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RESUMO

O presente estudo avaliou a resposta de anticorpos contra diferentes
antigenos de merozoito e esporozoito de Plasmodium vivax, relacionando com as
variantes da porcdo repetitiva do dominio central do gene da Proteina
Circunsporozoitica (CSP) do parasito (VK210, VK247 e P. vivax-like) e com os
polimorfismos do HLA-DRB1 no hospedeiro humano. A resposta de anticorpos foi
avaliada para peptideos das regides conservadas e centrais variaveis da CSP, da porcao
N-terminal da Proteina de Superficie do Merozoito 1-MSP1 (Pv200L), e recombinante
do Antigeno 1 de Membrana Apical (AMA-1) e a Proteina de ligacdo ao Duffy (DBP)
por ELISA, em amostras de plasma de pacientes naturalmente infectados com P.
vivax. Inicialmente nos avaliamos a distribuicdo destas variantes da CSP em cinco
diferentes &reas da Amazonia a fim de entender sua atual dindmica de transmisséo. A
variante VK210 continua sendo a mais prevalente em todas as areas estudadas. No
entanto, pela primeira vez documentamos a presenca das variantes VK247 e P. vivax-
like como infecgbes simples na Amazonia brasileira evidenciando um novo perfil
distribuicdo destas, 0 que possa sugerir um processo de adaptacdo das mesmas.
Quando comparamos a resposta de anticorpos e a infeccdo pelas variantes de P. vivax,
ndo foram observadas associagcdes significativas entre a presenca de determinada
variante da CSP e a frequiéncia de resposta de anticorpos contra os trés peptideos do
merozoito analisados, MSP1 (Pv200L), AMA-1 e DBP e nem contra as fragdes
conservadas da CSP no esporozito, N-terminal [N] e C-terminal [C]. A falta de
associagdes significativas entre resposta sorologica contra esses peptideos fornece
informagGes promissoras quanto a utilizacdo destes antigenos para o desenvolvimento
de uma vacina contra maléria. Todavia, a variacdo na porcdo central da CSP deve ser
considerada para utilizacdo desta regido como imundgeno, uma vez que a resposta de
anticorpos parece ser variante especifica. Com o intuito de avaliar a influéncia dos
polimorfismos relacionados a resposta imunoldgica do hospedeiro humano nos niveis
de anticorpos contra Pv200L, AMA-1 e DBP nds analisamos a frequiéncia alélica do
HLA-DRB-1 pelo método de PCR-SSP, em amostras de individuos infectados com P.
vivax e de doadores de sangue ndo malaricos provenientes das mesmas areas
endémicas de malaria no Brasil. Observou-se significativa maior freqtiéncia do alelo
HLA-DRB1*07 entre o grupo de individuos maléricos e este dado reforga descri¢do
prévia da literatura de perfil de susceptibilidade a doenca na presenga deste alelo. Uma
associacdo positiva foi observada entre altos niveis de anticorpos anti-Pv200L e o
alelo HLA-DRB1*03, a qual ndo parece estar relacionada a exposicdo a malaria, o que
nos leva a sugerir que, na amostra estudada, 0 HLA-DRB1 possa estar influenciando os
niveis de anticorpos para MSP-1 (Pv200L), mas ndo para AMA-1 e DBP. Nossos
dados discutem a interacdo parasito-hospedeiro na maléria por P. vivax e oferecem
novas informagdes sobre moléculas candidatas a vacina em populagdes brasileiras
naturalmente expostas a malaria.

Palavras-chave:  Maléria, Plasmodium vivax, Variantes da Proteina
Circunsporozoitica, Resposta de Anticorpos, HLA classe II.



ABSTRACT

The present study evaluated the antibody response against
merozoite and sporozoite antigens of Plasmodium vivax and its relationship with
the variants of the repetitive central region of the gene for Circunsporozoite
protein (CSP) in parasite (VK210, VK247 and P. vivax-like) and, with the HLA-
DRBL1 polymorphisms in human host. The antibody response to synthetic peptides
of the CSP conserved and variable regions and of the N-terminal portion of
Merozoite surface protein - MSP1 (Pv200L), and, to recombinants peptides of the
Apical Membrane Antige 1 (AMA-1) and of the Duffy Binding Protein (DBP) was
evaluable by ELISA in plasma samples of malaria patients naturally infected with
P. vivax. Firstly, we evaluated the CSP variants distribution among five different
areas from Brazilian Amazon, in order to understand their current dynamic of
transmissions. VK210 variant remains the most prevalent in all study areas.
However, it is the first detection of VK247 e P. vivax-like variants as simple
infection in the Brazilian Amazon, showing a new distribution profile, which may
suggest an adaptation process of them. When comparing the antibody response
and infection by variants of P. vivax, there were no significant associations
between the presence of particular CSP variant and the frequency of antibody
response against all three merozoite peptides analyzed, MSP1 (Pv200L), AMA-1,
DBP and against the CSP conserved fractions in the sporozoite, N-terminal and
C-terminal. The lack of significant associations among immune response against
these peptides provides promising information regarding the use of these antigens
for malaria vaccine development. On the other hand, the central variability of
CSP should be considered to employment of this region as an immunogen, since
the antibody response appears to be variant-specific. In order to evaluate the
polymorphisms influence of the human immune response in the antibody levels
against Pv200L, AMA-1 and DBP, the HLA-DRB1 allele frequencies were
evaluated by PCR-SSP method in plasma samples of P. vivax infected individuals
and blood donors non-malaric from the same malaria endemic areas of Brazil.
Differences were observed in HLA-DRB1*07 frequencies between malaric and
non-malaric groups reinforcing the previous description in the literature of a
malaria susceptibility profile in this allele presence. A positive association was
observed between the highest antibody levels to Pv200L and the presence of HLA-
DRB1*03, that does not seem to be related with the malaria exposure. So, we
could suggest that in the sample studied, HLA-DRB1 alleles can influence
antibody levels to MSP-1 (Pv200L) but not to AMA-1 and to DBP. Finally, our
data argue the host-parasite interaction in malaria by P. vivax and offer new
information on the vaccine candidate molecules in Brazilian populations
naturally exposed to malaria.

Key-words: Malaria, Plasmodium vivax, Circumsporozoite Protein Variants,
Antibody Response, HLA class 11
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1. INTRODUCAO GERAL

1.1 Maléaria — Aspectos da biologia e epidemiologia

A malaria ou paludismo é uma doenca parasitaria causada por
protozoarios do género Plasmodium, transmitida por mosquitos fémeas do género
Anopheles a diferentes hospedeiros vertebrados incluindo aves, répteis e
mamiferos. Estes parasitos pertencem ao Reino Protista, Filo Apicomplexa,
Classe Sporozoea, Ordem Hemosporidiida, Familia Plasmodiidae e Género
Plasmodium. Existem cinco espécies de Plasmodium reconhecidas como parasitos
naturais do homem: Plasmodium falciparum, Plasmodium vivax, Plasmodium
malariae, Plasmodium ovale e Plasmodium knowlesi, porém somente as trés
primeiras ocorrem no Brasil (COX-SINGH, et al., 2008; WHITE, 2008). Dentre
essas especies, P. falciparum e P. vivax sdo as mais prevalentes no mundo, sendo
o P. falciparum considerado a espéecie de maior impacto devido aos altos niveis de
mortalidade, resisténcia a drogas antimalaricas e, dominancia no continente
africano. Entretanto, a infecgé@o debilitante por P. vivax tem causado um profundo
impacto na salde puablica, na longevidade e, na prosperidade de grande parte da
populacdo humana (MENDIS et al., 2001).

Os dados disponiveis sobre a ocorréncia de maléria, em todo o
mundo, sdo bastante imprecisos. No entanto, todas as estimativas sdo muito
elevadas (CARTER e MENDIS, 2002; SNOW et al, 2005). Segundo a
Organizacdo Mundial da Saude, a malaria é responsavel por 300 a 500 milhdes de
novas infecgdes com 1,5 a 3 milhGes de mortes por ano no mundo inteiro (WHO,
2008). Ainda que tenha sido descrito ha mais de cento e vinte anos, o parasito da
malaria tem resistido a todas as formas de controle empregadas até hoje (WHO,
2004; GOOD et al., 2005) e a malaria continua exercendo formidavel impacto
econdbmico e social nas diversas areas tropicais do planeta. Segundo a
Organizacdo Mundial de Saude, 109 paises e territorios possuem areas de risco de
malaria, sendo que estas atingem exatamente as regibes mais pobres do globo, o

que a torna parte integrante do circulo vicioso pobreza-doenca-pobreza. Apesar
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dos esforcos das autoridades mundiais em saltde no sentido de controlar a doenga,
ela continua em franca expansdo, principalmente como consequéncia do aumento
das migracdes humanas desordenadas. Ainda, em face do fenémeno do
aquecimento global, a malaria é hoje considerada uma doenca com possibilidade
de reemergir em areas de onde ja foi erradicada ou onde é controlada. Embora a
grande maioria das mortes causadas por malaria ocorra na Africa, a doenca
encontra-se amplamente distribuida na América Latina, Sudeste Asiatico e
Oceania. Nas Américas, a transmissao ocorre em 22 paises, estimando-se que 137
milhdes de pessoas vivem em areas com distinta intensidade de transmisséo, ja
que diferem em caracteristicas sociais, econdémicas e ecologicas. No ano de 2006
foram registrados aproximadamente um milhdo de casos de malaria nas Américas,
e 0 pais com maior contingente de casos notificados foi o Brasil (52,7%), seguido
pela Bolivia (20,0%) e Colémbia (11,5%) (WHO, 2008).

A transmissdo da malaria em &reas brasileiras caracteriza-se
como hipo a mesoendémica, de transmisséo instavel com flutuagbes sazonais
anuais (CAMARGO et al., 1996; COURA et al., 2006). A incidéncia da doenca
persiste praticamente restrita a Regido Amazonica, com mais de 99% dos casos
(SIVEP, 2008), sendo registrados na regido Norte, nos Estados do Parj,
Amazonas, Ronddnia, Acre, Amapda, e Tocantins, parte da regido Centro-Oeste,
no Estado do Mato Grosso, e na regido Nordeste no Estado do Maranhdo,
totalizando 807 municipios endémicos. Na década de 80 a incidéncia da malaria
no Brasil esteve em ascensdo, atingindo em 1999, aproximadamente 637.000
casos. Nos Ultimos anos, devido principalmente aos programas de controle
governamentais, houve um declinio da incidéncia da doencga e, no ano de 2009,
foram registrados 306.908 casos de malaria, sendo que 99,8% forma originarios
da Amazodnica. (MINISTERIO DA SAUDE, 2011). Apesar de endémica da
malaria ndo ocorre uniformemente em toda regido, uma vez que se observam
localidades com diferentes niveis de transmissdo da doenca (MINISTERIO DA
SAUDE, 2009) (Figura 1). Na Regido Extra-Amaz6nica, tém sido registrados
surtos de malaria cada vez mais freqlientes decorrentes da introducdo da doenca

por migrantes infectados oriundos das areas de transmissdo. Esse quadro é



Introducéo -19 -

preocupante uma vez que toda a Regido Extra-Amazdnica é receptiva para
transmissdo de malaria e os servicos de vigilancia em saide de alguns municipios
sdo carentes de estrutura adequada para enfrentar o problema. Outro desafio que
se imple para os programas de controle é a eliminacdo de casos autdctones
esporadicos que ocorrem em areas focais restritas desta regido. Tais casos estdo
localizados nas margens do lago da reserva hidrelétrica de Itaipu, em areas
cobertas pela Mata Atlantica nos Estados do Espirito Santo, Rio de Janeiro, Sdo
Paulo e Bahia (MINISTERIO DA SAUDE, 2009).

Figura 1 — Classificacdo das areas de transmissdo da malaria no Brasil segundo o

indice parasitario anual (IPA) nos anos de 2000 e 2008. O IPA corresponde ao
namero de casos / mil habitantes; Baixo IPA: <10 casos, Médio IPA: 10 a 49,9
casos e Alto IPA: >50 casos. (Ministério da Saude/Secretéaria de Vigilancia em
Saude, 2009. Adaptado de OLIVEIRA-FERREIRA et al., 2010).

1.2 Importancia da malaria vivax

As infecgBes causadas por P. vivax sdo responsaveis por cerca
de 80 milhdes de casos anuais de malaria, especialmente na América Latina, Asia
e Oceania (WHO, 2008). Embora a distribuicdo dos parasitos da malaria seja
ampla, observou-se que durante os Ultimos sete anos, as infec¢des causadas por P.

vivax tém alcancado mais de 80% dos casos de malaria na regido amazénica
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brasileira (SECRETARIA DE VIGILANCIA EM SAUDE, 2009). A habilidade
deste parasito para completar seu ciclo esporogbnico a uma temperatura abaixo de
16°C, quando comparada com 21°C do P. falciparum, contribuiu substancialmente
para seu sucesso no estabelecimento de focos estaveis de transmissdo em zonas
temperadas (CUI et al., 2003).

Nos ultimos trinta anos, a resisténcia dos parasitos da malaria a
cloroquina tem sido restrita ao P. falciparum, sendo que esta droga ainda se
apresenta como a melhor escolha para profilaxia e tratamento de infecgdes
causadas por P. viviax (BALDASSARE et al., 1991). A primeira evidéncia de
que o P. vivax estava desenvolvendo resisténcia a cloroquina foi reportada em
Paplia Nova Guiné por Rieckmann et al. (1989). A partir dai, a reducdo na
suscetibilidade a cloroquina tem sido observada em amostras das Ilhas Salomao
(WHITBY et al.,, 1989), Papua Nova Guiné (SCHURRKAMP et al., 1992;
MURPHY et al, 1993), india (GARG et al, 1995), Asia
(PUKRITTAYAKAMEE et al., 2000) e, no Brasil (ALECRIM et al., 1999).

Diferentemente do P. falciparum, a infeccdo por P. vivax
raramente leva a quadros letais. Entretanto, a prostracdo constante causada pela
sua infeccdo ndo pode ser considerada benigna, sendo causa importante de
morbidade e perdas sécio-econdmicas (COURA et al., 2006; CUI et al., 2003).
Além disso, ao contrério do P. falciparum, que pode ser facilmente cultivado in
vitro, o cultivo de P. vivax ainda é restrito a poucos laboratérios, o que dificulta os
estudos sobre os mecanismos imunoldgicos que operam durante este tipo de
infeccdo (GOLENDA et al., 1997).

1.3 Ciclo de bioldgico do P. vivax

O ciclo de vida do Plasmodium spp (Figura 2) é constituido por
uma fase sexuada exdgena (esporogdnica), durante a qual ocorre a multiplicacéo
dos parasitos nos mosquitos do género Anopheles (hospedeiro definitivo) e uma

fase assexuada enddgena (esquizogbnica), onde ocorre a multiplicagdo no humano
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(hospedeiro intermediario); esta fase ocorre em células parenquimatosas do figado

(esquizogonia hepatica) ou nos eritrdcitos (esquizogonia eritrocitaria).

Figura 2 - Ciclo biolégico de Plasmodium spp. Adaptado de:
[http://www.med.sc.edu:85/parasitology/blood-prot.htm

A infeccdo inicia-se durante o repasto sanguineo do mosquito
fémea infectado, este inocula, juntamente com a saliva, esporozoitos na corrente
sanguinea (1). Os esporozoitos invadem os hepatdcitos (2), onde crescem e se
multiplicam, diferenciando-se em esquizontes hepaticos (3). A esta fase chama-se
esquizogonia hepatica (A); a sua duracdo depende da espécie de Plasmodium. No

ciclo de vida do P. vivax e do P. ovale os esporozoitos podem originar
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hipnozoitos, que permanecem no hepatédcito em um estado dormente, durante o
qual ndo se dividem, desenvolvendo-se meses ou anos mais tarde. No ciclo do P.
falciparum e do P. malariae, inicia-se de imediato a maturacdo dos esquizontes
hepéaticos da qual resultam os merozoitos hepaticos que séo liberados para a
corrente sanguinea por lise dos hepatdcitos (4) com consequente invasao dos
eritrocitos. Apds esta invasdo (5), inicia-se a esquizogonia eritrocitaria (B), na
qual os merozoitos se diferenciam em trofozoitos e estes por divisdes sucessivas
ddo origem aos esquizontes eritrocitarios. Apos lise do eritrécito parasitado, sdo
liberados novos merozoitos na corrente sanguinea (6), com invasdo ciclica de
novos eritrécitos e sintomatologia febril associada a referida lise celular. Alguns
merozoitos, apds invasdo dos eritrocitos, ndo evoluem para esquizontes, mas
diferenciam-se nas formas sexuadas do parasito (7), os gametocitos feminino e
masculino. Estes, em fase de maturacdo, se e quando ingeridos pela fémea do
mosquito durante o repasto sangliineo (8), desenvolvem-se no seu estdmago,
dando origem, a macrogametas e microgametas (4 a 8 microgametas flagelados)
que apos fertilizacdo déo inicio ao ciclo esporogdnico (C). O zigoto formado (9)
evolui para oocineto (10) movel, que invade o espago entre as células epiteliais da
parede do estdmago do mosquito, fixando-se e originando o oocisto (11). Aqui,
por mitoses sucessivas, resultam indmeros parasitas individuais e alongados
denominados esporozoitos (12), que ap6s um periodo de maturacdo e por ruptura
do oocisto, invadem a cavidade corporal do mosquito e migram para as suas
glandulas salivares, acumulando-se nos ductos salivares e tornando-se infectantes.
Quando o mosquito infectado faz nova refei¢do sanguinea (1), 0s esporozoitos séo
inoculados podendo comegar uma nova infec¢cdo no hospedeiro vertebrado.

1.4 Proteina Circunsporozoitica — As variantes do P. vivax

O esporozoito ¢é a forma infectante do Plasmodium, inoculado a

partir da glandula salivar do vetor em seu repasto hematofagico. Por ser a primeira
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forma a entrar em contato com o sistema imune do hospedeiro, este atraiu a
atencdo dos cientistas envolvidos na tentativa de desenvolver vacinas
antimalaricas. A estrutura da proteina majoritaria que recobre a superficie do
esporozoito do Plasmodium vivax foi caracterizada em 1985 (ARNOT et al.,
1985). Por recobrir sua superficie recebeu 0 nome de proteina circunsporozoitica
ou, de forma abreviada, CSP.

O gene CS (Figura 2) apresenta um dominio central formado por
nucleotideos repetidos de forma seqiienciada que sdo flanqueados por duas
regides ndo repetitivas nas extremidades 3’ ¢ 5° do gene. Estes dois segmentos se
mantém altamente conservados nas diferentes espécies de plasmodios e sdo
denominados regido I (RI) que segue na dire¢cdo amino-terminal e a regido Il (RII)
a 54 amino&cidos da direcdo carboxi-terminal da proteina (DE LA CRUZ et al.,
1988). Esta proteina é constituida por 373 amino&cidos, contendo uma regiéo
central de 19 sequéncias repetidas constituidas pelo nonapeptideo Asp-Arg-Ala-
Asp/Ala-Gly-GIn-Pro-Ala-Gly (DRAD/AGQPAG). Um aspecto interessante desta
proteina é sua homologia com a CSP de P. cynomolgi e P. knowlesi, dois parasitos
cujos hospedeiros sdo simios, por outro lado, a homologia de seqiiéncia com a
CSP de outro parasito humano, o P. falciparum, é baixa (ARNOT et al., 1985).

RI RC ri RII
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Figura 2 — Estrutura do gene CS de P. vivax, com duas regides terminais nao
repetidas altamente conservadas (Rl e RII); um dominio central repetido (RC),
com um numero variavel de repetices seqiienciais e, uma regido curta de insercéo
(ri). Na RC indicada acima séo ilustradas as variagdes peptidicas da proteina. De
acordo com Qari et al. (1993a).
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Posteriormente, novos estudos revelaram que a sequiéncia desta
proteina ndo estava conservada em todos isolados de P. vivax. Na Tailandia,
esporozoitos obtidos da glandula salivar de mosquitos cujo repasto havia sido
realizado no sangue periférico de individuos infectados com P. vivax ndo eram
reconhecidos por anticorpos especificos pela técnica de Ensaio de imunoabsorc¢éo-
enzimatica ou “Enzyme Immunosorbent Assay” (ELISA). Esta auséncia de
reatividade ocorreu em 14% dos casos humanos avaliados. Esta proteina variante
tem 17 seqléncias repetidas de um nonapeptideo diferente: Ala-Asn-Gly-Ala-
Gly/Asp-Asn/Asp-GIn-Pro-Gly (ANGA(G/D)(N/D)QPG) ((ROSENBERG et al.,
1989) e foi denominada de VK247. Mais tarde, novos estudos revelaram que o
namero de repetices na porcdo repetida da CSP, tanto de P. vivax classico
(VK210) quanto de VK247, ndo e constante, variando entre 15 e 21 repeticdes
(MANN et al., 1995; LIM et al., 2001; KIM et al., 2002).

Qari et al. (1993a) avaliando a identidade de oito isolados de P.
vivax de Papua Nova Guiné relataram a existéncia de uma nova variante,
denominada P. vivax-like. O sequienciamento da CSP revelou 16 cépias da
sequéncia repetida APGANQEGGAA (QARI et al., 1993b). Um fato a se destacar
é que a seqliéncia do gene desta proteina é praticamente idéntica a CSP do P.
simiovale, um parasito originalmente identificado em macacos do Sri Lanka
(Macaca sinica) que, por sua vez, € semelhante morfologicamente a outro parasito
de malaria humana, o P. ovale (QARI et al., 1993a; ESCALANTE et al., 1995). A
homologia com P.vivax classico e com a VK247, entretanto, era de apenas 83%
(QARI et al., 1993a). Devido a estas evidéncias, alguns autores acreditam que esta

variante possa ser uma espécie diferente de Plasmodium.

1.5 Distribuicéo das variantes do Plasmodium vivax

Diversos estudos foram realizados com o intuito de avaliar a
distribuicdo global das variantes do Plasmodium vivax. O genotipo VK247 foi

encontrado em areas endémicas da Tailandia (WIRTZ et al., 1990; KAIN et al.,
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1992, 1993a, 1993b), na América do Sul, Africa (KAIN et al., 1991; GONZALEZ
et al., 2001), México e Afeganistdo (KAIN et al., 1992; RODRIGUEZ et al.,
2000). Qari et al. (1993b) evidenciaram a ampla distribuicdo da variante P. vivax-
like analisando amostras de sangue oriundas de regides geograficas distantes
como Papua Nova Guiné, Brasil, Indonésia e Madagascar.

A presenca de anticorpos contra a CSP atesta a ocorréncia de
inoculacdo das formas infectantes pelos mosquitos. Estudos soroldgicos
evidenciaram a presenca de anticorpos contra peptideos sintéticos confeccionados
a partir da sequéncia repetida do P. vivax-like em 33% de 80 soros de Papua Nova
Guiné e em 24% de 156 soros do Brasil (QARI et al.,, 1993b). Em areas
brasileiras, foram identificadas as trés variantes em amostras de sangue de
habitantes do Estado de S&o Paulo (CURADO et al., 1995) e de comunidades
indigenas da Amazonia brasileira (ARRUDA et al., 1996, 1998). Oliveira-Ferreira
et al. (2004) também confirmaram a presenca destes anticorpos em individuos
provenientes de Candeia do Jamari no Estado de Rondénia.

Através do diagnostico molecular do gene CS de P. vivax,
estudos prévios confirmaram a presenca das trés variantes em nosso pais a partir
de amostras dos Estados de Rond6nia, Amapa e do Para, mostrando que a variante
VK210 pode ser encontrada em infecgdes simples e em concomitancia com as
outras duas variantes, enquanto a VK247 e a P. vivax-like foram detectadas
apenas em infecgdes mistas (MACHADO e POVOA, 2000; MACHADO et al.,
2003).

A regido repetida da CSP tem sido utilizada também para
identificar espécies de plasmddios em anofelinos em &reas remanescentes de Mata
Atlantica do Estado de S&o Paulo (BRANQUINHO et al., 1997) e, no Estado do
Acre (MARRELLI et al.,, 1998). Em areas endémicas do México, Gonzales-
Ceron et al. (1999) observaram a suscetibilidade do Anopheles
pseudopunctipennis e Anopheles albimanus a infeccOes determinadas pelos
genotipos VK210 e VK247, respectivamente. Interessantemente, no Para, estudos
reportaram diferencas na infectividade dos anofelinos as variantes, indicando que

0 Anopheles darlingi € mais suscetivel a infeccdo por VK210 (DA SILVA et al.,



Introducéo -26 -

2006). Estes achados podem ser conseqiiéncia da emergéncia deste genotipo em
regibes geograficas especificas ou podem sugerir que a variante VK210 possa
estar mais adaptada no Brasil (MACHADO e POVOA, 2000).

