


V)
Ministério da Saude -4
Ministério da Saude

Fundagéo Oswaldo Cruz
Instituto René Rachou

Fundacédo Oswaldo Cruz
FIOCRUZ

Ministério da Saude
Fundac&o Oswaldo Cruz
Instituto René Rachou
Programa de Pos-graduacao em Ciéncias da Saude

Caracterizacao Imunoldgica e Molecular da
Duffy Binding Protein do Plasmodium vivax
em Areas de Transmissdo de Maléaria da
Regido Amazonica e Extra-Amazonica Brasileira

Isabela Penna Ceravolo

Tese apresentada com vistas a obtencdo do Titulo de
Doutor em Ciéncias na area de concentracao de
Doencas Infecciosas e Parasitarias

Orientacéo: Dra. Luzia Helena Carvalho

Co-orientacao: Dra. Cristiana Ferreira Alves de Brito

Belo Horizonte
junho/ 2007



Catalogacao-na-fonte

Rede de Bibliotecas da FIOCRUZ
Biblioteca do IRR

Segemar Oliveira Magalhdes CRB/6 1975

C411
2007

Ceravolo, Isabela Penna

Caracterizagdo Imunolégica e Molecular da Duffy Binding
Protein do Plasmodium vivax em Areas de Transmiss&o de Malaria
da Regido Amazodnica e Extra-Amazoénica Brasileira / Isabela Penna
Ceravolo - Belo Horizonte, 2007.

vii, 115 f:il.; 210 x 297mm.

Bibliografia: 107-115

Tese (doutorado) - Tese para obtencdo do titulo de Doutor em
Ciéncias pelo Programa de Pés-Graduacdo em Ciéncias da Saude
do Instituto René Rachou. Area de concentracdo: Doencas
Infecciosas e Parasitarias.

1. Maléria 2. Plasmodium vivax 3. Duffy binding protein.
I. Titulo. II. Carvalho, Luzia Helena (Orientacdo). IlIl. Brito,
Cristiana Ferreira Alves de (Co-orientacao).

CDD - 22.ed. - 616.936 2




Ministério da Saude

RAOCRUZ
Fundagio Oswaldo Crux

Centro de Pesquisa René Rachou
Programa de Pos-Graduagho em Clincias da Saude

Ata da quinta defesa de tese de doutorado do Programa de Pés-Graduacéo em
Ciéncias da Satide, da aluna Isabela Penna Cerévolo, sob a orientac&o da Dra.
Luzia Helena Carvalho e co-orientagcdo da Dra. Cristiana Ferreira Alves de
Brlto.

Aos vinte e nove dias do més de junho do ano de dois mil e sete, as
quatorze horas, realizou-se no auditério do Instituto René Rachou, o exame
da quinta tese de Doutorado, do Programa de Pés-Graduagdo em Ciéncias da
Satde do Instituto René Rachou/FIOCRUZ, como requisito para a obtengdo do
titulo de Doutor em Ciéncias - &area de concentragdo Doengas Infecciosas e
Parasitidrias. A tese da aluna Isabela Penna Cerédvolo intitula-se
"Caracterizagdoc dimunolégica e molecular da Duffy Binding Protein do
Plasmodium vivax em areas de transmissd3o de malaria da regif@o Amazénica e
extra-Amazdnica Brasileira”. A banca examinadora foi constituida pelos
professores: Dra. Luzia Helena Carvalho - IRR/Fiocruz (orientadora e
presidente da banca), Dr. Ricardo Luiz Dantas Machado - FMSJRP (membro
titular), Dr. Fébio Trindade Maranhdo Costa - UEC (membro titular), Dr.
Ricardo Toshio Fujiwara - IRR/Fiocruz (membro titular), Dr. Luis Carlos
Crocco Afonso - UFOP |membro titular) e Dra. Iramaya Rodrigues Caldas -
IRR/Fiocruz (suplente). Apbés argiir a aluna e considerar se a mesma
demonstrou capacidade .no trato do tema escolhido e sistematizagdo na
apresentacdo dos dados, a Banca Examinadora assim se pronunciou: De acordo
com o regulamento do Programa de Pés-Graduagdo em Ciéncias da Saude, a
aluna foi considerada RIMQA{}J . Uma vez encerrado o

exame, eu, Luzia Helena Carvalho, presidente da Banca, assino a presente

ata juntamente com os membros da Banca Examinadora. Belo Horizonte, vinte e
nove de junho de dois mil e sete.

Nnn

Dra. Luzia alho

Dr. Ri Tuiz 7&al Machado

Dr. @aﬂo Tosh?b

Dr. Luis Carlos Croc Afonso

A o).

Dra. Iramdya Rodrigues Caldas

Av. Augusto de Lima, 1715 Barro Preto Belo Horizonte MG Brasil Cep: 30180-002



™™
Ministério da Saude =
Fundagédo Oswaldo Cruz Ministério da Salde

FIOCRUZ Fundag&o Oswaldo Cruz
Instituto René Rachou

Ministério da Saude
Fundacdo Oswaldo Cruz
Instituto René Rachou
Programa de Pos-graduacao em Ciéncias da Saude

“Caracterizacado Imunologica e Molecular da
Duffy Binding Protein do Plasmodium vivax
em Areas de Transmissdo de Maléria da
Regidao Amazonica e Extra-Amazonica Brasileira”

por

Isabela Penna Ceravolo

Foi avaliada pela Banca Examinadora composta pelos seguintes membros:

Dra. Luzia Helena Carvalho (Presidente)
Dr. Ricardo Luiz Dantas Machado

Dr. Ricardo Toshio Fujiwara

Dr. Luis Carlos Crocco Afonso

Dra. Iramaya Rodrigues Caldas

Tese defendida e aprovada em 29/06/2007



Esse trabalho foi realizado no Laboratério de Maléaria do Instituto
René Rachou (IRR), Fundacédo Oswaldo Cruz (FIOCRUZ), sob a
orientagao da Dra. Luzia Helena Carvalho, co-orientagcdo da Dra.
Cristiana Ferreira Alves de Brito, e com suporte financeiro do
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq), Organizacdo Mundial da Saude (TDR/WHO), Fundacao
de Amparo a Pesquisa de Minas Gerais (FAPEMIG) e PAPES IV
FIOCRUZ.

Orgéos Financiadores:

Fundagdo de Amparo a Pesguisa do
Estado de Minas Gerais

FAPEMIG

‘f\ L
4 £
\ “'Pl‘:‘s
Ministério da Satde Fundac&o M‘% A
UNDP/WHO/TDR Oswaldo Cruz Instituto René .

Bank/WHO/TDR Rachou



Epigrafe

“E preciso recordar sempre que, por detrds de cada
tabela, de cada relatdrio, ou de cada material de
exame, existe vida, existe gente, existe sofrimento, d
espera do nosso esforco e da nossa solidariedade

humana’,

Carlyle Macedo
Diretor da Organizacdo Pan-Americana da Salde

“Vocé cria seu proprio universo enquanto

vive e caminha’.

Winston Churchill
(1803-1882)




Agradecimentos

Ao Nobel, pelo carinho, dedicagdo, respeito, compreensdo e paciéncia
inesgotdveis durante toda minha jornada trilhada no ensino e na pesquisa.
Aos meus pais, pelo apoio, estimulo e carinho.

Aos meus irmdos, cunhados e sobrinhos e demais familiares,

pela paciéncia e por minha constante auséncia.




Agradecimentos

“Cuzia, eu tinha tanta certeza de que gostaria de trabalhar com maldria e
especialmente com vocé, que me propus a esperar seu tetorno do Pos-
Doutorado, nos Estados Unidos, por aproximadamente trés anos. Mas
posso [he garantir que, em nenhum momento, me arrependi de ter adiado a
continuagdo da minha formagdo! Muito pelo contrdrio, sinto orgulho de ter
sido sua primeira aluna de Pos-Graduacdo! Hoje eu somente tenho a
agradecer a exemplar orientacdo, a confianca depositada, o constante

entusiasmo e, sobretudo, a prestimosa amizade”.




Agradecimentos

AGRADECIMENTOS

A Cristiana pela co-orientacao, paciéncia, 6timas sugestdes e, sobretudo, pela amizade.

As grandes e eternas amigas, Simone Mansur e Flavia Rodrigues, pelo constante e agradavel
convivio nas horas boas e dificeis.

A Tais, Flavia Alessandra, Simone Aparecida, Marcella e Bruno Sanchez, pela colaboragéo e
amizade.

Aos amigos que pertencem ou que ja pertenceram ao Laboratorio de Malaria: Anderson, Antonio,
Armando, Bruno Rocha, Cristiane, Fernanda Freire, Fernanda Rezende, Fernando, Francine,
Isabela Freitas, Isabela Ribeiro, Junia, Karla, Leonardo, Luciana Andrezza, Luiza, Marcele,
Maira, Maria Gabrielle, Marino, Paloma, Sabrina, Thiago Mour&o, Thiago Xavier, Walison e
Weslley.

Aos grandes amigos Tania, Nilton, Valter, Rodrigo e Maureen, que demonstraram boa-vontade e
disposicdo sempre que solicitados.

A Alice, Renata e Marialice, pela grande ajuda, disponibilidade e amizade.

A Ana Paula pela assessoria nas analises estatisticas e, sobretudo, pela parceria e amizade.

Ao Dr. Luciano Andrade Moreira e a Dra. Antoniana Ursine Krettli pelo apoio e disponibilidade.

Ao meu grande amigo Geraldo, pela boa-vontade, disposi¢c&o e constante ajuda.

Aos professores do Curso de POs-Graduagdo do Instituto René Rachou, onde desenvolvi a
maioria dos créditos necessarios para a conclusao da minha tese.

A Michelyne pela disponibilidade durante minha defesa de memorial, e, sobretudo, pela amizade.

Aos pesquisadores, Dr. Stefan Michael Geiger, Dr. Luis Carlos Crocco Afonso e Dra. Andréa
Teixeira de Carvalho, pelo empenho e valiosas sugestfes durante a minha qualificacdo de
doutorado.

A todos os colegas e amigos da Administrac@o e de outros laboratérios do Instituto René Rachou.

A direcdo do Instituto René Rachou, nas pessoas do Dr. Alvaro Romanha, Dr. Rodrigo Corréa-
Oliveira e Roberto Sena Rocha.

A Heloisa, pela amizade e valiosas sugestées.

A Dra. Virginia Torres Schall, Dra. Cristiana Ferreira Alves de Brito e Dr. Paulo Marcos Zech
Coelho da Coordenagédo do Curso de Pds-Graduagdo em Ciéncias da Saude do Instituto René
Rachou, pela dedicagéo e disponibilidade.

A Cristiane, Neide e Andréia da Secretaria de Pos-Graduacdo em Ciéncias da Saude do Instituto
René Rachou, pela boa-vontade sempre que solicitadas.

Ao CNPq, TDR/WHO, Fapemig e PAPES IV/FIOCRUZ, pelo financiamento desse trabalho.

A todos, enfim, que auxiliaram, direta ou indiretamente, na realizagdo dessa tese, 0s meus

sinceros agradecimentos.




Sumario

SUMARIO
LISTA DE FIGURAS ...ttt ettt et e e bt e e e e s eeas 1]
LISTA DE ABREVIATURAS ..ottt ettt s v
RESUMO ...ttt e et e e et e e e R e e et e e e e e s eean \
AB STRA CT ittt e s tean Vi
INTRODUGAO ...ttt ettt ettt ettt e ettt e et ae et seeaese s et et eaesnae e 1
N 4 F= = T = W Lo T = = 1| OSSR 2
1.1 Amazinialegal ... 2
1.2. Regid0o eXtra-AmMAazZONICaA .......cooeeieeeeee e 3
2. Ciclo biologico da malaria humana ..., 4
2.1. Processo de invasao dos eritrocitos pelos parasitos da malaria .........ccccceeeeeeiiciiiinnnns o 4
3. Aquisicao da imunidade clinica em areas endémicas de malaria ...........cccccccvveeeeeeiiciinn e 7
4. Proteinas de estagios sanguineos candidatas a vacina contra o P. vivaX ..........ccccccoeeun e 9
8L S I 1 (O I A N 13
OBUJETIVOS ..ttt e et e et e e et e e et e e ekt e e e e e e e 14
MATERIAL E METODOS .....ovitiiiieiiitee sttt sttt ettt eae et s bbb s b ne e 15
Y T R =t (0o - Lo =Y SRS 15
1. AMAZONIA LEJAD .ot e e e 15
1.1. VOlIuNtarios € COoleta 08 SANQUE ........coiuuiiiiiiiie ettt e e e e e e e 16
2. Regido extra-AmazOniCa .........cooeveiieieee e 16
2.1. Voluntarios e coleta de SANQUE .........coooeeiiiiiiiii e, 18
3. Obtencao de plasmas € DINA ..., 19
4.Fenotipagem e genotipagem do receptor do antigeno do grupo sanguineo Duffy/DARC .... 19
5. Proteinas reCoOMDINANTES ........coiiiiiiiiiiee et e e e e e e e e e e e e e e s s e e eeeaeeaen ees 21
5.1. Duffy binding protein de P. vivax (PVDBP) .........coiiiiiiice e eens 21
5.2. Proteina de superficie do merozoita 1 de P. vivax (PVMSP-1) .....................c, 22
LR T @ 10 11 (0 F-= 1110 =T T L= 23
6. Ensaio de ELISA para deteccéo de anticorpos anti-PvDBP e anti-PvMSP-1jg........c.cee. ... 23
7. Ensaio funcional para detec¢éo de anticorpos bloqueadores da interacdo DBP,-DARC .... 24
7.1. Plasmide0s DBP|F-PEGFP ......coooiiiiiiiiiiee ettt e e et e e e e e e e eeeeennes 24
7.2. Transfecc8o e ensaio fUNCIONAI .............ooviiiiiiiiii e 24

8. Avaliagédo do polimorfismo da regido Il da PvDBP (DBP,) através de sequenciamento

(o [ T D\ POt 25
9. ANALISE UOS HAUOS ... .uvviiiiiiieee ettt e e e e e e e e e e e e e e e e st r e e aeeeeeeanssbaeeeaaeessrannns 26
RESULTADOS ...oeiiiiiitiite ettt e ettt e e skttt e e e ettt e e e ettt e e e e s bt e e e e e s be e e e e annteeeeeannbeaeean aens 27
N 3 I [ e PP 28

Tese de Doutorado Isabela Penna Ceravolo




Sumario

ARTIGO 2 ..o e 35
ARTIGO 3. .o s 59
ARTIGO 4 ..o s 82
ARTIGO 5 ..o s 90
CONSIDERAGOES FINAIS ...ttt 94

1. Anticorpos anti-PvDBP s&o naturalmente induzidos em individuos expostos a
transmissao de malaria na Amazonia brasileira ... 94
2. A resposta de anticorpos anti-PvDBP na Amazonia brasileira inclui anticorpos que tém
capacidade de inibir a interaGao ligante-reCEPLON ........ouiiiiiiiiiiiiiie e 95
3. Individuos expostos pela primeira vez a infeccao pelo P. vivax em area ndo-endémica
desenvolvem anticorpos IgG anti-PVDBP ..............ccooiiiiiiiiiiiii 96

4. Anticorpos blogueadores da interacdo ligante-receptor sdo induzidos contra uma

variante semelhante a DBP); qUE CaUSOU O SUIMO ..........ccceiiiiiiiiiiiiiii e e 98
CONCLUSOES ...ttt bbbttt 99
ANEXOS ..o e 100
ANEXO 1. Termo de Consentimento Livre e Esclarecido ............ccccocviiiiiiiiiniii e, 101
ANEXO 2. Parecer do Comité de Etica do Centro de Pesquisa René Rachou ....................... 102
ANEXO 3. Questionario para Coleta de Dados de Pacientes ...............cccceeviiiniiiiiciiniinn, 104
ANEXO 4. Parecer da Secretaria do Estado da Saude de Minas Gerais ................cccceueea.. 105
REFERENCIAS BIBLIOGRAFICAS ..ottt 107
Tese de Doutorado Isabela Penna Ceravolo




Lista de Figuras

LISTA DE FIGURAS

FIGURA 1. Representacdo esquematica da proteina PVDBP ..........cccccccviiiiiiiiiiiiiee e, 7

FIGURA 2. Condi¢des de habitagdo em areas da Amazonia brasileira ..............ccocecvvvvieeeeennnnnns 15

FIGURA 3. Mapa da regido metropolitana de Belo Horizonte indicando a localizagéo do distrito de

Souza, municipio de RI0O MaNS0, MG .........ouuiiiiiieiiiiiiiii e e e e e e e e raaaeeeas 17

FIGURA 4. Foto ilustrando a regido do surto de malaria .............cccuvevvviiiiiiiiniiieiiiiniiiinnen. 18

FIGURA 5. Representacdo esquematica demonstrando a proteina recombinante PvDBP,y que

foi produzida, purificada e utilizada nos ensaios soroldgicos de ELISA, e o plasmideo utilizado na

construcao da proteina de fuSA0 PVYDBP |11y «.cvvviiiiiiiiiiiiiiiiieee et 21
FIGURA 6. Obtencao da proteina PYDBP |y «..uuuuuuuuuuiiiiiiiiiiiiiiiiiniiareaaseanseennesanesseennnennne 22
Tese de Doutorado Isabela Penna Ceravolo




Lista de Abreviaturas

ABREVIATURAS MAIS UTILIZADAS

aa. Aminoécidos

AMA-1. Antigeno apical de membrana 1 (Apical Membrane Antigen 1)

DARC. Antigeno do grupo sanguineo Duffy e receptor para quimiocinas (Duffy Antigen Receptor
for chemokines)

DBL-EBP. Familia de proteinas de ligac@o aos eritrécitos que apresentam um dominio de ligagdo
do tipo que se liga ao antigeno Duffy/DARC (Duffy binding-like Erythrocyte-binding protein)

DBP. Proteina de ligagdo ao eritrocito (Duffy binding protein)

DBP,.. Dominio de ligagéo (regido Il) da DBP do P. vivax

dbpll. Gene que codifica a regido Il da DBP do P. vivax

DMEM. Meio essencial minimo de Eagle modificado por Dulbeccos’ (Dulbeccos’ Modified Eagle
Medium)

DO. Densidade dtica (optical density)

EBA-175. Proteina de ligacdo aos eritrocitos de 175kDa de P. falciparum (P. falciparum
Erythrocyte Binding Protein-175)

EDTA. Acido etilenodiaminotetracético (Ethylenediaminetetraacetic acid)

ELISA. Ensaio imunoenzimético (Enzyme-linked immunosorbent assay)

FIOCRUZ. Fundacéo Oswaldo Cruz

Fy? Fy°. Antigenos A e B do grupo sanguineo DARC

Fy. Auséncia de expressédo dos antigenos A e B do grupo sanguineo DARC na superficie dos
eritrocitos

FY. Gene que codifica 0 antigeno do grupo sanguineo DARC

FY*A, FY*B. Alelos do grupo sanguineo DARC que codificam os antigenos A e B, respectivamente

FY*A®S, FY*B®°. Alelos do grupo sanguineo DARC que néo codificam os antigenos A e B

FY. Locus do receptor do antigeno do grupo sanguineo DARC

GFP. Proteina de fluorescéncia verde (Green protein fluorescent)

GS4B. Glutationa sepharose 4B

GST. Glutationa S-transferase de Schistosoma japonicum

IgG. Imunoglobulina da classe G

lgG1. Imunoglobulina G da subclasse 1

IgG3. Imunoglobulina G da subclasse 3

IPTG. Isopropil-beta-D-tiogalactopiranosideo (Isopropyl-beta-D-thiogalactopyranoside)

IRR. Instituto René Rachou, Fundacdo Oswaldo Cruz

kDa. Kilodalton

mM. Milimolar

Kg. Micrograma

ul. Microlitro

Tese de Doutorado Isabela Penna Ceravolo




Lista de Abreviaturas

HM. Micromolar

MSP-1. Proteina de superficie do merozoito 1 (Merozoite Surface Protein-1)

ng. Nanograma

nm. Nandémetro

OPD. Cromégeno ortofenilenodiamino diidrocloreto (o-phelylenediamine dihydrochloride)

pb. Pares de bases

PBS. Salina tamponada com fosfato (Phosphate-buffered saline)

PBS-T. Salina tamponada com fosfato acrescentada de 0,05% de Tween 20

PCR. Reac¢do em Cadeia da Polimerase (Polymerase Chain Reaction)

PCR-ASP. Reacdo em Cadeia da Polimerase alelo-especifica (Allele Specific Polymerase Chain
Reaction)

pEGFP. Plasmideo que codifica a proteina de fluorescéncia verde potencializada (Enhanced

Green Fluorescent Protein)

ul. Microlitro

pmoles. Picomoles

PNG. Papua Nova Guiné, Oceania

PNG 7.18. Variante de DBP), de P. vivax isolado na Papua Nova Guiné (VanBuskirk et al., 2004a)

PvDBP. Proteina do P. vivax de ligacdo ao antigeno do grupo sanguineo DARC (Duffy binding
protein of P. vivax)

PvDBP,.y. Proteina Duffy binding protein recombinante contendo as sequéncias codificadoras
das regides Il a IV construida em fusdo com o gene que codifica a proteina glutationa S-
transferase de Schistosoma japonicum

PvMSP-1. Proteina de superficie do merozoita 1 do P. vivax (Merozoite Surface Protein 1 of
Plasmodium vivax)

PvMSP-1,,. Proteina que representa a regido C-terminal de 19kDa da proteina de superficie do
merozoito 1 do P. vivax

PvRBP. Proteina de ligagédo do P. vivax a reticuldcitos (P. vivax Reticulocyte Binding Protein)

Sal-1. Variante de DBP, de P. vivax de um clone de referéncia de laboratoério isolado em El
Salvador (Fang et al., 1991)

SBF. Soro bovino fetal (Fetal bovine serum)

SDS. Dodecil sulfato de sddio (Sodium dodecyl sulfate)

Real Time PCR. Reacdo em cadeia da polimerase em tempo real (Real Time Polymerase Chain
Reaction)

TNN. Municipio de Terra Nova do Norte, MT, Brasil

Tween 20. Polioxietileno-sorbitano-monolaurato (Polyoxyethylenesorbitan monolaurate)

U. Unidade Internacional

UV. Ultravioleta

Tese de Doutorado Isabela Penna Ceravolo




Resumo

RESUMO

A Duffy binding protein de Plasmodium vivax (PvDBP) é funcionalmente importante no processo
de invasdo do parasito em eritrécitos humanos Duffy/DARC positivos, sendo considerada,
portanto, um importante antigeno candidato a vacina. Utilizando uma proteina recombinante
contendo as regides Il a IV da PvDBP em ensaios de ELISA, o presente estudo demonstrou que
diferentes populagbes da Amazonia brasileira desenvolvem anticorpos anti-PvDBP. Nessas
areas, a prevaléncia e os niveis de anticorpos variaram em funcéo do nivel de exposi¢ao, sendo
a frequéncia de respondedores maior entre individuos que apresentavam histéria de longa
exposicao a malaria (>10 anos). Para investigar se essa resposta imune anti-PvDBP incluia
anticorpos que bloqueavam a interacao ligante-receptor, utilizou-se um ensaio de citoaderéncia in
vitro onde o dominio de ligacéo da PvDBP (regido Il, DBP)) era expresso na superficie de células
COsS-7 transfectadas. Anticorpos bloqueadores contra diferentes variantes da DBP, foram
observados em individuos com histéria de longa exposicdo a malaria na Amazénia brasileira.
Esses dados demonstraram, pela primeira vez, que individuos residentes em areas de
transmissdo endémica instavel, como a Amazbnia brasileira, desenvolvem anticorpos
bloqueadores da interacdo DBP;-DARC. Contudo, ainda ndo esta claro se esta resposta de
anticorpos esta correlacionada a infec¢do assintomatica de malaria. Em uma segunda etapa
desse trabalho, estudou-se a resposta imune a PvDBP em individuos expostos pela primeira vez
a malaria, durante um surto de transmissdo autoctone de P. vivax ocorrido em Minas Gerais,
area ndo endémica. Nessa area do surto, a abordagem experimental foi monitorar a resposta de
anticorpos anti-PvDBP nos individuos que se infectaram (casos, n = 15), bem como em seus
parentes e/ou vizinhos que ndo se infectaram (ndo-casos, n = 18, controles da area), por um
periodo de 12 meses. Embora apenas 20% dos individuos que se infectaram desenvolveram
anticorpos IgG anti-PvDBP, um “boosting” dessa resposta foi observada naqueles que
apresentaram recaida(s) da infec¢do pelo P. vivax. Nenhum dos individuos controles da area
desenvolveu anticorpos anti-PvDBP. Por meio da genotipagem do antigeno DARC foi descartada
a hipotese de que os individuos pertencentes a este grupo (ndo-casos) fossem resistentes a
infec¢cdo, ou seja, ndo apresentavam o antigeno DARC na superficie de seus eritrécitos.
Portanto, a ndo-infec¢céo desses individuos foi atribuida, provavelmente, ao curto periodo em que
estiveram expostos a transmisséo. Dessa forma, o préximo passo desse estudo foi analisar se o0s
individuos que se infectaram (casos) desenvolviam anticorpos bloqueadores da interacdo DBP-
DARC. Considerando que a DBP, é altamente polimdrfica, DNAs de isolados do surto foram
inicialmente sequenciados para identificar as variantes de DBP), circulantes. As sequéncias da
DBP, obtidas demonstraram a presenca de um Unico alelo de dbpll tanto nas infeccbes
primérias, quanto nas recaidas. Assim, o ensaio funcional foi realizado com células COS-7 que
expressavam duas diferentes variantes da DBP,. Nesta populacao, o resultado de 12 meses de
acompanhamento forneceu evidéncias de que anticorpos blogueadores da interacdo ligante-
receptor apresentam uma curta duragdo, e parecem ser alelo-especificos, ja que uma inibicdo da
interacdo DBP,-DARC foi observada apenas quando uma variante de DBP, semelhante a do
isolado do surto foi utilizada.
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Abstract

ABSTRACT

The Duffy binding protein of Plasmodium vivax (PvDBP) is a critical adhesion ligand that
participates in merozoite invasion of human Duffy/DARC positive erythrocytes, being considered,
therefore, a logical target for vaccine-mediated immunity. In the present study, we demonstrated
that the PvDBP is naturally immunogenic in different populations of the Brazilian Amazon, and the
proportions of PvDBP IgG positive reaching a peak in those subjects with long-term exposure
(> 10 years) in the Amazon area. To examine the ability of these anti-PvDBP sera to inhibit the
protein erythrocyte-binding function, we used an in vitro binding assay, in which the PvDBP ligand
domain (region Il, DBP,)) was expressed on the surface of cultivated mammalian COS-7 cells. The
data obtained demonstrated that a long-term exposure to malaria in the Amazon area elicits an
inhibitory antibody response against different DBP, variants. However, this anti-functional
antibody response was not related with asymptomatic P. vivax infection. In a second step of this
study, we investigate the antibody response to PvDBP during a P. vivax malaria outbreak that
occurred in Minas Gerais State, Brazil, a non-endemic area. Our experimental approach was to
carry-out a 12-month following-up of these individuals (cases, n = 15), including individuals who
were considered to be exposed to the risk of infection but who had neither symptoms nor blood
parasites (non-cases, n = 18). Although only 20% of the infected individuals have developed an
antibody response to the PvBDP, a secondary boosting could be achieved by the time of a new
P. vivax episode (relapses). Since none of the individuals studied carried the refractory genotype
DARC-negative, we conclude that the absence of antigen DARC on the erythrocytes surface was
not responsible for the malaria resistance in the control group (non-cases). DNA sequences from
primary/relapses samples demonstrated that a single dbp allele was detected in the outbreak
area. To investigate neutralizing antibodies to ligand domain of the DBP (cysteine-rich region II,
DBP,), we performed cytoadherence assays with mammalian cells expressing DBP, sequences
which were related or not to those from the outbreak isolate. The results of a 12-month follow-up
period provided evidence that naturally acquired neutralizing antibodies to DBP,, are short-lived,
and seem to be allele-specific. This is the first evidence that naturally acquired neutralizing

antibodies to DBP), are short-lived and seem to be variant-specific.
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INTRODUCAO

A malaria é uma das doencas mais prevalentes no mundo, atingindo 107 paises,
infectando de 350 a 500 milhdes de pessoas anualmente e causando aproximadamente trés
milhdes de mortes principalmente entre criancas jovens, gestantes e adultos ndo-imunes (WHO,
2005a). Globalmente, 9% das mortes de criangas menores que cinco anos sao atribuidas a
malaria (Black et al., 2003). Alguns pesquisadores tém estimado que uma crianca morra de
malaria no mundo a cada 40 segundos, resultando em uma perda de mais de 2.000 vidas
diariamente (Sachs & Malaney, 2002). Do alarmante numero de casos de malaria, 90% se
concentram na Africa subsaariana, sendo o restante distribuido nas Américas Central e do Sul,
sudeste asiatico e ilhas da Oceania. A parasitose humana é causada pelas espécies de
protozoarios Plasmodium falciparum, P. vivax, P. malariae e P. ovale, sendo esta Ultima espécie
encontrada apenas na Africa tropical e alguns paises do sudeste asiatico (Collins & Jeffery,
2003). O P. falciparum é a espécie responsavel pela doengca mais severa e pela maior
mortalidade por maléria. Varios fatores contribuem para o grande ndmero de casos de malaria
por P. falciparum na Africa, incluindo a transmiss@o pelo mosquito Anopheles gambiae, vetor
altamente adaptado para transmitir o parasito, prevalente no continente e de dificil controle. Além
disso, a falta de infra-estrutura basica de saude, dificil acesso a servicos medicos e a
antimalaricos contribuem para a piora da situacdo, fazendo com que a doenca seja de dificil
controle, levando ao aumento do risco de casos de malaria grave e morte (Guinovart et al.,
2006).

