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Resumo

RESUMO

A invasao dos eritrécitos pelos merozoitos de Plasmodium vivax requer a interacao
da Duffy binding protein (PvDBP) com o receptor DARC na superficie dos eritrécitos
humanos. Esta interacdo parece ser essencial na formagdo de uma juncao
irreversivel entre as membranas do merozoito e da célula do hospedeiro, uma etapa
chave no processo de invasao dos eritrocitos. Diante disso, a PvDBP € considerada
uma das mais importantes candidatas para compor uma vacina anti-P. vivax. O
dominio de ligagdo da PvDBP (regido Il, PvDBP))) ao seu receptor € rico em residuos
de cisteina e constitui a regido mais polimérfica da proteina. Embora a maioria dos
aminoacidos envolvidos na interacdo PvDBP,-DARC seja invariavel, a resposta
imune que parece ser direcionada principalmente contra regides polimérficas da
PvDBP,, é capaz de bloquear a interacao proteina-receptor. Como esta diversidade
genética pode comprometer a eficacia de uma vacina que inclua este antigeno, o
objetivo principal deste trabalho foi caracterizar o padrao de diversidade do dominio
de ligacdo da Duffy binding protein de isolados de P. vivax de varias regides da
Amazbnia Legal brasileira. Utilizando ferramentas estatisticas adequadas,
evidenciou-se o papel da recombinacdo e da selecdo natural na geragdo e
manutencao da diversidade genética na PvDBP,. Em adicdo, a selecdo positiva
parece agir em codons individuais da proteina, preferencialmente nos epitopos de
células T e B da PvDBP,. Em geral, estas regides apresentam uma diversidade
genética maior do que toda a regidao Il da proteina. Em conjunto, os resultados
obtidos sugerem que o sistema imune do hospedeiro é um importante fator de
selecdo de mutacdes relacionadas ao escape do parasito. Adicionalmente, avaliou-
se a associacao entre prevaléncia dos alelos DARC e suscetibilidade a infeccao por
P. vivax na Amazdnia Legal brasileira. Com este objetivo foi desenvolvida uma nova
metodologia de genotipagem de DARC baseada no PCR em tempo real. Este foi um
dos primeiros estudos a evidenciar uma associacao significativa entre individuos que
expressam dois alelos DARC funcionais e maior suscetibilidade a infeccao por P.
vivax e o primeiro a caracterizar o padrao de variabilidade genética da DBP;, em
isolados de P. vivax do Brasil.
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Abstract

ABSTRACT

Plasmodium vivax requires interaction of the Duffy binding protein (PvDBP) with the
Duffy antigen/receptor for chemokines (DARC) to enable its invasion of human
erythrocytes, making PvDBP an important vaccine candidate. This interaction seems
to be essential for junction formation, which is a key step in the erythrocyte invasion
process. The receptor-binding domain of PvDBP maps to a conserved cysteine-rich
region, referred to as region Il (PvDBP). Most of the allelic diversity observed in
PvDBP is due to the high rate of nonsynonymous polymorphisms in this critical
domain for receptor recognition. Although contact residues that form the DARC-
recognition site within PvDBP, appear to be invariant, host immune responses that
target mainly against polymorphic regions are able to inhibit binding of PvDBP), to
DARC. As the PvDBP) allelic diversity may represent a major obstacle for vaccine
development, this study undertook a comprehensive analysis of the genetic diversity
of the DBP, from P. vivax isolates obtained from different sites across the Brazilian
Amazon region. Using appropriate statistical tests, we found evidence that allelic
diversity within the Brazilian population of parasites is maintained by recombination
and natural selection at PvDBP), locus. In addition, we conclude that positive natural
selection preferentially acts on B- and T-cell epitopes. Overall, these regions also
showed higher nucleotide diversity compared to the whole PvDBP,. Our results
suggest that the host immune system is an important selection factor for mutations
related to escape of the parasite. In this study, we also evaluated the relationship
between DARC alleles and malaria susceptibility. For this aim we developed a new
DARC genotyping assay based on multiplex real-time PCR. Our findings provided
one of the first evidences that the presence of two functional alleles increases the risk
of P. vivax infection. Indeed, the current investigation presented the first
comprehensive analysis of genetic diversity across PvDBP, gene from Brazilian

parasite isolates.
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Introducéo

1 INTRODUCAO

A maléria é uma doenca causada por um protozoario do filo Apicomplexa,
género Plasmodium, sendo descritas quatro espécies que habitualmente parasitam o
homem: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae e
Plasmodium ovale. Atualmente, estima-se que a malaria afete 500 milhdes de
pessoas no mundo, causando cerca de um milhdo de mortes por ano (Greenwood et
al., 2008; WHO, 2008). Uma estimativa recente sugere que mais de dois bilhdes de
pessoas no mundo estao sob o risco de adquirir malaria. Varios fatores contribuiram
para o ressurgimento da doenga em diversas partes do mundo a partir da segunda
metade do século XX, principalmente o desenvolvimento de resisténcia dos vetores
aos inseticidas, bem como dos parasitos aos antimalaricos (Greenwood et al., 2008).

A doenca é um importante problema de saude publica em algumas partes da
Asia e América do Sul, porém seu principal impacto é na Africa sub-Saariana, que
concentra 86% dos casos de malaria do mundo (WHO, 2008). P. vivax e P.
falciparum sao as espécies mais prevalentes, sendo que P. falciparum é responsavel
pelas formas mais graves da doenca e esta associado a um alto indice de
mortalidade (Greenwood et al., 2005; Mendis et al., 2001). P. vivax é a espécie mais
amplamente distribuida no mundo, sendo comum em areas tropicais fora do
continente africano. Essa espécie é responsavel por uma média anual de 130 a 435
milhdes de casos de malaria no mundo, estimativa superior a freqlientemente citada
de 70-80 milhdes de infeccbes anuais (Baird, 2007; Hay et al., 2004; Mendis et al.,
2001). P. vivax causa uma doenca debilitante que afeta a qualidade de vida e a
produtividade econdmica das pessoas afetadas (Greenwood et al., 2005). Embora
frequentemente a maléria causada por P. vivax seja referida como benigna e
raramente fatal, dois estudos epidemioldgicos recentes, realizados na Papua Nova
Guiné e Indonésia, reportaram uma proporcdo elevada de malaria vivax grave,
principalmente em criangas. Uma caracteristica importante desses estudos € a
incidéncia comparavel de casos graves de malaria causados por P. vivax e P.
falciparum em cada regidao (Genton et al., 2008; Tjitra et al., 2008).

Nas Américas, o Brasil é responsavel por cerca de 65% de um milhdo de
casos clinicos de malaria registrados anualmente (Breman & Holloway, 2007). No
Brasil, a principal regido onde ocorre a transmissdao da malaria € a Amazénia Legal,
com média anual de 500 mil casos, correspondendo a 99,8% das ocorréncias da

doenca no pais. As trés espécies que transmitem a malaria no Brasil sdo P.
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falciparum, P. vivax e P. malariae, sendo que P. vivax é responsavel por mais de
80% dos casos de malaria notificados anualmente na regido Amazénica (SVS,
2008).

Na Amazoénia Legal, a malaria € uma doenga com distribuicao focal, havendo
diferentes situagdes epidemiolégicas em funcao das formas variadas de ocupacao
do solo e das diversas modalidades de exploracdao econémica dos recursos naturais
(Barata, 1995; Duarte & Fontes, 2002; Tauil, 1986). Em 2007, apenas trés estados,
Amazonas, Rondbnia e Para, registraram cerca de 354 mil casos de malaria, o que
corresponde a 78% das ocorréncias (SVS, 2008). Em adicao as condigdes sdcio-
econdmicas e ambientais, a alta transmissdo de malaria, durante décadas na
Amazédnia Legal brasileira, esta associada com a ocupacéao intensa e desordenada
dos espacos peri-urbanos, ao desmatamento para extracdo de madeira, criacdo de
gado, agricultura e assentamentos nao-oficiais (Marques et al., 1986; SVS, 2007;
SVS, 2008). Outro fator colaborador € o aumento dos criadouros do mosquito vetor
em funcéo da atividade de piscicultura, com a construcao de tanques artificiais (SVS,
2007).

A regido extra-amazodnica, uma area nao endémica de malaria, apresenta
uma meédia anual de 220 casos autéctones da doenca desde 1999. Nessas regides,
a transmissao da infeccéo se deve, em grande parte, ao fluxo constante de pessoas
infectadas provenientes de areas endémicas dentro e fora do pais, somado a
existéncia dos vetores anofelinos na regiao extra-amazénica (SVS, 2008).

Desde 2003 esta em vigéncia o Programa Nacional de Controle da Maléaria
(PNCM) no Brasil, cujos principais objetivos sdo a reducdo da incidéncia e da
morbimortalidade pela malaria. Entre as estratégias tragadas para atingir esses
objetivos estao o diagndstico precoce, o tratamento oportuno e adequado dos casos
da doenca e intervencbes seletivas para o controle vetorial (SVS, 2007). Essas
medidas de controle, somadas a uma série de outros fatores, como maior
investimento de recursos pelas trés esferas do governo e mudanga no esquema de
tratamento de primeira escolha da malaria por P. falciparum tém contribuido para
uma redugédo do numero de casos de malaria nos ultimos dois anos no pais (SVS,
2008).
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1.1 Ciclo Bioldgico dos Parasitos da Malaria Humana

O ciclo bioldgico dos parasitos da maldria humana compreende uma fase de
reproducdo sexuada, que ocorre dentro do hospedeiro invertebrado, e outra de
reproducao assexuada, que se desenvolve no hospedeiro vertebrado (Figura 1). Em
diferentes momentos do seu ciclo de vida, o plasmddio sofre varias transformacdes
que o capacitam a transpor diversas barreiras e se desenvolver em ambientes
variados. Essas mudancgas incluem o desenvolvimento do parasito em diferentes
formas, tais como nos estagios moével, invasivo, encistado, intracelular, sexuado e
dormente (Greenwood et al., 2008).

As formas infectantes do parasito, conhecidas como esporozoitos e que se
acumulam nas glandulas salivares do inseto vetor, sdo transmitidas para o homem
através da picada do mosquito fémea do género Anopheles. Estima-se que cerca de
15 a 123 parasitos sdo depositados sob a pele do hospedeiro durante o repasto
sanguineo, podendo permanecer na derme por um longo periodo apo6s a picada do
vetor (Amino et al, 2006; Prudéncio et al., 2006; Yamauchi et al., 2007).
Recentemente, um estudo demonstrou que entre os esporozoitos que deixam o local
da picada, grande parte invade os vasos sanguineos, enquanto outros sdo drenados
pelos vasos linfaticos e se acumulam nos linfonodos. Nos linfonodos, a maioria dos
esporozoitos € degradada dentro das células dendriticas (Amino et al., 2006).
Entretanto, algumas vezes o mosquito perfura diretamente um vaso durante o
repasto sanguineo, inoculando os esporozoitos na corrente sanguinea (Vanderberg
& Frevert, 2004).

Uma vez na corrente sanguinea, os esporozoitos migram para o figado, onde
atravessam varios hepatécitos antes de se desenvolverem no proximo estagio
invasivo dentro de um vacuolo parasitéforo (Mota et al., 2001). Mota e colaboradores
(2002) evidenciaram que a migracdo do parasito através de varias células induz a
exocitose de organelas apicais dos esporozoitos, tornando-os aptos a infectar o
hepatécito e se desenvolver no interior do vacuolo parasitéforo (Mota et al., 2002;
Prudéncio et al., 2006). Ainda no figado, P. vivax e P. ovale podem se desenvolver
em formas dormentes, que sdo responsaveis por episédios de recaida, meses ou até
mesmo anos apds a infecgao inicial (Barnwell et al., 1998).

Nos hepatécitos, os esporozoitos se diferenciam e dividem mitoticamente
dando origem aos merozoitos, que sao liberados diretamente na corrente sanguinea

no interior de vesiculas delimitadas pela membrana da prépria célula hospedeira, os

21



Introducéo

merossomos (Sturm et al., 2006). Na corrente sanguinea, os merozoitos invadem o0s
eritrécitos, dando inicio ao ciclo sanguineo assexuado do parasito, que é
responsavel pelas patologias mais complexas da malaria. A entrada do plasmédio
dentro dos eritrocitos ocorre em poucos segundos, reduzindo o tempo de exposicao
do parasito ao sistema imune (Cowman & Crabb, 2006; Oh & Chishti, 2005).

O processo de invasao dos eritrécitos compreende os seguintes eventos: (1)
ligacdo de baixa afinidade e reversivel do merozoito a superficie do eritrécito apds
colisdo aleatéria; (2) reorientacdo do parasito a fim de posicionar a sua porcao
apical, onde sdo encontradas as organelas apicais, em contato com a membrana
eritrocitica, formando uma juncéo irreversivel entre as membranas das duas células;
(3) deslocamento da juncdo em direcdo ao pélo posterior do parasito com a
concomitante liberacdo do contedudo das organelas apicais, as roptrias e 0s
micronemas e; (4) entrada do parasito no interior do eritrocito através da formacgao
do vacuolo parasitéforo, no interior do qual o merozoito se desenvolve (Cowman &
Crabb, 2006; Oh & Chishti, 2005).

No interior dos eritrocitos, os merozoitos se desenvolvem nas formas jovens
intra-eritrociticas do parasito (trofozoitos jovens ou anel) que maturam em trofozoitos
maduros e esquizontes dentro de um periodo que varia de 48-72 horas, dependendo
da espécie do plasmédio. Cada esquizonte produz aproximadamente 10-30
merozoitos, que ao serem liberados na corrente sanguinea, invadem novas células
sanguineas. Alguns merozoitos, por sua vez, se diferenciam nas formas sexuadas,
microgametécitos (masculino) e macrogametocitos (feminino), que ao serem
ingeridas pelo mosquito vetor durante o repasto sanguineo, se diferenciam nos
gametas masculino e feminino. No interior do intestino médio do Anopheles os
gametas se fundem, formando o zigoto (Barnwell et al., 1998). Dentro de um periodo
de 5-18 horas, o0 zigoto se diferencia em um oocineto mével, que atravessa a matriz
peritréfica e a camada de células epiteliais do intestino, alcangando a Iamina basal,
onde é induzida a progressao do ciclo celular com a diferenciagédo do oocineto em
oocisto. Ap6s sucessivas divisdes mitéticas e diferenciagdo celular, milhares de
esporozoitos sao produzidos a partir do oocisto e migram para as glandulas
salivares, onde sdo armazenados até a sua inoculagdo no hospedeiro vertebrado,

completando o seu ciclo de vida (Sinden, 2002).
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Figura 1. Representacdo esquematica do ciclo biolégico do plasmdédio no
hospedeiro humano e no vetor Anopheles. Figura modificada de Greenwood e
colaboradores (2008).
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Diferencas significativas sdo observadas entre a infec¢cdo causada por P.
vivax e P. falciparum, quanto ao tipo de célula infectada e as interagdes ligante-
receptor que ocorrem durante o processo de invasao do eritrocito. P. vivax invade
preferencialmente, se ndo exclusivamente, os reticulocitos (eritrocitos jovens)
(Galinski et al., 1992; Mons, 1990), enquanto P. falciparum invade tanto reticulécitos
quanto eritrécitos maduros (Pasvol et al., 1980). A especificidade de invasao de P.
vivax € atribuida a pelo menos duas proteinas, PvRBP-1 e PvRBP-2 (reticulocyte
binding protein, RBP) (Galinski et al., 1992). Quatro proteinas homélogas as PvRBP
foram identificadas em P. falciparum, entre elas a PfRBP1, PfRBP2a, PfRBP2b e
PfRBP4, além do pseudogene PfRBP3 (Duraisingh et al., 2003; Rayner et al., 2001;
Stubbs et al., 2005; Triglia et al., 2001; 2005). Até o momento, a funcdo dessas
proteinas no processo de invasdao de P. falciparum, bem como o0s receptores
eritrociticos para as RBP de P. vivax ou de P. falciparum nao foram identificados (Oh
& Chishti, 2005).

Outras diferencas significativas no processo de invasao dos eritrécitos por P.
vivax e P. falciparum se referem as interacbes moleculares que ocorrem entre
proteinas do parasito e os receptores eritrociticos. P. vivax requer principalmente a
interacdo de uma proteina micronemal, a Duffy binding protein (DBP), com o seu
receptor na superficie do eritrécito, o antigeno Duffy/receptor para quimiocinas
(DARC) (Chaudhuri et al., 1989; Horuk et al., 1993; Miller et al., 1976). Uma forte
evidéncia disso é a auséncia de infecgdo causada por P. vivax no oeste da Africa,
coincidindo com a auséncia de expressao do receptor DARC nas mesmas
populacées (Miller et al., 1976). A interacdo da PvDBP com DARC parece ser
essencial na etapa de formacdo da juncao irreversivel durante o processo de
invasao dos eritrdcitos (Miller, 1989; Singh et al., 2005; 2006).

Em contrapartida, tanto os isolados de campo quanto os isolados de
laboratério de P. falciparum apresentam diferentes vias de invasao dos eritrcitos
(Gaur et al., 2004). A classificacdo dessas vias alternativas de invasao € feita de
acordo com a natureza do receptor eritrocitico, sendo definidas a partir da utilizacao
de eritrocitos deficientes em proteinas especificas de superficie e do tratamento
enzimatico dessas células (Gaur et al., 2004). Dessa forma, quatro proteinas
importantes para invasao dos eritrécitos foram identificadas no P. falciparum, todas
ortélogas a PvDBP: EBA-175 (175 kDa erythrocyte binding antigen), BAEBL
(também conhecida como EBA-140), JESEBL (EBA-181) e EBL-1 (Cowman &
Crabb, 2006; Gaur et al., 2004). Esses ligantes, dependendo do isolado de P.
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falciparum, sdo capazes de interagir com diferentes receptores eritrociticos e essa
interacao ligante-receptor pode ser dependente ou ndo de residuos de &cido sialico
nos receptores (sialoglicoproteinas). O receptor da EBA-175 é wuma
sialoglicoproteina, a glicoforina A, assim como os receptores da BAEBL e JESEBL, a
glicoforina C e um receptor glicosilado resistente a tripsina, respectivamente (Mayer
et al., 2002; Orlandi et al., 1992; Rayner et al., 2001). Em adicéo a esses receptores,
BAEBL e JESEBL sao capazes de se ligar a proteinas nao glicosiladas na superficie
dos eritrocitos (Mayer et al., 2004; Thompson et al., 2001). A redundancia na invaséo
dos eritrocitos pode proporcionar algumas vantagens para P. falciparum, como
evasdao do sistema imune do hospedeiro e capacidade de invadir eritrocitos

genotipicamente distintos e em varios estagios de maturacao (Gaur et al., 2004).
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1.2 Variabilidade Genética de Plasmodium vivax

Em comparacdo com o P. falciparum, as informacdes disponiveis a respeito
da variabilidade genética e histéria evolutiva de P. vivax s&o mais escassas. Isso se
deve, principalmente, a menor mortalidade associada a infec¢gdo causada por P.
vivax e a auséncia de um sistema eficiente de cultivo continuo desse parasito (Feng
et al., 2003). Nos ultimos anos, alguns estudos sobre P. vivax tém contribuido para
um melhor entendimento da sua histéria evolutiva. Alguns autores defendem uma
origem asiatica para P. vivax, ha pelo menos 50 mil anos atras, com base na andlise
do seu genoma mitocondrial (Cornejo & Escalante, 2006; Jongwutiwes et al., 2005;
Mu et al., 2005b). A partir da andlise de varios loci neutros, sugere-se que a
populagdo atual de P. vivax originou-se de um parasito que infectava macacos
asiaticos e passou, posteriormente, a parasitar os humanos modernos (Escalante et
al., 2005; Mu et al., 2005b). No novo mundo, evidéncias sugerem uma introdugao
recente de P. vivax (Carter, 2003; Cornejo & Escalante, 2006; Li et al., 2001).

As inferéncias a respeito da histéria evolutiva, assim como a estimativa da
diversidade genética das populacdes e genes dos parasitos da malaria sao
importantes para: (1) o desenvolvimento e monitoramento de estratégias de controle;
(2) identificagdo de novas drogas e alvos para vacinas e; (3) entendimento do
padrao de viruléncia e da interagdo parasito-hospedeiro (Carlton, 2003; De Souza-
Neiras et al., 2007).

Duas abordagens complementares sao empregadas no estudo de genética de
populacéo e variabilidade genética do plasmdédio. A primeira tem como objetivo
entender a estrutura genética das populacées do parasito, como por exemplo, a
partir do estudo da distribuicdo espacial dos alelos, da ocorréncia de migracdes e
das estratégias de reproducdo. A segunda abordagem consiste na anélise da
diversidade genética de genes especificos, como os genes que codificam antigenos
vacinais e genes associados a resisténcia as drogas. As anadlises de genes
especificos fornecem informagcdes sobre como os diferentes alelos sao gerados e
mantidos na populagdo, podendo também determinar o papel da recombinacao
genética e selecao natural na geracdo e manutencao dos polimorfismos observados
(Cui et al., 2003). E importante ressaltar que a diversidade genética observada nos
genes individuais, principalmente aqueles sob pressao seletiva, pode refletir uma
histéria evolutiva especifica que nao coincide com as forcas evolutivas responséaveis

por moldar a diversidade genética geral da espécie (Gauthier & Tibayrenc, 2005).
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Nas analises sobre evolugdo molecular, variabilidade genética e estrutura das
populacdes de P. vivax, sao utilizados varios marcadores moleculares, tais como os
microssatélites e os polimorfismos de base unica (SNPs), principalmente em genes
ortélogos previamente identificados em P. falciparum (Feng et al., 2003; Imwong et
al., 2006). A maioria desses estudos tem evidenciado uma alta diversidade genética
em P. vivax (Feng et al., 2003; Ferreira et al., 2007a; Imwong et al., 2006).

Os polimorfismos de base Unica sao amplamente utilizados, pois além de
serem numerosos no genoma, esses marcadores genéticos sao faceis de serem
analisados (Cui et al., 2003; Feng et al., 2003). Feng e colaboradores (2003) ao
analisarem uma regido de 100 kb em um cromossomo de P. vivax, evidenciaram
uma alta freqiéncia de SNPs e uma tendéncia de agrupamento desses marcadores
em regides intergénicas e em genes especificos que podem estar sob pressao
seletiva. Em P. falciparum, a analise de 3539 genes revelou que os genes mais
polimérficos sdo aqueles que codificam antigenos de superficie, moléculas de
adesao celular e proteinas associadas a acao de drogas (Mu et al., 2007). Como
muitas dessas proteinas sdo candidatas a vacina antimalarica, a analise da
diversidade alélica, bem como o entendimento da origem dos polimorfismos
presentes nos genes que as codificam, é essencial para o desenvolvimento de uma
vacina que inclua esses antigenos (Galinski & Barnwell, 1996).

Varios fatores evolutivos e demograficos, como mutacdo, recombinacgao,
selecao natural, deriva genética, fluxo génico e estrutura geografica das populacdes
do parasito sdo responsaveis por modelar o padrdo de variabilidade genética
observado nas sequéncias de DNA e proteinas (De Souza-Neiras et al., 2007). Para
os antigenos da malaria, ressalta-se o papel da recombinacédo e selecao natural na
geracdo e manutengdo da diversidade genética comumente observada nessas
proteinas (Cui et al., 2003; Ferreira et al., 2007b).

A recombinacdo é uma importante fonte de diversidade genética, podendo
substituir varios nucleotideos, ao mesmo tempo, em um Unico evento de
recombinacdo. Dessa forma, a recombinacdo constitui uma forga diversificadora
capaz de gerar novas variantes alélicas, que permitem ao parasito escapar da
resposta imune do hospedeiro induzida por variantes do mesmo antigeno em
exposi¢des anteriores (Ferreira et al., 2007b). Para P. vivax e P. falciparum, a
maioria dos estudos que faz inferéncias sobre a recombinacdo utiliza SNPs em
genes que codificam antigenos vacinais, tais como AMA-1 e MSP-1. Nesses
estudos, a recombinacao tem sido freqientemente associada a elevada diversidade
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genética observada nos genes que codificam esses antigenos (Gunasekera et al.,
2007; Ord et al., 2008; Santos-Ciminera et al., 2007).