Diante do aumento da resisténcia a cloroquina, Kain et al. (1993a)
observaram variacdes na resposta a essa droga dependendo do gendtipo de P.
vivax, mostrando que infec¢bes com o genotipo VK210 e infecges mistas com
VK247 levam mais tempo para negativar a parasitemia do que as amostras de
infeccdo pura. Por outro lado, Machado et al. (2003) verificaram que infeccbes
mistas com a VK247 ou com a P. vivax-like levam um tempo menor para a
negativacdo parasitaria do que infec¢bes que contém o tipo variante VK210, em

amostras provenientes de Belém, no Estado do Para.

1.6 Antigenos candidatos a vacina

Apesar de décadas de pesquisas e promessas, ainda ndo ha uma
vacina efetiva disponivel para maléria. As dificuldades apresentadas para o seu
desenvolvimento estdo relacionadas aos multiplos estagios do ciclo de vida e
nimero elevado de genes do parasito que apresentam uma diversidade de
antigenos em potencial (BEENSON & CRABB, 2007). O sucesso de uma vacina
contra a malaria deve estar relacionado & intervencdo imunoldgica no
desenvolvimento do parasito no hospedeiro humano ou no mosquito vetor. Com o
objetivo de garantir salde e qualidade de vida a mais de 1 bilhdo de pessoas em
todo o mundo, vérios esforcos tém sido direcionados para a identificacdo e
caracterizagdo antigénica de diferentes antigenos de P. vivax. A habilidade do
parasito da malaria de reconhecer e, entdo invadir os eritrocitos, é fundamental
para 0 processo da doenca, antigenos localizados na superficie do parasito ou
especificamente em organelas apicais do merozoito tém sido caracterizados como
alvo para protecdo ou como possivel vacina contra malaria (MILLER et al., 2002).
Dentre estes, destacam-se antigenos pré-eritrociticos como a CSP (VILAI et al.,

2004), proteinas de estagio sanguineo como proteina de superficie do merozoito 1
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(MSP-1) (ZEYREK et al., 2008; BARBEDO et al., 2007), a Proteina de Ligacao
ao antigeno Duffy (DBP), presente na superficie da célula hospedeira
(BARBEDO et al., 2007;  AREVALO-HERRERA et al., 2005) e o0 Antigeno 1
de Membrana Apical (AMA1) (BARBEDO et al., 2007; LALITHA et al., 2008) e

O papel crucial que a resposta imune humoral desempenha na
protecdo contra a infeccdo pelos esporozoitos ja foi amplamente descrito.
Anticorpos monoclonais direcionados contra a regido repetitiva do maior antigeno
de superficie do esporozoito, a CSP, podem bloquear a invasdo da célula
hospedeira e passivelmente conferir imunidade (VANDERBERG et al., 1969;
POTOENJAK et al., 1980). Atualmente, varios autores tém considerado a CSP de
P. vivax como o maior alvo para o desenvolvimento de vacinas recombinantes,
uma vez que peptideos sinteticos construidos a partir desta proteina induzem altos
niveis de resposta imune humoral e produzem anticorpos que exibem a mesma
especificidade gerada em infeccBes naturais (AREVALO-HERRERA e
HERRERA, 2001; HERRERA et al., 2005; RODRIGUES et al., 2005; BEESON
et al., 2007; PENNY et al., 2008; KING et al., 2008).

Diferentes segmentos recombinantes derivados da proteina de
superficie do merozoito (MSP) tém sido avaliados quanto ao potencial de
estimular resposta soroldgica. Trabalhos com dois polipeptideos recombinantes,
rPvMSP1;4 e rPvMSP1,, mostraram que esses fragmentos foram capazes de
estimular a producdo de anticorpos contra a proteina MSP, entretanto o
rPvMSP1,, apresentou maiores niveis de resposta (BARRETO et al., 2005).
Valderrama-Aguirre et al. (2005) observaram que 52,2% dos individuos
previamente expostos ao P. vivax e 72,8% dos infectados com P. vivax
desenvolveram anticorpos contra um fragmento N-terminal da MSP1 denominado
Pv200L. Nos ensaios de imunizacdo em macacos observou-se protecdo parcial
contra os estagios sanguineos, sugerindo que o fragmento Pv200L represente um
novo candidato a desenvolvimento de uma vacina.

A proteina de ligacdo ao antigeno Duffy (DBP) é uma proteina
conservada expressa na superficie do merozoito que interage com antigenos do

grupo sanguineo Duffy, necessarios para invasdo dos eritrocitos. Arévalo-Herrera
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et al. (2005) demonstraram que a imunizacdo com um peptideo recombinante da
DBP de P.vivax, a rPvRII, induz altos niveis de anticorpos especificos, mas ndo
fornece imunidade protetora. Em individuos vivendo em area de transmissdo
instavel de malaria no Brasil, observou-se que a exposicao ao P. vivax por mais de
dez anos induz a producdo de anticorpos anti-DBP, capazes de inibir a interacao
eritrocito-DBP (CERAVOLO et al., 2009).

Estudos tém demonstrado que o Antigeno 1 de Membrana
Apical (AMA-1) desempenhe uma funcéo no inicio do processo de invasdo do
eritrocito, fazendo parte da reorientacdo do merozoito (MITCHELL et al., 2004).
Recentemente, demonstrou-se que esta proteina ndo é somente uma parte
essencial no movimento da juncdo, mas também que a fosforilagdo do dominio
citoplasmatico pode ser um pré-requisito para invasdo de sua célula alvo
(TREECK et al., 2009). A imunizagdo ativa de macacos ou ratos com formas de
AMA-1 nativa (DEANS et al., 1988) ou recombinante (ANDERS et al., 1998;
COLLINS et al., 1994) tem protegido estes animais contra parasitos de simios e
roedores, respectivamente. Anticorpos anti-AMA-1 humanos naturalmente
adquiridos reconhecem cepas especificas e epitopos conservados, e, ainda que,
anticorpos direcionados sdo capazes de inibir a invasdo de eritrocitos pelo
merozoito de trés linhagens de P.falciparum expressando diferentes formas de
AMA-1, fornecendo fortes evidéncias de que esta proteina é um alvo natural da
resposta de anticorpos protetora e (HODDER et al., 2001).

1.4 A resposta de anticorpos e o Complexo Principal de
Histocompatibilidade

Os diversos estudos analisando resposta soroldgica a diferentes
peptideos do parasito tém obtido resultados variaveis de acordo com o antigeno
utilizado e a populacdo estudada. No entanto, deve-se destacar que, fatores
genéticos da resposta imune, correspondentes aos genes do Complexo Principal de

Histocompatibilidade (MHC), parecem controlar a eficiéncia da resposta humoral
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nas vacinacdes. (NARDIN et al., 2000). O MHC na espécie humana é
denominado Antigeno Leucocitario Humano (HLA), sendo determinado por genes
que se localizam no braco curto do cromossomo 6. Os antigenos de
histocompatibilidade podem ser divididos em trés classes: HLA de classe I, HLA
de classe 1l e HLA de classe 11l com diferencas baseadas na distribuicdo dos
mesmos nos tecidos e suas funcBes. As principais proteinas do HLA Il séo
chamadas DR, DP e DQ e sdo expressas principalmente pelas ceélulas
imunocompetentes, incluindo macrofagos, células dendriticas, linfécitos B e sdo
responsaveis pela ativacdo dos linfécitos T CD4. A principal funcdo das
moléculas do HLA 11 ¢ ligar peptideos antigenos derivados de proteinas exdgenas
e apresenta-los na superficie celular para o reconhecimento por linfécitos T CD4.
Esses por sua vez sdo necessarios para a iniciacdo da resposta imune antigeno
especifica e a producdo de anticorpos pelos linfocitos B. O complexo principal de
histocompatibilidade é conhecido como o sistema genético humano mais
polimérfico, sendo atualmente conhecidos 1374 alelos diferentes que podem
codificar a molécula de HLA (CHOO, 2007). A regido de classe Il consiste de
uma série de sub-regides, cada uma contendo genes A e B, que codificam as
cadeias a e B respectivamente. O gene da familia DR consiste de um Unico gene
DRA e nove genes DRB (DRB1 a DRB9). O gene DRA codifica uma cadeia
invariavel e liga a véarias outras cadeias B codificadas pelos genes DRB. Nas
familias DP e DQ, a expressdo € feita por um gene das cadeias a ¢ p ¢ um
pseudogene adicional ndo expresso. Produtos do gene DQAL e DQB1 se associam
para formar moléculas DQ, e produtos do gene DPAl e DPB1, para formar
moléculas DP (Figura 3). (CHOO, 2007). Os polimorfismos nos genes das
moléculas de HLA Il podem alterar a habilidade para ligar peptideos e apresentéa-
los as células T, dessa forma, tendo potencial para modular a resposta de
anticorpos (PATARROYO et al., 1991).
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Figura 3. Estrutura génica do MHC humano. Identificando os genes HLA
de classe | (HLA-A, B e C), de classe Il (HLA-DR, DQ e DP) e os de classe lI.
Os genes TAP, LMP e HLA-DM codificam proteinas ndo expressas nas
superficies celulares.

Estudos prévios tém descrito associacbes entre diferencas
alélicas nos genes do HLA 11 e a resposta soroldgica nos ensaios de vacinas para a
malaria (PATARROYO et al,, 1991; NARDIN et al., 2001). Stephens et al.,
(1995) descreveram acentuada resposta de anticorpos em individuos tailandeses
vacinados com antigenos de esporozoitos e a presenca do alelo HLA DPB1*0501.
Ensaios de vacinas utilizando peptideos antigenos multiplos (MAP) tém obtido
altos niveis de imunizacdo para anticorpos anti-esporozoitos. Entretanto, essa
resposta mostrou-se geneticamente restrita a trés gendtipos HLA de classe I,
sendo eles DRB1*0401, *1101 e DQB1*0603, os quais sdo encontrados em
aproximadamente 25 a 35% da populacdo dependendo da formacao étnica. Por
outro lado, o alelo DRB1*0701 tem sido associado a baixos niveis de resposta de
anticorpos (NARDIN et al., 2000).

A pesquisa por imundgenos ideais tem sido direcionada na
identificacdo de antigenos expostos na superficie celular, regides conservadas
envolvidas na invasdo da célula hospedeira e a caracterizacdo de epitopos de
célula B. Os dados de ensaios clinicos de vacinas para malaria tém mostrado
imunogenicidade limitada e falha ao induzir resposta de longa duracéo, sugerindo

a falta de epitopos de célula T efetivos nos construtos usados como imundgenos.
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Um dos maiores impedimentos para identificacdo e utilizacdo de epitopos de
célula T é o alto nivel de polimorfismos das moléculas do HLA de classe Il
(CARO-AGUILAR et al., 2002). Diferentes epitopos da MSP-1 foram avaliados
quanto a interacdo com as moléculas do HLA, sendo testados 86 peptideos da
PvMSP-1, dos quais oito ligaram-se competitivamente a quatro alelos do HLA-
DRB1 em ensaios experimentais (CARO-AGUILAR et al., 2002).

A prevaléncia de anticorpos contra antigenos da CSP de P. vivax
tem sido avaliada em diferentes populacdes, utilizando peptideos recombinantes
contendo diferentes sequéncias da regido ndo repetitiva assim como para as
variantes da regido repetitiva central (FRANKE et al., 1992; KREMSNER et al.,
1992). A utilizacdo de peptideos sintéticos lineares permitiu a identificacdo de
varios epitopos de celulas B e T ao longo da proteina. Herrera et al. (1997)
identificaram trés epitopos de célula T, sendo um da regido central e dois da
regido carboxil, amplamente reconhecidos por linfécitos humanos.

A resposta soroldgica contra as variantes da CSP de P. vivax foi
analisada em individuos de uma comunidade endémica do Estado de Rond6nia
que declararam apresentar média de dois episddios de malaria nos ultimos dois
anos. Os polimorfismos nas moléculas de HLA 1l dessa populagcdo foram
avaliados, sugerindo a relacdo entre o alelo HLA-DR16 e resposta de anticorpos
para a variante P. vivax VK247, enquanto o alelo HLA-DR?Y esteve relacionado a
auséncia de resposta de anticorpos contra a variante VK210. Nenhuma associa¢ao
foi evidenciada para o I6cus HLA-DQ (OLIVIERA-FERREIRA et al., 2004). Os
polimorfismos do HLA tém sido associados a variagdes soroldgicas nos ensaios
de vacinacéo, no entanto, sdo poucas as avaliacOes desses polimorfismos frente a
resposta de anticorpos para antigenos importantes do parasito em populacdes

naturalmente expostas.
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15 Justificativa

O Brasil apresenta alta miscigenacdo, com populagdes etnicamente diversas
e grande heterogeneidade entre suas regifes devido ao padrdo peculiar de
colonizacdo. A regido Norte exibe maior contribuicdo amerindia, enquanto no sul
do pais observa-se a maior proporcdo de caucasoOides. Além disso, o padréo
regional de miscigenacdo foi consideravelmente alterado pelas correntes de
migracdo interna (GUERREIRO et al.,, 1988; NOVARETTI et al., 2000). A
imunoprofilaxia efetiva contra a malaria requer uma vacina que seja capaz de
estimular a imunidade humoral e celular parasito-especifico em individuos de
diferentes tipos de HLA. O epitopo ideal deve ser universal, capaz de interagir
com um grande namero, se ndo todas Il as moléculas de classe. Além disso, a
avaliacdo entre a infeccdo pelos genotipos descritos a partir da CSP do P. vivax e
a resposta imune contra diferentes peptideos do parasito, incluindo os da regido
repetitiva da CSP, pode fornecer avangos para compreensdo do comportamento da
resposta imunoldgica frente a essas variantes. Enquanto diversos estudos estdo
focados na busca por vacinas eficazes, consideracdes da influéncia das
freqiiéncias alélicas do HLA de classe Il em populacGes etnicamente diversas
podem ser importantes, antes de ensaios de vacinas em pessoas naturalmente
expostas aos parasitos da malaria (OLIVEIRA-FERREIRA et al., 2004).

1.6 Hipotese

Os genotipos variantes da proteina circumsporozoita de P. vivax e/ou
os polimorfismos nos genes das moléculas do HLA de classe Il podem influenciar
a resposta imune humoral contra os diferentes antigenos de P. vivax em individuos

naturalmente expostos a malaria em areas endémicas da Amazonia brasileira
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar a resposta de anticorpos contra antigenos de merozoito e
esporozoito de P. vivax e sua relacdo com a freqliéncia das variantes genéticas da
CSP no parasito, bem como com os polimorfismos do HLA de classe Il no

hospedeiro humano.

2.2 Objetivos especificos

1° - Awvaliar a distribuicdo das variantes do gene CS de P. vivax por
diagnostico molecular em amostras de individuos infectados provenientes de
cinco diferentes regides da Amazonia brasileira;

2° - Avaliar a resposta imunolégica de anticorpos contra os peptideos da
CSP, MSP1, AMA1 e DBP e sua relacdo com as infec¢ches causadas pelas
variantes genéticas da CSP de P. vivax.

3% - Avaliar as freqiéncias alélicas dos polimorfismos do HLA-DRB1 em
amostras da regido norte do Brasil e sua influencia na resposta de anticorpos
contra os peptideos da MSP1 (Pv200L), AMA-1 e DBPIl em individuos

naturalmente infectados com P. vivax.
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3 RESULTADOS

Os resultados obtidos encontram-se descritos, em artigos publicados
ou submetidos a publicacdo em revistas indexadas e, organizados em forma de

capitulos.

Capitulo I. The genetic diversity of Plasmodium vivax - A Review. Artigo de
revisdo publicado na revista Memorias do Instituto Oswaldo Cruz, v. 102, p.
245-254, 2007.

Capitulo 1. Plasmodium vivax circumsporozoite variants and Duffy blood group
genotypes in the Brazilian Amazon region. Artigo original publicado na revista
Transactions of the Royal Society of Tropical Medicine and Hygiene, v. 103,
p. 672-678, 2009.

Capitulo 111. Plasmodium vivax circumsporozoite genotypes: a limited variation or
new subspecies with major biological consequences? Artigo original publicado na

revista Malaria Journal, v. 9, n. 178, p. 1-8, 2010.

Capitulo 1V. Evaluation of the naturally-Acquired Antibody Immune Response to
the Pv200L N-terminal Fragment of Plasmodium vivax Merozoite Surface
Protein-1 in Four Areas of the Amazon Region of the Brazil. Artigo original
aceito para publicacdo na revista American Journal of Tropical Medicine and
Hygiene.

Capitulo V. Evaluation of HLA-DRB-1 alleles in the immune response against
MSP-1, AMA-1 and DBP in Brazilian individuals naturally infected with
Plasmodium vivax. Artigo original submetido a publicacdo e em fase de revisdo na

revista Acta Tropica.
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3.1 CAPITULO I

A fim de melhor entender a variabilidade existente no genoma do
Plasmodium vivax e assim compreender a diversidade genética dos seus principais

antigenos, foi elaborado o trabalho de revisdo descrito a seguir:

The genetic diversity of Plasmodium vivax - A Review. Autores:

Wanessa Christina de Souza-Neiras, Luciane Moreno Storti de Melo e Ricardo

Luiz Dantas Machado. Artigo de revisdo publicado na revista Memorias do
Instituto Oswaldo Cruz, v. 102, p. 245-254, 2007.

RESUMO

A diversidade genética do Plasmodium vivax tem sido investigada em
varias areas endémicas, incluindo a Regido Amazonica Brasileira, onde esta é
atualmente a espécie causadora da malaria mais prevalente em humanos. Esta
revisdo sumariza relatos atuais do uso de marcadores moleculares para analisar
populagbes de P. vivax, destacando estudos realizados por pesquisadores
brasileiros. Nds enfatizamos a importancia dos estudos filogenéticos com este
parasito e discutimos as perspectivas criadas para um melhor entendimento da
diversidade genética e da estrutura da populacdo deste parasito bem como a
elaboracdo de novas estratégias de controle, incluindo vacinas e drogas mais

efetivas para o tratamento da malaria vivax.
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The genetic diversity of Plasmodium vivax - A Review

Wanessa Christina de Souza-Neiras/"/*, Luciane Moreno Storti de Melo/",
Ricardo Luiz Dantas Machado

Departamento de Biologia, Instituto de Biociéneias, Letras ¢ Cifncias Exatas, Universidade Estadual Paulista, Sio José do Rio Preto,
SP. Brasil *Centro de Investigagio de Microrganismes, Departamento de Doengas Dermatolégicas, Infeceiosas ¢ Parasitiriag,
Faculdade de Medicina de Sao José do Rio Preto, Av. Brigadeiro Faria Lima 5416, Bloco VI, 15090-000
$ado José do Rio Preto. SP. Brasil

The genetic diversity of Plasmodium vivax has been investigated in several malaria-endemic areas, incind-
ing the Brazilian Amazon region, where this is curvently the most prevalent species causing malaria in lwmans.
This review summarizes current views on the use of molecular markers to examine P. vivax populations. with a
focus on studies performed in Brazilian research laboratories. We emphasize the importance of phylogenetic
stiudies on this parasite and discuss the perspectives created by our increasing understanding of genetic diver-
sity and population structure of this parasite for the development of new contrel strategies, including vaccines,
and more effective drugs for the treatment of P. vivax malaria.

Key words: malaria - Plasmeditm vivax - genetic diversity - molecular markers - phylogeny - evolution

The importance of vivax Malaria

Currently, Plasmeodium vivax is the most widely dis-
tributed human malaria species in the world causing an
estimated 80-90 million cases each year. In the Ameri-
cas and Asia, P, vivax is the most prevalent malaria spe-
cies; in Brazil it represents more than 80% of clinical
cases reported annually from the Amazon region (Bra-
zilian Health Ministry 2002}, The ability of this parasite
to complete its sporogonic cycle at a temperature as low
as 16°C, compared with 21°C for P falciparum, has sub-
stantially contributed to its success in establishing stable
foci of transmission in temperate zones. Fivax malaria
is usually a non-lethal disease but its prolonged and re-
current infection can have major deleterious effects on
personal well-being, growth and on the economic per-
formance at individual, family, community, and national
levels (Mendis er al. 2001). Alarmingly, an increasing
number of clinical studies have shown the failure of treat-
ment of the first-line P vivax antimalarial agents, such
as chloroquine (Baird 2004).

In response to the great importance of this type of
infection, several studies have been proposed to investi-
gate genetic diversity of B vivax. The malaria parasite
population structure has a significant influence on the
gene flow and thus the rate at which new mutations lead-
ing to drug resistance or escape from vaccine-induced
responses spread. Moreover, this information might give
clues on the evolution and selection of pathogens (Rich
et al. 1998). Thus, studies on malaria parasite popula-
tion diversity are not only of academic interest to biclo-
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gists and geneticists, but are of practical importance in
the development and deployment of control strategies
(Cui et al. 2003).

Polymorphic molecular markers and genetic diversity

The majority of studies on the genetic diversity of
Plasmedinm spp. have been based on B falciparum, re-
sponsible for the most severe disease form, and on genes
coding for antigenic determinants such as circumspo-
rozoite surface protein (CSP) and merozoite surface pro-
tein (MSP). These antigenic genes are non-synonymous
nucleotide polymorphisms and the multiple allelic forms
differ in their ability to abrogate recognition by the host’s
immune response (Rich & Ayala 2000). Similar ap-
proaches have been adopted to investigate P wivax but
this species has been less well studied at the molecular
level when compared to P. falciparum (Cui et al. 2003).

Studies on antigenic diversity will help to predict and
monitor the effectiveness of intervention strategies, such
as the success of therapeutic regimens, the spread of
drug resistance and the emergence of multidrug-resis-
tant parasites. The diversity of £, vivax has been reported
in terms of relapse patterns, morphology, and biochem-
istry (Figtree et al. 2000). Ortholog genes of P. falciparion
associated to drug resistance, such as PvDHFR related
to pyrimethamine resistance (de Pecoulas et al. 1998),
PyCGI0 to chloroquine resistance (Nomura et al. 2001),
and PvMDR/] to multiple drug resistance (Sa et al. 2005)
have been characterized for P vivax. However, analysis
does not confirm if these polymorphic genes are really
related to resistant phenotypes.

CSP

The complete or partial nucleotide sequences of CSP,
the most abundant polypeptide on the sporozoite sur-
face, have been determined. It presents a central repeat
domain flanked by non-repeated amino and carboxyl se-
quences containing highly conserved stretches, regions
I and IT (Fig. 1 illustrates the CSP gene). These flanking
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that antibody response to the PvMSP-1 N-terminal re-
gion is in itself the mechanism of protection or simply a
marker of this mechanism (Nogueira et al. 2006).

The genetic polymorphism of the Plasmoditm spp.
MSP-1 appears to be maintained by positive natural se-
lection, both in P. falciparimm (Hughes 1992, Escalante
et al. 1998, Conway et al. 2000} and P vivax (Puta-
porntip et al. 2006). Similar observations have been
made with other malaria antigens in which the host im-
mune system is considered to be the selective driving
force that allows the accumulation and frequent switch
of suitable mutations in the parasite population (Es-
calante et al. 2004). There is extensive allelic diversity
of MSP-1 among isolates, and so this polymorphism may
hamper development of effective vaccines.

The PvMsp-1 and PfAMfsp-! genes are basically simi-
lar. The organization of these genes are represented by a
mosaic organization of several interallelic variable
blocks flanked by conserved blocks, dimorphic substi-
tutions in conserved blocks and rather polymorphic sub-
stitutions in variable blocks; with allelic recombination
as a mechanism for the generation of new alleles
(Putaporntip et al. 2002). Analysis of specific gene re-
gions derived from parasite isolates from Sri Lanka
(Premawansa et al. 1993). Colombia (Mancilla et al.
1994). and Thailand (Putaporntip et al. 1997) suggest
interallelic recombination between the sequences typi-
fied as Bel and Sal-1, supporting the notion that the MSP-
1 polymorphism in P. vivax is dimorphic in nature, as
occurs in P falciparum (Tanabe et al. 1987).

The variable blocks showed variation in repeats and
non-repeat unique sequences. Numerous recombination
sites were distributed throughout the PvAsp-/ gene in
both conserved blocks and variable block unique se-
quences, without the distribution being uniform. A sub-
stantial percentage of replacements within conserved
blocks result in changes of binding to HLA class II allo-
types. Polymorphisms in the T cell epitope regions could
enable parasites to escape the host immune response.
Therefore, host immune pressure plays a crucial role in
the evolution and maintenance of polymorphisms in
PviMsp-1 (Putaporntip et al. 2002). In this scenario.
mutations are maintained longer in the parasite popula-
tion than expected if genetic drift were the sole process
acting on genetic polymorphisms.

