 papel dessas células na malaria vivax. Além disso, foi demonstrado para outras
espéecies de Plasmodium que o estimulo excessivo de células dendriticas, em
consequéncia da alta parasitemia, levaria essas células a um estado nao-funcional que
poderia ser mediado via TNF-a, hemozoina, ou ainda a resisténcia a sinalizacdo dos
receptores do tipo Toll (Perry et al., 2005; Millington et al., 2006; Franklin et al., 2007).
Embora essa inibicdo das células dendriticas derivadas de mondcitos possa nao
necessariamente reproduzir o real efeito da infecgdo durante a infeccéo por P. vivax,
ela poderia explicar parcialmente o efeito da diminuicdo do numero dessas células
(células dendriticas plasmocitoides e mieldides) entre os individuos infectados por
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P.vivax na Tailandia (Jangpatarapongsa et al., 2008) e também por criangas infectadas
por P. falciparum no Quénia (Urban et al., 2006). Importa ressaltar que, em estudo
realizado recentemente no Brasil em individuos naturalmente infectados com malaria
vivax, foi observado um aumento na propor¢cédo de células dendriticas plasmocitoides
(CD123") e uma diminuigdo na relagdo de células mieldides/plasmocitdides (Goncalves
et al., 2010).

A implicagcdo de se observar a modulagdo de células apresentadoras de
antigenos profissionais, como as células dendriticas, em individuos naturalmente
infectados, é bastante critica, uma vez que essas podem interferir no sucesso de uma
vacina. Em vista disso, é essencial o entendimento do efeito causado pelo parasito
nessas ceélulas na iniciagao da resposta imune, e também o seu impacto na vacinagao
em areas endémicas. Neste trabalho foi observado que a diferenciagdo de células
dendriticas de pacientes infectados, na presenca do antigeno Pv-AMA-1, resultou em
um aumento da expressdo das moléculas apresentadoras de antigeno CD1a e HLA-
DR. Esse resultado corrobora a observacdo prévia de que a diferenciacido dessas
células na presenga desse antigeno de P. vivax resulta em uma ativagcéo funcional, e
nao em uma supressdo da funcao dessas células (Bueno et al., 2008). Esse aumento
da expressao desses marcadores na superficie de células dendriticas, apds ativagao
por Pv-AMA-1, poderia estar associado ao processamento e apresentagédo de antigeno.
De fato, demonstramos que peptideos de Pv-AMA-1, como resultado do
processamento pela DCs, eram também reconhecidos na superficie dessas células por
anticorpos policlonais especificos. Portanto, a ativagcdo de células dendriticas por Pv-
AMA-1 pode potencialmente aumentar a habilidade dessas células em processar e
apresentar antigenos, sugerindo que a vacinagdo de individuos naturalmente
infectados pode reverter parcialmente a supressdo das células dendriticas nesses
individuos. Interessa ressaltar que, ao realizar os mesmos experimentos com o
antigeno MSP-149, n&o foi observada nenhuma alteragdo das moléculas de superficie
avaliadas neste estudo, o que sugere que o antigeno Pv-AMA-1 poderia induzir um
mecanismo especifico de imunogenicidade.

Deve-se ressaltar que, apds estimulo de PBMCs de individuos naturalmente
infectados com Pv-AMA-1, foi observado um aumento na producédo de citocinas pro-
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inflamatorias (IFN-y, TNF-a e IL-12p40), que sdo associadas a prote¢ao contra a fase
sanguinea da infecgdo (Shear et al., 1989; Stevenson et al., 1995; Jacobs et al.,
1996b). De fato, em alguns estudos, foi observado um reconhecimento dessa proteina
em PBMCs de individuos longamente expostos ao P. falciparum, demonstrando a
presenga mais robusta, mas curta, da resposta de células T de memoaria (Lal et al.,
1996; Udhayakumar et al., 2001). Finalmente, como ja descrito por varios autores, a
producdo de citocinas inflamatérias pode ser consequéncia da ativacdo de células
dendriticas, durante a malaria, apds contato com produtos do parasito (Jacobs et al.,
1996b; Bruna-Romero et al., 2001; Pichyangkul et al., 2004; McCall et al., 2007).
Importa ressaltar, embora ainda controverso, que as células dendriticas maduras,
mesmo apresentando modulagdo de algumas moléculas essenciais para o
desempenho das suas fungdes durante a infecgcao pelo Plasmodium, sao capazes de
responder a alguns antigenos de malaria.