Além da estimativa acurada da taxa de recombinacéo ter implicacées diretas
no estabelecimento do repertério e da dinamica espacial e temporal dos alelos
(Awadalla, 2003), ela se faz necessaria a medida que as ferramentas disponiveis
para inferéncia da histéria evolutiva do patégeno sdo sensiveis a ocorréncia de
recombinacao (Stumpf & McVean, 2003; Wilson et al, 2005). Na auséncia de
recombinacado, a reconstrucao de uma filogenia Unica € possivel e pode ser o ponto
de partida para qualquer analise, por exemplo, testes de selecdo. Porém, se ha
recombinacao, diferentes partes do genoma podem apresentar histérias evolutivas
distintas. Como resultado, a acao da selecao e da mutacdo em uma dada regiao
gendmica pode ser independente da agao dessas mesmas forgcas em outras regioes.
Portanto, se a recombinacao é comum, a escolha de andlises apropriadas é crucial
para o estudo da histéria evolutiva dos patdgenos (Stumpf & McVean, 2003; Wilson
et al., 2005).

Na malaria, a recombinacdo meiética ocorre durante o ciclo de reproducao
sexuada do parasito no mosquito. Em populacdes naturais do plasmdédio, os eventos
de recombinagédo sao observados somente quando o hospedeiro invertebrado esta
infectado com diferentes gendétipos do parasito. No mosquito, a fecundacédo entre
gametas geneticamente distintos pode resultar na recombinacdo (exogamia), que
tende a reduzir a associacado entre alelos ou marcadores genéticos de diferentes
loci, isto é, o desequilibrio de ligacdao (LD). Na situagdo contraria, em que o
hospedeiro freqlentemente esta infectado com parasitos do mesmo gendtipo e,
portanto, a fecundacao ocorre entre gametas geneticamente idénticos (endogamia),
a recombinacao é rara e o desequilibrio de ligacdo pode ser mantido durante varias
geracdes (Gauthier & Tibayrenc, 2005).

Para P. falciparum, a taxa de recombinagdo na populacdo parece estar
diretamente associada a freqiéncia de infeccdo multipla (parasitos de diferentes
gendtipos infectando o mesmo individuo), endemicidade e taxa de exogamia
(Anderson et al., 2000; Mu et al., 2005a; Mzilahowa et al., 2007). Dessa forma, as
populagdes de P. falciparum de areas de alta transmissdao de maléria, onde as
infecgbes multiplas sdo mais comuns, freqientemente apresentam uma taxa de
recombinacdo elevada e um desequilibrio de ligagdo nao significativo (Mzilahowa et
al., 2007). Em contrapartida, a partir da genotipagem de varios microssatélites de
populacées de P. falciparum de areas de reduzida transmissdo de malaria, foi
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evidenciado uma baixa freqiiéncia de infecgcdes multiplas e um forte desequilibrio de
ligacao (Anderson et al., 2000; Machado et al., 2004).

De acordo com os dados de microssatelite, as populacbées de P. vivax
parecem se desviar do padrdo de estrutura de populacdo observado para P.
falciparum. Imwong e colaboradores (2007) observaram niveis elevados de infeccao
multipla e um desequilibrio de ligacdo néo significativo na Tailandia e Laos, areas de
alta transmissdo de malaria. Em uma area de baixa endemicidade, como na
Colémbia, foram descritos baixos niveis de infeccao mdltipla e forte desequilibrio de
ligagdo na populagédo avaliada do parasito. Em conjunto, nessas regides a estrutura
de populacdo de P. vivax se assemelha ao observado para P. falciparum.
Entretanto, essa mesma correlacdo ndo foi observada em populagbes de P. vivax da
india, Brasil e Sri Lanka. Na india, evidenciou-se um nivel de infeccdo multipla
semelhante ao da Colémbia, porém um LD n&o significativo (Imwong et al., 2007).
Enquanto, no Brasil e Sri Lanka foi observada uma taxa elevada de infecgcdo multipla
e um forte padréo de LD (Ferreira et al., 2007a; Karunaweera et al., 2008).

A selecao natural, assim como a recombinacgéo, pode exercer forte influéncia
na evolucao dos parasitos da maléria, principalmente através da pressao seletiva
exercida pelo sistema imune do hospedeiro e pelas drogas antimalaricas (Wilson et
al., 2005). A diversidade observada nos genes codificadores de antigenos,
principalmente do merozoito e esporozoito, € comumente atribuida a pressao
seletiva imposta pelo sistema imune do hospedeiro. Esses genes acumulam
mutacdes, o que é favorecido pela selegcdo natural positiva, que impedem o
reconhecimento do parasito pelo sistema de defesa do hospedeiro (Escalante et al.,
2004). Como conseqliéncia, uma alta diversidade genética é mantida pela selecao
natural positiva, freqientemente com um excesso de mutacdées nao-sinbnimas, isto
€, que resultam na substituicio do aminoacido (Escalante et al., 2004). Enquanto,
provavelmente, as mutagcdes sindnimas (ndo ha substituicio do aminoacido) séo
neutras ou praticamente neutras, as substituicdes nao-sinbnimas sao funcionalmente
restritivas e, portanto, expostas a selecao natural (Ohta, 1996).

Varios estudos tém evidenciado a influéncia da selecao natural positiva no
padrao de variabilidade genética dos antigenos do plasmédio, como AMA-1, MSP-1,
MSP-2 e EBA-175 (Ferreira & Hartl, 2007; Ferreira et al., 2007b; Gunasekera et al.,
2007; Putaporntip et al, 2006; Verra et al., 2006). Recentemente, Carlton e
colaboradores (2008) ao analisarem 3322 genes de P. vivax (ortélogos de P.
knowlesi), definiram as principais classes génicas, cuja taxa de evolucao é elevada:
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genes que codificam proteinas de adesdo celular, proteinas exportadas ou
ancoradas por cauda de glicosilfosfatidilinositol (GPI) e proteinas com uma regiao
transmembrana ou peptidio sinal. Em conjunto, esses estudos sugerem uma forte
influéncia da pressao seletiva exercida pelo sistema imune do hospedeiro no padrao
observado de polimorfismo génico.
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1.3 Caracterizacao da Duffy Binding Protein de P. vivax

Um dos antigenos muito estudado quanto a sua variabilidade, por ser um
importante candidato a vacina contra a malaria causada por P. vivax, € a Duffy
binding protein (PvDBP). A interacdo da Duffy binding protein com seu receptor
DARC na superficie do eritrécito humano constitui a principal via de invasao dessas
células pelos merozoitos, pois os individuos que nao expressam o receptor DARC
na superficie de seus eritrécitos sdo refratarios a infecgédo por P. vivax (Miller et al.,
1976). Apenas recentemente foram reportados alguns casos de individuos DARC
negativos infectados por P. vivax, no Quénia e Brasil, sugerindo que esse parasito
utilize uma via alternativa para invadir os eritrécitos, embora a minoria dos isolados
do parasito parece ser capaz de utilizar essa via alternativa (Cavasini et al., 2007;
Ryan et al., 2006).

A Duffy binding protein de P. vivax (PvDBP) é uma molécula de 140 kDa que
pertence a uma familia de proteinas de adesao, expressas durante o ciclo eritrocitico
do plasmédio. Essa superfamilia inclui outras proteinas que se ligam ao eritrécito
(erythrocyte binding protein, EBP): (a) a DBPa e as proteinas 3 e y de P. knowlesi,
um parasito de macacos do Velho Mundo, que também é capaz de invadir eritrdcitos
humanos que expressam o receptor DARC e; (b) as moléculas de adesao de P.
falciparum EBA-175, BAEBL (EBA-140) e JSEBL (EBA-181) (Adams et al., 1990;
Adams et al., 1992; Miller et al., 1975). Também pertencem a essa superfamilia os
antigenos variantes de superficie de P. falciparum (PfEMP1), envolvidos na
citoaderéncia dos eritrocitos infectados ao endotélio microvascular e a outros
eritrécitos nao infectados (Howell et al., 2006). As proteinas dessa superfamilia sao
caracterizadas pela presenca de um dominio rico em residuos de cisteina na regiao
amino-terminal e funcionalmente conservado, conhecido como dominio de ligacao
semelhante ao que se liga ao antigeno Duffy/DARC (Duffy binding like domain, DBL)
(Adams et al., 1992; Barnwell & Wertheimer, 1989). Adicionalmente, as DBL-EBPs
estédo localizadas nos micronemas, organela intracelular localizada na regido apical
do merozoito e apresentam um segundo dominio rico em cisteina na regidao carboxi-
terminal da proteina (Adams et al., 1992).

A PvDBP pode ser dividida em sete regides, definidas a partir da similaridade
da sua estrutura génica e seqiiéncia de aminoacidos com as outras DBL-EBPs
(Figura 2): uma regido que contém o peptideo sinal (regido |), duas regides ricas em

cisteinas amino e carboxiterminal (regido Il e VI, respectivamente), trés regides
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hidrofilicas (regiao Ill, IV e V), um dominio transmembrana e um curto segmento
citoplasmatico (regiao VIl) (Adams et al., 1992; Fang et al., 1991). A regiao Il da
PvDBP (PvDBPy), que corresponde ao dominio DBL, compreende 330 aminoacidos
com 12 residuos de cisteina e contém o sitio de ligagdo da proteina ao seu receptor
nos eritrocitos (Adams et al., 1992; Ranjan & Chitnis, 1999). O sitio de ligacao esta
localizado em um segmento de aproximadamente 170 aminoacidos entre as
cisteinas 4 e 7 (Chitnis & Miller, 1994; Ranjan & Chitnis, 1999). A maioria dos
residuos de cisteina e varios aminoacidos aromaticos sdo conservados entre 0s
dominios DBL, sugerindo que esses residuos sejam estrutural e funcionalmente

importantes (McHenry & Adams, 2006).

Sinal Dominic DEL ™ €

I I m v v Vv Vi

aa206 . (D aa530
c4 c7

aa23b aa415

Fegiao de hgacao aDARL

Figura 2. Representacao esquematica da Duffy binding protein de P. vivax. Estao
indicados na figura os dominios em algarismos romanos, o peptideo sinal, os
dominios transmembrana (TM) e citoplasmatico (C) e o sitio de ligacdo ao receptor
DARC dentro do dominio DBL (Duffy binding like). O sitio de ligacdo esta localizado
entre as cisteinas 4 e 7 (aa 236-415). Figura modificada de VanBuskirk; Sevova;
Adams (2004b).
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Recentemente, foram determinadas as estruturas tercidrias dos dois dominios
DBL da EBA-175 (F1 e F2) de P. falciparum e da DBPa de P. knowlesi (PkaDBP)
(Singh et al., 2006; Tolia et al., 2005). Apesar da similaridade entre as estruturas
desses dominios, as suas sequUéncias nucleotidicas sdo pouco conservadas (Singh
et al., 2006; Tolia et al., 2005). Uma outra caracteristica importante revelada a partir
da elucidacao da estrutura da EBA-175 e PkaDBP é que elas apresentam sitios de
ligacdo distintos, o que, em parte, poderia explicar a capacidade dessas proteinas
de se ligarem a diferentes receptores (Howell et al., 2006). O receptor eritrocitico da
EBA-175 ¢ a glicoforina A e a interacao proteina-receptor requer a dimerizacdo dos
dominios DBL F1 e F2 (Sim et al., 1994; Tolia et al., 2005). Ao contrario da EBA-175,
a interacdo da PkaDBP-DARC nao requer a dimerizagdo do dominio DBL, e de fato,
os elementos de dimerizagédo (residuos de aminoacidos) definidos para a EBA-175
nao estao presentes na PkaDBP ou na PvDBP (Singh et al., 2006).

No inicio do processo de invasao do eritrécito, a PvDBP esté localizada nos
micronemas e, apenas no momento exato da invaséo, é liberada na superficie do
merozoito. Durante esse processo, sugere-se que a PvDBP se ligue rapidamente ao
seu receptor eritrocitico e, portanto, seja exposta ao sistema imune do hospedeiro
apenas por um curto periodo de tempo (Adams et al., 1990). Uma provavel
consequéncia da breve exposicdo da PvDBP na superficie do merozoito é a sua
reduzida imunogenicidade natural. Varios estudos avaliaram a prevaléncia de
anticorpos anti-PvDBP em populagdes humanas de diferentes areas endémicas de
malaria e demonstraram uma alta proporcao de individuos que nao desenvolveram
imunidade humoral contra essa proteina, principalmente nas areas de menor
endemicidade (Ceravolo et al., 2005; Fraser et al., 1997; Michon et al., 1998; Tran et
al., 2005). Por outro lado, na Papua Nova Guiné, regiao hiperendémica de malaria,
uma alta prevaléncia de anticorpos anti-PvDBP foi observada entre os individuos
avaliados (Fraser et al., 1997; Tran et al., 2005). No Brasil, somente em éareas da
regido Amazlbnica brasileira, onde a transmissdo da doenga era elevada no
momento do estudo e a populacéo foi exposta a malaria por um longo periodo de
tempo, observou-se uma proporcao elevada de individuos que desenvolveram
anticorpos anti-PvDBP (Ceravolo et al., 2005). Esses estudos sugerem um possivel
aumento na resposta humoral anti-PvDBP como resultado da exposicao repetida a
infeccdo por P. vivax (Ceravolo et al., 2005; Fraser et al., 1997; Tran et al., 2005),

mesmo em areas de baixa transmissao de malaria (Michon et al., 1998).
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No Brasil demonstrou-se ainda que a exposi¢do natural ao P. vivax induz
anticorpos anti-PvDBP,, capazes de impedir a interacdo PvDBP,-DARC. Contudo, o
plasma de individuos esporadicamente expostos ao P. vivax nao foi capaz de
bloquear a interagdo proteina-receptor, sugerindo que uma exposicao cronica seja
necessaria para induzir uma resposta eficaz de anticorpos inibitérios (Ceravolo et al.,
2008). Adicionalmente a evidéncia de que anticorpos anti-PvDBP, sdo capazes de
bloquear a ligacdo da proteina a DARC, Grinberg e colaboradores (2007)
demonstraram que esses anticorpos reduzem a eficiéncia de invasdo dos eritrécitos
por P. vivax in vitro (Grimberg et al., 2007). Recentemente, um estudo de coorte
prospectivo com criancas da Papua Nova Guiné evidenciou uma associacao entre
presenca de altos niveis de anticorpos inibitérios anti-PvDBP), e protecdo contra a
infeccdo por P. vivax (King et al., 2008).

Apesar dos estudos apontarem a PvDBP, como um fraco imundgeno natural,
a imunizagdo de animais tem demonstrado que esse antigeno € capaz de induzir
uma forte resposta humoral (Arevalo-Herrera et al., 2005; Moreno et al., 2008;
Yazdani et al., 2004). A antigenicidade da regido Il da PvDBP formulada com o
adjuvante de Freund ou adjuvantes compativeis para utilizagdo em seres humanos
foi avaliada em camundongos (Yazdani et al., 2004) e em primatas ndo humanos:
Aotus lemurinus griseimembra (Arevalo-Herrera et al., 2005) e Macaca mulatta
(macaco rhesus) (Moreno et al., 2008). A imunizacdo de camundongos BALB/c
induziu altos titulos de anticorpos anti-PvDBP, que bloquearam eficientemente a
ligacdo PvDBP-DARC in vitro (Yazdani et al., 2004). Além da forte resposta humoral
induzida pela imunizacdo de macacos Aotus, Arevalo-Herrera e colaboradores
(2005) demonstraram que a imunizagao com a PvDBP, formulada em adjuvante de
Freund protegeu parcialmente os animais apés desafio experimental com formas
sanguineas de P. vivax. Adicionalmente, os resultados de imunizacdo com macaco
rhesus, um grupo filogeneticamente mais préximo dos seres humanos, indicaram
que todas as formulacées da PvDBP, utilizadas foram seguras e imunogénicas
(Moreno et al., 2008).

Concomitantemente a breve exposicdo da PvDBP na superficie do merozoito,
a imunogenicidade natural da proteina também pode ser influenciada pela sua
natureza altamente polimérfica. Foi demonstrado que individuos expostos a malaria
por um longo periodo de tempo desenvolveram uma imunidade humoral capaz de
bloquear a interagao de diferentes alelos PvDBP,, com DARC (Ceravolo et al., 2008;
King et al., 2008). Esses resultados sugerem que uma vacina que inclua a PvDBP
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poderia ser eficaz contra diferentes gendétipos do parasito (Ceravolo et al., 2008;
King et al., 2008). Porém, diferentes estudos sugerem que os polimorfismos
comumente observados na PvDBP, podem alterar o seu carater antigénico e
interferir no bloqueio da ligacdo PvDBP,-DARC por anticorpos inibitérios (Xainli et
al., 2003; VanBuskirk et al, 2004a). Vanbuskirk e colaboradores (2004a)
demonstraram que alguns residuos polimérficos dentro do dominio de ligacdo da
PvDBP (regido Il) foram capazes de alterar significativamente a antigenicidade da
proteina em um ensaio de ligacao de eritrécitos in vitro.

Com base no padrao de diversidade da PvDBP, tém sido propostos dois
mecanismos distintos de evasao imune utilizados pelo parasito (Cole-Tobian & King,
2003; Singh et al., 2006; Tsuboi et al., 1994). O primeiro mecanismo se baseia na
presenca de polimorfismos adjacentes ao sitio de ligacado da PvDBP, sugerindo que
parte da resposta imune anti-PvDBP é direcionada para essas regides polimérficas.
O modelo prediz que esses polimorfismos, ao impedirem a ligacdo de anticorpos
inibitérios, protegeriam os residuos funcionalmente criticos na interacdo PvDBP-
DARC, garantindo a invasao do eritrécito (Cole-Tobian & King, 2003; Tsuboi et al.,
1994). A partir da elucidagdo da estrutura da PkaDBP e mapeamento de alguns
residuos polimérficos presentes nos isolados de campo de P. vivax, um modelo
alternativo de evasao imune foi proposto por Singh e colaboradores (2006). Esse
modelo se fundamenta na observacdo de que a maioria dos polimorfismos ocorre
em uma regido da proteina oposta ao sitio de ligacdo. Essa localizacao espacial
oposta corroboraria a hipétese de liberacdo da PvDBP/PkaDBP a partir dos
micronemas apenas no momento da invasao (hipétese de liberacao “just-in-time”),
minimizando a exposi¢ao direta do sitio de ligacdo da proteina aos anticorpos. De
acordo com esse modelo, os residuos alvo do sistema imune se localizariam na
superficie oposta ao sitio de ligacdo, regido onde os polimorfismos
predominantemente ocorreriam (Chitnis & Sharma, 2008; Singh et al., 2006).

Estudos sobre a variabilidade genética da PvDBP foram realizados na
Colémbia, Coréia do Sul, Papua Nova Guiné e Tailandia, indicando que a regido Il é
a regiao mais polimérfica da proteina e que o padréao de variabilidade nessa regiao
difere entre os isolados do parasito provenientes das diferentes areas geograficas
estudadas (Ampudia et al., 1996; Cole-Tobian et al., 2002; Gosi et al., 2008; Kho et
al., 2001; Suh et al., 2001; Tsuboi et al., 1994; Xainli et al., 2000). E sugerido que o
padrdao de diversidade genética observado na PvDBP, € mantido pela selecédo

natural, evidenciando-se duas tendéncias distintas quanto ao tipo de forca seletiva
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agindo sobre a proteina (Cole-Tobian & King, 2003; Martinez et al., 2004). Tanto a
selecdo natural positiva, quanto a selecao purificadora parecem influenciar o padrao
observado de diversidade da PvDBP;, porém, até o momento, ndo se identificou
claramente as regides da proteina e o tipo de pressao seletiva a qual essas regides
estdo expostas (Cole-Tobian & King, 2003; Martinez et al., 2004).

Resultados inconclusivos também foram obtidos quanto a contribuicdo da
recombinacdo para a diversidade observada na PvDBP (Cole-Tobian & King, 2003;
Martinez et al, 2004). Enquanto os testes utilizados por Cole-Tobian e
colaboradores (2003) nao evidenciaram a presenca de recombinacao no gene que
codifica a PvDBP),, Martinez e colaboradores (2004) sugeriram que a recombinacao
poderia ser um fator importante para a geragdo de diversidade alélica nessa
proteina. Em conclusdo, a analise da variabilidade genética da PvDBP e o
entendimento dos mecanismos evolutivos responsaveis por gerar e manter essa
diversidade fazem-se necessarios para uma melhor compreensdo da relagéo entre
variabilidade da PvDBP e imunidade natural, bem como para o desenvolvimento de

uma vacina anti-P. vivax que inclua esse antigeno.
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1.4 O antigeno Duffy/Receptor para Quimiocinas (DARC)

O receptor para a Duffy binding protein de P. vivax e P. knowlesi nos
eritrécitos humanos € também um receptor para varios membros de quimiocinas das
classes C-C e C-X-C, conhecido como antigeno Duffy/receptor para quimiocinas
(Duffy antigen/receptor for chemokines, DARC) (Chaudhuri et al., 1989; Horuk et al.,
1993; Miller et al., 1975; 1976). Essa glicoproteina de 40-45 kDa €& expressa
principalmente nos eritrocitos e nas células endoteliais de vénulas pés-capilares de
varios tecidos e, provavelmente, tem um papel na regulacdo dos processos
inflamatérios. DARC, ao contrario dos receptores classicos de quimiocinas, nao
apresenta o motivo Asp-Arg-Tyr (DRY) necessario para o acoplamento da proteina
G ao receptor e, portanto, ndo ativa cascatas de sinalizacao intracelular via proteina
G (Hadley & Peiper, 1997; Pruenster et al., 2009; Pruenster & Rot, 2006).

O gene que codifica o receptor DARC é formado por dois exons e um intron
de aproximadamente 450 pb (Figura 3). O primeiro exon codifica somente os sete
primeiros aminoacidos da proteina. O processamento do intron produz um transcrito
de RNA mensageiro (RNAm), conhecido como transcrito principal ou forma B, que
codifica a forma predominante de DARC de 336 aminoé&cidos (lwamoto et al., 1995).
Uma forma menos abundante da proteina, com 338 aminodacidos é codificada por
um RNAm, denominado de transcrito minoritario ou forma o (Chaudhuri et al., 19983;
Yazdanbakhsh et al., 2000). As duas formas do transcrito de RNAm codificam
proteinas funcionalmente idénticas (Yazdanbakhsh et al., 2000).

PROMOTOR EXON1 INTRON EXON 2

B—_ N % |

WT MUT FY"A FY'B

Figura 3. Representacdo esquematica do gene FY que codifica DARC, incluindo a
regido promotora, dois exons e o intron entre os exons 1 e 2. Est4 representado na
figura: a mutacdo G125A, que define os alelos FY*A e FY”B, respectivamente e; a
mutacdo T-33C, que diferencia o promotor selvagem (WT) do promotor mutado
(MUT). Figura modificada de Cavasini e colaboradores (2001).
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O receptor DARC ¢é constituido por uma regiao extracelular amino-terminal
(extracelular amino-terminal domain 1, ECD1) de aproximadamente 60 aminoacidos;
uma regiao central (~250 residuos) constituida por sete dominios transmembrana,
trés alcas extracelulares (ECD2 a ECD4) e trés alcas intracelulares; e uma regiao
citoplasmatica de 28 residuos (Hadley & Peiper, 1997). A regido de DARC que
interage com a DBP é constituida por 35 aminoacidos (Ala8-Asp42) e esta localizada
na regiao ECD1 (Chitnis et al., 1996; Tournamille et al., 2005). O sitio de ligacéao
para quimiocinas é formado pela associacdo dos quatro dominios extracelulares de
DARC (ECD1-4) (Tournamille et al., 1997; 2003). Recentemente, Choe e
colaboradores (2005) demonstraram que um residuo de tirosina sulfatada (Tyr 41)
na regidao amino-terminal de DARC é essencial para a interacao entre DBP e DARC.
Adicionalmente, foi demonstrada a participacdo dessa tirosina sulfatada na interacao
entre DARC e algumas quimiocinas (MCP-1, RANTES e MGSA), entretanto a
interacdo de outra quimiocina, a IL-8, € parcialmente depende da sulfatacdo da
tirosina na posicao 30 (Choe et al., 2005).