A number the genes encoding for P vivax MSPs have
been identified. PvMsp-3a, PvMsp-3b and PvMsp-3g
are members of a multi-gene family of related MSPs
(del Portillo et al. 1991). The three encoded proteins
share only 35-38% amino acid identify and 48-53% simi-
larity in pair-wise comparisons. PvMsp-3a, similar to
PvMsp-1, is very polymorphic and has been used as a
genetic marker in population studies of isolates from
diverse geographic localities and origins (Bruce et al.
1999). Even though PvMsp-3a is very polymorphie, this
polymorphism is restricted to the N-terminal, while the
C-terminal is well conserved (Rayner et al. 2002). In-
vestigation of PvMsp-3b diversity was by cloning and se-
quencing full-length gene fragments from fifteen P vivax
isolates originating from Asia, South America and the Pa-
cific region. PyMsp-3a and PvMsp-3b are extremely poly-

morphic paralogs with multiple gene sizes and sequences
present in the different isolates (Rayner et al. 2004).

Two proteins, recently described in P falciparum,
MSP-4 and MSP-5, are found in tandem on chromosome
2 with the synthetic region of the genome being identi-
fied in rodent malarnia. In P. vivax, which is quite phyle-
genetically distant from P. falciparim, both MSP-4 and
MSP-5 homologues can be found with their relative ar-
rangements in respect to surrounding genes being on the
whole preserved. The PvMsp-4 and PvMsp-5 genes have
two-exon structures with the sizes of the second exons
being better conserved than the first exons in both genes,
when compared to structure genes of P falciparum
(Black et al. 2001). PvMsp-2 is characterized along with
ortholog genes from related simian malarias, are highly
conserved. P. vivax samples from different geographi-
cal regions show that the N-terminal region of PvMSP-
9 is the most conserved, while the tandem repeats have
diverged only in the length and number of units (Vargas-
Serrato et al. 2002). Both N-terminal and the tandem
repeat regions of MSP-9 are immunogenic in mice
{Oliveira-Ferreira et al. 2004b). Comparative inter-
species investigations of the potential role of Plasmo-
dinm MSP-9 in merozoite invasion of erythrocytes and
as a candidate for malaria vaccine may be useful.

Duffy binding protein
Duffy binding protein (DBP) erythrocyte invasion by

P. vivax merozoites is dependent on the parasite ligand,
the P vivax DBP, binding to the Duffy antigen receptor
for chemokines (DARC). Individuals that lack the Duffy
surface antigen on their erythrocytes are natrally re-
sistant to P. vivax malaria. Thus, P. vivax DBP provides
an attractive target for vaccine-mediated immunity
(Xainli et al. 2000, Souza et al. 2008).

DBP is a 140 KDa protein located within the
micrenemes of Plasmodium spp. merozeites and char-
acterized by two functionally conserved cysteine-tich
regions, Region II and Region I'V. Region II (DBEPII) con-
tains the binding motifs necessary for the adherence of
DBP to DARC on the erythrocyte surface. Critical bind-
ing motifs in DBPII have been mapped to a region of a
170 amino-acid (aa) stretch that includes cysteines and
where some hydrophobic amino acid residues are con-
served and other amino acids are highly polymorphic in
the ligand domain: this diversity varies geographically.
The pattern of excessive polymorphisms occurring within
the ligand domain and the high rate of non-synonymous
polymorphisms suggest that this allelic variation func-
tions as a mechanism of immune evasion, Previous stud-
ies have confirmed that this strong positive selection
pressure in the DBPII ligand domain acts promoting
greater diversity (Xainli et al. 2000, Souza et al. 2006).

Many factors may contribute to genetic diversity in
malaria populations — mutations, intragenic recombina-
tion determined by multiplicity of infections and trans-
mission intensity, natural selection, gene flow between
different regions and population size. Recombination is
likely to be important to maintain diversity for P vivax
and may be a critical source of vanations in the dbpll
gene. This origin of the variations may be more impor-
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Microsatellites

Microsatellites are simple sequence tandem repeats
that are generally hypervariable, codominant and locus
specific. They are considered important neutral molecu-
lar markers as they are not directly subjected to host
immunity. The neutral source of microsatellite polymor-
phisms is replication slippage. which is a commonly
observed replication error in repetitive sequences that
occurs when the new strand mispairs with the template
strand (Russell et al. 2006).

Recently. several anthors have been discussing the
true degree of allelic diversity presented by the micro-
satellites (Gomez et al. 2003, Leclerc et al. 2004,
Imwong et al. 2006, Russell et al. 2006). In direct con-
trast to the results of Gomez et al. (2003), Leclere et al.
(2004) found a low number of polymorphisms in the mi-
crosatellites they examined. In this study, 13 mi-
crosatellite sequences were isolated with 9/13 of these
being completely monomorphic in eight analyzed popu-
lations, while of the remaining four loci only one showed
extensive polymorphism. Using the draft of the unpub-
lished £ vivax genome, Imwong et al. (2006) designed
primer sets for 11 di-pucleotide microsatellites. Their
data showed that P, vivax had a high allelic diversiry. In
the data of Leclerc et al. (2004), the isolated micro-
satellite sequences have very short repeat arrays (me-
dian = 5.5) and 50 would not be expected to show high
levels of variation. Imwong et al. (2006), on the other
hand, analyzed microsatellites with 12-18 repeats (me-
dian = 16). For this reason, the explanation given by
Imwong et al. (2008) for the stark difference in their
results compared to Leclerc et al. (2004) was that mi-
crosatellite variation is dependent on the length of the
repeating sequence. Longer arrays are more diverse than
shorter ones because slippage mutations become expo-
nentially more common with an increase in array length.
If microsatellites are stratified on the basis of length. B
vivax has a similar level of polymorphism to P.
faleiparum (Russell et al. 2006). These studies high-
light the importance of measures standardizing genetic
variations by repeat array length (Petit et al. 2005). In
this context, Ferreira et al. (2007) recently standardized
the use of tri- and tetranucleotide microsatellites, which
usually yield more accurate allele scoring than dinuele-
otide markers to analyze the population structures of P
vivax from roral Amazonia. The authors showed that P,
vivax isolates obtained during cross-sectional and lon-
gitudinal surveys in rural Amazonia display extensive
genetic diversity and frequent multiple clone infections
coexisting with strong multilocus linkage disequilibrium.

Other polymorphic molecular markers

The gene of PvAMA-I encodes a very important pro-
tein for erythrocyte invasion which is highly conserved
in Plasmodium spp. However, this gene has few predomi-
nant haplotypes, displaying very limited genetic diver-
sity within any geographic region: a more comprehen-
sive study of the whole gene is necessary to confirm
this observation. On the other hand, the presence of
single nucleoride polymorphism (SNP) has been identi-
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fied in some gene regions (Cui et al. 2003). This pro-
vides many potential alleles thereby making this gene a
useful marker for ryping parasite populations (Figtree
et al. 2000).

The antifolate agents, sulfadoxine and pyrimethamine
(SP), are commeonly used to treat P falciparun malaria.
Nevertheless, they can also affect the P vivax parasite
if it co-exists with P. falciparsm as both species have
common drug targets. The dihydrofolate reductase
(DHFR) enzyme of Plasmodium spp. is the therapeutic
target of the pyrimethamine component of SP. In addi-
tion to point mutations in the target enrymes of the re-
spective parasite, the PvDHFR gene also has a size poly-
morphism resulting from the deletion of five or six amino
acids. Four allelic variants have been observed to date.
However, the fact that the gene is under drug selection
must be taken into account if this polymorphism is to be
used as a genetic marker (Cui et al. 2003). Even less is
known about associations between these specific alle-
les in P. vivax populations in Brazil.

New tools for studies of the P vivax genome

Unfortunately, due to the necessity of continuously
maintaining this parasite in culture, the low parasitemias
associated with natural infections and the difficulty of
adapting field isolates to grow in monkeys, research on
P. vivax remained largely neglected, up to a decade ago
(Merino et al. 2003). This situation has changed dramati-
cally in recent years. Despite the limited availability of
P, vivax biological material, recent research has led to
the construction of P vivax genome in yeast artificial
chromosomes (YAC). This new tool has revolutionized
studies on the structure and function of the P. vivax ge-
nome, with the search of new polymorphic molecular
markers (Camargo et al. 1997, del Portillo et al. 2001,
Merino et al. 2003, 2006, Feng et al. 2003, Gomez et
al. 2003, Femmandez-Becerra et al. 2005). Moreover, the
availability of the P, vivax telomeric YAC clones has
helped in the identification of many antigen-encoding
genes mapped to the dynamic subtelomeric domains of
plasmodial chromosomes: this fact has led to a sugges-
tion that the recombination within these domains has
been recruited as a novel mechanism to generate anti-
genic diversity (Camargo et al. 1997).

Few polymorphic molecular markers, in particular,
orthologs of previously identified P faleiparum anti-
gen genes, have been used for population studies of P
vivax. SNPs markers have been mapped to a chromo-
some segment by sequencing a large insert of the YAC
library (Feng et al. 2003) and as SNPs are often present
at a high frequency, they are ideal genetic markers. [den-
tification and development of large numbers of genetic
markers such as SNPs from P vivav will provide a frame-
work on which studies of molecular evolution and genetic
mapping can be based.

Gomez et al. (2003) identified, for the first time, a
locus in a P vivax telomeric YAC clone that contains
simple sequence repeats. These sequences known as
microsatellites were located within the second exon of
the viri3 pseudogene. In 2003, Feng et al. analyzed a
contiguous chromosome segment of approximately 100
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kb from five isolates, revealing 191 SNPs and 44 size
polymeorphisms. These analyses showed that P. vivax has
a highly diverse genome that may represent some chal-
lenges for drug and vaccine development. This study also
showed that SNPs tend to cluster in intergenic regions
or even in specific genes that may be under selection
(Feng et al. 2003).

Starting from genomic library constructed in YACs,
using parasites obtained directly from human patients,
Merino et al. (2003) described the first expressed se-
quence tags (ESTs), parasite genes expressed during P.
vivax pathogenesis development. The description of EST
is also a valuable resource to validate gene predictions
and to create a gene index for this malaria parasite.

Recently, Imwong et al. (2006) described patterns
of variations of 11 dinucleotide microsatellites in P.
vivax populations from Colombia, India and Thailand
using the YACSs libraries as an important tool to better
understand the parasite’s genome. These data show that
P. vivax has a highly diverse genome and provided use-
ful information to further understand the genome diver-
sity of the parasite.

Phylogenetic characteristics of the P vivax

Almost 60 years ago, Haldane proposed that human
malaria might act as a selective force on human popula-
tions. Since then, several studies have been proposed to
test this hypothesis, starting with attempts of phyloge-
netic origin reconstruction of malaria parasites (Es-
calante et al. 1995).

The first phylogenetic reports using molecular biol-
ogy analyses have focused primarily on P. falciparim,
an agent of malignant malaria. A previous stady suggested
that P, faleiparum is older than P. vivax (Escalante et al.
1995}, and the virulence of P falciparun has been at-
tributed to the fact that it recemtly became a human para-
site due to a host switch (probably, birds) between 5,000
to 10,000 years ago (Boyd 1949, Livingstone 1958,
Snewin et al. 1991, Escalante et al. 1995). Low micro-
satellite and tandem repeat variability may indicate that
P vivax has only infected humans recently (10,000 years
ago) (Leclerc et al. 2004), however a different study
based on polymorphisms of two nuclear and one plastid
gene places the origin at between 45.000 and 81.000
years ago (Escalante et al. 2005). Through these pre-
liminary studies. two major conclusions were reached:
(a) malaria parasites arose independently as human patho-
gens and. (b) P reichenowi, a chimpanzee parasite. is
the species that shares the most recent common ances-
tor with P, falciparum (Escalante et al. 1995). Thus, ques-
tions about the age and geographic origin of P. vivax,
the most prevalent human malaria parasite in the world,
remain largely unresolved. Recent studies have suggested
possible origins for P vivax but most are not based on
strong phylogenetic data. Two hypotheses have been sys-
tematically discussed. One of these placed the origin of
P vivax in Southeast Asia, together with other Plasmo-
dinm parasitic species in non-human primates (Carter &
Mendis 2002, Carter 2003, Jongwutiwes et al. 2005).
Hence, it is possible that P. vivax might have fixed in
this area throngh some hominoid lineage that had its ori-
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gin there, even modemn humans, since host switches seem
to be common phenomena among malaria parasites. This
argument was also supported by the abundance of sim-
ian malaria parasite species in Asia and the presence of
several macaque parasites that shared similar morpho-
logical and biological characteristics with P. vivax
(Carter 2003). This hypothesis has been well accepted
in recent years (Escalante et al. 2005, Mu et al. 2005,
Jongwutiwes et al. 2005).

It seems very probable that Duffy-negative homozy-
gote individuals (lack of the Duffy blood group antigen),
are completely protected against P vivax infection
(Escalante et al. 2005). Thus, the high prevalence of these
genotypes among African populations, has been used to
supplant P. vivax origin on this continent, showing that a
selective pressure might have been generated in favor of
the survival of the parasite organism, because the pres-
ence of the Duffy protein is essential for the merozoite
invasion of red blood cells. Nevertheless, for that to have
really happened, the presence of a strong selection fac-
tor would have be necessary, which seems unlikely as P,
vivay does not exhibit high levels of virulence in terms
of mortality rates. For this reason, it is probable that the
Duffy-negative genotype present on the African conti-
nent, could have been fixed by another process (selec-
tion due to another pathogen or chance) and then became
a barrier against the introduction of P vivax (Carter
2003, Escalante et al. 2005). Also attempts to test this
hypothesis starting from an investigation of two nuclear
genes, b-tubulin and cell division cvele 2 and a gene
from the plastid genome, the elongation factor Tu (Tufd)}
were made. In this investigation, most of the data was
not compatible with the explanation that 2 vivax was a
Homio parasite before the expansion of the hominoid
populations out of Africa. Hence, the authors suggest
that P vivax was probably derived from ancestral
miacaque parasites when hominoids colonized Southeast
Asia (Escalante et al. 2005).

One the other hand, the first evidence of the origin
of P vivax based on molecular data using mitochondrial
cviochrome b gene analysis showed strong similarities
of P. vivax with a species of a simian malaria parasite
from Asia, provided by an apparently recent species ra-
diation. This phylogenetic study also suggests that P,
vivax could have originated from a malaria parasite of
non-human primates as a result of a host switch, prob-
ably from a macaque (Escalante et al. 2005, 2006). These
analyses received additional support when the combined
data of complete mitochondrial genomes were reported
in two independent studies (Mu et al. 2005, Jongwutiwes
et al. 2005). This information can maybe explain the fact
that several isolates of P vivax are practically identical to
P, simium and the previous suggestion that this South Ameri-
can species originated from a host switch from humans
to monkeys (Escalante et al. 1998, 2005, Mu et al. 2005).

As in other phylogenetic studies (Fig. 3), the P. vivax
variant genotypes belong to a same clade that includes
several types of primate Plasmodinm species (Escalante
et al. 1995, Qari et al. 1996). Analyses of the non-re-
petitive portion of P. vivax CSP (PvCSP) showed ho-
mology with CSPs genes of two simian malaria para-
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Fig 3: phylogenetic tree of Plasmodinm spp. derived by the maxmmum
Likelihood (fastDMNAmI) method. Scale bar indicates an evolutionary dis-
rance of 0.0] nucleotide substitutions preposition in the sequence. Ac-
cording o Qari et al, (1996)

sites, P. cynolinolgi and P knowlesi (Amot et al. 1985).
In contraposition, the P. vivax-like gene is different to
the C5Ps genes of other human malaria parasites. How-
ever, the CSP gene sequence of this variant genotype is
practically identical to P. simiovale CSP and has similar
morphologically to two other malaria parasites, P si-
mium and P. ovale (Qari et al. 1993b, Escalante et al.
1995). The similarity between P simiovale and E vivax-
like has been driving intense discussions, regarding the
evolutionary origin of this variant, as well as on clinical
epidemiology and the vectors involved in its transmis-
sion (Qari et al. 1994), Escalante et al. (1995) also con-
firmed these findings through phylogenetic studies based
on CSP genes, showing that the analogies between these
two parasites determine important epidemiological con-
sequences; primate hosts can serve as reservoirs for hu-
man malaria parasites. However, phylogenetic studies
have been developed with the CSP gene as the only mo-
lecular marker so they cannot explain the evolutionary
relationship among the three variant genotypes of CSP,
or the genetic distance of these with other primate para-
sites that possess molecular similarities with P vivaxy
(Escalante et al. 1995).

In suwmmary, understanding of the genetic recombi-
nation patterns and sequence variation may help to de-
sign vaccines, which represent the worldwide repertoire
of polymorphic malarial surface antigens and elucidate
the selection events associated to drug resistance.
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Uma vez que, os objetivos especificos deste trabalho incluiram avaliar
a associacdo entre a frequéncia das variantes da CSP de P. vivax na resposta de
anticorpos, a distribuicdo destas variantes da CSP em cinco diferentes areas da
Amazonia foi inicialmente avaliada, buscando entender sua atual dindmica de
transmissdo e assim atendendo ao primeiro objetivo especifico da tese. Os

resultados estdo apresentados na Tabela 1do artigo a seguir.

Plasmodium vivax circumsporozoite variants and Duffy blood group

genotypes in the Brazilian Amazon region. Autores: Luciane M. Storti-Melo,

Wanessa C. de Souza-Neiras, Gustavo C. Cassiano, Ana C.P. Joazeiro, Cor J.
Fontes, Claudia R. Bonini-Domingos, Alvaro A.R. D’Almeida Couto, Marinete
M. Povoa, Luiz C. de Mattos, Carlos E. Cavasini, Andréa R.B. Rossit e Ricardo
L.D. Machado. Artigo original publicado na revista Transactions of the Royal
Society of Tropical Medicine and Hygiene, v. 103, p. 672-678, 20009.

RESUMO

A proteina circunsporozoitica (CSP) de Plasmodium vivax é
considerada como o maior alvo para o desenvolvimento de vacinas antimalaricas
recombinantes. As moléculas do grupo sanguineo Duffy agem como receptores
das hemacias para o P. vivax. N&s reavaliamos a freqliéncia das variantes da CS
de P. vivax e reportamos sua associagdo com 0s gendtipos do grupo sanguineo
Duffy em pacientes malaricos. Amostras de sangue periférico foram coletadas de
155 individuos infectados com P. vivax de cinco &reas endémicas brasileiras. As
variantes da CSP de P. vivax e os gendtipos do grupo sanguineo Duffy foram
diagnosticados usando PCR/RFLP. Em infecc¢bes simples, a variante VK210 foi a
mais comum, seguida pela variante P.vivax-like. A tipagem de P. vivax indicou
que a freqliéncia das variantes entre as areas estudadas foi significativamente

diferente. Esta é a primeira deteccdo das variantes VK247 e P.vivax-like em
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infeccBes simples em areas endémicas do Brasil. A associacdo das variantes da
CSP de P. vivax com os genotipos heterozigotos do grupo sanguineo Duffy foi
significante para a as infec¢bes simples com VK210. Estas observacdes fornecem
dados adicionais aos processos de interacdo Plasmodium-hospedeiro relacionando

0 grupo sanguineo Duffy e a capacidade do P. vivax em causar a malaria humana.
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3.3 CAPITULO Il

Com o intuito de avaliar as implicac6es da variacdo na porgao
central da CSP de P. vivax, nds buscamos comparar 0s niveis de resposta de
anticorpos contra diferentes antigenos de merozoito e esporozoito e a frequéncia
das variantes da CSP, de forma a atender ao objetivo especifico nimero 2. O
manuscrito apresentado neste capitulo faz uma analise em nivel sorolégico e

molecular das conseqliéncias biologicas desta variacao.

Plasmodium vivax circumsporozoite genotypes: a limited variation or
new subspecies with major biological consequences? Autores: Wanessa C. Souza-

Neiras, Luciane M. Storti-Melo, Gustavo C. Cassiano, Vanja S. C. A. Couto,

Alvaro A. R. A. Couto, Irene S. Soares, Luzia H. Carvalho, Marinete M. P6voa,
Socrates Herrera, Myrian Arévalo-Herrera, Andréa RB Rossit, Claudia M. A.
Carareto e Ricardo LD Machado. Artigo original a ser submetido para publicacao
na revista Malaria Journal, 20009.

RESUMO

Os genodtipos da CS de Plasmodium vivax tém sido identificados em
varias regides do mundo. A real implicacdo desta variacdo no genoma de P. vivax
permaneceu questiondvel por longo tempo. Embora estudos prévios do nosso
grupo tenham observado associacdo significativa entre a VK210 e o sistema
sanguineo Duffy, nos apresentamos aqui evidencias de que essa variacdo esteja
limitada & porcdo central da CSP. As andlises filogenéticas foram realizadas a
partir da amplificacdo de dominios conservados de 18 SSU RNAr e Cyt B. A
resposta de anticorpos contra os peptideos da CSP, MSP-1, AMA-1 e DBP foram
detectados por ELISA, em amostras de plasma de individuos infectados com os
dois genoétipos da CS de P. vivax VK210 e P. vivax-like. As analises dos dois
marcadores avaliados mostram alta similaridade entre os gendtipos da CS de P.

vivax, com grau de diversidade nucleotidica igual a zero, evidenciando que as
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variantes da CS, VK210 e P. vivax-like, pertencem a um mesmo clado. Nos
encontramos uma alta frequiéncia de anticorpos contra as por¢oes N- e C-terminal
da CSP de P. vivax quando comparada a resposta imune das regides repetitivas R
e V (p=0.0005, pelo teste Exato de Fisher). Esta diferenca foi mais pronunciada
quando o gendtipo P. vivax-like esteve presente na infec¢do (p=0.003, pelo teste
Exato de Fisher). Uma alta freqiiéncia da resposta de anticorpos foi observada
contra os peptideos MSP-1 e AMA-1 para todos os genotipos da CS em
comparacdo a mesma frequiéncia para o peptideo DBP. Nossos resultados marcam
que as diferencas entre as variantes da CS estdo restritas a por¢édo central repetitiva
da proteina, representando uma variacdo nucleotidica sem conseqliéncias

soroldgicas importantes.



Resultados - Capitulo IIl ~ -62-




Resultados - Capitulo Ill ~ -63-

Souza-Neiras et al. Malaria Journal 2010, 9:178
http:/fwww.malariajournal com/content/9/1/178

in indigenous populations [8,9] and other communities of
the Amazon region [13]. Studies have also reported dif-
ferences in the infectivity of anophelines to the variant
genotypes, indicating that Anopheles darlingi and Anoph-
eles pseudopunctipennis were more susceptible to the
infection by VK210 [18,19]. These findings could be a
consequence of differences in the emergence of this geno-
type in specific geographical regions or suggest that the
VK210 genotype is the best-adapted variant in the world
[11].

The successful of the vaccine against malaria can be
related to the immunological intervention in the develop-
ment of the parasite in the human host or mosquito vec-
tor. To improve the health and quality of more than one
billion people around the world, several efforts have been
addressed for the identification and antigenic character-
ization of different P vivax antigens, among these the
preerythrocytic antigens such as circumsporozoite pro-
tein (CSP) [20], the blood-stage proteins as merozoite
surface protein 1 (MSP-1) [21,22], apical membrane anti-
gen 1 (AMA-1) [22,23], and the Duffy binding protein
(DBP), an merozoite antigen that interacts with the Duffy
blood group in the host cells surface [22,24]. Currently,
several authors have considered the CSP of P vivax as the
major target for the development of recombinant malaria
vaccines, since the synthetic peptides starting from this
protein induce a high and specific humoral response as
the induced by natural exposure of humans to malaria
[25-31]. Moreover, starting from the description of the P
vivax CS§ genotypes, VK210, VK247 and P vivax-like, sev-
eral studies proposed the existence of differences among
those that seem to go besides variations in the repetitive
portion of the protein, as geographical distribution,
transmission intensity, vectorial competence, immune
and treatment responses and drug resistance
[11,18,19,32-34].

Many studies are being conducted to better understand
the age and origin of the P wivax as a human parasite
[35,36]. Low microsatellite and tandem repeat variability
indicate that P vivax infected humans recently (10,000
years ago) [37]. Indeed, a different study based on poly-
morphisms of two nuclear and one mitochondrial gene
places this parasite origin between 45,000 and 81,000
years ago [35). In addition, P vivax seems to be related to
the clade of parasites found in Asian cercopithecines,
indicating its origin in Asia via a host-switch from para-
sites found in non-human primates, such as macaques
[35,36,38]. Little it is known about the characterization of
the P vivax variants, since analyses of the non-repetitive
portion of CS gene showed that these genotypes belong
to a same clade, including several types of primate Plas-
modium species [35,39]. Nevertheless, the important
question remains whether the P vivax C§ repeated region
is a limited, mostly simple base variation [40] or if these
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variants represent the existence of a new species or sub-
species of Plasmodium causing human malaria, with
major biological consequences [6].

Here, this work contributes to the understanding of the
implication of the central repetitive region variation of
the CS in the P vivax genome by phylogenetic tools and
to the evaluation of the humoral immune response
against different parasite antigens.