Um dos fatores determinantes da homeostase da resposta imunolégica é a
interagcdo entre as células dendriticas e as células T reguladoras. Células
CD4"CD25'FoxP3" apresentam um papel fundamental no controle da resposta imune,
tanto dos antigenos préprios como dos ndo proprios, aléem de patdégenos e comensais
(Sakaguchi, 2005). Embora evidéncias consistentes, baseadas em modelos
experimentais e em infecgdes por P. falciparum, sugiram que as ceélulas Treg possam
ter papel relevante durante o desenvolvimento da infeccdo malarica (Vigario et al.,
2007; Cambos et al., 2008; Walther et al., 2009), os mecanismos pelos quais essas
células poderiam atuar ainda nado estdo totalmente esclarecidos. Além disso, a
associagao entre as células Treg e a infecgéo por P. vivax ainda € pouco entendida.

Na segunda parte do nosso trabalho, foi observado um aumento significativo das
células Treg no sangue periférico de individuos com malaria vivax, quando comparados
aos individuos nunca expostos a infeccdo. Dados controversos associam a expansao
das células Treg durante a infecgdo malarica tanto a um aumento quanto a uma
demora na instalagdo da infecgédo (Long et al., 2003; Hisaeda et al., 2004; Amante et
al., 2007; Nie et al., 2007). No entanto, foi demonstrada uma correlagcdo do numero
dessas células com o aumento da parasitemia (Walther et al., 2005; Riley et al., 2006;
Minigo et al., 2009), além de associagdo com malaria clinica (Todryk et al., 2008). De
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fato, também observamos uma correlagao positiva entre o numero absoluto de células
Treg e a carga parasitaria. Embora o numero de células Treg aumente de acordo com
o aumento da parasitemia, a relacdo entre esses dois pontos ainda n&o esta
esclarecida. Entretanto, é possivel que o aumento da atividade das células Treg possa
ativar a modulacédo da resposta imune do hospedeiro e consequentemente permitir a
sobrevivéncia do parasito e a sua multiplicagdo. Por outro lado, o aumento das Treg
poderia limitar a exacerbagao da patologia durante a infecgdo, o que poderia beneficiar
o hospedeiro, ao evitar danos aos 6rgéos devido ao controle da resposta inflamatoria.
Uma variedade de potenciais mediadores da atividade das células Treg que
poderiam contribuir para a supressdo da resposta imune tem sido identificados,
incluindo GITR (McHugh et al., 2002; Shimizu et al., 2002), CTLA-4 (Chen et al., 1998),
FoxP3 (Fontenot et al., 2003; Hori et al., 2003), além de citocinas anti-inflamatorias
como IL-10 e TGF-B (Levings et al., 2002; Cools et al., 2008; Shevach et al., 2008).
Nossos resultados demonstraram um aumento significativo dos linfocitos circulantes
CD4'CD25'FoxP3*GITR" e CD4'CD25'FoxP3*CTLA-4" em individuos naturalmente
infectados com malaria vivax, e também uma correlagdo positiva do numero dessas
células com a parasitemia. Essas duas moléculas, GITR" e CTLA-4", sdo expressas
constitutivamente em células Treg naturais (Belkaid et al., 2005) e sao reguladas pela
expresséo de FoxP3 (Yagi et al., 2004; Nocentini et al., 2007). Inicialmente, a molécula
GITR nas células Treg indicava uma atuac&o supressiva dessas células (McHugh et al.,
2002; Shimizu et al., 2002; Shevach et al., 2006b). Entretanto, verificou-se que embora
nao essencial para a atividade supressora (Nocentini et al., 2007), o aumento da
expressado dessa molécula promove a proliferagdo das células reguladoras (Nocentini
et al., 2007; Nishioka et al., 2008), permitindo um aumento potencial da sua atividade
supressora (Shevach et al., 2006b). Todavia, o aumento de células CD4"'CD25"FoxP3*
circulantes, co-expressando GITR" em individuos infectados, pode refletir parcialmente
a expansao das células Treg observada nesses individuos. Nesse contexto, é possivel
sugerir que a proliferagdo das células reguladoras estaria aumentada devido a maior da
expressédo de GITR, regulada pelo fator FoxP3. Embora o efeito da sinalizagdo de
GITR nas células reguladoras durante a infecgao pelo P. vivax n&o esteja totalmente