O locus Duffy/DARC (FY) esta localizado no cromossomo 1, sendo
caracterizado por trés alelos principais: FY*A, FY*B e FY*Bf® (ES, erythroid silent;
silenciado na linhagem eritride) (Hadley & Peiper, 1997). Os dois alelos funcionais
co-dominantes FY*A e FY*B codificam os antigenos Fy® e Fy®, respectivamente.
Esses alelos diferem em uma Unica mutagdo de ponto ou SNP na posigdo 125
(G125A), que é responsavel pela substituicdo de uma glicina em Fy? por um &cido
aspartico em Fy® (Gly42Asp) (Chaudhuri et al., 1995; lwamoto et al., 1995; Mallinson
et al., 1995). Esses antigenos definem os fenétipos Fy(a+b-), Fy(a-b+) e Fy(a+b+),
enquanto a completa auséncia de expressao desses antigenos nos eritrécitos define
o fenétipo DARC negativo Fy(a-b-) (Tournamille et al., 1995a; 1995b). Esse fendtipo
¢ caracterizado pela presenca de dois alelos nao funcionais FY*BF°, cujo
silenciamento génico se deve a uma mutacao na regido promotora do gene FY (T-
33C). Essa alteracao impede a ligagdo do fator de transcricdo a regido promotora
GATA-1 mutada do gene nos eritrécitos, ndo alterando a expressdo dessa proteina
em outros tecidos (Tournamille et al., 1995a). Um alelo raro que apresenta a
mutacdo T-33C na regido promotora do gene FYA (FY*AFS), também responsavel
pela negatividade de DARC, foi descrito na regido da Papua Nova Guiné, sempre
em heterozigose com o alelo FY*A (Zimmerman et al., 1999). Esse alelo também foi
identificado em pacientes infectados por P. vivax da Amazodnia brasileira e em
doadores nao-infectados de regides nao endémicas (Langhi et al., 2004a; 2004b).
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Recentemente, vérias mutacdes foram descritas no gene FY, como a
substituicao C265T (Arg89Cys) no alelo FY*B, que define o alelo FY*X, responsavel
por uma expressdo fraca ou qualitativamente reduzida do antigeno Fy® na superficie
dos eritrcitos. Tal alelo esta associado ao fenétipo Fy(a+b"®®) (Tournamille et al.,
1998). Entre outras mutacdes raras descritas no gene FY estdo a G298A
(Ala100Thr), G145T (Ala49Ser) e as mutacdes sem sentido Trp96 e Trp136 (Castilho
et al., 2004; Olsson et al., 1998; Rios et al., 2000).

O gendtipo DARC, bem como o estado de maturagdo dos eritrdcitos,
influenciam o nivel de expressado do receptor DARC na superficie dessas células
(Woolley et al., 2000; Yazdanbakhsh et al., 2000; Zimmerman et al., 1999). A
expressdao de DARC é significativamente maior nos reticuldécitos em comparacéao
com os eritrocitos maduros, consistente com o fato de que o volume e a area de
superficie dos reticuldcitos sdo maiores que dos eritrécitos maduros (Killmann, 1964;
Woolley et al., 2000). Adicionalmente, ha a possibilidade de uma expressao recente
de DARC nos reticuldcitos, resultando na maior expressao de DARC nessas células.
Essa possibilidade é consistente com a identificagdo de um maior nimero de
transcritos de RNAm DARC nos reticulécitos em relacdo aos eritrécitos maduros
(Omi et al., 1997; Woolley et al., 2000).

Em relacéo ao gendtipo DARC, uma expressao reduzida desse antigeno nos
eritrécitos foi observada em individuos heterozigotos para a mutagcdo T-33C no
promotor do gene FY (alelos FY*BFS e FY*AF®). Esses individuos expressavam
aproximadamente duas vezes menos DARC na superficie dos RBCs em relagdo aos
individuos homozigotos para o promotor ndo mutado (alelos FY*A, FY*B) (Woolley et
al., 2000; Yazdanbakhsh et al., 2000; Zimmerman et al., 1999). Similarmente, o alelo
FY*X é responsavel por uma expressao significativamente reduzida de DARC
(Yazdanbakhsh et al., 2000).

Algumas evidéncias sugerem que o nivel de expressdo de DARC nos
eritrocitos pode estar associado a suscetibilidade a infecgdo por P. vivax. Uma
evidéncia indireta dessa associagao foi obtida por Michon e colaboradores (2001).
Nesse estudo, a expressao diminuida de DARC nos eritrécitos de individuos com um
unico alelo DARC funcional resultou na reducao significativa da citoaderéncia dos
eritrécitos a PvDBP, expressa na superficie de células COS-7 in vitro. Esses
resultados sugerem que a presenca de um Unico alelo nao-funcional (FY*BS ou
FY*AES) poderia reduzir a suscetibilidade a infecgdo por P. vivax (Michon et al.,

2001). Similarmente, Zimmerman e colaboradores (1999) evidenciaram um aumento
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de duas vezes na prevaléncia de infeccao por P. vivax em individuos da Papua Nova
Guiné com o gendtipo FY*A/FY*A comparado com FY*A/FY*AES. Entretanto, essa
diferenca nao foi estatisticamente significativa, possivelmente devido ao numero
reduzido de individuos avaliados com o genétipo FY*A/FY*AES (Zimmerman et al.,
1999). Recentemente, evidéncia mais direta foi obtida em um estudo epidemiol6gico
conduzido na Papua Nova Guiné, onde o gendtipo FY*A/FY*AES estava
significativamente associado a susceptibilidade reduzida a infeccao por P. vivax
(Kasehagen et al, 2007). Além desse, outros estudos epidemiologicos sao
necessarios com o objetivo de avaliar a associacao entre os diferentes fenétipos de
expressao de DARC e a suscetibilidade a infeccao por P. vivax.
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2 JUSTIFICATIVA

A malaria causada por P. vivax atinge milhbes de pessoas no mundo,
resultando em importantes perdas sociais e econdmicas. No Brasil, essa é a espécie
mais prevalente, tendo sido responsavel por cerca de 360 mil casos da doenca em
2007 (SVS, 2008). P. vivax é freqlentemente associado a malaria branda,
descomplicada e raramente fatal. Entretanto, nos ultimos anos varios estudos tém
desafiado esse dogma, apontando indices que revelam que a malaria causada por
P. vivax pode resultar em complicagdes e até mesmo levar ao Obito em niveis
comparados ao de P. falciparum (Genton et al., 2008; Rogerson & Carter, 2008;
Santos-Ciminera, 2005; Tjitra et al., 2008). Considerando que a malaria vivax € um
problema de saude publica em varias regides do mundo, é fundamental o
conhecimento da biologia do parasito para o desenvolvimento de medidas mais
efetivas que auxiliem no controle da doenc¢a, como uma vacina.

Nesse sentido, o presente estudo caracterizou, do ponto de vista molecular,
as variantes da Duffy binding protein (DBP) de isolados de P. vivax da Amazénia
brasileira e investigou a associacao entre o nivel de expressao do receptor DARC e
suscetibilidade a infeccdo por P. vivax. O interesse inicial em se estudar a PvDBP
deve-se a sua relevancia no processo de invasao dos eritrécitos, o que a torna um
dos principais alvos de uma vacina anti-P. vivax. Evidéncias experimentais e estudos
epidemiolégicos demonstraram que anticorpos anti-PvDBP séo capazes de impedir
a interacao proteina-receptor, interferindo no processo de invasao (Ceravolo et al.,
2008; Grimberg et al., 2007; King et al., 2008). Entretanto, os polimorfismos de
ocorréncia natural na PvDBP podem alterar o seu carater antigénico (Grimberg et al.,
2007; King et al., 2008; VanBuskirk et al., 2004a). Dessa forma, a alta diversidade
genética comumente observada no gene que codifica a PvDBP, inclusive em regides
de epitopos de células B e T, poderia comprometer a eficacia de uma vacina
antimalarica (Cole-Tobian & King, 2003). Esses resultados indicam a necessidade de
caracterizacao da variabilidade genética da PvDBP e de uma melhor compreensao
sobre a origem dessa diversidade, visando o desenvolvimento de uma vacina anti-
PvDBP capaz de induzir anticorpos que bloqueiem a invasao do eritrdcito.

E sugerido que a diversidade no gene que codifica a PvDBP resulte,
principalmente, da pressao seletiva natural do sistema imune do hospedeiro (Cole-
Tobian & King, 2003; Martinez et al., 2004). Entretanto, os estudos sao inconclusivos
quanto ao tipo de selecao natural e as regides da proteina sob pressao seletiva. Um
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Justificativa

outro ponto controverso é quanto a contribuicdo da recombinacdo genética na
geracao de diversidade no gene dbp (Cole-Tobian & King, 2003; Martinez et al.,
2004). Compreender como esses fatores moldam o padrdo de diversidade genética
da PvDBP é relevante para a epidemiologia molecular da malaria, a medida que
possibilita o estabelecimento temporal e espacial do repertorio antigénico dos
isolados de P. vivax das regides malarigenas.

Em adicdo a PvDBP, aspectos do receptor DARC também foram abordados
neste estudo. Além do papel de DARC como um receptor para P. vivax, essa
proteina também apresenta relevancia clinica, pois estd associada, em alguns
casos, a incompatibilidade sanguinea (Horuk et al., 1993; Miller et al., 1976). Nesse
sentido, o objetivo do estudo foi desenvolver uma metodologia de genotipagem de
DARC mais rapida e de baixo custo e explorar a relacao entre o genétipo DARC e
suscetibilidade a infeccao por P. vivax. Até o momento, essa € uma questao apenas
parcialmente respondida, em que foi evidenciada uma diferenca significativa quanto
a prevaléncia da malaria vivax entre individuos que apresentam um e dois alelos
funcionais FY*A em uma regido de alta transmissdo de malaria (Kasehagen et al.,
2007).
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Objetivo

3 OBJETIVO GERAL

Caracterizar o padrao de diversidade genética do dominio de ligagdo da Duffy
binding protein de isolados de P. vivax da Amazobnia Legal brasileira.

3.1 Objetivos Especificos

Analisar a diversidade genética da DBP, de isolados de P. vivax de diferentes

regides da Amazénia Legal brasileira.

Estimar a variacao da intensidade da selecdo natural e recombinacado no gene que
codifica a DBP), em isolados de P. vivax do Brasil.

Determinar a distribuicdo dos SNPs e dos residuos de amino4cidos sob presséo
seletiva na estrutura tridimensional da PvDBP;,.

Desenvolver uma metodologia rapida para genotipagem do receptor DARC.

Avaliar a associagdo entre a prevaléncia dos alelos DARC e suscetibilidade a

infecgao por P. vivax.
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Material e Métodos

4 MATERIAL E METODOS
4.1 Areas de Coleta das Amostras de Sangue
4.1.1 Amazonia Legal

As amostras de DNA utilizadas neste estudo foram extraidas do sangue
periférico de individuos expostos a malaria de diferentes municipios da Amazénia
Legal brasileira: Acrelandia/AC, Augusto Correa/PA, Cuiaba/MT, Macapéa/AP,
Manaus/AM e Porto Velho/RO (Figura 4). As areas de estudo sdo caracterizadas
como regides hipo a mesoendémicas de malaria, apresentando transmissao instavel
e sazonal (SVS, 2008). Nessas areas, a distribuicdo da malaria ndo é homogénea,
mas predominantemente focal (Atanaka-Santos et al., 2006; SVS, 2008). Nos anos
de coleta das amostras, entre 2003 e 2005, o numero médio de casos de malaria foi
de 490.000 na Amazbnia Legal brasileira (SVS, 2007).

No mesmo periodo, o risco de transmissdo de malaria na maioria das areas
de estudo, determinado pela incidéncia parasitaria anual ou IPA (nimero de casos
por 1000 habitantes) foi, em geral, superior as médias de 18,3 a 26,6 casos por mil
habitantes para toda a regido da Amazénia brasileira no periodo de 2003 a 2006
(SVS, 2007). Assim, a incidéncia parasitaria anual de cada localidade no momento
da coleta de sangue foi de: 166 em Acrelandia, 119 em Augusto Correa, 152 em
Cuiaba, 9 em Macapd, 50 em Manaus e 139 em Porto Velho (SVS, 2005). Com
excecao de Cuiaba e Porto Velho, todas as localidades corresponderam a regido de
infeccao dos voluntarios incluidos no estudo. Como algumas amostras coletadas em
Cuiaba e Porto Velho nao correspondiam a regiao de contagio, como declarado pelo
doador no momento da coleta de sangue, os valores de IPA para essas localidades
se referem a media dos valores de IPA das regides de contagio.

Nas regides estudadas, a transmissdo de malaria esta associada a diferentes
situagdes epidemioldgicas. Ressalta-se as areas periurbanas das cidades de
Manaus, Macapa e Porto Velho, onde a transmissdo de malaria esta associada
principalmente a sua ocupacéao intensa e desordenada nos ultimos anos (Barata,
1995; Cardoso & Goldenberg, 2007; SVS, 2007). Apenas 0os municipios de Manaus
e Porto Velho concentraram 26,9% e 22,9% dos casos de malaria da regiao
Amazdnica nos anos de 2003 e 2004, respectivamente (SVS, 2005). De modo geral,
a transmissdo de malaria coincide com o processo de ocupacao associado ao grau
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de alteracdo do meio e exploracdo das fontes de riguezas naturais (Barata, 1995;

Ferreira Gongalves & Alecrim, 2004).

4.1.2 Regiao extra-Amazénica

Parte do estudo foi realizado com amostras de DNA extraidas do sangue

periférico de individuos infectados por P. vivax no distrito de Souza, municipio de Rio

Manso/MG. Nesta regiao, entre os meses de abril e maio de 2003 foi identificado,

pela Secretaria de Estado de Minas Gerais e Coordenacdo de Gestao da Regiao

Metropolitana de Belo Horizonte/MG, um pequeno foco de transmissao autéctone de

malaria por P. vivax (25 casos). A investigacdo epidemiolégica realizada pelos

orgaos encarregados de controlar o surto sugeriu que a transmissao se iniciou a

partir de um Unico individuo que se infectou apds visitar uma area endémica de

malaria no municipio de Humaita, Estado do Amazonas (Cerbino et al., 2004).
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Figura 4. Mapa do Brasil indicando a localizagdo das areas de coleta das amostras

de sangue utilizadas neste estudo.
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4.2 Amostras de Sangue

As amostras de DNA foram extraidas do sangue periférico de 202 individuos
infectados por P. vivax, P. falciparum e nao infectados por nenhuma espécie de
plasmédio, residentes em diferentes regides da Amazénia Legal brasileira e no
distrito de Souza/MG. Adicionalmente, amostras de DNA foram extraidas do sangue
total de 76 voluntarios do Centro de Pesquisas René Rachou (Tabela 1). As
amostras de sangue foram coletadas nas seguintes localidades: Acrelandia/AC (lat. -
09%44°40”S, lon. 66°53’00”0, alt. 25m); Augusto Correa/PA (lat. 01°01°18”S, lon.
46°38°'0670, alt. 20m); Cuiaba/MT (lat. 15°35’45”S, lon. 56°205’49°0, alt. 165m);
Macapa/AP (lat. 00°02’20”S, lon. 51°03’59”0, alt. 16m); Manaus/AM (20) (lat.
03°06°'07”S, lon. 60°01'30"0, alt. 92m); Porto Velho/RO (lat. 15°38’42"S, lon.
56°05°52”0, alt. 85m) e; Souza/MG (lat. 20°13'13"S, lon. 44°16'16"0O, alt. 1306m),
onde ocorreu um surto de maléaria por P. vivax entre os meses de abril e maio de
2003.

As amostras provenientes do Acre foram gentilmente cedidas pelo Dr.
Marcelo Urbano Ferreira (USP) e descritas em Silva-Nunes e colaboradores (2006).
As amostras provenientes de Rondbnia e Mato Grosso foram gentilmente cedidas
pelo Dr. Luiz Herman Soares Gil (IPEPATRO) e pelo Dr. Cor Jésus F. Fontes
(UFMT), respectivamente. As demais amostras foram coletadas pelo nosso grupo.
Ap6s o0 consentimento por escrito dos voluntarios selecionados para o estudo, foi
coletado cerca de 5ml de sangue por pungdo venosa na presenca de EDTA
utilizando o sistema Vacuette® (Greiner Bio-One GmbH, Kremsmiinster, Austria). Os
seguintes critérios foram considerados para inclusdao no estudo: (1) histéria de
exposicdo prévia a malaria; (2) auséncia de sinais ou sintomas relacionados a
malaria grave; (3) idade igual ou superior a 15 anos e, para o sexo feminino, (4)
indicativo de auséncia de gravidez. A identificacao da infeccao por P. vivax foi feita
por exame microscopico de gota espessa de sangue corada pelo Giemsa por
técnicos treinados das Unidades de Saude de cada cidade.

Este estudo foi conduzido apés a aprovacdo do Comité de Etica em Pesquisa
em Seres Humanos do Centro de Pesquisas René Rachou/FIOCRUZ (Processos
02/2002 e 06/2004).
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Tabela 1. Descricdo das amostras de sangue coletadas de voluntarios selecionados para o estudo.

Ne de Tipo de Infeccao
o Localidade de Coleta (Cidade/UF) Data da Coleta o .
Individuos (Espécie de Plasmodium)

1420 Macapa/AP Novembro de 2004 P. vivax

20%° Manaus/AM Maio de 2003 P. vivax

182° Augusto Correa/PA Outubro de 2005 P. vivax

20%° Porto Velho/RO 2004 P. vivax

p5ab Cuiaba/MT lho - Dezembro de 2003 e Marco - P yivax

Julho de 2004

252 Acrelandia/AC Marco e Abril de 2004 P. vivax

29° Varias regides da Amazonia brasileira 2003 - 2005 P. falciparum
23P Souza/MG Abril e Maio de 2003 P. vivax

76° Belo Horizonte® 2003 - 2008 N&o infectado
14° Varias regides da Amazonia brasileira 2003 - 2005 N&o infectado
14° Souza/MG Abril e Maio de 2003 Nao infectado

8 Amostras utilizadas na anélise da variabilidade da PvDBP,,
® Amostras utilizadas na genotipagem de DARC

¢ Amostras coletadas de voluntarios do CPqRR/FIOCRUZ
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4.3 Extracao de DNA

O sistema de purificacdo de DNA gendmico Puregene (Gentra Systems,
Minneapolis, USA) foi utilizado na preparacdao das amostras de DNA de acordo com
as instru¢des do fabricante. Brevemente, adicionou-se 9ml de solucdo de lise de
heméacias (cloreto de aménio, EDTA, bicarbonato de sédio) a 3ml de sangue
periférico, seguido pela incubagdo por 10min a temperatura ambiente e
centrifugagdo a 2000 x g por 10min a 25°C. O sobrenadante foi removido e o
sedimento de células foi ressuspendido em 3ml de solucao de lise celular (tris-
hidroximetil aminometano, EDTA, dodecil sulfato de s6dio). Em seguida, adicionou-
se 1ml de solucdo de precipitacdo (acetato de amébnio) ao lisado celular. A
preparacao foi homogeneizada por 20s em agitador de tubos (Vortex) e centrifugada
a 2000 x g por 10min a 25°C. A precipitacdo do DNA foi realizada a partir da
transferéncia do sobrenadante contendo o DNA soltuvel para um tubo com 3ml de
isopropanol. A amostra foi misturada por inversao e centrifugada a 2000 x g por 3min
a 25°C. Apds remogdo do sobrenadante, o DNA foi lavado adicionando-se 3ml de
etanol 70%, seguido pela centrifugacao a 2000 x g por 1min a 25°C e descarte do
etanol. Apds a completa evaporacado do etanol por 10-15min, o DNA foi hidratado
com 250ul de solucao de hidratacao (tris-hidroximetil aminometano, EDTA) por 1h a
65°C e em seguida por 16h a temperatura ambiente. Posteriormente a extracao, o

DNA foi estocado a -20°C até o seu uso.

4.4 Reacao em Cadeia da Polimerase para Amplificacao da PvDBP;,

Reacbes em cadeia da polimerase (PCR) foram realizadas para a amplificacao
de um fragmento de 675bp (nucleotideos 870-1545; aminoacidos 290-515) dentro do
dominio Il da proteina Duffy Binding Protein de P. vivax (PvDBPy). Os iniciadores
utilizados (senso — 5 ATGTATGAAGGAACTTACGAAT 3 e anti-senso — %
ACCTGCCGTCTGAACCTTTT 3’) foram desenhados através do programa Oligo 6.4
(Molecular Biology Insights, Colorado, USA). As reacdes de PCR foram realizadas
em volumes de 20ul, utilizando 100-200ng da amostra de DNA, 0,5uM de cada
iniciador, 1,256mM dNTPs (dATP, dCTP, dGTP, dTTP), 0,75mM de MgCl,, 1U da
enzima platinum Taq DNA polimerase high fidelity (Invitrogen, California, USA) e o

tampao 1X fornecido com a enzima. As amplificagcbes foram conduzidas em
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termocicladores automaticos Mastercycler Gradient (Eppendorf, Hamburg,
Alemanha) e PTC100™ Programmable Thermal Controler (MJ Research Inc.,
Massachusetts, USA). As condicbes da PCR foram um ciclo de 3min a 94°C,
seguido por cinco ciclos de 30s a 94°C, 35s a 58°C, 30s a 72°C, 15 ciclos de 30s a
94°C, 30s a 54°C, 30s a 72°C, 22 ciclos de 30s a 94°C, 30s a 61°C, 40s a 72°C e
um ciclo de extenséo final de 5min a 72°C.

Em seguida, foi realizada uma segunda reacdo de amplificacdo a partir do
produto do primeiro PCR. Na segunda reacdao foram utilizados os mesmos
iniciadores, porém para um volume final de 100ul: 2ul de DNA amplificado a partir da
reacao descrita anteriormente, 0,5uM de cada iniciador, 0,75mM de MgCl,, 1,25mM
dNTPs, 5U da enzima platinum Taq DNA polimerase high fidelity (Invitrogen) e o seu
tampéo 1X. As condi¢cdes da PCR foram um ciclo de 3min a 94°C, seguido por 35
ciclos de 30s a 94°C, 30s a 61°C, 1min a 72°C e um ciclo de extensé&o final de 5min
a72°C.

4.5 Seqlienciamento

As reacdes de sequenciamento foram realizadas utilizando o sistema
DYEnamic ET Dye Terminator Cycle Sequencing Kit for MegaBACE DNA Analysis
Systems (Amersham Biosciences, Little Chalfont, UK), baseado no método de
terminacao de cadeia com ddNTPs descrito por Sanger et al. (1977). Nas reacdes de
sequenciamento foram utilizados os produtos amplificados pela PCR, tratados com o
sistema de purificacdo de PCR GFX-96 (Amersham Biosciences), seguindo as
recomendagdes do fabricante.

Resumidamente, para a reacao de sequienciamento adicionou-se a cada pogo
de uma placa de 96 pocos até 5ul de DNA (cerca de 70ng), 1ul de iniciador (3,3uM
dos mesmos iniciadores utilizados na PCR) e 4ul de DYEnamic ET terminator mix
contendo tampéao, enzima, dNTPs e ddNTPs para um volume total de 10w de
reacdo. As reacoes foram conduzidas em termociclador automatico Mastercycler
Gradient (Eppendorf) programado para 35 ciclos com desnaturagéo a 95°C por 20s
e anelamento e extensdo a 60°C por 3min. O DNA foi precipitado adicionando-se 1ul
de acetato de amoénio 7,5M e 30ul de etanol 96%. O homogeneizado foi incubado

por 20min a 25°C e centrifugado a 2500 x g por 45min a 25°C. O sobrenadante foi
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removido por inversdo da placa e o sedimento lavado com 100ul de etanol 70%.
Apds descarte do excesso de alcool, a placa foi centrifugada a 600 x g por 1
segundo a 25°C sobre papel absorvente e o restante do alcool deixado evaporar por
cerca de 10min a temperatura ambiente. O DNA foi ressuspendido em 10ul de
tampédo (70% formamida, 1mM EDTA) e armazenado a 4°C. As reagbes de
sequenciamento foram analisadas através de eletroforese capilar utilizando o
sequenciador automatico de DNA MegaBACE (GE Healthcare, Little Chalfont, UK) .