Methods

Subjects

After given written informed consent, peripheral blood
samples were drawn from malaria patients living in four
Brazilian Amazon endemic areas (Macapd, Amapa State;
Novo Repartimento, Pard State; Porto Velho, Rondénia
State and Plicido de Castro, Acre State). All individuals
enrolled in this study complied with the following crite-
ria: they sought medical assistance for clinical malaria
symptoms, were over 18 years old and had a positive
malaria diagnosis by thick blood film for P vivax. The
genomic DNA was extracted by the phenol-chloroform
method [41] or using a commercially available kit (Easy-
DNA™, Invitrogen, USA), and a semi-nested PCR was
performed using P vivax-specific small-subunit (SSU)
rDNA primers to confirm the Plasmodium diagnosis
(42]. The P vivax CS genotypes were determined as
described by Alves et al [43].

Molecular analyses

For the phylogenetic reconstruction, a subset of the P
vivax field samples was used and data for non-human
Plasmodium spp. samples were obtained from GenBank.
Natural hosts type, geographic origins and GenBank
accession numbers of the out groups are described in
additional file 1: Hosts type, geographic origins and Gen-
Bank accession numbers of the out groups. All amplifica-
tion reactions were performed in a thermocycler (DNA
MasterCycler; Eppendorf, USA). The PCR-amplified
products were purified by using GFX (GE Healthcare,
United Kingdom) and EXOSAP (USB, USA) PCR purifi-
cation Kits, according to the manufacturer’s protocol.
DNA sequencing was performed using the Big Dye™ Ter-
minator V3.1 Cycle Sequencing kit on ABI 3100 Genetic
Analyzer (Applied Biosystems, USA).

Amplification of the molecular markers

18 small sub unit ribosomal RNA (55U rRNA) gene analyses
The amplification of a target area between variable
regions 7 and 8 of the 18 S5Uf rRNA gene from P vivax
was designed as described by Santos-Ciminera ef al [44].
PCR was performed using the primer pairs VAR (5
CTT GGA TGG TGA TGC ATG GCC - 3) and VAR2
(5 ATC TTT CAA TCG GTA GGA GCG AC - 3). The
reaction mixture contained buffer 10 mM Tris-HCl with
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pH 8.3, 50 mM KCI, 200 uM of each of the four dNTPs,
10 pM of each oligonucleotide primer, 1 pg DNA tem-
plate and 0.5 U of ampli-Tag DNA polymerase (Invitro-
gen, USA) to a final volume of 25 pL. All amplification
cycles included to an initial cycle of 95°C for 15 min, fol-
lowed by 30 cycles of 94°C for 1 min, 68°C for 1 min, and
72°C for 1 min, then a final extension at 72°C for 10 min.
Cytochrome B gene analyses

The cytochrome B (Cyt B) sequences were amplified by
PCR using sets of primers: PC1 (5 GCTACAGGTG-
CATCTCTTGTATTC - 3) and PC2 (5' - CACTTACAG-
TATATCCTCCACATAACCA - 3. A reaction mixture
of buffer 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 200 pM of
each of the four dNTPs, 10 uM of each oligonucleotide
primer, 1 pug DNA template and 0.5 U of ampli- Tag DNA
polymerase (Invitrogen, USA). The amplification condi-
tions were as follows: first, 1 min at 94°C, followed by 30
cycles with 0.5 min of denaturation at 94*C, annealing at
40°C for 0.5 min and elongation at 72°C for 1.5 min. After
30 cycles, a final elongation step at 72°C for 3 min was
carried out. The agarose gels were stained with ethidium
bromide and analysed with a Gel Doc 2000 illuminator
(Bio-Rad Laboratories, USA).

Sequence alignment and phylogenetic analyses

The sequences were edited and aligned with the pro-
grams MEGA (version 4.1) and BioEdit Sequence Align-
ment Editor by the CLUSTAL W tool. Phylogenetic
analyses were performed with neighbor-joining (NJ),
using the program MEGA (version 4.1), with p distance
which takes into account the possibility of high bias in the
transition/transversion and in G+C content, derived of
the position of the first, second and third codon [45]. The
reliability of the NJ trees is assessed by the bootstrap
method with 500 replications [46)].

Assessment of the serological response against R vivax CS
genotypes in the current infections

IgG antibodies against four CSP peptides {N-terminal [N]
and C-terminal [C], repetitive region corresponding to
the VK210 [R] and repetitive region corresponding to the
VK247 [V]) [47], MSP-1 N- terminal fragment (r2v200L)
[48], recombinant peptide of the AMA-1 [49] and of the
DBP [50] were detected by ELISA (enzyme-linked immu-
nosorbent assay), in plasma samples in infected individu-
als with £ vivax CS genotypes.

Statistical analysis

The serological data were performed using R version
2.8.1 statistical software The R Foundation for Statistical
Computing, Vienna, Austria [51]. Differences among the
frequencies of responders were analysed using Pearson's
chi-square or, alternatively, the Fisher's exact test. Differ-
ences were considered significant when p-value < 0.05.
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Results

Phylogeny of P. vivax CS genotypes, VK210 and P. vivax-like
The analyses of the two markers show high similarity
among the B vivax CS genotypes, with nucleotide diver-
sity equal to zero (p = 0.224, t Student's test), positioning
the genotypes VK210 and B vivax-like in the same clade
(Figure 1 and Figure 2). The genetic distances between C5
genotypes from the Plasmodinm species analysed are
described in Additional file 2 and Additional file 3:
Genetic distances between 18 SSI/ rRNA and Cyt B genes
from Plasmodiim spp. The blood samples infected with
VK247 genotypes were not included in this study,
because of the reduced numbers of VK247 samples (n =
4) and low quality of the material,

Antibody response against the CSP, MSP-1, AMA-1 and DBP
peptides

A higher frequency IgG antibody against the N- and C-
terminal regions of the P vivax CSP was found as com-
pared to the immune response to the R- and V- repetitive
regions (p = 0.0005, Fisher's exact test). Antibody
responses against the peptides of the CSP repetitive cen-
tral region [R] and [V] compared displayed a lower fre-
quency against the [V] peptide, which corresponds to the
central region of the VK247 variant, in individuals with
VK210 genotype (p < 0.005, Fisher's exact test). When 2
vivax-like genotype was present in the infection a lower
antibody response against [R] and [V] peptides was
observed (p = 0.003, Fisher's exact test). None other sig-
nificant association was found with de CS genotypes in
the infection (Table 1).

A high frequency of antibody response against MSP-1
and AMA-1 peptides was observed for all P vivax CS
genotypes in comparison to the same frequency for DBP.
A high frequency of antibody response against MSP-1
(rPv200L) and AMA-1 peptides was observed for all the
P vivax CS genotypes (Table 2) in comparison to same
frequency for DBP (p = 0.003, Fisher's exact test). How-
ever, significant differences were not observed among the
immune responses of individuals infected with the P
vivax CS genotypes for none of the analysed peptides.

Discussion

Starting from the description of the £ vivax CS geno-
types, VK210, VK247 and P vivax-like, several studies
proposed the existence of differences among those that
seem to go besides variations in the repetitive portion of
the protein, as geographical distribution, transmission
intensity, vectorial competence, immune and treatment
responses and drug resistance [11,18,19,32-34]. The real
implication of the genetic variation in this region of the 2
vivax genome has been questioned for a long time.
Although previous studies of our group have observed
significant association between VK210 and the Duffy
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Figure 1 Neighbor-joining tree of the 18 SSUrRNA gene based in p distance, Including transitions and transversions. The numbess sre boot-
strap percent values basad on 500 replications. The end 01 and 03 are conesponding of the V210 and £ vivielie genotypes, respectively
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Table 1: Frequency of antibedy response against CSP peptides in the infections with the P. vivax C5 genotypes.
Peptides CS genotypes present in the current infection (n)
analyzed
1 2 3 1+2 1+3 1+42+3 Total
{34) 5] {18) (12) (8) (4} (8op**
[N] - terminal 853 100 778 75 100 75 B3,7
[C]- terminal 735 100 88,9 100 75 100 83,7
[R1-VK210 706 100 389" 100 87.5 75 62,5
[V]- VK 247 41.1* 75 55.6° 833 50 50 50

*p = 0003, Fisher's Exact test. **p = 0.0005, Fisher's Exact test, 1: VK210; 2: VK247; 3: P. vivax-like.

same clade, in accordance with previous data [35].
Although the absence of VK247 genetic sequences, a lim-
itation of the present study, the results point to the fact
that £ vivax CS genotypes merely represent markers of
intra-specific genetic variations,

Supporting the above mentioned hypothesis, the evalu-
ation of the serological response profile against the differ-
ent parasite peptides corroborates the idea that this
variation is restricted to central portion of CSP, once sig-
nificant associations were not observed between the
presence of certain genotype and frequency of the anti-
bodies responses against the three analysed merozoite
peptides, MSP1 (Pv200L), AMA-1, DBP and against the
CSP conserved fractions in the sporozoite, N-terminal
and C-terminal. Besides, when the antibody responses
against the peptides corresponding to the CSP repetitive
central region were evaluated, significant associations
were detected against the peptides [R] and [V], which
corresponds to the protein sequences of VK210 and
VK247 genotypes, respectively. In individuals infected by
the VK210 genotype, a lower antibody response against
[W] was observed whereas in those infected by the P

vivax-like genotype observed an even lower antibody
response against these two fragments {[R] and [V]) were
observed. Once VK210 represents the classic 2 vivax CS
variant form and also the most prevalent in all Brazilian
endemic areas [17], these results were expected. More-
over, the repeated region of the P vivax-like CS is the
most genetically distinct compared to the other variants
[5,6].

The report that variations in the central repetitive por-
tion of CSP do not provide significant differences in anti-
body responses against B vivax merozoite and sporozoite
conserved regions peptides represents key information in
the future design of vaccine assays. On the other hand,
studies based in CSP should consider the influences of
this variation in the modulation of the epidemiology and
to consider the use of chimerical constructs including the
sequences of the different CS genotypes in order to
obtain a vaccine indeed protecting.

Conclusion
These results target that the differences among the P
vivax CS variants are restrict to the central repeated

Table 2: Frequency of antibedy response against merozoite antigens in the infactions with the P. vivax CS genotypes.

Peptides C5 genotypes present in the current infection (n)
analyzed
1 2 2 1+2 1+32 T+2+32 Total
(51) (4) (23) (14) (8) (4) (104)
Pv200L 92.2 100 78.2 100 &7.5 100 904
1 2 3 1+2 1+3 1+2+3 Total
(39) ) 8) (13) (8) (4 (86)
AMA-1 92.3 75 4.4 100 &7.5 75 91.9
ril-DBp 41 30 333 385 30 30 40.7%

*p = 0,003 Fisher's Exact test. 1: VK210; 2: VK247; 3: P, vivax-like.
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region of the protein, mostly nucleotide variation with
important serological consequences. This variation can
represent intra-specific biological signatures that must be
considered for £ vivax CSP malaria vaccine trial.
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3.4 CAPITULO IV

3.4 CAPITULO IV

Dentre as proteinas estudadas nesta pesquisa inclui-se a MSP1, mais
especificamente o peptideo correspondente a sua regido N-terminal, descrito em
2005 por VALDERRAMA-AGUIRRE na Colombia. Este fragmento denominado
Pv200L havia sido avaliado quanto sua antigenicidade e imunogenicidade apenas
pelo grupo Colombiano. Todavia para obtermos um perfil de reconhecimento e
resposta de anticorpos contra este fragmento nas populacbes brasileiras

naturalmente expostas a malaria elaboramos manuscrito abaixo.

Evaluation of the naturally-Acquired Antibody Immune Response to
the Pv200L N-terminal Fragment of Plasmodium vivax Merozoite Surface
Protein-1 in Four Areas of the Amazon Autores: Luciane M. Storti-Melo,

Wanessa C. Souza-Neiras, Gustavo C. Cassiano, Leonardo C. Taveira, José A.
Cordeiro, Vanja S. C. A. Couto, Marinete M. Pévoa, Maristela G. Cunha, Diana
M. Echeverry, Andréa R. B. Rossit, Myriam Arévalo-Herrera, Socrates Herrera,
and Ricardo L. D. Machado Artigo original publicado no suplemento do

periédicol American Journal of Tropical Medicine and Hygiene.

RESUMO

Neste trabalho avaliou-se a frequéncia e os niveis de anticorpos IgG para
um fragmento N-terminal da proteina de superficie do Merozoito (MSP-1) de
Plasmodium vivax (Pv200L) por ELISA, em individuos naturalmente expostos a
malaria provenientes de quatro areas endémicas do Brasil. Foram analisadas
amostras de plasma de 261 individuos infectados com P. vivax das comunidades
de Macapa, Novo Repartimento, Porto Velho, e Placido de Castro na regido
Amazobnica, as quais apresentam diferentes intensidades de transmissdo. Um

grande namero dos individuos estudados (89,3%) apresentou niveis de anticorpos
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contra o Pv200L, os quais foram relacionados com o nimero de infeccdes prévias
de malaria. Observou-se diferencas significantes na freqliéncia de respondedores
(71,9-98,7) e nos niveis de anticorpos (1:200-1:51.200) entre as quatro areas
estudadas. Os resultados deste estudo fornecem evidencias de que o Pv200L é um
fragmento naturalmente imunogénico da MSP-1 de P. vivax, sendo que 0s niveis
de resposta parecem estar associados com o grau de exposicdo ao parasito.

Atualmente a especificidade dos anticorpos anti-Pv200L esta sendo avaliada.
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Evaluation of the Naturally Acquired Antibody Immune Response to the Pv200L
N-terminal Fragment of Plasmodium vivax Merozoite Surface Protein-1 in Four
Areas of the Amazon Region of Brazil

Luciane M. Storti-Melo, Wanessa C. Souza-Neiras, Gustavo C. Cassiano, Leonardo C. Taveira, Antonio 1. Cordeiro,
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of Para, Institute of Riologic Science, Belém, Pard State, Brazil; Instituto de Inmunologia, Universidad del Valle, Cali, Colombia;
Malaria Vaccine and Drug Development Center, Cali, Colombia; Faculty of Medicine Foundation of Sio José do Rio Preto, Sdo Paulo State, Brazil;
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Abstract.

Frequency and levels of IgG antibodies to an N-terminal fragment of the Plasmodium vivax MSP-1

(Pv200L) protein, in individuals naturally exposed to malaria in four endemic areas of Brazil, were evaluated by enzyme-
linked immunosorbent assay. Plasma samples of 261 P vivax-infected individuals from communities of Macapd, Novo
Repartimento, Porto Velho, and Placido de Castro in the Amazonian region with different malaria transmission intensi-
ties. A high mean number of studied individuals (39.3% ) presented with antibodies to the Pv200L that correlated with the
number of previous malaria infections; there were significant differences in the frequency of the responders (71.9-98.7)
and in the antibody levels (1:200-1:51,200) among the four study areas. Results of this study provide evidence that Py200L
is a naturally immunogenic fragment of the PvMSP-1 and is associated with the degree of exposure to parasites. The fine

specificity of antibodies to Pv200L is currently being assessed.

INTRODUCTION

Plasmodium vivax is the main species responsible for
malaria infection in the American continent and in vast
areas of the Middle East, East and Southeast Asia, Oceania,
and the Eastern Mediterranean region.*? In America, Brazil
and Colombia are the most malaria-endemic countries with
F vivax accounting for more than 70% of the malaria clinical
cases in the region with a high percentage of cases originating
in the Amazon region* Vaccines against malaria are consid-
ered a potentially cost-effective measure for malaria control
and elimination, therefore, significant effort is currently being
invested in vaccine development.® In addition to the recent
progress toward the development of a vaccine against P fal-
ciparum, further development of a functional vaccine for
most endemic areas of the world where both P falciparam
and P vivax co-exist requires a better understanding of the
protective immune responses induced by both malaria para-
sites. Individuals permanently exposed to malaria infection in
endemic areas eventually develop clinical immunity; analyses
of such immune responses may contribute to the identification
of target antigens with vaccine potential.&®

The merozoite surface protein 1 (MSP-1). a glvcoprotein of
~195 kDa expressed in all Plasmodiwm species studied, is con-
sidered to have great vaccine potential.'® It has been shown
that in P falciparum, MSP-1 is synthesized as a large precursor
polypeptide that is then proteolytically processed into smaller
fragments during late schizont development.! Its molecular
weight varies slightly among parasite isolates caused by anti-
gensize polymorphism, > however the processed MSP-1 poly-
peptides contain remarkably conserved sequences'®, one such

*Address correspondence to Ricardo L. D Machado, Centro de
Investigagio de Microrganismos, Faculdade de Medicina de Sdo José
do Rio Preto, Avenida Brigadeiro Faria Lima 5416, Vila Sio Pedro,
Lipeode: 15090-000, Sdo José do Rio Preto, Sao Paulo Brazil. E-mail:
ricardomachado@famerp.br
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sequence is localized in proximity of the amino terminus of
the protein within a 80 kDa processing fragment that includes
a region termed 190L {Pf190L).1*4¢ The latter peptide region
has an elevated number of B- and T-cell epitopes” and has
shown to be highly immunogenic and partially protective in
monkey and human trials®* Plasmodium vivax MSP-1 has a
region with significant sequence homology to the Pf190L frag-
ment that has been termed Pr200L2" Although most studies in
the PeMSP-1 have concentrated on the carboxyl region, a few
have been designed to analyze the antigenicity of the amino
terminus of the protein that appears to be associated with clin-
ical protection.” A longitudinal study conducted in individu-
als from Rondonia State, Brazil indicated that more than 90%
of the sera from patients having experienced more than three
previous malaria infections contained antibodies to the ICB2-5
fragment, located on the amino terminus of the PvMSP-1 pro-
tein, which comprises the Pv200L fragment.® Additionally,
the Pv200L fragment was first tested in a seroepidemiological
study conducted in Colombia and indicated that the major-
ity of individuals previously exposed to P vivaxy malaria infec-
tion had antibodies to r Pv200L.2 Moreover, immunizations of
BALB/c mice and Aotus monkeys with the Pr200L fragment
indicated great immunogenicity and partial protection against
experimental challenge with P vivax blood stages.®®

Herein, we have evaluated the frequency and levels of anti-
Py200L antibodies in naturally acquired P vivax infections in
four malaria-endemic areas of the Brazilian Amazon region
with different P vivax transmission intensities. These findings
have allowed us to better define the immunological relevance
of this protein fragment and its potential as a vaccine target.

MATERIAL AND METHODS

Study areas. In the Brazilian Amazon region malaria
predominates in Mesoendemic conditions with wide variations
in transmission, as can be observed by the non-immune or
semi-immune status of the adult population and by presence



Resultados - Capitulo IV~ -75-

PVIVAX MSP-1 200L: SEROLOGICAL ANALYSES 59

of the asymptomatic carriers. ™ Because of this, the samples

were collected in four different sites of the Amazon region of
Brazil: Macapd. (Amapa State); Novo Repartimento (Para
State ), Porto Velho (Rondénia State); and Plicido de Castro
(Acre State). Macapd is the capital of the state of Amapa
and is located on the Amazon River with a tropical forest.
Itz estimated population is 366,486 inhabitants and itz annual
parasitic index (API) was 6.0in 2009. Porto Velho is the capital
of the State of Ronddnia in the upper Amazon River basin,
with 383,425 inhabitants and an API of 53.7 last year. Placido
de Castro is located at the border of Ronddnia and Amazonas
states, it has a population of 18235 inhabitants and its API
was 20,6 in 2009. Novo Repartimento is a gold mining area in
southeastern Pard State. Its population is estimated as 55,759
habitants and had an API of 15.4 last vear. The climate in these
areas is characterized as tropical with no dry seazon; the mean
monthly precipitation level is at least 60 mm.

Study subjects and blood samples. A total of 261 adult
individuals were evaluated in this study following a protocol
approved by the Institutiocnal Review Board (IRB) of the
Faculty of Medicine, Sio José¢ do Rio Preto. All participants
were enrolled according to the following criteria: sought
medical assistance for clinical malaria symptoms, were = 18
years of age, and had a positive P vivax malaria diagnosis
by thick blood film. We excluded from the study pregnant
women, patients < 18 years of age, and no other concomitant
illness. Participants were asked to sign a written consent form
before blood samples were drawn. Epidemiological data such
as age, gender, past history of malaria, and current infection
information were obtained from a specific interview and
also from medical records. Five mL of peripheral blood was
collected by venipuncture from each of the individuals using
tubes containing EDTA. Approximately 3 mL of plasma
was then stored at —80°C until use, and the remaining cell
volume was used for malaria diagnose confirmation by using a
polymerase chain reaction (PCR) technique.

Parasite detection. Patients were examined to confirm the
P vivax malaria diagnose by using Giemsa stained thick blood
smear. Slides were kept at room temperature and parasite
density was quantified after examination of 200 microscopic
fields at LOOOx magnification under oil-immersion. All slides
were examined by two independent well-trained microscopists
who were unaware of each result according to the Ministry
of Health in Brazil recommended procedures.® Additionally,
diagnose was confirmed in all samples by using an PCR
technique. For the PCR technique DNA samples were
extracted from frozen pellets of infected erythrocytes using
the Easy-DNATM extraction kit (Invitrogen, Carlsbad, CA),
and a semi-nested PCR using specific small-subunit (SSL7)
ribosomal RNA (rRNA) primers® Briefly, two rounds of
amplification were performed with oligonucleotide primers
that target small sub-unit rRNA genes of Plasmodium. The first
round (35 cycles) used a pair of universal (i.e.. genus-specific)
primers, P1 and P2, whereas the second round (18 cycles) used
the species-specific reverse primers F2, V1 and M1 combined
with the universal forward primer P1. Oligonucleotide primer
sequences and detailed PCR protocols are given elsewhere.

Povivax Py 200L protein. The Pv200L protein was
expressed as a recombinant protein in Escherichia coli as
described previously.® The protein encodes the fragment
containing amino acid residues 121-416 of the P wivax
MSP-1. The fragment was amplified, cloned. and expressed

in E coli according to standard methods® and purified by
immobilized metal ion affinity chromatography (IMAC) with
Ni-nitrilotriacetic acid matrix (Qiagen. Brazil), dialyzed against
phosphate-buffered saline (PBS) at 4°C., and reprocessed
several times to reduce E. coli contaminants. Final batches of
rPv200L were analyzed for homogeneity and purity by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analytical reverse-phase high-performance liquid
chromatography (HPLC).

Assessment of the antibody response. Human plasma samples
were evaluated using an enzyme-linked immunosorbent assay
(ELISA) for the presence of naturally acquired antibodies
to rPY200L, as described elsewhere.® Briefly, flat-bottomed,
O6-well microplates {(Nunc Maxisorp, Rochester, NY) were
coated with 100 mM of rPvZ00L per well and incubated
overnight at 4°C. Microplates were blocked for 2 hours
with PBS containing 0.05% Tween 20 and 1% bovine serum
albumin (Sigma, St. Louis, MO). After one wash with T-PBS,
samples diluted 1:200 were added and incubated for 1 hour
at room temperature. Plates were washed five times with
PBS containing 0.05% Tween 20, and secondary antihuman
immunoglobulin G (IgG) antibody labeled with alkaline
phosphatase (Sigma) was added at a final dilution of 1:4000.
Plates were incubated for 1 hour at room temperature, washed
with T-PBS. and developed with p-nitrophenylphosphate
(Sigma). The reaction was stopped after 15 minutes with 10 uL
of IN NaOH and read at 405 nm. Every sample was tested in
triplicate. The ELISA IgG cutoff was defined as the average of
negative control samples plus three standard deviations. The
results were expressed as an index of reactivity (IR = OD_
values of tested sample divided by the value of the cutoff).
Values of IR < 1.0 were considered negative, values of IR = 1.0
and < 10 were considered positive (antibody titers estimated to
vary from 1:200 until 1:3.200), whereas values of IR = 10 were
considered highly positive (antibody titers estimated to vary
between 1:3.200-51.200).

Statistical analysis. Analyzes were performed using R
version 2.8.1 statistical software (The R Foundation for
Statistical Computing, Vienna, Austria [https/www.rproject
.o1g|). Differences among the frequencies of responders were
analyzed using Pearson’s y* or, alternatively, the Fisher's exact
test. Comparisons of antibody level (IR ) were performed using
the Kruskal-Wallis test with poest hoc Bonferroni's pairwise
comparisons. Relationship between the antibody responders
and previous malaria episodes was analyzed by binary logis-
tic regression. Differences were considered significant when
P value 0,05, and when Bonferroni’s correction was performed
FPyalue £0.017 or P value < 0L008, respectively. to the number
of compared groups (3 or 4).

RESULTS

Frequency and level of antibodies to Pv200L in the four
Amazonian communities. An average of 65 individuals per
study area was evaluated for a total of 261 subjects. The overall
frequency of antibodies that recognized the Pv200L in ELISA
was 289.3%. The average IR was 5.5 and 17.6% of samples
showed high antibody titers (IR = 10). Significant differences
(P = 0.000001, Fisher's exact test) in responder frequency
among the four study sites were observed (Table 1).