Das quatro espécies de protozoarios causadores da malaria humana, o P. vivax é a
espécie que apresenta maior distribuicdo mundial, sendo responsavel por mais de 50% dos
casos humanos diagnosticados fora da Africa, incluindo a Asia, as Filipinas e as Américas
Central e do Sul (Mendis et al., 2001; Carter & Mendis, 2002). Algumas caracteristicas da
biologia da transmissdo do P. vivax conferem a esta espécie uma maior capacidade de
adaptacdo a ambientes desfavoraveis. Como consequéncia, na medida em que as técnicas de
controle da doencga se tornam mais efetivas, a infecgéo pelo P. vivax tende a sobrepor aquela
causada pelo P. falciparum. Recentemente, um outro agravante das infec¢des causadas pelo
P. vivax é que essa espécie tem sido implicada como responsével por muitos casos de malaria
grave, inclusive no Brasil (Lomar et al., 2005; Picot, 2006).

O incremento do numero de casos de malaria no mundo ao longo dos anos se deve,
principalmente, ao aumento de resisténcia dos parasitos aos antimalaricos, ao desenvolvimento
de resisténcia dos mosquitos aos inseticidas e a falta de politica econémica e social nas regides
onde ocorre alta transmissdo da doencga. Sua prevencdo e controle ndo dependem apenas de
atividades do setor da saude, mas requer iniciativas de agéncias privadas e governamentais
responsaveis por projetos de desenvolvimento econémico. Segundo Tauil (2006), até mesmo

sem a introducao de novas medidas profilaticas como a vacina, € possivel reduzir drasticamente
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a incidéncia da maléria realizando-se gerenciamento ambiental em combinacdo com medidas de
saude especificas contra a doenca, tais como diagndstico precoce, tratamento sistemético de
todos os pacientes infectados e realizacdo de campanhas anti-vetoriais. Entretanto, apesar da
possibilidade de se fazer controle da malaria apenas adotando-se medidas especificas, a
descoberta de uma vacina no futuro poderia amenizar os impactos econémicos e sociais da
doenca em todo o mundo. Infelizmente, o desenvolvimento de vacinas contra parasitos continua
a desafiar os pesquisadores devido, principalmente, aos seus complexos ciclos de vida,

contrariamente a maioria das infecc¢des virais e bacterianas.

1. A maléaria no Brasil

1.1. Amazbnia Legal

A incidéncia de maléaria no Brasil aumentou dramaticamente nas décadas de 70 e 80,
devido, principalmente, aos projetos de coloniza¢do, expansédo da fronteira agricola, construcéo
de estradas e hidrelétricas, projetos agropecuarios, extracdo de madeira e mineracao.
Aproximadamente 99% dos casos de malaria ocorrem essencialmente na Amazébnia Legal
(Secretaria de Vigilancia a Saude, SVS, 2007), onde condi¢cdes socioeconbémicas e ambientais
favorecem a exposicéo de grandes contingentes populacionais ao risco de infeccgéo.

Na Amazbnia, as precarias condicbes socioeconbmicas da populagdo migrante
determinaram a rapida expanséo da doenga. Sendo assim, em 2000, foi implantado no Brasil o
“Plano de Intensificacdo das Acgdes de Controle da Malaria na Amazénia Legal” (PIACM), em
resposta a convocacdo da Organizacdo Mundial da Saude visando-se recuar o avango da
malaria (WHO, 1998). Essa estratégia, além de continuar priorizando a consolidacdo de redes de
servicos capazes de ofertar diagndstico precoce e um tratamento adequado e imediato, teve um
forte componente politico, ou seja, 0 compromisso de que o controle da malaria fosse assumido
pelo presidente da Republica, governadores de estado e prefeitos de municipios (Tauil, 2006).
Com a implantagédo do PIACM houve a diminuicdo do numero de casos de malaria de 610.878
para 349.873 entre os anos de 2000 e 2002 (SVS, 2005). Entretanto, apesar desse avanco no
controle da malaria, ndo foi observada sustentabilidade das acfes implantadas. Um exemplo
disso foi 0 aumento na incidéncia da doenca em alguns estados da Amazdnia no ano de 2005,
resultando em aproximadamente 600 mil casos notificados, sendo 75% devido ao P. vivax e 25%
ao P. falciparum (Sistema de Vigilancia Epidemiolégica da Maléaria, SIVEP, Ministério da Saude,
2005). Esse importante incremento no numero de casos de malaria no pais ocorreu,
principalmente, devido ao imenso e intenso fluxo migratério da populacdo dos municipios do
interior para as grandes cidades como Manaus, causando ocupacao desordenada nas periferias
da cidade onde existiam pessoas infectadas pelo Plasmodium e falta de saneamento basico,

propiciando, assim, a formagao de criadouros de anofelinos. Adicionalmente, visando ampliar as
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oportunidades de trabalho em algumas regides dos estados da Amazdnia, como, por exemplo,
no Estado de Rondénia, houve estimulagédo da criacdo de tanques de piscicultura, que ao serem
abandonados, tornaram-se criadouros de anofelinos, também contribuindo para o aumento do
namero de casos de maléria notificados no Brasil no ano de 2005 (Coura et al., 2006).
Atualmente outro grande desafio para o controle de malaria no Brasil sédo os individuos
portadores de infeccéo assintomatica (Andrade et al., 1995; Camargo et al., 1999; Fontes, 2001;
Alves et al., 2002; Suérez-Mutis et al., 2004a,b; Roshanravan et al., 2003). Esses individuos
infectados, mas sem sintomas, parecem constituir uma importante fonte de infeccdo para o
mosquito (Alves et al., 2005). A presenca de infeccdo assintomatica no Brasil reforca a
importancia de se estabelecer um critério homogéneo para a definicdo dos casos assintomaticos,
bem como para estabelecer novos métodos diagndésticos visando-se avaliar a prevaléncia da
doenca no pais (Coura et al., 2006). Esse fato faz com que, além de todas as medidas de
controle contra maléaria regularmente adotadas, novas estratégias dentro dos programas de
controle sejam implantadas voltadas, principalmente, para deteccdo e gerenciamento dos

individuos assintomaticos.

1.2. Regido extra-amazonica

A existéncia de areas de alta transmissdo de malaria na Amazénia Legal constitui um
importante problema de saude publica, influenciando &reas vizinhas, e também exercendo
pressdo sobre varios estados brasileiros. O fluxo migratorio de pessoas entre as &reas
endémicas da Amazodnia e os diferentes estados brasileiros, associado a presenca de anofelinos
em praticamente todo o territorio nacional (Deane, 1986), sdo fatores que favorecem a
reintroducéo e a disseminagdo da doenca em areas previamente livres de transmissdo (SVS,
Plano Nacional de Controle da Malaria, PNCM, Ministério da Saude, 2003). Segundo dados
publicados, no ano de 2002 foram notificados apenas no Estado do Ceara 402 casos autdctones
de malaria; em 2003 houve 71 casos na Bahia, 38 no Piaui e 31 em Minas Gerais (SVS, 2005).
Em 2004 os surtos mais importantes ocorreram nos estados do Piaui e do Espirito Santo, com o
registro de 89 e 81 casos, respectivamente.

Embora na regido extra-amazoénica sejam notificados apenas 1% do total de casos de
malaria do Brasil, uma grande preocupacao nessas areas diz respeito a maior letalidade destes
casos (Fundacdo Nacional da Saude, FUNASA, 2002). No ano de 2004, o coeficiente de
letalidade por maldria na regido extra-amazonica foi de 0,78 ébitos por 100 casos, enquanto na
regido Amazoénica foi de 0,015/100, demonstrando, assim, que na regido extra-amazonica esse
indicador é 52 vezes maior do que na Amazonia Legal. O 6bito nessa regido ocorre, geralmente,
porque pessoas infectadas nao recebem o diagnéstico e tratamento precoce, conforme

preconizado pelo Ministério da Saulde. Essa falha ocorre principalmente devido a falta de
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profissionais da saude nessas regides treinados para diagnosticar a doenca a tempo de se fazer
o tratamento adequado (SVS, 2005).

2. Ciclo biolégico da malaria humana

O ciclo biolégico dos parasitos da malaria humana compreende duas fases: uma fase
onde ocorre reproducdo sexuada em fémeas do mosquito do género Anopheles; e outra de
reproducdo assexuada que se desenvolve no hospedeiro vertebrado.

A transmissao da malaria ao hospedeiro vertebrado ocorre durante o repasto sanguineo
do vetor, onde os esporozoitos depositados na pele do hospedeiro podem permanecer por varias
horas antes de encontrar um vaso sanguineo (Yamauchi et al., 2007). Apds atingirem o sistema
circulatério, os esporozoitos migram para o figado onde infectam os hepatécitos. O processo de
invasdo dos hepatécitos é complexo e depende de varias interacdes do tipo ligante-receptor.
Recentemente, foi demonstrado por Mota & Rodrigues (2002) que 0s esporozoitas invadem
varios hepatdcitos, migrando através deles, antes de finalmente desenvolverem-se em seu
interior. Esse processo resulta na formagédo de um vacuolo parasito6foro bem delimitado onde os
esporozoitos se diferenciam em trofozoitos que, apos sofrerem varias divisdes por esquizogonia,
formam os esquizontes. ApGs alguns dias, os esquizontes maduros liberam os merozoitos por
um processo de brotamento de vesiculas denominados merosomos (Amino et al., 2006a,b). Os
merosomos, repletos de parasitos, desprendem-se dos hepatécitos infectados para o limen dos
capilares sinusoides do figado, onde finalmente os merozoitos sao liberados. Os merozoitos
teciduais invadem os eritrocitos iniciando, assim, a fase sanguinea da doencga.

Para que o merozoito invada o eritrécito sdo também necessarias interacdes especificas
envolvendo proteinas do parasito e receptores presentes na superficie da célula hospedeira
(Gaur et al., 2004). Ap6s algumas geracbes de desenvolvimento de merozoitos sanguineos,
alguns parasitos se diferenciam em estagios sexuais - gametécitos masculinos e femininos - que,
ao serem ingeridos por mosquitos do género Anopheles, dardo continuidade ao ciclo do parasito
com a formag&o de gametas. A fusdo dos gametas masculino e feminino no interior do estbmago
do inseto origina um zigoto mével denominado oocineto, que apo6s atravessar a parede intestinal
do mosquito, por um mecanismo transcelular (Barillas-Mury & Kumar, 2005), aloja-se na
membrana basal onde se desenvolve em oocisto. No interior do oocisto ocorre diferenciacéo e
divisdo nuclear que culmina com a producdo de esporozoitos (esporogonia). Parte dos
esporozoitos liberados na hemocele migra para as glandulas salivares do mosquito para que

esse, ao exercer o repasto sanguineo, reinicie um novo ciclo no hospedeiro vertebrado.

2.1. Processo de invaséo dos eritrécitos pelos parasitos da maléria
O processo de invasdo do eritrocito pelo Plasmodium é complexo e envolve muitas etapas

incluindo: (1) reconhecimento e adeséo reversivel do merozoito a membrana do eritrécito; (2)
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reorientacdo apical do merozoito em diregcdo & membrana da célula hospedeira; (3) formagéo de
uma juncao irreversivel no ponto de contato entre o cone apical do parasito e a membrana celular
do eritrocito, e (4) movimento da juncdo ao redor do merozoito com simultanea invaginacao da
membrana do eritrcito, até que o parasito se encontre dentro da célula e seja circundado pelo
vacuolo parasitoforo (Dvorak et al., 1975; Bannister et al., 1975; Aikawa et al., 1978; Miller et al.,
1976). Os dois eventos iniciais, que envolvem o reconhecimento e adesdo do parasito, sédo
aparentemente de baixa afinidade e reversiveis (Cowman & Crabb, 2006). Ambas as etapas
permitem ao parasito distinguir entre um eritrocito competente para a invasao e outro tipo celular.
Por outro lado, as etapas trés e quatro envolvem interacbes do tipo ligante-receptor de alta
afinidade, e a partir desse ponto, o processo de invaséo passa a ser irreversivel. Embora todos
os plasmdédios utilizem esse mecanismo geral de entrada na célula hospedeira, que inclui a
participacdo de organelas apicais do parasito, algumas espécies utilizam caracteristicas Unicas
que fazem com que esse processo seja praticamente espécie-especifico. No caso das espécies
mais importantes do ponto de vista da salde publica, P. falciparum e P. vivax, as interacdes
ligante-receptor se encontram melhor estudadas. Numerosos estudos tém demonstrado que
merozoitos de P. falciparum tém a habilidade de invadir os eritrécitos através de, pelo menos,
cinco vias de invasédo (Gaur et al., 2004). Entretanto, no caso do P. vivax, uma via de invasao
parece ser a mais importante (Adams et al., 1992).

A complexidade do processo de invasdo do Plasmodium falciparum tem feito com que as
vias de invasdo sejam classificadas com base da natureza do receptor do eritrocito envolvido na
invasdo. Algumas vias sdo dependentes de sialoglicoproteinas presente nos eritrécitos
(glicoforinas A, B, C/D), e outras de receptores de eritrécitos ainda ndo conhecidos, denominados
X, Y e Z. Por outro lado, um grande numero de ligantes no parasito tem sido identificado. A
proteina mais bem caracterizada do P. falciparum € o antigeno de ligacdo ao eritrécito de 175kDa
(EBA-175) que se encontra localizada nos micronemas do parasito (Camus & Hadley, 1985).
Essa molécula se liga especificamente a glicoforina A, uma sialoglicoproteina presente na
superficie da célula hospedeira (Sim et al., 1994). A partir do desenvolvimento do projeto genoma
de P. falciparum, outras proteinas similares a EBA-175 ja foram identificadas, incluindo BAEBL
(EBA-140), JESEBL (EBA-181), EBL-1 e PEBL (EBA-165) (Adams et al., 2001).

Uma caracteristica importante do P. falciparum é a habilidade que ele tem em alterar seu
processo de invasdo do eritrcito utilizando vias alternativas (Dolan et al.,, 1990). Esta
plasticidade concede a esta espécie inlmeras vantagens. A primeira delas é a de que o parasito
teria a habilidade de invadir uma grande variedade de eritrécitos humanos, visto que até o
presente momento nenhum eritr6cito mostrou-se totalmente refratario a invasdo pelo P.
falciparum. Outra vantagem estaria ligada a evasao do sistema imune, ja que diferentes vias de

invasao da célula hospedeira envolvem moléculas diferentes do parasito. Portanto, uma resposta
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imune dirigida contra uma determinada proteina envolvida na invasédo pode nédo afetar o parasito,
ja que ele pode utilizar uma via alternativa.

No caso do P. vivax, a formacdo da juncdo e a consequente invasao do merozoito €
mediada pela interagdo entre a Duffy binding protein (PvDBP) e seu receptor nos eritrocitos, o
antigeno do grupo sanguineo Duffy, também conhecido como receptor DARC para quimiocinas
(DARC, Duffy Antigen Receptor for chemokines) (Miller et al., 1976; Fang et al., 1991; Adams et
al., 1992; Horuk et al., 1993). Individuos cujos eritrécitos sdo DARC negativos sdo naturalmente
resistentes a infeccéo pelo P. vivax (Miller et al., 1976), demonstrando, portanto, que o receptor
DARC é necessario para a invasao do P. vivax. Entretanto, evidéncias recentes demonstraram
que alguns individuos DARC negativos do oeste africano (Quénia) e do Brasil se infectaram com
esse parasito (Ryan et al., 2006; Cavasini et al., 2006, 2007) sugerindo, portanto, a presenca de
uma via alternativa de invasdo. Dessa forma, a importancia da proteina PvDBP em garantir o
parasitismo humano, bem como evidéncias de que a maioria dos individuos DARC negativos sédo
resistentes a infeccdo por esse parasito (Miller et al., 1976; Spencer et al., 1978), fazem dessa
proteina um importante antigeno candidato a vacina antimalarica contra os estagios assexuados
sanguineos do P. vivax.

O P. vivax parece invadir apenas os reticulécitos, eritrocitos jovens, que compreendem
uma minoria (~1%) da populagéo de eritrécitos circulantes. Isto significa que os merozoitos de P.
vivax interagem com inumeros eritrécitos maduros na circulacdo antes de invadirem um
reticuldcito. Barnwell et al. (1989) sugerem que interagbes prematuras entre a PvDBP e o
antigeno do grupo sanguineo DARC em eritrécitos maduros poderiam ser prejudiciais para a
sobrevivéncia do parasito. Portanto, acredita-se que anteriormente a juncdo merozoito-eritrocito
haveria uma selecdo da célula hospedeira, impedindo, assim, a interacdo da PvDBP com uma
célula ndo-alvo (Galinski et al., 1992; Barnwell & Galinski, 1998). Se essa suposi¢do estiver
correta, ou seja, se a selecdo dos reticuldcitos é um passo que ocorre logo antes da formacgéo da
juncéo, algumas proteinas do P. vivax de ligacdo aos reticulocitos (PvRBP) como a PvRBP-1 e
PVRBP-2, seriam essenciais para esse passo. Entretanto, os papéis dessas proteinas ainda
necessitam ser esclarecidas ja que proteinas homodlogas das PvRBP também ja foram
encontradas em P. falciparum e P. yoelli, duas espécies de Plasmodium que nado infectam
apenas reticulécitos (Galinski et al., 1992).

A PvDBP é uma molécula de 140kDa que pertence a uma familia de proteinas homélogas
que se ligam a eritrocitos, e que apresentam um dominio de ligacdo do tipo que se liga ao
antigeno Duffy/DARC (DBL-EBPs) (Barnwell & Wertheimer, 1989; Adams et al., 1992). A
conservacgdo de um dominio rico em cisteina funcionalmente importante (dominio Il) é a principal
caracteristica dos membros dessa superfamilia. As DBL-EBPs tém as caracteristicas adicionais
de: (i) apresentar uma estrutura génica similar; (ii) localizacdo nos micronemas, além de (iii)

possuir um segundo dominio conservado rico em cisteina na regido carboxi-terminal da proteina

Tese de Doutorado Isabela Penna Ceravolo




Introducdo

(Adams et al., 1992). Por causa de seus importantes papéis biolégicos na malaria, as moléculas
EBPs séo importantes candidatas a vacina contra estagios assexuados sanguineos dos parasitos
da maléria (Oaks et al., 1991).Todas as DBL-EBPs apresentam um dominio extracelular similar
dividido em seis regides contendo dois dominios conservados ricos em cisteina, denominados
regides Il e VI (Adams et al., 1992). O ligante funcional da PvDBP encontra-se localizado na
regido Il e contém cerca de 300 aminoacidos (aa) (Figura 1), sendo seu sitio de ligagdo ao
eritrocito situado no trecho de 170-aa que contém as cisteinas 5 a 8 (Singh et al., 2003). Embora
a posicao dos residuos de cisteina seja conservada nessa regiao, outros aa ja demonstraram ser
altamente polimorficos (Ampudia et al., 1996), sugerindo, portanto, estarem sujeitos a pressao

positiva do sistema imune do hospedeiro (Xainli et al., 2000).

sinal ligante

/"

C5 — 170aa— Cc8

VanBuskirk et al., 2004b

Figura 1. Representacdo esquemética da PvDBP. Essa proteina apresenta seis dominios extracelulares e
uma sétima regido consistindo de dominios transmembrana (TM) e citoplasmatico (C). Esta proteina é
caracterizada por um dominio N-terminal rico em cisteina, o dominio de ligacdo a Duffy (DBL) (regiao ll), e
um segundo dominio conservado rico em cisteina (regido VI). A porcdo central da PvDBP entre as
cisteinas 5 (C5) e 8 (C8) é o principal sitio para o reconhecimento do receptor (170-aa), além de ser a
regido mais polimérfica da proteina.

Como a invasao dos eritrécitos por merozoitos € um processo complexo e dependente da
interacdo ligante-receptor, a caracterizacdo desses componentes é vital para o entendimento da
dindmica molecular do processo de invasdo. Desta forma, o bloqueio dessas ligacbes ligante-
receptor poderia oferecer um mecanismo potente e efetivo que poderia levar a reducdo, ou
mesmo a eliminacdo dos parasitos sanguineos da malaria, e, consequentemente, ao

impedimento do estabelecimento da doenca clinica.

3. Aquisicao de imunidade clinica em areas endémicas de maléria

MacDonald (1957) foi o primeiro a categorizar a endemicidade da malaria de acordo com
sua estabilidade de transmisséo, classificando as areas como estaveis ou instaveis, ndo obstante
a larga diversidade epidemioldgica entre elas. Considerou-se que o elemento estabilizador mais
importante em uma populacéo era o desenvolvimento de imunidade. Foi demonstrado por Carter
& Mendis (2002) que a intensidade e regularidade da transmiss@o da malaria em uma dada area

influenciam diretamente no grau de imunidade adquirida. Em areas de malaria estavel, onde a
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transmisséo é intensa e constante ao longo dos meses e anos, a populacdo exposta desenvolve
imunidade clinica. Nestas areas, consequentemente, onde a populacdo exposta esta sujeita a
centena de picadas infectantes anualmente, as epidemias séo raras. Por outro lado, em areas
com transmissdo menos intensa e que varia de més a més, e de ano a ano, a malaria tende a ser
instavel, ndo havendo desenvolvimento significante de imunidade clinica. Dessa forma, em areas
de endemicidade instavel, os individuos estdo sujeitos a apenas algumas picadas infectantes,
explicando, assim, o grande nimero de epidemias ocorridas nessas areas.

A historia natural da malaria em regides hiper- e holoendémicas da Africa e Asia ilustra
bem a dindmica da relagéo parasito-hospedeiro que se desenvolve nos individuos constante e
cronicamente expostos a doenca (malaria estavel). Nessas areas onde o P. falciparum é
predominante, os recém-nascidos sdo protegidos da malaria grave durante 0s seis primeiros
meses de vida devido, sobretudo, & transferéncia passiva de anticorpos maternos através da
placenta (Collins et al., 1977; Chizzolini et al., 1991). Apds esse periodo, essa protecdo é perdida
e as criancas se tornam altamente suscetiveis a malaria grave e as infec¢des fatais durante os
primeiros cinco anos de vida. Com o aumento da idade, as criancas que vivem em condicfes de
alta transmissao sofrem progressivamente menos episodios de malaria aguda, embora possam
apresentar, ainda, altas parasitemias (Rogier & Trape, 1993). Essa “tolerancia” contra altas
parasitemias pode refletir um estado de imunidade “anti-téxica” dirigida, provavelmente, contra
componentes sollveis do parasito que causam a doenga clinica (Playfair et al., 1990). Atingindo
a idade adulta os sintomas da doenca sdo menos pronunciados e 0s niveis de parasitos
sanguineos reduzidos, refletindo o desenvolvimento de uma imunidade “anti-parasito”. Os
mecanismos imunes responsaveis pelo desenvolvimento e manutencdo dessa imunidade nao
estdo bem esclarecidos e, provavelmente, envolvem muitos tipos celulares, anticorpos de
diferentes especificidades, além de uma cascata de citocinas (Stevenson & Zavala, 2006).

Parte da dificuldade em se desvendar 0s mecanismos imunes responsaveis pelo
desenvolvimento e manutencdo da imunidade adquirida contra a maléria se deve ao complexo
ciclo de vida do Plasmodium, e também ao fato de que a imunidade do hospedeiro parece ser
espécie e estagio-especifica (David et al.,, 1988). A heterogeneidade do parasito e a
especificidade da resposta imune resultante é€ uma explicacdo possivel para que o
desenvolvimento da imunidade somente ocorra ap6s varios anos de exposicdo a malaria (Day &
Marsh, 1991). A maturidade do sistema imune também parece ser importante, visto que criancas
que migraram de areas nao-endémicas para endémicas, desenvolvem protecao mais lentamente
do que os adultos (Baird et al., 1991). Este perfil de imunidade naturalmente adquirida a malaria
clinica se aplica apenas a areas de transmissao elevada e estavel por P. falciparum. Nas areas
com baixos niveis de transmissao, individuos de todas as idades sdo potencialmente suscetiveis,

como é o caso da AmazoOnia brasileira.
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Na Amazobnia brasileira, a malaria € considerada “instavel” e a transmissdo hipo- a
mesoendémica (Camargo et al., 1994, 1996), sendo a populagdo exposta constituida
principalmente por adultos ndo-imunes migrantes de areas livres de transmissao. Nessas areas,
as infecg@es por P. falciparum e/ou P. vivax sdo geralmente acompanhadas de sintomas clinicos
de intensidade variavel (Tauil, 2006). Contudo, relatos recentes nessas areas tém descrito a
presenca de pessoas com exame parasitologico positivo e auséncia de sintomas clinicos. No
Brasil, casos de malaria assintomatica tém sido demonstrados em individuos que apresentam
historia de longa exposi¢éo a malaria. Em 1996, Fontes (2001) demonstrou que cerca de 7% dos
individuos de um garimpo do municipio de Apiacdas, MT, eram portadores de malaria
assintomatica. Ao se utilizar a técnica da Reacdo em Cadeia da Polimerase (PCR) nesse mesmo
grupo de individuos, a prevaléncia de infeccbes assintomaticas aumentou para 27% (Scopel,
2003). Infeccdes assintomaticas foram também detectadas em estudos feitos no rio Ji-Parana
(Alves et al., 2002), em Portchuelo (Estado de Rondbnia) (Camargo et al., 1999) e no Parque
Nacional do Jau na Amazbnia brasileira (Ladeia-Andrade, 2005). Entretanto, ainda existe
dificuldade na definicdo de caso assintomatico, visto que o periodo de auséncia de sintomas
avaliado tem variado de um periodo de 72h (Andrade et al., 1995; Fontes, 2001) até 30-60 dias
(Alves et al., 2002).

Infec¢Bes assintomaticas também tém sido descritas em outros paises da América Latina.
Roshanravan et al. (2003) estudando populagdes da parte peruana da Amazonia encontrou uma
prevaléncia de 17,6%, e Suarez-Mutis et al. (2000a,b) uma taxa de 21,6% entre populacdes
indigenas localizadas na parte colombiana da Amazénia. A presenca de individuos
assintométicos também ja foi demonstrada na Venezuela em indios Yanomami (Marcano et al.,
2004). Nas areas que apresentam transmissdo instavel, entender a histéria clinica natural da
malaria podera ajudar a esclarecer os mecanismos imunes protetores que sdo induzidos pelo

plasmddio em humanos.

4. Proteinas de estdgios sanguineos candidatas a vacina contra o P. vivax

Atualmente, grande parte dos esfor¢os para desenvolver uma vacina contra malaria tem
sido direcionada ao P. falciparum, espécie mais patogénica. Consequentemente, 23 candidatos a
vacina contra o P. falciparum estdo sendo avaliados em triagens clinicas, mas somente dois
candidatos a vacina contra o P. vivax - a proteina circumsporozoita expressa em esporozoitos e
a proteina de superficie 25 expressa em oocinetos (Pvs 25), apresentam-se ho mesmo estagio
de desenvolvimento (fase I).(Herrera et al., 2007). Consequentemente, o desenvolvimento de
uma vacina especifica contra o P. vivax tem sido considerado um grande desafio, ja que os
financiamentos sdo limitados e existem dificuldades técnicas de cultivd-lo in vitro continua e

eficientemente.
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Varios antigenos de formas sanguineas assexuadas do P. vivax sdo considerados
componentes potenciais para serem incluidos em uma vacina de malaria espécie-especifica
(Arevalo-Herrera & Herrera, 2001). Dentre esses, o melhor e mais bem caracterizado do ponto de
vista imunoldgico sdo a proteina de superficie do merozoito 1 (MSP-1) (Dutta et al., 2001), a DBP
(Dutta et al., 2000; Singh et al., 2001) e o antigeno apical de membrana 1 (AMA-1) (Kocken et al.,
1999).

A MSP-1 é o antigeno de estagio sanguineo dos plasmédios mais bem caracterizado.
Esse antigeno € uma proteina integral de membrana que se apresenta ligado a superficie do
merozoito através de uma ancora de glicosil-fosfatidil-inositol (GPI), sendo sintetizada como um
precursor de alta massa molecular (180 a 230kDa) durante o estagio esquizogbnico. Apos ser
processada, a proteina MSP-1 gera fragmentos menores de 19kDa e 42kDa que permanecem ha
superficie do parasito, onde séo essenciais para invasao do merozoito (Gibson et al., 1992).