4.6 Analise das sequiéncias

Os polimorfismos de base unica (SNPs) foram identificados a partir do
alinhando das seqliéncias da PvDBP, com os programas ClustalWW (Thompson et al.,
1994) e Contig Assembly Program (CAP) (Huang, 1992), dentro do pacote de
programas BioEdit Sequence Alignment Editor v.7.0.9 (Hall, 1999). No BioEdit,
quando necessario foi realizada a edicdo manual do alinhamento. Para cada
amostra analisada, a confirmagdo dos SNPs foi feita a partir de, no minimo, trés
sequenciamentos de cada uma das fitas senso e anti-senso de diferentes produtos
da PCR.

Andlises adicionais foram conduzidas utilizando 290 sequéncias do gene
dbpll depositadas no banco de dados GenBank (dados atualizados até 25 de
setembro de 2008). Sequéncias de genes ortélogos da PvDBP, foram utilizadas
como grupo externo na analise filogenética: a sequiéncia do gene da erythrocyte-
binding protein (ebp) de Plasmodium cynomolgi (Y11396), a seqliéncia génica da
Duffy binding protein a de P. knowlesi (M90466) e as seqUéncias dos genes das
proteinas e yde P. knowlesi (M90694, M90695).

A arvore filogenética dos haplétipos da dbpll de isolados de P. vivax do Brasil
foi reconstruida pelo método de Neighbor-doining (NJ) (Saitou & Nei, 1987),
utilizando o modelo de substituicdo nucleotidica distancia-p (Nei & Kumar, 2000)
implementado no programa MEGA v4.0 (Tamura et al., 2007). A consisténcia dos
padrboes de agrupamento na arvore foi avaliada através do método de bootstrap com
1000 repeticoes.

Os indices de diversidade genética intrapopulacional foram calculados usando
o programa DnaSP v.4.10 (Rozas et al., 2003): o numero de sitios segregantes (S),
que depende do tamanho da amostra e do comprimento das sequiéncias; o numero

50




Material e Métodos

de haplétipos (H); a diversidade nucleotidica (w) e seu desvio padrao e a diversidade
haplotipica (Hd) e seu desvio padrdo. A diversidade nucleotidica, definida como o
namero médio de diferencas nucleotidicas entre quaisquer duas sequéncias
amostradas aleatoriamente em uma populacado foi calculada de acordo com Nei
(1987):

7 =n/(n - 1)Zppy;

em que n € o numero de seqliéncias analisadas, p;é a freqiéncia da seqiéncia i na
amostra e m; € a propor¢ao de diferengas nucleotidicas entre as sequéncias i e j. A
diversidade haplotipica, definida como a probabilidade de amostrar aleatoriamente
dois haplétipos distintos em uma populacao, foi calculada de acordo com Nei (1987):

Hd = [n/(n-1)][1 -,=Z1kP|2]

em que n é o numero de isolados do parasito analisados e p; € a freqliéncia do
haplétipo /i na amostra (Nei, 1987).

O indice de diversidade genética Fsr que estima a quantidade de
diferenciacao genética entre as populagdes foi calculado utilizando o programa
Arlequin v.3.01 (Excoffier et al., 2005). A consisténcia das estimativas foi calculada
pelo método de bootstrap utilizando 10000 repeticées. A correlacao entre distancia
genética (Fs7) e distancia geografica entre os pares de populagdes foi estabelecida
através do coeficiente de correlagao de Spearman.

O desequilibrio de ligacao entre os pares de SNPs identificados nas amostras
do Brasil foi medido utilizando o quadrado do coeficiente de correlagdo () e
visualizado com o programa Haploview (Barret et al., 2005). Somente os SNPs cuja
frequéncia era igual ou superior a 10% foram considerados nas analises.

A estimativa do parametro de recombinagédo populacional p para a dbpll foi
realizada utilizando o programa PHASE v.2.1 (Li & Stephens, 2003). As estimativas
de p foram obtidas a partir da execu¢cdo no PHASE de duas rodadas de 500.000
iteragbes cada, sendo descartadas as primeiras 20.000 itera¢des (burn-in). O
parametro p é definido pela expressao 4Ner, em que r é a taxa de recombinagao por
geracao e Ne é o tamanho efetivo da populacdo. A taxa de recombinacao por
geragéo (r) é igual a probabilidade de ocorréncia de um evento de recombinagéo
durante a meiose e depende de fatores gendmicos, tais como a sequéncia local ou a
estrutura do DNA. Em adicdo aos fatores gendmicos, o parametro ptambém

depende da histéria demogréfica e, portanto, pode diferir substancialmente entre as
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populacées (Hellenthal & Stephens, 2006; Stumpf & McVean, 2003). O método
estatistico implementado no PHASE para estimar p é descrito com detalhes em Li e
Stephens (2003). Resumidamente, o método estima o parametro de recombinacéo a
partir do padrdo de desequilibrio de ligacdao (LD), considerando todos os loci
simultaneamente (Li & Stephens, 2003).

O método estatistico desenvolvido por Wilson e McVean (2006) e
implementado no programa omegaMap foi utilizado para estimar o parametro de
selecdo me o parametro de recombinacado p a partir das seqiiéncias génicas. O
método emprega a estatistica bayesiana para estimar os parametros de selegcéo e
recombinacdo independentemente da reconstrugcdo de uma arvore filogenética,
reduzindo a taxa de falso-positivos na deteccao de codons sob selecdo positiva
(Wilson & McVean, 2006). A distribuicao posterior dos parametros foi obtida a partir
da execucdo de dezesseis cadeias de Markov Monte Carlo (MCMC) de 90.000
iteracoes cada, sendo descartadas as primeiras 10.000 iteracbes (burn-in). O
parametro de selecdo € definido pela expressdo dv/ds, em que dy € o numero de
substituicdes ndo-sinbnimas por sitio ndo-sindnimo e ds € 0 nimero de substituicdes
sindnimas por sitio sinénimo. Valores de w menores que 1 sugerem acao da selecao
purificadora, valores de ® acima de 1 sugerem agao da seleg¢do positiva, enquanto

gue na auséncia de selecéo, o valor esperado de w € 1.

4.7 Predicao de epitopos in silico

A predicao in silico de regides na sequiéncia da PvDBP,, capazes de se ligar a
varios alelos do complexo de histocompatibilidade principal (MHC) de classe | e |l foi
executada nos programas ProPred-l e ProPred, respectivamente. Esses programas
implementam diversas matrizes que caracterizam a especificidade de ligacdo das
moléculas do MHC de classe | e Il. Inicialmente, o algoritimo gera peptidios
sobrepostos de 9 aminoacidos a partir da seqiéncia da PvDBP,. Em seguida,
atribui-se um valor para cada residuo no peptidio de acordo com os valores de
referéncia das matrizes implementadas no programa. Dependendo do tipo de matriz,
a soma ou o produto desses valores para cada peptidio € comparado com um valor
limiar determinado pelo algoritimo para cada alelo do MHC de classe | e Il. Os
peptidios que apresentam um valor superior ao limiar sdo preditos como capazes de
se ligarem as moléculas do MHC de classe | ou Il (Singh & Raghava, 2001; Sturniolo
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et al., 1999). Neste estudo, foram selecionados os epitopos ditos promiscuos, cuja
capacidade de ligagdo ocorre com a maioria dos alelos do MHC de classe | e |l

implementados no programa.

4.8 Modelagem Molecular

A modelagem computacional da estrutura tridimensional da PvDBP), foi feita
por homologia estrutural utilizando como molde a estrutura cristalografica do dominio
Duffy binding like (DBL) da Duffy binding protein o. de P. knowlesi (PkaDBP) (cédigo
de acesso no banco de dados de proteinas, PDB: 2C6J) (Singh et al., 2006). O
dominio PkaDBP compartilha 71% de identidade com a PvDBP, e apresenta uma
estrutura na forma de boomerang, monomérica, com 12 alfa-hélices formando trés
subdominios distintos.

Os modelos da PvDBP) entre os aminoacidos N261 e S553 foram gerados
pelo programa Modeller 8v2 (Sali & Blundell, 1993). A qualidade estereoquimica dos
modelos obtidos foi avaliada com o programa PROCHECK v.3.5.4 (Laskowski et al.,
1993) e a visualizagcdo das estruturas foi feita no programa PyMol vi1.0
(Wijeyesakere et al., 2007).

4.9 Fenotipagem do receptor DARC

O sistema ID-Card FYA/FYB (DiaMed AG, Cressier sur Morat, Switzerland) foi
utilizado para a fenotipagem de DARC (antigeno Duffy/receptor para quimiocinas) de
acordo com as instrucdes do fabricante. Brevemente, uma suspensdo de hemacias
0,8% foi preparada adicionando-se 1ml de solugédo ID-Diluent 2 com 25ul de sangue
total fresco em um tubo de 1,5ml. Os anticorpos policlonais humanos anti-Fy® e anti-
Fy° foram adicionados aos /D-Cartdes Fy® e Fy°, respectivamente, seguido pela
adicao de 50ul da suspensao de hemacias aos microtubos de cada /D-Cartdo. Apés
incubagado por 15min a 37°C, os /ID-Cartées foram centrifugados a 1030 rpm por
10min a 25°C em centrifuga ID-Centrifuge 12 S Il (DiaMed AG).
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4.10 Genotipagem do Receptor DARC pela Reacao em Cadeia da Polimerase
Alelo-Especifica (PCR-ASP)

A amplificacdo dos alelos FY*A, FY*B, FY*AES e FY*BF® foi realizada através
da reacao em cadeia da polimerase, utilizando iniciadores alelo-especificos (Tabela
2) descritos por Olsson e colaboradores (1998). Os pares de iniciadores
FyAB2/FyAREV, FyAB2/FyBREV2, GATAFy2/FyAREV e GATAFy2/FyBREV2
amplificam um fragmento de 711pb e foram utilizados para deteccdo dos alelos
FY*A, FY*B, FY*AFS e FY*BFS, respectivamente. Para um volume final de reacéo de
25ul foi utilizado 200ng de DNA gendmico, 0,2uM de cada iniciador, 200uM dNTPs,
4mM MgCl,, 1 U Tag DNA polimerase (Promega Corporation, Wisconsin, USA) e o
tampao 1X fornecido com a enzima. As amplificagcbes foram conduzidas em
termociclador automatico PTC100™ Programmable Thermal Controler e as
condigdes da PCR foram: um ciclo de 5min a 95°C; quatro ciclos de 1min a 95°C,
1min a 69°C e 1min a 72°C; 31 ciclos de 1min a 95°C, 1min a 68°C e 1mina 72°C e
uma extensao final de 5min a 72°C.
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Tabela 2. Relacao dos iniciadores utilizados na genotipagem do receptor DARC por PCR alelo-especifica (PCR-ASP) e PCR em tempo

real (RT-PCR).

Iniciador  Metodologia®

Sequéncia

FyAB2 PCR-ASP
FyAREV PCR-ASP
FyBREV2 PCR-ASP
GATAFy2 PCR-ASP

FY RT-PCR
RYA RT-PCR
RYB RT-PCR
RABGATA RT-PCR
FAB RT-PCR
FGATA RT-PCR

5 CTCATTAGTCCTTGGCTCTTAT &

5 AGCTGCTTCCAGGTTGGCAC &

5 AGCTGCTTCCAGGTTGGCAT &

5 CTCATTAGTCCTTGGCTCTTAC &

5 CTCAAGTCAGCTGGACTTCGAAGAT &

5 AGCTGCTTCCAGGTTGGCTIC 3’

5 CTGCTTCCAGGTTGGCGT 3’

5 AGGGGCATAGGGATAAGGGACT 3

5 CCCTCATTAGTCCTTGGCTCTTIT 3’
5CCCGGGCCCGCCGCCCTCATTAGTCCTTGGCTCTTICS

@ Metodologia na qual o iniciador foi utilizado. Os iniciadores FyAB2, FyAREV, FyBREV2 e GATAFy2 foram descritos por Olsson e colaboradores (1998).

Nucleotideo em negrito — nucleotideo polimérfico que define os alelos FY*A, FY*B e o promotor selvagem e mutado

Nucleotideo sublinhado — alteragao introduzida imediatamente anterior ao nucleotideo polimérfico

Nucleotideo em italico — cauda C/G adicionada na porgéo 5’ do iniciador
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4.11 Genotipagem do Receptor DARC pela Reacao em Cadeia da Polimerase
em Tempo Real (Real-time PCR)

As reacbes em cadeia da polimerase foram feitas em placas de 96 pocos para
um volume final de 10ul, adicionando-se 1ul da amostra de DNA (50-100ng), 5ul de
SYBR green PCR master mix (Applied Biosystems, California, USA) e 10pmoles de
cada iniciador (desenhados conforme descrito abaixo). A amplificacdo e a deteccéo
de fluorescéncia foram feitas no ABI PRISM® 7000 Sequence Detection System
(Applied Biosystems). As condigbes utilizadas na PCR foram um ciclo de 10min a
95°C, seguido por 35 ciclos de 15s a 95°C e 1min a 60°C. Ao final da amplificacao
foi realizado um ciclo de variacdo crescente da temperatura (de 60°C a 95°C), com
monitoramento constante da fluorescéncia a 530nm. Os picos de dissociacao
referentes aos produtos da PCR foram visualizados em graficos da derivada
negativa da fluorescéncia em fungéo da temperatura versus a temperatura (-dF/dT°
vs. T°).

Os iniciadores foram desenhados através do programa Primer Express® v.2.0
(Applied Biosystems). Os pares de iniciadores FY/RYA e FAB/RABGATA foram
utilizados na mesma reacdo, como uma reacao de PCR multiplex, bem como o0s
pares FY/RYB e FGATA/RABGATA. Os iniciadores RYA e RYB apresentam o
polimorfismo G125A na extremidade 3’ e juntamente com o iniciador senso FY
aplificam os alelos FY*A e FY*B, respectivamente. Para deteccao da mutacéo T-33C
na regiao promotora do gene FY, foram desenhados os iniciadores FAB e FGATA,
que amplificam juntamente com o iniciador RABGATA, o promotor selvagem e
mutado, respectivamente. Como os iniciadores FAB/FGATA e RYA/RYB sé&o
semelhantes, foi introduzida uma alteracdo no nucleotideo (sublinhado na tabela 2)
imediatamente anterior ao nucleotideo polimérfico (em negrito na tabela 2), com o
objetivo de impedir a amplificacdo inespecifica dos alelos. A alteracdo impede o
pareamento nucleotidico na extremidade 3’ entre o iniciador n&o-especifico e a fita
molde de DNA. Uma segunda modificacao no iniciador FGATA foi realizada a partir
da adicao de uma cauda C/G na regiao 5’ do iniciador, com a finalidade de aumentar
a diferenca de tamanho e temperatura de dissociacdo dos produtos da PCR
amplificados com o par de iniciadores FAB e FGATA.
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4.12 Analise Estatistica

As andlises estatisticas foram realizadas no programa Epi Info v.3.3.2 (Burton
et al., 1990). Neste estudo, avaliou-se a associacao entre a taxa de transmissao de
malaria nas areas estudadas, determinada pela incidéncia parasitaria anual (IPA), e
os niveis de diversidade nucleotidica e haplotipica da PvDBP,. Como essas
variaveis nao apresentavam distribuicdo normal a associacao entre elas foi avaliada
utilizando o coeficiente de correlagdo de Spearman. A comparagao entre as médias
do parametro o estimada para codons em regides de epitopos de células B ou T ou
fora dessas regides foi realizada utilizando o teste ndo-paramétrico Mann Whitney. A
diferenca na prevaléncia dos alelos e gendétipos DARC entre os grupos de individuos
infectados por P. vivax e o grupo nao infectado ou infectado por P. falciparum foi
avaliada pelo teste qui-quadrado (x?) corrigido por Mantel-Haenszel ou pelo teste
exato de Fischer. O teste exato de Fischer foi utilizado nas comparagdes entre
grupos com um numero de amostras inferior a cinco. Em todos os testes realizados

o nivel de significancia considerado foi de 5%.
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Erythrocyte invasion by malaria parasites is a multi-step pro-
cess that is dependent on binding of parasite proteins to receptors
on the erythrocyte surface. Duffy-negative individuals are resis-
tant to Plasmodium vivax infection because erythrocyte invasion
by P. vivax merozoites is absolutely dependent on binding to the
Duffy antigen receptor for chemokines (DARC), making the
parasite ligand an important vaccine candidate [1]. The para-
site ligand, P. vivax Duffy binding protein (DBP) is 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-rich regions which are conserved
among DBL-EBPs, the 5’ (region II) 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 5-8 [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 chemokines; DBL-EBP, Duffy binding-like erythrocyte binding protein;
DBPII, region II of Duffy binding protein; PNG, Papua New Guinea; PCR,
Polymerase chain reaction
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Guinea (PNG) [7-9], Colombia [10] and South Korea isolates
[11]. Those previous studies have identified 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 in erythrocyte receptor recognition [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 important discontinuous epitope in DBP which might be the
main target for inhibitory antibodies [13]. As development of P.
vivax DBP-based vaccine must take into account dbpll alleles,
it is important to access the levels of genetic diversity of dbpll
between populations from distinct geographic regions.

In Brazil, P. vivax malaria corresponded to approximately
80% of the 400,000 malaria cases reported in 2003 and the
largest majority of cases are found in Amazon areas [14]. Malaria
in the Brazilian Amazon is hypoendemic to mesoendemic and
transmission is unstable with seasonal fluctuations occurring
throughout the year [15]. Aiming to contribute for current efforts
on vaccine development, we analyze here the DBP variability
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
DBP [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, MN) according to manufacturer’s protocol. DNA
was used as a template in polymerase chain reaction (PCR)
to amplify the fragment corresponding to nucleotide positions
504-1748 (aa 168-582 of the DBPII). Platinum high fidelity
Taq DNA polymerase (Invitrogen, La Jolla, CA) was used in
PCR to reduce possible nucleotide mis-incorporation. Ampli-
cons were purified using QiaQuick Purification Kit (Qiagen
Inc., Valencia, CA) and directly sequenced using DY Enamic™
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 soft-
ware (www.mbio.ncsu.edu/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]. Dufty 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 isolates (Col)
[10]; and 14 sequences from South Korea (SK), corresponding
to the consensus for 42 isolates [11].

The frequencies of variant codons of DBP, compared to the
P. vivax laboratory reference clone Sal-I among Brazilian iso-
lates are shown in Fig. 1A. To compare the variability of DBP
from distinct geographic areas, we also compiled sequences

T.N. Sousa et al. / Molecular & Biochemical Parasitology 146 (2006) 251-254

available from PNG, Colombia and South Korea. Analyzes of
the DBPII sequences from Brazilian Amazon isolates 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 S447, 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-I DBP sequence, were found in low frequencies (<50%) for
R3088S, K386N, N417K, L4241 and W437R residues (Fig. 1A).
The variant D384G was the most prevalent in our isolates, 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 I503K (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 in conjunction with W437R in all Brazilian isolates,
similarly to the data obtained from analysis of PNG isolates in
which those variants always occur concomitantly [13]. How-
ever, the variant I503K occur in conjunction with N417K only
in a small proportion of Brazilian isolates, the same result was
observed for I503K and W437R. The association analysis of the
three residues together demonstrated that variant N4 17K always
come together with one of the other two variants (W437R or
I503K), as well as the variant W437R. However, the variant
I503K occurs separately from the other two in 73% of Brazil-
ian isolates (Fig. 1B). Therefore, it is 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

(A)
| R308S | D384G I K386N K386Q K386R| N417K | 14241 | W437R| S447K| 1503K
Bra 12.5 85 12.5 0 0 27.5 325 275 0 55
Col 59 23 0 0 47 47 18 0 12
PNG 67 66 8 11 0 23 34 26 59 29
SK 0 64 5 0 2 98 100 100 0 100
(B) ) ) ) )
With With With With
N417K W437R IS03K  either
N417K —_ 100 545 100
W437R 100 —_— 545 100
1503K 27 27 —_ 27
L4241 85 85 — 85

Fig. 1. (A) Frequencies of the most commonly variant amino acids in P. 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: U50575-U50590,
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 IT
(DBPII) among P. vivax isolates from Brazilian Amazon areas involved in resistance to immune recognition.
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Table 1

Variant families among 40 Brazilian P. vivax isolates corresponding to the grouping of the most commonly variant amino acids at DBPII

308° 384 386 417 424 437 447 503 Prevalence® (%) Other areas/isolate®
I R D K N L Y S I 5 Col, PNG, SAL-I
I R D K N L w S K 2.5
I R D K K I R S K 75 PNG, SK
v R G K N L w S I 22.5 Col
Y R G K N L W S K 37.5
A%! R G K K I R S I 12.5
VI S G N N I w S I 5 PNG
VIII S G N K I R S K 75 Belem

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

Y Prevalence of Brazilian isolates belonging to that variant family.

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

isolate from Belem/Brazil [10].

503 although it was demonstrated for PNG isolates [13]. These
results suggest the synergistic functional effect ot 417 and 437
amino acids, maybe constituting a discontinuous epitope in DBP
involved in the escape of the parasite against host immune sys-
tem. The higher 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 I503K suggests that erythrocyte binding inhibition by anti-
bodies might have some specificities depending on homologous
recognition, whereas for Brazilian isolates besides N417 and
W437 other amino acids could be more important than I503K,
such as L4241, which showed stronger association with N417K
or W437R (Fig. 1B).

We also identified 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 (A191E, K371E, R378R, E385K and
R390H). In addition, two polymorphisms previously reported
in other regions are different from the polymorphisms iden-
tified in 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 variant families (I-VIII) representing the haplotypes present
in Brazilian isolates (Table 1). Most of our isolates (72.5%) are
grouped in three families, which are unique for South American
isolates (IV, V and VI). This large number of isolates consisting
of a diverse population of genetically distinct clones could reflect
random recombination which occurs during mixed infections
frequently observed in distinct malaria endemic areas [7,9,16].
Only 17.5% of our isolates share the family with PNG isolates
and 7.5% with South Korean isolates. Taken together these data
agree with geographic distribution of these endemic areas with a
higher identity between South American isolates from Colombia
and Brazil. Additionally, we could not identified among Brazil-
ian isolates any variant families with those residues identical to
PNG 7.18 neither PNG 27.16 isolates, which were previously
demonstrated to have different role in antibodies inhibition of
erythrocyte binding [13]. Concerning only the major residues

previously identified to be involved in immune recognition of
DBP, 35% of Brazilian isolates have the amino acids combi-
nation identical to the highest inhibition pattern of erythrocyte
binding (N417, W437 and I503) for PNG isolates using anti-Sal-
I antibodies [13]. The lowest inhibition pattern (K417, R437 and
K503) was found in 15% of our isolates and the remaining iso-
lates showed identity to the intermediate patterns for inhibition
of erythrocyte binding using anti-Sal-I antibodies [13].