In Macapad, the lowest percentage of positive PL200L anti-
bodies in individuals was detected (71.9%), whereas Novo
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a0 STORTI-MELO AND OTHERS
Tasre | 1060 IR0
Frequency and antibody levels of Pv200L in sera of infected individu- IR
als with Plasmodium vivax in four areas from Brazilian Amazon o &)
region B BIR<1
. H
Madptiap- 8
Antibody @ —————————————— ot
Area Sumples (n)  frequensy (%)% Averge >1(%) =10(%) 2 4
Macapa 64 719 44 59.4 12.5 §
MNove Repartimento T 987t [} 803 154 E 20
Porte Velho 55 9641 5.7 782 182 =
Placido de Castro ] 894 62 682 212
Total 261 89.3 54 TLT 17.6 0

*Fisher's exact test { P = 0000001 ) amalyzing the four areas
1 Macapa va Movo Rearfiments (P = 0.000002),
FMacapd vs Porto Velho (F = 00004), Bonferroni’s correction P value = 0008

Repartimento had the highest frequency of responders (98.7% ).
In the post hoc analysis by Bonferroni’s pairwise comparisons
(significant P value < 0.008), Macapa frequencies were statisti-
cally lower compared with Nove Repartimento (P = 0.000002)
and Porto Velho (P = 0.0004).

Taken together, the four study areas were statistically differ-
ent (P =0.0008, Kruskal-Wallis test) in terms of antibody levels
(estimated vsing IR values). The lowest antibody titers were
detected in Macapd subjects (average of IR =4.4) and the low-
est frequency of high responders (IR = 10:12.5% ). On the other
hand. the highest average IR (6.2) was found in Placido de
Castro with a frequency of 21.2% of high responders ( Table 1).
Figure 1 indicates each individual TR value plotted by endemic
area. Individuals from Macapa were the only ones presenting
hottom line antibody concentrations The IR values were used
o construct a boxplot by area that can also be seen in Figure 1,
Macapd presented lower median and confidence interval val-
ues than others. Statistical pairwise comparisons { Bonferroni’s
correction, Pvalue < (L008) confirmed that the lowest antibody
responses occurred in Macapa: Macapa versus Porto Velho,
F = 0.0011: Macapd versus Placido de Castro, P = 0.003Y9;
Macapa versus Novo Repartimento, P = 0.0000,

Relationship between frequency and level of antibodies
with previous malaria episodes. Findings showed a correlation
between the frequency and antibody levels and number of
previous malaria episodes. For this. plasma samples from 200
individuals were separated and calegorized according to the
number of previous malaria episodes and then further divided
into three groups: (0) primary infected, (1 or 2) individuals

Individual Value Plot of TR 1o P21 Boxplot with Confidence Tniervals
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Fiaure 1. Antibody levels to Pv200L in individuals from four areas
of the Brazilian Amazon region. Individual value plot of index of reac-
tivity (IR) and boxplot of the median values of IR in each area with
confidence intervals: CI (Macapd, median = 1.5 and C1 = L.1-2.4; Porto
Velho, median = 3.8 and CI = 2.6-53; Placido de Castro, median =
27 and C1 = 21-<4.7; and Nove Repartimento, median = 4.1 and CI =
34-5.5). The * represents outliers.
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Number of previous nealaris epis odes

Fioure 2. Correlation between the frequency of samples for [R
values and the number of previous malaria episodes Individuals (N =
200 were grouped according to the number of previous malaria infec-
tions. The number of individuals of each group was 10, 82, and 108 for
zero, | or 2, and 3 or more previous malaria groups, respectively. The
index of reactivity (IR) values are: IR < 1 (negative). IR = 1 {posi-
tive ), and IR = 10 (high positive ). The frequency of sample for each IR
value was statistically different between the three groups (P = (L006
Pearson 32 test),

with one or two previous malaria episodes, and (3 or more)
individuals with at least three previous malaria episodes. We
found that the frequency of Pr200L antibody-positive samples
was statistically different among these three groups (Figure 2:
P = 1.006, Pearson ¥*). The percentage of individuals that did
not recognize Pyv200L (IR < 1 or negative) was significantly
higher in the (0) group (40%) as compared with Group 1
(1 or 2 episodes; 12.2%) and to Group 3 (3 or more; 7.4%)
(P =0.042 and P = 0.010, respectively, Pearson ). None of
the individuals of the primary-infection group presented high
antibody ftiter (IR = 10) (Figure 2). Thiz tendency was also
confirmed by binary logistic regression analysis The percentage
of responders in the primary-infected group was compared
with the other groups The odds ratio (OR) for groups with 1
or 2 and 3 or more previous malaria infections was OR = 48
(P=0031)and OR = 8.3 (P =0.004), respectively.
Correlation between Pv200L antibody levels and the num-
ber of previous malaria infections showed that all primary
infected (0) had lower IR values (Figure 3) with average of IR
(IR =2.0) lower than average of IR of all patients (other three
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more, median = 3,1 and CT=2.5-5.1), The * represents outliers.
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groups; IR = 5.4). However, this difference was significant only
between primary infected (0) and the three or more malaria
episode groups (P = 0.010. Kruskal-Wallis test, Bonferroni's
correction P value = 0.017).

DISCUSSION

In this study, we confirmed the high prevalence of individu-
als in malaria-endemic areas of Brazil who develop antibodies
specific to the PY200L fragment of the P vivax MSP- 1 upon
exposure to natural infection. The mean number of individuals
presenting antibodies to the Pv200L in this study was higher
(89.3% ) than that previously reported in Colombia (72.8%)
where transmission intensity is lower than the Amazon
region. There were significant differences in the frequency of
responders and in antibody levels among the four study sites
Although we could not reliably record the number of previous
episodes in individuals with multiple previous infections, the
surprisingly high difference in antibody titers, which ranged
from negative (IR < 1 = 10.7%) to highly positive (IR > 10 =
17.7% ), indicates that some of the individuals may have been
exposed to numerous P! vivax infections, certainly more than
in Colombian individuals who presented significantly lower
titers (10°=5 x 10°)** In the latter study, individuals were not
only exposed to lower transmission intensity but a proportion
was Fy— volunteers with only a transient exposure to limited
amounts of circulating merozoites.®

Several studies in Brazil™®72® and other countries®* have
demonstrated the high antigenicity of different regions of the
P vivax MSP-1. The previously described antibody specificity,
particularly to the C-terminal region (42-kD and 19-kD sub-
fragments), correlates with inhibition of blocking parasite inva-
sion in vitro®3 and induction of protective immunity in animal
models!"* We have focused considerable efforts on the genetic
and immunological characterization of the N-terminal ( Pv200L)
fragment of P vivax MSP-1% and have found that it has not only
significant antigenicity both in human and animals, but it dis-
plays high immunogenicity in mice and monkeys and induces
partial protection against experimental parasite challenge in
Aotus monkeys vaccinated with the same protein tested here.

These results are in agreement with those of other seroepi-
demiologic studies that used longer fragments from N-terminal
of PvMSP-1.723 Although the C-terminal region of MSP-1
was referred to in Brazil as the most immunogenic,®® high
antibody levels (IR > 10) and IR average corroborates Pv200L
high antigenicity in naturally acquired malaria. Moreover,
reduced risk of P wivax infection and clinical protection
against malaria were, in fact, associated with antibodies to a
specific N- terminal fragment from MSP-1.7 We must point out
that maybe the same protection may not occur with other anti-
gens from the N-terminal region, however, it is an extrapola-
tion that should be considered. Inhibitory antibodies specific
for the 19-kD C-terminal of P falciparam MSP-1 were not
correlated with delayed appearance of infection but, actually,
declined significantly in 2 months after treatment, which might
have contributed to the risk of reinfection.”™ Herein, all indi-
viduals were infected at the time of sampling.

In Brazil, the antibody response profile was variable in the
different areas, whereas Macapd showed the lowest frequency
and antibody levels among studied areas; Novo Repartimento
displayed the highest frequency of responders (98.7%).
Several reasons, not mutually exclusive, may account for the

discrepant differences observed. Macapd had the lowest API
(6.0 in 2009) that can justify the low frequency and the low
level of antibody that was found. On the other hand, Porto
Velho presented the highest API (53.7) followed by Plicido
de Castro (20.6) and Novo Repartimento (15.8). Interestingly,
Novo Repartimento but not Porte Velho showed the highest
frequency of responders. Another possible explanation is the
characteristics of P vivax and P falciparum transmission in
each site. Although individuals with patent P, falciparum infec-
tion do not recognize the N-terminal recombinant protein
of P vivax MSP-1.* a combination of previous P vivax and
P falciparum infections may have an unpredictable outcome
in terms of the human antibody response.®

For that reason, we evaluated whether there was a corre-
lation between the frequency and antibody levels and the
number of past malaria infections. To answer this question,
the samples were classified according to the number of previ-
ous malaria in three groups: (0), (1 or 2), and (3 or more) past
malaria episodes. As expected, the analysis showed that the fre-
quency of responders and the antibody levels to PvZ00L frag-
ment was higher in those individuals with a greater number of
previous malaria infections. Although two previous Brazilian
studies did not show this tendency for the N-terminal of the
P vivax MSP-1,"* our data are in agreement with another
study in which the preportion of responders to PyMSP-1
variants increased during subsequent infections*® Moreover,
in studies that evaluated the C-terminal of the MSP-1* and
other parasite proteins, such as DBP-1I*# and AMA-14
a positive correlation was also observed between the increase
in the antibody response and the number of past malaria epi-
sodes. These data taken together suggest that multiple infec-
tions can provide a boost for the production of the specific
antibodies. As observed in the initial evaluation of Pv200L in
Colombia, the higher antibody responses in infected patients
as compared with healthy individuals with previous exposure
to malaria may be explained by an immune boosting by para-
sites after natural infection and may provide advantages for
boosting of antibody response induced by vaccination.®

In summary, results of this study provide evidence that
Pr200L is an immunogenic fragment of the N-terminal region
of the P vivax MSP-1 in naturally exposed individuals from the
Brazilian Amazon. Observed differences among the study areas
may be explained by the frequency of malaria exposure in each
region and that it might also be associated with the wide varia-
tions found in the malaria transmission pattern, parasite poly-
morphisms, and the genetic background of human populations.
Additional studies regarding the fine specificity of antibodies
to the Pv200L fragment and factors that modulate immune
responses against heterologous parasitic proteins, especially in
other geographical areas, are warranted to improve the under-
standing of the immunology of malaria with an eye toward
identification of viable malaria vaccine candidates.
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3.5 CAPITULO V

Atendendo ao terceiro objetivo especifico, o qual previa avaliar as
frequéncias alélicas dos polimorfismos do HLA-DRB1 em amostras da regido
norte do Brasil e sua influencia na resposta de anticorpos contra os peptideos da
MSP1 (Pv200L), AMA-1 e DBP em individuos naturalmente infectados com P.

vivax, descrevemos o trabalho a seguir:

Evaluation of HLA-DRB-1 alleles in the immune response against MSP-1,
AMA-1 and DBP in Brazilian individuals naturally infected with Plasmodium
vivax. Autores: Luciane Moreno Storti-Meloa, Daniela Reis da Costaa, Wanessa
Christina Souza-Neirasa, Gustavo Capatti Cassianoa, Vanja Suely Calvosa
D’Almeida Couto, Marinete Marins Pdovoa, Irene da Silva Soares, Luzia Helena
de Carvalho, Myrian Arevalo-Herrera, Socrates Herrera, Andrea Regina Baptista
Rossit, José Antonio Cordeiro, Luiz Carlos de Mattos e Ricardo Luiz Dantas
Machado. Artigo original submetido & publicacdo e em fase de revisdo na revista

Acta Tropica.

RESUMO

Nos avaliamos a frequiéncia alélica do HLA-DRB-1na aquisic¢éo e niveis
de anticorpos contra Pv200L, AMA-1 e DBP usando amostras de plasma de
individuos infectados com P. vivax provenientes de areas endémicas de malaria do
Brasil. Os alelos mais freqlentes observados na amostra da populacdo analisada
foram HLA-DRB1*04, *08, *07 e *13. Observou-se diferencas nas frequéncias
do alelo HLA-DRB1*07 entre os grupos de individuos maléricos e ndo-malaricos,
0 que pode sugerir um perfil de susceptibilidade & doenca na presenca deste alelo.
Uma associacdo positiva foi observada entre altos niveis de anticorpos anti-
Pv200L e o alelo HLA-DRB1*03, a qual ndo parece estar relacionada a exposicdo
a malaria, o que nos leva a sugerir que, na amostra estudada, o HLA-DRB1 possa
estar influenciando os niveis de anticorpos para MSP-1 (Pv200L), mas ndo para

AMA-1 e DBP. Este estudo oferece novas informac6es sobre a regulacdo genética
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da resposta imune contra importantes antigenos de P. vivax candidatos a vacina

em populagdes brasileiras naturalmente expostas & malaria.
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ABSTRACT

We evaluated the influence of the HLA-DRB-1 allelic frequency on the
acquisition and level of the antibody to Pv200L, N-terminal of MSP-1 protein,
recombinant AMA-1 and DBP proteins using plasma samples of individuals
infected with Plasmodium vivax from malaria endemic areas of Brazil. The most
frequent alleles in North population samples were HLA-DRB1*04, *08, *07 and
*13. Differences were observed in HLA-DRB1*07 frequencies between malaric
and non-malaric groups suggesting a malaria susceptibility profile in this allele
presence. HLA-DRB1 alleles can influence antibody levels to MSP-1 (Pv200L)
but not to AMA-1 and DBP since a positive association was observed between the
highest antibody levels to Pv200L and the presence of HLA-DRB1*03 that does
not seem to be related with the malaria exposure. Finally, this study offers new
information about the genetic regulation of the immune response against
important vaccine candidate antigens of P. vivax in Brazilian population naturally

exposed to malaria.

Key words: Plasmodium vivax, HLA class Il, Antibody response, MSP1, AMA-1
and DBP
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1. Introduction

Human leukocyte antigen (HLA) class Il genes were originally called
genes of the immune response, since their alleles are known to influence the
antibody production (Germain, 1999). Population studies have reported the
association of the HLA antigens with the susceptibility or resistance in the
pathogenesis of infectious diseases, such as leprosy (Todd et al., 1990), mucosal
leishmaniasis (Petzl-Erler et al., 1991) and hepatosplenomegaly in schistosomiasis
(Assaad-Khalil et al., 1993). Various studies have searched for the influence of the
HLA alleles in the malaria immunology. In 1989, the relationship between the
HLA-DR types and the immune responses to circumsporozoite protein (CSP) of
Plasmodium falciparum (Brown et al., 1989) and to sporozoite and gametocytes
epitopes in Papua New Guinea (Graves et al., 1989) couldn’t be established. Two
years later, the protection against P. falciparum severe malaria was associated
with the presence of the HLA-Bw53, DRB1*1302 e DQB1*0501 alleles in
African children (Hill et al., 1994). In the beginning of 2000’s, some HLA-DR
alleles have been associated with a better antibody response to Nt47 (p126 amino-
terminal portion) (Banic et al., 2002); apical membrane antigen-1 (AMA-1)
(Johnson et al., 2004) of P. falciparum and the VK247 CSP repetition of P. vivax
(Oliveira-Ferreira et al., 2004).

Additionally, several studies have reported the association of specific HLA
alleles with the immune response to malaria antigens in human vaccine trials
(Patarroyo et al., 1991; Nardin et al., 2001). In different populations, HLA-DR4
(Patarroyo et al., 1991) and HLADR15/DQB1*0601 (Beck et al., 1995) were
associated with lower response to the synthetic peptide SPf166 vaccine. High
levels of responsiveness were found in the presence of HLA DPB1*0501 in
Thailand individuals vaccinated with circumsporozoite antigens (Stephens et al.,
1995). Similarly, in a phase | clinical Multiple Antigens Peptides (MAP) vaccine
trial higher anti-sporozoite antibodies titers were restricted to three HLA class 11
alleles, DRB1*0401, DRB1*1101 and DQB1*0603, on the other hand, HLA-
DRB1*07 allele has failed to develop high antibodies levels (Nardin et al., 2000).
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Furthermore, a poor responsiveness to hepatitis B surface (Desombere et a.,
1998), measles (Gelder et al., 2002) and influenza (Polland, 1999) vaccines has
been documented in the HLA-DR7 presence, and it has also been incriminated
like a weak responder to the VK210 CSP repetition of P. vivax in naturally
infected individuals (Oliveira-Ferreira et al., 2004). So, the knowledge of the
influence of HLA class Il in the immune recognition of vaccine candidate
antigens among people naturally exposed to malaria is an imperative for the
development of an effective vaccine (Johnson et al., 2004).

Several asexual-stage molecules are being considered as vaccine
candidates, because the proteins expressed in the merozoite parasite form play
critical roles during the invasion of red blood cells (RBC) and are responsible for
the perpetuation of the parasite life cycle (Remarque et al., 2008). Among these
the merozoite surface protein 1 (MSP-1), the AMA-1 and the Duffy binding
protein (DBP) are being intensively studied regarding their immune potential
(Good et al., 2005). An 80 kDa amino-terminal fragment of the PvMSP-1
(Pv200L) showed immunologic relevance since 72.8% of P. vivax infected
Colombian patients developed antibodies, and BALB/c mice and Aotus monkeys
that were immunized with this fragment displayed partial protection against P.
vivax blood stages (Valderrama-Aguirre et al., 2005). The AMA is recognized by
72.7% of the sera samples of infected individuals from North of Brazil (Barbedo
et al., 2007). Active immunization of experimental animals with recombinante
forms of this protein showed a protective effect against infection (Collins et al.,
1994), and a significant pro-inflammatory response was elicited by PvAMA-1,
which plays a direct role on innate immune response (Bueno et al., 2008). The
DBP of Plasmodium vivax (PvDBP) is a 140 kDa protein with functionally
conserved region rich in cysteine, which is referred as region Il. Despite of the
lowest antibody frequency observed in naturally infected people (Barbedo et a.,
2007) the currently data have demonstrated that the anti-DBP antibodies response
increases with exposure to P. vivax and some of these antibodies have a blocked
adherence activity of DBP on the receptor of the retyculocytes (Grimberg et al.,
2007; Ceravolo et al., 2008; Ceravolo et al., 2009).
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The majority of the studies about the influence of the HLA alleles and
malaria immune response were conducted with P. falciparum antigens because of
its higher mortality, but P. vivax is the main specie responsible for infection in
South and Central America.In Brazil this specie accounts for more than 80% of
the clinical cases reported in the Amazon region (Brazilian Health Ministry,
2007). Thus, it is important to understand the factors that control the immune
response to vaccine candidate antigens, as the asexual-blood stage proteins of P.
vivax, among people naturally exposed to parasite. Hereby, we evaluated the
influence of the HLA-DRB-1 allelic frequency on the acquisition and on the level
of the antibody against Pv200L, N-terminal of MSP-1, recombinant AMA-1 and
DBP peptides using plasma samples of infected individuals with P. vivax from

malaria endemic areas of Brazil.

2. Materials and Methods

2.1 Study subjects and areas

The patients who were enrolled in this study complied with the following
criteria: they sought medical assistance for clinical malaria symptoms, were over
18 years old and had a positive malaria diagnosis by thick blood film for P. vivax.
All patients signed a written informed consent. Peripheral blood samples were
obtained from individuals distributed in four Brazilian malaria endemic areas:
Macapa in Amapa state; Novo Repartimento in Para state; Porto Velho in
Ronddnia state and Placido de Castro in Acre state. A control group consisted of
blood donors and according to the Brazilian blood bank policy they complied with
the following criteria: they were over 18 years old, their place of birth was in the
study area, they reported never suffering from malaria attacks and had no signs of
malaria during the initial interview and had negative results for thick blood film
and molecular diagnosis were used for HLA-DRB frequencies comparisons. All
the studied groups showed no statistically significant difference in mean ages or

ethnicity, indicating a well-matched population. The same results were obtained
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when we compared both groups in each area. DNA samples were extracted from
frozen pellets of erythrocytes using the Easy-DNATM extraction kit (Invitrogen,
Carlsbad, CA, USA), and a semi-nested PCR using specific small-subunit (SSU)
rDNA primers (Kimura et al., 1997) was performed to confirm the malaria
diagnosis. The protocol for this study was reviewed and approved (Process
number 235/2006) by the Research Board of the Faculty of Medicine from Séo

José do Rio Preto, Sdo Paulo state, Brazil.

2.2 HLA class Il alleles

A sub-set of DNA samples (n=73) of the malaria patients and of the
control group (n=29) were selected to HLA-DRB-1 alleles genotyping. The DNA
concentrations were obtained in a spectrophotometer at 260 and 280 nm and
content measured of 100 ng/mL was used for low resolution typing of the HLA-
DRBL1 by polymerase chain reaction with sequence-specific primers (PCR-SSP)
as previously described (Olerup and Zetterquist, 1992).

2.3 Assessment of the serological response

The presence and levels of 1gG antibodies were detected by enzyme-linked
immunosorbent assay (ELISA) according to what was previously described: to N-
terminal fragment (Pv200L) of MSP-1 (n=261) (Valderrama-Aguirre et al., 2005),
to recombinant peptide of the AMA-1(n=119) (Rodrigues et al., 2005) and to
regions I1-1V of DBP (n=119) (Ceravolo et al., 2005) in plasma samples of the
infected individuals with P. vivax. The ELISA IgG cutoff was defined as the OD
average from Amazon region outside individuals (n=30) plus three standard
deviations. The results were expressed as an index of reactivity (IR = OD405
values of tested sample divided by the value of the cutoff). Values of IR <1.0
were considered negative, values of IR >1.0 and <10 were considered positive and

values of IR >10 were considered highly positive.
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2.4 Statistical analysis

Analyses were performed using R version 2.8.1 statistical software (The R
Foundation for Statistical Computing, Vienna, Austria (http://www.r-project.org).
Student’s t-test was used to analyze differences in mean values. Antigen and gene
frequencies were calculated respectively by the formula af = n/N, where n is the
number of positive samples for the antigen, N is the total number of samples, and
gf = 1- V1(1 — af ) (Baur and Danilovs, 1980). The heterogeneity of HLA antigen
frequencies between control and malaric groups and between responder and
nonresponder groups was evaluated by Chi-square with Yate’s correction test or,
alternatively, the Fisher's exact test. Differences were considered significant when

p-value<0.05.

3. Results

3.1 HLA-DRB1 alleles frequency in Brazilian Amazon populations

HLADRB1 genotyping was performed in a total of 102 individuals,
including malaric and non-malaric DNA samples from Brazilian North region. As
summarized in Table 1, thirteen different alleles were found in our casuistic and
the frequencies observed for all samples and for each group are also described
there. The most frequent alleles in all samples group were HLA-DRB1*04, *08,
*07 and *13. In the malaric group these same alleles were frequent, but the HLA-
DRB1*07 was the most frequent in this group following, *04, *08 and *13. In the
control group the HLA-DRB1*04, *08, and *13 were the most frequent as well,
but the HLA-DRB1*07 was one of the least frequent alleles in this group. When
we compared both the malaric and the control group, in the first one HLA-
DRB1*07 frequency was higher than in the control group and this difference was

statistically significant (p=0.006, Chi-square test).
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3.2 Antibody response to MSP-1, AMA-1 and DBP in individuals naturally

exposed to malaria.

The immune response was analyzed in plasma samples of 261 individuals
for presence of anti-MSP-1 antibodies and of 119 individuals for anti-AMA-1 and
anti-DBP antibodies presence. The frequency of responders to MSP-1 and AMA-
1 was higher than 89%, and high antibody levels (IR>10) were observed in 17.6%
and 15.1% of the samples respectively. For DBP, 37% of the samples responded
positively for antibody presence and only 1.7% was highly positive. The
frequencies of responders and IR values are shown in Table 2.

We verified whether or not the frequency and the level of antibody
increase with the exposure to infection. For this, the individuals were separated
according to the number of previous malaria into three groups: (0) primary-
infected; (1 or 2) individuals with one or two previous malaria episodes; and (3 or
more) individuals with at least three previous malaria episodes. The frequencies of
not responder (Neg), responders (Pos) and highly responders (High Pos) in each
previous malaria group are in Table 3. A positive correlation with the number of
previous malaria episodes and the antibody response was observed for MSP-1
(p=0.006) and AMA-1(p=0.005), in which the frequencies of responders and
highly responders significantly increase with more exposition. For DBP, there was
not a significant correlation (p>0.05).