elucidado, evidéncias da infeccdo em modelos murinos sugerem que a infecgéo altera
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a expressao de GITR nas Treg, e isso pode eventualmente contribuir para o escape da
resposta especifica de células T pelo parasito (Hisaeda et al., 2005).

A molécula CTLA-4 apresenta homologia parcial com o CD28 e interagdo, com
maior afinidade, aos mesmos ligantes CD80 e CD86 (Alegre et al., 2001). O efeito
supressivo da CTLA-4 € associado a reducdo da producio de IL-2 e a expressao do
receptor dessa molécula, além de ser capaz de manter células T na fase G1 do ciclo
celular (Walunas et al., 1994; Krummel et al., 1995). Além disso, a expressédo de CTLA-
4 em células Treg induz a produgado da enzima indoleamina 2,3 dioxigenase (IDO) por
células apresentadoras de antigenos (DCs), que degradam triptofano. A falta desse
aminoacido essencial inibe a ativagao de células T e promove apoptose das mesmas
(Fallarino et al., 2003). Em infecgbes experimentais por P. berghei ficou demonstrado
que o bloqueio da CTLA-4, utilizando-se anticorpos monoclonais, propiciou uma
exacerbacdo da imunopatologia mediada pelo parasito (Jacobs et al., 2002; Long et al.,
2003).

O papel funcional da molécula CTLA-4 nas células T reguladoras ainda é
bastante controverso (Bour-Jordan et al., 2002); no nosso trabalho, verificamos que
durante a infecg&o por P. vivax houve um aumento das células Treg expressando essa
molécula, sugerindo que essa regulacao da resposta imune possa ocorrer via CTLA-4,
mediante contato direto entre células apresentadoras de antigenos e as Treg.
Recentemente, outro estudo realizado no Brasil evidenciou um aumento das células
CD4'CD25"FoxP3" expressando a molécula imunomodulatéria CTLA-4 em pacientes
com malaria vivax. Importa salientar que nesse trabalho foi observada uma correlagao
positiva dessas células com os niveis de parasitemia (Goncalves et al., 2010),
corroborando os nossos resultados previamente publicados (Bueno et al., 2010). Uma
reducdo da expressao de CTLA-4 foi observada em Fulani, grupo étnico africano
bastante definido, contribuindo para a pouca susceptibilidade desses individuos a
infeccéo pelo Plasmodium, e sugerindo que a alteragdo no processo de maturagao das
células Treg nesse grupo pode ser a causa da baixa geragdo de células reguladoras
(Torcia et al., 2008).

Foi ainda possivel observar, no nosso estudo, que pacientes infectados por P.
vivax apresentaram um aumento significativo das células CD4'CD25'FoxP3*

137



Discussdo e Consideracdes finais

produtoras de IL-10 e TGF-B, e que o numero dessas células estava correlacionado
positivamente com a parasitemia. Ambas citocinas exercem um papel critico na
regulacdo da resposta Th1 na malaria experimental (Riley et al., 2006), além de
contribuir para a atividade supressiva das células reguladoras (von Boehmer, 2005).
Essa atividade regulatoria pode limitar a inflamac&o desencadeada durante a infecgao,
prevenindo a gravidade da doenca. Entretanto, embora as citocinas IL-10 e TGF-3
sejam naturalmente produzidas por células Treg, ainda nao esta totalmente esclarecido
como a multiplicagdo do parasito pode influenciar a produg¢do dessas citocinas (Belkaid
et al., 2005). Por outro lado, observou-se também um aumento significativo no numero
de células CD4"CD25"FoxP3" produzindo citocinas inflamatérias IFN-y e IL-17, e que o
numero dessas células também estava correlacionado positivamente com a
parasitemia.