Vérios estudos desenvolvidos demonstraram que a proteina MSP-1 de P. vivax (PvMSP-
1) é altamente imunogénica em diferentes regides do mundo incluindo a Coréia (Park et al.,
2001), Sri Lanka (Wickramarachchi et al., 2007), Coldbmbia (Valderrama-Aguirre et al., 2005) e
Brasil (Soares et al., 1997, 1999a; Oliveira et al., 1999; Rodrigues et al., 2003). Adicionalmente, a
realizacdo de estudos de imunizacdo de camundongos BALB/c (Oliveira et al., 1999; Valderrama-
Aguirre et al., 2005) e primatas ndo-humanos (Yang et al., 1999; Sierra et al., 2003; Valderrama-
Aguirre et al., 2005) realizados com a proteina PvMSP-1, demonstraram a presenca de altos
niveis de anticorpos IgG anti-PvMSP-1. Além disso, primatas ndo-humanos imunizados com essa
proteina apresentaram uma imunidade protetora parcial, quando desafiados com formas
sanguineas do parasito (Yang et al., 1999; Sierra et al., 2003; Valderrama-Aguirre et al., 2005).
Atualmente, a PvMSP-1 vem sendo testada em ensaios pré-clinicos e clinicos; no entanto,
estudos adicionais ainda sdo necessarios para identificar o principal fragmento dessa proteina
que é capaz de induzir uma resposta protetora.

Apesar da PvMSP-1 ser considerada um importante antigeno candidato a vacina contra
estagios sanguineos assexuados do parasito (Holder, 1988; Collins et al., 1999; Dutta et al.,
2001; Sierra et al., 2003), estudos prévios tém demonstrado que essa proteina apresenta
polimorfismo 0 que certamente poderia comprometer sua potencialidade como vacina (Joshi,
2003; Zakeri et al., 2006; Wickramarachchi et al., 2007). Outras proteinas também associadas a
superficie do merozoito tais como a MSP-3, MSP-4, MSP-5 e MSP-9 tém sido identificadas e
caracterizadas como potenciais alvos para vacina (Galinski et al., 1999, 2000; Black et al., 2002;
Malkin et al., 2005), sendo algumas dessas ja produzidas como proteinas recombinantes para
estudos imunoldgicos (Barnwell et al., 1999; Oliveira-Ferreira et al., 2004).

A proteina AMA-1 é membro de uma familia de moléculas de Plasmodium expressa nos
micronemas de merozoitos. Essa proteina apresenta 83kDa em P. falciparum e 66kDa nas

demais espécies, desempenhando um importante papel na invasao de eritrécitos por merozoitos
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durante o estagio sanguineo assexuado. Além disso, a proteina AMA-1 é também expressa em
esporozoitos, e parece estar envolvida na invasdo dos hepatocitos (Silvie et al., 2004).
Entretanto, apesar da importancia dessa proteina como antigeno candidato a vacina, poucos
estudos tém sido conduzidos sobre a resposta imune contra esta proteina.

No modelo experimental utilizando primatas ndo-humanos, a proteina AMA-1 apresentou
elevada imunogenicidade (Kocken et al., 1999). Posteriormente, estudos imunoepidemioldgicos
realizados na Coréia (Kim et al., 2003) e Sri Lanka (Wickramarachchi et al., 2007) demonstraram
que individuos com exame parasitolégico positivo para P. vivax desenvolveram anticorpos contra
a AMA-1. Similarmente, no Brasil, a proteina AMA-1 apresentou-se altamente imunogénica em
individuos de areas endémicas durante infec¢des naturais (Rodrigues et al., 2005; Morais et al.,
2006), sendo os niveis de anticorpos aumentados em funcao da exposicdo a malaria (Morais et
al., 2006).

Muitos estudos tém demonstrado que a diversidade genética da AMA-1 é variavel entre
diferentes regifes geogréaficas do mundo. Em areas de alta endemicidade como a Papua Nova
Guiné (PNG) (Figtree et al., 2000), um intenso polimorfismo foi observado entre diferentes
isolados da regido; ja em regibes de baixa endemicidade como a Coréia (Han et al., 2002), foi
observado um baixo polimorfismo. No Brasil, também a proteina MSP-1 tem se mostrado
altamente imunogénica em infec¢des naturais de individuos originados de seis diferentes areas
endémicas de malaria (Rodrigues et al., 2005; Morais et al., 2006), sendo o polimorfismo limitado
(Rodrigues et al., 2005) como observado na Coréia.

Outra proteina importante candidata a vacina contra o P. vivax € a PvDBP. Esta é
provavelmente exposta na superficie dos merozoitos durante a invasdo dos eritrocitos, o que
permite sua ligacdo ao receptor e, importante do ponto de vista de uma vacina, torna-a acessivel
aos anticorpos do soro. Embora apresente grande importancia como uma proteina candidata a
vacina antimaldrica, existe algumas limitacdes que dificultam seu estudo, como baixa abundéancia
no parasito, baixa imunogenicidade, além das limitagbes de cultivo in vitro do P. vivax. Dados
disponiveis sobre a resposta imune a PvDBP em populacdes humanas ainda séo limitados
(Fraser et al., 1997; Michon et al., 1998; Suh et al., 2003; Xainli et al., 2003). Estudos prévios
demonstraram a presenca de anticorpos anti-PvDBP no soro de residentes de regido altamente
endémica de malaria da PNG (Fraser et al., 1997). Para avaliar o papel funcional dos anticorpos
anti-PvDBP na PNG, Michon et al. (2000) utilizaram uma linhagem celular transfectada com a
regido ligante da PvDBP (regido IlI). Os dados obtidos demonstraram que a resposta imune anti-
PvDBP naqueles individuos incluia anticorpos bloqueadores, isto é, que impedem a interagdo do
ligante com o receptor presente na superficie do eritrocito. Adicionalmente, estudos de vacinagéo
desenvolvidos em camundongos e primatas ndo-humanos mostraram que a PvDBP induziu altos
titulos de anticorpos nos animais vacinados (Yazdani et al., 2004), além de induzir uma protecéo

parcial apos desafio (Arévalo-Herrera et al., 2005).
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Na América Latina, um Unico estudo conduzido na Colémbia avaliou a resposta de
anticorpos anti-PvDBP. Nesta éarea, considerada de baixa endemicidade, a presenca de
anticorpos anti-PvDBP detectados pela sorologia convencional aumentou em funcdo da idade e
do tempo de exposicao (Michon et al., 1998). Entretanto, o estudo colombiano foi conduzido em
uma é&rea onde grande parte da populacdo era de origem africana. Consequentemente, o
genadtipo provavelmente DARC-negativo desta populagdo pode ter mascarado a resposta imune
a essa proteina, uma vez que a maioria dos individuos DARC negativos séo refratarios a
infeccdo pelo P. vivax (Miller et al., 1976).

Atualmente, considera-se que um dos principais obstaculos no desenvolvimento de uma
vacina contra a malaria é a diversidade antigénica da regido imuno-dominante dos antigenos
candidatos (Berzins & Anders, 1999; Bolad & Berzins, 2000). O gene codificador para a regido Il
da PvDBP (dbpll) é altamente polimérfico e varia geograficamente. Até o presente estudo,
sequéncias do gene dbpll tinha sido obtidas apenas de isolados de P. vivax de El Salvador (Fang
et al., 1991), PNG (Tsuboi et al., 1994; Xainli et al., 2000; Cole-Tobian & King, 2003), Colémbia
(Ampudia et al., 1996) e Coréia do Sul (Kho et al., 2001). O perfil de polimorfismo excessivo na
regidao Il da PvDBP tem sido atribuido a pressdo seletiva na proteina, levando, assim, a uma
variagdo alélica que funcionaria como mecanismo de escape do parasito a a¢do do sistema
imune do hospedeiro. Dessa forma, o polimorfismo intenso e a presenca de diferentes alelos
dificultam o desenvolvimento de uma vacina antimalérica, fato que enfatiza a necessidade de

compreender como a diversidade genética relaciona-se com a imunidade natural.
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JUSTIFICATIVA

No Brasil, a malaria € um dos maiores problemas de salde publica, com uma incidéncia
anual de cerca de 600.000 casos, e com maior prevaléncia do P. vivax, que é responsavel por
cerca de 74% dos casos notificados (Secretaria de Vigilancia em Saude, Ministério da Saude,
2006). A maior parte dos casos de malaria no Brasil é encontrada na regido da Amazonia Legal,
onde existe uma populac¢do migrante e dispersa, com pouco acesso ao diagndstico e tratamento;
esses fatores, associados a auséncia de medidas de controle, constituem as maiores barreiras
para o controle da doenca no pais. Dessa forma, estudos visando entender a resposta imune aos
varios antigenos do parasito apresentam uma importancia fundamental.

Como em todos os parasitos da malaria, a invasdo dos eritrocitos pelos merozoitos do
P. vivax requer a presenca de receptores especificos presentes na superficie do eritrocito, para
poder se desenvolver no sangue do hospedeiro vertebrado. A Duffy binding protein do P. vivax
(PvDBP) é um ligante importante que participa na invasdo do merozoito em eritrécitos humanos,
através da interacdo com o receptor DARC presente na superficie do eritrécito. A importancia
dessa proteina para garantir o parasitismo humano, bem como evidéncias que individuos DARC
negativos sao geralmente resistentes a infeccao por este parasito (Miller et al., 1976), fazem da
PvDBP um antigeno fundamental para vacina antimalarica contra o P. vivax.

A PvDBP é provavelmente exposta na superficie do merozoito durante o processo de
invasdo, o que permite sua ligagcdo ao receptor e, importante do ponto de vista da resposta
imune, torna-a acessivel a anticorpos presentes no soro dos individuos. Como a PvDBP € uma
molécula pouco abundante no parasito, e devido as limitagdes para o cultivo in vitro do P. vivax,
estudos de resposta imune em populacdes humanas ainda sdo escassos, tendo sido realizados,
principalmente, em &reas de alta transmissdo de malaria como a Oceania (Fraser et al., 1997;
Michon et al., 2000; Xainli et al., 2002, 2003). Esses estudos realizados demonstraram ainda que
a resposta imune naturalmente adquirida contra a PvDBP inclui anticorpos que bloqueiam a
interagdo entre o merozoito e o eritrocito (Michon et al., 2000). Entretanto, ainda néo foi
demonstrado se a resposta desses anticorpos inibitérios se correlaciona com a protegéo
naturalmente adquirida entre os individuos continuamente expostos a transmissao de malaria.

No Brasil, bem como na maior parte das regiées onde o P. vivax € prevalente, os indices
de transmissdo séo baixos e a infeccdo atinge pessoas de todas as idades. Nos Ultimos nove
anos, com objetivo de se caracterizar a resposta imune a antigenos candidatos a vacina
antimalarica, pesquisadores e estudantes do Laborat6rio de maléria do IRR tém trabalhado em
areas endémicas da Amazénia brasileira (Carvalho et al., 1997, 1999; Braga et al., 2002). A partir
dessa experiéncia, e visto que dados sobre a resposta imune na maléria ou contra antigenos do
P. vivax sdo escassos, este projeto teve como proposta estudar os aspectos moleculares e

imuno-epidemioldgicos da PvDBP em varias regifes de transmissao de malaria no Brasil.
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OBJETIVOS

Objetivo Geral
Caracterizar a resposta imune induzida pela Duffy binding protein do Plasmodium vivax

(PvDBP) em individuos expostos a diferentes situagfes de transmissao de maléria no Brasil.

Objetivos Especificos

() Avaliar o perfil da resposta de anticorpos IgG anti-PvDBP em individuos residentes em
diferentes areas de transmissao de malaria da Amazobnia brasileira;

(i) Determinar se anticorpos anti-PvDBP tém capacidade de inibir a interacédo entre o ligante do
parasito (regido 1), e seu receptor presente na superficie da célula hospedeira;

(i) Avaliar se individuos expostos pela primeira vez a malaria desenvolvem anticorpos IgG anti-
PvDBP e, em caso positivo, se esses anticorpos tém a capacidade de inibir a interacdo ligante-
receptor;

(iv) Verificar a persisténcia da resposta de anticorpos anti-PvDBP na auséncia de reinfeccéo;

(v) Determinar a influéncia de alguns polimorfismos no dominio de adeséo (regido Il da PvDBP)

na resposta de anticorpos bloqueadores.
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MATERIAL E METODOS

Areas Estudadas

1. Amazébnia Legal

O presente estudo foi realizado com individuos expostos a malaria em diferentes
municipios da Amazénia, mais especificamente dos Estados do Para, Mato Grosso, Amazonas e
Amapa. Nos ultimos anos, estudos imuno-epidemiolégicos tém sido conduzidos nessas éareas,
onde o nivel de transmisséo dos individuos expostos varia consideravelmente (Carvalho et al.,
1997, 1999; Braga et al., 2002). Nestas areas, os individuos sdo originalmente migrantes de
outras partes do pais, onde ndo existe a doenga, e se infectam em atividades relacionadas
principalmente a mineragdo ou agricultura. Mais recentemente, areas de invasao na periferia de

cidades como Manaus e Belém tém sido focos de transmisséo de malaria (Figura 2).

Figura 2. Condicdes de habitagdo em areas rurais da Amazonia brasileira.
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Na Amazodnia Legal existem comunidades que apresentam historia de longa exposicao a
maléria, como é o caso de Terra Nova do Norte (TNN) e Apiacés (10-20 anos), MT, bem com
histéria de exposicdo esporadica a malaria (Belém, PA). Em uma das comunidades que
apresentava histéria de longa exposicdo a maléria (Apiacas, MT) também foram identificados

individuos com malaria assintomatica (Fontes, 2001).

1.1. Voluntarios e coleta de sangue

Parte do estudo foi realizado com amostras de soros/plasmas que se encontravam
armazenados em um banco no Laboratério de Malaria do Instituto René Rachou, Fundacao
Oswaldo Cruz (IRR, FIOCRUZ), originadas de trés areas bem caracterizadas da Amazbnia
brasileira: (1) Belém/PA (n = 36), onde os individuos apresentavam histéria de exposicéo Unica a
maléria pelo P. vivax; (2) Terra Nova (TNN)/MT (n = 47), onde o nivel de exposi¢do era baixo,
mas constante (~10 anos); e (3) Apiacas/MT, onde havia histdria de longa exposi¢do a malaria
(~20 anos). Posteriormente, novas coletas foram realizadas nas novas areas de interesse
(Amazonas e Amapa) (Sousa et al., 2006, Artigo 5), priorizando individuos com maléria aguda.
Dos voluntérios selecionados para o estudo foi coletado sangue total (~10mL) obtido apoés
assinatura de um termo de consentimento livre e esclarecido (ANEXO 1). Para a coleta dessas
amostras, os critérios gerais de inclusdo no estudo foram: (1) histéria de exposicédo prévia a
malaria; (2) auséncia de sinais ou sintomas relacionados a maléaria grave; (3) idade > 15 anos e,
em caso do sexo feminino, (4) um indicativo de auséncia de gravidez. De todos os individuos
foram confeccionadas gotas espessas e esfregacos sanguineos sendo que aqueles que
apresentavam parasitos circulantes foram encaminhados para tratamento imediato nos servicos
de saude locais, onde a supervisao foi feita por médicos credenciados e que colaboram com a
equipe do Laboratério de Malaria do IRR ha vérios anos (Dr. C.J.F. Fontes, Universidade Federal
de Mato Grosso, Cuiab4, MT e Dr. J.M. Souza, Instituto Evandro Chagas, Belém, Para). O
sangue coletado foi utilizado para obtencdo de soro/plasma e DNA.

Os aspectos éticos e metodologicos deste estudo foram aprovados pelo Comité de Etica
em Pesquisa em Seres Humanos do Centro de Pesquisas René Rachou/FIOCRUZ (documentos
002/2002 e 07/2006) (ANEXO 2), de acordo com a resolucdo do Ministério da Saude brasileiro
196/96, e pelo Comité de Etica de Pesquisas envolvendo seres humanos da Organizac&o
Mundial da Saude - OMS/WHO (SCRIHS).

2. Regido extra-Amazbnica

Entre os meses de abril e maio de 2003 foi identificado, pela Secretaria de Estado de
Saude de Minas Gerais e Coordenacdo de Gestdo da Regido Metropolitana de Belo Horizonte,
MG, um pequeno foco de transmissdo autdctone de malaria por P. vivax na localidade de Souza,

municipio de Rio Manso, MG, area, até entdo, livre de transmissdo da doenca. O distrito de
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Souza tem cerca de 1.100 habitantes e encontra-se situado a 64km de Belo Horizonte (regido
metropolitana) (Figura 3), nas margens de um dos bracos da represa de Brumadinho, onde
existe uma alta densidade do mosquito Anopheles darlingi (Cerbino et al., 2004; Zumpano et al.,
2004) (Figura 4). A investigacdo epidemiologica realizada pelos 6rgdos encarregados de
controlar o surto sugeriu que a transmissdo se iniciou a partir de um uUnico individuo (caso
importado) que se infectou apos visitar uma area endémica de malaria, no municipio de Humaita,
Estado do Amazonas (distancia de 2.000km, aproximadamente, da regido que ocorreu o surto).
Vinte e cinco casos autéctones foram diagnosticados pela Coordenagdo Regional da Fundacdo
Nacional de Saude, FUNASA, sendo o surto prontamente controlado pelo tratamento dos
doentes com antimalaricos (cloroquina + primaquina), e pela aplicacao espacial e residencial de
inseticidas residuais (cipermetrina). A auséncia de novos casos desde o dia 21 de maio de 2003
demonstrou que o ciclo de transmisséao foi interrompido, apesar de a vigilancia epidemiolégica ter
continuado seu trabalho até o final do ano de 2003, devido ao alto potencial de recaidas de

infeccao por P. vivax observado na regido (Cerbino et al., 2004).

Figura 3. Mapa da regido metropolitana de Belo Horizonte indicando a localizac&do do distrito de Souza,
municipio de Rio Manso, MG.
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Figura 4. Foto ilustrando a regido do surto de malaria. Em A, atividades agricolas, principal fonte de
subsisténcia no distrito; em B, proximidade das residéncias ao criadouro de anofelinos localizado em um
pequeno braco da barragem de Brumadinho.

2.1. Voluntarios e coleta de sangue

Para participar do estudo, os individuos que se infectaram com o P. vivax (casos) na
localidade de Souza deveriam preencher os seguintes critérios: (1) participagdo voluntéaria,
através de consentimento por escrito; (2) residir na area de estudo e nao ter visitado areas
endémicas de malaria; (3) apresentar idade maior ou igual a 15 anos; (4) em caso do sexo
feminino, um indicativo de auséncia de gravidez; (5) ndo apresentar incapacidade fisica e/ou
mental, (6) ndo ser portador de doencga aguda/crénica debilitante, e (7) ter disponibilidade de
permanecer na area do surto por um periodo minimo de doze meses. De acordo com 0s critérios
acima citados, 15 individuos (média de 32 + 13 anos) foram selecionados para o estudo. Foram
incluidos ainda 18 individuos (ndo-casos) (média de 34 + 19 anos) que, embora néo
apresentassem sinais e/ou sintomas de maléaria, foram considerados expostos ao risco de
transmissd@o. Esses individuos que ndo adquiriram a doenca eram parentes e/ou residiam em

casas vizinhas aos casos. Todos os individuos que participaram do estudo foram entrevistados

Tese de Doutorado Isabela Penna Ceravolo




Material e Métodos 19

através de um questionario (ANEXO 3). Durante a primeira visita realizada em maio de 2003
(tempo zero) foram coletados 5-10mL de sangue (EDTA) de todos os individuos selecionados.
Quatro visitas adicionais aos domicilios e coletas de sangue foram realizadas, em intervalos
trimestrais, sendo o sangue utilizado para obtencdo de plasma e de DNA. No momento de cada
coleta de sangue foram confeccionadas gotas espessas e esfregacos sanguineos (diagnostico
parasitologico), e os individuos com parasitos circulantes foram encaminhados para tratamento
imediato no servico de saude local.

Os aspectos éticos e metodologicos deste estudo foram aprovados pelo Comité de Etica
em Pesquisa em Seres Humanos do Centro de Pesquisas René Rachou/FIOCRUZ (ANEXO 2),
e pela Secretaria de Estado da Saude de Minas Gerais, Superintendéncia Epidemioldgica (Oficio
N° 062/2003) (ANEXO 4).

3. Obtencéo de plasmas e DNA

Amostras de sangue periférico foram coletadas diretamente em tubos a vacuo contendo
EDTA (Becton Dickinson, Rutherford, NJ). Os tubos de sangue foram centrifugados a 500 x g,
por 10min a 4°C, e os plasmas coletados estocados a -20°C até que fossem utilizados. O DNA
dos individuos participantes foi extraido com um kit para purificacdo de DNA gendmico
(Puregene DNA Purification System, Gentra Systems, Minneapolis, MN), sendo os
procedimentos realizados segundo instrucdes recomendadas pelo fabricante. As amostras de

DNA extraidas também foram estocadas a -20°C até que fossem utilizadas.

4. Fenotipagem e genotipagem do receptor do antigeno do grupo sanguineo Duffy/DARC

A fenotipagem dos antigenos Fy? e Fy® foi realizada a partir da utilizacdo de um teste de
aglutinacéo disponivel comercialmente (DiaMed DG, Cressier sur Morat, Switzerland). Nesse
ensaio, amostras de sangue fresco foram adicionadas a cartdes contendo anticorpos policlonais
humanos anti-Fy? ou anti-Fy®, de acordo com as instrucdes do fabricante.

O DNA dos individuos extraidos conforme descrito no item anterior foi utilizado para a
genotipagem do antigeno do grupo sanguineo DARC amplificando, para isso, os trés alelos mais
frequentes do locus FY (FY*A, FY*B e FY*BF®) por meio da PCR convencional e, posteriormente,
pela PCR em tempo real (Real Time PCR). Para amplificacdo desses alelos pela PCR
convencional foram utilizados iniciadores alelos-especificos (PCR-ASP) descritos anteriormente
(Olsson et al., 1998). Nesta, a Taqg DNA polimerase termo-ativada foi substituida por uma enzima
convencional visando-se reduzir o custo da reacdo. Na PCR-ASP foram utilizados 200ng de DNA
gendmico, 0,2uM de cada iniciador, 200pM dos dNTPs, 4mM de MgCl,, 1U de Taqg DNA
polimerase (Promega Corporation, Madison, WI) em um volume final de reacdo de 25uL. As
condicbes dos ciclos de amplificacdo e as temperaturas de anelamento dos iniciadores
realizados em um termociclador automatico PTC-100™ (MJ Research Inc., MA) foram as

seguintes: desnaturacdo a 95°C/5min seguida por quatro ciclos de 95°C/1min, anelamento a
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69°C/1min e extensdo a 72°C/1min; 31 ciclos subsequentes de 95°C/1min, 68°C/1lmin e
72°C/1min, seguido por uma extenséo final a 72°C/5min e uma finalizacéo a 4°C.

Como controle da qualidade do DNA, o gene do grupo sanguineo ABO de cada amostra
de DNA foi amplificado por PCR utilizando, para isso, iniciadores direcionados contra uma
sequéncia-alvo do exon 7 do gene do grupo sanguineo ABO, um gene constitutivo humano
(dados ndo mostrados) (Olsson et al., 1998). A amplificacdo dos alelos FY e do gene do grupo
sanguineo ABO gerou produtos de 711pb e 419pb, respectivamente, foram analisados por
eletroforese em gel de agarose corado por brometo de etideo (5ug/mL), e visualizados sob luz
ultravioleta (UV) (Sambrook et al., 1989).

As reacbes da Real Time PCR foram realizadas em placas de 96 pocos (Applied
Biosystems, Foster City, CA), e continham 50-100ng de DNA gendmico, 5uL de SYBR? green
PCR Master Mix (Applied Biosystems, Foster City, CA) e 10pmoles de cada iniciador
(Biosynthesis). Os iniciadores utilizados para a genotipagem do antigeno do grupo sanguineo
DARC foram desenhados utilizando-se o programa v 2.0 Primer express® (Applied Biosystems)
com algumas modificagbes. O polimorfismo foi posicionado na extremidade 3’ dos respectivos
iniciadores [RYA (5 AG CTG CTT CCA GGT TGG CTC 3' e RYB (5’ CTG CTT CCA GGT TGG
CGT 37], e utilizado com o mesmo iniciador senso FY (5 C TCA AGT CAG CTG GAC TTC GAA
GAT 3'). Para detectar a mutacdo do promotor do gene FY dos alelos FY*A®™ e FY*BF® os
nucleotideos polimérficos foram posicionados na extremidade 3’ dos iniciadores FAB (5 CCC
TCA TTA GTC CTT GGC TCT TIT 3’) e FGATA (5 CCCGGGCCCGCCG CCC TCA TTA GTC
CTT GGC TCT TIC 3’), sendo utilizados com o mesmo iniciador anti-senso RABGATA (5" A
GGG GCA TAG GGA TAA GGG ACT 3), visto que o polimorfismo que distingue os alelos FY*A e
FY*B é de apenas um nucleotideo. Devido a significante homologia entre os iniciadores alelo-
especificos, uma base exatamente anterior ao sitio polimérfico foi introduzida entre os iniciadores
e 0 molde para impedir amplificagé@o inespecifica. Além disso, foi adicionada uma cauda de C/G
na porgéo 5’ do iniciador FGATA, visando aumentar as diferengas de tamanho e temperatura de
desnaturagdo entre os produtos obtidos. As reac¢des foram baseadas em um PCR multiplex, onde
em um mesmo tubo foram adicionados iniciadores que apresentavam diferentes temperaturas de
desnaturacdo (FY/RYA; FY/RYB; FY RABGATA/ FGATA e RABGATA/ FAB). A amplificacdo e
deteccéo da fluorescéncia foram realizadas no Sistema de Deteccdo de Sequéncia ABI PRISM®
7.000 (Applied Biosystems), sendo que as condicbes dos ciclos de amplificacdo e as
temperaturas de anelamento dos iniciadores foram as seguintes: desnaturacdo a 95°C/10min
seguida por 35 ciclos de 95°C/15seg e anelamento a 60°C/1min. Apés amplificacdo, as
temperaturas de desnaturacdo dos produtos amplificados foram determinadas a partir da curva
de dissociacao resultante de medidas continuas de fluorescéncia (F) a 530nm, durante o qual a

temperatura foi aumentando gradualmente de 60 a 95°C.
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5. Proteinas recombinantes

5.1. Duffy binding protein de P. vivax (PvDBP)

O plasmideo pGEX-2T contendo as sequéncias codificadoras da regido Il a IV (aa-177 a
815) da PvDBP foi gentilmente cedido pelo Dr. John Adams (Notre Dame University, Notre
Dame, IN). Este plasmideo (pGEX-2T + PvDBP,.), que gera uma proteina de fusdo com a
glutationa S-transferase de Schistosoma japonicum (GST) foi utilizado para transformar bactérias
quimicamente competentes, Escherichia coli cepa DH5ca, conforme descrito anteriormente
(Nishimura et al., 1990) (Figura 5).

ligante

A

I I i v \% vi Vil

1 .
PVDBP“ v (VanBuskirk et al., 2004b)

Psl |

(Amersham Pharmacia Biotech)

Figura 5. (A) Representacdo esquemdtica demonstrando a proteina recombinante PvDBP,,, que foi
produzida, purificada e utilizada nos ensaios soroldgicos de ELISA; (B) Plasmideo utilizado na construgao
da proteina de fusdo PvDBP.

A expressao da proteina recombinante PvDBP,.y foi induzida a partir da adi¢cdo de 0,1mM
de IPTG (Amersham Pharmacia Bioscience, Freiburg, Germany) as cultura bacterianas. Nas
nossas condicdes, a producdo da proteina PvDBP,,, soltvel foi maior 3h apés inducdo com
IPTG (dados ndo mostrados). A proteina de fusdo soluvel PvDBP,y foi purificada das culturas

bacterianas pelo método convencional de isolamento de proteinas de fusdo com GST, utilizando
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para isso, cromatografia de afinidade com uma matriz de glutathione sepharose® 4B (GS4B)
(GST Purification Modules, Amersham Pharmacia), conforme recomendacé&o do fabricante.
Entretanto, durante o processo de purificacdo da PvDBP,.., foi observado que a proteina
recombinante ndo estava sendo eluida na forma pura (Figura 6A). Um contaminante de
aproximadamente 70kDa, provavelmente uma chaperonina de E. coli, era frequentemente co-
purificado, e reagia cruzadamente com soros normais no ensaio de ELISA. Para remover o
contaminante de 70kDa da PvDBP,.y (140kDa) foi utilizado um protocolo-padréo de etroeluicao
em gel (Smith, 2002). Resumidamente, apés eletroforese dos eluatos obtidos a partir da
purificacdo da PvDBP,, na coluna de afinidade GS4B, a banda de interesse correspondente a
proteina de 140kDa foi excisada do gel, e eletroforeticamente eluida. Esse procedimento foi
eficiente na obtencdo da PvDBP,,, pura (Figura 6B), como requerida para ser utilizada nos

ensaios sorolégicos de ELISA.
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Figura 6. Obtencédo da proteina rPvDBP,,,v. Em A, gel SDS-PAGE a 8% demonstrando cultura bacteriana
antes (-) e ap6s (+) adigdo de IPTG, e o resultado da purificagdo realizada na coluna GS4B demonstrando
a proteina rPvDBP,,,y de 140kDa, e a contaminante de 70kDa, respectivamente. Em B, a rPvDBP,,, obtida
apos eletroeluicdo. As proteinas foram analisadas através de eletroforese em gel-SDS de poliacrilamida
8% corado por azul de coomassie (A), ou prata (B). PM = padrdo de peso molecular.