The residues analyzed here were not directly involved in ery-
throcyte binding as recently confirmed [12,17]; however they
were able to confer resistance to inhibitory antibodies against
erythrocyte binding, particularly residues 417, 437 and 503
of PNG isolates [13]. Since these residues within DBP ligand
domain were highly polymorphic it is suggested that these poly-
morphisms could be subject to immune pressure responsible to
the parasite escape of host immune 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 variants that
is still able to bind erythrocyte but become resistant to inhibitory
antibodies, suggesting that this DBP region is under positive
pressure into critical residues and under negative pressure in
the residues involved in receptor recognition [12,13,17]. Con-
cerning the seven residues analyzed here, excluding residue 447
which was not polymorphic in our isolates, five of them produced
a family change of the amino acid, when compared to the Sal-I
isolate. 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 protective immune response of
host [9]. Therefore, concerning the antibodies recognition it is
very important to confirm the involvement of those residues and
also of other unique polymorphisms identified among Brazilian
samples in the mechanism of immune evasion.
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Abstract

Plasmodium vivax Duffy Binding Protein (PvDBP), a major malaria-vaccine candidate, plays
a key role in red blood cell invasion. The erythrocyte-binding domain of PvDBP, named
region II (PvDBPy) displays extensive sequence diversity, however remains controversial
whether this diversity resulting from positive selection imposed by host immune responses.
Part of the difficulty to detect positive selection on PvDBPy; might result from the use of
analytic tools for dN/dS estimation based on phylogenetic reconstruction, that are
considerably less robust in the presence of intragenic recombination, and which estimate
natural selection in the whole sequence and not on individual codons. Recently was described
a computational approach, called omegaMap based on a population genetics approximation to
the coalescent with recombination to perform Bayesian inference on both the dN/dS ratio and
the recombination rate, allowing each to vary along the sequence. Here, this approach was
used to detect variation in both selection and recombination parameters across the PvDBPy
sequence. By using P. vivax isolates from different populations of the Brazilian Amazon, we
found frequent recombination across PvDBPy;, leading to extensive haplotype diversity that is
maintained in populations by positive natural selection. Of importance some of the
polymorphic residues under selective pressure are juxtaposed, in a 3-D model of PvDBPy,
with erythrocyte-binding residues. Taken together, our results suggest that the host immune
response is an important selection factor for mutations related to escape of the parasite.
Polymorphisms of PvDBPy; should be taken into account when designing vaccines aimed at

eliciting antibodies that are able to inhibit erythrocyte invasion.
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Introduction

Plasmodium vivax malaria is a major public health challenge in Latin America, Asia
and Oceania. Globally, 2.6 billion people are currently at risk of infection (Mendis et al. 2001;
Guerra, Snow, Hay 2006) and 130-435 million clinical cases are estimated worldwide (Hay et
al. 2004). In the Amazon Basin of Brazil, during the mid 1980s, P. vivax surpassed P.
falciparum as the most frequent cause of clinical malaria, and currently P. vivax causes more
than 400,000 malaria cases per year in Brazil (Loiola, da Silva, Tauil 2002).

Host blood cell invasion by different species of malaria parasites depends on
numerous receptor-ligand interactions. Most parasite proteins known to be involved in such
interactions are highly polymorphic and are potential targets of naturally acquired immunity.
However, relatively little is known about the patterns of allelic polymorphism in surface
proteins of the P. vivax. P. vivax merozoite invasion of erythrocyte relies on the interaction
between the parasite ligand and the Duffy antigen/receptor for chemokines (DARC), which is
present on the erythrocyte surface (Horuk et al. 1993). The parasite ligand is a micronemal
type I membrane protein, called Duffy binding protein (DBP), or PvDBP in P. vivax. As
demonstrated by a DBP gene-deletion experiment in P. knowlesi - the closely related malaria
parasite that infect primates, including humans (Singh et al. 2005; Galinski, Barnwell 2009);
DBP plays an important role in formation of the irreversible junction with erythrocytes, a key
step of host cell invasion. A series of competitive binding and directed-mutagenesis strategies
have demonstrated the importance of DBP/DARC interaction (Horuk et al. 1993; Chitnis et
al. 1996; VanBuskirk et al. 2004a; Singh et al. 2005) and in fact, individuals lacking Duffy
receptors on the erythrocyte surface are highly resistant to P. vivax invasion (Miller et al.
1976; Welch, McGregor, Williams 1977). Since antibodies against PvDBP inhibit in vitro
binding of DBP-DARC and also block invasion of human erythrocytes (Michon, Fraser,
Adams 2000; Grimberg et al. 2007; Ceravolo et al. 2008), this protein is a major candidate for

vaccines against P. vivax.
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The erythrocyte-binding motif of PvDBP was mapped to 170-amino acids stretch in
the cysteine-rich region II of the protein (PvDBPy), and is the most variable segment with
93% of the PvDBP polymorphic residues lying in this region of the protein (Ranjan, Chitnis
1999; VanBuskirk, Sevova, Adams 2004; Hans et al. 2005). Although most cysteines and
some of the aromatic residues in PvDBPy; are involved in the erythrocyte binding and are
evolutionarily conserved (Adams et al. 1990; Singh et al. 2003; VanBuskirk, Sevova, Adams
2004; Hans et al. 2005), several non-synonymous polymorphic residues within PvDBPj; have
been identified from field isolates from Papua New Guinea (Tsuboi et al. 1994; Xainli,
Adams, King 2000), Colombia (Ampudia et al. 1996), South Korea (Kho et al. 2001), Brazil
(Sousa et al. 2006) and Thailand (Gosi et al. 2008). This observation is consistent with the
positive natural selection acting on PvDBPj and with the role of allelic variation as a
mechanism of immune evasion. To formally test this hypothesis in a population genetics
framework, several tests of neutrality has been applied to PvDBPy data (Tajima’s D; Fu and
Li’s D and F; McDonald-Kreitman), as well as comparisons of the rates of synonymous (ds)
and non-synonymous (dy) substitutions based on the counting method of Nei-Gojobori
(1986). However, these analyses have produced inconclusive results (Cole-Tobian, King
2003; Martinez et al. 2004), in part due to limitations of their assumptions. For instance, the
Nei-Gojobori (1986) method to estimate dn and ds ignores the transition/transversion bias or
the unequal base/codon frequencies, which may lead to biased results (Yang 2007). On the
other hand, powerful phylogeny-dependent methods based on maximum likelihood estimates
of dN and dS (Yang 2007) assume no recombination and have been developed to be applied
to sequences from independent, divergent species, being not specific for intraspecific analysis
(Kryazhimskiy, Plotkin 2008).

In this study, we overcome these problems by using a recently described probabilistic
model called omegaMap (Wilson and McVean 2006). It uses a population genetics

approximation to the coalescent with recombination (a natural model choice for population
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data), and use reversible-jump Markov chain Monte Carlo (MCMC) to perform Bayesian
inference on both the dn/ds ratio and the recombination rate, allowing each to vary along a
DNA sequence. Being based on the Nielsen and Yang (1998) model of codon evolution,
omegaMap incorporates information about transition/transversion ratio and codon frequencies
from the data in a probabilistic framework. Specifically, we applied omegaMap approach to
PvDBPy to test the hypothesis that some residues in this genomic region evolved under
positive natural selection. We found evidence for diversifying selection on a region of
PvDBPj; containing B- and T-cell epitopes. Moreover, we integrated our analyses with
computational modeling of the PvDBPy; 3-D structure, and evidenced that several important
polymorphic residues, three of which were clearly under positive selection, map to the
erythrocyte-binding cluster of PvDBPy. These findings shed new light on our knowledge

about the evolutionary history of PvDBPy,

Materials and Methods

Parasite Isolates and Study Sites

We obtained 122 field isolates of Plasmodium vivax from six sites across the Brazilian
Amazon: Cuiaba (Mato Grosso State [MT], n = 25), Acrelidndia (Acre State [AC], n = 25),
Manaus (Amazonas State [AM], n = 20), Augusto Correa (Pard State [PA], n = 18), Porto
Velho (Rondonia State [RO], n = 20), and Macapa (Amapa State [AP], n = 14) (fig. 1 and
table 1). Epidemiological data indicate that malaria transmission in these areas is generally
hypo- to meso-endemic (Camargo et al. 1994; Duarte et al. 2004; Silva-Nunes et al. 2006).
The samples were collected from the different regions as follows: AC, between March and
April 2004; AM, May 2003; AP, November 2004; PA, October 2005; RO, from October to
December 2004; and MT, from July 2003 to July 2004. At the time of blood sample
collection, the annual parasite index (API: the number of positive blood smears per thousand

inhabitants) of the contagion localities allowed classification of these areas as high risk (API
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>50), medium risk (API 10 to 50) or low risk for malaria transmission (API <10) (Health
2005). In all but two regions, the individuals were locally infected. In Cuiaba/MT and Porto
Velho/RO, individuals were infected elsewhere and the risk for malaria transmission reported

here was calculated based on the average of API from contagion localities (table 1).

PvDBP; Amplification and Sequencing

Genomic DNA was immediately extracted from whole blood samples using the
PUREGENE DNA isolation kit (Gentra Systems, Minneapolis, MN). The sequence encoding
the PvDBPy;, corresponding to nucleotides 870 to 1545 (aa 290-515, reference sequence: Sal-
I) (Fang et al. 1991), was amplified by PCR using high fidelity platinum Taq DNA
polymerase (Invitrogen Corporation, Carlsbad, CA) and primers forward: 5’
ATGTATGAAGGAACTTACGAAT 3’and reverse: 5° ACCTGCCGTCTGAACCTTTT 3°.
PCR products were purified using GFX-96 PCR kit (Amersham Biosciences, Little Chalfont,
UK) and their sense and anti-sense strands were both sequenced, using the PCR primers and
the DYEnamic '™ ET dye terminator kit (Amersham Biosciences). The products were
analyzed on a MegaBace automated DNA sequencer (Amersham Biosciences). Since we did
not observe heterozygous sites in sequences, we infer that these came from patients with
single infection or from the predominant variant of patient with multiple infection. All single
segregating sites were confirmed with sequencing from independent PCR amplifications. We
achieved six-fold sequence coverage for each of the analyzed isolate. The PvDBP;; gene
polymorphisms identified among Brazilian Amazon isolates were compared to all DBP gene
sequences of P. vivax in GenBank (last update on 25th September 2008). We used a
neighbor-joining (NJ) method based on pairwise differences using P-distance to show
relationships between haplotypes and their distribution across populations, using the
following orthologous proteins as outgroups: Erythrocyte Binding Protein of P. cynomolgi

(PcEBP, accession number Y11396) and Erythrocyte Binding Protein alpha, beta and gamma
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of P. knowlesi (PKEBP a, B and 7y, accession numbers M90466, M90694, M90695,
respectively). Since the observed haplotype structure is compatible with recurrent mutation or
recombination events, the NJ algorithm is insufficient for robust phylogenetic inference
(Bandelt, Forster, Rohl 1999). With these limitations in mind, the NJ algorithm was used to
visualize similarities between the observed haplotype groups.

PvDBPy; sequences identified here were deposited in GenBank with accession
numbers EU812839 to EU812960. Sequence alignments and comparisons were performed
using the Clustal W multiple alignment algorithm in BioEdit Sequence Alignment editor

using manual editing (Hall 1999; TA 1999).

Diversity analysis of PvDBPy

To estimate within-population diversity, we counted the number of segregating sites
and observed haplotypes. We estimated the nucleotide diversity (r), haplotype diversity (Hd),
and the corresponding standard deviations (SDs) using DnaSP 4.10 software (Rozas et al.
2003). We measured between-population differentiation using the pairwise fixation index Fsr

with Arlequin 3.01 software (http://anthropologie.unige.ch/arlequin/) (Excoffier, Laval,

Schneider 2005). The Fsr index (between-population component of the genetic variance,
Wright 1951) was calculated assuming the Kimura 2-parameter mutation model (Wright
1951; Kimura 1980). We estimated the correlation between pairwise population genetic

distances (Fst) and geographical distances by the nonparametric Spearman’s rank correlation.

Analysis of recombination and linkage disequilibrium

We estimated the recombination parameter p among contiguous sites across PvDBPy
by the methods described in Li and Stephens (Li, Stephens 2003) using PHASE 2.1 software.
The parameter p, that may be estimated by different statistical methods, depends both on the

recombination rate and the effective population size, and therefore, is proportional to the
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number of recombination events per generation to be expected in a population. The algorithm
was run twice with 500,000 iterations, with a 20,000 iteration burn-in and a 1,000 thinning
interval. We analyzed pair-wise linkage disequilibrium (LD) across PvDBPy; using the r’
statistic (Hill, Robertson 1968) and its significance was assessed calculating LOD (logarithm
(base 10) of odds) scores (Gabriel et al. 2002). LD was calculated only for SNPs with a minor
allele frequency (MAF) higher than 0.1 in the total Brazilian sample. These calculations were

performed and visualized using the program Haploview (Barrett et al. 2005).

Tests of neutrality

We used the method developed by Wilson and McVean (Wilson, McVean 2006)
implemented in the omegaMap software to estimate the parameter ® = dn/ds, where dy is the
rate of non-synonymous substitutions and ds is the rate of synonymous substitutions.
Estimates of the parameter ® are usually used as indicators of the action of natural selection
on coding sequences. Under no selection ® is expected to be equal to 1, under negative
selection the value is expected to be less than 1, and under positive selection the value is
expected to be greater than 1. The estimation of ® was performed using a set of homologous
sequences with omegaMap (Wilson, McVean 2006). This method employs a Bayesian
approach to parameter estimation independent of phylogeny, and is therefore less prone to
falsely detecting diversifying selection. The model uses a population genetic approximation to
the coalescent with recombination, and uses reversible-jump Markov chain Monte Carlo
(MCMC) to perform Bayesian inference of both @ and the recombination parameter p,
allowing both parameters to vary along the sequence. In this study, analyses were conducted
using 10 randomly chosen orderings of the haplotypes and the following priors:
I (synonymous transversion)= Improper inverse, K (transition/transversion rate)= Improper
inverse, ¢ (insertion/deletion rate)= Improper inverse. Since ® requires a proper prior, a log-

normal distribution, centered around log(m)= 0, was used with a wide standard deviation of 2.
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An average block length of 20 codons was chosen to be around 10% of the sequence length.
For p, there is no natural "reference" prior, so we used an informative prior based on
Gunasekera et al. (Gunasekera et al. 2007): a log-normal distribution with parameters log(0.1)
and 1. As we expect there to be less information regarding p than ®, we assumed for p an
average block length of 40 codons to impose greater smoothing. The distance between
recombination events is modelled probabilistically, not by fixing segments. The
recombination parameter p is not assumed a priori but inferred directly from the data..
Sixteen independent MCMC chains were run for 90,000 iterations, with a 10,000 iteration
burn-in. The chains were compared for convergence and merged to obtain the posterior
distributions. The results show the geometric mean for the posterior distribution of ® andp,
and the 95% HPD (highest posterior density) interval. To determine the influence of our
choice of priors on the posteriors, we repeated the analyses with alternative set of priors (UL =
Exponential mean 0.02; k= Exponential mean 2.0; ¢ = Exponential mean 0.1; ® =
Exponential mean 1.0; p = Exponential Mean 0.14). Means for priors for U, K and p were
chosen using the posterior distributions generated with the first prior set. A mean value of 1
was used for the ® prior based on a null hypothesis of selective neutrality. To integrate the
evolutionary anaysis with structural information, the posterior probability of selection at each
codon was mapped onto our PvDBPII 3-dimensional structure (see below) to visualize the

spatial distribution of selected sites.

Prediction of promiscuous T-cell epitopes

Since only few epitopes have been described for PvDBP (Xainli et al. 2002; Cole-
Tobian, King 2003), we used an in silico analysis to infer new promiscuous PvDBPy; T-cell
epitopes able to bind to several alleles of the host MHC molecules. To identify the MHC
Class-I binding regions in PvDBPy;, we used ProPred-I (Singh, Raghava 2003). This program

uses peptide-binding specific matrices for 47 MHC Class-I alleles. Using quantitative
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matrices derived from published literature (Sturniolo et al. 1999), we used ProPred to predict

MHC Class-II binding regions in PvDBPy; (Singh, Raghava 2001).

3-D structural model of PvDBPy;.

We performed homology modeling with the Modeller 8v2 software, using the X-ray
structure of the P. knowlesi DBL domain as a template (Pko-DBL) (PDB file: 2C6J, chain A)
(Singh et al. 2006). This template shares 71% sequence identity with PvDBPy. We modeled
the 3-D structure of PvDBPy; between amino acids 261 and 553. The quality of these models
was evaluated with PROCHECK v.3.5.4 software (Laskowski et al. 1993). Superpositioning
and renderings were carried out with PyMol v1.0 software (Wijeyesakere, Richardson,

Stuckey 2007).

Results

Polymorphisms in PvDBPy; among Brazilian Amazon Isolates

By sequencing 675 bp of PvDBPy from 122 isolates from six different Brazilian
Amazon regions (table 1), we identified 20 polymorphic sites in 19 out of 225 codons (fig. 2A
and table S1, Supplementary Material online), with an overall nucleotide diversity of 0.0081
(table 2). We found a positive correlation between malaria transmission rates in each area
(measured by annual parasitic index [API]) and both the nucleotide and haplotype diversity
levels (Spearman correlation coefficients: r; = 0.811, P = 0.049; r, = 0.828, P = 0.041,
respectively). Twenty percent of substitutions were synonymous. Most non-synonymous
nucleotide replacements (n= 14) were non-conservative, with changes of the physical-
chemical family of the respective amino acid. By comparing polymorphisms identified in our
isolates to the 290 PvDBPy; sequences available in GenBank, we determined that only one
was exclusive to our Brazilian sample: N305N (synonymous substitution of Asn on position

305), present in 10 isolates (fig. 2A and table S1, Supplementary Material online). The
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substitutions observed in Brazil were arranged in 34 haplotypes (fig. 2B), corresponding to a
mean haplotype diversity of 0.934 (table 2). The modal haplotype Hap19 was observed in all
six sampled regions. PvDBPy; diversity between populations was quantified by Fsr values,
ranging from 2.33 % to 30.29 %, with the highest values corresponding to the Amapa
population (table 2). Moreover, the Fgsr statistics were not correlated with geographic
distances between Brazilian populations (Spearman correlation coefficient r; = 0.0750, P =

0.7905).

Intragenic Recombination and Linkage Disequilibrium in PvDBPy;

We would expect that in the absence of recombination and recurrent mutations, the 20
described polymorphic sites observed would be arranged into a maximum of 21 haplotypes.
Because we detected 34 haplotypes, we infer that recombination (and possibly recurrent
mutations) has shaped the pattern of PvDBPy; variation seen in Brazilian populations. Using
the software PHASE 2.1, the recombination parameter p was estimated to be 0.047 for the
675-bp stretch of PvDBPy. Although this sequence is too short for robust inference of
recombination hotspots, the PHASE algorithm suggested that the recombination rate might
not be uniformly distributed across the region (fig. 3).

Consistently with the observed haplotype structure and p estimates, linkage
disequilibrium (LD) across the PvDBPy; sequence is low in the Brazilian isolates (fig. S1A,
Supplementary Material online). In fact, the analysis of the 12 SNPs with a MAF higher than
0.1 in the whole sample, showed that only 8 out of 66 pair wise combinations showed r* >
0.50 (fig. S1A, Supplementary Material online). The highest r* values were observed for
several spatially close polymorphisms, some of them look like a block of LD encompassing
the SNPs limited by N417K and 14641 (fig. SIA, LOD scores always > 6.64). In particular,
three residues within this set were spatially close in the 3-D model (417, 419 and 424; fig.

5A). Since the LD analysis could be affected by the population structure, we re-analyzed the
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data without Amapa population, which is the most differentiated population as showed by
highest Fsr values and a similar LD pattern was observed (fig. S1B, Supplementary Material

online).

Evidences of Natural Selection on PvDBPy; and epitopes

To gain insight into the action of natural selection, we used the omegaMap approach
(Wilson, McVean 2006), which is suitable for genomic regions such as the PvDBPy; gene,
where recombination prevents reliable reconstruction of a phylogeny. Figure 4A shows the
variation of the recombination parameter (p ) through the PvDBPy; sequence, indicating that at
least one region was clearly affected by recombination. Our analysis, that estimates @ and
their HPD intervals, also revealed that natural selection does not act uniformly within the gene
(fig. 4B). The sequence contains regions where purifying selection seems to predominate,
regions with ® values close to 1 that appear to be neutral or less affected by selection and a
central region which appears to be under positive natural selection. To determine the
influence of our choice of priors on the posteriors, we repeated the analyses with alternative
set of priors. Estimates for p and @ were qualitatively similar for the two set of priors used
(fig. S2, Supplementary Material online).

Pathogen epitopes are responsible for host immune recognition, and it is of great
interest to test the association between positive natural selection and the presence of T- and B-
cell epitopes in PvDBPy. We found that @ was higher for sites belonging to B- and T-cell
epitopes (experimentally identified and predicted) than for non-epitope sites (Mann Whitney
U=2587.00, P < 0.0001). We therefore conclude that relaxed purifying selection/positive
natural selection preferentially acts on epitopes in PvDBPy;. In addition, all the epitopes in the
region showing the strongest evidence of positive natural selection are surface exposed (fig.
S3, Supplementary Material online) and also showed higher nucleotide diversity (0.0111 -

0.0464) than the value for whole PvDBPy; (0.0081) (see the legend of fig. 4B). In particular,
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nucleotide diversity was the highest in the in silico predicted epitope Ia, which contained the
three spatially close polymorphic residues (417, 419 and 424), and showed a clear signature

of positive natural selection.

Spatial distribution of polymorphisms across PvDBPy;

We used the crystallographic structure of PKEBLo to produce a computational model
of PvDBPy;. In Figure 5A, this model is represented as a space-filling model of PvDBPy,
showing the essential, invariant and surface-exposed contact residues required for DARC
recognition on human erythrocytes, as previously identified (Singh et al. 2006), and the
polymorphic residues in our Brazilian Amazon samples. Although polymorphic residues were
widely distributed throughout the sequence, the polymorphic residues at positions 417, 419,
and 424, which are part of a block of high LD, are close to the erythrocyte-binding cluster of
PvDBPy.. Both K417 and 1424 residues were prevalent in Brazil as well as in other studied
areas (table S1), but only few data on LD are available for other populations.

We also show on the three-dimensional model of PvDBPy; the residues according to
the posterior probability of their estimated o (fig. 5B). Interstingly, residues that seems to be
less affected by selective pressures, shown in white, were distributed throughout the whole
protein and residues associated with high o (likely to have evolved under positive selection)

in red, were juxtaposed to the proposed DARC-recognition site.

Discussion

Our analysis of nucleotide diversity in PvDBPy; among 122 P. vivax isolates from
Brazil provides strong evidence that (i) recombination plays an important role in determining
the haplotype structure of PvDBPy, contributing to haplotype diversity, and (ii) natural
selection acts differentially across the PvDBPy sequence. Despite of the small size of the

analyzed region of the protein, this segment is highly polymorphic and functionally important,
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and our goal was testing the action of natural selection in this region. Moreover, because of
the presence of recombination the selection signal might not propagate across the sequence.
Indeed, the gene appears to contain neutrally evolving codons as well as codons under
selective pressures associated with low ® values (purifying selection) and high ® values
(diversifying selection). The most striking conclusion is that diversifying natural selection
acting on one PvDBPy; region containing previously identified and in silico predicted T- and
B-cell epitopes. In particular, amino acid residues 417, 419, and 424, associated to high ®
values map close to the erythrocyte binding cluster of the molecule.