Recentemente, Scholzen e colaboradores (Scholzen et al., 2009) demonstraram
a produgdo intracelular de IFN-y, IL-4 e IL-17 por células Treg CD4°'CD25" com
expressdo intermediaria da molécula FoxP3, sugerindo a presengca de diferentes
subpopulagdes de células reguladoras durante a infecgdo malarica. A evidéncia do
papel dessas células durante a infec¢ao por P. vivax foi demonstrada a partir de ensaio
funcional em que se verificou uma redugdo da proliferacdo celular de PBMCs de
individuos naturalmente infectados na presenga de células CD4"CD25". Em individuos
Mossi (grupo étnico africano susceptivel a infecgdo por malaria), culturas de PBMCs
estimuladas por antigenos de malaria, na auséncia de células Treg, resultou no
reestabelecimento da proliferacdo celular, quando comparadas a culturas de PBMCs
na presenga de antigenos do parasito e células CD4°CD25" (Torcia et al., 2008). De
fato, é importante ressaltar que células reguladoras podem limitar a patologia causada
durante a infecgdo pelo parasito, controlando a resposta inflamatéria, mas também
podem comprometer o mecanismo efetor de destruigdo do parasito (Riley et al., 2006).

Uma outra populacéo celular, recentemente associada a infecgbes parasitarias,
sdo as ceélulas Th17 que, mediadas pelas citocinas IL-17 e IL-17F, induzem a
expressdo de quimiocinas e citocinas pro-inflamatérias, como consequéncia do
recrutamento e ativagdo de varias linhagens de leucocitos (lwakura et al., 2008).

Estudos controversos demonstram que as Th17 podem auxiliar na protegao contra as
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infeccbes experimentais de Trypanosoma cruzi (Miyazaki et al., 2010) e Toxoplasma
gondii (lwakura et al., 2008). Por outro lado, na leishmaniose cutanea humana foi
verificada uma relagdo com promogao da patogénese (Bacellar et al., 2009), sugerindo
que o papel da Th17 nas infec¢des parasitarias precisa ser elucidado.

Na terceira parte do nosso trabalho, demonstramos que individuos naturalmente
infectados por P. vivax apresentaram um aumento significativo das células Th17
(CD4"IL-17") circulantes no sangue periférico. Entretanto, ndo foi verificada nenhuma
associagao entre o numero absoluto dessas células com os pardmetros hematologicos
avaliados (niveis de hemoglobina e plaquetas) e parasitemia. Embora os nossos dados
nao permitam nenhuma conclusao clara a respeito do papel dessas células na protegao
ou patogénese, é importante apontar os dados obtidos por Ishida e colaboradores
(2010), em que se demonstrou o desenvolvimento de malaria cerebral e parasitemia
patente durante a infecgdo P. berghei ANKA em camundongos deficientes para IL-17 .
Interessante ressaltar que a producdo de IL-17 pelas células CD4" na malaria foi
demonstrada previamente para células Treg (Scholzen et al., 2009; Bueno et al., 2010),
o que pode ser refletido na diferenciagao de fenétipo de Th17 na presencga de citocinas
do tipo TGF-B e IL-6 (Korn et al., 2009). Existe uma relagdo bastante expressiva no
processo de diferenciagdo entre as células Th17 e Treg, demonstrada in vitro, e o
balanco entre esses dois tipos celulares poderia direcionar a resposta imune tanto para
a resisténcia quanto para a susceptibilidade a infec¢ao (Kimura et al., 2010).