5.2. Proteina de superficie do merozoita 1 de P. vivax (PvMSP-1)

Em paralelo aos testes com a proteina PvDBP,.,y, uma outra proteina recombinante de
forma sanguinea do P. vivax, que representa a regido C-terminal de 19kDa da proteina de
superficie do merozoita 1 (PvMSP-1,5), também foi avaliada nos ensaios sorolégicos. A proteina
foi gentilmente cedida pela Dra. Irene Soares (Instituto de Ciéncias Biolédgicas, ICB, Universidade
de Sado Paulo, Brasil). Os detalhes da construcdo dessa proteina de fusdo com a GST, que
representa os aminoacidos 1.616 a 1.704 da MSP-1 (cepa Belém) de P. vivax foram descritos

anteriormente (Soares et al., 1999b; Cunha et al., 2001).
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5.3. Outros antigenos
A proteina GST adquirida comercialmente (Sigma-Aldrich Co., St. Louis, MO) foi utilizada
como controle em todos os ensaios de ELISA, visto que as duas proteinas recombinantes

testadas (PvDBP,.,y e PvMSP-1,5) foram construidas em fusdo com essa proteina.

6. Ensaio de ELISA para deteccdo de anticorpos anti-PvDBP,,y e anti-PvMSP-14

O ensaio de ELISA visando a deteccao de anticorpos IgG foi realizado de acordo com
método descrito anteriormente (Carvalho et al., 1997), sendo as concentracdes dos antigenos e
as diluicdes dos anticorpos primarios e secundarios determinadas previamente por titulacado.
Resumidamente, placas de 96 pocos (Maxysorp, Nunc, Denmark) foram sensibilizadas por 14 a
18h a 4°C com 5ug/mL de PvDBP,,y ou 1ug/mL de PVYMSP1,, diluidas em PBS 1X. O excesso
da solucdo contendo os antigenos foi retirado por inversdo, sendo as placas lavadas por trés
vezes com uma solucéo contendo PBS-tween 20 (Sigma-Aldrich) a 0,05% (PBS-T). A cada poco
da placa foram adicionados 200pL da solucdo de bloqueio constituida por PBS-T e 5% de leite
em p6 desnatado. Apds 1h de bloqueio a 37°C as placas foram lavadas trés vezes com PBS-T, e
incubadas com 100uL dos soros-testes, diluidos a 1:100 (PvDBP,.) ou 1:80 (PVvMSP-1,5) em
tampdo PBS-T contendo 1,5% de leite em pd (duplicatas). Apos incubacgdo, as placas foram
lavadas por dez vezes e incubadas, nas mesmas condi¢cfes, com 100uL/poco do conjugado anti-
IgG humana ligada a peroxidase (especifica para cadeia y, Sigma-Aldrich) em uma diluicdo de
1:1.000. Apods lavagem, as placas foram reveladas acrescentando-se 100uL/po¢o de uma
solucdo contendo OPD (10mg/tablete) (Sigma-Aldrich) diluido em tampé&o citrato de sédio 0,1M
pH 5,0 e 40pL de uma solugdo de perdxido de hidrogénio a 30% (Sigma-Aldrich). A reacgédo foi
interrompida ap6s 15min pela adicdo de 50uL de uma solugdo de acido sulfdrico 4N. A
densidade 6tica (D.O.) foi medida a 492nm a partir da leitura das placas em um leitor automatico
de ELISA (Stat Fax-2.100, Awareness Tecnology, Palm City, FL). A D.O. obtida utilizando o
antigeno controle (GST) foi subtraida da D.O. do antigeno-teste (PvDBP,.,v ou PvMSP-1,9) para
que a D.O. especifica fosse determinada.

A absorbancia discriminante entre os resultados positivos e negativos foi previamente
estabelecida pela média das absorbancias produzidas por soros de 30 individuos nunca expostos
a malaria, acrescida de trés desvios-padroes, resultando em um limite de positividade, ou cut-off,

de 0,1 para ambas proteinas recombinantes testadas.
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7. Ensaio funcional para detecc¢édo de anticorpos bloqueadores da interagcdo DBP,-DARC

7.1. Plasmideos DBP,-pEGFP

Os plasmideos DBP,-pEGFP utilizados nos ensaios funcionais para transfectar células
COS-7 foram gentilmente cedidos pelo Dr. John Adams (Notre Dame University, Notre Dame,
IN). Para obtencdo desses plasmideos, a regido Il da DBP (DBP,) da cepa de referéncia de
laboratério Sal-1 de P. vivax (Fang et al., 1991) foi previamente subclonada no plasmideo pRE4
(Chitnis & Miller, 1994). Posteriormente, essa construgdo contendo a regido Il da DBP foi clonada
no plasmideo pEGFP-N1 (Clontech, Mountain View, CA), que codifica uma proteina de
fluorescéncia verde (GFP) usada como marcador de transfeccdo (Michon et al., 2000), para ser
utilizada como marcador de transfeccdo. Outras duas construcBes desse plasmideo (DBPy-
pEGFP) foram produzidas a partir da sequéncia de isolados de P. vivax da Papua Nova Guiné
(PNG) (PNG 7.18 e PNG 27.16), e também subclonadas no plasmideo pEGFP-N1 como
previamente descrito por VanBuskirk et al. (2004a). As variantes de DBP);, ou os alelos PNG 7.18
e PNG 27.16, pertencem a uma familia alélica que difere dentro da regido do dominio critico de
ligacdo (regido Il) do clone de referéncia Sal-1 (Cole-Tobian & King, 2003). Os plasmideos
recombinantes utilizados nos ensaios funcionais foram purificados a partir da utilizacdo de um kit
de purificacdo de plasmideo livre de endotoxina (Qiagen, Valencia, CA), conforme sugerido pelo

fabricante.

7.2. Transfeccao e ensaio funcional

Células COS-7 (American Type Culture Collection, ATCC, Manassas, VA) foram
transfectadas com os plasmideos recombinantes utilizando-se lipofectamina (Invitrogen Life
Technologies, Carlsbad, CA), como descrito por Michon et al. (2000), com modificacBes.
Resumidamente, células COS-7 semeadas em placas de seis pocos (1,5 x 10° células/mL) foram
transfectadas com plasmideos e complexos de lipossomos (0,5ug/po¢o) em meio de cultura
DMEM (Gibco-BRL Life Technologies, Rockville, MD) sem soro bovino fetal (SBF). Apés 5-6h de
exposicao das células com o complexo lipossoma-DNA (37°C, 5% de CO, e 95% de umidade), o
meio de transfeccdo foi substituido por meio DMEM contendo 10% SBF (Gibco), 2mM de L-
glutamina (Gibco), 256mM de Hepes (Sigma-Aldrich), 256mM de bicarbonato de sddio (Merck,
Darmstadt, Germany), 100UI/mL de penicilina e 100ug/mL de estreptomicina (Gibco). No dia
seguinte, o meio de cultura foi novamente substituido por meio fresco (DMEM 5%), e a eficiéncia
da transfeccdo verificada por meio da visualizacdo das células em um microscopio de
fluorescéncia. Quarenta e oito horas apdés a transfecc¢ao, soros/plasmas-testes foram adicionados
as placas, sendo essas incubadas por 1h a 37°C e 5% de CO,. A diluicdo 1:40 foi escolhida
porque em ensaios prévios, essa diluicdo apresentou uma melhor inibicdo da interacao ligante-

receptor quando diferentes soros foram testados. Para o ensaio de citoaderéncia, uma
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suspensédo de eritrécitos humanos O" a 10% e DARC positivos diluidos em meio de cultura,
foram adicionados as células semeadas em cada pogo das placas (200uL/po¢o), e, incubadas
por 2h a temperatura ambiente. Eritrécitos ndo-aderidos foram removidos por trés lavagens com
PBS 1X, ou DMEM sem SBF. A interacao ligante-receptor foi quantificada através da contagem
do numero de rosetas visualizadas com a ajuda de um microscOpio estereoscopio de
fluorescéncia invertido e com contraste de fase (20 campos/poc¢o, com aumento de 200x) (Nikon,
Melville, NY). As rosetas foram consideradas positivas quando os eritrécitos cobriam >50% da
superficie das células COS-7. Para cada ensaio, pool de plasma de individuos néo-
respondedores a PvDBP no ELISA foram utilizados como controle negativo (100% de ligacao).
Os resultados foram expressos como porcentagem relativa de inibicdo, e calculados da seguinte
forma: 100 x (RC-RT)/RC, onde RC representa a média do niumero de rosetas nas culturas-

controle, e RT a média obtida nas cuturas-teste.

8. Avaliacdo do polimorfismo da regido Il da PvDBP (DBP)) através de sequenciamento do
DNA

O DNA extraido de individuos com malaria aguda foi utilizado para avaliar o polimorfismo
presente na DBP,. Para isso, iniciadores especificos (Sousa et al., 2006, Artigo 5) foram
utilizados visando-se amplificar um fragmento correspondente as posicfes 870-1.545 (aa 290-
515) da DBP,. Na reacdo, o gene dbpll foi amplificado utilizando-se a enzima Tagq DNA
polimerase Platinum High Fidelity (Invitrogen Life Technologies) visando-se reduzir possiveis
incorporacdes errbneas de nucleotideos normalmente observadas com a Taq DNA polimerase
convencional.

Os produtos amplificados pela PCR foram analisados em gel de agarose a 1% corado
com de brometo de etideo e visualizados sob luz UV (Sambrook et al., 1989). Os amplicons
foram purificados com o kit QIAquick PCR purification (Qiagen) segundo as instru¢bes do
fabricante, e as reacoes preparadas a partir do kit de sequenciamento Thermo sequenase primer
cycle sequencing (Amersham Biosciences) utilizando-se 1ulL do iniciador, até 5ul. do DNA-molde
e 4uL do kit. Se necessario, 0 volume da reagdo era completado com agua para 10uL. O
sequenciamento das amostras de DNA investigadas foi realizado no sequenciador automatico de
DNA MegaBace 500 (Amersham Biosciences).

Para analise do gene dpbll, as sequéncias de nucleotideos obtidas dos isolados de
Souza, MG, foram analisadas pelo programa Bioedit (Biological Sequence Alignment Editor for

windows, Ibis Therapeutics, Carlsbad, CA) (www.mbio.ncsu.edu/BioEdit/bioedit.nhtml) e alinhadas

pelo programa Clustal W (EMBL-EBI, European Bioinformatics Institute, Cambridge, UK)
(clustalwW.genome.jp). Para identificar os residuos polimdrficos presentes no dominio ligante da

DBP, descritos anteriormente (VanBuskirk et al., 2004a), foram utilizados como referéncia as
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sequéncias do clone Sal-1 de P. vivax (Fang et al., 1991) e de dois isolados da PNG (VanBuskirk
et al., 2004a).

9. Analise dos dados

Para identificar se existiam associa¢cfes entre as variaveis niveis de exposicdo, tempo
decorrido desde o ultimo episédio de maléria e presenca de infeccao assintomética com a
resposta imune a PvDBP foram utilizadas informagfes ja armazenadas em um banco de dados
construido no programa Epi-Info (software versdo 2002, Centers for Disease Control and
Prevention, CDC, Atlanta, GA) (Artigo 1). Os dados correspondentes ao surto autéctone de
Souza também foram armazenados em um banco de dados semelhante.

As andlises estatisticas foram realizadas no programa Epi-Info 2002 (CDC) ou no Mini-
Tab versdo 13.1 (MiniTab Inc., State College, PA). As diferencas entre as médias de
absorbancias de anticorpos anti-PvDBP,,y e anti-PvMSP-1,4 foram analisadas pelo teste t de
Students’ (para duas amostras) ou por analise de variancia (ANOVA) (para mais de duas
amostras), sendo a diferenca entre os grupos identificada pelo teste de Tukey. A transformacéao
logaritmica foi realizada quando os dados ndo apresentaram distribuicdo normal. Apés a
transformacéo, quando essa distribuicdo continuou ndo se apresentando normal, foi utilizado o
teste ndo-paramétrico Kruskal-Wallis.

A diferenca entre proporcdes de individuos que se apresentavam reativos no teste de
ELISA, e a avaliacdo dos alelos funcionais do antigeno DARC foram avaliadas pelo teste qui-
quadrado (3%, x> corrigido por Yates, ou teste de Fisher quando o valor esperado foi menor que
cinco. Para avaliar diferenca entre proporcdes, também foi utilizado o teste y* para tendéncia
linear. Diferentes diluicdes de soros dos individuos testados nos ensaios funcionais foram
avaliadas pelo teste ndo-paramétrico Wilcoxon Rank Sum test (Mann-Whitney) Em todas as

analises realizadas no decorrer desse estudo, o nivel de significancia considerado foi de 5%.
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RESULTADOS
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Abstract.  Plasmodium vivax Duffy binding protein (DBP) is functionally important in the erythrocyte invasion
process and provides a logical target for vaccine-mediated immunity. In the current study, we demonstrated that DBP
is naturally immunogenic in different populations of the Brazilian Amazon, and the proportions of DBP IgG positive
subjects increased with exposure to malaria, reaching a peak in those subjects with long-term exposure (> 15 years) in
the Amazon area. This profile of antibody response was significantly different from the one observed for the P. vivax
merozoite surface protein 1 (MSP1,,), which was relatively uniform in areas with markedly different levels of malaria
transmission. In a small sample of adults with symptomless P. vivax infection, we could not detect any significant
correlation between antibodies against these P. vivax proteins and asymptomatic infection. Our study provided an
additional insight by demonstrating cumulative exposure as a determinant that acts independently of host age in

generation of anti-DBP IgG response.

INTRODUCTION

Of the four species of malaria parasites known to infect
humans, Plasmodium vivax has achieved the widest global
distribution and is responsible for > 50% of all malaria cases
outside of Africa, including Asia, the Middle East, the West-
ern Pacific, and Central and South America.'? Certain fea-
tures of the transmission biology of P. vivax give this species
greater resilience than Plasmodium falciparum; therefore, as
control measures become more effective, the residual malaria
burden is increasingly pointing to P. vivax.!

Plasmodium vivax merozoites initiate erythroeyte invasion
by an active process mediated by parasite ligands that interact
with erythrocyte receptors. A key step in the host cell inva-
sion is the irreversible commitment of the merozoite to the
selected host cell by the formation of a tight junction between
parasite and erythrocyte.® In the case of P. vivax, junction
formation is mediated by the Duffy binding protein (DBP)
and its receptor on erythrocytes, the Duffy blood group an-
tigen,*® also known as Duffy receptor for chemokines
(DARC).” Individuals that lack the Duffy antigen on their
erythrocytes are naturally resistant to P. vivax.® Thus, DBP is
an important vaccine candidate against the asexual stages of
the parasite.

DBP is a protein of 140 kDa that belongs to a family of
homologous Duffy binding-like erythrocyte binding proteins
located within the micronemes of Plasmodium merozoites.”'?
DBP is likely to be exposed on the merozoite surface during
invasion, enabling it to bind to its receptor but also making it
accessible to serum antibodies. Because DBP is a molecule of
very low abundance in the parasite, and because of limitations
in culturing P. vivax parasites, the available data on immune
responses to DBP in human population are still limited.!*4
In Latin America, a single study on the prevalence of anti-
DBP antibodies has been carried out so far.!? However, this
study cannot be extrapolated to other areas of Latin America
because it was performed in an area on the Pacific coast of
Colombia where most people are probably resistant to P.
vivax infection; that is, 93% of them were black of African
origin (Duffy negative trait).'?

In Brazl, like in most regions where P. vivax is prevalent,
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malaria transmission rates are low, and infections affect
people of all ages.’® The distribution of malaria in the Ama-
zon region is not homogeneous, and it is concentrated in areas
with uncontrolled establishment of rural and mining settle-
ments, being associated with poorly maintained dwellings and
favorable transmission conditions.'® During the past 8 years,
our group has conducted a number of immuno-epidemiologic
studies in different areas of the Brazilian Amazon.!™2° Ben-
efiting from those studies, we now analyzed the immunologic
response to DBP in the Amazon area as a contribution to
current efforts on vaccine development against P. vivax. For
this purpose, we have compared the profiles of antibody re-
sponses to DBP as well as to another vaccine candidate, the
19-kDa C-terminal fragment of P. vivax merozoite surface
protein 1 (MSP1,,), among individuals from three well-
characterized areas of the Brazilian Amazon where malaria
transmission levels are markedly different.

MATERIALS AND METHODS

Study areas and subjects. We analyzed subjects from three
previously well-characterized areas of the Brazilian Ama-
zon'®2! who had been exposed to different levels of malaria
transmission (Table 1). The first group consisted of 36 indi-
viduals living in Belém, the capital of the State of Para. They
had acquired a single episode of P. vivax malaria after short
trips to islands located near the capital (1 to 6 hours by boat)
where levels of malaria transmission are low and unstable.
The second group was composed of 47 individuals who had
lived for about 10 years in a small rural community of Mato
Grosso (MT) State, Terra Nova do Norte (TNN), where ma-
laria is endemic with intermittent transmission. These indi-
viduals reported a variable number of previous malaria epi-
sodes caused by P. falciparum andfor P. vivax. The third
group, named Apiacas group, consisted of 37 migrant miners
who had lived for approximately 17 years in several gold-
mining areas of the Brazilian Amazon where malaria is en-
demic. At the time of blood collection, these subjects were
living in the municipality of Apiacas, MT, which is considered
mesoendemic for malaria and where transmission is continu-
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TaBLE 1

Demographic and epidemiologic data of the subjects exposed to en-
demic malaria transmission in the Brazilian Amazon

Locality
Belém TNN Apiacis
Characteristics (N = 36) (N = 47) (N =137
Age (mean + SD)* 32+19 40 + 28 32+8
Time of malaria <] month 10+ 5 yearst 17 + 11 yearst
exposure (mean
+ SD)
Number of previous 1 1-10 >10
malaria episodes
Exposure to malaria  Sporadic Variable Constant
transmission
Previous malaria Pv Pv and/or Pf Pv and/or Pf
episodes by
Pv = P. vivax, Pf = P. falciparum.
* Differences not significant (F = 1.47, P = 0234).
T Significant differences between TNN and Apiacis (f = -3.16, P = 0.003).

ous.'” These workers were constantly moving inside the Ama-
zon arca and have high exposwre to Plasmodium-infected
mosquitoes. As a consequence, those gold miners had expe-
rienced a high number of previous malaria episodes (Table 1).
At the time of blood collection, the three groups studied
(Belém, TNN, and Apiacés) consisted of aparasitemic indi-
viduals, as assessed by microscopic examination, who were
specifically treated for malaria, 2 to 5 months prior to the time
of blood sample collection.

A previous study on the prevalence of malaria in Apiacas
has suggested that gold miners develop resistance to clinical
malaria (Fontes CJF and others, unpublished data). In this
area, among 527 gold miners characterized and followed-up
by C. J. F. Fontes, asymptomatic malaria infection was iden-
tified in 38 (7.2%) individuals, 17 of them being infected with
P. vivax, 19 with P. falciparum, and 2 with Plasmodium ma-
fariae. In the current study, we selected 15 out of 17 gold
miners with asymptomatic P. vivax infection and 13 out of 15
with symptomatic P. vivax infection. Asymptomatic malaria
infection was defined as absence of classic malaria symptoms,
such as fever, headache, muscle and/or join pain, for at least
72 hours after parasite detection. The mean age of these 28
enrollees was 32 + 10 years, and most of them were males who
had reported a high number of previous malaria episodes.

The ethical and methodological aspects of this study were
approved by the Ethical Committee of Research on Human
Beings from the Centro de Pesquisas René Rachou/
FIOCRUZ (Report 002/2002), according to the Resolution of
the Brazilian Council on Health-CNS 196/96, and by the
WHO Secretariat Committee for Research Involving Human
Subjects (SCRIHS).

Recombinant antigens. Recombinant DBP (rDBP) was ex-
pressed in prokaryotic system and purified using only minor
modifications of the protocol described previously.!! Briefly,
a portion of DBP from amino acids 177 to 815 that includes
regions II to IV (DBPy; ) was inserted in frame with gluta-
thione S-transferase (GST) in the expression vector pGEX-
2T." The GST fusion protein was purified directly from bac-
terial lysates through affinity chromatography using matrix
glutathione sepharose 4B, according to the manufacturer’s
instructions (Amersham Biosciences, Piscataway, NJ). Even
though the fusion protein was cleaved by thrombin treatment,
one contaminant of 70 kDa, probably one bacterial chapero-

nin, was frequently co-purified with the rDBP (data not
shown). Efficient removal of the chaperonin from the rDBP
was achieved using a standard protocol for gel electroelution,
as described.?? Briefly, after sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) of the
Sepharose column—¢luted proteins, the band of interest was
excised from the gel, and protein was electrophoretically
eluted from the minced gel. This procedure was very effective
to obtain purified rDBP, as required for enzyme-linked im-
munosorbent assay (ELISA). A recombinant protein repre-
senting the 19-kDa C-terminal region of the merozoite sur-
face protein-1 of P. vivax (rtMSP1,,) was kindly provided by
Dr. Irene Soares (Universidade de Sdao Paulo, SP, Brazil).
Detailed construction of this GST fusion protein, which rep-
resents the amino acids 1616-1704 of the MSP-1 (Belém
strain) of P. vivax, has been described clsewhere 224

Antibody measurement. The ELISA for total IgG antibod-
ies was carried out according to the method described else-
where,'” the optimal antigen concentration and the dilution
of the primary and secondary antibodies determined empiri-
cally by cross-titration. Briefly, 96-well plates (Maxysorp,
Nune, Denmark) were coated overnight at 4°C with 5 pg of
rDBP or 1 pg rMSP1,, per milliliter in phosphate-buffered
saline (PBS, pH 7.4), rinsed in wash buffer (0.05% Tween 20
in PBS), and incubated for 1 hour in blocking buffer (5% skim
milk in wash buffer). After rinsing, the antigen-coated wells
were incubated for 1 hour with duplicate serum samples di-
luted 1:100 (rDBP) or 1:80 (rMSP1,g) in 1.5% skim milk in
wash buffer, rinsed again, and incubated for 1 hour at 37°C
with peroxidase-conjugated anti-human IgG (Sigma-Aldrich,
St. Louis, MO). The presence of bound IgG was detected
using o-phenylenediamine dihydrochloride (OPD) as sub-
strate (Sigma-Aldrich) and reading the absorbance at 492 nm
using a microplate reader (Stat Fax-2100, Awareness Tech-
nology, Palm City, FL). For the recombinant antigens, rDBP
and rMSP1, ,, the final optical density (OD) was calculated by
deduced OD obtained with purified GST (Sigma-Aldrich),
used as antigen control. For both antigens, the threshold of
positivity was an OD value of 0.1, which was based on the
mean plus three standard deviations (SD) reactivity of sera
from 30 nonexposed subjects. For all test samples, both posi-
tive and negative control samples were added to each plate,
and the reaction was stopped such that ODs varied less than
10% between test plates.

Statistical analysis. Statistical analysis was performed using
the Epi-Info 2002 software (Centers for Disease Control and
Prevention, Atlanta, GA) or MiniTab statistical software
(Minitab Inc., State College, PA). Differences in means were
tested by Student’s ¢ test or one-way analysis of variance
(ANOVA) with Tukey’s post hoc test to identify the signifi-
cant differences between groups. The log-transformed data
were applied for situations where analysis of variance nor-
mality assumption was not applied. Differences in propor-
tions were evaluated by the Yates® x? (x%) or Fisher’s exact
tests and analysis for linear trend in proportions by ) for
trends () trend). P values < 0.05 were considered significant.

RESULTS

To investigate the effect of exposure to malaria transmis-
sion on levels of antibodies to the rDBP, we studied individu-
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als from three well-characterized areas of the Brazilian Ama-
zon. The proportions of TDBP Ig( positive subjects increased
with exposure to malaria transmission (Table 2). The highest
1gG seroreactivity against rDBP was found among gold min-
ers from Apiacds (65%) who had long-term exposure to ma-
laria. The group who had experienced a single P. vivax infec-
tion (Belém) had very low response to rDBP (14%). The
levels of IgG antibodies against rDBP were also associated
with malaria exposure, as the greatest levels were observed in
gold miners from Apiacds (Figure 1A). In contrast, the pro-
portions as well as the levels of IgG antibodies against
rMSP1,y were not correlated with exposure (Table 2, Figure
1B), the protein being immunogenic to a large proportion of
individuals (66-73%).

Because individuals from TNN had experienced a variable
number of previous episodes of clinical malaria, we reasoned
that individuals who had been infected multiple times with
malaria in TNN should exhibit higher frequency of antibodies
against rPvDPB than those who had been single-infected.
Eighteen (49%) of 37 individuals who had reported multiple
infections developed anti-rDBP antibodies (Figure 2); on the
other hand, none of the individuals who had reported a single
malaria infection had antibodies that recognize the rDBP.
The rMSP1,; antibody response was similar in both groups
(Figure 2).

In a further analysis, individuals from Apiacas and TINN
who had been exposed to several previous malaria episodes
were analyzed according to their last malaria episode, wheth-
er by P. vivax or P. falciparion. In both cases, the results show
a non-significant tendency toward increased prevalence of
anti-rDBP antibodies among individuals whose last infection
was by P. vivax (P> 005 for all statistical comparisons) (Fig-
ure 3). The frequency of antibodies against the tMSPL,, was
similar between P. vivax and P. falciparum groups (data not
shown).

We also analyzed individuals acutely infected with P. vivax
in Apiacds who had (N = 13) or not (N = 15) developed
clinical malaria after a follow-up of 72 hours. For both re-
combinant proteins, antibody response was higher in indi-
viduals with asymptomatic infection than in those suffering
clinical symptoms of malaria, even though this difference was
not of statistical significance (P > 0.05 for all comparisons)
(Figure 4).

DISCUSSION

Diirect evidence for naturally acquired antibodies to DBP
was first demonstrated in residents of a highly endemic region
in Papua New Guinea (PNG).! This observation was subse-

TaBLE 2
Antibody response to the TDBP and rM5P1,4 in three groups of
individuals exposed to different situations of malaria transmission
(sporadic, variable, constant)

Locality
Antibody Belsm TN piacts

response 1o (sporadic)® (variabie) (constant) ¥ linear wend, 2
DBP 5736 (14%)t 1847 (38%) 24137 (65%) 19.75, P < 0.0001

rMSP1,, 2535 (7T1%) 31/47 (66%) 2737(73%) 0.024, F = 0877

* Classified as described in Table 1
1 Mumber of individuals with a positive antibody response, noJ/total (% ).
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Figure 1. Effect of exposure to malaria transmission on levels of

antibodies to the tDBP (A) or tMSP1,5 (B). [gG antibody responses
are expressed as optical demsity (OD) detected by ELISA in sera
from adults l[iving in three areas of the Brazilian Amazon, which have
different levels of malaria fransmission (Apiacds > TNN > Belém).
For both proteins, the threshold of positivity was an OD value of 0.1
(mean + 3 standard deviations of unexposed controls subjects). Dif-
ferent letters on the top of the fipure indicate significantly different
means (P < 0.05) determined by analysis of variance with Tukey’s
high significance degree post hoc test.

quently confirmed in a low-endemic P. vivax malaria region
in Colombia, where 40% of the individuals displayed specific
antibodies to the P¥DPB.!? Recently, data from a study in
PNG have identified four dominant B-cell epitopes in the
cystein-rich ligand domain (region 1) of the protein.'*

In the current study, we have demonstrated that a recom-
binant protein containing region I1T-TV of the DBP (rDBP) is
immunogenic in different populations of the Brazilian Ama-
zon. In these areas, the prevalence and levels of antibodies to
the rDBP showed marked differences according to the expo-
sure to malaria transmission; higher antibody levels were as-
sociated with higher exposure to transmission. Thus, the fre-
quency of responders to the rDBP was higher (65% ) among
those subjects with a long-term exposure to malaria in Api-
acds when compared with subjects less exposed, including
those sporadically exposed in Belém arsa (14%).

Although this recombinent protein was immunogenic in
different populations of the Amazon area. we observed an
absence of response to PYDBP in a large proportion of the
individuals studied. The consistently significant percentage of
apparent norresponders suggests that the PvDBP is a poor
imml.mo‘lgq:n.11 However, at this time, we cannot exclude that
part of this nonresponsiveness was due to the fact that some
conformational epitopes could not be properly represented in
our recombinant protein. In fact, a previous study in PNG
demonstrated that acute-phase serum from initial P. vivax
infection recopnizes conformational epitopes of PYDBP.M

30



Artigo 1 Resultados
678 CERAVOLO AND OTHERS
rDBP rMSP1,,
100 A .
) 0D values (492nm)
T 80
= m >04
2 60 -
S @ 0.1-04
2 401
® 0 <01
o 20
w
0
Single Multiple Single Multiple
infection infections infection infections
Frequency of response 0/10 (0%) 18/37 (49%)** 6/10 (60%) 25/37(68%)

[N°ftotal (%))

Ficure 2.

Antibody response to the rDBP and 1MSP1  detected in sera of individuals from Terra Nova do Norte (TNN) who had

experienced a single malaria episode (single-infection) or a variable number of previous malaria episodes (multiple infections). IgG antibody
responses are expressed as optical density {OD), as described in the legend of Figure 1. Values on the bottom of the figure represent the overall
frequency of response for each antigen. For rDBP, there was a significant difference between single-infection and multiple-infections groups
(*t = 3.42, P = 0.001 for log-transformed OD wvalues; **P < (.05 for proportions compared by Fisher’s exact test).