3.3 HLA-DRBL1 allele frequency and antibody response against MSP-1, AMA-1
and DBP

The HLA-DRB1 frequencies for each antibody response group: not
responders (Neg), responders (Pos) and highly responders (High Pos) against
MSP-1, AMA-1 and DBP were evaluated (Table 4). A significant association
between high response to MSP-1 and the presence of HLA-DRB1*03 (p=0.048)
was observed. In fact, among individuals with DRB1*03, the frequency of highly
responders to MSP-1 (35.7%) was significantly (p=0.040) higher than in the
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people with other alleles (14.4%). Because the prevalence and the levels of anti-
MSP-1 antibodies seem to be related to previous infection, we examined the
possibility of DRB1*03 people being more exposed to malaria, but no difference
(p>0.05) was observed in the number of previous infection between these
individuals and other people. The HLA-DRBL1 frequencies were similar between
responders and not responders to AMA-1 and DBP, and no significant association
between any HLA-DRB1 allele and antibody response against these proteins was

found.

4. Discussion

Brazilian population is genetically diverse, formed by contribution of three
important groups: Caucasians, Africans and Amerindians, resulting in a mixed
population (Moraes et al., 1993). Because of the large territorial size of Brazil and
the diversities in its colonization, different regions of the country present more
prevalence of one or other groups described (Alves-Silva et al., 2000, Carvalho-
Silva et al., 2001). We found a high frequency of HLA-DRB1*04 in our sample
according to previous studies (Polland, 1999; Parolin and Carnese, 2001), since
this allele is characteristic of the American indigenous population its prevalence
reflects the Amerindians contribution in Brazilian population, especially in the
North of the country (Zago et al., 1996). Additionally, the high frequency of
HLA-DRB1*04 that was observed in both, malaric and non-malaric groups
indicates that this allele was not associated to susceptibility or protection to P.
vivax malaria. On the other hand, the significant higher frequency of the HLA-
DRB1*07 in the malaric group than in the non-malaric group could suggest a
malaria infection susceptibility associated to this allele. Oliveira-Ferreira et al.,
(2004) proposed a bad responder profile for HLA-DRB1*07 against the VK210
repetitive region of the P. vivax CSP. In fact, previous studies with viral vaccine
(Desombere et al., 1998; Polland, 1999) and vaccine trials with CSP of P.

falciparum (Nardin et al., 2000) have been incriminate this allele in fail in the
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developed immune response. These findings may explain the susceptibility
suggested to malaria that was observed in this allele presence.

The levels of antibody response that were observed for blood stage
antigens are in accordance to previous reports (Olerup and Zetterquist, 1992;
Ceravolo et al., 2005; Valderrama-Aguirre et al., 2005; Barbedo et al., 2007). We
had firstly documented the antibody response profile for Pv200L in naturally
exposed Brazilian individuals and found a high recognition by sera samples with
an increase in the frequency and in the level of antibodies directly proportional to
the number of previous malaria episodes (Storti-Melo et al., in press). The high
antibody response against Pv200L that was observed confirms the potential of this
MSP1 N-terminal fragment like an immunogenic candidate vaccine. Although the
increase of the antibody response according to more infection had been previous
reported to AMA-1 (Rodrigues et al., 2005; Barbedo et al., 2007) and to DBP
(Ceravolo et al., 2005; Grimberg et al., 2007), in our data, this tendency was
observed for antibody levels to AMA-1, but not to DBP. The lowest frequency of
responders against DBP was in agreement with previous studies in endemic areas
of Brazil (Ceravolo et al., 2005; Barbedo et al., 2007), and once the inhibitory
properties have been attributed to anti-DBP antibodies this protein remains like an
important immunogenic molecule (Grimberg et al., 2007; Ceravolo et al., 2008;
2009).

All these three P. vivax asexual-stage antigens are reported like targets of
parasitic invasion-inhibitory or growth-inhibitory antibodies and because, all of
them are candidates for vaccine development, we investigated the possible
influence of the HLA-DRB1 polymorphisms in the frequency and in the levels of
antibodies against them. We found that HLA-DRB1 can influence antibody levels
to MSP-1 (Pv200L) but not to AMA-1 and to DBP. Since the frequency of
responders to Pv200L was high in the population (89.3%), restrictions to antibody
production against this antigen do not seem to be a problem. However, a positive
association was observed between the highest antibody levels to Pv200L and the
presence of HLA-DRB1*03. This antibody response did not seem to be related to

exposure, since any difference was found between previous malaria infections and
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this allele presence. In contrast, a similar study, evaluating the HLA influence in
the antibody response to P. falciparum asexual-stage antigens found no
association with any HLA-DRB1 or DQBL1 alleles for antibody levels to MSP1-
1901 and to MSA2, but positive individuals for HLA-DRB1*1201 had the highest
antibody levels to PFAMA-1(Johnson et al., 2004). However this work was
conducted in an African population, where the genetic composition, the condition
of malaria transmission and the Plasmodium spp. epidemiology are different from
Brazil.

The lack of association observed in this work, may mean that the HLA-
DRBL1, in fact, does not modulate the antibody response against AMA-1 and DBP
of P. vivax, or can be a limitation of the size of the sample that needs to be better
investigated. Another possibility is the presence of other intervening factors, such
as genes linked to the histocompatibility complex or elsewhere. The genetic
regulation of antigen-specific antibody responses does not seem to be only by
HLA class Il genes (Duah et al., 2009). Recently works had shown that genetic
factors regulate the different antibody isotype and subclass responses to malaria
antigens, mainly due to undefined non-HLA-linked genes (Duah et al., 2009). An
earlier analysis of 1gG levels to parts of MSP1 and of MSP2 of P. falciparum had
surprisingly shown that the contribution of non-HLA encoded genes exceed that
of the HLA genes (Jepson et al., 1997). The heritability of responses to vaccines
(BCG, polio, hepatitis B, diphtheria, pertussis and tetanus) in infants has been
reported (Newport et al., 2004), indicating that antibody responses are influenced
mainly by non-HLA genes whilst cellular responses to BCG are regulated more
by genes within the HLA class Il region. It has been shown that although genetic
factors control early antibody responses to vaccines, the persistence and avidity
maturation of these responses are regulated by environmental factors such as
frequent exposure to the microorganisms that influences the subsequent activation
of memory B cells (Marchant et al., 2006). The positive influence of the HLA-
DRB1*03 in the MSP1 antibody response that was found in our data needs to be
confirmed in other populations and as well in functional studies about the

interaction of these antigenic molecules. A genome-wide approach could
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contribute to the discovery of other genetic determinants of the specific antibody
responses, which remain very limited (Malaria Genomic Epidemiology Network,
2008). Finally, this study offers new information about the genetic regulation of

the immune response against important vaccine candidate antigens of P. vivax in

Brazilian population naturally exposed to malaria.
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Table 1
Frequencies of HLA-DRBI alleles in samples from Brazilian Amazon

region, including control and malaric groups.

Allele frequencies

HILA-DRB-1 All samples Malaric group Control group

Alleles (n=102) (n=73) (n=29)
*01 0.147 0.151 0.138
*03 0.196 0.192 0.207
*04 0.304 0.315 0.276
*07 0.255 0.342 0.034
*08 0.265 0.260 0.276
*09 0.029 0.014 0.069
*10 0.078 0.068 0.103
*11 0.098 0.110 0.069
*12 0.029 0.028 0.034
*13 0.235 0.220 0.276
*14 0.147 0.136 0.172
*15 0.127 0.110 0.172
*16 0.088 0.054 0.172

" p=0.006. Chi-square test with Yates' correction compared control and malaric

groups.
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Table 2
Frequency and antibody levels to MSP-1, AMA-1 and DBP in sera of

infected individuals with P. vivax from Brazilian Amazon.

Antibody response IR - antibody level

. i n
Protein (%) average >1(%) >10 (%)
MSP-1 261 893 55 717 17.6
AMA-1 119 891 6.6 7394 151

DBP 119 37 1.24 35.29 1.7
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Table 3
Relationship between the frequency of antibody response for MSP-1. AMA-1 and DBP

and the number of previous malaria episodes.

Past malaria MSP-1' AMA-1* DBP
episodes Neg Pos High Pos Neg Pos High Pos Neg Pos
0 40 60 0 428 428 144 714 286
lor2 122 756 122 11.1 833 5.6 63.9 36.1
3 or more 74 695 231 3.6 727 237 60 40

Neg: not responders (IR <1): Pos: responders (1= IR <10): High Pos: Highly responders
(IR =10)
" Fisher’s exact test. p=0.006

* Fisher’s exact test. p= 0.005
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Table 4
Frequencies of HLA-DRBI alleles in responders and not responders to MSP-1, AMA-1 and
DBP.
MSP-1 AMA-1 DBP
HLA-DRBI1
Alleles Neg Pos High Pos Neg Pos High Pos Neg Pos
(m=2) (m=59) m=12) m=6) (m=43) (m=11) (m=335) (n=23)
*01 0 0.169 0.083 0334 0.162 0.09 0.229  0.080
*03 0 0.153 0416’ 0334 0.14 0364 0.143  0.280
*04 0 0.288 0.500 0.666 0372 0272 0.371  0.400
*07 0.5 0.356  0.250 0 0.302 0.364 0.257 0320
*08 0.5 0.237 0.333 0334 0.256 0.182 0.257  0.240
*09 0 0.017 0 0 0 0 0 0
*10 0 0.068 0.083 0 0.094 0.09 0.086  0.080
*11 0 0.102 0.167 0 0.14  0.09 0.086  0.160
*12 0 0.034 0 0 0.024 0 0.029 0
*13 0.5 0.237 0.083 0.166 0.162 0.364 0.171  0.240
*14 0.5 0.136  0.083 0 0.162 0.182 0.143  0.160
*15 0 0.136 0 0.166 0.094 0O 0.14286 0
*16 0 0.068 0 0 0.094 0 0.086  0.040

Neg: not responders (IR <1): Pos: responders (1= IR <10): High Pos: Highly responders (IR

>10)

" p=0.048. Chi-square test.
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4 DISCUSSAO GERAL

Apesar de diversas tentativas de controle, a maléria ainda
continua sendo uma doenca com alta prevaléncia e elevado indice de
mortalidade (COWMAN & CRABB, 2006), resultando em um milhdo de mortes
no mundo a cada ano (CDC, 2009). No Brasil ja foram registrados cerca de 600
mil casos, mas hoje esse quadro vem mudando, os casos notificados estdo
diminuindo, isso devido a intervencdes do governo no combate e prevencao a
esta doenca (MINISTERIO DA SAUDE, 2009). A malaria causada pelo P.
vivax é responsavel por cerca de 80% dos casos brasileiros, embora a infecgdo
por esta espécie dificilmente acarrete a morte do paciente, ela causa morbidade e
perdas socio-econdmicas relevantes (MINISTERIO DA SAUDE, 2009). As trés
variantes da CSP (VK210, VK247 e P. vivax-like) desta espécie de plasmddio
tém sido detectadas no Brasil por métodos moleculares (MACHADO et al.,
2003; STORTI-MELO, et al., 2009) e, além disso, anticorpos naturalmente
adquiridos que reconhecem a porgdo repetida desta proteina ja foram
demonstrados em vérias areas endémicas do Brasil (MARRELLI et al., 1998,
OLIVIERA-FERREIRA et al., 2004; ARRUDA et al., 2007; CERUTTI et al.,
2007) e do mundo (COCHRANE et al.,1990; WIRTZ et al., 1990; FRANKE et
al., 1992; GONZALEZ et al., 2001) Neste trabalho, a distribuicdo destas
variantes tanto em infec¢fes simples como mistas ndo se apresentou de forma
homogénea nas diferentes regides da Amazonia brasileira. No entanto a variante
VK210 permanece como a mais prevalente em todas as areas analisadas. As
variantes VK247 e P. vivax-like atualmente parecem estar mais adaptadas a
infeccdo nas populagdes brasileiras do que anteriormente, uma vez que em
nossos dados ambas puderam ser identificadas em infeccbes simples,
diferentemente do que foi reportado em 2000 e 2003, quando estas variantes
foram observadas apenas em infeccbes mistas (MACHADO e POVOA, 2000;
MACHADO et al., 2003). Interessantemente, ap0s dez anos, observa-se uma
alteracdo do panorama de distribuicdo das variantes da CSP, no Brasil. Embora a
VK210 continue sendo a mais prevalente em todas as areas analisadas, a relacéo

de distribuicdo com a VK247 e P. vivax-like, sugere uma mudanca na adaptacéo
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dessas variantes, visto que essa € a primeira deteccdo de ambas as formas do
parasito em infeccdo simples no Brasil. Nossos resultados podem indicar que a
VK247 ainda ndo esteja totalmente adaptada no pais, assim como observado em
estudos prévios na Colémbia (GONZALES et al., 2001), no México e na Asia
(KAIN et al.,, 1992; 1993a; 1993b; QARI et al., 1992). Uma vez que esta
variante foi encontrada em infecgdes simples somente em amostras de Novo
Repartimento, no Estado do Para, sugerindo uma introdugdo mais recente nos
demais Estados. Os resultados deste estudo também demonstram que o P. vivax-
like esta amplamente distribuido em todas as areas estudadas sugerindo que esta
variante esteja mais bem adaptada do que VK247 nas areas brasileiras.

A partir da descricdo dos genotipos variantes da CSP de P.
vivax, varios estudos tém proposto a existéncia de diferencas entre essas variantes
que parecem ir além de variacbes na porcdo repetida da proteina, como
distribuicdo geogréfica, intensidade de transmissdo, competéncia vetorial, resposta
imune, resposta ao tratamento e, resisténcia a drogas (BRANQUINHO et al.,
1997; MARRELLI et al., 1998; GONZALES e CERON, 1999; MACHADO e
POVOA, 2000; MACHADO et al., 2003; DA SILVA et al., 2006). A real
implicacdo desta variacdo no genoma de P. vivax permaneceu questionavel por
longo tempo, mas os dados atuais trazem evidéncias filogenéticas de que essa
variacdo esteja limitada a porcao central da CSP (SOUZA-NEIRAS, et al., 2010) .
A avaliacdo do perfil de resposta soroldgica contra os diferentes peptideos do
parasito relacionado as variantes da CSP corrobora a idéia de que esta variacdo
esteja restrita a por¢do central da proteina, uma vez que, em nossos resultados néo
foram observadas associagdes significativas entre estas variantes e freqliéncia de
resposta de anticorpos contra os trés peptideos do merozoito analisados, MSP1
(Pv200L), AMA-1 e DBP, bem como, contra as fracGes conservadas da CSP no
esporozito, N-terminal [N] e C-terminal [C]. Por outro lado, quando avaliamos a
resposta imune humoral contra os peptideos correspondentes a regido central
repetida da CSP, os resultados indicaram associacdes significativas na frequéncia
de respondedores para os peptideos [R] e [V], os quais correspondem a seqiiéncia

peptidica da CSP das variantes VK210 e VK247 respectivamente. Nos individuos
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infectados pela variante VK210 uma menor resposta de anticorpos contra o
peptideo [V] foi observada. Nas amostras infectadas pelo genédtipo P. vivax-like
observou-se menor resposta de anticorpos contra os dois fragmentos. De forma
geral, a frequéncia de respondedores contra o peptideo [R] correspondente a
VK210 foi significativamente maior que para o [V] (VK247). Levando-se em
consideracdo a existéncia de uma correlacdo positiva entre o numero de
exposicdes prévias e a maior resposta sorologica, um fato a ser considerado é que
a variante VK210 é a forma classica e a mais prevalente em todas as areas
endémicas estudas (STORTI-MELO, et al., 2009) o que justificaria a maior
freqiiéncia de respondedores observada contra o peptideo correspondente a esta
variante. Ademais, deve-se lembrar que a regido repetitiva da CSP de P. vivax-like
é geneticamente distinta das demais variantes (QARI, et al., 1993a), dado que
pode explicar a significativa diminuicdo na resposta contra 0s peptideos
correspondentes a VK210 e VK247 em individuos infectados por essa variante.

A CSP representa um importante alvo no desenvolvimento de
uma vacina para maléaria, uma vez que ela recobre toda a superficie do
esporozoito, estagio infectante do parasito (KEMP et al., 1990). A alta freqliéncia
de resposta de anticorpos contra 0s peptideos correspondentes as regides
conservadas N-terminal e C-terminal indica a alta imunogenicidade destes
peptideos na populacdo brasileira naturalmente exposta a malaria, confirmando
ainda, seu maior potencial imunogénico em relacdo as regides centrais repetitivas
(HERRERA et al., 2004). O fato da infeccdo pelas diferentes variantes da CSP
ndo apresentar diferencas significativas na reposta de anticorpos contra 0s
peptideos do merozoito nem com as regides conservadas do esporozoito, fornece
informacBes promissoras nos ensaios de vacinacdo utilizando esses peptideos
como imundgenos. Por outro lado, estudos embasados na CSP devem analisar sua
variabilidade genética para a utilizacdo da porcdo central desta proteina como
antigeno para desenvolvimento de uma vacina anti-P. vivax. .considerando-se a
influéncia dessa variacdo na modulacdo da epidemiologia do parasito e, a

utilizacdo de constructos quiméricos incluindo as diferentes sequéncias da CSP, a
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fim de se obter uma vacina efetivamente protetora contra esta espécie de parasito
(YADAVA et al., 2007; BELL et al., 2009).

O desenvolvimento de resisténcia a droga pelos parasitos e
resisténcia a inseticidas pelos vetores tém comprometido os métodos tradicionais
de tratamento e controle, reforcando a necessidade critica do desenvolvimento de
uma vacina para maléaria. Nas ultimas décadas, diversos estudos tém sido
realizados para identificar e testar antigenos candidatos para uma vacina efetiva
(HERRERA, et al., 2005; CERAVOLO et al., 2005), obtendo resultados variaveis
de acordo com o antigeno e a populacdo analisada. No entanto, fatores genéticos
do hospedeiro humano tém sido considerados para explicar tais varia¢fes. Estudos
prévios tém descrito associacOes entre as freqiiéncias alélicas dos genes do HLA
de classe Il e a resposta sorologica nos ensaios de vacinas para a malaria
(PATARROYO et al, 1991; NARDIN et al., 2000, 2001). Em populacdo
naturalmente exposta da Amazonia brasileira, evidenciou-se que a resposta de
anticorpos contra o0s peptideos variantes da CSP sejam modulados pelos
polimorfismos do HLA-DRB1 (OLIVEIRA-FERREIRA et al., 2004).

A populacdo brasileira € geneticamente diversa, formada pela
contribuicdo de trés importantes grupos: Caucasianos, Africanos e Amerindios,
resultando em uma populacdo altamente miscigenada (MORAES et al., 1993).
Ademais, devido a grande extensdo territorial do Brasil e as diversidades em sua
colonizacdo, diferentes regides do pais apresentam prevaléncia de um ou outro
dos grupos descritos (ALVES-SILVA et al., 2000, CARVALHO-SILVA et al.,
2001). A alta freqiiéncia do alelo HLA-DRB1*04 observada em nossa casuistica
esta de acordo com trabalhos anteriores (POLLAND, 1999; PAROLIN AND
CARNESE, 2001) e, uma vez que, este alelo é caracteristico de populacGes
indigenas Americanas sua prevaléncia reflete a contribuicdo desta populacdo na
regido norte do Brasil (ZAGO et al., 1996). A maior frequencia do alelo HLA-
DRB1*07 no grupo de individuos malaricos comparado aos doadores, nao
malaricos pode estar associado a um perfil de baixa resposta imune sugerindo uma
susceptibilidade a doenca, relacionada a este alelo. O perfil de mal respondedor

deste alelo ja foi anteriormente proposto por Oliveira-Ferreira et al., (2004) que
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evidenciaram menor resposta contra o peptideo da variante VK210 da CSP de P.
vivax. Além disso, outros trabalhos com vacinas virais (DESOMBERE et al.,
1998; POLLAND, 1999) e ensaios de vacinagdo com a CSP de P. falciparum
(NARDIN et al., 2000) tém incriminado este alelo nas falhas de desenvolvimento
da resposta imune.

Os antigenos do estagio asexual tém sido reportados como alvos
de anticorpos inibidores da invasdo e do crescimento parasitario de forma que
investigar uma possivel modulacéo pelos polimorfismos do HLA de classe Il na
resposta imune humoral para estes antigenos fez-se relevante. Em nossa
amostragem encontramos evidencias de que os alelos do HLA-DRB1 podem
influenciar os niveis de anticorpos para MSP-1 (Pv200L), mas ndo para AMA-1 e
DBP, uma vez que, uma associacdo positiva foi observada entre o alelo HLA-
DRB1*03 e altos niveis de anticorpos contra o Pv200L. Em contraste, um estudo
similar avaliando a influencia do HLA na resposta de anticorpos contra antigenos
do estagio asexual de P. falciparum n&o encontrou associagdes significativas entre
nenhum alelo HLA-DRB1 ou HLA-DQBL1 e os niveis de anticorpos para MSP1-
1901 e para MSA2, todavia, uma associacdo positiva foi observada entre altos
niveis de anticorpos anti- PFAMA-1 e a presenca do alelo HLA-DRB1*1201
(JOHNSON et al., 2004). Entretanto este trabalho foi conduzido em uma
populacdo Africana, a qual possui composicdo genética e condicGes
epidemioldgicas e de transmissdo das especies de Plasmodium diferentes do
Brasil. A falta de associagdo observada para 0s demais antigenos em nossa
casuitica pode significar que de fato os alelos HLA-DRB1 ndo estejam modulando
a resposta de anticorpos contra AMA-1 e DBP de P. vivax, ou podem ser uma
limitagdo do tamanho da amostra, que necessita ser reavaliada. No entanto outra
possibilidade a ser investigada é que outros fatores genéticos possam estar
interferindo nesta resposta, tais como outros genes ligados ou ndo ao complexo
principal de histocompatibilidade. De fato, a regulacdo genética na resposta de
anticorpos antigeno-especifica parece ndo ser exclusiva dos genes HLA de classe
Il (DUAH et al., 2009). Um estudo pioneiro em gémeos na Libéria indicou que os

niveis de anticorpos contra o antigeno RESA de P. falciparum foram
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influenciados por genes ndao-HLA (SJOBERG et al., 1992). Recentemente, Duah
et al. (2009) também demonstraram que 0s niveis de anticorpos contra diversos
antigenos do P. falciparum séo influenciados principalmente por genes ndo-HLA.
Trabalhos recentes tém mostrado que fatores genéticos regulam a expressao dos
diferentes isotipos e subclasses de anticorpos na resposta contra antigenos da
malaria, principalmente relacionados a genes nao ligados ao HLA. A analise dos
genes candidatos que possam afetar a resposta imune na maléria ainda requer
melhor elucidacdo. Um SNP (Single Nucleotide Polymorphism) na regido
promotora do gene IL-4 (-50C/T) parece afetar os niveis de transcricdo do gene
(LUONI et al., 2001) sendo que a variante alélica T esta associada a maiores
niveis de IgE em pacientes com malaria grave (VERRA et al., 2004). Além disso,
foram reportadas variacdes nos niveis de 1gG2 contra antigenos do Plasmodium
devido a polimorfismos no receptor FcyRIla em individuos do Suddo (NASR et
al., 2009). Estes polimorfismos podem explicar apenas uma parte das variagdes
genéticas que modulam a resposta imune na malaria, e muitos outros também séo
provaveis de ter diferentes implicacfes. Uma abordagem ampla do genoma podera
contribuir para a descoberta de outros determinantes genéticos da especificidade
da resposta de anticorpos, a que ainda permanece bastante limitada (MALARIA
GENOMIC EPIDEMIOLOGY NETWORK, 2008).
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5 Conclus6es

O presente trabalho permitiu estabelecer as seguintes conclusodes:

1. As frequéncias de distribuicdo das trés variantes da CSP de P. vivax, tanto
em infec¢bes simples quanto mistas sdo variaveis ao longo das diferentes
areas endémicas da Amazonia brasileira. No entanto a variante VK210

permanece como a mais prevalente em todas as areas analisadas.

2. A variante, P. vivax-like parece estar mais bem adaptada nas areas

brasileiras comparada a VK247.

3. As variantes da CSP de P. vivax ndo estdo relacionadas a resposta de
anticorpos contra os peptideos do merozoito, bem como, contra as fracdes
conservadas da CSP no esporozito, no entanto essa variabilidade genética
deve ser considerada para a utilizacdo da porcdo central desta proteina

como antigeno para desenvolvimento de uma vacina anti-P. vivax.

4. As frequéncias alélicas do HLA-DRB1 parecem estar relacionadas a
susceptibilidade malaria na populacdo amazénica estudada.

5. Na amostra analisada os alelos HLA-DRB1 parecem estar influenciando
0s niveis de anticorpos para MSP-1 (Pv200L), mas ndo para AMA-1 e
DBP.
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8.1 Frequency of ABO blood group system polymorphisms in
Plasmodium falciparum malaria patients and blood donors from the Brazilian
Amazon region. Autores: D.B. Carvalho, L.C. de Mattos, W.C. Souza-Neiras,
C.R. Bonini-Domingos, A.B. Césimo, L.M. Storti-Melo, G.C. Cassiano, A.A.A.
Couto, A.J. Cordeiro, A.R.B. Rossit e R.L.D. Machado. Artigo original publicado
na revista Genetics and Molecular Research, v. 9, n. 3, p. 1443-1449, 2010.