A resposta celular protetora contra a malaria é iniciada por células
apresentadoras de antigenos, que ativam células CD4" e levam ao controle da
parasitemia, mediado pela agédo das citocinas IFN-y e TNF-a (Artavanis-Tsakonas et
al., 2002). No nosso trabalho, demonstramos que individuos com malaria vivax
apresentaram aumento da expressao de IFN-y e diminuicdo da expresséo de IL-10 em
células CD4". Além disso, demonstramos uma correlacdo direta entre o numero
absoluto de células Th17 e células CD4" circulantes produzindo IFN-y, IL-10 e TGF-B.
Uma vez que a produgcdo concomitante dessas citocinas n&do foi avaliada nesses
individuos, n&o é possivel afirmar se as células Th17 sdo também produtoras de IFN-y,
IL-10 e TGF-B, ou se a correlagdo observada somente reflete uma expanséao
coincidente entre essas subpopulagdes. Importa ressaltar que estudos recentes
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demonstraram que as ceélulas Th17 sdo também fonte de IFN-y e IL-10 (McGeachy et
al., 2007; Lexberg et al., 2010), mas trabalhos futuros sdo necessarios para determinar
a funcdo precisa dessas células coexpressando IFN-y e IL-10. Ainda assim, a
consequéncia do aumento na producéo de IL-17 e IFN-y em individuos infectados por
P. vivax resultaria em um ambiente pré-inflamatorio, incluindo indugao da produgao de
reativos de oxigénio e nitrogénio (iINOS), peptideos antimicrobicidas e outras citocinas,
permitindo assim um ambiente de resposta imune favoravel contra o parasito.

Muitos estudos indicam que a protegao contra a fase sanguinea da infecgéo é
dependente tanto da resposta imune celular quanto humoral (Struik et al., 2004; Good
et al., 2005; Langhorne et al., 2008). Na resposta contra os estagios sanguineos, a
eliminagdo do parasito parece ocorrer apos o desenvolvimento de uma resposta
especifica de anticorpos a antigenos variantes de superficie (Good et al., 2005). O
desenvolvimento de uma vacina de subunidade contra a malaria tem sido perseguido
exaustivamente por varios pesquisadores no mundo inteiro (Moorthy et al., 2004;
Herrera et al., 2007). Embora numerosos antigenos tenham sido descritos, nenhum
obteve até agora uma resposta efetiva protetora, longa e duradoura. Nao obstante, um
progresso significativo foi alcangado, uma vez que varios antigenos candidatos a
vacina estdo sendo testados em fase pré-clinica e clinica (Webster et al., 2003;
Moorthy et al., 2004; Herrera et al., 2007). Uma das proteinas mais promissoras a vir a
compor uma vacina € o Antigeno 1 de Membrana Apical (AMA-1) devido a eficacia
observada depois do desafio feito com a proteina nativa ou recombinante em modelos
experimentais e macacos (Deans et al., 1988; Collins et al., 1994; Anders et al., 1998;
Herrera et al., 2007). Alguns estudos de fase 1 em individuos infectados ja foram
realizados (Ockenhouse et al., 1998; Malkin et al., 2005; Saul et al., 2005), e resultados
de estudos de fase 2 sao esperados em breve (Remarque et al., 2008).

Na ultima parte do nosso trabalho, o nosso objetivo foi caracterizar regides
naturalmente imunogénicas para células B dentro da proteina Pv-AMA-1. Inicialmente
foi observado que soros de individuos naturalmente infectados por P. vivax
apresentaram mais de 60% de reconhecimento de anticorpos IgG especifico para essa
proteina. De fato, em estudos imunoepidemioldgicos, ja foi demonstrado que individuos