Previous studies demonstrate that anti-DBP antibodies in-
creased significantly with age, suggesting a possible boosting
of the DBP antibody response due to accumulated age-
related exposure.'''** Because host age affects both the
quantitative and qualitative nature of the immune response to
Plasmodium antigens,”**’ those studies carried out in highly
endemic areas of PNG could not differentiate the effects of
age from those of cumulative exposure. Because the groups
studied in Belém, TNN, and Apiacds were comparable with
respect to their age and gender (most adults, males), our
study allows a separation of the two effects, age and cumula-
tive malaria exposure. We conclude that cumulative expo-
sure, independent of host age, apparently represents a key
determinant of the quantitative nature of the [gG response to

Apiacas

Sera reactivity (%)
:

P. vivax DBP. However, at this time, we cannot exclude an
additional effect of the host age in this antibody response.
As expected, the serological responses to rDBP and
rMSP1,, were different in these samples from the Brazilian
Amazon. Whereas rDBP fitted a pattern expected for a mol-
ecule that is less immunogenic or has restricted exposure to
the host immune response,'” tMSP1,, appeared to be highly
immunogenic in the Amazon area. Also, there appeared to be
little boosting effect to MSP1,, from accumulated malaria
exposure, a result that corroborates previous findings in
PNG.!! Several reasons, not mutually exclusive, may account
for the fact that a larger proportion of sera, including those
from single-infected individuals, reacted with P. vivax
MSP1,,. First, the P. vivax MSP1,, encoding DNA displays

TNN
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Frequency of response  7/8 (88%)  13/24 (54%)
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FiGure 3.

Pv Pf
10117(59%) 6718 (33%)

Antibody response to the rDBP detected in sera of individuals from Apiacas or TNN whose last malaria episode was by P. vivax

(Pv) or P. falciparum (Pf). In TNN, only individuals who had reported a variable number of previous episodes of malaria were included for
analysis; at the time of blood collection, all individuals were aparasitemic. IgG antibody responses are expressed as optical density (OD), as
described in the legend of Figure 1. Values on the bottom of the figure represent the overall frequency of response for each group. Differences
in mean OD values between Pv and Pf groups were not statistically significant (r = 0.12, P = 0.906 for Apiacds: and r = 1.50, P = 0.142 for TNN).
Also, there was no significant differences in proportions (Fisher’s exact test, P = 0.100 for Apiacds; ¥y = 1.38, P = 0.240).
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Ficure 4. Antibody response to the rDBP and the rMSP1,; among 28 individuals infected with P. vivax in Apiacéds who had (N = 13) or not
(N = 15) developed symptomatic malaria. [¢G antibody responses are expressed as optical density (OD), as described in the legend of Figure
1. Values on the bottom of the figure represent the overall frequency of response for each group. Differences in mean OD values between
asymptomatic and symptomatic groups were not statistically significant (r = 1.29, P = 0.209 for rDBP:; and r = -2.0, P = 0.06 for rMSP1, ). Also,
there were no significant differences in proportions (X yaes = .00, P = 0.950 for rDBP; and ¥ yaes = 2.69, P = 0.101 for rMSP1,g).

very limited allele polymorphism in different regions of the
world.?*282% Second, DNA sequences encoding P. vivax
MSP1,, are less variable compared with equivalent regions of
other species of malaria parasites such as P. falciparum.**
Consistent with this notion, our previous results in the Ama-
zon area demonstrated that antibody response against a re-
combinant P. falciparum MSP1,, increased with the number
of infections.'” Third, despite the existence of two allelic
forms of MSP1,, antibodies are directed mainly to conserved
epitopes present in both allelic forms.?* Consequently, a high
frequency of responders to the C-terminal region of P. vivax
MSP1 has also been described in other surveys performed in
Brazil ***' Papua New Guinea,'' and Korea.*

We detected a non-significant tendency toward an in-
creased prevalence of anti-DBP antibodies among individuals
whose last infection was by P. vivax. In a follow-up of a popu-
lation exposed to a F. vivax malaria outbreak. outside of the
Amazon area, we have found that individuals serologically
negative to the rDBP became positive after a P. vivax relapse
(L. P. Ceravolo and L. H. Carvalho, unpublished results).
These results suggest that boosting of the anti-DBP antibody
response is achieved at the time of a new P. vivax episode.
Because P. vivax relapses in Brazil are usually caused by the
same parasite strain of the initial infection, at this point we
cannot rule out the possibility that a booster with DBP needs
to be strain-specific.

In the Brazilian Amazon area, instability of transmission is
the dominant feature of malaria.'” The exposed populations
consist of migrants mostly from malaria-free areas. In these
individuals, the infection is generally accompanied by clinical
symptoms of variable degrees of intensity. Nevertheless, dur-
ing the past few vears, epidemiologic studies carried out
among individuals with long-term exposure to malaria in Bra-
zil clearly shown the existence of symptomless infections by P.
vivax.*33* In Apiacés area, asymptomatic malaria infections
were identified among 7% of the gold miners followed for up
to 2 months (Fontes CJF and others, unpublished results).
Although the protective nature of the anti-rDBP antibody
response was not the focus of the current work, the serum
samples available from clinically and parasitologically defined
subjects in Apiacds offered an excellent opportunity to cor-
relate asymptomatic malaria and the IgG antibody response.

When we divided the P. vivax blood-smear positive individu-
als from Apiacas into asymptomatic (N = 15) and symptom-
atic (N = 13) groups, the former group had a higher IgG
response against rDBP and rMSP1,, than did the symptom-
atic group. Although this observation failed to reach the level
of statistical significance, it is in line with the results of a
previous study in PNG, which shows an increase in the anti-
body response to DBP with age, concomitant with a decline in
the prevalence and intensity of P. vivax infection.* However,
the low number of asymptomatic infections analyzed in our
study precludes any strong conclusion about the existence of
an association between antibodies to DBP and the develop-
ment of clinical malaria. Unfortunately, the size of our sample
could not be increased in Apiacas area; the difficulties for
geographical access and the political conflicts, which often
affect the gold-mining areas of the Brazilian Amazon, ham-
pered the continuation of owr study there. Furthermore, a
failure to see a closer correlation between anti-DBP and pro-
tection against clinical malaria may have occurred because
not all anti-DBP antibodies seem to have a functional role in
inhibiting the interaction of DBP with erythrocytes; up to
now, this anti-functional antibody response was demonstrated
only in highly endemic regions of PNG.** which is repre-
sentative of only some tropical regions where P. vivax is
prevalent.

In conclusion, we have demonstrated cumulative exposure
as a determinant that acts independently of host age in gen-
eration of anti-DBP IgG responses among Brazilian migrants
from the Amazon area. Studies are in progress to clarify fur-
ther whether individuals in Brazil acquire antibodies that
have the ability to block erythrocyte cytoadherence to DBP.
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Abstract

Plasmodium vivax Duffy binding protein (DBP) function in the erythrocyte invasion process is
critical for parasite growth and pathogenesis in human infections. Although DBP is the subject of
intensive malaria vaccine research, a single study has investigated the functional proprieties of anti-
DBP antibodies in human population [1]. In the present study, we examined the ability of sera from
different populations of the Brazilian Amazon - an area of markedly unstable malaria transmission -
to inhibit the erythrocyte-binding function of the DBP ligand domain (region II, DBPy), expressed
on the surface of cultivated mammalian cells. We find that long-term exposure to malaria in the
Amazon area elicits an inhibitory antibody response against different DBPy variants. The inhibitory
efficacy of the immune inhibition did not have a strong correlation with the antibody responses
quantified by ELISA. Of potential importance for vaccine development, the three different DBPq
variants tested were equally recognized by sera from asymptomatic and symptomatic P. vivax

infections.
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Introduction

Plasmodium merozoites initiate erythrooyte invasion by an active process mediated by parasite
ligands that interact with erythrocyte receptors. A key step in the host cell invasion is the
irreversible commitment of the merozoite to the selected host cell by the formation of a tight
junction between parasite and erythrocyte [2, 3]. In the case of P. vivax, junction formation is
mediated by the Duffy binding protein (DBP) and its receptor on erythrocytes, the Duffy blood
group antigen [4-6] also known as Duffy antigen receptor for chemokines (DARC) [7]. Individuals
that lack the Duffy antigen on their erythrocytes are naturally resistant to P. vivax infection [§].
Thus, the DBP represents one of the most promising vaccine candidate antigens against P. vivax

infection.

P. vivax DBP is a 140-kDa protein that belongs to a family of homologous Duffy binding-like
erythrocyte binding proteins (DBL-EBP) located within the micronemes of Plasmodium merozoites
[9]. The similarity among DBL-EBPs is most prominent in two conserved Cys-rich domains, region
II and V1. The functional binding domains of DBL-EBP lie in region II, which for DBP region II is
330-aa and the critical binding residues map to a central 170-amino-acid stretch that includes
oysteines 5-8 [10-12]. DBP is likely to be exposed on the merozoite surface during invasion,
enabling it to bind to its receptor but also making it accessible to serum antibodies. Currently
available data on humoral immune responses to DBP in human population are still limited, being
carried-out essentially in areas where malaria is highly endemic [1, 13, 14]. Recently, we
demonstrated that DBP 1s naturally immunogenic in the Brazilian Amazon area, where malaria
transmission rates are low-to-medium and clinical symptoms affect people of all ages [15]. In the
Amazon, the proportions of DBP IgG positive subjects increased with exposure to malaria, reaching
a peak in those subjects with long-term exposure in the endemic area (> 15 years). This observation
was subsequently confirmed in malarnia-endemic populations of Rondénia state, Brazil, where

specific antibodies to the DBP were biased toward the cytophilic subclasses IgG1 and IgG3 [16].
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:_1 Many field studies of immunity to malaria have focused on measuring concentrations of
? antibodies to vaccine candidate antigens, being less attention paid to complementary approaches of
%O defining functionally important immune mechanisms [17]. In the present study, we hypothesize that
:2| part of the IgG response to DBP in the Amazon area is mediated by antibodies that block the
:i interaction between DBP and its receptor on erythrocyte. To date, this inhibitory antibody response
15

:F? was demonstrated only in highly endemic regions of Papua New Guinea [1], which is representative
:g of only some tropical regions where P. vivax is prevalent. To analyze inhibitory antibodies we used
gi an in vitro erythrocyte-binding assay, in which the putative ligand domain of the DBP (region II,
%i DBPn) was expressed on the surface of cultivated mammalian cells [1, 18]. To assess the potential
%E effects of polymorphisms, the strategy was to use in the erythrocyte-binding assays three different
gé DBPy variants.

30

31

32

33 Materials and methods

34

ZE Study areas and subjects. We analyzed subjects from three previously well-characterized areas of
i%]l the Brazilian Amazon [15, 19], and who had been exposed to different levels of malaria
‘42' transmission (Table 1). The first group consisted of individuals living in Belém, the capital of the
j? State of Pard. They had acquired a single episode of P. vivax malaria after short-trips to islands
%:z located near to the capital where levels of malaria transmission are low and unstable. The second
:_13 group was composed of individuals who had lived for about 10 years in a small rural community of
:l Mato Grosso (MT) State, Terra Nova do Norte (TNN), where malaria is endemic with intermittent
:;1 transmission. These individuals reported a variable number of previous malaria episodes caused by
:FT P. vivax and/or P. falciparum. The third group, named Apiacas group, consisted of migrant miners
:g who had lived for approximately 17 years in several gold-mining areas of the Brazilian Amazon
60

where P. vivax and P. falciparum malaria are endemic. At the time of blood collection, the three
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g groups studied (Belém, TNN and Apiacas) consisted of aparasitemic individuals, as assessed by
“} microscopic examination.

EIIO A previous study on the prevalence of malaria in Apiacas (MT) has suggested that gold-miners
:2| develop a partial resistance to clinical malaria [20]. In that study, asymptomatic malaria infection
:; was defined as absence of classical malaria symptoms, such as fever, headache, muscle and/or join
15

:FT pain, for at least 72 h after parasite detection. In this area, P. vivax infection was detected among 28
:g out of 527 gold-miners characterized and followed-up by CJF Fontes, being 15 classified as
%z asymptomatic and 13 as symptomatic. Conventional antibodies to DBP were detected only among 7
;‘ji of those 15 asymptomatic infections, and 5 out of 13 with symptomatic infection [15]. In the present
Zj;{ study, we analyzed this small group that had anti-DBP antibodies.

2

29

Zol Human plasma. Human plasma samples were collected from P. vivax-exposed residents of the
Z? Brazilian Amazon area, as described earlier [19, 21]. The total volume of these plasma samples was
o

Z? generally 100 to 200 pl; therefore, the anti-DBP inhibition of DBP-erythrocyte binding assay had to
Zg rely on pooled samples to obtain sufficient volumes for the analysis method. The specific DBP
iéll antibody reactivities were determined by ELISA against a recombinant protein containing region II-
j% IV of the DBP, as previously described [15]. Therefore, human plasma samples were pooled in
j? three different groups according to their ELISA positivity, i.e., Belém (n = 5), TNN (n = 18) and
%Fg Apiacas (n = 24) (Table 1). For two communities, Apiacas and TNN, additional samples were
‘:_18 obtained by pooled in groups according to their ELISA antibody titer, and designated as high, low,
:Ql and nonresponders. Negative control plasma samples were collected from Brazilian volunteers (n =

20) with no previous malaria exposure. Additional pooled plasmas samples were from individuals
infected with P. vivax, who had developed symptomatic (n = 5) or asymptomatic (n = 7) malaria

infection after a short follow-up period [15].
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The ethical and methodological aspects of this study were approved by the Ethical Committee of

Research on Human beings from the Centro de Pesquisas René Rachow/FIOCRUZ (Report
002/2002), according to the Resolution of the Brazilian Council on Health-CNS 196/96, and by the

WHO Secretariat Committee for Research Involving Human Subjects (SCRIHS).

DBPgpEGFP constructs. Region II of DBP from a P. vivax laboratory reference clone Sal-1
(DBPV1) has previously been subcloned into the pEGFP-N1 plasmid (Clonotech), with a flanking
signal sequence from the herpes simplex virus glycoprotein D1 [1, 18]. This plasmid allows
expression of a recombinant fusion protein to the N terminus of the enhanced-green fluorescent
protein (GFP) used as a transfection marker. Additional GFP constructs with two DBP region II
variants, PNG-7.18 (DBPpV2) and PNG-27.16 (DBPrV3) [22], were also used in the erythrocyte-
binding assays. All DBPn-pEGFP plasmids were purified by use of an endotoxin-free plasmid DNA

purification system (Qiagen, Valencia, CA).

COS-7 cultures and erythrocyte-binding assays. Recombinant plasmids were transfected into
Green monkey kidney cells (COS-7, American Type Culture Collection, Manassas, VA) by use of
lipofectamine and PLUS-reagent (Invitrogen Life Technologies, Carlsbad, CA) according to
manufacturer's protocols. Briefly, COS-7 cells into six-well culture plate (1.5 x 10° cells/well) were
transfected with plasmids (0.5 pg/well)-liposome complexes (5% Plus-reagent and 3%
lipofectamine) in Dulbecco’s Modified Fagle Medium (DMEM, Sigma) without serum. After 6 h of
cells exposure to DNA-liposome complexes (37 °C, 5% CO»), transfection medinum was replaced by
DMEM plus 10% of fetal bovine serum (Gibco-BRL). At 24 h after transfection, culture medium
was replaced again and efficiency of transfection was assessed by using an inverted fluorescence
microscope (Nikon TEZ000E). Over 80% of the cells demonstrated green fluorescence, indicating

that they were successfully transfected.
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Forty-two hours after transfection, the erythrocyte-binding assays were performed as previously
described [1]. For this, transfected COS-7 cells were incubated for 1 h at 37 °C in 5% CO, with
various dilutions of the different pooled human plasmas in DMEM without serum. Human O
erythrocytes in a 10% suspension were added to each well (200 pl/well), and plates were incubated
for 2 h at room temperature. Unbound erythrocytes were then removed by washing the wells three
times with PBS. Binding was quantified by counting rosettes observed over 20 fields at a
magnification of x 200 (Fig. 1A). To assess their inhibitory activity, all pooled human plasmas were
first tested (duplicate) at a 1:40 dilution. The 1:40 dilution was chosen because in preliminary
experiments this dilution provided a wide range of inhibitory activity among different plasmas.
Serial dilutions were then tested for each positive sample. Binding for each plasma dilution was
compared to binding of transfected COS-7 cells incubated with negative control plasma at 1:40

dilution (100% binding).

Statistical analysis. Statistical analysis was performed using the Epi-Info 2002 software
(Centers for Disease Control and Prevention, Atlanta, GA) or MiniTab statistical software (Minitab
Inc., State College, PA). Differences in means were tested by one-way analysis of variance
(ANOVA), being the log-transformed data used for situations where variance normality assumption
was not applied. Differences between medians were compared: by the nonparametric Wilcoxon

Rank Suim test. Statistical significance was defined as P < 0.05.

Results

Natural exposure to P. vivax in the Amazon area induces inhibitory antibody response

A preliminary objective was to study whether people exposed to P. vivax in the Amazon area,

which is an area with unstable malaria transmission, acquire antibodies that have the ability to
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inhibit DBP binding to erythrocytes. For this, erythrocyte-binding assays were performed by using
transiently transfected COS-7 cells expressing different DBPy variants as GFP fusion proteins (Fig.
1A). Our results demonstrated that individuals with long-term exposure to malaria in the Amazon
area (TNN and Apiacas) do acquire inhibitory antibodies to DBPy that strongly inhibit the DBPy
variants used in our assays (Fig. 1B). No inhibition was observed when using pooled plasmas, at the
same dilution, from individuals living in the endemic area (Belém, TNN or Apiacas) who did not
have detectable antibody to DBP (nonresponders). In contrast, plasma samples from residents who
had been sporadically exposed to P. vivax (< 1 month) did not block the ligand-receptor interaction.
In this group, a low level of inhibition (< 50%) was detected, but only for the DBPV3 allele (Fig.

1B) and this inhibitory activity was lost at 1:80 plasma dilution (data not shown).

Anti-DBP antibodies levels and inhibition of binding

We sought to determine whether the level of anti-DBP IgG antibodies, as detected by ELISA,
correlated with a positive inhibitory activity of erythrocyte binding to DBPp. Individuals
chronically exposed to malaria in TNN and Apiacas communities had been previously characterized
as high or low responders by ELISA [15]. We analyzed these samples, pooled from high or low
responders, in titration experiments for inhibition of erythrocyte binding to COS-7 cells transfected
with the three DBPy alleles. In Apiacas area, it was not possible to detect a significant difference in
the profile of rosette-inhibitory activity between high or low responders groups (Fig. 2). The same
profile of response was detected by using TNN samples (data not shown).

These results demonstrate that the levels of inhibitory antibodies can be relatively high in the
Amazon area, being detected up to 1:1,280 sera dilution. We were somewhat surprised that there
was no correlation between the quantitative antibody responses and the efficacy of antibody

inhibition of DBP-erythrocyte binding to the three DBPy variants.
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Asymptomatic P. vivax infection and inhibition of binding

‘We also analyzed pooled plasmas from P. wvax infected individuals who had or not developed
clinical malaria after a short follow-up in Apiacds area. Regardless the DBPy variant used to
transfect the COS cells, we found that antibodies from asymptomatic and symptomatic groups were
comparable for inhibition of erythrocyte-DBPp binding (Fig. 3). Unexpectedly, persons with P.
vivax blood-stages had lower levels of inhibition as compared with uninfected-exposed groups (Fig.

2), being this difference statistically significant (nonparametric Wilcoxon test, P < 0.05).

Discussion

The goal in developing the DBP as a vaccine against blood-stages of P. vivax is to elicit an antibody
response that blocks the adhesion of this parasite ligand to its cognate erythrocyte receptor and
thereby the merozoite invasion. To date, a single study, carried-out in highly endemic areas of
Papua New Guinea, demonstrated that individuals naturally exposed to malaria do acquire
antibodies that block erythrocyte binding by DBP [1]. In the present study, we aimed to characterize
this anti-DBP inhibitory antibody response in an area of markedly unstable or intermittent malaria
transmission. The transmission of malaria is not homogeneous in the Amazon area, which is similar
to most of Latin America (where about one million cases are reported per year) [23]. Vivax malaria
in the Amazon basin tends to be concentrated in areas with uncontrolled establishment of rural and
mining settlements, being associated with poorly maintained dwellings and favorable transmission
conditions [24, 25]. In general, the exposed populations consist of migrants mostly from malaria-
free areas. Under such a pattern of transmission, the infection is generally accompanied by clinical
symptoms that vary from mild to severe. Recently, we and others demonstrated that conventional

antibodies to DBP, as measured by ELISA, are prevalent in the Amazon area [15, 16].
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g By using an in vitro assay that can be adapted to quantify inhibition of DBP-erythrocyte binding,
?‘, we demonstrated that the natural exposition to P. vivax in the Amazon area induces antibodies to
g DBP which blocks erythrocyte cytoadherence. An efficient inhibitory antibody response was
;0 detected only in plasmas from individuals who had had a long-term exposure to malaria in that area
:II; (> 10 years). Plasma samples from individuals sporadically exposed to P. vivax (Belém) could not
E block DBP-erythrocyte binding. These results suggest that DBP is normally a poor immunogen
1? when presented through the ‘natural” exposure of an infection and that chronic exposure is needed
:Ilg to induce a more effective inhibitory antibody response that recognizes different DBPy variants.
gg Alternatively, it 1s possible that the people sporadically exposed to malaria in Belém area had been
gi infected with different variantswef DBPy that were also antigenically-distinct from the three alleles
gg used 1n the present study. Recent findifigs, with rabbit immune-sera support the idea that distinct
gé strain-specific antibody response profiles gam be a general phenomenon that restricts the functional
g? immune response against DBP in an alleléspecific manner [22]. Together, these results point
g% toward to strain specificity in the natural imfmune regponse against DBP, which has also been
gg suggested to another malaria vaceine candidate, the*apigalmembrane antigen 1 (AMAT1) [26].

37
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:11(1) In an attempt to determine whether the level of serological responses correlate with the anti-DBP
3% inhibitory activity, we analyzed pooled samples from individaalsfchronically exposed to malana
3; (INN and Apiacas) because those individuals were previously ch@saterized as high, low and
32 nonresponders by ELISA [15]. Overall, titration experiments did not show any significant
gg difference in the efficacy of inhibition among high and low responder groups. These results differ
g; somewhat from the results of the Papua New Guinea study [1], in which elevated anti-DBP titers of
gz the pooled high responder immune sera had a corresponding increased inhibitory capacity. The
gg Brazilian study examined assayed antibody responses against three DBPy variants, compared to
gg only the Sall (V1) variant used in the PNG study, and differences in inhibitory efficacy were
60

apparent against the different alleles, suggesting some strain specificity of the Brazilian sera.
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Alternatively, it is possible that the different results may reflect a real disparity in the antibody

responses to DBP between unstable and stable malaria transmission areas, but such a conclusion is
not yet possible since the use of pooled samples - which were used in both studies - may mask the

strain-specific of antibody responses of individual samples.

In the Amazon area, the titers of inhibitory antibodies were relatively high, and, depending on
the DBPq variant used in the erythrocyte binding assay, this activity could still be detected at
1:1,280 dilution. Given the scarcity of data from human population, this profile of inhibitory
immune response to DBPp can be compared only with those from experimental models. In mice,
studies of the immunogenicity of a recombinant DPBp, formulated with human compatible
adjuvants, demonstrated that the maximum of inhibitory activity was obtained with immune sera
diluted up to 1:1,800 [27]. So far, vaccination of monkeys with a formulation of DPBy suitable for
human (montanide ISA-720) did not induce significant levels of inhibitory antibody response, being
the 50% inhibition titers ranged from 1:16 to 1:366 [28]. Therefore, it is very intrigning that in the
Amazon and PNG a strong inhibitory immune response to DBP is acquired under natural

conditions.

The occurrence of asymptomatic malaria in Latin America is unusual, and only recently has been
documented in detail among Amazonians living in remote riverine settlements [29, 30]. Considering
the vastness of the Amazon region and the remoteness of some of its riverine settlements, the
plasma samples available from a small group of asymptomatic P. vivax-infected individuals,
previously identified in Apiacas area [20], offered an exceptional opportunity to investigate the
relationship between malaria symptoms and the functional immune response to DBPy in vitro. By
using three DBPy variants in the functional assay, we could not see any difference between
asymptomatic and symptomatic P. vivax infections. Surprisingly, the levels of inhibitory antibodies

to DBP were significantly lower in P. vivax-infected groups that in uninfected group. In comparison
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with uninfected individuals, they also had low levels of antibodies to DBP [15]. Although impaired

immunity in patients with acute blood stage infections has been documented in malaria [31-33], our
data is far more difficult to explain because P. vivax-infected groups included asymptomatic
individuals. Since the criterion used to define asymptomatic individuals in Apiacas study was the
absence of symptoms up to 72 h after parasite detection, there is a possibility that these individuals
may have become symptomatic soon after. A long-term prospective study is needed to determine
the protective nature of the inhibitory anti-DBPp antibodies in terms of anfi-disease immunity.
Unfortunately, geographical access and political conflicts hamper these studies in the endemic

Apiacas area.

Our results demonstrate that population from unstable malaria transmission areas do acquire
anti-DBP that inhibit in vitro binding of different DBPy variants to erythrocytes. It is not clear yet
whether this finding correlates with increased levels of protection. We believe that this first study
on the profile of immune response to DBPp variants in population of the Amazon area will
contribute to the current efforts on vaccine development, and may facilitate future clinical trials in

areas of unstable malaria transmission.
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Table 1 Characteristics of the three communities studied in the Brazilian Amazon area

Characteristics

Area

Belém

THNN

Apiacas

Antibodies anti-DBP, nftotal (%)

Age (mean + 5D) *

Exposure to malaria transmission

Time of malaria exposure

Number of past malaria episodes

Previous malaria episodes by

5/36 (14%)’
32419
Sporadic

< 1 month

18/47 (38%)

40 + 28

Variable

~ 10 years

1-10

Pv and/or Pf

24/37 (65%)

32+8

Constant

~ 17 years

=10

Pv and/or Pf

Pv = P. vivax , Pf = P. falciparum

TAs previously detected by ELISA [15]

*Differences not significant (F = 1.47, p =0.234).
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Figures legends

Figure 1 Inhibition of erythrocyte binding to DBPy variants on COS cells by plasma from

oo ~DH o) —=

11 individuals who had been sporadically (Belém) or continuously exposed to malaria (TNN and
13 Apiacas) in the Amazon area. (A) Expression of the GFP-DBPy fusion protein in COS-7 cells is
associated with green fluorescence. in upper panels, erythrocyte cytoadherence (rosettes) linked
18 with DBPq expression; and lower panels illusirates a complete inhibition of erythrocyte binding to
20 transfected cells by a positive human plasma. (B) COS-7 cells expressing each variant (DBPV1,
23 DBPrV2 or DBPrV3) were incubated with different pooled plasma samples, at 1:40 dilution, prior
25 to the addition of human erythrocytes. Binding was scored after counting rosettes in 20 fields at a
magnification of x 200. Percent inhibition was determined relative to pooled plasma from
30 unexposed Brazilian donors used as a negative control. Plasmas from Amazonian residents were
32 designated as nonresponders (Non-Res) or responders (Res) to the DBP, according to their previous
ELISA positivity [15]. Bars comespond to the mean + standard deviation of two different

37 experiments.

43 Figure 2 Inhibition of erythrocyte binding to DBPn variants expressed on COS cells by plasma
45 from individuals characterized as high or low responder to DBP, as determined by ELISA [15].
41 COS cells expressing each variant (DBPrV1, DBPgV2 or DBPnV3) were incubated with different
50 pooled plasma samples from Apiacas area, starting at 1:80 dilution, prior to the addition of human
52 erythrocytes. Binding was scored after counting rosettes in 20 fields at a magnification of x 200.
Percent inhibition was determined relative to pooled plasma from nonresponders individuals.

57 Assays were performed two times in duplicate. Bars correspond to the mean + standard deviation.
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Figure 3 Inhibition of erythrocyte binding to DBPy variants expressed on COS cells by plasma
from P. vivax-infected patients who had symptomatic (n = 5) or asymptomatic (n = 7) malaria

infection. COS cells expressing each variant (DBPyV1, DBPLV2 or DBPV3) were incubated with

W =~DM & Wk =

pooled plasmas from each group, starting at 1:80 dilution, prior to the addition of human

T
-

12 erythrocytes. Binding was scored after counting rosettes in 20 fields at a magnification of x 200,
15 being percent inhibition determined relative to pooled plasma from nonresponders individuals. Bars

17 correspond to the mean + standard deviation.
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1 ANTIBODY RESPONSES TO THE DUFFY BINDING PROTEIN AFTER A SINGLE

2  PLASMODIUM VIVAX MALARIA TRANSMISSION EVENT IN A NON-MALARIOUS

3 AREA

4

5 1P Ceravolol, T. N. Sousal, F. A. Souza—Silval, B. A. M. Sanchezl, J. B. Cardosol, J. H.