Previous attempts to infer the action of natural selection in PvDBPy with different
neutrality tests, yielded inconclusive results. Cole-Tobian and King (2003) and Martinez et al
(2004) showed evidence of positive selection pressure using estimation of the rates of
substitution (synonymous and non-synonymous) using the Nei and Gojobori’s method (Nei
and Gojobori 1986). Both have also used Tajima’s (Tajima 1989) and Fu-Li (Fu, Li 1993)
neutrality tests, however these analysis showed mainly negative selection pressure acting on
PvDBPj. The contrasting detection of both negative and positive selection pressures in
PvDBP;; may involve a balance between a functional restriction for maintaining structural
constraint due to DBP’s key role in the erythrocyte invasion and the antigen diversity as a
response against host immune system. The comparisons between dN and dS estimated using
the Nei-Gojobori (Nei, Gojobori 1986) method, as performed by Cole-Tobian and King
(Cole-Tobian, King 2003) and Martinez et al. (Martinez et al. 2004), as well as the Wilson-
McVean estimation applied in this study, compares the patterns of synomymous and non-
synomynous substitutions. Thus, this type of test was less sensitive to the potential
confouding effects of the demographic history of populations than neutrality tests based on
the expected distribution of polymorphisms among classes of freqeuncies (i.e. allelic
spectrum), such as Tajima’s and Fu and Li’s tests. Moreover, the recent Wilson-McVean

method has four features that improve its performance in correctly identifying the effect of
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diversifying selection. First, it assumes a more realistic mutational model (Nielsen, Yang
1998) that allows for different rates of transitions and transversions and for differences in
codon frequencies. Second, its probabilistic approach allows estimating @ parameters as well
as their HPD intervals, providing a measurement of uncertainty. Third and more important,
the Wilson-McVean method uses a reversible-jump MCMC to explore the posterior
distribution for ® allowing @ to vary along the length of the sequence. Although
incorporating these more realistic assumptions implies a computational cost, our analyses
show this is worthwhile. Indeed, the gene appears to contain neutrally evolving codons as
well as codons under selective pressures associated with low ® values (purifying selection)
and high o values (diversifying selection), and the Wilson-McVean method has allowed us to
map how diversifying selection has acted across PvDBPy and to test the association between
the presence of epitopes and the action of natural selection. Last but not least, recombination,
that has been important in shaping PvDBPy; diversity, does not affect the performance of
Wilson-McVean estimation. These features, the fact that we specifically examined a highly
polymorphic and functionally important region of PvDBP (for which results of functional
studies are available) and our complementary structural and epitopes analyses, partially
overcome one of the limitations of our study: the small size of the studied region. Of course, a
thorough examination of the entire PvDBP in different populations will provide a better
understanding of how natural selection has modeled the different regions of the gene around
the world, including Brazilian regions. However, on the basis of our results we anticipate that,
if the observed level of recombination affects the entire gene, signatures of natural selection
might not propagate across large genomic regions, but may be localized. Therefore,
population genetics methods that are able to examine signatures of selection at localized
regions may be more appropriate for the evolutionary analyses of PvDBP.

Our haplotypes have a strong population structure as demonstrated by high Fsr values

(from 2.33 to 21.02), which could affect both recombination and linkage disequilibrium.
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Despite of this population structure, our results regarding natural selection (» inferences) and
linkage disequilibrium may not be an artifact of population structure, although these analyses
were performed on the entire samples. When we exclude the most differentiated population
from the analyses (Amapa population), we still observe the same LD pattern, which indicate
that this result is not an artifact of population structure.An important result of our study is that
amino acid residues 417, 419, and 424, associated with high ® values and mapped near the
DARC binding domain in the structural model, are in LD. These residues are also observed in
LD in Papua New Guinea sample. Concerning the estimation of @ parameter, whether high ®
values were an artifact of population structure, we expect Fsr to be higher for non-
synonymous changes and a correlation among ® values and Fsr for non-synonymous
polymorphisms. None of these expectations were observed. Fsr is actually higher for
synonymous changes (data not shown). Therefore, there is no evidence that our results are
artifacts of population structure.

Diversifying selection has been observed in different proteins involved in parasite-host
interaction, and is generally attributed to the selective pressure of host immune response
(Escalante et al. 2004). Contrasting with the pervasive role of purifying selection in protein
evolution, we found that this generality is somewhat relaxed in certain epitopes. We inferred
that the evolution, particularly in codons of epitopes 45, 48, 66, IIb, Ila and Ia is driven by
diversifying selection, because of its higher ® values. These epitopes are surface exposed
(Figure S2) and are less conserved interspecifically than intraspecifically (data not shown).
Moreover, we have shown that codons mapping to epitopes have significantly higher ®
values. In terms of population genetics, we consider at least three non-mutually exclusive
possibilities. First, a high number of non-synonymous substitutions observed with respect to
other proteins is not enough to claim evidence of diversifying selection, but may be associated
with relaxed purifying selection or near-neutral evolution observed for specific codons. In this

case, it is not necessary to invoke natural selection to explain the observed pattern. Second, it
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is possible that inferential methods do not have sufficient statistical power to reject neutrality
or detect the action of diversifying selection, particularly when the analysis is restricted to a
few codons. In our study, this may be the case for epitopes 5, 16, 18, 20, Ib and Ic. Third,
classical methods of estimating the ® parameter (Yang 1997; Yang et al. 2000) may produce
false positive inferences of diversifying selection as often as 90% of the time, due to the false
assumption of no recombination (Shriner et al. 2003). This high rate of false positive results
may contribute to a bias that overemphasizes the action of host immune response as a source
of diversifying selection. In this context, the use of appropriate methods for inference of
natural selection is important and new methods such as that of Wilson-McVean, based on
more realistic assumptions about molecular evolution, will contribute to appropriately
assessing the role of diversifying selection on parasite diversity.

P. vivax immune evasion could be explained by a model based on the “just-in-time”
release mechanism of PvDBP [46, 52]. This model proposes that DBP is released from
micronemes immediately before binding to DARCs, thereby avoiding immune inhibition by
direct binding of antibodies to PvDBP. However, residues on the protein surface opposite to
the erythrocyte binding domain remain exposed, and are immune system targets. Supporting
this model was the observation that polymorphic residues occur on the opposite side of the
erythrocyte binding domain [46]. Therefore, from the perspective of population genetics, it
may be expected that positive natural selection posited by the host immune response would
preferentially act on the protein surface opposite to the erythrocyte binding domain, and
values of ® > 1 would be concentrated in this side of the protein. Since our results do not
match this expectation (Figure 5), our analysis of Brazilian isolates does not support the “just
in time” release model. Notably, our results showed that stretches with high genetic diversity
and residues under positive selection were present near the erythrocyte binding domain. These
results would be expected under a model of immune escape, in which polymorphic residues

near the binding site elude binding of inhibitory antibodies, implying that positive selection
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acts preferentially on residues near the erythrocyte binding site. In fact, the polymorphic
residues on positions 417, 419 and 424, which form a unit of LD and are associated to high ®
values, are mapped near the erythrocyte binding domain. Residue on position 417 was also
reported as part of a linked haplotype in PNG (N417K, W437R, I503K) (VanBuskirk et al.
2004b). This mechanism has been proposed for PvDBP [19, 24, 53, 54], and also for
PfAMALI [55]. Recent functional results from Grimberg and colleagues [12] strongly support
this mechanism, and show that the antibodies involved in invasion-inhibitory activity also
block PvDBP-DARC interaction.

A limitation of our study is that the tests of neutrality, while identifying areas of
positive selection, cannot predict the effects that nucleotide polymorphisms will have to either
parasite invasion or immune escape. Recent data from experimental and natural infections
support our findings that PvDBP polymorphisms might have immunological relevance. By
using rabbit immune-sera, VANBUSKIRK et al. (2004a) demonstrated that polymorphisms
change DBP antigenic character and can compromise immune inhibition. Also, we have
found evidence that in the Amazon area, a long-term exposure to malaria is required to allow
production of anti-DBP antibodies able to inhibit the binding of different PvDBPy; variants to
DARC (Ceravolo et al. 2008). These results support the hypothesis that immune responses
against PvDBP are haplotype-dependent, as has been also proposed for the apical membrane
antigen 1 of P. falciparum (PfAMA1), another micronemal protein vaccine candidate (Cortés
et al. 2005). Taken together, these results suggest that vaccine strategies based on inhibitory

anti-DBP antibodies can overcome the problem of antigen variability.

Conclusion
The pattern of low LD and the high level of recombination within the PvDBPy; gene
suggest that meiotic recombination is a major factor influencing haplotype diversity in the

Brazilian Amazon region.
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These results stress the importance of using appropriate tests (such as the omegaMap
approach (Wilson and McVean 2006) to infer the relative roles of forces such as natural
selection and recombination in determining the pattern of diversity of parasite genes. These
genes are often involved in the interaction with host immune systems, are strong candidates to
be involved in co-evolutionary processes. We conclude that inferential methods in population
genetics should complement functional studies of parasite invasion, and to allow a more
rigorous approach to address the parasite-host interaction from different biological

perspectives.
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Supplementary Material

Supplementary table S1 and fig. S1, fig. S2 and fig. S3 are available at Molecular

Biology and Evolution online (http://www.mbe.oxfordjournals.org/).

Table S1 - PvDBPII polymorphisms among Brazilian isolates

FIG. S1 - Patterns of linkage disequilibrium in the PvDBPy encoding gene from Brazilian
isolates. (A) Linkage disequilibrium was calculated for the entire dataset for which the
frequency of the minor allele was at least 0.1. Pairwise LD was visualized using 7* values and
presented using the Haploview program. White: 7* = 0; black: 7° = 1; shades of grey: 0 < r* <
1. The bracket indicates the cluster of amino acids with the highest P (B) LD was calculated
as described previously however now without Amapa population, because of their highest Fsr

values.

FIG. S2 - Spatial variation in recombinantion and selection parameters across the PvDBPy
using OmegaMap software. Analysis was performed using an alternative set of priors: (L=
Exponential mean 0.02; k= Exponential mean 2.0; ¢ = Exponential mean 0.1; o =
Exponential mean 1.0; p = Exponential Mean 0.14. Means for priors for i, k and p were
chosen using the posterior distributions generated with the first prior set. (A) Recombination
parameter estimates (p) were carried out using omegaMap software. The sitewise mean (solid
line) and 95% HPD (highest posterior density) interval (dotted lines) are shown. (B) Omega
parameter estimates (®) were carried out using the omegaMap software package. The sitewise

mean (solid line) and 95% HPD intervals (dotted lines) are shown.
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FIG. S3 - Space-filling model of PvDBPy 3-D structure showing the epitopes. Previously
identified epitopes 45, 48, 66 (Xainli et al. 2002; Cole-Tobian, King 2003) and in silico
predicted T-cell epitopes IIb, 1la and Ia, that evolution were evolutionarily driven by
diversifying selection (shown in purple). DARC binding residues are shown in yellow. Each

image indicates the model rotation in the vertical plane indicated by arrows.
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Table 1
Demographic and epidemiological characteristics of study isolates
P. vivax patient Localities of Blood collection
N Male  Mean age City/State API* Rate of
(%) (years) Transmission”
14 62 30 (8-58) Macapéd / AP 9 Low risk
20 55 35(17-58)  Manaus / AM 50 Medium risk
18 40 29 (6-90) Augusto Correa/PA 119  High risk
20 80 32 (16-84)  Porto Velho /RO 139°  High risk
25 76 30 (8-52) Cuiaba / MT 152° High risk
25 48 27 (9-49) Acrelandia / AC 166  High risk

* Annual parasite index (number of positive exams per 1,000 inhabitants) of contagion localities
at the meantime of blood collection

® Stratification based on APL: high risk (API>50); medium risk (API 10 to 50); low risk
(API<10).

© API calculated as media of APIs from the reported localities of contagion.
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Table 2
Nucleotide and Haplotype Diversity of PvDBP;; gene and Fgsy among Brazilian
populations

. ¢ Hde  Fsr (X100)'
Populat st T He
opuation (SD) (SD) AP AM PA RO MT
AP | 00050 0747
(N=14)" (0.0013) ©0.111)
AM 0.0057 0.779
(N=20) 00009y 7 (0082 2102 -
PA 0.0070 0.869
N=18) ' ©0004) © (0049 18087 15360 -
RO 0.0087 0.979 )
(N20) 17 o000y 16 ooon 0290 1687+ 11026 -
MT 0.0080 0.897
(N=25) 16 o000 4 (o1 14517 697 233 Tase -
AC 0.0079 0.917 ) )
N5 13 00005 11 (oog 26597 724 1468 394 931
Total 2o 00081 .~ 0934
(N=122) (0.0003) (0.012)

“Number of analyzed isolates.

® Number of segregating sites.

¢ Average number of nucleotide substitutions per 1000 sites between pairs of
sequences (standard deviation).

4 Number of Haplotypes.

¢ Haplotype diversity (standard deviation).

' Fsr index calculated using Arlequin 3.01

*P<0.05.
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Table S1
Description of PvDBPy; polymorphisms among Brazilian isolates
915 924 997 1111 1123 1134 1151 1153 }}:g’ 1169 1192 1211 1251 1257 1270 1309 1392 1456 1508
Nucleotide' AAG
Polymorphisms AAT* AGG CTT AAA AAT CGC GGT GAA AAT CAT TCT ACA AAT ATA TTA TGG ATC CAA ATA
AAC AGT TIT GAA GAT CGT GAT AAA CAG CGT ACT AGA AAA ATG ATA CGG ATA GAA AAA
AA 305 308 333 371 375 378 384 385 386 390 398 404 417 419 424 437 464 486 503
N RS LF KE ND RR GD EK KNQ HR ST TR NK I'M LI WR I QE TK
Region (N)°? Haplotype
MT(1)/RO(2) 1 .T .T A. .T A. G A..
MT(1) 2 .T .T A. .T A G. A.. G..
MT(1) 3 .T A. .T A G A.
AC(1)/RO(1) 4 T G. .T A. .T WA A. C. A.
AC4)/RO(1) 5 T G .T A. .T WA A. C.
AC(3)/RO(1) 6 .T A. .T C.. A.
AM(1)/RO(2) 7 G.. A. .T G. A A C.. A.
AM(2) 8 T G.. A. .T G. A A C.. A.
AC(1)/RO(1) 9 G.. A. .T G. A A C..
RO(1) 10 A. .T G. A A C..
RO(1) 11 .T A A C.. A
RO(1) 12 .T G. C.. A.
AC®) 13 A .T G. C.. A.
AM(2)/PA(5) 14 G
AP(7) 15 .C G
APQ2)/MT(1)/
RO(1) 16
AP(1) 17 G..
AM(1) 18 .T A.
AC(5)/AP(1)/
AM(9)/MT(6)/
PA(1)/RO(1) 19 A.
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MT(1) 20 G. A
ACQ2)/MT(2) 21 A. G A
ACQ2)/AP(1)/
AM(2)/MT(1)/
PA(1)/RO(1) 22 A. G.
MT(1) 23 G. A..
MT(1) 24 G.. G. C..
MT(1) 25 G. C.
PA(2) 26 G.. C. G. A. C. A.
PA(1) 27 @, C.. G. A. C.
PA(3) 28 C.. G. A A. C.
AC(2) 29 A. e A A. C.
ACB)Y/AM@)/
PA(1)/RO(1) 30 A. G. A A. C. A.
RO(1) 31 G G. WA A. C.
AC(1)/MT(1)/
RO(2) 32 G.. G. A .G A. C.
MT(1) 33 T G G. A .G A. C. A
APQ2)/MT(6)/
PA(4)/RO(2) 34 G.. G. A .G A. C. A
Other localities” -~ PNG PNG COL PNG PNG COL COL COL COL Thai Thai COL Thai COL COL Oth Thai COL
Thai Thai PNG Thai Thai PNG PNG PNG PNG Oth Oth PNG Oth PNG SK PNG
Oth SK Oth SK Thai SK  SK SK SK  Thai SK
Thai Thai  Oth Thai  Thai Thai Thai Thai
Oth Oth Oth  Oth Oth Oth Oth

' Nucleotide and amino acid (AA) numbers according to SAL-1 sequence (Fang et al. 1991)

2 First codon corresponds to the most frequent among Brazilian isolates and the others to the polymorphic ones observed in Brazilian isolates, substitutions are showed in
bold.

3 Collection States (N=number of individuals): MT — Mato Grosso; AC — Acre; AM — Amazonas; PA — Parg; RO - Ronddnia and AP — Amapa

* Other localities where the polymorphisms were also previously identified: Col — Colombia, PNG — Papua New Guinea, SK — South Korea, Oth (others) - Bangladesh, India,
Indonesia, Honduras, Mauritania or Vietna
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Figure Legends

FIG. 1 - Locations of blood collection in Brazil. Brazilian map showing the cities and their
respective states: Amazonas (AM), Pard (PA), Amapa (AP), Acre (AC), Rondodnia (RO) and

Mato Grosso (MT). The areas where malaria is endemic to the country are shown in gray.

FIG. 2 - Variability in the PvDBPy;. (A) Frequencies of polymorphic amino acid residues for
each Brazilian geographic region. The left letter indicates the more prevalent amino acid and
the right letter the polymorphic amino acid at that position (number in the middle). Positions
of amino acid residues are consistent with Fang et al. 1991 (Fang et al. 1991). The box
indicates a substitution exclusive to Brazilian isolates. (B) Haplotype frequencies of PvDBPy
between Brazilian regions. The phylogenetic tree for the 34 haplotypes of PvDBPy was
reconstructed by the neighbor-joining (NJ) method based on pairwise differences using P-
distance. Node significance was assessed through 1000 bootstrap replicates; only values >
50% are shown. Outgroups are EBP sequences of Plasmodium cynomolgi and DBP «, 3 and
vy of P. knowlesi. The scale bar shows the frequency of each haplotype per region indicated in

the horizontal boxes.

FIG. 3 - Spatial variation of recombination parameters across PvDBPy.. The factor by which
the recombination rate between adjacent loci exceeds the background rate (p), estimated using

Phase software.

FIG. 4 - Spatial variation in recombinantion and selection parameters across the PvDBPy
using OmegaMap software. (A) Recombination parameter estimates (p) were carried out
using omegaMap software. The sitewise mean (solid line) and 95% HPD (highest posterior

density) interval (dotted lines) are shown. (B) Omega parameter estimates (w) were carried
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out using the omegaMap software package. The sitewise mean (solid line) and 95% HPD
intervals (dotted lines) are shown. Short lines on the top of solid-line represent the peptides
containing previously identified epitopes: 5, 16, 18, 20, 45, 48 and 66 (Xainli et al. 2002;
Cole-Tobian, King 2003) and in silico predicted promiscuous epitopes for MHC class I: Ia
[416-G(N/K)F(UM)WICK(L/1)-424], Ib [482-KSYD(Q/E)WITR-490] and Ic [497-
VLSNKF(I/K)SVKNAEK-510] and for MHC class II: Ila [408-YSVKKRLKG(N/K)-417]
and IIb [418-F(I/M)WICK(L/I)NV-426]. Nucleotide diversity and standard deviation (7 and
SD) were calculated for each epitope sequence: 5 — 0.005 (0.0011); 16 — 0.002 (0.0008); 18 —
0.002 (0.0008); 20 — 0.002 (0.0008); 45 - 0.035 (0.0019); 48 — 0.030 (0.0023); 66 — 0.011
(0.0001); Ia — 0.046 (0.0022); Ib - 0.008 (0.0016); Ic — 0.012 (0.0003); IIa — 0.016 (0.0006);

IIb — 0.028 (0.0017).

FIG. 5§ - 3-D structure of PvDBPy. (A) Space-filling model of PvDBPy 3-D structure,
showing the DARC-binding residues (Tyr 94, Asn 95, Lys 96, Arg 103, Leu 168 and Ile 175
— yellow) (Singh et al. 2006) and polymorphic residues identified from Brazilian isolates,
which are close (blue) or not close (red) to the DARC-binding domain, other residues are
shown in light gray . The image on the right represents the rotation of the image in the
vertical plane indicated by the arrow. (B) Space-filling model of PvDBPy; 3-D structure color
coded according to the posterior probability of positive selection at each codon, calculated
using omegaMap. Green residues indicate high posterior probability (>93%) of positive
selection. Codons that seem to be less affected by natural positive seletion (<93%) are colored
in white and DARC binding residues are shown in yellow. Residues in dark gray were not
analyzed by omegaMap. Each image indicates the model rotation in the vertical plane

indicated by arrows.
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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
vivar 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 [ fluorescent dye.

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,
SYBR green fluorescent dye.

Introduction

receptor for various chemokines, the Duffy antigen is the
obligatory receptor for invasion of Plasmodium vivax malaria

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

T.N. Souza and B. A. M. Sanchez contributed equally to this work.
Correspondence: Cristiana Ferreira Alves de Brito, Laboratory of Malaria,
Centro de Pesquisas René Rachou, Fundagao Oswaldo Cruz, Avenida
Augusto de Lima, 1715, Belo Horizonte, Brazil, 30190-002

E-mail: cristiana@cpqrr.fiocruz.br

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, Fy®,
was described 1 year later [6]. Fy* and Fy® antigens are the
products of two codominant alleles FY*A and FY*B on the
chromosome 1 FY locus [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].

373

102



5.3 Sousa et al., 2007

Resultados

374 T.N. Sousa ef al.

Most West Africans and 68% of African Americans do not
express Fy® or Fyb on theirred blood cells (RBC), which results
in resistance to P. vivax 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*BE 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 et al. [21] described
atechnique 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 Dufty alleles: FY*A,
FY*B, and FY*BES. 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. vivax-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 Ren¢ Rachou/FIOCRUZ

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

Dufty 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 v dNTPs, 4 mm
MgCl,, 1 U Taq 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 I 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 pul reaction mixture
contained 50-100 ng genomic DNA, 5 ul 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 °Cfor 10 min, following by 35 cycles of 95 °C for 15 s and
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
FAB
FGATA FY
-33.C C.
C ] Corzs
- -
RABGATA RYA
A
RYB
(b)
FGATA 5 CCCGGGCCCGCCG CCC TCA TTA GTC CTT GGC TCT TTC 3’
FAB 5’ CCC TCA TTA GIC CTT GGC TCT TIT 3’
RABGATA 5’ A GGG GCA TAG GGA TAA GGG ACT 3’
FY 5’ C TCA AGT CAG CTG GAC TTC GAA GAT 3’
RYA 5" AG CTG CTT CCA GGT TGG CTC 3’
RYB 5’ CTG CTT CCA GGT TGG CGT 3’
C
( ) Alleles
Primer-Pair FY'A FY'B FY*BES FY*AES T _(°C) A (bp)
FAB/RABGATA + + - - 86 157
FGATA/RABGATA  — - + + 88 170
FY/RYA + - - + 78 97
FY/RYB - + + - 7 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 FY/RYB primer-pairs to detect the polymorphism 125G>A in
exon 2, which determines FY*Aand FY*Balleles, 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 using %* 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 - WTp) 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 each genotype were shown in
Fig. 2. There is an alternative genotype FY*AE/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 Dufty genotyping among field
populations

In order to validate our assay, we analysed field samples
from Brazilian endemic areas, including P. vivar-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*BFS/FY*BFS,
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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Table 1 Comparison of Duffy genotyping by using real-time PCR with PCR-ASP

PCR-ASP
Real-time PCR FY*A[FY*A FY*A[FY*BES FY*B/FY*B FY*B/FY*BE FY*A/FY*B FY*B5S/FY*B5S Total
FY*AIFY*A 10° 0 0 0 0 0 10
FY*AlFy*BE 0 7 0 0 0 0 7
FY*BIFY*B 0 0 17 0 0 0 17
FY*BJFY*BE® 0 0 0 17 0 0 17
FY*AIFY*B 0 0 0 0 20 0 20
Fy*BES|Fy*BE 0 0 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 20 000-00 20 000-00
PCR reagents 0043 0043
Polymerase 0-21 0-21/0-376°
Primers 0002 0-0023
Enzymes 0-65° NA

Results visualization 01 0-01
Consumables 0098 0-098
Total/reaction® 110 0-32/0-49
Total/patient? 440 1-29/1-96

60 000-00 42 000-00
1-84 0-34

0-8 0-0319
NA NA

NA NA

0-18 0-075
2:82 0-45

564 0-89

NA, not applicable.

Conventional/heat-activated Tag 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
2 analysis).

Discussion

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

Dufty alleles. This approach takes advantage of the fluorescent
property of SYBR Green [ 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*B allele. 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 Plasmodium 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. falciparum/
P. vivax non-infected P. vivax non-infected P. vivax non-infected
individual® individual® individual individual individual individual
(n=119) (n=57) (n=119) (n=57) (n=119) (n=57)
Fy(a+b-) 27 26 FY*A/FY*A 15 7 FY*A 039 035
FY*AJFY*BES 12 19 FY*8 0-49 0-42
Fy(a-b+) 38 37 FY*B/FY*B 24¢ n Fy*B5 013° 0-23
FY*B/FY*BE 14¢ 26 Fy*AES 0 0
Fy(a+b+) 35 37 FY*A/FY*B 35 37
Fy(a-b-) 0 0 FY*BE[FY*BE 0 0

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

°F. 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 easierto optimize; however, the use of labelled probes
increase the expenses five times. For that reason, SYBR Green
[-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*BE® 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*BES 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*AES 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)
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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*BE® 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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6 CONSIDERACOES FINAIS

O processo de invasao dos eritrécitos pelos merozoitos de P. vivax é
complexo e envolve varias etapas. A interagdo da Duffy binding protein de P. vivax
com o receptor DARC constitui a principal via de invasao do eritrocito (Miller et al.,
1976). A ligacao PvDBP-DARC parece ser essencial na etapa de formacao de uma
juncado entre as membranas do eritrécito e do merozoito, uma etapa chave do
processo de invasao que compromete o parasito, de maneira irreversivel, a entrar no
eritrécito (Miller, 1989; Singh et al.,, 2005). Portanto, ha um grande interesse no
desenvolvimento de uma vacina anti-P. vivax capaz de induzir anticorpos que
bloqueiem a interacdo PvDBP-DARC e, conseqlientemente, a invasao do eritrocito.