com diferentes graus de exposigdo ao parasito apresentavam alto grau de
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reconhecimento IgG especifico para a proteina AMA-1 (Thomas et al., 1994; Morais et
al., 2006; Gunasekera et al., 2007). Também demonstramos uma proporgéo similar de
reconhecimento de anticorpos IgG entre as proteinas AMA-1 e dominio Il (DII), durante
a infecgao natural, corroborando estudos prévios em que foi verificado que o DIl € uma
regido particularmente imunogénica da proteina AMA-1 (Mufalo et al., 2008). Além
disso, na analise de subclasses de IgG, foi observado um predominio da produgéo de
anticorpos 1gG1 e 1gG3 contra essas duas proteinas, que desempenham papel
importante na resposta imune protetora mediada por anticorpos contra a malaria
(Druilhe et al., 1987). Embora o padrao de subclasses de IgG contra a proteina AMA-1
ja tenha sido caracterizado em infec¢des naturais (Morais et al., 2006; Remarque et al.,
2008), demonstramos pela primeira vez a prevaléncia de isotipos de IgG especificos
frente a proteina DIl em individuos com malaria vivax. Nos nossos estudos foi também
observada uma equivaléncia no reconhecimento de anticorpos IgG e suas subclasses
entre o ectodominio (AMA-1) e DII, confirmando a imunodominancia do DIl dentro da
proteina AMA-1.

A selecdo de epitopos parasitarios que aumentem a resposta protetora de
anticorpos apos imunizagdes poderia facilitar o desenvolvimento de uma vacina efetiva.
A recente disponibilidade de genomas (Carlton et al., 2008; Pain et al., 2009),
proteomas (Wastling et al., 2009) e transcriptomas (Bozdech et al., 2008) das espécies
de Plasmodium e o desenvolvimento de algoritmos capazes de predizer epitopos de
células B (Blythe et al., 2005; Larsen et al., 2006) facilitaram a identificacdo de
antigenos vacinais promissores (Doolan, 2010), além de regides imunodominantes
dentro de candidatos ja selecionados. No nosso estudo, analisamos a sequéncia
primaria de Pv-AMA-1 na busca de possiveis epitopos lineares de células B ocorrendo
em regides intrinsicamente desestruturadas/desordenadas (IlURs). Nossos resultados
demonstraram que epitopos preditos de células B sao distribuidos por todos os trés
dominios da proteina. Portanto, considerando o alto grau de conservagao da sequéncia
de aminoacidos no DIl tanto para P. vivax quanto para P. falciparum (Chesne-Seck et
al., 2005; Putaporntip et al., 2009), a forte associagado da resposta de anticorpos entre
AMA-1 e dominio I, e o epitopo com maior pontuagado de predicdo, selecionamos o
peptideo SASDQPTQYEEEMTDYQK para sintese quimica e analise imunoldgica. Esse
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peptideo ndo apresentou nenhuma homologia com a sequéncia genbOmica de
camundongos e humanos, reforcando a possibilidade futura do seu uso em estudos
pré-clinicos e clinicos.

A analise do peptideo sintético usando soro de individuos naturalmente
infectados com P. vivax que apresentavam reatividade prévia somente a proteina AMA-
1, somente para o DIl, e para ambos antigenos, demonstraram que o peptideo
selecionado foi reconhecido por todas as amostras de soros que reconheciam
especificamente o dominio Il. Além disso, soros de individuos infectados que néo
reconheciam previamente a proteina DIl apresentaram positividade consideravel
(58,3%) contra o peptideo sintético, sugerindo que, durante a infec¢ao natural, ocorre a
producdo especifica de anticorpos contra esse epitopo imunogénico. Esses resultados
sugerem que esse peptideo linear € altamente imunogénico durante a infecgdo natural
por P. vivax, e provalvelmente € a regido mais imunogénica dentro do DIl. Embora
anticorpos tenham papel fundamental na resposta imune protetora contra os estagios
sanguineos da malaria (Good et al., 2010), n&o é possivel determinar a contribui¢cao
real desses anticorpos frente a esses polipeptideos na malaria. No entanto, um estudo
interessante realizado por Pizzaro e colaboradores (Pizarro et al., 2005), utilizando
anticorpo monoclonal 4G2 especifico para AMA-1 (inibidor da invasao eritrocitica de P.
falciparum), demonstrou a importancia de regides desordenadas entre os residuos 348
e 389 (equivalentes aos residuos 293 a 334 de Pv-AMA-1) na invasdo parasitaria. A
selecdo de epitopos imunogénicos dentro da proteina AMA-1 poderia facilitar a
transposicdo de alguns obstaculos ainda existentes no desenvolvimento de uma
vacina, resultando na producgéo de peptideos quiméricos em larga escala e, ainda, no
dobramento correto de proteinas contendo multiplos epitopos relevantes, fatores esses
que sao importantes para a geragao de resposta imune efetora contra o parasito.