6 Adams’, C.F. A. Brito', L. H. Carvalho'

7

8  !Centro de Pesquisas René Rachou, Fundagdo Oswaldo Cruz, Belo Horizonte, Minas Gerais,

9  Brazil; 2Uni\«'ersity of Notre Dame, Notre Dame, Indiana, USA

10

11  The Duffy binding protein of Plasmodium vivax (DBP) is a critical adhesion ligand that
12 participates in merozoite invasion of human Duffy positive erythrocytes. A small outbreak of
13 P. vivax malaria, in a village located in a non-malarious area of Brazil, offered us an
14  opportunity to investigate DBP immune response among individuals who had their first and
15  brief exposure to malaria. In the present study, we demonstrate that although only 20% (5 out
16  of 15) of the individuals who had experienced their first P. vivax infection develop antibody
17  response to DBP, a secondary boosting can be achieved by the time of a P. vivax relapses.
18 DNA sequences from primary/relapses samples demonstrated that a single dbp allele was
19  detected in the outbreak area. To investigate neutralizing antibodies to ligand domain of the
20  DBP (cysteine-rich region II, DBPy), we performed cytoadherence assays with mammalian
21  cells expressing DBPy sequences which were related or not to those from the outbreak isolate.
22  The results of a 12-month follow-up period provided evidence that naturally acquired
23  neutralizing antibodies to DBPy; are short-lived, and seem to be allele-specific. This is the first
24  evidence of strain specificity in the natural immune response against DBP.
25

26
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27  INTRODUCTION
28
29 The Duffy binding protein of Plasmodium vivax (DBP) is a critical adhesion ligand that
30 participates in merozoite invasion of human Duffy positive erythrocytes (Miller et al., 1976;
31  Wertheimer and Barnwell, 1989). DBP belongs to a family of homologous Duffy binding-like
32  erythrocyte binding proteins (DBL-EBP) located within the micronemes of P. vivax and P.
33 knowlesi merozoites(Adams et al., 1990). The similarity among DBL-EBP is most prominent in
34  two conserved cysteines-rich domains, region II and VI. The functional binding domains of
35 DBL-EBP lie in region II, and for P. vivax DBP region II (DBPp) contains 330-aa and the
36  critical binding residues have been mapped to a central 170-amino-acid stretch that includes
37 cysteines 5-8 (Ranjan and Chitnis, 1999; Singh et al., 2003; VanBuskirk et al., 2004b). The
38 gene for P. vivax DBPy is highly polymorphic, and this diversity varies geographically from
39  region to region (Ampudia et al., 1996; Cole-Tobian and King, 2003; Kho et al., 2001; Tsuboi
40 et al., 1994; Xainli et al., 2000). The pattern of excessive polymorphism is consistent with a
41  high selection pressure on DBP gene and suggests that allelic variation functions as a
42  mechanism of immune evasion.
43
44 Invasive merozoites are believed to sequester microneme proteins until merozoites contact
45  the target erythrocyte, presumably, as a mechanism to reduce exposure of the DBP to immune
46  inhibition (McHenry and Adams, 2006). Currently available data on humoral immune
47  responses to DBP in human population are still limited (Ceravolo et al., 2005; Fraser et al.,
48 1997, Michon et al., 2000; Xainli et al., 2003). Taken together, those previous studies
49  demonstrated that anti-DBP antibodies increase with age of the donors, suggesting that
50 repeated exposure to P. vivax leads to boosting of the antibody response, and that acquired
51 immunity to DBP includes antibody activity which blocks adherence of merozoite to
52 erythrocytes. As most of the studies on the DBP antibody response reported to data have been
53  carried out in areas where malaria is highly endemic, there are scarcity of data on the response
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54  to exposure to a single infection and about the persistence of this antibody response in the
55  absence of reinfection. An outbreak of P. vivax malaria, in a village located in a non-malarious
56 area of Brazil, offered us an opportunity to investigate DBP immune response among
57  individuals who had their first and brief exposure to malaria. Our experimental approach was to
58 carry-out a 12-month following-up of these individuals, including individuals who were
59  considered to be exposed to the risk of infection but who had neither symptoms nor blood
60  parasites.
61
62 SUBJECTS, MATERIALS, AND METHODS
63
64 The P. vivax malaria outbreak. between April - May 2003, twenty-five cases of P. vivax
65  malaria where diagnosed for the first time in a small community, Souza, located at 70 km from
66 Belo Horizonte, the capital of Minas Gerais State, a non-endemic area of Brazil (Cerbino et al.,
67  2004; Zumpano et al., 2004). Malaria has never been reported in this area and the Brazilian
68  endemic region, the Amazon area, is far enough away (~1,100 miles). According to the Minas
69  Gerais Department of Health, the source of the infection was a man from the community who
70  had returned from the Amazon area (Humaitd, AM) with P. vivax infection, in January 2003.
71  The subsequent outbreak in Souza began in Abril 2003, and entomological survey incriminated
72  the vector Anopheles darlingi as responsible for local malaria transmission (Cerbino et al.,
73 2004). None of the inhabitants with confirmed malaria recalled previous history of malaria,
74  temporary residence in malaria-endemic area, or travel to the endemic area during the last six
75 months preceding the outbreak. All 25 cases were treated with chloroquine (1.5g for three
76  days) plus primaquine (30 mg daily for 7 days), and, a second round of treatment was given in
77  case of relapses (3-day course of chloroquine and 15-day course of primaquine). Control
78 activities also included active search for acute malaria by thick blood smears, and
79  outdoor/indoor spraying of residual insecticide (cypermethrine). The outbreak was considered
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80  of short-duration (50-60 days), being the last malaria case diagnosed in May 21, 2003; since
81  there, Local/Regional Departments of Health have maintained an entomological and
82  epidemiological surveillance of the area.
&3
84 Volunteers and blood collection. Cross-sectional surveys were carried-out after discussions
85  with the community about the objectives of the project and its protocols. Individuals who had
86  been infected with P. vivax were enrolled in the study if they met the following criteria: (1)
87  informed written consent in accordance with guidelines for human research, as specified by the
88  Brazilian National Council of Health (Resolution 196/96); (2) residence in the outbreak area;
89  (3) a minimum age of 15 years old; (4) if women, an indicator of the absence of pregnancy; (4)
90  a willingness to stay in the outbreak area during the intervening year. As showed in Table 1, a
91 total of 15 individuals met the inclusion criteria (32 + 13 years old), being three of them with
92  acute P. vivax infection. We also included their relatives and neighbors who were considered to
93  be exposed to the risk of infection (n = 18; 34 + 19 years old). The latter group had had neither
94  symptoms nor blood parasites by direct examination of Giemsa-stained thick smears. We
95  collected 5 ml blood samples (EDTA) from all. At the time of blood collection, Giemsa-stained
96  thick blood smears were examined for parasites and a nested PCR assay for malaria diagnosis
97  were conduced latter in our laboratory. Blood samples were used to obtain plasma and for
98  DNA preparation. Three, six, nine and 12 months after the first survey, four other identical
99  cross-sectional surveys were carried out. The ethical and methodological aspects of this study
100  were approved by the Ethical Committee of Research on Human beings from the Centro de
101  Pesquisas René Rachow/FIOCRUZ (Report 002/2002), according to the Resolution of the
102  Brazilian Council on Health-CNS 196/96, and by the WHO Secretariat Committee for
103 Research Involving Human Subjects (SCRIHS).

104
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105 Microscopy and Plasmodium diagnosis by nested-PCR. Well-trained microscopists were in
106  charge of examiming 200 fields of Giemsa-stained thick blood smears. DNA was extracted
107  from 300 pL of individual whole-blood samples by using a genomic DNA purification kit
108  (Puregene, Gentra Systems, Minneapolis, MN, USA), according to the manufacture’s protocol.
109  Parasite species identification was performed by nested-PCR amplification of the small subunit
110  ribosomal RNA (185 SSU rRNA) genes, as previously described (Snounou et al., 1993).
111 Briefly, genus- and species-specific primers were used in the assay to amplify 205 bp, 144 bp
112 and 120 bp sequences of the 18S SSU rRNA of P. falciparum, P. malariae and P. vivax,
113 respectively. The amplified products were visualized in 1.5% agarose gel stained with ethidium
114 bromide.
115
116 Duffy Antigen Receptor for Chemokines (DARC) genotyping. Extracted DNA was used to
117  detect the three common alleles at the FY locus (FY*4, FY*B, FY**), being PCR with allele-
118  specific primers performed as described by Olsson and colleagues (Olsson et al., 1998). The
119  amplification of any FY allele generated a 711 bp product, which was analyzed by
120  electrophoresis in 1.5% agarose gels. As control, each DNA sample was previously tested for
121  PCR amplification using primers directed against a target sequence in exon 7 of the blood
122 group ABO gene, ABO-516 and ABO-926 (Olsson et al., 1998). All DNA samples amplified a
123 419 bp DNA fragment (data not shown).
124
125  Recombinant proteins and Serological assay. Two recombinant P. vivax proteins were used to
126  detect total IgG antibodies. The recombinant Duffy binding protein, which includes amino
127  acids 132 to 771 (regions II to IV, DBPpy), was expressed as a soluble glutathione-S-
128  transferase (GST) fusion protein of 140 kDa (Fraser et al., 1997).The expression and
129  purification of this recombinant protein have been described in detail elsewhere (Ceravolo et
130  al, 2005). The recombinant protein representing the 19-kDa C-terminal region of the merozoite
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131  surface protein-1 of P. vivax (MSP1,4) was kindly provided by Dr. Irene Soares (Universidade
132 de Sido Paulo, SP, Brazil). Detailed construction of this GST fusion protein, which represents
133 the amino acids 1,616-1,704 of the MSP-1 (Belém strain) of P. vivax, has been described
134  elsewhere (Cunha et al., 2001). To assess IgG antibodies against rDBPy vy and MSPlys an
135  enzyme-linked immunosorbent assay (ELISA) was carried out as previously described
136  (Ceravolo et al., 2005). The serum dilution used was 1:100. For the recombinant proteins
137 DBPpyv (5 pg/ml) and MSPlye (1 ng/ml), the final optical density (OD) at 492 nm was
138  calculated by subtracting the OD obtained with the GST (antigen control). The results were
139  expressed as index of reactivity (IR = ODyo; values of test sample divided by the value of the
140  cutoff). Cutoff points were set at three standard deviations above the mean OD49; of sera from
141 30 individuals, unexposed to malaria, from the city of Belo Horizonte. Values of IR >1.0 were
142 considered as positive.
143
144 DBP-pEGFP constructs. Region II of DBP (DBPy) from a P. vivax laboratory reference
145  clone (Sal-1) (Fang et al., 1991) has previously been subcloned into the pEGFP-N1 plasmid
146  (Clontech), with a flanking signal sequence from the herpes simplex virus glycoprotein D1
147  (Michon et al., 2000). This targeted expression to the surface of the transfected COS cells as a
148  green fluorescent protein (GFP) fusion protein. An additional GFP construct with DBPy
149  sequence from a P. vivax isolate from Papua New Guinea (PNG-7.18) was also subcloned into
150 pEGFP-NI plasmid, as previously described (VanBuskirk et al., 2004a). The allele PNG-7.18
151  belongs to a discrete allelic family which differs, within the critical receptor recognition region
152  of the DBP ligand domain from the reference clone Sal-1 (Cole-Tobian and King, 2003).
153  Recombinant plasmids were purified by use of an endotoxin-free plasmid DNA purification
154  system (Qiagen, Valencia, CA).

155
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156 COS cell transfection and erythrocyte-binding assays. Recombinant plasmids were
157  transfected into COS-7 cells (American Type Culture Collection, Manassas, VA) by use of
158  lipofectamine and Plus-reagent (Invitrogen Life Technologies, Carlsbad, CA) according to
159  manufacturer's protocols. Briefly, COS-7 cells into six-well culture plate (1 x 10° cells/well)
160  were transfected with plasmids (0.5 pg/well)-liposome complexes (5% Plus-reagent and 3%
161 lipofectamine) in Dulbeccos’ modified Eagle medium (DMEM, Sigma) without serum. After 6-
162  hours of cells exposure to DNA-liposome complexes (37°C, 5% CQ,), transfection medium
163  was replaced by DMEM with 10% of fetal bovine serum (Gibco-BRL). At 24 h after
164  transfection, culture medium was replaced again and efficiency of transfection was assessed by
165  fluorescence. Forty-two hours after transfection, the erythrocyte-binding assays were
166  performed as previously described (Michon et al., 2000). For this, antiserum was added at 1:40,
167 and plates were incubated for 1 h at 37°C in 5% CO,. The 1:40 dilution was chosen because in
168  previous experiments this dilution provided a wide range of inhibitory activity among different
169  plasmas (Ceravolo et al., submitted). Human O erythrocytes in a 10% suspension were added
170  to each well (200 pl/well), and plates were incubated for 2 h at room temperature. Unbound
171  erythrocytes were then removed by washing the wells 3 times with PBS. Binding was
172  quantified by counting rosettes observed over 10-20 fields of view (200x). Positive rosettes
173 were defined as adherent erythrocytes covered more than 50% of the COS cell surface. For
174  each assay, pooled plasma samples from Souza residents, characterized as non-responders by
175  ELISA, were used as negative control. An additional control included a pool of plasma from
176  individuals with long-term exposure to malaria in the Amazon area (positive control). Results
177  were expressed as the relative percentage of binding as compared with negative controls (100%
178  binding).

179

180 PCR amplification of genes encoding P. vivax DBPy. Extracted DNA was used as a

181 template in PCR to amplify the fragment corresponding to nucleotide positions 504-1,748
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182  (amino acids 168-582) of the DBPy, as described before (Sousa et al., 2006). Platinum high
183  fidelity Tag DNA polymerase (Invitrogen Life Technologies) was used in PCR to reduce
184  possible nucleotide mis-incorporation. Amplicons were purified using QiaQuick purification
185 Kit (Qiagen Inc., Valencia, CA) and directly sequenced using Thermo sequenase primer cycle
186  sequencing kit (Amersham Biosciences, Little Chalfont, UK) and a MegaBace 500 DNA
187  sequencer (Amersham Biosciences). The sequences were analyzed using on Bioedit software
188  (www.mbio.ncsu.edu/BioEdit/bioedit. html) and aligned on Clustal W (clustalw.genome.jp) to
189  identify the polymorphisms at residues 308, 384, 386, 417, 424, 437, 447 and 503 according to
190  VanBuskirk and colleagues ( 2004a).
191
192 Statistical analysis. Statistical analysis was performed using the Epi-Info 2002 software
193  (Centers for Disease Control and Prevention, Atlanta, GA) or MiniTab statistical software
194  (Minitab Inc., USA). Differences in means were tested by Student's t test or one-way analysis
195  of variance (ANOVA). Differences in proportions were evaluated by the Yates’s chi-square
196  (x°) or Fisher’s exact tests. P values < 0.05 were considered significant.
197
198 RESULTS
199
200 Antibody responses to DBPyjgy and MSPlyy at enrollment Thirty-three individuals
201  participated in the 5 cross-sectional surveys, being 15 of then with previously confirmed P.
202  vivax infection in the outbreak area (cases) and 18 who had non-experienced malaria infection
203  (non-cases). At the first cross-sectional survey, only 20% (3 out of 15) of malaria cases had
204  antibodies to DBPy v (Table 1); in contrast, the MSP1y9 were initially recognized by 80% (12
205  out of 15) of these individuals. No one of the eighteen individuals, who were considered to be
206  exposed to the risk of infection (non-cases), developed antibodies against either anti-DBPy 1y or
207  anti-MSPle. In this group, we speculated that “resistance” to malaria infection would result
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208  from the lack of DARC glycoprotein on red blood cells. Since none of the individuals studied
209  were homozygous for the allele F¥ 5 which confer refractoriness to P. vivax infection, we
210  concluded that absence of DARC on RBCs was not responsible for the resistance to malaria in
211  this group (Table 1).

212

213 Relationship between malaria status and anti-DBP antibodies during a 12-month follow-up
214 period. Although only 20% of individuals who had had P. vivax develop antibodies to DBPy1v,
215  a secondary boosting could be achieved by the time of a new episode of malaria, making 80%
216  of responders at this time (Figure la). Nevertheless, in those individuals the frequency of
217  responders decreased in few months after the clinical attack. In addition, the titers of anti-DBP
218 antibodies were also lower during all the follow-up period (Figure 1c¢). The serological
219  response to MSP1;5 was distinctly different (Figure 1b). Regardless the presence of P. vivax
220  relapses, the MSP1,g appeared as a highly immunogenic molecule for most individuals who had
221  had malana, being 14 out of 15 (93%) positives for anti-MSP1;9 IgG antibodies. Besides the
222 high positivity to MSP1,9, decreasing in the levels of this antibody response was observed with
223  time, being more evident in non-relapse group (Figure 1d). Throughout the study period, no
224  one from uninfected group (non-case) developed antibodies against either anti-DBP or anti-
225  MSPI1,9(data not shown).

226

227  Inhibitory activity in functional assay, and its relationship with DBPg polymorphisms.
228  Aiming to characterize the P. vivax isolate responsible to the malaria outbreak, we analyzed
229  DNA sequences from primary/relapses samples, and demonstrated that a single dbp/T allele was
230  detected in the outbreak area. This allele differed, within the critical binding motif of DBPy, at
231  multiple codons, from the P. vivax laboratory reference clone Sal-1 (Table 2). Concerning the
232  major residues previously suggested to altering the immune recognition of DBPy (VanBuskirk

233 etal, 2004a), the outbreak isolate closely matched to an allele from Papua New Guinea, named
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234  PNG 7.18, in which the same polymorphic residues are present at those major codons (Table
235  2). Targeting to investigate the specificities of the anti-DBP outbreak plasmas to inhibit the
236  erythrocyte-binding function of the protein, we performed erythrocyte-binding assays by using
237  COS-7 cells expressing sequences of DBPy which are similar (PNG 7.18) or not (Sal-1) to
238  those of the outbreak isolate. The results demonstrated that anti-DBP outbreak plasma samples
239  do not inhibited Sal-1 DBPy binding. In contrast, the same plasmas inhibited binding of PNG
240  7.18 by means of ~50 %; regardless P. vivax relapses, these samples showing a loss of this
241  inhibitory antibody response after 6 months of follow-up.
242
243  DISCUSSION
244
245 Naturally occurring antibodies to DBP are prevalent in individuals living in areas where
246  malaria is endemic (Fraser et al., 1997; Xainli et al., 2003; Ceravolo et al., 2005). Also, this
247  immune response includes antibodies that block DBP binding activity to erythrocytes (Michon
248  etal., 2000). No previous study has examined in detail the role of this antibody response during
249  exposure of non-immune persons to a single malaria infection. The present study showed that
250 DBP induces a positive humoral response in individuals who had their first, brief, and unique
251  exposure to malaria, during a P. vivax malaria outbreak, outside of the Brazilian Amazon area.
252  Since the study was designed to follow immunological responses of participants for 5
253  consecutive time-points, with intervals of 3 months, the results demonstrated that DBP has very
254  low immunogenicity and induces a short-term humoral immune response. This profile of
255 antibody response is different from that described to the apical membrane antigen 1 (AMA-1),
256  another parasite microneme ligand, in which the frequency of responders varied between 60 to
257 80% among primary-infected individuals (Rodrigues et al., 2005; Morais et al., 2006). The
258  difference between AMA-1 and DBP immune responses is corroborated by our finding in this
259  outbreak area, where AMA-1 seems to be highly immunogenic (Braga and Carvalho,
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260  unpublished results). These results are not unexpected, while DBP has been considered a “just-
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in-time” release protein (Adams et al., 1990; VanBuskirk et al., 2004b; Singh et al., 2006), the
AMA-1 is expressed during both the sporozoite and merozoite stages of the parasite's life cycle

(Healer et al., 2002; Silvie et al., 2004).

In Souza community, the period of malaria transmission was considerate short (~50 days),
being interrupted by treatment of all patients with antimalarial drugs and outdoor/indoor
spraying of residual insecticide (Zumpano et al., 2004). Considering that transmission was
promptly interrupted, the second attack of P. vivax, which occurred about two months latter,
was considered a relapse due to P. vivax hypnozoites. Although only few individuals initially
developed anti-DBP antibodies, a boosting of this antibody response was achieved at the time
of a relapse (4 out 5, 80% of responders). Qur results extend earlier observations which
demonstrated that repeated exposure to P. vivax leads to boosting of the antibody response to
DBP, including areas where the disease is highly endemic (Fraser et al., 1997; Xainli et al.,

2003) as well as in regions of unstable malaria transmission (Ceravolo et al., 2005).

The antibody responses against the DBP were not stable during the follow-up; however,
response to MSP1jo - a much more abundant blood stage molecule than DBP - was highly
stable. Regardless the presence of relapse, the frequency of responder to MSP1;9 was similar in
all 5-time points, albeit at lower magnitude in non-relapses group. This longer-term stability of
antibodies against P. vivax MSP1 had been well documented (Braga et al., 1998; Morais et al.,
2005), including its persistence for 30 years after malaria exposure (Lim et al., 2004). None of
the eighteen individuals who were considered to be exposed to the risk of infection (non-cases)
developed antibodies against either anti-DBP or anti-MSP1,, being the absence of DARC on
erythrocytes (Fy**/Fy*®genotype) not responsible for the absence of infection in this group.

Also, the frequencies of individuals who camried one DARC antigen negativity allele
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286  (Fy*B/Fy*B™ or Fy*4/Fy*B™), in which DBP adherence to erythrocytes is significantly
287  reduced (Michon et al., 2001), were similar between cases and non-cases. We conclude that the
288  absence of infection in this group, as confirmed by PCR diagnosis, was due to the brief
289  exposure of them to infected vectors.
290
291 For molecular analysis, we compared DNA sequences from primary/relapse samples to
292  analyze whether isolate causing the primary attack was genetically different from that arising
293  during relapses. The results showed that a single dbpl/ allele was detected in the outbreak area.
294 This was not surprising because the outbreak parasite was originated from a single patient who
295  had had a P. vivax relapse after return from the Amazon area (Cerbino et al., 2004; Zumpano et
296  al., 2004). Our results corroborated a previous study of P. vivax relapses in Brazil, which
297  demonstrated - by using the MSP1 molecule as a genetic marker - that parasites from the
298  primary attack were identical to those in relapses (Kirchgatter and del Portillo, 1998). Our
299  results also demonstrated that the dbplIl outbreak allele belongs to the allelic family VII, one of
300 the eight DBPy variant families representing the haplotypes present in Brazilian isolates, which
301 had been recently characterized by our group (Sousa et al., 2006).
302
303 Concerning the most commonly variant amino acids at DBP region II (at residues 308, 384,
304 386, 417, 424, 437, 447 and 503) (VanBuskirk et al., 2004a), the P. vivax outbreak allele
305 closely matched the PNG-7.18, a dbplilI allele which belongs to a discrete allelic family (PNG-
306 b) previously described in Papua New Guinea (Cole-Tobian and King, 2003; Xainli et al,,
307 2000). By the other hand, the outbreak allele differed, within the same variant region of the
308 DBP ligand domain, at multiple codons, from the P. vivax laboratory reference clone Sal-1
309 (Cole-Tobian and King, 2003). To determine how parasite genetic diversity relates to natural
310 acquired neutralizing antibodies against DBP, we performed functional assays by using in
311  parallel PNG-7.18 and Sal-1 alleles on COS cells. The results demonstrated that while anti-
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312  parallel PNG-7.18 and Sal-1 alleles on COS cells. The results demonstrated that while anti-
313 DBP outbreak plasmas do not inhibited erythrocyte binding of the unrelated Sal-1 allele, a
314  significant inhibition was detected by using the antigenically-similar PNG-7.18 allele. This
315  result confirms that polymorphisms in the codons that differ between the PNG 7.18 and Sal-1
316 alleles change DBP antigenic character and compromised the immune inhibition, as suggested
317 before by using rabbit immune-sera (VanBuskirk et al., 2004a). Of importance, the outbreak
318 and PNG-7.18 alleles share the trio of polymorphic residues (at codons 417, 437 and 503)
319  shown to collectively alter significantly sensitivity to inhibitory antibodies. Together, these
320 results point toward to strain specificity in the natural immune response against DBP.
321  Consistent with this hypothesis, we demonstrated that in the Amazon area only individuals with
322  long-term exposure to malaria do acquire anti-DBP antibodies that inhibit binding of different
323  DBPy variants to erythrocytes (Ceravolo et al, submitted). In that population, high titers of anti-
324  DBP inhibitory antibodies were found only in residents exposed to malaria transmission over a
325 period of 10 years. However, it is presently unclear how effective such natural antibody
326 responses may be in preventing disease. A long-term prospective study is needed to be carried-
327 out, in areas of asymptomatic malaria infection, to determine the protective nature of the
328  inhibitory anti-DBPy antibodies in terms of anti-disease immunity.
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329 Legends
330
331 Fig. 1. Twelve-month follow-up of individuals who had their first and brief exposition to P.
332  vivax during a malaria outbreak outside the Brazilian Amazon, and who had (n = 5), or not (n
333 = 10), a P. vivax relapse (¥). In A and B, percentage of responders to DBP or MSP1;q,
334 respectively. In C and D, sera reactivity to DBP (C) or MSP119 (D). Results are expressed as
335  index of reactivity (IR), being IR > 1.0 considered positive.
336
337 Fig. 2. Rosette-inhibitory activity by sera from the outbreak area (relapse and non-relapse), and
338 from the endemic area (positive control). Erythrocyte-binding assays were performed with
339  transfected COS7 cells expressing dbpil allele Sal-1 (A) or PNG-7.18 (B) as GFP fusion
340  protein. Bars correspond to the mean + SD of two different assays.
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449  Table 1. Demographic, immunologic and genetic data of individuals who had been enrolled in

450  the study carried-out in the P. vivax malaria outbreak area

451
Cases Non-cases
Characteristics

n=15) (n=18)

Age, years (mean + SD)* 32+13 34+19

Antibody Response, n (%)° MSP19 12 (80%) 0 (0%)

DBP 3 (20%) 0 (0%)

DARC functional alleles, n (%)° One (Fy*4 or Fy*B) 6 (40%) 6 (33%)
Two (Fy*4 and/or Fy*B) 9 (60%) 12 (67%)

None (Fy*B=)! 0 0

452  “Difference not significant (¢ = 0.02, P > 0.05);

453  ®Number (%) of individuals with a positive antibody response at the time of first cross-sectional
454  survey

455  © The frequencies of individuals bearing the functional alleles Fy*4 and Fy*B (Fy* and Fy®
456  antigens on erythrocytes, respectively) were similar between cases and non-cases P > 0.05).

457 9None = homozygosis for the allele FY*B™, which abrogate DARC antigens expression on

458  erythrocytes
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439  Table 2. The pattern of major polymorphism of DBPy.

440
Codons positions*
308 384 386 417 424 437 447 503
Reference Clone Sal-1 R D K N L Y S I
Outbreak S
PNG 7.18** S
441

442 *Most commonly variant amino acids at DBPy in PNG, according to VanBuskirk er al. (2004).

443  **Allele previously described in Papua New Guinea, which closely matched the outbreak dbp

444 allele.

445  Grey boxes show the common residues between the outbreak and PNG 7.18 DBPy variants.
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Background and Objectives Duffy blood group is of major interest in clinical medicine
as it is not only involved in blood-transfusion risks and occasionally in neonatal
haemolytic disease, but it is also the receptor for the human malaria parasite Plasmodium
vivax in the erythrocyte invasion. The aim of this study was to develop a rapid and
inexpensive approach for high-throughput Duffy genotyping.

Materials and methods This paper reported the development of a Duffy genotyping
assay based on multiplex real-time polymerase chain reaction (PCR) using SYBR
Green I fluorescent dye.

Vox Sanguinis

Results By using this approach for Duffy genotyping we obtained the same results as
that for the conventional allele-specific PCR, however, in a high-throughput assay.
The Duffy genotyping of field samples demonstrated that P. vivar-infected individuals
showed a significantly higher prevalence of two functional alleles than Plasmodium
falciparum-infected and non-infected individuals. This finding corroborates the
hypothesis that the presence of two functional alleles increases the risk of P. vivax
infection.

Conclusion This methodology may be suitable for epidemiological studies, particularly
for exploring the relationship between Duffy alleles and malaria susceptibility, and
also for identification of transfusional incompatibility in blood banks.

Key words: DARC, Duffy blood group, malaria, Plasmodium vivax, real-time PCR,
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Introduction

The Duffy blood group, also known as Duffy antigen receptor
for chemokines (DARC), is of biological and clinical import-
ance, as antibodies against Duffy antigens are responsible for
some cases of transfusion incompatibility and haemolytic
disease of the newborn [1,2]. Furthermore, besides being a
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receptor for various chemokines, the Duffy antigen is the
obligatory receptor for invasion of Plasmodium vivax malaria
parasite [3,4].

The Duffy antigen was first reported in a polytransfused
haemophiliac patient, who had an alloantibody against an
antigen denoted as Fy® [5]. The antithetical antigen, Fyh,
was described 1 year later [6]. Fy* and Fy® antigens are the
products of two codominant alleles F¥*A and FY*B on the
chromosome 1 FYlocus [7]. The single copy FY gene is com-
posed of two exons, which encodes for a major product of 336
amino acids [8]. The two common alleles in Caucasians, FY*A
and FY*B, differ by a single base substitution (125G=A)
resulting in the replacement of a glycine with an aspartic acid at
residue 42 in the extracellular domain of Duffy antigen [9, 10].
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Most West Africans and 68% of African Americans do not
express Fy® or Fy® on their red blood cells (RBC), which results
in resistance to P. vivaxr infection, because Duffy-negative
RBCs cannot be invaded by this parasite [11,12]. The total
absence of Fy* and Fy® on erythrocytes designate the Duffy-
negative phenotype, conveyed by homozygosity for the
FY*BE5 allele (ES stands for erythroid silent) [13]. The FY’ *BEs
allele differs from FY*B allele by one substitution, —33T>C
on the gene promoter [14]. This mutation disrupted a binding
site for the erythroid transcription factor, GATA1, resulting
in a lack of FY gene expression only in the erythroid lineage
[15]. Recently, the same mutation was described for a new
and rare allele also responsible for Duffy antigen negativity
in erythroid lineage - FY*AFS - in a P. vivar-endemic region
of Papua New Guinea; all individuals with this allele were
heterozygous for FY* A allele [16]. Other variations that cause
reduction or totally abrogate the expression of the Duffy
gene have also been described but only in very low prevalences
[17-19].