RESUMO

NOs investigamos 0s genétipos ABO e a heterogeneidade dos alelos O em
individuos infectados n&o-infectados pelo Plasmodium falciparum da regido
Amazonica Brasileira. A coleta das amostras de sangue ocorreu entre Maio de
2003 a Agosto de 2005 de pacientes com malaria por P. falciparum provenientes
de quatro regibes endémicas da Amazonia brasileira. O grupo controle foi
composto por doadores de quatro bancos de sangue nas mesmas areas. O DNA foi
extraido utilizando o kit de extracdo Easy-DNATM. A genotipagem do ABO foi
realizada por PCR / RFLP. Houve uma alta freqiéncia do ABO*001001.
ABO*AO001, foi o segundo gendtipo mais freqliente, e o terceiro mais frequente
foi 0 gend6tipo ABO * BOO1. Observaram-se baixas frequéncias dos gendtipos
ABO*001002, ABO*AA, ABO*AB, ABO*BB e ABO*002002. Foram analisados
os alelos do fendtipo O; o alelo Olvariant foi 0 mais freqliente, tanto nos casos de
malaria quanto no grupo de ndo-maléaria, consequentemente, 0 gendétipo
homozigoto OO foi 0 mais freqlientemente observado. N&o observou-se o
alelo O2 em homozigose. Diferencas significativas ndo foram detectadas na
freqiiéncia dos alelos na comparacéo entre os pacientes com malaria e a populacéo

em geral (doadores de sangue).
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most frequent genotype, and the third most frequent genotype was
ABO*BO0I. There were low frequencies of the ABO*001002.
ABO*4A. ABO*AB, ABO*BB. and ABO*002002 genotypes. We
analyzed the alleles of the O phenotype: the O™ allele was the
most frequent, both in malaria and non-malaria groups: consequently.
the homozygous genotype OO was the most frequently observed.
There was no evidence of the homozygous - allele. Significant
differences were not detected in the frequency of individuals with
the various alleles in the comparison of the malaria patients and the
general population (blood donors).

Key words: Malaria: Plasmodium falciparim: ABO blood system:
Brazilian Amazon region: Genetic polymorphism

INTRODUCTION

The ABO system consists of the A. B and H carbohydrate antigens synthesized by a
series of enzymatic reactions catalyzed by glycosyliransferase and antibodies against these
antigens. The 4, B and O genes are at the same genetic locus on chromosome 9 at q34.
and the 4 and B alleles are co-dominant against the recessive @ allele (Yamamoto et al..
1995). Several point mutations on the 4 gene have been described. They cause a number
of amino acid changes and alter the glycosyltransferase from A to B. Single guanine dele-
tions at position 261 on the 4BO gene result in a truncated, enzymatically inactive O protein
(referred to as O) (Roubinet et al.. 2004). Another O allele (O7). which lacks this deletion.
has been identified. A commonly occwrring variant of the O gene, O has also been
reported (Olsson and Chester, 1996). The combination of these alleles offers several geno-
types, which result in four phenotypes. but the alleles have now been shown to be highly
polymorphic (Chester and Olsson. 2001: Yamamoto. 2004). The importance of ABO histo-
blood groups is supported by the observation that their geographical distribution varies
significantly. suggesting that positive selective factors may have influenced gene spread
(Loscertales et al.. 2007).

Plasmedium falciparum infections can be linked to the severest form of human
malaria. and virulence is associated with parasite reproduction and erythrocyte invasion
(Chotivanich et al.. 2000). In Brazil. its distribution is localized: it is more common than
P vivax in some areas, but very rare or absent in others (Camargo et al.. 1999). The ABO
blood group system is the most important system for blood group transfusion medicine. Its
association with malaria disease has been proposed (Carlson ef al.. 1990: Lell et al.. 1999),
and the hypothesis that P. falciparum malaria shaped the distribution of ABO blood group in
lmumans is supported by the literature (Athreya and Coriell. 1967). Additionally. there is evi-
dence that the ABO histo-blood group is not related to the incidence of P faleiparum malaria
(Fischer and Boone, 1998). but it has been linked as a co-receptor in parasite and vascular cy-
toadherence, with higher rosette rates among non-group O compared to group O erythrocyfes
(Barragan ef al.. 2000: Cserti and Dzik, 2007).

We. therefore. investigated the ABO genotypes and the heterogeneity of the
O alleles in P. falciparum-infected and non-infected individuals from the Brazilian
Amazon region.

Geneties and Molecular Research © (3); 1443-1449 (2010) CFUNPEC-RP www.funpecrp.com.br
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MATERIAL AND METHODS
Study population and sample collection

Sample collection took place from May 2003 to August 2005 in four endemic regions
of the Brazilian Amazon: Macapa, Amapa State (00°02°207S: 51°03°59”W): Novo Reparti-
mento. Para State (04°19°507S; 49°47°47"W), Porto Velho. Rondonia State (-08°45°43S:
63°54°14”W), and Placido de Castro, Acre State (10°16°33”S; 67°09°00”W). The malaria
group was composed of male and female patients with positive thick blood film and molecular
diagnosis results for P. falciparum single infection (N = 98). These individuals were randomly
recruited to participate in this study at the health clinics in each area studied. They were all over
the age of 18 with age ranging up to 65 years old. All had an absence of cerebral malaria, severe
malarial anemia. and multiple organ dysfunction syndromes. We excluded pregnant women,
patients under the age of 18 years. and patients with concomitant illnesses from the study. The
control group consisted of both male and female donors from four blood banks in the areas
studied (N = 142), and, following the policies for Brazilian blood banks. the donors met the
following criteria: over 18 years old (ranging from 19 up to 57 years old), no previous malaria
attack, and no signs of malaria reported during the initial interview. The consent form was co-
signed by a staff member of the health clinic and a staff member of the blood bank. The control
subjects were matched to the patients with respect to age (+ 5 years). gender and ethnicity. All
control subjects were genetically independent. The protocol for this study was reviewed and
approved by the Research Board of the Faculty of Medicine of Sao Jos¢ do Rio Preto.

DNA preparation and ABO histo-blood group system genotyping

DNA was extracted from frozen pellets of infected and non-infected erythrocytes us-
ing the Easy-DNA™ extraction kit (Invitrogen, Carlsbad, CA. USA). The ABO genotyping
was assessed in 240 samples by amplifying fragments covering exons 6 and 7 using poly-
merase chain reaction/restriction fragment length polymorphism (PCR/RFLP). Moreover, a
subset of peripheral blood samples from 30 P. falciparum-infected individuals and 27 blood
donors were evaluated for the heterogeneity of the O alleles as previously described (Mattos
et al., 2001). Briefly, four PCR were used. The 4. B, O, and O- genes were identified in three
amplifications using the fy46/fy47, fy43/fy31 and fy47/fy29 primer pairs, respectively. Ad-
ditionally, the O" and O" genes were distinguished using the fy47/fy31 primer pair in the last
reaction. PCR was performed in a 25-uL total reaction volume containing 200 ng genomic
DNA. 10 mM Tris-HCL, pH 8.5, 50 mM KCL, 1.5 mM MgCl, 200 uM of each dNTP. 0.25
uM of each primer and 0.5 U Taq DNA polymerase: 35 amplification cycles were carried out
(94°C for 120 s, 56°C for 60 s and 72°C for 60 s). After PCR analysis, the amplified DNA was
digested with the restriction enzymes Kpnl, Narl. Alul. and Ddel. respectively. for the four
reactions, and the product was analyzed by electrophoresis on a 2% agarose gel, stained with
ethidium bromide and examined under UV light.

Statistical analyses

Analyses were performed using the R version 2.4.1 statistical software (The R Foun-

Genetics and Molecular Research 9 (3): 1443-1449 (2010) C©FUNPEC-RP www.funpecrp.com.br
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dation for Statistical Computing ISBN 3-900051-070 - http://www.r-project.org, Vienna, Aus-
tria). The Hardy-Weinberg equilibrium was tested by applying a hidden Markov chain with
10.000 steps (Guo and Thompson, 1992). To achieve independence among the proportions,
the Fisher exact test was applied with a significance level of P < 0.05.

RESULTS AND DISCUSSION

The genotype and allele frequencies of the ABO histo-blood group of' the 142 blood do-
nors and 98 patients infected with P. falciparum as determined by PCR/RFLP are summarized
in Table 1. The data show a high frequency of the ABO*001001 in 134 of the 240 individuals
(55.83%) of the population studied. 4BO*4001 was the second most frequent genotype in 46
of the individuals studied (19.16%). The third most frequent genotype was ABO*BO01, which
was found in 26 individuals. or 10.84% of the population studied. Low frequencies were de-
tected for the ABO*001002, ABO*4A. ABO*4B. ABO*BB, and ABO*002002 genotypes.

Table 1. Comparison of genotyping results and allele frequency of the ABO histo-blood system among blood
donors and patients infected with Plasmodium falciparum from the Brazilian Amazon region.

Genotype Predicted phenotype of Total sample Donors P, falciparum P
donors/patients (N =240) N=142) patients (N = 98)

ABO*44 A 5 4 1 0.6184
ABO*4001 A 46 25 21 0.5668
ABO*4B AB 8 ) 3 0.8645
ABO*BB B 5 1 0.6184
ABO*BO0I B 26 17 9 0.6370
ABO*00100! o] 134 81 53 0.7476
ABO*Q01002 o] 13 4 9 0.0641
ABO*002002 o] 3 2 1 0.7451

Allele frequencies

ABO*4 0.13 0.13 0.13 0.9709
ABO™*B 0.09 0.11 0.07 0.2646
ABO*001 0.74 0.73 0.74 0.9399
ABO*002 0.04 0.03 0.06 0.1916

Among blood donors and patients, the frequency of individuals with the 4BO*4 allele
was 13%, and the frequency of individuals with the 4BO*001] allele was around 75%. Sig-
nificant differences were not detected in terms of the frequency of individuals with all alleles
studied between the two groups.

The Brazilian population has a highly heterogeneous ethnic composition, which re-
sults from the hybridization of the numerous native indigenous populations and immigrants
from Europe, Africa, and Asia. Waves of immigration occurred in unequal proportions in the
different regions of the country (Zago et al.., 1983). The homozygous genotype ABO*001001
showed an expected higher frequency in the population studied. since phenotype studies of the
ABO blood groups in Amerindian-descent populations have revealed that most individuals are
exclusively of the O group (Franco et al., 1994: Olsson et al., 1998). The indigenous contribu-
tions in the ethnic formation of the North Brazil region are unquestioned. and the molecular
basis of the O phenotype in Indians from the Brazilian Amazon was reported by Franco et al.
(1994) as being the same G261 - single base deletion (O7), and they found the absence of the
©¢ allele in this population. We also observed a lower frequency of the O allele in our sample,

Geneties and Molecular Research 9 (3): 1443-1449 (2010) ©FUNPEC-RP www.funpeerp.com.br
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which is in agreement with the studies in Amerindians (Franco et al., 1994: Olson et al., 1998).

According to data in Table 2. of 27 blood donor samples. 5 were homozygous for the
O! allele. and 7 were Q'O One sample was O'0-, and 3 were O™ ()7 heterozygotes.
The 30 samples from the P, falciparum-infected patients included 12 O™ homozygous in-
dividuals, 6 O'O"eerindividuals, 2 O'0°, and 4 O"*()? heterozygote. In the samples stud-
ied. there was no evidence of the homozygous O- allele. We have shown here that these in-
dividuals rarely have the O allele. but do have a higher frequency of the O allele. Thus,
the gene frequency for the O™ allele in these samples is 57% in the P, falciparum-infected
patients and 60% in the control group. Comparing the genotype and O allele frequencies of
the groups studied. no statistically significant difference between the blood donors and the
individuals suffering from malaria was found. The loci were in Hardy-Weinberg equilibrium
in the present sample.

Table 2. Comparison of genotyping results and allele frequency of the O histo-blood system among blood donors
and patients infected with Plasmodium falciparum from the Brazilian Amazon region.

P, falciparum patients (N = 30) Donors (N =27) P (Fisher exact test)

oo 6 (20%) 5(18.5%) 0.5781

0'0° 2 (6.66%) 1(3.7%) 0.5402
oro! 6 (20%) 7(25.9%) 0.4136

oroe 4(13.33%) 3(11.1%) 0.5607
orom 12 (40%) 11 (40.74%) 0.5840
Allele frequency

ot 033 033 1.000

o 0.10 0.07 0.9066

o 0.57 0.60 0.9918

When we analyzed the alleles of the O phenotype, the Q"= allele was the most fre-
quent both in malaria and non-malaria groups with a consequent highest frequency of the ho-
mozygous genotype O*O®. Indeed. previous studies have shown that several isolated Indian
populations in South America comprise only blood group O individuals and that they rarely
have the originally described O allele (O') or O° allele, but instead have almost exclusively the
O™ allele (Franco et al., 1995). In contfrast, the frequencies found for this allele in Brazilian
whites and blacks are around 40 and 30%. respectively (Olsson et al., 1998). Comparing the
Brazilian population data. our results show that O™ allele frequencies are lower than the
frequencies reported for some Amerindians and higher than those for populations of Cauca-
sian and African ancestry (Olsson et al., 1998). probably due to the influence of Portuguese
colonization in the northern region of Brazil as well as the presence of Amerindians (Batista
dos Santos et al., 1999). On the other hand. previous studies in Southeast Brazil (Mattos et al.,
2001) have shown lower O™ allele frequencies than those found in our sample. probably
because the indigenous contribution in this region of country is the smallest. Along the same
line, the frequency of the A phenotype reaches values around 35%. and the A4 allele frequency
is more than 0.25 in these populations (Mattos et al., 2001), while in our sample of the North
region the frequencies were 21.2 and 0.13%. respectively.

To our knowledge. this is the first evaluation of ABO genotyping of malaria patients
in Brazil. In regions that are highly endemic for Plasmodium falciparum malaria, it is well
recognized that a range of red blood cell polymorphisms associated with resistance to severe
diseases have undergone positive selection (Min-Oo and Gros, 2005). Moreover, as mentioned

Geneties and Molecular Research 9 (3): 1443-1449 (2010) ©FUNPEC-RP www.funpecrp.com.br
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before, the blood group O proved to be a protective factor against severe malaria (Barragan
et al.. 2000; Chung et al., 2005). However. since in the Brazilian Amazon region malaria
predominates in Mesoendemic conditions with wide variation in transmission, malaria ende-
micity could be viewed as a selective pressure for maintenance of the observed frequencies of
genotypes of the ABO system, which could be very interesting as the focus of a new investiga-
tion, including analysis of the genotypes in severe and non-severe malaria patients. as well as
in individuals living in non-endemic areas.
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8.2 Development of PCR-RFLP assay for the discrimination of
Plasmodium species and variants of P. vivax (VK210, VK247 and P. vivax-like)

in Anopheles mosquitoes. Autores: Gustavo Capatti Cassianoa, Luciane Moreno

Storti-Melo, Marinete Marins Pévoa, Allan Kardec Ribeiro Galardo, Andréa

Regina Baptista Rossit e Ricardo Luiz Dantas Machado. Artigo original

submetido a publicacdo e em fase de revisdo na revista Acta Tropica, 2010.

RESUMO

A identificacdo das species de Plasmodium em mosquitos Anopheles é um
componente essencial do controle da malaria. NOs desenvolvemos uma nova
abordagem para identificacdo de P. falciparum, P. malariae e das variantes de P.
vivax. Foram desenhados primers especificos para hibridizar regibes especificas
do gene CS. Uma PCR-RFLP foi utilizada para distinguir as variantes de P. vivax,
VK210, VK247 e P. vivax-like. Obteve-se um bom grau de concordancia entre a
nova técnica de PCR-RFLP comparada com uma nested PCR usando mosquitos
Anopheles infectados artificialmente. Este sensivel método de PCR pode ser util
para a deteccdo das espécies de Plasmodium e das variantes de P. vivax
contribuindo para o melhor entendimento da dindmica de transmissdo da malaria

pelas espécies de Anopheles.
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ABSTRACT

The identification of Plasmodium species in Anopheles mosquitoes is an integral
component of malaria control. We developed a new assay for the identification of
P. falciparum, P. malariae and P. vivax variants. Specific primers were designed
to hybridize to CS gene specific regions. A PCR-RFLP was used to distinguish the
P. vivax variants VK210, VK247 and P. vivax-like. The new PCR-RFLP assay,
compared with a nested PCR using artificially infected Anopheles mosquitoes,
revealed good agreement between the two. This sensitive PCR method can be
useful when Plasmodium species and P. vivax variants detection are required and
may be employed to improve the understanding of malaria transmission dynamics

by Anopheles species.

Keywords: Malaria diagnosis, circumsporozoite gene, P. vivax variants,

Anopheles.

1. Introduction

The correct identification of the human-specific Plasmodium species in the
mosquito host is an essential component for planning and monitoring malaria
control. According to the Brazilian Ministry of Health, P. vivax is the predominant
species in this country (83.5% of all cases) followed by P. falciparum (15.47%),
mixed species infection (1.0%) and P. malariae (0.03%) (Brazilian Ministry of
Health, 2009). Additionally, the P. vivax circumsporozoite protein (CS)
genotypes, VK210, VK247 and P. vivax-like, has been found in different
Brazilian Amazon regions, in both pure and mixed infections (Machado and
Pbvoa, 2000; Storti-Melo et al., 2009). These different human malaria species
may differ in infectivity of anophelines (Gonzales-Ceron et al., 1999),
transmission potential and responses to anti-malarial drugs (Machado et al.,
2003). Information about the geographical distribution of the parasite and vector

species is important for the accurate interpretation of epidemiological data.
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For many years, detection of malaria parasites in mosquitoes was
performed by dissection and visualization of the midgut and salivary glands under
a microscope. Although microscopic examination is reliable, it requires fresh
material, experienced microscopists and is time consuming (Lulu et al., 1997).
Another limitation of this methodology is that it cannot distinguish among
Plasmodium species. A major breakthrough was the discovery of specific CS
protein antigen. The sequencing of this protein and its corresponding gene
revealed the existence of specific repetitive sequences for some species of
Plasmodium (Ozaki et al., 1983; Dame et al., 1984; Arnot et al., 1985; Lal et al.,
1988), allowing their discrimination by enzyme-linked immunosorbent assay (CS-
ELISA) using monoclonal antibodies (Wirtz et al., 1987). Although CS-ELISA
has been widely used due to its high sensitivity and specificity (Sattabongkot et
al., 2004; Hasan et al., 2009), there are some limitations: overestimation of true
salivary gland infection rates (Robert et al., 1988; Fontenille et al., 2001), false
positive results (Hasan et al., 2009) and failure to detect low-level infections
(Arez et al., 2000). Ryan et al. (2001) developed a rapid dipstick assay
(VecTest™ Malaria), which determines the presence or absence of specific CS
peptide epitopes of P. falciparum and VK210 and VK247 P. vivax genotypes, but
it is less sensitive compared with the PCR assay (Moreno et al., 2004).

PCR-based assays have been considered the most efficient methods for the
identification of human malaria parasites (Snounou et al., 1993a,b). In fact,
currently, the most widely used PCR assay is a nested-PCR designed by Snounou
et al. (1993b) using the small subunit ribosomal RNA, generally accepted as “the
gold standard” for human malaria species identification. Recently, a real-time
TagMan PCR assay (Bass et al., 2008) and a novel single step PCR based on the
amplification of the mitochondrial cytochrome b (Cyt b) gene (Hasan et al., 2009)
were developed. These methods are sensitive and specific for the detection of
infectivity in mosquitoes. Nevertheless, they are unable to distinguish

Plasmodium species other than falciparum.
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Herein, we describe a novel PCR test using primers for specific regions in
the sequences of the CS gene to identify human Plasmodium species, including P.

vivax genotypes, in the mosquito vector (CS-PCR/RFLP).

2. Materials and Methods

2.1 Preparation of mosquito samples

Laboratory-infected mosquitoes were kindly provided by Dr Willian
Collins at the Malaria Branch, Division of Parasitic Diseases, Centers for Disease
Control and Prevention. Thirty Anopheles dirus mosquitoes were artificially
infected with P. vivax and 30 with P. falciparum. Thirty An. gambiae mosquitoes
were artificially infected with P. malariae. Mosquitoes were storage on silica gel
before being frozen at -20°C. The assay developed with these mosquitoes was
approved by the Animal Research Board of the Faculty of Medicine of the S&o

José do Rio Preto.

2.2 Extraction of malaria parasite DNA from mosquitoes and plasmid clones

DNA was extracted from individual mosquitoes using DNAzol
(Invitrogen, U.S.A.), with slight modifications. Briefly, the head and thorax of
single mosquitoes were placed in 1.5 mL Eppendorf tubes and macerated using a
new sterile pipette tip in 100 pL of DNAzol. The product was suspended in 100 pl
8 mM NaOH and stored at - 20°C until use. Three plasmid clones carrying a PCR
insert of the CS gene amplified from the P. vivax variants VK210, VK247 and P.
vivax-like (BlueScript, Stratagene, U.S.A.), used for PCR-RFLP standardization,
were kindly provided by Dr Ira Goldman from the Center for Disease Control and

Prevention.

2.3 Primer design
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We designed one PCR reaction to amplify the conserved region of the CS
gene from P. falciparum and P. malariae and a second one to amplify the internal
variable region of the P. vivax CS gene. The sequence of P. falciparum was
amplified using primer pairs PFCSP1 (5" CCAGTGCTATGGAAGTTCGTC 3)
and PFCSP2 (5" CCAATTTTCCTGTTTCCCATAA 3"). We used PMCSP1 (5
ATATAGACTTGCTCCAACATGAAGAA 37) and PMCSP2 (5
AATGATCTTGATTCGTGCTATATCTG 3) for P. malariae and PVCSP1 (5
AGGCAGAGGACTTGGTGAGA 3%) and PVCSP2 (5
CCACAGGTTACACTGCATGG 3) for P. vivax. The primers were selected
using the web-based software Primer3 v.0.4.0 (http://frodo.wi.mit.edu/primer3/).
A conformational analysis investigated the possibility of primer secondary
structure formation, annealing temperature and GC content using the software
programs Primer3 and IDT OligoAnalyzer 3.1 (http://www.idtdna.com).

Nucleotide alignment of the CS gene sequences from Plasmodium species
and variants of diverse geographic origin, available in the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/), was
performed to ensure that no variation was reported in the primer annealing

regions.

2.4 PCR amplification

All PCR amplifications were carried out in a 25 pL reaction mixture
containing 3 pl genomic DNA for P. falciparum and P. vivax and 5 pL for P.
malariae, 1 x PCR buffer (20 mM Tris-HCI pH 8.4, 50 mM KCI), 1.5 mM MgCl,,
0.2 mM of each dNTP, 0.2 uM of each primer and 2.5 U of Tag polymerase
(Invitrogen, U.S.A.). A separate reaction was carried out with every sample for
the detection of each Plasmodium species. Only the primers corresponding to each
one of the species were used in each reaction mixture. The amplification was
performed in a thermal cycler (DNA MasterCycler, Eppendorf, Germany) as
follows: an initial cycle of 94°C for 15 min, followed by 30 cycles of 94°C for 1

min, 58°C for 1 min and 72°C for 1 min, then a final extension at 72°C for 10
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min. DNA of P. falciparum, P. malariae and P. vivax were included as positive
controls while sterilized water and DNA extracted from colonized, malaria-free

Anopheles darlingi were used as a negative controls.
2.5 PCR product analysis

Five pL PCR product was electrophoresed at 100 V for 50 min with 50 or
100 bp DNA molecular weight markers (Invitrogen, U.S.A.) in 1.5% agarose gel
stained by ethidium bromide and the target DNA was visualized on an ultraviolet

transilluminator.
2.6 Sensitivity and specificity of the assay

The infected blood samples from patients with parasitemia ranging from
300 to 12,500 parasites per microliter were used. These samples were serially
diluted in blood from an uninfected donor to a final level of parasitemia
corresponding to 10 ° and further processed for PCR amplification. DNA
samples of P. falciparum, P. malariae and P. vivax were diluted to 10 ng/pL in
sterile water (determined using a NanoDrop® ND-1000 UV-Vis
spectrophotometer) and then serial dilutions were made down to 1 in 1 x 10°to
determine the sensitivity of the PCR assay.