O desencadeamento da resposta imune efetora durante a infeccdo malarica é
um processo complexo e que vem sendo caracterizado ao longo das ultimas décadas.
Apesar dos avancos realizados até o momento serem consideraveis, sobretudo para a
infeccdo por P. falciparum, ainda nao foi possivel definir o balango ideal entre
imunidade e mecanismos que regulam a patologia, e porque a imunidade contra a

infecgdo por Plasmodium pode aparentemente ser de curta duragdo. Os trabalhos
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focados no entendimento da resposta imune contra a infecgdo por P. vivax ainda séo
escassos, e estudos adicionais ainda sao necessarios para elucidar o padrdao de
resposta protetora e fatores associados a imunopatologia. Ainda que a resposta
imunologica contra as diferentes espécies de Plasmodium possa apresentar
mecanismos efetores comuns, é importante ressaltar que o ciclo biolégico do P. vivax
apresenta diferencas importantes a serem consideradas como, por exemplo, a
ocorréncia de hipnozoitos e a formagao de resposta inflamatoria exacerbada (de maior
magnitude da observada em resposta a P. falciparum) (Andrade et al., 2010). Em
nossos trabalhos foram feitos alguns avangos e foi possivel caracterizar aspectos da
resposta imune celular e humoral na infec¢do por malaria vivax em pacientes sem
complicagbes clinicas e provenientes de area de baixa endemicidade. Nossos
resultados representam contribuigdes significativas para o conhecimento das relagdes
parasito-hospedeiro, principalmente acerca dos mecanismos de defesa e regulagcéo do
hospedeiro frente a infecgéo por P. vivax.
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7. CONCLUSOES

* Ainfeccdo por P. vivax induz a modulagdo da maturagéo de células dendriticas,

que pode ser parcialmente revertida apos estimulo antigénico com Pv-AMA-1.

* Pv-AMA-1 induz um perfil imunolégico de citocinas associadas a protegao

clinica, importantes para o controle da infecgdo malarica.

* Durante a infecgdo por P. vivax, ha tanto um aumento do numero de células
Treg ativadas no sangue periférico quanto das moléculas de superficie e de

mediadores associados a supressao da resposta imune.

* O numero de células Treg durante a infecgédo esta diretamente correlacionado a
parasitemia, mas ndo aos niveis de hemoglobina ou de plaquetas.

* As células Treg inibem a proliferacdo antigeno especifica de PBMCs de

individuos infectados por P. vivax.

* Durante a infeccéo por P. vivax, ha um aumento do numero de células Th17 no
sangue periférico, acompanhado por um aumento do nimero de células CD4"

produtoras de IFN-y e redugéo do nimero de células IL-10".

* A produgao de IL-17 esta associada a produgédo concomitante de IFN-y, TGF-B e
IL-10.

* O numero de células Th17 durante a infeccdo ndo esta correlacionado a
parasitemia, niveis de hemoglobina ou de plaquetas nos individuos avaliados em

nosso estudo.

* Os perfis de respostas de anticorpos IgG e seus isotipos especificos anti-Pv-
AMA-1 e anti-DIl sdo similares em individuos naturalmente infectados por P.
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vivax, indicando a imunodominancia deste dominio dentro da proteina Pv-AMA-
1.

O peptideo SASDQPTQYEEEMTDYQK demonstrou ser um epitopo de célula B
altamente antigénico, devido a sua reatividade sorologica durante a infecgao

natural por P. vivax.
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