The molecular characterization of FY alleles has led to
the development of Duffy genotyping by polymerase chain
reaction (PCR)-based approaches. The original method was
based on PCR coupled to restriction fragment length poly-
morphism (PCR-RFLP) [20]. Later, Olsson ef al. [21] described
a technique based on allele-specific primers (PCR-ASP) using
a heat-activated DNA polymerase. More recently, a real-time
PCR protocol had also been described using the LightCycler®
based on adjacent hybridization of labelled probes [22]. Here,
we developed a less expensive assay by using an intercalating
fluorescent dye, SYBR Green by real-time multiplex allele-
specific PCR to identify the three major Duffy alleles: FY*A,
FY*B, and FY*B®S. In order to validate our assay, we analyse
Duffy alleles from P. vivar-infected, P. falciparum-infected,
and non-infected individuals from Brazilian endemic areas.

Materials and methods

Blood samples and DNA extraction

Peripheral blood samples were collected from 252 donors: (i)
76 from our Research Institute, including five Duffy-negative
individuals; and (ii) 176 field samples from Brazilian malaria
endemic areas, which included 119 P. vivar-infected, 29
P. falciparum-infected, and 28 non-infected individuals.
Blood was collected from these consenting volunteers as 5 ml
samples in ethylenediaminetetraacetic acid. All individuals
were adults of 16-72 years old, mean age of 32. DNA was
extracted from whole blood samples by using the PureGene
DNA olation kit (Gentra Systems, Minneapolis, MN, USA)
according to the manufacturer’s protocol.

The ethical and methodological aspects of this study were
approved by the Ethical Committee of Research on Human
Beings from the Centro de Pesquisas René Rachou/FIOCRUZ

(Report no. 002/2002), according to the Resolution of the
Brazilian Council on Health - CNS 196/96.

Duffy phenotyping

The antithetical Fy® and Fy® antigens were determined from
fresh blood samples by agglutination tests with anti-Fy* and
anti-Fy” human polyclonal antibodies using ID cards, accord-
ing to the manufacturer’s instructions (DiaMed AG, Cressier
sur Morat, Switzerland).

PCR-ASP

The amplification of major FY alleles was performed using
allele-specific primers (BioSynthesis, Heiden, Switzerland) as
previously described [21]. PCR-ASP protocol was modified
here to replace heat-activated polymerase with conventional
Tag DNA polymerase. For each PCR reaction we used 200 ng
genomic DNA, 0-2 pm of each primer, 200 pm dNTPs, 4 mm
MgCl,, 1 U Taqg DNA polymerase (Promega Corporation,
Madison, WI, USA), in a final volume of 25 ul. PTC-100™
Thermal cycler (MJ Research Inc., Watertown, MA, USA) was
programmed as follows: 95 °C for 5 min, followed by four
cycles of 95 °C for 1 min, 69 °C for 1 min, and 72 °C for 1 min;
and 31 cycles of 95 °C for 1 min, 68 °C for 1 min, and 72 °C for
1 min, with a 5 min final extension of 72 °C, PCR products
were analysed in ethidium bromide-stained agarose gels. The
PCR programme takes approximately 2 h and the post-PCR
analysis, such as gel preparation and visualization, takes
another 1 h.

Real-time PCR

Real-time PCRs were carried out in 96-well 0-2 ml thin-wall
optical PCR plates with optical sealing tapes (Applied Bio-
systems, Foster City, CA, USA). The 10 pl reaction mixture
contained 50-100 ng genomic DNA, 5 pl SYBR® Green PCR
master mix (Applied Biosystems), and 10 pmole of each
primer (BioSynthesis). The primers were designed using
Primer express® software version 2-0 (Applied Biosystems)
with modifications that are described in the Results. Ampli-
fication and fluorescence detection were performed using
ABI Prism® 7000 Sequence Detection System (Applied
Biosystems). The PCR amplification profile was a cycle of
95 °C for 10 min, following by 35 cycles of 95 °C for 15 sand
60 °C for 1 min. After amplification, melting curves were
observed from the dissociation curve resulting from continuous
measurements of fluorescence (F) at 530 nm during which
the temperature was gradually increased from 60 to 95 °C.
Melting peaks of each amplified fragment were visualized by
plotting the negative derivative of the fluorescence with
respect to temperature against temperature (-dF/dT® vs. T°).
The real-time PCR, including sample preparation, PCR

© 2007 The Author(s)
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(a)

Promoter Exon 1 Exon 2
FAS
TA FY
-33.C C,

T . 77128
-+ —
RABGATA AYA

o
RYB

(b)

FGATA 5 COOFEECCCGC0F COC TCA TTA GTC COTT GGC TCT TIC 3°
FAE 5" ©0C TCA TTA GTC CTT GEC TCT TIT 3°
RABGATA 5 A GGG GCA TAG GGA TAA GGG ACT 3
FY 5 © TCA AGT CAG CTE GAC TTC GRA GAT 3°
RYA 5 AG CTG CTT CCA GET TECG CTC 3
RYE 5 ©TE CTT CCA GGT TGC CGT 3

(€)

Alleles
Primer-Pair FY*A FY*B FY*BES Fy*aAfS T _(°C) A (bp)
FAB/RABGATA + + - - 86 157
FGATA/RABGATA - - + + 88 170
FY/RYA + - - + 78 a7
FY/RYB - + + - 77 95

Fig. 1 Schematic diagram of primers for Duffy genotyping by real-time
PCR. (a) Schematic representation of FY gene showing FAB/[RABGATA and
FGATA/RABGATA primer-pairs to detect the polymorphism —33T>C in gene
promoter, amplifying the wild-type and mutated promoter, respectively.
FY{RYA and PY/RYB primer-pairs to detect the polymorphism 125G>A in
exon 2, which determines FY*A and FY*B alleles, respectively. (b) List of
primer sequences showing the added C/G tail in italic, deliberated mismatches
introduced underlined and polymorphic nucleotides in bold. (c) Table
showing primer-pairs, alleles amplified (plus symbol), observed melting
temperature of each amplicon (T,)) and amplicon length in base-pairs (A, ).
Bold indicates that primer pairs were used together in a multiplex reaction.

program, and analysis of results takes 2 h. Forty-eight samples
were analysed per plate.

Statistical analysis

Statistical analysis was undertaken usingy * analysis Mantel -
Haenszel corrected and Fischer 2-tailed for groups with less
than five samples. All analyses were performed on Epi Info
statistical software, version 3-3-2 [23].

Results

Primers design and real-time PCR optimization

Four sets of primers were designed for the genotyping of the
major Duffy alleles (Fig. 1). For detection of the polymorphism
to distinguish the FY*A from FY*B alleles, we designed
RYA and RYB primers, with the polymorphic nucleotide in
their extremely 3'-end, being C and T, respectively. These

© 2007 The Author(s)

primers were used with FY forward primer. In order to detect
the Duffy promoter mutation, we designed primers FAB
(wild-type promoter - WIp) and FGATA (mutated promoter
- MUTp), with the polymorphic nucleotide in their extremely
3’-end, C and T, respectively. Each of these primers was used
with RABGATA reverse primer. Because of significant
homology between allele-specific primers, we introduced
a deliberate mismatch between primers and template in the
nucleotide exactly before the polymorphic site to prevent
amplification of the non-matching allele (Fig. 1b). We added
a C/G tail in the 5’-end of FGATA primer, to further enhance
differences in both size and melting temperatures from
the FAB primer (Fig. 1c). Because of different melting
temperature of amplicons, we optimized the use of FY/RYA
and FAB/RABGATA primer-pairs as a multiplex reaction in
one tube, as well as FY/RYB and FGATA/RABGATA, which
were used in another tube (Fig. 1c). Representative graphics
of the results obtained for cach genotype were shown in
Fig. 2. There is an alternative genotype FY*A5S{FY*B for the
results showed on panel B (Fig. 2).

Comparison of real-time PCR and PCR using
allele-specific primers

To measure the accuracy of real-time PCR, we previously
identified 76 samples from ours Research Institute by Duffy
phenotyping, after which these samples were codified and
the Duffy genotyping performed by using PCR-ASP and
real-time PCR. Our results of Duffy genotyping on real-time
PCR totally agree with those results obtained by using
PCR-ASP (Table 1).

Comparative costs

Table 2 shows the comparison of costs to perform the different
protocols described for the Duffy genotyping. Excluding the
equipment, our methodology implies in the lowest final cost

for Duffy genotyping.

Analysis of Duffy genotyping among field
populations

In order to validate our assay, we analysed field samples
from Brazilian endemic areas, including P. vivax-infected,
P. falciparum-infected, and non-infected individuals (Table 3).
The last two groups were analysed together, as a control
group because P. falciparum does not use Duffy pathway to
invade erythrocytes [24]. As expected, none of the P. vivax-
infected individuals were Duffy negative, FY*BES/FY*B5S,
however, this genotype was also not detected in our group of
P. falciparum- and non-infected individuals from the endemic
area. The primers efficacy was confirmed by using five Duffy-
negative individuals from our institute. We observed a

Journal compilation © 2007 Blackwell Publishing Ltd., Vox Sanguinis (2007) 92, 373-380
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(@) (b)

Tubei1(red) FY'A + WTp + Tubei(red) FY'A + WTp +
Tube 2 (blue) FY*B - MUTp - Tube 2 (blue) FY*B + MUTp +

Genotype = FY*A/FY*A Genotype — FY*A/FY*BE or FY*AES/FY*B
(c) (d)

Tube 1 (red) FY*A - WTp + Tube 1 (red) FY*A -  WTp +
Tube 2 (blue) FY*B + MUTp - Tube 2 (blue) FY*B + MUTp +
Genotype — FY*B/FY*B Genotype — FY*B/FY*B

(e) (f)

Tube1(red) FY*A + WTp + Tube1(red) FY'A - WTp -
Tube 2 (blue) FY*B  + MUTp - Tube 2 (blue) FY*B + MUTp +
Genotype — FY*A/FY*B Genotype - FY*B5/FY*B

© 2007 The Author(s)
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Table 1 Comparison of Duffy genotyping by using real-time PCR with PCR-ASP

PCR-ASP
Real-time PCR FYA[FY*A FreajFygs FYB/FY B Freg/FrgS Fra/Fr8 resS/rrgts Total
Y AIFY A 10° ] 0 0 4] 1] 10
Y AIFY B 0 7 0 0 0 0 7
Y BlFY*B 0 0 17 0 0 0 17
Y BlFyBS 0 0 0 17 0 0 17
FYAlFY*B 0 0 0 0 20 0 20
e 0 0 0 (] ] 5 5
Total 10 7 17 17 20 5 76
“In bold there are the coincidental results for both assays.
Table 2 Comparative costs of different approaches for Duffy genotyping (in US$)

Conventional PCR Real-time PCR

PCR-RFLP [20] PCR-ASP [21] LightCycler [22] SYBR Green | (here in)
Equipment 20 00000 20 000-00 60 000-00 42 000-00
PCR reagents 0043 0043 184 034
Polymerase 021 021/0-376"
Primers 0002 00023 08 00319
Enzymes 065° NA NA NA
Results visualization 01 o0 NA NA
Consumables 0098 0098 018 04075
Totalfreaction® 110 0:32/0-49 282 045
Totalfpatient? 440 1.29/1.96 564 089

NA, not applicable.

“Conventionalfheat-activated Toq DNA polymerase.
®By using enzymes Banl and Styl.

Total cost for one reaction, except the equipment.

#Total cost for patient, considering four reaction for conventional PCR and two for real-time PCR.

statistically significant higher frequency of FY*BE* allele
in non-P. vivar-infected individuals. The percentage of
individuals expressing two functional alleles for Duffy antigen
was significantly higher in P. vivar-infected than in non-
vivax individuals (74% and 55%, respectively, P = 0-006 by
%% analysis).

Discussion

The Duffy genotyping method described here, based on SYBR
Green I in real-time multiplex allele-specific PCR, can be
used as a high-throughput discrimination of the three major

Duffy alleles. This approach takes advantage of the fluorescent
property of SYBR Green I and of the melting curve analysis
for the detection and discrimination of amplicons differing
in length and nucleotide content. The insertion of deliberated
mutation and addition of C/G tail allowed the discrimination
of variant alleles and avoid false-positive detection [25].

Of importance, besides being reliable and sensitive, our
approach to Duffy genotyping is as cost-effective as other
PCR-based protocols. PCR-RFLP is time consuming due to the
numerous steps, and because of the use of restriction enzymes,
it is also very expensive. Moreover, the interpretation of the
results on an agarose gel is not always very clear because of

Fig. 2 Representative graphs of Duffy genotyping by real-time PCR. Graphs show the profiles of studied genotypes, obtained using two multiplex reactions: in
tube 1 (red lines) were used FAB/RABGATA and FY/RYA primer-pairs for amplification of wild-type Duffy promoter - WTp and FY*A allele; and in tube 2 (blue
lines) were used FGATA/RABGATA and FY/RYB primer-pairs for amplification of mutated Duffy promoter - MUTp and FY*Ballele. In the bottom of each graph
is showing the results interpretation indicating the amplified alleles (plus symbol) and the genotype obtained.

© 2007 The Author(s)
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Table 3 Duffy genotyping of Plosmodium vivax-infected and non-vivax individuals based on real-time multiplex allele-specific PCR using the SYBR Green |

fluorescent dye
Phenotype (%) Genotype (%) Allele (frequency)
P. falciparum{ P, falciparum| P. fajdparum/
P. vivax non-infected P vivax non-infected P vivax non-infected
individual® individual® individual individual individual individual
(h=119) [n=57) n=119) [h=57) (n=119) [n=57)
Fy(a-i-b-] 27 26 FYrA/FY"A 15 7 FY"A 0:39 035
FrAfFYa> 12 19 Fr B 049 042
Fy(a-b+) 38 37 Fr8/FY*8 24¢ " s 0-13° 023
Fregirrg® 149 26 FrAS 0 ]
Fy(a+b+] 35 37 YAy 8 35 a7
Fy(a-b-) 0 0 85|85 0 0

*Plasmodium vivax-infected individuals from Brazilian malaria endemic areas.

bp falciparum-infected and non-infected individuals from the same endemic areas.

%2 analysis P= 0-031.
dy? analysis P = 0-036.
<2 analysis P= 0-022.

the presence of non-specific bands, incomplete digestion, or
even contamination, because every single step increases the
risk of error. On the other hand, PCR-ASP has been carried
out using a heat-activated DNA polymerase to avoid non-
specific products. However, it is a very expensive enzyme to
use in routine laboratory tests as it nearly doubles expenses
(Table 2). In order to decrease this cost, we have successfully
standardized the protocol using a conventional Taqg DNA
polymerase, However, although this approach was not
expensive, it is still a time-consuming assay because it
requires a post-PCR handling, as it is inadequate for large-
scale analysis.

Duffy genotyping based on real-time PCR overcame these
drawbacks because it enables specific amplification and
detection of amplicons without post-PCR manipulations.
Methods based on fluorescent probes are not time consuming
and are easier to optimize; however, the use of labelled probes
increase the expenses five times. For that reason, SYBR Green
I-based methods are much less expensive.

To validate our assay we analysed field samples from
Brazilian malaria endemic areas. Considering that for
erythrocyte invasion the P. vivar parasite needs, at least, one
functional Duffy antigen being expressed on RBCs, and that
the merozoite invasion is significantly reduced when only
one allele is expressed, we postulated that differences in
Duffy allele prevalences could reflect susceptibilities to
P. vivax infection [4,26]. Although, the Duffy phenotype
prevalences of our samples were similar to the prevalences of
Caucasian Portuguese, the genotype and allele frequencies
were quite different, being the FY*BES allele more prevalent
in our samples [22]. Comparing the FY allele frequencies of

different ethnic populations from Brazil, our individuals
showed a mixture of Amerindian parentage and European
parentage [27,28]. Based on the lack of FY*BES|FY*BES
genotype described here, our data differ from a previous study
carried out in Brazil (Rondonia State), where the prevalence
of this genotype corresponds to 12% of the P. falciparum-
and/or P. malarie-infected individuals [29]. These differences
might be due to the distinct genetic background of the
populations that were studied, because in the Rondonia
study, Amerindians were not included, and in our study,
according to physical characteristics, most individuals seems
to be Amerindian related. In conclusion, P. vivar-infected
individuals have in comparison to P. falciparum-infected
and non-infected individuals a higher prevalence of two
functional alleles and lower frequency of FY*B™ allele. These
findings corroborate the hypothesis that the presence of two
functional alleles increases the risk of P. vivax infection [26].

Since the real-time PCR is performed with the GATA-1 and
the FY*A/FY*B analysis being performed separately, our
protocol is not able to confirm whether GATA-1 mutation is
in cis with FY™A or FY*B allele. However, we are assuming
that GATA-1 mutation occurred in cis with FY*B allele
because the FY* A allele is rare [16]. Then, the protocol that
we described here is a valuable tool to identify the most
common Duffy genotypes.

Finally, this new real-time approach, which is feasible and
easy to perform in a high-throughput scale, will improve and
facilitate malaria epidemiological studies in different endemic
areas of the world. Also, this protocol should be helpful in
blood banks to prevent red blood cell alloimmunizations,
including those induced by blood incompatibilities between

© 2007 The Author(s)

Journal compilation © 2007 Blackwell Publishing Ltd., Vox Sanguinis (2007) 92, 373-380

87



Artigo 4

Resultados

Duffy genotyping by real-time polymerase chain reaction 379

Fy(a+) and Fy(b+) homozygous individuals. As well, this
genotyping protocol should be important to identify circum-
stances in which there are no immunization risk, such as
FY*AES or FY*BES individuals receiving, respectively, Fy{a+)
and Fy(b+) blood transfusions. In this case, the blood tolerance
is due to the Duffy antigen expression in non-RBC tissues
of recipients.
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Erythrocyte invasion by malaria parasites 1s a multi-step pro-
cess that 1s dependent on binding of parasite proteins to receptors
on the erythrocyte surface. Duffy-negative individuals are resis-
tant to Plasmodium vivax mfection because erythrocyte invasion
by P. vivax merozoites 1s absolutely dependent on binding to the
Duffy antigen receptor for chemokines (DARC), making the
parasite ligand an important vaccine candidate [1]. The para-
site igand, P. vivax Duffy binding protein (DBP) 1s a 140kDa
protein that belongs to the family of homologous Duffy binding-
like erythrocyte binding proteins (DBL-EBP), located within
the micronemes of Plasmodium merozoites [2.3]. The protein
ectodomain have two cysteine-nich regions which are conserved
among DBL-EBPs, the 5’ (region IT) and the 3’ (region IV).
The region II (DBPII) contains the binding motifs necessary for
adherence of DBP to DARC on the erythrocyte surface. The
minimal binding motif of DBPII has been previously mapped to
a 170 aa stretch that includes cysteines 58 [4.5]. Previous stud-
ies demonstrated that although the cysteine positions and some
hydrophobic amino acids residues are conserved, other amino
acids are highly polymorphic in the ligand domain and this diver-
sity varies geographically from region to region [6]. To date,
several P vivax dbp sequences were obtained from Papua New

Abbreviations: DBP, Duffy binding protein; DARC, Duffy antigen recep-
tor for chemolanes; DBL-EBPF, Duffy binding-like erythrocyte binding protein;
DBPIL, region II of Duffy binding protein; PNG, Papua New Guinea; PCE,
Polymerase chain reaction
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Guinea (PNG) [7-9], Colombia [10] and South Korea isolates
[11]. Those previous studies have 1identified the major polymor-
phic residues in DBPII which occur within the ligand domain.
The pattern of excessive polymorphisms and the high rate of
non-synonymous polymorphisms in the ligand domain suggest
that this allelic variation functions as a mechanism of immune
evasion [6].

The polymorphisms in the ligand domain do not seem to inter-
fere 1n erythrocyte receptor recogmtion [12], but some of them
do alter immune recognition of DBP [13]. Through an in vitro
cytoadherence assay, previous study in PNG has identified the
major polymorphic residues which altered immune recognition
of DBP [13]. These authors also demonstrated that some of those
polymorphic residues occur frequently in association, particu-
larly residues 417, 437 and 503, suggesting that they compose
an immportant discontinuous epitope i DBP which mught be the
main target for inhibitory antibodies [13]. As development of P.
vivax DEP-based vaccine must take into account dbpil alleles,
1t 1s umportant to access the levels of genetic diversity of dbpll
between populations from distinct geographic regions.

In Brazil, P vivax malana corresponded to approximately
80% of the 400,000 malana cases reported in 2003 and the
largest majority of cases are found in Amazon areas [14]. Malana
in the Brazilian Amazon is hypoendemic to mesoendemic and
transmission is unstable with seasonal fluctuations occurning
throughout the yvear [15]. Aiming to contribute for current efforts
on vaccine development, we analyze here the DBP vanability
in Brazilian Amazon isolates, identifying polymorphisms in the
major residues of DBPII ligand domain which were previously
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demonstrated to being involved in the immune recognition of
DEP [13].

Forty P. vivax isolates were obtained from patients from dif-
ferent regions in the Brazilian Amazon. Patent infection was
confirmed by microscopic analysis on Giemsa-stained blood
smears. All patients were adults of 16-58 years of age, mean
age of 32. DNA was extracted from whole blood sample by
using the PUREGENE DNA isolation Kit (Gentra Systems,
Minneapolis, MIN) according to manufacturer’s protocol. DNA
was used as a template in polymerase chain reaction (PCR)
to amphify the fragment comresponding to nucleotide positions
504-1748 (aa 168-582 of the DBPII). Platinum high fidelity
Tag DNA polymerase (Invitrogen, La Jolla, CA) was used in
PCR to reduce possible nucleotide mis-incorporation. Ampli-
cons were purfied using QiaQuick Punfication Kit (Qhagen
Inc., Valencia, CA) and directly sequenced using DYEnamic™
ET dye terminator kit (Amersham Biosciences, Little Chal-
font, UK) and a MegaBace 500 DNA sequencer (Amer-
sham) The sequences were analyzed using on Bioedit sofi-
ware (www.mbio.ncsu.eduw/BioEdit/bioedit html) and aligned
on Clustal W (clustalw genome jp) to identify the polymor-
phisms at residues 308, 384, 386, 417, 424, 437, 447 and
503 according to VanBuskirk et al. [13]. Duffy binding protein
encoding gene sequences of P. vivax deposited in GenBank were
compiled and also analyzed to comparison with our isolates:
the sequence from a reference clone Sal-I [2]; a sequence from
Belem isolate [10]; 125 sequences from Papua New Guinea iso-
lates (PNG) [7-9]; 17 sequences from Colombia 1solates (Col)
[10]; and 14 sequences from South Korea (SK), corresponding
to the consensus for 42 1solates [11].

The frequencies of vanant codons of DBP, compared to the
P. vivax laboratory reference clone Sal-] among Brazilian 1so-
lates are shown in Fig. 1A. To compare the vanability of DBP
from distinct geographic areas, we also compiled sequences
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available from PNG, Colombia and South Korea. Analyzes of
the DBPII sequences from Brazilian Amazon 1solates indicated
variability in almost all residues analyzed. All sequences from
Brazilian isolates. as well as Sal-I and isolates from Colom-
bia and South Korea have the residue 5447, indicating absence
of variability in that position. However, PNG isolates showed
a high prevalence of the variant amino acid S447K (Fig. 1A).
Variant amino acids among Brazilian isolates, compared to the
Sal-1 DBP sequence, were found in low frequencies (<30%) for
R308S, K386N, N417K, L4241 and W43 7R residues (Fig. 1A).
The variant D384G was the most prevalent 1n our 1solates, simi-
lar to results found in isolates from other malaria endemic areas
(Fig. 1A). The major residues among PNG isolates directly
involved in resistance to antibodies inhibition of erythrocyte
binding were previously identified as residues 437 and 503,
and 417 in minor intensity [13]. Among Brazilian isolates there
was a low prevalence (<50%) of variants N417K and W437R,
but more than 50% of our isolates are I5S03K (Fig. 1A). The
association of the amino acids frequencies for codons 417, 437
and 503 previously demonstrated among PNG isolates was also
investigated for Brazilian isolates (Fig. 1B). The variant N417K
occurred 1n conjunction with W437R in all Brazilian isolates,
similarly to the data obtained from analysis of PNG isolates in
which those varnants always occur concomitantly [13]. How-
ever, the vanant [503K occur in conjunction with N417K only
in a small proportion of Brazilian isolates, the same result was
observed for IS03K and W437R. The association analysis of the
three residues together demonstrated that vanant N417K always
come together with one of the other two vanants (W437R or
I503K), as well as the vanant W437R. However, the vanant
I503K occurs separately from the other two in 73% of Brazil-
1an 1solates (Fig. 1B). Therefore, it 1s demonstrated here the
strong association of both N417/W437 and K417/R437, but
none of them could be associated with any amino acid in codon

(B) i )
With With
N4ITK  W43ITR
N4ITK -_— 100
W4ITR 100 —_
1503K 27 2
L4241 85 85

With With
IS03K  either
545 100
545 100
— 27
—_ 85

Fig. 1. (A) Frequencies of the most commonly variant amino acids in P2 vivax DBPII, comparing to DBP Sal-I sequence (accession number: M61095) among
isolates from malaria endemic areas: Brazilian Amazon isolates (Bra: described herein, N=40), Colombia isolates (Col: accession numbers: US0575-1U50590,

N=17), Papua

New Guinea isolates (PNG: accession numbers: AF469515-AF469602, AF289635-AF289653, AF289480-AF289483, AF291996, L23069-L23075,

U10103-U10107, N=125), and South Korea isolates (SK: accession numbers: AF215737-AF215738, AF220657-AF220668, N'=42). The residues were numbered
according to Fang et al. (1991) [2], with the first letter representing the amino acid in that position in Sal-I sequence, and the other letter the substituting amino acid.
Grey boxes highlight the residues with >50% of prevalence. (B) Association between the frequencies of major variant residues of Duffy binding protein region II
(DBPII) among F. vivax isolates from Brazilian Amazon areas involved in resistance to immune recogmnition.
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Table 1
Variant families among 40 Brazilian P! wivaz isolates corresponding to the prouping of the mest commonly vanant amine acids at DEPIL

Jog* 384 386 417 424 437 447 503 Prevalence® (%) Other areas/isolate®
I R D K N L w 5 I 5 Caol, FNG, SAL-I
I R D K N L w ES E 25
m R D K K I R 5 E 7.5 FNG, SK
v R G K N L w 5 I 225 Cal
W R G K N L w 5 E 375
VI R G K K I R 5 I 125
VI 5 G N N I w 5 I 5 PNG
VIO ] G N K I R ES E 7.5 Belem

? The residues were numbered according to Fang et al. (1991) [2]. The vaniant residues identical to the Sal-I isolate are underlined.

P Prevalence of Brazilian isolates belonging to that variant family.

© Col: izolates from Colombda [10], PNG: isolates from Papua New Guinea [7-9], SK: isolates from South Korea [11], Sal-1: isolate from El Salvador [2], Belem:

isclate from Belem/Brazil [10].

503 although 1t was demonstrated for PNG isolates [13]. These
results suggest the synergstic functional effect of 417 and 437
amino acids, maybe constituting a discontinuous epitope in DBP
involved 1n the escape of the parasite against host immune sys-
tem. The mgher levels of variant amino acid found in codon 503,
compared to other malaria endemic areas (PNG and Colombia)
and the lack of association frequencies between N417K/W437R
and [503K suggests that erythrocyte binding mhibition by anti-
bodies might have some specificities depending on homologous
recognition, whereas for Brazilian i1solates besides N417 and
W437 other ammno acids could be more important than 1503K,
such as 1424, which showed stronger association with N417K
or W437R (Fig. 1B).

We also 1dentified another 14 polymorphic residues at DBP
ligand domain in our isolates compared to Sal-I sequence [2],
which some of them are identical as previously described in
other regions of the world (A1%1E, K371E, R378R, E385K and
R3%90H). In addition, two polymorphisms previously reported
in other regions are different from the polymorplhsms iden-
tified 1n our isolates, although at the same positions (G220E
and T404R}. The others seven polymorphic residues seem to
be unique among Brazilian Amazon isolates {N305N, S398T,
M4191, 14641, Q486E, V497V and K558E).