Uma vacina direcionada para um antigeno do parasito de fase eritrocitica,
como a PvDBP, seria potencialmente eficaz em controlar a doenga, reduzindo a sua
morbidade e mortalidade (Todryk & Hill, 2007). A idéia de que € possivel
desenvolver uma vacina anti-PvDBP se baseia, principalmente, nas observacdes de
que individuos naturalmente expostos a infeccédo por P. vivax apresentam anticorpos
anti-PvDBP, capazes de bloquear a invasao dos eritrocitos in vitro e que a
imunizacdo de animais induz altos titulos de anticorpos anti-PvDBP), inibitorios
(Ceravolo et al., 2008; Grimberg et al., 2007; King et al., 2008; Moreno et al., 2008).
Diante dessas evidéncias, estdo em andamento ensaios clinicos para avaliagdo da
toxicidade, imunogenicidade e eficacia de uma vacina anti-PvDBP, em humanos
(Chitnis & Sharma, 2008). A alta variabilidade da PvDBP, pode, contudo,
comprometer os resultados destes ensaios, sugerindo a necessidade de estratégias
que considerem a variabilidade antigénica da PvDBP) no desenvolvimento de uma
vacina. Nesse sentido, é essencial a identificacdo de regides na proteina que sejam
capazes de induzir uma resposta imune que eficientemente controle a infeccao pelo
plasmodio, mas que ao mesmo tempo, nao comprometam a eficacia da vacina em

decorréncia da variabilidade genética comumente observada na PvDBP;,.
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6.1 Identificacao de polimorfismos na DBP, potenciais alvos de anticorpos em
isolados de P. vivax da Amazonia brasileira

O presente estudo foi pioneiro na identificacdo dos polimorfismos de base
unica (SNPs) e caracterizacao da diversidade genética do dominio de ligacdo da
Duffy binding protein em isolados de P. vivax da regido Amazbnica brasileira.
Inicialmente foram analisados oito polimorfismos da PvDBP, em 40 isolados de P.
vivax do Brasil (Sousa et al., 2006, Artigo 1). Alguns desses polimorfismos haviam
sido anteriormente caracterizados por VanBuskirk e colaboradores (2004a) como
sendo capazes de alterar o reconhecimento imune da proteina. No Brasil, a
freqUente associacao entre os residuos nas posicdes 417, 424 e 437 sugere que
esses aminodcidos constituam um epitopo descontinuo na PvDBP, alvo de
anticorpos inibitérios. Por outro lado, na Papua Nova Guiné uma forte associacao foi
observada entre os residuos nas posicoes 417, 437 e 503 (VanBuskirk et al.,
2004a). Esses resultados sugerem que a variacao na pressao seletiva exercida pelo
sistema imune possa refletir em diferencas no padrdo de SNPs entre os isolados de
P. vivax da Papua Nova Guiné e do Brasil.

Com a elucidacao do modelo tridimensional da PvDBP),, baseado na estrutura
cristalografica da proteina ortéloga de P. knowlesi, foi possivel identificar que o
residuo 1503K nédo ocorre em proximidade ao N417K e W437R na estrutura da
PvDBP, (observacao pessoal). Contudo, Vanbuskirk e colaboradores (2004a)
demonstraram que, principalmente os residuos W437 e 1503 sdo capazes de inibir a
ligacdo dos eritrécitos a PvDBP,, in vitro. Possivelmente, ao contrario do que foi
proposto por Vanbuskirk e colaboradores (2004a), esses residuos nao constituem
um unico epitopo conformacional, mas distintos epitopos alvos de anticorpos
inibitérios anti-PvDBP.. Corroborando essa idéia, recentemente um peptideo (aa
503-522) que se liga a varias moléculas de MHC de classe |l foi identificado
experimentalmente, sugerindo que o residuo 1503K é parte de um epitopo linear na
PvDBP, (Saravia et al., 2008).
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6.2 A variabilidade genética da DBP; de isolados de P. vivax do Brasil é
moldada pela recombinacao e selecao natural

Na segunda etapa deste estudo, foram analisadas 122 seqiéncias de
isolados de P. vivax de seis regides da Amazédnia Legal brasileira com a finalidade
de melhor caracterizar a diversidade genética da PvDBP),. No total, foram descritos
20 sitios polimorficos no gene dbpll e identificados 34 haplétipos. A alta diversidade
haplotipica e a taxa de recombinagédo elevada em algumas regides da dbpl// como
inferido pelos programas PHASE e omegaMap sugerem claramente que a
recombinacdo genética tem contribuido para a geracdo e/ou manutencdo da
variabilidade nesse antigeno do parasito (Sousa et al., 2008, Artigo 2).

Adicionalmente, evidenciou-se que a diversidade genética da PvDBP), difere
entre os isolados amostrados nas varias localidades da Amazoénia brasileira, sendo
observada uma correlacdo positiva entre a taxa de transmissdo de malaria e a
diversidade nucleotidica e haplotipica. Assim, as sequiéncias da PvDBP), de isolados
de P. vivax de Acrelandia/AC, regidao com intensa transmissdo de malaria, como
indicado pelo alto valor da incidéncia parasitaria anual (IPA), também apresentaram
elevada diversidade nucleotidica e haplotipica. E interessante notar que nessa
mesma area, Ferreira e colaboradores (2007a), utilizando dados de microssatélites,
estimaram uma proporcao de 49% de individuos com infeccado mdultipla. Como a
infeccdo multipla pode favorecer a recombinacdo genética entre parasitos
genotipicamente distintos durante a reproducédo sexuada no mosquito, os resultados
de Ferreira e colaboradores (2007a) reforcam as evidéncias de que a recombinacao
tem um papel importante na determinacdo da estrutura haplotipica da PvDBP,
(Sousa et al., 2008, Artigo 2).

Os resultados obtidos também sugerem que a pressao exercida pelo sistema
imune do hospedeiro é responsavel por selecionar positivamente os SNPs e manter
a diversidade genética no dominio de ligacao da PvDBP. Desse modo, a diversidade
nucleotidica e o valor do parametro de selecdo natural omega (®) foram maiores nas
regides da proteina preditas in silico ou experimentalmente definidas como epitopos
de células B e T. A utilizacdo da abordagem proposta por Wilson-McVean e
implementada no programa omegaMap permitiu estimar adequadamente o efeito da
selecdo natural em codons individuais da PvDBP), e concluir que a selecédo natural
positiva ou a selecao purificadora relaxada agem em determinados residuos,
preferencialmente naqueles que constituem epitopos.
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6.3 Predicao in silico de epitopos de células B e T e mapeamento na estrutura
tridimensional da PvDBP,, de polimorfismos proximos ao sitio funcional da
proteina

Com o objetivo de auxiliar na identificagdo de potenciais regides da proteina
para serem utilizadas em vacinas, realizou-se a predicao de epitopos promiscuos de
células B e T na sequiéncia da PvDBP), in silico, em adicao a analise de epitopos
previamente determinados experimentalmente (Cole-Tobian & King, 2003; Xainli et
al., 2002). Entre os epitopos analisados, o peptideo de ligacdo ao MHC de classe |
predito in silico como epitopo promiscuo, la, que inclui os residuos polimérficos
N417K, 1419M e L424l, apresentou a maior diversidade nucleotidica e uma clara
evidéncia de selecdo natural positiva (Sousa et al., 2008, Artigo 2). No estudo
anterior, uma freqliente associagdo entre N417K e L424] foi evidenciada na
sequéncia da PvDBP) de isolados de P. vivax do Brasil (Sousa et al., 2006, Artigo
1). Os trés residuos estdo inseridos dentro de um bloco de moderado desequilibrio
de ligacdo na PvDBP, e espacialmente préximos na estrutura tridimensional,
reforcando a idéia de que eles constituem um Unico epitopo na PvDBP;.
Adicionalmente, esses residuos foram mapeados préximos ao sitio de ligacdo da
proteina com o seu receptor (Sousa et al, 2008, Artigo 2). Resultados
experimentais obtidos por Vanbuskirk e colaboradores (2004a) sugerem que
polimorfismos em alguns residuos, incluindo o N417K, alteram o carater antigénico e
a sensibilidade aos anticorpos inibitérios anti-PvDBP;,.

Em conjunto, os dados corroboram a hipétese de que P. vivax pode invadir
eficientemente o eritrécito ao escapar da resposta imune do hospedeiro direcionada
para regides funcionalmente importantes da PvDBP,. Nesse modelo de evasédo
imune, alguns polimorfismos adjacentes ao sitio de ligacao podem impedir a ligacéo
de anticorpos inibitorios, protegendo o sitio funcional da PvDBP; (Cole-Tobian &
King, 2003; McHenry & Adams, 2006; Tsuboi et al., 1994).
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6.4 Evidéncias sugerem que os polimorfismos na PvDBP, sao alvos de
anticorpos bloqueadores da interacao PvDBP,-DARC

Os resultados experimentais obtidos pelo nosso grupo de pesquisa reforgcam
a idéia de que os polimorfismos na PvDBP, apresentam relevancia imunolédgica
(Ceravolo et al., 2008; Artigo em anexo). Algumas evidéncias indicam que a
resposta imune pode ser especifica para uma variante da proteina, isto &, variante-
especifica e que os polimorfimos sdo capazes de alterar a imunogenicidade da
PvDBP,, (Ceravolo et al., 2008, Artigo em anexo; VanBuskirk et al., 2004a). No
Brasil, demonstrou-se que a imunidade anti-PvDBP), pode ser direcionada para um
alelo especifico em individuos ndo imunes (Ceravolo et al., 2008; Artigo em anexo).
Apenas os individuos expostos a varias infecgdes por P. vivax apresentavam
anticorpos capazes de bloquear a ligacao de diferentes variantes da PvDBP; ao
receptor DARC (Ceravolo et al., 2008). Esses resultados corroboram aqueles obtidos
por Vanbuskirk e colaboradores (2004a), que demonstraram que a substituicdo por
mutagénese sitio-dirigida de alguns residuos da PvDBP, foi suficiente para alterar a
capacidade do soro de coelho imunizado com a PvDBP, de bloquear a interacao
proteina-receptor.

Como ja demonstrado anteriormente, os polimorfismos na PvDBP;, nao
parecem ter um efeito direto na interacdo proteina-receptor (VanBuskirk et al.,
2004b). A partir de um ensaio de citoaderéncia in vitro, em que variantes da PvDBP),
foram expressas na superficie de células COS-7, identificou-se varios residuos
capazes de abolir completamente a ligacdo da PvDBP, a DARC. Esses residuos
criticos invariaveis ocorrem em oito grupamentos descontinuos, flanqueados por
residuos que, quando mutados, interferem parcialmente na ligacdo PvDBP,-DARC
(Hans et al., 2005; VanBuskirk et al., 2004b). Como varios residuos parecem ser
criticos na ligacao da PvDBP, a DARC, é sugerido que o sitio de ligacao da PvDBPy,
pode ser consideravelmente maior do que o descrito por Singh e colaboradores
(2006) e mostrado na figura 6 em Sousa e colaboradores (2008; Artigo 2) (McHenry
& Adams, 2006). Todos os residuos criticos para a ligacao sao conservados entre 0s
isolados de P. vivax, com excecdo do N305N e N375D (VanBuskirk et al., 2004b;
observacao pessoal). Contudo, se a substituicdo do residuo de asparagina por um
acido aspartico na posicdo 375 em isolados de campo de P. vivax interfere
diretamente na ligagcdo PvDBP;-DARC ainda deve ser avaliado.
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Ao contrario do que é observado na PvDBP, e EBA-175 de P. falciparum,
cada mutacao no dominio DBL dos paralogos de P. falciparum BAEBL e JESEBL
pode alterar as propriedades de ligagdo dessas proteinas aos seus receptores na
superficie do eritrocito (Mayer et al., 2002; 2004). A BAEBL apresenta apenas quatro
posicoes variantes, todas no dominio DBL F1, enquanto na JESEBL foram
identificados cinco polimorfismos no dominio DBL, trés em F1 e dois em F2. Essas
proteinas parecem se ligar a diferentes receptores na superficie dos eritrécitos e os
estudos de Mayer e colaboradores (2002; 2004) sugerem que as mutacdes no
dominio DBL é que definem a especificidade da ligagao.

Desse modo, forcas seletivas distintas parecem produzir padrdes variados de
diversidade genética nos dominios DBL. O primeiro padrdo de polimorfismos
corresponde ao exemplificado para a PvDBP; e EBA-175, em que sao selecionados
varios polimorfismos que parecem permitir o escape do parasito do reconhecimento
pelo sistema imune do hospedeiro. Contudo nao se pode excluir a possibilidade de
que alguns polimorfismos na PvDBP), sejam positivamente selecionados por
aumentarem a afinidade da ligacao da proteina ao seu receptor. Por outro lado, o
padrao polimérfico descrito para a BAEBL e JESEBL parece resultar da sele¢éo de
mutacdes que alteram a especificidade de ligacdo entre a proteina do parasito e o
receptor eritrocitico. Como consequéncia, P. falciparum pode invadir os eritrécitos
utilizando diferentes vias de invasdo (VanBuskirk et al., 2004b).
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6.5 A suscetibilidade a infeccao por P. vivax esta associada a densidade do
receptor DARC na superficie do eritrécito

Além das propriedades inerentes a proteina do parasito, aspectos associados
ao receptor eritrocitico também podem interferir na interacdo PvDBP;-DARC, como
por exemplo, o nivel de expressao de DARC na superficie dos eritrécitos. Como
demonstrado previamente, os individuos que apresentam dois alelos DARC
funcionais expressam o dobro de proteina em comparacao aos individuos com um
unico alelo funcional (Woolley et al., 2000; Yazdanbakhsh et al., 2000; Zimmerman
et al., 1999). Conseglientemente, a proporcao de eritrécitos que se ligam a PvDBP,,
expressa na superficie de células COS-7 in vitro € maior para os eritrocitos que
exibem os gendtipos FY*A/FY*A e FY*B/FY*B (Michon et al., 2001).

Neste estudo, avaliou-se a associacao entre prevaléncia dos alelos DARC e
suscetibilidade a infecgdo por P. vivax na Amazénia Legal brasileira a partir da
genotipagem de DARC utilizando uma nova metodologia baseada no PCR em
tempo real, em um sistema multiplex com iniciadores alelo-especificos. Para a
genotipagem, o corante SYBR Green | foi utilizado em substituicdo as sondas
marcadas, facilitando a otimizacao da PCR e reduzindo o custo em comparacao aos
métodos de genotipagem ja descritos (Sousa et al., 2007, Artigo 3).

A genotipagem de individuos residentes em areas endémicas de malaria no
Brasil indicou uma porcentagem significativamente maior de individuos com dois
alelos DARC funcionais no grupo de pessoas infectadas com P. vivax em
comparacao ao grupo infectado com P. falciparum ou nao infectado. Esse resultado
sugere que os individuos com os genétipos FY*A/FY*A, FY*B/FY*B e FY*A/FYB
apresentam um risco aumentado em 2,5 vezes de se infectarem por P. vivax em
relagdo aos individuos FY*A/FY*B=®, FY*B/FY*B® (Odds ratio= 2,49, IC 95%= 1,28-
4,84, P= 0,006) (Sousa et al., 2007, Artigo 3). Um nivel semelhante de protecao
contra a infecgdo por P. vivax também foi associado ao genétipo FY*A/FY*AES em
criangas ndo-imunes a malaria na Papua Nova Guiné (Kasehagen et al., 2007). Em
conjunto, esses dois estudos sao pioneiros na evidéncia de uma associacao
significativa entre prevaléncia dos alelos DARC e suscetibilidade a infec¢do por P.

vivax.
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7 CONCLUSOES

O dominio de ligacao da Duffy binding protein (DBP)) é bastante polimorfico entre os
isolados de P. vivax da Amazénia Legal brasileira, sendo observada uma correlacao
positiva entre a taxa de transmissdao de malaria e a diversidade nucleotidica e
haplotipica no gene dbpll.

A recombinacao tem contribuido para a extensa diversidade haplotipica da PvDBP;,
em isolados do parasito no Brasil, sendo essa diversidade mantida na populacéao

pela selecao natural positiva.

A selecao natural positiva age principalmente em regides de epitopos na PvDBPy,
selecionando mutacdes que impedem o reconhecimento da proteina do parasito
pelo sistema de defesa do hospedeiro.

Os residuos polimérficos estao distribuidos na estrutura tridimensional da PvDBP), e
ocorrem, inclusive, em proximidade ao sitio de ligacdo da proteina. E sugerido que
os polimorfismos adjacentes ao sitio de ligacao possam impedir a ligacdo de
anticorpos inibitérios, protegendo o sitio funcional da PvDBP,.

Uma maior prevaléncia de dois alelos DARC funcionais foi observada entre
individuos infectados por P. vivax, em relagdo aos individuos nao infectados ou
infectados com P. falciparum, corroborando a hipétese de que a presencga de dois
alelos DARC funcionais aumentaria o risco de infeccéao por P. vivax.
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8 ANEXOS

8.1 Anexo 1 - Ceravolo I. P., Sanchez B. A. M., Sousa T. N. , Guerra B. M. , Soares
I. S., Braga E. M. , McHenry A. M. , Adams J. H. , Brito C. F. A. , Carvalho L. H.
(2009). Naturally acquired inhibitory antibodies to Plasmodium vivax Duffy
binding protein are short-lived and allele-specific following a single malaria
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Introduction

Summary

The Duffy binding protein of Plasmodium vivax (DBP) is a critical adhesion
ligand that participates in merozoite invasion of human Duffy-positive
erythrocytes. A small outbreak of P. vivax malaria, in a village located in a
non-malarious area of Brazil, offered us an opportunity to investigate the
DBP immune responses among individuals who had their first and brief
exposure to malaria. Thirty-three individuals participated in the five cross-
sectional surveys, 15 with confirmed P. vivax infection while residing in the
outbreak area (cases) and 18 who had not experienced malaria (non-cases). In
the present study, we found that only 20% (three of 15) of the individuals who
experienced their first P. vivax infection developed an antibody response to
DBP; a secondary boosting can be achieved with a recurrent P. vivax infection.
DNA sequences from primary/recurrent P. vivax samples identified a single
dbp allele among the samples from the outbreak area. To investigate inhibi-
tory antibodies to the ligand domain of the DBP (cysteine-rich region II,
DBPy), we performed in vitro assays with mammalian cells expressing DBPy
sequences which were homologous or not to those from the outbreak isolate.
In non-immune individuals, the results of a 12-month follow-up period pro-
vided evidence that naturally acquired inhibitory antibodies to DBPy are
short-lived and biased towards a specific allele.

Keywords: allele-specific, antibody response, duffy binding protein, malaria,

Plasmodium vivax

presurnably as a mechanism to reduce exposure of DBP
to immune inhibition [16]. Currently, available data on

The Dufty binding protein of Plasmodium vivax (DBP) is a
critical adhesion ligand that participates in merozoite inva-
sion of human Duffy/Duffy antigen receptor for chemokines
(DARC)-positive erythrocytes [1,2]. DBP belongs to a family
of homologous Duffy binding-like erythrocyte binding pro-
teins (DBL-EBP) located within the micronemes of P. vivax
and P knowlesi merozoites [3]. The functional binding
domains of DBL-EBP lie in region II, and for P. vivax the
critical binding residues have been mapped to a central 170-
amino acid stretch that includes cysteines 5-8 [4-6]. The
gene encoding the P. vivax DBP region I1 (DBPy) is highly
polymorphic, and this diversity varies geographically from
region to region [7—13]. The pattern of excessive polymor-
phism is consistent with a high selection pressure on the
DBP gene and suggests that allelic variation functions as a
mechanism of immune evasion [14,15].

Invasive merozoites are believed to sequester microneme
proteins until merozoites contact the target ervthrocyte,

502

humoral immune responses to DBP in human populations
demonstrate that anti-DBP antibodies increase with expo-
sure to P vivax [17-20], and this immune response includes
antibody activity that blocks adherence of DBPy; o its recep-
tor on erythrocytes [18,21]. The same antibodies that block
the DBP—DARC interaction also inhibit P. vivax erythrocyte
invasion [22], which is proof-of-concept that anti-PvDBP
antibodies can inhibit merozoite invasion. Of importance,
children residing in hyperendemic areas for P. vivax develop
anti-DBP inhibitory antibodies that seem to confer protec-
tion against blood-stage infection [23].

As most studies on the DBP antibody response reported
to date have been carried out in areas where malaria is
highly endemic, there is a scarcity of data on the responses
to exposure to a single infection and about the persistence
of this antibody response in the absence of reinfection.
An outbreak of P. vivax malaria, in a village located in a
non-malarious area of Brazil, offered us an opportunity to

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 156; 502-510
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investigate the DBP immune response among individuals
who had their first and brief exposure to malaria. In the
outbreak arca. we hypothesized that a first exposure to P
rivax malaria induces an anti-DBP antibody response that
blocks the interaction between DBP and its receptor on
erythrocyte. To analyse this neutralizing antibody response,
we used an i vitro cytoadherence assay that uses the puta-
tive ligand domain of the DBP (region IT, DBPg} expressed
on the surface of cultivated mammalian cells [18]. To inves-
tigate whether neutralizing antibodies recognize DBPy in a
strain-specific manner, we analysed polymorphisms within
the critical binding motif of P vivax DBPy from the out-
break isolates, and performed inhibition of cytoadherence
assays with DBPy; sequences which are homologous or not
to that from the outbrezk area. In this study, carried out
with non-immune individuals, we provide evidence that
naturally acquired neutralizing antibodies to DBPy can be
strain-specific and are relatively short-lived in the absence
of reinfection,

Materials and methods

The P vivax malaria outbreak

Between April and May 2003, 25 cases of B vivax malaria
were diagnosed for the first time in a small community,
Souza, located 70 km from Belo Horizonte, Minas Gerais
State, a non-endemic area of Brazil [24,25]. Malaria has
never been reported in this arca and the Brazilian endemic
region, the Armazon area, is 2000 km away. According to the
Minas Gerais Department of Health, the source of the infec-
tion wasa man from the community who had returned from
the Amazon, infected by P vivax, in Tanuary 2003, The sub-
sequent ouibreak in Souza began in April 2003, and ento-
mological surveys incriminated the vector Anopheles darlingi
as responsible for local malaria transmission [24]. The first
human malaria case detected in the outbreak area, named
$14, remained at the hospital for about 10 days, until a
malaria diagnosis could be established. Because malaria
infection had never been reported in the outbreak area pre-
viously, the physicians failed to consider malaria on presen-
fation of this patient. Afier the first case, all patients were
treated promptly with chloroquine {1-5 g for 3 days} plus
primaquine (30 mg daily for 7 days}, and a second round of
treatment was given in case of relapses and/or recrudescence
{3-day course of chloroquine and 15-day course of
primaquine}. Control activities also included an active
search for acute malaria by thick blocd smears and outdoor/
indoor spraying of residual insecticide (cypermethrine}
[25]. The outbreak was considered of short duration {50-60
days}, with the last malaria case diagnosed on 21 May 2003;
since then, local/regional Departments of Health have main-
tained entomological and epidemiological surveillance of
the area.

Anti-DBP response following single £ vivax infection

Table 1. Demographic, immunological and genetic data of individuals
who had been enrolled in the study carried out in the Plassnoditen vivax
malzria outbreak area.