To define PCR specificity, genomic DNA obtained from patients” blood
infected with P. vivax, P. falciparum and P. malariae was used. In addition, DNA
from Anopheles stephensi infected with P. ovale, Anopheles gambiae infected
with P. malariae, Anopheles dirus infected with P. falciparum and P. vivax, as

well as DNA from uninfected Anopheles darlingi, were used.
2.7 Restriction digests of PCR products

P. vivax variants were typed by RFLP analysis based on PCR products

from all variants displaying at least one cleavage site for the restriction enzymes
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selected by the software RestrictionMapper (http://www.restrictionmapper.org/).
The restriction reaction was performed in a final volume of 20 pL, using 10 U of
Alul (Invitrogen, U.S.A.), 2 pL of recommended restriction buffer, 10 pl of the
PCR product and 7 pl of sterilized water. Reactions took place at 37°C for 2 h.
Digested products were electrophoretically separated on 12.5% polyacrylamide
gels, in the presence of 50 bp DNA molecular weight markers (Invitrogen,

U.S.A.) and the gels were subsequently silver stained.

2.8 Statistical analysis

Statistical comparison between CS-PCR and the nested PCR described
previously by Snounou et al. (1993b) was made using Cohen’s Kappa (k) measure
of test association with a 95% confidence interval. Analyses were performed
using the BioEstat program version 5.0 (Ayrez et al., 2003). The nested PCR was
considered the reference method of choice of test accuracy for determination of
CS-PCR sensitivity and specificity. Sensitivity was calculated as the proportion of
mosquitoes that were nested PCR positive with a positive CS-PCR and the
specificity was calculated as the proportion of mosquitoes that were tested PCR
negative with a negative CS-PCR). Positive predictive value was calculated as the

number of true positive test results among all positive test results observed.

3. Results

3.1 Amplification of the P. malariae, P. falciparum and P. vivax variants CS gene

fragments

The size of fragments amplified by plasmids correspond to 789 bp for P.
vivax variant VK210 and 834 bp for P. vivax variants VK247 and P. vivax-like.
PCR products had lengths of 199 bp for P. malariae and 118 bp for P. falciparum
in 1.5% agarose gel (Figure 1A).
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3.2 PCR-RFLP analysis

The product amplified with the primers PVCSP1 and PVCSP2 for the
identification of P. vivax was subjected to RFLP. The patterns observed with the
Alul enzyme are show in Figure 1B. PCR-RFLP for P. vivax variant VK210
showed fragments of 135, 106, 100, 54, 43 and 27 bp. Three fragments (691, 100
and 43 bp) were specific for P. vivax variant VK247, while for P. vivax-like
fragments of 731, 62 and 41 bp were detected. Fragments below 50 bp are not
easily visible on the polyacrylamide gel; however the differences among the

variants are easily determined based on larger fragments (Fig. 1B).

3.3 Sensitivity and Specificity of CS-PCR

The CS-PCR showed a sensitivity for P. vivax at a 1:10,000 dilution, for P.
falciparum at 1:5,000 dilution and for P. malariae at 1:1,000 dilution. Control
genomic DNAs from P. malariae, P. falciparum and P. vivax as well as from
Anopheles stephensi infected with P. ovale and unfed mosquitoes were used to
confirm the specificity of each primer pair. No amplification was obtained when
each species of Plasmodium DNA was submitted to PCR with a primer pair
designed to amplify a different species. Anopheles PCR products were never
obtained from CS-PCR reactions (Figure 2).

3.4 Evaluation of the CS-PCR

CS-PCR and the nested PCR were tested in artificially infected
mosquitoes. A total of 120 mosquitoes were screened, consisting of 30 infected
with P. vivax, 30 infected with P. falciparum, 30 infected with P. malariae and 30
unfed mosquitoes. The results are show in Table 1. All infected mosquitoes, as
determined by CS-PCR, were also determined as Plasmodium positive by the
nested PCR, except for one mosquito positive for P. vivax by the first

methodology. No infection was found in any of the 30 unfed mosquitoes using
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both methods. The comparison revealed a close agreement between the “gold
standard” nested PCR and CS-PCR (k = 0.723, 0.867 and 0.657, respectively for
P. vivax, P. falciparum and P. malariae).

The CS-PCR assay presented a good sensitivity for P. vivax and P.
falciparum sporozoites (84.2% and 87.5%, respectively) and less sensitivity for P.
malariae sporozoites (76.2%). The specificities were high for P. vivax, P.
falciparum and P. malariae (90.9%, 100% and 100%, respectively). The
predictive positive value was 94.5% for P. vivax and 100% for P. falciparum and

P. malariae.

4. Discussion

Correct identification of Plasmodium species that occur in a malaria
endemic area together with the infection rate of Anopheles species, help to
understand local disease epidemiology. Precise survey data reduces inappropriate
use of resources and insecticides. Thus, the identification of Plasmodium species
in Anopheles mosquitoes is an integral component for malaria control. The value
of this parameter in the understanding of malaria transmission dynamics resides
on its accuracy.

Traditionally, the detection of a parasite occurs under microscope, but is
laborious, demands fresh materials and cannot distinguish between Plasmodium
species. A rapid diagnostic test that detects CS antigen with monoclonal
antibodies allows the identification of P. falciparum and variants VK210 and
VK247 (Ryan et al., 2001). Although simple, fast and specific (Bangs et al.,
2002), may overestimate infection rates, since CS antigen can be found freely in
the haemolymph of insect. The CS-ELISA, although widely adopted, has similar
limitations (Robert et al., 1988; Fontenille et al., 2001; Hasan et al., 2009).

Usually PCR-based assays can discriminate between different Plasmodium
species using two rounds of amplification (Snounou et al., 1993a; Singh et al.,
1999; Rubio et al., 2002) and are more sensitive than other methods (Wilson et al.,
1998; Povoa et al., 2000; Moreno et al., 2004). We have developed a method in
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which sequences of the CS gene are exploited for use in a PCR, allowing the
detection and identification of the three variants of P. vivax, VK210, VK247 and
P. vivax-like. Moreover, we used specific conserved sequences for identification
of P. falciparum and P. malariae.

The CS-PCR showed high specificity and positive predictive values for the
three Plasmodium species tested. The concordance between our CS-PCR and the
nested PCR (Snounou et al., 1993b) for detecting human malaria parasites (P.
vivax, P. falciparum and P. malariae) and sporozoites in mosquitoes infected in
the laboratory was good for P. vivax and P. malariae (kx = 0.723 and 0.657
respectively) and high for P. falciparum (x = 0.867). This may be due to the fact
that nested PCR uses two rounds of PCR. Moreover, the nested PCR targets the
small subunit ribosomal RNA gene, which is present in four copies per haploid
genome, and thus improves the efficiency of the PCR (Hasan et al., 2009).
However, the advantage of using the CS gene as a target is the ability to identify
the P. vivax variants.

The CS gene is present in one copy per haploid genome and encodes a
circumsporozoite protein (CSP) that varies in length between different
Plasmodium species, but, in general, has about 400 amino acids (Hughes, 1991).
The CSP contains a central repeat region bracketed between nonrepetitive
sequences. In P. falciparum, most single nucleotide polymorphisms (SNPs) occur
in the 3" nonrepeat region and in the repeat region (Putaporntip et al., 2009). In P.
malariae, the 5" nonrepeat region is highly conserved and the polymorphisms in
CSP are limited to the central repeat region (Tahar et al., 1998). P. vivax displays
three major types of central repeat region, thereby classifying field isolates into
VK210, VK247 or P. vivax-like (Qari et al., 1993).

The CS gene has been extensively studied because its protein is the main
target for vaccine development (Sécrates et al., 2007). Consequently, variations in
its nucleotide sequence are documented and deposited in databases. Since the
presence of mutations in the primer binding sites can preclude primer-binding
during PCR, we investigated multiple CS gene sequences isolated from different

regions in the world, available in the GenBank database to ensure that there was
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no change in the binding sequence of newly designed primers (data not shown). In
the case of P. vivax, nonrepeat regions were selected for the choice of primers.
After alignment sequences we found that there was no variation in the binding
sequence of newly designed primers of any sequence. For Plasmodium malariae,
there is not variation in the 5” region of the gene of 16 sequences analyzed and
this region was used for the choice of primers. Regarding P. falciparum
sequences, most of the variation is found in the central region and 3 region.
When we realize the choice of primers, we selected 5” region. In fact, we found
only one single base substitution in this region for P. falciparum (accession nos.
U20969). This is favorable since it suggests that this method will be useful in
different endemic areas around the world.

P. vivax malaria has been endemic in many countries and its CSP
genotypes are found worldwide, so its effective diagnosis is very important.
Indeed, P. vivax malaria variants may have different characteristics with respect to
the intensity of symptoms and the response to drugs, which could result in the
failure of control measures (Kain et al., 1993; Machado and Pévoa, 2000).
Besides this, some species of Anopheles have differential susceptibility to P. vivax
variants (Gonzales-Ceron et al., 1999, 2001, Silva et al., 2006). Thus, it is
important to identify P. vivax variants in Anopheles mosquitoes to better target
appropriate mosquitoes for vector control.

The choice of restriction enzymes was also influenced by our objective of
creating an efficient test with optimal resolution of restriction profiles. Based on
the sequence analysis of P. vivax variants available in the GenBank database, the
Alul endonuclease was found to be the most suitable enzyme and it showed
optimal discriminatory power to distinguish all variants.

Obviously, all PCR based methods have some limitations. In the method
described herein, the requirement for separate PCRs for each species increases the
time required and the assay cost, and therefore it may not be suitable for large-
scale epidemiological surveys. However, this PCR-RFLP is very useful when P.

vivax variant detection is required, since there is no need for sequencing.
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However, the CS-PCR does not identify P. ovale and it may not be so useful if
employed in countries where this species exists.

In conclusion, this comparative study showed a close agreement between
the novel CS-PCR and the “gold standard” nested PCR. Moreover, the CS-PCR-
RFLP described here was highly specific to each Plasmodium species and the
variants. Because of its low detection threshold, especially for P. vivax, this assay
can be used for detection even at low parasite levels. The CS-PCR-RFLP is the
first molecular diagnostic, to our knowledge, that can identify P. vivax variants in

Anopheles mosquitoes.
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| PVCSPI/2 | | PMCSPV/2 | |_PFCSP1/2 |

Fig. 2. Specificity of the amplification assays. Amplification of PCR products using the
indicated primer pairs (PVCSP1/2, PMCSP1/2, PFCSP1/2). (A) A fragment specific for
P. vivax. (B) A fragment specific for P. malariae. (C) A fragment specific for P.
falciparum. None of Anopheles gene was amplified in any reaction. V: P. vivax; F: P.
falciparum; M: P. malariae; O: P. ovale; L: 100 bp ladder as a molecular size marker.

Electrophoresis was in a 1.5% agarose gel.

Table 1
Results of the CS-PCR and nested PCR using Plasmodium artificially infected and

uninfected mosquitoes.

CS-PCR Nested PCR Cohen'’s
Kappa value
Positive  Negative Positive Negative
Mosquitoes infected with P. vivax 17 13 19 11 0.723
Mosquitoes infected with P. faleiparum 14 16 16 14 0.867
Mosquitoes infected with P. malariae 16 14 21 09 0.657
Uninfected mosquitoes 0 30 0 30 1

The sensitivity for P. vivax, P. falciparum and P. malariae sporozoites were 84.2%,
87.5% and 76.2% respectively. The specificities were 90.9% for P. vivax and 100% for
P. falciparum and P. malariae. The predictive positive value was 94.5% for P. vivax

and 100% for P. falciparum and P. malariae.
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8.3 Giardiasis as Zoonosis: between proof of principle and paradigm in the
Northwestern region of the Sdo Paulo State, Brazil. Autores: Aline Cardoso
Caseca Volotdo, Nathalia Motta Delvaux Ramos, Maria Fantinatti, Marcus

Vinicius Proenca de Moraes, Halim Atique Netto, Luciane Moreno Storti-Melo,

Juares Elias Santos Junior, Andréa Regina Baptista Rossit, Octavio Fernandes,
Ricardo Luiz Dantas Machado. Artigo original submetido a publicacdo e em

revisao na revista Asian Pacific Journal of Tropical Medicine.

RESUMO

A fim de avaliar o potencial zoonotico de Giardia duodenalis,
isoladas de humanos e cées na regido noroeste do Estado de S&o Paulo, Brasil
foram caracterizados com base no gene B giardina. Cem amostras de fezes
confirmaram o diagndstico de giardiase por métodos parasitologicos e
imunoldgicos (83 humanos e 17 cdes) e, sessenta e duas amostras (55 humanos e
7 cées) foram analisadas por sequenciamento dos produtos de Nested-PCR. Os
subgenotipos Al e A2 foram detectados em humanos e cées. Cistos das linhagens
B, C e D ndo foram encontrados em nenhum isolado. Dessa forma, destaca-se um
risco transmissdo de G. duodenalis via zoon6tica entre 0s habitantes do noroeste
do estado de S&o Paulo, encorajando-nos para uma reavaliagcdo critica de um
conjunto maior de dados, incluindo a relagdo parasito-hospedeiro com o0s aspectos

do quadro clinico / fecal e também visando a origem da infec¢do na comunidade.
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Abstract
Objective: In order to evaluate the potential zoonotic transmission of
Giardia duodenalis, isolates from humans and dogs in the Northwestern

region of the S&o Paulo State, Brazil were characterized based on the (-
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giardin gene. Methods: One hundred stool samples confirmed the
giardiasis diagnosis by parasitological and immunological methodology (83
human and 17 dogs) and, sixty-two samples (55 human and 7 dogs) were
analyzed by sequencing of the Nested-PCR products. Results: The Al
and A2 subgenotypes were detected in human and dogs. Cysts of
assemblage B, C and D have not been found in any isolates studied.
Conclusions: Therefore, the risk of G. duodenalis zoonotic route among
the inhabitants of Northwestern of S&o Paulo state was observed,
encourage us for a critical re-evaluation of a larger data set, including the
correlation between host—parasite relationship with clinical/fecal aspects
and will also shed light on the origin of infection into the community. This is
consistent with the view that giardiasis in the largest endemic region of the
Brazil should not be seen as a single entity.

keywords: Giardia duodenalis, beta giardin gene, genotypes, zoonosis,

Brazil
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1. Introduction

Giardia duodenalis is the protozoan frequently found in the
intestinal infection causing gastroenteritis worldwide. The G. duodenalis is
complex specie with at least seven different assemblages. The A and B
assemblages have been associated with infections in human as well as in
other mammals, while the other assemblages have demonstrated to prefer
different animal species ™. In spite of this, the zoonotic potential of the G.
duodenalis remains unclear, mainly among domestic animals .
Moreover, new assemblages of the G. duodenalis are been described yet
[3,4].

Around of 200 millions of people worldwide are infected with this
protozoan and each one can release 900 millions of cysts for year®. In
Brazil, a large variation in this parasite frequency has been observed and
in some regions of the Sdo Paulo state, up to 40% of the population
carries this protozoan'®. Few molecular studies were conducted in Brazil
and discordant results were reported. In Rio de Janeiro city, Southeastern
region of Brazil, only A1 and A2 subgenotype were found in human fecal
samples and Al subgenotype was the unique detected in the domestic
animals isolate®. In the study carried out in the Southeastern of the S&do
Paulo state, the A2 subgenotype and assemblage B were detected in
human, Al and F genotypes were found in cat and C and D were

observed in dog isolates!”’. In Sdo José do Rio Preto city, located in the

Northwestern of Sdo Paulo state, two studies in HIV-1 soropositve
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population; one in adults®® and once more in a child population®® have
shown that the G. duodenalis frequency ranged from 4.1% to 9%. Hereby,
we evaluate the potential zoonotic transmission of giardiasis, in the

Northwestern region of the Sdo Paulo State, Brazil.

2. Material and methods
2.1. Sampling

From July 2007 until March 2008 were selected 150 individuals with
positive fecal samples for this protozoan in parasitological test among the
4,300 samples analyzed by the staff of the Central Laboratory of the
Hospital de Base of Sdo José do Rio Preto (HB). The HB is a tertiary care
hospital catering to a large population from the Northwestern region of Sao
Paulo state, Brazil. All individuals received explanations about the
objectives of this work and after they had signed the written informed
consent, fecal samples were collected from each one of the 145
individuals that agreed to participate in the study. Five G. duodenalis
positive fecal samples from HIV-1 infected individuals, which were storage
at Centro de Investigacdo de Microrganismos (CIM) from Faculdade de
Medicina de Sao José do Rio Preto (FAMERP) were included. We also
evaluated 52 pet dog stool samples collected at Hospital Veterinario do
Centro Universitario de Rio Preto (UNIRP). All stool samples were

transported for microscopic and immunological analysis at CIM. The
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genotyping analysis was conducted at Laboratério Interdisciplinar de
Pesquisas Médicas do Instituto Oswaldo Cruz — Fundag¢do Oswaldo Cruz,
Rio de Janeiro. The parasitological survey developed with this population
was approved by Human (process 3456/2007) and animal (process

109509/2007) research board from FAMERP.

2.2. Parasitological examination

Fecal samples were examined for Giardia cysts using a standard
methodology by a centrifugal flotation in 33% zinc sulphate solution, in
which parasite form were detected by light microscopy. To confirm the
parasitological results, a commercially available immunoenzymatic assay
(Alexon BIOBRAS, Brazil) processed according to the manufacturer's
recommendations was used®. Samples were stored for 1-6 months at

4°C or at -20°C before DNA extraction.

2.3. DNA isolation and PCR amplification

Cyst disruption and genomic DNA extraction/purification from
froozen feces were performed using QIAamp DNA mini kit (Qiagen GmbH.
Alemanha), according manufacture procedures, with modifications. The
lise temperature was changed to 95°C, and the final AE buffer volume was
reduced to 100 pL. In the primary polymerase chain reaction (PCR) a 753
bp fragment of the B-giardin gene was amplified using the forward primer

G7 and the reverse primer G759 as previously described . In the
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sequential nested PCR, a 511 bp fragment was amplified using
BGIA1F/BGIALR primer pair according to Lalle et al.(2005)™.

PCR were performed in 50 pL total reaction volume containing 100
ng of genomic DNA, 10mM Tris-HCI pH8.5, 50mM KCI, 1.5 mM MgCl2,
200 uM of each dNTP, 10 puM of each primer and 2.5 U AmpliTagGold
polimerase (Applied Biosystems, EUA); 94°C for 5 minutes followed by 35
cycles of amplification (94°C for 30s, 65°C for 30s and 72°C for 60s) were
carried out, with a final elongation step of 7 minutes at 72 °C. The product
was analyzed by electrophoresis in 1.2% agarose gel, stained with
0.5pug/mL ethidium bromide (Invitrogen, USA) and examined under UV
light (GelDoc, Bio-Rad, Hercules, CA, USA). As positive controls we used
WB strain (ATCC 50803) and GM-1 isolate for A1 and B genotypes,
respectively. As negative control, DNA of the Entamoeba histolytica,
Trichomonas vaginalis axenic culture and Cryptosporidium parvum clinical

sample were used.

2.4. Molecular characterization

Amplified products were purified using the Wizard® SV Gel and Pcr
Clean-Up System (Promega, Madison, WI, USA). DNA fragments were
sequenced in both directions, in triplicate using ABI PrismTM v 3.1 Dye
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) on
an ABI 3730 automatic DNA sequencer (Applied Biosystems, Foster City,

CA).
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Sequences were analyzed using Chromas
(http://www.technelysium.com.au/chromas.html) (2005/09/25) and
compared with know B-giardin of G. duodenalis sequences obtained from
GenBank using ClustalW algorithm % in the MEGA version 3.1
(http://lwww.megasoftware.net) (2007/05/22). Phylogenetic analyzes of 350
nucleotides length B-giardin sequences were performed through MEGA
3.1, on alignments obtained from ClustalW. The distance estimations were
carried out using Jin and Nei (1990)™ equation (Kimura 2-parameter
model). The phylogenetic trees were constructed using a neighbor-joining
algorithm®®. For each calculation branch reliability was assessed using
bootstrap analysis (1000 replicates). The nucleotide sequence of B-giardin
from Giardia muris (Genebank accession number AY258618) was used as

an out group.

3. Results

Only one hundred stool samples confirmed the giardiasis diagnosis
by parasitological and immunological methodology (83 human and 17 dog)
and, sixty-two samples (55 human and 7 dogs) were amplified by Nested-
PCR pB-giardin. As summarized in table 1, the analysis of the 59
sequences of the 511 bp fragment of the (3-giardin gene shown that all G.
duodenalis isolates were assemblage A; 41 subgenotype Al (38 human
and 3 de dogs) and 18 subgenotype A2 (16 human and 2 dogs). Cysts of

assemblage B, C and D have not been found in any of the Northwestern
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region of Sdo Paulo state isolates studied to date. The [-giardin
sequences of the different genotypes found in this study were compared to
already known sequences obtained from GenBank. Phylogenetic analysis
of the B-giardin gene of G. duodenalis isolates from human provided
strong bootstrap support (100%) for the placement of genotypes A and B

in different clusters (Figurel).

4. Discussion

The Southeastern Brazilian region concentrates 46.5% of
inhabitants of the Brazil and S&o Paulo state shows the majority of that.
Although the G. duodenalis subgenotypes prevalence reported here can
be representative of the human and household dog community-
disseminated giardiasis in Sdo José do Rio Preto, the biggest city of the
Northwestern region of S&o Paulo state, the obtained data can update the
information about these genotypes distribution for further comparisons
within the diverse Brazilian regions and also within other developing
countries. Additionally, this data serves as a springboard for a future large-
scale analysis to the understanding, prevention, and control of such
relevant disease around the world.

In this work, we studied 55 human and 7 domestic dog fecal
samples by sequencing analysis of the Nested-PCR products of the 3-
giardin gene. Interestingly, the human and pet dogs of this city displayed

only assemblage A (subgenotypes Al and A2) and neither assemblage B
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(human, cat, horse and dog genotypes) nor C and D assemblages
(canine-specific genotypes) were detected. Although previous study did
not show this tendency for the assemblage A as single infection!’*?, our
data are in agreement with other studies which had showed that this
assemblage was the unique detected ™°. Moreover, since all individuals
had diarrhea, our data support previous evidence that assemblage A are
more virulence than assemblage B. Despite of the fact that dogs are very
important in human life, they can be a source of parasite for environment
and consequently for human infection™. Although A and B assemblages
have been described in dogs previously, it has been documented that
these animals are more infected by C and D assemblages than other
canine population ¥ Curiously, in our work two individuals and their pet
dogs were infected with cysts of subgenotype Al. The non-detection of the
dog-specific assemblages in our work supports the fact that in non-urban
settings, they are more prevalent in the canine population, possibly
because of a better host adaptation™" In addition, in human populations
living with domestic animals, where the giardiasis prevalence is moderate,
the detection of zoonotic assemblages is more usual, than canine-specific
assemblages, which are observed mainly in areas where the relationship

is more restricted 4

. Sequencing of the one human and two canine
isolates were not able to be confirmed by the analysis (table 1), showing

sequences with both low quality and overlapping nucleotide peaks, which
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can be attributed to mixed infections or to allelic sequence heterozygosity
of single cysts®.

Therefore, we have three hypotheses to explain these data: (1) the
genotype homogeneity in Northwestern of S&o Paulo state is probably
because of their origin, since all fecal samples came from the same clinical
laboratory and the individuals live in close geographic areas*?. (2) the
huge variation of social, climatic, and geographic features in Brazil has
been reported in several studies regarding diarrhea etiologic agents as

61 which

important factors that adjust the frequency of different pathogens
can explain the difference observed between our results and the ones
found by Souza et al., (2007)!") (450 km apart from the study area). (3)
since the Brazilian population has a highly heterogeneous ethnic
composition, as result of the hybridization of the numerous native
indigenous populations with immigrants from Europe, Africa and Asia and
the immigration flow was not uniform in the country™!, the distribution of
these genotypes could be related to the host-parasite relationship.

Even though the detection of the assemblage A in humans could
not be incriminated as zoonotic fecal-oral route!>”), the presence of the Al
and A2 subgenotypes in all isolates appears to prevail the potential

zoonaotic in this region, supporting the fact that, giardiasis in the largest

endemic areas of the Brazil should not be seen as a single entity.
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Figure 1. Phylogenetic tree of the Giardia isolates based on sequences of

the p-giardin gene from human and domestic animals inferred by

neighbor-joining algorithm using Kimura two-parameter. Sequences
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obtained in GenBank are indicated by their accession numbers in

parentheses.

Table 1 - Frequency of Giardia duodenalis genotypes in feces from human

and pet dog population of the Northwestern of the Sdo Paulo state, Brazil.

Genotyping and sequencing samples

Nested-PCR
Sample N
positive

No

Al A2 . N
identified
HIV-1 human Positive (n=5) 5 (100%) 2 (40%) 2 (40%) 1 (20%)

HIV-1 human Negative (n=78) 50 (64.1%) 36 (31.0%) 14 (15.4%) -

Pet Dogs (n=17) 7 (41.2%)  3(17.6%) 2(11.8%) 2 (11.8%)

Total (n=100) 62 (46.7%) 41 (36%) 18 (16%) 3 (7%)
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