By grouping the residues which are present at positions 308,
384, 386,417,424, 437, 447 and 503, we constructed eight par-
tial vaniant famihies {[-VIII) representing the haplotypes present
in Brazilian 1solates {Table 1). Most of our 1solates (72.5%) are
grouped in three families, which are unique for South American
1solates (IV, V and VI}. This large number of 1solates consisting
of'a diverse population of genetically distinct clones could reflect
random recombination which occurs durmng mixed mfections
frequently observed in distinct malania endemic areas [7,9,16].
Only 17 5% of our 1solates share the family with PNG 1solates
and 7 5% with South Korean isolates. Taken together these data
agree with geographic distibution of these endemic areas with a
higher identity between South Amencan 1solates from Colombia
and Brazil. Additionally, we could not identified among Brazil-
1an 1solates any vanant families with those residues 1dentical to
PNG 7.18 neither PNG 27.16 1solates, which were previously
demonstrated to have different role 1n antibodies inhibition of
erythrocyte binding [13]. Concemning only the major residues

previously identified to be involved in immune recognition of
DBP, 35% of Brazilian isclates have the amino acids combi-
nation identical to the lghest inhibition pattern of erythrocyte
binding (N417, W437 and [503) for PNG 1solates using ant1-Sal-
I antibodies [13]. The lowest inhibition pattern (K417, R437 and
K503) was found 1n 15% of our isolates and the remaining 1so-
lates showed identity to the intermediate patterns for inhubition
of erythrocyte binding using anti-Sal-I antibodies [13].

The residues analyzed here were not directly involved 1n ery-
throcyte binding as recently confirmed [12,17]; however they
were able to confer resistance to inmbitory antibodies against
erythrocyte binding, particularly residues 417, 437 and 303
of PNG 1solates [13]. Since these residues within DBP ligand
domain were highly polymorphic it 15 suggested that these poly-
morphisms could be subject to immune pressure responsible to
the parasite escape of host inmune system. Previous study has
confirmed that this strong positive selection pressure in DBPII
ligand domain act promoting greater diversity [6]. The immune
pressure drives the generation of new P, vivax DBP vaniants that
15 still able to bind erythrocyte but become resistant to inmbitory
antibodies, suggesting that this DBP region i1s under positive
pressure 1nto crtical residues and under negative pressure n
the residues involved 1n receptor recognition [12.13,17]. Con-
cerning the seven residues analyzed here, excluding residue 447
which was not polymorphic in ourisolates, five of them produced
a family change of the amino acid, when compared to the Sal-I
1solate. All of these substitutions also resulted on the change of
charge or accessibility to solvent. Thus, these putative changes
in protein structure may alter antibody binding of a particular
B epitope, thereby escaping the protectrve immune response of
host [9]. Therefore, concerming the antibodies recognition 1t 15
very important to confirm the involvement of those residues and
also of other unique polymorphisms identified among Brazilian
samples in the mechamsm of immune evasion.
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CONSIDERACOES FINAIS

A invasdo dos eritrécitos € um passo chave para o estabelecimento da infeccdo pelo
Plasmodium. Esse processo abrange uma cascata complexa de eventos envolvendo a interagdo
entre receptores presentes no eritrécito e proteinas do parasito e, parece, portanto, ser um alvo
para a resposta imune protetora. No presente trabalho, estudou-se a proteina PvDBP visto que
ela apresenta um papel importante na invasdo do parasito durante o desenvolvimento assexuado
de estagios sanguineos do P. vivax. Diante disso, a proposta do presente estudo foi avaliar
aspectos imuno-epidemioldgicos e moleculares da resposta imune induzida pela PvDBP em

individuos expostos a transmissédo de malaria em diferentes regides do Brasil.

1. Anticorpos anti-PvDBP sao naturalmente induzidos em individuos expostos a
transmissdo de malaria na Amazonia brasileira

O presente estudo correspondeu a primeira demonstragdo de que a PvDBP é
naturalmente imunogénica em diferentes populacdes da Amazonia brasileira (Ceravolo et al.,
2005, Artigo 1). Nessas areas de transmissdao de maléaria, a prevaléncia e o0s niveis de
anticorpos anti-PvDBP variaram em funcdo do nivel de exposicdo. Assim, a frequéncia de
respondedores a PvDBP apresentou-se maior entre individuos que apresentavam histéria de
longa exposicdo a malaria em Apiacas, MT (65%), do que entre aqueles que tinham sido
esporadicamente expostos a doenca (Belém, PA) (14%). Esses dados estdo de acordo com 0s
obtidos em comunidades situadas em areas endémicas da PNG (Fraser et al., 1997; Michon et
al., 2000; Xainli et al., 2003), onde foi sugerido um possivel “boosting” da resposta imune devido
a exposicdo cumulativa, que naquelas areas de alta transmissdo, corresponde ao aumento da
idade do hospedeiro.

Tran et al. (2005) demonstraram que a resposta de anticorpos anti-PvDBP na Amazonia
brasileira é constituida por anticorpos das subclasses I1gG1 e IgG3. Os autores demonstraram
ainda que anticorpos anti-PvDBP correlacionam-se com a exposi¢cdo cumulativa, o que corrobora
os dados aqui apresentados. Assim, dados sobre resposta imune contra PvDBP obtidos em
ambos os trabalhos (Ceravolo et al., 2005, Artigo 1; Tran et al., 2005) demonstram que
populacdes expostas a transmissao instavel de malaria, como é o caso do Brasil, desenvolvem
anticorpos anti-PvDBP como também observado em areas hiperendémicas da PNG (Fraser et
al., 1997). Apesar de estes achados serem de grande importancia para o desenvolvimento de
uma vacina, deve-se deixar claro que nem todos os anticorpos detectados pela sorologia
convencional sdo capazes de bloquear a interacé@o parasito-célula hospedeira. Assim, o presente
trabalho teve como contribuicdo adicional, em uma segunda etapa, avaliar se esses anticorpos

detectados pelo ELISA apresentavam um papel blogqueador.
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2. A resposta de anticorpos anti-PvDBP na Amazoénia brasileira inclui anticorpos que tém
capacidade de inibir ainteragéo ligante-receptor

Para realizar essa parte do estudo fez-se necessario a implantacdo no Laboratério de
Maléria do IRR de um ensaio funcional para anticorpos anti-PvDBP (regido Il, DBP,) até, entéo,
pioneiro no Brasil. Nesse ensaio, células de mamiferos COS-7 sdo transfectadas com um
plasmideo que contém a sequéncia que codifica a DBP),, o que resulta na expressao do ligante
(DBP;) em fusdo com a GFP (marcador de transfec¢do) na superficie celular. Apés incubacgéo
das células transfectadas com os soros-testes e adicao de eritrécitos, a porcentagem de inibicdo
da interacao ligante-receptor era determinada a partir da comparagédo do numero de rosetas das
amostras, com aquelas quantificadas no controle negativo. A partir da realizacdo desse ensaio in
vitro foi possivel determinar se os anticorpos anti-PvDBP presentes nos soros/plasmas dos
individuos avaliados inibiam a interacdo especifica do ligante com seu receptor presente na
superficie dos eritrocitos.

Os resultados obtidos permitiram demonstrar que a resposta imune anti-PvDBP na
Amazobnia inclui anticorpos que bloqueiam a interagéo ligante-receptor (Ceravolo et al., Artigo 2).
Esse dado é de grande relevancia, visto que até o0 momento um Unico estudo tinha avaliado a
atividade funcional desses anticorpos em area endémica (Michon et al., 2000). Além disso,
aquele estudo foi realizado em uma area hiperendémica (PNG) onde o perfil de transmissao de
malaria é diferente das areas de transmissdo de malaria da América Latina, incluindo a Amazo6nia
brasileira. O presente trabalho demonstrou que individuos com histéria de longa exposi¢do a
malaria na Amazodnia brasileira (>10 anos, TNN e Apiacds, MT) apresentaram anticorpos
bloqueadores da interacdo ligante-receptor contra diferentes variantes da DBP, do parasito
(Ceravolo et al., Artigo 2). A deteccado de anticorpos bloqueadores contra as trés variantes
avaliadas sugere que esses individuos com histéria de longa exposi¢do a doenca devem ter sido
expostos a inimeras variantes de dbpll. E de grande importancia ressaltar que os titulos de
anticorpos inibitorios foram relativamente elevados na Amazonia brasileira (até 1:1280), quando
comparados aqueles detectados na PNG (até 1:80). Entretanto, como no estudo da PNG foi
avaliada apenas uma variante da DBP,, (Sal-1) (Michon et al., 2000; VanBuskirk et al., 2004b),
ndo se pode descartar a possibilidade de que a variante escolhida naquele estudo néo fosse a
mais adequada para avaliar a inibicdo da interacéo ligante-receptor na regiéo.

Nos Uultimos anos, estudos epidemiologicos realizados no Brasil tém demonstrado
claramente a existéncia de infeccbes assintomaticas (Camargo et al., 1999; Fontes, 2001; Alves
et al., 2002). Na area de Apiacas infec¢cdes assintomaticas foram identificadas em 7% dos
garimpeiros (Fontes, 2001), o que nos possibilitou uma excelente oportunidade para avaliar a
relagdo entre a malaria assintomatica e a resposta de anticorpos. Entretanto, no presente estudo
ndo foi possivel observar uma relagdo clara entre os niveis de anticorpos IgG anti-PvDBP e

infeccbes maléricas assintométicas. No entanto, a falta de um critério homogéneo para a
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definicdo de “infeccdo assintomatica” no Brasil tem dificultado a identificacdo e o
acompanhamento desses individuos nas populagfes brasileiras, jA& que os estudos realizados
tém monitorado a sintomatologia da populacdo estudada por um periodo variavel (Coura et al.,
2006). No presente trabalho foi considerado assintomético individuos com auséncia de sintomas
clinicos por um periodo de até 72h (Fontes, 2001), o que nao descarta a possibilidade de que
esses individuos tenham desenvolvido sintomas apos o periodo de acompanhamento. Portanto,
embora tenha sido demonstrado que individuos residentes em area de transmissao instavel de
malaria adquirem anticorpos bloqueadores, ainda ndo esta claro se esses achados
correlacionam-se a um maior nivel de protecdo. Diante disso, a realizacdo de um estudo
prospectivo visando-se determinar a natureza protetora desses anticorpos na imunidade clinica

da malaria, ainda se faz necessario.

3. Individuos expostos pela primeira vez a infec¢éo pelo P. vivax em area ndo endémica
desenvolvem anticorpos IgG anti-PvDBP

Até o presente momento, a maioria dos trabalhos realizados sobre resposta imune contra
a PvDBP tinha sido desenvolvido em areas endémicas de malaria e, por isso, nenhum estudo até
entdo caracterizou com detalhes a resposta de individuos com histéria de exposi¢cao Unica a
malaria. Portanto, a ocorréncia de um surto de transmissdo autéctone de P. vivax na regido
metropolitana de Belo Horizonte concedeu uma excelente oportunidade para estudar a resposta
anti-PvDBP nestas condi¢6es Unicas de transmisséo (Ceravolo et al., Artigo 3).

Na &rea do surto foram estudados 33 individuos expostos a transmissédo de maléria por
P. vivax, dos quais 15 se infectaram (casos), e 18 nao se infectaram (n&o-casos, controles da
area). Como todos os individuos tinham sido inicialmente considerados igualmente expostos a
transmisséo, a primeira hipotese a ser investigada foi a de que os 18 individuos que ndo se
infectaram (ndo-casos) eram refratarios a infeccéo por P. vivax devido & auséncia do receptor do
antigeno de grupo sanguineo DARC na superficie dos eritrocitos (Miller et al., 1976). Para avaliar
essa hipotese, fez-se necessario a padronizagdo da genotipagem do antigeno DARC pela
técnica de PCR no Laboratoério de Maléaria do IRR (Sousa et al., 2007, Artigo 4). Inicialmente foi
feita a genotipagem pela PCR convencional utilizando iniciadores alelo-especificos e,
posteriormente, pela PCR em tempo real (Real Time PCR). Apesar dos resultados obtidos por
ambas as técnicas terem se mostrado sensiveis e adequados, optou-se pelo Real Time PCR
devido a sua rapidez, praticidade e menor risco de contaminacdo. A genotipagem do antigeno do
grupo sanguineo DARC demonstrou que nenhum dos individuos estudados nessa regido era
DARC-negativo, sendo, portanto, suscetiveis a infeccdo pelo P. vivax. Além disso, a frequéncia
de alelos funcionais (FY*A e FY*B) também se apresentou semelhante entre os casos e nao-
casos (Ceravolo et al., Artigo 3). Essa analise foi importante ja que individuos com apenas um

alelo funcional (FY*A ou FY*B) expressam cerca de 50% menos antigeno (Fy* ou Fy°) na
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superficie dos eritrcitos, sugerindo, assim, uma menor suscetibilidade a infeccao pelo P. vivax
(Zimmerman et al., 1999; Cavasini et al., 2001; Michon et al., 2001). De fato, nosso grupo e
outros pesquisadores recentemente demonstraram que individuos que apresentam dois alelos
sd0 mais suscetiveis a infecgdo pelo P. vivax, do que aqueles com apenas um alelo funcional
(Sousa et al., 2007, Artigo 4; Kasehagen et al., 2007). Portanto, conclui-se que a auséncia de
infeccdo nos 18 individuos que ndo se infectaram (ndo-casos) ndo pode ser atribuida & auséncia
e/ou menor expressao do receptor DARC, mas provavelmente ao curto periodo de exposicdo a
transmisséo, ou a outros fatores que podem estar envolvidos. De fato, o periodo de transmissdo
do surto de malaria ocorrido na comunidade de Souza foi considerado curto (~50 dias), ja que ele
foi interrompido a partir do tratamento de todos pacientes com drogas anti-maldricas, e da
aplicacdo e aspersao de inseticidas residuais nas casas (Zumpano et al., 2004).

A PvDBP apresentou baixa imunogenicidade no grupo que se infectou (casos), visto que
apenas 20% dos individuos desenvolveram anticorpos anti-PvDBP apés exposicdo as formas
sanguineas do parasito (primeiro coorte). Nenhum dos individuos do grupo n&o-caso
desenvolveu anticorpos anti-PvDBP. O perfil de resposta de anticorpos anti-PvDBP apresentou-
se diferente da PvMSP-1i, ja que praticamente 100% dos individuos que se infectaram
desenvolveram anticorpos contra essa proteina (Ceravolo et al., Artigo 3). A baixa
imunogenicidade da PvDBP pode ser atribuida provavelmente a sua localizagao, visto que ela se
encontra nos micronemas do parasito. Entretanto, a AMA-1, outra proteina presente nos
micronemas, j& demonstrou ser altamente imunogénica em individuos primo-infectados
(Rodrigues et al., 2005). Talvez a explicacdo mais plausivel para esse fato seja a diferente
expressao dessas proteinas no parasito. Enquanto a AMA-1 é expressa durante os estagios de
merozoito e esporozoito (Healer et al., 2002; Silvie et al., 2004), a PvDBP esté presente apenas
no merozoito, sendo liberada somente no momento da invasdo (teoria do just-in-time)
(VanBuskirk et al., 2004b). Esse fato possibilita ao parasito minimizar a exposi¢ao direta do
ligante funcional aos anticorpos inibitorios, sendo, portanto, um mecanismo de escape do P.
vivax ao sistema imune do hospedeiro.

Considerando que a transmissdo de malaria por P. vivax foi prontamente interrompida
nesta regido, os novos episodios clinicos de malaria que ocorreram aproximadamente dois
meses apos a infecgdo inicial, foram considerados recaidas devido aos hipnozoitos hepaticos.
Nos individuos que tiveram recaida foi observado um “booster” da resposta de anticorpos anti-
PvDBP, o que resultou em 80% de respondedores entre 0 1° e o 2° coorte. Esse achado é
relevante do ponto de vista do desenvolvimento de uma vacina, visto que apesar da PvDBP ser
pouco imunogénica apés uma infecgdo priméria, uma segunda exposi¢édo as formas sanguineas
induz anticorpos anti-PvDBP na maioria dos individuos infectados. Apesar disso, o0
acompanhamento por 12 meses desses individuos demonstrou que essa resposta € de curta

duracdo mesmo no grupo de individuos que apresentaram recaidas.
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4. Anticorpos bloqueadores da interacdo ligante-receptor sdo induzidos contra uma
variante semelhante a DBP,, que causou o surto

O sequenciamento da DBP, de isolados de P. vivax da regido do surto demonstrou que
apenas um unico alelo de dbpll foi detectado na regido, sendo este mesmo alelo detectado nas
infeccBes primarias e recaidas. Adicioanalmente, o alelo circulante identificado no distrito de
Souza demonstrou pertencer a familia alélica VIII, uma da oito familias variantes da DBP
recentemente descritas pelo nosso grupo na Amazonia brasileira (Sousa et al., 2006, Artigo 5).
O fato de uma Unica variante ter sido detectada em Souza se justifica visto que o surto causado
pelo P. vivax ocorreu a partir de um unico individuo que retornou da Amazonia brasileira (Cerbino
et al., 2004; Zumpano et al., 2004). Na regido do surto, a presenca de anticorpos anti-PvDBP
desenvolvidos contra apenas uma variante da DBPy;, permitiu investigar se estes anticorpos eram
variante-especificos. Para isso, no ensaio funcional foram utilizadas células COS-7 expressando
uma variante de DBP), relacionada (PNG 7.18) (VanBuskirk et al., 2004a), ou ndo (Sal-1) (Fang et
al.,, 1991) a sequéncia da variante identificada no surto. Foi observado que, enquanto 0s
anticorpos IgG anti-PvDBP nao foram capazes de inibir a ligacdo de eritrocitos a variante Sal-1
de DBP,, uma significante inibicdo da interacdo ligante-receptor foi observada com a variante
relacionada PNG 7.18 (~80%). Esse resultado sugere que os polimorfismos presentes nos
cédons que diferem as duas variantes avaliadas foram capazes de alterar a caracteristica
antigénica da DBP), e, consequentemente, de comprometer a inibicdo imune, como anteriormente
sugerido com soros-imunes de coelhos (VanBuskirk et al., 2004a). Juntos, esses resultados
sugerem que a especificidade da resposta imune funcional anti-DBP, em uma populacdo exposta
pela primeira vez a infec¢ao pelo P. vivax parece ser variante-especifica.

Acredita-se que esse primeiro estudo realizado sobre o perfil da resposta imune a
diferentes variantes da DBP; no Brasil podera contribuir para os atuais esfor¢os direcionados
para o desenvolvimento de uma vacina, e, até mesmo, para futuras triagens clinicas realizadas

em areas que apresentem transmisséo instavel de malaria.
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CONCLUSOES

() A PvDBP é naturalmente imunogénica em diferentes populacdes da Amazdnia brasileira,
sendo a resposta de anticorpos proporcional ao tempo de exposi¢do dos individuos ao parasito

nas areas de transmissdo de malaria.

(i) A resposta de anticorpos anti-PvDBP na Amazobnia brasileira incluiu anticorpos bloqueadores
capazes de inibir a interagdo entre o ligante do parasito (DBP,) e o seu receptor (DARC)

presente na superficie dos eritrdcitos.

(iii) Anticorpos IgG anti-PvDBP podem ser induzidos ap6s uma Unica e breve exposi¢cdo ao

P. vivax, mas essa resposta € de curta duragdo mesmo nos individuos que apresentam recaida.

(iv) A recaida funciona como um boosting aumentando o nivel de anticorpos IgG anti-PvDBP.

(v) Em uma populacdo exposta pela primeira vez & malaria, a especificidade da resposta imune

funcional anti-PvDBP parece ser variante-especifica.
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ANEXO 1

Ministério da Saude

FIOCRUZ
Fundacédo Oswaldo Cruz

Centro de Pesquisas René Rachou
Laboratério de Malaria

CONSENTIMENTO POR ESCRITO

Prezado Sr./Sra.

Vocé foi escolhido para fazer parte de um projeto de pesquisa que sera conduzido no

Instituto René Rachou da Fundag¢do Oswaldo Cruz sob a coordenagdo da Dra. Luzia

Helena Carvalho, pesquisadora do Laboratério de Malaria. O objetivo desse estudo é

avaliar o desenvolvimento de uma resposta imune contra a maléria, o que pode contribuir,

no futuro, para o desenvolvimento de uma vacina contra essa doencga. Antes de assinar

esse documento vocé devera tomar conhecimento de:

(1) O seu sangue sera coletado (10ml).

(2) O sangue coletado serd usado para os ensaios sorolégico bem como para obtencéo de
DNA necessérios aos estudos relacionados a esse projeto de malaria.

(3) Vocé pode recusar participar do estudo.

(4) A suaidentidade sera mantida em sigilo em qualquer publicacdo futura resultante desse
estudo.

(5) Nao havera nenhum custo para qualquer dos exames ou procedimentos realizados.
Eu declaro que concordo com este consentimento por escrito e que decidi
participar desse projeto de pesquisa ap0Os ter sido completamente esclarecido sobre
0 mesmo. Eu estou ciente que receberei uma copia desse consentimento escrito e
gue uma segunda copia sera registrada nos arquivos do Centro de Pesquisas René

Rachou.

Nome:
Endereco:
Assinatura:
Investigador:
Assinatura:

Data e Local:

Tese de Doutorado Isabela Penna Ceravolo




Anexo 2 101

ANEXO 2

Ministério da Sadde

FIOCRUZ
Fundagiio Oswaldo Cruz

Cenlro de Pesquisas Aend Rachou
Comitd da Etica em Pesquisa sm Seres Humancs

REPORT # 002/2002 - CEPSH-CPgRR
Protocol #: 004/2002

Research Project: “Molecular and immunological characterization of Plasmodium vivax
Dully Binding Protein in endemic arcas of the Brazilian Amazon” (Caracterizagio
imunol6gica e molecular da Duffy Binding Protein (DBP) do Plasmodium vivax em dreas
endémicas da Amazbnia Brasileira)
Responsible Researcher: Luzia Helena Carvalho
Institution: Centro de Pesquisas René Rachou / FIOCRUZ
Date of Submisslon: December 14", 2001.

The Ethical Commiltee of Research on Human Beings from Lhe Cenlro de Pesquisas

René Rachou / FIOCRUZ, according to the Resolution of the Brazilian Council on Heallh —
CNS 196/96, decided [or the approval of the proposed project on April 18™, 2002,

Decision: PROJECT APPROVAL

Belo Horizonte, April 19" , 2002,

Alvaro %ﬁ%mnha, PhD.

CEPSH-CPgRR — Coordinator

Maria Elizabeth Uchua Demichelli, MD, PhiD,
CEFPSH-CPgRR - Vice-Coordingtor

Centro de Pesquisas René Rachon / FIOCRUZ
Av. Augusto de Lima, 1715, 30190-002 Belo Horizonte - MG - Brasil
Tel: (0035) (31} 3295-3566 (ramal 180) - Fax: (0055) (31) 3295-3115
o-mall: romankad cporr.flocruz.br
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Cou. 7 -

P o ot T £ A é‘ e

J/-‘Maria Fernanda Furtado Lima e Costa, MD, PhD,
Representative of the CPgRR Researchers

Luci Maria Sant’ana Dusse, PhD.
Represeniative of ihe Regional Council of Pharmacy - MG

Kleber Elias Tavares, MD.,
Representative of the Regional Counci? of Medicine - MG

?-a'-,’-—-_ﬂ

Roberto Chateaumﬂﬁngues

Representative of the Non Governamenial Organization

Group of Supporters to the AlD
e

~Terezinha Marta Colombo Drumond
Representative of the Regional Council of Psychology - MG

epresentaiive of a Religious Community

Centro de Pesquisas René Rachou/ FIOCRUZ
Av. Augnsto de Lima, 1715, 30190-062 Bele Horizente - MG - Drasil

Tel: (0033)(31) 3295-3565 (ramal I180) - Fax: (0055) (31) 3295-3115
e-mail: romanha@cpgrr.liocruz.te
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Ministério da Satde

FIOCRUZ
Fundag@do Oswaldo Cruz

Centro de Pesquisa René Rachou
Comité de Etica

PARECER N° 07/2006 — CEPSH- CPqRR
Protocolo CEPSH/CPGRR n°: 01/2006

Projeto de Pesquisa: “Plasmodium vivax na Regido Amazénica e extra-Amazonica brasileira: anticorpos
bloqueadores da infecgéo e polimorfismos funcionais”

Pesquisador Responsavel: Luzia Helena Carvalho
Instituigdo: Centro de Pesquisa René Rachou / FIOCRUZ
Data de entrada no CEP: 14/02/2006

Ao se proceder a andlise do protocolo em questio, apbs consideradas as respostas as pendéncias anteriores,
constatou-se que as informagdes enviadas atendem aos aspectos fundamentais da Resolugido CNS 196/96,
sobre Diretrizes @ Normas Regulamentadoras de Pesquisa envolvendo Seres Humanos.

Diante do exposto, o Comité de Etica em Pesquisa em Seres Humanos do Centro de Pesquisas René Rachou /
FIOCRUZ, de acordo com as atribuigdes da Resolugéo 196/96, manifesta-se pela aprovagéo do projeto de
pesquisa proposto.

Situagéo: PROJETO APROVADO

Belo Horizonte, 8 de maio de 2006.

\/\\_,r\x'"'““ﬁ——rﬁ—__‘_

Jodo Carlos Pinto Dias
Coordenador do CEPSH- CPqRR

Dr. Joao Carlos Pinto Dias

Puquiudor Titular

319611 - C
mt:s{?(: .CPaRR | FIOCRUZ

Av. Augusto de Lima, 1715 - Barro Preto, Belo Horizonte, MG, Brasil CEP: 30190-002
Tel.: 55 31 3295 3566 (ramal 180) Fax: 55 Oxx31 3295 3115 hitp://www.cpqrr.fiocruz.br
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ANEXO 3

Ministério da Saude

FIOCRUZ
Fundacdo Oswaldo Cruz

Instituto René Rachou

Dra. Luzia Helena Carvalho, Laboratério de Malaria (lhcarvalho@cpgrr.fiocruz.br)

104

Data / /

Paciente N°

Nome:

Idade: Sexo: (1) F (2)M  Cor: (1) branca . (2) parda (3) negra
Municipio de Residéncia:

Endereco:

Telefone de contato:
Vocé ja tinha ouvido falar em maléaria antes do surto de Souza?
Em caso positivo, como?

(1) sim (2) ndo

Vocé teve malaria em Souza? (1) sim (2) ndo (3) duvidoso
Espécie? (1) Pivax  (2) P.falciparum (3) ndo sabe (9) nédo se aplica
Quando?

Como vocé suspeitou da doenga?

Teve sintomas? (1) sim ..(2) ndo Quais?

Vocé concluiu o tratamento? (1) sim (2) ndo (3) ndo sabe (9) ndo se aplica

Ha quanto tempo?

Vocé chegou a ser hospitalizado por malaria? (1) sim (2) ndo (3) ndo sabe (9) néo se aplica

Se sim, por quanto tempo?

distancia?

Teve casos de malaria na sua casa? (1) sim (2) ndo
Teve casos de maléaria na vizinhanca? (1) sim (2) nédo
Vocé reside nessa area? (1) sim (2) ndo

Héa quantos anos vocé reside nessa area?

Vocé viajou recentemente? (1) sim (2) ndo Local:
Data: Ida: [/ [ Volta: [

Vocé ja residiu em areas endémicas de maléria? (1) sim (2)ndo  Local:
(1) sim (2) nédo . (3) ndo sabe

Apresentou nos ultimos cinco anos, alguma doenca grave?

(9) nédo se aplica Se positivo, qual?

Esta gripado, ou com alguma infeccao?

(1) sim (2) ndo (3) ndo sabe (9) néo se aplica
Sinais/sintomas?

Esta fazendo uso de algum medicamento? (1) sim (2) ndo (3) ndo sabe
Caso positivo, qual? Ha quanto tempo?

Vocé sabe como a malaria é transmitida?

Como iniciou a doencga aqui em Rio Manso?

Obs:
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ANEXO 4

GOVERNO DO ESTADO DE MINAS GERAIS
SECRETARIA DE ESTADO DE SAUDE
SUPERINTENDENCIA DE EPIDEMIOLOGIA

OF.SE N° 062/2003

Belo Horizonte, 09 de maio 2003.

Assunto: Projeto da FIOCRUZ
Senhora Coordenadora,

Tendo em vista que este estudo podera contribuir para pesquisa de vacina para

malaria, damos parecer favoravel as propostas do projeto anexo.

Atenciosamente,

NA S

Dra. Valéria de Melo Rodrigues e Oliveira
Superintendente de Epidemiologia — SES/SUS
Masp: 367408-2 - CRMMG: 11124

Ilma. Sra.

Dra. Luzia Helena Carvalho
CPqRR/FIOCRUZ

CAPITAL

Tese de Doutorado Isabela Penna Ceravolo




Anexo 4 106

SECRETARIA DE ESTADQ DA SAUDE DE MINAS GERAIS
SUPRINTENDENCIA DE EPIDEMIOLOGIA
COORDENADORIA DE CONTROLE DE ZOONOSES

MEMO.CCZ/N° 403/03

Belo Horizonte, 09 de maio de 2003

Valéria de Melo Rodrigues e Oliveira
Superintendente de Epidemiologia — SES - MG

Assunto: parecer - Projeto da FIOCRUZ
Senhora Superintendente,

Tendo em vista que este estudo podera contribuir para pesquisa de vacina

para maléria, damos parecer favoravel as propostas do projeto anexo.

Atenciosamente,

DI

Francisco Leopoldo Lemos
Consultor da CCZ/SE/SES-MG

Anexos: 11

Rua Rio Grande do Norte, 613 — Funcionérios - fones: 3213 — 4298 — 32137635 ~ fax: 3274-7849
Belo Horizonte-MG-CEP.; 30.130-130
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