Cases Non-cases

Characteristics (n=15) (n=18)
Age, years (mean * s.d.? 3213 4+ i
Antibody response, # (%)

M5P1-19 12 (80%) 0 (0%)

DBPp.1v 3(20%) 0 (04%)
DARC functional alleles, n (45)F

One (Fy*A or Fy*B) & (4005 6 (33%)

Two (Fy*aA andfor Fv*B) 9 (60%) 12 (67%:)

Nane (Fy*BE)® 0 0

*Difterence not significant (=002, P> (-05). Number (%) of
individuals with a positive antibody response at the time of first cross-
sectional survey. *The frequencies of individuals bearing the functional
alleles Fy* A and Fy*B(Fy® and Fy® antigens on erythrocytes respectively)
were similar between cases and non-cases (P> 0-05). *Homozygosis for
the FY*B¥ (ES, erythroid silent) allele abrogates Duffy antigen recepior
for chernokines ( DARC) antigen expression on the erythrocyte surface,
and designates the DARC negative phenotype. DBP, Duffy binding
protein; MSP, merozoite surface protein- 1; s.d., standard deviation,

Volunteers and blood collection

Cross-sectional surveys were carried out after discussions
with the community about the objectives of the project and
its protocols. Individuals who had been infected with P
vivax were enrolled in the study if they met the following
criteria; (i) informed written consent in accordance with
guidelines for human research, as specified by the Brazilian
Mational Council of Health {Resolution 196/96); (ii} resi-
dence in the outbreak area; {iii) a minimum age of 15
years; (iv) if women, an indicator of the absence of preg-
nancy; and {v} a willingness to remain in the outbreak area
during the intervening year. As shown in Table L, a total of
15 individuals met the inclusion criteria {aged 32 * 13
years). We also included relatives and neighbours who were
considered to be exposed to the risk of infection {#=18;
34 * 19 vears). The latter group had had neither symptoms
nor blood parasites by direct examination of Giemsa-
stained thick smears. Of the 33 volunteers, 32 did not recall
ptevious history of malaria, temiporary residence in
malaria-endeniic areas or travel to the endemic area during
their lifetime. A single volunteer with confirmed malaria in
the outbreak atea {51} recalled previous malaria infection,
temporary residence in the endemic (gold-mining) area,
and travelling to the Amazon during the € months preced-
ing the outbreak. We collected 5 ml blood samples {ethyl-
enediamine tetraacetic acid) from all subjecis. At the time
of blood collection, Giemsa-stained thick blood smears
were examined for parasites and nested polymerase chain
reaction (PCR} assays for malaria diagnosis were conducted
later in our laboratory. Blood samples were used to obtain
plasma and for DNA preparation. Three, 6, 9 and 12
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months after the first survey, four other identical cross-
sectional surveys were carried out. The ethical and meth-
odological aspects of this study were approved by the
Ethical Committee of Research on Human Beings from the
Centro de Pesquisas René Rachou/FIOCRUZ (Reports 002/
2002 and 07/2006}, according to the Resolution of the Bra-
zilian Council on Health-CNS 196/96.

Microscopy and Plasmodium diagnosis by nested PCR

Well-trained microscopists examined 200 fields of Giemsa-
stained thick blood smears. DNA was extracted from 300 1l
of individual whole-blood samples by using a genomic DNA
purification kit {Puregene, Genira Systems, Minneapolis,
MN, USA)}, according to the manufacturer’s protocol. Para-
site species identification was performed by nested PCR
amplification of the small subunit ribosomal RNA (185 SSU
rRNA}Y genes, as described previously [26].

The DARC genotyping

Extracted DNA was used to detect the three common alleles
at the FY locus — F¥*A, FY*B, FY*B¥ (s, erythroid silent} —
using real-time PCR with allele-specific primers, essentially
as we have described recently [27].

Recombinant proteins and serological assay

Two recombinant B vivax proteins were used to detect total
immunoglobulin G {IgG} antibodies. The recombinant DBP,
which incudes amino acids 132-771 (regions II-IV,
D3BP v}, was expressed as a soluble glutathione S transferase
{GST) fusion protein of 140 kDa, as described previously
[17,20]. The recombinant protein representing the 19-kDa
C-terminal region of the merozoite surface protein-1 of F.
vivax (MSP1-19), which represents amino acids 1616-1704
of the MSPL of P vivax, has been described elsewhere [28].
To assess Igc antibodies against DBPy v and MSP1-19, an
enzyme-linked immunosorbent assay (ELISA) was carried
out, as described previously [20], with serwmn samples at
1 : 100. For the recombinant proteins DBPy_ry (5 ug/ml} and
MSPL-19(1 pg/ml), the final optical density {OD) at 492 nm
was calculated by subtracting the OD obtained with GST
{antigen control}. The results were expressed as an index of
reactivity {IR = 0Dy, values of test sample divided by the
value of the cut-off). Cat-off points were set at three stan-
dard deviations above the mean OD.s; of sera from 30 indi-
viduals who had never been exposed to malaria. Values of
IR > 1.0 were considered positive,

The P. vivax DBPy amplification and sequencing

Extracted DNA was used as a ternplate in the PCR to amplify
the fragment corresponding to nucleotide positions 870—
1545 {amino acids 290515} of the DBPr, as described previ-

ously [13]. Platinum high Adelity Tag DNA polymerase
{Invitrogen Life Technologies, Carlsbad, CA, USA) was used
in PCR to reduce possible nucleotide mis-incorporation.
Amplicons were purified using the GFX-96 PCR kit
{Amersham Biosciences, Little Chalfont, UK} and sequenced
directly using DYEnamic™ ET dye terminator kit
{Amersham Biosciences) and MegaBace 500 automated DNA
sequencer (Amersham Biosciences). The sequences were
analysed using Bioedit sequence alignment editor (http://
www.mbio.ncsu.edu/BioEdit/bioedit.html} to identify DBPy;
polymorphisms relative to the SAT-1 saquence [29].

The DBP-pEGFP constructs

Region IT of DBP {DBPy;) from a £ vivax laboratory refer-
ence clone (Sal-1) [29] has been subcloned previously into
the pEGFP-NI plasmid {Clontech, Mountain View, CA,
USA}, with a flanking signal sequence from the herpes
simplex virus glycoprotein D1 (HSVgD1} [18]. This targets
expression to the surface of the transfected COS cells as a
green fluorescent protein (GFP} fusion protein. An addi-
tional GFP construct with the DBPy; sequence from the out-
break P vivax isolate was made by subcloning a fragment
corresponding to aa 198-522 of region II into pEGFP—
HSVeD1 plasmid, using primers described previously [30].
Recombinant plasmids were purified by use of an endotoxin-
free plasmid DNA purification system (Qiagen, Valencia, CA,
USA).

COS cell transfection and erythrocyte-binding assays

Recombinant plasmids were transfected into COS-7 cells
{American Type Culture Collection, Manassas, VA, USA}
using lipofectamine and PLUS-reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s protocols. Briefly, COS-7 cells in six-well culture
plates (1-5 x 10° cells/well} were transfected with plasmicds
{0-5 pgfwell}-liposome complexes (5% plus-reagent and
3% lipofectamine} in Dulbecco’s modified Eagle medium
{DMEM; Sigma, St Louis, MO, USA} without serum. After
6 h of cell exposure to DNA-liposome complexes (37°C, 5%
C0O,}, transfection medium was replaced by DMEM with
10% of fetal bovine serum {Gisco-BRL, Gaithersburg, MD,
USA}. At 24 h after transfection, the efficiency of transfec-
tion was assessed by fluorescence; the recombinant protein
expression levels were similat between the Sal-1 and out-
break DBPy variants (data not shown). Forty-eight hours
after transfection, the erythrocyte-binding assays were per-
formed as described previously [21]. For this, anti-serum
was added at 1 : 20 {1 h at 37°C, 5% CO,) followed by incu-
bation with 10% of human O erythrocytes suspension {2 h,
room temperature}, Unbound erythrocytes wete removed by
washing and binding was quantified by counting rosettes
{1020 fields, 200x}. Positive rosettes were defined as adher-
ent erythrocytes covering more than 502 of the cell surface,
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For each aszay, pooled plasma samples from Souza residents,
characterized as non-responders by ELISA, were used as a
negative control (100% binding). The percentage inhibition
was calculated as 100 « (Re — Re)f Re, where Br is the average
of the number of rosettes in the control wells and R¥ is the
average of the number of rosettes in the test wells.

Statistical analysis

Sratistical analysis was performed using the Epi-Info 2002
software (CDC, Atlanta, GA, USA} or MiniTab statistical
softwarza {Minitab Inc., State College, PA, USA). Differences
in means were tested by Student’s ¢ test or one way analysis
of variance. Differences in proportions were evaluated by
Yates’s y? or Fisher’s exact tests. P-values < 0-05 were consid-
ered significant,

Results

Antibody responses to DBPy 1y and MSP1-19 at
enrollment

Thirty-three individuals participated in the five cross-
sectional surveys, 15 with previoudy confirmed P ovivax
infection in the outbreak area (cases} and 18 who had not
expericnced malaria infection {non-cases}). At the first cross-
sectional survey, 20% (threz of 15) of malaria cases had
antibodies to DBPpy {Table 1); in contrast, the MSP1-19
was recognized initially by 80% (12 of 15} of these
individuals. The remaining 18 individuals {non-case} did

€ 2009 British Seciety for Immunology, Clinical and Experimental immurncfogy, 1566; 532-510

not develop a detectable antibody response against either
anti-DBPy_r or anti-MSP1-19. Althouph ‘resistance’ to vivax
malaria would result from the lack of DARC glycoprotein
on red blood cells, none of the individuals studied were
homozygous for the allele F¥*B¥., Therefore, we concluded
that absence of DARC on RBCs was not responsible for
refractoriness to £ vivax infection in this group { Table 1).

Relationship between malaria status and anti-DBP
antibodies during a 12-month follow-up period

Although DBFP was recognized initially by 20%6 of individu-
als who had had a P vivax infection, a secondacy boosting
could be achieved with a new episode of malaria, making
§0% into responders at this time {Fig, 1a). Nevertheless, in
those individuals the frequency of responders decreased a
few months after the clinical attack. By analysing the levels
of anti-DEP antibodies during the 12-month follow-up, we
observed a wide range of antibody responses among study
participants {Fig. 1c}, which made the difference between
groups without statistical significance (recurrent versus no
recurrent infection}. Of interest, during the follow up
period, the levels of anti-DBP antibodies were relatively
higher in a single individual {Fig. 1c, asterisk in cach time-
peint of the follow-up}; this result was not unexpected,
because this patient {514) remained at the hospital for
about 10 days until a malaria diagnosis could be estab-
lished. Despite individual variations, the levels of anti-
DBP decreased markedly within the first 6 months of the
foilow-up.
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Table 2. Variant amino acids in Duffy binding protein (DBPII) from the Plasmodium vivax outbreak isolates, compared with the P. vivax laboratory

reference clone Sal-1.

Codon position

Isolate* 371 384 385 386 4177 424 437 503
Sal-1, reference clone K D E K N L w 1
Outbreak
Primary infection E G K N K I R K
Recurrent infection E G K N K I R K

*Sal-1 sequence, accession number: M61095; outbreak sequence, accession numbers: EU870443-EU870445. 'Grey areas highlight polymorphisms
in DBPy; that compromise efficiency of rabbit anti-DBP serum to inhibit DBPy—Duffy antigen receptor for chemokines (DARC) interaction [7].
Also, analysis of 122 Brazilian P vivax isolates demonstrates that residues 417 and 424 form part of a cluster surrounding the DARC-binding site

{Sousa & PBrito, unpublished results).

Altogether, eight of 15 (53%) malaria cases developed
anti-DBP antibodies during the follow-up period. The
serological response to MSP1-19 was distinctly different
(Fig. 1b). Regardless of the occurrence of a relapse and/or
recrudescence, the MSP1-19 was a relatively highly immu-
nogenic protein for most individuals who had malaria, with
14 of 15 (93%) positives for anti-MSP1-19 IgG antibodies.
However, decreasing levels of antibody reactivity to
MSP1-19 was more evident in the group who did not
develop a recurrent P. vivax infection (Fig. 1d). No one from
the uninfected group (non-cases) developed antibodies
against either anti-DBP or anti-MSP1-19 (data not shown).

Because the antibody response against DBP decreased few
months after the clinical attack, we also investigated antibod-
ies against another P. vivax apical antigen and vaccine can-
didate, the apical membrane antigen-1 (AMA-1) [31]. Our
results demonstrated that although the profile of AMA-1
immune response was similar to that obtained with DBP,
AMA-1 appears to be more immunogenic, with 53% (eight
of 15) of responders at the beginning of the study and with
all individuals converting into responders at the time of a
new episode of malaria (see Supporting information, Fig. 51).
However, the frequencies as well as the levels of anti-AMA-1
antibodies were lower in those individuals who did not
develop a recurrent P. vivax infection (see Supporting infor-
mation, Fig. S1b).

The DBPy polymorphisms and inhibitory activity
of naturally acquired anti-DBP antibodies

To characterize the P. vivax isolates responsible for the
malaria outbreak, we analysed DNA sequences from primary
and recurrent infections and identified a single dbp allele in
the outbreak area (Table 2). This allele differed, at multiple
codons, from the P. vivax laboratory reference clone Sal-1,
including differences in three polymorphic codons (417, 437
and 503) suggested to play a synergistic functional effect on
DBPy; inhibitory binding [7].

To investigate the specificities of the anti-DBP outbreak
plasmas to inhibit the erythrocyte-binding function of the
protein, we performed erythrocyte-binding assays using

COS-7 cells expressing sequences of DBPy which are identi-
cal or not to those of the outbreak isolate. Previously, this
in vitro assay proved to be a suitable alternative tool for the
live-cell invasion inhibition assay [22]. For that, plasma
samples of those eight individuals who had developed con-
ventional anti-DBP antibodies, at any time-point of the
follow-up period, were tested for inhibition of DBP;—-DARC
binding (Fig. 2). Three months after the first malaria attack,
when the majority of responders were detected, seven of
eight individuals had developed inhibitory antibodies
against the homologous DBPy sequence, while sera of two
(S1 and $31) presented inhibitory activity against the heter-
ologous sequence (Fig. 2a). Despite the occurrence of recur-
rent infections, most of these individuals lost their anti-DBP
inhibitory antibody response within 6 months of follow-up.
A single exception was an individual (S1) who had had pre-
vious malaria infection during frequent trips to the malaria-
endemic area, and who developed inhibitory antibodies
against homologous and heterologous DBPy; sequences.
Beyond the frequency of response, the levels of inhibitory
antibodies were also related to the DBPy sequence; the great-
est levels were observed with COS cells expressing the
homologous DBPy; sequence, and no cross-reactivity could
be detected at 1 : 40 sera dilution (Fig. 2b).

Discussion

Naturally occurring antibodies to DBP are prevalent in indi-
viduals living in areas where vivax malaria is endemic
[17,19,20], and these antibodies can block the DBP;—-DARC
interaction [18,21,23] and inhibit P. vivax erythrocyte
invasion [22]. In previous studies, carried out in
malaria-endemic areas, we and others have found strain-
transcendent inhibitory responses to DBPy [21,23].
However, those previous studies could not dismiss the pos-
sibility that DBPy cross-variant inhibitory activity reflected
only an accumulation of antibodies to strain-specific
epitopes. Here, we have examined antibody responses of
non-immune individuals after a brief initial malaria infec-
tion during a malaria outbreak outside the endemic area.
Our study demonstrates that DBP has low immunogenicity
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Fig. 2. Inhibition of Duffy binding protein-Duffy antigen receptor for chemokine (DBP;—DARC) binding by outbreak plasma samples from eight
individuals who developed conventional anti-DBP antibodies during the follow-up period. Erythrocyte binding assays were carried out with COS
cells expressing the outbreak (homologous) or Sal-1 (heterologous) DBPy sequences, and individual samples were grouped according to the
occurrence (522, 525, $31, 537, $39) or not (51, S14, $38) of a recurrent Plasmodium vivax infection. (a) Results of each subject (at 1 : 20 plasma
dilution), at enrollment (time zero), and 3 and 6 months later; values at the bottom of the figure represent the overall frequency of responders for
each cross-sectional survey. (b) Titration of the inhibitory antibody responses against homologous or heterologous DBPy, sequences, using those
seven positive samples from the second cross-sectional survey (3-month follow-up). The x-axis represents antibody titers.

and induces a short-term humoral immune response that is
lost within 6 months of follow-up. In general, this profile of
antibody response is similar to that detected to another
apical P. vivax vaccine candidate, AMA-1, in which the
ELISA positivity rates dropped during the first 9 months
of follow-up (Supporting information). Nevertheless, during
the follow-up period the frequencies of AMA-1 responders
were usually higher than those obtained to DBP, especially
among those individuals with recurrent P. vivax infections.
The possibility that AMA-1 is more immunogenic than DBP
could be explained by those findings demonstrating that
AMA-1 is expressed in both pre-erythrocytic (sporozoite)

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 156: 502-510

and erythrocytic (merozoite) stages of malaria parasites
[32], while DBP is a merozoite-specific protein.

Of importance, single P. vivax exposure appears to induce
an anti-DBP inhibitory response that is biased towards a
specific DBP allele. The longevity of this DBP inhibitory
antibody response is different from that observed among
some asymptomatic children residing in a P. vivax hyperen-
demic area [23], in which the anti-DBP inhibitory antibody
response was remarkably stable over the I12-month
follow-up period. Together, these findings suggest that vac-
cines based on DBPy should consider short-term antibody
responses in non-immune individuals.
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The poorer, unstable antibody responses against DBEP
during the outbreak follow-up period is in contrast to the
stronger, stable response to MSP1-19, which is 2 much more
abundant blood-stage molecule than DBP. Regardless of the
presence of recurrent P vivax infections, the frequency of
responders to MSP1-1% was similar at all five time-points,
albeit at a lower magnitude in those without recurrent 2
vivax infections, as described previously [33]. This longer-
term stability of antibodies against P vivax MSP1 has been
well documented [34,35], including its persistence for 30
vears after malaria exposure [36]. In none of the study indi-
viduals did the absence of DARC on erythrocytes play a role
in the anti-DBP or anti-MSP1-19 responses.

In the Souza community, where the outbreak occurred,
the period of malaria transmission was short {approximately
50 days), being interrupted by treatment of all patients with
anti-malarial drugs {chloroquine and primaquine) and the
comprehensive spraying of residual insecticide [25]. Consid-
ering that the control intervention of the outbreak was so
thorough, the origin of the second attack of P. vivax in five
individuals, about 2 months after the first malaria episode, is
unclear, Typically, these infections may have had two origins:
{i} a recrudescence originating from asexual blood-stage
parasites that survived drug treatment: or {ii) a relapse
arising from the dormant liver stages, hypnozoites [37]. The
recurrences for the B vivax appear to be more probably
relapses, as treatment regimens used in the outbreak area
were effective in clearing parasitaemias and there was a long
period until the blood-stage infections reappeared. To
analyse whether the isolate causing the secondary attack was
genetically different from the isolate of initial infections, we
compared DNA sequences from primary and recurrent F.
vivax infections. Molecular analysis demonstrated that a
single dbp allele was detected in the outbreak area {GenBank
Accession numbars: EU870443-EU870445). The dbp out-
break allele belongs to allelic family VII, one of the cight
DBPy variant families identified in a preliminary analysis of
40 P. vivax Brazilian isolates [13].

Although the activation of heterologous hypnozoite
populations seems to be the most common cause of relapse
in patients with vivax malaria [38,39], the presence of a
single dbp outbreak allele is consistent with either a relapse
or a recrudescence. In contrast to previous studies in Asia,
the B vivax transmission in the outbreak area originated
from a single patient who had had a B vivax relapse after
returning from the Amazon area [24,25], In fact, our results
are similar to a previous study of P vivax relapses in Brazil
which demonstrated, using the MSP1 molecule as a genetic
marker, that parasites from the primary attack were identical
to those in relapses [40].

An important finding of our study is the discovery of how
parasite genetic diversity relates to naturally acquired neu-
tralizing antibodies against DBP. The results demonstrated
that the phylogeneticaliy distant Sal-1 variant was signifi-
cantly less sensitive to immune inhibition of its DARC

binding activity than was the homologous effect against the
DBP; allele of the outbreak variant. Significant antibody
cross-reactivity was observed in a single individual {81}, a
result which was attributed to past cured infections in a
gold-mine worker who had a history of previous malaria
illnesses in a malaria-endemic area. Although it Is not pos-
sible at this time to characterize the fine specificity of the
inhibitory anti-DBP antibodies, these data demonstrate that
variation in few polymorphic residuss compromising the
inhibitory efficacy of these antibodies. Further work will be
necessary to identify the main epitopes recognized by natu-
rally acquired antibodies to DBP in humans.

Altogether, our results indicate that polymorphisms
change DBP antigenic character and can compromise
immune inhibition, as suggested previously using rabbit
immune sera [7]. Of importance, the outbreak and Sal-1
aileles do not share the trio of polymorphic residues (at
codons 417, 437 and 503) shown to collectively alter sensi-
tivity to inhibitory antibodies. Overall, these results point
towards strain specificity in the natural immune response
against DBP. Consistent with this hypothesis, the only indi-
viduals in the Amazon area who were observed previously to
acquire anti-DBP antibodies that inhibit binding of different
DBP; variants to erythrocytes were people who had had
long-term exposure [21]. Consequently, it is not surprising
that only 9% of asymptomatic children residing in a £ vivax
hyperendemic area had acquired a significant anti-DBP
inhibitory antibody response that transcended strain-
specificity [23].

Even though the current data demonstrate that individu-
als exposed briefly to P vivax developed anti-DEP antibodies
which exert a receptor-blocking effect, the magnitude of the
inhibitory antibody response was very low compared with
that from individuals with long-term exposure to malaria; in
the outbreak area. inhibitory activity was achieved with
immune sera diluted up to 1: 80, whereas in the Amazon
endemic area inhibitory antibodies could still be detected at
al: 1280 sera dilution [21]. It is possible that the low levels
of immune response in the outbreak area could be due to the
short and brief exposure to parasite blood stages. In fact, in
this area, a secondary antibody boost was achieved with a
recurrent P vivax infection. Also, our previous data in the
Armazon area indicate accurmnulative exposure 1o P vivax as
the strongest predictor of the presence of anti-DBP antibod-
ies [21]. None the less, it is currently undlear how effective
such natural antibody responses may be in preventing
discase in this population. A long-term prospective study in
a non-immune population is needed to determine the pro-
tective nature of the inhibitory anti-DEPy antibodies in
terms of anti-disease immunity.

Recently, it has been predicted that the hypervariable
region of DBPy is located on sites remote from the DARC
binding site, implying that polymorphism cannot alter the
capacity of the protein to bind DARC-positive erythrocytes
[41,42]. Another line of evidence suggests that those few
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polymorphic residues surrounding the DARC binding
domain might elude binding of inhibitory antibody [7,16].
The second model seems to explain why antibodies 1o DEP
can inhibit reticulocyte invasion by B vivax effectively [22].
The results presented here provide strong evidence that the
DARC and antibody binding sites have sufficient overlap for
antibodies to inhibit binding and provide support for the
role of allelic diversity in anti-DBP immune responses.
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Fig. 81. Antibody responses o lhe apical membrane
antigen-1 {AMA-1} among individuals who had confirmed
Plasmodium vivax infection in the outbreak area, and devel-
oped {n=5) or not {n = 10) recurrent P. vivax intections (1}
during the 12-month follow-up pericd. {a} The percentage
of responders to AMA-1, as detected by enzyme-linked
immunosorient assay {ELISAJ: {b) box-plot representations
of sera reactivity; sera reactivity were cxpressed as index of
reactivity (IR} at 492 nm, IR > 1 being considered positive.
Box-plots: solid line across the box is the median, and the
25th and 75th percentiles were represented by the bottom
and the top of ecach box respectively. The recombinant
protein AMA-1 was produced as described previously [31].
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Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matematica

Baixar livros de Medicina

Baixar livros de Medicina Veterinaria
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC

Baixar livros Multidisciplinar

Baixar livros de Musica

Baixar livros de Psicologia

Baixar livros de Quimica

Baixar livros de Saude Coletiva
Baixar livros de Servico Social
Baixar livros de Sociologia

Baixar livros de Teologia

Baixar livros de Trabalho

Baixar livros de Turismo
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